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I. Importance of strong interaction physics

1) Hadron & Nuclei — 2 basic levels of matter structures
« QGravity Universe, heavenly bodies > 102 m
 EM interaction molecular, atomic structure > 1019 m
 Strong interaction nuclear, hadron structure 10-1°~10-14m

« Weak interaction quark, lepton transitions < 102! m

Hadrons - the smallest objects with internal structure observed

2) strong interaction physics also plays important role
for elementary particle physics & universe evolution

hadrons, nuclei ~ 99% visible matter
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3) origin of mass: ~ 1% from Higgs mechanism
~99% from strong interaction

C.D. Roberts, Prog. Part. Nucl. Phys. 61 (2008) 50-65

Rapid acquisition of mass is
__ gffect of gluon cloud
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I1. Brief history of strong interaction
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%K Enrico Fermi (1901-1953)
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T decay (N°LO) Hu-
low Q3 cont. (N°LO) F=—
DIS jets (NLO)

Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO-+res) =
pp/pp (ets NLO) e

David Gross, Frank Wilczek & T\ o
David Politzer
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cc +QCD > BB QCDHE M % 7. s 7Y

(Cornell potential)

E.Eichten et al., PRL 34 (1975) 369

Vsp(r) = Vis(r)(L - (Sq + 5g)) + Vss(r)(Sq - Sg)
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II1. General view on frontiers of nuclear & hadron physics

3 major fields:

hadron structure nuclear chart R | =t The Phases of QCD
"é UE LHC Experiments
aé. Full-energy RHIC experiments
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1) nuclear astro-physics
Cross applications : 2) test of SM in nuclear physics
3) nuclear technologies



Hadron structure:
how quarks & gulons contruct hadrons?

Unquenched dynamics: gluons > qq
crucial for quark confinement & hadron structure

Mesons: (_1q, tetraquarks, glueballs, aqg-hybrids?

©O) e



How about baryons?

A. qqq B. qqqg C. 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



Two major methods for exploring baryon structure

1) lepton-proton scattering = parton distribution of proton

Problem: v, g, qq transition,
intrinsic or extrinsic ?

p

2) hadrons, leptons, y collisions = hadron spectroscopy

Atomic spectroscopy -2 Atomic Quantum Theory

Nuclear spectroscopy => Shell Model &
Collective motion Model

Hadron spectroscopy =2 ?
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Research highlights

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

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

CRC110 PLs played leading role for predictions and explanations

W.Chen, H.X.Chen, X.Liu, S.L.Zhu, Phys. Rept. 639 (2016) 1 1250 cites

F.K.Guo, C.Hanhart, U.Meilsner, Q.Wang, Q.Zhao, B.S.Zou,
Rev. Mod. Phys. 90 (2018) 015004 1369 cites



P, states: observation vs predictions - —me ],
.
LHCb, PRL122 (2019) 222001 F o e

m,,., (MeV]
%wwm 2 —_—
Comparison to numerical predictions

AE — binding energy

* Many theoretical predictions for Example:
~ . N le £33 C 2 ith hidde harm i led-chz o<
Zg.D(*)O publlshed before 201 5, some ucleon resonances with niadaen charm in coupleda-channeils

models

in quantitative agreement with the gy e SO
LHCb data

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

— Wu,Molina,Oset,Zou, PRL105, 232001 (2010), cut-off parameter A and spin-parity J”. The threshold Eiy, s 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), o =
2= g M-il/2 AE M - il)2 AE
— Wu,Lee,Zou, PR C85 044002 (2012 = -
— e w o AE(4457) = 2.5743 MeV
— Karliner,Rosner, PRL 115, 122001 (2015) AE(4312) :x5,8~628 MeV P —
1200 43183064 - 0362 | 1LR26] 4450513 - 0.417¢ | 2667
PR C85 044002 (2012) 1500 4314531 — 1.448i | 6.250] 4454088 — 1.662i 8.002
é e Cut off = 1.5 GeV 2000 43011155835 1968 4438277 - 7.115i | 23.90
:" 10° F ; ) 1 JF *"
a p ’
£ 10 B g | 650
§ 10 7 . - S00 = - $462.178 — 0,002 | 0.002
.§. ‘ 4314.5 MeV 1 1200 = = 4459.507 — 0.420i | 2.673
< ‘039 l‘O IE:E':Y}(G‘\‘;)J 4‘4 45 1500 - - 4454.057 — 16814 8123
2000 - - 4438039 - 7.268¢ 23.14

A - cut off on exchanged meson mass. AE (44‘1 0) =195 +4.3 MeV

-4.3



Physics: Hadronic molecules
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2 NUC ]_ ear structure stable nuclei —> shell & collective motion models
of unst ab ]_ e nuc ]_ e i unstable nuclei —> more general model?

astro-nuclear reactions

Nuclear Chart

fission drip-lines?

5_SHE
},-,irﬁgyF::'Efna H.
b A

T4

roton drip-line?.
proton drip-line .

162/

rP-process

B stable nuclei
M : pr-decay
p--decay
o-decay
p-decay

M fission
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Tools for exploring structure of nuclei under extreme conditions :

1) various heavy ion and radioactive beams to hit nuclear targets

- high spin, super-deformed, high n/p ratio, SHE nuclei

2) lepton-nuclear reactions 2 quark effects in nuclei, non-nucleon
degree of freedoms, difference between bound and free nucleons,

hypernuclei



3. High temperature & high density nuclear matter:

quark gluon plasma?

major tools:
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high energy heavy ion collisions

Quarks and Gluons

Color Super-
conductor?

/ Neutron stars
h 4 /L

1 77/

Net Baryon Density

Exploring the phase diagram of strongly interacting matter



A. RHIC/BNL, LHC/CERN: high T /low D

strongly coupled ideal liquid - weak coupled ideal gas ?

B. FAIR/GSI, HIAF/IMP: low T / high D

BEC or BCS diquark correlation? Color superconductor?

Tango or twist? In a magnetic field, atoms in different spin states can form molecules
(left).Vary the field, and they might also form loose-knit Cooper pairs.




IV. Frontiers in hadron spectroscopy
& hadron structure

1. Quark-gluon structure of nucleons
2. Hadron spectroscopy

3. Hadronic molecules and multi-quark states



1. Quark-gluon structure of nucleons

Classical picture of the proton

Constituent Quarks Parton Distributions

O 4

o

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

u(x)= d(x), s(x)=s(x)
1964-1974 1974-1992




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, E(X) £ S(X)y eee



Flavor asymmetry of light quarks in the nucleon sea

Deep Inelastic Scattering (DIS) + Drell-Yan (DY) process

> d— u~0.12
Garvey&Peng, Prog. Part. Nucl. Phys.47, 203 (2001)

Table 1. Values of the integral f [d{x) — it{z)]dr determined
from the DIS, semi-inclusive DIS, and Drell-Yan ex periments.

1.

Experiment Q% ({_re‘-. 'c”) ﬁ_l [d{z) — @(z)]|dx

F)

NMC/DIS 4.0 0.147 + 0.039
HERMES,/SIDIS 2.3 0.16 + 0.03
FNAL E866/DY  54.0 0.118 + 0.012




DIS Gottfried Sum Rule : assuming d

1
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Ty ip+d)/ 20pyv(p+p) = (1 +d(zg)/ti(xs))/2.

FNAL E866/NuSea Drell-Yan

-

CTEQIM .-~

@ ER66/NuSea
— Penget al
-—- Nikolaev et al.

Szczurek et al.
--- Pobylitsa et al

— - Derokhov and
Kochelev

'I_I_I_,I II.

s

Drall-Yan
- l||
1715} ——

1% Systematic error not shown

III|III|III|III|IIIIIII|III[I

] |
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FIGURE 1. Lefi panel: Cross section ratios of p+d over 2{ p+ p) for Drell-Yan. J/'¥', and 1" production
from FNAL E866. Right panel: Comparison of E866 d — i data with calculations from various models [2].




neutrino DIS sizable charm production

2 _ﬁjl dr({s 4+ §)

1 — = 0424007+006 , (48%5)%

fg dr(u+ u +d 4+ d)
7N o—term, large OZI violating ¢—production from pp annihilations
See reviews by Ellis, Beck, ...

Question remained : symmetric ss fluctuation from sea ?




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

GO0, 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

- IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII

a
i)

Zou&Riska, PRL95(2005)072001; Riska&Zou, PLLB636 (2006) 265
An-Riska-Zou, PRC73 (2006) 035207

Status in 2006




d-— u~0.12, s(x)# s(x) = two possible solutions:
meson cloud: Thomas, Speth, Weise, Oset, Brodsky, Ma, ...

|lp>~|uud>+¢g; |n(udd) T ( du) >
+& AT (uuu) w( ud)> +¢€’| A (uds) K* ( su)>..

Diquark correlation: Riska, Zou, Zhu, ...

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

KNI IIOIeY



Major tool to explore nucleon structure:

lepton-nucleon deep inelastic scattering

MAMI ~ 1 GeV ELSA ~ 3 GeV
CEBAF ~ 6-12 GeV  HERA ~ 300 GeV



T T T T
Current polanzed DIS data:

2 CERN ADESY & JLeb O =LAC
Current polanzed BNL-BHIC pp data:
@ PHENIX m° A STAR 1-4&t

Various EIC to explore PDF of different momentum range
EIC white paper ArXiv:1212.1701
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Momentum-space: generalized parton distribution functions (GPDs)

Momentum space: transverse-momentum dependent parton
distribution functions (TMDs)

1-D Scotty 2-D Scotty

Calcium

— _H___.—-—H__|:|'Elr|:’:ﬂl'l_ U

[
Cal

Deep Inelastic Scattering Deeply Virtual Exclusive Processes and GPDs
and Parton Distribution

Functions . _ _
Ji, Yuan, B.Q.. Ma, 1.P. Ma, Liang, Qiu, etc..

From Gao Hai-yan



2. Hadron spectroscopy

(q q) meson :

PARS
- ~
- ~
- ~
- ~
- ~
- ~
- ~
- ~
- ~
- ~
-

2S+1LJ

JPe

P=(_1)L+1

S, 1-
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e
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| =1

ud, wd, - (dd — wm)
V2

K§(1430)

Kiyat

K4(1430)

K2(1770)1

K*{1680)}

Ko(1820)}

pa(1690)

K4(1780)

a4(2040)

K3(2045)

ponl2350)

ag (2450

w(1300)

K (1460

p(1450)

K*{1410)}




SU(3) quark model: qqq-baryons

1/27 JP 3/27"

(udd) - p(uud)

-l

4
(Y4 G

(dssx) (uss)

Very successful for mass prediction mg=1670 MeV
spacial ground states ! expt 2 mg=1672.45 £0.29 MeV



quenched vs un-quenched for mesons

qq 3S; nonet qq Py or q?q? nonet ?

a,(980) uu- dd, [u s][us]—[ d s][ds]

K(892) sd

®(782) uu + dd - —
p(770) uu — dd fo(500) uu+ dd, [ud][ud]

D*,(2317) ~ sc (L=1)+ [ q s][qc] + DK + ...
D*(2460) ~ sc (L=1) + D*K + ...
X(3872) ~ cc (L=1)+[qc][gc] + D*D + ...



1/2- baryon nonet with strangeness

Mass pattern : quenched or unquenched ?

uds (L=1) 1/2= ~ A*(1670) ~ [us][ds]
uud (L=1) 1/2- ~ N*(1535) ~ [ud][us]
uds (L=1) 1/2- ~ A*(1405) ~ [ud][su]
uus (L=1) 1/2- ~ 2*(1390) ~ [us][ud]
Zou et al, NPA835 (2010) 199 ; CLAS, PRC87(2013)035206

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

N*(15395) large couplings gy:n, s Sxeka * Enenm? EN*No
A*(1670) large coupling g,.,,

Ql = | @ | @« |




Important implications:

. (_1qqqq in S-state more favorable than qqq with L=1!
& aqqq in S-state more favorable than (_1q with L=1!

1/2- baryon nonet ~ qq?q?state + ...

0* meson octet ~ q2q?state + ...

multiquark components are important for hadrons!

Quark model needs to be unquenched !




Distinctive

Predictions by quenched = & = quark models

Quenched quark model: Capstick-Roberts, Prog.Part.Nucl.Phys. 45 (2000) S241-S331
Unquenched model: Helminen-Riska , Nucl. Phys. A 699 (2002) 624
A.Zhang, S.L.Zhu et al., HEPNP 29 (2005) 250




Predictions for the lowest Q* by various models:

(Q*(x/27) as sss(L=1): ~ 2020 MeV

Chao, Isgur, Karl, PRD38(1981)155

(A*(1/27) as KE bound state: ~ 1805 MeV

W.L.Wang, F.Huang, Z.Y.Zhang, F.Liu, JPG35 (2008) 085003

Q*(x/2~) as uusss (L=0) : ~ 1820 MeV

Yuan-An-Wei-Zou-Xu, PRC87(2013)025205

(Q*(3/27) as sss - uusss mixture: ~ 1780 MeV

by instanton/NJL interaction
An-Metsch-Zou, PRC87(2013) 065207; An-Zou, PRC89 (2014) 055209

K10@JPARC: Kp> K*K'Q* mmp Q*(1780) ?!
BES3@BEPC2: ete- > QQ*




Y ip PDG: **** ¥ (1189)1/2* 2*(1385)3/2* X*(1670)3/2-
>*(1775)5/2- T*(1915)5/2° £*(2030)7/2*
2*(1660)1/2* T (1750)1/2 X*(1940)3/2- T*(2250)??

$*(1620)1/2- £*(1690)?? T*(1880)1/2*
¥*(2080)3/2+ £*(2455)?? I*(2620)??

T*(1480)2? T*(1560)2? Z*(1580)3/2° £*(1770)1/2*
T#(1840)3/2* £*(2000)3/2- T*(2070)5/2* T*(2100)7/2-
$#(3000)2? X*(3170)2?
=*in PDG: **** EF(1320) 1/2+, =(1530) 3/2*
*%x  5(1690), Z(1820) 3/2, Z(1950), =(2030)
*%  5(2250), E(2370)
* E(1620), £(2120), Z(2500)
Q* in PDG: Q(1672) 3/2* **** Q) (2250)***, Q (2380) **, Q (2470) **

Experiment knowledge on hyperon states still very poor !

More expts on hadron spectroscopy are needed !



3. Hadronic molecules & multiquark states

Brief history for the discovery of hadronic molecules
1932: Neutron & Deuteron - the 1-st hadronic molecule
1947: =, K
1959: KN &molecule predicted by Dalitz Tuan, PRL2, 425§
1961: A(1405) 2 Zmt observed by Alston et al., PRL6, 698
post-1962: {,(980) & a,(980) KK molecules? Isgur, ...
f (1420) KK* molecule ?  Tornqvist, ...
f,(1710) K*K* molecule ? Oset, ...
N*(1539) KZ - KA molecule ?  Kaiser, ...
D*,(2317) & D*,(2460) KD & KD* molecules? Barnes, ...




Difficulties to pin down pentaquark states

Fate of the first pentaquark predicted and observed: 1/2
1959: KN molecule predicted by Dalitz-Tuan, PRL2, 425
1961: A(1405) 2> It 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-Zt -- 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 0+(1540): 1/2%
1997: Z*(1530) predicted by Diakonov et al., ZPA359, 305
2003: 0%(1540) - K*'n claimed by LEPS, PRL91, 012002

2003: g(ud)(ud) for 0(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: 0+(1540) is not supported by hadronic molecule model &
chiral quark model by Huang, Zhang, Yu, Zou, PLB586(2004)69



BEPCIZ THIE THURA (N*, Ax, I+, 2+, Q) FIH

Y > BBM =—> N*,6 A* X% =% Q%

pr_EFESEX (ep, vp, p, Kp) A EZ XA
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K2 molecule - N*(1535) in J/v decays

My, —My M, (GeVic?)

BES, PLB510 (2001) 75 BESII, IJMPA20 (2005) 1985

B.C.Liu, B.S.Zou, PRL96 (2006) 042002 : N*(1535) ~ ssuud !
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ssuud > ccuud TS VP HERS - HLHCbELHIESE

o BMTBEXRME TINAERA I v-pRAFT S (P,
208/ w-p%’ﬁﬁﬁ&‘ :

> 34 ccuud- PAEEFRSE: 14D, + 20D 5 F5

o HFRFISWIFERNSIE: HYP2012 (FAZET), NSTAR2015 (HZ),
MENU2016 (HZ), CHARM2018 ({& )

® % A% EJLab-12GeVAI{EEPANDA LI F 31X
® LHCb3EL:2015-2019E WM B3N 5RATHE MAFFHIP S
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LHCbYLH 2] 5 AT S A

|&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 _-'\2 — J/wK p Decays
R. Aaij et al.” PRL 122 (2019) 222001
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LHCDb penta-quark states

LHCb, Phys.Rev.Lett. 115 (2015) 072001 :

Observation of two P from A = J/$pKp

LHCb

mg, > 2.00 GeV

m%, [G eV



LHCb, PRI.122 (2019) 222001 Sci. Bull. (2021) arXiv:2012.10380
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Consistent with expectation for hadronic molecules within
theoretical uncertainties

LHCDb discoveries — historical achievement for pentaquarks !
very important for understanding whole baryon spectroscopy
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PRL 110, 252001 (2

“Y(4260) 1 55 74 DL Bz 7 B, Z¢(3900) =4

PHYSICAL REVIEW LETTERS
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Observation of a Charged Charmoniumlike Structure in ete™ — 77~ 0/ at .
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D.Y.Chen, X.Liu, Q.Wang,C.Hanhart,Q.Zhao
PRD84(2011)034032 PRLI11(2013)132003

21 TUNE 2013
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M(Z(3900))=3884.6-4.6 MeV
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Multiquark states — crucial for hadron structure !

Zc(3900) -> top cited paper for BES (2013) 1200 cites
Pc states > top cited paper for LHCb (2015) 1959 cites

H.X.Chen, W.Chen, X.Liu, S.L..Zhu, Phys.Rept. 639 (2016) 1:
“The hidden-charm pentaquark and tetraquark states” 1250 cites

F.K.Guo, C.Hanhart, U.Meissner, Q.Wang, Q.Zhao, B.S.Zou,
Rev.Mod.Phys. 90 (2018) 015004: “Hadronic molecules” 1369 cites

IBieHIscit R R S EREIRFEH R EEEr &R
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Models for XYZ Mesons

Quarkonium Tetraquarks

® compact tetraquark

® meson molecule
® diquark-onium




New Particles relevant thresholds

Zc(3900) du cc D*D 3880 MeV
Zc(4020) D*D* 4020 MeV
Zb(10610) du bb B*B 10605 MeV
Zb(10650) B*B* 10650 MeV

Pc(4312) wuud cc D3, 4317 MeV

Pc(4380) DI * 4382 MeV
Pc(4440)/ Pc(4457) D*Y. 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

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

virtual

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




Observation of T_.* by LHCb
Nature Phys. 18 (2022) 7, 751

Consistent with expectation for D*D molecule
X.K.Dong, F.K.Guo, B.S.Zou, Commun.Theor.Phys.73(2021)125201
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T.Barnes, N.Black, D.Dean, E.Swanson, Phys.Rev.C60(1999)045202

D.Janc, M.Rosina, Few Body Syst. 35(2004)175

Y.Yang, C.Deng, J.Ping, T.Goldman, Phys.Rev.D80(2009)114023

T.Caramés, A.Valcarce, J.Vijande, Phys.Lett.B699(2011)291

S.0Ohkoda, Y.Yamaguchi, S.Yasui, K.Sudoh, A.Hosaka, Phys.Rev.D86(2012)034019
N.Li, Z.F.Sun, X.Liu, S.L.Zhu, Phys.Rev.D88(2013)114008

M.Z.Liu, TW.Wu, M.P.Valderrama, J.J.Xie, L.S.Geng, Phys.Rev.D99(2019)094018
H.Xu, B.Wang, Z.W.Liu, X.Liu, Phys.Rev.D99(2019)014027

M.Z.Liu, J.J.Xie, L.S.Geng, Phys.Rev.D102(2020)091502

U Vet Vet

DD*(1=0, J* =1*) bound state - T..*
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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 £7x0”
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 J*¢ =0~
T.Ji, X.K.Dong, F.K.Guo, B.S.Zou, PRL129 (2022) 102002

et e > Ny,(4360) 2 nny
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Hybrid, Glueball or hadronic molecules ?

Observation of n,(1855) with exotic J*“=1-* in J/y — ynn’
BESIII Collaboration, PRL 129 (2022) 192002

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
M.J.Yan, J.M.Dias, A.Guevara, F.K.Guo, B.S.Zou, Universe 9 (2023) 109

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,(1710-1817) > KS’K" in D,*> K,’K*n® decay

BESIII Collaboration, PRL 129 (2022) 182001
81



V. Prospects

1. Nucleon structure ep

CEBAF12GeV  Ecm: ~ 5GeV
EIC Ecm : 20 ~100 GeV 10y later ?
EicC@wHIAF Ecm : ~15 GeV 10y later ?

also ccuud, bbuud pentaquarks & cqq, bqq states

vN experiments



2. Hadron spectroscopy

1) Zy,. & P_states open a new window for studying
multiquark states, need systematic study at
BEPC2-3/super t-c, Bellell, 110/K10@JPARC, LHCDb,
ep@JLab, PANDA, EicC, EIC, etc.

2) My favorite strategy:

ccuud & ccuds > sss - (_1qsss & cqq - achq
-> hyperons - light baryons

ccud& cs ud > Ec- Zlq Ec > c¢q- cq qq
cs - qq cs - light mesons



3) combined efforts from both theory & experiment sides

LOQCD NQCD CQM CS

N\

Hadron propertles

Dynamlcal Models
Partial Wave Analysis
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