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The double charmed tetraquark state 𝑇𝑐𝑐

The distribution of the 𝐷0𝐷0𝜋
+ mass

4
LHCb, Nat. Phys. 18, 751 (2022).

⚫ Considering the experimental 
resolution produces the resonance 
pole at

⚫ quantum numbers, 𝐼 𝐽𝑃 = 0 1+

⚫ The BW mass and width of  𝑇𝑐𝑐



The possible heavy quark partner of 𝑍𝑐𝑠/𝑇𝑐𝑐 states
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𝑇𝑐𝑐 :𝑐𝑐ത𝑞ത𝑞 𝑇𝑏𝑐 :𝑏𝑐ത𝑞ത𝑞

𝑇𝑏𝑐തs :𝑏𝑐 ҧ𝑠 ത𝑞

➢ In the heavy quark limit, the 𝑏/𝑐 quark could be 

considered as a rest color resource, so the two 

different quark components could have similar 

properties.



The hidden-charm tetraquark state 𝑍𝑐𝑠(3985)
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𝐾+ recoil-mass spectra in 𝑒+𝑒− → 𝐾+(𝐷𝑠
−𝐷∗0 + 𝐷𝑠

∗−𝐷0)

BESIII, Phys. Rev. Lett. 126, 102001 (2021). 

⚫ In 2021, 𝑍𝑐𝑠(3985) , the possible strange partner 

of 𝑍𝑐(3900) was reported by BESIII Collaboration.

𝑀𝑍𝑐𝑠 = 3982.5−2.6
+1.8 ± 2.1

Γ𝑍𝑐𝑠 = 12.8−4.4
+5.3 ± 3.0

⚫ 𝑀𝑍𝑐s −𝑀𝐷𝑠
∗ −𝑀ഥ𝐷 ~ 2 MeV

Is 𝑍𝑐𝑠(3985) a molecular state ?



The possible heavy quark partner of 𝑍𝑐𝑠/𝑇𝑐𝑐 states
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𝑍𝑐𝑠:𝑐 ҧ𝑐𝑠ത𝑞 𝑇𝑏 ҧ𝑐𝑠:𝑏 ҧ𝑐𝑠ത𝑞

𝑇𝑏 ҧ𝑐 ҧ𝑠 :𝑏 ҧ𝑐𝑞 ҧ𝑠ҧ𝑍𝑐𝑠:𝑐 ҧ𝑐𝑞 ҧ𝑠
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The possible heavy quark partner of 𝑇𝑐𝑐 states

𝑇𝑐𝑐 :𝑐𝑐 ത𝑞ത𝑞 𝑇𝑏𝑐തs :𝑏𝑐 ҧ𝑠 ത𝑞

𝑃𝑃 ത𝐵𝑠𝐷/ ത𝐵𝐷𝑠

𝑉𝑃

ത𝐵𝑠
∗𝐷/ ത𝐵∗𝐷𝑠

ത𝐵𝑠𝐷
∗/ ത𝐵𝐷𝑠

∗

𝑉𝑉 ത𝐵𝑠
∗𝐷∗/ ത𝐵∗𝐷𝑠

∗

P: pseudoscalar meson, V: vector meson
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The possible heavy quark partner of 𝑍𝑐𝑠 states

𝑍𝑐𝑠:𝑐 ҧ𝑐𝑠ത𝑞

𝑇𝑏 ҧ𝑐𝑠:𝑏 ҧ𝑐𝑠ത𝑞

𝑃𝑃 ത𝐵𝑐 ഥ𝐾/ ത𝐵ഥ𝐷𝑠

𝑉𝑃

ത𝐵𝑐
∗ ഥ𝐾/ ത𝐵∗ഥ𝐷𝑠

ത𝐵𝑐 ഥ𝐾
∗/ ത𝐵ഥ𝐷𝑠

∗

𝑉𝑉 ത𝐵𝑐
∗ ഥ𝐾∗/ ത𝐵∗ഥ𝐷𝑠

∗

𝑇𝑏 ҧ𝑐 ҧ𝑠 :𝑏 ҧ𝑐𝑞 ҧ𝑠

𝑃𝑃 ത𝐵𝑐𝐾/ ത𝐵𝑠ഥ𝐷

𝑉𝑃

ത𝐵𝑐
∗𝐾/ ത𝐵𝑠

∗ഥ𝐷

ത𝐵𝑐𝐾
∗/ ത𝐵𝑠ഥ𝐷

∗

𝑉𝑉 ത𝐵𝑐
∗𝐾∗/ ത𝐵𝑠

∗ഥ𝐷∗P: pseudoscalar meson, V: vector meson
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Workflow
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input

output
Unitary scattering 

amplitude

T

Bethe-
Salpeter 
equation

Tree level 
amplitude 

V

Meson-meson 
loop function 

G



BS-eq
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Bethe-Salpeter equation in coupled channels

𝑇 = 𝑉 + 𝑉𝐺𝑇

𝑇 =
𝑉

1 − 𝑉𝐺



Loop function
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➢ Bethe-Salpeter equation:

➢ Loop function:

Cutoff regularization

𝑞𝑚𝑎𝑥 is generally taken to be 400-600 MeV, when 
dealing with hidden-charm molecular states. 



Loop function

14

➢ Looking for poles 𝑠𝑝 of  𝑇 on complex plane,

➢ Coupling constants are defined as the residue of the amplitude at the poles:

𝑠𝑝 = 𝑎 + 𝑏 𝑖

Mass

Width 



Vector meson exchange formalism
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P: pseudoscalar meson, V: vector meson

Feynman diagrams for the interactions between charmed (-strange) mesons and bottom(-strange) mesons

Vertices involving 𝑃 and 𝑉
within the Local Hidden Gauge



P-P interaction in 𝑏𝑐 ҧ𝑠 ത𝑞 system
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➢ Two coupled channels in 𝑏𝑐 ҧ𝑠 ത𝑞 system,

Heavy vector exchange negligible
𝐶𝑃𝑃: + -

repulsive attractive

Interaction potential:

Coefficient matrix:



P-P interaction in 𝑏𝑐 ҧ𝑠 ത𝑞 system
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➢ Two coupled channels in 𝑏𝑐 ҧ𝑠 ത𝑞 system,

Heavy vector exchange negligible
repulsive vanished

Interaction potential:

Coefficient matrix:

The formation of molecular states generally 
requires a diagonal attractive potential



P-P interaction in 𝑏𝑐 ҧ𝑠 ത𝑞 system
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➢ mixing of the two channels 

Similar to forming an isospin channel !

Repulsive

Attractive

Mass of coupled channels in 𝑏𝑐 ҧ𝑠 ത𝑞 system



V-P interaction in 𝑏𝑐 ҧ𝑠 ത𝑞 system
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➢ Four coupled channels in 𝑏𝑐 ҧ𝑠 ത𝑞 system,

Vector meson exchange mechanism in VP sector Four orthogonal bases in VP sector



V-P interaction in 𝑏𝑐 ҧ𝑠 ത𝑞 system
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No diagonal attraction potential ! Attractive Repulsive

Possible molecular states



V-V interaction in 𝑏𝑐 ҧ𝑠 ത𝑞 system
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Vector meson exchange mechanism in VV sector

Interaction potential:
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Pole position and coupling
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➢ Six bound state in 𝑏𝑐 ҧ𝑠ത𝑞 system with              

cutoff parameter 𝑞𝑚𝑎𝑥 = 600 MeV.

➢ 1 pole generated from the P-P interaction,         

2 poles generated from the V-P interaction and 

3 poles generated from the V-V interaction.

➢ No width.

• Not consider the width of the initial and final states.

• Not consider the box diagrams with Kaon exchange.

The binding energies 𝐸𝐵 and the couplings 𝑔𝑖 of the bound 
states on the physical (first Riemann) sheet for the 𝑏𝑐 ҧ𝑠 ത𝑞 systems
with 𝑞𝑚𝑎𝑥 = 600 MeV.



Pole position and coupling
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➢ No bound state pole on the first Riemann sheet.

➢ six virtual state near threshold on the second 

Riemann sheet (++) in 𝑏𝑐 ҧ𝑠 ത𝑞 system has been 

found with cutoff parameter 𝑞𝑚𝑎𝑥 = 400 MeV.

The pole position 𝑠𝑝 of the virtual states on the second 
Riemann sheet for the 𝑏𝑐 ҧ𝑠 ത𝑞 systems with 𝑞𝑚𝑎𝑥 = 400 MeV.



Pole position and coupling
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The pole position 𝑠𝑝
′ = 𝑠𝑝 −𝑚𝑡ℎ𝑟 of the combination | ത𝐵∗𝐷∗

𝑠
−; 𝐽 = 2 >

as a function of the cutoff momentum 𝑞𝑚𝑎𝑥 = 300 − 800 MeV.

➢ When 𝑞𝑚𝑎𝑥 > 410 MeV ,

a bound state pole appears, 

while it becomes a virtual state

when 𝑞𝑚𝑎𝑥 < 410 MeV. 
Pole on RI    𝑠𝑝

𝐼 + 𝜖 𝐼

Pole on RII   𝑠𝑝
𝐼𝐼 − 𝜖 𝐼



Different behaviors of poles
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Bound state Bound state Bound state

virtual state Threshold 
cuspAmplitude squared for 

different qmax values 



𝑏 ҧ𝑐𝑠ത𝑞 and 𝑏 ҧ𝑐 ҧ𝑠𝑞 system
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Interactions in the 𝑏 ҧ𝑐𝑠ത𝑞 and 𝑏 ҧ𝑐 ҧ𝑠𝑞 systems 

➢ No light vector 
meson exchange

➢ No deep bound pole 
has been found

Does this mean that 𝑍𝑐𝑠(3985) is not a molecular state,  
at least not a bound state?



Evaluate width
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Unpublished manuscript

Strong decay Feynman diagram for | ത𝐵𝐷∗
𝑠; 1

+⟩

Kaon exchange mechanism



Evaluate width
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Unpublished manuscript

Strong decay Feynman diagram for | ത𝐵𝐷∗
𝑠; 1

+⟩

Kaon exchange mechanism

| ത𝐵∗𝐷∗
𝑠; 0

+/2+⟩

| ത𝐵𝐷∗
𝑠; 1

+⟩

| ത𝐵∗𝐷∗
𝑠; 1

+⟩



Evaluate width
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Unpublished manuscript

The ratio of the widths 
remains relatively stable !
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Summary and Outlook
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➢ Six bound states in 𝑏𝑐 ҧ𝑠 ത𝑞 system with the binding energies about 10-20 MeV has 

been found when cutoff parameter 𝑞𝑚𝑎𝑥 = 600 MeV, those bound states change to 

virtual states when cutoff parameter 𝑞𝑚𝑎𝑥 = 400 MeV.

➢ No deeply bound pole has been found in the 𝑏 ҧ𝑐𝑠ത𝑞 and 𝑏 ҧ𝑐 ҧ𝑠𝑞 system, for there is   

no light vector exchange.

➢ The widths of molecule states in 𝑏𝑐 ҧ𝑠 ത𝑞 system are estimated:



Thanks for your attention!

2025/04/13

报告人: 刘文颖
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Back-up



BS-eq within LHG

35

A flavor SU(5) symmetry is assumed



BS-eq within LHG
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BS-eq within LHG
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Loop function
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Loop function:

dimensional regularization



Results
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A. Feijoo, W. H. Liang and E. Oset, Phys. Rev. D 104, no.11, 114015 (2021) 



Decay property of  | ത𝐵𝐷∗
𝑠; 1

+⟩

40

𝑖ℳ = 𝐺𝑀𝑀 ⋅ 𝑔𝑀𝑀𝑋 ⋅ 𝑖ℳ2

𝐺𝑀𝑀: meson-meson loop function
𝑔𝑀𝑀𝑋: Coupling constant

Unpublished manuscript

Strong decay Feynman diagram for | ത𝐵𝐷∗
𝑠; 1

+⟩ Kaon exchange mechanism



Decay property of  | ത𝐵∗𝐷∗
𝑠; 0

+/2+⟩
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𝑖ℳ = 𝐺𝑀𝑀 ⋅ 𝑔𝑀𝑀𝑋 ⋅ 𝑖ℳ3

𝐺𝑀𝑀: meson-meson loop function
𝑔𝑀𝑀𝑋: Coupling constant

Unpublished manuscript

Strong decay Feynman diagram for | ത𝐵∗𝐷∗
𝑠; 0

+/2+⟩ Kaon exchange mechanism



Decay property of  | ത𝐵∗𝐷∗
𝑠; 1

+⟩
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𝑖ℳ = 𝐺𝑀𝑀 ⋅ 𝑔𝑀𝑀𝑋 ⋅ 𝑖ℳ4

𝐺𝑀𝑀: meson-meson loop function
𝑔𝑀𝑀𝑋: Coupling constant

Unpublished manuscript

Kaon exchange mechanismStrong decay Feynman diagram for | ത𝐵∗𝐷∗
𝑠; 1

+⟩



Spin projection operator
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Unpublished manuscript

Strong decay Feynman diagram for | ത𝐵∗𝐷∗
𝑠; 1

+⟩



Decay property
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Unpublished manuscript

𝑃𝑉 sector 𝑉𝑉, 𝐽 = 0 sector

𝑉𝑉, 𝐽 = 1 sector 𝑉𝑉, 𝐽 = 2 sector



Production
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Production
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The heavy quark plays the role of a spectator at the quark level.


