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Exotic states
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Hidden charm pentaquark states

2015

LHCb, Phys.Rev.Lett. 115 (2015) 072001

4320 4380

445043804320

ഥ𝑫𝜮𝒄 ഥ𝑫∗𝜮𝒄

LHCb, Phys.Rev.Lett. 122 (2019) 222001

𝑃𝑐 4457 → 5.4𝜎

𝑃𝑐 4440 → 5.4𝜎
𝑃𝑐 4312 → 7.3𝜎

2019

𝑃𝑐1 = 4380 ± 8 ± 29

+
𝑖

2
205 ± 18 ± 86

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

2015

𝑃𝑐2 = 4449.8 ± 1.7 ± 2.5

+
𝑖

2
39 ± 5 ± 19

𝜦𝒃
𝟎 → 𝑱/𝝍𝒑𝑲−

Lanzhou University Ming-Zhu Liu 4



Hidden charm pentaquark states in recent experiments
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Belle Collaboration, arXiv: 2403.04340 

• No significant signal of  

three pentaquark states is 

observed in 𝒆+𝒆− collisions

LHCb Collaboration, 

Phys.Rev.D 110 (2024) 032001

• No significant signal of three 

pentaquark is observed in the prompt 

process of  𝒑𝒑 collisions



Fine structures of exotic states 
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Splitting

2015
2019

Pc(4450)

Fine structure!

➢Hidden charm pentaquark states



Fine structures of exotic states 
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➢Vector charmonium-like states

4222 + 𝑖44

4320 + 𝑖101

BESIII Collaboration, Phys.Rev.D 102 (2020) 031101

𝑌(4260)

𝑌(4230)

𝑌(4360)

Fine structure!

BESIII Collaboration, Phys.Rev.Lett. 118 (2017) 092001



Heavy quark spin symmetry(HQSS)
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QCD interaction can not flip the spin of heavy quark

𝐿 = 𝐶𝑎𝑇𝑟[𝐻𝑐
†𝐻𝑐]S𝑐

† ∙ 𝑆𝑐+𝐶𝑏𝑇𝑟[𝐻𝑐
†𝜎𝐻𝑐]𝑆𝑐

† ∙ (𝐽𝑖𝑆𝑐)Lagrangian

The number of low energy constants decreases within HQSS

➢ Spin doublet

Superfield 𝐻𝑐 =
1

2
(𝐷 + 𝐷∗ Ԧ𝜎) 𝑆𝑐 =

1

3
(𝛴𝑐 Ԧ𝜎 + Ԧ𝛴∗𝑐)



HQSS multiplet hadronic molecules

• A compelte multiplet hadronic molecules ഥ𝐷(∗)Σ𝑐
(∗)

• Assigning three states as ഥ𝐷(∗)Σ𝑐 bound states

Fine structure of hadronic molecules Liu et al., Phys.Rev.Lett. 122 (2019) 242001
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What should we do next?

Lanzhou University Ming-Zhu Liu

➢ Spin order of Pc(4440) and Pc(4457)

➢ How to verify the molecular nature of pentaquark states  

SU(3)-flavor 

symmetry

𝛀

10

HQSS

Partners

?

Where(decay modes) and How(production modes) to search for these partners?

• Mass splitting of 𝚵𝒄𝒄𝚺𝒄 system

1+ − 0+ = −8𝑀𝑒𝑉 1+ − 0+ = 10 𝑀𝑒𝑉

∆𝑚< 0 ∆𝑚> 0

Lattice QCD

Effective physical observable

Machine Learning                Zhang et al., Sci.Bull. 68 (2023) 981-989• Scenario A

Pionful EFT                             Du et al., Phys.Rev.Lett. 124 (2020) 072001• Scenario B
OBE Remove Delta               Liu et al., Phys.Rev.D 103 (2021)  054004

ChUPT Xiao et al., Phys.Rev.D 100 (2019) 014021
OBE Chen et al., Phys.Rev.D 100 (2019) 011502

Pan et al., Phys.Rev.D 102 (2020) 011504 
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Two-body decay of hadronic molecule

Xiao et al., Phys.Rev.D 100 (2019) 014022

Triangle diagrams

Scatterring equation 𝑇 =
𝑉

1 − 𝑉𝐺

➢Charmed Meson Exchange 

➢EFT within HQSS

• Search for poles existing at unphysical sheet

• Their imaginary part corresponding to the widths of 

pentaquark molecules
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𝐉 = 𝟏/𝟐
𝐉 = 𝟑/𝟐



Three-body decay of hadronic molecule 
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➢ Three-body partial decays of 𝑷𝒄

Two-body partial decays

Three-body partial decays

𝑃𝑐 → ഥ𝐷Λ𝑐 , 𝜂𝑐𝑝, 𝐽/𝜓𝑝

𝑃𝑐 → ഥ𝐷Λ𝑐𝜋, ഥ𝐷
∗Λ𝑐𝜋

➢ Final decay modes of 𝑷𝒄

Inelastic scattering

On shell or off-shell hadron decays
Elastic scattering

➢ EFT with three-body cut dynamics 

Du et al., JHEP 08 (2021) 157



Partial decay widths of hadronic molecules
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• 𝐵𝑟 𝑃𝑐 4312 → ഥ𝐷Λ𝑐𝜋 = 13~25%
𝐵𝑟 𝑃𝑐 4312 → ഥ𝐷∗Λ𝑐𝜋 = 0

• 𝐵𝑟 𝑃𝑐 4440 → ഥ𝐷Λ𝑐𝜋 = 13~43%
𝐵𝑟 𝑃𝑐 4440 → ഥ𝐷∗Λ𝑐𝜋 = 0.2~0.9%

• 𝐵𝑟 𝑃𝑐 4457 → ഥ𝐷Λ𝑐𝜋 = 27~28%
𝐵𝑟 𝑃𝑐 4457 → ഥ𝐷∗Λ𝑐𝜋 = 31~42%

• 𝐵𝑟 𝑃𝑐7 → ഥ𝐷∗Λ𝑐𝜋 = 100 %

LHCb Collaboration, Phys.Rev.D 110 (2024) 032001

4520 MeV

• 𝐵𝑟 𝑃𝑐5 → ഥ𝐷Λ𝑐𝜋 = 5~12%
𝐵𝑟 𝑃𝑐5 → ഥ𝐷∗Λ𝑐𝜋 = 20~54%

• 𝐵𝑟 𝑃𝑐6 → ഥ𝐷Λ𝑐𝜋 = 15~18%
𝐵𝑟 𝑃𝑐6 → ഥ𝐷∗Λ𝑐𝜋 = 37~60%

4.5 𝝈

Liu et al., arXiv: 2407.17318

A

B



Radiative and pionic decay of hadronic molecules
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➢ Keep gauge invariance of radiative decays

1.7 keV Li et al., Phys.Rev.D 104 (2021) 054016
OBE 

11 MeV

Wu et al., Chin.Phys.Lett. 41 (2024)  091201

1.5 keV

100 keV

➢ Pionic decays of hadronic molecules

Ling et al., Phys.Rev.D 104 (2021) 074022

Different parity
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Productions of pentaquark states in large facility
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states EIcC (60 𝒇𝒃−𝟏) CEPC (100 𝒂𝒃−𝟏) LHC (9 𝒇𝒃−𝟏)

𝑃𝑐(4312) 0.02~0.08 pb 0.002~0.01 pb 3~9 nb

1200~4800 0.2~1 × 106 3~8 × 107

𝑃𝑐(4440) 0.01~0.06 pb 0.002~0.01 pb 1~5 nb

600~3600 0.2~1 × 106 1~5 × 107

𝑃𝑐(4457) 3.4~16.4 × 10−3 pb 0.001~0.006 pb 0.3~1 nb

204~984 1~6 × 105 3~9 × 106

Shi et al., 2208.02639 Jia et al., 2405.02619 Ling et al., 2104.11133 

The future CEPC is a good platform to produce hidden charm pentaquark states



Productions of pentaquark states in b-baryon decays
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Hai-Yang Cheng et al., Phys.Rev.D 92 (2015) 096009

➢ The topological diagrams for b-baryon decays

𝐵𝑟(𝛬𝑏 → 𝑃𝑐(4380)𝜋
−)

𝐵𝑟(𝛬𝑏 → 𝑃𝑐(4380)𝐾
−)

= 0.050 ± 0.016−0.016
+0.026 ± 0.025

𝐵𝑟(𝛬𝑏 → 𝑃𝑐(4450)𝜋
−)

𝐵𝑟(𝛬𝑏 → 𝑃𝑐(4450)𝐾
−)

= 0.033−0.014−0,010
+0.016+0.011 ± 0.009

LHCb Collaboration., Phys.Rev.Lett. 117 (2016) 8, 082002 

Consistent 

➢ Predicting pentaquark states 

with strange quark
Λ𝑏
0 → 𝑃𝑝𝐾

− 𝑇1

Ξ𝑏
0 → 𝑃Σ+𝐾

− 𝑇1 − 𝑇2

Λ𝑏
0 → 𝑃𝑝𝜋

− 𝑡1 − 𝑡2

𝑉𝑐𝑑
𝑉𝑐𝑠

2

≈ 0.05

S=-1 and S=-2 hidden charm pentaquark are 

likely to be observed in these processes

Ω𝑏
− → 𝑃Ξ− ഥ𝐾

0 𝑡1 − 𝑡3



Final states interaction

➢ Explaining the W-boson annihilation process

➢ Predicting the dominant decay channels of 𝚵𝒄𝒄
++

Fu-Sheng Yu et al., Chin.Phys.C 42 (2018) 051001

BESIII Collaboration, Phys.Rev.Lett. 123 (2019)  112001

Xi-Zhe Ling et al., 

Phys.Rev.D 103 (2021) 116016
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Yu-Kuo Hsiao et al., 

Eur.Phys.J.C 80 (2020) 895



Productions of pentaquark states in b-hadron decays
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➢ Weak decays at quark level

➢ Select the vertices of weak decays 

Λ𝑏 → Λ𝑐𝐷𝑠
(∗)

Λ𝑏 → Σ𝑐𝐷𝑠
(∗)

T. J. Burns et al., Eur.Phys.J.A 58 (2022) 68

T C C

Λ𝑐 → Λ 𝐾(∗)

Λ𝑐 → Σ 𝐾(∗)

0.2 Bottom

1 Charm

• Color Suppressed

• Double Counting

𝜮𝒄



Estimation of the branching fraction of decay 𝚲𝒃 → 𝑫𝒔𝚺𝒄
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➢ Λ𝑏 → Σ𝑐

Nathan Isgur et al., Nucl.Phys.B 348 (1991) 276-292 𝒪[(𝑚𝑢 −𝑚𝑑)/𝑚𝑐 ]

𝑁(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−)

𝑁(𝐵− → 𝐷∗0𝐷𝑠
−)

=
𝐵𝑟(𝛬𝑏 → Σ𝑐

+𝐷𝑠
−)

𝐵𝑟(𝐵− → 𝐷∗0𝐷𝑠
−)

𝑓Λ𝑏
𝑓𝑢

𝐵𝑟 Σ𝑐
+ → Λ𝑐

+𝜋0

𝐵𝑟 𝐷∗0 → 𝐷0𝜋0
𝐵𝑟 Λ𝑐

+ → 𝑝𝐾−𝜋+

𝐵𝑟 𝐷0 → 𝐾−𝜋+
𝜖(𝑝)

Such form factor is zero in the leading order of HQET 

➢ 𝐵𝑟(𝛬𝑏 → 𝛴𝑐𝐷𝑠)

𝑁(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−)

𝑁(𝐵− → 𝐷∗0𝐷𝑠
−)

=
𝐵𝑟(𝛬𝑏 → Σ𝑐

+𝐷𝑠
−)

𝐵𝑟(𝐵− → 𝐷∗0𝐷𝑠
−)

𝜖(𝑝)

𝑟

𝐵𝑟(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−) =
𝑁(𝛬𝑏 → Σ𝑐

+𝐷𝑠
−)

𝑁 𝐵− → 𝐷∗0𝐷𝑠
− 𝐵𝑟(𝐵− → 𝐷∗0𝐷𝑠

−)
𝑟

𝜖(𝑝)

𝑟 =
𝑓Λ𝑏
𝑓𝑢

𝐵𝑟 Σ𝑐
+→Λ𝑐

+𝜋0

𝐵𝑟 𝐷∗0→𝐷0𝜋0
𝐵𝑟 Λ𝑐

+→𝑝𝐾−𝜋+

𝐵𝑟 𝐷0→𝐾−𝜋+
=

0.5

1

1

2/3

4%

6%
≈ 1 𝜖 𝑝 ~30%

𝐵𝑟 𝐵− → 𝐷∗0𝐷𝑠
− = (8.2 ∓ 1.7) × 10−3

𝑁 𝐵− → 𝐷∗0𝐷𝑠
− ~1.3 × 105

𝑁(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−) < 10 𝐵𝑟(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−) < 2 × 10−6

𝐵𝑟(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−) < 2 × 10−5𝑁(𝛬𝑏 → Σ𝑐
+𝐷𝑠

−) < 100

Collaborate with F.S.Y

𝑓(Λ𝑏 → Σ𝑐)

𝑓(Λ𝑏 → Λ𝑐)
= 0.1 Wu et al., Phys.Rev.D 100 (2019) 11, 114002 • Color Suppressed

• No quark level diagram

➢ 𝛬𝑏 → 𝛴𝑐𝐷𝑠



Productions of pentaquark states in b-hadron decays
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➢ Coupled-channel potentials

➢ Branching fractions

The order of magnitude of production rates can be explained

Pan et al., Phys.Rev.D 108 (2023)  114022
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➢ We propose to verify the molecular nature of three 𝑃𝑐 states discovered by LHCb

Collaboration by searching for their relevant partners associated with symmetry. 

Summary and outlook

• The three-body and two-body decays of  HQSS ഥ𝐷(∗)Σ𝑐
(∗)

molecules are investigated, indicating that 

ഥ𝐷(∗)Σ𝑐
(∗)

molecules decaying into ഥ𝐷(∗)Λ𝑐𝜋 are so sizable that could be the good channels to 

experimentally search for pentaquark states.  In particular, a state around 4.52 GeV discovered in 

the ഥ𝐷Λ𝑐𝜋 mass distribution possibly correspond to one of HQSS partner of three 𝑃𝑐 states.  

Lanzhou University Ming-Zhu Liu 24

• The productions of HQSS ഥ𝐷(∗)Σ𝑐
(∗)

molecules in Λ𝑏 decay are investigated by the final state 

interaction,  further revealing the production mechanism of pentaquark states in b-baryon decays. 

➢ Three-body weak decays may contribute to the productions of pentaquark states 

LHCb Collaboration, Phys.Rev.D 110 (2024) L031104



Thanks for your attention! 
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𝑁(𝐵−→𝐷∗0𝐷𝑠
−)

𝑁(𝐵−→𝐷∗0𝜋−)
~

𝑁(𝐵−→𝐷0𝐷𝑠
−)

𝑁(𝐵−→𝐷0𝜋−)

𝑁 𝐵− → 𝐷∗0𝐷𝑠
− = 𝑁(𝐵− → 𝐷∗0𝜋−)

𝑁(𝐵− → 𝐷0𝐷𝑠
−)

𝑁(𝐵− → 𝐷0𝜋−)
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𝑁(𝐵− → 𝐷∗0𝜋−)
2012.09903

1.1 × 106

𝑁(𝐵− → 𝐷0𝜋−)
1203.3662

4 × 104

𝑁(𝐵− → 𝐷0𝐷𝑠
−)

1302.5854
5 × 103
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