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A series of Charmonium(-like) states observed in experiments since 2003
(The idea for this slides was inspired by Prof. Geng Lisheng's slides)

Understanding these charmonium(-like) states presents a significant 
challenge for conventional quenched quark models. 3
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𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)

➢𝑫ഥ𝑫∗ molecule ?

➢Tetraquark ?

Superstar！
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➢ 𝒄ത𝒄 + 𝑫ഥ𝑫∗ ?

𝝌𝒄𝟏 𝟐𝑷
[𝑱𝑷 = 𝟏+]

𝑫 [𝑱
𝑷
= 𝟎

−
]

ഥ𝑫∗
[𝑱
𝑷
= 𝟏

−
]

𝑳 = 𝟎
𝑺-wave 
coupling

»  Y. S. Kalashnikova, Phys. Rev. D 72, 034010 (2005) 
»  T. Barnes and E. S. Swanson, Phys. Rev. C 77, 055206 (2008) 
» B. Q. Li, C. Meng and K. T. Chao,  Phys. Rev. D 80, 014012 (2009) 
»  I. V. Danilkin and Y. A. Simonov, Phys. Rev. Lett. 105, 102002 (2010) 
»  P. G. Ortega, J. Segovia, D. R. Entem and F. Fernandez,  
Phys. Rev. D 81, 054023 (2010)
»  I. V. Danilkin and Y. A. Simonov, Phys. Rev. D 81, 074027 (2010) 
»  P. G. Ortega, D. R. Entem and F. Fernandez,  J. Phys. G 40, 065107 (2013)
» J. Ferretti, G. Galata and E. Santopinto,  Phys. Rev. C 88, 015207 (2013)
»  Z. Y. Zhou and Z. Xiao, Eur. Phys. J. A 50, no.10, 165 (2014) 
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»  M. X. Duan, S. Q. Luo, X. Liu and T. Matsuki, Phys. Rev. D 101, no.5, 054029 (2020)
» G. J. Wang, Z. Yang, J. J. Wu, M. Oka and S. L. Zhu, Sci.Bull. 69 (2024) 3036-3041 …

Unquenched Coupled-Channel Effects
— Two Key Aspects Overlooked by Most Studies:

➢ The mass shift contribution from the 
large-momentum region is unphysical.

➢ Criteria for selecting relevant coupling 
channels.
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A unified unquenched quark model provides a natural explanation for the low 
masses nature of 𝑫𝒔𝟎

∗ (𝟐𝟑𝟏𝟕) and 𝑫𝒔𝟏(𝟐𝟒𝟔𝟎) within the heavy-light meson spectrum 
(𝑫, 𝑫𝒔, 𝑩, and 𝑩𝒔 ). 6



L=3

L=2

L=1

L=0

𝚲 = 𝟎. 𝟕𝟖 𝐆𝐞𝐕

Suppressing Unphysical Mass Shift Contributions
— Softening the Hard Vertex in QPC model

➢Managed the unphysical mass shift in the large-momentum region properly.
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➢ Criteria for Selecting Relevant Coupling Channels

It is unfeasible to calculate the self-energy function including an unlimited 
number of loops!!! 

Once-subtracted method

Bare 
mass

Virtual 
channels

Open 
channels

………

(Constant)
all

𝑴𝟎 = 𝟑𝟎𝟗𝟕MeV for charmonia.

» M.R.Pennington and D.J.Wilson, Decay channels and charmonium mass-shifts, 
Phys. Rev. D 76, 077502 (2007) 
» Z.Y.Zhou and Z.Xiao, Hadron loops effect on mass shifts of the charmed 
and charmed-strange spectra,Phys. Rev. D 84, 034023 (2011) 
» M.X.Duan and X.Liu, Where are 3P and higher P-wave states in the 
charmonium family?, Phys. Rev. D 104, no.7, 074010 (2021) 
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➢ 2P-wave states

➢ Vector states: “𝒀” problem 

𝝍(𝟒𝟎𝟒𝟎)𝝍(𝟑𝑺)

𝝍(𝟐𝑫)

𝝍(𝟒𝑺)

𝝍(𝟑𝑫)

𝝍(𝟓𝑺)

𝝍(𝟒𝑫)

𝝍(𝟒𝟏𝟔𝟎)

𝝍(𝟒𝟒𝟏𝟓)

4.0~4.8 GeV

𝒀(𝟒𝟓𝟎𝟎)

𝝍(𝟒𝟔𝟔𝟎)

𝒀(𝟒𝟕𝟏𝟎)

𝝍(𝟒𝟐𝟑𝟎)

𝝍(𝟒𝟑𝟔𝟎)

What is the true nature of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)?

Where is 𝝌𝒄𝟎(𝟐𝑷) ? 

In potential model, there are only four free parameters：𝜶, 𝝈, 𝑪𝟎, 𝒓𝒄

In the QPC model, there is only one free parameter: the quark pair creation strength 𝜸 =0.422. 9



➢“𝒀” problem 
» Y. S. Kalashnikova, Coupled-channel model for charmonium levels and an option for X(3872), Phys. Rev. D 72, 034010 (2005) 
»  T. Barnes and E. S. Swanson, Hadron loops: General theorems and application to charmonium, Phys. Rev. C 77, 055206 (2008) 

L= P P P,F

L= S          S,D

The significant 
mass shift induced 
by hadronic loops is 
largely unphysical.

CCEFs ≃Screen potential effect ? 𝝍(𝟒𝟐𝟑𝟎)—𝝍(𝟒𝑺) 𝝍(𝟒𝟑𝟔𝟎)—𝝍(𝟑𝑫)

Screen potential model: ?

10

»  B. Q. Li, C. Meng and K. T. Chao, Coupled-Channel and Screening Effects in Charmonium Spectrum, Phys. Rev. D 80, 014012 (2009) 



[3676]

[4044]

[4381]

[4682]

[4941]

𝝍(𝟐𝑺) [3673]

[4022]

[4273]

[4463]

[4608]

[3683]

[4035]

[4274]

[4443]

Ours LC WCLM
Our predicted mass shift amplitude due to the 

unquenched coupled-channel effect is on the order 
of 10s of MeV. Moreover, it does not exhibit the 
increasing trend from low to high energy levels 
predicted by the screened potential.

𝝍(3𝑺)

𝝍(4𝑺)

𝝍(5𝑺)

𝝍(6𝑺)

» LC：Bai-Qing Li, Kuang-Ta Chao.
Phys. Rev. D, 2009, 79:094004.
» WCLM：Jun-Zhang Wang, Dian-Yong Chen, Xiang Liu, et al.
Phys. Rev. D, 2019, 99(11):114003.

𝝍(3686)

𝝍(4040)

𝝍(4415)

𝝍(4660)

𝝍(𝟒𝟐𝟑𝟎)

Screened potential models

[3775]

[4151]

[4463]

[4737]

[4988]

𝝍(𝟏𝑫) [3787]

[4089]

[4317]

[3830]

[4125]

[4334]

[4484]

𝝍(𝟐𝑫)

𝝍(𝟑𝑫)

𝝍(𝟒𝑫)

𝝍(𝟓𝑫)

𝝍 (𝟑𝟕𝟕𝟎)

𝝍 (𝟒𝟏𝟔𝟎)

𝝍(𝟒𝟑𝟔𝟎)

𝒀(𝟒𝟓𝟎𝟎)

𝒀(𝟒𝟕𝟏𝟎)

Ours LC WCLM
Screened potential models
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𝝍(𝟑𝟔𝟖𝟔)—𝝍(𝟐𝑺)

𝝍(𝟒𝟎𝟒𝟎)—𝝍(𝟑𝑺)

𝝍(𝟒𝟒𝟏𝟓)—𝝍(𝟒𝑺)

𝝍(𝟒𝟔𝟔𝟎)—𝝍(𝟓𝑺)

𝝍(𝟒𝟐𝟑𝟎)

𝝍(𝟒𝟑𝟔𝟎)

𝝍 𝟒𝟐𝟑𝟎 : 𝑫 ഥ𝑫𝟏(𝟐𝟒𝟐𝟎) molecule?

» G. J. Ding, Phys. Rev. D 79, 014001 (2009) .
»  Q. Wang, C. Hanhart and Q. Zhao, 
Phys. Rev. Lett. 111, no.13, 132003 (2013) 
» X. H. Liu and G. Li, Phys. Rev. D 88, 014013 (2013) 
»  Q. Wang, M. Cleven, F. K. Guo, C. Hanhart, U. G. Meissner, X. G. Wu and 
Q. Zhao, Phys. Rev. D 89, no.3, 034001 (2014) 
»  M. Cleven, Q. Wang, F. K. Guo, C. Hanhart, U. G. Meissner and Q. Zhao, 
Phys. Rev. D 90, no.7, 074039 (2014) 
»  W. Qin, S. R. Xue and Q. Zhao, Phys. Rev. D 94, no.5, 054035 (2016)
»  M. Cleven and Q. Zhao, Phys. Lett. B 768, 52 (2017)
»  L. von Detten, V. Baru, C. Hanhart, Q. Wang, D. Winney and Q. Zhao,
Phys. Rev. D 109, no.11, 116002 (2024) 

𝝍 (𝟒𝟏𝟔𝟎)—𝝍(𝟐𝑫)

𝝍 𝟑𝟕𝟕𝟎 —𝝍(𝟏𝑫)

𝒀(𝟒𝟓𝟎𝟎)—𝝍(𝟑𝑫)

𝒀(𝟒𝟕𝟏𝟎)—𝝍(𝟒𝑫)

aka 𝒀 𝟒𝟐𝟑𝟎 ; was 𝝍(𝟒𝟐𝟔𝟎)

𝑴𝒆𝒙𝒑 ≃ 𝟒𝟐𝟐𝟐. 𝟏 ± 𝟐. 𝟑 MeV 𝚪𝒆𝒙𝒑 ≃ 𝟒𝟗 ± 𝟕 MeV

𝑫 ഥ𝑫𝟏(𝟐𝟒𝟐𝟎) threshold ~4280 MeV 

𝝍 𝟒𝟑𝟔𝟎 : 𝑫∗ ഥ𝑫𝟏(𝟐𝟒𝟐𝟎) molecule?
𝑫∗ ഥ𝑫𝟏(𝟐𝟒𝟐𝟎) threshold ~4430 MeV 

» T. Ji, X. K. Dong, F. K. Guo and B. S. Zou, 
Phys. Rev. Lett. 129, no.10, 102002 (2022) 
»  F. Z. Peng, M. J. Yan, M. Sanchez and M. Pavon Valderrama, 
Phys. Rev. D 107, no.1, 016001 (2023) 
»  Z. P. Wang, F. L. Wang, G. J. Wang and X. Liu, 
Phys. Rev. D 110, no.5, L051501 (2024) 

aka 𝒀 𝟒𝟑𝟔𝟎 ; was 𝑿(𝟒𝟑𝟔𝟎)

𝑴𝒆𝒙𝒑 ≃ 𝟒𝟑𝟕𝟒 ± 𝟕 MeV 𝚪𝒆𝒙𝒑 ≃ 𝟏𝟏𝟖 ± 𝟏𝟐 MeV
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➢𝝌𝒄𝟏 𝟐𝑷 : Two−pole structure? Our Key Prediction!

One 
bare 
state

CCEFs Cusp
CCEq

multiple 
solutions

L=0,            → constant

→ large Cusp

Isgur early on pointed out the characteristic 
threshold behavior of this S-wave coupling.
[Phys.Rev.D 57,4041-4053(1998)]

case

How can multiple solutions 
in the CCEq be identified?
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The multiple solutions of the CCEq correspond to 
distinct peaks in the spectral function.

T = V + V GT

Spectral density method: Bogdanova:1991zz ; Kalashnikova:2005ui ; 
Kalashnikova:2009gt ; Baru:2010ww ; Giacosa:2007bn ; Wang:2023snv 

不稳定
束缚态

散射
共振态

𝚪 ≃ 𝟔𝟎MeV

Unphysical Solutions
— Violation of the Wigner Condition

» M. Boglione and M. R. Pennington, 
Dynamical generation of scalar mesons, 
Phys. Rev. D 65, 114010 (2002) 
»  N. A. Tornqvist, How to parametrize an S-wave 
resonance and how to identify two hadron composites, 
Phys. Rev. D 51, 5312-5315 (1995) 
»  N. A. Tornqvist and M. Roos, Resurrection of the 
sigma meson, Phys. Rev. Lett. 76,1575-1578 (1996) 
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Lower-mass state
[Molecular Dominance]

Higer-mass state
[𝒒ഥ𝒒 core Dominance]

CCEq multiple solutions
»  Kalashnikova:
Y. S. Kalashnikova, Phys. Rev. D 72, 034010 (2005)
»  DS: 
I. V. Danilkin and Y. A. Simonov, 
Phys. Rev. Lett. 105, 102002 (2010) 
» OSEF：
P. G. Ortega, J. Segovia, D. R. Entem, and F. 
Fernandez, Phys. Rev. D 81, 054023 (2010)
»  CRB：
S. Coito, G. Rupp and E. van Beveren, 
Eur. Phys. J. C 73, no.3, 2351 (2013) 
»  ZX：
Z. Y. Zhou and Z. Xiao, 
Phys. Rev. D 96, 054031 (2017);96, 099905(E) (2017)
» GPC：
F. Giacosa, M. Piotrowska, and S. Coito, 
Int. J. Mod. Phys. A 34, 1950173 (2019)
»  WYWOZ： 
G. J. Wang, Z. Yang, J. J. Wu, M. Oka and S. L.
Zhu, Sci. Bull. 69, 3036-3041 (2024) 
»  WLCMZ： 
J. Z. Wang, Z. Y. Lin, Y. K. Chen, L. Meng and S. L.
Zhu,[arXiv:2404.16575 [hep-ph]]
» LQCD: 
H. Li, C. Shi, Y. Chen, M. Gong, J. Liang, Z. Liu and 
W. Sun, 
[arXiv:2402.14541 [hep-lat]]. 

𝝌𝒄𝟏 𝟐𝑷 𝐌𝐚𝐬𝐬 (MeV) 𝐌𝐚𝐬𝐬, 𝚪 (MeV)

Kalashnikova ~3871 3990,27

DS ~3872 3950,35

OSEF 3871 3942,-

CRB ~3872 ~4030-4190,~20-140

ZX 3871 3934,80

GPC 3872 3995,72

WYWOZ ~3872 3958,17

WLCMZ ~3872 ~3980-4150,~10-140

LQCD ~3872 ~4000-4070,30-70

Ours 3871 3990,60

𝝌𝒄𝟏(𝟒𝟎𝟏𝟎)

» LHCb,Observation of New Charmonium or Charmoniumlike States in 𝑩+ → 𝑫∗±𝑫∓𝑲+ Decays, 
Phys. Rev. Lett. 133, no.13, 131902 (2024) 

𝟒𝟎𝟏𝟑−𝟗
+𝟖, 𝟔𝟑 ± 𝟏𝟑

Great agreement with our predictions!

Although different models 
provide overlapping 
interpretations of 𝝌𝒄𝟏(𝟑𝟖𝟕𝟐), 
there are significant 
differences in the details!

𝝌𝒄𝟏(𝟑𝟖𝟕𝟐)
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»  LHCb,Observation of New Charmonium or Charmoniumlike States in 𝑩+ → 𝑫∗±𝑫∓𝑲+ Decays, 
Phys. Rev. Lett. 133, no.13, 131902 (2024) 

The other three new charmonium(-like) states

Resonance 𝑱𝑷𝑪
Exp.

𝐌𝐚𝐬𝐬, 𝚪 (MeV)
States

Ours

𝐌𝐚𝐬𝐬, 𝚪 (MeV)

𝜼𝒄(𝟑𝟗𝟒𝟓) 𝟎−+ 𝟑𝟗𝟒𝟓−𝟒𝟓
+𝟔𝟓, 𝟏𝟑𝟎−𝟏𝟏𝟗

+𝟏𝟗𝟑 𝜼𝒄(𝟑𝑺) 𝟒𝟎𝟐𝟐, 𝟔𝟐

𝒉𝒄(𝟒𝟎𝟎𝟎) 𝟏+− 𝟒𝟎𝟎𝟎−𝟑𝟔
+𝟒𝟔, 𝟏𝟖𝟒−𝟏𝟎𝟔

+𝟏𝟔𝟖 𝒉𝒄(𝟐𝑷) 𝟑𝟗𝟔𝟏, 𝟔𝟔

𝒉𝒄(𝟒𝟑𝟎𝟎) 𝟏+− 𝟒𝟑𝟎𝟕−𝟏𝟏
+𝟏𝟎, 𝟓𝟖−𝟒𝟏

+𝟓𝟔 𝒉𝒄(𝟑𝑷) 𝟒𝟑𝟎𝟕, 𝟐𝟓

The results predicted by our unquenched quark model align with 
experimental observations within the error range.
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Quenched
~3840-3900 

MeV

➢𝝌𝒄𝟎 𝟐𝑷 : Where?

𝝌𝒄𝟎(𝟑𝟗𝟏𝟓)

𝝌𝒄𝟎(𝟑𝟖𝟔𝟎)

𝑴𝒆𝒙𝒑 ≃ 𝟑𝟖𝟔𝟐−𝟑𝟓
+𝟓𝟎 MeV

𝚪𝒆𝒙𝒑 ≃ 𝟐𝟎𝟎−𝟏𝟏𝟎
+𝟏𝟖𝟎MeV

𝑴𝒆𝒙𝒑 ≃ 𝟑𝟗𝟐𝟐 ± 𝟐 MeV

𝚪𝒆𝒙𝒑 ≃ 𝟐𝟎 ± 𝟒 MeV

CCEFs play a crucial role in 
uncovering the puzzles surrounding 𝝌𝒄𝟎 𝟐𝑷 !

Positive 
mass shift

Literature with similar findings:

𝝌𝒄𝟎 𝟑𝟕𝟑𝟎 ? Bound state? Virtual state?

Literature with similar findings:

arXiv:2410.19563v1 [hep-ph]

» M. X. Duan, S. Q. Luo, X. Liu 
and T. Matsuki, Phys. Rev. D 101, 
no.5, 054029 (2020) 
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➢Management of mass shifts

SUMMARY

𝝍 𝟒𝟎𝟒𝟎 − 𝝍 𝟒𝑺
𝝍 𝟒𝟒𝟏𝟓 − 𝝍 𝟓𝑺
𝝍 𝟒𝟔𝟔𝟎 − 𝝍 𝟔𝑺

𝝌𝒄𝟎 𝟑𝟗𝟏𝟓 − 𝝌𝒄𝟎 𝟐𝑷 ，𝝌𝒄𝟐 𝟑𝟗𝟑𝟎 − 𝝌𝒄𝟐 𝟐𝑷
𝝌𝒄𝟏 𝟑𝟖𝟕𝟐 − 𝝌𝒄𝟏 𝟐𝑷 ， 𝝌𝒄𝟏 𝟒𝟎𝟏𝟎 − 𝝌𝒄𝟏 𝟐𝑷
𝝌𝒄𝟏 𝟒𝟐𝟕𝟒 − 𝝌𝒄𝟏 𝟑𝑷 , 𝑿 𝟒𝟑𝟓𝟎 − 𝝌𝒄𝟐 𝟑𝑷
𝝌𝒄𝟎 𝟒𝟓𝟎𝟎 − 𝝌𝒄𝟎 𝟒𝑷 ，𝝌𝒄𝟎 𝟒𝟕𝟎𝟎 − 𝝌𝒄𝟎 𝟓𝑷

𝝍 𝟑𝟕𝟕𝟎 − 𝝍 𝟏𝑫 ，𝝍𝟐 𝟑𝟖𝟐𝟑 − 𝝍𝟐 𝟏𝑫
𝝍𝟑 𝟑𝟖𝟒𝟐 − 𝝍𝟑 𝟏𝑫 ，𝝍 𝟒𝟏𝟔𝟎 − 𝝍 𝟐𝑫
𝑿 𝟒𝟏𝟔𝟎 − 𝜼𝒄𝟐 𝟐𝑫 ，𝒀(𝟒𝟓𝟎𝟎) − 𝝍 𝟑𝑫

𝒀(𝟒𝟕𝟏𝟎) − 𝝍 𝟒𝑫

𝝌𝒄𝟎(𝟑𝟖𝟔𝟎)？𝝍(𝟒𝟐𝟑𝟎)？
𝝌𝒄𝟏(𝟒𝟏𝟒𝟎)？𝒀 (𝟒𝟑𝟔𝟎)？ 
𝝌𝒄𝟏(𝟒𝟔𝟖𝟓)？

Unquenched 
charmonium spectrum

The mass correction induced 
by the unquenched coupled-
channel effect seems to 
differ from the screened 
potential effect.

Two key points in CCEFs calculation [Phys.Rev.D 109(2024)11,116006] : 

Phys. Rev. D 110 (2024) 5, 056034 : 

➢Selection of coupling channels
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Thank you 
for your attention！


