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Stimulated by the meson-baryon molecular interpretations of the Pc states [Pcð4312Þ=Pcð4440Þ=
Pcð4457Þ], we systematically study the interactions between an S-wave charm-strange baryon Ξð0;�Þ

c and

an anticharmedmeson D̄ð�Þ in a coupled channel analysis. Effective potentials for theΞð0;�Þ
c D̄ð�Þ interactions in

a one-boson-exchange model can be related to those in the Σð�Þ
c D̄ð�Þ systems by using the SUð3Þ flavor

symmetry and heavy quark symmetry. Our results can predict several promising hidden-charm
molecular pentaquarks with strangeness jSj ¼ 1, which include the Ξ0

cD̄ states with IðJPÞ ¼ 0; 1ð1=2−Þ,
the Ξ�

cD̄ states with 0; 1ð3=2−Þ, the Ξ0
cD̄� states with 0ð1=2−Þ and 0; 1ð3=2−Þ, and the Ξ�

cD̄� states with
0ð1=2−; 3=2−; 5=2−Þ.
DOI: 10.1103/PhysRevD.105.014029

I. INTRODUCTION

In 2015, the LHCb collaboration reported two hidden-
charm pentaquarks, namely Pcð4380Þ and Pcð4450Þ, in the
Λ0
b → J=ψpK− decay process [1]. Their observations

immediately inspired theorists to propose several different
interpretations of thePcð4380Þ and Pcð4450Þ states, i.e., the
molecular state assignments [2–17], the diquark-diquark-
antiquark configuration [18–22], the diquark-triquark con-
figuration [23,24], the rescattering effect [25–27], and so on
(see reviews [28–33] for details). Because the Pcð4380Þ and
Pcð4450Þ are very close to the mass threshold of a charmed
baryon and an anticharmed meson, the hadronic molecular
state assignments to the Pc states are the most popular
proposal, which already had been predicted previously
[4,34–38].
In 2019, the LHCb collaboration updated the observa-

tions of the Pc states in the same process with data collected
in run 1 and run 2 [39]. They discovered three narrow

structures [Pcð4312Þþ, Pcð4440Þþ, and Pcð4457Þþ] in the
J=ψp invariant mass spectrum, where the Pcð4440Þþ and
Pcð4457Þþ correspond to the fine structures of the former
Pcð4450Þ [1]. The refinement observations of the Pc states
may provide a strong evidence of the hidden-charm
molecular pentaquarks [40–45], although there were the
other discussions on these three Pc states [46–50]. In
particular, the Pcð4312Þ, Pcð4440Þ and Pcð4457Þ can be
assigned as the loosely bound ΣcD̄ state with
ðI ¼ 1=2; JP ¼ 1=2−Þ, the ΣcD̄� state with ðI ¼ 1=2; JP ¼
1=2−Þ and the ΣcD̄� state with ðI ¼ 1=2; JP ¼ 3=2−Þ,
respectively, based on the one-boson-exchange potentials
with considering the coupled-channel effect [40].
Stimulated by the hidden-charm molecular assignments

to the Pc states, many groups further search for the possible
hidden-charm molecular pentaquarks with strangeness
jSj ¼ 1 [51–61], jSj ¼ 2 [62], and jSj ¼ 3 [63]. For
example, in Ref. [51], we study the single ΛcD̄�

s , ΣcD̄�
s ,

Σ�
cD̄�

s , ΞcD̄�, Ξ0
cD̄�, and Ξ�

cD̄� interactions by considering
the one-eta-exchange and/or one-pion-exchange processes,
and predict several possible strange hidden-charm molecu-
lar pentaquarks.
Experimentally, very recently, the LHCb collaboration

further analyzed the Ξ−
b → J=ψΛK− decay process, and

reported an evidence of the strange hidden-charm penta-
quark Pcsð4459Þ in the J=ψΛ invariant mass spectrum [64].
Its resonance parameters are
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M¼ 4458.8�2.9þ4.7
−1.2 MeV; Γ¼ 17.3�6.5þ8.0

−5.7 MeV;

respectively. Its spin parity is not determined, yet. Since its
mass is just below the ΞcD̄� threshold with around 19 MeV,
the Pcsð4459Þ was explained as a strange hidden-charm
ΞcD̄� molecule [65–69].
All these Pc and Pcs states are a little below the mass

thresholds of a pair of a charmed/or charm-strange baryon
and an anticharmed meson. If they are the hidden-charm
molecules, in this line, one can expect the existence of more
hidden-charm molecular pentaquarks based on the heavy
quark symmetry and the SUð3Þ flavor symmetry. In this
work, we will perform a systematic investigation on the

Ξð0;�Þ
c D̄ð�Þ interactions, and we still adopt the one-boson-

exchange (OBE) model, including the π, σ, η, ρ, and ω
exchanges. The corresponding OBE effective potentials for

the Ξð0;�Þ
c D̄ð�Þ systems can be deduced from the Σð�Þ

c D̄ð�Þ

interactions by using the heavy quark symmetry and the
SUð3Þ flavor symmetry. Here, we also consider the coupled
channel effect in our calculations. It is very important in
generating the Pc and Pcs states as hidden-charm molecular

pentaquarks [40,65,66]. By revisiting the Ξð0;�Þ
c D̄ð�Þ inter-

actions, one can provide valuable information to search for
the possible hidden-charm molecular pentaquarks with
strangeness jSj ¼ 1. Our comprehensive investigation
can also help us to probe the inner structures or underly
mechanism of the Pc and Pcs states.
This paper is organized as follows. After the

Introduction, we deduce the OBE effective potentials in
Sec. II. In Sec. III, we present the corresponding numerical
results. The paper ends with a summery in Sec. IV.

II. OBE EFFECTIVE POTENTIALS

According to the chiral symmetry, the effective
Lagrangians of the interactions between light quarks
ðu; d; sÞ and the light mesons (σ, π, η, ρ and ω) are
constructed as

Lq ¼−gπψ̄γμγ5∂μðπiτiþηÞψ −gσψ̄σψ

−gρψ̄γμðρiμτiþωμÞψ −fρψ̄σμν∂μðρiντiþωνÞψ ; ð2:1Þ

where τ is the flavor spatial operator. Therefore, the OBE
effective potentials depend on the spin and isospin of the
discussed systems, and have the form of

Vq1q2 ¼ Vσ;η;ωðσ1; σ2Þ þ τ1 · τ2Vπ;ρðσ1; σ2Þ; ð2:2Þ

where q1 and q2 are the interacting light quarks, respec-
tively. σ1 and σ2 stand for the spin operators. Here, we can
simply divide the OBE effective potentials into isospin-
related part and isospin-unrelated part, which correspond to
the π=ρ exchanges and σ=η=ω effective potentials,

respectively. For the total effective potentials, one should
sum over the interactions between all the light quarks in the
discussed systems.

Compared to the Σð�Þ
c D̄� systems, the OBE effective

potentials in the isospin-unrelated part for the Ξð0;�Þ
c D̄�

systems are very similar as collected in Table I. With the
help of the SUð3ÞF symmetry, one can further obtain
relations for the OBE effective potentials in the isospin-

related part between the Σð�Þ
c D̄� and Ξð0;�Þ

c D̄� systems. The

total isospin for the Σð�Þ
c D̄� systems is either I ¼ 1=2 or

I ¼ 3=2, whereas I ¼ 0 or I ¼ 1 for the Ξð0;�Þ
c D̄� systems.

Here, we first expand their isospin wave functions
jIq1 ; Iq2 ; Iq3ðIq2q3Þ; Ii in terms of the jIq1 ; Iq2ðIq1q2Þ; Iq3 ; Ii
basis,

����D̄ð�ÞΣð�Þ
c

�
I ¼ 1

2

��
¼

���� 12 ;
1

2
;
1

2
ð1Þ; 1

2

�

¼
ffiffiffi
3

p

2

���� 12 ;
1

2
ð0Þ; 1

2
;
1

2

�
þ 1

2

���� 12 ;
1

2
ð1Þ; 1

2
;
1

2

�
; ð2:3Þ

����D̄ð�ÞΣð�Þ
c

�
I¼ 3

2

��
¼
����12;

1

2
;
1

2
ð1Þ;3

2

�
¼
����12 ;

1

2
ð1Þ;1

2
;
3

2

�
;

ð2:4Þ

jD̄ð�ÞΞð0;�Þ
c ðIÞi ¼

���� 12 ;
1

2
; 0

�
1

2

�
; I

�
¼

���� 12 ;
1

2
ð0Þ; 0; I

�
;

ð2:5Þ

where we use

jIq1 ; Iq2Iq3ðIq2q3Þ; Ii
¼

X
I12

ð−1ÞI1þI2þI3þI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2I12 þ 1Þð2I23 þ 1Þ

p

×

�
I1 I2 I12
I3 I I23

�
jI1I2ðI12Þ; I3; Ii: ð2:6Þ

TABLE I. The one-boson-exchange effective potentials for the

Σð�Þ
c D̄ð�Þ and Ξð0;�Þ

c D̄ð�Þ systems. Here, σ ¼ ðuūþ dd̄þ ss̄Þ= ffiffiffi
3

p
,

η ¼ ðuūþ dd̄ − 2ss̄Þ= ffiffiffi
6

p
, ω ¼ ðuūþ dd̄Þ ffiffiffi

2
p

, π−ðρ−Þ ¼ ūd,
π0ðρ0Þ ¼ ðuū − dd̄Þ= ffiffiffi

2
p

, and πþðρþÞ ¼ ud̄.

σ η ω π ρ

Σð�Þ
c D̄ð�Þ½I ¼ 1=2� Uσ Uη 2Uω

3
2
U0
π þ 1

2
U1
π

3
2
U0
ρ þ 1

2
U1
ρ

Σð�Þ
c D̄ð�Þ½I ¼ 3=2� Uσ Uη 2Uω 2U1

π 2U1
ρ

Ξð0;�Þ
c D̄ð�Þ½I ¼ 0� Uσ − 1

2
Uη Uω U0

π U0
ρ

Ξð0;�Þ
c D̄ð�Þ½I ¼ 1� Uσ − 1

2
Uη Uω U1

π U1
ρ
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Once sandwiching the isospin operator τ1 · τ2 by the
jIq1 ; Iq2ðIq1q2Þ; Iq3 ; Ii basis, we can obtain a serial of
relations of the OBE effective potentials in the isospin-
related part, i.e.,

VI¼1=2

Σð�Þ
c D̄ð�Þ ¼

3

2
U0 þ 1

2
U1; ð2:7Þ

VI¼3=2

Σð�Þ
c D̄ð�Þ ¼ 2U1; ð2:8Þ

VI¼0

Ξð0 ;�Þ
c D̄ð�Þ ¼ U0; ð2:9Þ

VI¼1

Ξð0 ;�Þ
c D̄ð�Þ ¼ U1; ð2:10Þ

with

U0 ¼ hI0q1q2ðq3Þ ¼ 0jτ1 · τ2jIq1q2ðq3Þ ¼ 0i; ð2:11Þ

U1 ¼ hI0q1q2ðq3Þ ¼ 1jτ1 · τ2jIq1q2ðq3Þ ¼ 1i: ð2:12Þ

In Table I, we summarize the OBE effective potentials

for the Σð�Þ
c D̄ð�Þ and Ξð0;�Þ

c D̄ð�Þ systems. In Ref. [40], we
have already prepared the concrete OBE effective poten-

tials for the coupled Σð�Þ
c D̄ð�Þ systems, and find the

interactions from the Σð�Þ
c D̄ð�Þ systems with I ¼ 1=2 are

strong attractive, for the isoquartet systems, the OBE model
provides the weak attractive or repulsive interactions.
According to the relations in Table I, we can give a

qualitative conclusion that the S-wave isoscalar Ξð0;�Þ
c D̄ð�Þ

systems may be the possible strange hidden-charm molecu-
lar candidates.
In the heavy quark symmetry, charmed baryons are

divided into two multiplets according to the SUð3Þ flavor
symmetry of the light quark cluster, 3F ⊗ 3F ¼ 3̄F ⊕ 6F,

the Λc and Ξc are in the 3̄F multiplet, whereas, the Σð�Þ
c and

Ξð0;�Þ
c are in the 6F multiplet. Thus, the ΞcD̄ð�Þ systems are

not related to the Σð�Þ
c D̄ð�Þ systems in terms of the SUð3Þ

flavor symmetry and heavy quark symmetry. In the
following, we will deduce the OBE effective potentials
for the ΞcD̄ð�Þ systems. The general procedures of the
derivations of the OBE effective potentials include three
steps. After constructing the effective Lagrangians, one can
first write down the scattering amplitudes MOBEðh1h2 →
h3h4Þ for the discussed processes. Then, the OBE effective
potentials VðqÞ can be related to the corresponding scatter-

ing amplitudes by using the Breit approximation, VðqÞ ¼
−Mðh1h2 → h3h4Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQ
i 2Mi

Q
f 2Mf

q
with Mi and Mf

being the masses of the initial states (h1, h2) and final states
(h3, h4), respectively. At last, one can obtain the OBE
effective potentials in the coordinate space VðrÞ after
performing the Fourier transformation, i.e.,

Vh1h2→h3h4
E ðrÞ ¼

Z
d3q
ð2πÞ3 e

iq·rVh1h2→h3h4
E ðqÞF 2ðq2; m2

EÞ:

Here, for compensating the off-shell effect of the
exchanged bosons, a monopole form factor F ðq2; m2

EÞ ¼
ðΛ2 −m2

EÞ=ðΛ2 − q2Þ is introduced at every interactive
vertex, where mE and q are the mass and four-momentum
of the exchanged meson, respectively. Λ is the cutoff. A
reasonable cutoff value is around 1.00 GeV [70,71].
Especially, we also take this empirical value in reproducing
the masses of the Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ [40].
The relevant effective Lagrangians are constructed in the

heavy quark limit and chiral symmetry [72–77], i.e.,

LH ¼ gShH̄ðQ̄Þ
a σHðQ̄Þ

b i þ ighH̄ðQ̄Þ
a γμA

μ
abγ5H

ðQ̄Þ
b i

− iβhH̄ðQ̄Þ
a vμðVμ − ρμÞabHðQ̄Þ

b i
þ iλhH̄ðQ̄Þ

a σμνFμνðρÞHðQ̄Þ
b i; ð2:13Þ

LB3̄
¼ lBhB̄3̄σB3̄i þ iβBhB̄3̄v

μðVμ − ρμÞB3̄i;

L
Bð0 ;�Þ
6

¼ lShS̄μσSμi − 3

2
g1εμνλκvκhS̄μAνSλi

þ iβShS̄μvαðVα − ραÞSμi þ λShS̄μFμνðρÞSνi;
L
B3̄B

ð0 ;�Þ
6

¼ ig4hSμAμB3̄i þ iλIεμνλκvμhS̄νFλκB3̄i þ H:c:

ð2:14Þ

In Eqs. (2.13) and (2.14), the multiplet fields HðQ̄Þ and S
are linear combinations of the S-wave charmed mesons and
charmed baryons in the 6F flavor representation, respec-
tively. HðQ̄Þ ¼ ½P̃�μγμ − P̃γ5� 1−v2 with P̃ ¼ ðD̄0; D−ÞT and

P̃� ¼ ðD̄�0; D�−ÞT . Sμ ¼ −
ffiffi
1
3

q
ðγμ þ vμÞγ5Bð0Þ

6 þ B�
6μ. Aμ

and Vμ correspond to the axial current and vector current,
respectively, Aμ ¼ 1

2
ðξ†∂μξ − ξ∂μξ

†Þ ¼ i
fπ
∂μPþ � � �, and

Vμ ¼ 1
2
ðξ†∂μξ − ξ∂μξ

†Þ ¼ i
2f2π

½P; ∂μP� þ � � � with ξ ¼
expðiP=fπÞ and the pion decay constant fπ ¼ 132 MeV.
ρμba ¼ igVV

μ
ba=

ffiffiffi
2

p
, FμνðρÞ ¼ ∂μρν − ∂νρμ þ ½ρμ; ρν�. P and

V stand for the isoscalar and vector matrixes, respectively.

Matrices for the B3̄, B
ð0;�Þ
6 , P, and V are expressed as
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B3̄ ¼

0
B@

0 Λþ
c Ξþ

c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

1
CA;

Bð0;�Þ
6 ¼

0
BBB@

Σð�Þþþ
c

1ffiffi
2

p Σð�Þþ
c

1ffiffi
2

p Ξð0;�Þþ
c

1ffiffi
2

p Σð�Þþ
c Σð�Þ0

c
1ffiffi
2

p Ξð0;�Þ0
c

1ffiffi
2

p Ξð0;�Þþ
c

1ffiffi
2

p Ξð0;�Þ0
c Ωð�Þ0

c

1
CCCA;

P ¼

0
BBB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 − 2ffiffi
6

p η

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;

respectively.
In this work, we adopt the same values of the coupling

constants in Refs. [40,65,77], where g ¼ 0.59, g1 ¼ 0.94,
and g4 ¼ 1.06 are extracted from the decay widths of

ΓðD� → DπÞ and ΓðΣð�Þ
c → ΛcπÞ [77–79], respectively. In

the charmed mesons sector, gS ¼ 0.76 [80], β ¼ 0.9 [79],
λ ¼ 0.56 GeV−1 [79], gV ¼ mρ=fπ ¼ 5.9. For the remain-
ing coupling constants between the heavy baryons and the
light meson (σ, ρ, ω), their values are estimated from the
nucleon-nucleon interactions [77], lB ¼ −3.65, βBgV ¼ 6.0,
lS ¼ 6.2, βSgV ¼−12.0, λSgV ¼−19.2GeV−1, λIgV ¼
6.8 GeV−1. With these preparations, we can deduce the
detailed expressions of the OBE effective potentials, i.e.,

VΞcD̄→ΞcD̄ðrÞ¼ 2AYΛ;mσ
þB
4
ðGðIÞYΛ;mρ

þYΛ;mω
Þ; ð2:15Þ

VΞ0
cD̄→ΞcD̄ðrÞ ¼ 0; ð2:16Þ

VΞcD̄�→ΞcD̄ðrÞ ¼ 0; ð2:17Þ

VΞ�
cD̄→ΞcD̄ðrÞ ¼ 0; ð2:18Þ

VΞ0
cD̄�→ΞcD̄ðrÞ ¼ C

6
ffiffiffi
6

p
	
GðIÞZ13

Λ1;mπ1
þ Z13

Λ1;mη1




−
D

3
ffiffiffi
6

p
	
GðIÞZ013

Λ1;mρ1
þ Z013

Λ1;mω1



; ð2:19Þ

VΞ�
cD̄�→ΞcD̄ðrÞ ¼ −

C

6
ffiffiffi
2

p
	
GðIÞZ14

Λ2;mπ2
þ Z14

Λ2;mη2




−
D

6
ffiffiffi
2

p
	
GðIÞZ014

Λ2;mρ2
þ Z014

Λ2;mω2



; ð2:20Þ

for the Ξð0;�Þ
c D̄ð�Þ → ΞcD̄ processes, where A ¼ lBgs,

B ¼ ββBg2v, C ¼ gg4=f2π , D ¼ λλIg2v, GðIÞ is the isospin
factor,which is taken as 1 for the isospin-1 system, and−3 for
the isospin-0 system. The functions YΛ;m, Z

ij
Λ;ma

, and Z0ij
Λ;ma

denote

YΛ;m ¼ 1

4πr
ðe−mr − e−ΛrÞ − Λ2 −m2

8πΛ
e−Λr; ð2:21Þ

Zij
Λ;ma

¼
�
Eij∇2 þ F ijr

∂
∂r

1

r
∂
∂r

�
YΛ;ma

; ð2:22Þ

Z0ij
Λ;ma

¼
�
2Eij∇2 − F ijr

∂
∂r

1

r
∂
∂r

�
YΛ;ma

: ð2:23Þ

The variables in Eqs. (2.15)–(2.20) are defined as
Λ2
i ¼ Λ2 − q2i , m2

i ¼ m2 − q2i , with i ¼ 1, 2. q1 ¼
0.64 MeV and q2 ¼ 38.14 MeV. The spin-spin interac-
tion and tensor force operators read as E13 ¼ σ⃗ · ϵ⃗†4,

E14 ¼
P3=2;aþb

1=2;a;1;b χ
†
3;aϵ⃗

†
3;b · ϵ⃗

†
4χ1, F 13 ¼ Sðr̂; σ⃗; ϵ⃗†4Þ, and

F 14 ¼
P3=2;aþb

1=2;a;1;b χ
†
3;aSðr̂; ϵ⃗†3;b; ϵ⃗†4Þχ1. In addition, one can

refer to the concrete subpotentials for the Ξð0;�Þ
c D̄ð�Þ →

ΞcD̄� processes in Ref. [65].

III. NUMERICAL RESULTS

Before producing numerical calculations, we would like
to make several remarks on the bound state solutions for the
reasonable loosely bound molecular state after performing
the coupled channel analysis [81]:
(1) The reasonable cutoff value in the monopole form

factor is around 1.00 GeV according to the experi-
ence of the nucleon-nucleon interaction [70,71].

(2) The binding energy is around several to a few
tens MeV.

(3) The root-mean-square (rms) radii are around a few
fm or larger as the size of the loosely bound
molecule should be much larger than the size of
the component hadrons.

(4) For an S-wave molecular state composed by two
mesons, the asymptotic form of its wave function
can be expressed as ψðrÞ ∼ e−

ffiffiffiffiffiffi
2μE

p
r=r, where μ and

E stand for the reduced mass and the binding energy,
respectively. In the coupled channel analysis, the μ is
the reduced mass for the dominant channel, and E is
measured from the dominant channel, E ¼ Mlowest−
Mdominant þ Ebinding. When we use the approximated
wave function, we can obtain the relation between
the molecular size and its binding energy, R ∼
1=

ffiffiffiffiffiffiffiffiffi
2μE

p
[81,82]. By using this relation, the system

with the lowest mass threshold is the dominant
channel.
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With the above preparations, we first solve the coupled
channel Shrödinger equation to find the bound state
solutions (including the binding energies E, the rms radii
rrms, and the probabilities for all the discussed channels pi)

for the S-wave coupled Ξð0;�Þ
c D̄ð�Þ systems with all the

possible quantum numbers. The cutoff value is taken from
0.8 to 5.0 GeV. Then, we check whether the obtained bound
state solutions match the above criterion of the reasonable
loosely bound molecular states (the binding energy around
a few to 10 MeV and the rms radius around or larger than
1 fm). Finally, we compare their cutoff value in these
reasonable loosely bound states. In our analysis, we
conclude that the state with the obtained reasonable loosely
bound state solutions in the cutoff range Λ around
1.00 GeV is the prime loosely bound molecular candidates.
With the increasing of the cutoff value, the possibility of the
existence of the loosely bound molecule becomes lower.
For the reasonable loosely bound states with the cutoff
1.00 < Λ < 2.00 GeV, they may be the possible molecular
candidate. If the cutoff Λ is larger than 3.00 GeV, we
conclude that they cannot be a good molecular candidate.
As shown in Fig. 1, we present the Λ dependence of the

bound state properties (E, rrms, and pi) for the coupled
Ξ0
cD̄=ΞcD̄�=Ξ0

cD̄�=Ξ�
cD̄� stateswith 0; 1ð1=2−Þ, the coupled

Ξ�
cD̄=Ξ0

cD̄�=Ξ�
cD̄� states with 0; 1ð3=2−Þ, and the coupled

Ξ0
cD̄�=Ξ�

cD̄� states with 0ð1=2−Þ and 0; 1ð3=2−Þ. For the
coupled Ξ0

cD̄=ΞcD̄�=Ξ0
cD̄�=Ξ�

cD̄� state with 0ð1=2−Þ, when
the cutoff is taken around 0.8 GeV, the binding energy is
around −10 MeV, the rms radius is around 1.0 fm, and the
dominant channel is the S-wave Ξ0

cD̄ with its probability
around 70%. If we adopt the former remarks, these bound
state solutions are consistent with the reasonable loosely
bound state properties. Therefore, we can conclude that this
state can be the possible strange hidden-charm molecular
pentaquark. Since the probabilities for the remaining chan-
nels are almost 30 percent, the coupled channel effects play
an important role togenerate this coupledbound state. For the
isovector coupled Ξ0

cD̄=ΞcD̄�=Ξ0
cD̄�=Ξ�

cD̄� state with 1=2−,
the binding energy appears at cutoff Λ around 1.10 GeV, the
rms radius is over or around 1.0 fm, and the S-wave Ξ0

cD̄
component is dominant, the corresponding probability is
around 90%. The reasonable cutoff, the reasonable rms
radius and the small binding energy indicate that the coupled
Ξ0
cD̄=ΞcD̄�=Ξ0

cD̄�=Ξ�
cD̄� statewith 1ð1=2−Þ can be the other

possible strange hidden-charm molecular candidate.
For the coupledΞ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� states with 0; 1ð3=2−Þ,
and the coupled Ξ0

cD̄�=Ξ�
cD̄� states with 0; 1ð3=2−Þ, their

bound state solutions are similar to the corresponding results
for the coupled Ξ0

cD̄=ΞcD̄�=Ξ0
cD̄�=Ξ�

cD̄� states with
0; 1ð1=2−Þ. In the range of 1.00 < Λ < 2.00 GeV, we can
obtain the loosely binding energies and the reasonable rms
radii. The dominant channels are the systems with lowest
mass threshold in these discussed coupled systems.
Meanwhile, we also find the interactions from the isoscalar

FIG. 1. The Λ dependence of the binding energy E, root-mean-
square radii, and the probabilities for all discussed channels. The
blue solid lines and the red dashed lines in the left figures
correspond to the binding energy curves and root-mean-square
radii curves, respectively.
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states are stronger than those in the isovector states as the
corresponding cutoff values are a little smaller than those in
the isovector bound states with the same binding energy. If
we still adopt the criterions of the loosely bound molecular
states, the coupledΞ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� states with 0; 1ð3=2−Þ,
and the coupled Ξ0

cD̄�=Ξ�
cD̄� states with 0; 1ð3=2−Þ can be

the possible strange hidden-charm molecular candidates.
As shown in Fig. 1, we also obtain the loosely bound

state solutions for the coupled Ξ0
cD̄�=Ξ�

cD̄� states with
0ð1=2−Þ when the cutoff Λ is taken around 1.00 GeV. The
dominant channel is the S-wave Ξ0

cD̄� component. Since its

probability is over 90% in the cutoff range, the coupled
channel effects play a minor role in forming this bound
state. Therefore, this bound state can be recommended as
the possible strange hidden-charm molecular pentaquark.
Meanwhile, we also perform a single Ξ�

cD̄� channel
analysis to search for possible molecular states. When we
vary the cutoff value in the range of 0.80–5.00 GeV, we
find that
(1) There do not exist bound state solutions for the

isovector Ξ�
cD̄� system with 5=2−.

(2) For the isovector Ξ�
cD̄� system with 3=2−, it cannot

be a good strange hidden-charm molecular candidate
as its cutoff Λ is larger than 3.00 GeV.

(3) For the Ξ�
cD̄� with 1ð1=2−Þ and 0ð5=2−Þ, they may

be the possible strange hidden-charm molecular
candidates as their binding energies appear at the
cutoff Λ around 2.00 GeV.

(4) If we still take the cutoff valueΛ around 1.00 GeVas
a reasonable parameter, the isoscalar Ξ�

cD̄� mole-
cules with JP ¼ ð1=2−; 3=2−Þ can be prime strange
hidden-charm molecular candidates.

(5) As shown in Fig. 2, the OBE interactions become
stronger with the increasing of the cutoff value for
one bound state. When we adopt this rough property
in the isoscalar single Ξ�

cD̄� bound states, one can
conclude that the interactions with the higher spin
are a little weaker attractive according to the cutoff
relation Λð1=2−Þ < Λð3=2−Þ < Λð5=2−Þ with the
same binding energy. This is also consistent with
predictions in Ref. [52].

In our calculations, we also obtain the other kind of bound
state solutions, which is very different with those for a
reasonable loosely bound hadronic molecule. In this case,
their rms radii are around 0.5 fmor less, therefore they cannot
be reasonable hadronicmolecular states but the tightly bound
states. According to the relation R ∼ 1=

ffiffiffiffiffiffiffiffiffi
2μ̃ Ẽ

p
, the system

with a higher mass is always the dominant channel for the
tightly bound state.
As shown in Table II, we obtain three tightly bound state

solutions, the coupled ΞcD̄=Ξ0
cD̄=ΞcD̄�=Ξ0

cD̄�=Ξ�
cD̄� states

FIG. 2. The Λ dependence of the binding energy E and rms
radius for the single Ξ�

cD̄� systems with IðJPÞ ¼
0ð1=2−; 3=2−; 5=2−Þ and 1ð1=2−; 3=2−Þ. The blue solid lines
and the red dashed lines correspond to the binding energy curves
and root-mean-square radii curves, respectively.

TABLE II. The bound state solutions of the coupled Ξð0;�Þ
c D̄ð�Þ systems with IðJPÞ ¼ 0ð1=2−Þ and 1ð1=2−Þ. The cutoff Λ, the root-

mean-square rrms, and the mass of the bound stateM are in the units of GeV, fm, and MeV, respectively. pið%Þ denotes the probability of
the ith channel for the investigated system. The largest probability of the quantum number configuration for a bound state is remarked by
bold typeface. Ẽ, in the unit of MeV, is the mass gap between the bound state mass and the threshold of the dominant channel.

IðJPÞ 0ð1=2−Þ 1ð1=2−Þ 1ð1=2−Þ
Λ 0.99 1.00 1.01 1.27 1.28 1.29 2.03 2.04 2.05
rrms 1.29 0.60 0.49 0.40 0.36 0.34 0.89 0.40 0.34
M 4334.64 4327.69 4319.82 4327.53 4315.33 4302.35 4583.26 4574.51 4565.02
Ẽ −109.37 −116.32 −124.19 −116.48 −128.68 −141.66 −71.2 −79.95 −89.44
pið%Þ ΞcD̄ 30.36 16.51 12.37 2.12 1.48 1.19 � � � � � � � � �

Ξ0
cD̄ 32.56 38.99 40.73 62.36 62.33 62.10 � � � � � � � � �

ΞcD̄� 21.75 26.38 27.89 35.30 35.97 36.50 � � � � � � � � �
Ξ0
cD̄� 13.07 15.58 16.40 0.17 0.18 0.19 16.33 8.57 6.91

Ξ�
cD̄� 2.26 2.54 2.61 0.04 0.03 0.02 83.67 91.43 93.09
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with IðJPÞ ¼ 0ð1=2−Þ and 1ð1=2−Þ and the coupled
Ξ0
cD̄�=Ξ�

cD̄� state with 1ð1=2−Þ, where the other binding
energies Ẽ ¼ Eþ ðMlowest −MdominantÞ are around
100 MeV, the corresponding dominant channels are Ξ0

cD̄
and Ξ�

cD̄�, respectively. Compared to the coupled
ΞcD̄=Ξ0

cD̄=ΞcD̄�=Ξ0
cD̄�=Ξ�

cD̄� states with IðJPÞ ¼
0ð1=2−Þ and 1ð1=2−Þ, the cutoff value in the coupled
Ξ0
cD̄�=Ξ�

cD̄� state with 1ð1=2−Þ is a little away from the
empirical value Λ around 1.00 GeV.
For the ΞcD̄=Ξ0

cD̄=ΞcD̄�=Ξ0
cD̄�=Ξ�

cD̄� interactions, if we
recall that such interactions are obtained by adding the lowest
channel from the Ξ0

cD̄=ΞcD̄�=Ξ0
cD̄�=Ξ�

cD̄� interactions, it is
not strange to find the analogous results in the Ξ0

cD̄=
ΞcD̄�=Ξ0

cD̄�=Ξ�
cD̄� interactions. Thus, the ΞcD̄=Ξ0

cD̄=
ΞcD̄�=Ξ0

cD̄�=Ξ�
cD̄� tightly bound states with 0; 1ð1=2−Þ

here are not the independent states, but correspond to the
Ξ0
cD̄ loosely bound molecular pentaquarks with 0; 1ð1=2−Þ.

IV. CONCLUSION AND DISCUSSION

As a hot issue in the hadron physics, whether the new
hadron states are the hadronic molecules is still open to
discuss. In 2019, the discovery of the three Pc states could
provide a strong evidence of the existence of the hidden-
charm molecular pentaquarks [39]. In Ref. [40], the
Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ states can be assigned
as the ΣcD̄molecular state with 1=2ð1=2−Þ, the ΣcD̄� states
with 1=2ð1=2−Þ and 1=2ð3=2−Þ, respectively. This is not
the end of the story. Very recently, the LHCb collaboration
reported a new evidence of the strange hidden-charm
pentaquark Pcsð4459Þ in the Ξ−

b → J=ψΛK− process.
Theorists also proposed that the Pcsð4459Þ can be the
strange hidden-charm molecular state composed of the
S-wave ΞcD̄� state [65–69].
In this work, we preform the coupled channel analysis on

the interactions between a charm-strange baryon Ξð0;�Þ
c and

an anticharmed meson D̄ð�Þ in the framework of the OBE
model. By using the SUð3Þ flavor symmetry and the heavy
quark symmetry, we can obtain the OBE effective potential

relations between the Ξð0;�Þ
c D̄ð�Þ interactions and the

Σð�Þ
c D̄ð�Þ interactions, where we have already deduced

the concrete OBE effective potentials in Ref. [40]. For
the ΞcD̄ð�Þ systems, their SUð3Þ flavor partners are the
ΛcD̄ð�Þ systems, which is not prepared in our former work.
In this work, we derive the corresponding OBE effective
potentials in the general procedures.
Our results can predict several possible hidden-charm

molecular pentaquarks with strangeness jSj ¼ 1. As shown
in Fig. 3, there can exist seven possible isoscalar hidden-
charm molecular pentaquarks with jSj ¼ 1, they are mainly
composed of the Ξ0

cD̄ state with IðJPÞ ¼ 0ð1=2−Þ, the
ΞcD̄� state with 0ð3=2−Þ, the Ξ�

cD̄ state with 0ð3=2−Þ, the
Ξ0
cD̄� states with 0ð1=2−; 3=2−Þ, and the Ξ�

cD̄� states with
0ð1=2−; 3=2−Þ, respectively. The Ξ�

cD̄� state with 0ð5=2−Þ

may be also the possible strange hidden-charm molecular
candidate. Meanwhile, we find there may exist three
isovector hidden-charm molecular pentaquarks with
jSj ¼ 1, like the Ξ0

cD̄ state with 1ð1=2−Þ, the Ξ�
cD̄ state

with 1ð3=2−Þ, and the Ξ0
cD̄� state with 1ð3=2−Þ. Our results

also indicate that the coupled channel effect plays a very
important role in forming these hidden-charm molecular
candidates with strangeness jSj ¼ 1, especially for the
Ξ0
cD̄=ΞcD̄�=Ξ0

cD̄�=Ξ�
cD̄� coupled states with IðJPÞ ¼

0; 1ð1=2−Þ, the Ξ�
cD̄=Ξ0

cD̄�=Ξ�
cD̄� coupled state with

0ð3=2−Þ, and the Ξ0
cD̄�=Ξ�

cD̄� coupled states with
0; 1ð3=2−Þ. We are looking forward that the future experi-
ments can search for possible hidden-charm pentaquarks
with strangeness around these predicted mass thresholds.
Compared to the Pc states assigned to the meson-baryon

molecules, as shown in Fig. 3, there are four more possible
hidden-charm molecular pentaquarks with strangeness
jSj ¼ 1, which include one isoscalar ΞcD̄� state with
3=2− and three isovector bound states. In our previous
work [65,67], the Pcsð4459Þ can be explained as the
isoscalar ΞcD̄� state with 3=2−, and the Ξ�

cD̄ channel is
also very important. As we have seen, the mass difference
between the ΛcD̄� and ΣcD̄� systems is much larger than
that between the ΞcD̄� and Ξ�

cD̄ systems, which can
weaken the contribution from the coupled channel effect,
this may explain the reason why there cannot exist the
possible hidden-charm molecular pentaquarks composed of
the ΛcD̄� state with 1=2ð3=2−Þ.
As shown inTable I, theOBE interactions for the isovector

Ξð0;�Þ
c D̄ð�Þ systems are weaker repulsive or stronger attractive

than those from the Σð�Þ
c D̄ð�Þ systems with I ¼ 3=2. This is

the main reason that we may predict three isovector strange
hidden-charm molecular pentaquarks instead of the hidden-
charm molecular pentaquarks with I ¼ 3=2 [40].

FIG. 3. A summary of the mass spectrum of the Pc states in the
meson-baryon molecular scenario [40] and the predicted possible
hidden-charm molecular pentaquarks candidates with jSj ¼ 1.
Here, we roughly estimate the mass positions of the predicted
hidden-charm molecular pentaquarks according to the values of
the cutoffΛ. The red and green lines label the predicted molecular
candidates with I ¼ 0 and I ¼ 1, respectively.
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