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3Renaissance of Hadron Spectroscopy!

New particles discovered at the LHC 
79 new hadrons



4Renaissance of Hadron Spectroscopy!

New particles discovered at BESIII
31 new hadrons

https://english.ihep.cas.cn/bes/re/pu/NewParticles/



“Resonance-like” structure   =   Genuine particle
?
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Theoretical Interpretation

✓Hadronic molecule 

✓ Compact multiquark state

✓Hybrid

✓Hadrocharmonium

✓Threshold effect (cusp, triangle singularity, …) (Non-resonance interpretation)

Genuine resonance interpretations

Many new particles are located precisely near the thresholds 

of certain hadron pairs.



Y(4500) in 𝐞+𝐞− → 𝐉/𝛙𝐊+𝐊−

𝐌 = 𝟒𝟒𝟖𝟒. 𝟕 ± 𝟏𝟑. 𝟑 ± 𝟐𝟒. 𝟏 𝐌𝐞𝐕
𝚪 = 𝟏𝟏𝟏. 𝟏 ± 𝟑𝟎. 𝟏 ± 𝟏𝟓. 𝟐 𝐌𝐞𝐕

BESIII, CPC46(2022)111002

> 𝟖𝝈

BESIII, PRL130(2023)121901

𝐞+𝐞− → 𝐃∗𝟎𝐃∗−𝝅+

𝐌𝐢 (MeV) 𝚪𝐢 (MeV)

𝟒𝟐𝟎𝟗 ± 𝟒. 𝟕 ± 𝟓. 𝟗 𝟖𝟏. 𝟔 ± 𝟏𝟕. 𝟖 ± 𝟗. 𝟎 

𝟒𝟒𝟔𝟗. 𝟏 ± 𝟐𝟔. 𝟐 ± 𝟑. 𝟔 𝟐𝟒𝟔. 𝟑 ± 𝟑𝟔. 𝟕 ± 𝟗. 𝟒 

𝟒𝟔𝟕𝟓. 𝟑 ± 𝟐𝟗. 𝟓 ± 𝟑. 𝟓 𝟐𝟏𝟖. 𝟑 ± 𝟕𝟐. 𝟗 ± 𝟗. 𝟑 

𝝍(𝟒𝟒𝟕𝟎)
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Theoretical Model

✓ highly excited charmonium:

•      𝛙(𝟒𝟑𝐃𝟏)  M=4484 MeV

•      𝛙(𝟑𝟑𝐃𝟏)  M=4486/4463 MeV 

•      5S-4D mixture

…

✓ Compact multiquark state: 𝐜ത𝒄𝒒ഥ𝒒 

                                                     𝐜ത𝒄𝒔ത𝒔

✓ 𝑫𝒔𝑫𝒔𝟏(𝟐𝟓𝟑𝟔) molecule

Wang,Chen,Liu,Matsuki, PRD99(2019)114003

Deng,Ni,Li,Zhong, PRD110(2024)056034

Z.G.Wang, NPB1005(2024)116580; 

NPB993(2023)116265

Chiu, Hsieh, PRD73(2006)094510

J.Z.Wang, X.Liu, PRD107(2023)054016

Dong, Guo, Zou, Progr.Phys.41, 65(2021)
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Zcs(3985) and Zcs(4000) 

BESIII, 2011.07855 LHCb, 2103.01803

Widths are quite different



9

Zcs(3985) and Zcs(4000) 

Theoretical interpretations:

• DsD*+Ds*D 

• Virtual state

• Compact tetraquark

• Threshold effects 

• Reflection effects

Yang, Cao, Guo, 

Nieves, Valderrama 

2011.08725

Wang, Zhou, Liu, 

Matsuki, 2011.08628

Ortega, Entem,Fernandez, 

2103.07871

threshold~ 4681 MeV

Y.H. Ge, XHL, H.W. Ke, 

2103.05282



Rescattering contributions in 𝐞+𝐞− → 𝐉/𝛙𝐊+𝐊−

✓ Open-charm rescatterings

✓ No genuine resonance (Y(4500)) 

introduced

✓ The nearby 𝝍(𝟒𝟒𝟏𝟓) will 

contribute

✓ Consider 𝝍(𝟒𝟒𝟏𝟓) as a 

conventional charmonium state

✓ 𝒁𝒄𝒔
(′)

 exist or not
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Effective couplings

HQSS involved

VMD γ = 0.3 β = 0.5 GeV

3P0

𝝍𝑺𝑯 and 𝝍𝑻𝑯 coupling       [GeV]
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Effective couplings

Kang,Guo&Oller, PRD94(2016)014012

Guo&Oller, PRD103(2021)054021 

Compositeness relationship

Two channels saturateBoth 𝒁𝒄𝒔 and 𝒁𝒄𝒔
′ (𝑫∗𝑫𝒔

∗ molecule) 

are included

𝑀𝑅 > 𝑀𝑡ℎ

Resonance pole at 

𝑬𝑹 = 𝑴𝑹 − 𝒊𝚪𝐑/𝟐

PDG average value for 𝒁𝒄𝒔(𝟒𝟎𝟎𝟎)

𝑀 = 3988 ± 5 MeV

Γ = 14 ± 4 MeV
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In a coupled-channel model

Two virtual state pole: 3970 & 4110 MeV

Ortega, Entem, Fernandez, 2103.07871



𝐞+𝐞− → 𝐉/𝛙𝐊+𝐊− line shape

Leptonic part

w/o 𝒁𝒄𝒔
(′)

 

Via 𝝍(𝟒𝑺) and SHH loops

Existence of 𝒁𝒄𝒔
(′)

 plays a crucial role in 

the production of the Y(4500) signal 
𝝍(𝟒𝟒𝟏𝟓) is pure 𝝍(𝟒𝑺)

Data from [BESIII, CPC46(2022)111002]
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Mass and width dependence

𝛿 ≡ 𝑀𝑅 − 𝑀𝑡ℎ
For 𝒁𝒄𝒔 and 𝒁𝒄𝒔

′ , take the same 

width
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𝐞+𝐞− → 𝐉/𝛙𝐊+𝐊− line shape

TS location in the complex plane

𝑴𝒁𝒄𝒔
  3980~4020 MeV         𝑴𝒁𝒄𝒔

′   4120~4200 MeV 

𝑠1

𝑠2

𝑚1

𝑚2

𝑚3
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S-D mixing

Mixing angle

4S-3D 𝜽 = 𝟑𝟑° Badalian&Bakker, 

PRD96(2017)014030

5S-4D 𝜽 = 𝟑𝟎° 
Wang,Chen,Liu,Matsuki, 

PRD99(2019)114003

• Contribution from 𝝍(𝒏𝑫) and 

THH loop is lower, suppressed 

by higher partial wave

• 𝝍(𝟒𝑺) is more favorable for 

𝝍(𝟒𝟒𝟏𝟓) 
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Summary

• TS (unphysical Riemann sheet) can induce the 
Y(4500) structure in 𝐞+𝐞− → 𝐉/𝛙𝐊+𝐊−

• The existence of 𝒁𝒄𝒔
(′)

 resonance pole is correlated with 
the production of Y(4500) signal 

• The SHH loops play a crucial role in the rescattering 
process

• 𝝍(𝟒𝟒𝟏𝟓) is compatible with the conventional 
assignment 𝝍(𝟒𝑺) state

• More studies on the coupled channel dynamics

    

Thanks!
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Backup
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“The kinematic conditions for the existence of singularities on the

physical boundary are equivalent to the condition that the relevant

Feynman diagram be interpretable as a picture of an energy and

momentum-conserving process occurring in space-time, with all

internal particles real, on the mass shell and moving forward in

time.” –Coleman-Norton theorem

Coleman&Norton, Nuovo Cimento 38,5018 (1965)

Fronsdal&Norton,J.Math.Phys.5, 100(1964)

Triangle Singularity Mechanism

Width effect

Complex mass scheme: m2=m-iΓ/2
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Theoretical Interpretation

✓Hadronic molecule 

✓ Compact multiquark state

✓Hybrid

✓Hadrocharmonium

✓Threshold effect (cusp, triangle singularity, …) (Non-resonance interpretation)

Genuine resonance interpretations

20

Hadronic molecule

The “molecular state” concept is not 

exotic， the most exotic thing is that 

nearly all of the XYZ particles could be 

interpreted as molecular states

Threshold effect
Contributions cannot be ignored

XYZ particle

Near threshold 

characteristic



“Resonance-like” structure =   Genuine particle?

“Reflection” in Dalitz plot

Projection of 𝑧𝑐
−(𝟑𝟗𝟎𝟎)
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BESIII, 1303.5949 


