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• BESIII experiment recently reported 5.3𝜎 observation of a very 
narrow Zcs(3985) in 𝐷!"𝐷∗ + 𝐷𝐷!∗" mass distributions .

• LHCb experiment later reported wider Zcs(4000) as well as 
Zcs(4220).

Motivations

𝑚(𝑍!" 3985 = 3982.5#$.&'(.) ± 2.1 MeV
Γ (𝑍!" 3985 = 12.8#*.*'+., ± 3.0 MeV

𝑚(𝑍!" 4000 = 4003 ± 6#(*'* MeV
Γ (𝑍!" 4000 = 131 ± 15 ± 26 MeV

Phys. Rev. Lett. 126 (2021) 102001 arXiv:2103.01803
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Motivations

arXiv:2010.15931
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• molecular resonance is suggested
• L. Meng, B. Wang and S. L. Zhu, Phys. Rev. D 102,
• B.Wang, L. Meng and S. L. Zhu, Phys. Rev. D 103, no.2, L021501 

(2021).
• arXiv:2011.13013.
• arXiv:2011.09156.
• Bound states
• J. Ferretti and E. Santopinto, JHEP 04, 119 (2020).
• Other explanations
• J. Z. Wang, Q. S. Zhou, X. Liu and T. Matsuki, Eur. Phys. J. C 81, no.1, 

51 (2021)(a reflection structure).
• Pablo G. Ortega et al. e-Print: 2103.07871(virtual state).
• Zhi Yang et al. Phys.Rev.D 103 (2021) 7, 074029(virtual state).

Theoretical studies  
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Chiral quark model（ChQM）
• In ChQM: General form of Hamiltonian:

The central part of potential：

J Vijande, F Fern´andez and A Valcarce, J. Phys. G 31 (2005) 481–506
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The chiral quark model is very successful in 
describing the meson spectra.



Wave functions of four-quark system

• for diquark-antidiquark structure:

• For meson-meson structure

𝒄"𝒄𝒔$𝒖 𝒔𝒚𝒔𝒕𝒆𝒎 𝒃"𝒔𝒒$𝒒 𝒔𝒚𝒔𝒕𝒆𝒎

The wave function of the four-quark system 
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Orbital wave functions:

(𝑙$ = 𝑙% = 𝐿& = 0)
E. Hiyama, Y. Kino, M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 (2003)
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Spin, flavor, color wave functions:
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All possible channels for 𝒄(𝒄𝒔*𝒖 and 𝒃(𝒔𝒒*𝒒 𝒔𝒚𝒔𝒕𝒆𝒎

• Finally, the eigenvalues and eigenvectors of four-quark system are 
obtained by solving the Schr�̈�dinger equation:
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Results

Bound state calculation

• the low-lying energies in diquark-antidiquark are all much larger 
than those in meson-meson structures.

• All of them are higher than the lowest theoretical thresholds.
• the effects of the structures mixing seem to be tiny for the ground 

state energy.
• The coupling energies Ecc are a little higher than the relevant 

thresholds.
we cannot find the bound states of 𝑐 ̅𝑐𝑠"𝑢 and  𝑏�̅�𝑞"𝑞. 12



• A stabilization method (real scaling method) is applied.
Resonance state calculation

Results

J.Simon, J. Chem. Phys. 75, 2465 (1981)

avoid-crossing point

we multiply the Gaussian size 
parameters 𝑟$ by a factor 𝛼, only 
for the meson-meson structure 
with color singlet-singlet 
configuration.

𝑟4 → 𝛼𝑟4 (α = 1.0~3.0)
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𝒍𝒐𝒐𝒌 𝒇𝒐𝒓 𝒓𝒆𝒔𝒐𝒏𝒂𝒏𝒄𝒆 𝒇𝒐𝒓 𝒄"𝒄𝒔$𝒖 𝒔𝒚𝒔𝒕𝒆𝒎
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Two resonance states at 4023 MeV and 4042 MeV
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Ref.[20]:Phys. Rev. D 89, no.5, 054026 (2014)

• For quark-antidiquark
2-body system, the 2S
and 1D states have 
masses close to the 
newly observed 𝐵)*.

Ref.[39]: P.A. Zyla et al. (Particle Data Group), 
Prog. Theor. Exp. Phys. 083C01 (2020).
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𝒍𝒐𝒐𝒌 𝒇𝒐𝒓 𝒓𝒆𝒔𝒐𝒏𝒂𝒏𝒄𝒆 𝒇𝒐𝒓 𝒃"𝒔𝒒$𝒒 𝒔𝒚𝒔𝒕𝒆𝒎
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𝒍𝒐𝒐𝒌 𝒇𝒐𝒓 𝒓𝒆𝒔𝒐𝒏𝒂𝒏𝒄𝒆 𝒇𝒐𝒓 𝒃"𝒔𝒒$𝒒 𝒔𝒚𝒔𝒕𝒆𝒎

resonance line

resonance line

1 2
3 4

• Two resonances at 6050 MeV and 6078 MeV.
• Only one resonance exists at 6140MeV~6155 MeV. 18



𝒍𝒐𝒐𝒌 𝒇𝒐𝒓 𝒓𝒆𝒔𝒐𝒏𝒂𝒏𝒄𝒆 𝒇𝒐𝒓 𝒃"𝒔𝒒$𝒒 𝒔𝒚𝒔𝒕𝒆𝒎

One resonance state at 6241 MeV 19



No resonances exist for 1+
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No resonances exist for 2+
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𝒅𝒆𝒄𝒂𝒚 𝒘𝒊𝒅𝒕𝒉 𝒐𝒇 𝒓𝒆𝒔𝒐𝒏𝒂𝒏𝒄𝒆𝒔

Γ (𝑍56 3985
= 12.8 MeV

Γ(𝐵6(6063))
= 26MeV

J.Simon, J. Chem. Phys. 75, 2465 (1981)
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molecular resonance is suggest in our work!



• For 𝑐 ̅𝑐𝑢�̅� and 𝑏�̅�𝑞"𝑞 system, no bound states are found in the chiral 
quark model.
• For 𝑐 ̅𝑐𝑢�̅�, there are two resonance states at 4023 MeV and 4042 

MeV.  The state with 4042 MeV has a consistent decay width with 
the experimental data by BESIII, which is a molecular resonance.
• For 𝐵6, in 2-body system, the 2S and 1D states have masses close to 

the newly observed 𝐵67. For 4-body system, several resonances are 
emerged. The mass and decay width 𝑏�̅�𝑞"𝑞 (6078) state are relatively 
close to the experimental values M = 6063 MeV and Γ = 26 MeV by 
LHCb.
• The better way to investigate the highly excited 𝐵6 states is to invoke 

the unquenched quark model (X. Chen, J. Ping, C. D. Roberts and J. 
Segovia, Phys. Rev. D 97, no.9, 094016 (2018)).

Summary

Thank you !
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