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baryon octet structure functions
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Cross section femtometer probe Parton in a hadron
The structure

QCD A4k > & THIE T T (%R BHiE. 3%3)E) MR
FBTFERE“GHL” . d-—u~012. s(x)# s(x) ...




BT BEBE“BHl” . d- u~012. s(x)# s(x) ZHE
P FHAS [F] B M SR AR

= BE: Thomas, Speth, Weise, Oset, Brodsky, Ma, ...

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

Z 5 EME Riska, Zou, Zhu, ...

|p>~|uud> +¢,|[ud]ud] d>+¢ |[ud][us] s > +...
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Fate of the first pentaquark predicted and observed: 1/2-

1959: KN molecule predicted by Dalitz-Tuan, PRL2, 425
1961: A(1405) > Zr 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.”



Fate of the last famous fading pentaquark 6+(1540): 1/2*
1997: Z*+(1530) predicted by Diakonov et al., ZPA359, 305
2003: 6%(1540) > K*n claimed by LEPS, PRL91, 012002

2003: s (ud)(ud) for 8(1540) by Jaffe&Wilczek, PRL91, 232003
2003: s ud)(ud) for 6(1540) by Karliner&Lipkin, PLB575, 249
2004: supported by 10 expts = 0(1540) well-established by PDG
2004: not supported by BESII, PRD70, 012004

2005: not supported by many high stats experiments

2006: removed from PDG

Note: 6+(1540) is not supported by hadronic molecule model &
chiral quark model by Huang, Zhang, Yu, Zou, PLB586(2004)69



1/2- baryon nonet with strangeness

Zou, EPJA 35 (2008) 325

« Mass pattern : quenched or unquenched ?

uds (L=1) 1/2= ~ A*(1670)
uud (L=1) 1/2- ~ N*(1535)
uds (L=1) 1/2= ~ A*(1405)
uus (L=1) 1/2= ~ X£*(1390)

~ [us]
‘ud][us
‘ud][su’
ud’
Zou et al, NPA835 (2010) 199 ; CLAS,-PRE387(2013)035206

P~

P~

P~

us]

ds

« Strange decays of N*(1535) and A*(1670) :

N*(1535) large couplings Gnsnn s Onska * Onsnn e Oneng

A*(1670) large coupling  gp«sy,

)
)
u

d
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“FY S ANHF, Z8% A[21]#EBEPCHIBES EFRIHINIE FHEBHF AN, ...”

hybrid baryon

N events

qqq baryon
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. New nucleon candidates from charmonium decays

A different approach in the search for N* states comes from BESIII with studies

of the ' — ppme. 1ass is ana and shows some of the well-
known ]H:u-\]:lli 1 states. Above 2 Ge 1 rge, isolated enhancement was found to

ent two new N* candidat

action is that it not onl
due to the short range interaction involvec :
N*p system. The suppression of higher spin states greatly simplifies partial wave
analysis.

“BESIIRFIEN*SH—ANAEEE... ZRMNOSANBMBRRE: BAMMUEEH
FALBEL2ZS, HTEEERce EKF=AEpN* ARG EH] T & BRSHIFEAE,
MR R &AL T 3 T 7
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The End of the Constituent Quark Model?

F.E. Close

Department of Theoretical Physics, University of Oxford,

Summary talk at HADRON2003 AIP Conf. Proc. 717 (2004) 919; hep-ph/0311087

We have also heard[6] how Yy decays can give novel insights into baryon resonances
in the timelike region through v — NN* or AA*. This selects 1sospin states apart from

a background due to the intermediate v — y* channel, and gives complementary infor-
mation to that from the maturing data from Jefferson Laboratory[9]. Finally we have

“YREARIRME 1 R XA IT BT BOR S BB AR A 7

20



N* observed in Jw 2> A KN

A Ne(1575)

N*(1875)

N*(1535) N*(2080)

60

PS, eff. corrected

N
O
—
=
D
=
(-
N
—
(7p]
——
-
(D)
=
Ll

" 16 1.8 2 2.2

My, ~My M, (GeVic?) ™ M(AK,) (GeV/c?)

BESII, IIMPA20 (2005) 1985 BESII, PLB659 (2008) 789




B4 A BESFLIL AR IE T N*(1535)
PL ssuud-FHETE RS N

3

= Klempt J. Richard, Rev. Mod. Phys 82 (2010) 1095:

Examples of baryons which may deserve an interpre

tation h:\u d the qu: trjl mlud ] are \\ ll-ll,-, ), which is “(;‘(U&QB)%—‘P
iound at an une \PL\ edary W mass, 3 535). a reso

nance which s observed at the g\[\\l &1 mass but with ﬁ%mﬁaﬁ%\'rém
an unusual large decay branching ratio to N», and the H—N
A\12-(1405) and A3, (1520) resonances with their low %%E%E’J !
mass and unusual splitting. A consistent (Liu and Zou, QY’%E@%%E
2006; Zou, 2008)—even though controversial !]‘-”:)L;Itlid %ﬁﬁ”ﬂﬂ:i

Zou, 2007: Sibirtsev, Haidenbauver, and MeiBner, 2

picture for these possibly crypto-exotic baryons ascribes ?%@%‘[Eﬁ B’f_‘]—-

!

1 mass pattern to a large gqqqq fraction in the bary- A
WNGIETR=gTN "

onic wave functions.
Liu, B. C., and B. S. Zou, 2006, Phys. Rev. Lett. 96, 042002 ﬂ ) eee

Liu, B. C,, and B. S. Zou, 2007, Phys. Rev. Lett. 98, 039102
Zou. B. S.. 2008, Eur. Phys. J. A 35, 325.
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|&d Selected for a Viewpoint in Physics week ending
PRL 115, 072001 (2015) PHYSICAL REVIEW LETTERS 14 AUGUST 2015

£

Observation of |/ /yp|Resonances Consistent with Pentaquark States
in _-'\g — J/wK p Decays
R. Aaij et al.” PRL 122 (2019) 222001

(LHCb Collaboration)

A

—— data
— total fi] :
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_‘.’;DO Ze D

P_ states: observation vs predictions sm E
i |
LHCb, PRL122 (2019) 222001 g JL.A__M

ol
4200 4250 4300 4350 4400 4450 4500 4550 4600
m,.., MeV]

Eﬁcﬁ Moriond QCD, Tomasz Skwarnicki, Mar 26, 2019 =
Comparison to numerical predictions

AE — binding energy

* Many theoretical predictions for Example:
22.5(*)0 pUbIlShed before 201 5’ some [igﬂggn resonances with hidden charm in coupled-channels
in quantitative agreement with the JaknWuTSHLesondBSZou  arXiv:1202.1036
LHCb data

TABLE I1I: The pole position (M — il'/2) and “binding encrgy™ (AE = E;, — M) for different

_ WU,MO“I"Ia,Oset,ZOU, PRL1 05‘ 232001 (201 0)' 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 cs4’ 01 5203 (2011), and 446218 MeV of D'Y, in VB system. The unit for the listed numbers s MeV
— Yang,Sun,He,Liu,Zhu, Chin. Phys. C36, 6 (2012), . o =
=1 A M-ilj2 AE A - ilj2 AE
— Wu,Lee,Zou, PR C85 044002 (2012), : —AE(A457) = 25443 MeV
— Karliner,Rosner, PRL 115, 122001 (2015) AE(4312) = 5818 MeV . |
1200 4318064 — 0.362i | 1.826] 4450513 - 0.417¢ | 2667
PR C85 044002 (2012) 1500 4314531 — 1.448i | 6250 4454088 — 1.662i 5.002
z 10' ez s 2000 4301115 —35.535 19.68 4438277 - 7.115i | 23.90
S 10° —A JP=3
:: 10 g .’I ] —
£ 10" B 4 | -
é . : i X 500 - - 4462178 - 0.002i | 0.002
S ’ A 43145 Mey 1 1200 - - $459.507 — 0.420i | 2673
S 103620 ‘E‘ner;yz(Ge\‘l)J 44 as 1500 - - 44540571681 8.123
2000 - - 4438039 - 7268 | 23.14

A - cut off on exchanged meson mass. AE (41 4 O) =195 tig MeV



Top highlights in strong QCD in last ten years (APS)

#1. Discovery of Zc(3900) #2. Discovery of Pc states
by BESIII & Belle by LHCb

/5= CRC110 PLs played leading role for predictions and explanations

W.Chen, H.X.Chen, X.Liu, S.L.Zhu, Phys. Rept. 639 (2016) 1 856 cites

F.K.Guo, C.Hanhart, U.Meil’ner, Q.Wang, Q.Zhao, B.S.Zou,
Rev. Mod. Phys. 90 (2018) 015004 803 cites



BESII_EAZMAYZ R

Zc(3900)* Zc(3900)° Zc(4020)* Z.c(4020)°

PRL 110,252001 (2013) PI:L 115, 11200_3_(2015) _ PRL 111,242001(2013) PRL113,212002 (2014)
W S 100 SR g
B R < Preliminary %, { 30 %
LA o LTI
o OF G-t ) p = <
g 4’ L'«. ‘q-\ 'L‘ - - §
Z 20h] H &
0 e X 4.0 ] .
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ete o5 n—atJ/y eTe~ — nOn0U/y ete— = nt—mthe ete~ — 7197%h,

Zc(3885)* Zc(3885)? Zc(4025)* Zc(4025)0
ST: PRL112, 022001(2014) PRL 115,222002(2015) PRL 112,132001 (2014) PRL115, 182002 (2015)

DT: PRD92, 092006 (2015) O omb. BKG - dota S oF -
> 7ok - F o | - DD total 6t S f 42060V 286V ¢ T—am
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b — F i B 104 i
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3 NE- G é [ 10} . + AT
mE- 20: % 20'— - A-"I__'é. .
1% . r | ok e e
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“Y(4260) ) 55 7 DL B2 5 B, Z¢(3900) =4

PHYSICAL REVIEW LETTERS

PRL 110, 252001 (2013)
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Observation of a Charged Charmoniumlike Structure in ete™ — w¥a =1/ at .

g8

;_BESIII

Events / 0.02 GeVic®
& B8 B

e}
=
T

+ Data

- MC

— Z_[3900) W}
[I] sidetrand

4 quarks

?!.2 33 34 35 3.6 3I.T 3.8 39 4 4 '|I 42
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S
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D.Y.Chen, X.Liu, Q

PRD84(2011)034032

Y (42

\Wang,C.Hanhart,Q.Zhao

PRL111(2013)132003



New Particles
Zc(3900) du cc
Z¢(4020)
Zb(10610) du bb
Zb(10650)
Pc(4312) uud cc

Pc(4440) & Pc(4457)

relevant thresholds
D*D 3880 MeV
D*D* 4020 MeV
B*B 10605 MeV
B*B* 10650 MeV
DXc 4318 MeV

D*Xc 4459 MeV

Hadron-hadron resonances ?

F.K.Guo, Hanhart, Meissner,Q.Wang,Q.Zhao,Zou, Rev.Mod.Phys.90 (2018)015004



A survey of hadronic molecules with hidden charm
X.K.Dong, F.K.Guo, B.S.Zou Progr. Phys. 41 (2021) 65

virtual ] : virtual

Dy
N []

: s p (4312)
1/2 3/2

bound virtual

||
1/2+ 3/2+ 5/2+ 7/2*




Meson-meson molecules (I=0) Baryon molecules (I=1) with ce

virtual

m (GeV)
=
AN\

=
)

—— 1 v Isovector interaction between D™ D™ from light
D vector exchange vanishes
X Kn) 1 v" Charmonia exchange could be important here:
== | J/Y, " exchange

v’ Z.(3900,4020) as D™ D* virtual states
1 v Z.5(3985) as D;D*, DD virtual state
v' 7.(4430) as D*D; virtual states




Observation of T,;+ by LHCD
Nature Phys. 18 (2022) 7, 751

%D*D ﬁ?:uﬁ%_‘ﬁ[
N.Li, Z.F.Sun, X.Liu, S.L.Zhu, PRD88(2013)114008
X.K.Dong, F.K.Guo, B.S.Zou, Commun.Theor.Phys.73(2021)125201
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A survey of heavy-heavy hadronic molecules
X.K.Dong, F.K.Guo, B.S.Zou, Commun.Theor.Phys.73(2021)125201

v Isoscalar 270"
dibaryons very likely
bound

v" T.. as an isoscalar DD* bound or virtual state,
D*D" predicted to be similar, with P = +

v Similar in P = — sector




Explaining the many threshold structures

in hadron spectrum with heavy quarks
X.K.Dong, F.K.Guo, B.S.Zou, PRL126 (2021) 152001

0.00

E [GeV]

Prediction of a narrow exotic D*¥*D, molecule with JF¢ =0-
T.Ji, X.K.Dong, F.K.Guo, B.S.Zou, PRL129 (2022) 102002

e*e > Nny,(4360) 2 nnvy

34



Hybrid, Glueball or hadronic molecules ?

Observation of n,(1855) with exotic J*¢=1-*in J\y — ynn’
BESIII Collaboration, ArXiv: 2202.00621 [hep-ex]

Interpretation of the n,(1855) as a RKl (1400)+ c.c. molecule
X.K.Dong, Y.H.Lin, B.S.Zou, SCIENCE CHINA PMA 65 (2022) 261011

Two dynamical generated a, resonances by VV interactions
Z.L.Wang, B.S.Zou, EPJC 82 (2022) 509

pp / p® molecules -> f,(1500)/ a, (1450)
K*K*(1=0,1) molecules = f,(1710) / a, (1710)

Observation of a, (1710) = K K* in D,*> KL K'n® decay
BESIII Collaboration, ArXiv: 2204.09614 [hep-ex]



A 2D \ Vs | | 1
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® all kinds of observed exotic states fit in hadronic
molecule picture well, many more to be observed

® to understand hadron spectrum, quark model
needs to be unquenched, with large hadronic
molecule components when close to some thresholds



How to proceed ?

® my favorite strategy for hadron spectroscopy:

ccuud & ceuds
- ¢cqg - qo

> sss - ggsss = €sqg - ggcsq
cqg -2 hyperons = light baryons

cc ud& cs ud = cc- qq cc > cs- ¢S qq

> cg- cq

gq =2 K mesons -2 light mesons

charm & beauty meson charm & beauty baryon



BATTXS

£

£57

S&CEPCH A
LT BIEFRINLIE

/l

V@

HAS

s B2 KA

USRI BT
K BEPCII 2 F] BEH] EicC@HIAF & super—rc

GETRAE
DR R ES T RIE IR = .

ZAE, A

£

ISR

\cﬁj‘i g

%

5a T E

Ho

37i‘ B
e S

e

AR HIETZ o

KE



Similarity for 7w, 1K and ©N s-wave scattering -2

L]
(=]
Lo
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7K (1=1/2) N (1=1/2)

.
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Important role by t-channel p exchange for all these processes

L T

p
7, K,N T, KN

1% K & TN

I=0 — 1=2 I=1/2 — 1=3/2
KF0=-2K"2,  KF2=-2K

D. Lohse, J.W. Durso, K. Holinde, J. Speth, Nucl.Phys.A516, 513 (1990)
B.S.Zou, D.V.Bugg, Phys. Rev. D50, 591 (1994)

U. -G. Meissner, “Low-energy hadron physics from effective chiral Lagrangians
with vector mesons”, Phys. Rept. 161 (1988) 213




KN(I=0) KN@I=1) KN@I=0) KN(=1)
Phase shifts: strong + weaker+ weaker—  strong —

VMD : —Vo—3V, =V,+V, V.=V, V +3V,

Similarity between ©X - KN(I=0) and 7nr - KK(I=0)

dipole structure for A(1405) € o -f,(980)

VMD — ChPT unitarized = N*(1535) as KX bound state
Kaiser et al., PLB362(1995)23




The strange magnetic moment p, and radii r,
from parity violating electron scattering

GO,HAPPEX/CEBAF, SAMPLE/MIT-Bates, A4/MAMI

HAPPEX/CEBAF, Phys.Rev.Lett. 96 (2006) 022003
GO/CEBAF,  Phys.Rev.Lett. 95 (2005) 092001
A4/MAMI,  Phys.Rev.Lett. 94 (2005) 152001

SAMPLE/MIT-Bates: Phys.Lett.B583 (2004) 79



Theory vs experiment for p,and r,

Our results

1

{

B.S.Zou, D.O.Riska, Phys. Rev. Lett. 95 (2005) 072001
C.S.An,D.O.Riska,B.S.Zou, Phys. Rev. C73 (2006) 035207




“Bag of quarks” pentaquark “Molecule” pentaquark

Flavors Particles

Up (u) Quark Antiquark Gluon
Down (d)
Charm (c)




