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Recently, the LHCb Collaboration reported a new structure Pcsð4459Þwith a mass of 19 MeV below the
ΞcD̄� threshold. It may be a candidate of molecular state from the ΞcD̄� interaction. In the current work,
we perform a coupled-channel study of the Ξ�

cD̄�, Ξ0
cD̄�, Ξ�

cD̄, ΞcD̄�, Ξ0
cD̄, and ΞcD̄ interactions in the

quasipotential Bethe-Salpeter equation approach. With the help of the heavy quark chiral effective
Lagrangian, the potential is constructed by light meson exchanges. Two ΞcD̄� molecular states are
produced with spin parities JP ¼ 1=2− and 3=2−. The lower state with 3=2− can be related to the observed
Pcsð4450Þ while two-peak structure cannot be excluded. Within the same model, other strange hidden-
charm pentaquarks are also predicted. Two states with spin parities 1=2− and a state with 3=2− are predicted
near the Ξ0

cD̄, ΞcD̄, and Ξ�
cD̄ thresholds, respectively. As two states near ΞcD̄� threshold, two states are

produced with 1=2− and 3=2− near the Ξ0
cD̄� threshold. The couplings of the molecular states to the

considered channels are also discussed. The experimental research of those states are helpful to understand
the origin and internal structure of the Pcs and Pc states.

DOI: 10.1103/PhysRevD.103.074007

I. INTRODUCTION

Recently, the LHCb Collaboration released their
results about the Ξb → J=ψK−Λ decay, which indicates
a new resonance structure named Pcsð4459Þ, which carries
a mass of 4458.8� 2.9þ4.7

−1.1 MeV and a width of 17.3�
6.5þ8.0

−5.7 MeV [1]. Such structure is just 19 MeV below
the ΞcD̄� threshold and the width is relatively narrow. It
follows a series of observations about the hidden-charm
pentaquarks. In 2015, the LHCb Collaboration firstly
reported two structures Pcð4380Þ and Pcð4450Þ in the
Λb → J=ψK−p [2], which are close to the Σ�

cD̄ and ΣcD̄�
thresholds, respectively. Such observation confirmed pre-
vious predictions about the hidden-charm pentaquarks
[3–6]. Due to the closeness to the thresholds, these
structures were soon interpreted as molecular states in
the literature [7–12]. Other pictures, such as compact
pentaquark [13–15] and anomalous triangle singularity
[16], were also proposed to explain the observation.
In 2019, the LHCb Collaboration updated their results.

The upper Pcð4450Þ was found to be a two-peak structure
named as Pcð4457Þ and Pcð4440Þ, and a new structure,
Pcð4312Þ, was observed near ΣcD̄ threshold [17]. The new
result strongly supports the molecular state picture. If we
include the Pcð4380Þ state, which was not confirmed but
also not excluded by new observation, the four states
provide a wonderful spectrum of S-wave states from the
ΣcD̄ − Σ�

cD̄ − ΣcD̄� interaction. Based on such observa-
tion, in Refs. [18–20] all possible S-wave molecular states
from not only above channels but also the Σ�

cD� channel
were included in the study. With these states, the exper-
imental data were well reproduced.
The observation of the hidden-charm pentaquarks

inspires a large amount of theoretical studies about their
internal structure [21–31]. The partners of the hidden-
charm pentaquarks were also widely discussed in the
literature [32–40]. Replacing one of the light quark by
strange quark, one can naturally obtain a strange hidden-
charm pentaquark, which have been studied in the pioneer
work [3] and some studies after the observation of Pc states
[41–50]. The observation of these partners is very helpful to
understand the internal structure of the pentaquarks.
The recent observation of Pcsð4459Þ favors the molecu-

lar state interpretations of the hidden-charm pentaquarks
[51–54]. It can be taken as the strange partner of the
Pcð4450Þ. According to its mass, it can be assigned as the
candidate of a ΞcD̄� state with spin parity JP ¼ 1=2− or
3=2−. Due to lack of the partial-wave treatment, the current
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experimental analysis did not provide the information about
its spin parity. From the experience of study about the
Pcð4450Þ, one can expect that there may be two structures
in the Pcsð4459Þ. The two-pole structure of a resonance
was first proposed in the study of the Λð1405Þ [55,56], and
also suggested in the studies of K1ð1270Þ and D�

0ð2400Þ
[57–59]. In Ref. [49], the author predicted two ΞcD̄� states
with JP ¼ 1=2− and 3=2− which carry masses of
4456.9þ3.2

−3.3 and 4463
þ2.8
−3.0 MeV, respectively. Different mass

order of two ΞcD̄� states was also suggested in the
literature. In Ref. [52], the calculation yields masses of
4469 and 4453–4463 MeV for states with 1=2 and 3=2,
respectively.
In our previous work, the hidden-charm pentaquarks

were well explained as molecular states in the quasipoten-
tial Bethe-Salpeter equation (qBSE) approach [28,29],
which was extended to predict the hidden-bottom penta-
quarks [40]. Such studies provide a good theoretical frame
to study the strange hidden-charm pentaquark. Due to the
heavy quark symmetry, the model has been constrained
by experimentally observed hidden-charm pentaquarks.
Hence, it is interesting to perform a calculation about

the molecular states from the Ξð�;0Þ
c D̄ð�Þ interaction in the

same frame. The strange hidden-charm pentaquarks are
also possibly produced from the interactions of charmed
baryon and strange anticharm meson. Compared with the

couplings between channels in the Ξð�;0Þ
c D̄ð�Þ interactions

where the pion exchange is possible, the couplings between
two types of interactions through kaon exchange should
be weaker. Hence, in the current work, we consider six

channels in Ξð�;0Þ
c D̄ð�Þ interaction, which are related to

the Pcsð4459Þ.
With the help of the heavy quark chiral effective

Lagrangians, which was also adopted to reproduce
the hidden-charm pentaquarks, the one-boson-exchange
model will be adopted in the current work to construct the
interaction kernel to calculate the scattering amplitude by
solving the qBSE. The molecular states can be studied
by searching for the poles of the complex energy plane.
The coupled-channel effects will be also included explic-
itly to produce the widths of the molecular states. The
molecular state interpretation of the Pcsð4459Þ will be
discussed based on the results. More molecular states will
be also predicted, which can be searched in the future
experiment.
This article is organized as follows. After introduction,

Sec. II shows the details of dynamics of the Ξ�
cD̄�, Ξ0

cD̄�,
Ξ�
cD̄, ΞcD̄�, Ξ0

cD̄, and ΞcD̄ interactions, including the
relevant effective Lagrangians, reduction of potential kernel
and a brief introduction of the qBSE. In Sec. III, the results
with single-channel calculation are given first. Then,
coupled-channel results are presented, and the importance
of the channels considered are discussed. Finally, summary
and discussion are given in Section III B.

II. THEORETICAL FRAME

In the current work, we follows the same theoretical
frame in the study of the LHCb hidden-charm pentaquarks
[28,29], to study the strange hidden-charm pentaquark. The
one-boson-exchange potential of the interactions of strange

charmed baryon Ξð�;0Þ
c and anticharm meson D̄ð�Þ is con-

structed as dynamical kernel. The pseudoscalar P, vector V
and scalar σ exchanges will be considered, and the effective
Lagrangian depicting the couplings of light mesons and

anticharmed mesons D̄ð�Þ or strange charmed baryons Ξð�;0Þ
c

are required and will be presented in the below.

A. Relevant Lagrangians

First, we consider the couplings of light mesons and
heavy-light anticharmed mesons P ¼ ðD̄0; D−; D−

s Þ.
Considering heavy quark limit and chiral symmetry,
the Lagrangians have been constructed in the literature
as [60–63],

LHHP ¼ ighH̄Q̄
a γμA

μ
baγ5H

Q̄
b i;

LHHV ¼ −iβhH̄Q̄
a vμðVμ

ab − ρμabÞHQ̄
b i

þ iλhH̄Q̄
b σμνF

μνðρÞH̄Q̄
a i;

LHHσ ¼ gshH̄Q̄
a σH̄

Q̄
a i; ð1Þ

where Aμ ¼ 1
2
ðξ†∂μξ − ξ∂μξ

†Þ ¼ i
fπ
∂μPþ � � � is the axial

current with ξ ¼ expðiP=fπÞ and fπ ¼ 132 MeV. Vμ ¼
i
2
½ξ†∂μξþ ξ∂μξ†� ¼ i

2f2π
½P; ∂μP� þ � � �, which is irreverent

to the interactions in the current work. ρμba ¼ igVV
μ
ba=

ffiffiffi
2

p
,

and FμνðρÞ ¼ ∂μρν − ∂νρμ þ ½ρμ; ρν�. The P and V are the
pseudoscalar and vector matrices as

P ¼

0
BBB@

1ffiffi
2

p π0 þ ηffiffi
6

p πþ Kþ

π− − 1ffiffi
2

p π0 þ ηffiffi
6

p K0

K− K̄0 − 2ηffiffi
6

p

1
CCCA;

V ¼

0
BBB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCCA: ð2Þ

The doublet is defined as HQ̄
a ¼ ½P�μ

a γμ − PQ̄
a γ5� 1−v2 and

H̄ ¼ γ0H†γ0. The P and P� satisfy the normalization
relations h0jPjQ̄qð0−Þi ¼ ffiffiffiffiffiffiffiffi

MP
p

and h0jP�
μjQ̄qð1−Þi ¼

ϵμ
ffiffiffiffiffiffiffiffiffi
MP�

p
. The h� � �i denotes the trace for the Dirac gamma

matrices.
The Lagrangians can be further expanded as follows for

explicitly application,
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LP�PP ¼ i
2g
fπ

ð−P�†
aλPb þ P†

aP�
bλÞ∂λPab;

LP�P�P ¼ −
g

fπ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mPmP�

p ϵαμνλP
�μ†
a ∂↔α

P�λ
b ∂νPba;

LP�PV ¼
ffiffiffi
2

p
λgVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mPmP�
p ϵλαβμð−P�μ†

a ∂↔λ
Pb þ P†

a∂
↔λ

P�μ
b Þ

× ð∂αVβÞab;

LPPV ¼ −i
βgVffiffiffi

2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mPmP�
p P†

a∂
↔

μPbV
μ
ab;

LP�P�V ¼ −i
βgVffiffiffi

2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mPmP�
p P�†

a ∂↔μP�
bV

μ
ab

− i2
ffiffiffi
2

p
λgVP

�μ†
a P�ν

b ð∂μVν − ∂νVμÞab;
LPPσ ¼ −2gsP

†
aPaσ;

LP�P�σ ¼ 2gsP
�†
a P�

aσ; ð3Þ

where the v is replaced by i∂↔=2 ffiffiffiffiffiffiffiffiffiffiffimimf
p with the mi;f is for

the initial or final D̄ð�Þ meson.
The Lagrangians for the couplings between charmed

baryon and light mesons can also be constructed under the
heavy quark limit and chiral symmetry as [64],

LS ¼ −
3

2
g1ðvκÞϵμνλκtr½S̄μAνSλ� þ iβStr½S̄μvαðVα − ραÞSμ�

þ λStr½S̄μFμνSν� þ lStr½S̄μσSμ�;
LB3̄

¼ iβBtr½B̄3̄vμðVμ − ρμÞB3̄� þ lBtr½B̄3̄σB3̄�;
Lint ¼ ig4tr½S̄μAμB3̄� þ iλIϵμνλκvμtr½S̄νFλκB3̄� þ H:c:; ð4Þ

where Sμab is composed of Dirac spinor operators,

Sabμ ¼ −
ffiffiffi
1

3

r
ðγμ þ vμÞγ5Bab þ B�ab

μ ≡ Bab
0μ þ Bab

1μ ;

S̄abμ ¼
ffiffiffi
1

3

r
B̄abγ5ðγμ þ vμÞ þ B̄�ab

μ ≡ B̄ab
0μ þ B̄ab

1μ ; ð5Þ

and the bottomed baryon matrices are defined as

B3̄ ¼

0
B@

0 Λþ
c Ξþ

c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

1
CA;

B ¼

0
BB@

Σþþ
c

1ffiffi
2

p Σþ
c

1ffiffi
2

p Ξ0þ
c

1ffiffi
2

p Σþ
c Σ0

c
1ffiffi
2

p Ξ00
c

1ffiffi
2

p Ξ0þ
c

1ffiffi
2

p Ξ00
c Ω0

c

1
CCA:

B� ¼

0
BB@

Σ�þþ
c

1ffiffi
2

p Σ�þ
c

1ffiffi
2

p Ξ�þ
c

1ffiffi
2

p Σ�þ
c Σ�0

c
1ffiffi
2

p Ξ�0
c

1ffiffi
2

p Ξ�þ
c

1ffiffi
2

p Ξ�0
c Ω�0

c

1
CCA: ð6Þ

The explicit forms of the Lagrangians can be written as,

LBBP ¼ −i
3g1

4fπ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mB̄mB

p ϵμνλκ∂νP
X
i¼0;1

B̄iμ∂
↔

κBjλ;

LBBV ¼ −
βSgV

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mB̄mB

p Vν
X
i¼0;1

B̄μ
i ∂
↔

νBjμ

−
λSgVffiffiffi

2
p ð∂μVν − ∂νVμÞ

X
i¼0;1

B̄μ
i B

ν
j;

LBBσ ¼ lSσ
X
i¼0;1

B̄μ
i Bjμ;

LB3̄B3̄V ¼ −
gVβB

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mB̄3̄

mB3̄

p VμB̄3̄∂
↔

μB3̄;

LB3̄B3̄σ
¼ ilBσB̄3̄B3̄;

LBB3̄P ¼ −i
g4
fπ

X
i

B̄μ
i ∂μPB3̄ þ H:c:;

LBB3̄V ¼ gVλIffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mB̄mB3̄

p ϵμνλκ∂λVκ

X
i

B̄iν∂
↔

μB3̄ þ H:c: ð7Þ

The masses of particles involved in the calculation are
chosen as suggested central values in the Review of Particle
Physics (PDG) [65]. The mass of broad σ meson is chosen
as 500 MeV. The coupling constants involved are listed in
Table I.
With the vertices obtained from above Lagrangians, the

potential of couple-channel interaction can be constructed
easily with the help of the standard Feynman rules. Because
six channels are involved in the current work, it is tedious
and fallible to give explicit 36 potential elements and input
them into code. Instead, in this work, following the method
in Ref. [29], we input vertices Γ and propagators P into the
code directly. The potential can be written as

VP;σ ¼ fIΓ1Γ2PP;σfðq2Þ; VV ¼ fIΓ1μΓ2νP
μν
V fðq2Þ;

ð8Þ

The propagators are defined as usual as

TABLE I. The coupling constants adopted in the calculation,
which are cited from the literature [21,64,66,67]. The λ and λS;I
are in the units of GeV−1. Others are in the units of 1.

β g gV λ gs

0.9 0.59 5.9 0.56 0.76

βS lS g1 λS βB lB g4 λI

−1.74 6.2 −0.94 −3.31 −βS=2 −lS=2 3g1=ð2
ffiffiffi
2

p Þ −λS=
ffiffiffi
8

p
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PP;σ ¼
i

q2 −m2
P;σ

; Pμν
V ¼ i

−gμν þ qμqν=m2
V

q2 −m2
V

; ð9Þ

where the form factor fðq2Þ is adopted to compensate
the off-shell effect of exchanged meson as fðq2Þ ¼
e−ðm2

e−q2Þ2=Λ2
e with me being the mP;V ;σ and q being the

momentum of the exchanged meson. The fI is the flavor
factor for certain meson exchange of certain interaction,
and the explicit values are listed in Table II.
With the potential kernel obtained, we adopt the qBSE to

solve the scattering amplitude [32,33,68–70]. After partial-
wave decomposition and spectator quasipotential approxi-
mation, the 4-dimensional Bethe-Salpeter equation in the
Minkowski space can be reduced to a 1-dimensional
equation with fixed spin-parity JP as [68],

iMJP
λ0λðp0; pÞ ¼ iVJP

λ0;λðp0; pÞ þ
X
λ00

Z
p002dp00

ð2πÞ3

· iVJP
λ0λ00 ðp0; p00ÞG0ðp00ÞiMJP

λ00λðp00; pÞ; ð10Þ

where the sum extends only over nonnegative helicity λ00.
The G0ðp00Þ is reduced from the 4-dimensional propagator
under quasipotential approximation as G0ðp00Þ ¼ δþðp002

h −
m2

hÞ=ðp002
l −m2

l Þ with p00
h;l and mh;l being the momenta and

masses of heavy or light constituent particles. The partial
wave potential is defined with the potential of interaction
obtained in the above in Eq. (8) as

VJP
λ0λðp0; pÞ ¼ 2π

Z
d cos θ½dJλλ0 ðθÞVλ0λðp0; pÞ

þ ηdJ−λλ0 ðθÞVλ0−λðp0; pÞ�; ð11Þ

where η ¼ PP1P2ð−1ÞJ−J1−J2 with P and J being parity

and spin for system,Dð�Þ meson or Ξð�;0Þ
c baryon. The initial

and final relative momenta are chosen as p ¼ ð0; 0; pÞ
and p0 ¼ ðp0 sin θ; 0; p0 cos θÞ. The dJλλ0 ðθÞ is the Wigner
d-matrix. We also adopt an exponential regularization by
introducing a form factor into the propagator as [68]
G0ðp00Þ → G0ðp00Þ½e−ðp002

l −m2
l Þ2=Λ4

r �2 with Λr being a cutoff.

III. RESULTS AND DISCUSSIONS

With the preparation above, we can perform numerical
calculation to study the molecular states from the Ξ0

cD̄ð�Þ

and Ξð�Þ
c D̄ð�Þ interactions. After transformation of the qBSE

into a matrix equation, the scattering amplitude can be
obtained, and the molecular states can be searched for as
the poles in the complex energy plane. As said in the
Introduction, the parameters of the Lagrangians in the
current work are chosen as same as those in our previous
study of the hidden-charm pentaquarks [28,29]. The only
parameters are cutoff Λe and Λr, which are rewritten as a
form of Λe ¼ Λr ¼ mþ α0.22 GeV. Hence, in the current
work, only one parameter is involved, and its value will be
discussed later. In the followings, the single-channel results
will be presented first. Then, the coupled-channel effects
are included to produce the width of the molecular states.
The couplings of molecular states to the considered
channels are also discussed to analyze the contributions
of decay channels.

A. Single-channel results

For the six channels considered, the results of single-
channel calculation are shown in Fig. 1. All states which
can be produced in S wave with isospin I ¼ 0 and 1 are
considered in our calculation, that is, 20 possible molecular
states will be considered.
As shown in the figure, five isoscalar bound states with

spin parity 1=2− are produced from the Ξ�
cD̄�, Ξ0

cD̄�, ΞcD̄�,
Ξ0
cD̄, and ΞcD̄ interactions, and four isoscalar bound states

with spin parity 3=2− from Ξ�
cD̄�, Ξ0

cD̄�, Ξ�
cD̄, and ΞcD̄

interactions. In other words, except the Ξ�
cD̄� interaction

with 5=2, bound states are produced from all other S-wave
isoscalar interactions. The states appears at α value of
about 1, and the bound energies become deeper with
increasing of the α. All bound states produced from the
six channels considered are isoscalar. The isovector bound
states with I ¼ 1 are also searched but found difficult to be
produced, even with an α value of about 9. It can be
understood through the flavor factors in Table II. The
signs of the flavor factors for isovector states reverse
compared with these for isoscalar states. It is also found
in the studies about the hidden-charm and hidden-bottom
pentaquarks [40].
The LHCb experiment suggested that the Pcsð4459Þ

have a mass of about 19 MeV lower than the threshold of
ΞcD̄�, which is also illustrated in Fig. 1 with the exper-
imental uncertainty. To reproduce the experimental mass,
the value of α about 3 should be chosen. Unfortunately, the
two ΞcD̄� states with JP ¼ 1=2− and 3=2− have very close
binding energies with single-channel calculation. Hence,
we can not determine the spin parities the Pcsð4459Þ in the
single-channel calculation. The explicit analysis suggests
that the contribution of vector exchanges are not sensitive
to the spin, and the pseudoscalar exchanges are absent in

TABLE II. The flavor factors fI for certain meson exchanges of
certain interaction. The values in bracket are for the case of I ¼ 1
if the values are different from these of I ¼ 0.

π η ρ ω σ

D̄ð�ÞΞð0;�Þ
c → D̄ð�ÞΞð0;�Þ

c − 3
4
½1
4
� 1

6
− 3

4
½1
4
� 1

2
1

D̄ð�ÞΞc → D̄ð�ÞΞc 0 0 − 3
2
½1
2
� 1

2
2

D̄ð�ÞΞc → D̄ð�ÞΞð0;�Þ
c − 3

2
ffiffi
2

p ½ 1

2
ffiffi
2

p � −1
2
ffiffi
2

p − 3

2
ffiffi
2

p ½ 1

2
ffiffi
2

p � 1

2
ffiffi
2

p 0
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this channel as shown in Table II. The small mass gap was
also suggested with single-channel calculation in Ref. [71].
It can be expected that after the pseudoscalar exchanges
involved in coupled-channel effect, these two states
will split.

B. Coupled-channel results and position of poles

The single-channel calculation can provide a basic
picture of the bound states from six interactions considered.
Due to lack of couplings between different channels, all
states are bound states, that is, the poles are at the real axis.
In the followings, we will include the coupled-channel
effect into the single-channel calculation. The coupled-
channel results for the molecular states are listed in
Table III. Here we label a pole by nearest threshold and
its spin.
As listed in Table III, the poles leave the real axis after

the coupled-channel effects are included, and acquire
imaginary parts, which related to the width as Γ ¼ 2Imz.
As in the single-channel calculation, with the increase of
the parameter α, the binding energies of all states increase.
We will use the experimental mass of Pcsð4459Þ to narrow
the range of the α. As in the single-channel calculation, two

poles near ΞcD̄� threshold can be produced with spin
parties 1=2− and 3=2−, respectively. With an α value of
about 3, the masses of these two states are close to the
experimental observed values of Pcsð4459Þ. The widths of
these two states, 8.0 and 3.2 MeV, are smaller than the
experimental values. In the current work, we do not
consider the experimental observation channel ΛJ=ψ ,
which may be the origin of such small widths. A two-pole
structure of the Pcsð4459Þ is also helpful to explain the
small widths. To give a visual picture of the results, the
explicit results with α ¼ 3 are presented in Fig. 2, where
the positions of the poles are illustrated clearly in the
complex energy plane.
As shown in Fig. 2, among all states, the state

ΞcD̄�ð3=2−Þ is the most obvious and has the largest
coverage in the complex energy plane. It should be easier
to be observed in the experiment. At the α of 3.0, the mass
of state ΞcD̄�ð3=2−Þ is 4458.3 MeV, quite closing to
the experimental value of the Pcsð4459Þ. It indicts that
the ΞcD̄�ð3=2−Þ state is the most possible candidate of the
Pcsð4459Þ. And such result also confirms that a value of α
about 3 is better to produce the experimental results. In the
followings, we will take theoretical values at α of about 3
as the suggested values of our model. As expected, the
inclusion of the coupled-channel effect makes the two
states from the ΞcD̄� interaction deviate from each other.
The state with spin parity 3=2− moves further while the
state with ð1=2−Þ closer to the ΞcD̄� threshold. The higher
state ΞcD̄�ð1=2−Þ has a mass of 4470.1 MeV. Though two
states are separated by the coupled-channel effect, the small
mass gap about 10 MeV requires high precision measure-
ment to distinguish these two states in experiment.

FIG. 1. The binding energies of the bound states from six single-
channel interactions with the variation of parameter α. All states
carry scalar isospin I ¼ 0. The thresholds of the six channels are
4654.6, 4587.4, 4513.2, 4478.0, 4446.0, 4336.6 MeV for Ξ�

cD̄�,
Ξ0
cD̄�, Ξ�

cD̄, ΞcD̄�, Ξ0
cD̄, and ΞcD̄, respectively. The blue line

and the band are the experimental mass and uncertainties of
the Pcsð4459Þ.

TABLE III. The molecular states with coupled-channel calcu-
lation. Positions are given by the corresponding threshold
subtracted by the position of a pole, Mth − z, in the unit of
MeV. The α and the pole are in the units of GeV, and MeV,
respectively. The “…” refers Not available.

α Ξ�
cD̄�ð1=2−Þ Ξ�

cD̄�ð3=2−Þ Ξ0
cD̄�ð1=2−Þ Ξ0

cD̄�ð3=2−Þ
2.0 1.5þ 0.4i 0.2þ 0.4i 5.2þ 1.9i 1.3þ 2.1i
2.5 3.7þ 1.4i 2.0þ 4.4i 6.9þ 4.6i 1.9þ 5.0i
3.0 7.4þ 3.3i N 8.2þ 6.8i 2.6þ 6.9i
3.5 11.4þ 6.6i N 4.9þ 8.7i 5.6þ 7.3i

α … Ξ�
cD̄ð3=2−Þ ΞcD̄�ð1=2−Þ ΞcD̄�ð3=2−Þ

2.0 … 0.1þ 2.1i 2.2þ 0.9i 4.6þ 0.7i
2.5 … 2.8þ 4.3i 4.5þ 2.2i 10.5þ 1.1i
3.0 … 6.3þ 7.0i 7.9þ 4.0i 19.7þ 1.6i
3.5 … 18.4þ 9.3i 13.3þ 6.4i 33.3þ 0.7i

α Ξ0
cD̄ð1=2−Þ … ΞcD̄ð1=2−Þ …

2.0 4.9þ 0.0i … 0.2 …
2.5 10.8þ 0.0i … 3.9 …
3.0 19.4þ 0.0i … 8.5 …
3.5 30.9þ 0.0i … 14.0 …

PCSð4459Þ AND OTHER POSSIBLE MOLECULAR … PHYS. REV. D 103, 074007 (2021)

074007-5



With the Pcsð4459Þ reproduced in our theoretical frame,
we can provide the prediction of other possible strange
hidden-charm molecular states. Two states with spin parity
1=2− are produced near the ΞcD̄ and Ξ0

cD̄ thresholds,
respectively. The lowest state has zero width because no
channel lower than the ΞcD̄ threshold is considered in the
current work. The state near the Ξ0

cD̄ threshold has a
negligible width due to its very weak coupling to the ΞcD̄
channel. No 3=2− state is given here because we only
consider the state which can be produced in S wave. A state
can be found near the Ξ�

cD̄ threshold with spin parity 3=2−

with a width of about 14 MeVat α of a value 3 as shown in
Table III. Two poles can also be found near the Ξ0

cD̄�
threshold with spin parities 1=2− and 3=2−. The widths of
these two states are similar, and the mass gap is about
5 MeV. Near the highest threshold Ξ�

cD̄�, two states can be
also produced from the interaction. However, as two Σ�

cD̄�
states predicted in the hidden-charm sector [29], the signal
of these two states are very weak as shown in Fig. 2. As
shown in Table III, with a larger cutoff, the pole of state
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FIG. 2. The log j1 − VðzÞGðzÞj with the variation of z for the

Ξ0
cD̄ð�Þ and Ξð�Þ

c D̄ð�Þ interaction with JP ¼ 1=2− and 3=2− at
α ¼ 3.0. The color means the value of log j1 − VðzÞGðzÞj as
shown in the color box.

TABLE IV. The positions of poles of the molecular states with two-channel calculation. Positions are given by the
corresponding threshold subtracted by the position of a pole,Mth − z, in the unit of MeV. The α is in the unit of GeV.
The “…” refers Not available.

α Ξ0
cD̄� Ξ�

cD̄ ΞcD̄� Ξ0
cD̄ ΞcD̄

Ξ�
cD̄�ð1=2−ÞMth ¼ 4654.6 MeV

2.0 1.7þ 0.1i 1.8þ 0.1i 1.8þ 0.0i 1.7þ 0.2i 1.8þ 0.0i
2.5 4.8þ 0.2i 4.9þ 0.2i 4.6þ 0.1i 4.2þ 0.5i 4.5þ 0.0i
3.0 9.0þ 0.4i 9.2þ 0.5i 8.3þ 0.2i 7.4þ 1.4i 7.6þ 0.1i
3.5 14.0þ 0.6i 14.5þ 0.8i 12.9þ 0.3i 11.3þ 2.8i 11.3þ 0.2i

Ξ�
cD̄�ð3=2−ÞMth ¼ 4654.6 MeV

2.0 0.2þ 0.1i 0.4þ 0.0i 0.1þ 0.2i 0.4þ 0.0i 0.4þ 0.0i
2.5 1.2þ 0.7i 1.5þ 0.3i 0.1þ 0.3i 2.0þ 0.1i 1.9þ 0.0i
3.0 2.7þ 1.4i 2.7þ 0.8i 0.1þ 2.5i 4.2þ 0.1i 4.1þ 0.0i
3.5 4.3þ 2.3i 3.7þ 1.7i 0.1þ 3.1i 6.9þ 0.1i 6.7þ 0.0i

Ξ0
cD̄�ð1=2−ÞMth ¼ 4587.4 MeV

2.0 … 5.8þ 0.1i 4.7þ 1.5i 5.7þ 0.1i 5.7þ 0.0i
2.5 … 10.9þ 0.4i 8.1þ 3.8i 10.4þ 0.2i 10.1þ 0.2i
3.0 … 17.3þ 0.9i 12.1þ 6.9i 15.6þ 0.6i 14.9þ 0.7i
3.5 … 24.7þ 2.0i 16.3þ 12.2i 20.8þ 1.3i 19.8þ 1.6i

Ξ0
cD̄�ð3=2−ÞMth ¼ 4587.4 MeV

2.0 … 1.6þ 0.0i 0.7þ 2.1i 1.8þ 0.0i 1.3þ 0.3i
2.5 … 3.2þ 0.1i 1.3þ 5.9i 3.6þ 0.0i 1.8þ 1.4i
3.0 … 4.9þ 0.4i … 5.4þ 0.1i …
3.5 … 6.2þ 0.6i … 7.1þ 0.1i …

Ξ�
cD̄ð3=2−ÞMth ¼ 4513.2 MeV

2.0 … … 0.1þ 1.9i 0.1þ 0.0i 0.1þ 0.0i
2.5 … … 0.7þ 3.7i 0.5þ 0.0i 0.5þ 0.0i
3.0 … … 3.9þ 5.2i 1.7þ 0.0i 1.7þ 0.0i

(Table continued)
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with 3=2− is even difficult to be read out from the results.
These two states may be difficult to be observed in
experiment.

C. The widths of the molecular states
from each decay channel

In the above, we present the widths of the states with all
channels considered. The width of a molecular state is from
decaying into the channels with thresholds lower than the
mass of the state. The width from one of decay channels of
a molecular state shows the strength of the couplings
between the molecular state and the corresponding channel.
By comparing the single and coupled channel results, one
can find the coupled-channel effects are not very large.
Hence, the main production channel of a molecular can be
easily determined by the nearest threshold. In Table IV, we
present the pole obtained by a two-channel calculation with
main production channel and a decay channel to show the
coupling of a molecular state to the decay channel. As
discussed above, the theoretical values at α of about 3 are
suggested. The results around α ¼ 3, that is, 2.0, 2.5, 3.5,
are also listed in Table IV for reference.
In the table, the results for the Ξ�

cD̄� state near the
highest threshold with 1=2− are listed first. Among five
decay channels listed in the second to sixth columns, the
strongest coupling is found in Ξ0

cD̄ channel. The ΞcD̄� is
the most important decay channel of the Ξ�

cD̄� state with
3=2−, and the Ξ0

cD̄� and Ξ�
cD̄ channels also have consid-

erable contribution to its width. The ΞcD̄� channel is also
the main decay channel of the molecular states
Ξ0
cD̄�ð3=2−; 3=2−Þ and Ξ�

cD̄ð3=2−Þ. For the ΞcD̄� states
with 1=2− and 3=2−, the Ξ0

cD̄ channel is dominant to
produce their widths. The Ξ0

cD̄ð1=2−Þ state couples to its

only open channel ΞcD̄ very weakly. Hence, the ΞcD̄� and
Ξ0
cD̄ channels are important for the decays of four and

three molecular states, respectively.

IV. SUMMARY

In this work, the strange hidden-charm pentaquarks are
studied in the molecular picture in the qBSE approach. The
newly observed state Pcsð4459Þ could be interpreted as the
ΞcD̄�ð3

2
−Þ molecular state, which has strong coupling to

the Ξ0
cD̄ channel. The pole of this state is much more

obvious in the complex energy plane than other states,
which may be the reason that it was observed first. Our
result does not exclude the possibility that the Pcsð4459Þ is
a two-peak structure composed of the ΞcD̄� states with
1=2− and 3=2−, which is helpful to understand the
experimental width.
The current work is performed in the same theoretical

frame as previous study of the hidden-charm pentaquarks
with almost the same parameters [28]. Hence, the four
hidden-charm pentaquarks, Pcð4312Þ, Pcð4380Þ, Pcð4440Þ,
Pcð4457Þ, and the strange hidden-charm pentaquark
Pcsð4459Þ can be interpreted well in the molecular picture
and assigned as S-wave state from the interaction of the
(strange) charmed baryon and anti-charmed meson. In
Ref. [71], the binding energies of Pcsð4459Þ and Pcð4312Þ
were also discussed, and authors suggested that it is
probably more compatible with a σ meson that couples
to all the light quarks with equal strength than with a σ
meson that does not couple with the strange quark after
considering the mixing of the singlet and octet scalar
mesons. In the current work, we adopt a coupling constant
without coupling with the strange quark. However, the
cutoff is introduced to reflect the internal structure of

TABLE IV. (Continued)

α Ξ0
cD̄� Ξ�

cD̄ ΞcD̄� Ξ0
cD̄ ΞcD̄

3.5 … … 11.2þ 6.1i 3.3þ 0.0i 3.2þ 0.0i
ΞcD̄�ð1=2−ÞMth ¼ 4478.0 MeV

2.0 … … … 2.1þ 0.7i 3.1þ 0.0i
2.5 … … … 4.1þ 1.6i 6.2þ 0.0i
3.0 … … … 6.3þ 2.7i 9.9þ 0.0i
3.5 … … … 8.6þ 3.8i 14.0þ 0.0i

ΞcD̄�ð3=2−ÞMth ¼ 4478.0 MeV
2.0 … … … 3.9þ 0.6i 3.1þ 0.0i
2.5 … … … 8.2þ 0.9i 6.2þ 0.0i
3.0 … … … 13.7þ 1.1i 9.9þ 0.0i
3.5 … … … 20.5þ 1.2i 14.0þ 0.0i

Ξ0
cD̄ð1=2−ÞMth ¼ 4446.0 MeV

2.0 … … … … 3.0þ 0.0i
2.5 … … … … 6.3þ 0.0i
3.0 … … … … 10.2þ 0.0i
3.5 … … … … 14.5þ 0.0i
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hadron, which is determined by the experimental results. It
makes the discussion as in Ref. [71] impracticable in the
current work. It is interesting to consider it in futurework if
we have more experimental information.
In the same model, we also predict other possible strange

hidden-charm pentaquarks. Two states with spin parity
1=2− are predicted near the Ξ0

cD̄ and ΞcD̄ thresholds,
respectively. Since the decay channels of these two states
are less than other states, their widths may be smaller. Near
the Ξ�

cD̄ threshold, an obvious pole can be found in the
complex energy plane with 3=2−. This state couples
strongly with ΞcD̄ channel. As two states near the ΞcD̄�

threshold, one can find two states with 1=2− and 3=2− near
the Ξ0

cD̄� threshold, which have strong coupling to the
ΞcD̄� channel. The poles can also be found near the highest
threshold Ξ�

cD̄�. Such poles are dimly in the complex
energy plane, and may be difficult to be find in experiment.
The experimental research of those states are helpful to
understand the origin of the Pcs and Pc states.
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