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Abstract In our former work [arXiv:2011.07214], the
Pcs(4459) observed by the LHCb Collaboration can be
explained as a coupled strange hidden-charm �c D̄∗/
�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule with I (J P ) = 0(3/2−). Here,
we further discuss the two-body strong decay behaviors of the
Pcs(4459) in the meson-baryon molecular scenario by input
the former obtained bound solutions. Our results support the
Pcs(4459) as the strange hidden-charm �c D̄∗ molecule with
I (J P ) = 0(3/2−). The relative decay ratio between �cD∗

s
and J/ψ� is around 10, where the partial decay width for
the �cD∗

s channel is around 0.6 to 2.0 MeV.

1 Introduction

In 2019, the LHCb Collaboration discovered three nar-
row hidden-charm pentaquarks, namely Pc(4312), Pc(4440),
and Pc(4457), by using the combined data set collected in
Run 1 plus Run 2 [1]. These three Pc states locate just
below the �c D̄(∗) continuum thresholds, they are very likely
to be �c D̄(∗) hidden-charm molecular pentaquarks. Sev-
eral phenomenological models have been adopted to calcu-
late the mass spectrum of the meson-baryon hidden-charm
molecules, like the QCD sum rule, the meson-exchange
model, the quark delocalization model, and so on (see review
papers [2–7] for more details). In particular, through adopt-
ing the one-boson-exchange model (OBE) and consider-
ing the coupled channel effect, we have demonstrated that
the Pc(4312), Pc(4440), and Pc(4457) are corresponding
to the loosely bound �c D̄ state with I (J P ) = 1/2(1/2−),
�c D̄∗ state with I (J P ) = 1/2(1/2−), and �c D̄∗ state with
I (J P ) = 1/2(3/2−), respectively [8]. And the coupled-
channel effect plays an important role in generating hidden-
charm molecular pentaquarks.
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The hadronic molecule is an important component of
exotic states. Experimental and theoretical studies on the
hadronic molecules can deepen our understanding of the non-
perturbative behavior of quantum chromodynamics (QCD).
Especially, not only the study of the mass spectrums but
also the predictions of the decay behaviors for the Pc states
can help us to test the binding mechanism of pentaquark
states. So far, many groups have discussed the strong decay
behaviors of the Pc states in the meson-baryon hadronic
molecular picture. For example, the decay branch fraction
of Pc → ηc p and Pc → J/ψp processes were predicted
by using the heavy quark symmetry [9–15]. The effective
Lagrangian method was adopted to study the partial widths
of all the allowed decay channels for these Pc states at the
hadronic level [16]. As we seen, all the results are model
dependent. The coupled channel effect is not well taken into
consideration in the strong decay of the Pc states.

Recently, the LHCb Collaboration reported an evidence
of a possible strange hidden-charm pentaquark Pcs(4459)

decaying to the J/ψ� channel in the �−
b → J/ψ�K−

process [17]. The smallest significance is 3.1 σ . Its reso-
nance parameters are M = 4458.8 ± 2.9+4.7

−1.2 MeV, � =
17.3 ± 6.5+8.0

−5.7 MeV, respectively. The spin-parity J P of the
Pcs(4459) remains undetermined due to the lacking of the
experimental data.

After the observation of the Pcs(4459), it was inter-
preted as the �c D̄∗ strange hidden-charm molecular pen-
taquark with J P = 1/2−(3/2−) or the tightly pen-
taquark state with J P = 1/2− [18–21]. In particular, we
can reproduce the mass of the Pcs(4459) in the coupled
�c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ system with I (J P ) = 0(3/2−)

by adopting the one-boson-exchange model [18]. And the
�c D̄∗ and �∗

c D̄ systems are dominant. In fact, the hidden-
charm pentaquarks with strangeness Pcs were predicted
[22–31], and suggested to search for in the �b(�b) →
J/ψ�K (η) [26,27,32].
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Table 1 Two-body strong decay final states for the Pcs(4459) as a �c D̄∗ molecule with I (J P ) = 0(3/2−). Here, the masses for the final states
are in the unite of MeV. The S and D stand for the S−wave and D−wave decay modes, respectively

ηc�(4100) J/ψ�(4212) �c D̄s(4254) �c D̄∗
s (4398)

D S D S

�c D̄s(4423) �c D̄(4337) �′
c D̄(4447) φ�(2135)

D D D S

η�(1662) ω�(2007) ρ�(1971) π�(1326)

D S S D

K̄ N (1432) K̄ ∗N (1830) K�(1810) K ∗�(2210)

D S D S

In this work, we will study the two-body strong decay
properties for the Pcs(4459) as a strange hidden-charm
molecule. In our calculation, we consider the coupled chan-
nel effect and input the bound state wave functions obtained
in our former work [18]. In fact, Zou et al. already have pre-
dicted the two-body strong decay behaviors of the possible
�cc̄ states in the single hadronic molecule pictures [33]. The
obtained total widths and decay patterns can be valuable in
identify the molecular assumptions and spin parities of the
strange hidden-charm molecular pentaquarks.

This paper is organized as follows. After the introduction,
we present the two-body strong decay amplitudes for the
Pcs(4459) as a strange hidden-charm �c D̄∗ molecule in Sect.
2. The corresponding numerical results for the decay widths
is given in Sect. 3. The paper ends up with a summary.

2 Two-body strong decay

For the decay process Pcs → f1 + f2, its decay width reads

d� = 1

2J + 1

| p|
32π2m2

Pcs

|M(Pcs → f1 + f2)|2d
, (2.1)

which is expressed in the rest frame of the Pcs state. mPcs , J ,
and p stand for the mass and spin of the initial Pcs state and
the momentum of the final state ( f1, f2), respectively,

| p| =
√(

m2
Pcs

− (m f1 + m f2 )
2
) (

m2
Pcs

− (m f1 − m f2 )
2
)
/(2mPcs ).

As we discussed in Ref. [18], the Pcs(4459) can be
explained as the �c D̄∗ molecular state with I (J P ) =
0(3/2−). When the binding energy is taken as −19.28 MeV,
the probabilities for the �c D̄∗, �∗

c D̄, �′
c D̄

∗, and �∗
c D̄

∗ chan-
nels are 38.95%, 34.58%, 6.61%, and 18.86%, respectively.
After introducing the coupled channel effect, the interaction
for the Pcs(4459) → f1 + f2 process can be express as

〈 f1 + f2|Pcs〉=〈 f1+ f2|
(|�c D̄

∗〉〈�c D̄
∗|+|�∗

c D̄〉〈�∗
c D̄|

+|�′
c D̄

∗〉〈�′
c D̄

∗| + |�∗
c D̄

∗〉〈�∗
c D̄

∗|) Pcs〉

=
∫

d3k

(2π)3 d
3re−ik·rψ�c D̄∗(r)〈 f1 + f2|�c D̄

∗〉

+
∫

d3k

(2π)3 d
3re−ik·rψ�∗

c D̄
(r)〈 f1 + f2|�∗

c D̄〉

+
∫

d3k

(2π)3 d
3re−ik·rψ�′

c D̄
∗(r)〈 f1 + f2|�′

c D̄
∗〉

+
∫

d3k

(2π)3 d
3re−ik·rψ�∗

c D̄
∗(r)〈 f1 + f2|�∗

c D̄
∗〉.

(2.2)

Here, ψ�c D̄∗(r), ψ�∗
c D̄

(r), ψ�′
c D̄

∗(r), and ψ�∗
c D̄

∗(r) are the

wave functions for the �c D̄∗, �∗
c D̄, �′

c D̄
∗, and �∗

c D̄
∗ chan-

nels in the r−coordinate space, respectively. And we define

〈 f1 + f2|Pcs〉 = − M(Pcs → f1 + f2)

(2π)3/2
√

2EPcs

√
2E f1

√
2E f2

, (2.3)

〈 f1 + f2|�′,∗
c D̄(∗)〉

= −
M

(
�

′,∗
c (k)+ D̄(∗)(−k) → f1( p)+ f2(− p)

)

(2π)3/2
√

2E
�

′,∗
c

√
2ED̄(∗)

√
2E f1

√
2E f2

.

(2.4)

There are three kinds of two-body strong decay processes,
the hidden-charm modes, the open-charm modes, and the
cc̄−annihilation modes. In Table 1, we collect the possible
two-body strong decay channels.

Because the D−wave interactions are strongly suppressed
in comparison with the S−wave interactions, in the follow-
ing, we only focus on the J/ψ�, �c D̄∗

s , φ�, ω�, ρ�, K̄ ∗N ,
and K ∗� decay channels. Figure 1 shows the corresponding
decay processes. For the isoscalar Pcs state as the coupled
�c D̄∗/�∗

c D̄/�
′
c D̄

∗/�∗
c D̄

∗ molecule, we can obtain

MPcs→J/ψ� = 1√
2

(
M

�
(′ ,∗)+
c D(∗)−→J/ψ�

− M
�

(′ ,∗)0
c D̄(∗)0→J/ψ�

)
,

MPcs→�c D̄∗
s

= 1√
2

(
M

�
(′ ,∗)+
c D(∗)−→�+

c D∗−
s

−M
�

(′ ,∗)0
c D̄(∗)0→�+

c D∗−
s

)
,

MPcs→φ� = 1√
2

(
M

�
(′ ,∗)+
c D(∗)−→φ�0 − M

�
(′ ,∗)0
c D̄(∗)0→φ�0

)
,
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 1 Two-body strong decay diagrams for the Pcs(4459) as a coupled �c D̄∗/�∗
c D̄/�′

c D̄
∗/�∗

c D̄
∗ molecule with I (J P ) = 0(3/2−) in the hadron

level

MPcs→ω� = 1√
2

(
M

�
(′ ,∗)+
c D(∗)−→ω�0 − M

�
(′ ,∗)0
c D̄(∗)0→ω�0

)
,

MPcs→ρ� = 1√
6

(
M

�
(′ ,∗)+
c D(∗)−→ρ+�− − M

�
(′ ,∗)0
c D̄(∗)0→ρ+�−

−M
�

(′ ,∗)+
c D(∗)−→ρ0�0 + M

�
(′ ,∗)0
c D̄(∗)0→ρ0�0

+M
�

(′ ,∗)+
c D(∗)−→ρ−�+ − M

�
(′ ,∗)0
c D̄(∗)0→ρ−�+

)
,

MPcs→K̄ ∗N = 1

2

(
M

�
(′ ,∗)+
c D(∗)−→K̄ ∗0n

−M
�

(′ ,∗)0
c D̄(∗)0→K̄ ∗0n

+M
�

(′ ,∗)+
c D(∗)−→K ∗− p

− M
�

(′ ,∗)0
c D̄(∗)0→K ∗− p

)
,

MPcs→K ∗� = 1

2

(
M

�
(′ ,∗)+
c D(∗)−→K ∗+�−

−M
�

(′ ,∗)0
c D̄(∗)0→K ∗+�−

−M
�

(′ ,∗)+
c D(∗)−→K ∗0�

+ M
�

(′ ,∗)0
c D̄(∗)0→K ∗0�

)
.

Here, we need to mention that the sum of the decay amplitude

for the �
(′,∗)
c D̄(∗) → K̄ ∗N by exchanging the �c/�c is zero

in the isospin conservation case.
The interaction Lagrangians related to the discussed decay

processes are given as [34–37]

LPPV = iG

2
√

2

〈
∂μP

(
PVμ − VμP

)〉
, (2.5)

LVV P = G ′
√

2
εμναβ

〈
∂μVν∂αVβ P

〉
, (2.6)

LVVV = iG

2
√

2

〈
∂μV ν

(
VμVν − VνVμ

)〉
, (2.7)

LBBP = gp
〈
B̄iγ5PB

〉
, (2.8)

LBBV = gv〈B̄γ μVμB〉 + fv
2m

〈
B̄σμν∂μVνB

〉
, (2.9)

LBDP = gBDP

mP

(
D̄μB + B̄Dμ

)
∂μP, (2.10)

LBDV = −i
gBDV

mV

(
D̄μγ 5γ νB + B̄γ 5γ νDμ

)

× (
∂μVν − ∂νVμ

)
. (2.11)

Here, P , V , B, and D stand for the pseudoscalar and vector
mesons, octet, and decuplet baryons. For example, in the
SU (4) quark model, the pseudoscalar and vector mesons are
expressed as

P =

⎛
⎜⎜⎜⎜⎜⎜⎝

π0√
2

+ η√
6

+ ηc√
12

π+ K+ D̄0

π− − π0√
2

+ η√
6

+ ηc√
12

K 0 D−

K− K̄ 0 − 2η√
6

+ ηc√
12

D−
s

D0 D+ D+
s − 3ηc√

12

⎞
⎟⎟⎟⎟⎟⎟⎠

,

V =

⎛
⎜⎜⎜⎜⎜⎜⎝

ρ0√
2

+ ω8√
6

+ J/ψ√
12

ρ+ K ∗+ D̄∗0

ρ− − ρ0√
2

+ ω8√
6

+ J/ψ√
12

K ∗0 D∗−

K ∗− K̄ ∗0 − 2ω8√
6

+ J/ψ√
12

D∗−
s

D∗0 D∗+ D∗+
s − 3J/ψ√

12

⎞
⎟⎟⎟⎟⎟⎟⎠

,

with ω8 = ωcosθ+φsinθ and sinθ = −0.761 [38]. Coupling
constants adopted in the following calculations are estimated
from the ρ −π −π , N −N −π , N −N −ρ(ω), N −�−π ,
and N − � − ρ interactions. For example, when explicitly
expanding the the SU (4) invariant interaction Lagrangians
between baryons and pseudoscalar mesons, one can obtain

LBBP = 5b − 4a

4
√

2
Gp(n̄iγ

5π0n − p̄iγ 5π0 p

+ p̄iγ 5π+n + n̄iγ 5π− p)

+
√

3

8
(a + b)Gp(�̄

0
c iγ

5D0�0 − �̄+
c iγ

5D+�0)

+3

8
(a − b)Gp(�̄

′0
c iγ

5D0�0 − �̄
′+
c iγ 5D+�0)

123
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−a + b

4
√

2
Gp(�̄

+
c iγ

5D+
s �0 + �̄0

c iγ
5D+

s �−)

−3

4

√
3

2
(a − b)Gp(�̄

′+
c iγ 5D+

s �0 + �̄
′0
c iγ

5D+
s �−)

+
√

3

8
(a − 2b)Gp(�̄

+
c iγ

5K 0�+
c − �̄+

c iγ
5K+�0

c)

−3

8
aG p(�̄

+
c iγ

5K 0�
′+
c − �̄+

c iγ
5K+�

′0
c ) + . . . .

(2.12)

In Refs. [34–36,39–41], b/a = 5.3, gπNN = 13.5, gρNN =
3.25, fρNN = 6.1, gBDP = 2.127, gBDV = 16.03,

G = 12.00, and G ′ = 3G2(
32

√
2
)
(π2 f 2

π )
with fπ = 0.132

GeV. All the coupling constants are determined by compar-
ing the corresponding coefficients in Eq. (2.12). The scatter-
ing amplitudes for all the discussed decay processes can be
expressed as

MP
BP→BV = gpū3γ5u1

1

q2 − m2
P

gPPV ε
μ†
4 (−p2μ + qμ),

(2.13)

MV
BP→BV =

{
gv ū3γ μu1 + fv

4m∗ ū3(γ μγ ν − γ νγ μ)qνu1

}

× gμβ − qμqβ/m2
V

q2 − m2
V

gVV Pελναβ p4νε
†
4λqα,

(2.14)

MB
BP→V B = gpū4γ5

1

/q − mB

{
gvε

†
3μγ μu1

− fv
4m∗ p3με

†
3ν(γ μγ ν − γ νγ μ)qνu1

}
, (2.15)

MP
BV→BV = gpū3γ5u1

−1

q2 − m2
P

gVV Pελσαβ p4λε
†
4σ p2αε2β,

(2.16)

MV
BV→BV =

{
gv ū3γ μu1 + fv

4m∗ ū3(γ μγ ν − γ νγ μ)qνu1

}

× gμβ − qμqβ/m2
V

q2 − m2
V

gVVV

[
ε
α†
4 ε

β
2 (p2α − qα)

−ε2αε
α†
4 (pβ

2 + pβ
4 ) + ε2α(ε

β†
4 qα + pα

4 ε
β†
4 )

]
,

(2.17)

MB
BV→V B =

{
gv ū4γ με2μ + fv

4m∗ ū4(γ μγ ν − γ νγ μ)p2με2ν

}

× 1

/q − mB

{
g′
vγ αε

†
3αu1

+ f ′
v

4m′ (γ
αγ β − γ αγ β)p3αε

†
3βu1

}
, (2.18)

MP
DP→BV = gBDP

mP
ū3qμu

μ
1

1

q2 − m2
P

igPPV ε
ν†
4 (qν − p4ν),

(2.19)

MV
DP→BV = − gBDV

mV
ū3γ 5(γ νuμ

1 − γ μuν
1)qμ

× gνβ − qνqβ/m2
V

q2 − m2
V

igV V Pελβαδqλ p4αε
†
4δ,

(2.20)

MB
DP→V B = igBBP ū4γ 5

1

/q − mB

gBDV

mV
γ 5(γ νuμ

1 − γ μuν
1)qμε

†
3ν,

(2.21)

MP
DV→BV = gBDP

mP
ū3qμu

μ
1

i

q2 − m2
P

gVV Pελδαβ p2λε2δ p4αε
†
4β,

(2.22)

MV
DV→BV = gBDV

mV
ū3γ 5(γ νuμ

1 − γ μuν
1)qμ

gνβ − qνqβ/m2
V

q2 − m2
V

×gVVV

[
ε
α†
4 ε

β
2 (p2α − qα)

−ε2αε
α†
4 (pβ

2 + pβ
4 ) + ε2α(ε

β†
4 qα + pα

4 ε
β†
4 )

]
,

(2.23)

MB
DV→V B = {

gBBV ū4γ αε2α

+ fBBV

4m∗ ū4(γ αγ β − γ βγ α)p2αε2β

}

× 1

/q − mB

gBDV

mV
γ 5(γ νuμ

1 − γ μuν
1)p3με

†
3ν .

(2.24)

Here, ME
i1i2→ f1 f2

corresponds to the scattering amplitude
for the i1 + i2 → f1 + f2 process by exchanging the hadron
E . The above scattering amplitudes have the form of

M ∼ c0 + c1k2 + c2 p2 + c3k · p + ci (k4, p4, . . .)

k2 + p2 + 2k · p + M2
.

For the heavy loosely bound state, the higher order terms like
the ci (k4, p4, . . .) contribute very small. In our calculations,
we neglect these interactions. According to the relation in Eq.
(2.2), the convergence of the amplitude M(Pc → f1 + f2)
only depends on the wave functions of the Pcs state as shown
in Fig. 2. For simplicity, we set a upper limit integral kMax

on the amplitude M(Pc → f1 + f2) according to the wave
function normalization

∫ kMax
0 d3kψ(k)2 = 1.

3 Numerical results

Before calculating the decay widths, let’s brief introduce the
bound state property of the Pcs(4459) as a strange hidden-
charm meson-baryon molecular pentaquark. In Fig. 3,
we present the probabilities for different channels of the
Pcs(4459) as a coupled�c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule
with I (J P ) = 0(3/2−). Here, the coupled channel effect
plays an essential role in forming this bound state. And the
�c D̄∗ and �∗

c D̄ channels are the most important, followed
by the �∗

c D̄
∗ and �′

c D̄
∗ channels.
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Fig. 2 The radial wave functions for the Pcs(4459) as a coupled
�c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule with I (J P ) = 0(3/2−) in the
momentum space. It is obtained by performing the Fourier transfor-
mation, i.e., ψ(k) = ∫

d3reik·rψ(r). Here, its binding energy is
E = −19.28 MeV

Fig. 3 Probabilities for different channels of the Pcs(4459) as a cou-
pled �c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule with I (J P ) = 0(3/2−). The
shallow area labels the position of the Pcs(4459) including the experi-
mental uncertainty

With the above preparations, we can further produce the
two-body strong decay widths for the coupled
�c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule with I (J P ) = 0(3/2−).
In Fig. 4, we present the corresponding decay widths for the
Pcs(4459). Here, we take the binding energy from −0.75
MeV to −30 MeV. We see that

• The total two-body strong decay width �tot is from 10
MeV to 25 MeV in the mass range of the Pcs(4459).
It is consistent to the experiment data � = 17.3 ±
6.5+8.0

−5.7 MeV.
• In general, when the hadronic molecular state binds

deeper and deeper, the overlap of the wave functions of
the components becomes larger and larger. The quark

exchange in the hadronic molecular state becomes easier
and easier. As shown in Fig. 4a, with the decreasing of
the mass of the Pcs(4459), the total decay width turns
larger.

• For the cc̄−annihilation decay modes, the K ∗� and ω�

decay modes are the most important among all the dis-
cussed decay channels as shown in Fig. 4b. The partial
widths for these two final states are around several or
more than ten MeV, the corresponding branch fraction
(�K ∗�+�ω�)/�tot is around 80%. For the remaining φ�

and ρ� channels, their partial decay widths are around a
few tenths and percents MeV, respectively.

• Compared to the light hadron final states, the hidden-
charm decay widths are much smaller as their nar-
row phase space. Here, the partial decay width for the
Pcs(4459) → J/ψ� process is only several percents
MeV.

• For the open-charm decay modes, the partial decay width
for the �c D̄∗

c channel is in the range of 0.6 MeV to 2.0
MeV. The relative ratios for the R = ��c D̄∗

c
/�J/ψ�

is around ten. Thus, the open-charm decay should be
an essential decay mode to search for the Pcs state as
a strange hidden-charm molecular pentaquark in our
model.

To summarize, our results of the two-body strong decay
widths support the Pcs(4459) as the coupled
�c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule with I (J P ) = 0(3/2−).

4 Summary

In 2019, the LHCb Collaboration reported three narrow
hidden-charm pentaquarks (Pc(4312), Pc(4440), and Pc(4457))
in the �b → J/ψpK process [1]. They are likely to be the
charmed baryon and anti-charmed meson molecular states.
And the coupled channel effect plays an very important role
in forming a bound state and the strong decay [8,9]. Very
recently, the LHCb Collaboration continued to report an
evidence of the hidden-charm pentauqarks with strangeness
|S| = 1. After adopting the OBE model and considering the
coupled channel effect, we find the newly reported Pcs(4459)

can be regarded as the coupled �c D̄∗/�∗
c D̄/�′

c D̄
∗/�∗

c D̄
∗

molecule with I (J P ) = 0(3/2−). The dominant channels
are the S−wave �c D̄∗ and �∗

c D̄ channels.
Using the obtained bound wave functions, we study the

two-body strong decay behaviors for the Pcs(4459) in the
molecular picture. Our results show that the total decay width
here is well around the experimental value reported by the
LHCb Collaboration [17]. The cc̄−annihilation decay modes
are very important. In particular, the partial decay widths for
the Pcs(4459) → K ∗�(ω�) are over several MeV, their
branch fractions are nearly 80%. The partial decay width for
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(a)

(b)

Fig. 4 The total (a) and partial (b) decay widths for the Pcs(4459) as a
coupled �c D̄∗/�∗

c D̄/�′
c D̄

∗/�∗
c D̄

∗ molecule with I (J P ) = 0(3/2−).
The shallow area labels the position of the Pcs(4459) including the
experimental uncertainty

the �cD∗
s mode is around 1 MeV. The relative ratio for the

R = ��c D̄∗
c
/�J/ψ� is around 10.

Until now, the inner structure and the spin-parity of the
Pcs(4459) are still mystery, more theoretical and experimen-
tal studies are needed. Although our phenomenological study
is still model dependence, the strong decay information pro-
vided here can be a crucial test of the hadronic molecular
state assignment to the Pcs state. Experimental search for the
possible hidden-charm molecular pentaquark will be help-
ful to check and develop these adopted phenomenological
models.
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