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New hadron state & hadron-hadron threshold

• Meson sector

:  thresholdX(3872) DD̄*

:  thresholdDs0(2317) DK

• Four quark sector

:  thresholdsZc(3900) DD̄*

:  thresholdTcc DD*

• Five quark sector

 states:  thresholdPc ΣcD̄(*)

 :  thresholdPcs Ξ+
c D−

D D̄*
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Hadronic molecular state, cusp effect, coupled channel effect 
…



: the first  above open charm thresholdψ(3770) cc̄

• Identified as  state after its observation in 1977 @SLACψ(1D)
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: the first  above open charm thresholdψ(3770) cc̄

• Identified as  state after its observation in 1977 @SLACψ(1D)

• Large non-  decay DD̄ ∼ 15 %

In sharp contrast to :  ψ(3686)
Γ[ψ(3686) → hadrons] ∼ 0

Γ[ψ(3770) → non − DD̄] ∼ 4 MeV

•  mass in the quark modelψ(1D)

In most quark model calculation:   mψ(1D) ∼ 3.8 GeV

• Conventional potential model: 
    E. Eitchten, et al            3.81 GeV 
    Godfrey & Isgur             3.82 GeV 
    T. Barnes, et al              3.785 GeV

• Screened potential model: 
    Li & Zhao,                      3.787 GeV 
    Jun-Zhang Wang, et al  3.83 GeV
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non-  decay of DD̄ ψ(3770)

BESIII Collaboration, PRL 101, 102004 (2008)

• Deviation from a Breit-Wigner distribution 
• initial state radiation (ISR) 
• the  production threshold DD̄
the slope at the high-energy side less steep

there exist two resonances ? 
    one dominantly decay to  
    the other dominantly decay to non-

DD̄
DD̄
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non-  decay DD̄ →R(3760), R(3780), R(3810)
BESIII Collaboration, PRL 101, 102004 (2008)

• Deviation from a Breit-Wigner distribution 
• initial state radiation (ISR) 
• the  production threshold DD̄

the slope at the high-energy side less steep

there exist two resonances ? 
    one dominantly decay to  
    the other dominantly decay to non-

DD̄
DD̄

BESIII Collaboration, PRL 133, 241902 (2024) BESIII Collaboration, PRL 132, 191902 (2024)

• : near the  threshold & apparent at nOCH channelR(3760) DD̄
• : the previous  R(3780) ψ(3770)
• : just above the  threshold & appear in nOCH channelR(3810) hcππ
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 channel: DD̄ G(3900)

3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10

0

2

4

6

8

10

s (GeV)

σ(
D
D
)(
nb

)

• -wave  resonanceP DD̄*/D*D̄
• Z.-Y. Lin, J.-Z. Wang, J.-B. Cheng, L. Meng, and S.-L. Zhu, Phys. Rev. Lett. 133, 241903 (2024)

• Coupled channel fits

• M.-L. Du, U.-G. Meißner, and Q. Wang, PRD 94, 096006 (2016) 
• Q. Ye, Z. Zhang, M.-L. Du, U.-G. Meißner, P.-Y. Niu, and Q. Wang, PRD 112, 016015 (2025) 
• S. X. Nakamura, X. H. Li, H. P. Peng, Z. T. Sun, and X. R. Zhou, arXiv:2312.17658 [hep-ph].

Pole find near 3.9 GeV

• T. V. Uglov, Y. S. Kalashnikova, A. V. Nefediev, G. V. Pakhlova, and P. N. Pakhlov, JETP Lett. 105, 1(2017) 
• N. H¨usken, R. F. Lebed, R. E. Mitchell, E. S. Swanson, Y.-Q. Wang, and C.-Z. Yuan, Phys. Rev. D 109, 114010 (2024)

No poles near 3.9 GeV
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A short summery

 as  charmoniumψ(3770) 3D1

• Mass in potential model > experimental value • Large non-  decay widthDD̄

 in open charm channelG(3900) , , R(3760) R(3780) R(3810)

Coupled channel effect ? 
 interaction?DD̄*

in non-open charm channel

BESIII Collaboration, PRL 132, 191902 (2024)
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Coupled channel effect
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• Coupled-channel framework 
to open charm channels



Potential model of meson

Potential

Phenomenological potential Vcc̄

Spin dependent part: , , ̂Sc ⋅ ̂Sc̄ L̂ ⋅ ̂Si
̂S12

Spin independent part: V(r) =
α
r

+ br

Mass spectrum

State labeled by |2S+1 LJ⟩

Hcc̄ = 2mc +
p2

2μ
+ Vcc̄(r)

Quantum number

P = (−1)L + 1
C = (−1)L+S

Decay model

c

c̄

ψ

Radiative decay

Annihilation decay

Open charm decay

Work good for  below open charm thresholdcc̄
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The coupled channel effect

H = Hcc̄ + Hcc̄↔hadrons + Hhadrons

Hcc̄ |ψn⟩ = En |ψn⟩

: the bare  spectrum, bound state of Hcc̄ cc̄ cc̄

⟨ψn |Hcc̄↔hadrons | i; p⟩ = fn,i( p)

: the strong decay of Hcc̄↔hadrons cc̄

Physical state as superposition of bare state and continuum state:

ψ(1D)
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Strong decay width comparable to energy level spacing



H = Hcc̄ + Hcc̄↔M1M2
+ HM1M2

Hcc̄ |ψn⟩ = En |ψn⟩

⟨ψn |Hcc̄↔M1M2
| i; p⟩ = fn,i( p)

Vs
ij( p, p′￼) = ∑

n

fin( p)fnj( p′￼)
E − En

• Ignore the direct meson-meson interaction:

λ = diag ( 1
E − E1

,
1

E − E2
, . . . )fi = ( f1,i, f2,i, . . . )

determine the pole positions

The coupled channel dynamics

+
ψi

restrict to  spaceM1M2

• The -  coupled channel systemcc̄ M1M2

p2
i

2μi
χi( p) + ∫ d3p′￼(Vs

ij( p, p′￼) + Vdirect
ij ( p, p′￼)) χj( p′￼) = (E − mth

i )χi( p)• The meson-meson scattering:

12

Reduce to Flatté formula: T ∼
1

E − E0 − ∑i Ii(E )
∼

1
E − mR + imR ∑i giρi



Morel and S. Capstick, (2002), arXiv:nucl-th/020401 
P. G. Ortega, J. Segovia, D. R. Entem, and F. Fernandez, Phys.Rev. D 94, 074037 (2016)

-waveS -waveD

ψ(2S)

ψ(3S)

DD̄

DD̄* + c . c .

D*D̄*

ψ(1D)

• the  coupling.e+e−

fn,ee Constant, can be related to the dilepton width in potential model
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The coupled channel dynamics

                                            
.    .    

ψ(2S) ψ(1D) ψ(3S)
E1 = 3.687 GeV E2 = 3.82 GeV E3 = 4.10 GeV

•  ：Godfrey-Isgur (GI) modelHcc̄
Three bare state

•  ：quark pair creation (QPC) modelHcc̄↔hadrons

: suppress the high momentum contributione− p2
2Λ

fn,ee = ⟨ψn |Hem |e+e−⟩



• (a) The  cross sectionDD̄

The coupled channel dynamics: results

In GI model: Γee
2S = 3.27 keV, Γee

1D = 0.10 keV, Γee
3S = 1.94 keV
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ψ(1D)
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• (a) The  cross sectionDD̄

• (b)  can be produced via coupled channel dynamicsG(3900)

The coupled channel dynamics: results

In GI model: Γee
2S = 3.27 keV, Γee

1D = 0.10 keV, Γee
3S = 1.94 keV
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1. Removing  in the model  small  signalψ(2S) → ψ(3770)

Mixing via ψ(2S) − DD̄ − ψ(1D)
2. Removing  in the model  no  signalψ(3S) → G(3900)

ψ(1D) − DD̄* − ψ(3S)



The coupled channel dynamics: results

• Analytical continuation & contour deformation

• Poles of scattering amplitude TDD̄,e+e−
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Only three poles near the physical region 

ψ (3770)

ψ (4040)

The coupled channel dynamics: results
• Poles of scattering amplitude TDD̄,e+e−
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• The non-open charm hadron (nOCH) channels



The non-open charm hadron(nOCH) cross section

• R(3760)

• R(3780)

Structure around mDD̄ = 3.730 GeV
Threshold effect?

The signal of ψ(3770)
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The non-open charm hadron(nOCH) cross section

• R(3760)

• R(3780)

Structure around mDD̄ = 3.730 GeV
Threshold effect?

The signal of ψ(3770)

• The possibility of direct  couplingψ(1D) − nOCH

In general the  can produce a cusp at  mass thresholdIDD̄(E + iϵ) DD̄

The branch point of square root function produce a cusp

λ =
1

E − Ei

If the  coupling in S-wave, ψ − DD̄ fDD̄(k) ≈ f (0)
the  coupling in P-wave, ψ − DD̄ fDD̄(k) ≈ 2μDD̄EDD̄

A direct nOCH coupling  near  structure⇏ DD̄
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• The rescattering coupling  VDD̄↔nOCH

The recattering mechanism

: reflect the -wave coupling 
: the characteristic momentum scale of rescattering process

qYm
1 (Ωq) P

ΛnOCH

• How to model the non-open charm hadron (nOCH) channels  

μnOCH = 0.7 GeV & mth
nOCH = 3.0 GeV

Ignore momentum dependence of nOCH channel

Near the  mass threshold, only the relative momentum between  mattersDD̄ DD̄
Assuming a two body nOCH threshold

21

 
 

…

DD̄ → J/ψ X
DD̄ → light hadrons



The result of recattering mechanism

• The rescattering coupling  VnOCH↔DD̄

• No direct -nOCH coupling 
just as the negligible small width of .


•  
The mass of  is very close to the  threshold  

 Large nOCH branching fraction of   
the rescattering  contribute its nOCH decays.

ψ(1D)
ψ(3686)

ΛnOCH ∼ 100 MeV
ψ(3770) DD̄

→ ψ(3770)
DD̄ → nOCH

• Conclusion
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The result of recattering mechanism

• The rescattering coupling  VnOCH↔DD̄

• Conclusion

• Similar threshold structure in  and  threshold in nOCH channel?  
The  may have large nOCH decay fraction ( )

DD̄* D*D̄*
ψ(4040) mψ(4040) − mD*D̄* ≈ 20 MeV

• Other effect

• Near  threshold structure can occur in charmonium(-like) decays:  D(*)D̄(*) Zc
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• No direct -nOCH coupling 
just as the negligible small width of .


•  
The mass of  is very close to the  threshold  

 Large nOCH branching fraction of   
the rescattering  contribute its nOCH decays.

ψ(1D)
ψ(3686)

ΛnOCH ∼ 100 MeV
ψ(3770) DD̄

→ ψ(3770)
DD̄ → nOCH

 in S-waveD(*)D̄(*)
Y → D(*)D̄(*)π

Zc(3900) & Zc(4020)



• R(3760)

• R(3780)

Structure around mDD̄ = 3.730 GeV
Rescattering process DD̄ → nOCH

The signal of ψ(3770)

• R(3810)
Structure just above the  mass thresholdhcππ
don’t have apparent signal in  cross sectionDD̄

Very close to mhcππ = 3.80 GeV

Assume the relative angular momentum between  is ππ Lππ = 1

• The possibility of  couplingψ(1D) − hcππ
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Bare  mass, 3.82 GeV in GI modelψ(2S)

Possible strong coupling between ψ(1D) − hcππ

The non-open charm hadron(nOCH) cross section



The result of  couplinghcππ

• Λhc
= 0.04 GeV

• The  can be explained by  couplingR(3810) ψ(1D) − hcππ

The momentum scale ~ 0.04 GeV

In view of QCD multipole expansion,  via soft gluon emission 
small momentum scale expected

ψ(1D) → hcππ

• Does not affect pole of ψ(3770)
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• The near  structure in the nOCH channel is due to the  couplingDD̄ VnOCH↔DD̄

• The structure at 3.81 is from e+e− → ψ(1D) → hcππ

The  takes effect only at energy very near  threshold. 
The large non-  is  is only because that its mass is very close to 

VnOCH,DD̄ DD̄
DD̄ ψ(3770) mDD̄

This coupling can produce a resonance like structure in nOCH while show no signals in  channelDD̄

• The anomalous line shape of  &  is due to coupled channel dynamicsψ(3770) G(3900)
cc̄ − open charm

Summery
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Thanks for your attention



Back up
The amplitude of QPC model






