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1. General i1ssues on hadron structure:
how quarks & gulons contruct hadrons?

Key point for hadron structure & quark confinement
Unquenching dynamics: gluons = Qg
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Mesons: qq, tetraquarks, glueballs, gqgg-hybrids?




How about baryons?

(a) (b) (c) (d) (e)

A. gqqQ B. qqqg C. g-g° D-E. pentaquarks

Number of predicted N*: D-E>B>A>C

Number of observed N* <A, “missing” ?

Poor knowledge on baryon spectroscopy
Lack effective reliable theoretical predictions



2. Quark gluon structure of proton

Classical picture of the proton

Constituent Quarks Parton Distributions

(Q%*=0GeV?) (Q?%>1GeV?)
baryon octet structure functions
masses,magn. momenta momentum, spin

u(x) = d(x), s(x)=s(x)
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Cross section femtometer probe Parton in a hadron

The structure

QCD factorization = PDF (flavor, spin, momentum) of nucleon

proton spin “crisis” , d— U~ 0.12, s(x) % s(x), ...



Spin “crisis”, d— u~0.12, s(x)# s(x) puzzles >
two possible solutions:

Meson clouds: Thomas, Speth, Weise, Oset, Brodsky, Ma, ...

|p>~|uud>+¢g |n(udd) " ( du) >
+g, |A™ (uuu) = ( ud)> +¢& | A (uds) K* ( su)>..

diquarks: Riska, Zou, Zhu, ...

|p>~|uud> +g, | [ud][ud] d>+¢g |[ud][us] s > +...

.®.®



~30% pentaguarks in proton = more in excited baryons !

o (g ] Classic quark model:
30 excited states
o
o ?
O which one dominates?

New view:
8 Pentaquark excitation

Inject in energy dominates already for %2-

Pentaquark crucial for baryon spectroscopy and structure !



3. Pentaquark states from A(1405) = P, states

Fate of the first pentaquark predicted and observed:

1959: KN molecule predicted by Dalitz-Tuan, PRL2, 425
1961: A(1405) - Zm observed by Alston et al., PRL6, 698
1964: Quark model (uds) for A(1405)

1995: KN dynamically generated -- Kaiser et al., NPA954, 325
2001: 2 pole structure by KN-Zx -- Oller et al., PLB500, 263

PDG2010: “The clean Ac spectrum has in fact been taken to
settle the decades-long discussion about the nature of the
A(1405) —true 3-quark state or mere KN threshold effect?—
unambiguously in favor of the first interpretation.”



1/2- baryon nonet with strangeness

« Mass pattern : quenched or unquenched ?

uds (L=1) 1/2- ~
uud (L=1) 1/2- ~
uds (L=1) 1/2- ~
uus (L=1) 1/2- ~

A*(1670)
N*(1535)
A*(1405)
>*(1390)

~ [us
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Zou et al, NPA835 (2010) 199 ; CLAS, PRC87(2013)035206

« Strange decays of N*(1535) :

Jhy > pN* > p(KA)/ p(pn) > large gyexs

PDG -2 large gyny

Liu&Zou, PRL9Y6 (2006) 042002; Geng,Oset,Zou&Doring, PRC79 (2009) 025203
YP 2 pn’ & pp2ppn’ > large gy
M.Dugger et al., PRL96 (2006) 062001; Cao&Lee, PRC78(2008) 035207
T P>Nd&pp > ppd&pn—>dd > large gy«
Xie, Zou & Chiang, PRC77(2008)015206; Cao, Xie, Zou & Xu, PRC80(2009)025203

« Strange decays of A*(1670) :
narrower width (35MeV) than A*(1405)

PDG = large gy,



ssuud = ccuud

® prediction of three P.pentaquark states = J/y-p :
1 DX, molecule + 2 D*X_ molecules

J.J.Wu, R.Molina, E.Oset, B.S.Zou, PRL 105 (2010) 232001
W.L.Wang, F.Huang, Z.Y.Zhang, B.S.Zou, PRC 84 (2011) 015203
J.J.Wu, T.H.Lee, B.S.Zou, PRC 85 (2012) 044002

® 4 more broader P_states with £, 2> X.* :
1 DXZ.* molecule + 3 D*Z.* molecules

C.W.Xiao, J.Nieves, E.Oset, PRD 88 (2013) 056012
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LHCDb confirms our prediction of 3 narrow P, states

PRL 115, 072001 (2015)

| Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

week ending
14 AUGUST 2015

Observation of

J /wp

S

Resonances Consistent with Pentaquark States

in Ab“ — J/wK p Decays

R. Aaij et al.”

(LHCb Collaboration)
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A milestone for pentaquark search

12



_‘.‘;DO x:D"

P, states: observation vs predictions - =
. |
LHCb, PRL122 (2019) 222001 e m
A
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E ﬁcs Moriond QCD, Tomasg Skwarnicki, Mar 26,2019 L ’
Comparison to numerical predictions

AE — binding energy

» Many theoretical predictions for Example:
22.5(*)0 pUbIlShed before 201 5’ some :gcc;ggn resonances with hidden charm in coupled-channels
in quantitative agreement with the Jodn Wi TS HLee andB S Zou SrXiv:1202.1036
LHCb data ”

TABLE I11: The pole position (M — il'/2) and “binding encrgy™ (AE = Ey, — M) for different

_ Wu’Molina,Oset’Zou‘ PRL1 05‘ 232001 (201 O)' cut-off parameter A and spin-parity J”. The threshold E, is 4320.79 MeV of DY, In PB system
o Wang,Huang,Zhang,ZOu, PR c84’ 01 5203 (2011)’ and 446218 MeV of D'E, in VB system. The unit for the listed numbers is MeV
— Yang,Sun,He,Liu,Zhu, Chin. Phys. C36, 6 (2012), <= e
=1 A M-il)2 AE M - il/2 AE
= Wu,Lee,ZOU, PR C85 044002 (2012), - ] ] A[‘: (445 7) p— 2.5-1»1'? Mev
— Karliner,Rosner, PRL 115, 122001 (2015) AE(4312) =5 8tL0 NMeV oS '
s 'Y —6.8 - 462,178 — 0.002i | 0.002
1200 4318964 - 03621 | 1L.R26] 4459513 - 0.417¢ | 2667
PR C85 044002 (2012) 1500 4314531 — 1448 | 6.250] 4454088 — 1.662i 8.092
? 10' . 2000 4301115 -5.535 1968 4438277 - 7.115i | 23.90
s d .
_:10' o s l 650
§ : o = 00 - - 4462178 — 0.002i | 0.002
10 -
3 ' . 4:31?.5 Me\! 1 1200 - - 4450.507 — 0.420i | 2673
S W39 40 AE‘m;yr(Gec)J 44 45 1500 ; - 454057 —1681i 8123
2000 = - 4438030 - 7.268 | 23.14

A - cut off on exchanged meson mass. AE (4440) =195 tjg MeV



Multiquark states — crucial for hadron structure !

X(3872) =-> top cited paper for Belle (2003) 2375 cites
Z.(3900) -> top cited paper for BES (2012) 1047 cites
P.states -> top cited paper for LHCb (2015) 1621 cites

H.X.Chen, W.Chen, X.Liu, S.L.Zhu, Phys.Rept. 639 (2016) 1:
“The hidden-charm pentaquark and tetraquark states” 996 cites

F.K.Guo, C.Hanhart, U.Meissner, Q.Wang, Q.Zhao, B.S.Zou,
Rev.Mod.Phys. 90 (2018)015004: “Hadronic molecules” 990 cites

How about strange partners of P states ?



4. N* with hidden strangeness In various reactions
KX molecule - N*(1535) in J/y decays

N*(1€35) Jy > E)pn N*(i%) Jhy =2 p K- A
? : 200 PS, eff. corrected
+ 150 | _ o
100 L (Arbitrary normalization)
f 50
IIIIIIIIIIIIIIIIIIIIII O S 55
2o oy My,—My —M, (GeVic?)
BES, PLB510 (2001) 75 BESII, IIMPAZ20 (2005) 1985

B.C.Liu, B.S.Zou, PRL96 (2006) 042002 : N*(1535) ~ ssuud !
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KX*, K*X, K*X* molecules from charmonium decays at BES
N*(1875) N*(2080) N*(2270)
KX* ~1880 K*X ~2086 K*X* ~ 2280
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Yo > PK*A +C.C.
BESII1, PRD100(2019)052010

K*Y ~ 5(2080), K*T* ~ Z(2270)



BESIII, ArXiv: 2308.15206 [hep-ex]
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KX*, K*X, K*2* molecules from yp reactions

KZ*~1880  K*X~2086  K*I*~2280
N*(1875) N*(2080) N*(2270)

:cus B = -0.7
yvp — KTX°

= CLAS (2010)
+ CLAS (2005)
SAPHIR (2004)

5~1810 KE*~2027 K*E~2210  K*E*~ 2427
A(1/29) AGBI2Y)  AL2-3/27)  A(1/2-,3/2-5/27)

K*N ~1833 : A(1800)1/2-, A(3/2")
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Total cross sections of the reaction vp — K*TA (left) and vp — K*TX° (right)

CLAS, PRC 87(2013)065204
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J.J.Xie, B.S.Zou, H.C.Chiang, PRC77(2008)015206
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N*(1535) + N*(1900) Yo+ or N*(1875)+N*(2080)+N*(2270) ?

More data with angular distribution and
polarization information are needed !



Evidence for large gyss3ska frompp =2 p KA

Total cross section and theoretical results with
N*(1535), N*(1650), N*(1710), N*(1720)
B.C.Liu, B.S.Zou, Phys. Rev. Lett. 96 (2006) 042002

PP2PpK'A

C1E3 001 01 i
g -SDM{GE\F]

Tsushima,Sibirtsev, Thomas, PRC59 (1999) 369, without including N*(1535)




FSI vs N*(1535) contribution inpp 2 p K+ A

B.C.Liu & B.S.Zou, Phys. Rev. Lett. 98 (2007) 039102 (reply)
A.Sibirtsev et al., Phys. Rev. Lett. 98 (2007) 039101 (comment)
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Basic strangeness production processes suffer large uncertainty!

pp with E_,, ~ 5GeV at HIAF may play an important role here



Due to limitation of energy range, luminosity and detectors at COSY,
not much observations on N* with hidden strangeness from pp yet.

HIAF + CEE @ Huizhou may play a important role

pp 2 pK*A, nK*Z*, pK*Z0 KsZ*p, ppd, ppn, ppn’, ppKK-,
PNK*KSs, pAKSs 7, pAK*™n, pAK*¢, pE-K*K*, ......

- strange partners of P_. and P states

+ more reliable input for studying K production in HIC

How about pp at JPARC ?



Conclusions

® strange partners of P_states are expected to exist
® strong evidence for their existence in cc decays, yp and pp
® more experiments with higher statistics are needed
® tp@JPARC, EIC&EIcC may play a important role here:
- p > nd, KA, KE, K*A, K*Z, KZ*, ...
YO p 2> ph, KA, KZ, K**A, K*Z, KX+, ...

Thank you for your attention !
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