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1
The status of XYZ 

charmoniumlike states



The observed XYZ states
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According to the production mechanisms, we can 
categorize them into five groups

see review
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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. 
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Theoretical explanations
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The Y problem
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BaBar

PRL 95:142001 (2005) Y(4260)

No evidence of 
Y(4260) in R scan 

data and open-
charm decay 

channels

PDG Puzzle!
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Theoretical explanations

Exotic state
Charmonium hybrid     

Zhu, Kou&Pene, Close&Page 
Diquark-antidiquark state 

Maiani&Riquer&Piccinini&Polosa 
Ebert&Faustov&Galkin 

Molecular state  
Liu&Zeng&Li, Yuan&Wang&Mo, 

Qiao,Ding,Torres&Khemchandani&Gamerma
nn&Oset, Close&Downum&Thomas 

Charmonium hybrid state with 
strong coupling with DD1 and 

DD0 
Kalashnikova &Nefediev

The lack of signal in certain 
channels also poses a serious 
challenge to a number of the 
explanations proposed in the 
framework of an exotic state

Difficulty

Conventional 
charmonium

4S-3D vector charmonium 

Lanes-Estrada 

23D1 state decay behavior 
Eichten&Lane&Quigg 

Mass spectrum Y(4260) 

≠charmonium  
Segovia&Yasser&Entem&Fernandez 

Screened potential Y(4260) =Ψ(4S) 
Li&Chao

Difficulty
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• Asymmetric Y(4260) structure can be reproduced by Fano-like 
interference picture

Chen, He, Liu, PRD83 (2011) 05402 
Chen, He, Liu, PRD83 (2011) 074012 

Chen, Liu, Matsuki, PRD93 (2016) 014011
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Continuum Charmonium

Interference

Non-resonant picture of Y(4260)

• Explain why ψ(4160) and ψ(4415) 
signals are missing in data 

• Naturally understand why no 
evidence of Y(4260) in R scan 
data and the open-charm decay 
channels

Success:



PRL 98:212001 (2007)
Y(4360)

PRL 99:142002 (2007)
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The 
situation 

of Y(4360) 
is similar 
to that of 
Y(4260)



Fano interference effect also plays 
resonance killer to Y(4360)

Chen, He and Liu, PRD 83:074012 (2011)
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Data from two experiments

• BaBar: PRL 98, 212001 (2007)

• Belle:    PRL 99:142002 (2007) 



In 2017, BESIII gave more precise data of e+e-→J/ψπ+π-  

16

Y(4260) Y(4220) + Y(4330)



Fano-like interference 
picture plays 

resonance killer to Y(4330)

Introducing a narrow structure Y(4220) and considering Fano-like 
interference picture can reproduce the data well!

What is Y(4220)?
17

Resonance parameter

Chen, Liu, Matsuki, EPJC 78:136 (2018)



Y(4220)+Y(4390)

18

More Y structures 
are reported!

How to explain 
them?



Only Y(4220) is left

19

m = (4211 ± 6) MeV

Γ = (47 ± 13) MeV

from our fit



Summary of Y states from 
electron and positron annihilations
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Summary of Y states from 
electron and positron annihilations

Y(4008)

Y(4260)

Y(4360)

Y(4660)
Y(4630)

Y(4008)

Y(4220)

Y(4320)

Y(4390)

Y(4660)
Y(4630)

Belle PRL99:182004 BaBar PRD86:051102

Inference effect

e+e− → J/ψπ+π−

e+e− → ψ(2S)π+π−

e+e− → Λ+
c Λ−

c



Summary of Y states from 
electron and positron annihilations

Y(4220)

Y(4660)
Y(4630)



psi(4415) as 4S state was proposed here
Is it a correct assignment?

23

1980



1995



The predicted ψ(4S) and its property
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EPJC74 (2014) 3208

The similarity between J/ψ and Y families

The predicted mass of ψ(4S) 
should be located at 4263 MeV 

The screening potential prediction of ψ(4S) mass:
• 4273 MeV Li&Chao PRD79, 094004 (2009) 
• 4247 MeV Dong et al., PRD49, 1642

Consistent

A narro
w state!

Open-charm decay behavior

25
Y(4220)= ψ(4S)?

Due to node effect! 
The predicted charmonium ψ(4S) has 

very narrow width around 6 MeV

2014



26



e+e−→χc1ω and e+e−→χc2ω are not significant

e+e−→χc0ω

M = 4230 ± 8 MeV  Γ=38 ±12 MeV

The observation of e+e−→χc0ω from BESIII 

If taking the mass of ψ(4S) 
to be 4230 MeV (Expt.), we 
find:
• ψ(4S)→χc0ω is allowed
• ψ(4S)→χc1ω and ψ(4S) 
→χc2ω are forbidden 
kinematically

Explain why only 
e+e−→χc0ω was 

reported by BESIII 

BESIII, Phys. Rev. Lett. 114, 092003 (2015)
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Our theoretical result overlaps with the experimental data in a 
reasonable parameter range of 2.6 < αΛ < 4.0 and 1.83 < R < 2.17 

e+e− → ωχc0 observation can be understood through introducing 
the predicted ψ(4S ) contribution 

• Coupled-channel effect
• Non-perturbative properties 

of QCD
• Hadronic loop is an effective 

description for this effect
Chen, X. Liu, Matsuki, PRD91 (2015) 094023
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The total cross section can be described by

Experimental data

Resonance parameter:

29

2016



By introducing ψ(4S), the branching ratio B(ψ(4S) →ψ(2S)π+π-) 
resulting from meson-loop contributions overlaps with the upper 

limit, 3×10-3, obtaining by fitting the cross section for e+e-→ψ(2S)π+π- 

Chen, X. Liu, Matsuki, PRD93, 034028 (2016)
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Combined fit to e+e− → ψ(2S)π+π−, hcπ+π−, χc0ω

Resonance parameter:

Chen, X. Liu, Matsuki
PRD93, 034028 (2016)
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If Y(4220) narrow is ψ(4S), Y(4220) should be 
observed in open-charm decay channel!  

33

PRL 122 (2019)102002 M = 4228.6 ± 4.1 ± 5.9MeV
Γ = 77.1 ± 6.8 ± 6.9MeV



对于五夸克态事件折射出我们对 QCD的了解还是多么的贫乏

维尔切克的感叹（2005年⽬睹五夸克态的兴衰）：

Borrowed from Li-Ming Zhang’s talk at PhiPsi2015
34



The observation of pentaquark Pc(4380) and Pc(4450)

35
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对于粲偶素的理解也折射出我们对 QCD的了解还是多么的贫乏

对Y(4220)的理解是⾮常
关键的环节
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Introducing 4S-3D mixing scheme

Our calculation supports this scenario



Predicting ψ(4380) the partner of Y(4220)

• The total width of ψ(4380) has a 
significant enhancement 

• There exists sizable enhancement of 
ψ(4380)→DD2(2460)



Proposing 5S-4D mixing scheme



arXiv:2001.00175
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An unquenched calculation of mass spectrum of charmonium

42

S(r) =
b(1 − e−μr)

μ
+ c

The screened confining potential



Hints from experimental data
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Wang, Qian, X. Liu, Matsuki, arXiv:2001.00175

BESIII PRL120 (2018) 132002 
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Belle PRD 91 (2015) 112007 
BESIII PRD 96 (2017) 032004

Two structures?
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6S and 5D mixing scheme for these Y states around 4.6 GeV

44
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We can depict the Belle data in our framework

e+e− → D+
s Ds1(2536)−

Wang, Qian, X. Liu, Matsuki, arXiv:2001.00175



Predicting the open-charm decays of vector charmonia  
around and above 4.6 GeVWang, Qian, X. Liu, Matsuki, 

arXiv:2001.00175



3
The hadronic molecular 

pictures for XYZ



The history of multiquark states

Phys.Lett. 8 (1964) 214-215

The muliquark states were predicted at the birth 
of Quark Model 



Types of hadrons in nature 

• 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 

50



Hideki Yukawa

The Nobel Prize in Physics 1949

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

lecture.pdf



Nuclear force

Hadronic level

Quark level

Potential

Nuclear physics



One pion exchange (OPE) model

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

Scalar σ with mass 
around 600 MeV Pion exchangeρ and ω exchanges

53



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



X(3872)=molecular state?

Different effects were 
considered

DD̄*
interaction

55

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) 



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 pion exchange model 
to study XYZ states and two Pc states
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2017
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XYZ from B meson decays

year

X(4500)



The prediction of hidden-charm pentaquarks

•  Hidden-charm pentaquarks are predicted in the chiral unitary model 

58



arXiv:1105.2901

59

Explicitly Indicate the existence 
of hidden-charm pentaquark with 
J=3/2
Such prediction is consistent 
with the LHCb measurement



60

Prediction:



Consistent with our conclusion 

The consistency between their 
result and our former work 

published in CPC 36 (2012) 6-13
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Experimental observation of Pc(4380) and Pc(4450)

62



The measured invariant mass spectra

63

LHCb performed the 
analysis of the above 

experimental data

Clear signal of Λb



With two Pc states to fit the data

Without two Pc states to fit the data

64



The Λ* resonances included in the data analysis 

If describing the experimental data, two Pc 
states are introduced. Otherwise, the mass 
distribution of J/ψp cannot be understood  

65



Argand diagrams  show the 
resonance behavior of two Pc states

66

Resonance parameters of two Pc states 



Decay angular distributions

The preferred JP are of opposite parity, with one state 
having J=3/2 and the other 5/2

67
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Identify 
exotic 

hidden-
charm 

pentaquarks 





arXiv:1105.2901
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Experimental search for triple-charm 
molecular pentaquarks will be 

interesting issue, especially for LHCb

Chen, Hosaka, Liu, PRD96 (2017) 114030

Ωcccσ, Ωcccω, ΩcccππDecay modes:





The most promising pentaquark moleculars

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







4
ISPE mechanism and 

charged Zc



Initial Single Pioin Emission 
(ISPE) mechanism

Explicitly predict charged 
charmonium-like structures existing in 
hidden-charm dipion decays of Y(4260)

Chen, Liu, PRD84 (2011) 094003
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Discovery of Zc(3900)
PRL110 (2013) 252001 PRL110 (2013) 252002 PLB773 (2013) 366

PRL111 (2013) 242001

Discovery of Zc(4020)
arXiv: 1703.08787

Discovery of Zc(4032)
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Reproduce Zc(3900) via the ISPE mechanism�
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Lattice QCD simulation does not support exotic 
resonance explanation to Zc(3900)

Lattice QCD simulation
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s = 4.416 GeV

s = 4.358 GeV

s = 4.258 GeV

s = 4.226 GeV

The line 
shapes of 
structures 
changes 

with 
increasing 

energy

Consistent 
with our 

prediction





Huang, Chen, X.Liu, Matsuki, EPJC 79 (2019) 613



5

Summary



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’.

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


Well-established Pseudoscalar mesons listed in PDG

Seven pseudoscalar 
mesons were observed in 

the past decades



The exploration to pesudoscalar states

X(1835)

BESII PRL95 (2005) 262001

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

BESIII PRL106 (2011) 072002



Peak around 2640 MeV
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 Thank you for your attention!


