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1.1 Pc(4380) and Pc(4450) in 2015 @LHCb

Λ𝒃
𝟎 ⟶ 𝐽/𝜓 𝑝 𝐾−

• Molecular states: loosely bound states composed
of a pair of hadrons, probably bound by the long-
range color-singlet pion exchange

• Compact Pentaquarks: bound states of five
quarks, bound by colored-force between quarks,
decay through rearrangement, some are charged
or carry strangeness, there are many states
within the same multiplet

• No-resonant: Kinematical artifact? Cusp effect?
Final state interaction? Triangle singularity due
to the special kinematics?

Theoretical explanations

P
R

L 
1

1
5

, 0
7

2
0

0
1

 (
2

0
1

5
)

Molecule：about 28 papers

Others：about 33 papers

Phys. Rep. 639, 1 (2016).
Few Body Syst. 57, 1185-1212 (2016). 
Prog. Part. Nucl. Phys. 93, 143-194 (2017).
Rev. Mod. Phys. 90, 015004(2018).

I. Background



1.2 Pc(4312), Pc(4440), and Pc(4457) in 2019 @LHCb
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Loosely bound meson-baryon molecular
explanations for these three Pc states
after 2019
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𝐼 𝐽𝑃 = 1/2(1/2−) reproduce Pc(4312) and Pc(4440) with 
𝛬 = 1.00 GeV
⚫ Pc(4312): 𝜮𝒄ഥ𝑫:𝜮𝒄ഥ𝑫

∗: 𝜮𝒄
∗ഥ𝑫∗ =0.66:0.18:0.16, 

root-mean-square radius: R=1.03 fm
⚫ Pc(4440): 𝑷 𝜮𝒄ഥ𝑫

∗ > 𝟗𝟐%,
R=0.83 fm

𝐼 𝐽𝑃 = 1/2(3/2−) reproduce Pc(4457) with 𝛬 = 1.32 GeV
⚫ Pc(4457): 𝜮𝒄ഥ𝑫

∗: 𝜮𝒄
∗ഥ𝑫∗ = 3: 1, 

root-mean-square radius: R=1.61 fm, 
loosely bound molecular state,
coupled-channel effect: very important

⚫ One more molecular pentaquark: Pc(4380)
M=4379 MeV, P[𝜮𝒄

∗ഥ𝑫]>87%, R=1.40 fm

One-boson-exchange potentials
Coupled channel effects

R. Chen et al, PRD 1001, 011502 (2019).



𝑷𝒄 molecular state: A loosely bound state
composed of a charmed baryon and an
anti−charmed meson.

Important symmetry: heavy-quark symmetry.

q

q qത𝒄

𝒄

𝑷𝒄𝚺𝒄
(∗)ഥ𝑫 ∗

𝚺𝒄
(∗)

ഥ𝑫𝟏,𝟐
(∗)

𝚺𝒄
(∗)ഥ𝑫 ∗ (𝟐𝑺)

Motivation

Following the general rules of the hadron spectrum, 
molecular-state systems should also possess:

radial excitations or orbital excitations 
(analogous to the hydrogen atom, which has a ground 
state and excited-state structures).

Questions: How can the internal structure of the 𝑷𝒄 states be 
further elucidated through theoretical studies? 



Motivation



Questions: excited Pc states exist or not? How to find?

⚫ Pion radiation process: occur at the constituent hadron ഥ𝑫 ∗ 𝟐𝑺 → ഥ𝑫 + 𝜋;

⚫ Determine spin-parities: spin-related interactions;

⚫ Coupled channel effects: interference;

⚫ Searching for new molecular partners.

Motivation

Considering the combination of the charmed baryon 𝜮𝒄
(∗) with an excited anti-charmed 

meson ഥ𝑫 ∗ (𝟐𝑺) to explore novel pentaquark molecular state structures.



The Lagrangian density for the chiral quark interaction is expressed as:

In the non-relativistic approximation, the Hamiltonian for this interaction is given by 
(retaining terms up to order 1/m𝟐):

X.H. Zhong et al, Phys. Rev. D 78 014029 (2008).  
R.H. Ni et al, Phys. Rev. D 109.116006 116006 (2024).
H.H. Zhong et al, Phys. Rev. D 110 (11) 116034 (2024).

⚫ 𝜎𝑗 , 𝑝𝑗:  the j-th light quark ; 𝝎, q, mp:  emitted meson ;

⚫ 𝑭 𝒒𝟐 =
𝜦𝟐

𝜦𝟐+𝒒𝟐
: suppress the unphysical contributions in the high momentum region ;

⚫ Coupling constants and Λ: esitmated by fitting mass and decay width.

II. π radiation property in chiral quark model
2.1 Interactions: chiral quark model 



2.2 Decay width

Amplitude:

𝑷𝒄
′ → 𝑷𝒄 𝟒𝟑𝟏𝟐 + 𝝅 𝓜 = 𝑷𝒄 𝟒𝟑𝟏𝟐 + 𝝅 𝑯 𝑷𝒄

′

Wave functions:

𝝋𝒎 = 𝒆−𝒊 𝒒.𝒓𝒋: plane wave function of the light meson

Molecule: 𝜳 = 𝝓ഥ𝑫 ×𝝓𝜮𝒄×𝝓

𝝓ഥ𝑫, 𝝓𝜮𝒄 : meson/baryon wave function;
R. Chen et al, PRD 1001, 011502 (2019).

F.L. Wang et al , Phys. Rev. D 108 (3) 034006 (2023).
B.J. Lai et al , Phys. Rev. D 109, 054036 (2024). 
C.K. Zhang et al , Eur.Phys. J. C 85 (5) 582 (2025).

In the rest frame of the molecular state

Obtained by solving Schrodinger equations 

(Simple harmonic oscillator wave function)



3.1  𝜮𝒄ഥ𝑫/𝜮𝒄ഥ𝑫∗/𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)molecular candidates

III. Numerical results
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𝜋, 𝜎, 𝜌, 𝜔, 𝜙

𝚺𝒄
∗

ഥ𝑫 ∗ (𝟐𝑺)

𝚺𝒄
(∗)

ഥ𝑫 ∗ (𝟐𝑺)

OBE effective 
potentials

Σ𝑐
∗ഥ𝐷∗

Σ𝑐ഥ𝐷
∗

Σ𝑐
∗ഥ𝐷

𝟏/𝟐(𝟏/𝟐−) 𝟏/𝟐(𝟑/𝟐−) 𝟏/𝟐(𝟓/𝟐−)
Σ𝑐ഥ𝐷

𝑷𝒄(𝟒𝟑𝟏𝟐)
𝑷𝒄(𝟒𝟑𝟖𝟎)

𝑷𝒄(𝟒𝟒𝟒𝟎) 𝑷𝒄(𝟒𝟒𝟓𝟕)

Σ𝑐
∗ഥ𝐷∗(2𝑆)

Σ𝑐ഥ𝐷
∗ (2𝑆)

Σ𝑐
∗ഥ𝐷 (2𝑆)

Σ𝑐ഥ𝐷 (2𝑆)



⚫ Reasonable loosely bound molecular candidates: binding energies and reasonable RMS radii.

⚫ Coupled channel effects: important.
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3.2  𝜮𝒄ഥ𝑫(𝟐𝑺)/𝜮𝒄ഥ𝑫∗(𝟐𝑺)/𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)[

𝟏

𝟐
(
𝟏

𝟐

−
)] → 𝑷𝒄 𝟒𝟑𝟏𝟐 /𝑷𝒄 𝟒𝟑𝟖𝟎 /𝑷𝒄 𝟒𝟒𝟒𝟎 /𝑷𝒄 𝟒𝟒𝟓𝟕 + 𝝅

𝓜=𝓜𝟏 (𝜮𝒄ഥ𝑫 𝟐𝑺 → 𝜮𝒄ഥ𝑫
∗ + 𝝅)

+𝓜𝟐(𝜮𝒄ഥ𝑫
∗ 𝟐𝑺 → 𝜮𝒄ഥ𝑫

∗ + 𝝅)

+𝓜𝟑(𝜮𝒄ഥ𝑫
∗ 𝟐𝑺 → 𝜮𝒄ഥ𝑫 + 𝝅)

+𝓜𝟒(𝜮𝒄
∗ഥ𝑫 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)

+𝓜𝟓(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫 + 𝝅)

+𝓜𝟔(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)

◆ Total decay width: several MeV; similar widths but 

different decay mechanisms;

◆ Coupled channel effects: important, coherent 

constructive interference;

◆ 𝝅𝟎 radiation: 2 times smaller due to the isospin 

factor.
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3.3  𝜮𝒄ഥ𝑫∗(𝟐𝑺)/𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)[

𝟏

𝟐
(
𝟏

𝟐

−
)] → 𝑷𝒄 𝟒𝟑𝟏𝟐 /𝑷𝒄 𝟒𝟑𝟖𝟎 /𝑷𝒄 𝟒𝟒𝟒𝟎 /𝑷𝒄 𝟒𝟒𝟓𝟕 + 𝝅

𝓜=𝓜𝟐(𝜮𝒄ഥ𝑫
∗ 𝟐𝑺 → 𝜮𝒄ഥ𝑫

∗ + 𝝅)

+𝓜𝟑(𝜮𝒄ഥ𝑫
∗ 𝟐𝑺 → 𝜮𝒄ഥ𝑫 + 𝝅)

+𝓜𝟓(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫 + 𝝅)

+𝓜𝟔(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)
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◆ Total decay width: several MeV; similar decay 

mechanisms;

◆ Coupled channel effects: important, coherent 

constructive/ destructive interference;

◆ 𝝅𝟎 radiation: 2 times smaller due to the isospin 

factor.
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3.4  𝜮𝒄ഥ𝑫
∗(𝟐𝑺)/𝜮𝒄

∗ഥ𝑫(𝟐𝑺)/𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)[

𝟏

𝟐
(
𝟑

𝟐

−
)] → 𝑷𝒄 𝟒𝟑𝟏𝟐 /𝑷𝒄 𝟒𝟑𝟖𝟎 /𝑷𝒄 𝟒𝟒𝟒𝟎 /𝑷𝒄 𝟒𝟒𝟓𝟕 + 𝝅

𝓜=𝓜𝟐(𝜮𝒄ഥ𝑫
∗ 𝟐𝑺 → 𝜮𝒄ഥ𝑫

∗ + 𝝅)

+𝓜𝟑(𝜮𝒄ഥ𝑫
∗ 𝟐𝑺 → 𝜮𝒄ഥ𝑫 + 𝝅)

+𝓜𝟒(𝜮𝒄
∗ഥ𝑫 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)

+𝓜𝟓(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫 + 𝝅)

+𝓜𝟔(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)
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◆ Total decay width: less than 1 MeV; different 

decay mechanisms;

◆ Coupled channel effects: important, coherent 

constructive/ destructive interference;

◆ 𝝅𝟎 radiation: 2 times smaller due to the isospin 

factor.
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3.5  𝜮𝒄
∗ഥ𝑫(𝟐𝑺)/𝜮𝒄

∗ഥ𝑫∗(𝟐𝑺)[
𝟏

𝟐
(
𝟑

𝟐

−
)] → 𝑷𝒄 𝟒𝟑𝟏𝟐 /𝑷𝒄 𝟒𝟑𝟖𝟎 /𝑷𝒄 𝟒𝟒𝟒𝟎 /𝑷𝒄 𝟒𝟒𝟓𝟕 + 𝝅

◆ Total decay width: several MeV; different 

decay mechanisms;

◆ Coupled channel effects: important, coherent 

constructive/ destructive interference;

◆ 𝝅𝟎 radiation: 2 times smaller due to the 

isospin factor.

𝓜=𝓜𝟒(𝜮𝒄
∗ഥ𝑫 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)

+𝓜𝟓(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫 + 𝝅)

+𝓜𝟔(𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 → 𝜮𝒄

∗ഥ𝑫∗ + 𝝅)



3.6 𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)[
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−
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𝟑
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−
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−
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0 −5 −10 −15

0.000

0.005

0.010

0.015

0.020

0 −5 −10 −15
0.00

0.60

1.20

1.80

2.40

0 −5 −10 −15
0.00

0.05

0.10

0.15

0.20

0 −5 −10 −15
0.00

0.50

1.00

1.50

2.00

0 −5 −10 −15
0.000

0.005

0.010

0.015

0.020

0 −5 −10 −15
0.00

0.75

1.50

2.25

3.00

0 −5 −10 −15
0.00

0.15

0.30

0.45

0.60

0 −5 −10 −15
0.00

0.10

0.20

0.30

0.40

0 −5 −10 −15
0.00

0.25

0.50

0.75

1.00

0 −5 −10 −15
0.00

0.25

0.50

0.75

1.00

G
(M

eV
)

Pc(4312)+p- Pc(4380)+p-
Pc(4440)+p- Pc(4457)+p-

G
(M

eV
)

Pc(4312)+p- Pc(4380)+p- Pc(4440)+p- Pc(4457)+p-

G
(M

eV
)

E(MeV)

Pc(4380)+p-

E(MeV) E(MeV) E(MeV) E(MeV)

E(MeV) E(MeV) E(MeV) E(MeV)

⟨S*
cD

*|
qqp |S*

cD
*(2S)⟩   Total width

⟨S*
cD |

qqp |S
*
cD

*(2S)⟩ 

S*
cD

*(2S) [1/2(1/2-) ]

E(MeV)

Pc(4457)+p-

S*
cD

*(2S) [1/2(3/2-) ]

S*
cD

*(2S) [1/2(5/2-) ]



18

Initial State(𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)) Final State(𝜮𝒄

∗ഥ𝑫∗) Total decay width(MeV)

𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 [

𝟏

𝟐
(
𝟏

𝟐

−
)]

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟏

𝟐

−

)] 0.006∽0.60

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟑

𝟐

−

)] 0.030∽2.40

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟓

𝟐

−

)] x spin=0

𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 [

𝟏

𝟐
(
𝟑

𝟐

−

)]

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟏

𝟐

−

)] 0.014∽1.12

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟑

𝟐

−

)] 0.002∽0.15

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟓

𝟐

−

)] 0.003∽0.18

𝜮𝒄
∗ഥ𝑫∗ 𝟐𝑺 [

𝟏

𝟐
(
𝟓

𝟐

−

)]

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟏

𝟐

−

)] x spin=0

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟑

𝟐

−

)] 0.001∽0.80

𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟓

𝟐

−

)] 0.001∽0.09

3.7 𝜮𝒄
∗ഥ𝑫∗(𝟐𝑺)[

𝟏

𝟐
(
𝟏

𝟐

−

)/
𝟏

𝟐
(
𝟑

𝟐

−

)/
𝟏

𝟐
(
𝟓

𝟐

−

)] → 𝜮𝒄
∗ഥ𝑫∗[

𝟏

𝟐
(
𝟏

𝟐

−

)/
𝟏

𝟐
(
𝟑

𝟐

−

)/
𝟏

𝟐
(
𝟓

𝟐

−

)] + 𝝅



IV. Summary

1.  Predicting possible excited Pc molecular candidates

Thank you!

2.  Predicting π radiation properties of possible excited Pc molecules 
in chiral quark model

➢ Decay widths on the order of MeV.

➢ π radiation properties depend on the structures of molecular states 

(isospin-related, spin-related, coupled channel effects).

Σ𝑐
∗ഥ𝐷∗(2𝑆)

Σ𝑐ഥ𝐷
∗(2𝑆)

Σ𝑐
∗ഥ𝐷 (2𝑆)

Σ𝑐ഥ𝐷 (2𝑆)


