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Many light hadrons
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Most of charmonia listed in PDG were observed 

(1974-1982)
Status of charmonium family
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Cornell potential
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The observed charmonium-like XYZ states
(2003-now)

see review
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“Particle Zoo 2.0”

• Identifying exotic states is one of the 
most important research issues of 
particle physics

• The observed XYZ states provide us 
good platform to identify exotic state 
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在过去⼗年中，强⼦物理

取得了令⼈振奋的进展



Outline
Nuclear force 
Lesson from  
XYZ charmoniumlike states 
Predicting hidden-charm molecular pentaquark and the 
LHCb observation @ 2015 @ 2019 

    More predictions of heavy flavor pentaquark 
    Electromagnetic properties 
    Three-body and four-body systems 

Summary

Θ(1540)



1
Nuclear force



Hideki Yukawa

The Nobel Prize in Physics 1949

https://www.nobelprize.org/
uploads/2018/06/yukawa-

lecture.pdf
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Nuclear force

Hadronic level

Quark level

Potential

Nuclear physics
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Observation of Pion
In 1947, the first true mesons, the charged pions, were found by the 
collaboration of Cecil Powell, César Lattes, Giuseppe Occhialini, et 
al., at the University of Bristol, in England.

Cecil Frank Powell
The Nobel Prize in Physics 1950 ‘for his 
development of the photographic method of 
studying nuclear processes and his 
discoveries regarding mesons made with 
this method’.
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https://en.wikipedia.org/wiki/Cecil_Powell
https://en.wikipedia.org/wiki/C%C3%A9sar_Lattes
https://en.wikipedia.org/wiki/Giuseppe_Occhialini
https://en.wikipedia.org/wiki/University_of_Bristol


Isoscalar pseudoscalar mesons listed in PDG

Seven pseudoscalar 
mesons were observed in 

the past decades
14



More observations

X(1835)

BESII PRL95 (2005) 262001

X(1835)
X(2120)
X(2370)

BESIII PRL106 (2011) 072002
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Peak around 2640 MeV
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Regge trajectory analysis

The fifth radial 
excitation of eta

Open question!

Wang, Zhou, Pang, XL, Phys.Rev.D102 (2022)114034
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强
⼦
物
理
是
精
度
前
沿
的
代
表
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⽣命之柱

哈勃 ⻙伯



2
Lesson from Θ(1540)



Who proposed multiquark state?

Phys.Lett. 8 (1964) 214-215

The concept of muliquark state was 
proposed at the birth of quark model 
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PRD 15 (1977) 267

PRD 20 (1979) 748
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MIT Bag 
model

The hadron 
with four 

quarks plus 
one antiquark 

was developed  
by Strottman 

in 1979 



The name “pentaquark” was first introduced by Lipkin in 1987 

PLB 195 (1987) 484
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Michal Praszalowicz 
Predicting  with mass around 1.54 GeV (skyrme model of baryons) Θ+

The prediction of Θ+(s̄uudd)

SKYRMIONS AND ANOMALIES. PROCEEDINGS, WORKSHOP, KRAKOW, POLAND, FEBRUARY 20-24, 1987

D. Diakonov, V. Petrov and M. Polyakov  

could have mass 1530 MeV and a narrow mass width of 15 MeV or less  

( QM and  corrections)

Θ+

χ 1/Nc
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LEPS result of Θ+(1540)

25

Dmitri Diakonov, Harry Lipkin and Robert Jaffe in 
discussion at the Pentaquark workshop.T. Nakano



Stimulate extensive discussions of pentaquark

26

CLAS, Phys. Rev. Lett. 91 (2003) 252001 CLAS, Phys. Rev. Lett. 996 (2006) 212001

High statistic repeated 
from JLab showed the 
original claims were 

fluctuation  

CLAS-2003 CLAS-2006

Negative experimental result



诺⻉尔奖获得者维尔切克感叹道：五夸克态事件折射出我们

对QCD的了解还是多么的贫乏 

https://www.nature.com/articles/435287a

不久 五夸克态可能就不再是物理学家

研究的课题了，⽽会成为研究科学史和科

学哲学的学者的⼀个研究案例

Θ+

27

充当了磨⼑⽯的作⽤：对唯象模型的适⽤
性和可靠性进⾏了检验，促进了理论的发展

Θ+(1540)



3
XYZ charmoniumlike 

states



s

Y(4260)

BaBar 
PRL95 142001

2005

Y(4630)

Belle 
PRL101 172001

2008

Y(4360)

BaBar 
PRL98 212001

2007

Y(4660)

Belle 
PRL99 142002

e+e− → J/ψπ+π− e+e− → ΛcΛ̄ce+e− → ψ (3686)π+π−

Y(4220)

2017

BESIII 
PRL118 092001

e+e− → J/ψπ+π−

BESIII 
PRL118 092002

X(4320)

X(4390)e+e− → ψ (3686)π+π−

e+e− → J/ψπ+π−

Belle 
PRL99 182004

Y(4008)

The e+e- annihilation

year

X(3872)

Belle 
PRL91 262001

2003

Y(3940)

Belle 
PRL94 182002

2004

Y(4140)

CDF 
PRL102 242002

2009

Z+(4430)

Belle 
PRL100 142001

2008

Z+(4051)

Belle 
PRD78 072004

Z+(4248)

Zc+(4200)

Belle 
PRD90 112009

2014

LHCb 
PRL112 222002

Z+(4240)

B → K(J/ψπ+π−) B → K(J/ψω) B → K(J/ψϕ)B → K(ψ (3686)π±)

B → K(χc1π+)

B → K(J/ψπ+)

B → K(ψ (3686)π±)

Y(4274)

2017

LHCb 
PRL118 022003
B → K(J/ψϕ)

X(4700)

X(4100)

LHCb 
EPJC78 1019

2018

B0 → K+(ηcπ−)

LHCb 
PRD95 012002
B → K(J/ψϕ)

B meson decays

year

X(4500)

e+e− → hcπ+π−
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The double charmonium production process

X(3940)

Belle 
PRL98 082001

2007

e+e− → J/ψ (D̄D*)

Y(4160)

Belle 
PRL100 202001

2008

Belle 
PRD95 112003

2017

e+e− → J/ψ (D*+D*−) e+e− → J/ψ (DD̄)

X*(3860)

year

The γγ fusion process

Z(3930)

Belle 
PRL96 082003

2005

γγ → (DD̄)

X(3915)

Belle 
PRL104 092001

2010

Belle 
PRL104 112004

γγ → (J/ψω) γγ → (J/ψϕ)

X(4350)

year
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The hadronic decays of Y(4260)

Zc(3900)

BESIII/Belle 
PRL110 252001 
PRL110 252002

2013

e+e− → Y(4260) → (J/ψπ+)π−

BESIII 
PRD96 032004

2017

e+e− → Y(4260) → (ψ (3686)π+)π−

year

Other processes

Zb(10610)

Belle 
PRL108 122001

2011

e+e− → Υ(10860) → (Υ(nS)π+)π−

year

BESIII 
PRL112 022001

2014

Zc(3885)
e+e− → Y(4260) → (DD̄*)+π−

Zc(4025)
e+e− → Y(4260) → (D*D̄*)+π−

Zc(4032)

BESIII 
PRL111 242001

Zc(4020)
e+e− → Y(4260) → (hcπ+)π−

BESIII 
PRL112 132001

e+e− → Υ(10860) → (hb(mS)π+)π−

Zb(10650)

LHCb 
PRL115 072001
Λ0

b → (J/ψ p)K−

Pc(4380)

Pc(4450)

2015

BESIII 
PRL115 011803

X(3823)

e+e− → π+π−(γχc1)
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           Resonant              vs          Non-resonant
Conventional hadrons

Exotic states

charmonium

• Molecular states: loosely bound states 
composed of a pair of mesons, probably 
bound by the pion exchange 

• Tetraquarks: bound states of four 
quarks, bound by colored-force between 
quarks, some are charged or carry 
strangeness, there are many states 
within the same multiplet 

• Hybrid charmonium: bound states 
composed of a pair of quarks and one 
excited gluon 

• Kinematical effect 

• Opening of new threshold 

• Cusp effect 

• Final state interaction 

• Interference between continuum 
and well-known charmonium 
states 

• Triangle singularity due to the 
special kinematics 

Many XYZ states lie very close to 
open-charm threshold 

It’s quite possible some threshold 
enhancements are not real 

resonances. 

32

Abundant theoretical explanations



One boson exchange (OPE) model

Deuteron: loosely bound state of proton and neutron
Nuclear force: short-range, mid-range, long-range

Scalar σ exchange  exchangeπ and  exchangesρ ω

33

ℒ = gNNπψ̄iγ5τψ ⋅ π

Vπ = g2
NNπ

4π
m2

π

12m2
N

(τ1 ⋅ τ2)(σ1 ⋅ σ2 + [ 3(σ1 ⋅ r)(σ2 ⋅ r)
r2 − σ1 ⋅ σ2] [1 + 3

mπr
+ 3

m2πr2 ]) e−mπr

r

The non-relativistic nucleon-nucleon potential via  exchange π

Effective Lagrangian depicting  interaction NNπ



Abundant experimental information 

PRL 91 (2003) 262001 

X(3872)

The mass of X(3872) is 50-200 MeV lower than the 
prediction from potential model 

Low mass puzzle: 

Belle

34



Is X(3872) a molecular state?

Different effects were 
considered

 interactionDD̄*

35

N. Li, S.L. Zhu, PRD86(2012) 

L.Zhao, L.Ma, S.L.Zhu, PRD 89 (2014) 

Y. Liu, X. Liu, Deng, Zhu, EPJC56, 63 (2008)

X. Liu, Luo, Y.R. Liu, Zhu, EPJC61, 411 (2009) 

• Reproduce the mass of 

• Explain isospin violating  decay mode of 
X(3872)

J/ψρ X(3872)



In the past decade, one boson exchange was extensively 
applied to the studies of newly observed hadron states 

Long list:

⋯
One conclusion:
Pion exchange plays crucial role to form heavy flavor molecular states

It is the reason why we adopt one boson exchange model to 
study XYZ states and predict  statesPc

36



4
Predicting hidden-charm 

molecular pentaquark



The prediction of hidden-charm pentaquarks

Hidden-charm pentaquarks are predicted in  
an extended hidden gauge symmetry approach 

38



39

• Explicitly indicate the existence 
of hidden-charm pentaquark with 
J=3/2

• Such prediction is confirmed by 
the LHCb measurement

arXiv:1105.2901

OBE model

The prediction of hidden-charm pentaquarks
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Prediction: 隐粲量⼦数对五夸克态的稳定性的重要性



Consistent with our conclusion 

The consistency between 
their result and our former 

work published in 
CPC 36 (2012) 6-13
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Observation of  and Pc(4380) Pc(4450)

42



Argand diagrams  show the resonance 
behavior of two  statesPc

43

Resonance parameters of two  states Pc



Decay angular distributions
The preferred  are of opposite parity, with one state 

having  and the other 
JP

J = 3/2 5/2

44

It is puzzling for us 
under the hadronic 

molecular assignment
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Decode the properties of two 
observed  consistent with 
hadronic molecular states

Pc



LHCb@2015 cannot be applied distinguish different explanations

Compact pentaquark Molecular state

46

怀疑LHCb发现的 态还有⼦结构Pc

We need more data!
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2019年⾼精度的实验数据⽀持分⼦态构型



2019

2011

48



http://pdg.lbl.gov/2019/reviews/rpp2019-rev-
pentaquarks.pdf

在探索多夸克物质
的征程上 

打下中国⼈的烙印

49



4
More predictions of heavy 

flavor pentaquark
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Chen, Hosaka, Liu, PRD96 (2017) 114030

Ωcccσ, Ωcccω, ΩcccππDecay modes:
53

Experimental search for triple-charm 
molecular pentaquarks will be 

interesting issue, especially for LHCb

？
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The most promising pentaquark moleculars

Isoscalar
ΞccD1(JP = 1/2+,3/2+)
ΞccD*2 (JP = 3/2+,5/2+)

55
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The prediction of hidden-charm pentaquarks with strangeness

58

If only considering one pion exchange 
contribution, the  system cannot 

be bound
ΞcD̄*

Suggest to search for strange hidden-
charm pentaquark via the  channelJ/ψΛ



Evidence of possible  signal recently from LHCbPcs

59

Ξ−
b → (J/ψΛ)K−

 MeVM = 4458 ± 2.9+4.7
−1.1

 MeVΓ = 17.3 ± 6.5+8.0
−5.7

 significance4.3σ LHCb: Sci.Bull. 66 (2021) 1278-1287

Pcs(4459)



Pcs(4338)B− → (J/ψΛ)p̄

LHCb: Phys.Rev.Lett. 131 (2023) 031901

Another strange partner

Amplitude contributions: 
-  
-  

-  
Fit results: 

 MeV 
 MeV 

Spin-parity: 
 is preferred 

Significance: 

NR(p̄Λ)
NR(p̄J/ψ)
PΛ

ψs(J/ψΛ)

m = 4338.2 ± 0.7
Γ = 7.0 ± 1.2

JP = 1/2−

> 10σ
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Similarity between  and PN
ψ PΛ

ψs

Pc(4312)

Pc(4440)

Pc(4457)

137 MeV

PΛ
ψs(4338)

Pcs(4459)

121 MeV

ΞcD̄*

Ξ−
b → J/ψΛK

F.L. Wang, Xiang Liu, Phys.Lett.B 835 (2022)137583
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F.L. Wang, Xiang Liu, Phys.Lett.B 835 (2022)137583

15
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ΞcD̄*
More substructures?

1
2

− 3
2

−

There exists mass degeneration for the 
S-wave isoscalar  states with 

 and  when adopting 
same cutoff value. 
Coupled-channel may result in the 
violation of mass degeneration.

ΞcD̄*
JP = 1/2− JP = 1/2−

Opportunity 
for LHCb

Double-peak structure can be 
tested with more precise data

62



Ξ′ cD̄ Ξ′ cD̄*

1.45 -0.29 4.92
1.65 -4.62 1.65
1.84 -12.14 1.10

Λ E rRMS

0.92 -0.50 4.02
0.97 -4.18 1.64
1.02 -11.90 1.06

JP = 1/2− JP = 1/2−

Λ E rRMS P (2S1
2
/4 D 1

2)
99.63/0.37
99.45/0.55
99.45/0.55

JP = 3/2−

Characteristic spectrum 

Ξ′ cD̄ Ξ′ cD̄*

1
2

− 3
2

−1
2

−
1.63 -0.33 4.87
2.09 -4.79 1.75
2.55 -12.42 1.21

Λ E rRMS P (4S3
2
/2 D 3

2
/4 D 3

2)
98.49/0.17/1.18
96.63/0.32/3.05
95.65/0.35/4.00

Similar behavior may happen for the  systemsΞ′ cD̄(*)

F.L. Wang, Xiang Liu, Phys.Lett.B 835 (2022)137583
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5
Electromagnetic 

properties



How to distinguish different configurations of 
hadrons with the same ?JP

Magnetic momentum can reflect their inner structures 
But it is difficult to directly measure this physical quantity

Magnetic 
moments of the 

baryon octet

65



-like tetraquarksBc

66



-like tetraquarksBc

-0.5 0.5 1.5 2.5 3.5
𝜇 (𝜇𝑁）

𝑫∗𝑩

𝒖𝒄ഥ𝒖ഥ𝒃

𝒅𝒄ഥ𝒅ഥ𝒃

𝑫(𝒔)
∗ 𝑩(𝒔)

∗

𝑫𝑩∗

CompactCompact

MolecularMolecular
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The radiative decay width can be linked to  
the transition magnetic moment

Magnetic moments of the hadrons 
within the constituent quark model

F.L. Wang and X. Liu, PRD108 (2023) 074022
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Ω*c D(*)
s

New type of doubly charmed molecular pentaquarks 
containing most strange quarks

F.L. Wang and X. Liu, PRD108 (2023) 074022
69



Studying electromagnetic properties of 
different heavy flavor pentaquark systems

Suggest our experimental colleague to pay more attention to 
the radiative decays of heavy flavor pentaquark

Ξ(′ ,*)
c D̄1/Ξ(′ ,*)

c D̄*2

Ω*c D(*)
s

Ξ(′ )
c D̄(*)

Ξ(′ ,*)
c D̄*s /Ω(*)

c D̄(*)
s

Σ(*)
c D(*)

PRD108 (2023) 034006

PRD106 (2022) 034034

PRD106 (2022) 054020

PRD108 (2023) 074022

PRD108 (2023) 054028

Ξ(′ ,*)
c D(*)

PRD109 (2024) 014043
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6
Three-body and four-body 

systems



72



73



74



2022年10⽉11⽇
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Summary

1964

Quark model

1974 1977

J/Psi meson

Upsilon meson

PRL39 (1977) 252

2017

PRL119 (2017) 112001

Double-charm baryon

Year

Roadmap of conventional hadrons
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Lattice Q
C

D

Phenomenological models 

Ex
pe

rim
en

ta
l a

na
ly

si
s

Identify exotic states
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在科学世界中的艰难探索，即使备尝艰
⾟，即使默默无闻，即使可能徒劳无
功，即使是⼀⼤段独⾃跋涉的旅程，却
是最精彩、最幸福、最值得怀念的。
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Thank you 
for your 
attention!


