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Sci.Bull. 66 (2021) 1278-1287

Production rates

𝑃𝑐s = 4458.8 ± 2.9−1.1
+4.7 +

𝑖

2
17.3 ± 6.5−5.7

+8.0
𝑃𝑐𝑠1 = 4454.9 ± 2.7 +

𝑖

2
7.5 ± 9.7

𝑃𝑐𝑠2 = 4467.8 ± 3.7 +
𝑖

2
5.2 ± 5.3

𝑃𝑐𝑠 4459 → 3.1𝜎

𝚵𝒃
− → 𝑱/𝝍𝚲𝑲−

𝑃𝑐 4312 → 0.30 ± 0.07−0.09
+0.34

𝑃𝑐 4440 → 1.11 ± 0.33−0.10
+0.22

𝑃𝑐 4457 → 0.53 ± 0.16−0.13
+0.15

𝑃𝑐𝑠 4459 → 2.7−0.6−1.3
+1.9+0.7

𝑃𝑐 4380 → 8.4 ± 0.7 ± 4.2

𝑃𝑐 4450 → 4.1 ± 0.5 ± 1.1

𝐵𝑟(𝛬𝑏
0 → 𝐽/𝜓𝑝𝐾−) = 3.2−0.5

+0.6 × 10−4

𝐵𝑟(𝛯𝑏
− → 𝐽/𝜓Λ𝐾−) ≈ 2.4 × 10−6
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Phys.Rev.Lett. 128 (2022) 6, 062001 From LHCb News

𝑩𝒔
𝟎 → 𝑱/𝝍𝒑ഥ𝒑 𝑩− → 𝑱/𝝍𝚲ഥ𝒑

𝑷𝒄𝒔 = 𝟒𝟑𝟑𝟖. 𝟐 ± 𝟎. 𝟕 ± 𝟎. 𝟒 +
𝒊

𝟐
𝟕. 𝟎 ± 𝟏. 𝟐 ± 𝟏. 𝟑

𝑷𝒄 = 𝟒𝟑𝟑𝟕−𝟒−𝟐
+𝟕+𝟐 +

𝒊

𝟐
𝟐𝟗−𝟏𝟐−𝟏𝟒

+𝟐𝟔+𝟏𝟒

3.1𝜎-3.7𝜎

𝐵𝑟(𝐵𝑠
0 → 𝐽/𝜓𝑝 ҧ𝑝) = (3.58 ± 0.19 ± 0.39) × 10−6

Phys.Rev.Lett. 122 (2019) 19, 191804

𝑃𝑐 4337 → 0.22 ± 0.086−0.004
+0.085

𝐵𝑟(𝐵− → 𝐽/𝜓𝛬 ҧ𝑝) = (11.8 ± 3.1) × 10−6

Phys.Rev. D98 (2018)3,  030001

𝑃𝑐𝑠 4338 → 0.125 ± 0.007
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Lippmann-Schwinger Equation

Lippmann-Schwinger Equation ඀ർ𝑘′ |𝑇|𝑘 = ඀ർ𝑘′ |𝑇|𝑘 + න
𝑑3 Ԧ𝑞

2𝜋 3
඀ർ𝑘′ 𝑉 Ԧ𝑞 𝐺(𝑠) ඀ൻ Ԧ𝑞|𝑇|𝑘

Separate potential ඀ർ𝑘 |𝑉| Ԧ𝑞 = 𝐶(Λ)𝜃(Λ − 𝑘 )𝜃(Λ − Ԧ𝑞 )

Loop function
𝐺1 𝑠 = න

𝑑3 Ԧ𝑞

2𝜋 3

𝜔1 + 𝜔2

𝜔1𝜔2

1

𝑠 − (𝜔1+𝜔2)
2 + 𝑖𝜖

𝐺1𝐼 𝑠 = 𝐺1𝐼𝐼 𝑠 − 𝑖
𝑘1

4𝜋 𝑠

The relativistic effect is important for loop function of 𝜂𝑐𝑝 as its mass threshold 600 MeV apart 

𝜼𝒄𝒑 𝜼𝒄𝒑

𝐺2 𝑠 = න
𝑑3 Ԧ𝑞

2𝜋 3

1

𝑠 − 𝑚1 −𝑚1 −
Ԧ𝑞2

2𝜇12
+ 𝑖𝜖

𝐺2𝐼 𝑠 = 𝐺2𝐼𝐼 𝑠 − 𝑖
𝜇12
𝜋

𝑘2

𝑇 =
𝑉

1 − 𝑉𝐺



QCD interaction cannot flip the spin of heavy quark

The mass of hadron within spin multiplet would be degenerate 

𝒎𝑸 → ∞

Brown muck made of light quark and glouns

𝑱 = 𝑱𝒍 +
𝟏

𝟐

𝑱 = 𝑱𝒍 −
𝟏

𝟐

Heavy quark

𝐷 0− 𝐷∗ 1− → 142 MeV

𝐵 0− 𝐵∗ 1− → 46 MeV

Σ𝑐 1/2+ Σ𝑐
∗ 3/2+ → 64 MeV

Σ𝑏 1/2+ Σ𝑏
∗ 3/2+ → 21MeV

Heavy quark spin symmetry(HQSS)

Heavy Anti-quark Di-quark symmetry(HADS)
Heavy diquark behaves as a heavy anti-quark from color freedom  

3⊗ 3 = 6⨁ത3

ത3
𝑚Ω𝑐𝑐 3/2

−𝑚Ω𝑐𝑐 1/2
=
3

4
𝑚𝐷𝑠∗ −𝑚𝐷𝑠 ≈ 107.9

Phys.Lett. B248 (1990) 177-180

Contact-range potential

𝑚Ξ𝑐𝑐 3/2−𝑚Ξ𝑐𝑐 1/2=
3

4
𝑚𝐷∗ −𝑚𝐷 ≈ 106.5 MeV

MeV



Experimental data

Ca and Cb can be determined !

𝐴 ഥ𝐷∗Σ𝑐 3/2− 𝑃𝑐 4457 ഥ𝐷∗Σ𝑐 1/2− 𝑃𝑐 4440
Input

𝐵 ഥ𝐷∗Σ𝑐 1/2− 𝑃𝑐 4457 ഥ𝐷∗Σ𝑐 3/2− 𝑃𝑐 4440

𝑉(1/2−, Σcഥ𝐷 ) = 𝐶𝑎

𝑉(3/2−, Σ𝑐
∗ഥ𝐷) = 𝐶𝑎

𝑉(1/2−, Σcഥ𝐷
∗) = 𝐶𝑎 −

4

3
𝐶𝑏

𝑉 1/2−, 𝛴𝑐
∗ഥ𝐷∗ = 𝐶𝑎 −

5

3
𝐶𝑏

𝑉 3/2−, Σcഥ𝐷
∗ = 𝐶𝑎 +

2

3
𝐶𝑏

𝑉 3/2−, Σ𝑐
∗ഥ𝐷∗ = 𝐶𝑎 −

2

3
𝐶𝑏

𝑉 5/2−, Σ𝑐
∗ഥ𝐷∗ = 𝐶𝑎 + 𝐶𝑏

𝑃𝑐1 = 4311.9 ± 0.7−0.6
+6.8 +

𝑖

2
9.8 ± 2.7−4.5

+3.7

𝑃𝑐2 = 4440.3 ± 1.3−4.7
+4.1 +

𝑖

2
20.6 ± 4.9−10.1

+8.7

𝑃𝑐3 = 4457.3 ± 0.6−1.7
+4.1 +

𝑖

2
6.4 ± 2.0−1.9

+5.7

ഥ𝐃(∗)𝚺𝐜
(∗) molecules

Three experimental data and two unknown coupling constants

Potentials
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A complete multiplet hadronic molecules ഥ𝐷(∗)Σ𝑐
(∗)

Explain three states as ഥ𝐷(∗)Σ𝑐 bound states

Fine structure of hadronic molecules
Liu, et al. Phys.Rev.Lett. 122 (2019) 24, 242001



ഥ𝐃(∗)𝚵𝐜
′(∗)

Molecules
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Total 10 states
7 states

ഥ𝐷(∗)𝛯𝑐
′(∗)ഥ𝐷(∗)Σ𝑐

(∗) SU(3)-Flavor

A complete multiplet hadronic molecules ഥ𝐷(∗)𝛯𝑐
′(∗)

No experimental sign

SU(3)-flavor partners of ഥ𝐷(∗)Σ𝑐
(∗)

Liu, et al. Phys.Rev.D 103 (2021) 3, 034003



ഥ𝐃(∗)𝚵𝐜 Molecules
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ഥ𝑫(∗)𝚵𝒄

3 states!

ഥ𝐷(∗)𝛯𝑐ഥ𝐷(∗)Σ𝑐
(∗) SU(3)-Flavor

Pcs(4338)

Pcs(4459)

ഥ𝐷(∗)𝛯𝑐 Potential

Couple Channel Potentials Meson 
exchange 
theory
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Fitting parameters of ഥ𝑫(∗)𝚵𝒄

𝑃𝑐𝑠(4338)

𝑃𝑐(4440)

𝑃𝑐(4457)

SU(3)-Flavor Partners of Pc(4440) and Pc(4457)

Widths are no more than those of Pc(4440) and Pc(4457)

Keep the SU(3)-flavor partners exist

We only constrain the 
range of parameters 

ഥ𝐃(∗)𝚵𝐜 Molecules

As cutoff=1.12 GeV, 
we obtain a very 
shallow bound state
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Degenerate states Degenerate states breaking

ഥ𝐃(∗)𝚵𝐜 Molecules

Couple channel

𝑃𝑐𝑠(4338) is a ഥ𝐷 𝛯𝑐 hadronic molecule

Two possible structures around 𝑃𝑐𝑠(4459) are  ഥ𝐷∗𝛯𝑐 molecules

ഥD∗Ξc Molecules



How to verify the molecular nature of pentaquark states
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Triply charmed di-baryons molecules 𝚵𝐜𝐜
(∗)
𝚺𝐜
(∗)

18

Mass spectrum of Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

ഥ𝐷(∗)Σ𝑐
(∗)

molecules are expected to exist the triply 

charmed di-baryon molecules Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

contact-range potentials

A complete HQSS multiplet hadronic molecules Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

Ya-Wen Pan, et al. Phys.Rev.D 102 (2020) 1, 011504



Triply charmed di-baryons molecules 𝚵𝐜𝐜
(∗)
𝚺𝐜
(∗)
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The Lattice QCD has simulated the Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

interactions

The existence of Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

molecules 
could verify the molecular nature of Pc.

The mass splitting of Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

molecules 
could help us determine the spin of 
Pc(4440) and Pc(4457) in the molecular 
pictureYa-Wen Pan, et al. Phys.Rev.D 102 (2020) 1, 011504

Parikshit Junnarkar and Nilmani Mathur. 
Phys.Rev.Lett. 123 (2019) 16, 162003



Triply charmed molecules composed of ഥ𝑫(∗)𝑻ത𝒄ത𝒄
(∗)
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Doubly charmed tetraquark states

Nature Phys. 18 (2022) 7, 751-754

Masses of 𝑻ത𝒄ത𝒄
(∗)

55. J.-B. Cheng, et al.  Chin. Phys. C 45, 043102 (2021) 

61. Y. Kim , et al. Phys. Rev. D 105, 074021 (2022)

62. W.-X. Zhang, et al. Phys. Rev. D 104, 114011 (2021)

63. X.-Z. Weng, et al. Chin. Phys. C 46, 013102 (2022)



Triply charmed molecules composed of ഥ𝑫(∗)𝑻ത𝒄ത𝒄
(∗)
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Mass spectrum of ഥ𝑫(∗)𝑻ത𝒄ത𝒄
(∗)

A new type of hadronic molecules

(a)Molecules made of three charmed mesons 

(c)Molecules bind together by Coulomb force 

Pan, et al. arXiv:2208.05385 



Three-body decay of ഥ𝐃(∗)𝚺𝐜
(∗) molecules
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I Decay mechanism of molecules

II Decay mechanism of molecules The masses of  ഥ𝐷(∗)Σ𝑐
(∗)

are under the mass 
threshold 4-20 MeV

The masses of ഥ𝐷𝜋Σ𝑐
(∗)

are almost in the mass 

threshold of ഥ𝐷(∗)Σ𝑐
(∗)

No phase space!



Three-body decay of ഥ𝐃(∗)𝚺𝐜
(∗) molecules
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Triangle diagrams 𝑷𝒄 → 𝜼𝒄𝝅𝑵

Final states rescattering



Three-body decay of ഥ𝐃(∗)𝚺𝐜
(∗) molecules
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Tree-modes decay

𝑃𝑐2, 𝑃𝑐 4457 , 𝑃𝑐5, 𝑃𝑐6, 𝑃𝑐7 decaying into 
ഥ𝐷(∗)Λ𝑐𝜋 are up to several MeV.

𝑃𝑐 4312 and 𝑃𝑐 4440 decaying into ഥ𝐷(∗)Λ𝑐𝜋
are less than 1 MeV.     

Search for the pentaquark states in the ഥ𝐷(∗)Λ𝑐𝜋
invariant mass distribution.

Search for 𝑃𝑐7 in the ഥ𝐷∗Λ𝑐𝜋 invariant mass 
distributionJia-Ming Xie, et al. arXiv:2204.12356



Three-body decay of ഥ𝐃(∗)𝚺𝐜
(∗) molecules
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Triangle diagram modes

These partial decay widths are up to be the 
order of keV.  



We assigned the 𝑃𝑐 4312 , 𝑃𝑐 4440 , and 𝑃𝑐 4457 as ഥ𝐷(∗)Σ𝑐 molecules as well as obtained 

a complete HQSS multiplet hadronic molecules  ഥ𝐷(∗)Σ𝑐
(∗)

. With similar approach, we 
explained 𝑃𝑐𝑠 4338 , 𝑃𝑐𝑠1 4459 and 𝑃𝑐𝑠2 4459 as ഥ𝐷(∗)Ξ𝑐 molecules. 
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Based on the existence of ഥ𝐷(∗)Σ𝑐
(∗)

molecules, we predict a series of molecules composed of 

Ξ𝑐𝑐
(∗)
Σ𝑐
(∗)

and ഥ𝐷(∗)𝑇 ҧ𝑐 ҧ𝑐
(∗)

. If they are discovered by experiment or confirmed by Lattice QCD, it will 
help us understand the molecular nature of pentaquark states.

Within the molecular picture, we have predicted the three-body partial decay widths of 
ഥ𝐷(∗)Σ𝑐

(∗)
molecules, which are useful to check the molecular nature of pentaquark states

Summary and outlook

Qi Wu and Dian-Yong Chen. Phys.Rev.D 100 (2019) 11, 114002

T. J. Burns and E. S. Swanson, arXiv:2207.00511

The production rates of ഥ𝐷(∗)Σ𝑐 molecules are important for us to 
understand the natue of pentaquark states.



Thanks for your attention！
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Backup
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Qi Wu and Dian-Yong Chen. Phys.Rev.D 100 (2019) 11, 114002

𝐵𝑟(Λ𝑏 → Λ𝑐
+𝐷𝑠

−) = 1.10%

𝐵𝑟(Λ𝑏 → Λ𝑐
+𝐷𝑠

−) = 2.46%

𝐵𝑟(Λ𝑏 → Λ𝑐
+𝐷𝑠

∗−) = 3.65%

Zhen-Xing Zhao. Chin.Phys.C 42 (2018) 9, 093101 

Chun-Wen Xiao, et al, Phys.Rev.D 102 (2020) 5, 056018

Experimental data

𝐵𝑟(Λ𝑏 → Σ𝑐
+𝐷𝑠

−) ≈ 0.11%

Zhi-Hui Guo, et al. Phys.Lett.B 793 (2019) 144-149

The ഥ𝐷(∗)Λ𝑐 contribution is minor



Backup

29

The ഥ𝐷(∗)Λ𝑐 contribution is important

Jun He, et al. Eur.Phys.J.C 79 (2019) 11, 887

Yubing Dong, et al. Eur.Phys.J.C 80 (2020) 4, 341

Yong-Hui Lin, et al. Eur.Phys.J.C 80 (2020) 4, 341

T. J. Burns and E. S. Swanson, arXiv:2207.00511
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Backup

Coupled channel potentials

Inelastic potential

Reproducing widths Pc(4312)
Pc(4457)

Pc(4440)

Pc(4440)

Pc(4457)
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The real part of these Pc for couple channel case change little

Within the HQSS, we can not well describe the widths of three Pc states

The HQSS breaking

Other channels contribute to their widths 
Reasons

Coupled channelsSingle channels



Effective field theoryOne boson exchange model

Backup

Results of OBE confirmed the conclusion of EFT

Results of OBE are consistent with Scenario B 

Phys.Rev.D 103 (2021) 5, 054004

𝑃𝑐 4440 → 3/2
𝑃𝑐 4457 → 1/2



Leading order

Next to leading order

。
。
。

One pion exchange

OPE is perturbative in charm hadronic interactions 

Jun-Xu Lu, et al. Phys.Rev. D99 (2019)  074026

Contact

Contact Lagrangian 𝑳 = 𝑪𝒂𝑻𝒓[𝑯𝒄
†𝑯𝒄]𝑺𝒄 ∙ 𝑺𝒄

†
+𝑪𝒃σ𝒊=𝟏

𝟑 𝑻𝒓[𝑯𝒄
†𝝈𝒊𝑯𝒄]𝑺𝒄 ∙ (𝑱𝒊𝑺𝒄

†
)

Superfields
𝑯𝒄 =

𝟏

𝟐
(𝑫 + 𝑫∗𝝈)

𝑺𝒄 =
𝟏

𝟑
(𝚺𝒄𝝈 + 𝚺∗𝒄)

Spin multiplet hadrons

Effective potential S-wave Single channel

Backup



Backup

34


