The Elusive Pentaquark




Renaissance of hadron spectroscopy

New mesons (1., Dsj, he, X)

Exotic baryons?!

Of course, QCD 1s correct. But we are still far from deriving observed
spectroscopy from first principles.

These new discoveries are a powerful reminder of how little we know.



(Absence of) Exotics

A mysterious aspect of QCD 1s the absence of “exotic” hadrons

Configurations with valence (=minimum) quark structure ¢g and ¢gq account

for all observed states. cein-nann 1964

p=uwud, n=udd, KT =us, K~ =as, K =ds, Ko =ds ...

Or they did till January 2003, when LEPS announced the discovery of an

S = +1 baryon resonance Z* (now called ©7), surprisingly light and narrow.

Minimal quark content of O = uudds.



Original LEPS experiment

vn — nKT K~ with carbon as the neutron target
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Sightings of ©7
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On the other hand, old kaon scattering data do not show any bump.

This gives an upper bound on the width of ©T I' < 1 Mev !

Recent searches in eTe™ data with extremely high statistics came

empty-handed
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LEPS experiment motivated by 1997 paper by Diakonov, Petrov. Polvakov,

based on collective quantization of SU(3)¢ chiral soliton model.

Remarkable prediction of ©7 resonance:

[=0,JP =17 M=1530 Mev and I’ < 15 Mev

belonging to a 10 SU(3) ¢ multiplet.



Diakonov Petrov Polyakov 1997

nK+ or pK"
uudds

Z+(1530)

N(1710)

/

=1 or K~ Slpt or DHED

ddssu uussd

(Early prediction of mass by Praszalowicz)



Baryons as solitons

Baryons interpreted as solitons of effective SU(3) chiral Lagrangian siyrme.

Witten

2
L, = l_gﬂ(aﬁ_yfaww%z

iN
SWZ = ~ 5102

Tr([0,UUT,0,UU*)+Tr(M(U+UT=2))+Swz+. ..

/ &>zt (0,UUT0,UU 0, UU T 05U U0, UUT)

Hedgehog solitons iving purely 1n 1sospin sector, topologically stable

E*L'T-?’*F(*r‘} 0

Uy = Uy o = F(0) =n, F(x) =0
| 0 1



SU(2); sector
Non-strange low-lying execitations given by rigid rotations
U(x.t) = A(t)UgA™L(¢).

with A(#) lving in SU(2);. Canonically quantizing the rotation,

1
H = Md+@2r — H = Ma + 557(J +1).

States must have I = .J. If integer, bosonic; if halt-integer, fermionic.
I'=.J =1/2: nucleons:; I =.J =3/2, A’s.
fr~VvVN,e~1/\/N — Mg ~Q ~N.

Motion is slow at large NN, excitations are ~ 1/N. This analysis is
self-consistent for I =.J =1/2,3/2,...O(N).



SU(3) rigid rotators

1 < 1 <
H=302.m " 55 2™

J=1
WZ term gives constraint on wavefunction

N
5 \/gw(fi)

Allowed SU(3) ¢ multiples must contain states with S = 0.

’I"Tg‘i;'fi?(./‘il} —

Witten, Guadagnini,Chemtob, Manohar

Multiplets depend on N = 2n + 1 and become large as N — oc.
() with J = 1/2 (the “octect)

(3,n— 1) with .J = 3/2 (the “decuplet™)
(0,n 4+ 2) with J = 1/2 (the “antidecuplet”)

iiiiii
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1 1 N2
7(P.q) (P,9)
M 11Icg+2ﬂ}(}+1)+2q) (C —J(J+1)— 12) _,

CP) = —[p +q° +3(p + q) + pq]
For “non-exotic” multiplets (2J,n +1/2 —.J) ofspin J =1/2,3/2,...

'-\‘T
A1 200

splittings are O(1/N). These are the multiplets that appear in constructing

M(J)=M

(J+1)

ordinary baryons with N quarks. manchar

However, for “exotic” multiplets like the “antidecuplet” (0,n + 2), splitting is

N
49)

= 0(1)



This O(1) splitting invalidates the semiclassical quantization of collective

coordinates in the exotic sector cohen. Ttzhaki Klebanov Ouvang LR

Many ways to see this: Born-Oppenheimer separation of scales breaks down,

width is O(1), bound state approach gives no state in the chiral limit, ...

Large N cannot be used to predict exotics.

Theilr existence 1s a dynamical question.

If exotics do exist, large N can be used to constrain their spin-flavor properties.

Jenkins Manochar



Bound State Approach

The dynamical problem can be studied 1in the Skyrme model, the simplest
truncation of the chiral Lagrangian supporting solitons.

BS approach canan Kiebanov: expand the action to quadratic order mm kaon
fluctuations around the classical hedgehog:; study the Schoedinger problem for
the kaon partial waves.

—f(;')k + 2-?'.}1(-?“):5‘; +0kL=0 0 = éﬁ?‘h(r)rg&‘ — m3 — Verr(r).

Expansion of k& 1n elgenmodes:

E(r,t) =Y (kn(r)e bl + kn(r)etay)
72 >0

with w,.w, > 0. Eigenvalue equations:
(f(r)w2 + 2X\(r)w, + O)k,, =0 (S =-1),
(F(MD2 = 2A(r)om + O)kn =0 (S = +1).



For mg — 0. find exact solution of S = —1 equation with w = 0, but no
solution to S = +1 equation. Hence the rigid rotor mode with w = N/(4Q) is
not reproduced.



Particle | J | I | L | Mass (expt) | Mass (a) | Mass (b) | Mass (c)
AlZ]0]1 1115 1048 1059 1121
X % 1|1 1190 1122 1143 1289
Elgl1|1 1385 1303 1309 1330
Al2(0]0 1405 1281 1346 1366

Table 1: Masses (in MeV) of the light S = —1 hyperons as calculated from the bound
state approach, with (a) e = 5.45, f; = fr = 129 MeV, (b) e = 4.82, f, = fr = 186
MeV, with an overall constant added to fit the N and A masses, and (c¢) the same
parameters as (a) but with the WZ term artificially decreased by a factor of 0.4. In all

cases my = (.
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Figure 1: Phase shift as a function of energy inthe L = 2, T = % 5 = —1 channel. The
energy w is measured in units of ef; (with the kaon mass subtracted, so that w =0 at
threshold), and the phase shift § is measured in radians. Here e = 5.45 and f; = 129

MeV.

Particle | J | I | L | Mass (expt) | Mass (th)
A (D) | 2]0] 2 1520 1462
Y (D) % 1| 2 1670 1613
Y (D) | 212 1775 1723
Table 2: Masses (in MeV) of the S = —1 D-wave resonances calculated from the bound

state approach, with fr = 129 MeV, ¢ = 5.45,



Figure 2: Phase shifts & as a function of energy in the S=+1. L=1,T = % channel,
for various choices of the parameter a (strength of the WZ term). The energy w is
measured in units of efy (e = 545, fr = fr = 129 MeV) and the phase shift & is
measured in radians. w = 0 corresponds to the &K' — N threshold.
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Figure 3: Phase shifts 4 as a function of energy in the S =41, L=1,T = % channel,
for various values of my. Here e = 5.45 and [, = fr = 120 MeV.



The BS approach reproduces the spectrum of non-exotic baryons, both bound

states and resonances. Mass-splittings are in good agreement with experiment.

However no S = +1 barvon 1s found unless one makes rather drastic
adjustments of the parameters (reducing the WZ to 40%. or increasing mpg to
1 GeV).



Model independent relations

If ©F does exist, it comes with SU(2) rotor excitations with I =1, J¥ = %Jr

and [ =1, J¥ = %Jr (they would lie in the 27 of SU(3)¢).

Certain model-independent relations hold:

OM (1, g} + M(1, %) — 3M(0, %) — 2(Ma — My) = 586 MeV ,

“M (2, é) + M (2, E) ~2um (0, 1) = 5(Mp — My) = 1465 MeV .
2 2 27 9 2
3 5. 5 1 3
-1"{ 2" ot -1"‘{ 21 P 1‘{ ]--_. — ] — 1{ ].-_, - ;
M(2,5) - M(2,3) 3<i (1,5) — M( 2))

Special cases of large N relations following from contracted SU (6) symmetry

Jenkins Manohar



Park Rho Min, hep-ph 0405246:
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Quark Models

“Uncorrelated” quark models doomed from the start. Simplest wavelfunction
(S-wave, P = -1), would “fall-apart” in Kn.

Need to place the quarks in a higher spatial wavefunction.

Neat way to do it motivated by “diquark”™ correlations safe wilczek

Such a model can accomodate the ©7, but it probably could not have been

used to unambiguosly predict it.



Lattice Results

Most groups see a P = —1 state.



Summary
The original chiral soliton model prediction of ©7 was largely accidental.
No model sharply predicts the ©T. Rather the opposite.

If 1t exasts, there are ways to contrive 1t, both 1 quark models and 1n soliton

models, but no good i1dea of why 1t should be so narrow.

e It it goes away, we may even take this as a success of large N 1deas combined
with a simple dynamical model (the Skyrme Lagrangian).

e If it 1s confirmed, major theoretical challenge.

Clues for/from gauge/string duality?



No Conclusions



