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Constituent Quark Models (CQM)

QCD describes hadrons as valence quarks
In a sea of gluons and g-gbar pairs.

at low E, ySB
-> quark constituent mass

hadron can be considered as a bound
state of constituent quarks.

Sakharov-Zeldovich formula:

MIZmZ-

the binding & kinetic energies “swallowed”
by the constituent quarks masses.
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Color Hyperfine (HF) interaction

« 1st correction — color hyperfine
(chromo-magnetic) interaction

M = Zm +ZVHF
z<]

VHF(QCD)ZJ —V0/1 ?)J O'

Lol -1 Jv)

mm

e A contact interaction

e Analogous to the EM hyperfine interaction —
a product of the magnetic moments.

O 0
0,0,
HF (em) _ 2 J
Vot oo u - u;=e
m,m

e In QCD, SU(3) generators take the place of
the electric charge.
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b-baryons

Constituent Quark Model:
caveat emptor

a low energy limit, phenomenological model
still awaiting derivation from QCD

far from providing a full explanation of the
hadronic spectrum, but it provides excellent
predictions for mass splittings and magnetic
moments

assumptions:
 HF interaction considered as a perturbation
« > does not change the wave function
* same masses for quarks inside mesons and baryons.
* no 3-body effects.
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i constituent quark masses

= example I:
quark mass differences from baryon mass
differences:

M, -M,

(»lx »q\({+m +V\(§ + V. +VHF
_(ﬁg&+%k{+m +N +VHF\\l =
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constituent quark masses

« example ll:
A-A )3 O O O
M . -Mg=v-——— [(O- .G")K*_(O-u'O-E)KKl//‘g(r)(W>

ﬂ’u .2’5
vy, 4v, . (w|o(r)w) m
M. —M, 4y, A A <l// 5(7”)((//> m
m m

u c
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TADBLE I - Quark mass differences from barvons and mesons

observable ” baryons LESOILS

. . J=1T=0Ampg,, [Dmyy..
quark mass difference is the same BT T m o] My | vy

sud|uud || sd | ud | sd |ud|| 177 179

in mesons and baryons R N IS RIS
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but depends on the spectator quark BB B]E.
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color hyperfine splitting in baryons

* The X (uds) baryon HF splitting:
— X*: total spin 3/2 -
u and d at relative spin — 1
— X :isospin — 1
« Symmetric under exchange of u and d
* U and d at relative spin — 1

(0, 0,) =(0,0,);

» the ‘ud’ pair does not contribute to the HF splitting

Ly LD

A A
u S<

ml/lmS

w50, )w)
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Quark mass ratio from HF splittings in mesons and baryons

(mc) _ Mzm — ME — 984 — (mc) _ MKm — MK — 28]
Ms/) Bar MEE - ME,,. Ms/ Mes MD"' - MD

M, Ma — M, M, M, — M,
( ) = = 4.36 = ( ) = = 4.46
my/ Bar Mzw — MEC My / pMes MD"‘ — MD

New type of mass relations with more heavy flavors

1 1 1 1
m2__mume |_ Mz = Ma, _ oo | m2 mume |_ (M—My)—(Mp-—Mp) _, o
1 B 1 My — My ] 1 B 1 (M,—Mz)—(Mg-—Mkx) ]
m2  m,m, /g, m2

- MyMs Jppes

b-baryons M. Karliner, NNR Edinburgh



Similar relation for bottom baryons
- prediction for 32 mass

MEb _ MAb _ (M,O _ M'?T) T (MB’*‘ T MB)
Ms — My (M, — M,) — (Mg- — Mg)

= 2.01

> M, — M,, = 194 MeV

(MK & Lipkin, hep-ph/0307243)
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Observation ol New Heavy Barvons

Observation of New Heavy Baryon EI and Z‘.l
) )

This web page summarizes the results of the search for new heavy baryons l’! and _‘.'!
? 7
based upon 1fb  of data. The results have been approved as of September 21, 2006.

£ _ :
The ratio of likelihoods of the null-hypothesis ( no X signal) and the hypothesis of
f

WES . 19 .
states is 2.6 x 10 . Using the fully reconstructed decay mode

four X
b

L )x 0 = {
pD —A T A
b b

b

) + - + -+
—A m: A —pKmn
¢ ¢

wWe meastire!

2
(stat.) & 1.7(syst.) MeV/e™

+ +2.0
* m(X ) =5808
b -2

9
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1.0
. m(.‘.‘l') = 5816+
)

+ - +1 2
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2 2
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e m(Y )=5837"
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CDF obtained the masses of the ¥; and X; from the decay ¥, — A, + 7 by measuring
the corresponding mass differences

M(%;) — M(A,) = 195.51]0 (stat.) 0.1 (syst.) MeV

M(ZF) — M(A,) = 188.013% (stat.) 0.1 (syst.) MeV

with isospin-averaged mass difference M(¥;) — M(Ap) = 192 MeV.

hep—ph,/0303243

prediction

5850 r l
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[ ]
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can rederive without assuming HF ~ 1/m_qg

a weaker assumption of same flavor dependence suffices

Vi (4:4;) . Viyp(2i))

Vi (@) Viup(2gk)

My, — My, My, —M,, My —M,

(M, — M) — (Mg — Mg)  (M,—My,)—(Mp-—Mp)  (M,—M,)—(Mg-—Mg)

0.32 = 0.33 ~ 0.325
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also prediction for spin splitting between >3, and 3.

to be compared with

iy

21 MeV

M (Z*) — M(Z)] =[22MeV

from the isospin-average of CDF measurements

M(X;7) = 583711, (stat.) & 1.7 (syst.) MeV

M(X;T) = 5829718 (stat.) & 1.7 (syst.) MeV

b-baryons
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Effective meson-baryon supersymmetry

* meson: Q gbar baryon: Q qq
e in both cases: valence quark coupled to
light quark “brown muck” color antitriplet,
either a light antiquark (S=1/2) or a light diquark (5=0,5=1)

-~ cloud of light d.o.f.

o Effective supersymmetry: 17| M (GQ;)) = 1B([qq],Q:))

* m(B) — m(nm) independent of quark flavor (u,s,c,b) !
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e need to first cancel the HF interaction contribution to meson masses:

H(K) - 3MV§ : M‘Pi

e for spin-zero diquarks:

M(N) — M(p) = M(A) - MI(K*) = M(A.) — M(D*) = M(A;) — M(B*)
323 MeV ~ 321 MeV ~ 312 MeV ~ 310 MeV
e for spin-one diquarks need to also cancel HF contribution
to baryon masses:
- 2Ms»+ + M. .
M(n) = m M pay = 2Ma T My
3 3
M(A) — M(p) = M(Z) — M(K*) = M(S.) — M(D*) = M(%y) — M(B*)

& |

517.56 MeV =~ 526.43 MeV =~ 523.95 MeV 512.45 MeV
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Magnetic moments of heavy baryons

e In A, A, and A, light ¢ coupled to spin zero|

- mag. moments determined by s,c,b moments

quark mag. moments proportional to their

chromomagnetic moments

My — M
DGG HA = —I;p : Mi — Mj = —0.61n.m. (=EXP)

My — My,
UA, = —2Lbp - Mo — My = 0.43 n.m. challenge
2 to EXP !
ME; — Mzb
HAy, — HA - My — M = —0.067n.m.
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Testing confining potentials
through meson/baryon HF splitting ratio

B. Keren-Zur, hep-ph/0703011 & Ann. Phys

« from constituent quarks model can derive:

MK* _MK _ 4 <w‘§(’z_’3w>meson
— L
MZ* -M, 3 <w‘5(ru —7 w>

baryon

* depends only on the confinement potential
and quark mass ratio

* can be used to test different confinement potentials

b-baryons M. Karliner, NNR Edinburgh



Testing confining potentials
through meson/baryon HF splitting ratio

- 3 measurements (Q = s,c,b)

» 5 potentials:
 Harmonic oscillator
Coulomb interaction
Linear potential
Linear + Coulomb
Logarithmic
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baryon/meson
HF splitting ratio

K meson HF splitting L
A A
M, . —My :4voﬂ<w‘5(rw)(l//>

mums
* The X (uds) baryon HF splitting:
)
Mz* _MZ :6v0 n: - <W‘5(FMSXW>
 Using the relation: (ﬁuf) u izw'/lu)
u 77s Jmeson u s Jbaryon

MK* _MK :ﬂ <W‘§(Vusxw>
Mz* _MZ 3<l//‘5(rus)(w>

meson

baryon
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baryon/meson HF splitting ratio

MK* _MK i <W‘5(rusxl//>mes0n
M.—-M; 3

)y

 similar quark content, so can
cancel out the HF coupling constant (v,).

 confinement potential coupling constant
and quark mass scale also cancel out

* depends only on the shape of the potential
and the ratio of the quark masses.

b-baryons M. Karliner, NNR Edinburgh



Hyperfine splitting ratio from potential
models vs experiment

b
5 |
- 4 Cornell
5‘] : (0.2<K<0.5)
v ST) T . Cornel
<] ! (K=0.28)
——HO
------- Coulomb
11 1 |—-—-Linear
— Logarithmic
0 . . , . Experimental
0 5 10 15 Data
mgf‘m ,]
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hyperfine splitting ratio from potential

models vs experiment

Ap/Ay | Ap/A;s | Ag/As
M?’/M1 1.33 4.75 14
EXP 2.08 £ 0.01 2.18+0.08 | 2.15+0.20
Harmonic 1.65 1.62 1.59
Coulomb 5.07+0.08 5.62+0.02 5.75+0.01
Linear 1.88+0.06 1.88+0.08 1.86+0.09
Cornell 2.10£0.05 2.16x0.07 2.17+0.08
(K=0.28)
Log 2.38+0.02 | 243 +£0.02 | 243 +£0.01

b-baryons
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Predicting the mass of =, baryons

E.Q : Qsd or Qsu. (sd), (sd) in spin-0

> = o Mass given by

3V{0(7s
Zg = Mg + Mg+ My, <( »
MMy M

Can obtain (bsd) mass from (csd) + shift in HF:

= =t o m) — o (s~ G,

Mg Mg

b-baryons M. Karliner, NNR Edinburgh



several options for obtaining my — M. from data:

my —m. =N, — A, =3333.2+1.2 MeV

(223‘+Eb+m 2%F + T, + A,
mp — M = 4 — 4

) = 33304 +1.8
MeV

e The Q(qu) baryons contain an s quark

* Q mass differences depend on the spectator

o optimal estimate from mesons which contain both s and Q:

(33; +B, 3D*+D,
my — My =— —

=33246+14
1 1 ) MeV

b-baryons M. Karliner, NNR Edinburgh



Summary of E, mass predictions

mpy — Me = Ap — A, 2y — 2 B, — D,
Eq. (6) Eq. (7) eq. (8)

No HF correction 5803 +£2 580042 5794 + 2

Linear 5801 £ 11 5798+ 11 5792411

Coulomb STr8+2 H776+2 5770 £ 2

Cornell 5799+ 7 H796+7 H7T90 L7

b-baryons M. Karliner, NNR Edinburgh



Predictions for masses of =; baryons

be A

Marek Karliner”, Boaz Keren-Zur®, Harrv J. Lipkin®™®”“, and Jonathan L. Rosner
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Raymond and Beverly Saclier Faculty of Evact Sciences
Tel Avie University, Tel Aviv 69978, Israel
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007
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¢ High Energy Physics Division, Argonne National Laboratory
Argonne, IL 60439-4815. USA

4 Enrico Fermi Institute and Department of Physics
University of Chicago. 5640 S. Ellis Avenue, Chicago, IL 60637, USA

ABSTRACT

The recent observation bv CDF of Eg: (vud and ddb) barvons within 2 NeV
of the predicted X, — Ay splitting has provided strong confirmation for the
theoretical approach based on modeling the color hyvperfine interaction.
We now apply this approach to predict the masses of the =, family of
barvons with quark content usb and dsb — the ground state =y at 5790
to 5300 MeV, and the excited states Zj and Z;. The main source of
uncertainty is the method used to estimate the mass difference my — m,
from known hadrons. We verify that corrections due to the details of the
interquark potential and to =y =} mixing are small.

vl [hep-ph| 14 Jun

1rxiv:0706.2163
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- } r week endi
PRL 99, 052002 (2007) PHYSICAL REVIEW LETTERS 3 AUGUST 2007

Observation and Mass Measurement of the Baryon =

(CDF Collaboration)

We report the observation and measurement of the mass of the bottom, strange baryon Z; through the
decay chain 2, — J/YyE~, where J/ — pwru . 27— Amw~,and A — pz. A signal is observed
whose probability of arising from a background fluctuation is 6.6 X 107!, or 7.7 Gaussian standard
deviations. The Z; mass is measured to be 5792.9 * 2.5(stat) =1.7(syst) MeV/c>.

b-baryons M. Karliner, NNR Edinburgh




hhima 15 DNN7T

Eb masses

he

! !
=, Mass Comparison

Theory
prediction

[MJenkins

PRD54,4515

Karliner et al

hep-ph/0706.2163

1
.80

|
5.82

5.84

m(Z;) [GeV/c’]
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=/, =, mass prediction

: bsd with (sd) in S=1; total spin = 1/2

‘—‘f

D

: bsd with (sd) in S=1; total spin = 3/2

—b

spin-averaged mass of these two states

2—* + = o v{0(r
_mq+m3+mu+ <(u3)>
3 My Mg
so that
2= + =, 250+ = 2=x 4+ = — 3=, [((0(Tus))s,
3 = 3 + (ﬂlb - m*c) + 19 ((5(?,“3»5‘: —1

b-baryons M. Karliner, NNR Edinburgh



—p, =, mass prediction

(‘2:/} —‘b /)

my — My = ANy — A, 2Xp—2., B.—D,
Eq. (6) Eq. (7) Eq. (8)

No HF correction 5H956+3 5954+ 3 5948+ 3

Linear 5957 =4 5954 + 4 5948 + 4
Coulomb 5065 +3 596243 5H956 £+ 3
Cornell NOO&8 +3 5955 4+3 5949 + 3

difference between the spin averaged mass

(225 + =)/3 and = is roughly 150 — 160 MeV.

b-baryons M. Karliner, NNR Edinburgh




=, =, mass prediction

J—l* J—lf

¢ =, — =, mass difference more difficult to predict

o= 31,((5(%» N <5(rw)>)

e small due to the large my: =
MM Ty,

—q

%k =

=b — —p
using
No HF correction 24+ 2
8 b
Linear 28 + 6 — = 1.5 4+ 0.1, - = 2.95 + 0.2.
Coulomb 36 +7
Cornell 29+ 6

b-baryons M. Karliner, NNR Edinburgh



Predictions for other bottom baryons

with B.Keren-Zur, H.J. Lipkin and J.L. Rosner

(), mass predicti0n|

205 + 207 + Q.
' 3 = '3 + (my — me)
20 +Q, 3B+ B, 3D'+ D,

= 6068.6 £ 2.6 MeV

wavefunction correction|as +2 MeV |

HF splitting: my, /M. taken to be 3.0+£0.5]]
= = (U — Q)< = 23.6+4.0 MeV
myp

b-baryons M. Karliner, NNR Edinburgh



(), mass prediction|

This gives the following mass predictions: |

Q, =6052.1+5.6 MeV  Q, =6082.8 £5.6 MeV

Wavefunction corrections give a factor of 1.28, and a splitting of 30 £ 6 MeV.

Work in progress:

e =, isospin splitting

e \;, and =, orbital excitations
e =, (bcu)

e =, (ccu)

b-baryons M. Karliner, NNR Edinburgh



week ending

PRL 101, 232002 (2008) PHYSICAL REVIEW LETTERS 5 DECEMBER 2008

Observation of the Doubly Strange b Baryon €2,

DO Collaboration

We report the observation of the doubly strange b baryon (), in the decay channel }, — J/4Q ™,
with J/i — " pu™ and Q™ — AK™ — (p7~ )K", in pp collisions at \/s = 1.96 TeV. Using approxi-
mately 1.3 fb~! of data collected with the DO detector at the Fermilab Tevatron Collider, we observe
17.8 = 4.9(stat) = 0.8(syst) ), signal events at a mass of 6. 165 + 0.010(stat) = 0.013(syst) ('ml The
significance of the observed signal is 5.4, corresponding to a probability of 6.7 X 1078 of it arising from

a background fluctuation.

b-baryons M. Karliner, NNR Edinburgh



(), mass prediction|

This gives the following mass predictions: |

Q, =6052.1+5.6 MeV  Q, =6082.8 £5.6 MeV

Wavefunction corrections give a factor of 1.28, and a splitting of 30 &= 6 MeV.
"DO: Q b=6165 +/- 10 (stat) +/- 13(syst.)
Work in progress: either wrong or we don’t understand something”
M.K. @DIS’'09
e =, isospin splitting
e \;, and =, orbital excitations
e = (bcu)

e =, (ccu)

b-baryons M. Karliner, NNR Edinburgh
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arxiv:0905.

Observation of the (), Baryon and Measurement of the Properties of the =, and 2,

Baryons

CDF Collaboration

We report the observation of the bottom, doubly-strange baryon €2;° through the decay chain
Q, — J/YQ~ . where J/1 — Wt Q7 — AK T, and A — pr ., using 4.2 fb™! of data from
pp collisions at /s = 1.96 TeV, and recorded with the Collider Detector at Fermilab. A signal is
observed whose probability of arising from a background fluctuation is 4.0 x 107%, or 5.5 Gaus-
sian standard deviations. The €2, mass is measured to be 6054.4 + 6.8(stat.) £+ 0.9(syst.)
MeV /c?. The lifetime of the €, baryon is measured to be 1.13%035 (stat.) & 0.02(syst.) ps. In
addition, for the =, baryon we measure a mass of 5790.9 £ 2.6(stat.) £ 0.8(syst.) MeV/c? and
a lifetime of 1.5670 27 (stat.) £ 0.02(syst.) ps. Under the assumption that the =, and €, are
o(2, )B(E, —J/¢E7)

c(ADBAT—T/4A)

ed with simile inematic distributions v A} b . we fi
roduced with similar kinematic distributions to the Ay baryon. we find

0.167T0937 (stat.) + 0.012(syst.) and “ﬁ{é?ﬁ?&:ﬁﬁ? 004570917 (stat.) + 0.004(syst.) for

baryons produced with transverse momentum in the range of 6 — 20 GeV/c.

b-baryons M. Karliner, NNR Edinburgh



Measured and Predicted Masses
for the Z,” and Q.

5% Jenkins (PRD 77,034012(2008))
i Lewis et al, (PRD 79,014502(2009))
722 Karliner et al, (Ann. Phys. 324,2(2008))
N Systematic Uncertainties

- & CDF
AN DO — PRL 99, 052001

llllllllllllllllll

5.7 58.72 3.74 5.76 5.78 58 582 584 5.80 588 5.9

Q - _a— CDF
b DO — PRL 101, 232002 sy

_/15?_||11||11|1||l|11|||_||||||1|||
6 6.02 6.04 6.06 6.08 6.1 6.12 6.14 6.16 6.18 6.2
GeV/c?

b-baryons

Fermilab Seminar — May, 2009



b—baryons spectrum — TH predictions vs EXP

M(B)-M(A,) y
(MeV) '
400 r .
300 | .
200 | - |
. ;
100t .
[ TH: o 194 174.8+5.2 431.9+5.8
| EXP: 192+2.3 170.7+3.2 434.2+17.0
0 -
Ly = Qp
TH: M. Karliner, B. Keren—Zur, H.J. Lipkin and J.L. Rosner qu qu SSb

Ann. Phys. 324(2008)2, arXiv:0804.1575 [hep—ph]



Table 10: Comparison of predictions for & baryons with those of some other recent
approaches [6, 10, 11] and with experiment. Masses quoted are isospin averages unless
otherwise noted. Our predictions are those based on the Cornell potential.

Value in MeV

Cuantity Refs. [6] Ref [10]  Ref [11] This work  Experiment
M{A) 5622 5612 [nput Input 5619.7£1.7
M) 5805 5833 [nput h811.542
ML) nsa4 tatite: [nput HR32. 742

M{ER) — M%) 29 25 [nput 20.040.3 21.2+22
M(Z;) 5812 K806 [nput  5790-5800  5792.943.0°
M(Z;) BOAT H970= 5929.7+4.4 593045

AM (%) 6.4+1.6

M(=5) ROG3 RO80*  5050.3+4.2 5050944
M=) — M=) 26 10= 20.6£1.9 2946

M) GU65 GOS1 6039.1+5.3 6052.14+5.6

M) =S G102 GOR8. 9451 6082.8+£5.6
M) — M(Q) 23 21 198431  30.7£1.3

M (Ajjy/q) 5030 5939 5020 2

M{ A ) 5047 5941 5940 4 2

M(Ej)y ) 6119 6090 6106 & 4

M () 6130 6093 6115 +4

¢Value with configuration mixing taken into account; slightly higher without mixing.
ECDF [13] value of M(Z;).
e M(state with d quark) — M {state with u quark).

b-baryons
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Recent data from Belle:
anomalously large (2 orders of mag.)

Y(55) — T(1S)ntn—
Y(55) — Y(2S) ntm—
0802.0649 [hep-ph], Lipkin & M.K.:

might be mediated by bbud - tetraquark
below BB threshold:

T(mS) — CZ%W'_" — T(nS)wTn

analogous to Z(4430)? Seen in /7= but not in J/+n*



® E and p conservation in Y(5S) > Y(MS)nm:
plotof M_Inv[Y(mS)x]*2 vs. E = linear
modulo Y(5S), Y(mS) width

® Look for peaks in M_inv of Y(mMS)r
® Isospin:

Y(mMS)n+ vs. - = Y(MS)n- vs. n+

modulo statistics

b-baryons M. Karliner, NNR Edinburgh



Unique signal for bbgg and bbg
double bottom baryons and bb tetratgaurks

*b>ccs 2y s

so bbg-=>J/wl/w(ssq) = J/yw J/y =
similarly bbgq = J/w J/w (ssaq) = J/w J/w KK

and bbgqg

With all final state hadrons coming from the same vertex

Unique signature but v. low rate - is there enough data?

b-baryons M. Karliner, NNR Edinburgh



Open questions

® need to understand the XYZ states in the charm sector
and their counterparts in the bottom sector

® replacing charmed quark by bottom quark makes
the binding stronger

® excellent challenge for EXP and TH
® general question of exotics in QCD

® ccu, ccd and bbu, bbd:
SELEX ccq data - isospin breaking much too large?

b-baryons M. Karliner, NNR Edinburgh



Summary
e Consitituent quark model with color HF interaction

gives highly accurate predictions for heavy baryon masses
e a challenge for theory: derivation from QCD
e constituent quark masses depend on the spectator quarks
o My, — My, =194 MeV vs 192 in EXP (CDF)
o M(Xy) — M(Xs) =22 MeV vs 21 MeV in EXP (CDF)
o /A, _Ill,i.‘_))n.m.‘ (tn, =—0.067 n.m.
e meson-baryon effective supersymmetry
e meson/baryon HF splitting confirms Cornell potential
0 Eb, Qb mass predictions: better than 3 MeV
e puzzle in Y(5S) decays: bbud “candidates?
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Karliner & Lipkin, arXiv:0802.0649 [hep-ph]
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S.-K. Choi, S.L. Olsen et al., PRL '08
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