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Preface

The Eighth International Symposium on Meson-Nucleon Physics and the Structure of
the Nucleon (MENU99) was held at the Lyceum Alpinum in Zuoz in the Engadin,
Switzerland, August 15-21, 1999,

The very intense program consisted of seven plenary sessions with 21 invited talks,
four working group sessions with a total of 21 presentations and four parallel sessions
(a and b) with 31 talks. The working groups were focussing on hot topics of iN
physics discussed extensively in recent years: the N sigma term, isospin violation,
the °*NN coupling constant and electromagnetic corrections. The program of the
conference followed the tradition of this series of symposia: As before, the largest part
of the program was devoted to TN physics, especially to N scattering, but the
electromagnetic meson production, with new data coming from CEBAF and MAMI
and soon also from DA®NE, is growing in importance. The new developments in
chiral perturbation theory, dealing with meson-meson and meson-nucleon interactions
at low energy, were drawing much attention, Hadronic atoms were covered
experimentally and theoretically; meson production by nucleons and some recent
results on the nucleon structure from deep inelastic scatiering experiments were also
presented.

I would like to thank PSI for sponsoring this symposium. I also thank the Swiss
Federal Government for the financial support of our colleagues from Eastern Europe.
It is a pleasure to thank the staff of the Lyceum Alpinum, especially Mrs. Ch. Hiibner,
for their great effort to make our stay in Zuoz so pleasant. I would like to thank V.
Markushin and T. Jensen from PSI for helping to make the meeting run smoothiy. I
got a lot of help and advice before and during the conference from Milan Locher,
which I would like to acknowledge here. Special thanks go to Christine Kunz, the
conference secretary, for the tremendous work she did for the organization of this
conference. Her kind way of dealing with all kinds of problems during the week in
Zuoz confributed a lot to the success of the meeting. Last, but not least, [ would like to
thank all participants, especially the speakers, who created a scientifically stimulating
atmosphere during this whole week.

Res Badertscher, ETH Zurich
Organizer of MENU99
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9th International Symposium on Meson-Nucleon Physics
and the Structure of the Nucleon

Washington, D.C., U.S. A.
26-31 July, 2001

First Announcement

. The Symposium will cover-experimental-and-theoretical developments in-the following areas:— -~ -

¢ 7N Physics

o KN Physics

e N Physics

¢ Photo- and Electroproduction of Mesons

e Structure of the Nucleon

¢ Chiral Symmetry-based Effective Field Theories
o QCD-inspired Quark Models of Hadrons

There will be five full days of invited and contributed talks (no talks on Sunday, July 20th). The
First Circular with more details will be sent out in the Fall of 2000.

Proceedings will be published in the ENAWSL’ET&.

The meeting will be held at the downtown campus of The George Washington University, located in northwest Washington,
D.C., about four blocks from the White House along Pennsylvania Avenue. Inexpensive accommodation will be available
in University Residence Halls. The attractions of the nation’s capital are ali within walking distance or easily accessible
via the DC Metro system.

Contact:
William J. Briscoe Email: briscoefgwu.edu Department of Physics
Helmut Haberzett] Email: helmut@gwu.edu The George Washington University

Fax: +202-994-3001 Washington, D. C. 20052, U.S. A.

Conference Web Site: http://www.owy. edu/~cns /menu?2001 /menu?001  htm



MENU99 Program

Sunday August 15, 1999
16:00 Registration
17:30 Apero
18:30 Dinner
Monday August 16, 1999
08:30 Welcome M.P. Locher
Plenary Session I Chairman: M.P. Locher
08:45 H. Leutwyler Tnstitut fiir theoretische Physik, Univ. Bern
"Effective Field Theory of the tN-Interaction”
09:15 G. Hohler Tnstitut fiir theoretische Teilchenphysik, Univ. Karlsruhe
"New Results on TN Phenomenology”
09:45 J. Stahov Faculty of Chemical Engineering, Univ. Tuzla
"The Subthreshold Expansion of the TN Invariant Amplitude n Dispersion Theory”
10:15 Coffee Break
Plenary Session IT Chairman: H.-M. Staudenmaier
10:45 G. Smith TRIUMF
"CNI Experiments with CHAOS"
i1:15 M.E. Sadler Abilene Christian University, Texas
"Pion-Nucleon Charge Exchange Experiments”
11:45 S.P. Kruglov Petersburg Nuclear Physics Institute, Gatchina
*The Results from PNPI on 7tp Reactions”
12:15 Lunch Break
Plenary Session Il Chairman: G.J. Wagner
13:30 E. Friedman Racah Inst. of Physics, The Hebrew Univ., Jerusalem

"Partial Total TN Cross Sections”



14:00 R. Meier Physikalisches Inst., Univ. Tiibingen
"Measurement of &t p Analyzing Powers at Low Energy at PSI"

14:30 M. Pavan M.LT., Cambridge, MA
"Updated Results from the VPI TN Partial-Wave and Dispersion Relation Analysis"

15:00 Coffee Break

Parallel Session 1a: Nucleon Structure / Electromagnetic Interactions with the Nucleon
Chairman: M. Sevior

15:30 D. Isenhower Abilene Christian Univ., Abilene, Texas
"Asymmetry in the Anti-Quark Sea of the Proton and Comparison to Meson Models
of the Nucleon - Final Results of Fermilab E866"

15:50 P. Kroll Fachbereich Physik, Univ. Wuppertal
"Linking Parton Distributions to Form Factors and Compton Scattering”

16:10 W. Lorenzon Physics Dept., Univ. of Michigan
"Recent Results from HERMES"

16:30 A. Bamberger Univ. Freiburg
“Recent Results on the Nucleon Structure at HERA"

16:50 M.O. Distler Inst. fiir Kernphysik, Univ. Mainz -
- "Recent Measurements of the y* p =5 A Response Fanctions at Bates"

Parallel Session 1b: Charge Symmetry Breaking/ Pion Absorption and Production/ Pionic Form Factors
Chairman: V. Markushin

15:30 A. Gridnev St. Petersburg Nuclear Physics Inst., Gatchina
"The Delta Resonance Mass Splitting in the K-Matrix Approach”

15:50 D. Kotlinski PSI
"Pion Absorption, a Summary of LADS Resuits"

16:10 J. Niskanen Dept. of Physics, Univ. of Helsinki
Some Topic on NN — NN7.

16:30 T. Ueda Facuity of Science, Ehime Univ., Japan

"Pionic Form Factors of Baryons and Threshold Structure in TNN Amplitude"

18:30 Dinner



Tueday August 17,1999
Plenary Session 1V Chairman: G. Smith

08:30 M.E. Sevior School of Physics, Univ. of Melbourne
"Nuclear (7,27) Results. A Smoking Gun for Medium Modifications?"

09:00 J. Gasser Institut fiir theoretische Physik, Univ. of Bem
"Low-Energy 77t Scattering in QCD"

09:30 M. Zeller Physics Dept., Yale Univ., New Haven CT
"Studies of Rare But Allowed K* Decays"

10:00 Coffee Break

Parallel Session 2a: Electro- and Photoproduction of Mesons
Chairman; R, Beck

10:30 H.Haberzettl Dept. of Physics, George Washington Univ.
"Gauge-invariant Electroproduction of Mesons".

10:50 O. Hanstein Inst. fiir Kernphysik, Univ. of Mainz
"Unsolved Problems in the Analysis of Pion Photoproduction Around the A(1232)"

11:10 R Alkofer Inst. fiir theoretische Physik, Univ. Tiibingen
"Kaon Photoproduction in a Confining Covariant Diquark Model"

11:30 L. Tiator Inst, fiir Kernphysik, Univ. Mainz
"A Multipole Analysis for Eta Photoproduction"

Parallel Session 2b: Resonances and Baryon Spectroscopy
Chairman: D. Kotlinski

10:30 P.B. Siegel California State Polytechnic Univ., Pomona
"Dynamical Formation of S-Wave Baryon-Resonances: How Many Could There Be?"

10:50 F. Kleefeld Inst. fiir theoretische Physik III, Univ. Erlangen-Niirmberg
"Threshold Behaviour of Meson-Nucleon S14(1535) Vertexfunctions and Determination

of the S;;(1535) Mixing Angle"

11:10 A, Prokofiev PNPI, Gatchina
"Status of the SPES4 - & Experiment at Saclay (The Exclusive Investigation of the Roper
Resonance)"

12:30 Lunch




13:30 Working Group Session on 7N Sigma Term
Convener: M. Knecht,  Centre de Physique Theorique, CNRS-Luminy, Marseille

P. Biittiker Institut fiir Kerphysik (Theorie), FZ Jiilich
"TN Scattering Inside the Mandelstam Triangle and the Sigma Term "

M. Pavan MIT, Cambridge, MA
"Details of the VPI Extraction of the TN Sigma Term from * p Scattering Data”

G. Hohler Institut fiir theoretische Teilchenphysik, Univ. Karlsruhe
"Status of the T N Sigma-Term"

Discussion
15:30 Coffee Break
16:00 Working Group Session on Isospin Violation

Convener: U.-G. Meissner IKP (Th), FZ Jiilich

G. Miiller Inst. fiir theoretische Physik, Univ. of Vienna
"Isospin Violation to Fourth Order in Baryon Chiral Perturbation T heory"

N. Fettes Inst. fiir Kernphysik (Theory), FZ Jiilich
"Isospin Violation in Pion-Nucleon Scattering”

AM. Bemnstein Laboratory for Nuclear Science, MIT
"7N Scattering and Isospin Violation in Electromagnetic Pion Production"

R. Lewis Dept. of Physics, Univ. of Regina
"Isospin Violation and the Proton's Strange Form Factors"

W. Gibbs Univ. of New Mexico
"Isospin Breaking in Pion-Nucleon Scattering: Where is it?"

H. Machner Inst. fiir Kernphysik, FZ Jiilich
"Isospin Breaking in NN and pd Reactions"

18:30 Dinner



Wednesday, August 18, 1999

Plenary Session V Chairman: A. Bernstein
08:30 R. Beck Institut fiir Kernphysik, Univ. Mainz
"Photo- and Electroproduction of Pions at MAMI"
09:00 S. Dytman Physics Dept., Univ. of Pittsburgh
"New Results for Meson Production with Electromagnetic Beams using CLAS"
09:30 U.-G. Meissner IKP (Th), FZ Jiilich
"Recent Developments in Chiral Effective Field Theories"
10:00 Coffee Break
Parallel Sessions 3a: Experiments with Exotic Atoms Chairman: J.-P, Egger
10:30 H.J. Leisi Inst, for Particle Physics, ETH Zurich

"Results from Pionic Hydrogen"

10:50 M. Daum PSI
"Kinetic Energy Distribution of Tp Atoms in Hydrogen"

11:10 C.O. Petrascu LNF - INFN, Frascati
"The DEAR Experiment at DA®BNE "

11:30 A. Lanaro
"Lifetime Measurement of Dimeson Atoms with the DIRAC Experiment”

11:50 D. Gotta Inst. fur Kernphysik, FZ Jiilich
"Measurement of the Ground-State Shift and Width in Pionic Hydrogen to the 1% Level:
A New Proposal at PSI"
Parallel Session 3b: Theory Chairman: P. Kroll
10:30 M. Birse Dept. of Physics, Univ. of Manchester
"A Renormalization-Group Treatment of Two-Body Scattering”
10:50 J. McGovern Dept. of Physics, Univ. of Manchester
"On the Absence of Fifth Order Contributions to the Nucleon Mass in HBCHPT"
11:10 V. Vereshagin Dept. for Theoretical Physics, St. Petersburg State Univ.
"Quark-Hadron Duality, Analyticity and the Structure of Chiral Coefficients"
12:30 Lunch
14:00 Excursion to Muotas Murag! (was cancelled due to bad weather)

19:30 Conference Dinner at the Hotel Engiadina




Thursday  August 19,1999

Plenary Session VI Chairman: W, Kluge

08:30 N. Kaiser Physik Dept. T39, Tech. Univ. Miinchen
"Eta and Kaon Production"”

09:00 B.M.K. Nefkens Dept. of Physics and Astronomy, UCLA
"Hadron Physics with the Crystal Ball Multiphoton Spectrometer”

09:30 G. Pancheri INFN - Laboratori Nazionali di Frascati
"Meson Physics at D4ONE "

10:00 Coffee Break

Parallel Session 4a: °N Chairman: R. Meier

10:30 D. Isenhower Abilene Christian Univ., Abilene, Texas

“Final Results on Low Energy CEX at 10, 20 and 40 MeV"

10:50 G. Oades Inst. of Physics and Astronomy, Aarhus Univ.
"N Phases Below 100 MeV™"

11:10 J. Patterson Univ. of Colorado
"Ttp Elastic Analyzing Powers Below 140 MeV"

11:30 W. Briscoe The George Washington Univ.
"Recent Results from the VPI (now GW) Group"

11:50 G. Oades Inst. of Physics and Astronomy, Aarhus Univ.
"Expansion of TN Invariant Amplitude About t =0, v = 0 and Comparison with Heavy
Baryon ChPT"

Parallel Session 4b: Few Body and Nuclear Reactions
Chairman; M. Daum

10:30 H. Machner Inst. fiir Kernphysik, FZ Jiilich
"Study of the pd — 3He 1t and 3H 7+ Reactions at COSY"
10:50 A. Gérdestig Div. of Nuclear Physics, Uppsala Univ.
"The ABC Effect, the dd — o Reaction and Charge Symmetry Breaking"
12:30 Lunch
13:30 Working Group Session on the NN Coupling Constant

Convener: M., Sainio Dept. of Physics, Univ. of Helsinki



B. Loiseau Univ. P. & M. Curie, Paris

"How Precisely Can We Determine the TNN Coupling Constant
from the Isovector GMO Sumrule?"

G. Hohler Institut fiir theoretische Teilchenphysik, Univ. Karlsruhe
"Some Remarks on the ANN Coupling Constant”

M. Pavan M.I.T., Cambridge, MA
"Details of VPI Determination of 2 from 7tp Scattering Data"
Discussion
15:30 Coffee Break
16:00 Working Group Session on Electromagnetic Corrections
Convener: A. Rusetsky  present address: Inst. fiir theoretische Physik, Univ. Bern
J. Soto Dept. d'ECM, Univ. of Barcelona
"Effective Field Theory Approach to Pionium”
V. Lyubovtiskij Bogoliubov Lab. of Theor. Physics, JINR, Dubna
"Hadronic Atoms in QCD"
H. Neufeld Inst. fiir Theoretische Physik, Univ. Wien
"Chiral Perturbation Theory with Photons and Leptons"
M. Knecht Cenire de Physique Theorique, CNRS-Luminy, Marseille
"Electromagnetic Corrections in Low-Energy ®T Scattering”
A. Rusetsky present address: Inst. fiir theoretische Physik, Univ. of Bern
"Spectrum and Decays of Hadronic Atoms"
18:30 Dinner
Friday August 20, 1999
Plenary Session VII Chairman: E. Friedman
08:30 R. Bilger Pysikalisches Institut, Univ. Tiibingen
"Search for a Narrow Resonance in the TNN System"
09:00 R. Tacik Univ. of Regina, Canada / TRIUMF

"DCX Experiments and the Search for the d' with the CHAOS Detector at TRIUMF"




09:30 T. Johansson Dept. of Radiation Sciences, Uppsala Univ.
"Meson Production Near Threshold in Nucleon-Nucleon Collisions”

10:00 Coffee Break

Summaries Chairman: H.J. Leisi

10:30 M. Knecht Centre de Physique Theorique, CNRS-Luminy, Marseille
Summary of the Working Group Session on the TN Sigma Term

11:15 U.-G. Meissner IKP (Th), FZ Jiilich
Summary of the Working Group Session on Isospin Violation

12:30 Lunch

Summaries Chairman: B.M. Nefkens

13:30 M. Sainio Dept. of Physics, Univ. of Helsinki
Summary of the Working Group Session on the TTNN Coupling Constant

14:15 A. Rusetsky present address: Inst. fiir theoretische Physik, Univ. Bern
Summary of the Working Group Session on Elmag. Corrections

15:00 Coffee Break

Conference Summary

18:30 Dinner

Saturday August 21, 1999

Departure after breakfast
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Effective Field Theory of the Pion-Nucleon-Interaction®

H. Leutwyler
Institute for Theoretical Physics, University of Bern, Sidlerstr. 5, CH-3012 Bern,
Switzerland :

Abstract

In the first part of the talk, I discussed the nature of the effective theory that
describes the properties of the pion-nucleon-interaction at low energies, using the
static model as a starting point. In the second part, T then pointed out that the
infrared singularities occurring in the #lN scattering amplitude are stronger and of a
more complex structure than those encountered in 77 scattering. A formulation of the
effective theory that properly accounts for these was described and the results obtained
thereby were illustrated with a few examples. In the following, I restrict myself to a
discussion of some gqualitative aspects of this work.

INTRODUCTION

The static model represents a forerunner of the effective theories of the pion-nucleon
interaction used today. In this model, the kinetic energy of the nucleon is neglected: The
nucleon is described as a fixed source that only carries spin and isospin degrees of freedom.
For an excellent review of the model and its application to several processes of interest, I
refer to the book of Henley and Thirring|[1].

The systematic formulation of the effective theory relies on an expansion of the effective
Lagrangian in powers of derivatives and quark masses. Chiral symmetry implies that the
leading term of this expansion is fully determined by the pion decay constant Fr and by
the nucleon matrix element of the axial charge, g,. Disregarding vertices with three or
more pions, the explicit expression for the leading term reads

- 1 .
ﬁe_ff = —29%11) s a,uﬂ"l,b + m@b +i[®, 3”71']1/) +... (1)
T T

The success of the static model derives from the fact that it properly accounts for the first
term on the right hand side — in the nonrelativistic limit, where the momentum of the
nucleons is neglected compared to the nucleon mass.

The static model is only a model. In order for the effective theory to correctly describe
the properties of QCD at low energies, that framework must be extended, accounting for
the second term in the above expression for the effective Lagrangian, for the vertices that
contain three or more pion fields, for the contributions arising at higher orders of the
derivative expansion, as well as for the chiral symmetry breaking terms generated by the
quark masses m,,, mg. This can be done in a systematic manner, using a nonrelativistic
expansion for the nucleon kinematics. The resulting framework is called “Heavy Baryon
Chiral Perturbation Theory” (HBCHPT). It represents an extension of the static model
that correctly accounts for nucleon recoil, order by order in the nonrelativistic expansion
{for reviews of this approach, see for instance ref.[2]).

As pointed out in ref.[3], the nonrelativistic expansion of the infrared singularities
generated by pion exchange is a subtle matter. The HBCHPT representations of the
scattering amplitude or of the scalar nucleon form factor, for example, diverge in the
vicinity of the point ¢ = 4M2. The problem does not arise in the Lorentz invariant approach
proposed earlier[4]. It originates in the fact that for some of the graphs, the loop integration
cannot be interchanged with the nonrelativistic expansion.

The reformulation of the effective theory given in ref.[3] exploits the fact that the in-
frared singular part of the one loop integrals can unambiguously be separated from the
remainder. To any finite order of the nonrelativistic expansion, the regular part represents
a polynomial in the momenta. Moreover, the singular and regular pieces separately obey
the Ward identities of chiral symmetry. This ensures that a suitable renormalization of

*Work supported in part by Schweizerischer Nationalfonds




the effective coupling constants removes the regular part altogether. The resulting repre-
sentation for the various quantities of interest combines the virtues of the Heavy Baryon
approach with those of the relativistic formulation of ref.[4]: The perturbation series can
be ordered with the standard chiral power counting and manifest Lorentz invariance is
preserved at every stage of the calculation.

GOLDBERGER-TREIMAN RELATION

As a first illustration of the method, I briefly discuss the relation between the pion-
nucleon coupling constant and the axial charge of the nucleon, obtained on the basis of a
calculation of the 7N scattering amplitude to order ¢*. A detailed account of this work is
in preparation[5]. Throughout the following, I consider the isospin limit, m, = my, and
replace the quark masses by the leading term in the expansion of M2,

M? = (my +mg)B .

The Goldberger-Treiman relation may be written in the form

m
Grn = g,} N{l + Agr} . (2)
m

If the quark masses my, mq are turned off, the strength of the 7N interaction is fully
determined by g, and F;;: Agr = 0. The effective theory allows us to analyze the correction
that arises for nonzero quark masses. The quantities gy, g4, my and F; may be calculated
in terms of the effective coupling constants. The result takes the form of an expansion in
powers of M, i.e. in powers of the quark masses.

Some of the graphs occurring within the effective theory develop infrared singularities
when the pion mass is sent to zero. These manifest themselves through odd powers of M
and through logarithms thereof. The expansion of the nucleon mass, for instance, is of the
form

2
mN_mm_+_klM?+_k2M3_+_k3M41n-fnf_2—_+k4M4+_0(M5)______ o (3)

The first term, m, is the value of the nucleon mass in the chiral limit. The coefficients
ki1, ks, ... represent combinations of effective coupling constants that remain finite when
the quark masses are turned off. In particular, the coefficient of the term proportional to
M3 is given by

2
ks 39

T 39nF2 (4)

where g and F represent the values of g, and F in the chiral limit, respectively. The term
is correctly described by the static model, where it arises from the self energy of the pion
cloud that surrounds the nucleon. Numerically, this contribution lowers the nucleon mass
by about 15 MeV.

Similar terms also occur in the chiral expansion of g, — Kambor and Moj#is[6] have
worked out this quantity to order ¢®. The expansion of F, is known since a long time -
it only contains even powers of M, accompanied by logarithms. The coupling constant
grn i8 obtained by evaluating the residue of the pole terms occurring in the scattering
amplitude at s = m3 and u = mZ. The representation of the amplitude to order ¢* yields
an expression for gry in terms of the effective coupling constants and of the quark masses,
valid up to and including order ¢°.

Using these results, we may evaluate the chiral expansion of Agy to order ¢°. Remark-
ably, the contributions of order M?InM?/m? as well as those of order M3 cancel — the
Goldberger-Treiman relation is free of infrared singularities, up to and including order M3:

AGT = kGT M2 -+ O(M4) . (5)



The coefficient kg7 represents a combination of effective coupling constants — chiral symme-
try does not determine its magnitude. The result shows that in the case of the Goldberger-
Treiman relation, the breaking of chiral symmetry generated by the quark masses does
not get enhanced by small energy denominators. Assuming that the scale of the symmetry
breaking is the same as in the case of Fi /Fx, where it is set by the massive scalar states,
Mg =2 1GeV, we obtain the crude estimate Ay o~ MZ/MZ =~ 0.02. The detailed analysis
based on models and on the SU(3) breaking effects seen in the meson-baryon coupling
constants[7] confirms the expectation that Az, must be very small — a discrepancy of
order 4% or more would be very difficult to understand.

Since the days when the Goldberger-Treiman relation was discovered, the value of g,
has increased considerably. Also, F, decreased a little, on account of radiative corrections.
The main source of uncertainty is g,y. The comprehensive analysis of 7N scattering
published by Hohler in 1983(8] led to f2 = g2, M2/ (167m2) = 0.079. With g, = 1.267 and
Fr = 92.4MeV, this value yields Acr = 0.041. As stressed by Pavan at this meeting, the
data accumulated since then indicate that #2 is somewhat smaller, numbers in the range
from 0.076 to 0.077 looking more likely. This range corresponds to 0.021 < Agp < 0.028.

I conclude that, within the current experimental uncertainties to be attached to the
pion-nucleon coupling constant, the Goldberger-Treiman relation does hold to the expected
accuracy. Note that at the level of 1 or 2 %, isospin breaking cannot be ignored. In
particular, radiative corrections need to be analyzed carefully. Also, the coupling constant
relevant for the neutral pion picks up a significant contribution from 7° — 5 interference. A
precise determination of the pion-micleon coupling constant is essential to arrive at reliable
results for small quantities such as the o-term. The various discussions at this meeting
show that the issue is under close scrutiny by several groups and I am confident that the
uncertainties will soon be reduced,

LOW ENERGY THEOREM FOR D+

As a second example, I consider the low energy theorem for the value of the scattering
amplitude D*(s,#,u) at the Cheng-Dashen point: s = 4 = m%, t = 2M2. The theorem
relates this amplitude to the scalar form factor of the nucleon,

(N'| my i+ mgdd |N) = o(£)Tu. . (6)
The relation may be written in the form
F2D*(m}, 2M7,m}) = 0(2M2) + Acp, . (7)

The theorem states that the term A., vanishes up to and including contributions of
order M2, The explicit expression obtained for F2D*(m}, 2M2,m2) when evaluating the
scattering amplitude to order ¢* again contains infrared singularities proportional to M3
and M*1In M?/m2. Precisely the same singularities, however, also show up in the scalar

form factor at t = 2M§, 80 that the result for A,y is free of such singularities*
Acp = kep M* + O(M5) . (8)

Crude estimates like those used in the case of the Goldberger-Treiman relation indicate
that the term Agp must be very small, of order 1 MeV.
The value of the scalar form factor at ¢ = 0 is referred to as the o-term,

g =o(0).

This quantity is of particular interest, because it represents the responge of the nucleon
mass t0 a change in the guark masses:

6m~ 6mN
T = My + Mg—— . 9
*The cancellation of the terms of order M® was pointed out in ref.[4,9) and the absence of logarithmic
contributions of order M* was shown in ref.[10].
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Figure. 1. o-term (in MeV) as a function of the quark masses. It is assumed that the physical
value of ¢ is 45 MeV (dash-dotted line). The arrow corresponds to the physical value of m,, + mg.
The dashed line depicts the linear dependence that results if the infrared singular contributions
proportional to M2 and to M2 In M2/m? are dropped.

The difference o(2M?) - o(0) is well understood: The results found on the basis of a
dispersive analysig[11] are confirmed by the evaluation of the scalar form factor within the
effective theory[12,3]. The net result is that an accurate determination of the scattering
amplitude at the Cheng-Dashen point amounts to an accurate determination of the g-term.

Unfortunately, the experimental situation concerning the magnitude of DT at the
Cheng-Dashen point leaves much to be desired (for a recent review, see ref.[13]). The
low energy theorem makes it evident that we are dealing with a small quantity here —
the object vanishes in the chiral limit. The inconcistencies among the various data sets
available at low energies need to be clarified to arrive at a reliable value for gy. Only then
will it become possible to accurately measure small quantities such as the o-term.

~ DEPENDENCE OF THE ¢-TERM ON THE QUARK MASSES

In the following, I do not discuss the magnitude of ¢ as such, but instead consider
the dependence of this quantity on the quark masses, which is quite remarkable. In this
discussion, the precise value of ¢ is not of crucial importance. For definiteness, I use the
value ¢ = 45 MeV[11]. The chiral expansion of the o-term is readily obtained by applying
the Feynman-Hellman theorem (9) to the formmula (3), with the result

2
oc=kM?+ §k2M3+k3M4 2 ln£+l + 2k M+ O(M5) (10)
2 m?

As discussed above, the term proportional to M? arises from an infrared singularity in the
self energy of the pion cloud. It lowers the magnitude of the g-term by 3/2 x 15 MeV =~
23 MeV. The coefficient k3 can also be expressed in terms of measurable quantities(3].
Numerically the contribution from this term amounts to —7 MeV, thus amplifying the
effect seen at O(M3). Chiral symmetry does not determine all of the effective coupling
constants entering the regular contribution ksM*, which is of the same type as the cor-
rection Agp, = kepM* to the low energy theorem (7). As discussed above, corrections of
this type are expected to be very small — I simply drop the term k4 M*. The value of k; is
then fixed by the input ¢ = 45 MeV for the total, so that we can now discuss the manner
in which ¢ changes when the gquark masses are varied.

At leading order, o is given by k;M2. In figure 1 this contribution is shown as a
dashed straight line. The full curve includes the contributions generated by the infrared
singularities, ko M3 and ksM*{21n M?/m? + 1}. The figure shows that the expansion
of the o-term in powers of the quark masses contains large contributions from infrared
singularities. These must show up in evaluations of the o-term on a lattice: The ratio
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Figure. 2. Square of the pion mass as a function of the quark masses. The dash-dotted line
indicates the physical value of M2.

o /(my +my) must change significantly if the quark masses are varied from the chiral limit
to their physical values. Note that in this discussion, the mass of the strange quark is kept
fixed at its physical value — the curvature seen in the figure exclusively arises from the
perturbations generated by the two lightest quark masses.

1t is instructive to compare this result with the dependence of M? on the quark masses.
In that case, the expansion only contains even powers of M:

M* M?
M§=M2+Wln7\~%—+0(M6). (11)

The quantity Az stands for the renormalization group invariant scale of the effective cou-
pling constant [3. The SU(3) estimate for this coupling constant given in ref.[14] reads
I3 = —1In M2/A} = 2.9+ 2.4. The error bar is so large that the estimate barely determines
the order of magnitude of the scale A3. Figure 2 shows, however, that this uncertainty does
not significantly affect the dependence of M2 on the quark masses, because the logarithmic
contribution is tiny: the range of /3 just quoted corresponds to the shaded region shown
in the figure.

The logarithmic term occurring in the chiral expansion of M? gets enhanced by about
a factor of two if we consider the pion o-term,

= OM? OM?2
or = {w|my Gu + mgdd|r) = m’“'am—ﬂ +mg Bmz . (12)
(23

T do not show the corresponding curve, because it is also nearly a straight line.

The main point here is that the infrared singularities encountered in the self energy
of the nucleon are much stronger than those occurring in the self energy of the pion. A
detailed account of the work on the low energy structure of the 7N scattering amplitude
done in collaboration with Thomas Becher is in preparation.
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Some Results on 7N Phenomenology

G. Hohler
Institut fiir Theoretische Teilchenphysik der Universitit
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Abstract

The first part deals with the relation between dispersion theory and chiral pertur-
bation theory. In the second part, attention is called to ambiguities and uniqueness in
x N partial wave analysis.

A-Exchange and t-Channel Exchange from fixed-t Dispersion Relations

Introduction

Fixed-t dispersion relations can be proved within the framework of QCDI[1]. The re-
actions 7¥p — mEp can be described by 4 invariant amplitudes, e. g. CE(v, 1), B¥(r, 1),
where the upper index indicates if the amplitude is even or odd under the crossing op-
eration v = —v, (v = (8 — u)/4m, m=proton mass). It is assumed that electromagnetic
contributions are subtracted as described by Tromborg et al.[2]. We subtract from all am-
plitudes the PV Born term and denote this by a bar. Then, the subthreshold ezpansion
(sect. 2.4.7.1 in Ref.[3]) reads

X(Vat)=zmmn1/2mtﬂ, m,n=0,1,2... (1)

m,n

where X is a crossing even amplitude, or a crossing odd amplitude divided by v. The
coefficients are denoted by by, bjy, - - - for B /v, ete. In the following we shall discuss only
t = 0. Then v is the total pion energy in the lab. w and C* = D,

For a comparison with predictions from chiral perturbation theory (CHPT), we have
calculated the coefficients of all amplitudes from the fixed-t dispersion relation with the
VPI solution SP98 which ends at 2.2 GeV/c and with KA84 up to the same momentum
and also up to 6 GeV/c[25]. There are no significant differences between the two results
up to 2.2GeV/c. The contribution from higher momenta was calculated for ImC~ from
total cross section data up to 340 GeV/c and estimated for I'mB~ from the reggeized
p-exchange model (sect.2.6.5 in Ref.[3]).

The situation of A™ is still the same as in 1970{4]. C* = A' +wB™ can be decomposed
into contributions of AT and wB™* only if data for spin-rotation and polarization param-
eters are available, which do not exist at high energies. If A*/(wBT) — 0 for w — oo,
asymptotic s-channel helicity conservation is a consequence[4]. According to KH80, the
contribution of ImA™ to ImC™ is much smaller than that of w ImB™ in the range from
2 t0 10 GeV/e.

A-exchange from fixed-t dispersion relations

Plots of the integrands of all fixed-t dispersion relations show a pronounced peak or dip
at or near the range where the imaginary part of the partial wave T(P33) has its peak. In
order to get a numerical value for a P33 dominance, we have calculated all integrals also
with the P33-contribution to the imaginary part of the amplitude up to 0.6 GeV/c[25).
It is well known from the partial wave dispersion relation that P33 includes not only the
effect of the A(1232)-pole but also a fairly large background from the nucleon Born term
and t-channel exchanges|6,5]. (The Chew-Low plot is an approximation[6]). About 2/3 of
the scattering volume ags comes from the Lh. cut[5].

In the lowest order of an effective Lagrangian, A-exchange is treated in a way which
corresponds to a narrow width approximation, where the dispersion integral leads to pole
terms. In sect. 8.1.2 of Ref.{3}, the two parameters of an effective A-pole term were de-
termined by a best fit to both invariant amplitudes in the subthreshold region and over
a small range of t. In the new calculation[25], the location of the pole on the real axis




is assumed to be W = /3 = 1232 MeV. The residue follows from the condition that for
each amplitude the pole term gives at v = 0, £ = 0 the same result as the evaluation of
the dispersion integral with the P33 contribution of the numerator in the integrand. The
non-A part of P33 was neglected (this should be improved).

As an example we consider the amplitude Bt. Our A-pole term reads

Biw) _ 58863

w rEo—n  GA=38  BI(0)=~40m:% (9

BY(w) =

The dispersion integral up to 6 GeV/c gives practically the same value as at 2.2GeV/c
with both solutions (-3.55), i.e. a correction of about +10% to the value ~4.0 from A.
dominance. A plot of the integrand shows that the correction comes from the mass range
1400...1550 MeV.

If the lower index of a coefficient is mn0, the integrand of the dispersion integral has
an additional term w®™ in the denominator. Therefore the input from high momenta is
strongly suppressed if m > 0. This suppression also occurs for coefficients which belong to
the dependence on t. For m > 0, the dip or peak is shifted to smaller momenta and its
shape is distorted[25]: for b, the P33 phase at the dip amounts to about 30°.

The large discrepancies of one-loop results of Bernard et al.[26] from the dispersion
calculation, e. g. for b, and 6%, follow from the fact that in the order of their caleulation
the large A contributions do not yet occur. It is not clear to me why their prediction for
b1y agrees very well with my table.

An expansion in powers of 12 also follows from the t-channel partial wave expansion.
This leads to a test of the internal consistency , e. g with Table 2.4.6.1 in Ref.[3]

#7500 = 270 - B g s R4 ¥

The tilde indicates that the contribution from the PS Born term has been subtracted.
pr=m?—t/4, ¢ =m2 — t/4.
t-channel exchange from fixed-t dispersion relations
The dispersion integrals for ¢, and by, have a very slow convergence. We consider as
an example C~ (w) (k = plab = \/w? —m2)

ImO~ W) = ko i = 5 [oue(np) - ol p)]. @

For k=10 to 340 GeV/c, oy, = const/vE. This is expected from the reggeized p-exchange
model with a(t = 0) ~ 0.50 (see e. g. sects.2.6.5 and A.9.1 in Ref.[3]).
We define

Gw) = du, (5)

C-w) 2 foo ImC— (")
w T Iy W2 — w?

where the tilde indicates that the nucleon pole term (=PS Born term) has been subtracted.
Table 1 shows that G(0) is half as large as the P33 contribution.

Subtraction of f1(0)

The t-channel partial wave can be expressed by the Froissart-Gribov representation
(sect.A.7 in Ref.[3]) (which can easily be extended to the t-dependence. The P33 contri-
bution to the partial wave follows if the P33 contribution to ImC— is inserted).

W

RO =g [ ImC @2y e mit, 2= =, (©)

"The integral up to 6 GeV/c gives —~0.121 m;" and the tail above 6 GeV adds +0.015 myt,



Table 1. Dispersion integral for different upper limts and P33 contribution

G(0)m;? | pLabme, GeV/e
—0.46 o0
—0.56 6.0 KA84
—0.62 2.2 KA84, SP98
—0.90 0.6 KA84, SP98; only P33
Next lines: to be used later
-0.77 6.0 elastic
+0.31 os] inelastic
+0.21 6.0 inelastic

This expression is multiplied by a factor chosen in such a way that the subtraction
cancels the leading terms in the integrand at high energies. This idea was proposed by
Mandelstam, used by Frazer and treated in detail in Ref.[7].

127 5 2 f° (1 3
G(0) = ——f1(0) + = fm ImC” (w) [F - E—%—Qi(Z) duw. (7)
Q1(Z) is the Legendre function of the 2nd kind:
QUZ) = o5 + g + (®)
W T3 T EzE T

The integrand of the subtracted integral has a serious shortcoming: the P33 contribution
leads to a peak instead of the dip of the unsubtracted integral. Furthermore, the cut of
F1(t) at ¢ < 0 has a large contribution from P33.

Therefore, we apply a decomposition of the imaginary parts which was proposed in
Ref.[8]. For the dimensionless s-channel partial waves (as used in Argand plots), unitarity
leads to a decomposition of ImTyy into elastic and inelastic parts:

ImTy = T + ImTf;  ImTE = (1 - ni)/4. (9)

e+ is the absorption parameter. This decomposition leads to elastic and inelastic parts of
the imaginary parts of invariant amplitudes and of t-channel partial waves.

The important point is now to consider unitarity in the t-channel. Because of G-parity
conservation a 3-pion vertex is forbidden. We consider the two simplest unitarity graphs.
The above defined inelastic s-channel amplitude belongs to 2-pion intermediate states in
the t-channel, Since a 4-pion decay of the p has not been observed, we carry out the
subtraction only for the inelastic part. The other simple t-channel unitarity graph belongs
to 4-pion intermediate states and is of interest only if higher t-channel resonances are
considered.

127 - 2 f> _ 1 3
FLinat(0) + ;] ImCi [J - m—ng(Z) duw. (10)

oy

G(0) = Gq(0) + -,
An evaluation with KA84 shows that the subtracted integral is negligible.

According to Table 1 the elastic (-0.77) and inelastic {+0.31) contributions give the
total value (—0.46). P33 alone (-0.90) is not dominant. The other elastic contributions come
from the mass range 1400... 1800 MeV. Above 6 GeV/¢, the elastic part is comparable
with its error.

Since our result was derived from the dispersion relation, contributions from all 8 chan-
nels have been superimposed without double counting. Empirical superpositions of contri-
butions from all three channels are not allowed.
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A t-channel contribution also oceurs in the low-energy theorem of Brown et al.[27] from
the ETC term of the Ward-Takahashi identity:

1

Fr(t) o772’
T

Fi(0) =1,  F,=924MeV. (11)

At ¢ = 0 this is part of the tree graphs of the Chiral Effective Lagrangian. Fy,(t) is the
isovector Dirac nucleon form factor and F, the pion decay constant.

Gasser et al.[27] pointed out that their low-energy constant by occurs in their result
for Fj, but not in the 7N amplitudes. They found a logarithmic singularity in the second
sheet at t = 4m2[1 —m2 /(4 m?)] ~ 3.98 m2, which we had studied in detail with dispersive
methods{28]. Further work on the relation between the result of Brown et al.[28] and our
subtraction is necessary.

Ambiguities in 7N Partial Wave Analysis

wN scattering can be described by four complex-valued invariant amplitudes, e. g.
C=(s,t) and B*(s,t). If all measurable quantities are known with high precision, one can
determine only 7 real numbers at each (s,t), since a common phase ®(s,t) of all amplitudes
does not follow from 7N scattering data. An exception are the amplitudes C*(s,t = 0).
ImC? follows from total cross section data and the optical theorem and ReC* can be
determined from data in the Coulomb interference region, so the phase follows from data.

Except for a small kinematical range, spin-rotation data have not been measured. Then
a second phase U(s,t) is not known. Furthermore, there are discrete ambiguities, e. g.
Barrelet[9] noticed that reflections of zeros of transversity amplitudes in the complex
plane lead to new amplitudes, which give the same do /d§) and analyzing power P.

One could think that uniterity strongly reduces the ambiguities. But the work of D.
Atkinson et al.[10] has shown that, in the inelastic region, unitarity is a rather weak con-
straint. Instead of the discrete ambiguities there exist islands of embiguity in the Argand
diagrams of the partial waves. The pioneers used truncations of the partial wave series and
the ’shortest path method’, but it was shown that both methods are not satisfactory. Fur-

-ther details and references are given in the excellent review by Bowcock-and Burkhardt[11] -
and in Refs.[3,13,14].

In order to get unique wN amplitudes, it is necessary to impose in addition to Lorentz
invariance, unitarity and isospin invariance (except for small corrections) further theoretical
consiraints.

The only available general principle is analyticity of the invariant amplitudes. Since
fixed-t analyticity can be applied only in a limited range of ¢ and therefore of the angular
region (except for low energies), one has to assume the Mandelstam hypothesis(12], which
includes analyticity in two complex variables s and ¢. Of course, one cannot use the double
dispersion relations in a 7V partial wave analysis. However, there exists a number of quite
different single-variable dispersion relations which have been derived from the hypothesis.
One can use one of them in addition to fixed-t analyticity as a constraint in order to
cover the whole angular region. Then, one can check, if the new partial wave solution
is compatible with the other single-variable dispersion relations and with the predicted
properties of the zero trajectories of the amplitudes[9,3).

Mathematical problems related to the application of analyticity constraints in # N partial
wave analyses and to the uniqueness and stability of the solution have been treated in many
papers, e. g. Refs.[13,14], where further references can be found.

Mandelstam analyticity plays also an important role in studies of the relation of dis-
persion theory to chiral effective theories[15].

The Methods of Pietarinen and of Cutkosky

In the early 70’s, the use of dispersion relations as constraints in partial wave analyses
on computers was difficult as long as principal value integrals had to be calculated. It
was a crucial progress that E. Pietarinen[16,11} developed an expansion method combined
with a conformal mapping. A cut-off of the partial wave expansion was avoided by using
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a convergence test function method, which also allowed to choose the degree of smoothing.
The fit to the data and to the constraint were applied alternatively, the last step was
a fit to the data. In order to have constraints in the whole of the angular region at all
energies, the method was extended to include analyticity along 20 fixed values of cosé.
The Karlsruhe-Helsinki solution KH80 is described in Refs.[17,18]. It is based on isospin
invariance and uses only data for the reactions 7 + N — 7 + N. Each partial wave is
described by a real phase and an absorption parameter. Partial waves were given up to
10 GeV/c and fixed-t analyticity was applied to data up to 200 GeV/ec.

R.E. Cutkosky[19] had worked on expansion methods already in 1968, but he started to
apply them to mNN scattering data only after Refs.[16] had been published. The methods
in the first paper[19] were different from those of Pietarinen, but the basic ideas were the
same. The solution CMB80 also gives phases and absorption parameters in the smaller
range 0.427...2.5GeV/e.

In the second paper the partial wave amplitudes have been analyzed, using a modified
Breit-Wigner, coupled-channel parametrization. Data for inelastic final states were used
as additional input. However, there were problems to fit the inelastic data in conjunction
with the elastic amplitudes. The final results give resonance parameters for all resonances
but no branching ratios for the inelastic channels.

A comparison of the speed plots for resonances found in KH80 and CMB80 shows
a reasonable agreement, if one remembers that the data base contains many cases of
contradictions between data sets[30].

Compatibility of KH80 with relations derived from the Mandelstam
hypothesis

1} 50 hyperbolas through the Cheng-Dashen point[20].

2) s-channel partial wave projections of fixed-t dispersion relations|21].

3) Dispersion relations for s-channel partial wave amplitudes{5,22].

4) Interior dispersion relations (fixed lab. angle)[23,31].

5) Fixed-v dispersion relations (p.291 in Ref.[3]).

6) Dispersion relations for t-channel partial waves (sect.2.4.6 in Ref.[3]).

7) Fixed-s dispersion relation at threshold[22].

8) Zero trajectories: test of analyticity in two variables.

For invariant amplitudes: sect. 2.4.3.3 in Ref.[3]. Barrelet zeros of transversity am-
plitudes are much more sensitive. The resuit for KH80 is not satisfactory, but up to 1
GeV/c Koch’s solution KA84[22] is much better. It includes constraints from partial wave
dispersion relations.

Remarks on the VPI solutions

In 1980 R.A. Arndt started with the aim to give ’the most economic description of
the 7N scattering data’. He used an empirical ansatz with a large number of adjustable
coeflicients for the parametrization of the partial waves. He ignored the well-known nearby
Lh. cut singularities, even those from the nucleon Born term. Since KH80 and CMBS0
were available as start solutions, he could easily include new data and produce four new
solutions per year.

In 1989 I pointed out in a talk that his solution is at variance with fixed-t analyticity.
The group introduced constraints for the invariant amplitudes at a few t-values from 0
to ~0.3 GeV?, but this was possible only in about 1 /3 of the range of the analysis (2.2
GeV /c). For the dispersion integrals above 2.2 GeV /¢, they took results from KH80, which
do not include new data and do not join smoothly to their solution at 2.2 GeV/ec.

The VPI solutions are a fit to the data, which can be used for continuations into
other sheets. The uncertainties which follow from the ambiguities are mainly resolved
by the empirical ansatz and not by the theoretical constraints, which are very weak. The
information from the large amount of data above 2.2 GeV /¢ is not used. There is no good
argument to expect uniqueness for the solution.
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Conclusions

A first step should be o determine unigue invariant amplitudes from data. The available
results suggest that this can be done by applying constraints and tests from consequences
of the Mandelstam hypothesis. An important further test is to check the compatibility
with predictions from chiral perturbation theory. Therefore it is necessary to prepare an
updated version of the solution KH80. This agrees with the first steps of Pietarinen and
Cutkosky.

A second step should be to treat problems related to inelastic final states, e. g. to
find out which resonances exist because of the opening of a threshold, how this can be
understood in quark models, how branching ratios can be predicted etc. This can be done
only by developing models, which should be compatible with the framework derived in the
first step.
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The Subthreshold Expansion of the s Invariant Amplitudes in Dispersion Theery

J. Stahov
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Abstract:

The interior dispersion relations and the fixed-t dispersion relations are used to continue
7N scattering amplitudes to the subthreshold region. Coefficients in the subthreshold
expansion of the invariant amplitudes are derived. The result for the N sigma term is
O,y =(7018) MeV.

Introduction and notation

In the last three decades there have been many published papers and many discussions about
the N invariant amplitudes in the unphysical regions. The most efforts have been concentrated
mainly to the determination of the invariant amplitudes by means of the expansion near the
point v=0, =0, and the subsequent determination of the TN ¢ term. The Karlsruhe group [1]
proposed to perform an analytic continuation of the invariant amplitudes to subthreshold region
by using the dispersion theory technique.

In this report we combine the fixed-t dispersion relations (FTDR) method and the interior
dispersion relations (IDR) method to determine invariant amplitudes in the subthreshold region,
and also corresponding coefficients in the subthreshold expansions.

We consider the isospin even and isospin odd combinations of the invariant amplitudes B%,

A* that are related to the n*N amplitude 4,,B,:4% =(4. +4,)/2, B*=(B_%B,)/2.

According to Mandelstam hypothesis, invariant scattering amplitudes are real analytic
functions of three complex variables s, ¢, and ». Variables s and ¢ are defined in terms of the
total energy w and from the scattering angle 6 in the c.m. frame

s=w?,  t=-2¢*(1-cos@), s+f+u=%, I=2m’+2m},
where ¢ is momentum in c.m. frame, m = proton mass, m, = mass of charged pion. For more
details on N kinematics we refer to ref. [2] which will be subsequently denoted by LB.
Although four amplitudes defined above fully describe the mN scattering if the isospin
invariance is assumed {we do so in our application), we introduce the additional amplitudes
D* = 4* +vB*, v =(s —u)/4m which are frequently used in the chiral perturbation theory.

In order to obtain invariant amplitudes having a smooth behavior in the subthreshold region,
we introduce amplitudes from which the pseudo vector (PV) Born term is subtracted. We
denote these amplitudes by a bar. Born term appearing in dispersion relations is pseudo scalar
one. Due to the crossing symmetry, invariant amplitudes either remain unchanged after
transformation v- -v (crossing even amplitudes) or change a sign (crossing odd amplitudes). In
our applications only crossing even amplitudes are considered. Crossing even amplitudes could
be considered as being functions of variables v* and 7, X(v’{t), where X(vt) stands for

AT, A /v,B~/v,B*,D*, D" /v.
In the region limited by the lines s=(m+m,)*,u=(m+m,)",1=4m}, (Mandelstam

triangle), amplitudes are real. Each crossing even amplitude can be expanded near the point
v=0, +=0 using so calted subthreshold expansion:

XWwhey=3 %",
nLR

where X, stands for 2,53 g,fn

mnr i mR o
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Interior dispersion relations

Studying various kinds of dispersion relations used in the early eighties, Hite and Steiner
investigated more generalized dispersion relations on parameterized curves in the Mandelstam
plane. In ref. [3] they proposed dispersion relations for crossing even amplitudes on hyperbolas
(s—a)(u—a)=>b, in the Mandelstam plane, where a is an asymptote and b is hyperbolae
parameter. Dispersion relations obtained in such a way receive contributions from all three
channels. Knowledge of absorptive parts is required only in the regions where corresponding
partial wave expansions converge. Hite et al. [4] proposed one parameter family of hyperbolas
passing through the s-channel threshold with b=(m* -m2 —a)’ —4m’a. For a < 0, the
integration paths lie in the interior of the physical regions of the s and z-channels - interior
dispersion relations (IDR). The backward dispersion relations follow from the IDR as a special
case when a=0. If variable ¢ is taken as an independent variable, other variables could be
obtained by some algebra:

v=i,/(z-r0)2-4b, fy=Z-2a,
4m
-1 1 3 -t 1 3
s=———+—1/t-t —4b, =—--,/z—z —4p.
5 2 {t~1y) u > 5 0)

Hyperbolas cross the v=0 line at points: 7, =#(v =0,a)=E~2a++b, 0<7_< 4m?,t L 24m’.
The crossing even amplitudes have the cuts for 1< 0 (the s-channel cut), and for 72 4m? (the r-
channel cut). In addition, amplitudes B* have a pole (the Nucleon pole) at =1, , where

ty =mi(@dm* —m2)(m* —a).

Knowing analytic structure of invariant amplitudes along hyperbolas, it is easy to write the

corresponding interior dispersion relations. In practical evaluation, imaginary part of amplitudes

is known in the restricted region 7, <1<0, where #; corresponds to the highest momentum in

the s-channel where results from PWA exist. The input from the #channel exists for
" 4m? <1<ty Unknown contributions can be described using the method of discrepancy function

pioneered by Hamilton and his coworkers in sixties :

+0 tp '
ReX(t,a)zXN(t,a)+i Pj-!- J ImX(t',a)d—t+A(t),
n I 4m? I~

where Xy (t,a) = Xy, — Xy, . Xpypeand X, stand for pseudo scalar and pseudo vector Born
terms, and A(?) is discrepancy function. In the subtracted form (subtraction point r=t,), IDR
read:

Wi
Pj+j ImX(t',a)

i 4m,2,

t_to

Re X(f, @) =A(X ) + A,

dr'
e
('t )(1')
where A(X ) =Xy (t,a)— X y(1,,q).

The discrepancy function A(t) can be calculated at -values where the input from the
PWA exists. The obtained results are fitted to smooth, well behaved functions, usually
polynomials of the low order in variable 7. Having parameterized discrepancy function,
the real part can be calculated at the points outside of the region where input exists-
usually outside of the physical region.

The fixed-t dispersion relations

Among all dispersion relations, the fixed-s dispersion relations-FTDR are the most
frequently used, especially the forward dispersion relations-FDR for which the input exists up to
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k=300 GeV/c. We apply the FTDR method for crossing even amplitudes appearing also in the
IDR method. The FTDR for crossing even amplitudes read :

2

1 Vs )2 dV’z
ReX(v,) =Xy (v,t)+— J“ImX(v D) —— +AY).
o vy
Once subtracted FTDR read:
2yl Ve dv*
Re X(v,))=Re X(vy,£) + A(X )+ d jImX(vz,t') e+ A(Y),
T Vv )v—v?)

Vti
where Vo is a subtraction point, V. corresponds to the highest energy where the input from
PWA exists, and A(X )= Xy (v,1) = X y(v,,7). The discrepancy function A(v) can be fitted to

the low order polynomial in v. In our method, applying the FTDR together with the IDR, we
choice v=0 as a subtraction point. It is pointed out in ref [1], that the FDR, subtracted at v=0,
and calculated at the s-channel threshold, give a valuable quantity, the difference between the
real parts of amplitude at the threshold and at the center of the Mandelstam triangle v=0, #=0:

dv|2

def m2+°°
Diff = X(m,,0)- X(0,0) = Xy (m,,0) - X (0,0) + =& [ImX(v?,r)—2Y
= X(0,0)= X(0.0)= Xiy (1 0) = Xy (00) += [1m X (v 1) — T

Vi
The integral on the right hand side converges very fast, what make it possible to obtain
reliable results using the input from existing PWA only,

Determination of Coefficients in the Subthreshold Expansion,

Using the FTDR and the IDR methods, determination of coefficients in the subthreshold
expansion could be performed in the few steps:
- Construct 40 interior hyperbolas crossing the v=0 line at equidistant points

t_e [m; ,3m> 1. For values ¢ < m;‘: only a small part of the z-channel cut contribution can
be described by the 7 - channel partial wave expansion because corresponding hyperbolas
enter the double spectral region. From other side, for £ > Sm,f amplitudes show a cusp
like behavior which can not be described by the first terms in the subthreshold expansion,
- Choice 40 ¢ values ~ Sm; <L mi to perform the FTDR at 20 equidistant values
viel0vi, via =03, 0.4, 05].
- Write the subthreshold expansion in the form
X0 =aw)+ b))+ +dv P,
where:
aW?)=xg+ xi 02+ xpvt v 4
b)Y =xg +x v 7 + vt + v S 4
e(v?) = xg + XV + xv* + x5V 4

dWv?)= x4 + x50 Fapt v+

- For each of 20 values of v°, fit obtained values of invariant amplitudes in the subthreshold
region to the polynomial of third order in terms of variable 7.

- From the v? dependence of coefficients 4, b, ¢, and d calculate corresponding values of x,,,
in previous step.

- In order to demonstrate cusp like behavior of invariant amplitudes near the -channel

branch point, we perform calculations at many points in the interval ¢ e [Sm,f ,4mf, ]
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The Input

The s-channel part of the input consists of the results of the existing PWA. We used the
Karlsruhe Ka84 solution [5] and the VPI Sp98 solution [6]. The Ka84 solution is essentially
KH80 solution smoothed by use of the partial wave dispersion relations. As in the KHS80
solution, results are available up to Jab. momentum Xy = 6 GeV/c. Compared with the KHS0
solution, Ka84 gives more reliable values of the higher partial waves which are * too small to be
determined, and too large to be neglected . The VPI group produces new partial wave analysis
at least once a year inclhuding the newest available scattering data. Their solution Sp98, used in
our calculation, is constrained to the FTDR for a few values of #, and for lab. momenta up to 700
MeV/e, although the PWA extends up to k.= 2.2 GeV/c. The ©N coupling constant f?
treated as a free parameter in this analysis. Results are available up to 2.2 GeV/e. In our
applications we added Ka84 solution from 2.2 GeV/c to 6 GeV/c in the Sp98 data file, as it had
already been done by the VPI group In our calculatlons we use values of » N coupling constant
as obtained in particular PWA; £%=0.079 (Ka84), and />=0.076 (Sp98). In addition, for the FDR,
applied to D" amplitudes, the input is available up to 300 GeV/c. The Tables of the » *N total
cross sections [7] or the parameterization from ref. [8] can be used equally well.

Input from the z-channel consists from the ZzZNN helicity amplitudes f;’ The input exists
for 4m << SOmn, and for J=0,1,2,3. We used results obtained by the Karlsruhe group, given

in [9] and 1LB. The s-wave f+ was calculated by Bonnier and Gauron [10] also, and more

recently by Gasser et al. [11] who used values of scattering length and effective range obtained
from the chiral perturbation theory. Gasser et al. used also their own parameterization of the « »

phase shift 8 needed for calculation of f f . Karlsruhe solution is based on &7 values from
Frogatt and Petersen [12]. We adjusted Karlsruhe solution for f +° to results of Gasser et al. in
domain where the scattering length approximation is valid, taking their values for the s- wave
scattering length and the effective range: aJ =0.20+0.01, 50 =024+0.01 (all inn.u.).

Results and discussion

It is important to point out that our resuits are obtained by applying the dispersion relations
along 80 different curves passing through different kinematical regions in the s- channel and
also in the 7~channel, covering a broad angular domain from forward to backward angles. Values
of corresponding coefficients in the subthreshold expansions are surnmarized in Table 1 and in
Table 2. To our knowledge, none of papers based on the IDR method [13] include the existing
information on the z-channel discontinuity although the extrapolation is made towards the #-
channel branch point. That is the reason why we expect our results to be more reliable then
those obtained before. Details of our calculations are given in the ref. [14]. The obtained results

for the D*amplitude are of special interest for the reason of its close connection with the
7N sigma term: ¢y = F,;‘)E *v=0,t= Zm; ), where F_=92.4 MeV is the pion decay constant.
Using the values for d; from our tables, we obtain O =(70+8)MeV. The error is
estimated taking into account the error estimation of dg from the FDR also [14]. Our result is

somewhat higher then o, =(64+8) MeV obtained by Koch [15] 17 vears ago, but there is still
no serious reason to reject Koch’s value completely. As has been pointed out several times by

the Karlsruhe group [2,15], the amplitude D*(0,7) has a tuming point at t=—4m?, and it is
linear for —-4m <¢<0. From the other side, the calculations, performed using the fixed-v
dispersion relations, show that D*(0,¢) has upward curvature for z>0. This is explanation for a

slow convergence of the corresponding subthreshold expansion. A simple extrapolation to >0,
using only values of D*(0,7) for #<0 leads to misleading results. We mention this well-known
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fact because several authors in the past, ignoring it, draw wrong conclusions concerning value
of the IN o term. It is also a2 wrong strategy to derive the linear part (i.e. coefficients 3-{;),35‘3

of D~ using only its values for /<0, obtained from the FTDR method, and take the curvature
terms (coefficients dg; ,30*3 ,...) from other determinations.

The only way to perform a reliable continuation to £>0 is to apply dispersion relations that
use information from the #-channel as a part of the input. Presently, the IDR method seems to be
the most reliable one.

Conclusions

- Obtained values of coefficients in the subthreshold expansions of invariant amplitudes are
consistent with the values obtained using another methods. We conclude that the input from
the 7- channel, which we applied, is consistent with the input from the s-channel.

- The only way to perform reliable continuation of invariant scattering amplitudes to the
subthreshold region in dispersion theory is to apply dispersion relations that use
information from the 7-channel as part of the input. Presently, the interior dispersion
relations seem to be the most reliabie one.

- Our result for the N © term o, =(702+8) MeV is somewhat higher than the Karlsruhe

value o, =(64£8) MeV obtained by Koch, but there is still no serious reason to reject
Koch’s value.
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X At Al Bt v B~ D* D~ Iv
X0 -1.38610.018 | -8.820+0.040 | -3.49040.028 | 10.35440.020 | -1.38610.018 1.51040.001
Xo 1.1431+0.014 | -0.378+0.010 0.19840.005 0.220+0.003 1.14340.014 | -0,13640.003
Xop 0.04040.005 | -0.016+£0.004 | -0.012+0.004 0.02240.002 0.04040.005 0.01110.001
X10 4.63010.030 | -1.24240.040 | -1.01840.036 1.05240.008 1.14440.014 | -0.16630.002
Xy 0.06840.007 0.01310.003 0.09440.006 | -0.053+0.002 | 0.23040.007 | -0.03640.001
X3 1.19010.130 | -0.24440.050 | -0.327+0.050 0.30510.050 0.18910.043 | ~0.04240.003
Xg3 0.0104+0.002 - - 0.01040.002 -

Table 2. The coefficients in the subthreshold expansion. Input Sp98
Xnin Z+ A"y ,§-+/V B~ 5+ 5_/\/
%00 -1.31740.016 | -8.967+0.002 -3.4804£0.020 | 10.4484+0.006 } -1.31740.016 1.468+0.004
Xo1 1.150+0.019 | -0.379+0.002 0.19440.002 0.23540.006 1.15040.019 | -0.138+0.003
Xea 0.0284+0.002 | -0.01440.001 -0.01410.001 0.008+0.001 0.028+0.002 0.008+0.001
Xio 4.56610.030 | -1,180+0.008 -0.959+0,015 1.00740.009 1.13340.013 | -0.16610.002
Xy 0.03140.001 | -0.00610.007 0.095+£0.007 | -0.0300,006 0.202140.005 | -0.03740.002
X3 1.20010.200 | -0.374£0.055 -0.311+0.070 0.33040.050 0.17640.038 | -0.038+0.002
P B 7% S By Y=y R —
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Abstract

A brief introduction to the issues surrounding the #N X term and a discussion of the
parameters it depends on will he given. Current constraints on these parameters and
on Xy and the strange sea quark content of the proton will be reviewed. A strategy
for measurements of 7¥p scattering in the Coulomb-nuclear interference region will
be presented, and an explanation of how these measurements can be used to extract
the amplitude Re(D¥)};0, the 7N S- and P-wave scattering lengths, and 2, v will be
given. A brief description of the experimental method and some preliminary results
are also shown.

THE 7N SIGMA TERM

The physics issues in low energy 7N scattering are to test the predictions and measure
the parameters of chiral perturbation theory (xYPT). The foremost of these is the pion-
nucleon sigma term, which is equal to the product of the pion decay constant squared and
the isospin even, Born subtracted pion-nucleon scattering amplitude D at a point below
threshold known as the Cheng-Dashen point,

ey = F2DT (v = 0,t = 24%). (1)

Y. is interesting because it provides an explicit measure of chiral symmetry breaking,
and can be related to the strange quark content of the proton through the ¢ commutator,

7 < pliu + dd — 23s|p >

o= —i < N|[@s,Qs]|N >F= 5 = (2)

The latest evaluation[l] of the sigma commutator is

9 -
316 + 7’ where y = < p|sd|p >
— ¥

= Y —_ == = =
7 ny — 15 MeV < plut + ddip >

3)

accounts for the strange sea quark content of the proton.

Since X,y is below threshold, it cannot be directly measured. Instead, we have to rely on
measurements made at threshold, or in the near-threshold regime, and extrapolate below
threshold with dispersion constrained partial wave analysis (PWA)[2]. It’s informative to
have a look at the dispersion relation for the relevant isospin even amplitude Dt:

< du'w’ ImD*(w')
Wt e _#2

Re D*(w) = D*(u) + 2(“’2; ) (4)

where w is the total pion lab energy, and p = m,. The relevant subtraction constants are

9,2 9‘,‘3

p(4 — z?)

92 2

Dt (p) = 4n(1 + z)af: + - (5)

, and ET(u) =6n(l +z)af, —

Here x denotes u/M, M = M, ag; the isospin even, S-wave 7N scattering length,and
¢? is the 7N coupling constant. So clearly, the dispersion relations are characterized by
the body of 7N data (through ImD™ in the integrand), the coupling constant, and the
scattering length a3'+ (the P-wave scattering length a‘l'; is also crucial, it enters through
the dispersion relation for the E amplitude). If the coupling constant and the dispersion
integral are held fixed, then Xy is characterized by the S- and P-wave scattering lengths.

For many years, the only available determination of X, x was derived from KH80, which
was based exclusively on pre-meson factory data[3)]. It yielded a value of ¥ = 64 =8 MeV,
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which implies y= 0.2 &+ 0.2, ie an 53 content of 10%=+10%. The whole community was
turned upside down at the last MENU meeting when new determinations were announced
based on analyses of modern data, which yielded resultsf4] up to ¥ = 92 MeV, which
implies y~ 0.44. The main reason for this discrepancy also became clear at MENU97,
namely that at the time of the KH80 analysis the only available low energy 7N data were
those of Bertin, et al.[5]. Every modern analysis of low energy data clearly shows that the
Bertin data are wrong since they are completely at odds with all other measurements in
the low energy regime[6-8]. In spite of this, many researchers have a hard time accepting
a value for 2y as large as 92 MeV, and as a result it has become more important than
ever to obtain more accurate and more sensitive experimental information to bring to bear
on this problem.

In order to pin down the information most needed to get to the bottom of this puzzle,
it is instructive to expand X, 5 in a Taylor’s series in »2 and t about the Cheng-Dashen
point:

DY = djy+dipp P +dfit+dfgr! +dft + o |ymg pmae  (6)
D(v =0, t = 2u?) F2(dfy + 2p2d5) + T (7)
= Mg+ 5 (8)

I

where the so-called curvature term ¥ = 12 MeV represents the higher order terms in t,
and is sensitive to wm parameters like the 7 scattering lengths. The d coefficients depend
on the 7N scattering lengths, the coupling constant, and the dispersion integrals, as noted
earlier. To see where the sensitivity is, we recall a table presented at the last meeting which
separates these three inputs for each of the two coefficients, and compares the results with
KHB80 and the more modern VPI analysis[4]:

Soln )P maf, =g¢* DI ~af, =g¢° DI
(MeV) | C*8.C. Born (D' |EtS8.C. Born [E*t

VPI Th= 0.5 +9 —88 +359 —136 —-69
T L s
diff 25= +7 0 +3 +7 +6 +3

Table 1. Comparison of KH80 and VPI solutions, showing the terms proportional to the scattering
length, coupling constant, and dispersion integral for dj, (middle 3 columns), and df;, (right 3
columns).

The table shows that the scattering lengths are most responsible for the differences in
the two determinations of X, 5. The coupling constant also influences the P-wave term d(';'"l,
but surprisingly the dispersion integral terms are not that different. It would appear that
better experimental information on the scattering lengths would be 2 major step forward
in resolving this discrepancy.

At present there is no direct measure of either a{‘)'; or ai';, which are determined in
the context of partial wave analyses of 7N data. The remarkable work of the ETH/PSI
pionic atom group does provide important constraints. However they do not provide a
measure of the required isospin even S-wave scattering length. Their precise determination
of the strong interaction shift in pionic hydrogen[9] could be combined with their width
measurement to obtain a,(')';, however, that would require the assumption that there is
no isospin breaking. In fact, such a comparison is one of the best pieces of evidence we
have that isospin is violated. They could also combine the shift measurements in pionic
hydrogen and deuterium[10] to determine ag;. Unfortunately, the pionic deuterinm result
is dependent on large model-dependent corrections for absorption and multiple scattering
which render such a result of questionable value.

The constraints on the scattering lengths provided by the pionic atom measurements[9,10]
as well as by elastic data in the near threshold region[7] are shown in Fig. 1. The n<p
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elasgtic data and the strong interaction shift (e;5) results overlap reasonably well. The fact
that the 7~ H width measurement (I';s) and SCX data[12] prefer a smaller by is a reflection
of the isospin violation noted earlier. The fact that the other bands indicate substantially
different values for bg and by than predicted by KH80 is significant. If we were to use the
value of aj, implied by the intersection of the 7n=p elastic and €5 bands in Fig. 1, then

the value of X,y would rise 10 MeV (keeping a; fixed at the KH80 value, since we have

no new information on af; as yet). This extra 10 MeV in E;n would imply that the 353
content of the proton rises from 10£10% to over 18%.
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As a result, the TRIUMF CHAOS group has embarked on an experimental program
which has as its goal the first direct measurement of both a}, and a'1"+, the quantities
most crucial for a more reliable determination of ¥,y and therefore the 53 content of the
proton.

THE EXPERIMENT

The experiment consists of precise measurements of absolute differential cross sections
for w*p elastic scattering at far forward angles, deep into the Coulomb-Nuclear Interfer-
ence {CNI) region[13]. Such cross sections provide a measure of the 7N amplitude Re(D™)
at t=0, a crucial (and at present missing) piece of information in 7N partial wave analyses
(PWA). The Re(D7) is precisely the amplitude which is connected to Zry. ;From mea-
surements of Re(D*)|s—y at several energies, direct determinations of the S- and P-wave
7N scattering lengths can be made, and from them, ¥ .

The Re(D1)|t—o can be obtained from either the difference in 7%p cross sections, the
sum, or a ratio[14]. With G¢ denoting the {calculable) Coulomb amplitude, we have

da _dg (p—
ReD*(t=0) = lim, ,, &0 D) = 115 Jimg 0 A(%)

_ dnya g Bt -3 p) | |GcP  _ dryEy
_%ﬁllmg%%%.ﬁﬁa =" him 0 A®)  (9)

The expression for A(t) has the advantage that the t-dependence is linear in the small-t
region, which simplifies the extrapolation to t=0. The expression for A(t) is non-linear,
but since it is a ratio of cross sections, many experimental parameters cancel out.

These expressions show how the amplitude Re(D™)|i=¢ is derived from the cross sec-
tions measured in the experiment. The scattering lengths are obtained by extrapolating
Re(DT)|t=g to Tr=0 using the relations for the subtraction constants noted earlier in
Eq. 5. Note that the expressions for aj. and aJ} in Eq. 5 do not depend on any PWA,
dispersion relations, etc. They are direct relations. In a plot of Re(D™)|s=o v8 Ty, the in-
tercept (Re(D¥)j¢=g at To=0) is DF(u), from which a, can be determined. The slope (of
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Re(D7)|¢=o at Tr=0) is E* (), from which af, can be obtained. Note that in terms of the
more familiar Lorentz invariant A and B amplitudes, D = A+vB, and E = a/0t(A+wB).
At threshold, v = w.

The parameterization of X:(0,24%) in terms of the scattering lengths is made explicit[2]

via
T =aF7[(4 + 2 + e¥af, - 4°b%, + 12242}, ] + T, (10)

where g = —12.6 MeV to one loop in chiral perturbation theory (xPT), and F, is the
pion decay constant. The effective range b(‘)'; is connected[2) to a,g; and aj, via dispersion
relations (Geffen’s sum rule). This ¥ is in turn related to the s§ content of the proton
within the framework of yPT through Eq. 3.

In order to test the validity of this method in advance of the experiment, differential
cross sections predicted by KH80 were used as input to the procedure and the resulting
determinations of Re(D¥), af. , and a], were compared to the predicted ones from KH80.

If the method proposed above is a viable one, consistent results should be obtained.
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The expression for A(t) given in Eq. 9 is plotted in Fig. 2 for KH&0 pseudo-cross sections
at 44.6 MeV. Many sets of pseudo-data are plotted with random 5% shifts in absolute
normalization and on an angle-by-angle basis to simulate statistical and systematic errors.
Each result for A(f) is accompanied by a corresponding linear fit to the small t region,
from which the slope and intercept at t=0 are determined. The mean value and standard
deviation of these fits at 44.6 MeV are combined with similar analyses at other energies
in Fig. 3. The results are also extrapolated to T, = 0 in this figure, and related at that
point to a(')i and a}, using Eq. 5. The values deduced in this way from the extrapolation
are consistent within the errors with those from KH80, indicating the method does indeed
work.

CHAOS

"The Canadian High Acceptance Orbit Spectrometer (CHAOS)[15] is a unique magnetic
spectrometer for pion physics experiments at TRIUMF. CHAOS consists of a cylindrical
dipole magnet which produces vertical magnetic fields up to 1.6T; fields of 0.9T are more
typical in this experiment. Four concentric cylindrical wire chambers swrround a liquid
hydrogen scattering target located at the center of the magnet. The wire chambers are
nominally enclosed by a concentric cylindrical array of scintillation counters and lead—glass
Cerenkov detectors. A sophisticated, multi-tiered trigger system permits beam intensities
up to 5 MHz to be utilized, although in this experiment intensities are limited to approxi-
mately 250 kHz. The spectrometer subtends 10% of 47 steradians and can detect charged
particles scattered into all angles between 0° and 360° simultaneously, within £7° of the
horizontal plane. In this experiment the angular acceptance in the horizontal plane is lim-
ited to 6° < # <~ 250°. The momentum resolution of the device is approximately 1%.
About 5,000 channels of information are available from the detector.

The most demanding experimental challenge in this type of measurement is the huge
rate of muons which arise from the decay of pions along their trajectories, and which
fall within the acceptance of the spectrometer trigger. In principle, roughly 20-30% of
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the incident pion rate can produce muons in this category. Most of these muons fall into
the low-momentum side of the beam where the experimental trigger is deadened. The
remainder still pose a serious challenge both in terms of the trigger rate and in terms of
distinguishing these events from real #p scattering events,
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To reduce the remaining rate from these decay muons to a manageable level, conditions
are established in the second level trigger which mitigate muon sources outside the target
region. To help establish whether the detected particle was a pion or a muon, the detector
has been modified from its standard configuration. The scintillation/lead-glass counters
usually used with CHAOS were designed to provide n/e PID, not 7/u. So those counters
subtending the first 30° were removed, and replaced by a scintillation counter stack inter-
leaved with aluminum absorbers. The digitized time and pulse height from the scintillators
in this stack are input to a neural net which provides the required 7 /u identification. The
neural net was trained using the RF-referenced TOF of particles from the pion production
target to a beam defining scintillator just upstream of the spectrometer.

PRELIMINARY RESULTS

The experiment began collecting data with an LH2 target in the spring of 1999, shortly
before this meeting took place, so we are not yet able to provide any final results. We
anticipate that data collection will be finished early in 2001 and that final results will be
available by the end of that year.

In the meantime, in Fig. 4 a plot of the interaction vertex is shown for events scattered
outside 25°, determined by intersecting the incoming beam trajectory with the outgoing
track, for both full and empty LH2 targets. The 1254 thick target windows, which are
situated as far from the target cell as possible, are clearly visible. The 8y thick windows
of the target cell itself are hardly visible. They contain a 2 cm thick LH2 planar target.

Since the experiment relies on yH scattering for normalization, prior to the arrival of
our LH2 target we studied uC scattering as a test. The (relative) angular distribution
resulting from this test measurement is compared to a prediction in Fig. 5. In the angular
range 7° < & < 25° covered by the 7/u stack (required in this analysis), the agreement
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between the shape of the measured and predicted angular distributions is very good.
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Pion-Nucleon Charge Exchange Experiments

M. E. Sadler for the Crystal Ball Collaboration*?
Abilene Christian University, Box 27963, Abilene, TX 79699

Abstract

An update of recent measurements of pion-nucleon charge-exchange scattering is
presented. These data consist primarily of cross sections at 150—-660 MeV /¢ obtained
with the Crystal Ball detector. They are the first results of a rich and diverse new ex-
perimental program in baryon spectroscopy at the Alternating Gradient Synchrotron
at Brookhaven National Laboratory. The physics motives for making more accurate
measurements of 7~ p ~ 7%n in this region are to determine better the isospin-odd s-
wave scattering length, to extrapolate scattering amplitudes to the non-physical region
(e.g., for determinations of the 7N ¢ term), to evaluate the #NN coupling constant
and the mass splitting of the A resonance, to improve the determination of the mass,
width and decay of the P17 (1440) resonance and to investigate isospin invariance and
charge splitting of the P33 scattering amplitude.

INTRODUCTION

Two measurements of pion-nucleon charge exchange scattering that have been presented
at previous MENU conferences have been published since MENU97. These are a cross
section measurement at 27.5 MeV by Frlez et ol.[1] and analyzing powers at 98.1, 138.8,
165.9 and 214.4 MeV by Gaulard et al[2]. The reader is referred to these publications
for descriptions of these experiments, the final results, and comparison with partial-wave
analyses.

The new data reported here, differential eross sections for 7~p — 7%n at 150-660
MeV /c, were taken with the Crystal Ball (CB) multiphoton spectrometer during Fall,
1998, in the C6 line at the Alternating Gradient Synchrotron at Brookhaven National Lab-
oratory. The CB detector, designed and built at SLAC, is a highly segmented, total-energy
electromagnetic calorimeter and spectrometer that covers over 94% of 4n steradians. A
description and schematic of the detector as well as some samples of our 1997 raw data
are shown in a contribution by our collaboration[3] in the MENU97 Proceedings.

OVERVIEW OF THE 1998 RUN

The 1998 data run with the Crystal Ball at BNL was an incredible success. Completed
meagurements include 20 momenta for 7~ p — neutrals, eight momenta for K~p — neu-
trals, two momenta with 7~ on nuclear targets, production of more than 2 x 1075’s to
search for rare neutral decay modes, and a test run with an antiproton beam. Prelimi-
nary results for 7—p — 70n at 147, 176, 189, 213, 239, 271, 301, 326, 359, 378, 408, 471,
547, 645 and 660 MeV /¢ are reported here, part of the first phase of E913 at the AGS.
Other measurements obtained during our 1998 CB run are reported elsewhere in these
proceedings(4].

The CB proper is a sphere with an entrance and exit opening for the beam and an inside
cavity with radius of 25 cm for the target. It is constructed of 672 optically isolated NaI('T1)
crystals that detect individual 4's. Electromagnetic showers in the CB are measured with
an energy resolution of 3%/E1/4, where E is in GeV. Directions of the v rays are measured

*The new Crystal Ball Collaboration consisis of B. Draper, S. Hayden, J. Huddleston, D. Isenhower, C.
Robinson and M. Sadler,Abilene Christian University, C. Allgower and H. Spinka, Argonne Netional Lab-
oratory, J. Comfort, K. Craig and A. Ramirez, Arizona State University, T. Kycia, Brookhaven Netional
Laboratory, M. Clajus, A. Marusie, S. McDonald, B. M. K. Nefkens, N. Phaisangittisakul and W. B. Tip-
pens, University of Celifornia at Los Angeles, J. Peterson, University of Colorado, W. Briscoe, A. Shafi
and 1. Strakovsky George Washington University, H. Staudenmaier, Universitif Kerlsruhe, D. M. Manley
and J. Olmsted, Kent State University, D. Peaslee, University of Merylend, V. Abaev, V. Bekrenev, N.
Kozlenko, S. Kruglov, A. Kulbardis, I. Lopatin and A. Starostin, Petersburg Nuclear Physics Institute, N.
Knecht, G. Lolos and Z. Papandreou, Unwersity of Hegina, 1. Supek, Rudjer Boskovic Instituie and A.
Gibson, D. Grosnick, D. D. Koetke, R. Manweiler and S. Stanislaus, Vaelparaiso University.

tSupported in part by US DOE, NSF, NSERC, Russian Ministry of Sciences and Volkswagen Stiftung.
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with a resolution of 2-3 degrees in the polar angle. An electromagnetic shower from 2 single
7y ray deposits energy in several crystals, called a cluster. The present cluster algorithm
surmns the energy from the crystal with the highest energy with that from the twelve nearest
neighbors.

A 10 cm long liquid hydrogen target was installed inside the CB at the C6 beam line
at the AGS. The beam phase space was measured by one drift chamber upstream and
six drift chambers downstream of the last bending magnet. A data acquisition system
was designed that utilizes the CEBAF Online Data Acquisition software (CODA)[5]. The
trigger consisted of a disappearing beam requirement, determined by three scintillation
counters upstream and veto counters downstream of the target, and a minimum energy
in the CB. A veto barrel consisting of four plastic scintillation counters surrounding the
hydrogen target was used to identify neutral (no signal in the veto barrel) and charged (at
least one veto barrel signal) triggers. The charged triggers were prescaled by a factor of 10.
Only the neutral triggers have received significant attention in the analysis thus far. An
interface with the CERN Physics Analysis Workstation (PAW) software was implemented
for on-line monitoring of the beam, detector and physics events.

The detector acceptance as a function of scattering angle was determined by using a
GEANT Monte Carlo (MC) simulation. The measured beam phase space was used as
input. An angular distribution of the outgoing 7%s at a given momentum was obtained
from the VPI (now GW) SP99 partial-wave analysis (PWA),

The MC program propagated the electromagnetic processes from the 7% — vy decay
through the hydrogen target and container, the beam pipe, veto barrel scintillator and the
CB elements. Surprisingly, on the order of 25% of the events produced a charged particle
in the veto system according to the MC. The acceptance was corrected for this factor,
which is one of the significant sources of systematic error at this point in the analysis.

In the present analysis the Nal crystals that border the entrance and exit tunnels for the
beam were used as guard crystals, meaning that events were rejected if the highest energy
in a cluster of crystals occurred in one of these crystals. Two-cluster events consistent with
a single 7° and three-cluster events consistent with a 7° and a neutron were used in the
present analysis.

The electron and muon contamination of the pion beam was measured from time-of- |

flight (TOF) at low momenta (below 300 MeV /c). The electron measurements were used to
determine the efficiency of a differential gas Cerenkov counter in the beam downstream of
the target. This efficiency (92.3%) was used to determine the electron contamination from
the Cerenkov counter up to the highest momenta in the experiment. The on-momentum
muon contamination was extrapolated from the measurements at low momentum. {On-
momentum muons originate from pion decay near the production target.) The decay muons
(muons that are registered in the beam counters which come from pion decay toward the
end of the beam channel) must be calculated by Monte Carlo simulation and have only
been estimated. As an example, the u/7 fraction was evaluated to be 3.5% and e/r was
5.9% at 301 MeV/c from these techniques.

Beam momentum calibrations for the C6 beam line were performed utilizing time-of-
flight and stopping-range techniques. The ADC’s for each crystal were calibrated by a
combination of data from a 3"Cs source and monochromatic 129.4 MeV photons from
the Metopped? —* Y7 reaction. Cross comparisons between the calibrations for the beam
momenta and the ADC’s can also be made from kinematic relationships. For example, at
a given beam momentum the energy of the 7° from 7—p — 7% (or an 7 from 7w~p — n)
is determined by the scattering angle. This self-consistency check between the momentum
calibration of the beam and the energy response of the detector is a feature that has been
lacking in previous measurements of neutral-particle final states.

EXAMPLES OF THE CHARGE-EXCHANGE DATA

Shown in Fig. 1 are preliminary differential eross sections for 7~p = m°n at 301 MeV /e
from E913 at the AGS. The data have been binned in intervals of 0.1 in cosf. The predic-
tions of the three PWA’s, Karlsruhe (1984)[6), GW (SP99)[7] and Abaev/PNPI (1992)[8],
are essentially indistinguishable at this momentum and agree very well with our data. The
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Fig. 1. Preliminary differential cross sections for 7~p — #%n at 301 MeV/c. The number
following the previous measurements indicates the momentum. References for these
measurements can be found in the SAID database(7].

data and analyses show the expected (1 + 3 cos?@) behavior at the A (P33) resonance.
Note that the (statistical) error bars are significantly smaller and the angular coverage
is significantly larger than the previously available data. These data were obtained with
the CB in about four hours of beam time, including the run with an empty target. The
CB measures a complete angular distribution simultaneously with only one normalization
for the beam and target. The lack of results shown at the forward angles is due to the
near-edge cut which excludes events if the crystal with the highest energy in a cluster
is one of the edge (or gnard) crystals. The angular acceptance can be extended to more
forward angles if this cut is relaxed, but this requires a more detailed dependence on the
Monte Carlo. We are optimistic of eventually reporting results to at least cosé = 0.9 at
this momentum.

Figure 2 shows results at 147, 176, 213 and 271 MeV/c. The shapes of the angular
distributions change gradually from a forward dip at 147 MeV /¢, caused by the destructive
interference between the s- and p-partial waves, toward the parabolic shape (as in Fig. 1)
as the P33 resonance is approached. The GW {SP99) and Karlsruhe (1984) PWA’s become
distinct at the lower momenta, with the SP99 solution more closely resembling the data.
Note that at the two lowest momenta there is no gap near cosd = 1, even though the same
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Fig. 2. Preliminary differential cross sections at four momenta below the A resonance.

near-edge cut was applied as above, since the opening angle between the +’s is large for
the low-energy 7°’s.

Figure 3 shows our results just above the P33. The PWA’s do a reasonable job of
reproducing the data but some improvement is expected if the present data were included.
Finally, results at four momenta in the vicinity of the P;;(1440) resonance are shown in
Fig. 4. Once again, note the interference dip at 547 MeV /¢, this time at the back angles.

THE OVERALL PROGRAM AND FUTURE PLANS

E913 at the AGS is an experiment designed to study the formation of baryon res-
onances from 7 7p interactions and their decay into neutral final states, eg. 77p —
n, m0n, gn, 7°79n... £914 is a similar experiment for K~ p interactions. Shown in Fig.
1-4 i8 only a fraction of the results that we will eventually have from our 1998 run. The
CB measures all final states simultaneously, requiring only one overall beam/target nor-
malization.

The ability to make simultaneous measurements of all the reaction channels for 77 p —
neutrals and K~ p — neutrals at finely-spaced momenta promises significant improvements
in the data available for future partial-wave analyses. The data for 7~p — %2 and 77p —
nm are particularly incomplete and ambiguous (as compared to elastic mp scattering) in
the present 7.V databases at beam momenta up to 750 MeV /c.
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Fig. 3. Preliminary differential cross sections at four momenta above the A resonance.

The next running period for the Crystal Ball in the C6 beam line is not known due to
the uncertainty surrounding fixed-target physics at the AGS in the RHIC era. It is hoped
to resume experimental activity in 2001 after we have finished the analysis of the data
in hand. Depending on the available beam time, we plan to measure the decay rate and
spectrum for K¢z (Kt — 7le*v) and Koy (KT = 797%1 1), » production from complex
nuclei, and perhaps 7~ p — neutrals at even lower energies.

Future plans are to move the CB to the D6 beam line that goes up to 1.9 GeV /c. If these
plans are realized, 7N resonances up to 2.1 GeV and KN resonances up to 2.2 GeV can be
studied. In addition to the channels listed above, the CB will be able to measure angular
distributions for reactions such as 77p — 7%%n, 77p = wn, 77p = KA, 77p - KOX0,
or K~p— nxl.
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Fig. 4. Preliminary differential cross sections at four momenta in the vicinity of the
P11(1440) resonance.
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The Results from PNPI on mp Reactions

S.P. Kruglov *
Petersburg Nuclear Physics Institute,
Gatchina, Leningrad district, 188350 Russia

Abstract

A new phase shift analysis was performed at PNPI. The charge splitting in the
Ps3 phase shift was obtained in the region T, = 200450 MeV. The differential cross
sections (DCS) of #~p charge exchange scattering to backward angles were measured
by means of a new method. Cusp effects in the momentum dependence of DCS in the
region around p, = 685 MeV /c were discovered. Yields of the process n~p — nn were
measured at nine angles of neutron emission in the near-threshold region. The value
of the the  mass M, = 547.45 MeV /c? was confirmed.

The program ”Baryon spectroscopy with m-mesons in the energy range from 300 to
2000 MeV” is under way at PNPI. In the period after 1989 investigations are carried
out in collaboration with the University of California at Los Angeles (USA) - Prof.
B.M.K.Nefkens et al. and Abilene Christian University (USA) - Prof. M.E.Sadler et al.

Strong-interaction physics at intermediate energies has a great need for detailed and
complete baryon spectroscopy. There exist various theoretical models which predict rather
differing spectra and characteristics of the baryons, and unambiguous determination of
such spectra from experimental data is required to choose the most adequate theoretical
model.

For nonstrange excited baryons (pion-nucleon resonances), almost all information on
the N* and A resonances comes from mwp-reactions, mainly elastic scattering, consisting
of cross sections and polarization measurements. The data are synthesized by a phase
shift analysis (PSA). The baryon spectrum can be extracted from the PSA’s results using
Breit~Wigner fit or speed plots.

The main aim of the pion-nucleon research program is to solve existing problems by
obtaining new, precise experimental data, and by performing a new phase shift, analysis.

The pion channel of the PNPI synchrocyclotron can produce intense pion beams in the
energy region from 300 MeV up to 650 MeV with Ap/p = 0.015 (FWHM). During the last
decade, the differential cross sections (DCS) and the polarization parameters P, A, R for
7tp elastic scattering were measured at PNPT at 20 energies in the region of 300-640 MeV.
The total number of new experimental points amounts to 440.

Experimental data obtained at PNPI [1] were used together with the results of LAMPF
[2] for performing a new phase shift analysis PNPI-94 [3]. The PNPI PSA resulted in
the most precise amplitudes for incident pion energies ranging from 160 to 600 MeV
(corresponding values of c.mm.s. energies /s = 1210-1510 MeV).

Onme of the most interesting results obtained in PNPI PSA is the observation of charge
splitting in the Ps3 wave; quantitatively this effect can be characterized by the difference
of phase shifts 63;7 — 6J; (where 6337 and 6Y; are the phase shifts extracted from ntp
elastic scattering and from 7~ p elastic and charge exchange scattering data). This differ-
ence depends on energy and varies from +2 degrees at T = 200 MeV to —2 degrees at
T = 450 MeV, changing sign at T, = 350 MeV (see Fig. 1). Shown by the curve in Fig. 1
are the results of a fitting which takes into account the Breit—Wigner resonance term and
a nonresonance background [3]. The following values for the masses (M) and widths (T')
of the Ps3-resonances were obtained after the parametrization

M®=1233.1403 MeV, M*+=1230.5%0.2 MeV,
MO — M*t+=26+04 MeV, I?°—THt =51=1.0MeV.

*e-mail: kruglov@lnpi.spb.su
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At present, the accuracy in determining the characteristics of 7N resonances is limited
mostly by a lack of high-quality experimental data on n~p charge exchange scattering.
To improve the situation and fill the gap in the data-base, measurements of DCS for the
reaction 7~p — 7%n are now under way at PNPI in the energy range from 300 to 600 MeV
{corresponding values of momenta are 417 to 725 MeV/c).

The experiment is carried out by detecting the recoil neutron in coincidence with one
gamma from the decay 7° — 27. A schematic view of the experimental setup is shown in

Fig. 2.

Fig. 2. Schematic drawing of the setup for
measuring cross sections of #~p charge
exchange scattering. S1, S2 — monitor
counters; S3, 54 — beam veto counters;
N1-N4 — neutron detectors; M — magnet
deflecting incident pion beam; T - liquid
hydrogen target; CsI — gamma-detector
consisting of 16 crystals CsI(Na); CRN -
gamma-detector consisting of 8 Cerenkov
lead glass blocks.

Neutron detectors were designed and manufactured at UCLA. The detector consists of
three contiguous scintillator blocks each having size of 25.4 x 25.4 x 8.9 cm?® (the last num-
ber indicating the width). Each block is viewed by two photomultiplier tubes connected
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in coincidence. The energy of the neutrons is measured using the time-of-flight technique,
with a 5 m base. Gamma detectors were placed at angles kinematically conjugated with
the neutron detectors. Two different types of total absorption electromagnetic calorime-
ters are used in the experiment. The first detector is the Cerenkov spectrometer made of
eight lead glass SF-5 blocks (with individual size 15 x 15 x 35 ¢cm3) arranged in a 4 x 2
array, and the second consists of sixteen (4 x 4 array) CsI(Na)} crystals each having a size
of 6 x 6 x 30 cm®. A special hodoscope of beam counters (not shown in Figure 2}, which
was placed in the dispersive part of the pion channel, provides the possibility of dividing
the total momentum acceptance (6% FWHM) into several narrower momentum bins.

At the first stage, measurements were performed for backward scattering angles. To
eliminate the contribution due to charge exchange scattering of the incident pions on
the scintillator of the monitor counter 52 and on elements of the target construction, at
every energy setting measurements were made using both a hydrogen-filled and an empty
target. Then a channel-by-channel subtraction of corresponding time-of-flight spectra is
performed subsequently after a normalization to one incident pion.

The preliminary results are presented in Fig. 3. Only statistical uncertainties are shown.
The statistical errors are equal to 2-3% for the momentum of 700 MeV/c and 10% in the
region of 573 MeV/c (in the minimum of cross sections). We can evaluate the system-
atic uncertainties by means of comparison results measured with two different types of
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total absorption electromagnetic calorimeters (Cerenkov spectrometer and CsI(Na) crys-
tals) for §" = 175°. The difference between results is equal to 5-7% in the momentum
range of 600-700 MeV/c and less than 14% in the range of 400-600 MeV /c. Therefore
the systematic uncertanties in these momentum regions are less than 7% and 14%, corre-
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spondingly. A more detailed analysis of systematic errors is in progress.

Shown by curves in Fig. 3 are the predictions of PSAs KH-80, PNPI-94 and VPI
(SM-95). New PNPI results in the region of 700 MeV /¢ are between PSAs PNPI-94 and
VPI (SM-95), on the one hand, and PSA KH-80, on the other hand. In the region of
400450 MeV /¢ results are lower than the predictions of all PSAs. As one can see, DCS
are near zero between 520 and 550 MeV/c. In this region predictions of PSAs KH-80,
PNPI-94 and VPI (SM~95) are differing by a factor of two or three. The reason of this
difference is a lack of good experimental data on DCS for #~p — =% in the data-base.

In the region of the 7 production threshold (pr = 685 MeV /c) the measurements were
made with a smaller momentum step in order to study cusps in the momentum dependence
of the DCS, which arise as a result of the opening of the new inelastic channel #7p — nn.
The use of the hodoscope of beam counters enabled us to make measurements simulta-
neously for several neighbouring momentum bins - the firing of a particular counter was
used as a signal that the momentum of the incident pion belongs to the corresponding
momentum bin. Two examples of obtained results are presented in Fig. 4. Solid curves
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Irregularities in the momentum dependence of the DCS in the region around
pr = 685 MeV/c may be treated as a manifestation of the cusp effects.

PNPI has good prospects for studying the pion-induced processes of n production.
For the elementary process m~p — nn the threshold is 685 MeV/c, and the total cross
section rises sharply from the threshold reaching the maximum value of o1 = 2.5 mb at
pr = 760 MeV/c. The pion channel of the PNPI synchrocyclotron can produce intense
pion beams in the momentum region from the threshold up to the maximum of the cross
gection.
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Measurements of yields of the process 7~p — nn were carried out by detecting the
emitted recoil neutrons and determining their energies by means of the time-of-flight tech-
nique.

The kinematics of the process 77p — nn in the near-threshold region is such that
all the neutrons are emitted in a relatively small cone in the forward direction in the
laboratory system. The maximum angle of their emission increases with the momentum
of the incident pions and with the most neutrons being emitted at angles close to the
maximum angle. Another feature of this process is that at a given angle in the laboratory
system, 8!%°, two groups of neutrons with different energies are detected (corresponding to
neutron emission to the forward and to the backward hemispheres in the center-of-mass
systemy).

In the near-threshold region, n production occurs only in the S-state. Under this con-
straint the number of detected neutrons is defined by the equation:

N - quNpEnO’totAn 4 (1)

where N; is the number of the incident pions; N, is the number of protons in a target
(1/cm?); &, is the efficiency of the neutron detectors; oy is the total cross section of the
investigated process; and A, is the angular acceptance (e.g. the fraction of the total solid
angle in the c.m.s. subtended by the neutron detector). Evidently, the product of the two
functions, o4, Which rises steeply, and A, which falls with the momentum of the incident
pions, gives a dependence characterized by a peak. For real experimental conditions this
dependence has to be averaged over the momentum spread of the beam.

The experimental layout is similar to that shown in Figure 2. The used neutron detectors
are the same as in the 7~ p charge exchange scattering experiment. To lower the level of the
background due to neutrons from reactions with more than two particles in the final state
(such as 77 p = wta nor #-p = ntr~n'n), the target was surrounded with scintillation
veto counters covering a solid angle of approximately 1.5 sr. The firing of any veto counter
caused by a charge particle crossing the scintillator produced a veto-signal and prevented
triggering.

In this experiment, the momentum acceptance of the pion channel was reduced by
placing a 4-cm momentum slit just upstream of the hodoscope of beam counters. In another
words, only two counters H4 and H5 of the beam hodoscope, which are nearest to the beam
axis, were used.

Measurements were made at central momenta of the pion beam 670, 680, 690, 695, 700,
and 710 MeV /¢ {5]. At each central momentum, data taking was performed simultaneously
for the two momentum bins corresponding to the beam counters H4 and H5.

The yields of the 5 production process were determined by detecting the recoil neutrons.
The selection of neutrons produced uniquely in the reaction #7p — nn was made by
meaguring their time of flight on the base of 5 m between the monitor counter (located
just upstream of the hydrogen target) and the corresponding neutron detector. After
subtracting the background we have obtained the momentum dependences of the 5 yield
presented in Fig. 5.

The error bars are the quadrature sums of the statistical uncertainties and systematic
ones due to the procedure of the background subtraction. Maxima of the measured de-
pendences shift to higher momentum when the an%le of the neutron emission increases —
this maximum is located at p, ~ 690 MeV /c for Hn“b = 0.9° and at p, = 710 MeV /¢ for
6ieb = 11.5°.

Shown by the curves in Fig. 5 are the results of calculations performed using expression
(1). The value of the angular acceptance, A,, was obtained by a Monte Carlo simulation
(GEANT code) taking into account the real geometry of the experiment, the measured
spatial characteristics of the pion beam and the momentum distribution of particles in the
beam. The value of the 5 mass, M, = 547.45 MeV /c2, was obtained from the most recent
Listings of the Review of Particle Properties [6]. In the calculation we used, as a first
approximation, the momentum dependence of the total cross section, gi(p), obtained
by fitting published experimental data using the assumption that the process #~p — nn
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Fig. 5. Yields of the reaction #~p — nn for different angles of neutron emission. Expe-
rimental points shown by open and solid circles correspond to-the beam-counters- H4. -
and H5, respectively.

occurs through an excitation of the 511(1535) resonance. It can be seen that the calcula-
tions reproduce the shape of the momentum dependences rather well for all nine angles.
This may be considered as an indication that the PNPI experimental data agree with the
above-mentioned value of the 7 mass, and that the fitting o401 (p) adequately reflects the

real momentum dependence of the cross section.
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Partial-total 7N cross sections

E. Friedman
Racah Institute of Physics, The Hebrew University, Jerusalem 9190/, Israel

Abstract

Recent results from the LAMPF measurements of partial total cross sections for
7% p interactions are compared with earlier results from TRIUMF and excellent agree-
ment is found between the two sets of measurements. A systematic shift of +1.35%
is made to the TRIUMF results for the total cross section for w#~ p single charge ex-
change and good agreement is found with the older results of Bugg et al. Experimental
results are compared with predictions of the KH80 and SP99 phase shifts.

INTRODUCTION

‘Partial total’ cross sections refer to integral cross sections obtained by integrating
differential cross sections over angular ranges smaller than 47, such as is encountered in
a ‘poor geometry’ transmission experiment i.e. with a non-negligible solid angle of the
detector. The concept was initially introduced[l] in order to check, in an independent
experiment, the absolute normalization of 77p differential cross sections near 70 MeV. It
is essentially a partial result usually obtained in the meagurement of total cross sections,
except that we treat it as a well defined (experimental and theoretical) quantity in its
own right, thus avoiding the need to extrapolate to zero solid angle with its associated
Coulomb corrections. It is particularly simple in the case of 77 p interaction below the pion
production threshold because then it is the integral of the elastic scattering differential
cross section between the detector solid angle ¢ and 4.

Final results of the TRIUMF series of experiments[2-4] were presented at the MENU95
meeting[5]. These differ slightly from the originally published results because of a correction
made in 1994 to the energy calibration of the M11 channel at TRIUMF which applied to
some of the measurements. A follow-up experiment at LAMPF differed from the TRIUMF
experiments in many technical details but otherwise was based on the same method.
It also covered a broader energy range. The two experiments differed in almost all the
major technical points; the TRIUMF experiments used solid CHy and graphite targets
whereas the LAMPF experiment used liquid hydrogen target. In the TRIUMF experiments
discriminators and scalers were used and protons recoiling from the target were stopped
in absorbers. At LAMPF time and pulse height information from all the detectors were
recorded event by event and the recoiling protons were excluded by software cuts. It is
therefore of interest to compare results from the two very different experiments, that
obviously had totally independent calibrations of beam energy.

Very recently the final results of the LAMPF experiment have been published[6]. The
present talk compares the results of the two experiments both for #+p and z7p inter-
actions. In the latter case the total cross section for the single charge exchange (SCX)
reaction forms a part of the measured cross sections and we therefore discuss also the
total cross section for the SCX reaction.

ntp CROSS SECTIONS

Figure 1 shows partial total cross sections for 30° laboratory angle for n7p interaction
from the two experiments over the energy range where they can be compared. 1t is clearly
seen that the two sets of results are in full agreement with each other without any indication
of systematic differences. Also shown in the figure are the predictions of the SP99 solution
obtained from the SAID analysis[7] and it is evident that both experiments are in good
agreement with the predictions and in particular the shape of the resonance is very well
reproduced. Note, however, that the TRIUMF data were included in the data base behind
the SP99 phase shifts.

Figure 2 shows ratios of the experimental cross sections to calculated values based on
the SP99 and on the Karlsruhe-Helsinki KH80 phases[8], the latter obtained long before
any of the present experiments were performed. On such a curve it is easier to see trends,
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Figure. 1. Partial total cross sections for 7% p interactions, 30°. TRIUMF data- squares, LAMPF
data-open circles. Also shown ag a solid curve are predictions of SP99, see text.

e.z. too small calculated cross sections near 100-120 MeV for both sets of phase shifts
and too large calculated values for KH80 between 50 and 100 MeV. The good consistency
between the two experiments is evident here too. Partial total cross sections for the x#tp
interaction in this energy range can also be cornipared with direct integrations of differeritial
cross sections. However, in most cases the differential data are not extensive enough to
allow direct integration and one has to perform single energy phase shifts fit in order to
be able to perform the integration with the help of the fit parameters. In most cases good
agreement is obtained, which is not surprizing when global sets of phase shifts such as
SP99 fit the corresponding differential data. In some cases the range of the differential
data is too restricted to allow a meaningful calculation of a partial total cross section.

7~p CROSS SECTIONS

Figure 3 shows ratios of the experimental cross sections to calculated values based on
the SP99 and the KH&(0 phase shifts. The LAMPF results are for 30° and the TRIUMF
results are for 20° but the comparison with predictions makes it possible to display them
on the same graph. Again the agreement between the two experiments (corrected for the
different angles) is very good as is seen from the figure. The predictions of KH80 seem to
be too high in the energy range of 110 to 160 MeV. For 7~ the partial total cross section
includes, by definition, the total cross section for producing uncharged particles, as it
measures the cross section for not detecting an outgoing particle following the detection of
an incoming particle. Therefore, in addition to the cross section for capture in flight (=~ p
— 7 n) it includes the total cross section for the SCX reaction 7p — 7° n. We therefore
turn attention now to this reaction.

7~p TOTAL SCX CROSS SECTIONS

Total cross sections for the 7~ p SCX reactions can be measured directly by a trans-
mission experiment without recourse to measurements of differential cross sections with
gamma ray detectors. The first such measurements were performed by Bugg et al.[9] long
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Figure. 4. Total cross sections for the 7~ p SCX reaction. Squares for TRIUMF results, open
circles for Bugg at al. Also shown as a solid curve are predictions of SP99.

ago and similar measurements were part of the more recent series of transmission measure-
ments at TRIUMF[4]. The results which were summarized in the MENU95 meeting][5] were

~ systematically about 2% lower that those of Bugg et al. with typical errors of =2%. The
TRIUMF experiment used solid targets and the Bugg experiment used liquid hydrogen
target. Both recorded only scaler readings.

In view of the very good agreement between the TRIUMF and the LAMPF partial
total cross sections we concluded that the emergy calibration, corrections due to beam
composition and the handling of the CHy-C subtraction procedure must be correct at
the TRIUMF experiments and we re-examined corrections which are peculiar to the SCX
measurement. These include detection of neutral particles (neutrons and gammas from 7
decays) through their interaction with the 47 detector and with the target and structural
material. These corrections amount to about 8% of the measured cross sections. Upon
very close examination of the various corrections we have concluded that: (i)the calculated
gammas detection had to be increased by 0.2%, (ii)the corrections due to the down-stream
detector had to be increased by 0.65% because in fact it extended slightly beyond the side
detectors(4] and (iii)the corrections due to near-target muons had to be increased by 0.5%
because in the SCX experiment we had a slightly larger distance between the last beam-
defining detector and the target than was the case in the measurements of the partial
total cross sections. We therefore increase systematically our total SCX cross sections by
1.35%, still within the quoted errors of 2%. Figure 4 shows our results and also those of
Bugg et al.[9]. The residual discrepancy of about 1% is probably insignificant considering
the different techniques used and the different ways of evaluating the corrections due to
detection of neutral particles. Figure 5 shows ratios of measured total SCX cross sections
to SP99 and KHS80 predictions. In addition to our results (TR2) are included total cross
sections from two earlier differential TRIUMF experiments (TRO[10] and TR1[11]). Note
that all those data were included in the fits which led to SP99 but only the Bugg data
were included in the KH80 fits. It is clear from this figure that more accurate data are
needed at low energies. It is also clear that there are problems with the KH80 predictions.
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Table 1. TRIUMF integral cross sections.

T, (MeV)

TT20° 7+ 30° 7~ SCX 7~20°
45.0 108+ 1.0
52.1 124 +£ 1.0
63.1 180 £ 0.6
§7.45 216 £ 0.7 207 £0.6
71.5 24.0 £ 06 23.8+£ 06
92.5 45.1 £12 433 X156
122.9 102.2 £ 2.0 96.7 £ 2.1
126.9 1085 2.4 102.7+£27 296 +08 41.7L£ 09
148.9 161.8 £3.0 1449+ 3.0 409+ 09 59512
162.25 178.6 £ 2.0 1653+ 3.7 46.1 £09 646+ 1.2
175.7 187.6 £3.3 1666 £3.1 47308 684=L1.2
189.4 1831 +£34 1591+ 35 4544+08 653 %15
203.0 164.3 £33 14534+ 3.0 404+08 58714
1.2
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& Bugg
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Figure. 5. Ratios of experimental SCX total cross sections for #¥p interaction to predictions. Also
included earlier TRIUMF data[10,11].
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SUMMARY AND OUTLOOK

Measurements of partial total cross sections provide rather sensitive tool for checking
the absolute normalization of differential cross sections. With the publication of the final
results of the LAMPF experiment it became possible to make detailed comparisons with
the TRIUMF results, and very good agreement is found between the two totally indepen-
dent experiments. A close examination of the corrections to the total cross sections for the
7~ p SCX reaction measured at TRIUMF revealed a 1.35% systematic correction, which
now brings those results into good agreement with the older results of Bugg et al.]9). Table
1 summarizes all the TRIUMF results and it supersedes the SCX results in[5].

Comparisons between the various measured and calculated integral cross sections re-
veal some problems, particularly with the KH80 phase shifts. There seems to be a need
for additional precision measurements of total cross sections for the SCX reaction at en-
ergies below 100 MeV, and such measurements between, say, 30 and 200 MeV by a single
experiment will be useful.
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Abstract

Analyzing powers in 77 p scattering are being measured at PSI using the LEPS
spectrometer and a novel active polarized target. The active target provides essential
information for background reduction. Up to now, data have been taken in the energy
range from 45 to 87 MeV at medium angles, preliminary results are consistent with
earlier data at 68.3 MeV.

INTRODUCTION

Over the last 10 years, there have been numerous requests for analyzing power mea-
surements in 7p scattering{l]. Experimental data for this observable are an important
constraint for the phase shift analysis[2]. Furthermore, measurements of polarization ob-
servables are assumed to be able to resolve incongistencies in the cross section data base,
in particular at energies below 100 MeV. Nevertheless, due to experimental difficulties,
only one data set for n1p elastic scattering at 68.3 MeV has been published so far in this
energy region[3]. But the data situation for polarization observables at low energies should
improve dramatically in the near future as results are expected from three experiments:

e TRIUMF E560 for 7~ p elastic scattering[4]. Preliminary results from this experiment
with the CHAOS detector are presented by J. Patterson at this conference.

e PSI R99-02 for n~p single charge exchange[5]. It is proposed to use the Neutral
Meson Spectrometer {NMS) for these measurements.

¢ PSI R97-01 for 7wtp elastic scattefing. This experiment is the topic of this presenta-
tion.

EXPERIMENTAL SETUP
The schematic setup for an analyzing power measurement is shown in Fig. 1.
1 detector cross section

“a ct, 6™

polarization p -
v

beam energy T

o
\ scattering angle 6

* Fig. 1. Setup of an analyzing

. ower measurement.
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Incoming pions are scattered from a polarized proton target, the direction of the polar-
ization axis is perpendicular to the scattering plane. The scattered pions are measured in
a pion detector which gives the polarization-dependent scattering cross section o, When
assuming the same magnitude p of the polarization for ’spin up’ and ’spin down’, the
analyzing power is determined by

1 et -0

Ay(©,Ty) = Pl g (1)
As can be seen from the structure of this equation, absolute normalization of the cross sec-
tions is not required. Consequently, absolute knowledge of parameters like the solid angle
of the detector, the target density, or the beam composition is not required. These quan-
tities are important sources of systematic errors in measurements of absolute differential
cross sections.

The experimental problems in analyzing power measurements are quite different. They
are caused by the structure of the polarized target. The only available kind of polarized
target suitable for use on a pion beam is a dynamically polarized solid state target. The
size of the polarized sample in a dynamically polarized target is typically of the order of
the beam size. Therefore, the fraction of beam hitting the target sample has to be moni-
tored as it could change over time, with changes of the polarization. This monitoring could
be done by placing a beam definition counter in front of the target sample and counting
the incoming particles. Unfortunately, due to the cryogenics, heat shields and vacuum vol-
umes surrounding the target and the target magnetic field which is necessary to maintain
polarization the use of such a beam definition counter is problematic. An even more severe
difficulty is caused by the chemical composition of the target. The polarizable sample is
typically an alcohol or ammoniak, containing carbon, oxygen or nitrogen besides the po-
larized protons. Furthermore, the target sample is immersed in cooling liquid containing
helium, and surrounded by a brass or steel target cell. Events from 7p elastic scattering
must be separated from events due to background reactions on these materials. A very
efficient method, the detection of the backscattered proton in coincidence, is not suitable
for measurements at low energies and small angles as the backscattered proton does not
leave the target. The energy straggling.due.to the required material in-the target region-
also limits the resolution that can be achieved with the pion detector for a kinematical
separation of the various reactions.

A polarized active target helps to overcome these difficulties. It serves as its own beam
definition counter, rejecting reactions which take place outside the target sample. Further-
more, the energy deposition in the target gives additional information on the interaction.
Active polarized targets have become available only recently, they were developed by the
PSI target group[6]. The basic procedure for the production of polarizable scintillator
consists in doping standard plastic scintillator with paramagnetic centers, This procedure
is still being optimized for better polarizability and higher lght output. In the experi-
ment described here polarizations of somewhat over 50% and light output of about 20%
of undoped scintilator were achieved.

The experiment used the 7E3 beam line at PSI, and the Low Energy Pion Spectrometer
LEPS as the pion detector. This magnetic spectrometer consists of a quadrupole triplet and
a split dipole. Particles are momentumn-analyzed, the momentum is determined from the
position in a focal plane drift chamber. Four muon decay cone telescopes at the 7E3 beam
exit are used for relative beam normalization and beam position monitoring. The polarized
active target setup is shown in Fig. 2. The beam hits the target cell which simultaneously
serves as mixing chamber of a *He/*He dilution refrigerator. A vertical magnetic field is
generated by superconducting Helmholtz coils located above and below the beam height.
The polarization is induced by microwave irradiation and measured with NMR methods.
The light produced in the 18*18*5mm?® target sample is guided to a photomultiplier at
room temperature outside the magnetic field.
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Fig. 2. The polarized active target setup (left) and the light readout system (right).

DATA TAKING

The performance of the active target is illustrated by Ej.,, spectra in Fig. 3.

Fig. 3. Ejpss spectra taken with

LEPS and the polarized active

i target. The upper curve shows
2 L

the raw LEPS information, for
the middle curve a coincident sig-
nal in the target is required, for
the lower curve a minmum en-
ergy deposition in the target is
required.

Counts/10*

-20 -10 ) 10
Epee/MeV

Ejpss is defined as the difference of the kinetic energy of the scattered pion expected
from 7p kinematics and the energy measured in the spectrometer. The upper curve is gen-
erated by using the LEPS information only. The peaks for #p and #C elastic scattering
can be identified, but they are accompanied by a substantial amount of background. For
the middle curve, a coincident signal in the active target was required. This requirement
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removes a large part of the background. The lower spectrum additionally requires a min-
imum energy deposition in the active target, now the mp peak dominates. The remaining
background is due to Carbon breakup and is measured in separate runs with a Carbon
target.

As the determination of the 7p yield depends on a cut on the active target ADC value,
monitoring of the active target photomultiplier amplification is necessary. We use a light
diode pulser (which is itself monitored by a PIN diode) to produce calibration signals in
the ADC spectrum. Additionally, the pulse shape for each event is recorded by a 1GHz
Flash ADC.

The polarization is changed at least twice for each angular and energy setting to be
able to identify changes in the experimental setup. A change of the polarization direction
lasts about 8 h. The polarizing field was 2.5 T, for data taking the target was operated in
frozen spin mode (with a polarization decay time of 80 h) at a field of 1.2 T.

DATA ANALYSIS

According to Equation 1, several quantities have to be extracted from the data for
calculation of the analyzing power:

» The scattering angle @y, is given by the spectrometer position and ray tracing of
beam particles and scattered particles through the target magnetic field.

» The beam energy T is given by the settings of the beam line magnets. We use
the calibration established for the experiment by Wieser et al.[3] by time of flight
methods. The calibration is tested by the kinematics of #C scattering at various
angles and energies using a thin Carbon target.

¢ The polarization p is determined by NMR methods. Thermal equilibrium (TE) NMR
signals are taken at known temperature and magnetic field, i.e. at a known polaz-
ization. The polarization of the dynamically polarized material is determined by
comparing the size of the dynamical signals and the TE signals. The systematic
error of the polarization measurement in this experiment is relative 3.5%.

¢ Tle relative cross section o(p}) is determined from the 7p yields extracted from Eiy,,
spectra. The relative normalization is achieved by using scaler values of the muon

cone counters at the 7E3 beam exit. Chamber and data taking efficiencies are taken
into account.
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Finally, we get for each angle and energy a set of relative cross sections at known
polarizations. The analyzing power is determined from the parameters of a straight line
fit of relative cross section over polarization, an example for this fit is shown in Fig. 4.
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PRELIMINARY RESULTS

Data have been taken at 45, 51, 57, 68.3 and 87 MeV, at angles between 0y, =40° and
120°. The analysis is still in progress. Preliminary results at 87 and 68.3 MeV are shown in
Fig. 5 as solid points. The error bars include statistical errors only. The data are in good
agreement with the previous measurement by Wieser et al.[3] at 68.3 MeV, shown as open
data points. The results of the VPI SP99 and KH80 phase shift solutions are represented
by solid and dashed lines,

B7MeV \ 58.3MeV
0.504 ~ 0.50
<>\
0.251 - 0.257
0.00 0.00

I | | T I

20 40 60 80 100 120 20 40 6|0 8|0 160 120
By, (deg B (de0)

Fig. 5. Preliminary results at 87 and 68.3 MeV are shown as solid data points. Open data points
are from Wieser et al.[3]. The lines correspond to the VPI SP99 (solid) and KH80 (dashed) phase
shift solutions.

We plan to continue the measurements for n™p elastic scattering. Here, data at 51 MeV
and backward angles are of particular interest as an investigation by Locher and Sainio
has shown a strong sensitivity of the analyzing power to the value of the Sigma-term[7].
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Abstract

We find that the invariant mass distributions of the nt#~ particles from the
reaction *5Sc(n,nt77)X differ substantially from the equivalent reaction on the
proton or deuterium over the range of incident pion kinetic energies 240, 260, 280, 300
and 320 MeV respectively. No such change is observed in the 7777 invariant mass
distribution from the **Se{z™, 7T n+)X reaction. This is evidence that the isopsin 0
component of 7 — « interaction within the nuclear medium is substantiaily different. - -
from that of the vacuum.

INTRODUCTION

Chiral symmetry is the conservation of helicity or handedness. Clearly perfect chiral
symmetry is only possible in a system of massless particles, otherwise it is possible to
change to helicity of a particle by an appropriate Lorentz boost. The QCD Lagrangian
has no terms which depend on the helicity of quarks and no terms that can change the
handedness of quarks. Thus if quarks were perfectly massless one might expect QCD to
exhibit chiral symmetry.

However even in the absence of an explicit mass term, quarks acquire an effective
mags due to their self interactions with the QCD field. Thus the ground state of QCD
does not exhibit chiral symmetry. This is an example of spontaneous symmetry breaking,
which implies the existence of massless Goldstone bosons. These are identified as the spin
0~ meson octet. The quarks do of course have a non zero mass which in turn gives pions
mass too. In fact:

M2 o« M,

Which leads to todays estimate of the up and down quark masses. The modern formalism
of chiral perturbation theory (ChPT) has been developed from these ideas.

The most accurate prediction from ChPT is for the 7 — 7 scattering lengths (ag and
ap) which are the isospin 0 and 2 values respectively. Using the standard, large value of
the quark condensate leads to:

ap =020+ 0.01m*

ay = —0,042 = 0.002m;!



49

Generalized ChPT allows a wider range of the quark condensate. Taking a much smaller
value of the condensate, they get:

ao = 0.26m; *andas = —0.022m; "

which results from a fit to the central value of the K.4 measurement of the isopsin 0 7 —
scattering length by Rosselet et al.

The 7 — 7 scattering lengths are a fundamental measurement of the strong interaction
and provide a sensitive test of the low energy structure of QCD.

The Nuclear (,2r) reactions.

The experiment reported here is a continuation of a measurement by the CHAOS group
of the reactions:

at +d— Xrtat and ot +d = Xata™
at+120 5 Xatgat and 7t +12C = Xata™
at +490 Ca = Xrtat and 7t 4+ Ca — Xatn™
ot + Pb— Xrtxt and ot +Pb— Xata~.

This experiment was motivated initially by work by Chanfrey, Aouissat, Schuck and
Norenberg (Phys. Lett. B256) which predicted a substantial increase of the yield of 7 ¥ 7~ par-
ticles at low invariant mass., Their model was based on an medium-induced increase
of the isospin 0 component of the m — = interaction. However subsequent work by
the group showed that including the constraints required by chiral symmetry substan-
tially reduces the effect. In contrast the experimental results (as shown in figure 1) from
CHAOQS[2] do indeed show a substantial increase in the 777~ yield at low invariant mass
for the nuclear systems, while the result for deuterium strongly resembles that of the
7~ +p— netr~ which occurs on the proton.[3)
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Figure. 1. The original Experiment at T, = 280 MeV

It is worth noting here that the distributions shown above are the yields for the reaction
within £ 7 degrees of the incident beam plane. ie. within the CHAOS acceptance. There
is an order of magnitude enhancement for the (nt7~) reaction on the heavier targets
compared to deuterium, which looks quite like the reaction on Hydrogen. On the other
hand the (m* 7 ") shows nothing like the dramatic change in yield between deuterium and
the other nuclei.
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Recently Vicente-Vacas and Oset[4] have modelled (,27)) reaction on nuclei, They
include fermi-motion and re-scattering effects and find rather good agreement with the
CHAOS (n"7*) data but are not able to reproduce the (77 ~) data without introducing
an arbitrary and very large final-state interaction in the isospin 0 channel.

Perhaps the most exciting possibility is that the CHAOS data indicate the partial
restoration of chiral symmetry within the nuclear medium. This possibility has been ex-
plored by Hatsuda, Kunihiro and Shimizu[5] who have investigated the how the isospin
0 m — = interaction changes as a function of nuclear density in the presence of chiral
restoration. They do indeed predict a substantial increase in the 7 — r interaction very
near threshold. This could manifest itself as a substantial final state interaction between
the isospin 0 pions. However Hatsuda et al. have not made specific prediction for the
nuclear (m,27) reactions. If partial restoration of chiral symmetry is the explanation of
the CHAOS data it would be only the second example of obvious QCD or quark effects
observed in nuclear physics. This approach has also been explored within a many body
framework by Aouissat et al.[6] who agree that this approach can lead to a substantial
increase in low energy strength of the isopsin 0 7 — 7 interaction.

Experimental details.

In order to provide more experimental information to this very interesting possibility,
the CHAOS group has repeated the experiment at a variety of incident pion energies. The
idea is that if the increase in yield is due to a final state interaction, the effect should
be present at all bombarding energies. On the other hand, if the effect were due to some
new in-medium production mechanism, the effect may change as a function of energy.
The this end we took data data for the *3Sc(r*, n~7%)X and ®*Sc(nrt, 77 +)X reaction
incident pion kinetic energies of T, = 240, 260, 280, 300 and 320 MeV. The experiment
was performed on the M11 channel at the TRIUMF Laboratory in Vancouver, Canada
and employed the CHAOS detector. The detector is described in detail in reference[7] and
a schematic view of the inner regions is shown in figure 2.

i
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Figure. 2. A schematic view of the inner region of CHAOS showing chambers 1,2,3 and 4 as well
as the CHAOS Fast Trigger blocks

Very briefly CHAOS is a magnetic planar detector with 360 degrees coverage in plane
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and £ 7 degree of acceptance out of plane. There are consists of a set of 4 concentric wire
chambers, (WC1, WC2, WC3 and WC4) followed by a ring of Scintillation counters and
Pb-glass Cherenkov detectors, the CHAOS Fast Trigger blocks (CFT’s). These surround
a target region located in the center of the detector. The whole setup is placed between
the poles of a circular dipole magnet of approximately 1 meter diameter. The incident
pion beam is fired through the chambers and onto the target located in the center of the
detector. Wire chambers 1 and 2 are very high rate proportional wire chambers. They can
be run at rates in excess of 5 Mhz. Chamber 3 is a high magnetic field drift chamber. It
must deadened in the region of the incident beam. Chamber is conventional vector drift
chamber which must also be deadened in the beam region. The CHAOS detector employs
a sophisticated multi-level trigger which enables substantial filtering of events.

The range of energies was limited on the lower side by the dramatic fall in cross section
as the energy gets close to threshold and on the end by the maximum energy of pions
available from the TRIUMF cyclotron.

The beam intensity varied from 5 Mhz at the lower energies to 0.2 Mhz at 320 MeV.
- We used a Scandium target since it was of intermediate mass and exists as a single isotope
with no particular closed nuclear shells. The original experiment was performed on 2C,
40(Ca and 2°8Pb all of which are closed shell nuclei. While it seemed unlikely that effect was
related to specific nuclear properties we deemed it worthwhile to test this possibility in
the new experiment. In addition to the experiment on #*Sc we also studied the (7, 77 ~)
and (x*, #*nt) reactions on a deuterium by bombarding a CD» target at T, = 280 MeV.
These data provided a useful control on this experiment and were also used as test of the
previous measurement,

The first level trigger for the reaction was to require 2 CFT blocks in coincidence (
~3 KHz). The second level trigger uses just wire hits in WC1, WC2 and WC3. Require 2
good tracks, originating in the target, with the requirement |P; 12 + |P3 |2< cutoff. This
eliminates most of the quasi-free two-body reactions on the nuclei. This was accomplished
with LeCroy Ecline electronics in typically 10 pusecs. After the 2nd level trigger, the data
was recorded to tape at a rate of approximately 100 events per second

The off-line analysis performed a full reconstruction of the events using the full drift
chamber information. We then cut on [Py | + |P2 | and cut on the vertex to require that
the interaction point be inside target. Next we apply particle identification using the CFT
scintillation counters and Cherenkov Detectors and identify 7%3Sec — 77X reactions.

Results

We paid particular attention to e/w discrimination since gamma rays converting to
e*e™ pairs can fake (m, 27) reactions and would sit right at the threshold of the 7+ 7~ in-
variant mass spectrum. We achieved 107 discrimination of e*e~ faking 7T#n~ events at
a cost of 50% Particle Identification efficiency. We expect less than 0.1 ete~ events in our

nT7r~ data sample. The preliminary results are presented as the ratio of {gﬂ—:} corrected

for the different CHAOS acceptance for (xn~) compared with (nt7t)
These results are shown in figure 3.

As can be seen the ratio of % for *58c is substantially different to that for the

reactions on Hydrogen at all bombarding energies. This is manifest as a substantial increase
at low (7t7~) invariant mass for Scandium compared with Hydrogen. In addition our
control reaction on CDg shows as very similar pattern to that for Hydrogen, although the
extra phase space available to the reaction on deuterium limits the range with which the
data can be compared.

Conclusions

o From the theoretical work so far, it appears that the ideas of Hatsuda et al. are the
leading explanation of the existence of a substantial nuclear medium induced Final
State Interaction for the m — 7 interaction. If true this indicates a different QCD
ground state in a nuclear medium than the vacoum and is a genuine QCD effect in
nuclear physics.
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o The original CHAOS data indicate the presence of a substantial change for the 7T A
— wtn~X reaction, especially at low 7 — 7 invariant mass. This is not present
in the 7+7~ reaction and is consistent with the existence of a large final state
T — 7 interaction in the isospin 0 channel.

* The new CHAOS data confirm the previous result for °Ca at 280 MeV and show
substantial differences to 77p —» 777 n at all energies.

® Our new data supports the possibility that there is a substantial final state interac-
tion in the isospin 0 channel of the 7 — 7 interaction. A very similar result for the
#%7% channel has been reported at this conference. There has been 2 recent exper-
iment at Mainz to measure gamma induced 2 pion production on different nuclear
targets. If the the effect observed in pion production reactions is a final state inter-
action it should also be apparent in the Mainz data. We eagerly await the results of
the Mainz experiment.

REFERENCES

. G. Chanfrey et al. Phys. Lett. B256 (1991) 325

- F. Bonutti et al,, Phys. Rev. Lett. 77 (1996) 603

- M. Kermani et al., Phys. Rev. C58 (1998) 3419

» M.J. Vicente Vacas and E. Oset, Phys. Rev. C60 {1999) 064621

. Hatsuda, Kunihiro and Shimizu Phys. Rev. Lett. 82 (1999) 2840

- Z. Aouissat et al., Phys. Rev. C61 (1999) 012202 (R)

. G.R. Smith et al., Nucl Instr. and Meth. in Phys. Res. A362 (1995) 541.



53

240 MeV 7wt/ wtnt 260 MeV mhr~/ wint
20 { | I 1 { 1 20 1 1 1 ! | 1
x Hydrogen
18 = 16 -
+ +
= =
e x Hydrogen &
I\TZ - - ,‘\12 . ) -
+l= &
kg x L kg L
.2 2
45
4_{%x } % } 4580 ™ 4 % % }§%} Sc -
'] s
O I { i 1 T T D T T T ] T T
280300320340360380400420 280300320340360380400420

i Invariant Mass (MeV)
280 Mev nta / whmt

7 invariont Moss (MeV)
300 MeV wtn/ whmt

i | ! 1 | l

20 20 i £ | 1 1 1
16 - « Hydrogen L 16 - L
} :k . Hydrogen
£ &
:\‘12— . - .\12_ -
kS E
c 8- x i " 8- ) pT
2 #Sc 2 x
3] “ o
il fekdnt I )
: %H _ % % LTy :
o T

FT T
280300320340360380400420

an Invariont Mass (MeV)

i

0 7 i i T Y t
28030032034036038040042C

Invariant Mass (MeV)

280 MeV wtn/ mim? 320 MeV mtn~/ ntnt
20 | i 1 1 1 1 20 1 1 | 1 | ]
Hydrogen
16 yerose, = 16 -1 -
+ +
£ &
& &
7\12—' . - 1\\12'" 45SC r
F F
Eg_ ] | K g~ B
S % co e
© ’ &
oo il L
. i
c i

0 T T I 1 I 3
280300320340360380400420
i Invariant Mass (MeV)

T 1 F | |
280300320340360380400420
nm Invariant Mass (MeV)

Figure. 3. Preliminary acceptance corrected ratios o :+:: at T, = 240,260,280,300 and 320

MeV as well as for CDy at T, = 280 MeV. In each figure the crosses represent the ratio of the
reaction on Hydrogen and the squares are the results of the present measurement. In the case of
320 MeV, there was no previous Hydrogen data available.
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Abstract

This is a brief report on the evaluation of the mx scattering amplitude in the
framework of chiral perturbation theory.

INTRODUCTION

The interplay between theoretical and experimental aspects of elastic mr scaftering is
illustrated in the figure. On the theoretical side, Weinberg’s calculation[1] of the scattering
amplitude at leading order in the low-energy expansion gives for the isospin zero S-wave
scattering length the value a/Z) = 0.16 in units of the charged pion mass. This differs
from the experimentally determined value[2] ad = 0.26 4 0.05 by two standard deviations.
The one-loop calculation[3] enhances the leading order term to af = 0.20 £ 0.01 - the
correction goes in the right direction, but the result is still on the low side as far as the
present experimental value is concerned. To decide about agreement /disagreement between
theory and experiment, one should i) evaluate the scattering lengths in the theoretical
framework at order p®, and ii) determine them more precisely experimentally. Let me first
comment on the theoretical work.

=
o
&
e
!

2

A= i%%{-ﬂ'- + O(p*) K - wmer (30 000 decays)
| . {15.16' L - a3= 0..26 . 005
+ Oph) l DIRAC | E865; KLOE
ag = 0.20 £ 0.01 ad="7
+06°) |
ad="7

Figure 1. Progress in the determination of the elastic 77 scattering amplitude. References
are provided in the text,

THEORETICAL ASPECTS

1 consider QCD in the isospin symmetry limit m, = my # 0. Elastic 77 scatter-
ing is then described by a single Lorentz invariant amplitude A(s,t,), that depends
on the standard Mandelstam variables s,¢,u. In chiral perturbation theory (ChPT)[4,5],
the effective lagrangian that describes this process is given by a string of terms, Log =

Lo+hLs+h?Le+--- , where £, containg ma derivatives of the pion fields and mq quark

*Work supported in part by the Swiss National Science Foundation, and by TMR, BBW-Contract No.
97.0131 and EC-Contract No. ERBFMRX-CT980169 (EURQDASNE).
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mass matrices, with m; + 2mgy = n (here, 1 consider the standard counting rules). The
low-energy expansion corresponds to an expansion of the scattering amplitude in powers
of A,

4y + Ay o+ A+ 0%,

Als,t,u) = 1
rw=d T4 ) 0
tree 1 loop 2 loops
where A;; is of order p™. The tree-level result[1] reads
s — M2
Ay = z
2 Fg 1 (2)

and the one-loop expression A4 may be found in[3]. The two-loop contribution Ag was
worked out in[6]. A dispersive evaluation of As has been performed in Ref.[7] in the
framework of generalized chiral perturbation theory, see below.

The amplitude A, + A4 + Ag contains several of the low-energy constants (LEC’s) that
occur in Log. In Ly, there are two of them, the pion decay constant F in the chiral limit,
and the parameter B, which are related to the condensate by F?B = —(0|zu|0). In the
loop expansion, these two parameters can be expressed in terms of the physical pion decay
constant Fy ~ 92.4 MeV and of the pion mass, M; = 139.57 MeV. The nr scattering
amplitude contains, in the two-loop approximation, in addition several LEC’s occurring
in £4 and in Lg,

Lo By My
Ly:1,10,10s,1 occur in 1 — ww (two-loop approximation). (3)
Lg:F1,...,Fg
These LEC’s are not determined by chiral symmetry - they are, however, in principle
calculable in QCDI[8].
Once the amplitude is available in algebraic form, it is a trivial matter to evaluate the

threshold parameters. To quote an example, the isospin zero S-wave scattering length is
of the form

TM2 M2
0 _ T 2 L YL o — T
ag = TonF? {1 + cax + cgz” + Op )} iz T6m2F2 " (4)

The coefficients ¢y, cg contain the low-energy constants listed in (3). Similar formulae hold
for all other threshold parameters - the explicit expressions for the scattering lengths and
effective ranges of the S-and P-waves as well as for the D-wave scattering lengths at order
p® may be found in[6]. It is clear that, before a numerical value for these parameters can
be given, one needs an estimate of the low-energy constants. The calculation is under
way - it is, however, quite involved: One has to solve numerically the Roy-equations[9]
with input from the high-energy absorptive part. Second, one assumes that the couplings
that describe the mass dependence of the amplitude may be estimated from resonance
exchange. Requiring that the experimental amplitude agrees near threshold with the chiral
representation allows one finally to pin down the remaining couplings, as well as the
scattering lengths af and a?. The remaining threshold parameters may then be obtained
from the Wanders sum rules[10]. The first part of the program is completed, and the
report will appear soon[11]. The second part, that will allow us to predict the values of all
threshold parameters, is under investigation{12], I illustrate in the following section with
a simple example how this program is achieved.

DETERMINATION OF THE LEC’S: A SIMPLE CASE

I consider a single partial wave f(s) and ignore its left hand cut. Further, I agssume that
it has a chiral representation of the form

2 roo dp ImfX(x)
X(g) = gX L Gr My AL
RefX(s) = aX + bXs + TT[;M,$$2 s (5)
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with
aX=1+4¢c, X =c¢c, (6)

where ¢ is an unknown LEC.
In order to determine ¢, one may proceed as follows. First, I take it that the physical
partial wave f{s) satisfies a once subtracted dispersive representation of the form

Ref(.s)=a+%f4m dzImf(z) (M)

M2 T T —8

If we now assume that
¢ the absorptive part Imf is known from experiment,

e the chiral representation (5) agrees with the physical amplitude f in the low-energy
region, ‘

fX=7at|s| <aM? , (8)
it follows that ¢ can be evaluated from the sum rule
dRe 1 /o dx .
c=——l=0= ;[;Mg Taimf(z) . (9

This is not yet the whole story - from the assumption that the chiral amplitude agrees
with the physical one in the low-energy region, it also follows that

e=a¥=1+c. (10}

Therefore, one is able in this case to evaluate the LEC ¢ from the data, and to determine
the subtraction constant a in the dispersive integral (7).

In the real world, the absorptive part Imf is not known in the whole experimental
region. In particular, often low-energy data are sadly missing, and Im f is known only
above a certain threshold energy so. Nevertheless, if one is able to extrapolate it down
to threshold, the above reasoning shows that the low-energy constants e and c can again
be determined. In fact, this is the situation encountered in elastic mn scattering: The
phase shifts are known above a certain energy, whereas they would be needed in the
low-energy region as well in order to pin down the LEC’s and the threshold parameters.
The machinery that allows one to extrapolate the data down to threshold in a controlled
fashion is provided by the Roy equations, as I will illustrate now.

Let us assume that the data are known above s = syp. We split the dispersive integral
(7) accordingly,

+ (s} ,

8
Ref(s) = a—!—i/o da Imf ()
T 4M£ r r—3

T(s) = f’.fsmﬂfw_ (11)

Tl T T—8

The quantity ¥(s) is known by assumption. I now further assume that sy is in the elastic
region (this assumption is not crucial, the procedure can be carried through also in the
general case), where one has

1 .
f=-;e“5sin6; o= /1 —4M2/s. (12)

This relation expresses the amplitude f through a single real function §. Eq. {11) amounts
to the singular integral equation

so dr sin? §(x)

M2 ¢ (2~ s)o(z) (13)

1. s
Egsm%(s) =a+ ¥(s) + ;[1
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for the unknown phase shift , to be solved for a given input (e, ¥) in the low-energy region
s < sp. This is a simple example of Roy’s integral equation, first set up in the coupled
channel case for 77 scattering nearly thirty years ago by Roy[9]. The integral equation
(13) has been studied recently in great detail in Ref.[13], and I refer the reader to this
reference for earlier literature, and for questions concerning uniqueness of the solution.
Here I simply note that the solution is unique for the case where the phase shift §(sg) is
smaller than 7/2. The subtraction constant a can then be obtained in an iterative manner:
First, one solves the Roy equation with input (e, ¥), with o arbitrary,

(@, ) = § - Imf — ¢c— aX. (14)

In the second step, one inserts in the input the subtraction constant so obtained, (a, ¥) —
{aX, T}, until the procedure has converged.

This is exactly the method mentioned in the previous section for the case of wr scat-
tering. The complication that arises there is the fact that one has to consider a coupled
system of Roy equations for the I = 0,2 S-waves and for the P-wave[11].

THRESHOLD PARAMETERS FROM EXPERIMENTAL DATA

On the ezperimental side, several attempts are under way to improve our knowledge of
the threshold parameters. The most promising ones among them are i) semileptonic Ky
decays with improved statistics, E865[14] and KLOE[16], and ii) the measurement of the
plonmm lifetime - DIRAC[17] - that will allow one to dlrectly determine the combination
|a0 — aj| of S-wave scattering lengths. It was one of the aims of the recent workshops
in Dubna[18] and Bern[15] to discuss the precise relation between the lifetime of the
pionium atom and the 7 scattering lengths - I refer the interested reader to the numerous
contributions to these workshops for details, Let me only note that recently, using the
effective lagrangian framework proposed by Caswell and Lepage some time ago[19], the
width of pionium in its ground state has been determined[20] at leading and next-to-
leading order in isospin breaking, and to all orders in the chiral expansion. This result will
allow one to evaluate the combination |ad — 3| with high precision, provided that DIRAC
determines the lifetime at the 10% level, as is foreseen|17).

WHY DO WE WISH TO KNOW THE SCATTERING LENGTHS?

Why are we interested in a precise value of the scattering length a3? First, it is one of the
few occasions that a quantity in QCD can be predicted rather precisely - which is, of course,
by itself worth checking. Second, as has been pointed out-in[21], this prediction assumes
that the condensate has the standard size in the chiral limit - in particular, it is assumed to
be non vanishing. For this reason, the authors of Ref.{21] have reversed the argument and
have set up a framework where the condensate is allowed to be small or even vamshmg in
the chiral limit - the so called generalized chiral perturbation theory. [There is no sign for
a small condensate in present lattice calculations[22). Further interesting investigations of
the small condensate scenario have been performed in Refs.[23,24].] Whereas the S-wave
scattering lengths cannot be predicted in that framework, one may relate their size to the
value of the condensatef21,25,29]. Hence, measuring aJ, a? or a combination thereof may
allow one to determine the nature of chiral symmetry breaking by experiment.
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Meson Production Experiments with Electromagnetic Beams using CLAS
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Abstract

The CEBAF Large Acceptance Spectrometer (CLAS) started taking production
data in February, 1998. It is capable of taking data for many reactions simultane-
ously with moderate resolution. Spectrometer properties and running conditions are
presented. Data has been taken for a variety of conditions with polarized and unpo-
larized beam and target. Preliminary results of the initial experiments are shown and
discussed.

INTRODUCTION

The CEBAF Large Acceptance Spectrometer (CLAS) is presently taking data at a
very large rate with essentially all of the initial complement of detectors functioning at
design specifications. A primary CLAS goal of interest to this conference is the study of
N* resonances for masses less than about 2.5 GeV. Since these states couple with various
strengths to a large number of open inelastic channels, a multi-faceted detector is required.
By covering about 80% of 47 solid angle for single particles, many reactions can be stud-
ied simultaneously. The measured reactions have common systematic errors, correcting a
significant problem in previous N* analyses. Presently accepted N* properties are deter-
mined almost solely from experiments using pion beams. Thus, the new experiments will
be sensitive to N* states that couple weakly to 7/N. A more complete description of the
apparatus can be found in the published talk of Bernhard Mecking[i]. Another review of
CLAS was given by Volker Burkert[2].

The physics of N*s with CLAS is the study of nonstrange and strange baryons, ie.
N*, A, A, and X baryons. The first identification of = baryons in CLAS photoproduction
events has recently been reported. These states decay to # N, nN, na N, wN, KA, K%, and
many other final states. Targets of liquid hydrogen, deuterium, ammonia (NHz}, 3He, *He,
carbon and iron have been run with real and virtual photons using 1.5-5.5 GeV electron
beams. By running at a luminosity of 10%em =251, data on a large variety of reactions
are being accumulated at an instantaneous event rate of about 2.5 kHz. After the first
vear of data taking, we have approximately equaled the number of events taken before
CLAS for reactions accessible with traditional small solid angle spectrometers and greatly
exceeded it for more complicated reactions. '

PDG lists about 40 N* states with a variety of quantum numbers and varying degrees
of certainty. Presently, a good qualitative understanding of many properties of these states
using various versions of the Constituent Quark Model (CQM) exists. However, this has not
vet been linked to QCD in any formal way and presently does not account for the meson
cloud. Although full QCD calculations on the lattice are believed to include all effects
correctly, efforts to date have been limited to the quenched (no ¢ — ¢§) approximation.
Recent improvements in numerical techniques and in computing power have been very
impressive and significant results are expected.

Limitations in previous data are very clear when extracting resonance properties. The
main problem is to turn the experimental observables first into partial wave amplitudes
{(which carry the strength for each reaction in a particular value of angular momentum and
parity), then into the resonant part of the amplitude. Resonances are then found as poles
or Breit-Wigner masses and widths. The latter step has more model dependence; a review
of that situation can be found in[3]. The new experiments hope to provide significant new
information on two general fronts- the spectra of states and their photocoupling amplitudes
for YN — N* as a function of Q2. A significant prediction of the CQM is that many N*
states are yet to be found, the so-called “missing states”. For example, the CQM predicts
22 nonstrange L=2 excitations, but only about 10-12 have been identified. There is an
additional possibility that hybrid baryons will have a sufficiently different electromagnetic
response that they will stand out from the normal baryons. The incident photon causes
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a transition from the nucleon ground state (proton and neutron) to the various excited
states. The dominant excitation mechanism is often through the s channel (see Fig. 1).

Fig. 1. Excitation of a resonance
via s channel. Empirical studies

=y
f’ 1.9 0 K. show this to be the dominant re-
action mechanism for many final
.":‘9*:4)* states, but w and t channel pro-
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correct model. Each event must be

kinematically complete. The typ-
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variant mass of the intermediate

Ap@ S ~VILIND  state) and 6% and ¢* (the decay

8,7 Q) angles of the meson in the rest
2 frame of the intermediate state.)

The transition strength for YN — N* can be determined in various helicity states using
a phenomenological analysis. Since these strengths are defined as matrix elements of the
electromagnetic current acting between the N and the N*, these results can be directly
compared with any calculation of the relevant wave functions. Examples from a host of
important issues include trying to measure and explain the small size of the quadrupole
excitation of the A (Pa3(1232)), i.e. the E2/M1 problem, and trying to measure and explain
the properties of the Roper (P;1(1440)) resonance. A large body of data for the delta
already exists; nevertheless, CLAS will still greatly add to the electroproduction database.
For the Roper, the existing data is of poor quality and a significant improvement is possible
in almost all reactions. Interpretation of the existing data has been interesting because the
CQM has trouble fitting the mass and the photocoupling is poorly measured. In addition,
models suggesting interpretations as a hybrid baryon or a meson-nucleon state rather than
a predominantly three quark state have been offered.

Some of the particles in Fig. 1 are displayed as vectors. Polarized besms st Jefferson 1ab
are very common now and there is a polarized target for protons and deuterons (ammonia).
A coherent Bremsstrahlung photon beam is being installed and is expected to be tested
next year followed by experiments emphasizing vector meson production. With the full
coverage of the meson strong decay angles (e.g. ¢ = K1TK~) and the hyperon weak
decay (A — pr®), some polarization information about the final state can be determined.
Runs with polarized and unpolarized beams and targets have been taken. The events
with unpolarized beam and target are the most fully analyzed and only that data will be
presented here.

CLAS PROPERTIES

CLAS was built by an international collaboration of physicists from about 30 univer-
sities and national labs working with Jefferson lab personnel. Experiments are run by the
CLAS collaboration. CLAS has 6 almost identical sectors, each covering about 54° in ¢.
In Fig. 2, we show an event with 2 tracks in opposite sectors. The event has been classified
as ep — €'pn with the final state proton in the upper sector and the electron in the lower
sector. The detectors are labelled.

The detectors are conventional in design, but large on a nuclear physics scale. There are
a total of 35,148 drift cells that are used to track charged particles through the toroidal
field. The drift chambers are divided into 34 layers of hexagonal cells. Although the reso-
lution of each cell is about 200 pm, overall system resolution is presently about a factor of
2 larger. Time of flight resolution for the charged particles detected in the scintillators is
about 140 ps for electrons. The electromagnetic calorimeter has energy resolution for pho-
tons and electrons of op/E = 0.1/ VE. The Cerenkov detector is run in threshold mode,
so it will fire only on electrons up to pion momentum of 2.8 GeV/c. Empirical studies
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have shown the Cerenkov to have efficiency larger than 99.5% in the area more than 10
c¢m from the edges.

Fig. 2. Single event display of
an eta electroproduction event.
Various detector systems are la-
belled. The arcs show locations
of the 3 regions of drift cham-
bers; the dots represent drift cells
where particles have deposited
energy. The electron bends in the
magnetic field toward the beam
line, has large energy deposi-
tion in the calorimeter, and fires
a Cerenkov counter. The other
track is a proton. Particle iden-
tification of charged hadrons is
done via time of flight to the scin-
tillators that cover the full CLAS
solid angle.

EM calorimeter

In broad terms, polar angular (@) coverage for charged hadrons is about 8-140° with
moderate resolution. For electrons and photons, the range is about 20-47° due to the sizes
of the Cerenkov detector and the electromagnetic calorimeter; in 2 sectors, shower counter
coverage is extended to 75°. The momentum resolution is presently about 0.2% in the
forward direction and increases to about 2-3% for larger 8. Presently achievable resolution
is about a factor of 2 worse than design values. Each event can have charged particle tracks
or neutral particles in any sector. Events with 4 charged particles have been completely
reconstructed (see Table 2). Electroproduction cross sections must be binned in Q2, W, %,
and ¢*; with the full running time allocated, this will provide an average of a few hundred
events in each of about a few hundred thousand bins for the reactions with the largest
cross sections. Photoproduction reactions have ©Q2=0, no phi dependence, and in general
better statistics in each bin.

Technical papers covering all CLAS detectors are submitted and some are published{4].

CLAS RUNNING EXPERIENCE

With CLAS, many experiments take data simultaneously. Thus, the normal nuclear
physics delineation of experiments by final states is not useful. We label experiments by
initial state and a wide range of final states are measured in one detector configuration.
For example, the el run group covers all experiments with an electron beam and an
unpolarized proton or neutron target. That was the first run group to take beam and
most of the results shown here are from that run. The beam can be photons or electrons,
polarized or unpolarized; the target can be polarized or not. To date, most runs used
a liquid hydrogen target- 5 cm long for el and 20 em long for gl (unpolarized photon
beam with an unpolarized hydrogen target). Table 1 lists the run groups which have taken
data as of August, 1999. In each case, the trigger particle is listed in bold face. For the
electron running, the trigger particle is the electron. For photon beam experiments, a
charged particle in coincidence with a tagger signal triggers each event. The loose trigger
is a key part of fully utilizing large acceptance. Recent run cycles have produced a few
billion events each.

FIRST LOOK AT RESULTS

At this stage of analysis, a few reactions are well understood and reasonably close to
publication. However, there are no final results of cross sections presently available. A
sampling of distributions will be shown here.
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Table 1. Summary of the first 1.5 years of CLAS data-taking. Each run group takes data for many
reactions. Polarized beam has become common at the lab. An arrow over a particle shows that it
was significantly polarized.

run group reaction, trigger particle in bold
Feb-Mar, 98 el ep — &' X
May-June, 98 gl vp = ¢X (c=charged hadron)
June, 98 g6 vp = ceX
July, 98 gl Jp = cX
Aug-Dec, 98 egl e —eX
Jan-Apr, 99 el ép - e'X
Apr-May, 99 e2 €A - e'X (A= 34He,'?C,Fe)
July, 99 g6 yp = cc X, — fory
Aug, 99 g2 vd — ¢ X

The acceptance of CLAS is shown in Fig. 3 through the distribution of 7t seen in a
small fraction of the first el run. Traditional spectrometers detect particles over a few
degrees in 8 and ¢. Here, acceptance falls off at small values of § due to support structures
close to the beam line. The 6 bands of missing events are due to the gaps between sectors
filled by the magnet coils and detector supports. These fixed gaps are the major elements
in the acceptance calculation. The detailed form of the acceptance depends on the value
and sign of the magnetic field. These events were taken with 2.4 GeV beam, normal field
(electrons bending toward the beam line), and field value of 60% of full strength (2250 A).

Angular Distribution of n*
- CLAS Bld GeV Datel

300

Fig. 3. Preliminary analysis of
the distribution of «* in the lab
from part of the first el run.

200

¢lab

160

0 50 100 150

o lab

Fig. 4 provides a broad, preliminary look at the physics to be measured with CLAS. We
show W distributions for 4 GeV beam energy and proton target. Final states were identified
through missing mass techniques. The @ of these events ranges between 1 and 3 (GeV /).
Even though no corrections have been applied and only a simple background subtraction
was used, the distributions are quite similar to the final cross sections. The well-known 3
resonance regions are seen, peaked at W ~ 1.2, 1.5, and 1.75 GeV. However, the peaks are
in different places and have different strengths in the various reactions because each broad
peak is a sum of contributions from a few underlying states. The reactions in the upper
figures show strength in a variety of resonances; a detailed partial wave analysis will be
required to get strengths individual states . Both # and w distributions have a peak near
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Table 2. Reactions identified in CLAS data as of October, 1999. The number of particles detected is
also given. Elastic scattering and n™ =~ production events have been very valuable for calibration
and efficiency measurements because they are overdetermined.

ep — ep 1,2
ep — e'pn® 2 yp = pr® 1
ep — enn?t 2 yp — nat 1
ep = €'py 2 \lyp—mm 1
ep = €AK™ 2 vp — AKT 1
ep — ¢ TKT 2 vp— LK™ 1
ep — €'pw 3 vp = pw 2
ep —+ €pd 3 jyp—pd 2
ep — prtn” 34 || yp— prta™ 2,3
vp— KYKtE~ |2
ep — e'pyf 4 yp = p1f’ 3
ep — elpnrto 4 yp - pnrta~ 2
ep — e’A(1520)K+ 3 Yp = A(1520)K+ 2
ep — ¢ AOK+tn— 3 || vp— A'K+tn 2
ep — e AOK*0 3 yp — ACK*O 2

threshold. For n electroproduction, the peak is known to be largely due to excitation of a
single resonance, the Sy, (1535). These events have a largely isotropic angular distribution.
Since this is the first data for w electroproduction that wasn’t dominated by diffractive
processes, the peak is new. It is probably due to newly discovered coupling of known or new
resonances to wlN since the angular distributions have no hint of forward angle peaking
close to threshold.

4000 - . 0
ep — e'pm
2000 =
Q
400 |-
=" =oof
Fig. 4. Preliminary analysis of W distri- = o ,
bution for various final states from part = ep
of the first el run. Although no accep- — =ooor
tance correction is applied, the accep- ™~ 1000}
tamnce in this variable is fairly flat. Side- "2 o b
band subtraction in the missing mass S 1so0f ep - e'pn
spectrum of a neutral particle is some- SR
times used to isolate final states.
500
o e
ook ep — e'pw
=200 [~

ol i L
1.0 1.6 2.0 25

W (GeV)
Table 2 ligts the reactions that have been identified with CLAS in the gl and el data
sets.

Acceptance calculations are in progress and largely understood. The primary contrib-
utor to acceptance is the geometric holes shown in Fig. 3. These effects and detector
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inefficiencies are accounted for in angular distributions defined in Fig. 1 (6* and ¢*} by
Monte Carlo simulations. Another important effect in experiments with an electron beam
is the radiative corrections. An example of preliminary CLAS results, one of the ¢* distri-
butions for the ep — €/pn experiment, is shown in Fig. 5. Previous experiments had very
limited ¢* coverage; still, the angular distributions at W ~ 1.5 GeV over a large range in
@)? were predominantly isotropic. {This means the interference response functions, Ryr
and Rpr are small, but very poorly measured in previous experiments.) Thus, isotropic
results within the ~ + 10% errors of previous experiments can be expected. The raw
eta yields (data points in the left figure) are decidedly nonisotropic, but the acceptance
correction matches its shape to give a cross section that is isotropic. The total correction
factor is given as a line in the left plot. The radiative correction is about 15% independent
of angle. For these points, the acceptance is about 35-40%; the dips come from situations
when either the scattered electron or the proton tend to be in the phi gaps. A quantity
proportional to the cross section do/dQ, is shown in the right plot.

500 o 20 Fig. 5. ¢* dependence for eta
o yield and correction factor (left)
400 15 } ] and preliminary cross section
300 I } I { % i (right) for ep — e'py at Q*=
2 18 0.75 (GeV/c)?, W= 153 GeV,
=} ' *

000 cos(#*)= -0.6. Errors shown re-
flect statistical errors in the data
160 0.5 and in the Monte Carlo accep-
tance calculation. Systematic er-
0 o 0.0 rors for these points are presently

¢ %0 1;;? 270 380 ¢ = 1;;? 270 380 o timated as less than 10%.

SUMMARY

CLAS is now a working device. In standard running mode, data is taken at an instan-
taneous event rate of 2.5 kHz or about 0.5 Terabyte/day. It presently takes data for 10
months each year. The collaboration has taken data with a variety of targets and with

‘Both photon and electron beams. A few run groups have recently accumulated a few billion - -

events each in runs of about 2 months.

At present, a significant number of reactions have been measured with statistical preci-
sion equal to or better than previous data. Some reactions are being explored for the first
time. Others are being explored in kinematic regions not previously explored. Systematic
errors are presently under study.

Use of polarization has become common. At the end of 1998, 2'months were devoted to
runs with polarized hydrogen target and polarized electron beam. Those experiments are
important for isolating specific spin parity intermediate states and for measuring an im-
portant contribution to the GDH Sum Rule at Q2 > 0. A diamond crystal and goniometer
are being installed for production of a transverse linearly polarized photon beam in 2000.
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EFFECTIVE FIELD THEORY FOR THE TWO-NUCLEON SYSTEM

Ulf-G. Meifiner
FZ Jilich, IKP (Th), D-52425 Jilich, Germany

Abstract

I discuss the dynamics of the two—nucleon system as obtained from a chiral nucleon-
nucleon potential. This potential is based on a modified Weinberg power counting and
contains chiral one— and two—pion exchange as well as four-nucleon contact interac-
tions. The description of the S—waves is very precise. Higher partial waves are also
well reproduced. We also find a good description of most of the deuteron properties.

INTRODUCTION

One of the most important and most intensively studied problems of nuclear physics is
deriving the forces between nucleons. While there have been many successful and very pre-
cise models (of more or less phenomenological type), only in the last decade the powerful
methods of effective field theory (EFT) have been used to study this question. In partic-
ular, Weinberg[1] employed power-counting to the irreducible n—nucleon interaction and
obtained leading order results by iterating such type of potential in a Lippmann-Schwinger
equation. This type of resummation is necessary to deal with the shallow bound states (or
large S—wave scattering lengths) present in the two-nucleon system. This is in contrast to
conventional chiral perturbation theory in the meson and meson—nucleon sectors, where
all interactions can be treated perturbatively. A full numerical study based on Weinberg's
approach at next-to-next-to-leading (NNLO) order was performed in ref.[2]. It was con-
cluded that the approach could give qualitative insight but was not precise enough to
compete with the accurate modern potentials or even phase shift analysis. In addition,
a novel power counting scheme was proposed by Kaplan, Savage and Wise (KSW){3]. In
that approach, only the leading order momentum-independent four-nucleon interaction
is iterated and all other effects, in particular the coupling of pions, are treated perturba-
tively. This is in stark contrast to Weinberg’s scheme, were one-pion exchange (OPE) is
present already at leading order and is iterated {among other interactions). What I will
show in the following is that a suitably modified Weinberg scheme can be turned into a
precision tool, which allows to study systematically the interactions between few nucleons.
This lends credit to Weinberg'’s ideas spelled out almost 10 years ago.

CHIRAL EXPANSION OF THE NN POTENTIAL

EFT is, by construction, only useful in a space of momenta below a certain scale. The lat-
ter depends on the system one is investigating. In what follows, I will be concerned with
the effective potential between nucieons as defined (and somewhat modified) in ref.{1]. In
the EFT approach suggested by Weinberg, one has to deal with two different types of
interactions. First, there is OPE, two-pion exchange and so on, to describe the long and
medium range physics. Second, there are four-nucleon contact interactions to describe the
short (and to some extent the medium}) range physics. So we have a scale separation, the
dividing line being somewhere above twice the pion mass and below the typical scale of
chiral symmetry breaking, A, ~ 1 GeV. The problem at hand can be treated exactly by
integrating out the pionic degrees of freedom from the Fock space using the projection
formalism of Okubo, Fukuda, Sawada and Taketani[4]. The usefulness of this approach
when applied to momentum space has been demonstrated in a toy-model calculation,
see refs.[5]. Based on this approach, we have set up the following scheme. First, one con-
structs the irreducible chiral NN potential based on a power counting in harmony with
the projection formalism. This is outlined in detail in ref.{6]. To third order in small mo-
menta, this potential is given by the following contributions (LO = leading order, NLO =
next-to-leading order):
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LO OPE with lowest order insertions and two 4N contact interactions without derivatives.

NLO Vertex and self-energy corrections to the LO interactions, TPE with lowest order
insertions and seven 4N contact interactions with two derivatives.

NNLO Vertex and self-energy corrections to OPE as well as TPE with exactly one
insertion from the dimension two mN Lagrangian. These terms encode non-trivial
information about the pion-nucleon interaction beyond leading order and are thus
sengitive to the chiral structure of QCD.

This potential is divergent. All divergences (of quadratic and logarithmic form) can be
dealt with by subtracting divergent loop integrals, which leads to an overall renormal-
ization of the axial-vector coupling g4 and seven of the nine coupling constants related
to the 4N interactions. The precise prodecure is discussed in detail in ref.[7]. The renor-
malized potential still bas a bad high energy behaviour. Some of the contact interactions
(NNLO TPE contributions) grow quadratically (cubically) with increasing momenta. Even
the momentum—independent contact interactions necessitate regularization, which is per-
formed on the level of the Lippmann-—-Schwinger equation. That is done in the following
way ( with 7 and §” the initial and final nucleon momenta}:

V(ﬁﬁl)_)fR(ﬁ)V(ﬁ?ﬁ’)fR(ﬁ!)s (1)

where fz(#) is a regulator function chosen in harmony with the underlying symmetries. In
ref.[7], two different regulator functions are used, the sharp cutoff Fhatp () = G(A2 - p?)

and an exponential form, fRY"(p) = exp(—p*"/A?") , with n = 2,3,.... The latter
form is more suitable for the calculation of some observables. Bound and scattering states
can then be obtained by solving the Lippmann-Schwinger equation with the regularized

potential.

PARAMETERS, FITTING PROCEDURE AND RESULTS

In this section, I briefly describe how the parameters are pinned down. The parameters
related to the pion=nucleon interaction beyond-leading-order can be fixed by a fit-of the
chiral perturbation theory pionmucleon amplitude(8] to the dispersion—theoretical one
ingide the Mandelstam triangle[9]. In addition, we have nine coupling constants related
to four-nucleon contact interactions. These can be uniquely determined by a fit to the
S~ and P-waves together with the mixing parameter ¢;. While both S—waves contain
two parameters, the P-waves and ¢; depend one (more precisely, one can form linear
combinations of the LECs which appear as these parameters in the considered partial
waves). At NLO, the resulting values for the LECs related to the 4N contact terms are
sensitive to the energy range used in the fit. At NNLO, the resulting values are more
stable, so that we can perform global fits for energies up 100 MeV. For example, such a
global fit with A = 500 MeV at NLO and 875 MeV at NNLO leads to a deuteron binding
energy of B3 = —2.17 and —2.21 MeV at NLO and NNLO, respectively. Therefore, without
any fine tuning, we can reproduce the empirical value within 2 percent and 1 permille at
NLO and NNLO, in order. The increase of the cut—off value when going from NLO to
NNLQ is related to the fact that at NNLO, the chiral TPEP includes mass scales above
the two-pion mass, which is the scale related to the uncorrelated TPEP appearing at
NLQ. It is also worth mentioning that the quality of the fits increases visibly as one goes
from LO to NLO to NLO (for details, see ref.[7]). This is, of course, expected from the
underlying power counting. With that, one can predict these partial waves for energies
above 100 MeV. All other partial waves with angular momentum > 2 and the deuteron
properties are predictions.

Prediction for the S— and P—waves

The resulting S-waves are shown in figs.1,2 in comparison to the Nijmegen phase shift
analysis (PSA)[10]. The improvement when going from LO to NLO to NNLO is clealy
vigible.
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Fig. 1. Predictions for the 15, partial
wave (in degrees) at LO (dotted curve),
NLO {dashed curve} and NNLO (solid
curve) in comparison to the Nijmegen
PSA (diamonds) for nucleon laboratory
energies up to 0.3 GeV.
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The P-waves are mostly well described, although the NNLO TPEP is a bit too strong
in ®P, and 3P,. Of particular interest is ¢; since it has also been calculated at NLOJ3]
and NNLO[12] in the KSW approach. Our results (note that we used the so—called Stapp
parametrization[13] for the coupled triplet waves) are shown in comparison to the ones of
refs.[3,12] in fig.3 as a function of nucleon cms momentum up to 350 MeV. For energies
below 150 MeV, the KSW results are comparable to ours, but is obvious from that figure
that their approach is tailored to work at low energies. If one wants to go to momenta
above 100 MeV, it appears that pion exchange should be treated non-perturbatively.

10 v T T

L !
I — o J /]
< I S —— NLO i ,
R Lo / y
—=~ NNLO(KSW)  /
6| —-—- NLO{KSW) / ‘

¢, {deg]

Fig. 3. The 38; —* D; mixing pa-
rameter ¢ for our approach and
the KSW scheme in comparison to
. the Nijmegen PSA as a function of
0.3 the nucleon ems momentum.

0.2
p [GeV]

I also would like to discuss briefly the so-called effective range expansion. For any partial
wave, one can write

1 1
P C0t5(p) = _E + "2'7'}’32 +v2p4+‘031‘36 +'U4p8 'l'o(pw) l (2)

with ¢ the phase shift, p the nucleon ¢ms momentum, a the scattering length and r the
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effective range. It has been stressed in ref.[11] that the shape parameters v; are a good
testing ground for the range of applicability of the underlying EFT. At NNLO, we find e.g.
a = 5.424 (5.420) fm, r = 1.741 (1.753) fm, vy = 0.046 (0.040) fm®, v3 = 0.67 (0.67) fm®,
and v4 = —3.9 (-4.0) fm’ for 35). Similarly, for 1Sy, we have @ = ~23.72(-23.74) fm,
r = 2:68 (2.67) fin, v = —0.61 (—0.48) fm3, v3 = 5.1 (4.0)fm®, and vy = —17 (—29) fm”.
The numbers in the brackets refer to the np system from the Nijmegen II potential. Note
that one can also perform the fit such that the scattering lengths and effective ranges are
exactly reproduced. This leads only to modest changes in the values of vy 3, e.g. for such a
fit in 18, one has vy = —~0.53fm® and v3 = 5.0 fm®. This rather good agreement illustrates
again that the long range physics associated with pion exchanges is incorporated correctly
and it demonstrates the predictive power of such an EFT approach.

Predictions for higher partial waves

Consider first the D- and F-waves. These are free of parameters and most problematic
since the NNLO TPEP can be too strong. In some potential models, TPEP is simply
cut at distances of (approximately) less than one fermi. Nevertheless, we find a rather
satisfactory description of these partial waves. Of particular interest is 3D, since it is
related to the deuteron channel. Also, 1Dy is supposedly very sensitive to contributions
from the A-resonance, which in our approach is subsumed in the LECs related to the
dimension two 7N interaction. Both these partial waves are well described, see figs.4,5.
Even the small 3D; partial wave is very well described up to the opening of the pion
production threshold (in the Bonn potential, this partial wave is dominated by correlated
TPE). Note, however, that the D-waves are quite sensitive to the choice of the regulator
cut—-off. However, this cut-off dependence is an artefact of the NNLO approximation. At
N3LO, contact terms of the form ~ §° 72 appear, and one will have exactly one LEC in
each D-wave. In ref.[7], we have performed a partial N*LO calculation for ! Dy and shown
that the resulting phase shift does no longer depend on the cut-off A. Of course, that
remains to be verified by a complete N3LO calculation including also the modifcations to
pion exchanges.

12 T T T T T
10 |
e Fig. 4. Predictions for the D, partial

o wave (in degrees) at LO (dotted curve),
NLO (dashed curve) and NNLO (solid
curve) in comparison to the Nijmegen
i - e PSA (blue diamonds) for nucleon labo-

i . s s : ratory energies up to 0.3 GeV.
0 005 01 015 02 025 03

o 3] + [=2] w
T
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The so-called peripheral waves (! > 4) have already been considered by the Munich
group[14]. Their calculation was based on Feynman graphs using dimensional regular-
ization. The potential was constructed perturbatively by proper partial wave projection
of the NNLO OPE and TPE. While in most of the peripheral waves OPE is dominant,
there are a few exceptions where chiral NNLO TPEP is needed to bring the predictions in
agreement with the data or PSA results. Our calculation, which is based on a completely
different regularization scheme and treats the potential non-perturbatively, leads to the
same results. This is rather gratyfying. One particular example that demonstrates the
importance of NNLO TPEP is 3G; as shown in fig.6. The other partial waves in which
NNLO TPEP plays a role are !G4, 3Hj;, 3Hg, and °I7 (for more details, see ref.[7]).
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Deuteron properties

It is straightforward to calculate the bound state properties. At NNLO (NLO), we use an
exponential regulator with A = 1.05(0.60} GeV, which reproduces the deuteron binding
energy within an accuracy of about one third of a permille (2.7 percent). No attempt is
made to reproduce this number with better precision. In table 1 the deuteron properties
are collected and compared to the data and two realistic potential model predictions.
We note that deviation of our prediction for the quadrupole moment compared to the

Table 1. Deuteron properties derived from our chiral potential compared to two “realistic” poten-
tials (Nijmegen—93[15] and CD-Bonn[16]) and the data. Here, r; is the root-mean—square matter
radius. An exponential regulator with A = 600 MeV and A = 1.05GeV at NLO and NNLO, in
order, is used.

I NLO | NNLO || Nijm93 | CD-Bonn Bxp.
Eq [MeV] || —2.1650 | —2.2238 || —2.224575 | —2.224575 || —2.224575(9)
Qq [fm?] 0.266 | 0.262 0.271 0.270 0.2859(3)
7 0.0248 | 0.0245 | 0.0252 0.0255 0.0256(4)
T4 [fm] 1075 | 1.967 1,968 1.966 1.9671(6)
Ag fm=177] || 0.866 | 0.884 0.8845 0.8845 0.8846(16)
Pp[%] 3.62 6.11 5.67 483 =

empirical value slightly larger than for the realistic potentials. Still, it remains to be
checked whether this problem persists when one includes the meson-exchange currents
(compare also the discussion in ref.[17]). The asymptotic D/S ratio, called 5, and the
strength of the asymptotic wave function, Ag, are well described. The D-state probability,
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which is not an observable, is most sensitive to small variations in the cut—off. At NLO,
it is comparable and at NNLO somewhat larger than obtained in the CD-Bonn or the
Nijmegen-93 potential. This increased value of Pp is related to the strong NNLO TPEP.
At N3LO, I expect this to be compensated by dimension four counterterms. It is also worth
mentioning that at NNLO, we have two additional very deeply bound states. These have,
however, no influence on the low—energy physics and can be projected out. Furthermore,
these states are an artefact of the too strong potential and will most probably vanish
at N3LO. Altogether, the description of the deuteron as compared to ref.[2] is clearly
improved.

COORDINATE SPACE REPRESENTATION

It is also illustrative to consider the coordinate space representation of this potential. I
point out that it is intrinsically non-local in momentum as well as in coordinate space.
Therefore, it cannot be directly compared to standard local NN potentials. In fig.7, the
corresponding potential in the 'Sy partial wave at NLO is shown. Qualitatively, it exhibits
all expected features, namely the short-range repulsion, intermediate range attraction and
dominance of pion exchange at large separations (as much as this can be seen in a pictorial
of a non-local potential). In ref.[7], a more detailed comparison of the chiral potential with
the so-called realistic potentials is given.

x Ve )Y R

7 7
e

Fig. 7. Coordinate space
representation of the poten-
tial zV (z,z")z’ in the the
a° 1Sy partial wave at NLO.

SUMMARY AND OUTLOOK

In this talk, I have shown some results for the nucleon—nucleon interaction based on ef-
fective field theory. The formalism is an extension of the ideas spelled out by Weinberg
almost a decade ago. The power counting is performed on the level of the potential. We
have worked out the potential to next-to-next-to-leading order in the power counting. At
NNLO, it consists of one— and two-pion exchange diagrams with insertions from the di-
mension one and two pion-nucleon Lagrangian. The corresponding low—energy constants

from L% have been determined from a fit ot the 7N amplitudes inside the Mandel-
stam triangle[9]. In addition, there are two/seven four-nucleon contact interactions with
zero/two derivatives. The so—-defined potential is divergent. All these divergences can be
absorbed by a proper redefinition of the axial-vector coupling g4 and of seven of the nine
four—-nucleon couplings. This renormalized potential needs to be regularized due to its bad
high momentum behaviour, see eq.(1). The regularized potential is used in a Lippmann-
Schwinger equation to obtain bound and scattering states by menas of standard Gauss-
Legendre quadrature. The corresponding coupling constants can be obtained after proper
partial wave decomposition from a fit of the two S~ and four P-waves as well as the
38, —% Dy mixing parameter ¢; for nucleon lab energies below 100 MeV. The resulting
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S-waves are as accurate as obtained from high precision potentials (for energies up to the
pion production threshold). The other partial waves are mostly well described. For angular
momentum 2> 2, all phase shifts are parameter free predictions. In particular, the 3D, wave
is well reproduced. In some of the D~ and F-waves, the NNLO TPEP is somewhat too
strong. This will be cured at N3LO due to the appearance of 4N contact interactions with
four derivatives. Their contribution is expected to balance the short distance contribution
from the TPEP. This cut-off independence at N3LO has been explicitely demonstrated
for 1Dy in ref.[7]. In most peripheral waves (I > 4), OPE is dominant but there are some
exceptions where NNLO TPE is needed to close the gap between the EFT prediction and
the data (or PSA). This has been already found before in refs.[14,18] based on completely
different approaches. In addition, without any fine tuning we obtain good results for the
deuteron, the sole exception being the too low quadrupole moment. However, it is manda-
tory to calculate the pertinent exchange currents before drawing a conclusion on this issue.
In fact, the EFT approach can easily be extended to the coupling of external fields as well
as to systems with more than two nucleons. It is my opinion that the chiral Lagrangian
approach does more than “... justify approximations {such as assuming the dominance of
two-body interactions) that have been used for many years by nuclear physicists. .. "[19].
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SU(3) CHIRAL DYNAMICS WITH COUPLED CHANNELS:
ETA AND KAON PRODUCTION

Norbert Kaiser
Physik Department T3%, TU Miinchen, D-85747 Garching, Germany

Abstract

We identify the next-to-leading order s- and p-wave amplitudes of the SU(3) chiral
mesen-baryon Lagrangian with a coupled-channel potential which is iterated in a
separable Lippmann-Schwinger equation. The nucleon resonance S11{1535) emerges
as a quasi-bound state of kaon and IT-hyperon. Our approach to #- and K-meson
photoproduction introduces no new parameters. By adjusting some parameters of the
next-to-leading order chiral Lagrangian and a few finite range parameters we are able
to describe simultaneously a large amount of low energy data. These include the cross
sections for plon- and photon-induced production of #- and K-meson from nucleons.

INTRODUCTION

Owver the last few years there has been renewed interest in the photoproduction of eta
mesons and kaons from nucleons. At MAMI {Mainz) very precise differential cross sections
for the reaction vp — 7p have been measured from threshold at 707 MeV up to 800 MeV
photon lab energy[1]. The nearly isotropic angular distributions show a clear dominance
of the s-wave amplitude Ep; in this energy range. The very large total cross sections (up
to 17ub) are usually interpreted in terms of the nucleon resonance S11(1535) which has the
outstanding feature of a strong 7V decay. At ELSA (Bonn) there is an on-going program to
measure strangeness production with photons from proton targets. Total and differential
cross sections as well as hyperon recoil polarizations have been measured for the reactions
vp = KtA, KT50 K%+ with improved accuracy from the respective thresholds at 911
and 1046 MeV photon lab energy up to 2.0 GeV|[2-4].

Most theoretical models used to describe the abovementioned reactions are based on
an effective Lagrangian approach including Born terms and various {meson and baryon)
resonance exchanges[5-7] with the coupling constants partly fixed by independent elec-
tromagnetic and hadronic data. Whereas resonance models work well for n-production
the situation is more difficult for kaon production where several different kaon-hyperon
final states are possible. As oiitlined in ref.[6] tesciance models can lead to a notorious”
overprediction of the yp — K%+ and yn — K+E~ cross section.

We will use quite a different approach to eta and kaon photoproduction (and the re-
lated pion-induced reactions) not introducing any explicit resonance. Our starting point is
the SU(3) chiral effective meson-baryon Lagrangian at next-to-leading order. The explicit
degrees of freedom are only the baryon and pseudoscalar meson octet with interactions
controlled by chiral symmetry and a low energy expansion. The systematic approach to
chiral dynamics is chiral perturbation theory, a renormalized perturbative loop-expansion.
Its range of applicability can however be very small in cases where strong resonances lie
closely above (or even slightly below) the reaction threshold. Promirent examples for this
are the isospin I = 0, strangeness § = —1 resonance A(1405) in K~ -proton scattering,
or the 511(1535) nucleon resonance which has an outstandingly large coupling to the nN-
channel and therefore is an essential ingredient in the description of n-photoproduction.
In previous work[8] we have shown that the chiral effective Lagrangian is a good starting
point to dynamically generate such resonances. The chiral Lagrangian predicts strongly
attractive forces in the KNV isospin 0 and KX isospin 1/2 s-wave channels. If this strong
attraction is iterated to all orders, e.g. via a Lippmann-Schwinger equation in momentum
space, quasi-bound meson-baryon states emerge which indeed have all the characteristic
properties of the A(1405) or the S11(1535). The price to be paid in this approach are some
additional finite range parameters, which must be fitted to data. However, since one is
dealing with a multi-channel problem, it is quite non-trivial to find a satisfactory descrip-
tion of so many available photon- and pion-induced data with just a few free parameters.
For both the strong meson-baryon scattering and the meson photoproduction processes
we will consider all relevant s- and p-wave multipoles.
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COUPLED CHANNEL APPROACH

Let us briefly describe the approach to meson-baryon scattering and its generalization
to meson photoproduction (for more details see[9,10]). The indices ¢ and j label the meson-
baryon channels (i.e. #N,nN, KA, KY) involved. They are coupled through a potential in

momentum space
G
Vig =47 Cii » (1)

4mf2./s
where the relative coupling strengths C;; (explicit expressions are given[9]} are, up to a
factor ~f~2 (with f = 92.4MeV), the corresponding s-wave amplitudes calculated from
the SU(3) chiral meson-baryon Lagrangian to order ¢°. It means they are at most quadratic
in the meson center of mass energy E; = (s — M7 +m?)/2,/s and the meson mass m;. The
s-wave potential Vj; is iterated to all orders in a separable Lippmann-Schwinger equation

of the form 0 P 2 g2
%_V‘”;w/o dlkg+z'0+-z2(ag+12

with T;; the resulting T-matrix connecting the in- and outgoing channels j and :. In
eq.(2) the index n labels the intermediate meson-baryon states to be summed over and

I'is the relative momentum of the off-shell meson-baryon pair in intermediate channel
n. The propagator used in eq.(2) is proportional to a (simple) non-relativistic energy
denominator with kn, = /EZ — m} the on-shell relative momentum. The potentials derived
from the chiral Lagrangian have zero range since they stem from a contact interaction. To
make the dl-integration convergent a ”form factor” parameterizing finite range aspects of
the potential has to be introduced. This is done via a dipole-like off-shell *form factor”
[(02 + k2}/(02 + I?)]? in eq.(2) with oy, a finite range parameter for each channel n. The
cut-offs a, are fixed in a fit to many data keeping in mind physically reasonable ranges
0.5 GeV< ap < 1.5 GeV.

The separable Lippmann-Schwinger equation for the T-matrix can be solved in closed
form by stmple matrix inversion 7' = (1 =V - G)"! . V, where G is the diagonal matrix
with entries

2
) V;nTnj 3 (2)

Gn= ;22— ——ikn, (3)

with &k, = +/E2Z —m and the appropriate analytic continuation (i|k,| below threshold
E, < myp). The resulting multi-channel S-matrix S;; = &;; — 2iy/kik; Ti; is exactly unitary
in the subspace of the kinematically open (two-body) channels and the total (s-wave) cross
section for the reaction (§ — ) is caleulated via o35 = 4m (ks /k;)|Ty;|%.

The inclusion of the strong p-wave multipoles p;/; and ps/; into the coupled channel
scheme is presented in detail in ref.[10]. The construction is completely analogous to the
5-wave case.

MESON PHOTOPRODUCTION

We extend the same formalism to s-wave meson photoproduction. The basic assump-
tion is that photoproduction can also be described by a Lippmann-Schwinger equation.
In complete analogy to strong interaction we will identify the s-wave photoproduction
potential (named Byy.) with the electric dipole amplitude Ey, calculated to order ¢° from
the chiral effective Lagrangian. A welcome feature of such an approach is that it does not
introduce any further adjustable parameter. Consequently meson-baryon interactions and
meson photoproduction are strongly tied together and the fits of e.g. the finite range pa-
rameters oy, are controlled by both sets of data. For the description of the photoproduction
reactions yp — np, KTA, K+X0 K%Lt we have to know the photoproduction potentials
By for yvp = ¢B, where ¢ B refers to the meson-baryon states with total isospin I = 1/2
or I = 3/2 and isospin projection Iy = +1/2. We label these states by an index which
runs from 1 to 6, which refers to [z N}(1/2), [pN)Y1/2) | KAYYD) | KE)1/2) (#N)3/2) angd
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|K%)/2), in that order. The resulting expressions involve as parameters only the axial
vector coupling constants F = 0.49 and D = 0.78 and they read

(1) eMN (2) BMN
Byl = D+ F)(2X, 4+Y;), By = JF-D)Y,,

0+ = Zrt ;——38( + F)(2Xx +Y5) 0+ = Bt /—33( )Yy

(3) _ evMyMy -D — 83X Bl - evANNE My My D - F){Xg + 2Y,

O Sﬂ‘f\/gg( ) K 0+ Sﬂf\/ﬂ( )( Kt K)':
() _ evV2My o 6 _ ev/2MyMz

= + P Y, -X,), BY =XV (Do F)(Xx-Yy).(4

0+ 81”,\/3—3-( )( T ) 0+ S‘Irf\/B—.E ( )( K K) ( )

The dimensionless function X4 takes the form

Ey+ /E2 —m?
m— V2" ¢ g

Xo=3- o (25 +m3)+(1+ s ) s
- = n
T2 A \"T? T By 2MoEy) 9E,, [B} - m2 Mg

and it sums up the contributions of all tree diagrams to the s-wave photoproduction
multipole of a positively charged meson. The logarithmic term comes from the meson pole
diagram in which the photon couples to the positively charged meson. If the photoproduced
meson is neutral the corresponding sum of diagrams leads to a simpler expression,

Yy = _—lw(zEQS + m_g) . (6)

Infinitely many rescatterings of the photoproduced meson-baryon state due to the strong
interaction are summed up via the Lippmann-Schwinger equation. The "full” electric

dipole amplitude E[(f_')_ for channel { is then given by

B} =Y l0-v-&) ) B )
J

where V is the matrix of the strong interaction potential and G the diagonal propagator
matrix defined in eq.(3). The total (s-wave) photoproduction cross section for the meson-
baryon final state 7 reads crt(:l = 47r(ki/k7)|E‘gi_a|2 with ky = (s — M%)/24/s the photon
center of mass energy and s = M3 + 2M NE,’,,“" in terms of the photon lab energy Eieb,
The inclusion of the photoproduction p-wave multipoles My, M., E1, into the coupTed
channel approach is presented in detail in ref.[10]. Only the well-known baryon anomalous
magnetic moments xp enter as new parameters in the p-wave photoproduction potentials.

RESULTS
Total Cross Sections for m-induced #- and K-production

Fig.1 shows results for the total cross sections for pion-induced - and K-production:
mp = qm, K°A, K50 K+£~ and 7tp — K*tE+. The data are taken from the com-
pilation[11]. The agreement of the coupled channel calculation including s- and p-wave
amplitudes with the existing data is very good, even for energies considerably above
threshold (i.e. up to prigp =~ 2 GeV). The contributions of the s-wave amplitude and
the two p-wave amplitudes to the total cross section are shown separately for each reac-
tion channel. With the inclusion of the p-waves one is able to describe the data in the (pure
isospin-3/2) channel n*p — K*E% up to pr e = 1.4 GeV. In this channel the s-wave
contributes very little, and the p-wave contribution is completely dominant. Furthermore,
with the inclusion of p-wave amplitudes one can deseribe the total cross section data for
7 p— KTE" upto Prlab = 1.8 GeV whereas the s-wave approximation starts to break
down around pr 05 = 1.2 GeV. Note that the large n-production cross section in #~p = nn
near threshold (usually interpreted in terms of the nucleon resonance S11(1535) having a
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large branching ratio into nN) is still dominated by the s-wave amplitude. In the present
approach a s-wave quasi-bound K X-state is formed through the coupled channel dynam-
ics. Furthermore, the peak in the 7~p — K°A total cross section is generated by a strong
s-wave cusp effect at the K'Z-threshold. Altogether it is highly non-trivial to produce the
pattern of relative weights of s- and p-waves as shown in Fig.1. In a coupled channel calcu-
lation all reactions get linked together and changes in one channel will immediately affect
all the others.

Total and Differential Cross Sections for n- and K-photoproduction

Fig.2 shows the total cross section for n-photoproduction, yp ~ np, together with the
data of{l] (MAMI}. This total cross section is dominated by the s-wave multipole Fy..,

whose value at threshold is El(]’ﬂh = (9.8 + 12.84) - 10~3m;!. Again, this large cross

section arises from coupled channel dynamics (forming a K'Y quasi-bound state) with no
explicit 81(1535) introduced. Furthermore, we show in Fig.2 the total cross sections for
K+-photoproduction yp — KTA, K+5° together with the recent ELSA data[3]. In the
channel yp — K+ A a strong s-wave cusp effect is visible at the K E-threshold. In fact the
data show a structure around E, = 1.05 GeV which is consistent with this interpretation.
Above E, = 1.2 GeV the p-wave multipole amplitudes (E;, M1} become very important
in order to reproduce the energy dependence of the K+ A-data. The same feature applies to
the channel yp — K+Z%. In both cases there appears in the data an enhancement around
E, =~ 1.5 GeV. It may be due to a nucleon resonance decaying into KA and KX. The
coupled channel calculation can generate only non-resonant background amplitudes in p-
waves and is thus not able to describe this enhancement if it is due to a resonance. Finally,
we show results for neutral kaon-photoproduction, yp — K°E™, together with the recent
ELSA data[4]. In this channel the p-wave multipoles are completely dominant and we find a
fair reproduction of the total cross section data from threshold up to about E,, = 1.4 GeV.
Again, it is highly non-trivial to generate the pattern of s- and p-wave contributions as
shown in Fig.2, given all the additional constraints from pion-induced n- and K-production
(Fig.1). In Fig.2, we show also some typical examples of angular distributions of differential
cross sections for 7- and K-photoproduction. In the case yp — pn the MAMI data[l]
display an almost isotropic anguler distribution. The small deviations from isotropy at
the higher energies E. =~ 0.8 GeV can be explained by the interference term of the large
s-wave with the small p-wave multipoles. The angular distributions for yp — K +30 of the
recent ELSA data[3] are reasonably well reproduced from threshold up to E, ~ 1.7 GeV
in our calculation. Similar features apply to the reaction yp — KTA for E, < 1.4 GeV,
although the measured angular distributions[4] are (within errorbars) close to a straight
line whereas the calculated ones have larger curvature. Finally, we show in Fig.2 an angular
distribution for yp — KT+ together with the recent ELSA-datal4]. For photon energies
up to E, ~ 1.4 GeV the overall behavior of these data can be well described. There remain
however some problems in the description of the corresponding polarization observables.
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Figure. 1. Total cross sections for pion-induced 7- and K-production as a function of the pion
laboratory momentum. The s- and p-wave contributions are shown separately. The data are taken
from the compilation[11].
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Figure. 2. Total and differential cross sections for #- and K-photoproduction as a function of the
photon laboratory energy or the cosine of the em scattering angle, respectively. The s- and p-wave
contributions to the total cross sections are shown separately. The data are taken from refs.[1,3,4].
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Hadron Physics with the Crystal Ball

B.M.K. Nefkens and A.B. Starostin ! for the Crystal Ball Collaboration
UCLA, Los Angeles, CA 90095, USA

Abstract

Preliminary results are presented for 7~ and K~ interactions on protons leading
to meutral final states. Included are the production of n°, 279, 37°, n, v, and K,.
The data are used for the investigation of the production and decay of nucleon and
hyperon resonances in the mass region up to 1700 MeV /c*. We have also measured
2% production on H, 12C, 27Al, and %4Cu targets by 750 and 408 MeV /e 7™ mesons.
The shape of the 27° invariant mass spectrum depends strongly on the target nucleus
which is indicative of a major medium modification. Finally, we present new upper
limits on €, CP, and P forbidden n-meson decays.

The principal objectives of the physics program carried out by the Crystal Ball Collab-
oration at the AGS are:

e The Structure of the Nucleon.
This includes the properties of all N*, A*, A* and T* baryons.

e The Symmetries of Quark Interactions.
Special attention is given to the role of Chiral Symmetry.

¢ QCD at Intermediate Energy.

e The Origin of the Quark Masses.
This includes the study of the medium modifications discovered in meson production
on complex nuclei.

INTRODUCTION

The Crystal Ball, CB, is a multiphoton spectrometer. It has excellent energy and an-
_ gular resolution and it features a near 4w acceptance. It has been outfitted with a liquid

H, target located in the center. A successful data run at the AGS was completed in late

1998, which was devoted mainly to 7~ and K~ interactions on protons to the neutral final
states. The maximum beam momentum was 760 MeV/c.

SELECTION OF EARLY RESULTS

Some of the highlights from the long list of reactions that were investigated in the first
run of the Crystal Ball at the AGS are given below.

7~ p = 3n'n

We applied the special condition that the 37° could not come from an 7 decay. The
invariant mass spectrum of the 377 events is shown in Fig. 1, the beam momentum is
660 MeV /¢ which is well below the 5 production threshold. We have found that o (77p —
37%n) = (4 +2) pb. This value increases moderately with increasing incident beam mo-
mentum; at 760 MeV/c we estimate that ¢ < 20 pb. Older experiments have reported
much larger oy, ten times and more. We speculate that this was due to inadvertent 7
production.
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Figure. 1. Invariant mass of 37° events
of the reaction 7~p — 37°n at Pp- =
660 MeV/c. The solid line is the data
and the dashed line is the Monte Carlo
distribution for uniform phase space.

Figure. 2. Excitation function for
mp — 2r% (black dots) compared
t0 the corresponding photoproduction
channel (triangles).

Meson production by pions at low and intermediate energy occurs principally by s-
channel baryon resonance formation. 37% production occurs via sequential baryon reso-
nance decay. At our energy we have 7~ p — N* — Py;(1440)7° followed by Pi; — 27%n.
The expected N*’s are the Dy3(1520) and S11(1535). The small value that we mea-
sured for the oy allows us to conclude that BR {D;3(1520) — Py1(1440)2} < 0.5%
and BR {S11(1535) — P;;(1440}x"} < 0.5%.

7~ p = 210
The preliminary results for o; (7 ~p — 27%) are given in Fig. 2. The production of the
Py1(1440), the Roper resonance, by 7~ from threshold to 700 MeV/c is much smaller than

511 and Di3 excitationl]. 2x® production is dominated by the Py; intermediate state and
ocecurs via two different channels:

i. Py — 79A followed by A — 7%n. A simple Monte Carlo calculation shows that the
resulting 270 invariant mass spectrum has the gross features of a uniform phase-
space distribution.

ii. The other channel is P;; — ¢ n where the ¢, now called fy(400—1200) in the Review
of Particle Physics [1], is a J = I = 0 state of two strongly interacting pions. The
2719 invariant mass spectrum of this decay should peak at high mass.

The Dalitz plot and the 270 invariant mass projection of 7~p — 27% at 660 MeV/c
are shown in Fig. 3. In the Dalitz plot we expect to see the A band, surprisingly that is
not the case, we find only a local, very strong enhancement that has a # N invariant mass
around 1230 MeV/c?. The 2r® invariant mass shows a strong peak at the high energy end
and a smaller phase-space like distribution. Note that the 27%’s cannot be in a P-wave
and that the tail of the p — 77~ decay which plays a role in 77p — 777" n is absent,

For comparison we show in Fig. 2 also oy (yp — 27°n) measured by the TAPS Collab-
oration [2]. The photoexcitation of baryon resonances is different than the excitation by
pions. Above 600 MeV/c the main resonance produced in photon absorption is the D3
and very little Py and Sy;. Thus 27 photoproduction is predominantly yp — Di3; the
latter can decay via the 7%A intermediate state as p — 270 decay is forbidden by Bose
statistics. Thus we expect the Dalitz plot of 27° photoproduction to show a A band and
the 2r® invariant mass spectrum to be like phase space without a peak at the high end.
This is observed, see Fig. 4. We want to stress the complementarity of mesoproduction




— T T T T
=
gz r
<
[=4
s b
1
PR RSO TUT S E TR SR S S T N |
0 0.1 0.2 03 04
() (GeVt)
—— S
2000 L s000 |-
1000 - 4f 42500 |
P PR T T T L Ll
055z o1 Yo

mA(nn®) (Gev®) m*{n°n) (GeV?)
Figure. 3. Dalitz plot (top) for #7p —
2n%. M2 , projection (left) and M7,
(right). The dashed line in the projec-
tions is the phase-space distribution for
7p = 1A = 70(x%n).

80

[¢] 0.1 0.2 2.3 0.4
A GeV?)

1 1

counts Taaw]

D2 04 : 1 t! é
R [GeV?) mé(pr®)(GeV3]

Figure. 4. Dalitz plot (top) for yp —
p2n°[2]. M2, projection (left) and
Mj,ro (right). The dashed line in the
projections is the uniform phase-space

distribution.

and photoproduction and the importance of studying both reactions for obtaining the full
understanding of the decay of the baryon resonances.

x~ A 2m0A"

Considerable attention has been given in recemt months to the properties of the o
di-meson state in nuclear matter [3-8). The o, or fo(400-1200), is an S-wave isoscalar
x — 7 interaction. The interest in this system is fueled by the search for the onset of
chiral restoration, xR, which could occur significantly below the creation of a quark-gluon
plasma. There is speculation that xR may happen at modest temperature and/or nuclear
density. The quantum numbers of the o, I¢(JFC) = 0%(0**) are those of the vacuum,
making the o the favorite hadron for finding a large medium modification. The interest in
the « has been piqued even more by a report of the CHAQOS group [9] about an anomalous,
large, sharp spike in the atn~ invariant mass spectrum near the low-mass limit of 2m..
This was observed in a 7+7~ production experiment by incident 7wt of 400 MeV/c on
different nuclear targets, it is known as the CHAOS effect, see Fig. &.

The experimental results of CHAOS have been interpreted by their authors as evidence
that nuclear matter strongly modifies the mn interaction in the J =1 =10 channel. The
CB ig particularly suited for investigations of 7970 production by 7~ on miclear targets.

o L
2 Figure. 5. The 17~ invariant mass
gL =opy distribution for the 774 — atx= A/
oL ® " G reaction reported by CHAOS[9]. The
5;\3 C o vertical scale is arbitrary units. The
Ty = CHAOQOS effect is the sharp peak at low
o E e mass

™
2

300 aso 400 4
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The 7%7° system has an important advantage over the 77~ case because 7°7° cannot be
in a P-state. The results for the 7%7° invariant mass spectra obtained by 750 MeV /e 7~
interactions on H, 2C, 2 Al and % Cu are shown in Fig. 6. We see a major modification
of the shape of the 27" spectrum. It peaks for hydrogen at the maximum allowed mass,
the peak is lower for increasing A and for the copper target the peak occurs near the low
end. The same conclusion holds for the data at 408 MeV /¢ incident 7~ , which is similar
to the CHAOS beam momentum. The resolution of the n°z° at low energy is quite good
~ b MeV. We see no evidence for the sharp peak reported by CHAQOS. We conclude that
the CB measurements of 27° do not support the CHAOS effect though we see a dramatic
medium modification. It is possible that the CHAOS effect is the result of not including
the peculiar CHAOS detector geometry appropriately. To further probe the A dependence
of the n%z° spectrum we show the ratio of the yields of the different targets in Fig. 7.
There is a forward peaking at 750 and at 408 MeV /¢ because of the medium modification.

K p— Ap

The n is readily and uniquely identified via the decay n — 2+ yielding two very energetic
photons which have the invariant mass of the n; the missing mass associated with the 5
corresponds to that of the A. The icing on the cake is the detection of the 70 from the decay
A — 7%. This is accomplished readily by selecting 4 neutral cluster events and requiring
that the missing mass be that of the neutron. The results on o (K~p — A7) measured
with the Crystal Ball using an incident X~ beam on a hydrogen target is shown in Fig. 8.
The number of events exceeds quite a bit the previous world data for this reaction. The
peak of the cross section occurs at E = 1672 MeV/c?; this is just at the mass of the
A(1670) hyperon, which is a four star S-wave A* resonance. The shape of oy is consistent
with the models in which 7 production by 7~ is also dominated by an S-wave resonance,
the S71(1535). In both cases the magnitude of the 7 decay channel is larger than expected
on the basis of the available phase space.

The angular distribution for K~p — An at 735 MeV/c is shown in Fig. 9. The slight dip
is indicative of a very small D-wave contribution. Interestingly, the shape of the differential
crogs sections is the same for threshold eta production by K~ and #~, namely concave
or bowl-shaped. This is to be compared to the other » production processes, yp — np
and pp — ppn for which the angular distributions are convex. The different shapes are
consistent with models in which the py and pp reactions are dominated by a vector meson
intermediary; the 7 and K induced reactions have a pseudoscalar amplitude.
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K~ p— An®

The An° is a pure I = 1 state, it comes only from the decay of * hyperons. In the
energy region of our experiment which is limited by the highest available K~ momentum
of 760 MeV /¢, there are 6 established X* states plus 4 more “bumps” for a maximum of 10
possible states. The quark models would like to see fewer that 10 = states in our energy
region. It is expected that our new data on the various neutral channels, once they are
fully analyzed, will clean up the status of the ¥* states.

The A7 final state features 4 photon clusters in the CB which form two 7%’s. One of
these 79’s has the associated missing mass of the A. Because K ~p — Ax? is a background
to our K~ p — Ay experiment we have measured it. An example of the preliminary result
for the K—p — An? angular distribution obtained at Px- = 750 MeV /¢ is shown in Fig.
10. Qur results are in agreement with earlier, less precise data. |

K- p—=Kn

K~ charge exchange is a readily measurable reaction with the CB using the decay
mode K, — 27°% Unlike the two preceding reactions which are isospin unique, charge
exchange requires 2 isospin amplitudes: Ay which has I = 0 and A, for I = 1. Thus,
do /dQ(K~p — Kn) ~ |A; — Ag®. An example of the preliminary results for the angular
distribution at 750 MeV /c is shown in Fig. 11. There are many other neutral final states
in 7~ p and K~ p interactions that we are studying with the CB but space limitations
does not allow for them to be discussed here.

Search for P-, C- and CP-Forbidden Eta Decays

The Standard Model implies that CP violation in family-conserving interactions is
very small. This prediction has scarcely been tested for lack of suitable processes. The best
opportunity is found in 7 decay. We have searched for the P and C P-forbidden decay mode
n — 4n° in a sample of 3.0 x 107 n’s produced in the reaction 7~ p — nn near threshold.
The phase space for the 47° decay is small, but, this 7 decay has no known background.

The decay ig unique. There must be 8 photon clusters that reconstruct to 47%s, which
reconstruct to the n while the missing mass of these 8 photons must correspond to the
neutron mass. No events in the above sample were found which satisfies these conditions,
this gives BR (n — 47°%) < 7.0 x 107 with a 90% confidence level.

Among the three discrete symmetries C, P, and T, which play an important role in
nuclear physics because they are conserved in strong interactions, C (particle-antiparticle
conjugation) has come under scrutiny because of the baryon-antibaryon asymmetry in the
known universe. No evidence has been seen thus far for the existence of galaxies made
of antimatter. Big-Bang Cosmology predicts the existence of plenty of antimatter in the
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universe. Investigating C-invariance has not been done very sensitively for lack of suitable
tests. In the course of our search for 5 — 47n° we have made three interesting tests of
C-invariance in the strong and/or electromagnetic interactions of hadrons. Firstly, we
determined that the BR ( — 37%) < 9 x 107°. This is the first known search for this 0
decay channel. To assess the sensitivity of this search, one could compare with the major
370 decay: BR ( — 3n0) = 0.32. Secondly, we report BR ( — 21%y) < 3x 1073, This is
the first known search for this decay also. The sensitivity can be estimated by comparison
with the allowed decay to charged pions, BR (n — 777 ~+) = 0.048. Finally the CB has
set a new limit, BR (n — 3v) < 9 x 10~® which is five times better than the existing limit.
These tests are consistent with the expectations based on the Standard Model and further
limit the window for New Physics.

SUMMARY

Some highlights of the first data run with the Crystal Ball spectrometer are:

o (n~p — 3x%n) = (4£2) pb at P,— =660 MeV /c and below 20 ub at 760 MeV /c that
allows us to conclude what BR {D13(1520) — Py1(1440)7°} < 0.5% and BR {8),(1535) —
P;1(1440)7%} < 0.5% up to 760 MeV /e.

The reaction 7~ p — 2n’n is dominated by P1; production from threshold to 750 MeV /e
The 27°n Dalitz plot is very non-uniform with a large concentration of the 7°n invariant
mass at the value of the A(1232) resonance, but there is no A band. The 27° invariant
mass is strongly peaked toward the maximal possible mass.

New data are obtained on K~ p to Ay, An® and KOn.

We have observed a major medium modification, namely, a large shape dependence of
the 27 invariant mass on A obtained on complex nuclei at - = 408 and 750 MeV/c.

New upper limits on forbidden 5 decays are obtained: BR (n — 47°%) < 7 x 10~7 which
is a test of P— and C'P—invariance, while BR ( — 37n%y) < 9x 107%, BR (5 = 27%4) <
3x 1073 and BR (- 3v) < 9 x 1075 are tests of C—invariance.
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Meson Physics at DA®NE

G. Pancheri
INFN Laboratori Nazionali di Frascati, P.O. Box 13, 100044 Frascati, Italy

Abstract

An overview of the main physics items to be studied at DA®NE is presented,
including rare K-decays, scalar and pseudoscalar spectroscopy through radiative ¢-
decays and measurement of the hadronic e*e™ cross-section.

DA®NE is an electron-positron collider operating in INFN Frascati National Laborato-
ries at a c.m. energy corresponding to the production of the ¢-meson, i.e. /8 = 1.020 GeV.
Frascati has a long history in ete™ eollisions, which were first observed in AdA, Anello di
Accumulazione, whose contruction was proposed by B. Touschek and his collaborators in
1960[1]. The successful operation of AdA inspired the construction of a number of electron-
positron storage ring projects around the world, one of them in Frascati itself, ADONE,
where the multihadronic production was first observed in 1970, and the discovery of the
J/¥ in November 1974 confirmed. After a few years of operation as a synchrotron light
facility, in the late 80°s ADONE was brought back to operate as an electron-positron stor-
age ring taking data on the time-like form factors of protons and neutrons. DADNE is a
multi-bunch machine, with up to a maximum of 120 bunches, with single bunch design
luminosity of 4 x 10*0¢cm—2sec—1. While the presently attained luminosity is below project
design, as it is operating with 30 <+ 50 bunches circulating with single bunch luminosity
slightly less than 10%°, work is in progress to improve it. There are two interaction regions
planned at DA®NE and three experiments to share the two interaction regions. In Novem-
ber 1999 the luminosity at the K-Long Observation Experiment (KLOE) site has reached
a maximum vatue of 4 x 100 em~2 sec™! and the total integrated luminosity delivered
to KLOE has been 8 nb~'. The machine has also been made to operate with collisions
in the second interaction region where the atomic physics detector DA®NE Exotic Atom
Research (DEAR) will soon be taking data. Later, in the year 2000, the nuclear physics
detector FINUDA, which will study hypernuclei formation and decay, will be installed.

~ The physics spectrum reacheable at DA®NE has been investigated in-detail in the Sec- -
ond DA®NE Physics Handbook(2]. We show in Table 1 the number of events expected
at DA®NE at full luminosity in the main channels of interest. We see that the DAONE

Table 1. Main ¢-decay modes and Branching Ratioes at DASNE at L = 5 x 10*2em™2sec™"

physics program can be divided into three main areas of interest with some further sub-

division, i.e. :

[ decay channel | branching ratio | events in 1 yj
K K~ 49% 1.1 x 107
KK} 34% 7.5 x 10°

pr + 7wt 16% 3.4 x 107
N+ 1.3% 2.8 x 108
0+ 1.2 x 1074

Jo,a0 v <1x107?

e K-Physics from eTe™ — ¢ — Ky K¢, Kt K~ with studies of

CP-violation in correlated K-meson pairs

CP-violation in given K-decays

low energy QCD phenomena in K-decays, like in K3 and Kyq.
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e Meson Spectroscopy from ete™ — VM with V = T pw and M =7,n,1, fo, ap.

e Inclusive production ete™ — X with X = hadrons or X = ¥ + hadrons.

1 K-physics
1.1 CP-violation in the K-system

The main reason for constructing DA®NE had been the study of direct CP-violation
in K-decays. There are two possible sources of CP-violation in the neutral Kaon system,

1. Kaon-mixing K% < KO characterized by the parameter ¢ ~ 103

2. weak decays of Kaons into pairs of pions of definite isospin, characterized by the
much smaller parameter ¢

Although € and ¢ are both non-zero in the Standard Model, with ¢’ very small due to near
zero cancellations between some strong and weak interaction matrix elements, the guestion
has arisen in the past as to whether there are other sources of CP-violation, outside the
SM predictions, and hence the great interest in the measurement of these parameters!3].
During the last year, the experimental value for the ratio ¢ /€ has stabilized around a world
average of (2.12 £ 0.46) x 10~3[4], with theoretical expectations[5-8] oscillating between
10~2 and 10~. For the central values the Rome[5] and Munich|[6] groups find values below
1073, An enhancement is found by the Trieste[7] and Dortmund-Frascati(8] groups leading
to central values of order 10~%, Recently, in ref.[9] an enhancement of ¢ /€ has also been
observed due to final state interactions.

Can KLOE add anything to the present situation? The special gquantum state config-
uration and experimental setup can give a measurement of the double ratio

AL - ) [AKs ), 1) 1)

riy 4
R(e'/e) 6 (’ A(Kp — 7070} /A(Kg — 7070)

resulting in an independent way to test the reached agreement between the FermiLab and
CERN measurements. Eventually other interesting effects will play a role, as in the case
of the interferometry{10] measurements, although the precision in this case would not be
as good as in the case of the double ratio.

From the theoretical point of view, the present knowledge of the hadronic matrix el
ements does not reach the precision required to extract information on physics beyond
the Standard Model at present machines, What is required is a substantial improvement
in the precision of our description of low energy hadronic interactions. Such improvement
can in part come from precise measurements of a number of K-decays, as we shall discuss
in the next section.

1.2 Hadronic physics and K-decays

The list of interesting physics items includes the rare K-decays. Whereas the very rare
ones, with B.R. of the order 107® or 102 are not in easy reach, I shall discuss here
the more accessible and very interesting Kps and Ky processes[l1], i.e. Kt — 7%ty or
K° — 7= ¢ty with B.R. of order 10~2 and K — mmfv with B.R. of order 105, and with
£ = e,u. Kys-decays can be expressed through two form factors, corresponding to the
S and P-wave projection of the matrix elements, both of which are predicted by Chiral
Perturbation theory (ChPT). A linear expansion of these two form factors is characterized
by the two slope parameters Ay and \g. K ;;’“ allows for a determination of A+ (terms in
Ao are proportional to m§ and hence negligible in Kes-decays). Chiral perturbation theory
predictions relate the slope parameters to the radius of the K system, and through this
to the charged radius of the pion. There is not much controversy here and the expected
agreement with ChPT expectations is being confirmed through large statistic experiments
like E785[12]. and the expected measurements at DA®NE .
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Next in the KLOE list of interesting K-decays is Ky4. since it provides one of the
cleanest ways to measure the mr system at threshold and hence the scattering lengths.
Other ways to study the w7 system at threshold are provided by «# N — walV through
the One Particle Exchange process and the study of the pionic atoms{13}, whereupon the
decay width of pionium into neutral pions is proportional to the quantity a8 —adl?. Apart
from the present measurements of the Ky decays by E865 at BNL, the most extensive
measurements of this quantity come from the Rosselet experiment[14], whose data for the
7m phase shift difference 6§ — 67 are shown in Fig. 1 in comparison with predictions by
ChPTI15] and expectations from Generalized CHPT186].
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Figure. 1. Comparison between data

and theoretical expectations in ChPT. Figure. 2. Data from Crystal Ball[17]

and theoretical predictions.

It should be noticed that a complementary source of information on the wm system at
threshold, and thus to the S-wave scattering lengths, comes from the unitarity related pro-
cess vy — V0. Predictions for this cross-section are also given by ChPT and are shown in
Fig. 2. The curves correspond to one loop|18] O(p*) (dashes) and two loop result[19]0(p°)
(full), as well as to a dispersive analysis[20] with ag = 0.2 (band). To measure yy — 7’7

near threshold with a precision better than what is already available, DA®NE and the

KLOE detector are an excellent possibility. There is no immediate program io perform
this experiment at DA®NE , but a feasibility study[21] has shown its capabilities.

2 Meson Spectroscopy through radiative ¢-decays

With branching ratioes ranging from 1072 to 107 and beyond, the radiative decays of ¢
into scalar and pseudoscalar mesons offer a very promising field of investigation at DA®NE
in the near future. For what concerns the pseudoscalar mesons, from the simultaneous
measurement of the decays ¢ — v «¥,m, 7 one can get information on the quark content
and on the decay constants of these mesons. Neglecting, in first approximation, the gluon
contribution, the quark content can be obtained from the ratio|22]

D(¢ =) _ (mé = Ty 5 Yt \2 (@)
T{p —ny) ‘mi—mi i

where gy is the strange quark content. A high precision measurement of these decays,
with error smaller than a few percent, may shed light on the mixing angle in the decay
constants[23,24] and the energy dependence of the mass mixing angle[25]. an interesting
possibility given the fact that, in the pseudoscalar nonet, the mass range is a factor 10 in
the masses and 100 in the squares.

The radiative ¢ decays include the poorly known decays of the ¢ into the scalar sector,
i.e. ¢ — Sv. There are two well established members of the nonet, ag (980) and fo(975)
but there are also the following questions to which DA®NE could provide an answer :

o where is the ninth partner?
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Table 2. Radiative ¢ decays into scalar mesons

Structure | B.R. for ¢ — fo(975) | Structure RatiO:%%:'—,}%
9994 O(107%) KK ~ 1
88 O(10~%) (n3)(fs) ~ 1
KK less than 107° (ns)(7is) ~ 9
gluon gluon less than 10™° (n)(s3) | structure dependent

e what exactly is the quark content of a(980) and f, (975)?
e is the broad (400 — 1200} part of this system?
s is there any gluonic content of these states?

Different possibilities exists for the scalar states, discussed in[26], i.e. ¢4 or qqdj states,
and the latter in various diquark combinations, K&K molecule or gluon gluon state, as
suggested recently by J. Ellis, H. Fujii and D. Kharzeev[27], who find that the mixing
between the quark-antiquark and the glueball components is strong, even close to maximal,
Table 2 from[28] shows some predictions for the decay rates and ratios of branching ratioes.
Presently measured values[29] for the branching ratio ¢ — foy seem to exclude[30] the
simplest possibility, i.e. the ¢7 structure.

The measurement of these radiative decays is affected by large backgrounds from initial
and final state radiation. However such backgrounds can also contain interesting informa-
tion, as we shall try to show in the next section.

3 Inclusive cross-section measurements and (g — 2),,

'The inclusive cross-section ete™ — hadrons is of special importance to particle physics
as it probes the structure of the vacuum polarization tensor down to the lowest energies
in the hadronic domain. This cross-section is related to the hadronic contribution to the
anomalous magnetic moment of the muon ay = 1/2(g — 2),, through the well known sum
rule,

vac—pol e ds
Gy = m2 Tete——rhadrons (S)K(S)';' (3)

where K(s) is a monoticaly decreasing function of s. A similar relation holds for Aa(5)(Mz),
the contribution from the five light quarks to the running of agrp. Because of the present
lack of theoretical precision in the low energy hadronic regime, these sum rules provide the
most precise way to evaluate the hadronic contribution to the vacuum polarization graph
and thus to the comparison between theoretical expectations and the precisions measure-
ment[31,32] of (g — 2),,(33], provided the error on the measurement of the cross-sections
in the above integrals is small enough. It must be emphasized that present possibilities
of extracting information from the SM precision measurements at LEP and at BNL[32]
are limited by the error which comes from the above integral and the analogous one for
Aa(5){(Mz).
A theoretical estimate of @, in units of 10~ gives[34]

al? =116 591 596 + 67 (4)

with the result coming from a number of different contributions. The largest part of the
error comes from the hadronic part, and the above result includes the analysis[35] from
T-lepton decays. In[36] this error is larger and the overall estimate is

QED Weak had
& ay @,

a = 116584 705.6 + 2.9+ 154 £ 4+ 6967 £ 119

An energy scan around the p at DA®NE could reduce the error to the desirable 10+20% of
the electroweak contribution[37]. However, since there are no short term plans for DA®NE
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Table 3. DA®NE Physics spectrum

| /8 in MeV 5001000 | 1020 1100+ 1500 |
CP/CPT €fe
K-decays up to
precision 1078 = 107°
nn ¢ —n.1
physics
T ¢ — KK
phase-ghifts K — evmm
Scalar and ¢ — ao/ foy p,w(1450)
Pseudoscalar
meson structure — 1y = (puyyy i = el
Light Vector VMD and the g§ content
MESOIS ChPT refined of ¢, w
Higher decay width
Vector Mesons mass parameters
Scalar Glueballs ¢ — ao/ fory

Tiotal = ete”
and hadronic
contribution

to (g — 2)u

presently most of
the error (60%)
comes from here

5% of the error

15%

to have collisions outside the ¢ peak, an alternative proposal[38] has been put forward and
is been examined for its feasibility, i.e. that of triggering on Initial State Bremsstrahlung
to tune the energy of the hadronic system and access c.an. energies below the ¢ through
the process ete~ — 7y + X. Presently the theoretical and phenomenological effort[39] is
concentrated on the determination of the p excitation curve and the two pion final state.

As a conclusion, Table 3 shows the physics spectrum which can be studied at DA®NE
in the next 5 year.
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Abstract

We report on the current status of the search for the hypothetical 7NN resonance
d’ with I(J¥) = even(0~) and M = 2.06 GeV in the pionic double charge exchange, the
7 photoproduction off the deuteron and in the 27 production in pp collisions.

The d’ hypothesis

Recently the existence of a narrow, NN-decoupled 7NN resonance, called d’, has been
proposed[1] to explain the peculiar resonance-like behavior of the pionic double charge
exchange (DCX) reaction (7*+,7~) on nuclei at pion energies below the A resonance. From
the analysis of these DCX data the parameters of d’' have been deduced to be m = 2.06
GeV, Tynr = 0.5 MeV and I(J¥) = even (07). From the small width it was concluded
that this resonance is NN-decoupled, hence the isospin should be even. A major critique on
this interpretation was that the DCX reaction takes place on nuclei, where subtle, not yet
understood medium effects cannot be excluded unambiguously as a possible alternative
reason. To meet this critique, we have carried out a series of different and alternative
experiments:

1. Extension of our systematic DCX studies to closed-shell and to light nuclei, in particular
10 non-analog transitions, where conventional mechanisms are expected to give particularly
small cross sections.

2. Study of the reaction vd — d' — #%pn, the photoproduction on the deuteron, which has the
advantage of being a resonance reaction on a simple system[2]. At resonance energy E, =
200 MeV we expect a resonance cross section of og = 0.1 — 1 ub. This has to be compared
with the corresponding lz-production cross sections at this energy. The #° channel was
chosen because the quasifree or incoherent photoproduction of neutral pions, d{~,7%)np has
a smaller cross section (= 15 ub) than the production of charged pions (x 120 ub - 160 1b).
A further background reaction in the n°-channel is the coherent 7°-photoproduction with a
cross section of & 35 ub. The total cross section for background reactions in the #®-channel
is therefore oy (7,7°) & 50 ub, which is at least a factor of 50 larger than the expected
cross section for d’-formation. A high statistics measurement of the n? photoproduction
thus enables a search for d’ in the photoproduction. Based on these considerations first
measurements have been carried out with the TAPS-setup at MAML

3. Investigation of the 2 production in pp collisions according to pp — d'r™ = pprn—xt, where
the NN-decoupled resonance d’ could be produced hadronically in an elementary reaction.
The d' contribution there has been estimated[3,4] to be in the order of (3 — 10}% of the
conventional 27 cross section at 750 MeV, i.e. about 40MeV above d’ threshold. In case of
I=0 the &' should show up only in the invariant-mass spectrum M-, whereas in case of
1=2 the resonance would appear both in Mppy- and in Mppr+. The 27 production has been
measured with the PROMICE/WASA detector at the CELSIUS storage ring.
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Figure. 1. Energy dependence of the forward angle cross sections for nonanalog GSTs. As examples
the transitions on "Li[5], 90, “°Cal6] and ®*NbJ[7] are shown. The data for Ty > 100 MeV are from
LAMPF, the others are from PSI. The dashed lines indicate a phenomenological representation of
the AA process, whereas the solid lines show the result, if the d’ formation amplitude is added.

The DCX reaction on nuclei

The DCX measurements have been carried out with the LEPS spectrometer at PSL
Fig. 1 shows our results on "Li, %0, “0Ca and 9Nb for the forward angle cross section,
together with the LAMPF-data at higher energies. In all cases the broad structure due to
the excitation of the A-resonance is accompanied by a narrow, very pronounced peak at
low energies, which is very well accounted for by the d’ hypothesis. This structure is also
observed in our most recent measurements on "Li, which constitutes the lightest nucleus,
where the DCX can proceed to a quasi-binary final state with "By s. being already proton
instable. Inasmuch as the o-core can be considered as a spectator, this measurement
constitutes already the observation of the d’ signature in a 3N-system.

So far no conventional reaction model can consistently describe the resonance-like struc-
ture in the energy excitation functions systematically observed in the DOX reaction at low
energies. The most recent conventional calculations, which have been performed for the
Ca-isotopes 424448Ca, can reproduce a peak-like structure at low energies[8]. For these
cases however, d’ calculations using realistic values for the collision damping (spreading
width) show that the expected d’ effect is very small[9). So far no conventional calculations
are available for angular distributions and for the DCX reaction on nuclei like 160 or 400,
where data of much higher statistics are available and also the d’ effects are much larger.

To minimize the influence of the nuclear medium DCX reactions on 34He, which are
the lightest nuclei where DCX is possible, have been studied by the CHAOS collaboration
at TRIUMF (see contribution by R. Tacik to this conference).

“supported by the BMBF under contract 06 TU 886, by the DAAD (313/5) and by the DFG (Mu 705/3,
Graduiertenkolleg and SFB 201
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Figure. 3. Preliminary result for the upper limit at 90% C.L. (solid curve) for the production of a
narrow resonance in the #NN system in the 7°-photoproduction on the deuteron. The data points
show the difference of the measured total cross section and a 4th order polynomial fit to the data
as function of energy.

n%-Photoproduction on the Deuteron

A measurement of coherent and incoherent 7° photoproduction off the deuteron with
tagged photons from 7° threshold up to the A region was performed with the TAPS
detector together with the Glasgow tagger at MAMI (see figure 2). This experiment was
very successful regarding conventional aspects: Integral and differential cross sections over
the full angular range have been obtained, giving coherent and incoherent production cross
sections which exhibit very different angle and energy dependences[10]. Considering the
gsearch for &’ however, this experiment has to be considered as a feasibility study only,
gince the integrated luminosity in the experiment was too small.

With the tagger resolution of AE, ~ 1MeV an upper limit of 2 — 4ub - MeV (90%
C.1.) for the production of such resonances in this reaction can be deduced (see figure 3).
Though these are the first stringent limits for dibaryon resonances in this reaction, they
are still above the expected d’ production cross section which has been estimated to be
smaller than 1 ub[2].
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27 Production in Proton-Proton-Collisions

In addition to the d’ search, the 27 production in pp collisions has a number of very
interesting aspects, in particular close to threshold. One aspect 18 the possibility to study
the 7 interaction in detail. In cases where a bound nuclear system is formed in the exit
channel there is the well documented ABCJ11] effect, a long-standing problem not yet
understood satisfactorily. For the basic reaction, the 27 production in pp collisions with
its threshold at T, = 600 MeV, there exist no or only low-statistics data in the interesting
energy region below T;, = 800 MeV — in particular there exist no exclusive measurements,

In order to obtain detailed information about the 27 production process and to search
for the d’ resonance outside the nuclear medium exclusive measurements of the reaction
PP —+ ppr 7~ have been carried out at the CELSIUS storage ring of the The Svedberg
Laboratory in Uppsala with the WASA/PROMICE setup{12]. Contributions of the d’
production to this reaction via pp — d'rt = ppr¥a— should show up as a small peak
in the missing mass spectruin MM+ if the beam energy is above the d’ threshold of
Tp = 713 MeV.

The data from the 1995 run at Ty = 750 MeV do exhibit such a small narrow structure
near 2.06 GeV above the continuum of the conventional 27 production process, as expected
from the d’ hypothesis[13]. The analysis of control reactions (single pion production) has
as of yet not given any evidence for a major detector deficiency as a possible origin of this
structure[14]. In order to confirm the observed structure and to clarify its possible nature,
further measurements of the 27 production have been carried out. The analysis of these
data is still in progress; at present the new data are in agreement with the published ones.

From the measurements at Tp = 650, 725 and 750 MeV total cross sections for the
reaction pp — ppm 7~ have been extracted (see Fig. 4). The data have been extrapolated
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Figure. 4. Energy excitation function of the total cross section for the Teaction pp = pprta.
Shown are preliminary results of the WASA /PROMICE measurements in comparison with data
from{15](e},[16](0),[17](x),[18](A) and theoretical calculations from Ref.[19] with (dashed) and
without (solid) pp FSI. The dotted curve is an arbitrarily normalized phase space calculation.

to 47 acceptance assuming a pure phase space distribution. The luminosity has been
determined with the simultaneously measured pp elastic data normalized to the SAID
parametrisation[20]. The resulting total cross sections for 27 production are significantly
smaller than the ones of Dakhno et al.[15] from the Leningrad Institute of Nuclear Physics.
However, their data are based on quasifree pd bubble chamber measurements, not taking
into account important corrections like the Fermi momenta of the involved nucleons in the
d target when extracting the pp — ppr™ 7~ cross sections. The Fermi correction will shift
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Figure. 5. The WASA detector at the CELSIUS storage ring.

their data points to higher energies by ~ 50 MeV, considerably reducing the discrepancy
with other measurements. The systematic trend of the data is well described by a recent
theoretical calculation[19], provided that pp FSI are not taken into account. From the
knowledge of the total cross section and under the agsumption of a d’ contribution of
7%[13] it is possible to estimate a d’ production cross section of ~ 100 nb in the reaction
pp — pprt 7w~ at 750 MeV. We note that this value is much smaller than the upper limit
deduced recently in an inclusive measurement at ITEP{22].

Summary and -Outlook ... .

In this paper a large body of data obtained from experiments devoted to the search for
the dibaryon candidate d’ has been presented. Despite these efforts we can not yet draw
a conclusion about the existence or non-existence of d’. A statistically significant signal
has been found in the DCX reaction on nuclei to discrete final states. This signature
is in agreement with a formation of d'. However, such an interpretation is not accepted
unequivocally since it suffers from the uncertainty with respect to the influcence of medium
effects. Further experiments on light systems have been performed to search for d'. Results
from the 7° photoproduction on deuterium with TAPS at MAMI have been presented,
where upper limits for the d’ production cross section in the range of 2 —4 ub- MeV (90%
C.L.) could be obtained — still significantly above the predicted production cross section.

Concerning the 2 production in pp collisions a first measurement with the PROMICE/-
WASA detector at the CELSIUS storage ring yielded a promising result with an excess
of events at 2.06 GeV in the ppm~ invariant mass spectrum. Further measurements with
the aim of reproducing and confirming this result have been performed. The analysis is
still going on. Because of detector calibration problems the analysis is very complex and
time consuming. To overcome these problems and to improve on these experiments, the
reaction not only has to be measured in a kinematically complete way (by detecting three
of the four particles in the exit channel), but with a maximum of overconstraints. That
ig, all four particles in the exit channel have to be measured, requiring a detector with
an acceptance close to 4x. At CELSIUS the construction of such a detector, the WASA
detector, has just been finished with its inauguration having taken place during the recent
PANIC'99 conference (see figure 5 and[21]). In addition the upgrade of the TOF detector
at COSY at the FZ Jiilich with a central calorimeter will provide an alternative possibility
to perform kinematically overdetermined measurements to the d’ problem.
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DCX Experiments and the Search for the d’
with the CHAOS Detector at TRIUMF

R. Tacik for The CHAQOS Collaboration
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T 2A8

Abstract

The CHAOS Collaboration at TRIUMF has carried out several experiments inves-
tigating the pionic double charge exchange (DCX) reactions on *He and 4He. Measure-
ments have been made of inclusive total cross sections, as well as for semi-exclusive
channels. The data have been analyzed searching for a signal of the hypothetical d'
dibaryon. These analyses indicate that any d' contribution to the DCX reactlons is
not as large as had been originally predicted.

Introduction

A narrow NN decoupled dibaryon, called the d’, has been suggested as the explanation
for the peculiar behavior of nuclear pionic double charge exchange (DCX) to discrete final
states[l]. For a wide range of nuclear targets, the excitation function of the forward an-
gle DCX cross section shows a resonance-like peak around 50 MeV. In order to minimize
possible nuclear structure effects, the CHAOS Collaboration at TRIUMF has investigated
the DCX reaction and searched for evidence for the d’ using the lightest possible nuclear
targets, the 3:4He isotopes. We have performed two inclusive and two semi-exchisive mea-
gurements, which are discussed below. All the experiments were performed at TRIUMF on
the M11 channel using the CHAOS spectrometer. For a status report on other d' searches,
see the contribution of R. Bilger to this conference.

CHAOS consists of a cylindrical dipole magnet which produces a vertical magnetic
field. Four concentric cylindrical wire chambers surround the centre of the magnet, where
scattering targets can be located. The wire chambers are enclosed by a concentric cylin-
drical array of scintillation counters and Pb-glass detectors. CHAOS has full 360° angular
acceptance in the horizontal plane, and +7° acceptance out-of-plane. It features good en-
ergy resolution, good particle detection capabilities, a flexible and sophisticated multi-level
hardware trigger system, and can withstand high incident beam rates. More details can
be found in Ref.[2].

E725: The Inclusive ‘He(r*,s~) Reaction

In this experiment we measured the energy dependence of the 4He (rT,7~) total cross
sections. The total cross sections were determined by extrapolating the differential distribu-
tions (d%c/dQdp) measured with CHAOS. The well known 4He (7T, nT) elastic scattering
cross sections[3] were also measured and used for normalization. The liquid ‘He target
used for the measurements was constructed at the University of Regina and TRIUMF.
Data were taken at 70, 80, 90, 100, 115, and 130 MeV.

The main motivation for this experiment comes from the fact that following DCX on
4He, we are left with four identical protons in the final state. These cannot all be in
relative £ = 0, and thus calculations based on conventional mechanisms all predict small
DCX crogs sections near threshold, which increase slowly and smoothly with increasing
energy. On the other hand, predictions based on the ¢’ mechanism([4] show a sharp rise in
the DCX cross section just above the d’ threshold.

Results for this experiment have already been presented at MENU 97, and have been
published by Griiter et al.[5]. Briefly, there appears to be a ‘shoulder’ in the data at ~
00 — 100 MeV, which is not present in conventional calculations based on the sequential
single charge exchange (SSCX) mechanism. This shoulder is reproduced if the predicted
contribution for d production is added to the cross section calculated with an on-shell
Monte Carlo model of the conventional mechanism. This result supports the d’ hypothesis,
but does not constitute a proof of its existence.
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E719: The Semi-Exclusive 4He‘(7r+_,1r‘pp)pp Reaction

The motivation for this experiment was the same as for E725, but with an emphasis on
searching for direct rather than indirect evidence for the &', If the reaction proceeds via
the two step mechanism 7 +*He— d'pp — 7~ pppp, then a signature of the d would be a
peak in the 7~ pp invariant mass spectrum.

The are several complications which made this a difficult experiment to perform. Since
the protons emerging from the reaction have low energies, we couldn’t use a liquid *He
target, and employed instead a helium gas target at STP, filling the inner volume of the
first CHAOS wire chamber. Even 80, most protons did not reach the outer wire chamber or
CHAOS trigger scintillators, and had to be reconstructed from short tracks. In addition,
there is a large combinatorial background due to the detection of ‘spectator’ protons rather
that the ones which come from the &' decay.

Measurements were performed at incident 7 kinetic energies of 105 and 115 MeV.
Since the d' contribution to the DCX cross section is predicted to be largest near the d’
threshold, one might have expected that it would have been preferable to take data at
lower energies. However, simulations showed that the 77pp invariant mass distribution
from the conventional nonresonant process looked very similar to the expected spectrum
for d’ production for energies less than about 30 MeV above the d' threshold.

The invariant mass spectra constructed from the momenta of the detected 7~ and
protons are shown in Fig. 1[6]. The data points are shown with statistical error bars. The
golid line represents the results of an on-shell Monte Carlo model of the conventional 8§CX
mechanism. The dashed line shows the d' model prediction. Both these curves represent
the ‘best fit’ to the data. The dotted curve represents five-body phase space. To avoid
confusion with the other curves, this line has not be fitted to the data. For the 115 MeV
data, no ¢ contribution was required in the best fit, but a d' contribution of 42% was
allowed at a 90% confidence level. The 105 MeV data required a 23% d' coutribution in
the best fit.
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Fig. 1. Invariant mass histograms con-
structed from the 7~ and two protons
It 2N g detected in E719. Solid line: SSCX
2020 2040 2060 2080 omg model; dashed line: o' model; dotted
Invariant mass M, [MeV/c?] line: phase space. Taken from Ref.[6]

The invariant mass distribution can also be determined using the 7~ and the recon-
structed momenta of two protons which were not detected. The results for this case are
shown in Fig. 2[6]. The various line types represent the same models as in Fig. 1. As for
Fig. 1., the SSCX model appears to adequately explain the data at both energies. For the
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105 MeV data, no d' contribution is required for the best fit, and up to 62% at the 90%
confidence level.
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E785(a): The Semi-Exclusive *He(r™, 77 n)nn Reaction

As for E719, in this experiment we looked for direct evidence for the d'. If the reaction

“proceeds via d' production and decay; i.e. 7~ 3He- d'n — wTnnn, then the intermediate. .

state is a two-body system, and the neutron recoiling against the d' should be monoener-
getic at a given angle. -

Along with the possibility of obtaining a much cleaner signal for the existence of the
d', this experiment has several additional advantages over E719. The combinatorial back-
ground, due in this case to the detection of one of the neutrons from d' decay rather
than the one from the two-body intermediate state, is lower. A liquid target can be used.
Meagsurements can be performed at incident pion energies close to the d' threshold, where
predicted cross sections are large.

A disadvantage comes from the increase in complexity and loss of solid angle coverage
due to the operation of an external neutron detector in addition to CHAOS. In this
experiment, the outgoing n+ was detected in CHAOS, and served as a tag for the DCX
reaction. Neutrons were detected in coincidence in a time-of-flight (tof) array. The array
consisted of two layers. Each layer was composed of seven bars of plastic scintillator. Each
bar had dimensions 15 x 15 x 105 cm®. The front face of the front layer was 350 cm from
the centre of CHAQS. Three large plastic scintillator paddles positioned in front of the
array were used to veto charged particles.

Measurements were taken at two angular settings of the neutron detector at an incident
7~ energy of 75 MeV, and one angular setting at 65 MeV. A schematic diagram of the
top view of the experimental arrangement is given in Fig. 3. This figure shows the nentron
array in its forward-angle position, where the bulk of the experimental data were taken.
Emphasis was placed on forward angles because the angular distribution of neutrons from
the analogous n~3He— dn reaction is forward peaked. This known reaction[7], with the
deuteron detected in CHAOS and the neutron detected in the tof array, was used to
monitor the experiment.
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*He(m™,m*n)nn

Fig. 3. Schematic scale view of the experimental set-up for E785.

Preliminary results for the neutron tof spectrum measured with T,- = 75 MeV at Gy, =~
11° are given in Fig. 4. The data are represented by the solid histograms and are repeated
three times to facilitate comparison with model predictions. The model predictions are
represented by the dashed histograms, and the curves shown are ‘best fit’ ones. The upper
plot in Fig. 4 shows the comparison with the predictions of a conventional sequential
single charge exchange model. The comparison with the ¢’ model, which predicts a sharp
peak above a smooth background, is shown in the middle plot. The lower plot shows the
comparison with four-body phase space, which assumes that all three nucleons in He
participate in the DCX reaction. Clearly, the data do not favour the ¢’ model. The best
description of the data is provided by a combination of the four-body phase space and
SSCX curves.
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E785(b): The Inclusive *He(#x~,7t) Reaction

Total cross sections for the 3He(n~, 71) reaction were measured during a relatively short
part of the beam period devoted to measurements of the semi-exclusive SHe(n—,ntn)
reaction. The same University of Regina/TRIUMF liquid helium target was used as in
E725, but modified to condense 3He rather than “He. The motivation for the measurement
was similar and complementary to that for E725. Prior to this experiment, there were no
data for DCX on 3He below 120 MeV. As for E72b, total cross sections were determined
by extrapolating measured d?c/dQdp differential distributions. Data were obtained at 65,
70, 75, 80, 90, 100, and 120 MeV.

Results are shown in Fig. 5[8]. The solid curve in this figure represents the results of
an on-shell Monte Carlo model of the conventional SSCX mechanism. The dashed curve
represents the original prediction based on the d’ model[4]. The data clearly lie far below
the prediction. However, it has been pointed out{8] that the original prediction ignored
the possibility of ‘collision damping’. That is, rather than decay, d’ — NN, the d', once
formed, may disappear via the d N — NNN reaction. Accounting for ‘collision damping’
reduces the prediction of the d' contribution to the total DCX cross section considerably.
The dash-dotted curve in Fig. 5 shows the results of the d’ calculation including the
estimated effect of this process. The dotted line in Fig. 5 is the incoherent sum of the
calculations represented by the solid and dash-dotted curves.
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Naturally, the ‘collision damping’ effect should also affect the predictions for the DCX
on 4He, which were measured in E725. The new predictions are shown in Fig. 6[8]. Here,
the solid curve represents the results of an on-shell Monte Carlo model of the conventional
SSCX mechanism, the dashed curve the d' calculation using a Gaussian “He wave func-
tion[4] without ‘collision damping’, and the dot-dashed curve the d' calculation for the
Gaussian “He wave function with ‘collision damping’. The dotted line is the incoherent
sum of the conventional calculation and the d' calculation with ‘collision damping’.
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Summary

The measured total cross sections for DCX on *He show some structure and seemed
to support the d' hypothesis. However, the two experiments which should have provided
direct evidence for the &', “He(n*, 7~ pp) and 3He(r—, 7+ n), did not reveal as large a signal
as had been originally predicted. Nor did the measured total cross sections on *He. It has
now been realized that the original predictions overestimated the o' contribution to DCX
because they ignored the possibility of ‘collision damping’, i.e. N — NNN.

The conventional SSCX model provides a qualitative description of much of the DCX
data, but does not describe the *He(nt,7) total cross sections. Nor does it provide a
quantitative description of the pion momentum distributions for either *He(r*,n™) or
the *He(n~, 77) reaction. Regardless of the existence of the ¢’ , the CHAOS experiments
extend the world data base for the DCX reaction at low energies down to the lightest
nuclei. It is hoped that the present work will motivate efforts to develop a, microscopic
theory which will ultimately lead to a good understanding of the underlying reaction
mechanism.
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Abstract

The PROMICE/WASA collaboration has studied # and 7 meson production in
nucleon-nucleon collisions near threshold using the CELSIUS ring at the The Svedberg
Laboratory, Uppsala. Some of the reaction channels are measured for the first time in
any detail. The results are presented together with an outlook.

INTRODUCTION

The study of meson production in light ion collisions has regained interest over re-

cent years. The reason is that, for the first time, high quality data are now available for
practically all relevant reaction channels in the threshold region. One objective of these
measurements is the study of the reaction mechanism. The interpretation of the data is
facilitated by the fact that only the lowest partial waves contribute near threshold. There
are also relatively high momentum transfers involved, so that the relevant length scale
for 7 production in N-N reactions is of the order 0.5 fm, which is a region where the two
nucleons overlap. There is therefore the prospect of learning something about the short-
range part of the N-N interaction in these reactions. In addition, the low relative velocities
between the final state particles makes the final state interaction (FSI) important. This is
a source for information about low energy meson-nucleon interactions.
Meson production near threshold is a main topic for the experimental programme at the
CELSIUS ring at the The Svedberg Laboratory in Uppsala. This paper reviews results
obtained by the PROMICE/WASA collaboration at CELSIUS on 7 and 17 meson produc-
tion in proton-nucleon collisions. Results from 27 production are presented by R. Bilger
in these proceedings.

.~ THE PROMICE/WASA EXPERIMENT
The Experimental Method

The PROMICE/WASA (PW) experiment was designed to study meson production in
the threshold region. It has the capability of measuring both photons and charged particles
and a cross section of the set-up in the horizontal plane is shown in Fig. 1. The apparatus
has two main constituents, viz. a Forward Detector (FD) and a Central Detector (CD).
The forward detector has essentially full acceptance for charged particles emitted in an
angular range between 4 and 21°. Its main components are a tracker (FPC), used for
precise particle track reconstruction, a scintillator hodoscope for triggering and fast pixel
determination (FHD), and a scintillator range hodoscope for energy measurements (FRH).
The FD ig complemented by a hodoscope (FVH) at the rear, to register penetrating par-
ticles, and four scintillators near the scattering chamber (FWC) for trigger purposes. The
CD is made from two arrays of CsI(Na) crystals arranged in 7x8 matrices (CEC). In front
of each array there are scintillators for charged particle identification/rejection (CDE).
More details on the PW experimental set-up can be found in Ref.[l]. Additionally, the
CELSIUS magnets in the quadrant following the experimental set-up have been used as a
spectrometer to detect charged reaction products emitted near zero degrees.

The experiments were performed using a cluster-jet target, giving a typical target density
of 10" atoms/cm?, and a circulating beam of a few times 1019 protons. This provides

luminosities of the order of 5% 10%° cm?s~*.

*http://www.tsl.uu.se/wasa
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Fig. 1. The PROMICE/WASA experi-
ment.

The pp — ppr® Reaction

Pion production in N — N collisions near threshold was believed to be well under-
stood for a long time assuming a reaction mechanism with a direct emission term {Born
term), together with pion (on-shell) rescattering[2]. It came therefore as a surprise that
this theory underpredicted the pp — ppr® cross section by a factor of five[3] when high
quality data became avaliable from IUCF[4,5]. The magnitude of the cross section has sub-
sequently been verified by the PW experiment[6] and which extended the data down to
a CM excess energy, Qum, ( Qem = V5—m final )» Of 0.5 MeV. The data are shown in Fig. 2.
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Two different mechanisms have been proposed to counter this deficiency, viz. the in-
clusion of heavy meson exchanges, i.e. short-range physics, and off-shell pion rescattering.
Both of them are likely important and more theoretical work is needed for an understand-
ing of this reaction. A review of the theoretical approaches can be found in Ref.[7].

The only surviving production amplitude at threshold corresponds to the transition
8Py — 1Sy, where the standard 25+1L; notation is used for the pp system, with the
lower case letter denoting the angular momentum of the meson. Such a transition would
lead to isotropic angular distributions but an analysis of a high statistics experiment|[8]
undertaken at Qo= 14 MeV (T, = 310 MeV) shows a clear anisotropy in the nl-angular
distribution as demonstrated in Fig. 2a. :

We have used a phenomenological description of the differential distributions for the
acceptance corrections and taken the unpolarised matrix element to be of the form

M7 = 47+ |20 (4B 4 182K cot 0, + 0P L 4 10PEL g, ()
,U,2 ‘U,4 " #’2 u4 p




104

g

200

L a) 2,88 MeV < Q,p < B25 MeV b)
400+
. M = 150 N . ; .
£ s00f ] O < 255 N
g | L1001
Chal % 0,825 MeV . S
o L = v 0
100k 50}
O L 1 1 i 1 0 1 L i 1 1
- -0.5 0 05 i 0.0 02 0.4 0.6 0.8 1.0
cosf;, cos’0,

Fig. 3. a) Differential cross section for the pp — ppr® cross section at Qem = 14 MeV as a function
of the cosine of the pion production angle in the overall CM system[8]. The solid line correspond
to the the parametrisation of Eq. (1). b) The same data as in (a) as a function of c0s%8 in three
bins of excitation energy of the final state pp pair, Qpp- The open and closed symbols correspond
to data in the two hemispheres.

The momentum of pion in the overall CM system is denoted by k, 2¢ is the relative
momentum in the final two-proton system, and p is the reduced mass in the final state.
6, is the polar angle of the 0 in the overall CM system, and @y, that of the pp relative
momentum. The amplitude A corresponds to an admixture of the dominant 3Py = Sy s
and the 3P, — Spd transitions and B to the transition 3p, — 153d. The effect of
the proton-proton final state interaction has been taken into account by & multiplicative
factor Fygi(g) calculated from the Paris wave function[9]. Agreement with the observed
pion angular distribution is only found with B = (1.2 £ 0.2)A, showing that pion d-waves
cannot be neglected even this close to threshold. The k* dependence of the s—d interference
term suggests that the angular asymmetry should increase with decreasing relative proton
moments. This-is illustrated.in Fig. 3b, where. the pion angular distribution is plotted in
three intervals of relative proton momenta. The data clearly follow this trend and there is
good agreement with the parametrisation of the amplitudes (solid lines). These findings
are in agreement with data from RNCP{10]. Work is now in progress within the PW
collaboration to analyse differential cross sections with high statistics using data taken at
several energies between Qcm = 14 MeV and 67 MeV.

n production in pN collisions

In contrast to the pion case,  production near threshold is believed to be dominated by
an S-wave resonance, the N*(1535)S1;. Theoretical calculations for this process are gener-
ally based on the one-boson-exchange model[11] and, although similar in spirit, they differ
significantly in their assumptions of the relative importance of different meson exchanges.
Therefore data are needed from different channels to clarify the situation. In addition, the
presence of the N*(1535) should influence the observables near threshold, where S-waves
dominate, and give rise to a strongly attractive 7N FSI. Tt has in fact been suggested that
this interaction might be strong enough for quasi-bound states to be formed already for
the two-nucleon system{12-14].

The total cross section of the pp — ppn reaction, which is a pure isospin-one channel,
has been measured by the PW collaboration in a similar fashion to the m° experiment([15].
These data are shown in Fig. 4 (open circles) together with data from SATURNE (open
diamonds)[16-18] and COSY (open triangles)[19,20]. It is worth mentioning that, unlike
the 70 case, these data do not follow the shape of phase space modified by the pp FSI,
demonstrating the importance of the n/N FSL
To learn more about the  production process one should study the isospin-zero channel.
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The pn channel is a mixture of I = 0 and [ = 1, but previous data in this area have been
very limited([21,22]). With the PW set-up it was possible, for the first time, to isolate the
exclusive pp and pn quasi-free reaction channels by using a deuterium gas-jet target[23—
25]. The excitation energy for these reactions could be extracted by exploiting the Fermi
momentum of the target nucleon, which affects the CM energy on a event-by-event basis,
staying at one fixed beam energy. The resulting quasi-free cross sections for the 2P — poy,
pn — pnn and pn — dy reactions are shown in Fig. 4. The quasi-free pp — pp7 data {(open
squares) show quite good agreement with the free cross section, giving confidence in the
analysis method. The energy dependence of the pn — pnn and pp — ppn cross sections are
very similar, but with the former being approximately 6.5 larger. This ratio shows that
the I = 0 cross section is substantially larger than the I = 1 and points to the importance
of isovector exchanges in these processes(25]. The fact that the dny channel dominates over
the pnn one for @, < 60 MeV can be understood from phase space argument.
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It is interesting to investigate the cross section very close to threshold in more de-
tail since this is the region where effects from FSI are the most important. The insert
in Fig. 4 shows the ratio between the the experimental pn — dn cross section and the
expectation from the two-body phase space. A relative enhancement of the cross section
when approaching the threshold is observed, which is typical for a strong and attractive
FSI. Whether this reflects presence of a quasi-bound state, or merely a large nd scattering
length remains to be seen.

Differential cross sections have only been been extracted for the pp — ppn reaction at
Qem = 16 MeV and 37 MeV[26]. The n angular distribution at Qem = 37 MeV in Fig, 5a
shows a negative cos?§ behaviour, indicating the presence of d-waves at this energy. The
solid line corresponds to a parametrisation similar to Eq. (1). No significant deviation
from isotropy was observed at Qem = 16 MeV. A similar behaviour is observed for the 5
angular distributions in the yp — pn reaction{27]. Adopting the idea of vector dominance
for photoproduction, this point to the importance of p-exchange in these processes. The
importance of pp FSI is clearly manifested in the 7 kinetic energy distribution in Fig. 5b.
It is strongly shifted towards higher energies with respect to phase space (dashed line).
This is a consequence of the strong and attractive FSI between the protons in the 1S
configuration, which enhances the number of events where the # recoils against protons
with low relative momenta.
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Fig. 5. Differential cross sections for the pp — ppn in the CM system|26]. a) The n angular
distribution at Qem = 37 MeV. The dashed curve represents isotropic emission and the solid curve
includes a cos®@ dependence (see Eq. (1)). b) The 7 kinetic energy distribution at Rem = 16 MeV.
The dashed curve represents phase space distribution whereas the solid line includes the pp FSI.

CONCLUSIONS AND OUTLOOK

Light meson production has been studied in proton-nucleon collisions at the CELSIUS
cooler /storage ring by the PROMICE/WASA collaboration. The results include several
new findings.

o Non-isotropic meson angular distributions are seen for both the pp — ppr’® and the
pp — ppn reactions, showing an early onset of d-waves.

o The excitation functions for the pn — pnn, dn reactions have been measured for the
first time. The pn — pny cross section is approximately 6.5 times higher than that
for pp — ppn, showing the dominance of the isospin zero channel.

e The very near threshold data on the quasi-free pn — dn reaction shows experimental

support for a strong and attractive 7N interaction. SR
To learn more one should measure differential cross sections in detail and the first steps
have been taken for the pp -+ ppr® and pp — ppn reactions by the PW collaboration. A
high acceptance over all the phase space is important for such studies and the PW set-up
had limitations in this respect. A new detector system with very high acceptance, WASA
4rr, has been designed[28] and is presently being commissioned at the CELSIUS ring. This
will allow for unprecedented measurements of differential cross sections as well as rare
reactions and meson decays.
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Working group summary: 7N sigma term
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Abstract

Several new theoretical and experimental developements concerning the determi-
nation of the nucleon sigma term are presented and discussed.

INTRODUCTION

The denomination “sigma term” stands, in a generic way, for the contribution of the
quark masses m, to the mass M), of a hadronic state |h(p) >. According to the Feynman-
Hellmann theorem [1], one has the exact result (the notation does not explicitly take into
account the spin degrees of freedom)

oM}
omy

In practice, and in the case of the light quark flavours g = u,d, s, one tries to perform a
chiral expansion of the matrix element of the scalar density appearing on the right-hand
side of this formula. In the case of the pion, for instance, one may use soft-pion techniques
to obtain the well-known result [2] (here and in what follows, O(M™) stands for corrections
of order M™ modulo powers of In M)

= < h(p){(g)(0}|R(p}) > - (1)

aM:? < §q >g aM2
Bm: = — 2 + O(1y, My Ms) g = U, d, and Bm:
where < g >o denotes the single flavour light-quark condensate in the SU(3)L x SU(3)r
chiral limit, while F, stands for the corresponding value of the pion decay constant Fr =
92.4 MeV. _
~Inthe case of the nucleon, the sigma term is defined in an analogous way, as the value at
sero momentum transter ¢ = o(f = 0) of the scalar form factor of the nucleon (¢ = (p"- p)?;
M= (my + ma)/2),

= 0+ O(my, ma,ms), (2)

@ urlplo) = o < N+ H)OINE) > Q
and contains, in principle, information on the quark mass dependence of the nucleon mass
M. Most theoretical evaluations of the nucleon sigma term consider the isospin symmetric
limit m,, = mg, but this is not required by the definition (3).

Another quantity of particular interest in this ‘context is the relative amount of the
nucleon mass contributed by the strange quarks of the sea,

< N@)E)OING) >
< N(p)|(Tu + dd){(0){N(p) >

Large-N, considerations (Zweig rule) would lead one to expect that y is small, not exceed-
ing ~ 30%. The ratio y can be related, via the sigma term and the strange to non-strange
quark mass ratio, to the nucleon matrix element of the SU(3)y breaking part of the strong
hamiltonian, .

y=2

(4)

o1 — 1) (% - ) - Eﬂir_N < N(&)|(me — ) (@u + 3d — ) O)IN() >.  (5)

For the standard scenario of a strong < gq >¢ condensate, ms/7h ~ 25, the evaluation of
the product o(1 —y) in the chiral expansion gives ~ 26 MeV at order O(mg) [3], ~35£5
MeV at order O(m’/?) [3,4], and ~ 36 £ 7 MeV at order O(mZ) [5].

*Work supported in part by TMR, EC-contract No. ERBFMRX-CT980166 (EURODAFPHNE).
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THE NUCLEON SIGMA TERM AND 7N SCATTERING

Although the nucleon sigma term is a weli-defined QCD observable, there is, un-
fortunately, no direct experimental access to it. A link with the mN cross section (for
the notation, we refer the reader to Refs. [6,7)) at the unphysical Cheng-Daghen point,

T=FPtr=0,t= 2M?), is furnished by a very old low-energy theorem [8],
T =o(1+0(m}?). (6)
A more refined version of this statement [9] relates 3! and the form factor oft) at t = 2M2,
Y= 0(2M7) + Ap, (7)

where Ag = (D(mg). The size of the correction Ay, as estimated within the framework
of Heavy Baryon Chiral Perturbation Theory (HBChPT}), is small [10}, Ag < 2 MeV (an
earlier calculation to one-loop in the relativistic approach [11] gave Agr = 0.35 MeV).

In order to obtain information on o itself, one thus needs to pin down the difference
A; = o(2M2) ~ 0(0), and to perform an extrapolation of the 7NV scattering data from
the physical region ¢ < 0 to the Cheng-Dashen point, using the existing experimental
information and dispersion relations. The analysis of Refs. [12,13], using a dispersive rep-
resentation of the scalar form factor of the pion, gives the result A, = 15.2 + 0.4 MeV.
On the other hand, from the subthreshold expansion

D'v=0,t) = dfy +tdf; + - - (8)

one obtains X = Ty + Ap, with 5y = F2(df, + 2MZdf;), and Ap is the remainder, which
containg the contributions from the higher order terms in the expansion (8). In Ref. [13),
the value Ap = 11.9+0.6 MeV was obtained, so that the determination of o boils down to
the evaluation of the subthreshold parameters ddy and dJ;. Their values can in principle be
obtained from experimental data on 7N scattering, using forward dispersion relations 16,7]

dfy =D7(0,0) = D* (M, 0) + Tp(0), df; = B*(0,0) = B+ (3M,,0) + Ju(0),  (9)

where Jp(0) and Jg(0) stand for the corresponding forward dispersive integrals, while
the subtraction constants are expressed in terms of the /N coupling constant ¢, and of
the S- and P-wave scattering lengths as follows:

2

D (My,0) = 4n(1+2)ar, + 328 _ B (i;,0) = 6x(1+2)af, - —I2NT"__ (10)
’ 0+ Mo (4 - 22) ’ It MR (2 - g)2

The dispersive integrals 7p(0) and Jg(0) are evaluated using 7V scattering data, which
exist only above a certain energy, and their extrapolation to the low-energy region using
dispersive methods. In the analysis of Ref. [7], the two scatering lengths af, and o], are
kept as free parameters of the extrapolation procedure. In the Karlsruhe analysis, their
values were obtained from the iterative extrapolation procedure itself [6]. Using the partial
waves of [14,6], the authors of Ref. [7] obtain the following simple representation of a
and dg; (with o, { = 0,1, in units of M2,

dp = —1.492+ 14.6(af, +0.010) — 0.4(af, ~ 0.133),
dg; = 1.138+0.003(af, + 0.010) + 20.8(af, ~ 0.133). (11)

This leads then to a value o ~ 45 MeV, corresponding to y ~ 0.2 [12]. Further details of
this analysis can be found in Refs. [15,16].
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THEORETICAL ASPECTS
In the framework of chiral perturbation theory, the sigma term has an expansion of the
form
o~ S oMt (12)
n>1

The first two terms of this expansion were computed in the framework of the non-
relativistic HBChPT in Ref. [17],

9%
" G4AnF2 (18)

"The determination of the low-energy constant c;, which appears also in the chiral expansion
of the TN scattering amplitude, is crucial for the evaluation of 0. Earlier attempts, which
extracted the value of ¢; from fits to the 7N amplitude extrapolated to the threshold
region using the phase-shifts of Refs. [14,6], obtained rather large values, o ~ 59 MeV [18)
(c; = —0.94 & 0.06 GeV~1), or even o ~ 70 MeV [19] (o = -1.23 +0.16 GeV™l), as
compared to the result of Ref. {12].

The threshold region in the case of elastic #V might however correspond to energies
which are already too highy in order to make these determinations of ¢; stable as far
as higher order chiral corrections are concerned. A new determination of ¢;, obtained
by matching the O(¢®>) HBChPT expansion of the 7N amplitude inside the Mandelstam
triangle with the dispersive extrapolation of the data leads to a smaller value [20,21],
g = —0.81 £0.15 GeV1, corresponding to o ~ 40 MeV. It remains however to be
checked that higher order corrections do not substancially modify this result. Let us men-
tion in this respect that the higher order contribution o3 (which contains a non-analytic
O(M2n M, /My) piece) in the expansion (12) has been computed in the context of the
manifestly Lorentz-invariant baryon chiral perturbation theory in Ref. [22], (see also [23]).
Once the expression of the 7N amplitude is also known with the same accuracy [23], a
much better control over the chiral perturbation evaluation of o should be reached.

Finally, let us also mention that the results quoted above were based on the 7N phase-
shifts obtained by the Karlsruhe group [6]. Using instead the SP99 phase-ghifts of the
VPI/GW group, the authors of Ref. {20] obtain a very different result, ¢; ~ =3 GeV 1,
which leads to ¢ ~ 200 MeV. Needless to say that the consequences of this last result
(y ~ 0.8) would be rather difficult to accept.

o1 = —4c1, o3 =

EXPERIMENTAL DEVELOPEMENTS

We next turn to the discussion of several new experimental results which have some
bearing on the value of the nucleon sigma term. All pumerical values quoted below use
M, = 139.57 MeV and F, = 92.4 MeV.

Let us start with the influence of the scattering length ag, on the value of the sub-
threshold parameter djy, using Eq. (11) and af, = 0.133M°. The first line of Table 1
gives the result obtained from the value of the phase-shift analysis of Ref. [6]. In the second
line of Table 1, we show the value reported at this conference [24] and obtained from the
data on pionic hydrogen, 103M, x af, = 1.6 £ 1.3. The analysis of Loisean et al. [25]
consists in extracting the combinations of scattering lengths a,-p £ a-, from the value of
pion deuteron scattering length a,—; obtained from the measurement of the strong inter-
action width and lifetime of the 1S level of the pionic deuterium atom {26,27]. Assuming
charge exchange symmetry (@y+p = az-p), they find 103M; x ag, = -2+ 1 (third line of

Table 1). Another determination of ag. . is also possible using the GMO sum rule (we use
here the form presented in [25], with the value of the total cross section dispersive integral

J— = —1.083(25), expressed in mb and a,-,, ag, expressed in units of M 1
g2y /4 = —4.50J 7 +103.3 ap-p — 103307 (14)

Using the value a,-, = 0.0883 = 0.0008 obtained by [25] and the determination g,y =

13.51 + 12 from the Uppsala charge exchange np scattering data [28], one obtains af, =
~0.005 < 0.003. The resulting effect on £y is shown on the fourth line of Table 1.
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Table 1. df, for different values of the scattering length af, .

ag, x 10° M, | F2d3, (MeV) | AT, (MeV)
KH]6] -9.7 ~91.0 0
A, [24 +2+1 —80+ 1 +11
A - q[25] -2:41 —8441 +7
grN[28]4+GMO ~-5+3 ~87+ 3 +4

Several new determinations of the 7V coupling constant g,n have also been reported
at this meeting, with values which differ from the “canonical” value obtained long ago [6).
Since most of these recent determinations do not result from a complete partial-wave
analysis of 7 — N scattering data, we can only compare the effect of variations in the value
of grv on the subtraction terms (10). The results are shown in Tables 2 and 3, respectively.
Again, we take the value of [6] as reference point, and show the resulting changes for the
value gry = 13.73 £ 0.07 from the latest VPI/GW analysis {29]. For comparison, we have
also included the determination of [25], using the published data on the 7—d atom [27]
combined with the GMO sum rule (14), as well as the value determined from the Uppsala

charge exchange np scattering data {28]. The repercussion on T)-+(M,r, 0) is negligible in

all cases shown in Table 2, whereas in the case of (My,0), the largest effect comes from
the rather low value of g obtained by the VPI/GW analysis.

Table 2. The subtraction constant W(M,r, 0) of Eq. (10) for different values of the # N coupling
constant, and for fixed value of the scattering length af, x 10*M, = —9.7.

g2y/ar | FZD"(M,,0) (MeV) | A%, (MeV)
KH 143£0.2 0.53 0
VPI/GW[29] | 13.73 £ 0.07 0.16 ~0.37
A, +GMO[25] | 14.2+0.2 0.46 Z0.07
Uppsala[28] | 14.52 + 0.26 0.67 0.14

Table 3. The subtraction constant ?(M,,,O) of Eq. {10) for different values of the # N coupling
constant, and for fixed value of the scattering length o x 10°M3 = 133.

giy/An | F2ET (M,,0) (MeV) | AT, (MeV)
KH 143402 105 0
VPI/GW[29] | 13.73 £ 0.07 108 +6
A, +GMO[25] | 142402 105 +1
Uppsala[28] | 14.52 + 0.26 104 )

Finally, we have summarized the various results in Table 4, where now the complete
results for the determination of the dispersive integrals Jp and Jg have beem included
where possible, i.e. in the case of the KH [6,7] and of the VPI/GW [30,29] analyses (see
also Table 1 in [30]). The corresponding values of £ are given in the last column of Table
4. The analysis of the VPI/GW group increases the value of the sigma term by more than
25%, as compared to the value extracted from the KH phase-shift analysis. This would lead
to a value of y ~ 0.5, which is rather difficult to understand theoretically. It should also be
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noticed that this large difference is due for a large part to the value dff; = (1.27+0.03) M3
(including a shift in the value of the scattering length a7, , which by itself accounts for half

of the difference between KH and VPI/GW in the dj; contribution in Table 4) as quoted
by the VPI/GW group and obtained from fixed-¢ dispersion relation. A similar analysis,
but based on so-called interior dispersion relation (see for instance [31} and references
therein), yields a much smaller value, d; = 1.18M;2 [32], which lowers the VPI/GW
value of X4 in Table 4 by 10 MeV. It remains therefore difficult to assess the size of
the error bars that should be assigned to the numbers given above. Also, the VPI/GW
phase-shifts have sometimes been criticized as far as the implementation of theoretical
constraints (analyticity properties) is concerned (see for instance [33]). Furthermore, the
issue of having a coherent 7N data base remains a crucial aspect of the problem. The
VPI/GW partial wave analyses include data posterior to the analyses of the Karlsruhe
group, but which are not always mutually consistent (see e.g. [16] and references therein).
Hopefully, new experiments (see [34]), will help in solving the existing discrepancies.

Table 4. Comparison of the values of the subthreshold parameters dgy and d; according to differ-
ences in the input discussed in the text.

F2dj, (MeV) | 2M2F2df; (MeV) | 4 (MeV)
KH -89.4 139.2 50
VIP/GW][30] -77.3 155.2 50 +12+16
A3+ GMO[25] -83 - 50+6
Uppsala[28] -86 — 50+3.5

Finally, it should be stressed that the above discussion is by no means a substitute for a
more elaborate analysis, along the lines of Ref. [7], for instance (see also [31] and [30]). Such
a task would have been far beyond the competences of the present author, at least within
a reasonable amount of time and of work. Nevertheless, very useful discussions with G.
Héhler, M. Pavan, M. Sainio and J. Stahov greatly improved the author’s understanding of
this delicate subject. The author also thanks R. Badertscher and the organizing committee
for this very pleasant and lively meeting in Zuoz.
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#nN scattering inside the Mandelstam Triangle and the Sigma Term

P. Biittiker*
Institut fir Kernphysik (Theorie), Forschungszentrum Jilich, D-52425 Jilich, Germany

Abstract:

Pion-nucleon scattering has been studied in great detail in heavy baryon chiral
perturbation theory to third order. In this fraiie, the o-term o(0) seems to be in
contradiction to the experimental data the chiral analysis is based on. We show that
this is due to an unsuitable chosen fitting procedure in the chiral calculation. Improving
the latter, we find o(0) ~ 40 MeV, being in reasortable agreement with the underlying
data.

INTRODUCTION

A detailed understanding of 7N scattering at low energies allows for precise tests of
chiral QCD dynamics. This process has been investigated to third order in heavy baryon
chiral perturbation theory (HBChP'T) by several groups[1-3]. To tree and one-loop order
four and five so called low energy constants (LECs), respectively, enter the calculation
and most of the quantities of interest, for example the o-term, depend on these constants.
They are not fixed by chiral symmetry, and therefore experimental data must be used to
pin them down.

In previous publications, (sub)threshold parameters and the phase shifts of the lowest
paxtial waves, e.g. of the Karlsruhe group (KA84)[4], have been used to fix the LECs. While
most of the resulting chiral predictions are in good agreement with the dispersive results
of the Karlsruhe group, the chiral value for the o-term, ¢(0) = 73 MeV|[3] deviates quiet
substantially from the dispersive prediction, o{0} ~ 44 MeV[5], although both analysis
are based on the data of the Karlsruhe group. It was assumed that one of the reasons
for the disagreement is that an order ¢® calculation is not sufficient for determining the
o-term. Of course higher order calculations should improve the predictions. However, this
is not the main reason for the deviation: in ChPT, the quantities of interest are expanded
in terms of (small) quark masses and small external momenta. This, in turn, means that
“the most reliable chiral predictions are obtained for s,¢ and u lying in some region inside
the Mandelstam triangle, see Fig. 1. Therefore any matching of HBChPT with “external”
information should be done in this region, rather than in one of the physical regions, as
it was done before. Since it is an unphysical domain of the Mandelstam plane, there is no
direct access by experimental data. However, by using dispersion relations, this problem
can be circumvented. This is done in this work[6]. First, using data from phase shift
analysis, we reconstruct the pion-nucleon scatiering amplitudes inside the Mandelstam
triangle. We then use the chiral third order amplitudes constructed in[3] to determine the
LECs under consideration by requiring agreemerit with the dispersive amplitudes inside
the Mandelstam triangle, yielding, among others, a more reliable chiral prediction for the
o-term. Obtained the LECs this way, a comparisox of chiral results with the experimental
data in one of the physical sectors can then be regarded as a test for the range of validity
in energy of HBChPT.

#IN DISPERSION RELATIONS

The first step is to construct the amplitudes inside the Mandelstam triangle. This
triangle is bounded by the three lines s = (M + m)% u = (M + m)? and t = 4M?, see
Fig. 1. Using unitarity, analyticity, and crossing, one can write down dispersion relations
for the invariant amplitudes{7]. While it is clear that unsubtracted dispersion relations are
valid for A~ and B¥, it is still an open question if this holds for A*, too[8]. To avoid
problems related to this question, we prefer to work with a subtracted relation for AT,
A™*(0,%) being the subtraction function,

*Work supported in part by DFG under contract no. ME 86-'1-»15/ 1.
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u~channel s-channel

N

Figure. 1. Mandelstam plane. The Mandelstam triangle is the inside of the thick lines. The shaded
region ingide the triangle is the region we fitted the chiral amplitude.
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with v = (8 —u)/(4m), vipr = M +t/(4m), vp = (t —2M?%)/(4m}, M and m the pion and
the nucleon mass, respectively, and '

72 g (ﬁ)z ~ 0.079. (2)

= 4r \2m

The only input for the dispersion relations are, apart from masses and the coupling
constant, the imaginary parts of the invariant amplitudes and the subtraction function
AT(0,t). The firsts are approximated by a partial wave representation, using the S- to
K-waves of KA84. The latter is determined by solving the subtracted dispersion relation
for A*(0, ), approximating the real part of the amplitude in the same way it was done for
the imaginary part, and finally averaging the obtained subtraction functions over phys-
ical values for v. We remark that the subtraction function fulfills the Adler consistency
condition, .

A+(V203t==M2;q?:0,q‘§'=M2)“g,,,;; (3)
within one percent (see Fig. 2). Since physical pions do not have vanishing four-momenta,
one expects a deviation from this relation of the order of M2/(4nF)* = 1.5%.

CHIRAL AMPLITUDES INSIDE THE MANDELSTAM TRIANGLE

In heavy baryon chiral perturbation theory, it is common to work with the non-spin-flip
and the spin-flip amplitudes g*(w,t) and h*(w,t) (here as functions of the cm energy w
instead of ) rather than with the invariant amplitudes,

C4Aﬁ:(w, t) ~ CgBi(w,t) (@)
C1Cs — CoCs '

gi(w:t) =
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Figure. 2. The subtraction function A*(r = 0,t).

—C3A% (w,1) + C1 B (w, )
+ _ 3 H 1 1
P (w,1) = C1Cy — CoC4 ’

(5)

where C; are functions of w and ¢.
As mentioned above, these amplitudes depend on the LECs. An example, the countert-
erm amplitude g%, is given below,

o = =
¢ mF?

[40? — ab® +4] + % [~geM? + 200 + 22 - 8)],  (6)

and the o-term can be written as
gngrNMs

== —_— 2 —
o(0) 40 M | 6 fi_ﬂ_'m2

+ O(M*), (7)

with the LECs ¢, ¢2, ¢35 and the pion decay constant F'. Similar expressions hold for the

other amplitudes. It is known that the strict heavy baryon limit tends to modify the ana-
Iytical structure of the 7N amplitudes, but these effects can be dealt with by subtracting
from the amplitudes the Born terms. This procedure is not arbitrary since it is common
in pion-nucleon physics to work with this kind of amplitudes to avoid the rapid variations
in the kinematical variables due to the Born terms.

MATCHING OF THE CHIRAL AND THE DISPERSIVE AMPLITUDES

For the reasons mentioned above, we compare the chiral amplitudes with their dispersive
counterparts in some small region inside the Mandelstam triangle. More precisely, we
concentrate on two regions. The first one is centered around the point v = ¢ = 0 whereas

Table 1. The dimension two LECs ¢1,2,3,4 in GeV~! from our determination based on the KA84
phaase shifts compared to previous ones using also information from #N scattering in the physical
region and the o—term.

Our fit Ref.[1] Ref.[2] Ref.[3] (Fit 1)
—0.81 +£0.12 | —0.93 +0.10 | ~0.94+0.06 | ~1.23+0.16
8.43 + 56.9 3.34+0.20 | 3.20+0.10 3.28+0.23
~-4.70+1.16 | =5.29 £0.25 | —5.40 £ 0.06 | —5.94+0.09
3.40 + 0.04 3.63+0.10 | 3.47+£0.06 3.47+£0.05

B o b il D

the second region in centered around v = 0,t = 2M2/3. Combining the two fits, we find
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the values for the LECS ¢y, ¢, ¢3 and ¢, as given in Tab. 1. The errors given for our values
of the ¢;’s are purely the ones obtained by the x*-fitting routine. Note that our value for
¢y is essentially undetermined. The reason for that is that in the amplitude ¢, which
is small, the LECs ¢; and ¢3 are weighted with factors of M2, whereas the term ~ sy
is proportional to w? (to leading order in the 1 /m) and this quantity is suppressed by a
factor of 10 compared to M? in the region around the center of the Mandelstam triangle.

The value for ¢, is of special interest here, as it determines a(0), see eq. 7. Using
our value for ¢;, we find o(0) ~ 40 MeV. This has to be compared with the dispersion
theoretical analysis ofl5], of which we believe that it gives the most trustworthy value of
the o-term, 0(0) = (44 = 8 £ 7) MeV, and with the earlier chiral predictions o(0) = 50
MeV[1], 59 MeV|[2], and 73 MeV[3], respectively, lending further credit to our procedure
of fixing the LECs.

SUMMARY

In HBCHPT the quantities of interest are expanded in terms of quark masses and small
external momenta, and so the most reliable chiral results are obtained in an unphysical
region lying inside the Mandelstam triangle. Therefore, any comparison of HBChPT with
experimental data should be done in this domain and not in one of the physical regions.
Values of the scattering amplitudes for the Mandelstam variables lying inside the Man-
delstam triangle can be made available by the use of dispersion relations. By comparing
chiral and dispersive 7N amplitudes inside this triangle we obtain more reliable chiral
predictions for the guantities of interest, closing the gap between the dispersive and the
chiral result for the o-term.
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Abstract

A new result for the 7N sigma term from an updated 7N partial-wave and disper-
sion relation analysis of the Virginia Polytechnic Institute (now George Washington
University) group is discussed. Using a method similar to that of Gasser, Leutwyler,
Locher, and Sainio, we obtain ¥ =90+8 MeV (preliminary), in disagreement with the
canonical result 6448 MeV, but consistent with expectations based on new informa-
tion on the 7NN coupling constant, pionic atoms, and the A resonance width.

Introduction

The pion nucleon sigma term (X) continues to be a puzzle some thirty years after initial
attempts to determine it. The keen interest in X comes from the fact that it vanishes in the
magsless quark (chiral} limit of QCD, and becomes non-zero only for a non-zero light (up
or down) quark mass, so it is a crucial parameter in the understanding of chiral symmetry
breaking (see e.g. Refs.[1,2]). The nucleon’s strange quark content can be inferred from 3
(see e.g. Ref.[2]}, s0 ¥ is also relevant to quark confinement, not yet fully understood, since
one must understand the mechanism for accommodating strange quarks in an ostensibly
light quark object {3]. Thus X is a parameter of fundamental significance to low energy
QCD, making it crucial to obtain its value as precisely as possible. The canonical result
for ¥ =~ 64 MeV [4,5] implies a large nucleon strangeness content [2], and much effort has
been spent trying to understand that. This article outlines recent work of the (former)
Virginia-Polytechnic Institute (VPI), (now George Washington University (GWU)) group -
to extract the “experimental” value of the sigma term (X) from the =N scattering data as
part of ongoing N partial-wave (PWA) and dispersion relation (DR) analyses.

Experimental © Term

The “experimental” sigma term X is related to the «N isoscalar amplitude D™ (bar
signifies the pseudovector Born term is subtracted) at the “Cheng-Dashen point” [7]:

T =F2D*(v=0,t = 2m2) (1)

where F;;=92.4 MeV is the pion decay constant, v is the crossing energy variable, and # is
the four-momentum transfer. Since the Cheng-Dashen point lies outside the physical #N
scattering region, the experimental 7N amplitudes must be extrapolated in order to obtain
2. The most theoretically well-founded extrapolation approach is based on dispersion
relation (DR) analyses of the scattering amplitudes [5]. In the early 80°, the Karlsruhe-
Helsinki group performed extensive investigations into obtaining ¥ from 7N dispersion
relations [5]. The canonical result ¥ = 64 = 8 MeV was based on hyperbolic dispersion
relation [4] calculations using the groups’ 7N [8] and nx [5] phase shifts.

The only recent dispersion theoretic determinations have been by Sainio [6], based on
the method of Gasser, Leutwyler, Locher, and Sainio (GLLS)[Q] The method exploits the
fact that D*(¢) can be expressed as a power series in ¢ [5], the coefficients determined
from dispersion relation subtraction constants. The coefficients up to O(t), dj and dj;,
are determined from the forward C* and “derivative” E+ DRs, respectively. The smaller

*Present address: TREUMF, Vancouver, B.C. V6T-2A3 ; EMAIL: marcello.pavan@triumf.ca
tPresent affiliation: Dept. of Physics, The George Washmgton University, Washington, D.C. 20052
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Figure. 1. Left: Subtraction constant (“scattering length + pole”) and Born term in the forward
C* dispersion relation as a funetion of energy from our #N analysis SM99 ; Right: same, for the
Karlsruhe KA84 analysis [9]. This DR yields the coefficient dgy in Eqn. 2.

O(> t?) correction Ap ~12 MeV is determined employing 7NN phase shifts {15 MeV),
and A isobar exchange (-3 MeV) [2]. T is then expressed as:

T=F2(dfy+2m2 -d})) +Ap=5S,+Ap (2)

In the GLLS approach, the Karlsruhe KH80[8] or KA84[9] 7N phases shifts are used
as fired input above about T,=70 MeV, and the D and higher phases are used below the
cutoff as well in six forward dispersion relations (B*, C*, E%). By fitting the low energy
data, df, and dj; can be determined. Their result [2,6] was %y ~50 MeV, and Ap=12
MeV, leading to & ~ 62 MeV, in agreement with the Karlsruhe results [5,4]. However,
since the dispersion relations were constrained to be satisfied, the subtraction constants,
which are energy independent, must be the same at low energies where the data were fit
as at high energies where they were fired input. Therefore, £  could not have come out
significantly different than the Karlsruhe result. Nonetheless, this analysis provided a very
useful validation of the method. The technique has been criticized [10] since the E DR
is more sensitive to the higher partial waves than the other DRs, so it could be rather
uncertain due to uncertainty in the higher phases. What the GLLS analyses showed was
that this is in fact not the case, and the method can be used reliably to extract .

2, 2,

Cons = 1.7042 = 5.L + Pole

Cons = 1.8292 = Pole + §-L

giir= 13.73
E+ E+
gHn= 1430

1 1
5. T, (MeV] 605, 5. Ty, [MeV] 605,

Figure. 2. Left: Subtraction constant in the forward E* dispersion relation as a function of
energy from our 7N analysis SM99 ; Right: same, for the Karlsruhe KA84 analysis [9]. This DR
yields the coefficient dj; in Egn. 2.

Since the GLLS analyses simply demonstrated another method to get ; from the KH80
7N analysis, there have been no recent DR-based Sigma term analyses independent of the
results of the Karlsruhe group [5,4]. Consequently, our group has developed a version of
the GLLS technique as part of our own 7N partial-wave and dispersion relation analysis,
The method will be outlined in the following sections.

VPI/GW % Term Analysis Method

The VPI/GW 7N partial-wave and dispersion relation analysis is an ongoing project,
where new solutions are released when changes to the database and analysis method
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Figure. 3. Left: Subtraction constants in the fixed-t C't dispersion relation from our #N analysis
SM99 as a function of energy at three values of momentum transfer ¢ ; Right: same, for the
Karlsruhe KA84 analysis [9]. This DR yields the data points shown in Fig. 4 used to extract the
coefficients df; (Eqn. 2).

warrant [11]. Analysis details can be found in Ref.[12-14]. Presently, our partial-wave
analysis is constrained by the forward C*(w) and “derivative” E*{w) dispersion relations,
as well as the fixed-t B.(v,t) (“Hiiper” [5]) and C*(v,t) dispersion relations. These DRs
are constrained to be satisfied to within ~1% up to ~800 MeV. As our analysis extends
up to 2 GeV, the KHB80 [8] phases are used from 2 to 4 GeV in the dispersion integrals. A
4 GeV cutoff is sufficient for adequate convergence in the fixed-t B4 and C~ DR integrals,
however the B and C* DR integrals require a parameterization for the high energy parts.
After the report at MENU97 [13], we included the high energy parts of the latter DRs
using formulas from Ref.[5], resulting in much more satisfactory results.

Pion-nucleon dispersion relations depend on ¢ priori unknown constants including the
7NN coupling constant f2 and the subtraction constants (usually chosen to be scattering
lengths). Our analysis treats these constants as unknown parameters to be determined by
a best fit to data. In practice, for our work-in-progress “SM99”[11], the coupling f* and
the p-wave scattering volume aﬁ were searched, while the s-wave scattering lengths were
taken from the P.S.I. pionic hydrogen resulis{15]. We also insisted that the GMO sum rule
[16] be satisfied. ~

For every solution, the subthreshold coefficient ddy is calculated using the chosen pa-
rameter set and 7N phases from :

dly=Ki-af, + K3+ f*+ /dv’Kg(v’)ImD"‘(v’) (3)

where K; are kinematical factors, and a{f+ is the isoscalar s-wave scattering length. The
expression for cfa'l is analogous, involving instead the isoscalar p-wave volume aﬁ and
the amplitudes ET,B*, and C*. By noting how I, varies for solutions away from the
optimum, and fluctuations of the extracted constants with respect to energy, one obtains
an indication of the uncertainty. To determine the experimental sigma term 3, we use
Ap=12 MeV (see e.g. Ref.[6]), which is insensitive to the #IN partial wave input [2,17].

The fixed-t C* DR subtraction constants C* (v = 0,t) are equivalent to D+ (0,¢). Thus
the slope of these constants as a function of ¢ at =0 is d;}o +t - df;, so we have another
method to determine ;. Note that these subtraction constants are not fixed a priori in
the DR parameter search procedure (unlike e.g. f2), so this method of obtaining £, is
independent to the GLLS approach and a valuable consistency check.

Results and Discussion

Our solution “SM99” satisfies fixed-t and forward dispersion relations well (up to our
~800 MeV constraint limit), and the data (up to 2 GeV) are fit with y*/data point =
(2, 2, 2.5) for (n7,7~,CEX). Compared to the Karlsruhe KA84 solution[9], these same
dispersion relations are better satisfied (see Figs. 1, 2, 3), and the data much better fit
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| Solution | %g [MeV] = | “af, const. | Born | [D* T “af,” const. | Born | JET [
KA84 50 = -7 -+9 -91 +352 -142 | -72
SM99 78 = 1.5 +9 -88 4360 -136 | -69
difference 8=  +9 0 [ +3 | +8 +6 | +8

| Ezpectation 2ik6=1 83 | 0 | 5t5 | 0 +2 | 2+

Table 1. Comparison of X4 from the Karlsruhe solution KA84 [9] and our recent solution SM99
(values rounded). The change in the T subtraction constant (a[,';} term, the ET Born term, and
both integral terms are consistent with ezpectations from pionic atom data [15,18], a lower coupling
constant (f% ~ 0.0755) [19], and a narrower A resonance width. See text for details.

(x*/point = (4, 5, 3.5} for KA84). The PWA and DR solutions clearly favour a mNN

coupling constant f? = 0.0759 & 0.0004 (g% = 13.72+0.07) *, consistent with our recently
published solutions [12]. This value is compatible with most recent determinations{19] and
~5% below the canonical value 0.079 used in the KH80 and KA84 solutions

For the subthreshold coefficients from the GLLS method, we obtain djy= -1.2740.03
and dg; = 1.2740.03 m;"!, where the uncertainty is from the energy fluctuations only (see
Figs. 1 and 2). This implies 3 ~78 MeV (Eqn. 2), which is ~55% larger than the canonical
result 250 MeV (2,6,5]. As a check of our dispersion relation machinery, we inputed the
Karlsruhe KA84 [9] phases and reproduced their f2 and I, results exactly. Table 1 shows
a term by term comparison between SM99 and KA84 to analyze the differences.

Though the difference between the SM99 and KA84 %; values is surprisingly large, one
expects about 21 MeV of the difference from new information on pionic atoms, a lower
coupling constant, and a narrower A resonance width. The isoscalar scattering length
af, =~ —0.008 m;! for KA84 (and KH80), but analyses of recent PSI pionic hydrogen and
deuterium results yields ~ ~0.0015 [18] or ~ +0.002 [15]. Our analysis used the latter,
while the “expectation” in Table 1 assumes 0.000+0.003. A lower coupling constant around
f2 = 0.0755 =+ 0.0010 is favoured by most analyses[19] and this “expectation” contributes
+7 MeV in Table 1 from the E¥ Born term. The C* Born term does not change due
to a well know insensitivity to f2. And it is well known that the A resonance width is
too wide in KA84 (overshoots the total cross sections on the left wing), so since ImD™ is
proportional to the sum of the 77p and 7~ p total cross sections via the optical theorem,
one expects the DV integral contribution to decrease. Due to A region dominance of the ¢
DR, the A width and f? are correlated, and a ~ 5% decrease in f2 roughly corresponds to
a same decrease in the integrals, and this expectation is reflected in Table 1. A narrower
A also would reduce the ET DR integral, but possible changes in higher partial waves
make predictions less clear. So from rather general considerations, one ezpects a significant
increase from the canonical value for Y4 based on new experimental information. _

The result from the tangent of the C+(0,¢) subtraction constants at t=0 yields dhy=
-1.1540.03 and d; =1.2340.03, where the uncertainties reflect only the energy fluctuations
of the constants (see Fig. 3). This yields £,=80 MeV, consistent with our other determi-
nation. Figure 4 shows this result along with the tangent inferred from the forward ¢t
and E* DR analysis. The consistency is not perfect, and the slight differences in the dg:,
which are believed to be understood, are being studied further.

In summary, we have performed a new 7N partial wave and dispersion relation analysis,
from which we obtain X = 91+8 MeV using two different methods, about 27 MeV larger
than the canonical result 64+8 MeV from Ref.[4]. At first glance the result is indeed
surprising, but a large upward change is in fact ezpected based on new information on
ag, =2 0.000 from pionic hydrogen and deuterium [15,18], a lower 7NN coupling constant
f? ~ 0.0755[19], and a narrower A resonance width. Further study is planned to explore
systematic uncertainties and to resolve small inconsistencies. A new analysis based on the
the Karlsruhe methods{8,9] applied to the modern data is urged to check these findings.

*See our companion article on our f? determination in these proceedings for details [14]).
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Figure. 4. Tangent at ¢ = 0 (dashed line) of the SM99 C*(0,t) subtraction constants (solid
squares, which include r.m.s. errors), with tangent inferred from our forward C+ and Et DR
analysis overlayed (solid line). The slight discprepancy is understood and under investigation.
Nonetheless, both yield 4 =~ 79 MeV, and clearly inconsistent with the KA84 result ~ 50 MeV

[5,6].

Acknowledgements

We gratefully acknowledge a contract from Jefferson Lab under which this work was
done. The Thomas Jefferson National Accelerator Facility (Jefferson Lab) is operated by
the Southeastern Universities Research Association (SURA) under DOE contract DE-
ACO05-84ER40150. MMP thanks A. Badertscher and GWU for their support.

B =t

o G

(ST

13.

14.
15.
16.
17.
s B. Loiseau, et. al., these proceedings.

= w®oo

REFERENCES

J. Gasser, H. Leutwyler, Phys. Rep. 87 77 (1982)

J. Gasser, H. Leutwyler, M.P. Locher, M.E. Sainio. Phys. Lett. B213 85 (1988) ;
ibid , Phys. Lett. B253 252 (19912 ; ibid , Phys. Lett. B253 260 (1991)

R. Jaffe, private communication, 1998,

R. Koch, Z. Phys. C15 161 (1982}

G. Héhler, Pion Nucleon Scattering, Landolt-Bornstein, Vol.9 b2, ed. H. Schopper

(Springer, Berlin, 1983)

M.E. Sainio, Proceedings of 7*h International Symposium on Meson-Nucleon Physics

and the Structure of the Nucleon, {Universitit Karlsruhe, UCLA, 1997) eds. D.

Dreschsel, G. Hohler, W. Kluge, H. Leutwyler, B.M.K. Nefkens, H.-M. Staudenmaier,
. 144-149 ; and references therein.

IF.)P. Cheng and R. Dashen, Phys. Rev. Lett. 26 594 (1971}

R. Koch, E. Pietarinen, Nucl. Phys. A336 331 (1980)

R. Koch, Z. Phys. C29 597 (1984}3.

G. Hoéhler, private communication ; and remarks made during the meeting.

Recent solutions can be accessed via TELNET (or SSH) said.phys.vt.edu %username:

said) , or at http://said.phys.vt.edn/ .
R.A. Arndt, LI Strakovsky, R.L. Workman, M.M. Pavan, Phys. Rev. C52 2120 (1995}

: R.A. Arndt, R.L. Workman, M.M. Pavan, Phys. Rev. C49 2729 (1994).
M.M. Pavan and R.A. Arndt, Proceedings of 7h International Symposium on Meson-

Nucleon Physics and the Structure of the Nucleon, (Universitat Karlsruhe, UCLA,
1997) eds. D. Dreschsel, G. Hohler, W. Kluge, H. Leutwyler, B.M.K. Nefkens, H.-M.

Staudenmaier, pX. 165-169 ; and references therein.

M.M. Pavan, R.A. Arndt, R.L. Workman, I.I. Strakovsky, these proceedings.
H.J, Leisi, private communication, Oberjoch meeting, 1998.

M.L. Goldberger and S.B. Treiman, Phys. Rev. 110 1178 (1958)

M. Sainio, private communication.

J.J. deSwart, M.C.M. Rentmeester, and R.G.E. Timmermans, Proceedings of the 7
International Symposium on Meson-Nucleon Physics and the structure of the Nucleon
(Universitidt Karlsruhe, UCLA, 1997) eds. D. Drechsel, G. Hohler, W. Kluge, H.
Leutwyler, B.M.K. Nefkens, and H.-M. Staudenmaier, page 89.



123

Determinations of the n N Sigma Term
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Abstract

'The determination of ¥ from analytic continuations based on =N partial wave
solutions is discussed.

Introduction

A venerable low-energy theorem due to Brown et al.[1] relates the 7N sigma term o{0)
to the isoscalar invariant 7N scattering amplitude D*(v,t) at the Cheng-Dashen (’CD)
point v = 0, = 2m2:

Y= FIDT(0,2m2) = o(2m2) + Ap;  o(2m2) = a(0) + A,. (1)

Fr =924 MeV is the pion decay constant, the bar above D indicates that the PV Born
term has been subtracted. o(t) is the scalar nucleon form factor. According to Brown et
al. their low energy theorem has at the CD point an error of the order (m, /m)*, whereas
the error at other points is of the same order (m,/m)? as X.

The scalar form factor and the o-term have recently been recalculated from their new
version of Chiral Perturbation Theory by Becher and Leutwyler[2], where one can find
references to earlier work. In the following, we shall discuss attempts to determine X,
Eq.(1), from analytic continuations of the amplitude D*(, t) in the physical region.

The Method of Cheng and Dashen

"The authorsfl] used a fixed-t dispersion relation at ¢+ = 2m2. The problem of this
method is that, in the unphysical region, the Legendre Polynomials P, are rapidly increas-
ing as ¢ and £ are increasing. As a consequence, small partial waves for which only crude
estimates can be obtained from data, give substantial contributions at ¢ = 2m2.

Application of Subthreshold Coefficients

Since 1969 we have calculated from fixed-t dispersion relations and partial wave solu-
tions the coefficients of a subthreshold expansion of invariant nN amplitudes minus their

Born terms.
X(vt) = Z Tmn o 7, (2)
m,r

X denotes either crossing even amplitudes or crossing odd amplitudes divided by v =
w + t/(4m). w is the total pion energy in the Lab. &, is written e. g. di_ for the
amplitude DT (v, ).

DHut) =dfy +dfi t+dipp? + ... (3)

For a comparison with the literature, we mention the notation
T=3g+Ap;  Tg=Fdf+2midf). {4)

24 belongs to the linear approximation of D*(0,#) and Ap to the effect of the curvature,
which leads to the cusp at the pseudothreshold ¢ = 4m2,
The dispersion relation for D (v, 0) requires a subtraction, which can be carried out e.
g- at v = 0 or at threshold, where it can be expressed by the S-wave scattering length a™.
The difference is well determined, because it follows from a rapidly converging integral I+
over oy, dfy is related to a*t by (units m_1):
tot* 200 T

dgp=14.440% +1.88F2 -1+, It =147 (5)
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The dependence on f? is weak. The determinations of a* have not yet led to a generally
accepted value. With the preliminary result of Ericson et al.[3], which follows from the
n—d scattering length determined from the pionic deuterium experiment (a* = —0.0020)
the contribution to X reads

F2df = —1.8+9.1 — 89.9 = —82.6 MeV. (6)
If we add the result derived from KH80 (dj; = 1.14), we obtain
Tg= —82.6 + 139.4 ~ 57 MeV. (7)

In dj; the integral has a considerable uncertainty because the experimental information on
the slope of do/dt is poor. There is a large discrepancy between the data of Ref.[4], which
cover the t-range of interest for the slope but were measured only at a few energies, and
the Rutherford data for the whole of the angular range and many energies (see Fig. 6.2.10
in Ref.[5]. The largest experiment of the latter type was not published, only a preliminary
result is available[6]. If scattering volumes are introduced in Eq.(7), one should use realistic
values of their errors.

Continuation at fixed v =0

In order to determine the curvature and the cusp of the subtraction function DV(0,1)
at t = 4m2, we have evaluated a fixed-v dispersion relation at v = 0. ImD7(0,t) along
the cut from —oo to —4m m, & —0.52 GeV/c cannot be calculated. It is sufficient to use
the discrepancy method.

ImD*(0,t) along the cut from 4m2 to co was expressed in terms of the t-channel
partial waves I'm fg_(t) and Imf?(t), which were calculated in Ref.[7] and by R. Koch
from KH80 (Table in Ref.[5]). Contributions from large ¢ are included in the discrepancy.

Furthermore, the real amplitude D*(0,t) is known from fixed-t dispersion relations in
the range —0.52GeV? < ¢ < 0. The result of an evaluation with KH80 is given in Ref[5]
(p.291): & = (63 & 6) MeV) {only part of the uncertainty can be given). This result does
not yet include the new value for a™. Ap ~ 13 MeV.

D*(0,2m2) can be expressed in terms of & rapidly converging sum over t-channel-
partial waves (Ref.[5],p. 507).

The compatibility with the fixed-» calculation is not quite satisfactory. The corrections
applied by Gasser et al.[8] and further new results for the w7 S-wave should be taken into
account in a new calculation.

The subtraction function C(0,t) has a simple relation to f3(t) (Ref.[9])

c0,8) = 53720 - 2 [* tmCt a9 ®)

T
where z = mu/(p_ g}, vi = mg +t/(dm), p2 = m? — t/4, ¢ =mi - t/4.

Continuation along 50 hyperbolas

The use of subthreshold coefficients has the disadvantage that good data for an accurate
determination of the t-dependence near ¢ = 0 are not available. Therefore, R. Koch[10]
calculated analytic continuations along 50 hyperbolas, which pass the CD point. In the
s-channel region, these curves remain as far as possible within the physical range and
cover the whole of the angular region. The Lh. cut was evaluated with our 7w NN partial
waves|5] and the discrepancy method for large ¢.

Koch's result for © was 64 &= 8 MeV . The uncertainty is NOT the error, but it shows
the remarkably small deviation of KH80 from Mandelstam’s two-variable analyticity. The
total uncertainty is larger, but I am sure that nobody can give a reliable estimate.
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The Work of Gasser, Leutwyler, Locher and Sainio

These authors wanted to improve the results for £, derived from KH80 and other partial
wave solutions by taking into account new meson factory data below 185 MeV/c[8). A first
update did not lead to a significant change of I, but new calculations of the t-dependence
of the scalar form factor led to an important change of the theoretical value for %{8,2].

Several further updates were made by M. Sainio. In Ref.[11] he mentioned that calcu-
lations with the VPI amplitude SM95 led to a value of 334 which is only slightly higher
than the earlier result in contrast to much larger increases reported by the VPI group.

Continuations using Interior Dispersion Relations

Dispersion relations along hyperbolas in the Mandelstam plane at constant scattering
scattering angle (lab.) in the physical region also have the advantage that the nearby
part of the Lh. cut can be evaluated from t-channel partial waves[12]. T follows from the
hyperbola through the CD point. This point belongs to the parameters

2
m, o
s=m? ¢* = ~m? {1 - 4,,,{,,’2] = 0.994m2, B, = 90.3°, (9)

If the Lh. cut is treated by the discrepancy method[13], the accuracy of the result is
poor because of the nearby singularities at ¢ = 4m2 and ¢t = 3.98m2. J. Stahov has
calculated not only the hyperbola through the CD point but also many others in order to
get information on the amplitude in regions, which cannot reached by the subthreshold
expansion[12], but by predictions from chiral perturbation theory.

Continuation of the s-channel S-wave

Ericson[14] started from the fact that at the CD point the scattering angle in the c.m.
frame also is near to 90°. Therefore, it is expected that the S-wave is dominant and the
P-wave is strongly suppressed. So he attempted to continue the S-wave from the physical
region to the CD point.

However, he did not notice that the continuation leads to a point very near to the
‘circle cut’ singularity in the s-plane, so it has an unknown error. The only reliable way
to calculate continuations of s-channel partial waves is the exact partial wave projection
of the fixed-t dispersion relation[15].

A continuation of the s-channel S-wave was also attempted in Ref.{16]. The authors
introduced for each S- and P-wave a potential with 4 adjustable parameters which were
fitted to mN data below 70 MeV. They mentioned in their paper that the unknown model
error is not included, so the method cannot compete with dispersive calculations.

Application of the VPI Method of Arndt et al.

The method and its shortcomings are described in my plenary talk. The determina-
tion of X4{17] is closely related to that in our papers in 1971. Because the experimental
information on the slope do/dt at ¢ = 0 is poor even nowadays, R. Koch's method[10] is
clearly preferable, because the partial waves are used in the full angular range and KH80
has analyticity constraints up to the backward direction.

The Extended Tree Model

This model[18,19] attempts to approximate the 7N amplitudes by exchanges of nucle-
ons (using a mixture of PS and PV couplings), and of A, p and an ’effective meson’ o in
narrow resonance approximations. The attempt to calculate T from the tail of a
‘o meson’ resonance ignores the important threshold cusp at ¢t = 4m2. Since seven ad-
Justable parameters are available, it is not surprising that some quantities can be repro-
duced.

Models for the 7N system at low energies can be of interest for the understanding of
the dominant contributions in the physical region. However, E. Matsinos[19] writes: ‘In
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the context of the aim of the present work, the advantages of the method, implemented
herin, over the (traditionally used) dispersion relation schemes are important’. I think that
the author strongly overestimates the validity of this model and is not well informed on
dispersion theory.

Conclusions

i) The best method for the determination of T from 7N scattering data is to use partial
wave analyses with sufficiently strong dispersion constraints derived from the Mandelstam
hypothesis. Analytic continuations from the s-channel physical region to the CD point
should be made along different paths, which allow one to express the nearby parts of
the Lh. cuts by t-channel partial waves. The works of R. Koch and J. Stahov are good
examples.

ii) It will not be possible to give reliable errors for I, because the data base contains
contradictory data sets.

iii) Since many new data have been published during the last two decades. it is necessary
to update the solution KH80.

Thanks
It is a pleasure to thank J. Gasser and H. Leutwyler for numerous informative dis-
cussions during a long time which encouraged me to continue my work in this field. I
am grateful to T.O.F. Ericson, W.R. Gibbs, U.-G. Meifiner, M. Pavan, M. Sainio, and J.
Stahov for useful communications and information on new results.
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WORKING GROUP SUMMARY: ISOSPIN VIOLATION

UHK-G. Meifiner
FZ Jilich, IKP (Th), D-52425 Jilich, Germany

Abstract

I give an introduction to the problem of isospin violation and add some comments to
the various topics addressed in the working group.

ISOSPIN VIOLATION: GENERAL ASPECTS

Isospin symmetry was introduced in the thirties by Heisenberg in his studies of the atomic
nucleus. Since then, many particles have been found to appear in iso-multiplets, like the
nucleons, the pions, the delta isobars, a.s.o. With the advent of QCD, a deeper under-
standing of isospin symmetry has emerged. In the limit of equal up and down current
quark masses and in the absence of electroweak interactions, isospin is an exact symmetry
of QCD. The intra—multiplet mass splittings allow to quantify the breaking of this sym-
metry, which is caused by different mechanisms (for a detailed review, see ref.[1)). First,
the light quark masses are everything but equal (still, their absolute masses are much
smaller than any other QCD scale and thus this breaking can be treated as a pertux-
bation). Second, the light quarks have different charges and thus react differently to the
electromagnetic (em) interactions. The em effects are also small since they are propor-
tional to the fine structure constant a = e? /47 a 1/137. In the case of the pions, the mass
splitting is almost entirely of em origin. This can be traced back to the absence of d—like
couplings in 8U(2}, thus promoting the quark mass difference to a second order effect. For
the nucleons, matters are different, strong and em effects are of similar size but different
signs. The fact that the neutron is heavier than the proton leads to the conclusion that
Mg > Tny, consistent with the analysis of the kaon masses. Since we know that isospin
is broken - so why bother? First, the picture that has emerged from the hadron masses
can not be considered complete, there is still on—going discussion about the size of the
violation of Dashen’s theorem, the possibility of a vanishing up quark mass to solve the
strong CP problem and “strange” results from lattice gauge theory. Also, the analysis of
the quark mass dependence of the baryon masses remains to be improved (for a classic,
see ref.[2] and a recent study, see ref.[3]). Furthermore, only a few dynamical implications
of isospin violation have been verified experimentally and a truely quantitative picture has
not yet emerged. In addition, the nucleus as a many-body system offers a novel laboratory
to study isospin violation. In addition, with the advent of CW electron accelerators and
improved detectors, we now have experimental tools to measure threshold pion photopro-
duction with an unprecedented accuracy.

THE PION SECTOR

The purely mesonic sector was not touched upon in this working group, but there is one
recent result which I would like to discuss. In elastic 77 scattering, the chiral perturbation
analysis has been carried out to two loops. It was demonstrated in refs.[4,5] that the
em isospin-violating effects are of the same size as the hadronic two-loop corrections.
For a precise description of low energy pion reactions, it is thus mandatory to include
such effects consistently. A somewhat surprising result was found in case of the scalar
and the vector form factor of the pion in ref.[6]. It was shown that the em corrections
to the momentum-dependence of both form factors are tiny (due to large cancellations
between various contributions), much smaller than the corresponding hadronic two-loop
contributions worked out in refs.{7,8]. This result remains to be understood in more detail.
It is particularly surprising for the scalar form factor since it is not protected by a conserved
current theorem a la Ademello-Gatio. Only the normalization of the scalar form factor
exhibits the few percent em corrections anticipated from the study of the 77 scattering
lengths. Note, however, that the smallness of the effects of the light quark mass difference
for the pion form factors has been known and understood since long[9)].
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THE PION-NUCLEON SECTOR

The pion-nucleon system plays a particular role in the study of isospin violation. First,
the explicit chiral symmetry breaking and isospin breaking operators appear at the same
order in the effective Lagrangian which maps out the symmetry breaking part of the QCD
Hamiltonian, i.e. the quark mass term (restricted here to the two lightest flavors),

D = it + mgdd = %(mu + ) (@ + dd) + -;-(mu —m)@u—-dd), (1)

so that the strong isospin violation is entirely due to the isovector term whereas the
isoscalar term leads to the explicit chiral symmetry breaking. In the presence of mucleons
(and in contrast to the pion case), both breakings appear at the same order. This can
lead to sizeable isospin violation as first stressed in reactions involving neutral pions by
Weinberg[10]. Let me perform some naive dimensional analysis for the general case (say
for any given channel in 7N scattering that is not suppressed to leading order). Isospin-
violation (IV) should be of the size
Mg — Ty Mg — My

IV ~ ~ = O(1%) , 2
Aha,dronic Mp ( 0) ( )

where the mass of the p set the scale for the non-Goldstone physcis. In the presence of a
close-by and strongly coupled baryonic resonance like the A(1232), IV might be enhanced

IV~ 24T a9y (3)
ma — My

Of course, such type of arguments can not substitute for full scale calculations. Second,
there are two analyses[11,12] which seem to indicate a fair amount of isospin violation
(of the order of 6...7%, which is much bigger than the dimensional arguments given above
would indicate) in low-energy TN scattering, see Gibbs’ talk[13]. This can not be explained
in conventional meson-exchange models by standard meson mixing mechanisms. I would
also like to mention that in these two analyses the hadronic and the electromagnetic contri-
* butions are derived from-different models. This might cause some-concern-about possible
uncertainties due to a theoretical mismatch. Clearly, it would be preferable to use here one
unique framework. That can, in principle, be supplied by chiral perturbation theory since
electromagnetic corrections can be included systematically by a straightforward extension
of the power counting. This is most economically, done by counting the electric charge as
a small parameter, i.e. on the same footing as the external momenta and meson masses.
The heavy baryon chiral perturbation theory machinery to study these questions to com-
plete one-loop (fourth) order has been set up as shown by Miiller[14]. It is important to
perform such calculations to fourth order since one-loop graphs appear at dimension three
and four. Furthermore, it is known from many studies that one-loop diagrams with exactly
one insertion from the dimension two 7N Lagrangian are (often) important. Finally, sym-
metry breaking (chiral and isospin) in the loops only starts at fourth order. In particular,
questions surrounding the 7N g-term or neutral pion scattering off nucleons can now be
addressed to sufficient theoretical precision. A first step in this direction for all channels in
7N scattering was reported by Fettes[15], but a full scale one-loop calculation including
all virtual photon effects still has to be done. Of particular interest is the novel relation
between 70 and 7 scattering off protons that is extremely sensitive to isospin violation.
Tt should also be stressed that for such tests, it is mandatory to better measure and deter-
mine the small isoscalar 7V amplitudes. Also, the relations which include the much bigger
isovector amplitudes show IV consistent with the dimensional arguments given in eq.(2).
I consider the “ordering schemes” discussed by Gibbs and Fettes very useful tools to pin
down the strengths and sources of isospin breaking in 7N scattering. This also allows to
see a priori which type of measurements are necessary to obtain complete information and
to what extent various reactions can give redundant information (one example is discussed
by Gibbs[13]). Intimately related to this is pion-photoproduction via the final-state the-
orem, i.e. certain 7N scattering phases appear in the imaginary part of the respective
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charged or neutral pion photoproduction multipoles. Bernstein[16] stressed that in neutral
pion photoproduction off protons, there are two places to look for isospin violation. One
is below the atn threshold, which might give access to the elusive (but important) 7%
scattering length. At present, it does not appear that the original proposal of measuring
the target polarization below the 7+n threshold to high precision is feasible at a machine
like e.g. MAMI. The other important effect, which appears to be more easily accessible
to an experiment, is the strength of the cusp at the opening of the ntn threshold, which
according to Bernstein’s three-channlel S—matrix analysis[16] is quite sensitive to isospin
violation. Such a calculation should also be done in the framework of heavy baryon chiral
perturbation theory (beyond the charged to neutral pion mass difference effects included
so far). Over the last years, there has been a very fruitful interplay between experimenters
and theorists particularly in the field of pion photo- and electroproduction and it is of
utmost important to further strengthen this. It is a theorists dream that reactions with
neutral pions (elastic scattering and photoproduction) will be measured to a high preci-
sion. An important point was stressed by Lewis[17]. In a “toy” calculation (i.e. an SU(2)
approach to the strange vector form factor of the nucleon, which is clearly related to three
flavor QCD), he showed that isospin—breaking effects can simulate a “strange” form fac-
tor that intrinsically vanishes in that approach. This nicely demonstrates that to reliably
determine small quantities, may they be related to isospin conserving or violating oper-
ators, all possible effects have to be included. The recent measurements at BATES and
JLAB, which seem to indicate small expectation values of the strange vector current in
the proton, should therefore be reanalyzed. In this case, isospin violation appears to be a
nuisance but can not be ignored.

THE NUCLEON-NUCLEON SECTOR

The only new data with respect to IV were presented by Machner[18]. He analysed recent
data from COSY and IUCF for pp — 7+d and np — 7°d. For exact isospin symmetry (i.e.
atter removing the Coulomb corrections), the pertinent cross sections should be equal (up
to a Clebsch). In the threshold region, one can make a partial wave expansion and finds
that the S-wave contribution ag shows IV of the order of 10% and no effect is observed
in the P-wave terms. To my knowledge, a theoretical understanding of this effect is lack-
ing. Despite a huge amount of efforts over the last years, a model-independent effective
field theory description of pion production in proton-proton collisions has not vet been
obtained. The energies involved to even produce a pion at rest are too large for the meth-
ods employed so far. More progress, however, has been made in the two-nucleon system
at low energies. It is well known that IV appears in the NN scattering lengths. In the
nuclear jargon, one talks about charge independence breaking (CIB) (an, # (app + anpn) /2
after Coulomb subtraction, where ¢ denotes the scattering length) and charge symme-
try breaking (CSB) (ap, # an, after Coulomb subtraction). These effects are naturally
most pronounced at threshold. Kaplan, Savage and Wise (KSW)[19] have proposed a non—
perturbative scheme that allows for power counting on the level of the nucleon-nucleon
scattering amplitude. In that framework, IV (CIB and CSB) has recently been inves-
tigated[20]. It was shown that isospin violation can be systematically included in the
effective field theory approach to the two-nucleon system in the KSW formulation. For
that, one has to construct the most general effective Lagrangian containing virtual photons
and extend the power counting accordingly. This framework allows one to systematically
classify the various contributions to CIB and CSB. In particular, the power counting com-
bined with dimensional analysis allows one to understand the suppression of contributions
from a possible charge-dependence in the pion—nucleon coupling constants. Including the
pions, the leading CIB breaking effects are the pion mass difference in one-pion exchange
together with a four-nucleon contact term. These effects scale as a@Q™?, where Q x 1 /3 is
the genuine expansion parameter of the KSW scheme. Power counting lets one expect that
the much debated contributions from two-pion exchange and 7y graphs are suppressed
by factors of 1/3 and (1/3)2, respectively. This is in agreement with some, but not all,
previous more model-dependent calculations. The leading charge symmetry breaking is
simply given by a four-nucleon contact term.
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LIGHT NUCLEI

Often, the nucleus can be used as a filter to enhance or suppress certain features of
reactions as they appear in free space. Furthermore, measurements on the neutron, which
are necessary to get the complete information in the isospin basis (for a discussion on this
topic with respect to pion photoproduction, see ref.[21]) can only be done on (preferably
polarized) light nuclei. Gibbs[13] has pointed out that a measurement of charge exchange
on the proton and the neutron (m forward direction and close to the interference minimum
near 45 MeV) could be done in the 3He-triton system. This would be an interesting
possibility to get another handle on the elusive neutron and allow one to pin down one
of the amplitudes parametrizing IV (according to the ordering scheme mentioned above).
For a more detailed discussion concerning the extraction of neutron properties from the
deuteron, I refer to the recent summary by Beane[22)].

WHERE DO WE STAND AND WHERE TO GO

For sure, isospin symmetry is broken. However, do we precisely know the size of IV from
experiment? The answer is yes and no. We have some indicative information but no sys-
tematic investigations of all pertinent low energy reactions are available. Also, one might
ask the guestion whether the methodology, which has been used so far to extract num-
bers on IV, say from low energy nN scattering data, is reliable? If we assume that this
is the case, we still have no deeper understanding of the mechanisms triggering IV. To
my knowledge, the only machinery to consistently separate strong and electromagnetic
IV is based on effective field theory. In that scheme, one can consider various reactions
like elastic *N scattering, pion photoproduction or even nucleon Compton scattering to
try to get a handle on the symmetry breaking operators ~ mg — my. Also, a systematic
treatment of isospin violation is mandatory for the determiantion of small quantities like
the isoscalar S—wave scattering length or the strange nucleon form factors. Based on that,
I have the following wish list for theory and experiment:

THEORY:

e The effectwe chiral Lagrangian calculations can and need to be improved. In partic-
ular, it is most urgent to get a handle on the so—called low—energy constants, which
parametrize the effective Lagrangian beyond leadmg order. Sum rules, models or
even the lattice might be useful here.

o A deeper theoretical understanding of certain phenomenological models (like e.g. the
extended tree level model of ref.[23]) in connection with the approaches to correct
for Coulomb effects would be helpful.

o The dispersion-theoretical approach should be revisited and set up in a way to
properly include IV (beyond what has been done so far). For some first steps, see
the talk by Oades[24].

EXPERIMENT:

o Clearly, we need more high precision data for the elementary processes, but not only
for mN scattering but also for (neutral) pion photo/electroproduction.

e More precise nuclear data are also needed. Embedding the elementary reactions in
the nucleus as a filter allows one to get information on the elusive neutron properties.
Clearly, this refers to few-nucleon systems where precise theoretical calculations are
possible.

Finally, I would like to stress again that a truely quantitative understanding of isospin
violation can only be obtained by considering a huge variety of processes. While pion—
nucleon scattering is at the heart of these investigations, threshold pion photoproduction
or the nucleon form factors also play a vital role in supplying additional information.
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Abstract

We discuss the implementation of virtual photons to chiral perutrbation theory
with fermions to the fourth order in the chiral counting. This systematic treatment
is then applied to the nucleon sigma term and to the famous Weinberg prediction for
isospin violation in the scattering of neutral pions and nucleons.

Baryon chiral perturbation theory offers another possibility of invegtigating isospin
violation. As first stressed by Weinberg[1], reactions involving nucleons and neutral pions
can lead to gross violations of isospin, e.g. in the scattering length difference a{n%p) —a(rx%n)
he predicted an effect of the order of 30%. This is because chiral symmetry and isospin
breaking appear at the same order and the leading isospin symmetric terms involving
neutral pions are suppressed due to chiral symmetry. It is, however, known that precise and
complete one loop calculations in the baryon sector should be carried out to fourth order
since it has also been shown that in many cases one loop graphs with exactly one dimension
two insertion are fairly large. Most calculations in baryon CHPT are performed in heavy
baryon chiral perturbation theory (HBCHPT)[5,6]. This is based on the observation that
a straightforward extension of CHPT with baryons treated fully relativistically leads to
a considerable complication in the power counting since only nucleon three-momenta are
small compared to typical hadronic scales, as discussed in detail in ref.[7]. However, one
has to be careful with strict non-relativistic expansions since in some cases they can
conflict structures from analyticity, as discussed e.g. in ref.[8]. Therefore, in ref.[9], a novel
scheme was. proposed which is. based on the relativistic formulation but circumvents the
power counting problems (to one loop) by a clever separation of the loop integrals into
IR singular and regular parts. In this formulation, all analytic constraints are fulfilled by
consgtruction.

The starting point of our approach is to construct the most general chiral invariant La-
grangian built from pions, nucleons and external scalar, pseudoscalar, vector, axial-vector
sources and virtual photons, parametrized in terms of the vector field 4, (z}. The Gold-
stone bosons are collected in a 2x2 matrix-valued field U(z) = w?*(z). The nucleons are
described by structureless relativistic spin-% particles, the spinors being denoted by ¥(z)
in the relativistic case or by the so-called light component N(z) in the heavy fermion for-
mulation. The effective field theory admits a low energy expansion, ie. the corresponding
effective Lagrangian can be written as

Lo = LD + L0 + L0 + £+ L8 + L8+ . (1)

where the ellipsis denotes terms of higher order not considered here. For the explicit form
of the meson Lagrangian and the dimension one and two pion-nucleon terms, we refer to
ref.[11). More precisely, in the pion—nucleon sector, the inclusion of the virtual photons
modifies the leading term of dimension one and leads to new local (contact)} terms starting
at second order[2]. In particular, since the electric charge related to the virtual photons
always appears quadratic, the following pattern for the terms in the electromagnetic ef-
fective Lagrangian emerges. At second order, we can only have terms of order €2, at third

“Work supported in part by TMR, EC-Contract No. ERBFMRX-CT980169 (EURODASNE).
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order e*q and at fourth order e2¢? or e* (besides the standard strong terms). The inclusion
of the virtual photons proceeds with,

Q=3 (sQul 41 Qu) @

which under chiral SU(2);xSU(2)z symmetry transform as any matrixvalued matter
field (Q defines the charge matrix).

In particular, to lowest order one finds (in the relativistic and the heavy fermion for-
mulation)

_ - 1 _ .
chl}v:m(iy,,-v#_m+§gAv“75-au)xp - N(iv-V—&—gASﬂ)N—i—(’)(%) . @3)
with )
Vi=Vi—iQp A, , fiy=u, —2Q_4, )
and#1
¥(z) = exp{imv - z} (N(z) + h{z)) . (5)

Furthermore, v, denotes the nucleons’ four velocity, S, the covariant spin-vector i la
Pauli-Lubanski and g4 the axial-vector coupling constant. These virtual photon effects
can only come in via loop diagrams since by definition a virtual photon can not be an
asymptotic state.

At second order, local contact terms with finite low—energy constants (LECs) appear.
We call these LECs f; for the heavy baryon approach and f{ in the relativistic Lagrangian.
As stated before, the em Lagrangian is given entirely in terms of squares of @+ (and their
traceless companions),

3 3
=Y P30 v =Y R2NOP N, (6)

ge=] =1

5(2)

7 N.em

with the aﬁg) monomials of dimension two,

OF = (@ -3, 0P =00, o =(2+@). ()

Notice furthermore that only the second term in eq.(6) has an isovector piece and con-
tributes to the neutron-proton mass difference[2]. The factor £2 in eq.(6) ensures that
the em LECs have the same dimension as the corresponding strong dimension two LECs.
From the third order calculation of the proton-neutron mass difference[2] one deduces the
value for fo, fo = —(0.45 +0.19) GeV~1,

The Lagrangian to third order takes the form

12 12
Lotem =D F2g 00T =Y P2 KON, (8)
i=1 i=1

with the O,ES) monomials in the fields of dimension three[2][3] , in their relativistic form
and the heavy baryon counterparts. Again, for the g; to have the same mass dimension as
the d; of the strong sector defined in ref.[10], we have multiplied them with a factor of F2,
Thus the g; (g} scales as [mass™2]. So the complete fourth order pion—nucleon Lagrangian
with virtual photons is given by[3]

5 90
Liem = LFHTO W +Y R HIOE v 9)
g1 i=6

#1We do not spell out the details of how to comstruct the heavy nucleon EFT from its relativistic coun-
terpart but refer the reader to the extensive review[11].
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with the 01(4) monomials in the fields of dimension four{3]. To be consistent with the scaling
properties of the dimension two and three LECs, the h; are multiplied with powers of F}
such that the first five LECs take dimension |mass—3] while the others are of dimension
[mass™!].

The scalar form factor

The scalar form factor of the nucleon is defined via
(N (@) mytu + medd [N (p)) = @@ ulp) o(t) , t=(@ -p), (10)

for a nucleon state |N(p)) of four-momentum p. At ¢ = 0, which gives the much discussed
pion—nucleon o-term, one can relate this matrix element to the so—called strangeness
content of the nucleon. A direct determination of the o—term is not possible, but rather one
extends pion-nucleon scattering data into the unphysical region and determines orn(t =
2M?%), ie. at the so—called Cheng-Dashen point. The relation to the o—term is given by
the low—energy theorem of Brown, Peccei and Pardee[13],

oxn(2M7) = 0xn(0) + Aoy + AR (11)

where Ao,y parametrizes the t—-dependence of the sigma—term whereas AR is a remainder
not fixed by chiral symmetry. The most systematic determination of Ao,y has been given
in ref.[14], Ao,y = (15+ 1) MeV. The remainder AR has been bounded in ref.[15], AR <
2 MeV. It was shown that the third order effects can shift the proton o—term by about
8% and have a smaller influence on the shift to the Cheng-Dashen (CD) point(2]. In(3] we
worked out explicitly the isospin violating corrections to this shift to fourth order. This is
motivated by the fact that in the difference most of the counterterm contributions drop
out, more precisely, only momentum-dependent contact terms can contribute to the shift.
Such terms only appear at fourth order since due to parity one needs two derivatives and
any quark mass or em insertion accounts for at least two orders[S] It can be decomposed
a4 .

‘4 2 (t) = (‘*’ IC( t)+ “” “’(t) (12)

The isospin—conserving strong terms have already been evaluated in ref.[15]. Here, we con-
centrate on the em corrections ~ 1 (in isospin space) and all terms ~ 73. We have eye graphs
and tadpoles with insertions ~ fo, 5. These can be evaluated straightforwardly. Because
of the tiny coefficients appearmg in the evaluation of the loop contributions, these are only
fractions of an MeV, Acy IVIoop .05 MeV and can thus be completely neglected. For
the counterterm contnbutlons setting all appearing LECs on the values obtained from di-
mensional analysis as explained([3], one finds a total contribution Aa4 Vet — 10,01 MeV.
For the IC em terms, we find (setting again f13 = +1/47} a completely negligible loop
contribution (less than 0.01 MeV) and the counterterms give 0.7 MeV for the LECs esti-
mated from dimensional analysis. Note, however, that if the numerical factors fi 3/(4n) are
somewhat bigger than one, one could easily have a shift of £2 MeV, which is a substantial
electromagnetic effect.

Neutral pion scattering off nucleons

As pointed out long time ago by Weinberg[1], the difference in the S-wave scattering
lengihs for neutral pions off nucleons is sensitive to the light quark mass difference,

R . 1 —4B(my — ma)cs 3
aolmp) —a(m'n) = 4 1 4 Mo+ [my F? +0(g)
1 1
= e Ag(Mpo) + O(%) . (13)

47 1+ Myt [my



135

It was shown in ref.[2] by an explicit calculation that to third order there are no corrections
to this formula. This is based on the fact that the electromagnetic Lagrangian can not
contribute at this order since the charge matrix has to appear quadratic and never two
additional pions can appear. However, at next order one can of course have loop graphs
with one dimension two insertion and additional em counterterms. To obtain the first
correction to Weinberg’s prediction, eq.(13), one thus has to compute the fourth order
corrections[3]. These are due to strong dimension two insertions ~ ¢s and em insertions
~ f2. For the difference a(n%p) — a(x%n) we only have to consider the operators ~ 73 3]
Consider first the loop contributions. Since we can not fix the counterterms from data, we
are left with a spurious scale dependence which reflects the theoretical uncertainty at this
order. For A = {0.5,0.77,1.0} GeV we find

AF = {-7.1,09,57} 1072, A$™ = {11.5,12.0,12.3} - 1072 . (14)

The counterterms are estimated based on dimensional analysis at the scale \ = M, and
give a contribution of about —0.3 - 10~2. Even if the LECs would be a factor of ten
larger than assumed, the counterterm contribution would not exceed +3%. Altogether,
the correction to Weinberg’s prediction, eq.(13), are in the range of 4 to 18 percent,
ie. fairly small. Finally, we wish to mention that in ref.[16] isospin—viclation for neutral
pion photoproduction off nucleons was discussed which allows one to eventually measure
directly the very small 7% scattering length by use of the final-state theorem.

Summary

We have developed the whole mechanism to calculate isospin violation effects in the
framework of CHPT. In order to get the correct size of isospin violation one has to include
all non-isospin symmetric sources like the electromagnetic interaction, the quark mass
difference (7o — 5 mixing), explicit photon loops. In future calculations one has to pin
down the two LECs of the second order em Lagrangian f; 3 which are not well known and
are estimated only by dimensional arguments.
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Field Theory Approach to Isospin Violation in Low-Energy
Pion—Nucleon Scattering

N. Fettes
FZ Jilich, IKP (Theory), D-52425 Jiilich, Germany

Abstract

We present an analysis of isospin—breaking effects in threshold pion—-nucleon scat-
tering due to the light quark mass difference and the dominant virtual photon effects.
We discuss the deviation from various relations, which are exact in the isospin limit.
The size of the isospin—violating effects in the relations involving the isovector 7NV am-
plitudes is typically of the order of one percent. We also find a new remarkably large
effect (~ 40%) in an isoscalar triangle relation conmecting the charged and neutral
pion scattering off protons.

INTRODUCTION

Pion-nucleon scattering is one of the prime reactions to test our understanding of the
spontaneous and explicit chiral symmetry breaking QCD is supposed to undergo. During
the last years, there has been considerable interest in using 7N scattering data to extract
information about the violation of isospin symmetry of the strong interactions[1,2], some
analyses indicating effects as large as 7%}3,4]. Microscopically, there are two competing
gources of isospin violation, which are generally of the same size, namely the strong effect
due to the light quark mass difference mg — My = My and the electromagnetic (em)
one caused by virtual photons. To do this in a consistent fashion, one has to develop an
effective field theory (EFT) of pions, nucleons and virtual photons. The corresponding
effective Lagrangian was developed in refs.[5,6] extending the standard 7N EFT (for a
review, see ref.[7]}. The pertinent power counting of the EFT is based on the observation
that besides the pion mass and momenta, the electric charge e should be counted as
an additional small parameter, given the fact that e?/4m = M2/{(4nFr)? = 1/100 (with
M, and Fy the pion mass and decay constant, respectively). We stress again that in the
framework we are using, a consistent- separation of the. electromagnetic and the strong
effects is possible and to our knowledge this has not been achieved before.

ISOSPIN SYMMETRIC CASE

The analysis of isospin violation in 7N scattering proceeds essentially in three steps.
First, one ignores all isospin breaking effects, i.e. one sets ¢ = 0 and m, = mg. Only if
within this approximation one is able to describe the low 7N partial waves in the threshold
region as given by various partial wave analyses, one can be confident to have a sufficiently
accurate starting point. In this section, I will show that this is indeed the case.

Since pions form an isotriplet (I=1) and nucleons an isodoublet {I=%), the pion-nucleon

gystem has total isospin Izé, % In the isospin symmetric case, the amplitude for the pro-

cess T(ga)+ N (p1) = 7{gs)+ N (p2) can be entirely described in terms of two amplitudes:
Ty 2, Ty/q OF equivalently the isospin even and odd amplitudes T+ and T™:

T (w,t) = 6PTh(w, 1) + i€ Ty (w,t) (1)

with w = v - g, = v * g the pion cims energy and t = (go — g)? the invariant momentum
transfer squared.

The amplitudes consist of essentially three pieces, which are the Born and counter-
term parts of polynomial type as well as the unitarity corrections due to the pion loops.
Analytical expressions for all three pieces up to third order are given in ref.[8].

The amplitude is given in terms of nine combinations of counterterms, the values of
which are not fixed by symmetries. In order to determine these low energy constants, we
fit them to the six S and P-wave phase shifts in the low energy region. As input we

use the phase shifts of the Karlsruhe (KA85) group[9], from the analysis of Matsinos[10]
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(EM98), and the SP98[11]-analysis of the VPI group (fit 1, 2, and 3, in order). Note also
that the LEC di3 is fixed by means of the Goldberger-Treiman discrepancy. The resulting
S- and P-wave phase shifts for fit 1 are shown in Fig. 1.
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Figure. 1. Fits and predictions for the KA85 phase shifts as a function of the pion laboratory
momentum g¢,. Fitted in each partial wave are the data between 40 and 97 MeV (filled circles).
For higher and lower energies, the phases are predicted.

ISOSPIN SYMMETRY VIOLATING CASE

After having described the large isospin symmetric background of the pion-nucleon
scattering amplitude, we will now proceed to add the leading isospin breaking terms en-
coded in the pion and nucleon mass differences, as well as in the strong interaction vertices
which explicitly violate isospin symmetry.

Isospin violation is best quantified in terms of relations which are exactly zero in the
isospin limit of equal quark masses and vanishing electromagnetic coupling. With the three
pion (r*, ) and two nucleon (p,n) fields, we have ten reaction channels; making use of
time reversal invariance, we only have to consider eight reactions. In the case of isospin
symmetry, these eight physical channels are entirely described in terms of two amplitudes.
One can thus write down six isospin relations (see also ref.[12] for a general analysis)

R = 2 T'.-r"':n—nr‘f'p + T'.'r"p—m—p — 2T1r°p—+7r°p (2)

3
T‘.lr"'p—nr"'p + Tfr—p—nr-p +2 T?:“p—mop
9 T1r+p—)7r+p - Tﬂ-—p—m--p - \/ETﬂ_p—)’.’Toﬂ

Ry =
T’rr"‘p—nr"‘p —Tr-psr—p + \/ETW—p—HrUn

; (3)
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Rx = 2 Tﬂ"p—nr"'n - Tqr—p_nron 4
L +T ’ )
wlp—rmtn *~ p—7on

Ry = 2 T‘rr"“p—nr‘*'p ~ Tr-non—n (5)

L]

T‘rr+p—>7r+p + Tr-nsr—n

R = 2 Tﬁ”pﬁﬂ‘p = Trtpsntn 6
T=p—T"p Ttn—=rtn

Ry = Tar%-w”p ~ Tron—yron (7
Trop—srop T Trop—ndn

To be precise, we consider these ratios formed with the real parts of the amplitudes at
threshold, symbolically Tya y_yon should read Re Tol , on-

The first two of these relations, the so-called triangle relations, are baged on the obser-
vation that in the isospin conserving case, the elastic scattering channels involving charged
pions are trivially linked to the corresponding neutral pion elastic scattering or the cor-
responding charge-exchange amplitude. Of particular interest is the second ratio, which
is often referred to as the triangle relation. Only in this case all three channels have been
measured. The ratio Rg parameterizes the large isospin violation effect for #° scattering
off nucleons first found by Weinberg[13]. Note that as in Rg, the isovector terms drop
out completely in B1 and one can thus also expect a large isospin viclation in this ratio.
To our knowledge, this is the first time that this particular ratio has been called atten-
tion to. From an experimental point of view, it has the advantage of avoiding the almost
nnmeasurable nzr® amplitude appearing in He.

In what follows, we will calculate the six ratios R; to leading one loop accuracy, i.e. to
third order in small momenta. For that, we have to consider tree graphs, some with fixed
coefficients and some with LECs, and the leading one loop graphs involving lowest order
couplings only.

In the presence of isospin violation, one has to generalize the standard form of the TN
scattering amplitude to

T®(w, ) = §ATH (w, 1) + §oP 3T (w, 1) + _z'_eb“_cTcTa_b(w, t) + it T (W, t) . (8)

in terms of two isoscalar (TJ,’H) and two isovector amplitudes (T@’s_).

We are now in the position to analyze the ratios R; as defined in Eqs.(2-7). The LECs
¢1,2,3,4 and d; are taken from fits 1, 2, 3, the strength of the isospin violating vertices ¢s and
f2 is determined from the proton—neutron mass difference[14,6], whereas the difference of
the charged and neutral pion masses determines the value of C.

In Table 1, we give the results for the ratios R; that are not entirely given by isoscalar
quantities. Isospin breaking effects are typically of the order of 1% in these relations and
are rather independent of the parameter set which is used.

Table 1. Values of the ratios RB; (i = 2,3,4,5) for the various parameter sets as given by the fits
of{8].

[ Ry [%] | Rs [%] | Ra [%] | Bs [%]
Fit 1 0.9 —0.5 -0.7 1.1
Fit 2 1.1 -0.6 —-0.9 1.1
Fit 3 0.9 -0.5 —0.8 1.0

We now turn our attention to the two isoscalar ratios. Let us start with Rg, which was
first discussed by Weinberg(13]. For fit 1, we find Rg = 19%. Interestingly, for the same
parameter set (fit 1) the prediction for 1) is even larger,

Ry = 36.7% (9)
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which is again a huge isospin violating effect in an isoscalar quantity.

It is most interesting to separate the hadronic isospin violation encoded in the operator
~ ¢5(my — mg} from the virtual photon effects. In order to study this effect, we set
all strong interaction vertices to zero, but keep the neutron and proton masses at their
physical values. This case is denoted by es(nm) = 0 in Table 2. We see that while the
em i8ospin breaking is generally dominant {with the exception of Rg), there is also some
sizeable strong isospin breaking.

Table 2. Values of the ratios R; (¢ = 1,2,3,4,5,6) for the parameters of fit 1 from(8] including the
full contribution from the strong isospin breaking (¢; # 0) and with the strong isospin violation
only contributing to the proton-neutron mass difference {¢s{nw) = 0).

i R1 | RQ Ry Ry Bs Hg
¢ 0 36.7109} 05| -07|11/|19.3
es{nm)=0|454 | 16| 08 | ~07] 11| ©

SUMMARY

We have considered isospin violation in low energy pion-nucleon scattering in the frame-
work of heavy baryon chiral perturbation theory to third order in small momenta. We have
taken into account all operators related to strong isospin breaking and the electromag-
netic ones which lead to the pion and nucleon mass differences. We have considered a set
of six ratios R; which vanish in the limit of isospin conservation. From these, four involve
isovector and isoscalar amplitudes (Ry34,5) and the two others are purely of isoscalar type
(R1,6). While in the first case, isospin violation is typically of the order of one percent,
more sizeable effects are found in R¢ and, as for the first time noted here, in R;. We
also stress again that within the framework presented here, a unique and unambiguous
separation of all different isospin violating effects is possible. To access the size of isospin
violation encoded in the presently available pion-nucleon scattering data, the extension of
this scheme to include Coulomb (hard) and soft photons is mandatory. Once this is done,
it will be possible to analyze directly the cross section data without recourse to any model
for separating em or hadronic mass effects, thus avoiding any mismatch by combining
different approaches or models. Work along such lines is underway.
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Isospin Violation in 7N Scattering and the Breakdown of the
Fermi-Watson Theorem
A. M. Bernstein
Physics Department and Laboratory for Nuclear Science
M.LT., Cambridge,Mass.,USA

Absiract

Isospin is expected to be violated in mN scattering as a consequence of the mass
difference of the up and down quarks; chiral calculations have been performed at
low energies. Two independent empirical analyses of intermediate energy scattering
data have concluded that that isospin is not conserved. Here it is demonstrated that
isospin viclations will produce observable breakdown of the Fermi-Watson theorem
(the connection between the phase of the multipole amplitudes in electromagnetic
pion production and the wN phase shifts). As a result independent tests of isospin
conservation can be performed in electromagnetic meson production which involves
charge states that are not accessible in 7N scattering experiments.

1 Isospin Violation in 7V Scattering

# N scattering is fundamental since the pion is an almost Goldstone Boson reflecting
the spontaneously broken chiral symmetry which is present in the QCD Lagrangian in the
limit of massless light quarks[1,2]. In this (chiral) limit the 7V interaction at low energies,
characterized by the s wave scatiering length, goes to zero. However,this prediction is
modified by the explicit chiral symmetry breaking due to the small masses of the ap
and down quarks, m, ~ 5MeV,my ~ 9M eV [3-6]. Since the quark masses are not equal
(Thy/mg = 0.553 £0.043[61), the mass term in the QCD Lagrangian can be written as[1,4}:

Loy = My @ + medd = A(my, + my) + B(my = my) (1)

where the B term is isospin violating. Calculations of the have been performed using Chiral
Lagrangians[4,8] and Chlral Perturbation Theory(ChPT)[9]. In the low energy region the
predictions are that for 7N scattering and charge exchange the isospin brea.kmg is a few
percent effect; for the much smaller 7% N scattering the i 1sospm breaking effect is of order
30%. To date no calculations have been made for higher energies.

- There have been two-empirical-analyses of 7N scattering and charge exchange reactions. . ...

at intermediate energies (pion lab kinetic energies between 30 and 70 MeV) that have
concluded that isospin is not conserved. In particular they tested the "triangle relation”:

(f(nFp) - f(="p))
72 (2)

where D is the difference between the #~p — 7%n scattering amplitude as observed ex-
perimentally and what would have been obtained from analyzing #*p and 77 p elastic
scattering and isospin conservation. Both analyses[10,11] have obtained values of D ~
~.012 £ 0.003fr or D/ femp('rr p = m°n) ~ 7% This is a significantly larger effect then
was predicted at lower energies due to the up, down quark mass differences and electro-
magnetic effects{3,8,9] calculated in ChPT. Due to this relatively large isospin breaking
effect, there was concern about the accuracy of the Coulomb effects used in these analyses.
Subsequently new, more accurate Coulomb calculations were performed[12] which do not
significantly change the original result[13].

Therefore, to the extent that that the wV scattering and charge exchange data base is
accurate, a significant isospin violation has been observed. This is of sufficient importance
that further experiments and analyses need to be performed to either verify or alter this
conclusion. In the following section a different method, electromagnetic pion production,
is shown to be sensitive $o this isospin breaking effect. Experiments using this technique
are, therefore, both timely and important.

D= fnp—nn) -
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2 Isospin Breaking in Electromagnetic Pion Production

Isospin violation in the 7N system will also show up in electromagnetic pion production.
To demonstrate how this occurs the derivation of the Fermi-Watson theorem|[14] will be
sketched; this is the relationship between the phase shifts in 7N scattering and the phases
of the electromagnetic pion production amplitudes. This theorem is based on time reversal
invariance, unitarity, and isospin conservation. When this theorem was derived quarks were
not known. It was assumed that isospin violation was caused only by electromagnetic
effects and were of order e? = o and could be neglected at this order.

To be concrete consider the vp — 7%, mtn reaction. The final state can be characterized
either in charge or in isospin space. For the N system the isospin states are T =1 /2 and
3/2. This 3 channel problem is simpler is isospin space (assuming it is a good quantum
number). The S matrix for the 3 open channels (yp, 7N (2] = 1),#N(2] = 3)) can be
written as :

1 M) iM,
Qb ®)
2403

where the multipole amplitudes for the photo-production of the 7N channels in the isospin
states I =1/2 and 3/2 are written as iMy; , 61, and 63, represent elastic TN scattering
phase shifts in the I = 1/2 and 3/2 states, Although not explicitly written here, the 8
matrix elements are for a fixed value of W, the total CM energy, and for the quantum
numbers | and j, the #N orbital and total angular momenta.

Time reversal invariance requires that the S matrix be symmetric (Si; = Sj) and
unitary requires that S*S = S8 = 1. The form of the 3x3 and 2x2 7N portions of
the S matrix have been chosen to be separately unitary and time reversal invariant {for
simplicity the redundant matrix elements have not been displayed). The 8 matrix of Eqg.1
Is symmetric by construction. Applying the unitary constraint and assuming the weakness
of the electromagnetic interaction by dropping terms of order €2 one obtains:

M] = 62.51 A]
AA‘3 — e‘idsA‘?’ (4)

where Asy_1 3 are real functions of the CM energy, and can be identified as the multipole
matrix elements My ( for yp — #N(I)) in the absence of final state 7V interactions.
Eq. 2 is the Fermi-Watson theorem[14]. It shows that the phases of the 7N multipoles
are simply half of the 7N phase shifts in each quantum state characterized by 1, j, and I
and total energy W. The factor of two can be understood since in 7V scattering the pion
interacts with the nucleon both on the way in and on the way out, while in electromagnetic
pion production the pion interacts only on the way out.

Eqgs.1 and 2 can easily be generalized from photo- to electro-pion production. In elec-
troproduction the incident photon is virtual and is characterized by the four momentum
transfer ¢2. On the other hand, the final 7N state is only characterized by its quantum
numbers and total energy W but is independent of ¢°. Therefore Eq. 2 looks the same
for electro-pion production except that Aor=1,3 are functions of ¢° as well as 1, j and W
while &1, and 3 just depend on 1, j and W. The generalization to the isospin violating case
presented below generalizes to electroproduction in exactly the same way.

To generalize to the isospin breaking case one can write the S matrix as:

1 M, iM;
cos 9 e?®1  jging et ""fS) (5)
cos 3 e2403

sin) represents an isospin violating term where 4/ is a real number. For 9% — 0 the isospin
violation vanishes. As above the form of the 3x3 and 2x2 # N portions of the S matrix have
been chosen to be separately unitary and time reversal invariant. Applying the unitary
constraint §*8§ = SS+ = 1, and assuming the weakness of the electromagnetic interaction
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by dropping terms of order 2 one obtains:

My =€ A4 cos¥ +iAzsin ¥ ©)
M = e'®[A;3cos s + 1A sin 321]

where Apj—1,3 are real functions of the CM energy, and can be identified as the multipole
matrix elements Moy ( for yp — wN(I)) in the absence of final state and isospin breaking.
This equation shows the violation of the Fermi- Watson theorem due to isospin breaking. As
7 — (0 the isospin violation vanishes and the Fermi-Watson theorem is recovered. Therefore
the phases of the 7.V multipoles should be measured, and not calculated from the N phase
shifts {using the Fermi-Watson theorem) as they now are. To my knowledge only one such
measurement of the phases of the photoproduction multipoles has been performed[16] and
that did not have the required precision to determine the effects predicted here.

In order to estimate the magnitude of the isospin breaking effect in electromagnetic
pion production, the isospin breaking parameter can be obtained from the analyses of 7V
scattering[10,11]. From the 2x2 N part of the S matrix (Eg. 3) one can obtain the s wave
scattering amplitude fry = sinde?® /¢ (where q is the pion CM momentum) for the 7~ p
system as:

f (W‘p) = (211 + 1 fs)cosyy + L singelP1+5)
f(r=p = 7°n) = YE(fs — fr)cosy + _Sm,/)ea(aﬁaa e
D= flr—p—nn) - %(f(ﬂ p) — f(n7p)) = _Szn¢e(251+§3)

where fyr are the 7N s wave scattering amplitudes in the I = 1/2 and 3/2 states. Note that
D — 0 when ¥ — 0 as expected. Two independent analyses of 7N scattering at medium
energies (pion kinetic energies of ~ 30 to 70 MeV){10,11] obtained D ~ —.012 £+ 0.003fm
Here 9 = —0.010 £ 0.004( at a pion kinetic energy of ~ 40MeV') has been obtained from
D using Eq. 7.

To estimate the effect of isospin breaking in electromagnetic pion production the calcu-
lated multipoles of the Mainz unitary isobar model, which is isospin conserving, have been
used(15]. The isospin violations are then added by taking the differences for the multipoles
dM in Eq.6 with ¢ equal to the empirical value and zero:

S Myp = Mar(2h) — Mar(h = 0) . gy
SMy 1% Az, My ~ i% A,

where the numerical results presented below were obtained from the first line. For isospin
breaking in the s wave at intermediate energies the approximate second and third lines
apply. It can be seen that the main effect is in the imaginary part of the s wave multipoles
Ep+ and Loi. To observe this will require experiments which measure the fifth (TL’)
structure function(requiring polarized electrons and out of plane hadron detection) or
the structure functions with polarized targets or recoil nucleons. For photoproduction the
simplest such observable is the polarized target asymmetry. All other observables such as
unpolarized cross sections will show almost no effect due to isospin breaking.

As an example of an isospin sensitive quantity the polarized target (normal to the
reaction plane} asymmetry is presented for the ep — e'n*n reaction at Q2 = 0.1GeV?
for a center of mass energy W = 1120 MeV (pion lab kinetic energy ~ 40MeV). This
asymmetry is seen to show a significant effect due to isospin breaking, This effect is very
similar at the photon point. Other iscspin senmtwe quantities include Aty (t) for the
ep — e'mTn reaction and App for the ep —» e'n% reaction.

In conclusion we have demonstrated the breakdown of the Fermi- Watson theorem due
to isospin breaking effects in the 7N System. The equations presented here are based
on time reversal invariance and unitarity and are therefore very general. There are some
significant, experimentally observable, effects which can be used to make an independent
determmatlon of the magmtude of the isospin breaking. This is of particular interest since
e.g. the v*p ~+ ntn, 7% reaction leads to charge states which are not accessible with
conventional 7N reactions.
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Figure. 1. The polarized target (normal to the reaction plane) asymmetry for the ep — e'n*n
reaction at Q* = 0.1GeV? for a center of mass energy W = 1120 MeV (pion lab kinetic energy
~ 40MeV}.
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Isospin Violation and the Proton’s Strange Form Factors

Randy Lewis and Nader Mobed
Department of Physics, University of Regina, Regina, SK, Canada 545 0A2

Abstract

The strange form factors of the proton are basic to an understanding of proton
structure, and are presently the focus of many experiments. Before the strangeness
effects can be extracted from data, it is necessary to calculate and remove effects due to
isospin violation, which exist independently of the strange quark but which contribute
nevertheless to the experimentally measured “strange” form factors. A discussion of
the isospin violating contributions to vector form factors is given here in the context
of heavy baryon chiral perturbation theory.

INTRODUCTION

The interaction between a proton and a neutral weak boson (Z 0) involves form factors
which are related to the familiar electromagnetic form factors via the standard electroweak
model. For example, the proton’s neutral weak vector form factors are

1
Ggéz(qg) = Z[Gg((qg) - Gﬂ}((q2)] - G‘g((qz)sin:ZQW - %Gg((qz): X= E:M 3 (1)

where G%; 51(¢°) and G% 1(q%) are the usual electromagnetic form factors of the proton
and neutron respectively, and G 1r(¢%) are called the proton’s strange electric and mag-

netic form factors. Using Eq. (1), an experimental measurement of G%% (¢?) leads to a
determination of G%(g*), which provides information about the effects of strange quarks
in the proton.

The first measurement of Gﬁ;,z(qﬂ) was reported two years ago by the SAMPLE Col-
laboration([1], and led to

G3,(0.1GeV?) = 023037015019 . ... (2

A linear combination of strange electric and magnetic form factors has been measured by
the HAPPEX Collaboration[2]:

(G, + 0.39G5,1(0.48GeV?) = 0.023 £ 0.034 =+ 0.022 £ 0.026 . (3)

Further efforts are underway by various groups.*

It is important to recall that G§(¢*) and G%,(q?) contain more than just strangeness
effects. Even in a world of only two flavours (up and down) G 1(g*) would be nonzero
due to isospin violation. Thus, the true effects of strange quarks can only be extracted from
an experimental determination of G, ar(g?) if isospin violating effects can be calculated.

Dmitrasinovié and Pollock[4], and also Miller[5], have studied the isospin violating con-
tribution to G%,(¢?) within the nonrelativistic constituent quark model. Ma has used a
light-cone meson-baryon fluctuation model.[6] More recently, a model-independent study
of isospin violating effects (using heavy baryon chiral perturbation theory) has been pub-
lished[7] and it is this work which will be emphasized below, after a brief review of attempts
to calculate the authentic strange quark effects.

THE STRANGENESS CONTRIBUTIONS TO G%’.,M(qz)

Many attempts have been made to calculate the contribution of strange quarks to the
“strange” electric and magnetic form factors, G, (%) In principle a lattice QCD calcu-
lation could give the definitive answer, and an exploratory calculation has been performed

*See in particular the second SAMPLE measurement, Ref.[3], which appeared after the MENUS9 confer-
ence. Using a calculation of electroweak corrections as input, they find G2, (0.1GeV?) = +0.61+£0.17£0.21.
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in the quenched theory.[8] The errors due to finite lattice spacing, finite lattice volume and
quenching are not yet known, but the existing results, {r?), = 6dG%(0)/dg® = —0.06 —
-0.16fm? and G34(0) = —0.36 & 0.20, still provide important inputs to the discussion.

One might consider using chiral perturbation theory to calculate the strangeness con-
tributions to G, 1(g%), but both form factors have a free parameter at their first nonzero
order in the chiral expansion, so the magnitude of neither form factor can be predicted
from chiral symmetry alone. However, two experimental inputs are sufficient to fix these
parameters, and chiral symmetry does determine the q*-dependence of the form factors
at leading chiral order. This tact has been taken by the authors of Ref.[9], who use the
SAMPLE and HAPPEX measurements as input.

Beyond lattice QCD and chiral perturbation theory, there are many models and dis-
persion relation methods which have been employed in the effort to determine the strange
quark contributions to G% (¢%). (The authors of Refs.[8-10] have collected some predic-
tions from the literature.) The various methods lead to differing results. For G3,(0), most

predictions lie in the range
—0.5 S G34(0) $ +0.05, (4)

and it has often been noted that this tendency toward a negative number does not seem
to be supported by the experimental data, Refs.[1-3]. Predictions for the magnitude and
sign of {r2) ; also span a large range.

A precige experimental measurement would help to distinguish between the various
models of strangeness physics, but only after the isospin violating contribution has been
calculated and subtracted.

THE ISOSPIN VIOLATING CONTRIBUTIONS TO G%, a(a?)

In a world with no strange quark, G§(¢?) and G4,(¢*) do not vanish. Instead,
G (a®) = G”j(’d(qz) as the strange quark decouples, (X = E, M) (5)

where G5%(g?) and G%%(¢?) are isospin violating quantities. If both the strange and isospin
violating components of G’_%;,M(qg) are small, then contributions which are both isospin
violating and strange are doubly suppressed. The following discussion considers G}}’?M(qz)
in a strange-free world.

Constituent quark model calculations have led to a vanishing result for G%(0) and
a very mild ¢ dependence: —0.001 < G5(~0.25GeV?) < 0[4,5]. There is no symmetry
which would force G‘jf(O) to vanish exactly, but perhaps the constituent quark model is
trying to anticipate a “small” result. A light-cone meson-baryon fluctuation model permits
a large range, G%%(0) = 0.006 — 0.088.]6]

Heavy baryon chiral perturbation theory (HBChPT) is a natural tool for the study of
GE’fM(qz). It is a model-independent approach which employs a systematic expansion in

small momenta (g}, small pion masses (m,), small QED coupling (e}, large chiral scale
(47 F,) and large nucleon masses (my). It is appropriate to use O(q) ~ O(my) ~ O(e)
with 47 F, ~ my, and then the HBChPT Lagrangian can be ordered as a single expansion,

Laponpr = LV + £ 4+ 26 4 2@ 4 28 4 (6)

For the explicit form of the Lagrangian, see Ref.[7] and references therein. For the present
discussion, it is simply noted that £ contains parameters g4, Fr and e; £® contains 11
parameters (7 strong and 4 electromagnetic); £3) contains 43 parameters; £(4) contains
hundreds of parameters and £ has even more. Happily, it will be shown that G%’d (g%)
is parameter-free at its first nonzero order, and G:{f(qg) is parameter-free at its first and
second nonzero orders except for a single additive constant.




146

The coupling of a vector current (e.g. Z 0) to a nucleon begins at first order in HBChP'T,
L) but is isospin conserving. To be precise, recall the usual notation,

(NG + DRIV = 56+ D [ @) = FEEF @) o, 0

where f denotes a particular lavour of quark. The Sachs form factors for that flavour are

2
Ghie) = F{@) + oy Fl(@),  Gld) = Fl (@) + F(d") . ®)
N

An explicit calculation using £ 4+ £@ 4 £ leads to isospin violating vector form
factors which vanish exactly. At first glance this might seem surprising, but it can be readily
understood as follows, An isospin violating factor, such as {(my — Mp) /My, i8 suppressed
by two HBChPT orders. Moreover, the F term in Eq. (7) has an extra explicit 1/mn
suppression factor, so isospin violating F; terms cannot appear before £9). Meanwhile, F}
is constrained by Noether’s theorem (QCD’s flavour symmetries: upness and downness)
to be unity plus momentum-dependent corrections, and dimensional analysis therefore
requires a large scale, my or 47 Fy, in the denominator of all corrections. This demongtrates
that both G%’d (¢?) and G‘i,’[d(qz) vanish in HBChPT until the fourth order Lagrangian: £,

A leading order (LO) calculation of Gu%(g?) or G (¢?) involves tree-level terms from

£#) plus one-loop diagrams built from £ 4 £(2), Referring to Ref.[7] for details of the
calculation and renormalization, the results are

a,d, 2 _ _473'9'2Am1r+ _ __fl
O = ~arpp ™) [1 [ o

— (1~ 4z2)¢?/m2,
1 (14)QIﬂ} (9)

J1= 2l - @)g/m2.

A2 _ 16g3my _ fl a1 s
Gy (g )\LO constant —_—(471'14")2 (mp, — M) ; dzln|1-z(1 $)m§+ . (10)

Notice that the electric form factor contains no unknown parameters, and the magnetic
form factor has only a single parameter (an additive constant). The LO results for ng.’d Ca)
and G4 (¢?) - G%2(0) are plotted in Fig. 1. The contribution of isospin violation to {r2)
is 6dG%4%(0)/dg? = +0.013fm’.

Consider next-to-leading order (NLO). Here, one expects tree-level terms from L£O)

plusg one- and two-loop diagrams built from lower orders in the Lagrangian. Since small
HBChPT expansion parameters without uncontracted Lorentz indices come in pairs (e.g.

g%, m2, %), the L) counterterms can contribute to F1 but not to Fy. Thus G’ﬁd(qz) is
independent of these parameters at NLO, although G}‘;’d(g@) is not.
It is also found that no two-loop diagrams contribute to Gﬁ,}d(qg) at NLO, although in

principle they could have. Furthermore, unknown coefficients from £ are also permitted
to appear within loops, but none of them actually contribute. This means that the NLO
corrections to G;{f (¢®) are basic one-loop diagrams. The explicit result is given in Ref.[7). It
needs to be stressed that the NLO contribution is parameter-free; the only new guantities
(with respect to LO) are the well-known nucleon magnetic moments.

The LO+NLO result for G%%(q?) — G%2(0) is shown in Fig. 2. Notice that the NLO
corrections serve to soften the ¢>-dependence. The NLO correction to Gﬁ,‘[d(O) is

24mrg%m., 5
G 0)], = ST iy — my) (- - ”n) ~0013. (11)

il
G Lo~ (4nF)? 3

(0)‘LO+NLO -

The value of Gj{,}d (0) itself is not determined by chiral symmetry alone, and it receives
contributions from physics other than the “pion cloud” of HBChPT (consider, for example,
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isospin violation due to vector mesons). The pion cloud contribution to G;{,}d(O) is estimated
in Ref.[7] via a physically-motivated cutoff in HBChPT, and is comparable in size to the
NLQ contribution of Eq. (11).

The full result for the pion cloud contribution to Gﬁf(q2) is shown in Fig. 2 with

error bands to reflect truncation of the HBChPT expansion: the narrow band assumes
INNLO| ~ |NLO| - ., /my and the wide band assumes [NNLO| ~ [NLO| /2.

0'000."'l'("|""l"'rl""_ 0.05 CNL B S el RN R S S S B M e e e e e s
-0.005 F . 0.04
[ 6 3 _
—00w (G 4e%, ; 0.03
i 0.02
-0.0%5 | ] :
r 0.01 f
-0.020 | ] i
. 0.00 g
_0.025 [ [Guu(qz)—euwo)]m 001 E i
: : U 6407)-6,40)
0030 Mttt L i 000 ] I Vs ) ST R BN SR R
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-q" [GeV’] ~q° [GeV?)
Fig. 1. Parameter-free results for G5%(¢?) and Fig. 2. The pion cloud contribution to G%%(¢?)
G (g?) — GLH(0) at LO in HBChPT. at LO4+NLO, with uncertainties due to trun-

cation of the HBChPT expansion.

CONCLUSIONS

The strange vector form factors of the proton are basic to an understanding of proton
structure. The contribution due to strange quarks has proven to be a theoretical challenge.
Isospin violation also contributes to the so-called “strangeness” form factors, and this
contribution must be calculated and subtracted from experimental data before the strange
quark contribution can be identified.

The present work indicates that chiral symmetry is of great value for discussions of
the isospin violating effects. Despite the large number of parameters in the Lagrangian,
G'%(¢?) is parameter-free at leading order, and Gy'(¢?) has only one (¢*-independent)
parameter at leading order, and no parameters at next-to-leading order.

The isospin violating effects computed here are large compared to some models of the
strange quark effects, but small compared to other models. The experimental results for
the full “strangeness” form factors in Eqgs. (2) and (3) are not precise enough to indicate
their size relative to the isospin violating contributions found in this work. It will be
interesting to see what future experiments reveal.

This work was supported in part by the Natural Sciences and Engineering Research
Council of Canada.
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Where is the Isospin Breaking?

W. R. Gibbs
Department of Physics, New Mezico State University, Las Cruces, NM 88003

Abstract

A method is discussed for the isolation of the isospin violation recently observed
in the comparison of charge exchange data with predictions from charged pion data.

INTRODUCTION

The comparison of charge exchange data with the predictions from charged pion scatter-
ing has revealed an apparent breaking of isospin symmetry{1,2]. While it is always possible
that the data are not correct or that the analyses have forgotten some electromagnetic
correction, let us assume that this is not the case and that there is some isospin breaking
that needs to be understood on the hadronic level.

N (a) N N (b) N
ica E’T
X X
N P N N TN
{c) ) (d)
N S| N \\ﬂ-
X =~ .
1 p AN
L p 7
—————— e e i X\ 0
T T K

Figure. 1. Diagrams used for isospin mixing arising from meson mixing.

One way to study the source of the breaking is to consider various meson mixing
diagrams, starting perhaps with those that have been used in nucleon-nucleon analysis.
Figure 1 shows two such graphs and their analogs in the pion-nucleon sector. The pw graph
can be taken directly over[3] and, in fact, gives the same potential for the pion-nucleon as
nucleon-nucleon case. When applied to pion-nucleon scattering it gives the right magnitude
to explain the breaking seen, but the wrong sign.

EXPANSION OF THE AMPLITUDE IN OPERATORS

A more systematic way to locate the source of the mixing involves expanding an opera-
tor representing the general pion-nucleon amplitude in a complete set of isospin operators,
6;.

T = Z G;0;

For a given reaction, R, the amplitude will be given by the expectation value of this
operator.

Tg =< 7°NeT|n°N® >= L;Om; a;

One possible set of operators[4] is given in Table 1. The exact form of these operators
is Jess important than that they are complete. These operators will have the character of
scalars, vectors and tensors of higher rank under rotation in isospin space. The scalars
will preserve isospin invariance and the vectors correspond to isospin breaking by meson
mixing or quark mass differences. The Coulomb interaction can contribute to ranks 0, 1
and 2. The rank 3 operator presumably arises only from second order processes.



149

Isospin Operators and their Ranks

i (9:)% 1

1 1 0

2 \/_%‘1'0 1

3 3to 1

4 N 2
5,(9),6 T @) 0,(1),2
7,108 JIretend 1,23

Table 1. A possible set of isospin operators.

7N Amplitudes

Amplitude | Order Correspondence
a1 AlI=0 oc 1
as Al=1 | np mass difference
as Al=1 £ — w mixing
a4 Al=2 | pion mass difference
as AI=0 x 71T
ag Al=2 Coulomb
ar Al=1 7 — 1) mixing
ag AI=3 ? small

Table 2. Characterization of the coefficients corresponding to the operators.

COMPARISON OF AMPLITUDES AND INTERACTIONS

This expansion can be applied to the amplitudes as a function of angle or to partial
wave amplitudes. It can also be applied to the underlying interactions which would cause
the breaking. The process of converting these interactions to amplitudes (solving a wave
equation, for example) will mix (to a greater or less extent) the amplitudes, but only among
the same rank (to first order in isospin breaking). Table 2 gives a rough correspondence of
the amplitudes with possible sources of the isospin breaking interaction. It is the AT = 1
amplitudes which are the most interesting. These are the ones which could arise from the
mixing of ] = 0 and I = 1 mesons or from the differences in quark masses. These two
isospin breaking effects cannot contribute to the A7 = 2 terms. For many of the realizable
reactions (on proton targets) the amplitude as does not enter, so perhaps the separation
of the a3 and a7y amplitudes is the most interesting.

Table 3 gives the matrix elements of these operators that would be needed to expand
any amplitude in terms of the fundamental amplitudes. The square root of each element is
to be taken with the sign outside of the radical like a table of Clebsch-Gordan coefficients.

A number of useful relations can be obtained with the use of this table. Some of them

are:
2 /2
Avr"‘p - A = \/;92 +ag — ']'_“5‘37
2 /2
Ay~ Ap-p= —-\/;ag +ag+ —iga7
2 2
Agoy, — Ao, = \/;-ag +2y/ 0
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Values of @p; = (r°N¢|g;|r2Nt)

Reaction 6 0, 03 8y o s 0O &s
TPHTP 5 5 1 o3 w5 W W
B EE R EE R
wpoap ¢+ 0 -1 0 o £ .1
mn — 70n ?15- -% 0 —% 0 0 -% %
atn—=7 0 0 0 o0 -} - & -%
p—=rtn 0 0 0 0 -} -% & -%
mp=7n 0 0 0 0 -% —Tlg % -1-1-5
“n—sp 0 0 0 0 -} - £ L

Table 3. Coeflicients of the amplitudes for the various reactions.

3
A'.'r'p—wron - A1r+n—>7r°p = '\/;ﬂ.'r

For scattering on the deuteron around 50 MeV, where the single scattering approxima-
tion gives a reasonable representation of the full multiple scattering amplitude, we may
find useful the relation

(Aptn + Aar"'p) - (Aﬂ'_p + Az-p) = 2a3.

For the triangle rule we have,

3 /3
ﬁAw‘p—m“n - (A'Jr+p - A?r—p) = —a3 — \/—5.06 =+ '1“6617-

A useful comparison can be made if the scattering of a neutral pion from the nucleon
is known([5)].

A1r+p + Aﬂ-wp '\/§ 3 _ 3
2v5

Neglecting the ag coefficient, we see that the same hadronic information is contained in
this comparison as in the charge exchange on the neutron and proton, i.e., it is ar which
is determined in the two cases.

If one were able to measure the cross section for neutral pion scattering from the neutron
an appropriate comparison might be

as

A TP L - 2d \/ga la-}- la
oo — TP ETP e MY — .
" 2 32T T A0 T 2B

In this case the ay coefficient now appears because the neutron-proton mass difference is
involved.

Thus, we see that the isospin breaking information obtained in various tests is not
independent and, in fact, data-to-data predictions can be made.
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Figure. 2. Pion charge exchange on the *He-Triton system for no isospin breaking beyond the np
mass difference and Coulomb (on the left) and with the addition of an estimate of breaking from
the triangle rule (on the right).

It would be very useful to be able to measure charge exchange on the nucleon, both on
protons and neutrons, in the forward direction where the cross section passes through a
minimum near 45 MeV. The difference in the position of this minimum for the two cases
would give information directly on .

A possible solution to the lack of an isolated neutron target is provided by the use
of nuclear targets. In order to observe the position of the minimum, analog transitions
will need to be measured. Since the only possibility to measure analog transitions in both
charge directions is with *He and *H, we are led to consider these two targets.

Figure 2 indicates the result to be expected from minimal breaking, as well as that
assuming that a7 is the sole contributer to the breaking seen in the triangle rule. It can
be seen that the position of the minimum in energy is predicted to be shifted to lower
energies, by the influence of the other nucleons, for both directions of charge exchange.
While the precise value of this shift is difficult to predict reliably, the difference between
the two minima is very nearly preserved. For this reason, a measurement of both nuclear
targets is required. From the spacing between the minima observed in the 3He and 3H
cases the spacing of the nucleon case can be inferred.

This work was supported by the U. S. Department of Energy.
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Abstract

We study the excitation functions for the two isospin-related reactions pp — drt
and np — dxt close to threshold. A deviation of 11 £ % from isospin symmetry is
observed for the s-wave part of the cross section. From the s-wave amplitude of the
pp = dnt reaction at threshold is the isovector # N scattering length calculated. This
value together with others from reactions with a real pion yields a new mean value

which can be converted into a new w NN coupling constant %ﬂ,ﬁ& =13.7+0.2.

Isospin symmetry i3 known to be only an approximate symmetry. In addition to static
breaking due to Coulomb effects and mass differences, dynamic effects due to the mass
differences between the up and down quark [1] are effective. Up to 1990, the accepted fit to
the excitation curve of pp — dnT reactions was the one given by Spuller and Measday [2]. It
is compared in Fig. 1 with Coulomb corrected data, which were published after 1967. Later
Hutcheon et al. [3] measured the isospin-related np — dn® reaction. These cross sections
multiplied by the isospin factor 2 are also shown in Fig. 1. They are clearly smaller than the
prediction by Spuller and Measday [2]. This discrepancy triggered further measurements
of the time-reversed reaction 7td — 2p down to 20 MeV pion kinetic energy [4]. A fit
performed by Ritchie including the A resonance [5] is also shown. The discrepancy between
this fit and the previous one is much larger than the np - dn® data. Furthermore, the
whole range 7 < 0.5 contains only data from the time-reversed reaction. In order to solve
this puzzle we have measured differential cross sections covering the full angular range for
the pp — dxT reaction close to threshold. Total cross sections were obtained by fitting
Legendre polynomials to the angular distributions. Details of the measurements are given
in Ref. [6]. The extracted total cross sections are compared in Fig. 2 with data previously
shown in Fig. 1, the isospin corrected np — dn® data and data from Heimberg et al. {7],
which were published shortly after the GEM data. All charged data are Coulomb corrected
by applying a Gamow factor. For small values of = pT, /my, the data from the neutral
reaction are smaller than those from the charged data. In order to be gquantitative, s- and
p-wave contributions to the cross sections were fitted employing the method discussed
in Ref. [8]. By carefully studying the systematic uncertainties, a deviation from isospin
symmetry for the s-wave part of the reaction of 11 + 4% is found.

*speaker, e-mail: h.machner@fz-juelich.de
ton leave from IUCF, Bloomington, Indiana, USA
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Figure. 1. Total cross sections for the reaction p+ p — 7+ + d as function of the relative pion
cm momentum 7 = pr/(mgc). The data have been corrected for Coulomb effects. Data for the
pp ~ 7 d reaction are shown as full squares, those from the time-reversed reaction by open squares
and the isospin-related reaction as inverted full triangles. Also shown is a fit (it C from Spuller
and Measday) as dashed curve and by Ritchie as solid curve.

From the s-wave cross section at threshold ap = 0.230 = 0.018 mb, one can extract
the m — N isovector scattering amplitude by invoking time reversal invariance, charge
symmetry and isospin symmetry in pion elastic scattering and pion charge exchange. In
addition the ratios

_w(r~p = nad)

 w(rtp—ny) (1)

_ w(r~d — nn)

T w(r—d — nny)’ @)
_ w(r™d ~ nny) (3)

w(r=p = ny)

have to be applied where w is the transition rate of the corresponding process. This
yields:

/2
- 1 g Pag ' - -3, -1
by [12wmﬂ - ST } = (84.3 4+ 2.3) « 10 m . (4)
This value is compared with other results in Fig. 3. The result labelled pionic H+D is
obtained from an analysis [8] of the pionic hydrogen and pionic deuterium atom results
[9,10] in terms of two body and three body effects in 7NN interactions [11]. The approach
denoted potential scatiering is from Ref [12], which analyzed elastic pion scattering by
adjusting a potential in the Klein-Gordon equation. Radiative pion capture was measured
by Kovash et al. [13]. The next four data are from phase shift analysis performed by
different groups [14-17] for different data sets. The result from photoproduction is taken
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Figure. 2. Near threshold region of the pp — dr* excitation function. Data are indicated by the
different symbols. A fit for the pp reaction is shown as solid curve, the one for the np reaction as
dashed curve.
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Figure. 3. The w—proton isovector scattering length as deduced from different studies including a
real charged pion (see text). Also shown is the mean value with error band.
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from Ref. [18]. Matsinos [19] analyzed low—energy pion scattering in terms of a tree level
model. His result for =Tp scattering is by + & = —0.0769 £ 0.0026 /my and for 77 p
scattering by — by = —0.0826 + 0.0020 /m, and thus yield —b; = —0.0798 & 0.0016 [
This result as well as the one from Ref. [16] are outside the error bar when extracting a
mean value. The mean value without these two results is

—b; = (0.0868 + 0.020) /m. (5)

From this value we extract with the help of the GMO sum rule a new value for the
7NN coupling constant of

£2en = 0.0760 £ 0.0011 (6)
or with the help of 2, = %)z%ﬂ#& the more common quantity
NN 137402 (7)
47

Related to the reactions studied so far are pion production in

pd =% Hyt (8)
pd =3 Hex® (9)

when the additional neutron or proton, respectively is treated as a spectator. We have
also started to study these reactions and will have results socon.

We are grateful to the COSY operation crew for their efforts in producing a good
beam. Support by BMBF Germany (06 MS 568 I TP4), Internationales Biiro des BMBF
(X081.24 and 211.6), SCSR Poland (2P302 025 and 2P03B 88 08), and COSY Jiilich is
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Working Group Summary: Pion-Nucleon Coupling Constant

M.E. Sainio
Helsinki Institute of Physics and
Department of Physics, University of Helsinki
P.0.B. 8, FIN-00014 Helsinki, Finland

Abstract

A brief introduction to different determinations of the #NN coupling constant is
given, and some comments on the topics discussed in the working group are made.

INTRODUCTION

Since the birth of the Yukawa theory of the nuclear force in 1935 it was a challenge
for the physics community to determine the coupling strength of the Yukawa meson to
the nucleon. In 1947 the meson — pion — was finally discovered in cosmic ray emulsion
experiments|1] and more systematic work to determine the TNN coupling constant could
start. Conventionally[2] the pseudoscalar strength is denoted by g and the pseudovector

coupling constant by f such that
9
M, 2

2my 4’

where M is the charged pion mass and m,, is the proton mass. Other conventions concern-
ing the nucleon mass and the factor 47 appear in the literature[3]. Reasonable estimates
for the coupling strength were obtained even before the discovery of the pion and without
detailed knowledge of the meson mass, e.g., Bethe was able to get an estimate f% = 0.077
- 0.080 already in 1940[4] on the basis of deuteron properties. The results of various deter-
minations until 1980 are shown in Fig. 1. In the same figure very different techniques to
determine f* are summarized. In the previous MENU symposium de Swart gave a review
on the topic{3] and many of the references used in Fig. 1 can be found there. The values of

PION-NUCLEON COUPLING CONSTANT UNTIL 1980
0.10 T T th T T ; T T

0.09

0.08- " + H H ﬁ;% H}

0.07

T
N

B T -

0.06 i | ) | 1 | |
1950 1955 1960 1965 1970 1975 1980

YEAR

Figure. 1. The values of the pion-nucleon coupling constant f2 before 1980.

f? stabilized for a long time[5-7] and only in the 90’s has the discussion of the value of the
pion-nucleon coupling constant started again. In{5-7] fixed-t dispersion relations for ™N
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Figure. 2. The values of the pion-nucleon coupling constant 2 after 1980 until the present. Neutral
pion couplings are denoted by the solid dots, the remaining points refer to charged pion couplings
or charge independent determinations.

were used. In the determinations displayed in Fig. 1 most of the data date back to the era
before the meson factories, LAMPF, SIN and TRIUMF, which, in addition to performing
experiments with pions, had programmes to study the NN interaction. In several analyses
shown in Fig. 2 NN scatiering data have been used to extract the 7N coupling strength,
i.e. one of the standard methods until the 60’s has been adopted again in more refined
form. In this activity the Nijmegen group has played an important role[3]. Of course, in
Fig. 2 many results from the meson factory 7N experiments are included as well in the
data bases used to determine fZ2.

The central issue in the discussion in the working group has been the scatter of the
results of the determinations as shown in Fig. 2. The main questions involve the model
dependence of different techniques, the effect of different pieces of data (partly conflicting),
the error estimates, the electromagnetic corrections and other isospin violating effects. In
the working group contributions were presented by Loiseau[8], Hohler[9] and Pavan[10],
and brief commentaries by W.R. Gibbs, M. Birse and D.V. Bugg.

PROBLEMS IN EXTRACTING f2

The particular issues raised in the discussion include:
e Electromagnetic corrections:

— wN vs. NN; the different treatment of electromagnetic corrections for these two
scattering processes gives a possibility to check the uncertainty due to these
effects

— corrections from Tromborg et al.[11] vs. Oades et al{12]; the dispersion ap-
proach and potential model lead to differences which need checking

— corrections at high energy; these need to be checked, Tromborg et al. calculated
corrections only up to 655 MeV /c

e Lack of transparency of the analyses; the analyses contain large data bases and it is
hard to clarify which pieces of information are the crucial ones in determining 2

e The normalization of the np data is a préblem in the (p,n) data analyses
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o The determination of the s-wave isoscalar scattering length, aj s from the 7~ d level
shift measurement suffers from some model dependence due to electromagnetic and
absorption corrections

o Effective theory is not at present suitable for fixing the coupling constant. The prob-
lems relate mostly to the convergence of the chiral expansion or to the additional
low-energy constants which are not known accurately enough. However, there might
be a chance in a precise measurement of the induced pseudoscalar coupling constant,
gp, which would make an accurate determination of the pion-nucleon coupling con-
stant possible[13]

e There is need for a new fixed-t analysis of N scatteéring data which extends beyond
the present limit of the VPI analysis, 2.1 GeV

e There is need for a new analysis of the forward dispersion relations of the NN system.
The amount of NN data has increased considerably since the previous analysis thanks
to the meson factories and SATURNE.

The GMO Sum Rule

The Goldberger-Miyazawa-Oehme sum rule {GMO)[14] provides a simple means to
estimate the pion-nucleon coupling constant directly from measurable quantities, the 7N
isovector s-wave scattering length and total cross sections from the threshold to the highest
energies. The method still has uncertainties, and will probably never be able to compete
with other methods in precision, but the advantage is the possibility to relate the uncer-
tainty in f2 directly to the experimental errors.

The GMO sum rule is the result of the forward dispersion relation for the
D~(= A~ +vB~) amplitude taken at the physical threshold (the total laboratory energy
w = M)

8 f?
[1 — (M2/4mE)]

D™ (M) = i +4r M J” = 4n(l +x)ag, , (2)

where
~ 1 g (k)
I=55 fo g (3)

and & = M, /m,. The pion-nucleon coupling constant can now be extracted and the result
is

o= 2l =GR+ ) Mrag, — M2I]
= 0.5712(M; a7,) — 0.02488(J~ /mb). (4)

The isovector s-wave scattering length, ag,, is accessible through experiment[19]. For
the integral J~ several evaluations are displayed in Table 1. As can be seen from Fig.
3 there is potential sensitivity to details of the electromagnetic corrections especially
around the A-resonance region near 0.3 GeV/c as well as to the treatment of the A*+,
AP splitting. Making use of the isospin symmetry gives for the scattering length ay, =
0.0962 = 0.0071 M 1[19] and taking Koch’s value for J— gives an estimate for the lower
limit of the coupling constant f2 with the result ‘0.0765. With more conservative errors
for J~ the figure 0.0762 is obtained. With the remaining uncertainties in the treatment of
various corrections this limit is not in real conflict with the results from other analyses.
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Table 1. Values for the J~ integral.
Ref. J~ {mb)

KH (’83)[2] -1.058

Koch (’85)[15] | -1.077 = 0.047
VPI (*92)(16] -1.072 -

Gibbs ("98)[17] } -1.051

ELT (’99){18] | -1.083 & 0.025

ISOVECTOR COMBINATION OF TOTAL CROSS SECTIONS
20

—y
o O

CROSS SECTION (mb)
A
o

-70 ML P . ......‘.'{ FEET! BT
0.1 1 10 100 1000
LAB MOMENTUM (GeV/c)

Figure. 3. The isovector combination, 6~ = %(0,-, — 07+,), of the 77p and #tp total cross
sections(2}. Experimental data extend up to 350 GeV/c.

CONCLUDING REMARKS

The precision of the pion-nucleon experiments has now reached the level where a more
careful treatment of the corrections, in particular of electromagnetic origin or due to the u-
and d-quark mass difference, is necessary. These theoretical challenges have not yet been
met, eventhough the theoretical tool, chiral perturbation theory, has now the capability
to answer these questions. Work along these lines is in progress. In the lattice[20] and the
QCD sum rule[21] frontiers the present accuracy for g is 20-30 % and it will take a while
before this improves significantly.

Table 2 summarizes some recent values for 72 displayed in Fig. 2. The table demon-
strates the current trend, the favoured value for f? is slightly smaller than the standard
one of Koch and Pietarinen(7]. However, there remains still guite a number of problems
which need attention.

The Goldberger-Treiman discrepancy

=1 P44
Drn g (5)

where Fr and g4 are the pion and neutron decay constants respectively, would be reduced
from 4 % to 2 %, if f* changes from 0.079 to 0.076. In a recent STU(3) analysis(27] preference
for a smaller Goldberger-Treiman discrepancy was found.

In the analysis of np scattering data at backward directions somewhat higher value
for the coupling constant has been obtained28], f2 = 0.0803 % 0.0014. Discussion on




160

Table 2. Values for the pion-nucleon coupling constant f2 from recent determinations.

Ref. f* Method
KH (80)[7] 0.079 £ 0.001 | 7N fixed-¢
BM ('95)[22] 0.0757 + 0.0022 | NN data

Gibbs (98)[17] | 0.0756 & 0.0007 | GMO
Machner (’98)[23] | 0.0760 & 0.0011 | symmetries
Matsinos (*98)[24] | 0.0766 + 0.0011 | model fit
Nijmegen ("99)[25] | 0.0756 £ 0.0004 | pp PWA
ELT ("99)[18] 0.0786 + 0.0008 | GMO + 7d
VPI ('99)[10,26] 0.0760 + 0.0004 | «N fixed-t

the problems in this field continues[29,30]. The spin transfer coefficients in pp scattering
are also of interest, the preliminary indications are towards slightly smaller value for
the coupling[31]. Machleidt has recently discussed[32] some additional problems with the
deuteron properties and low-energy NN analyzing powers which indicate that no coherent
picture is yet emerging.
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Abstract

The isovector GMO sum rule for zero energy forward 7N scattering is critically
studied to obtain the charged mNN coupling constant using the precise #7p and
n—d scattering lengths deduced recently from pionic atom experiments. This direct
determination leads to g2/4m = 14.230.09 (statistic) £0.17 (systematic) or fZ /4w =
0.0786(11). We obtain also accurate values for the N scattering lengths

INTRODUCTION: ROBUST FORM OF THE GMO RELATION

The analysis to determine the 7NN coupling constant should be clear and eagily re-
producible. One should do a detailed study for the statistical and gystematic errors. The
precise determination is an absolute statement, it could be erroneous and it should be im-
provable. In this perspective the Goldberger-Miyazawa-Oehme (GMO) sum rule[1] might
be a good candidate. It is a forward dispersion relation at zero energy for wN scattering.
Tt assumes scattering amplitudes to be analytical functions satisfying crossing symmetry.
At first isospin symmetry does not have to be assumed and it reads (for more details see
e.g.[2]) with its numerical coefficients: g2 /4w = —4.50 J~ +103.3 [(@r-p — 8r+p)/2], Where

J— is in mb the weighted integral, J~ = (1/47?) [°(dk//FE T+ mZ)[oXol (k) — o L2kl (k)]
and a,=, are the ntp scattering lengths in units of my!. All ingredients are physical ob-
servables but so far the lack of precision in .+, (contribution of 2/3 to g% /4r) led to
applications of the GMO relation as consistency check or constraint(3]. The 1s width of
the 7—p atom[4] determines @, ,;0, = —0.128(6) m;’ and assuming isospin symmetry
this gives a~ = (@z-p — Gn+p)/2 and g2/4m = 14.2(4) using{5] J~= -1.077(47) mb. This is
not accurate enough although improvements will come(6)].

We here report on a possible way to improve the precision on g2/4n([7]. As a,—, is

precisely known (0.0883(8) m;') from energy shift in pionic hydrogen[8] one can write:

g2 /4w = —4.50 J~ + 103.3 a,-, — 103.3 (ﬁi’%—“'ﬂ). (1)

and using the above cited J~ (to be calculated later), g2 = 4.85(22)+9.12(8)—-103.3{(ar- p+
ar+p)/2). This (not our final result) shows that all the action is in the term 1/2(ar-, +
@y+p),which, assuming isospin symmetry, is a*t. If this quantity is positive g2 /4n is smaller
than 14, if it is negative it is larger. One way to determine the small at is to use the
accurate m—d scattering length a,—4 = —0.0261(5) m; ", from the pionic deuterium 1s
energy levell9). To leading order this is the coherent sum of the 7~ scattering lengths
from the proton and neutron, which, assuming charge symmetry (viz, ar+p = ar-5) is the
term required in our 'robust’ relation (1) The strong cancellation between the two terms
is then done by the physics. In order to match the precision using the width, we only need
a theoretical precision in the description of the deuteron scattering length to about 30%.

ZERO-ENERGY 7 -DEUTERON SCATTERING AND o*

In multiple scattering theory of zero-energy s-wave pion scattering from point-like nu-
cleons and in the fixed scattering-center approximation, the leading contribution is{10}:
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afttc = § + D .. with§ =[(1 + M /M) [(L+mp /M) (G- + @z-y,), M and My being
the nucleon and deuteron masses respectively. The double scattering term D is:

(4 mg /M) p-py+ Qpp s Ur—p = Qr-p\ s
D=2 . ~ (T <1/ > 2
and with our final scattering lengths D = —0.0256 m;! quite close to a,- 4 experimental.
0.01 T T ¥ T T T T T T

-~ Fig. 1. Our graphical determi-

e nation of the #N scattering

g lengths in excellent agreement

, with the central values of the ex-

o perimental PSI group[4], o+ =
—22(43) - 10~*m; ;0= = 905(42) -
1074m;L.

-0.01 : : '
-0.10 -0.0% -0.08
-2 {m_ ")

We shall here follow the recent theoretical multiple scatiering investigation of Baru
and Kudryatsev (B-K)[11]. The comparison of typical contributions is listed in Table 1.
1) Fermi motion: the nucleons have a momentum distribution which produces an attractive

Table 1. Typical contributions to arq in units of 10~4m !, recall asf = —261(5)[9)].

Contri D Fermi Absorption §p (m=p,yn) Form
-butions motion 1) | corr.[16] 2) | interf. 3) | double scatt. | factor 4)
Present | -256(7) 61{7) -56(14) small -2 17(9)

B-K 252 50 X 44 X 29(7)

Contri- Nomn-static Isospin Higher p-wave Virtual
butions effects 5) | violation 6) | order 6) | double scatt. 6) | pion 6)
Present 10(6) 35 A1) -3 T(2)

B-K i0 3.5 6 -3 X

contribution, calculable to leading order from < p? > of the nucleon moments in the
deuteron. The uncertainty of 7 comes from the D-state percentage in the deuteron, Pp
=4.3% vs. 5.7% for the Machleidt1[12] vs. the Paris[13] wave functions. 2) Absorption
correction: the absorption reaction 7-d —nn, using 3-body Faddeev approaches[14-16]
produces a repulsive (—20%) contribution (not included in B-K). These studies were done
carefully but a modern reinvestigation of this term is highly desirable. 3) 7s-p’ interference:
a —15% correction was obtained by B-K. We find that it is a model dependent contribution
due nearly entirely to the Born term the contribution of which vanishes exactly. We have
then not considered this contribution. 4) Form factor: this non-local effect enters mainly via,
the dominant isovector 7N s-wave interaction, closely linked to p exchange. It represents
only a correction of about —10%. 5) Non-static effects: these produce only a rather small
correction of about 4%. There are systematic cancellations between single and double
scattering as was first demonstrated by Fildt{17]. It has been numerically investigated
by B-K and we have adopted their value, the error of 6 reflects a lack of independent
verification. 6) Isospin violation, higher order terms, p-wave double scattering, virtual pion
scattering: these corrections are all small and controllable. The isospin violation in the
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#N interaction comes in part from the n* — 7° mass difference where an additional check
comes from the chiral approach[18]. Based on this, we obtain the preliminary, though
nearly final, values (a,-, + Gr-n)/2 = (—17 % 3(statistic) = 9(systematic))10~*m;! and
(Qp-p — Qp-p)/2 = (900 £12) 10~%m_!. Our values represent a substantial improvement

in accuracy as seen in Fig. 1. The contribution of the scattering lengths to g2 /4r has here

a precision of about 1%.

TOTAL CROSS SECTION INTEGRAL J~

The cross section integral contributes only one third to the GMO relation. Total cross
sections are inherently accurate and their contribution is calculated with accuracy, but
for the high energy region. The possibility of systematic effects in the difference must
be considered, particularly since Coulomb corrections have opposite sign for mtp. The
only previous evaluation with a detailed discussion of errors is that by Koch[5). Later
evaluations given in Table 2 find values within the errors, but the uncertainties are not
stated and analyzed. In view of obtaining a clear picture of the origin of uncertainties we

Table 2. Some values of J~ in mb, Ref.[19] uses 2 different PWA: K-H[20] and their own, VPL

Ref. Koch Workman et al. | Workman et al. | Arndt et al. | Gibbs et al. Present
1985[5] 1992; K-H[19] 1992; VPI[19] 1995{21] 1998/22) work
J= { -1.077(47) | -1.056 | -1.072 | -1.05 | -1.051 | -1.095(31)

have reexamined this problem in spite of the consensus. We limit the discussion to the
critical festures. The typical shape of the integrands is shown in Fig. 2 up to 2 Gev/c.

20

T

15
- {1}
'E' 5L Fig. 2. The I~ separate integrands
e for n¥p as well as their differ-
“vo0 ence as function of k., together
g

with the cumulative value of the
integral J~(kjup) from the region
-10 - E 0 < k < kjgp. The integrands are
in units of mb GeV/ec.

: PWA SM95 (SAID)
_20'....!..;\I..4;L-n||

1.8 15 20
k. [(GeV/c)

There are no total cross-section measurements below 160 MeV /c, but the accurately
known a,+, give a strong constraint assuming isospin symmetry. The s- and p-wave con-
tributions nearly cancels. A tiny correction occurs, since isospin is broken by the 3.3 MeV
lower threshold for the 7%n channel below the physical 7~ p threshold. The main contri-
butions come from the region of the A resonance and just above. There are no strong
cancellations in the difference between 7%p cross sections in that region and the cross sec-
tions have been very carefully analyzed. We have first evaluated the hadronic cross sections
up to 2 GeV/c based on the VPI phase-shift solution[23]. In doing so Coulomb corrections
and penetration factors have been taken into account in the adjustment to experimental
data even if the treatment may not be optimal. It also allows for some isospin breaking,
since the A mass splitting is parameterized[24]. In view of the not so high accuracy we aim
for, this should be adequate. Bugg[25,26] has emphasized that in the 7 7p scattering the
total cross sections are systematically reduced at all energies by the Coulomb repulsion
between the particles and, conversely, enhanced in 7~ p scattering. One must correct for
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this effect, which gives a negative contribution to J—. Having made no correction for it
at higher energies means that we will underestimate the coupling constant somewhat. In
the region around 500 MeV /c there are long-standing problems with the experimental
total cross section data[24]. This uncertainty, larger than the Coulomb penetrability ef-
fects, should be resolved. So we have preferred to use the SM95 PWA solution as the best
guide. The real uncertainty in J~ comes from the high energy region and is linked to the
relatively slow convergence of the integral.

Table 3. Contributions to J~ in mb according to interval of integration and to the total cross-
section input. ‘Selected” is for the world data[28] with statistical and systematic errors < 1%. Here
the first given error is statistical and the second one systematic.

k(GeV/c) 0 to 2 2 to 4.03 4.03 to 240 240 to oo
Input SM05[23] Selected[28] Selected{28] Regge(94)[27]
J~(mb) [T-1.302£0.006)(17) | (0.064%0.002)(7) | (0.133=0.005)(24) (0.030)
k{GeV/c) 0to2 240 to o0 0to o0 0 to co
Input Arndt98}[23] Regge(98)[28] SM95+Reggedd | Arndt98-+ReggedR
J=(ub) | (-1.329£0.006)(17) (0.018)(3) (-1.07520.008)(30) | (-1.114=0.008)(30)

We have evaluated the different contributions (see Table 3) with no other Coulomb
and penetration corrections than those introduced by the experimental authors above
2 GeV or by the theoretical analysis below 2 GeV. We find, based on (integration of
hadronic cross section) the SM95 and Arndt 12/98 analysis below 2 GeV/ ¢[23], and on the
Regge pole PDG94[27) and PDGI8[28] extrapolation beyond 240 GeV/c, the values J= =
(—1.075 & 0.008)(30) mb and (—1.114 & 0.008)(30) mb respectively. We have adopted the
mean value J~ = (—1.095 0.008){30) mb. In our calculation we have added a systematic
uncertainty from Coulomb penetration effect of +-0.017 from the region less than 2 GeV /e

RESULTS AND CONCLUSIONS
We have derived first new values for the =N scattering lengths from the 7~d one:

at & %—‘%ﬁ‘ﬂﬁ = (~17£3)(9)) - 10~4m !, 0" = ai‘-?"—ggaifﬁ = 900(12) - 10~*m 1.
Our second conclusion concerns the charged *NN coupling constant using these new ac-
curate values in (1) with J~ = (—1.095 = 0.008)(30) and charge symmetry:

ge/4m = (4.93 £ 0.04)(14) + (9.12 £ 0.08) + (0.18 £ 0.03)(9) = (14.23 + 0.09)(17). (3)

The uncertainty comes mainly from .J~. This coupling constant which agrees quite well
with the text book value, 14.28(18)/20] is intermediate between the low value deduced from
the large data banks of NN and 7N scattering dataf24,29] and the high value from np charge
exchange cross sections[30]. It is fully compatible with the latter, differing statistically by
only about one standard deviation.
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Abstract

Discussion of determinations of the coupling constant from dispersion relations for
7N scattering.

Introduction

The pseudoscalar 7NN coupling constant g is defined by the numerator of the pole
terms of fixed-t dispersion relations for 7N scattering {See Ref.[1] for a proof within the
framework of QCD). The pole term of the dispersion relation for 7t photoproduction has
also been used, since it is strongly dominant near threshold. However, in the range of in-
elastic final states, the input for the integrals is much less accurate than for N scattering.

Accurate determinations of the coupling constant from NN -scattering were the main
topic at & workshop in Uppsala in June 1999. To my knowledge, two problems have not
yet been studied:

i) the accuracy of g% which can be reached from an analysis of the dispersion relation
for pp forward scattering[2].

i) if the much different treatment of the electromagnetic corrections in NN and
7N scattering can lead to differences in g° of the order of the very small errors given
by some authors.

The pseudovector coupling constant £2 is defined by

g2 B 4m2
dr — m2

2. (1)

The convention is to use the masses of the charged nucleon and pions. If 2% occurs, the
effect of the mass difference has to be taken into account separately.

In the following, we shall discuss only determinations from 7N dispersion relations
for 7N scattering. Determinations from models for 7N scattering or fits in small energy
intervals have an additional unknown error.

The GMO Sum Rule

The GMO sum rule(3] was derived from the difference between the dispersion relations
for the amplitudes Cy at ¢ = 0, evaluated at threshold. Lower indices refer to 7%p scatter-
ing. We denote crossing even and odd combinations by C* = D* = (C_ + C+)/2 and use
an analogous notation for the total cross sections o*. The data for o— suggest strongly
the existence of the integral in

8 f2
[l — (mZ /4m?)]

- _ 1 rea(k) _ T L 12
J-2ﬂ2f0 Lk w=fmd R (3)

=pion lab. momentum, e~ = S-wave isovector scattering length.
A recent determination[4] led to J~ = (—1.083 = 0.025) mb for the slowly convergent
integral. Previous results lie within the errors. If we use this value, the GMO sum rule
reads for a™ in units m_1

C™(mg) =4m (14—%) a” = +4rmy J. (2)

2 =05712¢" +0.0260 or o =1.751 f2 —0.0471. (4)

The same authors also have determined 7N S-wave scattering lengths from the pionic
deuterium experiment combined with the results from pionic hydrogen(4]. The preliminary
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Table 1. S-wave scattering lengths in units m;* and f2

a— Gy a” a’ fe
0.0883 | —0.0823 | 0.0903 | —0.0020 ;| 0.0786 =+ 0.0008 | Ericson et al.[4]
0.083 | —=0.101 {0.091 | —0.0097 ; 0.079 =0.002 KHS80

values given in Table 1 follow if charge symmetry (@y+, = Gr-5) is assumed. {2 belongs
to gZ/4m = 14.20. The index c refers to the charged coupling constant. I have calculated
a, from 2at —a_.

A remark on the deviations of the first line from the results given in Ref.[5]: A.W.
Thomas is one of the authors of Ref.[4]. In Ref.[5] an earlier article by A.-W. Thomas and
R.H. Landau(1980) was used.

It is seen that the some results from KHS80 are near to the new values. a4 and a™
depended on the ntp data of Bertin et al., which were omitted in all more recent analyses.

The above value for a_ is in contradiction to a; = —0.077£0.003 obtained in Refs.[6,7]
from analyses of meson factory data below T = 100 MeV.

As mentioned above, the GMO sum rule is valid for ¢~ as defined from 7+p scattering
lengths. Only if isospin invariance is assumed, a~ is equal to —ap /+/2, where ag is the
S-wave scattering length for charge-exchange scattering. Then one can also include a™
as determined from inverse pion photoproduction[8,9] and from the line width in pionic
hydrogen{5): ap = (—0.128 £ 0.006) gives a~ = (0.0905 £ 0.004). So isospin breaking lies
within the present errors. An important new information will follow from the final result of
the 7N charge-exchange experiment at 10 to 40 MeV of D. Isenhower et al. at LAMPF(16]

In the literature one can find a number of papers, in which the authors used empirical
models for an extrapolation of charge-exchange data to threshold. I think that the results
can be ignored, because they disagree with dispersive calculations[11].

It would be of interest to reconsider a question raised by D.V. Bugg and others a
long time ago: is it justified to neglect the Coulomb barrier corrections to TV total cross
sections above 600 MeV/e 7 .

The unsubtracted fixed-t Dispersion Relation for C~ (v, t)

The GMO sum rule shows that the Born term is about 3 times larger than the dispersion
integral. One can use the same ImC™ as in the sum rule for a dispersive calculation of
ReC~(w,t = 0) in an energy interval in which the decreasing Born term is large enough.
This is related to Ref.[12]. We have started to study the discrepancies with real parts
which follow at t = 0 (up to a sign) from charge-exchange forward cross sections and from
phase shift analyses, where one can also use ¢ < 0. A question is, if discrepancies can be
reduced by a change of f2. The calculation will be helpful for a discussion of contradictory
meson factory data.

The Hiiper Plot

It is known for a long time that the amplitudes By and BT are well suited for a
determination of f2, because the Born term remains comparable with the real part in the
region of the higher resonances. I suggested to R. Hiiper to make a plot in analogy to the
Salzmann-Schnitzer plot for the forward amplitudes C, becanse it gives more information
than a plot for Bt. If a partial wave analysis is compatible with fixed-t analyticity, one
obtains a straight line, whose intersection with the ordinate gives the value of f 2(see e. g.
Refs.[10]). In the 2nd paper I showed a ‘modified Hiiper plot’ which follows from a rotation
of the straight line to a line parallel to the abscissa. This has the advantage that one can
choose the scale of the ordinate such that small deviations from fixed-t analyticity and
their effect on the uncertainty of 2 on a level of 1 % can be seen directly. One should
note that a best fit in the original plot is not a best fit in the rotated plot.
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One problem of the evaluation is that for t < 0, ImB(v,t) is needed in the unphysical
region from threshold (s = (m + m,)?) to the hyperbola for backward scattering. The
partial wave expansion converges up to about ¢ = —0.5 GeV 2. But some partial waves,
which are negligible in the physical region, give important contributions in the unphysical
region, if cosé has large negative values. This enhancement is due to a property of the
Legendre Polynomials. For calculations in the unphysical region we have used dispersive
methods described in Ref.[11].

sp98  t(GeV?)=-0.05

7~ p dominant ] np dominant

¥
)
1
i
)
1

0.075%

0.065

o L
[e]

o
E.nL

<— Plab —>

Figure. 1. Modified Hiiper plot. Rotated fits made in the original Hiiper plot. Over all points:
horizontal dashed line, over the left and right hand parts separately: solid linres. Input from KA84:
from 2.2 to 6.0 GeV/c. The discrepancies are larger at ¢ = 0 and much smaller at t = —0.1 GeV2.

A second problem is that the input for the imaginary parts at very high energies is not
well known. But a correction cannot cancel structures in the plot at low energies, because
it will always be slowly variable in this region.

The Salzmann-Schnitzer Plot

A new evaluation of this plot has been made by J. Stahov{12]. The method starts with
a combination of once subtracted dispersion relations for the 7tp forward amplitudes C.
ImCy(w) = plab - o4 follows from a fit to data for hadronic total cross sections {or at
low momenta from a partial wave solution). ReC. can be determined from experiments
in the Coulomb-nuclear interference region. Since most of these data were measured at
high energies (up to about 300 GeV') and only a few of them at low energies and in the
resonance region, most of the real parts were taken from partial wave analyses.

If the input is compatible with fixed-t analyticity, the plot leads to a strai§ht line. The
intersection with the ordinate and the slope give a* and a~, respectively. 72 enters only
insofar as the subtracted relation for C~ is valid only if the parameters o~ and f? fulfill
the GMO sum rule.

If a modified version is introduced by transforming the straight line into a horizontal
position, the sensitivity to discrepancies becomes much better. The figures belonging to
the solution SM95 in Ref.[12] show strong deviations from fixed-t analyticity and smaller
ones in the energy range where the constraint has been approximately enforced.

Interior Dispersion Relations

These dispersion relations are a special case of dispersion relations along hyperbo-
las studied by Hite and Steiner and others in the early 70’s. The hyperbolas pass the
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N threshold and run along a constant value of the scattering angle in the Lab, so they
remain in the physical region of the s-channel. Below threshold, they have an intersection
with the line for the Born term, which can be used for a determination of f2[13].

The Lh. cut (also called t-channel cut) starts at £ = 4m2. In addition to the threshold
singularity there is a logarithmic singularity at 3.98m2. A correct treatment uses an
expansion in t-channel partial waves, a procedure applied in all calculations of our group.
J. Stahov et al.[15] described a determination of f2 by a method of this type for KA84
and SM90 for different values of the fixed lab. scattering angle.

Other authors, e. g. in Ref.[14], used the discrepancy function method, which is not
suitable in the present case because of the complicated nearby singularities.

Conclusions

1} The most accurate determinations of the TNN coupling constant from results of
wN — 7N scattering experiments follow from dispersive methods, if integrals in unphysical
regions and high energy contributions are carefully treated.

2) Since small deviations from analyticity can have large effects, it is useful to work
with the modified plots described above. These plots give a realistic information on the
uncertainties.

3) Parts of the uncertainties can be estimated by calculating f? from fixed-t dispersion
relations at different values of ¢.

4) Results derived from partial wave analyses have errors which cannot be treated by
statistical methods, because the input includes contradictory data sets. Then a cooperation
with experimentalists is more helpful than an application of statistical criteria.
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Abstract

We outline our extraction of the charged pion-nucleon coupling constant from P
elastic scattering data. A partial wave analysis (7% < 2100 MeV) is performed simul-
taneously with a fixed-¢ dispersion relation analysis (T, < 800 MeV). The coupling
constant g* /47 is searched to find the best fit. The result 13.7340.010.07 {first er-
ror statistical, second systematic) is found to be insensitive to database changes and
Coulomb barrier corrections, and it satisfies important elements of low energy QCD
like the Goldberger-Treiman discrepancy, the Dashen-Weinstein sum rule, and chiral
perturbation theory pion photoproduction predictions.

Introduction

The pion nucleon coupling constant g2/4x is an important input parameter in low
energy QCD and nuclear physics, hence one requires its value to be determined as precisely
as possible. For example, deviations from the well known Goldberger-Treiman relation (1]
has important implications [2] in low energy QCD. The Dashen-Weinstein sum rule [3]
connects g* to the ratio of the strange and light quark masses, and using the ”textbook”
value g2 /4n = 14.3 [4], it has been argued that the large quark condensate assumption of
standard chiral perturbation theory may not be valid so that a “generalized” form of the
theory may be required [5]. Even from only these two examples, clearly it is of fundamental
importance to pin down this important coupling constant.

Our recent partial wave analyses of mN scattering data (with T, < 2100 MeV (e.g.[6])
include constraints from a simultaneous fixed-# dispersion relation analysis. Our recent
work (“SM99”(7]) adds the forward “derivative” E= dispersion relations and the fixed-¢
C#* dispersion relations to our suite of forward % and fixed-t B: (“Hiper”) dispersion
relations. The coupling constant ¢2 is treated as an a priori unknown parameter. The
dispersion relation nucleon pole (Born) term is a well defined quantity, and extracting g°
from the dispersion relations does not involve extrapolations or interpolations.

Bugg, Carter, and Carter [8] employed the B*(#) dispersion relation and their own par-
tial wave analysis over the energy range (110, 280MeV) to extract the coupling, obtaining
g% /4m =14.340.2. The analysis was not constrained by dispersion relations, so the value
comes solely from the data. This value was subsequently used in the Karlsruhe fixed-t
dispersion relation analysis of Pietarinen [10] used to constrain the partial wave solution
KHB80[4], from which the same coupling constant {14.3) was “extracted” using the “Hiiper”
dispersion relation. It was not tested whether other values of ¢ /Am gave better fits.

In this article, our approach to extracting the pion nucleon coupling constant from the
TN scattering data is outlined, which involves treating it as a free parameter in fixed-¢
dispersion relations to be determined by x? minimization. We discuss some important
systematic checks that were performed, and close with some conclusions.

Dispersion Relations and the Coupling Constant

The multi-energy partial wave analysis part of our analysis procedure has been de-
scribed in Ref.[11], to which the interested reader is referred. That part of the analysis has
no explicit dependence on the coupling constant g? /47 and so will not be discussed here.

*Present address: TRIUMF, Vancouver, B.C. V6T-2A3 ; EMAIL: marcello.pavan@triumf.ca
tPresent affiliation: Dept. of Physics, The George Washington University, Washington, D.C. 20052
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Figure. 1. Left: Total x* contours in the (Eqp, g% /4x) plane, where Eyj, is the subtraction constant
in the forward Etdispersion relation. The contours were generated from a “grid” of 5x5 solutions
of fixed (Eu, g% /4r) ; Right: Best-fit x2 as a function of g*/4n, where all other parameters were
fixed to their best At values. All curves minimize near 13.73. The variation is one indication of the
systematic uncertainty in g* /4w, while the bars indicate that Ax?=1 (statistical) uncertainty.

The coupling constant enters into the fixed-¢ dispersion relations we use as constraints to
the partial wave analysis: the forward (=0) subtracted C*(w), the derivative subtracted
E*(w), the unsubtracted fixed-t “Hiiper” (B{v,t) ) and CT(v, t) dispersion relations.
These are implemented from 20 < T < 800 MeV, and the fixed-¢ relations over —0.3 <
¢ < 0 GeV2/c?. The kinematic range over which the constraints are applied is sufficient for
determining the coupling constant since it spans the A resonance region which dominates
the dispersion integrals, and where the most abundant and precise data sets exist.

A fixed-t dispersion relation relates the real part of the amplitude at some energy to
a principal value integral over the imaginary parts at all energies, plus a nucleon pole
contribution (Born term), and in the case of subtracted relations, an additional energy
independent subtraction constant. The TNN coupling constant (appearing in the Born
term) and the subtraction constants are & priori unknown constants, which we treat as
" searched parameters to be determinied by niinimizing the ¥? fit to the data and dispersion
relations. The procedure is as follows: first, the coupling constant and all subtraction
constants are fixed, and for each iteration in the analysis, the N phases are used to
determine the principal value integral + Born term + subtraction constant prediction for
the real part. The real part is then evaluated separately using the phases. The difference
“Re(from PWA) - Re(from DR)” is used to correct the real parts for the next iteration, and
to calculate a x? using a prescribed accuracy (adjusted so x?/pt. ~ 1) as the “uncertainty”.
This procedure is iterated until the solution converges to a minimum overall x* (fit to data
+ dispersion relations). This “best” solution corresponds a particular set of dispersion
relation parameters. The entire analysis is repeated varying these parameters over a multi-
dimensional “grid”. Over this grid, the x? versus g?/4m curve is parabolic, and so the
parameters for the final solution are determined by fitting quadratics (or bi-quadratics) to
these curves and selecting the parameters corresponding to the minimum. This elaborate
procedure has the benefit that one is able to define a statistical uncertainty for g* by
the variation which changes the overall x? by 1, and a systematic uncertainty from the
constancy of g2 over the applied kinematic range ( “extraction error” ), and the x? minimum
variation from the contributions of the dispersion relations and each scattering chanmel.

For the coupling constant, two dispersion relations merit special consideration. One is
the unsubtracted isoscalar BT (v, t) dispersion relation, which has one unknown parameter,
g2. Bugg, Carter, and Carter [8] used B*(v,t) by inputing in their phase shifts and then
“averaging” g° over a kinematical range (v,t) spanning the A resonance. This is justified
by the dominance of the A resonance region in the dispersion integral and the integral’s
satisfactory convergence with a few GeV cutoff (below which there are abundant data).

The other is the “Hiiper” dispersion relation (see Refs.[9] and[4]), whick is a clever
combination of the invariant B amplitudes such that at fixed t, the relation is linear in
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Figure. 2. Left: Results for the BT dispersion relation for the solution SM99. At each kinematical
point (T, t) the deviation from the average coupling constant g /4w is shown. Right: Result for
the Hiiper dispersion relation at three ¢ values. The y-intercept gives the coupling g*/M, and the
left (right)-hand side of the figure is dominated by =~ p (7¥p) data.

vg + v with the intercept equal to g?/M. Up to several hundred MeV, the dispersion
integrals are dominated by the A resonance region and suitably convergent with a 4 GeV
cutoff when evalnated there. They have the property that due to crossing symmetry, the
“eft (vg — v)" (“right (v + v)") side is dominated by n™p (n¥p) data (see Fig. 2).

Results

Some y? mapping results from our most recent solution (SM99)[7] are shown in Fig. 1.
At left are the y° contours of g2 /4x versus the forward ET(w) dispersion relation subtrac-
tion constant, which are based on 25 (5x5) solutions. Fitting a bi-quadratic to the contours
yields g?/4n = 13.730+£0.009, where the uncertainty is statistical only (Ax? = 1). Similar
results are observed when plotting the contours of g2 /4w versus the scattering lengths.

The statistical uncertainty from the x? mappings is clearly much smaller than the over-
all uncertainty. To estimate the systematic uncertainty, the one-dimensional curves of x?
versus g? /4 are plotted for each scattering channel, their sum, and the dispersion relation
contributions separately (see Fig. 1). One sees that all charge channels minimize near 13.73
(13.70, 13.73, 13.88 for nt, 7 ,and CEX respectively) as well as the dispersion relation
contribution (13.76). This spread gives one indication of the systematic uncertainty.

Another indication of the systematic uncertainty in g° comes from the fluctuations in
its evaluation at various (v,t) in the B¥(¢) and Hilper dispersion relations (Fig. 2). The
energy and t-dependence is almost negligible +0.03 (0.2%) over the full constraint range
up to 800 MeV. This “extraction” uncertainty comes from the variations seen in Fig.2.

Systematic Checks

A number of checks were made in order to gauge additional systematic effects. A partial
wave analysis solution was generated with no dispersion relation constraints whatsoever
and the resulting amplitudes used in the dispersion relations to extract g° /4w, an approach
analogous to that used in Ref.[8]. This was done to see if the dispersion relation constraints
were “pulling” g* away from a value preferred by the data, but this is not the case. The
dispersion relation-free solution yields g2 /4n = 13.66--0.18 (1.3%) from the BT (vt) (see
Fig.3), and 13.66+0.07 from the Hiiper dispersion relation (not shown). Interestingly, up
to ~500 MeV all the fixed-t dispersion relations are reasonably well satisfied, indicating
that the low/intermediate energy scattering data exhibit the expected analytic proper-
ties, so applying dispersion relation constraints “fine tunes” the amplitudes and does not
drastically alter them from their unconstrained state.

The dispersion relations must use amplitudes from which all Coulomb contributions
have been removed (i.e. “hadronic amplitudes™). Our direct Coulomb and Coulomb phase
rotation prescription comes from the Nordita analysis[13] which was used in the KH80
solution[4]. Qur simple prescription for the Coulomb barrier correction has been criticized
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Figure. 3. Results for the B* dispersion relation for a solution where NO dispersion relation
constraints were used. The result g?/47 = 13.7420.08 is consistent with the best fit value ( Fig. 1).

(see e.g. [14]). To test its effect on the coupling constant extraction, a solution was gen-
erated ignoring it altogether. The coupling was found to be 13.70, varying from ~13.45
for 7+p to 13.72 for 7~ p and 13.67 for charge exchange. Our Coulomb barrier correction
is more accurate than ignoring it altogether, so its effect on the systematic uncertainty
clearly does not dominate the other aforementioned effects.

The effect of the Coulomb barrier correction on the Hiper dispersion relation was
investigated by reintroducing the correction into the hadronic amplitudes before the cal-
culation. The result is shown in Fig. 4. This figure shows that since the plot is dominated
by ntp (7~ p) data on the right (left) hand side, the effect is to “rotate” the line around
the intercept, hence leaving the coupling constant relatively unchanged (13.55 vs. 13.73).
Clearly this insensitivity to the Coulomb correction makes the Hiiper dispersion relation
valuable for determining the coupling constant.

Another source of systematic uncertainty comes from the elastic pion proton scattering
database. We constructed a solution where the total cross section data of Pedroni, et
al.[15), were removed, and one where the total cross section data of Carter, et al.[16],
the total CEX reaction cross section data of Bugg, et al.[18], and the differential m*p
differential cross section data of Busgey, et al.[17] were removed. We found only a small -
change of about £0.04. It’s clear that the effect of a number of fixed-t dispersion relation
constraints and many data sets (differential and total cross sections, and polarization)
reduces the sensitivity to any single measurement. We constructed yet another solution
where all charge exchange data were removed from the database, which resulted in a best
fit coupling of 13.65, only 0.6% lower than the nominal value. These results are consistent
with our experience of analyzing the m¥p scattering data over the years, where many new
data have entered the database, and many solutions were attempted accepting some and
deleting other data sets. Such changes never caused a large change in g°/4x .

Concluding Remarks

We have outlined our approach to extracting the pion nucleon coupling constant g?/4n
from the TN elastic scattering database using fixed-¢ dispersion relations. Our most recent
preliminary analysis (SM99) yields g% /4r= 13.7320.01 £ 0.07, where the first uncertainty
is statistical (Ax? = 1) and the second is systematic. We have described the checks we
made to estimate the latter, and found that the variations in the x? minima for each
charge channel and the dispersion relations (Fig.1) dominates.

The result g?/4n = 13.73 is consistent with expectations of the Goldberger-Treiman
discrepancy ([1],]2]) and with the Dashen-Weinstein sum rule (plus some higher order
corrections) [19,3], while they are not consistent with the larger coupling 14.3. Recent
measurements of threshold pion photoproduction are also more consistently described in
chiral perturbation theory with the smaller coupling than the larger[20]. Along with other
recent determinations arriving at a lower coupling constant (see review[21]), we believe
that since important aspects of low energy QCD are more consistently described with
g*/4x =~ 13.7 than 14.3, it is sensible to adopt a value near 13.7 as the current standard.
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Figure. 4. Hiiper dispersion relation at ¢ = —0.15 GeV? /¢c?, with the Coulomb barrier correction
reintroduced into the amplitudes. The amplitudes are enhanced on one side and suppressed on the
other, such that the intercept (92/M) changes little {13.55 vs. 13.73). This “pivoting” around the
y-intercept shows that this dispersion relation is insensitive to the Coulomb barrier correction.
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Abstract

The talks delivered by M. Knecht, H. Neufeld, V.E. Lyubovitskij, A. Rusetsky
and J. Soto during the session of the working group of electromagnetic corrections to
hadronic processes at the Eight International Symposium MENUS9, cover a wide range
of problems. In particular, those include: construction of the effective Lagrangians
that then are used for the evaluation of electromagnetic corrections to the decays of K
mesons; evaluation of some of the low-energy constants in these Lagrangians, using sum
rules and the large- N, arguments; complete calculations of electromagnetic corrections
to the 77 scattering amplitude at (O{e?p?); the general theory of electromagnetic bound
states in the Standard Model.

The problem of unique disentangling of strong and electromagnetic interactions in
hadronic transitions has been a long-standing challenge for theorists. All data obtained
in high-energy physics experiments, contain a highly nontrivial interplay of strong and
electromagnetic effects, with a huge difference in the interaction ranges. In addition, there
are the isospin-breaking effects caused by the difference in quark masses that generally
has a non-electromagnetic origin. In the analysis of the experimental data, however, one
would prefer to unambiguously subtract all isospin-breaking corrections from the hadronic
characteristics in order to obtain the quantities defined in "pure QCD”, at equal quark
masses — the case where the most of the theoretical predictions are done.

In the context of [V scattering problem, the issue of the electromagnetic corrections has
been extensively studied by using the dispersion relations[1], and the potential model[2].
The closely related problem of electromagnetic corrections to the energy-level shift and
decay width to-the pionic hydrogen and pionic deuterium was analyzed again by using
the potential model{3]. Both above approaches are based upon the certain assumptions
about the precise mechanism of incorporation of electromagnetic effects in the strong
sector, provided that the details of strong interactions are unknown. It remains, however,
unclear, how to estimate the systematic error caused by these assumptions or, in other
words, how to consistently include within these approaches all isospin-breaking effects
which are present in the Standard Model. Given the fact, that the above approaches are
used for the partial-wave analysis of # NV scattering data and the measurements of 77 p,
n~d atom characteristics that result in the independent determinations of values of the S-
wave 7V scattering lengths, the consistent treatment of the isospin-breaking effects might
be helpful for understanding the discrepancies between the results of different analyses.

Further, the problem of the systematic treatment of electromagnetic corrections is cru-
cial for the analysis of experimental data on the decays of K mesons. In particular, the
study of Kj4 decays that at present time is performed by E865 collaboration at BNL[4],
and by KLOE at DA®NE facility (LNF-INFN)[5], will enable one to measure the parame-
ters of the low-energy n# interaction and thus provide an extremely valuable information
about the nature of strong interactions at low energy. Preliminary results[4] are so far
obtained in the negligence of the electromagnetic effects which might significantly affect
the amplitudes in the threshold region.

Lagt but not least, a complete inclusion of electromagnetic corrections is needed in
order to fully exploit the high-precision data on hadronic atoms provided by the DIRAC
collaboration at CERN (nt#~), DEAR collaboration at DA®NE (K~p, K~d) , by the
experiments at PSI (z7p, 77d), KEK (K ~p), etc. These experiments, that allow for the
direct determination of the hadronic scattering lengths from the measured characteristics
of hadronic atoms: level energies and decay widths, contribute significantly to our knowl-
edge of the properties of QCD in the low-energy regime. In particular, the measurement of
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the difference of the S-wave 77 scattering lengths ag — as by the DIRAC experiment will
allow one to distinguish between the large/small condensate scenarios of chiral symmetry
breaking in QCD: should it turn out that the measured value of ay — ay differs from the
prediction of standard ChPT[6], one has to conclude that the symmetry breaking in QCD
proceeds differently[7] from the standard picture. Further, the # IV scattering length ey,
that is measured by the experiments on pionic hydrogen and pionic deuterium, can be used
as an input to determine the 7NN coupling constant, and from the precise knowledge of
KN gcattering lengths one might extract the new information about e.g. the kaon-sigma
term and the strangeness content of the nucleon.

According to the modern point of view, the low-energy interactions of Goldstone bosons
(pions, kaons...) in QCD can be consistently described by using the language of effec-
tive chiral Lagrangians. The amplitudes of the processes involving these particles below
~ 1 GeV can be systematically expanded in series over the external momenta of Goldstone
particles and light quark masses. All nonperturbative QCD dynamics is than contained in
the so-called low-energy constants of the effective Lagrangian, and only a finite number
of those contribute at a given order in this expansion. These constants should be, in prin-
ciple, calculable from QCD. However, at the present stage they are considered to be free
parameters to be determined from the fit to the experimental data[6-8]. The approach
can be generalized to the sector with baryon number equal to 1 or 2[9,10]. Moreover, the
approach allows for the systematic inclusion of electromagnetic interactions — albeit at
the cost of the increased number of low-energy constants in the effective Lagrangian{l11-
13]. These new "electromagnetic” low-energy constants describe the high-energy processes
corresponding to the direct interaction of guarks with photons, and thus coniribute the
missing piece to the potential-type models - in the latter, generally, only the long-range
part of the electromagnetic interactions, corresponding to the photon exchange between
different hadrons, is taken into account. From the size of the effect coming from the ”elec-
tromagnetic” low-energy constants, along with other missing sources of electromagnetic
corrections (see below), one can therefore have a judgment on the systematic error caused
by the choice of the potential-type models.

From the above, it seems that the most nontrivial task that one encounters in the sys-
tematic treatment of the electromagnetic interactions in the low-energy hadronic processes,
is related to the determination of the precise values of the ”electromagnetic” low-energy
constants in the effective low-energy Lagrangians that, at the present time, are rather
poorly known. Different methods have been used to this end so far. The resonance satu-
ration method was used[14] to evaluate these constants in the O(e?p?) Lagrangian with
Goldsone bosons. Further, in Ref.[15] it was demonstrated that these constants can be ex-
pressed as a convolution of a QCD correlation function with the photon propagator, plus a
contribution from the QED counterterms. The sum rules were then used to evaluate these
constants[15]. Somewhat different approach to the calculation of these constants was used
in{16]. The results of these approaches do not all agree. One important lesson, however, can
be immediately drawn: since these low-energy constants turn out to be dependent on the
QCD scale g that should be introduced in the QCD Lagrangian after taking into account
the electromagnetic corrections{15,16], the naive separation of the isospin-breaking effects
into the "electromagnetic” and ”strong” parts, the latter corresponding to the difference of
quark masses, does not hold in general and can be carried out only in certain observables
at a certain chiral order. Generally, both these parts are dependent on QCD scale pg that
then cancels in the sum. For this reason, hereafter, we would prefer to speak about the
isospin-breaking corrections to the physical observables, rather then consider individual
contributions to it. .

The session of the working group of electromagnetic corrections at MENU99 symposium
was designed to cover all important steps of the treatment of isospin-breaking corrections
on the basis of modern effective theories: starting from the construction of the effective
Lagrangians containing non-QCD degrees of freedom — photons and leptons, and from the
examples of the determination of some of the non-QCD low-energy constants, using sum
rules and large N, arguments, to the actual application of the framework to the calculation
of physical quantities: P9 and P — £+£~ decay rates, mr scattering amplitudes, as well as
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observables of #tn~ and 7~ p hadronic atoms — energy levels and decay characteristics.

A construction of a low-energy effective field theory which allows the full treatment
of isospin-breaking effects in semileptonic weak interactions, was discussed in the talk
of H. Neufeld[17] {see also[13] for more details). In addition to the pseudoscalars and
the photon, also the light leptons were included as dynamical degrees of freedom in an
appropriate chiral Lagrangian: only within such a framework, one will have full control over
all possible isospin breaking effects in the analysis of new high statistics Ky; experiments
by the E865 and KLOE collaborations. The same methods are also necessary for the
interpretation of forthcoming high precision experiments on other semileptonic decays like
Ky, ete.

The one-loop functional in the presence of leptonic sources was evaluated by using the
superheat kernel technique[18]. At next-to-leading order, the list of low-energy constants
has to be enlarged as compared to the case of QCD+photons. If only the terms at most
quadratic in lepton fields, and at most linear in Fermi coupling Gr are considered, the
number of additional low-energy constants X;, i =1---7 is equal to 7. Further, regarding
"pure” lepton or photon bilinears as "trivial”, only three from the remaining five low-
energy constants will contribute to realistic physical processes. One may therefore conclude
that the inclusion of virtnal leptons in chiral perturbation theory proceeds at a rather
moderate cost.

As an immediate application of the formalism, a full set of electromagnetic corrections
to P2 decays were calculated. It was demonstrated that, in some specific combinations of
widths of different decay processes, the "new” low-energy constants cancel, thus leading
to the predictions at the one-loop order that do not depend on the parameters X;. A full
calculation of the electromagnetic corrections to the Kj3, Kj4 processes is in progress.

As it is evident, the question of actual evaluation of a large number of low-energy con-
stants lies at a heart of the successful application of the effective Lagrangian approach. In
the talk by M. Knecht, the evaluation of one of such low-energy constants that contributes
to the decays of pseudoscalars into lepton pairs, was given on the basis of sum rules and
large N, arguments (for more details, see[19]). In the large N, limit, the QCD spectrum
consists of a tower of infinitely narrow resonances in each channel. Employing further the
so-called Lowest Meson Dominance (LDM) approximation that implies the truncation of
the infinite sum-over resonances-in the sum rules; one can relate the low-energy constants-
to the known parameters of the low-lying resonances. It was demonstrated that nsing the
value of the particular low-energy constant determined in the LDM approximation leads
to the values of ratio of branching ratios Br(P — £¥¢7)/Br(P — vv) for the processes
7% — ete™ and n — utp~ that are consistent with the present experimental data. The
predictions for the same value in the process 7 — e¥e™ were also given.

As another application of the effective theories, in the talk by M. Knecht 20] see
a.ls.o[2Jr a complete calculation of the electromagnetzc corrections to the w070 — 7970
and 7t~ — 7%%" scattering amphtudes at O(e?p®) has been performed. The latter
case is particularly interesting since the the results can be directly translated into the
corrections to the decay width of the 77~ atom. It turns out that the size of isospin-
breaking corrections to the 77 scattering amplitudes is of the same order of magnitude
that the two-loop strong corrections and, therefore, can not be neglected.

Bound states of hadrons in chiral effective theories — hadronic atoms — were considered
in the talks by J. Soto, V. Lyubovitskij and A. Rusetsky[22-24]. It was demonstrated that,
a systematic evaluation of isospin-breaking corrections to the observable characteristics of
this sort of bound systems is possible order by order in ChPT. To this end, a nonrelativis-
tic effective Lagrangian approach was used, that provides the necessary bridge between
the bound-state characteristics and the scattering S-matrix elements in a most elegant
and economical manner: at the end, according to the matching condition of relativistic
and nonrelativistic theories, these characteristics are expressed in terms of the scattering
matrix elements calculated in the relativistic theory, and to the latter one can apply the
conventional machinery of ChPT.

The talk by J. Soto[22] (details — in Ref.[25]) was focused on the foundations of the
nonrelativistic effective Lagrangian approach as applied to the 7t 7~ atom decay problem.
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Different scales relevant for the problem of interest have been thoroughly discussed and
disentangled. It has been demonstrated that, matching the parameters of the nonrelativis-
tic Lagrangian to the relativistic theory, it is possible to evaluate the decay width of the
ntx~ atom order by order in ChPT.

The nonrelativistic effective Lagrangian approach was applied to the 777~ atom de-
cay problem as well in the talk by V. Lyubovitskij[23] (see[26] for more details). It was
demonstrated, however, that employing the different technique for matching of relativistic
and nonrelativistic theories, it is possible to obtain the general expression for the decay
width of the 777~ atom in the first nonleading order in isospin breaking, without an
explicit use of chiral expansion — that is, the resnlt is valid in all orders in ChPT. At order
O{e*p?) in ChPT, one may use the results of calculations by Knecht and Urech[21] - in
this manner, it was demonstrated that the one-loop corrections to the decay width are
rather small, including the uncertainty coming from the "strong” and ”electromagnetic”
low-energy constants. The bulk of total correction is given already by the tree-level dia-
gram that is free from this uncertainty. The results given in the talk by V. Lyubovitskij,
finalize the treatment of the 777~ atom decay problem: the width is now kmown to a
sufficient accuracy that allows one to fully exploit the future precision data from DIRAC
experiment at CERN.

In the talk by A. Rusetsky[24] the nonrelativistic effective Lagrangian approach was
applied to the calculation of the energy of the ground state of the 7~ p atom. At this ex-
ample, one can fully acknowledge the might and flexibility of the nonrelativistic approach:
the spin-dependent part of the problem trivializes, and the treatment proceeds very simi-
larly to the case of the 77~ atom. However, the isospin-breaking piece of the relativistic
scattering amplitude in the 77 p case already at the tree level (order p?) contains both
"strong” and "electromagnetic” low-energy constants. This part of the isospin-symmetry
breaking effect is missing in the potential model[3]. From the explicit expression of the
7~ p scattering amplitude at O(p?), one can immediately identify two distinct sources of
isospin-breaking corrections that are not present in the potential model. The terms that
depend on the quark masses in the strong part of the #~p amplitude, contribute to the
isospin-breaking piece — this contribution is proportional to charged and neutral pion mass
difference. In addition, the direct quark-photon interaction that is encoded in the ”elec-
tromagnetic” low-energy constants, also contributes to the isospin breaking. Uncertainty
introduced by the poor knowledge of these low-energy constants is, unlike the 7 t7™ case,
much larger as compared to the estimate based on the potential model — thus, the latter
considerably underestimates the systematic error in the analysis of the pionic hydrogen
data provided by the experiment at PSI.

To summarize, I shall briefly dwell on the developments that are foreseen in the nearest
future.

e A complete treatment of the isospin-breaking corrections to Kj3 and Kj4 decays on the
basis of modern effective field theories that are now in progress, is of a great importance
for the analysis of precision data samples from E865 (BNL) and KLOE (LNF-INFN)
experiments.

e For the systematic treatment of the isospin-breaking corrections, the knowledge of the
precise values of the low-energy constants that enter the effective Lagrangian, is necessary.
In particular, this concerns the values of "electromagnetic” low-energy constants which
are poorly known. Activities based on sum rules, resonance saturation models, etc. may
provide an extremely useful information in this respect.

¢ At present, the problem of 777~ atom decay is completely understood, both con-
ceptually and numerically. The expected high-precision data from DIRAC experiment,
therefore, can be used to determine the difference of the nm S-wave scattering lengths
ap — az quite accurately. In the contrary, the issue of the isospin-breaking corrections to
the observables of pionic hydrogen (and pionic deuterium) needs to be further investigated.
The uncertainty due to the poor knowledge of low-energy constants in the isospin-breaking
part of the 7N scattering amplitude is large already at tree level, and the evaluation of
one-loop contributions are in progress. These studies will be even more important for the
future improved experiment at PSI{27] that intends to measure the S-wave 7N scatter-
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ing lengths, using the data from the pionic hydrogen alone. A detailed investigation of
the properties of the kaonic atoms which will be studied by the DEAR collaboration at
DAS®NE, is planned.

e The success of the nonrelativistic Lagrangian approach to the hadronic atom problem
clearly demonstrates that the formalism of the potential model based on Schrodinger-type
equations, can be applied to the evaluation of the isospin-breaking corrections, provided
the potential contains a full content of isospin-symmetry breaking effects of the Standard
Model. Therefore, it will be extremely important to set up a systematic framework for
the derivation of the potentials from the effective field-theoretical Lagrangians — then, the
already existing machinery of the potential model can be directly exploited.

Acknowledgments. I would like to thank the organizers of MENU99 symposium for their
large effort, that created an atmosphere of intense discussions and learning, and J. Gasser
for reading the manuscript. This work was supported in part by the Swiss National Science
Foundation, and hy TMR, BBW-Contract No. 97.0131 and EC-Contract No. ERBFMRX-
CT980169 (EURODA®NE).
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Pionium: an Effective Field Theory Approach
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Abstract

We summarize the main ideas behind a recent model-independent calculation of
the energy levels and decay width of pionium, which heavily relies on modern non-
relativistic effective field theory technigues. We compare our results with others which
have appeared in the literature.

INTRODUCTION

The pion-pion strong scattering lengths are an important input to fix some parameters
of the Chiral Lagrangian (xL), the effective field theory of QCD at energies smaller than
the rho mass(1]. These are difficult to obtain from the available scattering data, but turn
out to be easily extractable from the decay width of pionium, a 7+~ atom[2]. The current
DIRAC experiment at CERN{3], which plans to measure the pionium decay width at 10%
accuracy, has triggered a lot of theoretical effort in order to pin down this object with the
same degree of accuracy[4-12].

‘We have presented infl12] a model-independent approach to pionium which we briefly
summarise here. It basically consist of identifying the relevant energy and momentum
scales of the 7t atom, which are discussed in Section 2, and sequentially integrate them
out until we reach the lowest relevant scale, namely the binding energy. This is carried
out by introducing a series of non-relativistic effective field theories, which are displayed
in Section 3, and requiring them to be equivalent at the desired order of accuracy. We
present our results in Section 4 and compare them with the ones existing in the literature.

PHYSICAL SCALES

Pionium is an electromagnetic bound state. As such, it contains at least three dynamical
scales: the mags of the charged pions m ~ 140M eV, the typical relative momentum in the
bound state ma/2 ~ 0.5MeV, and the binding energy mo?/4 ~ 2keV[13]. In addition
pionium decays mainly to two neutral pions through the strong interactions, which brings
in an additional energy scale Am ~ 5MeV, the difference between the charged and neutral
pion masses, and its associated three momentum s = v2mAm ~ 40MeV . In view of these
numerical values two important observations are in order:

i) All the scales are considerably smaller than m ~ 140 MeV, which implies that a
non-relativistic approach should be appropriated.

ii) All the scales, including m, are considerably smaller than the typical hadronic scale,
say the rho mass, and hence all the necessary information is contained in the x L coupled to
electromagnetism|14]. Since at these energies not only electromagnetismn but also the strong
interactions are amenable to a perturbative treatment (in & and in Chiral Perturbation
Theory (xPT) respectively), pionium can be addressed in a model independent way.

EFFECTIVE FIELD THEORIES

From a fundamental point of view one would like to describe pionium starting from
QCD and QED. However, QCD is a strongly coupled theory at low energies which makes
difficult to carry out reliable calculations. The yL provides a low energy representation
of QCD, where the high energy information of the later is encoded in a few low energy
constants. In the language we shall be using below it means that all energy and momentum
scales above, say, the rho mass have been integrated out. The x L has the great advantage
that it allows to carry out calculations systematically, either using standard xPT[1] or the
so called Generalised Chiral Perturbation Theory (GxPT)[15].

*Work supported by the grants CICYT (Spain), contract AEN98-0431, and the CIRIT (Catalonia), con-
tract 1998SGR. 00026
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Let us then start with the SU(2) x SU(2) xL coupled to electromagnetism. After
integrating out the scale m for pion pairs near threshold we obtain what may be called
a Non-relativistic yL (NRxL). The degrees of freedom of NRyL are photons and non-
relativistic charged and neutral pion fields. NRxL is analogous to Non-relativistic QED[13],
but contains non-relativistic pseudoscalar fields instead of Pauli spinor fields and includes
the effect of the strong interactions. Since Am > ma/2 , ma?/4 we can also integrate out
this scale and its associated three momentum s (neutral pions). We obtain a second Non-
relativistic xL which may be abbreviated as NRxL'. Its degrees of freedom are photons
and non-relativistic charged pions. The introduction of NRyL’ avoids having to solve
eventually a coupled channel problem([9,10]. Finally, integrating out photons of energy or
momentum of the order ma/2 we obtain what may be called potential NRyL' (pNRxL’), in
analogy of potential NRQED[16]. At the order we are interested in, pNRL’ contains non-
relativistic charged pions interacting through a potential (electromagnetic and strong),
and it is totally equivalent to a suitable quantum mechanical Hamiltonian.

We enforce that a given EFT is equivalent to the previous one in a particular kinematical
region by requiring that the off-shell Green functions in both EFTs are equal at the desired
accuracy. Dimensional Regularisation (DR) is used throughout.

NRxL
The zero charge sector of this lagrangian reads
2 4
ot D D
L = 7T+(2D0+§E+W)W++(+H—)+
2 2 4
f oo Vol Y
mo(idp + Am + S + Am2m2 t 53 I
+R007Tg71’$11’0770 + Rccwiwf_ﬂ+w_
+(Roerdmimin_ + hc.) (1)

+Soo(7‘r$1rg'rrgvz1ro + h.e) +
See (ﬂﬂj (7. DPr_+7.D%r) + hc)

+8oc (Wgwg(m_})?w_ +r_D%x))
+27r3_7r1_1rgv27ro + h.c.)

+P007r83¢7r31r08¢1r0 +

Pcc(ﬂf,_Dmlar_,_D,;vr_ + '.rrT_Der,.Dz-mr)

The maximum size of each term may be estimated by assigning the scale m™ to any
unknown constant of dimension n, Asmn to the time derivative and s to space derivatives
and remaining dimensionful fields. The matching to the xL can be done order by order
in xPT (or in GxPT) and in o treating the isospin violating terms, the external three
momenta and the residual energies as perturbations. We refer to[12] for a more detailed
discussion on how the parameters above depend on those of the yL.

NRyL/
The lagrangian reads

2 2
= b (D + 2 t (Do + 2o
L 7l (iDg + 2m)7r++7r_(zDo+ 2m)7r%

+R’Ccﬂ1wiﬂ+ﬂ'_ + P’ﬂlﬂiﬁ@gﬂ.;.ﬂ_ (2)
and the new constants are related to the old ones by

R:;c = Rcc - |R0c'2R00 (%)2 -+ ’L':}R(Jclz%f
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x(1- b - (Bapme)? - BaelBoct R}

P’ = i| Ry [ 22 (3)

The maximum size of each term may be estimated by assigning ma?/4 to the time deriva-
tive (this only holds at lower orders in a[16]) and ma/2 to the space derivatives and to the
dimensionful fields. The matching to NRyL is done by expanding the external momenta
and energies, It produces corrections in powers of /2Am/m , E/Am and p/s. Since the
neutral pion pair is lighter than the charged one, it also produces imaginary parts in the
matching coefficients which give rise to the leading order decay width and to some of its
corrections.

pNRyL/
The lagrangian reads
L" = ﬂl(x, 1) (i + %)7@(}:, B+ (+ o —)
+RL (L al mym ) (x,8) + P(rtal ) (x, 2o (mym_ Y (x, 8)
- [ @yialan ot Vol -y + Vil - yD) el )v) @)

where V) is the Coulomb potential and V; the correction of the vacuum polarisation due to
the electron{6;. The electron mass m, is of the same order as ma/2 and hence it must be
integrated out here. In the lagrangian above time derivatives must be counted as me? /4
and space derivatives, 1/r and dimensionful fields as ma/2. This lagrangian is totally
equivalent (at the desired order) to the following quantum mechanical Hamiltonian

9 2
H' = = 4 Vi) + Va(pxl) = Rebln) — P/ o00), - + Vi(lx)} ()

This Hamiltonian is very singular and requires regularisation. DR and MS has been used.

RESULTS
A second order quantum mechanical perturbation theory calculation leads to
U, (0)?
E, = EV - L%fﬁﬂu + 8y, EAD
Bi = B (1+131-107 +051-107%)
2
o _ ma
EY) = Tz (6)

and

54Am me? mial :
— 7o _ _ n (2)
Ln I (1 TP T TeAmnE T dn £2 ) +owln

r, = (14 Axpr+1.37-1072-1.1074 + 1291072 + 0.31 - 10%)

I/ 2mAm "
i) Wjur’"|‘1"n(0)|2 (7)
mao 3 1 1

o, E{l) is given analytically in[12] and 6y, r® numerically in[6]. We have substituted
the leading order values of Ryy ,Ryc , Ree and Sp. in the corrections, whereas their rele-
vant contributions beyond leading order are encoded in A, pr (s¢e[12] for details). Notice
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that A, pr must contain a logarithmic dependence in u which cancels that of A,. This
logarithmic dependence would arise from a two loop calculation in the yL coupled to
electromagnetism which has not been carried out yet.

Let us briefly comment on the numbers given above. We have placed them in such a
way that they always come from the term of the preceeding formula in the same location.
For the corrections to the energy levels, notice that the vacuum polarisation contribution
is almost as important as the strong vertex. The error of E; is dominated by the chiral
loop and the Am/m corrections to the strong vertex. For the corrections to the decay
width, they are also dominated by the chiral loop and A7 /m corrections in A, p7. A two
loop calculation including virtual photons is necessary to obtain A, pr with an accuracy of
the same order as the remaining numbers. Hence, the uncertainties in the O(p*), O(p?a),
O(p®) and O(p*e) low energy constants of the xL are expected to be the main source
of theoretical error in (7). Notice that the correction ma?/4Am is negligibly small, as
expected, but, on the contrary, the correction m2a/ f? is numerically enhanced, partially
due to the logarithm (x = m has been taken).

DISCUSSION

Let us finally compare our results with those of similar non-relativistic approaches,
which start with the lagrangian (1). The comparison is done before substituting any par-
ticular value for the parameters in (1). Part of the corrections G(Am/m) in T, were
first calculated in[8] and agree with those coming from the two last terms of R, in (3).
The remaining corrections O(Am/m) are due to relativistic effects in the neutral pion
propagator and correspond to the first correction in the last term of R}, in (3), which is

also in agreement with the results presented later on in[11]. If we neglect dv, I‘§2) (vacuum
polarisation), I'y above coincides with that given in formulas (10) and (11) of[10], upon
expanding (11) in Am/m and ma? /4Am and keeping terms up to next to leading order.
The comparison with the relativistic approaches(5,7] is not straightforward. A brief dis-
cussion can be found in[10,18]. The relation between the traditional quantum mechanical
approach[4] and the non-relativistic field theoretical approach has been discussed in[9].

‘We thank A. Andrianov for reading the manuscript.
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Abstract

We propose a non relativistic effective Lagrangian approach to study hadronic atom
observables in the framework of QCD (including photons). We apply our formalism to
derive a general expression for the width of the # 77~ atom decaying into two neutral
pions. It contains all terms at leading and next-to-leading order in isospin breaking.
The result allows one to evaluate the combination ap — a2 of ww S-wave scatiering
lengths from #t#x~ lifetime measurements, like the one presently performed by the
DIRAC experiment at CERN.

The DIRAC collaboration at CERN[1] aims to measure the lifetime of the 7+ 7~ atom
{(pionium)} in its ground state at the 10% level. This atom decays predominantly into two
neutral pions, I' = Iy0 + Tyy + ..., with Toy/Tg0 ~ 4.1073[1]. The measurement of
T'yro allows one[2-6] to determine the difference ag — az of the strong S-wave mr scattering
lengths with isospin I = 0,2. One may then confront the predictions for this quantity
obtained in standard ChPT[7,8] with the lifetime measurement, and furthermore analyze
the nature of spontaneous chiral symmetry breaking in QCD[9]. In order to perform these
investigations, one needs to know the theoretical expression for the width of pionium with
a precision that properly matches the accuracy of the lifetime meagurement of DIRAC. It
is the aim of the present talk to derive a general formula[2] for the #+#~ atom decay width
in the framework of QCD (including photons) by use of effective field theory techniques.
Our result contains all terms at leading and next-to-leading order in the isospin breaking
parameters o 2~ 1/137 and (m,,—mg)?. On the other hand, we expect that the contributions
from next-to-next-to-leading order are completely negligible, at least for the analysis of
DIRAC data, and we therefore discard them here.

In several recent publications[10}, the decay of 77~ atoms has been studied in the
framework of a non relativistic effective Lagrangian approach - a method originally pro-
posed by Caswell and Lepage[11] to investigate bound states in general. This method has
proven to be far more efficient for the treatment of loosely bound systems - such as the
ntx~ atom - than conventional approaches based on relativistic bound-state equations. It
allows one e.g. to go beyond the local approximation used in[12,13]. On the other hand,
we are not aware of a systematic investigation of the decay of the 7#+#~ atom in this
framework. In particular, the chiral expansion of the width has not been discussed, and a
comparison of the corrections found in this framework with the results 0f{12,13] has never
been provided. The maijn purpose of my talk - based on the papers|2,14] - is to £ill this
gap.

The formation of the atom and its subsequent decay into two neutral pions is induced
by isospin breaking effects in the underlying theory. In the present framework, these are

*Present address: Institute of Theoretical Physics, University of Tiibingen, Auf der Morgenstelle 14, D-
72076 Tibingen, Germany
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the electromagnetic interactions and the mass difference of the up and down quarks. In
the following, it is useful to count o =~ 1/137 and {my — m,)? as small parameters of oxrder
4. More than forty years ago, Deser et al.[4] derived the formula for the width of the 7~p
atom at leading order in isospin symmetry breaking. Later in Refs.[5,6], this result was
adapted to the nTz~ atom*. In particular, it was shown that - again at leading order
in isospin symmetry breaking effects - the width I‘%:r% of pionium is proportional to the
square of the difference ag — a9,

2 1
I3 = 9 a®p*(ap — ap)? ; p* = (M2 — M2 — 4—M§+a2)1/2. (1)

At leading order in 4, the momentum p* becomes /2M + (M + — M_ o) - this is the ex-
pression used in[5,6]. We prefer to use Eq. (1), because in this manner, one disentangles
the kinematical corrections - due to the expansion of the square root - from true dynamical
ones. In our recent article[2], we derived a general expression for the pionium lifetime, that
is valid at leading and next-to-leading order in isospin breaking,

2
FQWD = 6 a3p*A2(1 + K). (2)

The quantities .4 and K are expanded in powers of §. In particular, it has been shown
in[2] thatf

3 _
A = —z-Redf;" +o(6), (3)

where ReA;'}'I;OD is calculated as follows. One evaluates the relativistic scattering amplitude
for the process #t7~ — 7%2° at order & near threshold and removes the (divergent)
Coulomb phase. The real part of this matrix element develops singularities that behave
like |p|~! and In2|p|/M,+ near threshold (p denotes the center of mass momentum of the
charged pions). The remainder, evaluated at the 7+x~ threshold p = 0, equals Red};%.
It contains terms of order 8% and & and is normalized such that, in the isospin symmetry
limit, A'="ag ~ ay. Finally, the quantity K starts at order alna - its explicit expression
up to and including terms of order § is given by

- 2
K= =2 (ag + 2a5)? — -39 (Ina — 1) (260 + a2) + 0{5), Ap= M2 - M%. (4)

In the derivation of Eqs. (2) - (4), the chiral expansion has not been used. It is the aim of
my talk to show how this result can be derived (details will be provided in a forthcoming
publication[14]).

We proceed as follows. First, we display the non relativistic effective Lagrangian for
pions, as derived from ChPT. Next, we formulate resonance two-channel 7 scattering the-
ory by applying Feshbach'’s projection technique[15]. This method allows one to explicitly
reveal the pole structure of the scattering matrix element and to obtain the equation for the
bound-state energy of the #Tn~ atom. Solving this equation, bound state characteristic of
the hadronic atoms are given in terms of the couplings in the non relativistic Lagrangian.
At the final stage, unknown couplings in the non relativistic Lagrangian can be expressed
in terms of relativistic 77 scattering amplitudes through the matching procedure. Finally,
as an illustration of our method, we derive Egs. (2) - (4).

The non relativistic effective Lagrangian £ = Lo + Lp + Lo + L5 - at the order of
accuracy we are working here - consists of the free Lagrangian for charged and neutral

*There are a few misprints in Eq. (6) for the pionium decay rate in Ref.[5]. The correct result is displayed
in Ref.[6].

TWe use throughout the Landau symbols O{z) {o(z)] for quantities that vanish like z [faster tham z] when
x tends to zero. Furthermore, it is understood that this holds modulo logarithmic terms, i.e. we write also
Ofz) for zlnz.
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pions (Lp), the "disconnected” piece (Lp) - providing the correct relativistic relation
between the energies and momenta of the pions - the Coulomb interaction piece (Lc), and
the "connected” piece (Lg) which contains local four-pion interaction vertices:

A
Py 2Mnr,
ED = Z 'J'rf( A2 + - ) i EC = “47TQ(W17T_)A~1(7]'L7]'+) NI ,
i=%,0 ' SM%
Lg = 0111'111{ Tam_ + 02[71"1‘7?1-_(?1’0)2 +he] +es (w3w0)2

I R T S S S~
+ cfnry Anl(m)* +xlwlmg Amp+he] 4o,

«~
where u & v = ulv+vAu. The coupling constants ¢; are real at O(a) and are determined
through matching to the relativistic theory.

We now formulate the two-channel 7 scattering theory. We denote the full Hamiltonian
derived from (5) by H = Hy+Hg+V, with V = Hp+ Hg. The scattering operator T' obeys
the Lippmann-Schwinger equation T'(z) = (He+V)+{Hc+V)Go(2)T{z). The free and the
Coulomb Green operators are defined as Go(2) = (z— Hyp) ! and G(2) = (z— Ho— He) ™,
respectively. The pole structure of the T-matrix is predominantly determined by the static
Coulomb interaction Hc, whereas V generates a small shift of the pole positions into the
complex z-plane and will be treated perturbatively. To this end, we use the method devel-
oped by Feshbach[15] a long time ago. The T-matrix in our theory describes the transitions
between charged |P,p)4 = aL (p1)al (p2)|0) and neutral |P,p)o = aﬂ; (Pl)ag (p2)|0) states,
where ag denote the creation operators for non relativistic pions. Further, P = p; + ps
and p= %(pl ~ p2) are the CM and relative momenta of pion pairs, respectively. We work
in the CM system and remove the CM momentum from the matrix elements of any op-
erator R, introducing the notation 4(P,q[R(z)|0,p)p = (27)*83(P)(q|rap(2)|p), where
A, B = +, 0. The operators r4p(z) act in the Hilbert space of vectors Jp), where the
scalar product is defined as the integral over the relative three-momenta of pion pairs.

In order to avoid the complications associated with charged particles in the final states,
we consider the elastic scattering process m%7% — 7%2% In the vicinity of the w+7—
threshold, the scattering matrix element develops a pole at[15]

z — By — (Wo|r4+(2)|%o) = 0, (6)

where (p|¥g) = ¥o(p) stands for the unperturbed Coulomb ground-state wave function,
and Ej is the corresponding ground-state energy. According to the conventional definition,
the decay width is ' = ~2Imz. The operator 745(2) denotes the ” Coulomb-pole removed”
transition operator that satisfies the equation

. 1
TAB{2) = vaB + va1d++(2)T1B(2) + FUA0900(2)70B(2),

(el ++(4)1p) = (algs(2)p) ~ L), "

It remains to solve Eq. (6) in the dimensional regularization scheme and with the use of
the effective potential technique (see details in[2,14]). We find that the width of the 7+ 7~
atom - in terms of the effective couplings ¢; - is given by

03M3+ 1/2 5p 9 2M20 CEM2+
Py = £ 08 P/MWU(HSMTED)(@—?P&;) (1-rd g ) (1- 7 te) 4o @
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where p = 2M o (M + — Mo — M.+0?/8), ¢ =2la~3+A+ In(M2, /p?),

A = (u2)4-3{(d — 3)~* = I'(1) — In4n|. The ellipsis denotes higher order terms in isospin
breaking. The divergent term proportional to A stems from a charged pion loop with
one Coulomb photon exchange. It is removed by the renormalization procedure in the
scattering sector. Next, we consider the matching procedure, which relates the effective
couplings ¢; to the nm scattering amplitudes for three channels 77~ — 797, 7t~ —
ata— and 7070 — 070 evaluated in the relativistic theory[16]:

3M2, ¢1 = 47 (2a0 + a2) + o(0), 3M2, 3 = 2m (a0 + 2a2) + 0(3), (9)

aM? M2
A=, [2C2 _4A, (C4 + %Mﬁo) - (1 -A-lm=x )cm} +o(6) (10)
Substituting Eqs. (9), (10) into Eq. (8), we finally arrive at the general formula for the
atn~ atom decay width in QCD, given by Egs. (2) - {4). It is our opinion that these equa-
tions finalize the attempts to calculate the width I'y,o at next-to-leading order, relegating
the problem to the evaluation of the physical on-mass-shell scattering amplitude for the
process 77w — 7970 to any desired order in the chiral expansion. Numerical analysis of
the 7+~ atom lifetime in ChPT at one loop, including a comparison with recent work in
literature, was performed recently in Ref.[3].

In conclusion, we have evaluated the width I'yze of the 717~ atom in its ground state
at leading and next-to-leading order in isospin breaking. The non relativistic effective
Lagrangian approach of Caswell and Lepage[11] appears to be an extremely suitable tool
for this purpose, that allows one to completely solve this problem. Its ngefulness may be
geen even more clearly for the case of pr~, pK~, dn™, dK~ atoms, studied in ongoing
or planned experiments (PSI, KEK, DA®NE), because this approach trivializes the spin-
dependent part of the problem.
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Chiral Perturbation Theory with Photons and Leptons

H. Neufeld*
Institut fiir Theoretische Physik der Universitit Wien,
Boltzmanngasse 5, A-1090 Wien, Austria

Abstract

I discuss a low-cnergy effective field theory which allows the full treatment of
isospin-breaking effects in semileptonic weak interactions. In addition to the pseu-
doscalars and the photon, also the light leptons have to be included as dynamical
degrees of freedom in an appropriate chiral Lagrangian. I describe the construction of
the local action at next-to-leading order.

INTRODUCTION

In this talk, I would like to report about the status(l] of a research project on isospin-
violating effects in the semileptonic decays of pions and kaons which is presently carried
out by Marc Knecht, Heinz Rupertsberger, Pere Talavera and myself.

While isospin-breaking generated by a non-vanishing quark mass difference mg — m,, is
fully contained in the pure QCD sector of the effective chiral Lagrangian[2], the analysis
of isospin-violation of electromagnetic origin requires an extension of the usual low-energy
effective theory. For purely psendoscalar processes, the suitable theoretical framework for
the three-flavour case has been worked out in[3-5] by including virtual photons and the
appropriate local terms up to O(ep?).

The treatment of electromagnetic corrections in semileptonic decays demands still a
further extension of chiral perturbation theory. In this case, also the light leptons have
to be included as explicit dynamical degrees of freedom. Only within such a framework,
one will have full control over all possible isospin breaking effects in the analysis of new
high statistics Ky experiments by the E865 and KLOE collaborations at BNL[6] and
DA®NEJ7], respectively. The same refined methods are, of course, also necessary for the
interpretation of forthcoming high precision experiments on other semileptonic decays like
K ¢3, €te.

THE LOWEST ORDER LAGRANGIAN

To lowest order in the chiral expansion, the effective Lagrangian without dynamical
photons and leptons (pure QCD} is nothing else than the non-linear sigma model in the
presence of external vector, axial-vector, scalar and pseudoscalar sources Yy, Gy, X = S+ip.
Following the notation of[8], it takes the form

F? ‘
Leg = 7 (u,uu“ +X+): (1)
where
uy = ifuk(8, —ir,)ug — ul (8 — il )ur),
lu = 'U‘u, - a.u,,
Tw = Uptay
X+ = ubxur +ulxtug, (2)

Even this Lagrangian allows the treatment of electromagnetic or semileptonic processes as
long as the photon or the leptons are occurring only as external fields. One simply takes
external sources with the quantum numbers of the photon or the W, respectively.

For the description of dynamical photons and leptons, the extension of the lowest order
Lagrangian (1) is rather easy. First of all, the photon field A, and the light leptons , v,

*Supported in part by TMR, EC-Contract No. ERBFMRX-CT980169 {EURODA&NE)
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(¢ = e, )} are introduced in w, by adding appropriate terms to the external vector and
axial-vector sources:

b = vu—au—eQ A+ Ty QY + T QY
£
Ty = Uptay-— 3Q§2mA#' (3)

The 3 x 3 matrices Qf'g, (7 are additional spurion fields. At the end, one identifies QF;
with the quark charge matrix

2/3 0 0
Q™ = 0 -1/3 o0 , (4)
0 0 -1/3
whereas the weak spurion is taken at
0 Vud Vus
Q¥ =-22Gr |0 0 0 |, (5)
¢ 0 0

where G'r is the Fermi coupling constant and V4, Vs are Kobayashi-Maskawa matrix
elements.

Then we have to introduce kinetic terms for the photon and the leptons and also an
electromagnetic term of O(e?p). With these building blocks, our lowest order effective
Lagrangian takes the form

F2
Lo = T (4 x4} + SFZ(QFOF)
1 PP .
= g Fw P + STEGE P + eh — me)l + L i Prar, (6)
¢
QMY = ul Q™ Mu, QP = ulQ¥un. (7

Finally, we have to define an extended chiral expansion scheme. The electric charge e,
the lepton masses m,, m,, and fermion bilinears are considered (formally) as quantities of
order p in the chiral counting, where p is a typical meson momentum. Note, however, that
terms of @(e*) will be neglected throughout.

THE NEXT-TO-LEADING ORDER LAGRANGIAN

As we are dealing with a so-called non-renormalizable theory, new local terms are aris-
ing at the next-to-leading-order. The associated coupling constants absorb the divergences
of the one-loop graphs. Their finite parts are in principle certain functions of the param-
eters of the standard model. Because of our limited ability in solving the standard model
(confinement problem}, these low-energy constants have to be regarded as free parameters
of our effective theory for the time being.

The list of local counterterms of our extended theory comprises, of course, the well-
known Gasser-Leutwyler Lagrangian of @(p*)[2] and the Urech Lagrangian of O(e2p?)[3]
with the generalized I, and 7, defined in Eq. (3). In the presence of virtual leptons, we
have to introduce an additional “leptonic” Lagrangian[1]

Lipt = €Y {F 2 [X 1yuver (WP {QF, QL)
2 -
+Xo by (WH[QF", QT ])
+X3mgluy, (QF Q7
+iX o By QY VH QP
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+i X5y, ( QY VFQE) + h.c.]

+Xol(i @ + e )L
+Xymalt} . )
where |
VuQE = QP+ Sl O] = u(Du @i,
ViOF = VuOF - 5lu OF) = ol (D,QFu )
with

DR = 6,QF" ~ill,, QF,
D,QF" = auQ%m_@:[,,an%m]‘ (10)

In Lyepy we consider only terms quadratic in the lepton fields and at most linear in G r. The
terms with X4 5 will not appear in realistic physical processes as the generated amplitudes
contain an external (axial-) vector source (see Eqs. (9) and (10)).

In deriving a minimal set of terms in Eq. (8), we have used partial integration, the
equations of motion derived from the tree-level Lagrangian (6) and the relations

2 1
OOY =30 QroF--z0Y,  (en =0 (1)
Finally, also a photon Lagrangian
.C,-Y = EZXSF#VF“V, F,UU = By,Ay - 8VA‘LL3 (12)

has to be added. This term cancels the divergences of the photon two-point function
generated by the lepton loops.

The “new” low-energy couplings X; arising here are divergent (except X1). In the
dimensional regularization scheme, they absorb the divergences of the one-loop graphs
with internal lepton lines via the renormalization

X = X{(P")'i_EZA(Ju), t=1,...,8,
d—4
M) =t {55 - s @ ). (13)

The coefficients =, ... Z7 can be determined[1] by using super-heat-kernel methods]9,10]:

E1=0, S2=T E3=-3, Ey= 27
g = 5, ‘:'62—51 oy = ---]_, :,8=—-3— (14)

SUMMARY AND OUTLOOK

We have developed the appropriate low-energy effective theory for a complete treatment
of isospin violating effects in semileptonic weak processes. The electromagnetic interaction
requires the inclusion of the photon field and the light leptons as explicit dynamical degrees
of freedom in the chiral Lagrangian. At next-to-leading order, the list of local terms given
by Gasser and Leutwyler[2] for the QCD part and by Urech[3] for the electromagnetic
interaction of the pseudoscalars has to be enlarged. This is, of course, a consequence of
the presence of virtual leptons in our extended theory. Regarding pure lepton or photon
bilinears as “trivial”, five additional “non-trivial” terms of this type are arising. But two
of them will not appear in realistic physical processes. One may therefore conclude that
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the main bulk of electromagnetic low-energy constants is already contained in Urech’s
Lagrangian and the inclusion of virtual leptons in chiral perturbation theory does not
substantially aggravate the problem of unknown parameters.

As an illustration of the use of our effective theory, we have calculated[1] the decay
rates of 1 = vy and K — {; including the electromagnetic contributions of O(e?p?). An
investigation of the K3 decays is presently in progress.

The continuation of our work will follow two principal lines. Firstly, we are now in
the position to calculate the electromagnetic contributions to Kys and Ky, decays where
all constraints imposed by chiral symmetry are taken into account. In spite of our large
ignorance of the actual values of the electromagnetic low-energy couplings, it will often
be possible to relate the electromagnetic contributions to different processes. For specific
combinations of observables one might even find parameter-free predictions. Simple ex-
amples of this kind have been given for the Py decays[l]. In some fortunate cases simple
order-of-magnitude estimates for the electromagnetic couplings based on chiral dimen-
sional analysis may even be sufficient.

Secondly, a further major task for the next future is, of course, the determination of
the physical values of the electromagnetic low-energy coupling constants in the standard
model. In contrast to the QCD low-energy couplings L7, L], which are rather well
determined from experimental input and large N, arguments, only very little is known so
far in the electromagnetic sector. First attempts to estimate some of the Urech constants
K; can be found in[11-13]. As far as the constants X; are concerned, the recent analysis{14]
of the counterterms contributing to the decay processes of light neutral pseudoscalars into
charged lepton pairs raises hopes that reliable estimates for these constants can be achieved
within a large- NV, approach.
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Electromagnetic Corrections to Low-Energy nm Scattering
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Abstract

Electromagnetic corrections to the low-energy nt7~ — 7%z scattering amplitude
at next-to-leading order in the chiral expansion are reviewed. Their effect on the
corresponding scattering lengths are estimated and compared to the two-loop strong
interaction contributions.

INTRODUCTION

The Chiral Perturbation Theory (ChPT) analyses, in both the generalized[1,2] and the
standard([3,4] frameworks, of two-loop effects in low-energy mr scattering lead to strong
interaction corrections which are rather small as compared to the leading order and one-
loop contributions, of the order of 5% in the case of the S wave scattering lengths of and
a}, for instance. This leads one to expect that higher order corrections to these quanti-
ties are well under control and can be safely neglected. However, these calculations were
undertaken without taking into account isospin breaking effects, coming either from the
mags difference between the 4 and d quarks, or from the electromagnetic interaction. The
smallness of the two-loop corrections naturally raises the question of how they compare to
these isospin breaking effects. The quark mass difference induces corrections of the order
O((mg — my)?), which are expected to be negligible, as already known to be the case for
the pion mass difference M, + — M0, the latter being in fact dominated by electromagnetic
effects due to the virtual photon cloud[5].

In the present contribution, we shall review the status of radiative corrections to the
amplitude nt7~ — 7%7%(6]. The reason why we focus on the latter comes from the fact
that it directly appears in the expression of the lifetime of the 7+~ dimeson atom[7-
10] (see in particular the last of these references), that will be measured by the DIRAC
experiment at CERN{11,12],

VIRTUAL PHOTONS IN ChPT: THE GENERAL FRAMEWORK

The general framework for a systematic study of radiative corrections in ChPT has
been described in[13,14]. It consists in writing down a low-momentum representation for
the generating functional of QCD Green’s functions of quark bilinears in the presence of
the electromagnetic field,

eiZ{UM;ﬂ#,S:p:QLaQR] — fD[#]QGDD[A#]eIfd4w£, (1)
with
L = Locp+ ‘Cs + @Y [vu + Ys0ule ~ s — ivsplg + ALTTY*Qrar + TRY* Qrar). (2)

Here £}ep is the QCD lagrangian with N s flavours of massless quarks, while £0 is the
Maxwell lagrangian of the photon field. The coupling of the latter to the left-hanged and
right-handed quark fields, ¢z, g = &23’1(1, occurs via the spurion sources @y, p(z). Under
local SU(NF)y, x SU(Ny)g chiral transformations (gz.(z), g r(z)), they transform as (the
transformation properties of the vector (v,), axial (au), scalar (s} and pseudoscalar (p)
sources can be found in Ref.[15])

Q‘](CC) - gI(-’L')Q‘I(QL’) H QI(:E) — gf(m)QI(m)gI(m)-l- 3 I= LaR: (3)

so that the generating functional Z remains invariant (up to the usual Wess-Zumino term).
Thus, although the electromagnetic interaction represents an explicit breaking of chiral

"Work supported in part by TMR, EC-contract No. ERBFMRX-CT980169 (EURODAPHNE).
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symmetry, this breaking occurs in a well defined way, which is precisely the information
encoded in the transformation properties of Eq. 3, much in the same way as the transforma-
tion properties of the scalar source s(z) conveys the information on how the quark masses
break chiral symmetry. At the end of the calculation, the sources v,(z), a,(z) and p(x)
are set to zero, s(x) becomes the diagonal quark mass matrix, while the electromagnetic
spurions are turned into the diagonal charge matrix of the quarks. Additional symmetries
of Z consist of the discrete transformations like parity and charge conjugation. Finally, £
is invariant under an additional charge conjugation type symmetry, which however affects
only the photon field and the electromagnatic spurion sources,

Qrr = —Qrr(z), Au(z) = —Au(z). (4)

The low-energy representation of Z is constructed systematically in an expansion in powers
of momenta, of quark masses and of the electromagnetic coupling, by computing tree
and loop graphs with an effective lagrangian Log involving the Ny x Ny matrix U(z) of
pseudoscalar fields, and constrained by the chiral symmetry properties as well as the above
discrete symmetries.

At lowest order, in the counting scheme where the electric charge e and the spurions
Qr,r{z) count as O(p), the effective lagrangian is thus simply given by (for the notation,
we follow[13,6])

FZ
8 = ~(UrAU + XU +U*X) - iF Wy + C{QrRUQLUYY.  (5)

The effect of the electromagnetic interaction is contained in the covariant derivative dj,
defined as d, U = 8,U —i{v,+QrAy+a,)U+iU(v,+QrA, —ay), and in the low-energy
constant C, which at this order is responsible for the mass difference of the charged and

neutral pions,
Ar = M2, — M2 = 2Ce*/F2. (6)

In fact, for the case of two light flavours (N = 2}, to which we restrict ourselves from now
on, this is the only direct effect induced by this counterterm. Of course, this mass splitting
will in turn modify the kinematics of the low-energy 7 amplitudes and the corresponding
scattering lengths. The details of this lowest order analysis can be found in Ref.[6]. Here,
we shall rather consider the structure of the effective theory at next-to-leading order.
Besides the counterterms described by the well known low-energy constants [;[16], there
are now, if we regtrict ourselves to constant spurion sources, 11 additional counterterms at
order @(e?p?), and three more at order O(e?). The latter contribute only to the scattering
amplitudes involving charged pions alone. The complete list of these counterterms k;,
i=1,...14 and of their 3-function coefficients can be found in Refs.[6,17].

RADIATIVE CORRECTIONS TO THE ONE LOOP rtz~ — nz?
AMPLITUDE

The computation of the amplitude AT—%0(s, ¢,4) for the process nt7~ — 779, in-
cluding corrections of order O(e?p?) and of order O(e?), is then a straightforward exercice
in quantum field theory. The explicit expressions can be found in Ref.[6] and will not be
reproduced here. Let us rather discuss some features of the one-photon exchange graph
of Fig. 1, which induces an electromagnetic correction to the strong vertex. This graph
contains both the long range Coulomb interaction between the charged pions, and an
infrared singularity. The latter is treated in the usual way, the physical, infrared finite,
observable being the cross section for 777~ — 7%7° with the emission of soft photons
(one goft photon is enough at the order at which we are working here). The Coulomb force
leads to a singular behaviour of the amplitude A*~%(s,#,u) at threshold (g denotes the
momentum of the charged pions in the center of mass frame),

Oﬂ,(]

B AM?2, — M2 e M_: —s
ReA?™ Mo pu) = ——Fpg—t g = E + Redy, M40l ()
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with

A e? M2,

. i 1
+—i00  __ 10 1,2 2 _ a0 +0
ReAy, = 32 | —={at)str + 3(ad)str 72 T gaarps (303610 +K50)

— T [ M25(1 + 4]; + 313 — 1211} — 6F2e2(10 — kH0
48W2F#[ 1r°( 1 3 4) T ( 1 )]
A2 _ _ _
I | S _ _
+480F2F#[212 400, — 1503 + 18014 ], (8)

and (af)sty and (a3 )gy; denote the S wave scattering lengths in the presence of the strong
interactions only, but expressed, for convention reasons, in terms of the charged pion
mass([16],

M2 5 M2.[- . 3. 21. 91
0 - faa a v
(aglstr = 3om 2 { gy 2 [51 + 2, 813 + 1014 + 5 J }
M? 1 M2.7. - 3. 3. 3
2 —_ pE _ 7t S P 2
(ag)str = TonF2 { o2 72 {h + 20y 813 214 + 8} }, (9)

corresponding to the numerical values (we use F; = 92.4 MeV) (ad)ger = 0.20 £ 0.01 and
(ag)str = —0.043 = 0.004, respectively[16]. The quantity Re.4} %, which is by itself free
of the infrared divergence mentioned above, appears directly in the lifetime of the pionium
atom[10], the long range Coulomb interaction being, in that case, absorbed by the bound
state dynamics. The contributions of the low-energy constants &; are contained in the two
quantities Ki° and K. Naive dimensional estimates lead to (e2F2/ M2,) K = 1.840.9
and (?FZ/M2,) KF® = 0.5+ 2.2. With these estimates, one obtains{6]

1 —0 1 1 -
oz Pedin ™ = [ —3(@Dsts + 3@t | = (-L2207)x 1078, (10)
whereas the two-loop correction to the same combination of scattering lengths appearing
between brackets amounts to ~ —4x 103, For a more careful evaluation of the contribution
of the counterterms &; to ReA:h'r‘oo, see[18].

Fig. 1. The one photon exchange
electromagnetic correction to the
strong vertex.

CONCLUSION

We have evaluated the radiative corrections of order O(e?p?) and of order O(e?) to
the amplitude A+ % (s, £, u), which is relevant for the description of the pionium lifetime.
Similar results for the scattering process involving only neutral pions can be found in
Refs.[6,17]. The formalism presented here for the case N ¢+ = 2 has also been applied to
the study of radiative corrections to the pion form factors[19]. Radiative corrections for
the scattering amplitudes involving only charged pions, which would be relevant for the
2p — 2s level-shift of pionium, for instance, have however not been worked out so far.

Information on the low-energy scattering of pions can only be obtained in an indirect
way, either from the pionium lifetime, or from Kpy decays. This last process, however,
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hag electromagnetic corrections of its own, which are only partly covered by the present
analysis. A systematic framework devoted to the study of radiative correction for the
semi-leptonic processes has been presented in Refs.[20,21].
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Abstract

Using non relativistic effective Lagrangian techniques, we analyze the hadronic
decay of the 777~ atom and the strong energy-level shift of pionic hydrogen in the
ground state. We derive general formulae for the width and level shift, valid at next-to-
leading order in isospin breaking. The result is expressed in terms of hadronic threshold
amplitudes that inchude isospin-breaking effects. In order to extract isospin symmetric
scattering lengths from the data, we invoke chiral perturbation theory, that allows one
to relate the scattering lengths to the threshold amplitudes.

Recent years have seen a growing interest in the study of hadronic atoms. At CERN,
the DIRAC collaboration[1] aims to measure the nT7~ atom lifetime to 10% accuracy.
This would allow one to determine the difference ag — as of 7w scattering lengths with 5%
precision. This measurement provides a crucial test for the large/small condensate scenario
in QCD: should it turn out that the quantity ag — ez is different from the value predicted in
standard ChPTI2], one has to conclude[3] that spontaneous chiral symmetry breaking in
QCD proceeds differently from the widely accepted picture[4]. In the experiment performed
at PSI[5], one has measured the strong energy-level shift and the total decay width of the
1s state of pionic hydrogen, as well as the 1s shift of pionic deuterium. Using the technique
described in Ref.[5], these measurements yield{6] isospin symmetric 7N scattering lengths
to an accuracy which is unique for hadron physics: a{)"+ = (1.6 £ 1.3) x 10_3M7:f and

ap, = (86.8 £1.4) x 1073 M. The scattering length ag, may be used as an input in the
Goldberger-Miyazawa-Oehme[7] sum rule to determine the 7NN coupling constant[5,6].
A new experiment on pionic hydrogen[8] has recently been approved. It will allow one
to measure the decay A, -, — 7%n to much higher accuracy and thus enable one, in
principle, to determine the 7N scattering lengths from data on pionic hydrogen alone.
This might vastly reduce the model-dependent uncertainties that come from the analysis
of the three-body problem in A, -, Finally, the DEAR collaboration[10] at the DAONE
facility (Frascati) plans to measure the energy level shift and lifetime of the 1s state in
K~p and K~d atoms - with considerably higher precision than in the previous experiment
carried out at KEK[11] for K~p atoms. It is expected[10] that this will result in a precise
determination of the I = 0,1 S-wave scattering lengths - although, of course, one will
again be faced with the three-body problem already mentioned. It will be a challenge for
theorists to extract from this new information on the KN amplitude at threshold a more
precise value of e.g. the isoscalar kaon-sigma term and of the strangeness content of the
nucleon[12].

*Present address: Institute of Theoretical Physics, University of Tiibingen, Auf der Morgenstelle 14, D-
72076 Tiibingen, Germany
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We now turn to theoretical investigations of hadronic atoms. At leading order in isospin
breaking, the energy-level shift and the decay width of these atoms can be expressed in
terms of the strong hadronic scattering lengths through the well-known formulae by Deser
et al.[13]. More precisely, these formulae relate the ground state level shift - induced by the
strong interaction - and its partial decay width into neutral hadrons (e.g., A +,— — 7070,
Ap—p — 7%n) to the corresponding isospin combinations of strong scattering lengths,

AFgr ~ \Ifﬁ Reage, I'wp ~ {phase space) X ‘If% |GC[}|2 ) (1)

Here, ¥y denotes the value of the Coulomb wave function at the origin, and ac, e
stand for the relevant isospin combinations of strong scattering lengths. We have used
the notation ”¢” for "charged” (e.g., mtx~, #7p) and "0” for "neutral” {(e.g., 7Ol 7On)
channels. The accuracy of these leading-order formulae is however not sufficient to fully
exploit existing and forthcoming high-precision data on hadronic atoms. Indeed, for that
purpose, one has to evaluate isospin-breaking corrections at next-to-leading order. The
aim of the present talk is to show how this can be achieved.

Recently, using a non relativistic effective Lagrangian framework, a general expression
for the decay width "4, 0.0 of the 1s state of the w7~ atom was obtained at next-
to-leading order in isospin-breaking[14]. We denote the fine-structure constant « and the
quark mass difference squared (mg — my)? by the common symbol §. Then, the decay

width is written in the following form®*,

2
PAQ,,,-—HTD‘?TD = ‘é“ aap*AW%r(l + K’n’ﬂ') 3 A'ﬁ"]‘r = a’[) - a2 + 0(5) 3
AM2 2
Kor = 20 (g4 20:)? = 22 (o= 1) (a0 +an) +0(0). (@)
T+

Here p* = (M2, — M2, - M2, 0?2, and o (I = 0,2) denote the strong 7 scattering
lengths in the channel with total isospin I, and the quantity Arr is calculated as fol-
lows[14]. One calculates the relativistic amplitude for the process 777~ — 7%7% at O(0)
in the normalization chosen so that at O(6%) the amplitude at threshold coincides with the
difference ap — as of (dimensionless) S-wave 77 scattering lengths. Due to the presence of
virtual photons, the amplitude is multiplied by an overall Coulomb phase that is removed.
The real part of the remainder contains terms that diverge like [p|~" and In 2{p|/M,+ at
|p| -+ 0 (p denotes the relative 3-momentum of charged pion pairs). The quantity A, is
obtained by subtracting these divergent pieces, and by then evaluating the remainder at
p = 0. We shall refer to A,, as the physical scattering amplitude at threshold.

A few remarks are in order. As it is seen explicitly from Eq. {2), one can directly extract
the value of A, from the measurement of the decay width, because the correction Krx
is very small and the error introduced by it is negligible. We emphasize that in derivation
of Eq. (2), chiral expansions have not been used. On the other hand, if one further aims
to extract strong scattering lengths from data, one may invoke chiral perturbation theory
(ChPT) and to relate the quantities A, and ap—ag order by order in the chiral expansion.
This requires the evaluation of isospin-breaking corrections to the scattering amplitude.

The corrections to the hadronic atom characteristics, evaluated in this manner con-
tain, in general, contributions which have not been taken into account so far within the
potential scattering approach to the same problem[5,15]. An obvious candidate for these
contributions is the effect coming from the direct quark-photon coupling that is encoded
in the so-called ”electromagnetic” low-energy constants (LEC’s} in ChPT. A second effect
is related to the convention-dependent definition of the isospin-symmetric world against
which the isospin-breaking corrections are calculated. We adopt the widely used conven-
tion that the masses of the isospin multiplets (7%, %%) and (p,n) in this world coincide
with the masses of the charged particles in the real world. This definition induces a con-
tribution to the isospin-breaking corrections in the level shifts and decay widths. We shall

*See V.E. Lyubovitskij’s talk for the definition of symbols O(z), o(z).
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display below both corrections explicitly in the case of the 7~ p energy-level shift, where
these effects emerge already at tree level,

The investigation of the 7~ p atom is very similar to the procedure used in the descrip-
tion of the 77~ atom[14]. In the following, we restrict ourselves to the case of the strong
energy-level shift of the 77 p atom in the ground state. Because the proton-neutron mass
difference contains terms linear in myg — m,,, we count « and mg — M, as quantities of the
same order, and denote them by the common symbol &', [Since this counting is merely a
matter of convenience, our previous results on the 77~ atom remain of course unaltered.]
Further, for the energy shift of hadronic atoms, one can no longer neglect the electromag-
netic contributions coming from transverse photons as it was done in the case of the width
of the 7t#~ atom. The reason for this can easily be seen from counting powers of o in
the energy-level shift. The binding energy of the atom starts at O(c®) (nonrelativistic
value Eng = —3 ptca?, where yi, denotes the reduced mass of ™ p system), and the corre-
sponding QED corrections start at O(a?). According to Eq. (1), the leading-order strong
energy-level shift is O(a?®), while the next-to-leading order corrections start at O(a*) and
should therefore be treated on the same footing as the QED corrections’. QED corrections,
however, are not considered here - we focus on the strong energy-level shift alone. For the
latter, it is straightforward to obtain a general formula very similar to Eq. (2), that gives
the strong energy-level shift including O{¢’) corrections:

AEgr = —203p% Ann (1 + Kpn) (3)

where K,y is a quantity of order & g_modulo logarithms) and can be expressed in terms of
the S-wave wN scattering lengths ag, and ag, . Since Ky is small, the error introduced
by the uncertainty in the determination of ag'_l_, ag, is negligible. The major uncertainty
in the energy-level shift comes from the quantity A,y whose definition is very similar
to that of A,,. To evaluate this quantity, one has to calculate the relativistic scattering
amplitude for the process #~p — 7~ p at O(d’), subtract all diagrams that are made
disconnected by cutting one virtual photon line and remove the Coulomb phase. The real
part of the remainder, as for the #+7 ™~ case, contains singular pieces that behave like lp|~!
and In |p|/p. that should be again subtracted (p denotes the relative 3-momentum of the
7~ p pair in CM). The rest - evaluated at p = 0 - coincides, by definition, with A, y. [The
normalization of the relativistic amplitude is chosen so that Arx = af, +ag, + O(5).]

Further, to analyze the isospin-breaking corrections to the energy-level shift, we relate
the physical scattering amplitude at threshold A;x to the scattering lengths aa"+, agy
in ChPT. At O(p?) in the chiral expansion, where the amplitude is determined by tree
diagrams, this relation is remarkably simple. Constructed on the basis of the effective m.V
Lagrangian[16-18], the amplitude contains the pseudovector Born term AP, with physical
masses, and a contribution that contains a linear combination of O(p?) LEC’s,

2 — 2
‘Agr]{’ = af; +ag, + ﬁﬂﬁr
Afr‘;v + 2mBrier + M,,?.;_ (Koco + 5363) + 82(0'1f1 + oo fa), {4)

where the quantity B is related to the quark condensate, and where ¢; (f;) are strong
(electromagnetic) LEC’s from the O(p?) Lagrangian of ChPT. Furthermore, &; and o;
denote isospin symmetric coefficients whose explicit expressions are not needed here. From
Eq. {4), it is straightforward to visualize both mechanisms of isospin-breaking corrections
to the hadronic atom observables, not included in potential approaches. The direct quark-
photon coupling is encoded in the coupling constants f;, whereas the effect of the mass
tuning in the hadronic amplitude (described above) is due to the term proportional to

TThere is one important exception to this rule. Though the vacuum polarization correction starts at
O(e®), it is amplified by a large factor (u. Jme)?, where m. denotes the electron mass. Since o fm. ~ 1,
this contribution is numerically as important as the leading-order strong contribution (see[5]). The graph
responsible for this contribution can be, however, easily singled out and the contribution from it merely
added to the final result.
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27 B. Indeed, at this order in the chiral expansion, one has 2/hB = Mﬁg. As we express
the strong amplitude in terms of charged masses by convention, we write

MB = M2y — Ar; Ap =My — Mk, (5)

iy

and obtain
B = —Apkicr + € (011 + 02fa) + O(E) + o(8"). (6)

Estimates for the energy-level shift on the basis of the expression (6) will be presented
clsewhere. Here we note that a simple order-of-magnitude estimate for f, shows that f
induces an uncertainty in the energy-level shift of roughly the same size as the total
correction given in Ref.[5].

To summarize, we have applied a non relativistic effective Lagrangian approach to the
study of 777~ and n”p atoms in the ground state. A general expression for the width
I'4,, —zoqo and for the strong level shift of pionic hydrogen has been obtained at next-to-
leading order in isospin breaking. The sources of the isospin-breaking corrections in these
quantities, complementary to ones already considered in the potential scattering theory
approach, have been clearly identified.
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Abstract

The Fermilab dimuon experiment 866/NuSea measured Drell-Yan yields from an
800 GeV/c proton beam incident on lquid hydrogen and deuterium targets. Over
370,000 Drell-Yan muon pairs were recorded to measure the ratio ops/oys. By as-
suming charge symmetry and isospin conservation, one is able to use this ratio, along
with existing structure functions, to extract the ratio d/t. The E866 measurement has
excellent coverage of kinematic variables, especially Bjorken-z. A strong z dependence
is observed in the ratio d/#, showing substantlal enhancement of d with respect to @
for r < 0.2, forcing the nucleon structure function parameterizations to be updated.
Such an asymmetry has been compared to various models and should influence future
models of the nucleon. It is noted that some pion-nucleon models show promise in
predicting such behavior.

Fermilab E866(NuSea) has recently completed a measurement of the ratio of the cross
section ops/oge for Drell-Yan muon pairsfl]. Since the Drell-Yan process involves the
annihilation of a quark and an anti-quark, producing a virtual photon that in turn decays
into a lepton pair, it is directiy gensitive to the anti-quark sea, of the nucleon. By agsuming
charge symmetry and isospin conservation, one is able to use this ratio, along with existing
structure functions, to extract the ratio d/u By measuring ratios, systematic errors are
minimized.

Previous to E866 the NA51 experiment at CERN had obtained the result that the ratio
d/@ was not equal to one[2], as had been assumed previously for the nucleon. While no
known symmetry requires i to equal d, a large d/% asymmetry was not anticipated. The
usual assumption was that the sea of g-g pairs is produced from gluon splitting. Since the
mass difference of the up and down gquark is small compared to the nucleon mass, nearly
equal numbers of up and down pairs should result. Thus a large d/4 asymmetry requires
a non-perturbative origin for an appreciable fraction of these light anti-quarks. It is this
non-perturbative aspect that should be of interest to the pion-nucleon community.

To perform these measurements, E866 used a modified version of the 3-dipole spec-
trometer[4] employed in previous experiments E605, E772, and E789. The non-interacting
beam protons were stopped in an internal beam dump. Immediately after the beam dump
was an absorber wall which removed hadrons produced in the target and the dump. The
detection system consisted of four tracking stations and a momentumn analyzing magnet.
Over 370,000 Drell-Yan events were recorded, using three different spectrometer settings
optimized for low, intermediate and high mass muon pairs.

Some kinematic quantities commonly used to describe Drell-Yan events are the Feynman-
z (zr) and the dilepton mass (M) which are defined as :

L I
Tfp = prmas \/§/2 = X1 = T2 (1)
and
M? = Q2 £ T2a8 (2}

where prl is the center of mass longitudinal momentum of the virtual photon, p?™% ig its
maximum possible value, and s ig the total four momentum squared of the initial nucleons.
The proton-deuterium cross section is

oP? x5 gPP + g™ (3)

*We wish to thank the Fermilab Particle Physics, Beams and Computing Divisions for their assistance in
performing this experiment. This work was supported in part by the U.S. Department of Energy.
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Figure. 1. The Drell-Yan cross section ratio versus x of the target parton. The results from
all three mass settings have been combined. The error bars represent the statistical uncertainty.
An additional one percent systematic uncertainty is common to all points. The curves are the
calculated next-to-leading-order cross section ratios using various parameterizations of the proton.
The bottom curve is calculated using CTEQ5M where d — % has been forced to zero.

which ignores the small nuclear effects inside the deuterium nucleus. Using this approxi-
mation, the cross section ratio for DY produced in deuterium and hydrogen targets can
be used to determine the ratio of d/z.

The NA51 result was determined at a single point for Bjorken-r, whereas E866 covers a
range in the various kinematic variables. The three different magnet settings were used to
accept different regions of the invariant mass of the muon pair, resulting in a large coverage
of mass and Bjorken-z. Because of this extended coverage, the data from experiment E866
at Fermilab were the first to demonstrate a strong Bjorken-z dependence of the d/4 ratio.
The published E866 results{3] used a single mass setting designed to accept high-mass
dimuon pairs. Here all three data sets are averaged to provide more accurate measurements
of d/@ and d — a[1].

The resulting ratio of the Drell-Yan cross section per nucleon for p + d to that for
p + p is shown in Fig. 1 as a function of z9, the momentum fraction (Bjorken-z) of the
target quark in the parton model. (The Bjorken-z of the beam parton is denoted by x1.)
To eliminate contributions from the J/¢ and T resonance families, a cut on the muon
pair mass, M+ -, was used. The data clearly show that the Drell-Yan cross section per
nucleon for p + d exceeds p + p over an appreciable range n za.

The ratio d/4 was extracted iteratively by calculating the leading order Drell-Yan cross
section ratio using a set of parton distribution functions (PDF) as input and adjusting
d/@ until the calculated cross section ratio agreed with the measured value from data. The
extracted d/i ratio is shown in Fig. 2 along with the CTEQ4MI[5| parameterization. A
qualitative feature of the data, not seen in either CTEQ4M or MRS(R2)[7], is the rapid
decrease towards unity of the d/a ratio beyond z = 0.2. At z = 0.18, the extracted d/u
ratio is somewhat smaller than the value obtained by NA51. Such a large d/4 asymmetry
cannot arise from perturbative effects[6]. Since the publication of the high mass results,
the MRS, CTEQ, and GRV calculations have been updated(8-10] (only MRST is shown
in Fig. 2).

The possible production mechanisms that can account for the observed excess of d
quarks in the nucleon can be categorized as either perturbative or nonperturbative. While
gluon splitting is a source of quark-antiquark pairs in the nucleon, it can not be the source
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of the large observed flavor asymmetry. Thus, some other non-perturbative processes must
be responsible. As these nonperturbative mechanisms are considered, it is important to
remember that they act in addition to the perturbative sources, which tends to dilute
their effect. In effect the non-perturbative sources must be even stronger to account for
the large asymetries shown here.

The “Sullivan Process” citesullivan is a very natural explanation of the observed asym-
metry. It is well known that the ground state of the proton can be written as a linear
combination of a bare proton, a pion-nucleon combination, and pion-Delta combination.
The domination of the pion-nucleon term over the pion-Delta term yields an excess of d
quarks coming from the 7t; however, pion models predict a much larger d/4 ratio that
observed in E866. _

In Fig. 3 the value of d — @ is shown for two different meson models{11]. The two
model calculations shown differ in the value for the dipole form factor Azna. Model A has
Axna=Aryn = 1GeV. Model B has Arna=0.8AzNN. From the figure it can be seen that
the data prefer a softer Azna[11]. More importantly, one can see that a meson model can do
a reasonable job of describing the behavior of d— @ (e.g., see citeprl,nikolaev99 kumano98.

There is no contribution by gluons to first order for d— and PQCD first contributes at
second order and is quantitatively small. So d — @ is primarily non-perturbative; however,
pion models are only sensitive to 4" /4" and the perturbative processes become dominant
at larger x. Also calculations for d/% must include the contribution to the nucleon sea of
the perturbative processes g — ui, dd, which generate a symmetric sea. Thus the results of
E866 should provide another area where pion-nucleon models can be tested for their ability
to explain the structure of the nucleon. It is alse important to point out that the valence
quark distributions also changed in the new parton distribution parameterizations[8-10],
especially for the down valence quark. Since E866, along with other measurements, show
us that the nucleon cannot be considered being made up just of valence quarks plus
gluons, pion-nucleon models should be checked to see that they can be consistent with
the structure of the nucleon sea. Furthermore, the E866 results help demonstrate that to
understand the nucleon one must take into account observations over a broad range of
energies and types of interactions.
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Parton Distributions, Form Factors and Compton Scattering
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Abstract

The soft physics approach to form factors and Compton scattering at moderately
large momentum transfer is reviewed. It will be argued that in that approach the
Compton cross section is given by the Klein-Nishina cross section multiplied by a
factor describing the structure of the proton in terms of two new form factors. These
form factors as well as the ordinary electromagnetic form factors represent moments
of skewed parton distributions.

QOD provides three valence Fock state contributions to proton form factors, real {RCS)
and virtual (VCS) Compton scattering off protons at large momentum transfer: a soft over-
lap term with an active quark and two spectators, the asymptotically dominant perturba-
tive contribution where by means of the exchange of two hard gluons the quarks are kept
collinear with respect to their parent protons and a third contribution that is intermediate
between the soft and the perturbative contribution where only one hard gluon is exchanged
and one of the three quarks acts as a spectator. Both the soft and the intermediate terms
represent power corrections to the perturbative contribution. Higher Fock state contribu-
tions are suppressed. The crucial question is what is the relative strengths of the three
contributions at experimentally accessible values of momentum transfer, i.e. at —t of the
order of 10 GeV?2? The pQCD followers assume the dominance of the perturbative contri-
bution and neglect the other two contributions while the soft physics community presumes
the dominance of the overlap contribution. Which group is right is not yet fully decided
although comparison with the pion case[1] seems to favour a strong overlap contribution.

Let me turn now to the soft physics approach to Compton scattering. For Mandelstam
variables, 3, t and u, that are large on a hadronic scale the handbag diagram shown in
Fig. 1 describes RCS and VCS. To see this it is of advantage to choose a symmetric frame
of reference where the plus and minus light-cone components of A are zero. This implies
t = —A? as well as a vanishing skewdness parameter { = —A*/p*. To evaluate the
skewed parton distributions (SPD) appearing in the handbag diagram and defined in[2],
one may use a Fock state decomposition of the proton and sum over all possible spectator
configurations. The crucial assumption is then that the soft hadron wave functions are
dominated by virtualities in the range |k7| SA?, where A is a hadronic scale of the order
of 1 GeV, and by intrinsic transverse parton momenta, k;, defined with respect to their
parent hadron’s momentum, that satisfy kﬁ_i J2: S A2, Under this assumption factorisation
of the Compton amplitude in a hard photon-parton subprocess amplitude and a soft proton
matrix element is achieved[3]. This proton matrix element is described by new form factors
gpecific to Compton scattering.

o
Y(*} ¥

P -

Figure. 1. The handbag diagram for Compton scattering. The momenta of the incoming and
outgoing protons (photons) are denoted by p (¢) and p' = p+ A {¢’ = ¢ — A), respectively.
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As a consequence of this result the Compton amplitudes conserving the proton helicity
are given by

M,U/-I—,,Lﬁ»{' == 21TOdem [H‘Ll-’-l-,ﬂ,-{" (RV + RA) + ?‘[#‘_”u,_ (RV bt RA)} . (1)

Proton helicity flip is neglected. 1 and ' are the helicities of the incoming and outgoing
photon in the photon-proton cms, respectively. The photon-quark subprocess amplitudes,
H, are calculated for massless quarks in lowest order QED. The form factors in Eq. (1),
Ry and Ry, represent 1/z-moments of SPDs at zero skewedness parameter. Ry is defined
by

2 e fol S gt [ S e | Ba(0) 7 ) — Bale) 7 ul0) )
= Ry () alp)u(p) + Br(t) 5o Apulp), @

where the sum runs over quark 8avours a (u, d, ...), e, being the electric charge of quark
a in units of the positron charge. Rr being related to proton helicity flips, is neglected
in (1). There is an analogous equation for the axial vector proton matrix element, which
defines the form factor B4. Due to time reversal invariance the form factors Ry, R4 etc.
are real functions.

As shown in[3] form factors can be represented as generalized Drell-Yan light-cone wave
function overlaps. Assuming a plausible Gaussian k;-dependence of the soft Fock state
wave functions, one can explicitly carry out the momentum integrations in the Drell-Yan
formula. For simplicity one may further assume a common transverse size parameter, 4,
for all Fock states. This immediately allows one to sum over them, without specifying the
z;~-dependence of the wave functions. One then arrives at{3,4]

Aty = ) e f dz exp [%&21&1
a

R = Y i [ Lo |w@ a0

—2| {gula) - 2@}

and the analogue for R4 with ¢, + g, replaced by Ag, + Agq. ¢u and Ag, are the usual
unpolarized and polarized parton distributions, respectively. The result for Fy has been
derived in Ref.[5] long time ago.

The only parameter appearing in (3) is the effective transverse size parameter &; it
is known to be about 1 GeV~! with an uncertainty of about 20%. Thus, this parameter
only allows some fine tuning of the results for the form factors. Evaluating, for instance,
the form factors from the parton distributions derived by Gliick et al. (GRV){6] with
& = 1GeV 1, one already finds good results. Improvements are obtained by treating the
lowest three Fock states explicitly with specified z-dependencies[3]. Results for #2F; and
2Ry obtained that way are displayed in Fig. 2. Both the scaled form factors, as well as
t2R 4, exhibit broad maxima and, hence, mimic dimensional counting rule behaviour in
the t-range from about 5 to 15 GeV2. The position, tp, of the maximum of t*F;, where F;
is one of the soft form factors, is determined by the solution of the implicit equation

_t=447? <1"m>ml 4

T Fit

The mean value {1=Z) comes out around 0.5 at ¢ = fo, hence, fp = 842. Since both sides
of Eq. (4) increase with —¢ the maximum of the scaled form factor, F;, is quite broad.
For very large momentum transfer the form factors turn gradualily into the soft physics
asymptotics ~ 1/#*. This is the region where the perturbative contribution (~ 1/ %) takes
the lead.
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Figure. 2. The Dirac (left) and the vector Compton (right) form factor of the proton as predicted
by the soft physics approach(3,7]. Data are taken from[8]. The data on the magnetic form factor,
G, are shown in order to demonstrate the size of spin-flip effects.
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Figure. 3. The Compton cross section, scaled by 5%, (left) and the initial state helicity correlation
A1y, (right) as predicted by the soft physics approach(3]. Data taken from[9].

The amplitude (1) leads to the RCS cross section
do d& [1 us

32_|_u2

S =T | EO+E®) (R% (1) — RA(®) | - (5)

2

1t is given by the Klein-Nishina cross section
dé 2nal, 8%+ ul (6)
dt 82 —us
multiplied by a factor that describes the structure of the proton in terms of two form
factors. Evidently, if the form factors scale as 1/¢2, the Compton cross section would scale
as s~8 at fixed cm scattering angle 8. In view of the above discussion (see also Fig. 2) one
therefore infers that approximate dimensional counting rule behaviour holds in a limited
range of energy. The magnitude of the Compton cross section is quite well predicted as is
revealed by comparison with the admittedly old data[9] measured at rather low values of
s, —t and —u (see Fig. 3).
The soft physics approach also predicts characteristic spin dependencies of the Compton
process[10]. Of particular interest is the initial state helicity correlation

de 2na s

2
41 S0 = T Ry )R, () (% - a) . (1)
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Approximately, Ayz, is given by the corresponding subprocess helicity correlation Ary, =
(s? — u2)/(s® + »?) multiplied by the dilution factor Rx(t)/Ry (t). Thus, measurements
of both the cross section and the initial state helicity correlation allows one to isolate the
two form factors Ry and Ra experimentally[11}. In Fig. 3 predictions for Ars, are shown.,
Other polarization observables as well as the VCS contribution to the unpolarized
ep — epy cross section have also been predicted in[10]. In addition to VCS the full
ep — epy cross section receives substantial contributions from the Bethe-Heitler pro-
cess, in which the final state photon is radiated by the electron. Dominance of the V(S
contribution requires high energies, small values of | cos #| and an out-of-plane experiment,
i.e. an azimuthal angle larger than about 60°. For VCS there are characteristic differences
to the diquark model[12], the only other available study of VCS. In the soft physics ap-
proach all amplitudes are real (if the photon-parton subprocess is calculated to lowest order
perturbation theory[3,10]) while in the diquark model there are perturbatively generated
phase differences among the VCS amplitudes. So, for instance, the beam asymmetry for
ep — epy
_do(+) —do(-) (8)
T do(+) +do(-)’

where the labels + and — denote the lepton beam helicity, is zero in the soft physics
approachin contrast to the diquark model where a sizeable beam asymmetry is predicted.

In summary, the soft physics approach leads to a simple representation of form factors
and to detailed predictions for RCS and VCS. These predictions exhibit interesting features
and characteristic spin dependences with marked differences to other approaches. Dimen-
sional counting rule behaviour for form factors, Compton scattering and perhaps for other
exlusive observables is mimicked in a limited range of momentum transfer. This tells us
that it is premature to infer the dominance of perturbative physics from the observed scal-
ing behaviour, see also[13]. The soft contributions although formally representing power
corrections to the asymptotically leading perturbative ones, seem to dominate form fac-
tors and Compton scattering for momentum transfers around 10 GeV? (see the discussion
in[7,14]). However, a severe confrontation of this approach with accurate large momentum
transfer data on RCS and VCS is still pending.

Ag
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Abstract

Recent data on the spin structure of the nucleon are presented. Special emphasis is
given to the flavor decomposition of the polarized quark distributions in the nucleon
from semi-inclusive deep inelastic scattering, and to the spin asymmetries of pairs
of hadrons at high transverse momentum pr, which indicate a positive contribution
to the nucleon spin from gluon polarization. Additional data from spin-independent
measurements presently underway at HERMES are presented.

INTRODUCTION

Understanding the spin structure of the nucleon in terms of quarks and gluons has been
a significant challenge for more than twenty years. In a simple quark parton model the
spin of the nucleon can be decomposed schematically as

S = ZAD+AG+I,+ Lo, (1)
where AY denotes the contribution of the quark spins, AG the contribution from the gluon
spin, and L, and Lg the contributions of the orbital angular momenta of the quarks and
gluons. A decade ago, analysis of data from the EMC experiment[1], based on the quark
parton model and assuming SU(3)s flavor symmetry, led to the conclusion that the quarks
contribute only about 12% to the nucleon’s spin and that the strange quark sea seems to
be negatively polarized. However, in the light of current theoretical understanding, the
separation of terms of the right-hand side of Eq. 1 is still not well constrained by even the
most recent, high precision inclusive measurements. Many open questions remain: what are
the contributions of the other components; what is the contribution of the valence quarks,
the sea quarks, in particular the strange quarks, and what is the role of the gluons?

SPIN STRUCTURE STUDIES

Hermes has been designed to address many of these open questions using semi-inclusive
spin dependent deep inelastic scattering (DIS), where a hadron is detected in coincidence
with the scattered lepton. It is possible in appropriate kinematics that selects hadrons from
the current fragmentation region to “identify” the flavor of the struck quark and therefore
provide a flavor decomposition of AX. Assuming that the fragmentation process is spin
independent, quark polarizations Agy(x)/qr(z) can be extracted from a set of measured
spin asymmetries on protons and neutrons. Figure 1 shows the results[2] from data taken by
the HERMES experiment(3] using the 27.5 GeV beam of longitudinally polarized positrons
in the HERA storage ring at DESY, incident on a longitudinally polarized ®He or 'H
internal gas target. Since the statistical precision was insufficient for decomposition of
all quark polarizations, constraints were imposed on the sea polarization to reduce the
number of fit parameters, Two alternatives were chosen for relating the spin distributions
of the sea flavors: a flavor independent polarization, where Au,/u, = Ad;/d; = As/s; and
a flavor symmetric sea, where Au; = Ad; = As. The resulting up quark polarizations are
positive and the down quark polarizations are negative over the measured range of z. The
gea polarization is compatible with zero over the measured range of z. It is also shown
that the results are insensitive to the choice of sea assumption.

Whereas the sea quark contribution is found to be close to zero in this semi-inclusive
analysis, the strange quark sea is significantly negative in the inclusive analysis. However,
neither result represents a direct measurement of As, but rather depends on the assump-
tions of SU(3); symmetry for the inclusive case and on the sea symmetry condition for the
semi-inclusive case. The newly installed Ring Imaging Cherenkov (RICH) counter offers
the possibility of a direct measurement of As through kaon identification.
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How to measure AG?

In principle, the polarized gluon polarization AG can be extracted from the scaling
violation of the polarized structure functions. However, the presently available data on
polarized inclusive deep inelastic scattering only poorly constrain AG(zg), although there
is some indication for the integral to be positive[4]. One way to measure AG directly
is via the isolation of the photon gluon fusion (PGF) process. Two useful experimental
signatures of this process are charm production and the productions of jets with high
transverse momentumn pr. Both charm production and high-pr jet production have re-
sulted in direct measurements of the unpolarized structure function G[5-7]. The energies
available at present fixed target experiments are however not high enough to produce jets;
therefore, high-pr hadrons must serve in place of jets[8] for HERMES and the COMPASS
experiment at CERN[9]. In addition, the RHIC experiments plan to probe the gluon spin
by direct photon production[10}. T S R o

Charm production at HERMES (D%, D*, and inelastic J/4) can be used as a tag of
PGF. However, the presently available statistics on J/4 and D" is only of the order of 20
events for the 1996/97 data set, which was collected on the polarized 'H target. The 1998
charm upgrade to the HERMES detector did increase the acceptance by a factor of four,
but no results are available yet from the 1998/99 running period. The other experimen-
tal channel available to HERMES is the measurement of the spin asymmetry of pairs of
hadrons with high pr, which has a large negative analyzing power for AG.

f‘}'{ s -P¥’>f-w
g: .4 | 1 Fig. 2. The measured asymmetry
Ay (ph",pi7) for high-pr hadron pro-
duction measured at HERMES is com-
pared with Monte Carlo predictions
for AG/G = %1 (lower/upper solid
curves), AG/G = 0 (middle solid
curve), and the phenomenoclogical LO

DN So-rv-r v R QCD fits of Ref[11] (dashed, dotted,
_____ 656 (a0 - 0.) and dot-dashed curves).
o5 65 T 125 15 ppl'l” 2
2 (GaVic)

Such a measurement has been performed[12]. The observed negative asymmetry shown
in Fig. 2 is in contrast to the positive asymmetries typically measured in deep inelastic
scattering from protons, where scattering from u quarks dominates.

A value of 0.41 + 0.18(stat.) £ 0.03(syst.) for the gluon polarization has been extracted
from the observed negative asymmetry. This interpretation is based on a model which takes
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into account leading order QCD processes and vector meson dominance contributions to
the cross section. Possible higher order QCD processes or contributions from anomalous
photon structure have been neglected here, since no spin-dependent analyses of these
processes are currently available. If such processes were important, but have no significant
spin asymmetry, the extracted value of (AG/G) would increase, but still differ from zero
by 2.30. To alter the conclusion that (AG/G) is positive, a significant contribution from
a process with a large negative asymmetry would be needed.

UNPOLARIZED DIS STUDIES

HERMES is also studying deep inelastic scattering on various unpolarized nuclei. This
was initially done to check the performance of the detector in a more efficient way, because
luminosities of a factor of ten or higher can be achieved with unpolarized gases limited
only by their impact on the beam lifetime. However, it has also provided a rich physics
program[13,14] and most recently, an exciting and unexpected result.

Nuclear Dependence of R =or/or at low Q?

HERMES has measured the cross section ratio for deep inelastic positron scattering
off N and 3He with respect to 2H[15]. In Fig. 3 the ratio for N is compared to similar
ratios for 2C measured by NMC[16], E665[17], and SLAC[18]. A large difference between
the present data and previous data is observed at low x, for z < 0.06. In this domain, the
HERMES data continues to fall below the NMC and E665 data for decreasing values of x.
At high values of z, however, the HERMES data are in good agreement with the SLAC
data.
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In deep inelastic charged lepton scattering from an unpolarized target, the ratio of DIS
cross sections from a nucleus A and deuterium is given by

g4 _ Ff (L+eRy)(L + Rp) @
ap F2D (1+RA)(1+6RD),

where R4 and Rp represent the ratio oy /or for nucleus A and deuterium, e the virtual
photon polarization parameter, and F¥ the unpolarized structure functions. For ¢ — 1 the
cross section ratio equals the ratio of the structure functions F3'/FP. For smaller values
of €, the cross section ratio is equal to Fis*/FP only if R4 = Rp. A possible difference
between R4 and Rp will thus introduce an e-dependence of ¢ 4 /o p. Hence measurements
of 04 /cp as a function of € can be used to extract experimental information on R4/Rp,
if Rp is known. The resulting values of R4/Rp are shown in Fig. 4. They show a strong
Q?*-dependence of R4/Rp at low x and Q? and represent the first observation of nuclear
effects in the ratio of longitudinal to transverse photoabsorption cross sections. There is no
incongistency between the present data and the data reported by previous experiments.
Theoretically, a possible A-dependence of R has been suggested by several authors. In
Ref.[19], the nucleon Fermi motion is seen to enhance higher-twist effects. It has also been
argued that nuclear gluon fields may lead to an enbancement of R[20]. In Ref.[21] it is
suggested that nuclear shadowing might be different for the longitudinal and transverse
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CONCLUSIONS

The HERMES experiment has finished its forth year of running. Inclusive and semi-
inclusive data are collected simultaneously using internal polarized gas targets. HERMES
plans to continue running with a longitudinally polarized deuterium target until May 2000.
The 1998/99 upgrades to the spectrometer have opened new possibilities. It is expected
that by May 2000, HERMES will provide precise knowledge of the valence and sea quark
polarizations, and report on the first direct measurement of the strange quark polarization.
Tt is also hoped that the results on AG/G obtained from pairs of hadrons with high-pr can
be improved in precision and confirmed from charm production data. After the luminosity
upgrade at HERA, HERMES might switch over to a transverse target program. To that

end, a long range plan is being worked out, and will be available shortly.
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Abstract

Recent results from deep inelastic scattering at HERA are presented with the
emphasis on structure function measurements. The determination of the structure
function Fy at very low @2, the longitudinal structure function Fr, the gluon density zg
using different methods, and the structure function for charm Ff #4ARM are presented.
The description in the framework of nexi-to-leading-order perturbative QCD proves
to be valid down to @G% ~ 1 GeV?2,

INTRODUCTION

Deep inelastic scattering is an excellent tool to explore the structure of the nucleons{1).
HERA is a unique facility to provide collisions of leptons and hadrons at a center of mass
energy of /=300 GeV, a kinematical regime which has never been accessed beforehand.
Here the results of the two multi-purpose detectors H1 and ZEUS are summarized including
data collected until 1997.

The four momentum transfer (2 = s -z - y is proportional to the Bjorken z and the
the relative energy transfer y, both bound between zero and unity. Using events at high y
the determination of the longitudinal part of the structure function becomes possible. The
accurate description of the cross sections in terms of the perturbative QCD for momentum
transfer down to 1 GeV? turns out to be possible using the next-to-leading-order pertuba-
tive QCD (NLO pQCD) calculations. Of special interest is the determination of the gluon
density distribution. Two possible ways to access the gluon density are presented here (i)
the fit of the structure function with the DGLAP-equations[2] and (ii) the selection of a
process where the virtual - fuses with a gluon, producing a ¢¢ in the final state, which can
be tagged.

DETERMINATION OF F;

For the reaction ep — eX the double differential cross section for neutral currents is
formulated in terms of the structure functions neglecting the Z° exchange:

d2gNC Do y2
TodOE = Qi Lt Py - Y_+F i)

with the kinematical factor Yz = 1 = (1 — y%). The structure function F, is interpreted
in leading order as the sum of the parton densities. The longitudinal structure function
Fr, becomes only important at high y. It vanishes at leading order and is therefore a true
higher order effect.

Perturbative QCD is used for the description of the Q% evolution of the parton densities.
This evolution is driven by the gluon emission from the quarks and by the splitting of the
gluon into a quark and antiquark pair.

F>- DETERMINATION AT LOW Q2

The structure function is found to be monotonically growing with decreasing z for
all measured Q? values. However the growth becomes smaller with decreasing Q2. The
increase towards low z is caused by the increased gluon density which drives the sea quark
density at low z. In Fig. 1 it is shown that this  dependence gets smaller for low Q% ~

*Supported by the German Federal Ministry for Education and Science, Research and Technology (BMBF)
under contract number 057FR19P.
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0.6 GeV?2. Also the prediction of the NLO pQCD fit[3] is shown. At low Q*=0.9 GeV?
the description of Regge inspired fit takes over. Here starts a transition region where the
description of the cross section changes from the partonic to the hadronic structure.

Fig. 1. The ZEUS F3 data with shifted
vertex (SVX95) as a function of z for
different (2 bins together with earlier
ZEUS data (ZEUS94, ZEUS BPCY5)
data from H1 (SVX95) and fixed tar-
get data (E665). The curves shown are
(dotted) the Donnachie-Landshoff Regge
model and the full line the ZEUS NLO
QCD fit.

Fig. 2. Measured F vs. & in bins of (*. Filled
circles denote values measured at ZEUS at very
jow 2 and very low z. Squares are the results
from fixed target experiment E665. Shown as lines
are Regge inspired fits (DL, DL98 and ALLM9T),
as well as a ZEUS REGGE 97 fit.
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A still lower Q? region is investigated by both experiments, H1 and ZEUS, using the
shifted vertex method which allows to measure as low as Q% ~ 0.4 GeVZ, At ZEUS a special
beam pipe calorimeter (BP(C) is employed extending the momentum transfer range down
to 0.1 GeV2[4]. In Fig. 2 the continuation of the trend at still lower Q* than displayed in
Fig. 1 is well demonstrated: the parton density flattens. The Regge fits describe the data
down to Q*=0.065 GeV?.

SCALING VIOLATION AND EXTRACTION OF zg(=z)

The F, data is measured for Q% and x ranging over five orders of magnitude. The i
data increase monotonically with small 2, however less dramatic as ()% decreases. This can
be understood by gluon emission which reduces the quark momenta to lower values. The
overal fit with NLO pQCD gives an excellent agreement including fixed target experiments.
Since the DGLAP equation incorporates the gluon density it can be extracted through the
fit[3]. The result is shown in Fig. 3 where the error band results from the error propagation
of the experimental systematical errors. Here a steep increase of the density towards small
z is observed at 2=20 GeVZ. At low Q? the distribution becomes flat as it is observed

for Fh.
xg(x) ZEUS 1995
50
NLOMS) Q=20 GeV?
40
' QP = TGeV?

30

L @= 1GeV?

20
10

Fig. 3. The gluon density zg(x) obtained
by a NLO pQCD fit.

Fy

v2 H1 47 preliminory Fo# Hi 87 prefiminary

Fy= FLow

ol e Fig. 4. The determination of Fy by the
o foevt N "° @ scev subtraction method. The hatched band
y=0.58 y=082 represents the result using QCD fits

LONGITUDINAL STRUCTURE FUNCTION Iy

The measurement at high y allows to study the influence of Fy,. Here the energy of
the electron is small and the photo production background has to be controlled rather
carefully. The H1 coliaboration uses the subtraction method as the difference between
data and the F, extrapolated into the high y region under the assumption of Fp,=0(5].
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The fit uses only data points with y < 0.6 which are independent of Fy. Another method
uses the logarithmic scaling violation with y of the cross section. The two methods agree
well with each other with the caveat that the same data set is used. The result of the F
determination is given in Fig. 4 and it is consistent with the expectations from the QCD
fits, as shown in hatched band. The values found are well below Fy also at the high .

FCHAEM AND GLUON DENSITY

A test of the NLO pQCD calculations is given by the heavy quark structure functions.
Since the heavy quark mass sets another scale it is mmportant to check the consistency
of the results. The gluon density can be derived from the boson gluon fusion process.
Ixperimentally, the charm content can be measured by the decay sequence of D**, The
reconstruction is possible with tracking in the rapidity interval of il < 1.5. The cross
section is extrapolated to the full phase space. The FZCHARM data shows an increase
towards small z and its behaviour is consistent, with the inclusive F, measurement for
both experiments H1[6] and ZEUS[7]. The extracted gluon density of the H1 collaboration
is shown in Fig. 5[8]. The agreement with the gluon density determined by QCD fits is
excellent.

Lo LA N B DU LI AR AL B BB

20 -
5| H1 NLO |
x e D* (DIS) ]
i * D (yp) ]
i 71 QCDfitto F, -
10 |- —— CTEQ4F3 ]
- [i%=25 GeV*
- ' Fig. 5. Gluon Density from Charm
” -3 -2 -1 0
log xg
SUMMATRY

The investigation of deep-inelastic ep — interaction at HERA by the experiments HI
and ZEUS is extended to very low 2 and to very low Q? with high statistical accuracy. The
rise of F, with decreasing  persists down to low @* ~ 1 GeV?. Below that the description
of the F, with Regge based models is appropriate. The scaling violation is well described
by NLO pQCD fits. The gluon distribution can be extracted either by these fits or by
the Frf HARM dgtermination. At low 2 and at high y the cross sections are explained by
a sizable Fy part representing a higher order effect. In general NLO pQCD provides a
powerful description of the deep inelastic cross sections with an amazing precision,
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Pion Absorption on N, Ar and Xe Nuclei Measured with LADS

D. Kotlinski, LADS Collaboration

Paul Scherrer Institute, CH-5232 Villigen, Switzerland

Abstract

The pion absorption reaction #1 on Ar was studied at pion energies of 70, 118, 162,
939 and 330 MeV, and on N and Xe at 239 MeV. Absorption reaction channels with
at least two energetic charged particies in the final state have been identified. Partial
cross sections split according to the number of protons, neutrons and deuterons in the
final state have been determined.

INTRODUCTION

The 47 solid angle Large Acceptance Detector System (LADS) wag built at PSI to

study multi-
papers concerning pion absorption on the light nuclei

nucleon pion absorption at energies around the A resonance[l]. A number of
3 e and #He have been published

by our collaboration (see e.g.[2]). In addition to the light target data, measurements with
heavier targets, N, Ar and Xe, were also performed
In[3] and[4] we reported first heavy target results which showed the existence of the
initial state interaction (ISI) in pion absorption. In the two-step ISI process the pion first
scatters quasi-elastically off one nucleon before being absorbed on a nucleon pair.
More recently the heavy target data have been fully analyzed. Here we present the
breakup of the absorption cross section into individual channels labelled according to the

number of protons, neutrons and deuterons in the final state.

The N and Xe data are presented for a single incident pion energy of 239 MeV, and
the Ar data for the five pion energies 70, 118, 162 230 and 330 MeV.
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Fig. 1. Data from the Ar(w*,3p)
reaction at T, = 239 MeV. The
shaded area are the experimen-
tal data. The solid lines show
how these data are reproduced
by the Monte Carlo simulations,
with other lines representing in-
dividual MC components : 3p
(dashed), 3pln (dashed-dotted),
4p (dotted) and 4pln (wide dot-
ted).

Pion absorption events leading to final states with energetic protons, neutrons and
deuterons were selected from the N, Ar and Xe target data. Absorption events were iden-
tified by requiring no pion in the final state. Charged pions were identified through the
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AE/E method and neutral pions through high energy (above 10 MeV) gamma rays. In or-
der to discriminate against background only events with at least two well identified tracks
(measured with MWPC) were analyzed. This meant that only events with at least two
charged particles were taken into account.

The identified absorption events were split according to the number of protons, neutrons
and deuterons in the final state. Particles with kinetic energy below 30 MeV were ignored.
About 25 final states have been identified. In addition to the expected two particle (2p,
1pld) and three particle pion absorption (3p, 2pin) high multiplicity events have been
also observed, e.g. 6p, 2p3n or 3pldin.

All final states have been simultaneously analyzed with the help of Monte Carlo sim-
ulations. This procedure resulted in acceptance corrected cross sections for each of the
considered final states. This acceptance correction includes extrapolation of the kinetic
energy thresholds from 30 MeV to 0 MeV.

As an example we show the 3 proton final state (3p) following pion absorption on
Argon at 239 MeV. Fig. 1 shows the missing energy, missing momentum, proton kinetic
energy and proton angular distribution for the 3p final state. The measured distributions
are shown with shaded area. The solid line in Fig 1 shows the Monte Carlo prediction
for the 3p final state. The simulation takes into account the detector solid angle (incom-
plete 47 coverage), particle thresholds imposed during the data analysis (30 MeV) and
other inefficiencies (e.g. reconstruction and reaction losses). The observed 3p event can
originate from a 3p final state, 4p (when one proton escapes undetected}, 3pin (when the
neutron is undetected) and others (e.g. 4pln, 3p2n etc.). The strengths of all Monte Carlo
distributions were simultaneously varied to reproduce the observed final states. The dif-
ference in the shape of the various distributions is too small to unambiguously determine
the strength of each reaction channel. However, since high multiplicity channels are also
measured in the experiment, they can be accurately determined with a simultaneous fit.
For example, the Monte Carlo 4p component in the measured 3p histogram, cannot vary
too mmuch since it has to simultaneously reproduce the measured 4p yield. This is a unique
feature of LADS where reaction channels up to high multiplicity were measured. Previous
experiments usually could only measure 2 and 3 nucleon final states.
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For the Monte Carlo models phase space distributions were used for all channels except
3p and 2p1n where a mixture of ISI, FSI (final state interaction) and phase space was used
and 2p which was modeled by the QFA (quasi free two-nucleon absorption) distribution.
Phase space distributions describe the data fairly well except for some deuteron channels
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which show strong non phase-space components.

The heavy recoil left after the pion absorption process is in general in an excited state.
As suggested by the missing mass distribution shown in Fig. 1 this excitation energy can
be large. In our Monte Carlo simulations we assumed a flat excitation energy distribution
from 0 to some maximum value, which e.g. for Ar at 239 MeV was 170 MeV.

RESULTS

Cross sections determined by the procedure explained above are presented in Figures 2,
3 and 4. The shown cross sections are normalized, acceptance corrected and extrapolated
to 0 MeV threshold.

In Fig. 2 the measured cross sections for the three particle (3N) final states are plotted
versus the pion beam energy for the Argon target. Here deuterons are treated as a single
particle, so e.g. the final state with particle multiplicity three (3N) is obtained by adding
3p, 2pin, 2pld and 1pldin partial cross sections. Some simple comments can be made:

o All final states show a resonance type behaviour as a function of pion energy,
e Final states with the same number of nucleons peak at roughly the same pion energy,

e The final states which include neutrons are usually much stronger than the final
states with protons only,

o Final states which include deuterons are a large part of the total absorption cross
section, close to 1/3 at all pion energies.

In order to present the final results in a more compact form we add the cross sections
corresponding to the same number of particles in the final state. The ratios of partial
cross sections divided by the sum of all partial cross sections for the 2N-6N final states
are plotted in Fig. 3 for the Ar target at the five pion energies. In this figure each curve
represents the cross section ratio for a given multiplicity (e.g. 3N) plotted as a function
of pion energy. One sees a gradual increase of the particle multiplicity with pion energy.
The 2N fraction of the absorption cross sections, which dominates at the lowest energy,

- decreases in-importance and becomes negligible at the highest energy while the 3N fraction
peaks around 160 MeV. Other multiplicities gain strength with increasing pion energy.
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In Fig. 4 these ratios are plotted as a function of the target mass at one pion energy
(239 MeV). To have a better overview data points for the 3He and “*He from earlier LADS
publications[4,5] have been added. An important feature in this plot is that fractions of
the pion absorption cross section going to final states with 2N, 3N, 4N and 5N reach
»gaturation” values already for Nitrogen. The fractions stay relatively constant for heavier
nuclei.
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The partial cross sections can be added together. The sum is in all cases within 15% from
the previously measured total absorption cross sections. This means that in our analysis
we do not miss any large part of the absorption cross section. The channels missed due
to the experimental procedure are 1pln/1din and 1p2n/1d2n. These are expected to be
small for 71 induced reactions. In addition, absorption channels with heavier fragments
(e.g. alpha particles) are ignored.

In conclusion we have determined the full break-up of the absorption cross section
into individual channels, Many high multiplicity final states have been observed. Channels
with neutrons are increasingly important with the pion energy (up to 80% for the highest
energy). Final states with deuterons populate between 20% and 30% of the absorption
cross section at all energies and for all targets.
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Charge symmetry breaking in the reaction np — dr® close to threshold

J. A. Niskanen
Department, of Physics, P.O. Box 4,
FIN-00014 University of Helsinki, Finland

Abstract

The charge symmetry breaking forward-backward asymmetry of the cross section
in np — dn¥ is calculated near threshold. The mixing of the 7 and 1 mesons shows
up as strongly dominant at these energies. This contrasts elastic np scattering ot
np — dz° in the A region, where other mechanisms dominate.

1 Introduction

Charge symmetry breaking (CSB) in the nn vs. pp system has been investigated for
decades in low-energy NN scattering and mirror nuclei[1,2]. However, the responsible
interaction, proportional to the total isospin operator, acts only in isospin one states
and cannot change the value of the isospin. In contrast, a CSB force proportional to either
T10—Tag or (Ti X T2)o necessarily changes the isospin and acts in the np system, where both
isospin zero and one are allowed. These so called class IV forces have three main sources,
which are roughly equally important in elastic scattering: 1) the np-mass difference, ii) pPu-
meson mixing and iii) the magnetic interaction of the neutron with the proton current. A
decade ago their effect was seen experimentally as 2 difference of the neutron and proton
analyzing powers AA = Ay, — Ay in polarized np scattering[3].

Class IV forces can also show up in pionic inelasticities. Namely, isospin conserving
mechanisms in NN — dr involve only isospin one initial states. This sets strict constraints
to the spins and parities of the initial states vs. the angular momentum of the final state
pion: for odd I only singlet-even initial states are possible and for even I, only triplet-odd.
This separation of initial spins for different parities leads to a symmetric unpolarized cross
section. Obviously a class IV force can mix some isospin zero component in the initial state
with opposite spin-parity assignments and the cross section is no more exactly symmetric
about 90°. This asymmetry in np — dn is being measured at TRIUMF[4].

As an interference of opposite parity amplitudes, s- and p-wave pions, the agymmetry
should vanish at threshold faster than the cross section. However, there are experimental
advantages at threshold allowing smaller relative asymimetries to be detected than at
higher energies[4]. Theoretically it is intriguing that at threshold there is less cancellation
of possible r mixing effects than at higher energies studied in Ref.[5]. This talk presents
predictions for the asymmetry in the threshold region where the experiment is performed.

A more detailed account can be found in[6].

2 Theory

A standard source of the class IV force, dominant in experiments so far, is the np mass
difference in pion exchange. Taking this into account the pion-nucleon coupling becomes

H,rNN:—-ﬁ{&*-vaﬂaa‘wo+aa'<ﬁ+ﬁ>(~?x5)01 (1)
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Figure. 1. Isospin breaking mechanisms in np — dz°: isospin mixings in the initial state due to
mass difference § dependent potentials (a—d), CSB production vertices (e and f) and transition
potential due to nr mixing (g). CSB vertices are denoted by a cross or box.

with 6§ = (My — Mp)/(Myn + Mp). Here the first term is the normal isoscalar interaction
giving rise to the standard OPE potential. The initial and final momenta § and §’ operate
on nucleons and V on the pion field assumed a plane wave. The latter two terms give rise
to a CSB potential of the form (using the usual notations of the literature[5])
2

Vs=26 j—w £ (A7)0 [S12 Vir(ur) +81-32 Vo (ur)] — 6(F xRa)o (61 x 82)- L Vis(ur)}. (2)
The first part conserves the isospin, while the latter term changes both the spin and
isospin, i.e. it couples the two possible spins for a given L = J partial wave. This source
of isospin breaking in the present reaction is shown in Figs. la,b.

In pion physics the coupling of the pion and mucleon to the A(1232) resonance is

essential. As above for nucleons, one gets an isovector transition potential from the mass
differences (also between different charge states of the A, Figs. lc,d)

55 f° L
Vi (OPE) = “'ﬁ‘;{““%{Tl{)[SEZVT(#r)“‘Sl‘0'2VC(J“T)]

— 6(T1 x Ao (51 x &) - LVis(ur)} + (1 2). (3)

Here the transition spin (isospin) § (T) changes spin (isospin) 1 particles to those with 2.
The mass difference between consecutive charge states of the A has been assumed to be the
same as for the nucleons. In the tensor operator S5 one spin operator has been replaced
by the relevant transition spin operator. Contrary to the case of the NV interaction, now
also the first term in (3) can cause a transition from an isospin zero NN state to an
intermediate AN state which can participate in pion production.

In addition to isospin mixing in the initial np state, the pion coupling (1) gives a
possibility for isospin breaking in the final pion producing vertex (Fig. le). Namely the
middle term is an isoscalar production operator and so there is a finite amplitude of direct
transition from an initial isospin zero state to the deuteron state plus a pion.
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Analogously with the above effective isoscalar meson coupling, also production of first
a true off-shell isoscalar pseudoscalar meson (7 or 7) is possible with its subsequent
transformation into a pion, because there is a nonvanishing mixing between the n and =
mesons!7] (Fig. 1f). The coupling of pions to nucleons via this is of the form

gt =~ 2 AT 5 g, @
gt

Using the mixing matrix (p|H|r} = —5000 MeV?[7] and the NN coupling G%/Ll’ﬂ’ =
3.68(8] with f, = Gpu/2M it can easily be seen that the strength of this contribution
should be about 15 times larger than the isoscalar coupling of the pion from the np mass
difference in Eq. (1). So one would expect this to be a very important effect which is
further enhanced by the n’ meson mixing with the mixing matrix element —5500 MeV?2{7].
(The coupling of the 1/ to the nucleon is taken to be the same.)

There are great uncertainties in the NN and 7/ NN coupling strengths. Much smaller
values are also quoted from pion photoproduction{9] and a sensitive probe for this coupling
is desirable to clarify the situation. The above value is obtained in a meson exchange NN
potential model fit to elastic NV scattering and is consistent with the range 2-7 given in
various versions of the Bonn potentials{10]. Another uncertainty is related to a controversy
of off-shell pw-meson mixing and is not considered here.

In the NN sector nn mixing cannot mix isospins, but it can produce an NN — AN
transition potential, which can act also in isospin zero initial states (Fig. 1g). Due to the
rather strong effective coupling seen above, also this should have a significant effect in
pion production.

Also pion s-wave Tescatteritig from the second nucleon is taken into account in produc-

tion.

3 Results and conclusion

The quantity of experimental interest here is the integrated forward-backward asym-
metry divided by the total reaction cross section

Ap= /0 "2 5(8) — o(x — 6)|sin 68/ fo " (8) sin 648 (5)

Here the angle is the CM angle between the detected deuteron and incident neutron
directions. The results are shown in Fig. 2. The two dotted curves show the effects due to
the np (and the A) mass differences, while the larger i mixing contributions are given by
the dashed curves. The contributions from the production vertices and meson exchange
potentials are separated. The total sum is the solid eurve. In comparison to meson mixing
the mass difference effect is hopelessly small, but if the nNN coupling is as large as used
here its effect could be seen in the experiment.

Preliminary calculations indicate that the p and pw-mixing effects as well as the elec-
tromagnetic interaction are significantly smaller than nm mixing at threshold. These are in
the same order as the pion effects. An isospin breaking nm-mixing effect may also involve
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Figure. 2. Contributions dependent on § (dotted) and {n|H|n) (dashed) to the total integrated
forward-backward asymmetry (solid}. The "data” point expresses the energy and expected error

of the experiment/4].

the 17 N*(1535) resonance, which couples strongly to both the pion and n meson. How-

ever, this is very far from the pion threshold region and a simple static estimate indicates

it to be small. The isospin conserving reaction is dominated by s-wave mN rescattering at

threshold and the possibility a CSB contribution in this[11] is under consideration.

As a summary, it is likely that CSB threshold production is strongly dominated by n«

mixing suggesting CSB measurements as an effective tool to study this phenomenon and

constrain the n NN coupling.

[y
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Pionic Form Factors of Baryons and Threstiold Structure in 7NN Amplitude

T. Ueda
Faculty of Science, Ehime University, Matsuyama, Ehime 790-8577, Japan

Abstract

Part 1 reviews mNN vertex form factor and remarks #X¥ and nZE vertex form
factors based on recent results due to the extension of Ueda-Green NN OBEP to AN,
AAEN and TN systems in the SU3 nonet mescn scheme.

Part I remarks the following. The narrow-width quasi-bound state of NN —
7NN system near 7 threshold, predicted by the present author in 1992, corresponds
exactly to the experimental signal which has recently been found hy WASA group:
The enhancement of the cross section for np — nd at the i threshold. Purthermore
similar mechanism at 7 threshold for the 7NV system generates a strong and narrow
peak in the I = (, JP = 0~ «NN amplitude and a narrow enhancement in the
I=1, J° =0" NN amplitude .

PART I PIONIC FORM FACTORS OF BARYONS
#NN and #NA Form Factors and the I1

In early NN OBEP the pionic form factor in 7NN vertex was a hard type: The
parameter A in the monopole parametrization takes about 2-3 GeV much larger than
that of the electro-magnetic form factor of about 0.7 GeV[1]. This puzzle was solved by
introducing the II which represents effectively the 7 = 1 and J= = 0~ part of the correlated
three-pion state with mass 730 MeV[2]. It was proved that the one-pion excange potential
with the hard pionic form factor is approximately equivalent with the sum of the one-pion
exchange potential with a soft pionic form factor such as the electro-magnetic one and
the one-II exchange potential. The soft pionic form factor ig interpreted in terms of the
contribution of the IT which intermediates between the source nucleon and the emitted (or
absorbed) pion.

Another important property about the II is that the coupling strength of the JINA is
weaker than that of IINN: It is proved that the ratio of the IINA coupling strength to
the [INN is less than-%[2]. This explains why the 7NN form factor in early NV OBEP
was hard, while the 7N A form factor soft.

Ehime YN and YY OBEP

Very recently the NN OBEP due to Ueda, Riewe and Green{3] has been extended
to YN and YV systems and realistic YN and YY OBEP’s are presented[4]. This result
provides an information on the 72X and mEE vertex form factors. We find puzzles. there
as are described in later sections, but they are solved by the II contributions.

Qo far extensive studies have been made for theoretical YN and Y'Y interactions by
Nijmegen, Jillich and Niigata-Kyoto groups. Those-aim to make a microscopic description
of the YN and YY interactions. However difficulties are in uncertainties in vertex form
factors and meson-meson correlations. As a result, none of these attempts is fully consistent
with the experimental facts concerning the AN scattering and the single and double A
hypernuclei.

In our Ehime approach YN and YY OBEP’s are presented with an SU(3) nonet me-
son scheme for pseudoscalar, vector and scalar mesons: (7,7, K, ), (p,w, K*, ¢} and
(6, 5%, K5(1429) fo(1581)), respectively. Additionally, the isosinglet scalar meson o is taken
into account which represents the I =0,.J P — 0 part of the correlated and uncorrelated
271 exchanges. A part of the o exchanges between the AN and AA represents effectively
the 27 exchange contributions from the AN — XN and AA — XX channel couplings in
the single particle channel approach. On the otherhand the effect of these couplings is
explicitly treated in the AN — LN coupled particle channel approach.

Our 2im is to build an effective model so as to be consistent with related hypernuclet.
We allow that the scalar and vector meson exchanges involve effectively correlated and
uncorrelated two octet-meson exchanges. The wncertainties arising from this treatment
are removed in combined analyses with hypertriton[4].
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Single Particle Channel Approach

" Our AN, AA and EN OBEP’s are consistent with the data on AN scattering, hyper-
triton and double A hypernuclei of § , He, 1% Be and 33, B. No AA bound state is found.
Furthermore, by applying the resulting 2N OBEP to 27 — 12¢ atomic states, we find that
it reproduces reasonablly the atomic data[5].

The low energy parameters and the binding energies are summarized in Tables 1 and
2. .
(1} It is emphasized that the attraction of AA is approximately equal with or a little
stronger than that of AN in the intermediate force range in the 1Sy state. It is noted that
the attraction of the AA force reproduces reasonably the data on the separation energies
of 8, He, {% Be and 13 B in balance with the repulsion at short distances[4].

(2) The coupling constants of o which are most responsible to the attraction take similar
values one another as: goxyny = 1.78, goan = 1.88, goz= = 1.82.

(3) To reproduce the experimental data for the spectra of 2~ — 12C' atomic states, the
coupling constant for 6=E is approximetely equal to the that of the ¢ NN{3]. Since the o
represents effectively the I = 0 and J¥ = 07 part of the two-m exchange, the 7EE coupling
is required to be similarly strong as the 7NN coupling. However the SU3 invariance
requires that grz= << gynn. Thus an additional pionic origin for the enhancement of the

EZ coupling is required.

Table 1. The scattering lengths @ and the effective ranges r in the 1.5 and 38 states for AN, AA
and EN scatterings
AN AA EN({I=0) EN({l=1) NN/(experiment)

a{1Sp) (fm) -2.71 -3.40 -0.66 -0.27 —23.675 & 0.095
r(1Sp) (fm) 3.21  2.79 7.3 2.0 x 10 2.69£0.18
a(381) (fm) -1.95 -0.43 0,56 5.399 + 0.011
r(387) (fm) 3.56 13.5 9.0 1.82 4+ 0.05

Coupled Particle Channel Approach

Furthermore the study is developed to AN and £N coupled channel calculation[6]. In
this calculation it is found that a AN resonance appears near the XN threshold due to a
strong channel coupling effect. There is used a hard pionic form factor of about 2 GeV for
the 7X% vertex. In view of the fact that the resonance is against the experimental data
of the AN total cross section, a smaller value for the form factor parameter is preferable
such as about 1.5 GeV. Then it is observed that the resonance disappears with 1.5 GeV.
Thus an additional pionic origin for the suppression of 7Z% coupling is required.

The II Contribution to the #XY and 2= Vertexes

The two problems encountered in the 7XX and #=E vertexes in the previous sections are
simultaneously solved by introducing the contribution from the II which is able to make
approximately vanishing contribution to the #X% vertex, while a sizable contribution
to the 7= vertex. For this purpose plausible parameter values for II are found as :
guvn = 4.82, an = 0.0. Noting that the SU(3) invariance gives to octet II the relation:

JUNN = g, gnzs = 290,  gn== = —g(1 — 20),

Table 2. The hypertriton binding energy, the difference ABay of the double A hypernuclei §, He,
10 Be and {3 B, and the binding energy of the atomic 2~ ~ 12C (1P) state

3l ¢ He OBe B 2~ —“C(1P)
Theory (MeV) 2.35 3.60 414 494 0.57

Experiment (MeV) 2.355£0.056 4.7 4.3 4.9 0.57 £0.19
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then we have:
gnsx = 0.0 gnz= = —4.82.

The II with these parameter values makes the vanishing contribution to the IIZ3: vertex
and so strong contribution to the IIZE as to the IINN as are required.
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PART II THRESHOLD STRUCTURE in TNN AMPLITUDE
nNN Quasi-Bound State

The possibility of the existence of 7NN bound states has been argued by many peaple.
Since the strong attractions due to the 7V interaction in the Pss state and the NN
interaction in the 35 state exist in the system, the bound state has been expected there.
However the large -centrifugal repulsion. in.the P33 resonance makes the system hard to
be bound. Therefore, rather than the bound state, the resonance states exist in the TNN
system. The I = 1,JF =2+ and I = 1,JF = 3~ resonances are theoretically predicted
and this is in agreement with the experimental data [1].

In turn the 7V N system has different property from the 7NN system. In that system
the important interactions are the nN — xN interaction in the 51 state and the NN
interaction in the 38) state. Namely both interactions are of the S-wave nature giving no
centrifugal repulsion and provide much more possibility for the bound nNN state.

The existence of the I = 0,JF = 1~ quasi-bound state in the nNN ~ 7NN coupled
systeins is theoretically predicted with the mass of about 2430 MeV and the width 10 - 20
MeV [2]. One solves the three-body equation for the nN N — 7NN coupled systems. There
the primary two-body interactions are : (1) The NN interaction in the 38; — 3Dy state
and (2) the #N and nN coupled interaction in the 511 state. One finds the remarkable
enhancement of the elastic cross section of the nd scattering near nd threshold which comes
from the pole structure of the I = 0, JP = 1~ nd scattering amplitude on the complex
energy plane.

Very recently an experimental signal for this quasi-bound state has been found by the
WASA group in Celcius facility. At near threshold in np - nd reaction the group has
observed an enhancement with width 10 MeV over the phase space contribution [3]. The
prediction of the quasi-bound state corresponds exactly to this experimental signal [2,3,4].

7NN Threshold Dynamics

Consider the threshold of TNN system in I = 0, J¥ = 0~ channel. The three-body
interactions due to the 7N S1; and NN 18; two-body forces are dominating there. Already
we have pointed out the following theoretical result. A strong and narrow structure of width
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about 5 MeV arises at about 5 MeV of center of mass energy above threshold (M = 2.025
GeV) in that channel whose coupling with the NN is forbidden[5].

Concerning this result, we have investigated the analytic structure of the amplitude
near the strong structure on the complex energy plane. We have found no pole structure
associated with the peak on the real energy axis.

Bilger et al. have reported the signal of the VN resonance d’ with width I'p ~ 0.5
MeV and mass M, ~ 2.06 GeV (40 MeV above threshold) in the pp — ppr~nt reaction
[6]. However the structure predicted by us is different from the d’ signal. In view of this
gituation we would like to suggest the d' search is to be extended to the lower energy
region, M = 2.020 - 2.08 GeV.

A similar, however less prominant, structure is also appears in the I = 1,.J P =0~ 7NN
channel. This was predicted in the absorption parameter of the I = 1 3Py NN amplitude[7].

Since this TNN channel couples with the NNchannel, the three-body dynamics is
much more complex than the I = 0 case. The inputs for the three-body equation in the
I = 1 case are made as follows : the 7N Pi1, Ps3, S11, Sa1 and NN 38 — 3Dy, ') and
3p, two-body forces. In addition to these the backward going pion contribution at the
TN A vertex, the 7N — pN coupling in the Ps3 state, the OBEP in the NN -~ NN driving
terms and the effect of the ofi-shell structure in the 7N — pN Ps3 interaction are taken into
account. Remind you that the 7NN dynamics with these inputs has provided a successfull
description of the dibaryon structure in the A energy region for the I = 1, JE = 2% and
I=1,J7 =3~ channels[l].

We note that those results both for the I = 0,JF = 0~ and I = 1,J¥ = 0~ channels
concern primarily the S wave dynamics of the subsystem in comparison with the P wave
ones in the JE = 2% and 3~ cases. Therefore it is very significant to confirm the predicted
structures in the I =0, J* =0~ and I = 1, JE = 0~ channels experimentally, since
those are characteristic phenomens due to the hadron degree of freedom. If confirmed
experimentally, this indicates that the S—wave TNN dynamics is valid in the threshold
energy region as well as the P—wave 7NN dynamics in the A energy region. Furthermore,
if confirmed, the structures must be distingushed from the phenomena due to the quark
degree of freedom.
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Photo- and electroproduction of kaons in a gauge-invariant framework
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Abstract

A previously introduced gauge-invariant formalism for the photoproduction of
mesons is extended to electroproduction. The formalism allows for electromagnetic
baryon form factors which are fully off-shell. In the case of pseudoscalar coupling, the
low-energy limits mandated by chiral symmetry are preserved by utilizing the pseu-
doscalar analog of the Kroll-Ruderman contact current. Applications to kaon electro-
production are shown.

INTRODUCTION

Gauge-invariance is one of the central issues in dynamical descriptions of how photons
interact with hadronic systems (see Ref. {1] and references therein). For meson production
from a single nucleon, at the tree level depicted in Fig. 1, the problem can be understood -
very simply by the fact that the first three s-, u- and ¢-channel diagrams of Fig. 1 are in
general not gauge-invariant by themselves, in particular, if one includes the internal struc-
ture of the baryons by utilizing hadronic form factors. Since the precise mechanisms for
restoring gauge invariance are not unique at the hadronic level, various recipes for repair-
ing gauge invariance can be found in the literature which, in the diagrammatic language of
Fig. 1, amount to adding various contact-type currents to the usual currents represented
by the first three diagrams. In Ref. [1], a particular gauge-invariance prescription was
put forward which can be applied to any meson production precess. It is distinguished
from other methods by its flexibility in choosing the functional dependence of the gauge
invariance-restoring contact current.

FORMALISM

The gauge-invariance mechanism introduced in Ref. [1] is most easily illustrated by
considering the photoproduction process yp — nnt with pseudoscalar coupling for the
7NN vertex at the tree level. Introducing form factors for composite nucleons at the
hadronic vertices, the resulting amplitude for the first three diagrams of Fig. 1 is

4
_ _ 20’ 2" -
e- M= Z ATy (E“Mf) Up — GeTn Y€, [-—-—-S f’m2 (F — Fg) + o (F — Ft)]up , (1)

j=1

*Email: helmut@gwu.edu

a4 k
) +
prhm
pim’ pm  plm’ pm p.m pm  pm’ pm

Figure 1. Meson production diagrams (time proceeds from right to left). The last diagram, marked
¢ contains the contact-type currents (see Ref. [1,2]) required to restore gauge-invariance of the entire

production current.
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where the M;‘ are the usual gauge-invariant operators [2], with kyMj‘ =0, and

4 = Lo 4 m) Pt EgmP
2ge -
A2 = (s—m;)y(t—#"') ’

describe the coefficient functions depending on the Mandelstam variables s, u, and ; the
hadronic vertices Fy, Fy, and F; correspond to the respective kinematic situations shown
in Fig. 1. The right-most term in Eq. (1) violates gauge invariance. Note that the £
dependencies of this term and Az cancel and hence F is completely arbitrary in Eq. (1).
Prescriptions to repair gauge invariance amount to introducing an additional contact-
type current (cf. Fig. 1) with contributions canceling the gauge-violating term in Eq.
(1). Different prescriptions can be understood in terms of different choices for F' (and
possible additional separately transverse current terms). Ohta’s formalism [3], for example,
amounts to putting ' = 1 which is perhaps the simplest possible choice. In contrast, the
gauge-invariant theory of Ref. (1] allows F to be taken as any linear combination

F = g,F, + 0, Fy + a1 F;

subject to the condition that £ =1 if all three hadron legs are on their respective mass
shells. We find thus that this formalism allows electric current contributions to be multi-
plied by a form factor (cf. the Ay term above), i.e., it does not require that they be treated
like bare currents, as in Ohta’s approach. Numerical results for kaon photoproduction off
the nucleon show that this flexibility afforded by the gauge formalism of Ref. [1] leads to
a markedly better description of experimental data [2,4,5]. In Fig. 2 we show an example
for the new Bonn SAPHIR data [6]. )

The gauge-invariance formalism illustrated here by this simple example has now been
extended to electroproduction processes. As in the previous photoproduction approach, we
describe the baryon structure in terms of hadronic form factors. Moreover, we allow for an
arbitrary mixing of pseudoscalar and pseudovector couplings. In the case of pseudoscalar
coupling, we repair the low-energy limits mandated by chiral symmetry by adding the
pseudoscalar analog of the Kroll-Ruderman term discussed in Ref. [7], which amounts to
adding contact-type current terms for both the incoming and the outgoing baryon legs,
viz.

o 75Fh?:0"‘wk,;h‘.F2 )
JKR T APS Y y (2)
04
[ 1617 GeV 1 1m3Gey ]
03 _ ff
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04l 1848GeV 4 2109GeV ' sults for p(y, K™)A obtained with
[ i Ohta’s [3] (dotted lines) with
Haberzettl’s [1,2] (solid lines)
gauge-invariance prescriptions for
the new Bonn SAPHIR data [6].
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where Apg is the strength of the psendoscalar coupling, and F}, and F are the hadronic
form factor (i.e., either Fy or F,, depending on the kinematic situation) and the electro-
magnetic Pauli form factor, respectively, of the particle.

Furthermore, the full formalism now takes into account the most general off-shell de-
pendence of the electromagnetic currents for spin-1/2 baryons which satisfy the Ward-
Takahashi identity. The general off-shell currents I'* for the electromagnetic vertices -y -+
B — B’ (where B and B’ may be different baryons, with respective masses m and m') are
given by

A [ Y
o o] 22
ST [ o) S e
(T = S

where k = p’ —p is the photon momentum and the F* are the eight independent electro-
magnetic form factors. For on-shell baryons, the last three terms vanish and F{° and F3°
reduce to the usual Dirac and Pauli form factors F1 and Fy, respectively. In most existing
treatments of electroproduction processes the last three terms are omitted from the start.

PRELIMINARY NUMERICAL RESULTS

The results reported here for kaon production with real and virtual photons were cal-
culated within the treelevel isobar model described in Ref..[2] whith employs pseudoscalar
couplings. At present, the numerical implementation of the full off-shell spin-1/2 baryon
current, Eq. (3), has not been completed and the results shown here still treat this cur-
rent in a manner which takes into account its off-shell behavior only approximatively. We
would like to point out here that since six of the eight form factors of that current are
inaccessible to a direct experimental measurement, a careful study needs to be undertaken
as to how various parameterizations of these form factors will affect the description of the
experimental data.

We have studied the effect of including the pseudoscalar Kroll-Ruderman analog, Eq.
(2), which preserves the chiral-symmetry low-energy limits, and found that in some chan-
nels, in particular for p(y, K°)E7F, the effects may be sizable and lead to a definite im-
provement of the results when comparing them to the experimental data.

Figure 3 shows an application of the present formalism to the electroproduction pro-
cess p(e, e’ KT)A. Note that the results shown here are preliminary since the calculation
does not yet include a comprehensive investigation of the effects of all off-shell degrees of
freedom of the electromagnetic vertices which is currently being undertaken. Moreover, in
the present case, we had to include a ‘missing resonance’ in order to come closer to the
experimental data. The importance of this additional state—the best fits determine it to
be a D13 resonance at 1895 MeV [8]—is particularly evident in Fig. 4 where we show the
transverse and logitudinal cross sections for the same reaction.

DISCUSSION

The full details of the formalism briefly outlined here will be published elsewhere [11].
While the full gauge-invariance formalism is quite comprehensive in that it allows for the
full off-shell treatment of the currents, at the same time this introduces a number of addi-
tional form factors which are not directly measurable. In order to assess the implications of
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Figure 4. Transverse and longitudinal
cross sections for p(e,e’ K+)A. The dot-
ted line shows the result obtained with-
out the Di3(1895) resonance discussed in
the text. Solid squares show the new JLab
data [9], open squares are old data [10]. In
"the transverse cross section, a photopro-
duction datum (solid circle) is shown for
comparison.

Figure 8. Angular distribution of differential cross
sections for p(e,e’ K T)A. The kaon’s azimuthal angle
Pk is either averaged over the range indicated in the
panels or over the range 0-180°. The three numbers
in the top right corners of the panels in descending
order denote the total c.m. energy W, the square of
the virtual photon momentum k?, and the transversal
polarization € of the virtual photon. Solid lines cor-
respond to a fit including a missing D;3(1895) reso-
nance (see Ref. [8] for details); dashed lines include
only established resonances.

these additional degrees of freedom detailed studies are necessary. Moreover, as the cases
reported in Figs. 3 and 4 show, the quality of results pertaining to an individual reaction
may depend critically on which mechanisms are included in the calculation. In the end,
in order to come to meaningful conclusions, one needs to find ways to constrain all these
degrees of freedom as much as possible and it will be necessary to simultaneously describe
as many reaction channels as possible in a comprehensive coupled-channels formalism.
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Abstract

Several procedures of determining the ratio E2/M1 of the A{1232) are critically
reviewed. It is argued that the residues of the resonance poles provide the only infor-
mation that does not depend on models or other assumptions.

INTRODUCTION

Recently, pion photoproduction experiments at MAMI (Mainz) and LEGS (Brookhaven)
have been carried out in order to determine the ratio Rgar = E2/MI1 of the transition
4N -+ A{1232). On the microscopic level, the well known dominance of M1 absorption in
this transition is attributed to a spin flip of a constituent quark. The weak E2 quadrupole
transition which reveals deviations from spherical symmetry of the quark wave functions of
the involved baryons has attracted interest since the sixties. Different microscopic models
predict values for Ry in the range of roughly -5 to 0 %. It is hoped that an experimental
determination of this number will make it possible to distinguish between several models
of the nucleon and its resonances.

Experimental information on the excitation mechanism under consideration is drawn

from the multipoles M1, (3/2) and E;+(3/2) of pion photoproduction on the nucleon. The
experiments mentioned above included measurements of the beam asymmetry ¥ which is
particularly sensitive to the small amplitude E;.. Since both 7% and 7 production on
the proton have been measured, the isospin decomposition can be carried out. The first
step of a phenomenological analysis is a partial wave analysis of the experimental data
in order to determine the multipoles of interest. In recent years, such analyses have been
regularly carried out by the VPI group. In order to impose more rigorous constraints,
“we applied a technique based on fixed-t dispersion relations in our analysis of the new
data.[1] To be more specific, we solved the integral equations for the multipoles which
can be derived from the dispersion relations. We followed the method of Omnés which
provides a parametrization in a natural way since the particular solutions to the integral
equations allow for the addition of solutions to the homogeneous equations each of which
can be multiplied by an arbitrary real parameter.

Since the amplitudes M. (3/2) and E14(3/2) have appreciable background contribu-
tions, the resonance part which is proportional to the electromagnetic excitation strength
has to be separated in a sensible way. Common procedures to determine Egys are based on
dynamical or Lagrangian models. The coupling constants Gg and G of the YNA vertex
are fitted to the partial waves. The problems inherent in these and other approaches are
discussed in the next paragraph.

APPROACHES

1. In the framework of dynamical models, the A(1232) is explicitly introduced in the
7N scattering state. The treatment leads to unitary amplitudes which can be decom-
posed into a sum of a background, a vertex renormalization part, and a bare resonant
multipole the latter of which is interpreted as the contribution due to the electro-
magnetic excitation process. However, it has been shown that this decomposition is
not unique.[2] Given a dynamical model, there exist always unitary transformations
which leave the physics described unchanged, but shift the contributions of the bare
resonance and the rest into each other so that Rpas changes significantly.

2. Lagrangian models that introduce the A degree of freedom are not unitary by them-
gelves. Unitarity has to be imposed in a way which is not unique so that a certain
model dependence cannot be avoided.
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3. The interpretation in terms of the K matrix leads to Rgas = ImE; (3/2)/ImM;,(3/2)
at the position of the K matrix pole, namely at Wr = 1232 MeV. This number is
quoted quite often since it can be determined imimediately from the multipoles. Nev-
ertheless, it can give no reliable information on the excitation strenght because the
imaginary parts also contain background contributions.

4, From a mathematical point of view, the resonance poles of a given T matrix element
are unique. We applied the speed plot technique to our solutions for the multipoles
as well as to the results of other groups in order to determine the position and the
residues of the resonance poles. The pole position was found to agree with the results
of corresponding studies of 7N scattermg The ratio of the residues turned out to
be a complex quantity RE ar Which is much less model dependent than values of
the E2/M1 ratio determined by other methods. On the other hand, we found that
the ratio of the residues is quite sensitive to fitted differential cross sections. In our
original fit, recent differential cross section data from MAMI were combined with
beam asymmetry data from MAMI and LEGS as well as with the target asymmetries
measured at ELSA. When we replaced the differential cross sections with data from
LEGS and with old data from Bonn, the resonance parameters changed significantly.
The corresponding results are compared in Tab. 1.

%% from ImM1+(3/2) ImE1+(3/2) Ren A% Ay R%M
MAMI 37.66 -0.924 -2.54 -131 -2562 -3.5-i4.6
LEGS 39.35 -1.276  -3.24 -134 -265 -4.6-i3.8
Bonn (old} 38.31 -0.643 -1.68 -137 -253 -2.9-1i5.0

Table 1. Quantities which characterize the electromagnetic excitation of the A(1232) when fitted to
different cross section data. The imaginary parts of the multipoles (unit 1073 /m,) are evaluated at
the resonance energy Wy = 1232MeV. The helicity matrix elements A are given in 102 /+/GeV
and the ratios Ega in %.

5. Recently, it has been proposed that the particular solutions to the Ommés equa-
tions of the A multipoles can be interpreted as the background contributions (see
Ref.[3] and references quoted there) so that the additional contributions from solu-
tions to the homogeneous equations can be attributed to electromagnetic resonance
excitation. In the simplest case, the particular solution has the form

D(W’)h(W’)Mp"le(W’)
D(W) f —W —ie

1’rt.hr

MP™ (W) = MPP(W) + =

aw' (1)

with mlm- = exp [% i W%%] the Jost function, ¢(W) the phase of the
multipole and h(W) = exp[id(W)]sin[¢(WW)]. In Ref.[3], an analogy is drawn be-
tween this solution and the Born term driven contribution of a unitary background
with a resonance dominated final state interaction. We have two objections against
this interpretation. First of all, in this argument a reference to dynamical models
in implicit which is questionable according to point 1. Second, we found that the
decomposition is highly dependent on assumptions on the phases of the multipoles
at higher energies. The phases of the multipoles enter the solutions via the functions
D(W) and h{W) on the whole range of integration. Above 27 threshold where Wat-
son’s theorem is no longer valid, an assumption has to be made. Schwela derived
two ansatzes based on unitarity with a further assumption which contain the 7N
gcattering phase shift & (W) and inelasticity m(W)[4]:

1 — (W) cos 26;(W)

¢ (W) = arctan W) sin 26, (W) (2)
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m(W) sin 26,(W)

W) = arctan . 3
$2(W) 1+ n(W) cos 26;(W) (3)
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In Fig. 1, these ansatzes are compared with the phase which has been assumed for
both P33 multipoles in Ref.[3] and the multipole phases according to the VPI anal-
ysis. We found that the final result for the multipoles is much less dependent on the
choice of the phase than the decomposition into particular solution and homogeneous
solutions (see Figs. 2 and 3). It should be stressed that, according to our findings,
different phases for both multipoles at higher energies are to be preferred. While a
phase that approaches 7 (¢3 in Fig. 3) for W —+ oo leads to the best representation
of E1.(3/2) (see Fig. 3), consideration of tlie solutions at higher energies as well as
the result for the phase of M, (3/2) according to the VPI analysis suggest an ansatz
for this phase which decreases above 1600 MeV. From this we conclude that, if the
argument of Ref.[3] were correct, one would at least have to ensure that the correct
phases have been used in solving the Omnes equations.
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Fig. 2. The decomposition of M14(3 /2) into particular solution and solution to the homogeneous
equation according to the ansatzes ¢: (solid lines) and ¢s (dashed-dotted lines). Data, points are
taken from our local fit (see Ref.[1]).
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CONCLUSION

The problem of an experimental determination of the electromagnetic excitation prop-

erties of the A(1232) is still unresolved. Although high precision data on pion photopro-
duction allow for the determination of the relevant multipoles to high accuracy, up to now

no

unique procedure of extracting the quantities of interest has been established.
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Fig. 3. The decomposition of E1..(3/2) into particular solution and solution to the homogeneous
equation according to the ansatzes ¢1 and ¢s. Symbols as in Fig. 2.

Several methods of determining these parameters from multipoles have been discussed
in the literature. They all suffer from one of the following shortcomings:

its

1

2.
3.

1. Some of them depend on an underlying model (coupling constants of the YNA
vertex) or other additional assumptions (e.g. the contributions of the homogeneous
solutions to the Omnés equations).

There is no immediate connection between the model independent quantities such
a8 the residues of the K matrix and the 7" matrix and the predictions of microscopic
models.

Since the issue concerns our basic understanding of the structure of the nucleon and
resonances, it deserves further study.
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Kaon Photoproduction in a Confining and Covariant Diquark Model*
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Abstract

Baryons are modeled as bound states of scalar or axialvector diquarks and a con-
stituent quark which interact through quark exchange. This description results as
an approximation to the relativistic Faddeev equation for three quarks. The corre-
sponding effective Bethe-Salpeter equation is solved, and fully four-dimensional wave
functions for both octet and decuplet baryons are obtained. Confinement of quarks
and diquarks is incorporated by modifying their propagators. Results are given for
kaon photoproduction which is one of the applications currently under investigation
in this model.

Motivation

In this talk it will be argued that in the study of baryonic structure kaon photopro-
duction is an especially interesting hadronic reaction. Photo- and electroproduction of
pseudoscalar mesons have been studied intensively in isobar resonance models [1,2] and
coupled channel calculations of hadronic interactions [3]. These models are capable of de-
seribing the wealth of measured data reasonably well. However, by construction they do
not allow for an interpretation of the production process in terms of baryon substructure.
The aim of the investigation reported here is to clarify whether the notion of diquarks as
effective constituents of baryons in meson production close to threshold is helpful in the
understanding of subnucleonic physics.

Approaches to the substructure of baryons include nonrelativistic quark models, various
sorts of bag models and different types of solitons [4]. Most of these models are designed
to work in the low energy region and generally do not match the calculations within
perturbative QCD. During this conference impressive reports on the great experimental
progress in medium energy physics have been given. This underlines the high demand for
models describing baryon physics in this region. Therefore we propose a fully covariant
description of baryon structure in the framework of a diquark—quark-model of baryons.

Our motivation to choose such an approach is based on two sources. On the one hand,
when starting with the fully relativistic Faddeev equation for bound states of three quarks,
diquarks appear as effective degrees of freedom. These diquarks stand for (potentially
weakly) correlated quark—quark pairs inside baryons. On the other hand, diquarks as
constituents of baryons are naturally obtained when one starts with an NJL—type model
of colour octet flavour singlet quark currents [5]. Although in the limit N, — oo baryons
emerge as solitons of meson fields [6], it can be shown for the case of three colours that
both effects, binding through quark exchange in the diquark-quark picture and through
mesonic effects, contribute equally [7].

The four-dimensional Bethe-Salpeter equation: masses and wave functions

As stated above, in a first step we want to reduce the complexity of the full three—
body problem of the relativistic Faddeev equation for baryons. This can be achieved by
approximating the two—quark irrreducible T-matrix by separable contributions that can be
viewed as loosely bound diquarks. The three-body problem then becomes an effective two-
body one, in which bound states appear as the solution of a homogeneous Bethe-Salpeter
equation. The attractive interaction between quark and diquark is hereby provided by
quark exchange. This interaction is but the minimal correlation needed to reconstitute the
Pauli principle. Due to antisymmetry in the color indices and the related symmetrization
of all other quantum numbers the Pauli principle leads to an attractive interaction in
contrast to *Pauli repulsion” known in conventional few-fermion systems. All unknown

»Supported by the BVMBF (06-TU-838) and by the DFG (We 1254/4-1).
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Table 1. Components of the octet baryon wave function with their respective spin and orbital
angular momentum. (y3C) corresponds to scalar and (v#C), p = 1...4, to axialvector diquark
carrelations. Note that the partial waves in the first row possess a non-relativistic limit. See [8] for
further details.

“non-relat.” ( X ) (15C) P4 ( 0 ) (v40) ( io'x ) (o) (2 (1'3 (- %’t) X ) @e)
x

partial waves 0 0 0
spin 1/2 1/2 1/2 3/2
orb.ang.mom. 5 E: 8 d
“relat.”
: 0 WAL AW ( 0 ) ; o9 ;
partial waves (&,_,X) (C) P ( o (v*C) it (5P (r*C) 'i(p‘— il ) x OO
spin 1/2 1/2 1/2 3/2
orb.ang.mom. P P p P

and probably very complicated gluonic interactions between two quarks are effectively
treated via the parameterization of the diquark propagator and the diquark—quark—quark
vertex function. In Ref. [8] we have formalized this procedure by an effective Lagrangian
containing constituent quark, scalar diquark and axialvector diguark fields. This leads to
a coupled set of Bethe-Salpeter equations for octet and decuplet baryons.

We avoid unphysical thresholds by an effective parameterization of confinement in
the gquark and diquark propagators. We solve the four—dimensional equations in ladder
approximation and obtain wave functions for the octet and decuplet baryons [8]. The
Lorentz invariance of our model has been checked explicitly by choosing different frames.

The implementation of the appropriate Dirac and Lorentz representations of the quark
and diquark parts of the wave functions leads to a unique decomposition in the rest frame
of the baryon. Besides the well known s-wave and d-wave components of non-relativistic
formulations of the baryon octet we additionally obtain non-negligible p-wave contributions
which demonstrates again the need for covariantly constructed models. Table 1 summarizes
the structure of the octet wave function. Each of the eight components is to be multiplied
with a scalar function which is given in terms of an expansion in hyperspherical harmonics
and is computed numerically.

In order to obtain the mass spectra for the octet and decuplet baryons we explicitly
break SU(3) flavour symmetry by a higher strange quark constituent mass. Using the
nucleon and the delta mass as input our calculated mass spectra (8] are in good agreement
with the experimental ones, see Table 2. The wave functions for baryons with distinct
strangeness content but same spin differ mostly due to flavour Clebsch-Gordan coefficients,
the respective invariant functions being very similar. Due to its special role among the other
baryons, we investigated the A hyperon in more detail and discussed its vertex amplitudes.
In our approach, the A acquires a small flavour singlet admixture which is absent in SU(6)
symmetric non-relativistic quark models.

Table 2. Octet and decuplet masses obtained with two different parameter sets. Set I represents a
calculation with weakly confining propagators, Set II with strongly corfining propagators, see [8].
All masses are given in GeV.

My My My Ms Mg My Mz Ma
Set I 0.5 0.65 1.123 1.134 1.307 1.373 1.545 1.692
Set 11 0.5 0.63 1.133 1.140 1.319 1.380 1.516 1.665

Exp. 1.116 1.193 1.315 1.384 1.530 1.672
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Figure. 1. Typical diagrams to be computed in the diquark spectator picture. Left: kaon photo-
production. Right: strangeness production in proton—proton collisions.

Form Factors

A significant test of our model is the calculation of various form factors [9-11]*. The
most important ingredient are the fully four-dimensonal wave functions described above.
It turns out that already the electromagnetic form factors of the nucleon provide severe
restrictions for the parameters of the model.

For the pion-nucleon form factor at the soft point, gzv N, We find good agreement with
experiment. For spacelike momenta this form factor falls like a monopole with a large cutoff
similar to the behaviour in One-Boson-Exchange (OBE) models [11]. Compared with a
calculation including only scalar diquarks [9] we find a lower value for the pion-nucleon
coupling at the soft point. Serving as a central ingredient for strangeness production
processes the kaon—nucleon-lambda form factor g na i8 a quantity of special interest.
Due to Alavour algebra the isospin configuration of the A singles out the scalar diquark as
the only diquark contributing to nucleon-lambda transitions. Since a pseudoscalar kaon
does not couple to the scalar diquark we find ourselves in a comfortable position to handle
such transitions. We find that the absolute value of the kaon-nucleon-lambda form factor
is always smaller than the pion-nucleon form factor [11]. This can be understood from the
facts that the axialvector diquark does not contribute and that the kaon decay constant
is Jarger than the pion decay constant. -

Kaon Photoproduction

The SAPHIR collaboration has measured the cross section and the asymmetries for
the process py — KA with high precision. These measurements continue to prompt cor-
responding calculations within various models, among these are the isobaric model [1,2],
the coupled channel approach [3] and models which describe those processes in terms of
the dynamics of the baryon substructure [14].

The reaction py — KA lends itself to a description within the diquark-quark picture.
This is for two reasons which greatly simplify the description: first, the scalar diquark is
the sole overlap between the wave function of the proton and the lambda, which implies
that axialvector diquarks cannot participate in the reaction, and second, the kaon does
not couple to the diquark. This leads to the conclusion that the diagram shown in the left
half of Fig. 1 and the corresponding crossed diagram are the dominant contributions to
kaon photoproduction.

The total cross section for py — KA is shown in the left panel of Fig. 2. For E <15
GeV the data are reproduced quite nicely, whereas our results do not fall off fast enough
for higher energies. We found that the total cross section depends very little on the details
of the baryon wave functions, however, we observed a rather pronounced dependence on
the way confinement is parameterized into the propagators. A closer analysis reveals that
production processes like py = KA probe the propagators of the constituents in the time-
like region, i.e. for timelike momenta of the constituents. This is a highly welcome feature
which may be used in conjunction with Dyson-Schwinger studjes. This approach is tied
to the dynamics of QCD and thus gives access to the nonperturbative quark propagator,

*For a similar calenlation of the electromagnetic nucleon form factors within a slightly different diquark
model see Ref. {12]
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Figure. 2. Total cross section (left panel) and Lambda polarization (right panel} for the reaction
2y — KA. The data are taken from {15] and are shown together with our results.

which enters as a key ingredient in the description of baryons as bound states of quarks
and diquarks. Since the Dyson-Schwinger approach gives the propagators for spacelike mo-
menta only, one shounld take on board the idea, that production processes like py — KA
firmly constrain the extrapolation to timelike momenta.

The lambda polarization is shown in the right panel of Fig. 2 for the energy range
0.9 — 1.1 GeV. Our results fall short of the experimental values, however, the change in
sign i8 reproduced. Comparing with, e.g. [1-3] we conclude that apparently none of the
current models is able to reproduce the asymmetries to reasonable accuracy.
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A Multipole Analysis for Eta Photoproduction

Lothar Tiator
Institut fir Kernphysik, Universitit Moinz, J.J. Becherweg 48

Abstract

In eta photoproduction new data for total and differential cross sections, target
asymmetry and photon asymmetry are analyzed. Using a few reasonable assump-
tions we perform the first model-independent analysis of the Egy, Es_ and Ma-
eta photoproduction multipoles. Making use of the well-known Ay, helicity am-
plitude of the Di3(1520) state we extract its braching ratio to the N channel,
Ty /T = (0.08 £ 0.01)%. At higher energies the new GRAAL photon asymmetry
dats show a clear signal of the F15(1680) excitation which permits extracting the
Fi5(1680) ~ nN branching ratio to be of (0.1575:15)%-

INTRODUCTION

Over the last several years, eta photoproduction has demonstrated its potential as a
new, powerful tool to selectively probe certain resonances that are difficult to explore
with pions. It is well known that the low energy behavior of the eta production process
is governed by the S;1(1535) resonance[1-3]. The recent, precise measurements of total
and differential cross sections for eta photoproduction at low energies[4,5) have allowed
determining the S11(1535) resonance parameters with unprecedented precision. A well-
known example of the power of the (7,n) reaction is the extraction of the A% /2 helicity

amplitude of the $11(1535) state. Due to the corobined cusp-resonance nature of this
resonance, analyses based solely on pion photoproduction consistently underestimate this
quantity to be around 60 - 10-3GeV ~1/2[6] while extractions from eta photoproduction
place the value closer to twice this number[4]. Recent coupled-channel analyses[7,8] that
properly include the cusp as well as the resonance phenomena have confirmed a range of
values consistent with eta photoproduction.

However, it is because of the overwhelming dominance of the S11 that the influence of
other resonances in the same energy regime, such as the D3 (1520), is difficult to discern. It
has been pointed out[2] that polarization observables provide a new doorway to access these
non-dominant resonances which relies on using the dominant Fp, multipole to interfere
with a smaller multipole. Especially the polarized photon asymmetry was shown to be
sensitive to the D13(1520).

Recently, polarization data for the target and photon asymmetries in eta photoprodue-
tion were measured at ELSA[9] and GRAAL[10], respectively, for the first time. Taken
together with the data for the unpolarized cross section from MAMI, we perform in this
paper an almost model-independent multipole analysis of the [ = 0 and 2 eta photoproduc-
tion multipoles from threshold to about 900 MeV. This permits a precise determination of
the Di3(1520) contribution and an extraction of new D13(1520) resonance parameters{11].

MULTIPOLE ANALYSIS
With the following angle-independent quantities

= |Eot|? — Re [Ef, (Be- — 3M2-)] (1)
b = 2Re [E6+ (3E1+ + My - Ml_)} . (2)
¢ = 3Re [ES_._ (Ez_ - 3M2_)] B (3)
d = oo (B (Bu = M) @
¢ =~ [ (B M)l 5)
f o= — Re[Br, (B + M), (6)

a+c/3
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we can express the observables in a series of cos § terms that can be fitted to the experi-
mental data at various energies E,

% = % (a+bcos€+000529) , (1)
T = sinf(d+ecosb), (8)
Y = fsin®4. (9)

It is remarkable that a combined analysis of the three above observables allows a de-
termination of the d-wave contributions to eta photoproduction once the quantities g, ¢,
e and f have been determined from experiment. As was already pointed out in Ref.[4],
the total cross section alone determines the magnitude of the S-wave multipole

C 1k
|Eos! = fa+ 3= HE&;Utotal- (10)

With the knowledge of e and f the helicity 3/2 multipole Bs., defined below, and the
phase relative to the §y; channel can be determined

1
|Bo-| = B + Ma-| = 34/(€2 + F2)(a+0/3), (1)
e
ta'n(‘.on+ - quz_) - }-’ - (12)
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Figure. 1. Target asymmetrie T' and photon asymmetry % for p(y, n)p. The full line is the result
of our fit to the experimental date off8,10]. The dotted line is the bestfit for the photon asymmetry
if only s, p and d waves are allowed, Eg. (9).

RESULTS

For the angular distributions measured by the TAPS collaboration at Mainz{4] in the
energy range between 716 and 790 MeV our results for the coefficients @, b and e are
identical to the results of Ref.[4]. As discussed above, the a coefficient can be fitted to a
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Breit-Wigner form with an energy-dependent width leading, ¢.g., to parameters of Mg =
(1549 + 8)MeV, T'r = (202 £ 35)MeV and an absolute value of the s-wave multipole at
threshold, |Eoy | = 16 - 1073 /m} (Fit 1, Ref.[4]).

Fig. 1 shows our fit to the target polarization data from Bonn[9] and to the photon
asymmetry recently measured at GRAAL[10]. For the target asymmetry all models fail
to reproduce the angular shape of the data. In particular, the node found experimentally
at low energies with negative T values at backward angles was completely unexpected
and as we will demonstrate below leads to strong consequences for the nature of the Sy
resonance.

For the photon asymmetry Fig. 1 demonstrates that we can achieve an excellent fit
with the Ansatz of Eq. (9) up to 900 MeV. However, above 900 MeV the data show the
evolution of a forward-backward asymmetry that becomes most pronounced at 1050 MeV.
This behavior cannot be fitted any more with the form of Eq. (9) but requires an additional
coefficient

Y = sin?8(f +gcosf). (13)
where g is determined solely by multipoles of order 3 and higher. In lowest order we get

15

g = mRe [E}y (B3 + Mz + B3y — Msy)] . (14)

The obvious need for the coefficient ¢ at higher energies therefore represents a clear
signal that partial waves beyond d-waves are required to describe the photon asymmetry
data.

Fig. 2 shows the result of our multipole analysis. Most surprising is the relative phase
between the s- and d-waves. This phase difference is model-independent. I both the
511(1535) and D13(1520) are parametrized via Breit-Wigner type functions, this phase
difference would be rather constant as both resonances are very close in their energy posi-
tion and, furthermore, have a similar resonance width. From the fact that the S is a bit
higher in energy, the phase difference ¢o — $2 should be small and negative as is shown in
the figure as the dotted line.

T T T 90 ™ —T

_ 15— 1 ' ]
! = LB, 1+ 1/10 _ : . 1
~ el ’
o 101 Bl T '
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205 ,/ (Al .~ ]
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E B A OO
= [ e T L
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Figure. 2. Result of the multipole analysis for s- and d- waves. On the left the absolute values
of the Epy, As- = (3Ma— — E2_)/2 and By~ = Ma_ + Fn— mulripoles are shown, the s-wave
is reduced by a factor of 10 in order to scale. In the figure on the right we compare the phase
difference of our fit (solid line) with the difference of two Breit-Wigner forms (dotted line).

From the above analysis we can conclude that this completely unexpected discrepancy is
directly connected to the node structure in the target asymmetry. Without a node or with
a node but an e-coefficient of opposite sign, the phase difference would be much smaller
and closer to an isobar model with BW type of resonances{12]. Other models based either
on a coupled-channels approach{8] or on a tree-level effective Lagrangian analysis{13] also
cannot reproduce the target asymmetry. It is therefore imperative, this measurement be
verified and extended to higher energy as soon as possible.

In Table 1 we show our numerical results for the resonance parameters together with
numbers found in the Particle Data Tables[14] and in a recent analysis of Mukhopadhyay



245

and Mathur{13]. It is very interesting to note that the D3 has a branching ratio of only
0.08% in our analysis 1 and nevertheless gives a very pronounced signal in the photon
asymmetry of Fig. 1. The photon asymmetry would be practically zero up to E%"b ~
900 MeV without this resonance decay. Also the branching ratio of the Fig resonance is
still well below 1%. Both resonances could have never been seen in the total cross section,
where the 811 dominates by 2 orders of magnitude, and even in the angular distribution
very high-precision data are required to observe the interferences with the s-wave. It
is another very nice success of the constituent quark model with hyperfine quark-gluon
interaction (Komiuk and Isgur (1980)(15]} that predicted the nN branching ratios for the
5;1(1535), D13(1520) and Fi5(1680) to 47%, 0.09% and 0.8%, respectively.

Table 1. Resonance properties determined in our analysis. The first entry for each resonance is
taken from the Particle Data Tables 1998[14). Our analyses (case 1 and 2) are based on the average
values from PDG for the mass Mg, full width g and 4g/5. Only statistical errors are given.

by =Ty/Tr Aijz Azpafdnj2 £3/2 172
[% ] 1073 //GeV] [10-%/MeV]  [107%/MeV]

D13(1520) - -24+9 —6.9+2.6 - -
case 1 | 0.08 £0.01 ~79+9  =21+£0.2 0.185£0.018 —0.087 +0.013
case 2 | 0.05 +0.02 -794£9  —21+40.2 0.13440.018 —0.087£0.013
Ref. [13] - ~524£10 —25+0.5 0.167+0.017 —0.066 % 0.008

F5(1680) - -15+6  —89+36 . -

case 2 | 0.15%33 - - 0.16 £ 0.04 -

In comparison with Mukhopadhyay and Mathur, we confirm their finding of a much
smaller Ag/o /Ao ratio for the D;3 resonance compared to much larger values given in
the Particle Data Tables and predicted by the quark model.

I would like to thank G. Anton, J.-P. Didelez and D. Rebreyend for very fruitful dis-
cussions. This work was supported by the Deutsche Forschungsgemeinschaft (SFB 443).

REFERENCES

. C. Bennhold and H. Tapabe, Nucl. Phys. A530 (1991) 625.

. L. Tiator, C. Bennhold and S.S. Kamalov, Nucl. Phys. A580 (1994) 455.

. M. Benmerrouche, N.C. Mukhopadhyay and J.-F. Zhang, Phys. Rev. D 51 (1995)

3237.

B. Krusche et al., Phys. Rev. Lett. 74 (1995) 3736.

M. Wilhelm, PhD. thesis, Bonn (1993).

R. Arndt, I. Strakovsky and R. Workman, Phys. Rev. C 53 (1996) 430.

C. Deutsch-Savermann, B. Friman and W. Nérenberg, Phys. Lett. B 409 (1997) 51.

T. Feuster and U. Mosel, Phys. Rev. C 59 (1999) 460.

A. Bock et al., Phys. Rev. Lett. 81 (1998) 534.

10. J. Ajaka et al., Phys. Rev. Lett. 81 (1998) 1797. -

11. L. Tiatoz, D. Drechsel, G. Knéchlein and C. Bennhold, Phys. Rev. C 60 {1999} 035210.

12. G. Kndchlein, D. Drechsel and L. Tiator, Z. Phys. A 352 (1995) 327.

13. N.C. Mukhopadhyay and N. Mathur, Phys. Lett. B 444 (1998) 7.

14. Review of Particle Physics: C. Caso et al. {Particle Data Group), European Physical
Journal C3, 1 (1998). -

15. R. Koniuk and N. Isgur, Phys. Rev. D 21 (1980) 1868.

Lo b

LN



246

Dynamical Formation of S-Wave Baryon Resonances: How Many Could
There Be?

Peter B. Siegel and Steve Guertin
California State Polytechnic University Pomona, Pomona CA 91768

1 Introduction

Baryon resonances have been treated in two different ways: as states consisting of 3
quarks, and as a quasi-bound meson-baryon system. In the quark picture, the baryon
resonance is the result of a quark excitation from the ground baryon state. The resonance
enters the interaction Lagrangian as a particle which can couple to meson baryon initial
and final states.

In the quasi-bound view, the resonance is a result of an attractive interaction between
mesons and baryons. If the potential is strong enough, multiple scattering of the mesons
and baryons can produce a resonant » quasi-bound” state resulting in a pole in the S-
matrix. In practice, the resonance is calculated by iterating the potential to infinite order
via a Lippmann-Schwinger or Schroedinger equation, and the resonance is refered to as
» dynamically” generated.

;From the experimental data alone, it is difficult to determine whether a resonance
is a 3-quark ”s-channel” resonance, or a meson-baryon ”t-channel” dynamically formed
resonance. In order to uncover the true nature of a baryon resonance, one needs to incor-
porate as much of the ”physies” of the interaction into the analysis as possible. Since it is
believed that chiral symmetry is an important syrmmetry for the meson baryon interaction,
we employ this symmetry in the context of the "guasi-bound” picture.

The general approach we have taken is to use a potential which is derived from an
effective chiral Lagrangian[1,2]. To test for mode] dependences, we have examined both a
local and separable potential form. The local potential between meson-baryon channel i
and meson-baryon channel j is given by:

1)

to first order in meson energy E;. The C;; are determined from the effective Chiral La-
grangian. For the form of the separable potential used, the reader is refered to Refs.[1-3].

The potential model approach has been successful in understanding two baryon reso-
nances: the A(1405)[1,3-6,8-10} and the N*(1535)[2,7,11}. Many properties of both reso-
nances are well described by a potential model derived from an effective chiral Lagrangian.
In this paper, we extend this approach to examine other sectors of the meson-baryon in-
teraction. We will determine if any other s-wave resonances could be dynamically formed.
We consider the = resonance (strangeness = -2), the %(1620) resonance (strangeness =
-1, 1= 1), and the A(1670) resonance (strangeness = -1, I = 0), and limit the potential
to order ”q” in meson energy.
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2 Strangeness = -2

The C;; in Eq. 1 for the strangeness = -2 sector are:

TE KA KX 7=
72 | -1 3/8 =5/4 0
KA |38 0O 0 3/4
KY | -5/4 0 -1 +3/4
nE | 0 3/4 3/4 0

—

Note that there is an attractive potential between the £ and 7 and the 3 and the
K because of the -1 factors on the diagonal of the matrix above. Since these factors are
multiplied by the meson mass, the attraction is further enhanced in the K-X channel. With
a common range parameter « we were able to obtain resonances for both the local and
separable potentials. For the local potential, a value of =420 MeV produced a resonance
at 1620 MeV, and a value of @=370 MeV procuced a resonance at 1690 MeV, For the
separable potential, a value of a=580 MeV gave a resonance at 1620 MeV, and a value
of =520 MeV produced a resonance at 1690 MeV. In all cases, the resonance produced
had a strong decay to the =-Z channel. One eigenphase went through 90 degrees, while
the other one was very small. The particle data table lists = resonances at energies of
1620 and 1690 MeV. Of these two, the resonance at 1620 is believed to have a strong -2
decay. Thus, we conclude that there is a & s-wave resonance that is dynamically

formed that will have a strong 7-Z= decay. The best candidate for this resonance is
the Z(1620).

3 Strangeness = -1; Isospin = 1

The C;; couplings for the strangeness = -1, isospin = 1 sector are:

A % KN 9% KE
TA 0 0 6/4 0 /6/4
78 | 0 -1 1/2 0 -1/2
EN [ VEB/4 1/2 -1/2 6B/4 O
7 10 0 64 0 6/4
KE[+6/4 -1/2 0 . +/6/4 -1/2

Notice here that in three channels there exists an attractive potential: the 7-X, the K-
N, and the K*- Z channels. Eventhough Cj; is only -1/2, the mass of the kaon will enhance
the potential strength. The candidate for this resonance is the X(1620). We find that a
resonance structure can be formed at 1620 M¢V using reasonable "range” parameters:
=400 MeV for the local potential and o = 600 MeV for the separable potential.

To evaluate how well the dynamically generated resonance fits the data, we compare
the amplitudes determined from the potential model with available scattering amplitude
analysis[12,13] from the literature. We find that the signs of the amplitudes for all
reaction channels match the phase shift analysis near the X(1620) resonance.
The amplitudes are also fairly close. We show a graph of one selected amplitude on
the last page.
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4 Strangeness = -1, Isospin = 0

The C;; couplings for the strangeness = -1, isospin = 0 sector are:

TH KN . nA K=
% —2 V6/4 0 —v6/4
EN | VB/4  —=3/2 —3/2/4 0
nA 0 ~3v2/4 0 3v2/4
KZ | -v/6/4 0 3v2/4  -3/2

In this meson-baryon sector, there is a very strong attractive potential for three of
the four channels due to the diagonal Cj; values of -2, -3/2, and -3 /2. This attraction
is responsible for the dynamically formed A(1405) resonance. We investigate here if the
A(1670) could also be dynamically formed from this attractive potential.

By varying the range parameter, we were able to obtain resonance behavior at 1670
MeV. A range parameter of a = 350 MeV for the local potential and & = 600 MeV for the
separable potential resulted in amplitudes that were close to amplitudes[12,13] obtained
from the experimental data: the signs of the amplitudes for the KN — KN and
KN — 7T match previous phase shift analysis of the data. The amplitudes are
also fairly close.

5 Summary

We have performed a potential model calculation using a potential derived from an
effective chiral Lagrangian to examine if any s-wave baryon resonances are dynamically
formed as quasi-bound meson-baryon states. In this prelimary investigation we are using
only the first term (order "q” in meson energy) of the Lagrangian. There is only one
free range parameter. We find that using a reasonable value for the range parameter
(350MeV < a < 600MeV):

1. An S-wave = resonance is formed as a quasi-bound state at an energy near the
£(1620) and E(1690) resonances with a strong decay to the 7-Z final state.

2. The signs of the s-wave amplitudes (real and imaginary) for the reactions KN —
RN, KN — 7% and KN — 7A are in agreement with available analysis of the experi-
mental data near the X(1620) resonance. The magnitude of the amplitudes are also fairly
close.

3. The signs of the s-wave amplitudes (real and imaginary) for the reactions KN -+ KN
and KN — 7% are in agreement with available analysis of the experimental data near the
A(1670) resonance. The magnitude of the amplitudes are also fairly close.

Thus, in addition to the A(1405) and the N*(1535) baryon resonances, the 2(1620), the
$(1620) and the A(1670) might also be dynamically formed s-wave quasi-bound meson-
baryon resonances. Perhaps more physics can be learned by parameterizing the data using
coefficients of an effective chiral Lagrangian and range parameters instead of resonance
masses, widths and coupling constants.
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Figure 1. One of the amplitudes calculated, the imaginary part of the KN — 7A reaction,
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Threshold Behaviour of Meson-Nucleon-81(1535) Vertexfunctions and
Determination of the S;;(1535) Mixing Angle

F. Kleefeld*
University of Erlangen—Nirnberg, Institute for Theoretical Physics III, Staudistr. 7,
D-91058 Erlangen, Germany

Abstract
A new method for the determination of the spin-1/2-3/2-mixing angle and the
range parameter of the quarkmodel wavefunction of the resonance S7;(1535) is pre-
sented. The method ist based on a quantitative calculation of the total cross section of
pp —+ ppn at threshold. The quantitative on-shell freatment of ISI and FSI is discussed.

INTRODUCTION

Nearly all calculations for the determination of mixing angles between different spin-
components of baryon wavefunctions are based on spectroscopic models. Beside their ad-
vantages these models also contain some problems which are not dissolved yet.

The goal of the presented work is an independent way of the determination of mixing an-
gles and range parameters in the harmonic oscillator description of nucleonic resonances
within the nonrelativistic quark model. Although the approach in a first step is applied
to the spin-1/2-3/2-mixing angle & in the negative parity resonance S1;(1535) (the un-
derlying nature of this resonance is at the moment object to various speculations), the
approach also can be applied to many other resonances.

The idea of the presented method is as follows: In a first step one has to calculate the
total cross section of a process which is dominated by the resonance under consideration
in such a way that the only remaining free parameters of the calculation are the mixing
angles and the range parameters of the harmonic oscillator wavefunctions of the resonance
and the involved ground state nucleons. In a second step the parameters are obtained by
adjusting the calculated to the experimentally measured cross section.

One process dominated mainly by the S31(1535) is the reaction pp — ppn at threshold.
In order to determine the desired mixing parameters one first has to get a gquantitative
understanding not only of the short range dyriaimics of the process, but also of the initial
and final state interactions (ISI and FSI) between the in- and outgoing particles. Main
investigations along this line have been performed in [1] and references therein.

THE REACTION pp — ppn AT THRESHOLD

The reaction pp — ppn at threshold is described within a relativistic meson-exchange
model. The virtual S1;(1535) is excited/deexited by the exchange of é-, o—, 7, -, p—
and w-mesons, while it is deexcited/excited by the produced 7.

Total Cross Section

Using relativistic normalisations for spinors, creation and annihilation operators it is
straight forward to write down the expression for the total cross section of pp — ppn

(P =p1+p2, s = P?, F(s) = 2/ X(s,md, m)), Az, y,2) = 2® +y° + 2% — 2wy +yz + 2x)):

Oppoppn(s) =
a1 = = — 64 ! 'I‘ / + ; o—_— P T . 2
2 7(5) @n | Tale]) 2upllie] 2wqlpoD) © v TP TP ) W

(1)

The combinatorial factor of 1/2! is due to the two outgoing identical protons. For the
relativistic description of pp — ppn the following 5 independent invariants are chosen:

2 2
s=(p+p2)?, s1=(pr+p2)°, s2=(pr+p3)*, 1 = (p1—p1)?, t2 = (p2—p3)* (2)
*Email: kleefeld@theorie3.physik.uni-erlangen.de / Publication No. FAU-TP3-99/7
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(On—Shell) Watson-Migdal- Approach to ISI and F5I

In order to get a quantitative understanding of the ISI and FSI it is crucial to recall the
steps which lead to that what the people nowadays call“Watson-Migdal approximation”
and what is wrongly implemented in nearly all threshold meson production calculations by
now: The system of colliding and produced particles is described by an overall Hamilton
operator H = K +V = K + W + U, while K is the kinetic energy operator, W is the
particle number nonconserving short range interaction potential and U is the particle
number conserving interaction potential of long range. For convenience additionally one
can define the long range Hamilton operator h = K 4 U. The corresponding eigenstates
to the operators H, h and K fulfil the following Schrédinger equations:

(BE—H)E>=0 , (E-RIxE>=0 , (By—K)lpx >=0 (3)

The corresponding Lippmann-Schwinger equations are:

WE> = |po>+ Vige > = IxE>+ W x>

1 1
E—~H+tie E—Hdie

> = |pa>+ Ulpa > = |pa>+ TEHE,K) |po > (4)

1 1
E—h+ic E—-K=xie
Defining the free propagator G§ (B, K) = (E — K +4¢)~! and inserting complete sets of
free asymptotic states the T-matrix Ty; in Eq. (1) can be separated in a short and long
ranged part via (Tge = < x3|Wg > = <43 |Wixt >):

Tﬁa = < XE|W|X3{ > = < {Pﬁl(l +ZTJ(E:K)|QPH > Gg(E:En) < (PnDW
n
(1 +Z lom > GF(E, Bm) < oml|To (B, K))wa > (5)
m

As the in- and outgoing particles in pp — ppy are nearly on-shell one can approximate the
free propagator Gy (E, K) in the following way:
1 1
HE,K) = ——— =P
Gy (B, K) E—-K+ie E-K
At this point it is useful to introduce the following relative lab wavenumbers for each pair
of particles in the initial and final state (s3 = (py + pr)* =8 — 81 ~ 89 + 2mf, + m%)

F ind(E—K) ~ Tind(E~K)  (6)

Ms, m3, m2) M(s1,mE, m2) Msz, m2, m2) A(sz,m2, m2)
= — K = 3 = y Kg =
2y + M) Wmp+my) LT Amptmy) L 2Amp+ my)
(7)

and the corresponding wavevectors E, R, Ry, Ko. Consider now the case, when the only
two particles taking part in the ISI and FSI are the two in- and outgoing protons. In
this case the subsystem of the two protons interacting via the long range potental U with
phaseshifts 6; (£ = orbital angular momentum) can be treated within the framework of
standard nonrelativistic scattering theory. By application of the on-shell approximation of

Eq. (6) the T-matrix in Eq. (5) can be transformed to (k'=R, k' =x):
Tpi o TR, 0558 = (1+iee®) sinég:(k’)) <k Wik £ > (1 + jeidek) sinég(k))

_ Keotdp(k) 2w E k cot &¢(k)
= Wlootop(F) —1) KL EWk, £> k{cot dy(k) —4)
(k! o T T

fo(k) fo(k)

Here the Jost functions fe(k) were introduced by e®¢*) sin 6,(k) = —(Imfo(k))/fe(k). It
is worth to mention that the ISI- and FSI-factors of Eq. (8) have the correct limit for
vanishing IST or FSL If there is no ISI or FSI, the phaseshifts will vanish and the corre-
sponding factors will go to 1. The effect of the Watson-Migdal approach is a factorization
of T4; into a short ranged T-matrix Ty; and ISI- and FSI-factors T(ISI) and T(FSI).
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The the factor T(ISI) is only a function of s, while the short ranged T-matrix TY;
close to threshold shows up to be a slowly varying function of the phasespace integration
variables and therefore can be set to its threshold value ng“". Using this observation both

factors can be drawn in front of the phasespace integral in Eq. (1) with the result:

Tppsppn(8) =
T sy 3 3 3

fi d’py d°py d°pay
AF(s){(2n)5 J 2wp(|prr]) 2wp(|p[) 2wy(|Ps)

TH= T(I8T) ? rar

5 R3 (5) (9)
20F(s)(2m)
In the last line of Eq. (9) the final state interaction modified phasespace integral RES1(s)
for the three body final state ppn has been defined. To expand the energy dependence
of the total eross section at threshold one usually expresses the cross section in terms
of the dimesionless variable n = \//\(s,m%, sTm) /(4sm3) instead of the square of the
cm-energy s. The quantity n being the maximum momentum of the produced 7-meson
in the cm-frame vanishes at threshold. It is easy to derive sP™ = (2m,)2. Introducing

Tiao = (s — 4m2)/(2myp) and p = my/m, the phaseshifts of the long range potential
between the incoming two protons can be expanded at threshold:

8 (py +py +py — B) |T(FST)|*

1

1\2
() = ST + Ty — TN (G + .. = 09 4y (1+ 3 ) SR+ O
= §0) ) ’

= 6@
(10)
Tn terms of these expansion coefficents the factor T(ISI) can be expanded at threshold:

TOSD) = 1+ie¥® sing(k) = 1+ie?” sind® +ie29” 5272 + 0(") (11)

At the moment there is no clear knowledge of the values of 8 and 6() at the production
. threshold of pp — ppn, but as the incoming relative proton momentum is very large the
interaction time is very short, so that one might assume ¢ © and 6% to be zero which
yields T(ISI) & 1, while the VPL-values §(%) & —60°, §*) = 0 lead to [T(ISI)| ~ 1/2.

For the complete determination of T'(FSI) one obviously has to solve the Faddeev equations
for the outgoing ppn-system. As this is at the moment out of the scope of this work only
the leading terms of the Fadeev expansion are taken into account:

% cot 8119 (k) K1 cot 8y (k1) Ko cot Sary (r2)
(COt Oprge (KZ) - Z) K1 (COt Oarys (ﬁ:l) —- 2) rﬁg(COt dorgr (K,g) - 2)

~ 2 (12)

T(FSD) ~ -

The various terms in Eq. (12) which denote the FSI between each pair of particles in the
final state can be expanded by effective range expansions. For the outgoing pp-system the
s-wave nuclear effective range expansion is given by:

K cot Sy (K) = —-}; + 252 +O(kY) with am—17.1fm, r~0...284fm  (13)

Taking into account only pp-FSI using the shape independent effective range expansion
Eq. (13) the FSI-modified phasespace integral can be expanded at threshold (a = amy):

1 T 2 2
d3pys d3py d3py g T of
RISI(g) =~ = = S 5P - B g
0 = 50D 2mlmD 2alsD | | T
a 2

3 4 .6
w9 VIit2ufnt -2 2| 52 8
T M _ZH { 5%~ 50 [4(2u)7% + 7+ 28° + 2a°(2u)] + O(n°) ¢ (14)

It is interesting to observe that even the n®-term is independent of the effective range r.
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Relativistic Meson-Exchange- Amplitudes

For the relativistic meson-exchange model the following compact expression for the

3Py — 18 threshold transition amplitude T1PT of pp — ppn is obtained {1,2] (my = my):

2

T = 2y \fme (my + 4 ) [(X5+ X o) (my +1mg) = (Xr+ Xp) (my —mp) +
+ (Y54 Y, Yo=Y, (my +my)+ M5+ My ~ My — My —
- XpmN[4(mn—~2mN)+Kp(5mﬂm4mN)] +
+ [V, (my +my) + M) [K, (my —4dmy) —8my] -
- X, my [4(mn“2mN)+Kw(5mn“4mN)] +
+ [Y, (my +my) + M) [Ky (my —4my) —8my] (K, =61,K, =0) (15)

Here T used the following abbreviations (¢ € {4,0, 7,7, p,w}) (Mg, = ms,, —ils,,/2)
(D¢(q2) = (¢* - m?,s)_l) (¢ = — Miptiy, p? = my (my — 2my), P? = (mp + my)*):

X4 = Dp(¢®) 9snn(a®) Doy, (08) 94 s,, (@) gnwvsa, (m7)

Yy 1= Dy(q®) ggnn () D, (P?) grysr (m3) ggnsy (4°)

My = Xgms, +Ys Mg, , qu = —Xgmsy, + Yy Mg,

DE, (P?) = (P* - M3,)™", Ds, (%) = (0" = m,) ™" (16)

Coupling Constants and Vertexfunctions

The meson-nucleon-S11(1535) couplings are in general complex and show a strong non-
trivial momentum sensitivity. For that reason it is not enough to evaluate Eq. (16) apply-
ing the commonly used on-shell coupling constants combined with standard monopole or
dipole formfactors. Hence a model has been developed to estimate the real and imaginary
parts of the couplings [1,3]. The real parts of the couplings are derived within the frame-
work of a nonrelativistic quark model, in which the ground state nucleon and the S11(1535)
wavefunctions are described by harmonic oscillator solutions. The radial wavefunctions R,

R(SZ;?;) and Rg‘l’fa) of the ground state nucleon and the S11(1535) are determined by one
unique range parameter b (Here pos, p1,23 are 3-quark—Jacobian coordinates!):

R, e—bg(p§3+p§,23)/2’ Rgﬁ) o b pa3 e—b"'(p§3+p§,23)/2, Rg;fa} « bpy a3 o bH05a+03 25)/2 (17)

The imaginary parts of the couplings are calculated close the threshold from relevant
lowest order meson loop corrections to the bare couplings.

FIRST RESULTS

Taking into account only 7, n-, p— and w—exchange we observe by reproducing the
experimental total cross section of pp — ppn that the following mixing parameters are
favourable: @ = —5°, b1 a 0.5 fm. Because of the uncertainties in the bare meson-nucleon-
811(1535) couplings and the still improvable treatment of ISI and FSI these numbers are
by now preliminary. The model gives for the first time a quantitative prediction of the
relative phases between the m—, n—, p— and w-exchange amplitudes. An extension of the
effective range formalism for ISI and FSI to Coulomb-interactions is on the way.
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Status of the SPES4-7 Experiment at Saclay.
Exclusive Investigation of the Roper Resonance
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Abstract
Preliminary results of the exclusive study of the p(a, @)X reaction at the o-particle
momentum 7 GeV /c are presented. The missing mass spectra show fast changing of the
reaction mechanism in the range of the momenta of the scattered a-particles between
6.12 and 6.70 GeV/c. The mechanism of the A-resonance excitation in the projectile
is confirmed.

INTRODUCTION

The inclusive reaction p(e, &)X was recently studied[1] at the Saturne-II accelerator
using the SPES4 spectrometer for measurement of missing mass spectra of the scattered «
particles. The results indicated the existence of the strong isoscalar excitation of the target
and (or) projectile at the energy close to the energy of the Roper resonance (1440 MeV).
Various interpretations of the experitnent were proposed{2,3] including, in particular, a ra-
dial nucleon excitation which could be used for the nucleon compressibility determination.
The latter interpretation of the data includes the existance of a new isoscalar resonance
different from the Roper one[4]. The serious problem of this experiment is that both
the target and the projectile can be excited and may give contributions to the inclusive
spectra. Therefore, it was crucial to separate these different processes and to reduce the
physical background connected mainly with the A-isobar production. In order to separate
the different reaction channels it was necessary to perform the exclusive measurements.

Such measurements were performed during 1995-97 at LNS (CE Saclay) where inelastic

p(a, o)X and p(d, d")X reactions were studied in the exclusive experiment with SPES4-7
installation[5]. The installation consisted of the SPES4 spectrometer, wide-gap magnet and
two spectrometers for registration of the secondary particles. One of them, the Forward
Spectrometer (FS) was designed and built at Petersburg Nuclear Physics Institute[6]. Some
preliminary results of exclusive investigation of the reaction p{a, &)X at four momentum
transfers are presented below.

PHYSICAL MOTIVATION AND PRELIMINARY RESULTS

Theoretical analysis of the reaction p(a, o/)X is presented in[2,3,7] where the analysis
of the inclusive experiment(l] was carried out. The specific features of the reaction are
connected with the limitation caused by the o particle isospin T' = 0. The isospin conser-
vation law reduces the number of the mechanisms which can contribute to the reaction.
In particular the A-resonance excitation in the target is forbidden for this reason. Two
clear peaks were observed in[1]: a large one, which was associated with A excitation in the
projectile (DEP), and a small one at higher excitation energy, which was attributed to the
Roper excitation in the target. The latter assumption requires the Roper resonance to be
excited by the isoscalar exchange, which stimulated to interpret the Roper resonance as
a monopole excitation of the nucleon. The main processes which are responsible for the
(o, ') reaction are: (a) A excitation in the projectile and (b) N* (Roper) excitation in
the target. The contribution of any other processes is about 100 times less than (a) or (b).
It was shown that such an approximation described rather well the experimental data in
the region of A resonance excitation. The agreement was worse in the region of the Roper
resonance. The better agreement in this region can be obtained if one supposes[4] that
here a different resonance is involved, with M = 1380 MeV but with the same gantum
numbers. This is consistent with the resonance form from 7N — 27(s)N (of the same
quantum numbers as o-p coupling). The real proof of this hypothesis could be obtained in
an exclusive investigation of the p(e, /)X reaction in the energy region of A and Roper
resonances excitation.



255

The exlusive investigation of the reaction p(w, o)X was carried out at the accelerated
a-particle beam by means of the SPES4-7 installation including SPES4 and FS spectrom-
eters. The energy of the primary a beam was 4.2 GeV. The scattered a-particles registered
by the SPES4 spectrometer had the momenta centered at the values 3.06, 3.15, 3.25 or
3.35 GeV/c. The momentum acceptance of the SPES4 was £5% and momentum resolution
of about 0.8%. The measurements were carried out at four SPES4 momentum settings.
The momenta of the positively charged secondaries were measured by the IS,

The spectra of the missing mass obtained at the two highest momenta of the scattered
a-particles (p/z = 3.35, 3.25 GeV/c) are presented in Fig. 1. These distributions display
only two clean peaks in the missing mass spectra corresponding to the masses of the 7% and
neutrons, connected with the decay of intermediate state into p+n? and n+xt. It supports
the DEP mechanism of the reaction. The ratio of the cross sections of the mentioned above
reaction chammels (for p/c = 3.35 GeV /c) is about 2. This number corresponds to the ratio
of the isospin Clebsh-Gordon coefficients for the reaction final states for the A-resonance
decay. The distribution at p/z = 3.25 GeV also demonstrates opening of the double
pion production channel, which leads to broadening of the pion peak. Both distributions
were compared with the predictions of[3] and the good coincidence was obtained for the
distribution shapes. The exclusive experimental data allow us to calculate directly the
invariant mass of the resonance. As it was expected, the value of M = 1.21 x 0.06 GeV
was obtained at the highest momentum (p/z = 3.35 GeV). This is in the good agreement
with the mass of A rescnance (1.232 MeV).

The spectra obtained for two other settings (p/z = 3.15, 3.06 GeV/c) present fast
changing of the missing mass distribution shapes {Fig. 2). Reducing of the one-pion peak
and increasing of the part of the spectra, which can be interpreted as two-pion production
region, demonstrate the change of the reaction mechanism which can be interpreted now
as a N* production with a dominant 27 mode decay. Another (third) peak appeared
close to the mass of A resonance and probably can be connected with the A resonance
production from the N* decay. The intermediate state mass calculation from the data at
p/z = 3.06 GeV/c results in the mass value M = 1.40 = 0.04 GeV which is close to the
Roper resonance mass.
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Figure. 1. Squared missing mass spectra from (o, o') reaction for the scattered a-particle momenta
p/z=3.35 GeV/c and 3.25 GeV/c.
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Figure. 2. Same as Fig. 1, for a-particle momenta p/z = 3.15 GeV/c and 3.06 GeV/c.
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Results from pionic hydrogen
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Abstract

The final results from the pionic hydrogen (and deuterium) precision X-ray exper-
iments of the ETH Zurich - Neuchitel - PSI collaboration are presented.

CONCEPTION OF THE EXPERIMENT

The pionic hydrogen experiment[1,2] and the pionic deuterium experiment[3] have been
described in the publications and various contributions to conferences. In this paper, I
would like to concentrate on a presentation of the results and their implications. In the
introductory section the idea of the pionic hydrogen experiment is outlined by recalling
the relations between the measured quantities and the 7N scattering amplitudes.

We have measured the 3p — 1s X-ray transitions. The pionic hydrogen 1s ground state
decays either by single charge exchange (SCX) into a #%n or into a yn final state. The

observables of the experiment are the transion energy ET;*%; and the transition line width

Meas.
3p—1s-
The strong-interaction shift is defined as

_ melanagn. TS,
e1s = By — Sp—1s (1)

where Egﬁ,-i‘{‘s-‘?“'- is the calculated electromagnetic transition energy[4] (the strong-interaction
shift of the 3p state is negligible). The shift £;, is mainly due to 7~ p elastic scattering in
the bound state; it is, however, not a purely hadronic quantity. If we switch on the strong-
interaction m—p potential, then the #~ wavefunction is slightly changed. As a result, the
transition energy also changes. This, together with the mass-splitting effect and its equiv-
alent for the decay channel 7~ p — yn-are called electromagnetic corrections. In order to
establish the relation between e, and the 7~ p elastic scattering amplitude a - p,_,p-5, We
have investigated the electromagnetic corrections numerically[4]. The result is expressed

as a correction §, = (—2.1 £ 0.5) x 10? to a Deser-type formula

E1g Qreprr—p
=—4—F7" F(1 +, 2
S _gfreggy ®

where By, /rp = 14.53 eV/fm.

In order to arrive from ', at the total decay width I'y; of the 1s state, one has to
consider the Doppler broadening of the (initial) 3p state which results from the atom for-
mation process and susequent atomic cascade processes. We define the Doppler correction

Aszp by the equation

|
=l =1+ A . (3)
1s
Based mainly on experimental observations from gaseous hydrogen, we find the correction
Agp = 0.12 +£ 0.05[5]. In order to obtain from I[';; the scattering amplitude a;-, 50,
for SCX, we use the measured Panofsky ratio (P = 1.546 = 0.009) and apply a (small)
electromagnetic correction[4]. The relation is again expressed by a Deser-type formula:

T g8 (141 2
5 = 8L (14 5 ) larpomon(d + 80 (@

Here op = (—1.3 +0.5) x 102 and q = 28.04 MeV/c = 0.1421 fm~!,
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RESULTS
Isospin-Symmetry Test

At threshold, the most general amplitude for an isospin-symmetric 7V interaction is

of the form
f‘ierb()‘f'blT't 3 (5)

where 1/27 and t are the nucleon and pion isospin operators, respectively, by is the isoscalar
(s-wave) scattering length and by is the isovector scattering length.

We want to test isospin symmetry of the strong interaction[6]. For this we need a third
independent observable, which we take from the 1s strong-interaction ghift measurement
in pionic deuteriumi{3]. The 1s shift is related — by three-body calculations — to the =V,
isoscalar and isovector scattering lengths by and by. The scattering amplitudes from (2)
and (3), expressed in terms of by and by, together with the (real part) of the 77d scattering
length from the 1s shift of pionic deuterium, represent three independent constraints on
the two scattering lengths by, b1. These constraints are displayed as three bands in the
by — by plane of Fig. 1.

0.01

b, [mz]
o

-0.1 -0.08 -0.08
b, [m#]

Figure. 1. Constraints on the 7N scattering lengths bo and b; from the pionic hydrogen shift and
width measurements and the pionic deuterium shift measurement.

This is an isospin-symmetry test — provided isospin symmetry of the strong interaction
was assumed at all steps of the analyses (which was done). Inspection of Fig. 1 shows
that the three bands are compatibel and hence isospin symmetry of the 7N interaction at
threshold is conserved (within the present uncertainties).

The Scattering Lengths
From the overlap of the three bands in Fig. 1 (ellipse) we obtain precise values for the
isoscalar and isovector (isospin-symmetric) scattering lengths:

b= (+1.6£1.3) x 107%m;! , by =(-86.8=14) x 107°m;" | (6)

(Note that the two values (6) are correlated; see Fig. 1.) The unique feature of the re-
sult (6) is that these scattering lengths are determined directly at threshold ~ without
extrapolations in energy.
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Let us confront these values with recent work on Chiral Perturbation Theory (ChPT)[7].
The chiral perturbation series at threshold is an expansion in powers of the strong-
interaction pion mass M;; the first-order term corresponds to the current-algebra limit.
The individual terms of the series can either be calculated directly, or depend on low-energy
constants (LEC’s) for which the theory has no predictions.

Table 1 shows the various terms for by and & (up to third order in M, ) from ref.[7],
together with the experimental values (6).

1% order 2™ order 3%order Ezperiment [10™°m, 1]
bo 0 LEC’s dependent 8.5 16+13
b -79.0 0 LEC’s dependent —86.8+1.4

We draw the following conclusions from Table 1:

e The experimental values of the scattering lengths are close to the current-algebra
limit — the chiral expansion looks very healthy.

e On the other hand, the 3™ order contribution to by is larger than by itself. This
indicates a problem of convergence for by.

e The experimental values of the scattering lengths should be used to constrain the
LEC’s of ChPT.

The 7N Coupling Constant

The GMO (Goldberger-Miyazawa-Oehme) sum rule[8] relates the 7N coupling constant
to the isovector scattering length by and an integral (J) over mp total scattering cross
sections (J is dominated by values around the delta resonance). For J we use the average
of the two values(9]

Jypr =—-1.041mb ,  Jxkpg=-1.056mb . (7)
With by from (6) we find the new value of the 7N coupling constant (for more details see
ref.{10])

L 0075700010 , govy = 2N £ = 13114009 | (8)

47 s

Table 2. Our value (8) is compared with 7N coupling constants from the VPI dispersion-
relation solution[11] and from the analysis of ref.[12] with the extended tree-level model
of the 7N interaction (ETL-model[13]).

Method f2/am Reference
atoms | 0.0757 £ 0.0010 | [10,2]
VPI 0.0760 = 0.0005 | [11]
ETL | 0.0766  0.0011 | [12]

All three (selected) values of Table 2 agree perfectly well; they are obtained using totally
different methods.

The 7N Sigma Term

The sigma term is of prime interest in hadron physics since it is accessible to both,
ChPT and QCD lattice calculations.

As a result of our new value of the isoscalar scattering length {6), the 7NV sigma term
is increased by 7 MeV (see refs.[10,2]).
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Summary

e From the strong-interaction shifts of the 1s states in pionic hydrogen and deuterium
and the decay width of pionic hydrogen we find that (within the present uncertain-
ties) the isospin symmetry of the strong 7N interaction at threshold is conserved.

e We obtain (directly) precise, 7 N isospin-symmetric (s-wave} scattering lengths. (The
present limitation seems to be the three-body calculations in the 7~ d system.)

e The scattering lengths are close to the current-algebra limit of ChPT.

s The new =N coupling constant deduced from the isovector scattering length leads
to a small Goldberger-Treiman discrepancy(2] which is compatible with standard
ChPT (see discussion in ref.[10]}.

e With the new isoscalar scattering length the 7N sigma term (X4} is increased by 7
MeV[2,10].

An Important Puzzle

The square in Fig. 1 corresponds to the extrapolation to threshold of the ETL-model
solution of ref.[12] which is based on the analysis of the low-energy 7¥p elastic scattering
data (by = 0.0041 £ 0.0009 m; !, b; = —0.0773 = 0.0006 m; ).

‘What is the reason for the difference between the square and the ellipse in Fig. 17 The
ETL-model contains all important pieces of the isospin-symmetric #N interaction at low
energies — except possible contributions from higher-order #-channel graphs in which the
exchanged meson contains a pion loop (see discussion in ref.[10]). These graphs produce in
general a cusp at threshold. In view of the inherent precision of the ETL-model analysis,
it would be highly desirabel to have an estimate for the contribution from these graphs
in order to test — with improved precision — isospin symmetry of the 7V interaction at
threshold.
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Abstract

We have meagured the Doppler broadening of neutrons from the reaction #7p —
a%n. From the data, we infer that the kinetic energy distribution of 7~ p-atoms in
liquid and gaseous hydrogen contains discrete ‘high energy’ components with energies
as high as 200eV attributed to Coulomb de-excitation. In liquid hydrogen, evidence
for Coulomb de-excitation transitions with An = 2 has been found.

INTRODUCTION

Evidence for a substantial fraction of highly energetic (>> 1eV) 7~ p-atoms in the charge
exchange (CEX) reaction #7p — #° + m, in liquid hydrogen, was found in our previous
experiments[1-3]. The effect is observed as a Doppler broadening of the neutron time-of-
fiight (TOF) peak, which is related to the kinetic energy distribution f(5,) of 7~ p-atoms
at the instant of the CEX-reaction. Later experimnents gave further evidence for such ‘high-
energy’ components in both liquid and gaseous hydrogen[4,5]. A precise knowledge of the
kinetic energy distribution of the pionic hydrogen atoms is important for the determination
of the strong interaction width of the ground state in pionic hydrogen as derived from the
measurements of pionic X-ray transitions[6-9].

The observed Dopp}er broadening of the TOF-spectra[1-5] can be attributed to Coulomb
de-excitation[10]*, (7~p)n + p — (7~ p)w + p, where the de-excitation energy associated
with the transition is shared as kinetic energy between the collision partners. Other ca,sca,de

the p10n1c atom (~ 1eV)[12].

NEW EXPERIMENT

The present experiment was performed at the wEl-channel of PSI; the experimental
setup is shown in Fig. 1. The following improvements to the previous experiments{l-4]
were made: (1) reduction of the ba,ckground by introducing several neutron collimators
as well as using specially selected low noise photomultiplier (PM) tubes for the neutron
counters; (ii) improvement of the time resolution of the neutron counters by placing them
in adjustable holders so as to point radially at the target for each of the different neutron
flight-paths; (iii) increased counting statistics by enlarging the solid angle of the neutron
detector and by using a new beamline setup.

Pions of 117MeV/c passed the beam counter S1 (see Fig.1) and a carbon degrader,
the thickness of which was optimized for a maximal stop rate in the hydrogen target.
The liquid target (LH,) had a length of 9.3 cm in the direction of the pion beam and a
thickness of 0.5¢m in the direction of the neutron flight-path perpendicular to the pion
beam. The 40 bar gas target was operated at room temperature and had a length 0of 21.2 cm
in the direction of the pion beam and a diameter of 14 mum. Neutrons from the hydrogen
target were detected after a flight-path of variable length (3 — 11m) in a detector array
congisting of 36 scintillator disks coupled directly to PM-tubes. For the measurements in
liquid hydrogen, we used PILOT-U scintillators with a thickness of 5 mm, whereas for the
measurements in gas, NE102A scintillators with a thickness of 15 mm were used in order to

*It is not excluded that Coulomb de-excitation is part of some new mechanism, e.g. the formation of a
resonant state, as was discussed for n = 2[11].
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Figure. 1. 1) central pion trajectory; 2) scintillator Si; 3) carbon degrader; 4) CHy-collimator;
5} lead collimator; 6) hydrogen target; 7) vacuum vesse} of the LHs-target; 8) Nal-crystals (8 x 8
matrix) for the detection of photons from the 7°-decay; 9) photommltiplier tubes; 10) neutron
detection scintillators; 11) central neutron trajectory; 12) CHy and lead shielding; 13) concrete
shielding,.
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partially compensate for the lower pion stop density. The neutrons from the CEX-reaction
in the target were accepted only if coincident with a suitably delayed w-stop signal and a
corresponding n%-decay signal characterized by a y-ray detected in the Nal-calorimeter(13].

DATA ANALYSIS

The data are in form of TOF (TDC) and pulse-height distributions (ADC). In a first
step of the analysis, which is very similar to that of Ref. [4], a lower and an upper ADC-cut
were introduced for each neutron counter separately, in order to suppress noise events from
the PMs (lower ADC-cut) and accidental events triggered by photons from the 7%-decays
or bremsstrahlung from beam electrons (upper ADC-cut). Both ADC-cuts were optimized
for a maximal signal-to-noise ratio for each neutron counter separately. Before summing
the spectra of all 36 neutron counters, the centre of each neutron peak was shifted by a
few TDC-channels to the same channel number in order to correct for small transit time
differences in the PMs and cables as well as small differences in the individual neutron
flight-paths.

In a second step, cuts were applied to the summed photon energy from the Nal-
calorimeter, accepting only events between 60 and 110 MeV. In this way, photons from
bremsstrahlung and from the #7p — yn reaction were suppressed. These cuts were also
optimized for a maximal signal-to-noise ratio. The small remaining background in the
TOF-spectra, consisting of a flat component from noise events and accidental peaks from
bremsstrahlung and 130 MeV photons from the reaction n~p — yn, was determined and
subtracted.

.From the resulting TOF-spectra, we have obtained the kinetic energy distribution
f{Trp) using three different methods. Method A is based on the TOF-distribution model
expected from the Coulomb de-excitation process. The measured spectra were fitted to
TOF-distributions generated by a detailed GEANT Monte Carlo programme[14] which
accounted for the stopping distribution in the target, geometric effects (intrinsic time
resolution) and neutron scattering. The results are described in Refs. [15,16].

In method B of the analysis, no assumptions about the energies of the components
were made. Here, the data measured in liguid and gaseous hydrogen were fitted using a
kinetic energy distribution consisting of 16 energy bins (from T;_; to T}) corresponding
to 16 equidistant time bins (from 7;1 to 7;). The kinetic energy distribution f(Ty,) was
assumed to be constant within each bin. The relationship between the time 7; and the
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with 7 [eV] = 4* (¢ = 1,...,16). The resulting kinetic energy distributions are shown in
Fig. 2.

In both kinetic energy distributions (Fig. 2), a sharp decrease after the transition 4—3
and indications of discrete peaks due to Coulomb de-excitation can be seen. Moreover,
in the kinetic energy distribution for liquid hydrogen, a small peak in the region between
100 eV and 121 eV is visible which could be assigned to the Coulomb de-excitation transi-
tion 5—3 corresponding to an energy of 107 eV. In the distribution for gaseous hydrogen,
the error bars are larger due to the lower statistics. For the 3—2 transition, the number
of events and their uncertainties are consistent with the existence of a peak at 209eV.

Method C is based on the direct reconstruction of the kinetic energy distribution from
the TOF-spectra. The TOF-spectra are deconvoluted with Monte Carlo generated TOF-
distributions. Here, neutron scattering, the intrinsic time resolution as well as a distance-
independent Gaussian time-jitter corresponding to electronic contributions to the time
resolution were taken into account. ;From these monotonously decreasing, deconvoluted
TOF-distributions F(r}, we have calculated the cumulative energy distributions W{(Trp)
which are given by

energy T; is given by{15]

&4/ Ty
W(Thp) =2 ] F(r)dr — 264/ Tap F{E/Trp) (2)
1]

with £ = 5%, /ﬁ%_ For the caleulation of W(Ty,), only the fast side of the neutron TOF-

spectra was used to minimize contributions from scattered neutrons. Finally, the kinetic
energy distributions f(Th,) can be calculated as follows':

H(Tim) = = o) ®)

TPhe kinetic energy distribution could be calculated ditectly as follows: f(Tup) = —£2-& F(7); however,

for technical reasons, we have calculated W (L) first.
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Figure. 3. Kinetic energy distribution f{7Ty,) for a) liquid and b) gaseous hydrogen calculated
from the deconvoluted TOF-spectra. The numbers n—n' indicate the positions of the theoretical
values of the kinetic energy for the 7~ p-atoms derived for the Coulomb de-excitation process.

The final results shown in Fig. 3 were obtained by averaging the kinetic energy distributions
for the three different distances in liquid and for the two distances in gaseous hydrogen,
respectively. The shapes of these distributions are consistent with those of Fig. 2.

CONCLUSIONS

In conclusion, the existence of strong ‘high-energy’ components (T, > 1eV) in the
kinetic energy distribution f(Trp) of 7~ p-atoms at the instant of the CEX-reaction has
been observed for the first time in hydrogen gas up to 209eV and has been confirmed
with improved precision in liguid hydrogen. The results obtained from three different
methods of reconstruction of the energy distributions are self-consistent; two of these
methods are model-independent. The ‘high-energy’ components contain about half of the
7~ p-atoms and about four percent have kinetic energies as high as ~200eV. The results
obtained using a model which does not assume discrete components gives a fit which is
completely incompatible with the data. The inclusion of the An = 2 Coulomb de-excitation
components in the present analysis gives values which are perfectly consistent with those
expected theoretically.
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Abstract

This paper gives an overwiew of the DEAR (DA®NE Exotic Atom Research)
experiment, which is fully ready to collect data at the new DA®NE ¢-factory at
Laboratori Nazionali di Frascati del’INFN. The objective of the DEAR experiment
is to perform a precision measurement of the strong interaction shifts and widths of
the K-series lines in kaonic hydrogen and the first observation of the same quantities
in kaonic deuterium, with the aim of obtaining a precise determination of the isospin-
dependent kaon-nucleon scattering lengths. The final goal is to determine the kaon-
nucleon sigma terms, which give a direct measurement of chival symmetry breaking and
are connected to the strangeness content of the proton. The status of the experiment
is reported, together with first background resiilts; which are compared with a Monte
Carlo calculation.

INTRODUCTION

The low energy kaon-nucleon interaction is still an experimentally largely unexplored
field. More than 15 years ago, R.H. Dalitz made the following statement(1]: “The most
important experiment to be carried out in low enérgy K-meson physics today is the defini-
tive determination of the energy level shift in the K~p and K~d atoms, because of their
direct connection with the physics of the KN interaction and their complete independence
from all other kinds of measurements which bear on'this interaction”, statement that can
be repeated today. ,

DEAR (DA®NE Exotic Atom Research)- oné of the first experiments which will collect
data at the new ¢-factory DA@NE of the Laboratori Nazionali di Frascati del'INFN, will
observe X rays from kaonic hydrogen and kaonic deuterium, using the “A~ beam” from
the decay of ¢s produced by DA®NE, a cryogenit pressurized gaseous target and Charge-
Coupled Devices (CCDs) as X ray detectors[2].

The number of events which DEAR can colléct in one week with kaonic hydrogen at
10%2e¢m~2s~! luminosity will surpass by an order of magnitude the current world data set.

DEAR SCIENTIFIC PROGRAM

A kaonic atom is formed when a negative kaon entering a target loses its kinetic energy
and is captured, replacing the electron, in an excited orbit. Three processes then compete
in the deexcitation of the newly formed kaonic atom: dissociation of the surrounding
molecules, external Auger transitions and radiative transitions.

When a kaon reaches low-n states with small angular momentum, it is absorbed through
a strong interaction with the nuclens. This strong interaction is causing a shift in the
energies of the low-lying levels from their purely electromagnetic values, whilst the finite
lifetime of the state results in an increase of the dbserved level width.

The shift € and the width I" of the 1s state of kaonic hydrogen are related in a fairly
model-independent way to the real and imaginary parts of the complex S-wave scattering
length:

i
2

where a is the fine structure constant and pj—, the reduced mass of the K—p system. This
expression is better known as the Deser-Trueman formulaf3]. A similar relation applies for
the case of kaonic deuterium and the correspondirig scattering lengih ap -,

¢+ T = 20wk pax—p = (412 &V fm™") - ax-, W

e+ 1T = 208 jag—g = (601 eV fm™")-a-, @

where L -4 is the reduced mass of the K—d system.

These observable scattering lengths (ag-, and-ax-4) are then related to the isospin
dependent scattering lengths (ag and a;). An accirate determination of the K~ N isospin
dependent scattering lengths will place strong ¢onstraints on the low energy K~ N dy-
namics, which in turn constrains the SU(3) desctription of chiral symmetry breaking.
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Crucial information about the nature of chiral symmetry breaking, and to what extent
chiral symmetry is broken, is provided by the e¢alculation of the meson-nucleon sigma
terms[4]. The meson-nucleon sigma term is defined[4] as the expectation value of a double
commutator of the chiral symmetry breaking part of the strong-interaction Hamiltonian,
Hgsp: ‘

0% =i < pl[Q},[Q3, Hsslllp > (3)

with the proton state |[p > of momentum p, @ and @ representing the axial-vector
charges. _

The low energy theorem relates the sigma terms to the meson-nucleon scattering ampli-
tude[4]. A phenomenological procedure starting from the experimental scattering ampli-
tudes is then used to determine the sigma terms and, therefore, to measure chiral symmetry
breaking[5]. According to an evaluation based on the uncertainities in the phenomenolog-
ical procedure[6}, the sigma terms can be extracted at a level of 20%, by combining the
DEAR precision measurement at threshold with the bulk of most recent analyses of low
energy K* N scattering data.

The sigma terms are important also as inputs for the determination of the strangeness
content of the proton. The strangeness fraction is dependent on both kaon-nucleon and
pion-nucleon sigma terms, but is more sensitive to the first one[7).

EXPERIMENTAL SETUP

The scientific program of DEAR will be developed in two stages: with an NTP (Normal
Temperature and Pressure) target and with a cryogenic target (hydrogen and deuterium).

The NTP target consists of a pure nitrogen volume at room temperature, equipped with
9 CCD detectors each containing two CCD-05 chips. Its purpose is to observe background,
compare to Monte Carlo calculations and to tune the degrader thickness by optimizing
the signal for the kaonic nitrogen 7 — 6 transition at ~ 4.5 keV. The yield of the signal
being higher than that of kaonic hydrogen faster feedback is possible.

A description of the DEAR NTP setup can be found in[8].

 In order to achieve a balance between high kaon stopping density in the target cell
and decreasing x-ray yield due to Stark mixing, 4 pressurized cryogenic gaseous target has
been realized for the measurement of kaonic hydrogen.

The initial target conditions will be a hydrogén pressure of 3 bar and a temperature
of 25 K, which results in a target density of 3.6 X 10~% g/em3. After the kaon has been
slowed down in the target, it is captured by a hydrogen atom and the cascade begins.
Some K-series X rays exit the target and interact with the CCD detector. The CCD chips
are cooled to a temperature of 160 K to limit dark current noise. The CCDs are then
read out by a set of custom electronics and digitized data are transmitted via a fiber-optic
link to the two data acquisition computers in the DEAR control room. Compressed data
are stored on magnetic-optical disks for further analysis; online diagnostic and analysis
programs also exist for the real-time monitoring of the data.

Further details and a description of the DEAR cryogenic setup can be found in[2].

STATUS OF THE EXPERIMENT

At the date of this paper {October, 1999), no eTe™ collisions were produced in the
DEAR interaction region, and, consequently, no $-production occured. Under these condi-
tions only background studies could be performed. The background relevant for the DEAR
experiment - low energy (< 20 keV) X rays and jonizing particles - was investigated.

Using the fully shielded DEAR NTP setup the following types of beams have been
monitored in the period March to July 1999: 4} only positron beams; b) only electron
beams; c) electron and positron beams at the same time. Background data were then
compared with DEAR Monte Carlo simulation,

A DEAR Monte Carlo simulation was perforihed in the framework of the CERN sim-
ulation package GEANT 3, using an improved version of the 3.21 code to simulate the
physical processes involved in the DA®NE interaction region and in the DEAR setup. In
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particular, the behaviour of photons, electrons and positrons must be accurate below 10
keV, the standard cut-off of the GEANT package{2].

The observed energy spectra do not show any signal of unwanted structure. This proves
the cleanness of the used construction materials. The number of x-ray events (single-pixel
hits) and of clusters (multi-pixel events), the latter corresponding to particles hitting the
active area of the CCD detector, were observed. At the present status of the accelerator
the most important background comes from Touschek scattering[9] with a contribution
from beam-gas interaction[10].

All measurements can be well reproduced by the DEAR Monte Carlo simulation using
the standard beam parameters for the DEAR interaction region.The quantitative agree-
ment between simulation and measurements is very convincing. Hence one can conclude
that, with respect to the expected background and, therefore, to the control of the statis-
tical error, the configuration chosen for the measurement of the strong interaction shifts
and widths in kaonic hydrogen and kaonic deuterium will reach the planned challenging
level of accuracy.

Once the machine will deliver kaons in the DEAR interaction region with an accept-
able luminosity and under good vacuum conditions, kaonic nitrogen lines with the NTP
target will be measured. Then the cryogenic target equipped with sixteen CCD-22 chips
will be installed. The goal with this setup is a 1% measurement of the shift and a few
percent measurement of the width of the K, line in kaonic hydrogen, followed by the first
observation of the shift and width in kaonic deuterium.

SUMMARY

The DEAR experiment will improve the precision in the measurement of the K—p
scattering length by a factor of ten and make the first measurement of the scattering
length of kaonic deuterium. In this way the the KN isospin dependent scattering lengths
will be determined at a percent level precision, revitalizing the field of low-energy kaon-
nucleon interaction. These observations will then allow the determination of the kaon-
nucleon sigma terms, which will reveal the degree of chiral symmetry breaking and give
an indication of the strangeness content of the proton.

At the time of writing this paper, the first stage of the DEAR scientific program is
in progress. The NTP nitrogen target is installed at DA®NE, has performed background
meagurements and the first kaons are eagerly awaited.

The cryogenic hydrogen target is being tested in the laboratory and is ready for instal-
lation in the beginning of 2000.
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Abstract

The aim of the DIRAC experiment at CERN is to provide an accurate determi-
nation of S-wave 77 scattering lengths from the measurement of the lifetime of the
at7— atom. The measurement will be done with precision comparable to the level of
accuracy of theoretical predictions, formulated in the context of Chiral Perturbation
Theory. Therefore, the understanding of chiral symmetry breaking of QCD will be
submitted to a stringent test.

INTRODUCTION

The low-energy dynamics of strongly interacting hadrons is under the domain of non-
perturbative QCD, or QCD in the confinement region. At present, low energy pion-pion
scattering is still an unresolved problem in the context of QCD. However, the approach
based on effective chiral Lagrangian has been able to provide accurate predictions on
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the dynamics of light hadron interactions [1]. In particular, Chiral Perturbation Theory
(CHPT) allows to predict the S-wave mx scattering lengths at the level of few percent
[2]. Available experimental results, on their side, are much less accurate than theoretical
predictions, both because of large experimental uncertainty and, in some cases, unresolved
model dependency [3].

The DIRAC experiment aims at a model independent measurement of the difference A
between the isoscalar g and isotensor as S-wave wrm scattering lengths with 5% precision,
by measuring the lifetime of the pionium ground state with 10% precision.

PIONIUM

Pionium {A»,) is a Coulomb weakly-bound system of a 7+ and a #~, whose lifetime
is dominated by the charge-exchange process to two neutral pions. The Bohr radius is
387 fm, the Bohr momentum 0.5 MeV/c, and the binding energy 1.86 keV. The decay
probability is proportional to the atom wave function squared at zero pion separation and
to the square of A = ag — as. Using the values of scattering lengths predicted by CHPT,
the lifetime of the x 77~ atom in the ground state is predicted to be 3.25x 10~ s [2).

Production of Ao,

In DIRAC, nx™ atoms are formed by the interaction of 24 GeV /¢ protons with nuclei
in thin targets [4]. If two final state pions have a small relative momentum in their system
(g ~ 1MeV/c), and are much closer than the Bohr radius, then the A2, production
probability, due to the high overlap, is large. Such pions originate from short-lived sources
(like p and w), but not from long-lived (5, K?), because in the latter case the two-pion
separation is larger than the Bohr radius. The production probability for As, can then
be calculated using the double inclusive production cross section for 77n~ pairs from
short-lived sources, excluding Coulomb interaction in the final state [5). Evidence for A,
production was reported in a previous experiment [6].

Fate of Agﬂ-

Pionium travelling in matter can dissociate or break up into a pair of oppositely charged
pions with small relative momentum (¢ < 3 MeV/c) and hence with very small angular
divergence (6 < 0.3 mrad). This process competes with the charge-exchange reaction or
decay, if the target material is dense so that the atomic interaction length is similar to
the typical decay length of a few GeV/c dimeson atom (a few tens of microns). In a
100um Ni foil, for example, the Ay, breakup probability (~ 47%) becomes larger than
the annihilation probability (~ 38%). This breakup probability depends on the target
nucleus charge Z, the target thickness, the Ay, momentum, and on the Ay, lifetime [5,7].

Measurement of the A, lifetime

For a target material of a given thickness, the breakup probability for pionium can be
experimentally determined from the measured ratio of the number of dissociated atoms
{n4) to the calculated number of produced As;y (Na4). Thus, by comparison with the
theoretical value, known at the 1% level, the Ag, lifetime can be determined.

The number n 4 of detected “atomic pairs” is obtained from the experimental distribu-
tion of relative momenta g for pairs of oppositely charged pions. It is however necessary to
subtract a background contribution, arising mainly from Coulomb-correlated pions pairs
in the g region, where the Ag, signal is prominent (g < 2 MeV/c). The low-¢ background
contribution is obtained with an extrapolation procedure using the shape of the acciden-
tal pair g-distribution recorded in the region ¢ > 3 MeV /¢, taking into account e.m. and
strong ntx~ final state interactions [7).

From the measured ratio na/N4 a value for the Ay, ground state lifetime can be
extracted and, hence, a value for A = |ag — ag].
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THE EXPERIMENTAL APPARATUS

The DIRAC experimental apparatus (Fig. 1) [4], devoted to the detection of charged
pion pairs, was installed and commissioned in 1998 at the ZT8 beam area of the PS East
Hall at CERN. After a calibration run at the end of 1998, DIRAC has been collecting data
since the summer of 1999.

The primary PS proton beam of 24 GeV /¢ nominal momentum struck the DIRAC tar-
get. The non-interacting beam travels below the secondary particle channel (tilted upwards
at 5.7° with respect to the proton beam), until it is absorbed by a catcher downsiream
of the setup. Downstream the experimental target, secondary particles travel across the
following detectors: three planes of Micro-Strip (Gas Chambers (MSGC) and two orthog-
onal stacks of scintillating fibers (Scintillating Fiber Detector SFD) to provide tracking
information upstream of the spectrometer magnet; two planes of vertical scintillator slabs
(Tonization Hodoscope IH) to detect the particle energy loss. Downstream the ITH, the
secondary beam enters a vacuum channel extending through the poles of the spectrometer
magnet of 2.3 Tm bending power in the tilted horizontal plane, Downstream the analyzing
magnet, the setup splits into two arms (inclined by 5.7¢ in the vertical plane, and open by
+19° in the horizontal plane) equipped with a set of identical detectors: 14 drift chamber
(DC) planes, one plane of vertical scintillating strips (Vertical Hodoscope VH) and one
of horizontal strips {Horizontal Hodoscope HH) for tracking purposes downstream of the
magnet; furthermore, a No gas-threshold Cherenkov counter {CH), a Pre-Shower Detec-
tor (PS), consisting of Pb converter plates and of vertical scintillator slabs, and a Muon
counter (MU), consisting of an array of vertical scintillator elements placed behind a block
of iron absorber, with the aim of performing particle identification at the trigger or offiine
levels.

M H

S,

Taugot Vactum s:}:n

Fig. 1. The DIRAC experimental
apparatus.

A multi-level trigger was designed to reduce the secondary particles rate to a level
manageable by the data acquisition system, and to yield the most favorable signal-to-noise
ratio, by selecting pion pairs with low relative momentum in the pair system (or small
opening angle and equal energies in the lab system) and by recording a sufficiently large
pumber of accidental pairs for the offline analysis. An incoming flux of ~101! protons/s
would produce a rate of secondaries of about 3x10%/s and 1.5x10%/s in the upstream
and downstream detectors, respectively. At the trigger level this rate is reduced to about
2x 103 /s, with an average event size of about 0.75 Kbytes. With the 95um thin Ni target,
the expected average Ao, yield in the geometrical and momentum setup acceptance is
~ 0.7 % 1073 /s, equivalent to a total number of ~ 10!3 protons on target to produce one
dimeson atom.

RESULTS FROM FIRST DATA TAKING

A preliminary analysis was performed on a sample of data (Ni target) collected during
this summer. The sample consisted of about 107 events, corresponding to ~ 1/3 of the
statistics, accumnlated in a 3-week run period. The data analysis was mostly dedicated
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to the calibration of individual detectors and to the tuning of reconstruction algorithms.
However, some general features of the apparatus response were investigated, and some
results will be presented hereafter.

Figure 2 shows the time difference between hit slabs in the left and right vertical
hodoscopes for events with one single track reconstructed in each detector arm. Within a
trigger window of 45 ns, one observes the peak of “on-time” hits associated to correlated
particles, over the background from accidental hits. The width of the correlated-pair events
yields the time resolution of the hodoscope (¢ ~ 420 ps at the time of measurement,
recently improved to ~ 250 ps). The asymmetry on the right of the coincidence peak is
due to admixture of protons in the “7t” sample, thus corresponding to events of the type

T p.
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Such a contamination sample can be isolated by the time-of-flight measurement along
the path from the target to the hodoscope. The discrimination between 7~ z+ and np
pairs is effective for momenta of positively charged particles below 4.5 GeV /c. This is shown
in Fig. 3, where the laboratory momentum of the positive particle in the pair is shown as
a function of the arrival-time difference in the vertical hodoscope. The spectrometer single
particle momentum acceptance is within the range 1.3 to 7.0 GeV/c.

In Fig. 4, the distribution of the longitudinal component (g} of the relative momentum
in the pair system is shown for two samples of events: those (Fig. 4a) occurring with time
differences close to zero (real coincidence plus admixture of accidental pairs), associated
to free pairs with and without final state interaction; and those (Fig. 4b) occurring at time
differences far from the peak of correlated pairs (only accidental pairs).

Pa [GeV/cl

Fig. 3. Momentum of positive par-
ticle as a function of time differ-
ence between left and right hit

8 6 4 26 2 4 & 8 slabs of the vertical hodoscopes.
- At [nsl

Finally (Fig. 4c), the ¢; distribution of correlated pion pairs is obtained from the
difference between the distributions of Fig. 4a and 4b, taking into account the relative
normalization factor. The distributions in Fig. 4 were obtained from a sample of two-track
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events, preselected with momentum of the positive particle less than 4.5 GeV /¢, to reject
unresolved 7 p pairs, and with transverse component (gr) of the relative momentum
below 4 MeV/c, to increase the fraction of low relative momentum pairs. For values of
q1, corresponding to correlated pairs (|gr} < 10 MeV/¢) the production cross section
of Coulomb pairs is enhanced with respect to the cross section of non-Coulomb pairs:
Coulomb attraction in the final state is responsible for the peak in the ¢z distribution
(Fig. 4a and 4c) at small ¢r.

A preliminary estimate of the number of pairs associated to Asy breakup results in a
contribution of about 100 “atomic pairs” in the region |gz| < 2 MeV/c.
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The reconstruction of Coulomb-correlated ¥ n~ pairs is sensitive to the precision of
the setup alignment. Any misalignment of the tracking system in one arm relative to the
other arm would generate asymmetrical exrrors on the reconstructed momenta. This would
lead to a systematic shift and additional spread of the Coulomb enhanced peak in the g1,
distribution. The mean value of the Coulomb peak is 0.1 MeV /¢, well within the accepted
tolerances.

 When reconstructed motenta of oppositely charged particles are symmetrically overes- -
timated or underestimated then a calibration using detected resonances is adequate. This
is done by reconstructing the effective mass of m~p pairs, also detected in the spectrom-
eter. Figure 5 shows the invariant mass distribution of correlated 7~ p pairs with proton
momentum >3 GeV/c.
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A clear signal at the nominal A mass is observed. Such events originate from a few
GeV/c A, with the decaying proton emitted backward and the pion emitted forward in
the A system, and both decay particles characterized by small transverse momenta. The
experimental mean value and standard deviation of the mass peak are 1115.60 and 0.92
MeV /c?, respectively. These mass parameter values suggest an excellent calibration of



275

the momentum scale, with accuracy in momentum reconstruction better than 0.5% in the
kinematic range of detected A decays, and the absence of errors in the telescope alignment,
which otherwise would cause a displacement of the A mass peak value.

CONCLUSION

The DIRAC experiment has begun to collect data this year. A preliminary investigation
of the apparatus performances demonstrates its full capability to pursue the foreseen ex-
perimental program. Improvements to the hardware as well as software tools have already
been implemented in the second run period, currently in progress. These will certainly re-
sult in better quality of the data and will contribute to the aimed measurement precision
of the pionium lifetime.
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Measurement of the ground-state shift and width
in pionic hydrogen to the 1% level: A new proposal at PSI

D. Gotta
Institut fiir Kernphysik, Forschungszentrum Jilich, D-52425 Jilich, Germany

Abstract

In the non-perturbative regime of QCD, the pion-nucleon s-wave scattering lengths
play a decisive role. They are accessible by measuring the level shift and broadening of
the ground-state in pionic hydrogen and deuterium atoms. To pin down the inconsis-
tencies arising from the analysis of the present data, an improvement on the accuracy
of the hadronic broadening by almost an order of magnitude is highly desirable, which
is the aim of an experiment being set-up at PS1L.

In the framework of Chiral Perturbation Theory (ChPT) [1,2], a quantitative descrip-
tion of the low-energy pion-nucleon interaction became possible. The two basic parameters
at threshold, the N isoscalar and isovector s-wave scattering lengths o™ and o™, are given
in terms of the elastic reactions by

1
ai = 5 (avr—pﬂ)f.rr—p T a’?r"‘p—ﬂr'*‘p)' (1)

Furthermore, from dispersion relation theory a~ is connected to the 7N coupling constant
2y by the Goldberger-Miyazawa-Oehme (GMO) sum rule 3]

(14 Ty 2fzn 1 /waﬁ:’fp(kw% 2 ke
My~ mx m2 — (m2/2Mn)? 272 Jo w(kx)

dkr. (2)

At present, the integral is known with an accuracy of 1% [4].

From the isospin decomposition follows t—p_yz-p = (67 +a7) and ay—p o5, = —/2a".
Hence, ot and o~ are directly related to the hadromic shift €5 and level broadening I'js
of the atomic ground state in the pionic hydrogen[56]. ~ =

€1 4

E‘f; - i e posm—plL + Oc) (3)
T qo 1 2

HE'TS. B 8@(1 + I’S)(aw‘pﬁw"n(l + 61")) : (4)

Ey, is the electromagnetic binding energy of the atomic ground state for a point nucleus,
go = 0.1421fm™"! the CMS momentum of the n° in the charge exchange reaction 7"p —
7%n, and rp the Bohr radius of the mH atom. To obtain the pure hadronic scattering
lengths, electromagnetic corrections der of the order of a few percent must be taken
into account [6,7]. A general discussion on the accuracy of electromagnetic corrections is
presently going on[8]. A precise value for the branching ratio of charge exchange and
radiative capture, the Panofsky ratio P is also required. The experimental value is P =
1.546 % 0.009 [9].

The shift and width of the 1s ground state of the pionic atom are determined from the
spectroscopy of the Lyman X-ray transitions, which are the last deexcitation step of the
atomic cascade. For intensity reasons, only the three low-lying transitions Ko, K3, and
K~ were considered. X-ray energies of 2-3keV and the smallness of €55 and ['14 required
the use of a reflection-type crystal spectrometer. In order to obtain sufficiently high X-
ray yields, the cyclotron trap is necessary to stop the pion beam in a gaseous target. As
X-ray detectors, only Charge-Coupled Devices (CCDs) fulfill the requirements of both
good position resolution and efficient background suppression. The recent experiments for
7H [10-12] and 7D [13,14] achieved a precision of the order of 1% for €35 and 10% for I'is
(Table 1). The results for a* and ¢~ are shown in Fig. 1.
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Table 1. Transitions from pionic hydrogen and deuterium used for the most recent determinations
of ¢1; and I'y,. In the second column, the pure electromagnetic energy values are given. A posi-
tive /negative) sign for ¢, stands for an attractive (repulsiv) interaction. The method of energy
calibration (en.c.) and determination of the spectrometer resolution function (res.f.) is indicated.

transition energy €14 Pia p calibration ref.

[eV feV /e¥ /bar en.c./resp.f.
7H{3p—1s) 2878808 +7.108:0.036 0.865=0.060 15 Ar Ka/vrBe(4-3) [11,12]
7w D(3p —1s) 3077.95 —2.43 4 0.10 1.0240.21 15 Ar Ka/nBe(4-3) [13]

#D(2p—1s) 2695527 —2.469+0055 1.093:+0.129 25 ClKa/rNel7T—6) [14]

In the D system, the hadronic shift e, is in leading order proportional to the (small)
isoscalar scattering length a™ because of an almost cancellation of the #=p and 7™ n
contributions. Hence, the analysis faces the problem, that the next to leading order (double
scattering) is proportional to the square of the (large) isovector scattering length a™. These
higher order contributions (SS+DS+HC) and in addition absorption corrections (AB) are
almost one order of magnitude larger than the isoscalar scattering length o™ itself.

Mj\7+m7r a+ +

(8S+ DS+ HC)+ AB (5)

Considerable discrepancies occur in the determination of a® from €7¢ (Table 1). Whereas
the two experiments are in good agreement [13,14], the values obtained for a* in the ap-
proaches of [15] and [16] differ by several standard deviations (bands denoted TL’80 and
BBLM’98 in Fig.1). The results of{19] and [20] lie in between these two extreme values.
The uncertainty of a*, applying the corrections of [15], is dominated by the uncertainty of
the corrections and not by the accuracy of the experiments, the error of which corresponds
to the widths of the bands denoted BBLLM'98. Because of such large uncertainties for the
multiple-scattering corrections, Coulomb corrections to the Deser formula (3) have been
omitted up to now for wD.
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Figure. 1. Isoscalar and isovector m [V scattering lengths ™ and a™. The bands labeled ¢ and TP
show the results from the recent # H experiments [11,12]. The correction for the Doppler broadening
due to Coulomb deexcitation is indicated by the two arrows. The value derived from current algebra
(WT66) 1] corresponds to the leading order in ChPT, in which at vanishes. The rectangle FMS
is the result of an up to third order calculation[17] and the rectangle KH86 is obtained from a
phase-shift analysis [18]. The bands labeled "¢ were obtained from the results of [13,14] for the 1s
level shift in w.D according to [15] {TL’80) or [16] (BBLM'48).
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In view of the significant discrepancies, even a combined analysis of the #H and nD
data will not yield precise values for at and o~ despite the small experimental errors for
€15 (see[12]). Also, an identification of strong isospin violation in the 7N system, which
is expected to amount to 1-2% [21], seems to be difficult. Figure 1 demonstrates, that the
accuracy of an unambiguous determination depends practically on the error of I'y;. In the
same way, the accuracy of 2, determined from the GMO sum rule is mainly determined
by I'1s. The values for fﬁ > as derived from mIV scattering data, phase shift analysis, photo
production, radiative capture and the wH atom scatters up to 10% [22], which is regarded
to be unsatisfactory for such a basic quantity.

Two major problems exist for a substantial improvement of the accuracy of Ty,.

e An accurate determination of the resolution function of the crystal spectrometer is
essential. Because of the large Auger widths of fluorescence X-rays, the response
function had been determined up to now only from pionic X-ray spectra of limited
statistics.

» In exotic hydrogen atoms, Auger and X-ray emission compete with Coulomb de-
excitation, where the deexciation energy is transferred into kinetic energy during
collisions with neighbouring target molecules. This leads to a Doppler broadening
of the X-ray lines. At present, the uncertainty of the correction due to Coulomb
deexcitation dominates the error of I'yy as determined from the mH (3p — 1s) transi-
tion[11,12].

The strategy of the experiment being set-up at PSI [23], aiming at an accuracy of 1%
for Ty, is based on new techniques in the determination of the response function. Besides
that, new insights in the atomic cascade will play a decisive role.

e In order to allow for an thorough investigation of the reflection properties of the
Bragg crystals, a Electron-Cyclotron-Resonance (ECR) source is being set-up inside
the new cyclotron trap [14]. This will allow to produce hydrogen-like electronic atoms,
which have natural line widths of a few tens of meV only. The Doppler broadening
from the temperature in the ECR source is expected not to exceed 100 meV. In this
way, the ciystal tests can be performed without time-consuming measurements at
the secondary beam lines at PSI. This first step of the experiment will result in an
accuracy of 2-3% for T',.

¢ By measuring the pressure dependence of the line shape of Lyman transitions from
muonic hydrogen, the Coulomb deexcitation will be studied without the influence
of the strong interaction. Using a cryogenic gas target, meagurements in the pres-
sure range of 1-40bar are planued. Additional information on Coulomb deexcita-
tion comes from time-of-flight measurements of neutrons stemming from the charge-
exchange reaction 77 p — 790 at rest [24]. The structures of the time-of-flight distri-
bution were found to correspond to deexcitation steps in the atomic cascade.

The results will serve to set-up an improved cascade code, which takes into account
the velocity distribution at all stages of the deexcitation [25]. The parameters fixed
in that way will be used to model the cascade of pionic hydrogen. Monte-Carlo
simulations show, that a knowledge on the 10% level for the Doppler contributions
is sufficient to achieve the final goal for an accuracy of 1% for I'ys [23]-

A test measurement has been performed at the wE5 channel of the PS5 in order to
investigate count-rate and background conditions. 7 D{2p—15) and mNe(7— 6) transitions
were measured by using the new cyclotron trap and a crystal spectrometer equipped with
a spherically bent S8i111 crystal [14]. Results from this experiment are included in Fig. 1
(€™ —narrower bands).

By using the new cyclotron trap and a spherically bent Si crystal, the X-ray count
rate increased by almost an order of magnitude. A magsive concrete shielding improved
the peak-to-background ratio by a factor of about 6. It is worthwile to mention that the
total measuring time including the detection of the mNe response function amounted to
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Figure. 2. Set-up of the pionic hydrogen experiment being set-up at PSL

one day only and yielded a better result than a 9 days measurement during the previous
experiments. A new large-area CCD will complete the spectrometer [26]. The set-up of the
ECR source and the first measurements at the pion beam are planned for the end of the
vear 2000.
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A renormalisation-group approach to two-body scattering

M. C. Birse, J. A. McGovern and K. G. Richardson
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Abstract
Wilson’s renormalisation group is applied to nonrelativistic two-body scattering
by a short-ranged potential. Two fixed points are identified: a trivial one and one
describing systems with a bound state at zero energy. A systematic power-counting to
terms in the potential near each of these fixed points. In the case of the nontrivial fixed
point, this leads to an expansion which is equivalent to the effective-range expansion.

INTRODUCTION

Recently there has been much interest in the possibility of developing a systematic
treatment of low-energy nucleon-nucleon scattering using the techniques of effective field
theory[1-3]. Here we approach the problem using Wilsen’s continuous renormalisation
group[4] to examine the low-energy scattering of nonrelativistic particles which interact
through short-range forces(5).

The starting point for the renormalisation group (RG) is the imposition of a momentum
cut-off, |k| < A, separating the low-momentum physics which we are interested in from
the high-momentum physics which we wish to “integrate out”. Provided that there is
a separation of scales between these two regimes, we may demand that low-momentum
physics should be independent of A.

The second step is to rescale the theory, expressing all dimensioned quantities in units
of A. As the cut-off A approaches zero, all physics is integrated out until only A itself s left
to set the scale. In units of A any couplings that survive are just numbers, and these define
a “fixed point”. Such fixed points correspond to systems with no natural momentum scale.
Examples include the trivial case of a zero scattering amplitude and the more interesting
one of a bound state at exactly zero energy.

Real systems can then be described in terms of perturbations away from one of these
fixed points. For perturbations that scale ag definite powers of ‘A, we can set up a power-
counting scheme: a systematic way to organise the terms in an effective potential or an
effective field theory. A fixed point is said to be stable if all perturbations vanish like
positive powers of A as A — 0 and unstable if one or more of them grows with a negative
power of A.

TWO-BODY SCATTERING

We consider s-wave scattering by a potential that consists of contact interactions only.
Expanded in powers of energy and momentum this has the form

V(k' k,p) = Coo + Cao(k? + &) + Coap? -+, (1)

where & and #' denote momenta and energy-dependence is expressed in terms of the on-
shell momentum p = v/ ME. Below all thresholds for production of other particles, this
potential should be an analytic function of k2, k' and p®.

Low-energy scattering is conveniently described in terms of the reactance matrix, K.
This is similar to the scattering matrix T, except for the use of standing-wave boundary
conditions. Tt satisfies the Lippmann-Schwinger (LS) equation

V(K,q,p)K(gk,p
e 2

M
K(k' k,p)= V(k' k,p)+ FP [ 7’dyg

where P denotes the principal value.
On-shell, with k = &’ = p, the K-matrix is related to the phase-shift by

1 M
e = ot (p), 3
K(p,p,p) ix”? @) ®)
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which means it has a simple relation to the effective-range expansion[6],

1 1
pootd(p) ~ —+ Erepz SEEEES (4)

where a is the scattering length and #, is the effective range. We shall see that this turns
out to be equivalent to an expansion around a nontrivial fixed point of the RG.

RENORMALISATION GROUP

To set up the RG we first impose a momentum cut-off on the intermediate states in
the LS equation (2). This can be written

K =V(A)+ V(A)Go(A)K, (5)
where we have included a sharp cut-off in the free Green’s function,

M9(A 9
P -¢ (©)

We now demand that V (&', k, p, A) varies with A in order to keep the off-shell K-matrix
independent of A:

Go =

0K
oA
This is sufficient to ensure that all scattering observables do not depend on A. Differ-

entiating the LS equation (5) with respect to A and then operating from the right with
(14 GoK)™1, we get

=0, (7)

oV M Al

A= 2 S5 VIF, A p,A)A V(A kyp, A). (8)

We now intreduce dimensionless momentum variables, E=k /A etc., and a rescaled
potential,

nosg s MA sy,

V(E kyp,A) = WV(Ak’,Ak, Ap, A). (9)
From the equation (8) satisfied by V' we find that the rescaled potential satisfies the RG
equation

A_:i%’a—vw“c?f +p%K+V+V(k’ 1,5,

FIXED POINTS

We are now in a position to look for fixed points: sclutions of (10) that are independent
of A. These provide the possible low-energy limits of theories as A — 0 and hence the
starting points for systematic expansions of the potential.

Jk, b, A). (10)

The trivial fixed point
One obvious sclution of (10) is the trivial fixed point,

ﬁ(]}:',]}:,ﬁ,]\) =0, (11)

which describes a system with no scattering.
For systems described by potentials close to the fized point we can expand in terms of

eigenfunctions, V = A”qﬁ(fc’ e, p), of the linearised RG equation,

08 - 0¢ ¢
ak, thor i té=ve. (12)
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These have the form . o

V(K kp,A) = CARE"5", | (13)
with eigenvalues ¥ = I+ m+n + 1, where I, m and n are non-negative even integers. The
eigenvalues are all positive and so the fixed point is a stable one: all nearby potentials flow
towards it as A — 0.

These eigenfunctions can be used to expand any potential that lies close to the fixed
point. The power counting in this expansion is just the one proposed by Weinberg[1] if
we assign an order d = v — 1 to each term in the potential. This fixed point can be
used to describe systems where the scattering at low energies is weak and can be treated
perturbatively.

A nontrivial fixed point

The simplest nontrivial fixed point is one that depends on energy only, V = Vo(p). It
satisfies

Vo | oo Vo(#)
— =0
5 Volp) + 17 5 (14)
The solution, which must be analytic in P2, is
. P, 1+ ﬁ} -
Vo(p) = — |1 - Sln—=| .
()= - [1- Pl T2 (15)

Although the detailed form of this potential is specific to our particular choice of cut-off,
the fact that it tends to a constant as p — 0 is a generic feature, which is present for any
regulator.

The solution to the LS equation for X with this potential is infinite, or rather 1/K = 0.
This corresponds to a system with infinite scattering length, or equivalently a bound state
at exactly zero energy.

To study the behaviour near this fixed point we consider small perturbations about it
that scale with definite powers of A. These satisfy the linearised RG equation

jAhad P ipet VOB Tak', 1 1k, )] = ve.
R a SRy [6(k,1,5) + 8(L, k)] = vé (16)
Solutions to (16) that depend only on energy ($) can be found straightforwardly by inte-
grating the equation. They are

8(p) = 5 Vo(p)". (17)

Requiring that these be well-behaved as $? — 0, we find the RG eigenvahies v = -1,1,
3,... The fixed point is unstable: it has one negative eigenvalue. As aresult, only potentials
that lie exactly on the “critical surface” flow into the nontrivial fixed point as A — 0. Any
small perturbation away from this surface eventually builds up and drives the potential
either to the trivial fixed point at the origin or to infinity.

For perturbations around the nontrivial fixed point, we can assign an order d = v —1 =
~2,0,2,... to each term in the potential. This power counting for {energy-dependent)
perturbations agrees with that found by Kaplan, Savage and Wise[2] using a “power
divergence subtraction” scheme and also by van Kolck[3] in a more general subtractive
renormalisation scheme.

The on-shell K-matrix for this potential is (to any order in the C’s)

1 M ( '
=+ CpP ) (18)
K(p,p,p) 27 )
This is just the effective-range expansion (4). There is thus a one-to-one correspondence
between the perturbations in V and the terms in that expansion. The expansion around
the nontrivial fixed point is the relevant one for systems with large scattering lengths, such
as s-wave nucleon-nucleon scattering.



283

SUMMARY

We have applied Wilson’s renormalisation group to nonrelativistic two-body scattering
and identified two important fixed points[5].

The first is the trivial fixed point. Perturbations around it can be used to describe sys-
tems with weak scattering. These perturbations can be organised according to Weinberg’s
power counting(1].

The second fixed point describes systems with a bound state at exactly zero energy. In
this case the relevant power-counting is the one found by Kaplan, Savage and Wise[2| and
van Kolck{3]. The expansion around this fixed point is exactly equivalent to the effective-
range expansion.

These ideas can be extended in various ways. Three-body systems are also being studied
from the point of view of effective field theory[7]. In some cases these display much more
complicated behaviour under the RG than the two-body ones discussed above[8].

Various nucleon-nucleon scattering observables as well as deuteron properties have been
calculated using the expansion around the nontrivial fixed point[2,9,10]. In this approach,
pion-exchange forces treated as perturbations. An alternative approach which is being
explored by other groups is to use Weinberg’s power counting in the expansion of the
potential, but then to iterate that potential to all orders in the LS equation{11-13]. This
may provide a way to evade problems of slow convergence when one-pion exchange is
included explicitly[14,15].
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Two-loop calculations in HBCPT

J. A. McGovern and M. C. Birse
Theoretical Physics Group, Department of Physics and Astronomy,
University of Manchester, Manchester M13 9PL, UK

Abstract

We present two recent two-loop calculations in HBCPT; the fifth-order contribution
to the nucleon mass and the lowest-order contribution of the Wess-Zumino-Witten
anomalous Lagrangian to forward spin-dependent Compton scattering. In both cases
there are checks on the results which confirm the consistency of HBCPT at two-loop
level, and in addition the smallness of the mass cotrection is very encouraging for the
convergence of the theory.

INTRODUCTION

Chiral perturbation theory[1] is establishing itself as the principal tool for determining
the consistency of data in disparate low energy processes involving pions, nucleons and
photons. The purely mesonic theory is now on a very firm footing, and two-loop calcula-
tions are becoming commonplace[2). Including nucleons originally appeared impossible to
do consistently, as the existence of the nucleon mass as an extra mass scale destroys the
power counting of the relativistic theory[3). This problem can be circumvented, however,
by expanding about the limit in which the nucleon mass is infinitely large, generating
a systematic expansion in which My occurs only in the denominator. This theory has
been extensively tested at one-loop order, proving consistent with-—and indeed provid-
ing another method of demonstrating—all low-energy theorems (LET’s) based on such
considerations as Lorentz and gauge invariance and chiral symmetry.

However until now calculations in HBCPT have been almost exclusively one loop, for
the excellent reason that two-loop diagrams enter only at fifth order, while the fourth-
order Lagrangian is still in the process of been worked out[4]. There are however some
processes where the leading contribution is two-loop; an example is the imaginary part of
~ the nucleon electromagnetic form factors, which involves the anomalous v — 37 vertex,
with all the pions coupling to the micleon. This process was considered by Bernard et al.
in ref.[5]. However since the imaginary part comes from the kinematical regime where the
pions are on-shell, this is not a two-loop calculation in the sense of having two internal
momenta to integrate over. Here we present two calculations which are two-loop in the
full sense.

The two calculations have one thing in common; for different reasons, they can have
no contribution from counterterms at the order to which we are working. Thus they must
both be finite, and the results are particularly clean. In fact neither requires knowledge
of £.n beyond third order, and in fact the final results are entirely free of low energy
constants (LEC’s) beyond lowest order. The first calculation is the fifth-order piece of the
chiral expansion of the nucleon mass, in which the only non-vanishing contribution turns
out to come from the expansion of the relativistic one-loop graph in powers of 1/My. The
other two-loop calculation is the leading (seventh-order) contribution of the anomalous
Wess-Zumino-Witten Lagrangian([6] to forward spin-dependent Compton scattering in the
limit that the photon energy goes to zero. To satisfy the LET of Low, Gell-Mann and
Goldberger(7] this should vanish. We find that it does so, quite non-trivially, and the result
enhances our confidence in the consistency of HBCPT, as well as showing the compatibility
of the WZW Lagrangian and HBCPT, and testing the structure of the former in a novel
way.

THE NUCLEON MASS

Just about the simplest HBCPT calculation at any order is the nucleon mass shift. Here
the chiral expansion is just an expansion in powers of M,. The even orders can receive
counterterm contributions, but the odd orders, corresponding to fractional powers of the
quark mass, can only come from loops; the lowest one-loop contribution is of order M3,
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Fig. 1. Contributions to ¥ (5}, Solid dots represent insertions from ﬁm and Emr, and crosses from

£ (both include fixed terms from the expansion in 1/my).

So far the counterterms at second and fourth order have not been well determined, so it
is of interest to consider the convergence of the odd terms in the series separately.
The heavy-baryon propagator is given by

87t = w - B{w,k), (1)

where the nucleon momentum is written as p = muv + k, m is the bare mass, and w = v - %.
The mass shift ém = my ~ m is the value of w for which the propagator has a pole at zero
three-momentum:

dm — L(6m,0) = 0. (2)
To order M2, we have (6m) = £(0), so[§]
3g2 M2
@ (3) = — 2 _ 284
om'™ + ém 41 M: 3anF2’ (3)

where the second term comes from the one-loop self-energy diagram. Writing as T® the
expression for the O(¢™) part of ¥, which can in turn be expanded in powers of w/M,, we
obtain

)H

sm® = 50(0) + sm@P £W'(0) + sm®n®’ (0) + L(6m@)2£®" (0) (4)
where primes indicate derivatives with respect to w.

The set of graphs which contribute to () are shown in Fig. 1. Those which contribute
to the first derivative of &(¥ are like Figs If and h, but with second order vertices. The
two-loop diagrams 1a, b and d all contain the same single irreducible two-loop integral

adl dk 1
I= f (2m)2d u. k(M2 - 2) (M2 — (k- D)2) (5)

This integral can be done by using Feynman parameters, yielding

I = __M2d«~5 r‘(s / - (1 D2y,
_ M 52d 21rl"(— — d)N(354) 6
- @nTEe=9 ©

which tends to zero as d — 4. Thus only pieces which are the product of two one-loop inte-
grals are left. These contain divergences, which are cancelled by graphs with counterterm
ingertions, Figs. 1f-h. The full contribution from Eq. 4 is as follows:

s o 37 M° (g 8l 4Qdie—dhs) | _o* 1
32 F2 F? g 872F2  8m?2 )’

(7)
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Fig. 2. Diagrams with anomalous vertices (solid dots) which contribute to Compton scattering in
the € - v = 0 gauge.

The LEC’s I; are from the fourth-order mesonic Lagrangian, and the d; are from the third-
order pion-nucleon Lagrangian as given in ref.[9]. They are defined with a renormalisation
scale of M, hence the absence of chiral logarithms.

This is not however the final result for the fifth-order mass term. It is customary to
express results in CPT not in terms of the bare parameters that appear in the Lagrangian,
for instance M, g, F and m, but in terms of the physical values My, g4, Fr and my; this
ensures that the values of lower order results do not change when a higher-order calculation
is done. Since the bare and physical parameters are equal to lowest order, we can simply
make the substitution in Eq. 7; the error introduced is of seventh order. However, when we
do the same for 6m®), we generate corrections of fifth order, which must also be included.
In this case, since the one-loop graph involves two pion-nucleon couplings, we choose to
use the physical pion-nucleon coupling constant gry, rather than g,/ fr. The fifth order
corrections so generated then cancel almost completely with the explicit fifth order terms,
leaving as our final result

3g2, M3 M2
(3). (5),___'_ NN _ T
- om T o= - 32m2(1 Emi) ®)

Further details are given in ref.[10]. Thus in the heavy-baryon limit the contribution of
order M2 vanishes, with all corrections being absorbed in the physical pion mass and pion-
nucleon coupling constant in the M3 contribution. For finite nucleon mass, the correction
is just that obtained if the relativistic one-loop contribution is expanded in powers of
My /my[3]. Since the 1/my terms in the HBCPT Lagrangian are constructed to respect
Lorentz invariance, this agreement is reassuring but certainly not surprising. It is also
worth noting that the fifth-order piece is only 0.3% of the third-order piece, which is most
encouraging for the convergence of the theory.

COMPTON SCATTERING

Compton scattering from the nucleon has recently been the subject of much work,
both experimental and theoretical. For the case of unpolarised protons the experimental
amplitude is well determined, and in good agreement with the results of HBCPT. However
the situation with regard to scattering from polarised targets is less satisfactory. The
usual notation for spin-dependent pieces of the forward scattering amplitude for photons
of energy w, momentum g is

b O €] = ietwWW(we - (e2 x €1) + ... (9

From a theoretical perspective there is particular interest in the low-energy limit of the
amplitude: W (w) = 4n(f2(0) + wyo) + ..., where o is the forward spin-polarisability.
The LET of Low, Gell-Mamn and Goldberger[7] states that f2(0) = —e*x?/ 8w M2, where
% is the anomalous magnetic moment. While direct measurements of fo at zero energy are
not currently feasible, it can be related to the photon absorption cross-section at energies
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above the pion production threshold by the Gerasimov-Drell-Hearn sum rule[11]; the cross-
sections in turn can be estimated from pion electroproduction data. All analyses so far
have shown a significant discrepancy between the sum rule and the LET[12].

In HBCPT the LET is satisfied at third order, with the bare anomalous magnetic
moment. At fourth order, there is a non-zero contribution also, which is the correction
from the difference between the bare and full anomalous magnetic moment[13]. Here we
will look at a subset of two-loop diagrams, those which involve an anomalous photon-pion
coupling, as shown in Fig. 2. Since these have a factor of N, in the amplitude, they can
be cleanly distinguished from all the other diagrams which would contribute at the same
order. This time, to satisfy the LET, the total contribution to f2(0) has to be zero.

We have calculated the contributions from all of the diagrams of Fig. 2. The first three
are proportional to g3, the rest to g,. It is relatively straightforward to show that the
second set cancel and make no net contribution. The first set do also cancel, but to prove
it integration-by-parts identities have to be nsed to find relationships between various two-
loop integrals. The details are given in ref.[14]. This provides a highly non-trivial test of
the consistency of HBCPT at the two loop level, and also of the consistency of the WZW
and HBCPT Lagrangians.
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Quark-Hadron Duality, Analyticity
and the Structure of Low-Energy Couplings

Alexander V. Vereshagin and Viadimir V. Vereshagin
St-Petersburg State University, St-Petersburg, 198904, Russia

Abstract

Using the Cauchy’s form technique developed in our previous paper we consider
the elastic pion-nucleon process and derive the corresponding system of bootstrap
constraints (sum rules) for triple coupling constants and masses of relevant resonances.
With the help of this system we compute the ratio of tensor/vector pNN coupling
constants and show that it coincides with the known experimental value gr/gy = 6.
This result gives a strong argument in favor of our method based solely on general
postulates of Effective Field Theory and the analyticity requirements.

INTRODUCTION

In our previous publications[1},[2] we have developed the general method allowing one to
fix the values of the low-energy coefficients (LEC’s) appearing in ChPT series. The method
is based solely on the commonly accepted postulates of Effective Field Theory (EFT) plus
certain analyticity requirements (maximal analyticity and the polynomial boundedness)
which are not guaranteed by the inner structure of EFT. Besides, we use the quark-hadron
duality concept allowing us to work in terms of hadron fields.

In our work we rely on the existence of a special parameterization allowing one to
rewrite (without loss of generality) the Hamiltonian of EFT in a form containing only
those vertices which survive on the mass shell. This simplifies considerably the process
of computations. However, the price to be paid for simplicity is that we can work with
S-matrix elements only; the generality happens lost if the method is used to study Green’s
functions.

The maximal analyticity requirement is formulated as follows: the tree-level amplitude
of an arbitrary scattering process must be a meromorphic function of the invariant kine-
matical variables (pair energies and momentum squares). This is by no means a trivial re-
quirement because the presence of unlimited number of derivatives in the EFT Lagrangian
results in the expression of a tree-level amplitude which takes a form of the infinite series
expansion in powers of kinematical variables. Thus, even on the first — tree-level — step one
meets a problem of convergence. This problem is closely related with the expected analytic
structure of tree-level amplitudes because the divergency of a series expansion mirrors the
presence of a singularity of the amplitude in question. Since the loop expansion machinery
automatically produces all the necessary singularities (namely, those required by the uni-
tarity condition), we conclude that the only way allowing one to prevent the generating of
unnecessary ones in the process of loop calculations consists of imposing the formulated
above condition of maxima) analyticity on the structure of tree-level amplitudes or, the
same, on the structure of allowed resonance specirum and corresponding couplings.

The maximal analyticity requirement, by itself, is too general to fix a theory: in partic-
ular, it does not make any difference between strong and weak forces. This is the reason for
attracting of one more requirement which takes account of the well known feature of strong
interactions — the Regge asymptotic behavior of high energy amplitudes at fixed value of
the momentum transfer. Mathematically, it is formulated as the polynomial boundedness
requirement for the tree-level binary amplitudes, the bounding polynomial degrees being
dictated by the values of Regge intercepts {on a given stage we consider only small values
of the momentum transfer). It should be also stressed that the polynomial boundedness of
a meromorphic function is understood precisely as in complex analysis (the boundedness
on the infinite system of closed contours in a complex plane}.

At first glance, the imposing of polynomial boundedness restriction on the tree-level
amplitude might look a bit strange because the true high energy behavior cannot be com-
puted if one neglects the loop contributions. However, there is another argument in favor
of this requirement: the polynomial boundedness of trees at zero values of corresponding
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variables (momentum transfers) is a necessary condition providing the generalized renor-
malizability of EF'T (the detailed proof of this statement would require much space; it will
be given elsewhere). Thus, in fact, we need only to fix the specific values of the bound-
ing polynomial degrees.Our choice looks preferable from the phenomenological standpoint
(see[2]). Below, it is shown that it results also in a correct value of the experimentally
known relation
ar
v
As shown in[1] and[2], the set of the above formulated postulates results in a certain
(infinite) system of bootstrap equations (sum rules - SR) for the spectrum parameters
(triple couplings and the resonance masses). In the case of pion-nucleon seattering there
are 4 independent invariant amplitudes: A* and B*. Using precisely the same method
as in[2], one can obtain — among the others — two following bootstrap conditions for the
parameters of 7N resonances with spin J =1+1/2, (I=0,1,...} and isospin I = 1/2, 3/2
and isovector 7 resonances with J =1,3,...:

3 Yg(—~‘2)2- Yg(0) Yﬂf) +3 E%_%l =0, (1)
b mes
YD 5 W;z(]z%) _ 2)
bar mes

Here m, {(u) stands for the nucleon (pion) mass, M — for the mass of relevant resonance
(fermion or boson), pr = % — for the baryon resonance parity,

Yy (z) = CT G, Fi(-prM,z), (X =A,B; 1=1/2, 3/2),

Y= M?-2(m? + %), 12 =+l a2 = —1/3,
_ 4m - GY
W (z) = —GY Ps(z) + mGgpf—l(w), Wg(z) = —?Q—Pf(-'ﬂ),
: _ / T (M +m)*—p?_, z
Fi(M,z) = (M +m)F, (H'ﬁ) + (M = m)— e B (1 -ﬁ)—) ,

! _ p T (M +m)? — p? ,( i )
=P oy RS P11+ —

VO — 2% (M2 - 8%) MY+ mt 4t — 2M2m? - 2M2p2 — 2m2p?

F= 4 : AM? '
G, = (@) |g- (1, I, )] S
r = g’f‘ ) :.’P'r (2l+1)“ -
J! J!
VvV _(_ J I Vo J 2 ¥

The (real) coupling constants gk, g3y and grr are defined in accordance with the
following effective Lagrangians describing the interaction vertices of isovector mesons (of
odd spin) with pions and nucleons:

Lyni = ighn NGy, NVFT 4 g2 TN, 3010y NV#-bd |
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1 — o o
Lygr = EQWWVMI---MJ {7 X a.lh-.-.uJ W) .

The constants g,(I,I,p,} describing the effective N R-vertices, where R stands for the
baryon resonance of the isospin I = 1/2, 3/2, spin J = [ + 1/2 and parity p, = &, are
defined as follows:

L'}r};\%’R = gﬂ’(ls 1/21PT)NEprRMINMa“1._,M’ﬁ + H.c. ,

3 T T
LYg g = 9:(1, 1, pr)NTp T8, RIS 8, e + Hee.

where I'y = 1 (p, = +1), I'_ =iy (pr = ~1), and
N 2 ;
Hg,?g = 5 [5ab _ %Eabcgc]

is the isospin-3/2 projecting operator.
In (1) and (2) the summation is implied over all (baryon or meson} resonances with
corresponding quantum numbers; it should be done in order of increasing mass {see[2]).
The coupling constants gk, 9%y and g defined above are related to the correspond-
ing constants Gy y,, Gy, and Grr, introduced in(3] as follows

T
1 1 GT 2 _GKN,O——GNNp _lG
NN = 5 NNp NN = 5 grr = 5lxmp.

The existing experimental data (see[3] and[4]) give

v
GrrpGrng -

T Voo
Gno/Gun, = 6.1, e

2.4, Grrp = 6.0 . (3)

Both the Egs. (1) and (2) converge extremely rapidly: in fact, only three baryons —
N(0.94), N(1.44) and A(1.23) — and one boson — p(0.77) — produce nonnegligible con-
tributions. This allows one to neglect all the terms corresponding to the contributions of
heavier hadrons. The resulting sum rules contain the following set of spectrum parame-
ters: 1. Three pion-baryon coupling constants, three baryon and one meson masses (which
can be taken from the known data); 2. The effective prm coupling constant Gy, and
two pNN constants (G y, and G y,) (which we consider as free parameters). Thus we
obtain the system of two equations for three parameters. This gives us a possibility to fix

the relation i -
Gyno/Gin, = 6 (£15%)

in excellent agreement with the known experimental result (3). If, in addition, we fix the
value of Grrp we can determine also the product

v
GrroGRn,

w2 2.5 (+£20%)
47

— again in complete agreement with data.

Thus we conclude that ~ similarly to the case of 7K elastic scattering (see[2]) — the
system of bootstrap equations for the bare parameters of pion-nucleon amplitude contains
at least two relations strongly supported by the known data. As far as we know, these
relations have been never explained before from such a general standpoint as it is done
above: we rely only on the concepts of EFT, maximal analyticity and the polynomial
boundedness of the Regge type. Each one of these principles is formmlated for the bare
Hamiltonian, the polynomial boundedness condition being unavoidable if we require the
generalized renormalizability of a theory. In fact, the only phenomenological information
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needed to fix the particular form of the bootstrap equations is concentrated in the numer-
ical values of integral parts of intercepts. As pointed out in[l], this system - in any case
— happens to be homogeneons with respect to the triple coupling constants. This means
that, to fix their values, one needs to attract certain additional principles. In[1] and[2] it
is shown that the requirement of low-energy Chiral symmetry happens quite sufficient for
this purpose because it results in a relation connecting triple pion-pion-resonance coupling
constants {and masses of the pion resonances) with the pion decay constant fy, this rela-
tion being inhomogeneous. We would like to stress that there is no necessity in applying
the same condition to the case in question (in which it is difficult to give a constructive
formulation of the low-energy Chiral symmetry requirement). Instead, one can use as in-
put the known value of the pion-nucleon coupling constant — this removes an ambiguity
connected with overall scaling factor which cannot be fixed with the help of the mentioned
above postulates.

It is important to stress also that the relation between two different pNNV bare coupling
constants remains valid after renormalization. The point is that both triple couplings and
masses appearing in bootstrap equations belong to the set of essential parameters of a
theory (see, e.g.,[5]). By construction (we do not consider a problem of anomalies), EFT
is a renormalizable theory (in a general sense — see[5]). Next, by the very meaning of
a renormalization procedure, one has to keep fixed the numerical values of the essential
parameters appearing in the bare Lagrangian — this is a matter of the renormalization
prescription. If we call as symmetry any kind of relations between the (essential) bare
parameters, we can say that the renormalization should respect symmetry requirements.
In our case the symmetry requirements happen to be highly nontrivial: they appear in the
form of an infinite system of bootstrap conditions connecting among themselves the values
of bare Lagrangian parameters. One extremely interesting property of those relations is
that they connect the parameters of boson spectrum with those of the baryon one, in other
words, they demonstrate certain features of a (very complicated) supersymmetry. As well
known, supersymmetry strongly restricts the possible divergences, in certain cases it leads
to finite theories. The other — no less important feature of the bootstrap conditions is
that they are based on the same principles as those used as the basis for string theories.
Altogether, the above notes give a hope that the solution of bootstrap equations does exist
and the corresponding spectrum parameters can be explained in terms of superstrings.
Perhaps, this very circumstance explains the reason for interest to the models of low-
energy effective action based on certain properties of a string theory (see, e.g.,[6]).
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Abstract

We present measurements of the differential cross sections for 77p — 7°n near
0°,90°, and180° at Tp- = 10.6, 20.6,and39.4 MeV (P,- = 55.4, 78.6, and 112.0 MeV /c)
from LAMPF Experiment 882. These data include the lowest energies ever measured
for this interaction and are the only low-energy data to cover the entire angular region
from 0° to 180°. The results are compared with the Karlsruhe and GW/VPI partial
wave analyses and the potential model of Siegel and Gibbs.

Differential cross sections were obtained for #~p — #°n using the LAMPF PI0 Spec-
trometer[1] to detect the 2v’s from the decay of the 7° at very low energies (T,- = 10.6,
20.6, and 39.4 MeV). These are the lowest energies ever measured for any 7N process
that have nearly full angular coverage Such low energy measurements are important in
determining the non-linearity of the isospin-1/2 s-wave phase shifts in an effective range
expansion. The acceptance extended approximately 30-40° around the three spectrom-
eter settings used, providing good angular coverage for this interaction. The dominant
systematic uncertainties are the knowledge of the beam flux, x? acceptance, and target
corrections caused by the loss of three LHy targets during the experiment, forcing the use
of solid CHy targets for the majority of the data. . e . o

Beam normalizations were done by three methods for most of the beam tunes. These
measurements gave consistent results at the 1% level. After including effects seen during
each run, the typical beam normalizations are on the order of a few percent. It is important
to note that each of these results were obtained with three different spectrometer configu-
rations and beam tunes. Thus the groups of points near 0°,90°, and 180° have independent
beam normalizations. Cuts are made on various parameters such as the fiducial area (or
number of radiation lengths) and the energy sharing parameter, x, of the two photons to
check for consistency. Fiducials were calculated for 1, 2, 4, 6, and 8 radiation lengths, and
two values of x were used for these checks.

The differential cross sections are plotted in Figures 1, 2, and 3. Predictions from the
Karlsruhe-Helsinki[2] and VP[5] phase shift analyses and the potential model of Siegel
and Qibbs[4] are shown for comparison. These results are also given in Table 1; however,
due to space limitations, not all of the points shown in the plots are given in the tables.
The full results will appear in a longer paper under preparation that will be submitted to
Physical Review. Energies are for the beam pions at the center of the target. The angle
setting is the angle at which the spectrometer was optimized for the opening angle of the
two photons. The binning of the data was done based on the measured cos(¢) value (¢
is the lab scattering angle). The cross sections are reported at the c.m. cos(fcm) values
for the average of the actual thrown angles via the Monte Carlo calculations. The quoted
errors include errors on the #° yield (statistics), N{7~), the number of beam particles,

*deceased

TWe wish to thank the Los Alamos Meson Physics Facility staff for their assistance in performing this
experiment, especially for the operation of the crossed-field separator that made the attainment of very
low energy beams possible. This work was supported in part by the U.S. Department of Energy and the
National Science Foundation.
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Figure. 1. Differential cross sections for 77 p = 7%n at T,-=10.6 MeV.

Ny, the areal density of hydrogen in the target, fu,, the fraction of photons that make it
to the first converter, ¢(n°), the 7° detection efficiency, and €, the overall wire chamber
and tracking efficiency. The 7° acceptance is the dominant systematic error (not shown)
and varies from 3-5%.

In general, the data agree well with the existing analyses, especially Ref.[5]. The 0
degree points for the 20.6 MeV data are not plotted due to discrepancies of the results.
The data have not been corrected for variations of the absorption of the photons before
they reach the first converter plane. For the reported data, the loss of events is an average
over the solid angle for all events. For final publication, corrections will be made for each
angle bin separately.

The E882 data can be used to explain why the Fitzgerald measurements|6| were some-
what above the theoretical predictions. Their results were high primarily because they
only used Carbon target data to subtract the background for the CHy target. At very
low rates one must use empty target subtraction from the C and CHj data to properly
normalize the yields. Without empty target subtraction, we obtain cross sections similar
to their results at the data point near our 39.4 MeV measurement. For each spectrometer
setting this leads to the constant correction seen in the Fitzgerald data (i.e., cross sec-
tions at a single spectrometer setting are off by the same value). The relative size of this
constant correction is much smaller when the cross sections are larger at larger angles. It
is important to note that this offset does not affect the location of the dip in the forward
angle cross sections, which was the most important result of the Fitzgerald data.
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Table 1. Results for Ty~ = 10.6, 20.6, and 39.4M eV (center of target) for each of the three angular
settings. Angles are the mean thrown angle from Monte Carlo, differential cross sections are given
in ub/sr. See text for comment on errors.

energy  angle lab angle  c.m. bin mean do

setting setting range [deg.] co8{Bem ) [ug?sr]
10.6 0° 20-30 0.888 253. + 30.
10.6 0° 30-40 0.817 227. = 20.
10.6 0° 40-58 0.728 251. = 46.
10.6 0° 50-60 0.640 341. -+ 63.
10.6 90° 63-75 0.418 334. = 44.
10.6 90° 75-85 0.212 335. = 40.
10.6 a0° 85-95 0.019 355. £ 41.
10.6 a0° 95-105 -0.153 451. £+ 51.
10.6 90° 105-117 -0.316 471. <+ 54.
10.6 180° 110-120 -0.610 568. + b6.
10.6 180° 120-130 -0.712 535, £ 44,
10.6 180° 130-140 -0.799 616. = 40.
10.6 180° 140-150 -0.868 494, -+ 44,
10.6 180° 150-160 -0.918 646. - 40,
10.6 180° 160-170 -0.949 606. = 50.
20.6 a90° 50-63 0.390 230. &+ 22.
20.6 90° 75-85 0.004 338. £+ 20.
20.6 a0? 85-95 -().166 416. + 23.
20.6 9()° 95-105 -0.325 475, 4+ 27.
20.6 a90° 105-117 -0.486 551. £ 34.
20.6 180°  110-120 = -0.647 " BBR. £ 36.
20.6 180° 120-130 -0.745 669. -+ 30.
20.6 180° 130-140 -0.832 759. + 30.
20.6 180° 140-150 -0.901 759. + 30.
20.6 180° 150-160 -0.948 734. 4 35.
20.6 180° 160-170 -0.972 732. & 50.
394 0° 0-6 0.986 991 £ 35
394 0? 6-12 0.973 14.6 &+ 2.3
394 0° 12-18 0.947 159 + 2.0
394 0° 16-24 0.909 24.6 + 2.1
394 90° T0-78 0.107 339. £ 14.
394 90° 78-86 -0.033 416. 4 15.
39.4 g0° 86-94 -0.170 532. & 18.
394 a0’ 04-102 -0.299 671. £ 23.
394 an° 102-110 -0.420 750. £ 29.
39.4 180° 138-145 -0.861 490. £+ 29,
394 186° 145-152 -0.902 1060. &= 30.
39.4 180° 152-159 -0.936 1128. + 31.
394 180° 159-166 -0.961 1152. 4 32.

39.4 180° 166-173 -0.979 1174. &+ 34.
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Figure. 2. Differential cross sections for 77 p — 7%n at To-=20.6 MéV.
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Figure. 3. Differential cross sections for w7 p — w0 at Tp-=39.4 MeV.
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Abstract

Electromagnetic corrections to n¥p scattering below 100 MeV are recalculated
including magnetic moment and vacuum polarization effects.

I give a brief summary of the continuing work of the Ziirich-Aarhus-Canberra, group
on the problem of Coulomb corrections at low energies. Due to the limited space I will
only describe the single channel problem but T will attempt to give sufficient detail so
that experimentalists can make use of the table of corrections which will come later.
Compared to the report I gave at the last meeting in Vancouver[l] there are several
changes. Vacuum polarization effects have now beéen included as has the electromagnetic
spin-flip amplitude and the hadronic interaction is now modified by the same relativistic
factor as the electromagnetic amplitudes

The single channel 7tp = 77p f and ¢ scattering amplitudes are written as

Flaeicost) = [P o4 el £ 1Y (1 1)eH 0 fry + 1657 ] Pifcos 6)(1)

=0
N |
9(gercos8) = g4y [P i, — €2 fy | Pl(cost) (2)

where the partial wave sums represent the nuclear amplitudes, f? is the point Coulomb
amplitude, f%% is the additional modification due to the extended charges of the 7 and p,
fr¢ and g™ are additional first order relativistic terms and %P is the vacuum polarization
contribution. Explicit expressions for the various terms are

P = ZQchc exp [—iwy feln (sin2 g—)} (3)
jot = Hmeleprpy ) (@
rel i W+ MP P _ t P i
f = [E-f—MpFl +2 W ﬂ4p+4—-—(E+Mp) S\ F (5)
rel i W+ MP D ¥ i /4 T
= F4+2\W+ ———— | FP|F 6
g 2W tan(Z) [E—G—Mp N Ty Ay B ©)
where
WZ - M2 _ ‘LL2
= T T
[W — (Mp - #C)2] [W2 — (Mp + Hc)Q]
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As usual W is the total cm energy, 6 is the cm scattering angle and t is given by
t = —2¢° (1 - cos¥) (10)

The vacuum polarization amplitude i given by[2!

o = “%%(1 ~ cos ) F (cos0) (11)
where 2
F(cos@):—é—l-X—l-(l—lX) (1+X)%1Il [M)i—il} (12)
3 2 (1+X)F -1
and A2
X =- ":’ (13)

These expressions are the first terms in an approximation; they are sufficient for most
purposes but at very low energies or very close to the forward direction further terms may
be needed. They can be found in ref.[2].The Coulomb phases are given by

Eli _ (O'l _ UO) +o*f” +Jlr'il +0’?p (14)
where I
n=1 n
41 i
- f | dzR(2) (FPF™ —1) (16)
rel_,,ggc_l‘{:‘lf+l /g ﬁi——‘ﬁqc—'_’
=T Ly FRORT S G ) (m
+1 I ’ W + M : t
P P PP o (W + ———2FF | FT
[1 dZ(l(z)+ lil(z))[E—}-Mp l+( +4(E+Mp) 2)F]
vpz_aﬂfol ( @*’_)'_ ll v
o = -2 [Lay (1+5) A -w)7 jQ~ ) (18)
y = e (19)
gc

For the form factors we use the expressions

-2
t
FP o= (I—Ki) (20)
4
K
Fy = ﬁ};Ff . (21)
F" = (1———) 22
= @)

where £, is the anomalous magnetic moment of the proton and where A, = 805 MeV and
Ay = 1040 MeV, these values being chosen so a8 to reproduce the measured charge radii
of the proton and the charged pion. Finally

exp(24d],) — 1

fie = i (23)



208

where 47, is the nuclear phase shift. In these expressions M, is the proton mass, p, is the
charged pion mass and m, is the reduced mass. « is the fine structure constant and the
Coulomb parameter 7 is given by

n= (24)
9c
The formalism described here is model independent; any description of the single chan-
nel system must be of this form no matter whether isospin is conserved or not. Model
dependence first comes in when the Coulomb corrections are calculated. These Coulomb
corrections are the difference between the nuclear and the hadronic phases i.e.

Cit = & — 0y (25)

In our case they are calculated by solving the relativized Schrédinger equation

d l{i+1
(d_2 - L—"é“l + qf - 2mchV§i (’f‘)) U =0 (26)
r r
with '
Vie(r) = VI (r) + VA (r) (27)
and
VE (r) = VP (r) + Ve (r) + VI (r) + V*P(r) (28)
for that v+ which is regular at = 0 and which has asymptotic behaviour as r — oo
gin (qcr — nfeIn(2qer) — 1 g— + o1 +of® +off + o + ?:’t) (29)

so as to determine J%.. The hadronic phase is determined by solving the similar equation
with '

Via(r) = VA(r) (30)
for that w4 which is regular at » = 0 and which has asymptotic behaviour as » — oo
sin (qar - lg + -51};) (31)

The various terms in V§™(r) are such that each of these potentials reproduce the corre-
sponding terms in f and ¢g. The hadronic potential is determined by an iterative procedure.
From some initial set of hadronic phases we find sz’t (r} which reproduce these phases; the
Coulomb corrections are then determined and wused in a new phase shift analysis to de-
termine a new set of hadronic phases. The whole procedure is iterated until there are no
further changes. The corrections determined in this way in a phase shift analysis of 77 p
elastic scattering below 100 MeV are shown in table 1. The values in brackets are the
corresponding Nordita values[3]. [t will be seen that there is qualitative agreement but
that there are quantative differences. To judge the significance of these differences typical
phase shift errors at 100 MeV are shown in the last row of the table. It will be seen that
the differences for p3/2 are significant, a fact which needs further investigation

A similar treatment has also been made of the coupled channel 7~ p, m°n problem and
details of this more complicated situation will be published shortly.
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Table 1. #Tp Coulomb corrections for the low energy s and p-waves \-:

Tr Cot Ci— Cht | :
5 0.081 0.003 -0.011 ‘ ‘
10 0.082 0.005 -0.023

20  0.085(93) 0.009(8) -0.047(64)
40 0.096(95) 0.015(15) -0.106(157)
60  0.108(95) 0.018(25) -0.194(297)
80  0.118(97)  0.019(35) -0.332(464) |
100 0.126(101) 0.020(47) -0.547(724)
Ash 017 0.11 0.07
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Abstract

The 7~p elastic scattering analyzing powers were measured using the CHAOS
spectrometer at energies below the A(1232) resonance. This work presents 7~ data at
pion kinetic energies down to 87 MeV. Remaining results are nearing completion.

INTRODUCTION

The primary goal of this experiment is to filter out, by using single energy partial wave
analysis (PWA), differential cross section (do/d§2) measurements which are inconsistent
with the A, data. At present the low energy (do/dS!) data base contains a number of
gross inconsistencies between experiments. After which, the new A, data can be combined
with the appropiate do/d§) measurements to perfrom a complete partial wave analysis
and extract low energy constants such as the chiral perturbation sigma term and the pion-
nucleon coupling strength fryn. This type of experiment is not sensitive to many of the
systematic normalization errors that occur in absolute differential cross section expriments
and, since 4, is an interference between amplitudes, it is sensitive to smaller partial waves.

In order to determine the 7N partial wave amplitudes with precision, reliable and
precise do /d€} data (which fix the larger amplitudes) must be combined with reliable and
precise Ay data (which fix the smaller amplitudes). Analyzing power results in the forward
angle (Coulomb-nuclear interference) region for 7+ p scattering, and the S-P interference
region at backward angles near 50 MeV for 7n7p scattering are_especially. useful in this
regard. With accurate 7V partial wave amplitudes, one can calculate improved values for
the 7N coupling constant, to extrapolate to threshold where the TN scattering lengths can
be obtained, and to extrapolate below threshold as well to obtain a more acurate measure
of the TN sigma term. The 7N sigma term is an explicit measure of chiral symmetry
breaking from which the strange sea quark content of the proton can be deduced.

This experiment was divided into two stages, the first stage being performed with pion
beam energies spanning the A(1232) resonance, and the second with beam energies below
the resonance, down to 50 MeV. Results of the resonance data were published by Hofman
et al,[1], and those measurements utilized both a 7+ and a 7~ beam. Unfortunatly, the
beam time available to this experiment in the the fall of 1997, was insufficient to pursue
the 7 part of the low energy measurments, and hence only 7 data was taken. The rest
of the database is dominated by the Sevior et al. resonance data[2).

As a result, in what turned out to be a very successful run, data were acquired for
incident 7~ at 51, 57, 67, 87, 98, 117, and 140 MeV. Graphite background data was also
collected. The resulting data base span the S-P interference region which is ‘centered’ at
57 MeV, 180°. Most of the beam time was devoted to the 57 MeV measurement. There the
backward angle cross sections are less than 1 pb/sr, more than 3 orders of magnitude less
than the corresponding cross sections at 140 MeV. However, it has been shown that the
greatest sensitivity to the scattering lengths is right at the S-P interference minimum, so
enough time was spent collecting data in this most difficult region to obtain approximatly
+0.08 uncertainty at the most backward angle, with uncertainties at almost all other
angles (and energies) typically #+0.02 or less.

The CHAOS spectrometer is ideal for analyzing power measurements, especially in
coincidence mode. A sophisticated programmable trigger allows us to make vertex and
kinematic cuts in hardware. The solid angle, about 10% of 4 is sufficient to investigate
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Figure. 1. Typical 77 p coincidence event at 140 MeV. The pion beam eneters through S1 and
is detected in WC1 and WC2. The rectangular bars behind the energy loss counters represent th
amount of energy deposited in the DEL and DE2 scintillators.

cross sections of the order of ub, and we take data in the full range of scattering angles.
Without this feature, the experiment would not have been practical due to the extremely
low cross sections involved and subsequent long running times associated with angle-
by-angle measurements. Also the 360° acceptance of CHAOS allowed a novel analysis
technique that exploited the self-normalizing features of analyzing power measurements,
thus avoiding the systematic errors normally associated with beam counting.

Experimental Technique

The Canadian High Acceptance Orbit Spectrometer (CHAOS){3], which consists of
tracking chambers and particle identification counters in a vertical magnetic field geome-
try, was used for all the messurements. A deidicated, spin polarized, butanol target was
employed in frozen spin mode.

A schematic diagram of the spectrometer, showing a typical 77 p coincidence event is
shown in Figure 1. The incoming beam is fully reconstructed for every event using the beam
momentum and the hits in the proportional chambers WC1 and WC2. The drift chamber
WC3 and the vector chamber WC4 are usually deadened in the in and outgoing beam
regions. Scintillator blocks DE; and DE» surrounding the W4 chamber can be used for
particle identification. Beam counting is primarily done using the segmented scintialitor
81, located approximatly 70 cm from the target.

For all incident beam. energies, the experiment was run in coincidence mode, meaning
that both the scattered pion, and the recoil proton was detected, thus suppressing all Tn
background reactions (polarized proton target consisted of butanol, CyHyOH), except for
quasi-elastic scattering processes. Kinematic cuts applied to both the detected pion and
recoil protons greatly suppress the quasi-elastic background. For the larger beam energies,
the first level trigger (1LT) was set in ‘doubles’ mode, which means two (one for the
pion, another for the proton) of the scintillating blocks surrounding WC4 had to fire. In
order to obtain data in the smallest possible scattering angles at the lowest three energies,
t+he 1LT was set in ‘singles’ mode, meaning any scattered pion could generate a 1LT. This
would have led to an overwhelming background of n scattering, were it not for innovative
changes which were made to the second level trigger (2LT). The 2LT was programmed to
reconize ‘short tracks’, i.e. protons which were observed in the correct angular region and
with the expected curvature based exclusiviey on information from only the inner two wire
chambers. Events with (recoil) protons whose trajectories stopped outside of WC2 were
not lost; if the protons failed to make it to WC3 their trajectories were determined by
WO1/2. Events with protons which made it at least to WC2 were required in the (second
Jevel) trigger, which reduced trigger rates to managable levels without having to resort
to a ‘doubles’ 1LT, which would have considerably abbreviated the measured angular
distributions at the lowest energies.
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The spin polarized target is a slab of butanol, cooled to around 60 mK and operated in
frozen spin mode. Polarizations acheived were typically between 75—80%. The lengthy po-
larization procedure consisted of inserting the target in a 2.5 T superconducting solenoid,
polarizing using micro-waves and then transfering the target to the CHAOS bore hole.
During the transfer an internal magnetic coil provides the holding field but during data
taking the CHAQS field (between .85 and 1.6 T depending on beam momentum) is used
to maintain target polarization. Polarization decay times were always in excess of 400
hours. Target polarization was measured using standard NMR techniques with a copper
coil embedded in the target. The NMR absorbtion signal from the thermal equilibrium
polarization at B=2.5 T and T=60 mK is then compared to that obtained after dynamical
polarization.

Analysis

The analyzing power can be expressed in terms of the following measurable quantities:

dol _ dot
4= St YUNT_viN
v pidgl 4 ptdel — PIYT/NT+ PTY{/N*

(1)

In this expression the usual cross section normalization quantities such as solid angle,
number of target nuclei, pion decay fraction and detection efficiencies cancel out. This
leaves the beam normalization (N 1), target polarization (P t4) and background as the
only sensitive quantities.

The 360° acceptance of CHAQS offers a rather unique and powerful way of avoiding
systematic errors due to beam normilization. The rotational symmetry inherent to the
scattering from a spin 1/2 particle polarized perpendicular to the scattering plane require
that

Ay(6) = — A, (-0) (2)

Since CHAOS measures most angles in the ‘left’ hemisphere simultaneous with this
in the ‘right’ hemisphere equation (1) can be used to introdnce a relative normalization
parameter (o = NT/Nt), which can be computed, thus elimating the need to count the
beam, and eliminating the systematic errors typically associated with beam counting.

Y1 —av+
4 = PP T oP 77 ()
where o can be computed by minimizing 2.
nf2 2 n 2
2 _ - (A0 + 4, (=6 5 (A (6) — Apwa(8y))
Xa = 2 AR T oAT—6) T = 2 AT @

where n is the total number of data points. The second expression, using some anti-
symmetric function Apw 4 (such as existing phase shift solution} is more convenient. Tt is
important to note that, when the average of the analysing powers at @ and -8 is calculated,
there is no dependance on o if the statisical error of the data at the two complementary
angles are equal. It should also be noted that the value of ¢ is independant of the anit-
symmetric function used to calculate it. Several drastically different functions have been
used, all giving the same value of & within statical error bars (=~ 1/2%). Thus, a need
only be calculated approximately. The error in it’s determination is included in the overall
statisitcal error of the final data.

Resulis

The analysis is nearing completion, and the final results are expected to be available
within the first few months of the year 2000. In Figure 2, we show results at 139 MeV and
87 MeV. As one can see, for 139 MeV, the SM95 solution (solid) follows the data much more
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closely than the KH80 predictions (dashed). At 87 MeV, the SM95 and KH80 solutions
are in closer aggrement with each other, but a look at the x2/DOF (x%pr05/DOF = .93
and X% gao/ DOF = 2.1) shows the SMO5 does indeed follow the data more acurately than
KHS80.

Fig. 2. The new analyzing powers at 139 MeV and 87 MeV n~. The solid line is |
the prediction from the SM95 solution, dashed the KHS80 solution. Horizontal axis i
represents the lab scattering angles. Error bars are statistical only.
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Abstract

We report progress made in our analyses of pion photo- and electro-production,
nlN and NN elastic scattering, and eta and kaon photoproduction. Electroproduction
and the latter two reactions are new additions to the SAID database.

Introduction

The George Washington University Data Analysis Center(formally the Virginia Tech
group) has analyzed and maintained databases for a large number of fundamenta) scatter-
ing reactions. We have most recently added kaon and eta photoproduction databases and
solutions to the telnet and internet sites. A database for pion electroproduction has also
been compiled and preliminary analyses are underway. Because this activity has recently
been transferred from Virginia Tech to the Data Analysis Center at The George Wash-
ington University, users should expect some new telnet/internet sites[1] to appear, with
others disappearing.

In the following, we will mainly concentrate on new results for NN elastic scattering
and the electromagnetic reactions. A detailed account of the 7V work is being given by a
collaborator(2] (Marcello Pavan) in a separate contribution[3] to these proceedings.

Database Changes
Nucleon-Nucleon Scattering

In our last published analysis[4] of NN elastic scattering data, the pp energy range was
extended from 1.6 GeV to 2.5 GeV, in Ty,p, based mainly on differential cross section
measurements from the EDDA collaboration at COSY[5]. Since then our NN database
has increased from 27848 (16994 pp and 10854 np) to 31290 (19897 pp and 11393 np)
points, most of these being polarization observables measured at SATURN I1j6].

Pion-Nucleon Scattering

Data at energies spanning the Delta resonance (80 — 270 MeV) have mainly come from
TRIUMF, which has produced analyzing-power data[7]. Very low-energy CXS differential
cross sections have been measured at LAMPF([8]. The overall database has increased from
21793 to 22219 points, since our last publication[9].

Pion-Photoproduction

Many of the more recent datasets have been measured at Mainz, below 800 MeV.
Preliminary data for the observable & have been received from Yerevan and GRAAL, and
the first differential cross sections from JLab are now being analyzed. These sets should
soon be available for at least preliminary fits. At present, our ‘quotable’ database has
increased from 15563 to 16729 points[10].

Kaon- and Eta-Photoproduction

The kaon- and eta-photoproduction databases have been assembled within the past
year. Many more datasets are anticipated from JLab, GRAAL, Mainz, and Bonn in the
near future. At present, the kaon ( eta )-photoproduction databases contain a sparse 453
{ 985 } points below 2 GeV.
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Pion-Electroproduction

This database was also compiled since MENU 97, and continues to be updated as
new measurements become available from JLab, Bates, Mainz, and AMPS. The present
database contains 22019 points (14341 7°p, 6788 ntn, and 890 np). About 50% of these
have come from DNPL.

Other Reactions

The ntd — pp database has increased from 4462 to 4865 points, since our last publi-
cation[11], this increase due mainly to TUCF, COSY, and TRIUMF measurements at low
energies[12], The nd elastic database has increased slightly with the addition of recent PSI
transfer polarization measurements{13].

New Analyses
Nucleon-Nucleon Scattering

We have updated the NN analysis, including the recent SATURN polarization data.
Changes to the partial-wave amplitudes were not large. We are now comparing our results
with the amplitude-reconstruction results of the Saclay group(14]. New cross section, Ay,
Ayy, Azz,and Azx data to 2.5 GeV are expected from COSY, and such measurements (if
reasonably precise) could have a significant impact on our partial-wave solutions. Further
np polarized quantities, near 200 MeV, are expected from IUCF.

As mentioned in Ref.[4], the extension to 2.5 GeV is interesting as it appears to bridge
the gap between the low and high energy regions. At the upper limit of our analysis, a
plot of do/dt versus s appears to join smoothly with the s~ behavior expected from
dimensional counting at high energy and fixed c.m. angle.

Pion-Photoproduction

Much of our recent work has concentrated on the first resonance region and problems
associated with the E2 and M1 multipole extraction. Issues associated with the data and
their influence on these quantities are now fairly well understood. Theoretical problems
associated with the resonance-background separation gtill persist within the community,
and are under investigation. Analysis of the preliminary GRAAL, Yerevan, and JLab data
presents a greater challenge, as the theoretical problems associated with the second and
third resonance regions have received far less attention.

Eta- and Kaon-photoproduction

We expect to soon have much more data in these reactions. At present, there are
insufficient data to justify a full multipole analysis gimilar to that carried out for pion-
photoproduction. For eta-photoproduction, we have encoded the Mainz multipole fit[15]
to the available cross section, X, and T data near threshold. For kaon-photoproduction,
we have encoded a simple pole-model fit similar to those of Adelseck, Bennhold and
Wright[16]. A second set of fits which simply ‘scaled’ the photoproduction result, with
appropriate kinematics, was also attempted. More sophisticated fits will be attempted
once there are sufficient data.

Pion-Electroproduction

Trial fits using a model similar to that used in pion photoproduction, and consistency
tests utilizing the recent Mainz fits[17], have been performed thus far. The current data
base is dominated by 7p production experiments, making model-independent isospin
decomposition problematic. Given the additional amplitudes and kinematic variables, this
database also appears ‘sparse’ in comparison with pion-photoproduction.
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Finite Contour Dispersion Relations and the Subthreshold Expansion
Coefficients of the 7N Invariant Amplitudes

G.C. Oades
Institute of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark

Abstract

Finite contour dispersion relations are used to calculate the subthreshold expansion
coefficients of the 7N invariant amplitudes

In[1] finite contour dispersion relations were used o determine the expansion coeflicients
of the 7IV invariant amplitudes about the subthreshold point v = 0, t = 0 using the phase
shift data available at that time. The method has the advantage of being independent of
any model of high energy behaviour and does not require any knowledge of subtraction
constants. In our present day situation it enables us to use any set of phase shift data and
easily make an extrapolation to v =0, t = 0 so as to obtain the subthreshold expansion
coefficients which can then be used to determine the xPT LEC’s or alternatively compared
with values obtained by using xPT to extrapolate from the threshold scattering lengths.

For a general crossing symmetric invariant amplitude, a finite contour fixed-¢ dispersion
relation subtracted at v = 0 can be written in the form

- P X, t) —
Sl ARANT Y 2 2
R&X(Mt)—t’ﬂ_[;hy&(vﬂukvadyr4“XFCO’=ﬂ (1)

where X is the Born stripped amplitude obtained by subtracting off the pseudovector
nucleon Born term __
X(v,t) = X(v,t) — Xpw(vs t) (2)

and where X is one of the amplitudes A AGY 10, B fu, B -}, D), D= Ju. The term
X po(P?.t) Tepresents the contribution of the finite contour in the complex-v plane from
v = vy to v = —1 used to close the contour integration. Because of the crossing symmetry
it is an even function of # and so can be expanded about v = 0 as a power series in V%
If phase shifts are available from threshold up to v = 1 then ImX(#',t) can be
reconstructed using convergent partial wave series provided ¢ is not too negative (t >
~26m2). In the case of ReX (v, t) the scattering angle is physical for vy, < v where

% —4?}41\4 T_¢) 3)

VL =

We see that vy, coincides with 24, for £ = 0 but that it moves above vy, for more negative
values of #. In the region where the scattering angle is physical ReX(v,t) can also be
constructed from convergent partial wave series and so we can calculate X po from the
expression L

V2£ m ImX(V,1)

o BT
Xro(v?,t) = ReX (1) ) Y 7R

dv'? (4)
In this way we obtain values of X pe for values of v in the range vr, < v < vy where we
choose vy to lie some way below 1. These values are then fitted by a polynomial in v?: in
practice, if vy is chosen to correspond to pygs = 750M eV /e, then the values are well fitted
by a quadratic in 2 .

T ol t) = nlt) + 2t + 2 (5)

Making & similar expansion for X (v, )

jf(v, 1) = zo(t) + .’El(ﬂﬂz + Eg(t)v4 (6)
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we then obtain

zo(t) = z(2) _ (7)
) = al+r [ P g ®)
oa(t) = )+ L [ IEXCLD )

16
Vi, v

This is repeated for a range of negative t-values and the z,,’s are then in turn fitted by
a quadratic in t

zo(t) = oo + zort + .’L‘ggtg (10}
21(t) = @10+ z1at+ 298> {11)
z2(t) = 90 +ant + xot? (12)

thus giving the final expansion coefficients of the Born stripped amplitude about v = 0,t=
0.

These calculations were made for the phase shift sets, KH80[2], SM95[3], SP98[4] and
SM99[5]. In the case of KH80 the value 14.28 was used for %[6] while in the other cases
the value 13.76[7] was used. Tables 1,2 and 3 give the expansion coefficients for the ampli-
tudes A, AC) fy, BY) /u, BO) pl+), pi-) /v calculated from these different sets of input
phases. It will be seen that the values are rather stable against changes in the phase shifts.
For comparison values calculated by J. Stakov using another method([8] are given for the
phase shift set SP98; the agreement with the finite contour values is in general very good.
Various heavy baryon chiral perturbation theory predictions of Meissner et al.[9] are also
shown. Again there is rather good agreement which is very interesting since no explicit
account of the A degrees of freedom has been taken into account in their work.

REFERENCES

1. H. Nielsen and G.C. Oades, “Low Energy %N Partial Waves, Expansions of the 7V
Invariant Amplitudes About v = 0, = 0 and the Value of the Current Algebra o
Term ,” Nucl. Phys. B72, 310 (1974).

2. G. Hohler, F. Kaiser, R. Koch and E. Pietarinen in Handbook of Pion-Nucleon Scat-
tering, Physics Data 12-1979 (Fachinformationszentrum, Karlsruhe, 1979},

3. R.A. Arndt, LL Strakovsky, R.L. Workman and M.M. Pavan, “Updated analysis of
7N elastic scattering data to 2.1 GeV: The baryon spectrum,” Phys. Rev. C52, 2120

1995).

4, £{.A. Z&rndt, LI Strakovsky, R.L. Workman and M.M. Pavan, Los Alamos preprint
nucl-th/980787.

5. Ithank Prof. R.A. Arndt for providing details of this preliminary phase shift solution.
See the SAID data base.

6. R. Koch and E. Pietarinen, “Low-Energy mN Partial wave Analysis,” Nucl. Phys.

A336, 331 (1980).

see ref.[4]

J. Stakhov, work based on SP98 presented at this symposium.

See V. Bernard, N. Kaiser and U-G. Meissner, “Pion-nucleon scattering in chiral

perturbation theory (I): Isospin- symmetric case,” Nucl. Phys. A640, 199 (1998), N.

Fettes, U-G. Meisgner and S. Steininger, hep-ph /9803266v2 and P. Biittiker and U-G.

Meissner, hep-ph /9908247 presented at this symposium.

©w



Table 1. Expansion coefficients for the A invariant amplitudes

309

KHS0 SM95 SP98 SM99 Stahov HBChPT
1444019 -1.3240.11 -1.38=0.11 -1.43=0.11 -1.30=0.01 -1.32
0.84-0.26 1.02+0.19  0.99::0.19 1.00£0.19  1.17+0.02 0.97
.0.100.06 -0.0140.08 -0.02:+0.05 -0.02:+0.05  0.02:0.01
4844020 4544008 4.58+0.08 4.59£0.08 4.57+0.03 4.49
0.024022 0.0240.10 0.03+0.10 0.04+0.10  0.03+0.01 0.07
192040.05 1.16+0.02 1164002 1.1540.02 1.20+0.20
_0.26+0.17 -8.80+0.07 -8.9240.07 -9.0640.07 -8.97=0.01 -8.73
0.4440.21 -0.3040.09 -0.38+0.09 -0.44+0.09 -0.38+0.01 -0.43
0.0040.05 0.00£0.02 -0.01£0.02 -0.02+0.02 -0.0140.01
1.0040.06 -1.2340.02 -1.2040.02 -1.1840.02 -1.18+0.01 -1.43
0.05£0.07 0.004£0.03 0.02+£003 0.02+6.03 -0.01£0.01 0.0
0325001 -0.3140.01 -0.3140.01 -0.31+0.01 -0.37::0.06

Table 2. Expansion coefficients for the B invariant amplitudes

KHS80 SM95 SP98 SM99 Stahov HBCHPT
.3.560.10 -3.4440.04 -3.42+0.04 -3.37+0.04 -3.48+0.02
0.2840.14  0.22£0.05  0.25+0.05 0.2640.05  0.1930.01 0.0
0.032£0.04 -0.00£0.01  0.00+0.01 0.01+0.01 -0.01£0.01 0.0
-1.0440.05 -0.96+0.02 -0.96:0.02 -0.97+0.02 -0.96+0.02 0.18
0.0640.06  0.08+0.02  0.08+0.02  0.07=0.02 0.10+0.01 0.0
0.310.01 -0.3020.01 -0.30::0.01 -0.30+0.01 -0.31+0.02 0.05
10.84+0.18 10.264:0.08 10.37+0.08 10.4840.08 10.45:0.01 9.99
0.26-£0.22  0.18+0.09  0.26:0.10  0.30+0.10 0.24+0.01 0.20
0.00£0.05  0.01£0.02  0.02+0.02  0.03+0.02 0.01+0.01 0.01
0.8940.05 1.0740.02 1.04+0.02  1:02:£0.02 1.01£0.01 1.06
0.100.06  -0.04=0.02 -0.06+0.02 -0.06=0.02 -0.03=0.01 0.0
0.300.01  0.2740.01  0.27=0.01 027+0.01  0.33£0.05 0.18



Table 3. Expansion coefficients for the D invariant amplitudes

KHS80
-1.4620.04
0.99+£0.06
0.010.02
1.13=0.04
0.144-0.04
0.20+0.01

1.6540.02
-0.074+0.03
0.01£0.01
-0.19£0.01
-0.0540.01
-0.04+0.01

SM95
-1.34:£0.02
1.0440.02
0.02+0.01
1.11£0.02
0.16£0.02
0.20+0.01

1.45+0.01

-0.08+0.01

0.014+0.01
-0.16£0.01
-0.03=0.01
-00.0440.01

310

SP98
-1.30+0.02
1.07-£0.02
0.6310.01
1.11=0.02
0.16+0.02
0.20+0.01

1.46-4-0.01
-0.0640.01
0.01+0.01
-0.16+£0.01
-0.04-£0.01
-0.04=0.01

SM99
-1.2620.02
1.08+0.02
0.02-40.01
1.11£0.02
0.160.02
0.20+0.01

1.434+0.01
-0.08:0.01
0.01£0.01
-0.16+0.01
-0.04+0.01
-0.0430.01

Stahov HBChPT

~-1.3040.01
1.174+0.02
0.02+0.01
1.130.01
0.2140.01
0.231:0.02

1.4740.01
-0.14+0.01
0.0140.01
-0.174+0.01
-0.0440.01
-0.04£60.01

1.45
0.036
1.19
0.08
0.235

1.80
-0.29
0.004
-0.63
0.007
0.032
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Meson Production Close to Threshold

H. Machner and J. Haidenbauer
Institut fir Kernphysik, Forschungszentrum Jiilich, D-52525 Jilich, Germany

Abstract

A short overview of experimental results on meson production close to thresh-
old is given with emphasis on the recent data from small emittance beams available
at accelerators/storage rings at TUCF Bloomington, CELSIUS Uppsala and COSY
Jiilich.

INTRODUCTION

The advent of strongly focusing synchrotrons such as the IUCF COOLER in Bloom-
ington, CELSIUS in Uppsala and COSY in Jiilich marks a new aera in the study of meson
production in the threshold region. Due to their high quality beams experiments could be
performed with unprecedented precigion and at energies being just a few MeV above the
threshold. Indeed a remarkable wealth of data has emerged from the experiments at those
sites over the past 10 years or so. In the following we will concentrate only on hadron in-
duced reactions and ignore photon and electron induced reactions although also for these
reactions beautiful new data have recently been published. In other words we will concen-
trate on strong interactions and we will restrict the discussion to only pseudoscalar mesons.
First, the vector mesons have much larger widths compared to the pseudoscalar mesons.
This makes their detection difficult on top of a large physical background of multi-pion
production events. Secondly, there seems to be a general trend that the larger the mass
the smaller the cross section, so that the generally heavier vector mesons have small pro-
duction cross sections, making them much harder to investigate than the lighter mesons.
In Fig. 1 we give an overview of total cross sections in pp interactions below 4 GeV beam
momentui.
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Open symbols denote older data taken from compilations(1,2] and references given in[3).
The full and crossed symbols denote the new data (cf. Ref.[4] for references). The largest
cross section is of course the total cross section. Around 800 MeV /¢ the elastic cross section
begins to be smaller than the total cross section because the pion threshold has opened
there. The strongest pion-production channel in the threshold region is the pp — ntd
reaction which accounts for most of the inelasticity in that momentum range. At larger
momenta it is the pp — pnrt reaction which exhausts almost all inelastic cross section.
The next threshold that opens is the pp — ppn reaction (multi-pion production is not
included in the Figure}. It is interesting to note that cross sections have been measured
down to 107 mb which is a fraction of 5 x 107° of the total cross section. Later we will
show the cross sections again on different scales in order to make different physical effects
visible.

PION PRODUCTION

The first threshold which opens in nucleon-nucleon (NN) scattering with increasing
beam energy is 70-production followed very soon by n+-production. Pion production ex-
hausts all inelasticity in this momentum range (see Fig. 1) and is therefore fundamental
for understanding the nucleon—nucleon interaction.

ppin’

° PO-SPpE

Figure 2. Total cross sections for
the NN — NN= in the differ-
ent charge channels. The mean-
ing of the data symbols is as in
previous figures. The data for the
reaction np — ppr~ are taken
from the compilation in Ref.[7].
The solid curves show the results
of the Jiilich model[8].

Indeed, the reaction pp — ppr® was also the first one to be studied with the new
facilities[5,6]. The total cross section is presented in Fig. 2 as function of 7, i. e. the
pion center of mass momentum divided by the pion mass. The new data from IUCF and
Uppsala[5,6,9] are shown as solid circles, earlier data from Refs.[1,2] as open circles. The
quality of the new data becomes clear when inspecting the error bars which are for the
new data usually smaller than the dots. Before the advent of these data, no data below
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Table 1. Normalization constant for different reactions {Eq. 1)

reaction ¢ (mb)
pp = pnrt 0.7
pp — pp7° 0.1
pp — PPN 0.2
pp — pp1y’ 0.04
pp — pAK™ | 0.04
pp — pEPKt | 0.003

820 MeV /c existed.

The differential cross sections are found to be in agreement with the assumption of
isotropic pion emission[6].

The new data for the reaction pp — ppr® close to threshold raised a lot of theoretical
questions, because the cross sections were much larger than theoretical predictions. New
reaction mechanisms seemed to be necessary in order to reproduce the data (cf., e.g.
the discussion in Sect. 4.2. in Ref.[4]). On the experimental gside it stimulated further
research, namely to search in other pion production channels whether these new reaction
mechanisms also contribute there. The next reaction of interest is then the pp — dnt
reaction. This is the pion production which - together with its time—reversed reaction -
has been studied most intensively. Surprisingly, close to threshold no data existed before
the advent of the new accelerators. Total cross sections for the pp — dn reaction are also
shown in Fig. 2. The new data from COSY and TUCF{10,12] define the sharp rise of the
cross sections from the threshold on.

In contrast to the pp — ppr® reaction, the angular distributions are not isotropic close
to threshold(11].

The third pion production reaction is the pp — pnat reaction. Its excitation curve
as function of the beam momentum close to the threshold is shown in Fig. 2. Again the
quality of the new data is impressive when the ervor bars are compared with the older
data. The excitation curve seems to rise less steeply from threshold on than the pp — dr™
reaction. Only for the reaction pn — 2p7~ new data were not available to us but are in
these proceedings[13].

COMPARISON OF DIFFERENT MESON PRODUCTION REACTIONS

It is interesting to compare the data on various meson-production reactions close to
threshold for a common kinematical variable, namely as a function of the dimensionless
em momentum of the meson, n = p},/Mp, Where p}, is the maximum possible meson
momentum. Then it becomes evident that all the reactions with three particles in the final
state can be reproduced by just a simple power law

o(n) = en®. (1)

This is demonstrated in Fig. 3 where the data are compared with Eq. 1 using p = 3.2 and
the normalization constants given in Table 1.

Surprisingly, the ' production and the associated strangeness production have the same
cross section on this 7 scale. Even more surprising is the large constant for n production
when compared to #° production. When we compare the following pairs of reactions, pna™
and ppr®, ppn and ppr, pAK™ and pEUK*, we see that in each case the cross section of
the first reaction is always much larger than for the second. It is certainly not accidental
that for each case it is always the first reaction which can proceed through an intermediate
resonance (A, N*(1535) and N*(1650)).
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o (mb)

Figure 3. Cross sections for var-
ious pp — BBm reactions with
B and m indicating baryons and
mesons, respectively are compared
with Eq. 1 employing the same ex-
ponent p = 3.2. The data and the
curves have been multiplied by the
indicated factors.

Among the reactions considered only the 5 production data show a significant deviation
from the simple power law close to threshold. As a first guess, this enhancement of the
cross section may be attributed to the 511(1535) resonance excitation. However, then a
similar phenomenon should be also visible in the strangeness channel as was argued earlier.
Thus, more probably the observed enhancement close to threshold is a hint for a strong
nN FSI. The common exponent may have its main origin in the common phase space of
the three body final state with almost similar FSI between the baryons. The exact values
of the constants ¢ depend, of course, on the 4 interval where the curves were matched to
the data. Thus, we want to stress that the values given in Table 1 are not obtained by a
x° fit, but by matching the curves to the data “guided by the eye”. The numbers are only
meant to give an impression on an order-of-magnitude level.
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The ABC Effect, the dd — aX Reaction and Charge Symmetry Breaking

A. Géardestig®
Nuclear Physics Division, Uppsale University, Box 5385, §-751 21 Uppsala, Sweden

Abstract

Two-pion production in the dd ~ aX reaction is described as two almost in-
dependent NN — dr processes, where the two final deuterons fuse to form the a
particle. With phenomenological amplitudes as input, the model reproduces all ob-
served features, including the remarkable peak structure in momentum distributions
(the ABC effect) and the strongly oscillating deuteron analyzing powers. Be exchang-
ing NN — dr for np — drw the same mechanism explains most of the high energy
continuum as due to dd —+ adn. With a similar extension the -y production is shown
to be very important as background to the charge-symmetry-breaking dd — an® re-
action.

INTRODUCTION

Consider a general reaction ab — AX, giving several particles in the final state. If we
are only able to detect one of them (A) it is still possible to extract information about the
undetected particles (X ). A common way to do 80 is to measure and plot laboratory frame
momentum distributions. Due to kinematics, the invariant mass of the undetected particles
(the missing mass, Mx) is small at the edges of the spectrum and reaches its maximal value
in the central egion. If the data reveal some kind of structure, i.e., significant deviations
from pure phase space behavior, this indicates that something peculiar and interesting is
going on.

More physics, when needed, could be obtained from spin measurements. With a polar-
ized deuteron beam or target we obtain the analyzing powers

_ o(+) + o(—) — 20(0)

o(+) ~a(-)
and Ayy = N () +0(0)

Ay = () + a{—) + o(0)

where (+ —0) are the deuteron transverse spin projections. Measurements of these provide
sensitive tests of the interferences between amplitudes.

A striking example of the usefulness of these techniques is the spectacular ABC effect,
observed in the np — dX[1], pd = 3HeX[2], and dd — aX [3,4] reactions. It is only seen
in isospin Ix = 0 channels and the features are: sharp peaks slightly above the two-pion
threshold and a broad bump at maximal Mx. ‘The phenomenon cannot be a new resonance
or particle since the peak positions and widths vary with experimental conditions, and
it cannot be due to a strong s-wave 7 interaction since that is contradicted by other
experiments and theory. Hence the other particles have to be included in any description
and we should look for the solution in the pion production mechanism. Before explaining
how this was solved for the dd — aX reaction, just a few remarks about earlier attempts.

The theoretical interest has mainly focused on the np — dX reaction because it seemed
to be the simplest. Among the various proposals made, the most promising model is the
AA model[5]. Although it does a good job at 0° it fails at larger angles. Other models
have similar problems. For pd — 3HeX there is only one model, namely the two-step
process of[6], but once again the angular distribution is poorly repro duced. Also no absolute
normalization was given. No serious model was evex proposed for dd -+ oX. In summary:
there is no really satisfactory model for the ABC effect in any reaction. A detailed review
with further references could be found in[7].

MODEL FOR dd — arw

Returning to the present, we take a closer look at the two colliding deuterons. Since they
are loosely bound we could split them and instead consider two independent NN — dm

*Tlectronic address: grdstg@tsluu.se
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processes. These reactions are dominated by the A resonance and are strongly forward-
backward peaked. We thus have two principal configurations of the final deuteron and pion
pairs: 1. If the two deuterons are taking off together, they easily form an o particle, and the
pions, going in the other direction, will have low relative momentum. This corresponds to
the situation at the sharp ABC peaks. 2. If the deuterons are moving in opposite directions
it is hard to bind them together and the pion pair, which is also back-to-back, will have a
large effective mass. This is then the central bump.

Hence, the ABC structure is a consequence of the strong angular dependence of NN —
dm in cooperation with the dd:« sticking factor. The latter will suppress the central region
compared to the sharp peaks,

These considerations are immediately transformed into the Feynman diagram of Fig. 1.
———— The deuteron split-up and the o-particle formation are

modelled by the corresponding wave functions[8], while
the NN — dr vertices are parametrized by phenomeno-
logical partial wave amplitudes[9]. The dominant partial
wave 'Dop would give vanishing analyzing powers, which
is why all the significant amplitudes were inciuded in the
calculations|7].

Fig. 1. Feynman diagram for the
dd - arn reaction.

The same mechanism could also be applied to dd — adn, where NN — dr is replaced
by np — drw. In a simpleminded approach, where the I = 0 pion pair is regarded as an
s-wave o meson with varying mass, the 47 spectra could be estimated[10]. The np — od
amplitude is extracted from data on np — dmn{l]. Another extension is to dd -+ ayy,
using phenomenological np — dvy partial wave amplitudes as input[11]. This reaction is
important as background to the charge-symmetry-breaking (CSB) dd — an’ reaction.
A positive result has been reported for CSB in this reaction only after making severe
experimental cuts[12].

RESULTS

The predictions of the angular and energy distributions of dd — amrm are compared
with dataf3] in Figs. 2 and 3. There is a remarkably good quantitative agreement. The
calculations are multiplied by scale factors that can be explained as due to distortion in
the initial and final states[7]. The deficit at high My might be attributed to production
of 37 or to simplifications in our model. In this region it is less accurate and also sensitive
to the details of the a-particle wave function.
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Fig. 2. Angular distribution of dd — arw at Fig. 3. Energy distribution of dd — axr at
1250 MeV. 9 lab = 0.3°
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The theoretical missing mass distributions of dd - adr are plotted in Fig. 4, with scale
factors of 1.3 or less[10]. This difference could be because of the neglect of contributions
from pp — dmr. The main part of these spectra is hence due to 41 production and the
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sdditional structure superposed on this could be the w meson, although the peak widths
are much larger than the stated experimental resolution.

There are also dd — arm data at lower energies[13] showing no deviation from phase
space. Here our model underestimates by a factor 20, retaining an ABC-like structure.
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Fig. 4. The missing mass distributions of dd — adw compared with data
from|[3].

As seen in Fig. 5 the tensor and slope of vector analyzing powers closely follows the
frequency and magnitude of the oscillations. Remember that it is the non-dominant ampli-
tudes that are responsible for these structures. The differences in the central region could
again be related to the uncertainty in our model for high Mx.

0.3
25
0.2
0.1 )
L o |
0 g %
& = i‘
<) 3
-0.1 \
0 3 25 L X
-0.2 g {’#
-0.3 5 -
0.4 -l { i ! ! 1 ! 1 1 1
15 1.75 2 226 25 1.5 178 2 225 25

kulab (GeV/C)
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The calculated missing mass distribution for dd — ayy at 1100 MeV is seen in Fig. 6.
At this energy a 7° signal of 1 pb/sr has been reported[12], with the experimental cuts
in mass indicated in the figure. Integrating the vy spectrum between these limits results
in 11.4 pb/sr. This value might be reduced by a factor ~ 3 because of the other cuts
(which could only be properly understood through a Monte Carlo simulation, not at our
disposal), which suggests that the 7° signal might be a misinterpretation.

At 10 MeV over the ¥ threshold in c.m. and at My = m.o, the integrated Yy Cross
section is 3.6 pb/(MeV/c?), 4,, =~ 0, and the photon angular distribution do/d€.,
(1 + bsin® )2, where b ~ 2[11]. This would be a good point for new experiments, since
Ayy(7%) = —1/2 at threshold and, of course, n° production would give isotropic photons.

CONCLUSIONS

The remarkably good quantitative agreement with the 77 data strongly suggests that
the ABC effect (at least in this reaction) is a kinematical enhancement in the production of
two independent p-wave pions. Taken together with the successful reproduction of deuteron
analyzing powers and the pleasing agreement with the 47 spectra, it seems likely that
multi-meson production in the dd — X reaction at 0.8 < T; < 2.4 GeV is dominated by
a single general two-step mechanism. The estimates of vy production could give further
support to this suggestion.

We suggest that unpolarized and polarized cross sections as well as two-body angular
distributions should be measured at low energies (T; < 0.8 GeV) for dd — onnx. This
would provide the information needed to understand the vanishing of the ABC effect at
these energies. A possible way to clarify the situation regarding CSB in dd — an® would
be the measurement of tensor analyzing power and/or photon angular distribution close
to the #° threshold.

REFERENCES

1. F. Plouin et al., “Observation of the ABC effect in the reaction n 4+ p — d + (mm)®
with a 1.88 GeV/c neutron beam,” Nucl. Phys. A302, 413 (1978).

2. A. Abashian, N.E. Booth, and K.M. Crowe, “Possible anomaly in meson production
in p + d collisions,” Phys. Rev. Lett. 5, 258 (1960). ' ' B

3. J. Banaigs et al., “A study of the inclusive reaction d+d — “He+ X, the ABC effect,
and I = 0 resonances,” Nucl. Phys. B105, 52 (1976). .

4. R. Wurzinger et al., “Study of the ABC enhancement in the dd — aX? reaction,”
Phys. Lett. 445B 423, (1999).

5. L Bar-Nir, T. Risser, and M.D. Shuster, “The ABC effect in the reaction NN — drr,”
Nucl. Phys. B87, 109 {1975).

6. J.C. Anjos, D. Levy, and A. Santoro, “A Double Nucleon Exchange Model for the
ABC Production in the pn — drn Reaction,” Nuovo Cimento 33A, 23 (1976).

7. A. Gardestig, G. Faldt, and C. Wilkin, “Structure in two-pion production in the
dd — aX reaction,” Phys. Rev. C 59, 2608 (1999).

8. M. Lacombe et al., “Parametrization of the deuteron wave function of the Paris N-N
potential,” Phys. Lett. 101B, 139 (1981); J.L. Forest et al., “Femtometer toroidal
structures in nuclei,” Phys. Rev. C 54, 646 (1996).

9. R.A. Arndt et al.,, “Analysis of the reaction nmtd — pp to 500 MeV,” Phys. Rev. C
48, 1926 (1993); http://said.phys.vt.edu/said_branch html/

10. A. Gérdestig, “Multi-pion production in the dd - aX reaction,” (in preparation).

11. D. Dobrokhotov, G. Faldt, A. Girdestig, and C. Wilkin, “Has charge symmetry break-
ing been observed in the dd — an® reaction?” Phys. Rev. Lett. (to be published).

12. L. Goldzahl et ol., “Premitre observation de la production de 7% dans la reaction
d-+d— a+ 7%” Nucl. Phys. A533, 675 (1991).

13. K.R. Chapman et al., “Observation of the reaction d+d — *He+ 27 at 1.69 GeV/e,”
Phys. Lett. 21, 465 (1966); C. Bargholtz et al., “The inclasive reaction d + d —
‘He + X 29 MeV above the 2x® threshold,” Phys. Lett. 398B, 264 (1997).



319

Summary of the Conference

D.V. Bugg
Queen Mary and Westfield College, Mile End Rd., London E1 4NS, UK

Abstract

Many important and interesting sets of new experimental data have been presented
on both photoproduction and wN scattering. The very accurate X-ray data from PSI
provide an anchor point for the 7N S-wave amplitudes at threshold. New values of the
7N coupling constant g2 /47 and the ¢ commutator are discussed. Some suggestions
are made about how to include small but essential, corrections for Coulomb effects
and the nucleon pole term into the 7 N amplitude analysis. The possibility is discussed
of hybrids in the mass range 1440-2000 MeV.

1 Introduction

This has been a most enjoyable and informative meeting, with many results which are
new to me. It is particularly gratifying to see the high quality of new data. I will try to
review presentations, but will not make references to talks appearing in these Proceedings.

The interest of the low energy regime, below 300 MeV, lies in determining the 7N
couping constant and the ¢ commutator. In the past, there have been disagreements
over data and over theoretical methods. It seems to me that the data-base for the low
energy regime up to 300 MeV is fast approaching the point where definitive conclusions
may be drawn. We have not quite reached that point. Some experimental results are still
‘preliminary’. Nonetheless, I see the end in sight concerning this question, and would like
to make some suggestions about how it may be wound up in the most definitive fashion.

At higher masgses, there are new data which improve the picture of the S1; resonance,
N*(1535) of the Particle Data Group (PDG) [1]. Above this, JLAB promises billions of
events once results from CLAS, surveyed by Dytman, have been fully analysed; there is
also the prospect of new data on neutral final states from the Crystal Ball experiment at
BNL, as reviewed by Netkens.

My summary will start with the Jowest energies and work gradually up in energy.

2 Photoproduction at MAMI

There are excellent data over the A{1230) region measuring M1 and E2 amplitudes.
Beck presented experiments measuring the angular distribution for yp — 7% in two ways,
(i) detecting the recoil proton [2,3] or (ii) both photons from the 7¥ (new data). It is a
valuable check that results agree well from these two techniques. The angular distribution
is dominated by |M1]%. Secondly, they have measured the parameter ¥ using a linearly
polarised photon beam. This measurement is dominated by Re(M1 x E2). Tt determines
accurately the small £2 amplitude, with the result

Im(E2)/Im(M1) = —(2.5 % 0.2(stat) = 0.2(syst))%. (1)

This measurement appears to resolve discrepancies between earlier less accurate determi-
nations. It requires a small D-state admixture in the A(1232), analogous to the D-state
contribution to the deuteron. The interpretation is bedevilled by the need to understand
‘background’, non-resonant contributions, i.e. t-channel exchanges. It would be of interest
to hear from theoreticians what they make of this result.

There is a second valuable result from MAMI near threshold. The cross section for yp —
7%p has been meagured across the threshold for 71 n. The cusp at this threshold is observed
clearly [4]. The data confirm nicely a prediction from Chiral Perturbation Theory. The Low
Energy Theorems without Chiral Perturbation Theory predict a threshold cross section of
—2.4 x 1073~1; Chiral perturbation theory changes the prediction to —1.16 x 10=3y~,

in close agreement with the observed value of (—1.31 £0.1) x 107371,
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3 New 7N scattering data

Over the past few years there have been several new mp polarisation measurements.
These are valuable because groups appear to be able to agree on normalisations better
than for differential cross sections. Data of Sevior et al. from TRIUMF {5] for both 7*p
elastic scattering in the mass range 98 to 263 MeV set a standard of ~ 1.5% in absolute nor-
malisation. These were followed by precise charge exchange polarisation measurements at
LAMPF [6], which are shown to be consistent with those of Sevior et al. by the VPI/GWU
phase shift analysis. '

At low energies, the CHAOS spectrometer has been used to measure polarisations
in elastic scattering from 139 MeV down to 87 MeV, and the aim is to cover also 67
and 51 MeV. ;From the Tiibingen group at PSI, competing measurements using a novel
active polarised target are reported by Meier in the energy range 99 to 45 MeV. In this
energy range, the contribution of Im(Ps3 * S31) to Pdo/dS is quite small because Ps3 is
far below resonance. The experimental groups have chosen to measure in angular ranges
where the sensitivity of P to phase shifts is large. This is the range where P33 and S-waves
interfere destructively and do/dQ is small; hence the data are really a delicate indirect
measurement of do/d) in regions where it is small. It is essential to be careful about
background rejection from events in carbon. The Tiibingen results, obtained using a high
resolution spectrometer to detect the scattered pion, indeed look very clean.

Sadler showed data from LAMPF on the differential cross section for 7=p — 7%n from
67 to 535 MeV: Isenhower presented data at low energies, 10 to 40 MeV. The low energy
data are an important check on charge independence, but require good normalisation.

The Gatchina group [7] has provided precise and extensive wtp elastic data over the
mass range 120 to 600 MeV, including measurements of R and A parameters some years
ago. Their data provide a valuable determination of the differences in mass and width
between AT and AY, as discussed below.

Friedman presented updated results on total cross sections for 7~p — 70n. It is good
to see that they now lie within 2% of the earlier data [9]. Furthermore, there is excellent
agreement for the energy scale, hence demonstrating that there is agreement within errors
on the mass of the A.

Before going on to details of how to treat these wN data, I would like to comment
on what seems to have become a tradition: namely to compare experimental results with
predictions of Hohler and Pietarinen [8], sometimes unfavourably because of disagreements.
We need to be conscious that the objective of Héhler and Pietarinen was to apply dispersion
relations, particularly at fixed ¢, over a very large range of both v and t, up to lab energies
of 2 GeV. In this work, mass and width differences of the A were ignored as a simplification,
although Koch and Pietarinen {10] did make a separate investigation of such effects. It is
now generally agreed that the S-wave scattering lengths of Hohler and Pietarinen were a
little low; also that differences in mass and width of the A between 77p and 7*p have
significant effects. I believe that these two points are responsible for most of the observed
discrepancies up to 300 MeV.

Somewhat removed from these 7V data are those shown by Sevior on («, 27) reactions
from deuterium, *2C, ©°Cq and 28 Ps. The nnT mass distribution follows phase space.
;From deuterium, the 7~ 7+ mass distribution has a dip at low mass, because of the Adler
zero. However, from nuclei, the low mass region gets filled up and indeed shows a peak
from the heaviest nuclei. This is a most intrigning result. The theorists have examined
conventional explanations such as Fermi motion and « absorption and cannot explain the
result. Does the nucleus somehow filter out high momentum pions? That seems unlikely,
since the same should happen for 7tn™ pairs. An alternative is that the Adler zero dis-
appears in nuclei, because chiral symmetry is increasingly badly broken with increase in
atomic number. That would be a spectacularly important result, if true. Further exper-
iments are important, with particular attention to absolute cross sections. It is vital to
know whether the low mass 777 region is enhanced from nuclei or whether the high
mass region is attenuated.

I hope this effect does not go the way of the d'. Evidence for this possible narrow
dibaryon in NN arose [12] in double charge exchange data from nuclei. Experimental
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searches at CELSIUS and COSY have failed to find positive evidence confirming it. Gibbs
can explain it in terms of the dip at 50 MeV in mN charge exchange; this makes the
nucleus transparent in a narrow range of pion energies around 50 MeV. Gibbs explains
the observed peaks, at least for those nuclei where the nuclear physics is under control.

4 Chiral Perturbation Theory

There are now extensive and impressive calculations of the predictions of Chiral Per-
turbation Theory in low energy N scattering and photoproduction to many orders.
Leutwyler and Gasser reviewed the ideas and results, and I do not feel competent to
comment. I will discuss below predictions for the #-commutator.

A new development is a Chiral Perturbation Theory approach to NN scattering, dis-
cussed by Meissner. It is well known that NN scattering is dominated by exchange of
7, o and p, with substantial contributions from 37 exchanges, as demonstrated by Grein
and Kroll [11]. The short-range exchanges are accomodated by contact terms, fitted em-
pirically. A nice feature is that three-body calculations can be done naturally with this
formalism. I have two wamings on points of contact with experiment. Firstly, the I = 0
NN phase shifts are not known very precisely from 25 to 150 MeV, though they are much
better known from 150 to 500 MeV, the energy range of extensive polarisation experiments
are TRIUMF and SIN. Secondly, it is really necessary to build into the calculations pro-
duction of A and the final S-wave mNN state; these are known to make large contributions
beginning at 300 MeV. Below that, dispersive contributions arising from these inelastic
channels are known to be quite significant for 1Dy, 3Py, *F3 and Py,

5 X-ray results

One of the crucial advances of the last few years has been the very precise determi-
nations of #7p and 7~ d scattering lengths, by measuring the strong interaction shifts of
X-rays from pionic atoms. These remarkable data [13,14] provide an accurate anchor point
for the scattering lengths. Leisi and collaborators [15] have evaluated electromagetic cor-
rections, which change the strong interaction shift €;5 in hydrogen by (2.1 3 0.5)%, twice
the quoted error in €15. After this correction, results for hydrogen and deuterium are:

a(r"p) = 5‘-3—1‘;;& = 0.0883 £ 0.0008; 2)

a(r~d) = —0.02610.0005:7". (3)

To first approximation, the difference between these results measures the scattering length
for mn; by charge symmetry, which is likely to be rather accurate, this gives the ntp
scattering length a3. However, the deuterium result needs correction for double scattering
in the deuteron. At present there are slight differences between the PSI group [15] and
calculations by Loiseau et al., presented at this meeting. It is important that the experts
resolve these discrepancies, even though they are small, since the 7~ d result may be the
best source of information on as. My feeling is that it should be possible to reach agreement.
However, there are subtleties, and it is important that both groups explain exactly how
the calculations are done.

Let me give two examples. Firstly, the elastic scattering amplitude is close to zero and
the main contribution to double scattering arises from charge exchange in both scatters. In
the intermediate state, it is necessary to allow for the fact that the m%n channel has larger
phase space than 7~ p, because of mass differences. Exactly how is this done, and what
is its effect? Secondly, Fermi motion of the nucleons in the deuteron plays a significant
role. It is necessary to allow for the fact that the two nucleons have equal and opposite
momenta. For the deuteron D-state component, the average Fermi momentum is ~ 150
MeV /c and the scattering from both mucleons lies well up the A. Are these effects included
and how?

Presently, results for individual scattering lengths are as given in Table 1. The value of
ay + 2a3 is consistent with zero within the errors. To first order, this is the result expected
for massless pions, but it would be interesting to know the perturbation predicted by Chiral
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Loiseau et al PSI
o+ 2a3  —6E3+£18 18+39
as —9234+22+12 -8514+28+1.2

a1 1786+19-4+06 1750+21=06
a; —as 270.9+39+1.8 260.1+£46=18

-1

Table 1. Scattering lengths in units of 10~3u

Authors Method (a1 —ag) (1)
Bagheri et al. charge exchange 0.264 £ 0.005
Duclos et al. charge exchange 0.270 £ 0.014
Spuller et al. Panofsky ratio 0.263 - 0.005

Tauscher and Schreider mesic X-rays 0.258 -+ 0.008
Carter et al. Dispersion relations  0.262 & 0.004

Table 2. Determinations of the charge exchange scattering length.

Perturbation Theory. The mean value of the charge exchange combination a1 —ag, obtained
assuming charge independence, is 0.265 p~ L. This is in agreement with experimental results
shown in Table 2. My conclusion is that there is no significant evidence for violation of
charge independence at present, although the errors leave room for a small violation.
Leutwyler estimates that isospin breaking should be of order

mg — My, M,?r
Hd ™ 7w T 0.006 4
mg + my M2 ’ 4

i.e. very small. Matsinos [16] has claimed & much larger violation of charge independence.
However, his value of a3, namely —0.076940.0026 p~1, is four standard deviations smaller
than values in Table 1, because of his selection amongst the low energy 7t p scattering data.
My belief is that experiments below 100 MeV agree quite well with phase shift analysis
for the shapes of angular distributions, but absolute normalisations require substantial
adjustment in many cases. It is necessary to reach agreement about which experiments (if
any) have the right normalisation.

6 100-300 MeV

The primary objective in the low energy region is to find g% and the o commutator. I
wish to examine critically what is required to get the most definitive determinations. The
theoretical analysis requires use of dispersion relations. Above 300 MeV, data are little
help in determing g? and X, because the content of the dispersion relations is used up
in determining the elasticity parameters. Hence the critical data lie below 300 MeV (and
indeed it should be checked that data above 300 MeV are NOT biasing the determinations
of g% and ). |

Over the peak of the A resonance, phase shifts are determined along the following lines:

oot = |Pa3|* + small corrections (5)
do/dt = A+ Bcosf+C cos? @ + small cos® @ terms (6)
B — Re(PLS)— S (7)

C/A — Re(PyPip) = P (8)
Pdo/dQ = D+ Ecosf+ Fcos® 8+ stnall terms (9)

D — Im(PLS)— 8 (10)
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E — Im(P3Pip) = Py (11
F — Im(PiD) — one D —wave combination (12)
ocp — |P- P13\2 + 831 — Slll2 — Pi3. (13)

For purposes of illustration, I have dropped terms involving squares of small quantities.
The S-waves and the small P-waves are well determined near the peak of the A resonance
by the accurate polarisation data. Sevior et al. remark that their determination is in good
agreement with the 1973 values of Carter et al. [17] from differential cross section data;
but the polarisation data reduce errors significantly. Polarisation results presented at this
meeting seem to agree well with Sevior et al. So it seems that we have a firm and agreed
determination of the 8 and small P waves over the A.

I suggest that one should now return to the ancient prescription proposed by Hamilton
and Woolcock in 1960-3 [18] and determine the precise s-dependence of the S-waves using
fixed-t dispersion relations. This analysis should join up with the anchor point at threshold
and establish the s-dependence of the S.wave explicitly from threshold to the resonance.
This should resolve discrepancies of normalisation. Of course, the result is inherent in the
VPI analysis, which imposes fixed-t dispersion relations up to 600 MeV. Nevertheless, an
independent check by Héhler’s group would be valuable. The normalisation discrepancies
are presently the major outstanding issue.

An important starting point for the whole procedure is to use the accurate total cross
gection measurements to determine | Py3|. ;From the results presented by Friedman, it
seems that there is now good agreement between his integrated cross sections, those of
Kriss et al. {19], and my old total cross sections. Those of Pedroni et al. [20] are sys-
tematically one standard deviation lower below resonance, but my judgement is that all
these data are in satisfactory agreement and should all be used. As I remarked in the
mN Newsletter [21], I do not agree with the Nijmegen group that total cross sections are
ill-defined, since they are well determined experimental quantities; it is necessary only to
be realistic in assessing errors on Coulomb corrections and Coulomb-nuclear interference.

Table 3 summarised determinations of differences in mass and width between A and
AT+ (all after correction for the offects of the Coulomb barrier). I should comment that
the earliest value for the width difference, namely 6.4 + 1.8 MeV, given by Carter et al.
[17], was too high; it was corrupted by Berkeley data at 310 MeV subsequently shown
to be wrong. The first entry of Table 1 gives the revised value. T would like to point out
that this mass difference was quite apparent at the time the actual data were being taken;
consequently many experimental checks were made on possible systematic errors.

Authors  M(A®) — M(ATT) T(AD) - T{A™Y)

(MeV) {(MeV)
Bugg 26+04 51+1.0
Koch(80) 2.3+0.3 2015
Gatchina 26404 5.1+ 1.0
Pedroni 2.7+0.3 6.6x1.0

Table 3. Mass and Width differences for the A.

Results for the mass difference agree well and are consistent with twice the mass dif-
ference between neutron and proton, suggesting that the mass difference arises between
down and up quarks. If so, masses of remaining A charge states should follow a linear
relation with charge. Data of Pedroni et al. on denterium are consistent with this. They
quote M~ — M+t + (1/34(M° — M) = 4.6+ 0.2 MeV, compared with a predicted value
of 4.3 MeV.

The heavier A has increased phase space for decay, and this accounts for much of the
observed differences in width. The phase space ig proportional to

plp) =1/ (9* + 1/R?), (14)
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where R is the radius of the centrifugal barrier and p the decay momentum in the rest
frame of the resonance. There is also an extra decay width for A® — 4n of 1.1 MeV.
Myhrer and Pilkuhn have shown [22] that these two effects predict DA% —D(A++) = 4.2
MeV; I have repeated this calculation using the value 1/R* = 0.0608 GeV? which I have
fitted in meson spectroscopy and find a similar result, 4.4 MeV.

These differences between charge states play a significant role at some energies and
angles in fitting data, and I feel it is vital to include them in partial wave analyses. The
way to include them is straightforward. The resonance amplitude may be written

F =1/ =5 - M T Ty(s)], (15

with separate values of M and T'; for each channel. After allowing for the available phase
space p; of equn. (14) for P-wave decays, the cross section for 77 p — 7%n is, for example

F'fr—p(s)rwon(s)
(M? = s} + [M X, Ti(s)]*
The s-dependence of I' may be fitted by a Layson form or some similar empirical formula.

The only complications to present analyses are (i) the phase space differences between
charge states, (ii) the mass and width differences.

(16)

aF X

7 The N coupling constant

There have been many determinations of this imporant parameter, and quite a bit of
argument. Competing determinations come from 7N scattering, from np charge exchange,
from pp Wolfenstein parameters, and from Pp — nfi. Loiseau summarised the latest values
from PANIC; I assume that convenors of the workshop session will report numerical values.

Most determinations agree now on values g2 = 13.45 to 13.84, significantly lower than
evaluations of the 1970’s of 14.28+0.18. However, the determination by the Uppsala group
from np charge exchange continues to give a high value of 14.52+ 0.13(stat) £0.15(syst) =
0.17(norm). I do not wish to provoke fresh controversy by arguing the merits of various
determinations. The crucial experimental difficulty in all the np determinations and for
Pp charge exchange lies in determining the absolute normalisation of cross sections; these
determine amplitudes squared, hence g%, Tt is important to get a precise value of g8 from
pp Wolfenstein parameters, to check charge independence with g2; preliminary results are
available from Indiana.

The mN data in the energy range up to 300 MeV should provide a very dependable
determination of the charged coupling constant g2 for 7~p — n. The nucleon pole term
contributes a strong driving term to the A(1230) resonance, which can be measured with
great accuracy. The nucleon pole lies between the physical regions for 77p scattering
and 7~ p. Hence g2 is determined by interpolation between these regions, rather than
extrapolation, as is the case in nucleon-nucleon scattering.

Pavan reviewed the latest results from the VPI/GWU group. The current value is
go /4T = 13.73. It is very stable against variations of the data-base; the statistical error
is negligible, From different data selections, Pavan estimates an error of +(0.08 — 0.10).
However, the open question is how stable this value is against systematic variations in
analysis procedures. This is where attention needs to be focussed. During the meeting,
several of us discussed these questions, and & number of well-defined points were agreed
where checks and small improvements must be made. I believe these can be made quickly
and without great effort, and I am offering a case of wine to Pavan and Arndt if they
will eliminate these niggling points of detail before the next conference! T will now discuss
these details one by one.

Firstly, the present analysis evaluates Coulomb barrier corrections assuming a point
Coulomb source. However, it is well known that the charge form factors of the proton and
pion fall exponentially with ¢, so the Coulomb source really has a Gaussian distribution
in r. What effect does this have on phase shifts and g%? I believe it may be significant.
Corrections for a Gaussian source were evaluated by myself [23] and by Tromborg et al.
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[24] in the 1970’s, so it is only a mafter of plugging into the analysis a table of these
corrections. Oades presented at the meeting a re-evaluation up to 100 MeV; the difference
hetween his new values and the old ones provides some Imeasure of the uncertainties.

Secondly, in the coupled 77 p — 797 sector, the Coulomb potential acts only within the
a—p channel. With these channels as basis states, the Conlomb perturbation is

c _ —VCO)
wo— (e 0).

Using the matrix

v )

which relates charge and isospin states, one obtains in the isospin basis

1 2 =2
v =vsveut=-3ve (25 7 )

The off-diagonal term produces an explicit violation of charge independence through an
amplitude called fi3 in the old work of the 1970s [17). This needs to be included.

Finally, VPI/GMU parametrise phase shifts with an empirical form v. energy. As a
matter of internal consistency, this form should contain explicitly the nucleon pole term.
Héhier and collaborators have studied partial wave dispersion relations in detail and have
compared results with effective range forms. Hohler and Staudenmeier [25] provide very
useful illustrations in Fig. 3 of their article in the 1995 Newsletter. They show Chew-Low
plots for partial waves Py, P31, Pia and an inverse Chew-Low plot for Pj. I suggest
following these forms in fitting phase shifts at low energies. The virtue of this procedure is
that it builds into the phase shift analysis the constraint at the nucleon pole that couplings
to Ps3, Pis, P31 and Pt should be in the ratios 2:-1:-1:-4, as pointed out by Chew and
Low [26]. One should also include the important additional contributions from ¢ and p
exchange, following Hohler and Staudenmeier.

Values of Pa3 are determined experimentally with great accuracy. However, for the
small P-waves at low energies, the constraint should filter large errors and correlations from
experimental determinations. The work can be done by using a slightly modified Chew-Low
formula as a parametrisation, fitted to the trend of the results of Hohler and Standenmeier,
or alternatively by constraining the analysis to agree closely with this parametrisation (e.g.
by a penalty function in %?). This shounld be simple and quick. I believe one can take on
trust the o and p exchange terms evaluated by Hoehler’s group, so it is not necessary
at the present point to go through a further iteration of re-evaluating the partial wave
dispersion relations. It is likewise desirable to constrain the D and F-waves to contain the
correct nucleon pole terms.

These are the essential points requiring attention. Pavan expressed the opinion that
they will not have much effect on ¢2. Maybe. But let’s try it and see; then we can be sure.

8 The GMO Sum Rule

A potentially serious issue [27] concerns Coulomb barrier corrections to the GMO sum
rule, which reads [28,29]:

ap —a3 = b.252f%+2611J (17)
1o o)
I= ] e (18)

Here k is the lab momentum, v the total lab energy of the pion and o~ = o(77p) —olatp).
In 7—p scattering, the total cross gection is systematically decreased at all energies by the
Coulomb repulsion between the particles. Conversely, in 77 p scattering, the total cross
section is systematically enhanced. It is necessary to correct for this effect. Conventionally,
the correction is applied, I believe, only over the energy range up to 500 MeV, i.e. over the
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energy range where Tromborg’s calculations are available. A further correction is needed
from 500 MeV to oo, as outlined in Ref. [27]. The resulting error is quite large compared
with the magnitude of the integral J; my belief is that it is several times the error which
is currently quoted.

My feeling is that g2 and a; — a3 are now rather well determined by the low energy data.
It is positively dangerous to use the GMO sum rule in fitting the low energy data, since
it introduces a potential bias from any errors in the integral of equn. (18) anywhere from
zero to infinity! So I recommend it should not be used in the actual phase shift analysis.

9 The o commutator

The quantity called ¥ is F? times the invariant amplitude D = A + vB at the Cheng-
Dashen point v = 0, t = 242, after subtracting the nucleon pole term. The D amplitude
may be extrapolated at fixed ¢ from the physical region to v = 0, using dispersion rela-
tions. In the region of the Mandelstam triangle, in which amplitudes are real, it may be
parametrised in terms of a magnitude dJy at ¢ = 0 and a slope dj;. Then

T = F2(df, + 2u%dd;) + Ap, (19)

where Ap is a curvature correction 11.9 4 0.6 MeV.
The Berne group has now extended chiral perturbation theory calculations to higher
orders, with the following results:

Y = 50 MeV, to order ¢° (20)
59.9 MeV, to order ¢° (21)
61.4 MeV, to order ¢* (22)

So the theoretical value expected at the Cheng-Dashen point has gone up compared with
the earlier value, equn. (20) by ~ 11 MeV. However, the experimental value has likewise
gone up. Everyone at the meeting agreed it has risen from the classical value of Hohier,
Jakob and Kroll [29], 64 & 8 MeV, by 8 MeV due to changes in the scattering lengths.
Pavan argued for a slightly larger value of 78 + 8 MeV, because of further effects. So there
is still a discrepancy between theory and experiment of 2 standard deviations.

It is sometimes argued that this indicates a stange component in the nucleon of 20%
or more. To me that seems unlikely. I have been doing experiments on pp annihilation
for many years. There, except in special situations, §s resonances like f2(1525) are not
produced strongly. If they were, we would be able to do extensive s3 spectroscopy via
Pp annihilation. Secondly, Leutwyler pointed out that strange quarks are heavier than up
and down quarks by a factor of ~ 20. If there were a large strange content in the nucleon,
much of its mass would arise from this source. That seems unlikely and inconsistent with
many results from Chiral Perturbation Theory.

Since the discrepancy between theory and experiment is only 2 standard deviations, I
suggest we should reverse the usual arguments by fizing the value of & at the theoretical
value and asking what data are responsible for the discrepancy. My guess (only a guess)
is that there may be a problem with the high partial waves, D and F, which play a
large role in the extrapolation to the Cheng-Dashen point; they may not be determined
experimentally so well as is presently believed.

I have a second related suggestion. It has been conventional to determine the D am-
plitude and its derivative F at ¢ = 0 and extrapolate them to v = 0. However, t = 0 is
at the edge of the physical region, and uncertainties in D and F waves are largest there,
particularly in the derivative. Why not evaluate D and E for a given energy v near the
centre of the physical region, where D and F waves make small contributions? If this is
done for a series of increasing values of v, one will obtain, after the extrapolation using the
fixed ¢ dispersion relations, the values of D and E at v = 0 and a series of # values. One
can then check these values for consistency and get some estimate of the systeratic error.
Stahov has followed essentially this idea by using interior dispersion relations, which are
evaluated along hyperbolic paths crossing the physical region, as well as the unphysical
region. It is noticeable that he gets a somewhat reduced value: & = 72 + 8 MeV.
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My apologies for going into detail about how to get the best out of the data; but I think
we owe it to the experimentalists who have worked so assiduously for so many years.

10 The 7N threshold region

The LAMPF experiments have now identified clearly the cusp at the nN threshold in
data on wN charge exchange. I would just like to remark that it is also required by the
old data of Binnie et al. [30] on the nN channel and the newer Crystal Ball data.

In photoproduction, yp —* 7m, Tiator et al. [31] have made precise measurements of
polarisation parameters. ;From interferences with the dominant Eg —+ N *(1535) ampli-
tude, they get precise results for small photoproduction amplitudes Pi1, D13, Dis and
Fis.

A technical remark is that I think it will be essential in analysing new data from CLAS
and Crystal Ball to parametrise the nN, wN and pN thresholds fully [32]. As an example,
if 5 resonance couples to 7N and whN, the required formula for the amplitude is

1
fo= M?2 — s —m(s) —iM[[zn + Tun(s)] (23)
Tun(s) & pu near threshold (24)
(M2 —3s) [  Tiu(s)ds’
m(s) = T fu (s —ts;(M2 — s (25)

Here p,, is the centre of mass momentum of the w; the term m(s) is a dispersive correction
to the mass, making the formula fully analytic. My suspicion is that the reason that so
many resonances cluster close to 1690 MeV is connected with the threshold for wiN and
pN. Maybe the apparent degeneracy in masses is gimply a consequence of an incomplete
parametrisation of the threshold cusps in these channels.

11 Higher Energies

Presently, there is excellent agreement between the 7N resonances quoted by the PDG
[1] and those expected from the simple quark model in SU(6) multiplets {70} 17, {56} 27,
ete. The only state which does not presently fit nicely into this scheme i3 D35 at 1930 MeV,
which is ~ 200 MeV lower than expected. That resonance needs checking, even though it
presently has 3-star status.

Isgur et al [33] point out a missing SU(6) representation, the {20}~. There are reasons
why it may couple weakly to #N. Experiments at JLAB are looking for such new states.

My own feeling is that hybrids ggqg are also to be expected, and one should look
for them. A pattern is gradually emerging in meson Spectroscopy in which the lightest
glueballs, made of two gluons, are believed to lie in the mass range 1500-1700 MeV. One
can understand this mass as representing the ‘effective’ mass of two confined gluons. One
then expects hybrids beginning in the mass range ~ 750 MeV above the nucleon and A.
The lowest excitation of the gluon is expected to be 11, hence the expected hybrids are
Pj1, Pi3, P31, P33 and Fig. It is likely they will mix with normal gqq states. Hence, one
should look for doubling of the number of poles with these gquantum numbers; that may
not be easy if the hybrids are broad.

An intriguing result from the BES group in Beijing is a large peak in J/¥ — ppm° for
pr® (or oY) masses near 1470 MeV. Since J/¥ decays are a source of gluons, this is a
hint that the lowest Pp; resonance could have a hybrid component mixed into it. So far,
however, there is no spin-parity determination of the peak at 1470 MeV. Watch this space!

The Crystal Ball group plans a programime of experiments at BNL on 7#7p — neutral
final states. I urge them to include polarisation measurements. My own experience is that
polarisation information plays a vital qualitative role in differentiating between alternative
partial wave solutions. Without such information, one is often at the mercy of ambiguities
in the analysis. Polarisation data on Kp- K 0, has also been a vital missing link in
analysis of Y* resonances for 20 years.
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12 Thanks
On behalf of those who attended the meeting, I would like to thank Andreas Badertscher

and Christine Kunz for their excellent organisation in such a pleasant and relaxing envi-
ronment. I would also like to thank many people for discussions and clarifications during
the meeting, and for their help in the difficult task of summarising so many results.

REFERENCES

Particle Data Group, Euro. Phys. J. 3 (1998) 1.

R. Beck et al., Phys. Rev. Lett. 78 (1997) 606.

R. Beck et al., Phys. Rev. C (to be published).

M. Fuchs et al., Phys. Lett. B368 (1996) 20; A. Bernstein et al., Phys. Rev. C55

(1997) 1509.

M.E. Sevior et al., Phys. Rev. C40 (1989) 2780.

C.V. Gaulard et al., Phys. Rev. C60 (1999) (024604.

V.V. Abeev and 8.P. Kruglov, 7N Newsletter 9 (1993) 101.

D.V. Bugg et al., Nucl. Phys. B26 (1971) 588,

G. Hohler, F. Kaiser, R. Koch and E. Pietarinen, Handbook of Pion-Nucleon Scatter-

ing, Physics Data 12-11 (1979).

R. Koch and E. Pietarinen, Nucl. Phys. A336 (1980) 331.

. W. Grein and P. Kroll, Nucl. Phys. A338 (1980) 332; ibid A377 (1982) 505.

. R. Bilger et al., Zeit. Phys. A343 (1992) 491; Phys. Rev. Lett. 71 (1993) 42.

. D. Sigg et al., Nucl. Phys. A609 (1996) 310.

- D. Chatellard et al,, Phys. Rev. Lett. 74 (1995) 4157; Nucl. Phys. A625 (1997) 855.

. H. J. Leisi, ETHZ-IPP PR-98-11.

. E. Matsinos, Nucl. Phys. 56 (1997) 3014.

J.R. Carter, D.V. Bugg and A.A. Carter, Nucl. Phys. B58 (1973) 378,

. J. Hamilton and W.S. Woolcock, Rev. Mod. Phys. 35 (1963) 737; Phys. Rev. 118
(1960) 291.

. B.J. Kriss et al., Phys. Rev. C59 (1999) 1480.

E. Pedroni et al., Nucl. Phys. A300 (1978) 321.

. D.V. Bugg, 7N Newsletter 12 (1997) 14.

. F. Myrher and H. Pilkuhn, Z. Phys. A276 (1976) 29; H. Pilkuhn, Nucl. Phys, B82
(1974) 365. . o N T o m T T AR

. D.V. Bugg, Nucl. Phys. B58 (1973) 397.

- B. Tromborg, S. Waldenstrom and I. Overbo, Helv. Phys. Acta, 51 (1978) 584; Phys.

Rev. D15 (1977) 725,

G. Hohler and H.M. Staudenmeier, 7N Newsletter 11 (1995) 194, Fig. 3.

. G.F. Chew and F.E. Low, Phys. Rev. 101 (1956) 1570.

. D.V. Bugg and A.A. Carter, Phys. Lett. 48B (1974) 67.

. G. Hohler and R. Strauss, Zeit. Phys. 240 (1970) 377;

. G. Héhler, H.P. Jakob and P. Kroll, Zeit. Phys. 261 (1973) 401.

. D.M. Binnie et al., Phys. Rev. D8 (1973) 2789.

. L. Tiator, G. Knéchlein and C. Bennhold, 7V Newsletter 14 (1998} 70.

. D.V. Bugg, 7N Newsletter 8 {1993) 9.

- R. Koniuk and N. Isgur, Phys. Rev. D21 (1980) 1898; S. Capstick and N. Isgur, Phys.

Rev. D34 (1986) 2809.



329

Corrigendum to
»COMMENT ON THE 7NN COUPLING CONSTANT”

N Newsletter 12 (1997) 16, by T. Ericson, B. Loiseau, J. Blomgren and
N. Olsson.

This paper contains an incorrect statement COncerning the Nijmegen anal-
ysis of NN scattering data on page 17, the middle of the second paragraph:

» Ag an example, they quote 77 free parameters at 350 MeV.” The correct
sentence should have been ” As an example [2b], they quote 116 free param-
eters (for the set of ten single energy analyses) up to 350 MeV.”, with the
reference [2b]: V.G.J. Stoks, R.A.M. Klomp, M.C.M. Rentmeester and J.J.
de Swart, Phys. Rev. C48 (1993) 792 (reference quoted ”in preparation” in
the Ref. [3], cited in our Newsletter paper). We misinterpreted in the article
[2b] the extra 77 parameters needed to go from multienergy analysis (39 pa-
rameters) to the analysis of ten single energies (116 parameters) below 350
MeV. We apologize to the Nijmegen group for this incorrect statement on
their work, which was made in good faith. This change is of no consequence
for the rest of our article and our conclusions.

In addition, we cited an unpublished Comment submitted to Phys. Rev.
Letters by the Nijmegen group expecting it to be published shortly thereafter.
This material was not available to the general public because of the PRL
editorial policy. It has since appeared in modified form in PRL 81 (1998)
5253 followed by our Reply at p. 5254, It is clear from their PRL Comment
and our Reply that the positions of the two groups are the same as in 1997
as far as the substance of the physics is concerned. The issues raised have
not found a consensus yet. We apologize for having cited their Comment
without their permission. We are not aware of other misrepresentations or
errors.
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