
 

Can the newly reported Pcsð4459Þ be a strange hidden-charm ΞcD̄�
molecular pentaquark?

Rui Chen 1,2,*

1Center of High Energy Physics, Peking University, Beijing 100871, China
2School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University,

Beijing 100871, China

(Received 18 November 2020; accepted 12 February 2021; published 4 March 2021)

Stimulated by the Pcsð4459Þ reported by the LHCb collaboration, we perform a single ΞcD̄� channel
and a coupled ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� channel analysis by using a one-boson-exchange model. Our
results indicate that the newly Pcsð4459Þ cannot be a pure ΞcD̄� molecular state, but a coupled
ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� bound state with IðJPÞ ¼ 0ð3=2−Þ, where the ΞcD̄� and Ξ�
cD̄ components are

dominant. Meanwhile, we find the interactions from the Ξ0
cD̄� system with 0ð1=2−Þ, the Ξ�

cD̄ system with
1ð3=2−Þ, and the Ξ�

cD̄� system with 1ð1=2−Þ are strongly attractive, where one can expect possible strange
hidden-charm molecular or resonant structures near these thresholds with the assigned quantum numbers.

DOI: 10.1103/PhysRevD.103.054007

I. INTRODUCTION

In 2019, the LHCb collaboration updated the observa-
tions in the Λ0

b → J=ψpK− process by using more data [1],
they not only discovered a new narrow pentaquark state,
Pcð4312Þþ, but also found that the Pcð4450Þ reported
previously [2] consists of two narrow overlapping peaks,
Pcð4440Þþ and Pcð4457Þþ.
The discovery of Pc states has sparked an enormous

interest in the study of multiquark systems and exotic
hadrons. Several possible explanations have been put
forward in the literature: the molecular states [3–11], the
compact pentaquark states [12–18], and the kinematical
effects [19,20] (see review papers [21–26] for more details).
In fact, before the observations of the Pc states, the hidden-
charm pentaquarks were predicted in Refs. [27–31].
Among the different interpretations to these Pc states, the

hadronic molecular state assignments to them are the most
popular one. The masses of the Pc states are close to the
thresholds of a charmed baryon and an anticharmed meson,
which is the main reason why the hadronic molecular
state assignments to them were proposed. For example,
Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ are regarded as the
hidden-charm molecular pentaquarks, they are mainly
composed by the ΣcD̄ state with IðJPÞ ¼ 1=2ð1=2−Þ, the
ΣcD̄� statewith 1=2ð1=2−Þ and 1=2ð3=2−Þ, respectively [6].

Very recently, the LHCb collaboration reported evidence
of the Pcsð4459Þ in Ξ−

b → J=ψΛK− with a 3.1σ statistical
significant [32]. Its mass and width are

M ¼ 4458.8� 2.9þ4.7
−1.2 MeV; Γ¼ 17.3� 6.5þ8.0

−5.7 MeV;

respectively. Its spin parity was not determined yet.
According to the decay final states J=ψΛ, the Pcsð4459Þ
is a strange hidden-charm pentaquark containing cc̄sud
valence quark components. Since its mass is just below the
ΞcD̄� threshold with around 19 MeV, whether the newly
Pcsð4459Þ can be explained as a strange hidden-charm
ΞcD̄� molecule is open to discussion [33–35], i.e., Chen
et al.’s results supported the Pcsð4459Þ as the ΞcD̄�

molecule of either JP ¼ 1=2− or 3=2− after adopting the
QCD sum rules [33].
In fact, many groups have predicted the existence of the

strange hidden-charm pentaquarks [36–46], and proposed
to search for the Pcs states in the ΛbðΞbÞ → J=ψΛKðηÞ
[40,41,47]. Especially, Wang et al. predicted two isoscalar
ΞcD̄� molecular states with the chiral effective field theory
[37], the masses of ΞcD̄� molecules with JP ¼ 1=2− and
3=2− are 4456.9þ3.2

−3.3 and 4463.0þ2.8
−3.0 MeV, respectively.

As we mentioned, the long range interaction from one
pseudoscalar meson exchange is suppressed in the single
ΞcD̄� system [42]. In this work, we will give a more
comprehensive and systematic investigation of the molecu-
lar explanation of the Pcsð4459Þ after absorbing more
effects. We still adopt the one-boson-exchange (OBE)
model (including the π, σ, η, ρ, and ω exchanges), and
adopt the S −D wave mixing and the coupled-channel
effect. By studying the hadronic molecular state assignment
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to the Pcsð4459Þ, we want to further identify this molecular
pentaquark configuration, especially the corresponding
spin-parity quantum numbers.
This paper is organized as follows. After this introduc-

tion, we illustrate the deducing of the OBE effective
potentials in Sec. II. The corresponding numerical
results for the single ΞcD̄� channel case and the coupled
ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� case are given in Secs. III and IV,
respectively. The paper ends with a summary in Sec. IV.

II. ONE-BOSON-EXCHANGE
EFFECTIVE POTENTIALS

According to the heavy quark symmetry and chiral
symmetry [48–53], the relevant effective Lagrangians are
constructed as

LH ¼ gShH̄ðQ̄Þ
a σHðQ̄Þ

b i þ ighH̄ðQ̄Þ
a γμA

μ
abγ5H

ðQ̄Þ
b i

− iβhH̄ðQ̄Þ
a vμðVμ

ab − ρμabÞHðQ̄Þ
b i

þ iλhH̄ðQ̄Þ
a σμνFμνðρÞHðQ̄Þ

b i; ð1Þ

LB3̄
¼ lBhB̄3̄σB3̄i þ iβBhB̄3̄v

μðVμ − ρμÞB3̄i; ð2Þ

LB6
¼ lShS̄μσSμi− 3

2
g1εμνλκvκhS̄μAνSλi

þ iβShS̄μvαðVα
ab− ραabÞSμiþ λShS̄μFμνðρÞSνi; ð3Þ

LB3̄B6
¼ ig4hS̄μAμB3̄i þ iλIεμνλκvμhS̄νFλκB3̄i þ H:c: ð4Þ

Here, the multiplet field HðQ̄Þ is composed by the pseu-
doscalar meson P̃ ¼ ðD̄0; D−ÞT and the vector meson
P̃� ¼ ðD̄�0; D�−ÞT , while its conjugate field of H̄ðQ̄Þ sat-
isfies H̄ðQ̄Þ ¼ γ0HðQ̄Þ†γ0, and S is defined as a superfield,
which includes B6 with JP ¼ 1=2þ and B�

6 with J
P ¼ 3=2þ

in the 6F flavor representation. Their expressions read as

HðQ̄Þ ¼ ½P̃�μγμ − P̃γ5�
1 − =v
2

; ð5Þ

Sμ ¼ −
ffiffiffi
1

3

r
ðγμ þ vμÞγ5B6 þ B�

6μ: ð6Þ

The expressions of the axial current and the vector
current are

Aμ ¼
1

2
ðξ†∂μξ − ξ∂μξ

†Þ ¼ i
fπ

∂μPþ � � � ;

Vμ ¼
1

2
ðξ†∂μξ − ξ∂μξ

†Þ ¼ i
2f2π

½P; ∂μP� þ � � � ;

respectively, 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 matrices, respectively. In the above formulas, the

matrices B3̄, B
ð0;�Þ
6 , P, and V are written as

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:

By expanding Eqs. (1)–(4), one can further get

LP̃ð�ÞP̃ð�Þσ ¼ −2gSP̃†
bP̃bσ − 2gSP̃

�
b · P̃

�†
b σ; ð7Þ

LP̃ð�ÞP̃ð�ÞP ¼ 2g
fπ

ðP̃�†
aλP̃ þ P̃†

aP̃
�
bλÞ∂λPab

þ i
2g
fπ

vαεαμνλP̃
�μ†
a P̃�λ

b ∂νPab; ð8Þ

LP̃ð�ÞP̃ð�ÞV ¼
ffiffiffi
2

p
βgVP̃

†
aP̃bv · Vab

− 2
ffiffiffi
2

p
λgVvλελμαβðP̃�μ†

a P̃b þ P̃†
aP̃

�μ
b Þ∂αVβ

ab

−
ffiffiffi
2

p
βgVP̃

�†
a · P̃�

bv · Vab

− i2
ffiffiffi
2

p
λgVP̃

�μ†
a P̃�ν

b ð∂μVν − ∂νVμÞ; ð9Þ

LB3̄B3̄σ ¼ lBhB̄3̄σB3̄i; ð10Þ

L
Bð�Þ
6
Bð�Þ
6
σ
¼ −lShB̄ð0Þ

6 σBð0Þ
6 i þ lShB̄�

6μσB
�μ
6 i

−
lSffiffiffi
3

p hB̄�
6μσðγμ þ vμÞγ5Bð0Þ

6 i þ H:c:; ð11Þ

LB3̄B3̄V ¼ 1ffiffiffi
2

p βBgVhB̄3̄v · VB3̄i; ð12Þ

LBð�Þ
6
Bð�Þ
6
P
¼ i

g1
2fπ

εμνλκvκhB̄ð0Þ
6 γμγλ∂νPB

ð0Þ
6 i

þ i

ffiffiffi
3

p

2

g1
fπ

vκεμνλκhB̄�
6μ∂νPγλγ5B

ð0Þ
6 i þ H:c:

− i
3g1
2fπ

εμνλκvκhB̄�
6μ∂νPB�

6λi; ð13Þ
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LBð�Þ
6
Bð�Þ
6
V
¼ −

βSgVffiffiffi
2

p hB̄ð0Þ
6 v · VBð0Þ

6 i − i
λgV
3

ffiffiffi
2

p hB̄ð0Þ
6 γμγνð∂μVν − ∂νVμÞBð0Þ

6 i

−
βSgVffiffiffi

6
p hB̄�

6μv · Vðγμ þ vμÞγ5Bð0Þ
6 i − i

λSgVffiffiffi
6

p hB̄�
6μð∂μVν − ∂νVμÞðγν þ vνÞγ5Bð0Þ

6 i

þ βSgVffiffiffi
2

p hB̄�
6μv · VB

�μ
6 i þ i

λSgVffiffiffi
2

p hB̄�
6μð∂μVν − ∂νVμÞB�

6νi þ H:c:; ð14Þ

LB3̄B
ð�Þ
6
V
¼ −

λIgVffiffiffi
6

p εμνλκvμhB̄ð0Þ
6 γ5γνð∂λVκ − ∂κVλÞB3̄i

−
λIgVffiffiffi

2
p εμνλκvμhB̄�

6νð∂λVκ − ∂κVλÞB3̄i þ H:c:;

ð15Þ

LB3̄B
ð�Þ
6
P
¼ −

ffiffiffi
1

3

r
g4
fπ

hB̄ð0Þ
6 γ5ðγμ þ vμÞ∂μPB3̄i

−
g4
fπ

hB̄�
6μ∂μPB3̄i þ H:c:; ð16Þ

which will be applied to the deduction of scattering
amplitudes.
gs ¼ g̃=2

ffiffiffi
6

p
, g̃ is the coupling for the process Dð0þÞ →

Dð0−Þ þ π [54]. β is fixed as β ¼ 0.9 according to vector
meson dominance [55], and λ is determined through a
comparison of the form factor between the theoretical
calculation from the light cone sum rule and lattice QCD
[55]. For the π exchange couplings, they are extracted from
the decay width of D� → Dπ, Σc → Λcπ, and Σ�

c → Λcπ
[53,55,56]. The remaining coupling constants relevant to
the heavy baryons can be estimated by borrowing the
nucleon-nucleon interaction in the quark level [53]. Their
values are collected in Table I.
In a Breit approximation, the effective potentials in the

momentum space can be related to the corresponding
scattering amplitudes, i.e.,

Vh1h2→h3h4
E ðqÞ ¼ −

Mðh1h2 → h3h4ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQ
i2Mi

Q
f2Mf

q ; ð17Þ

where Mi and Mf stand for the masses of the initial states
(h1, h2) and final states (h3, h4), respectively. After
performing a Fourier transformation, we obtain the effec-
tive potential in the coordinate space VðrÞ,

Vh1h2→h3h4
E ðrÞ ¼

Z
d3q
ð2πÞ3 e

iq·rVh1h2→h3h4
E ðqÞF 2ðq2; m2

EÞ:

Here, we introduce a monopole form factor F ðq2;m2
EÞ¼

ðΛ2−m2
EÞ=ðΛ2−q2Þ at every interactive vertex, it expresses

the off-shell effect of the exchanged boson. Λ, mE, and q
are the cutoff, mass, and four-momentum of the exchanged
meson, respectively. As we discussed in Ref. [57], there are
other kinds of form factors adopted to study the hadron-
hadron interactions, like the dipole and the exponential
forms. For the cutoff, it is a phenomenological parameter.
According to the experience of the deuteron, Λ in the
monopole form factor is taken around 1 GeV [58,59].
For the S-wave ΞcD̄� system, its spin parity can be either

JP ¼ 1=2− or 3=2−. When we consider the S −D wave
mixing effect, the spin-orbit wave functions are

JP ¼ 1

2

−
∶j2S1

2
i; j4D1

2
ij6D1

2
i;

JP ¼ 3

2

−
∶j4S3

2
i; j2D3

2
i; j4D3

2
ij6D3

2
i: ð18Þ

The flavor wave functions jI; I3i of these discussed
systems are

Ξð0;�Þ
c D̄�∶

8>>><
>>>:

j1;1i ¼ jΞð0;�Þþ
c D̄�0i;

j1;0i ¼ 1ffiffi
2

p ðjΞð0;�Þþ
c D�−i þ jΞð0;�Þ0

c D̄�0iÞ;
j1;−1i ¼ jΞð0;�Þ0

c D�−i;

j0;0i ¼ 1ffiffiffi
2

p ðjΞð0;�Þþ
c D�−i− jΞð0;�Þ0

c D̄�0iÞ; ð19Þ

where I and I3 are the isospin and its third component of
the systems, respectively,

III. A SINGLE ΞcD̄� ANALYSIS

With the above preparations, the OBE effective potential
for the single ΞcD̄� system is written as

TABLE I. Coupling constants adopted in our calculation.

lB βBgV lS g1 λSgVðGeV−1Þ βgV
−3.65 −6.00 7.30 1.00 19.20 5.22

βSgV gS g4 λIgVðGeV−1Þ λgVðGeV−1Þ
12.00 0.76 1.06 −6.80 3.25
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VΞcD̄� ¼ 2lBgsϵ2 · ϵ
†
4YðΛ; mσ; rÞ

−
GðIÞ
4

ββBg2vϵ2 · ϵ
†
4YðΛ; mρ; rÞ

−
1

4
ββBg2vϵ2 · ϵ

†
4YðΛ; mω; rÞ; ð20Þ

where GðIÞ is the isospin factor, its value is taken as 1 for
the isospin-1 system, and −3 for the isospin-0 system. The
function YðΛ; m; rÞ denotes

YðΛ; m; rÞ ¼ 1

4πr
ðe−mr − e−ΛrÞ − Λ2 −m2

8πΛ
e−Λr: ð21Þ

When performing the numerical calculations, the spin-
spin operator Oi;j should be replaced by a serial of matrix
elements h2s0þ1L0

J0 jOi;jj2sþ1LJi, the j2sþ1LJi and j2s0þ1L0
J0 i

stand for the spin-orbit wave functions for the initial and
finial states, respectively. For example, the matrix elements
hfjϵ2 · ϵ†4jii for the JP ¼ 1=2− and 3=2− ΞcD̄� systems are
diag(1,1,1) and diag(1,1,1,1) respectively when inputting
the spin-orbit wave functions in Eq. (18). As we see, the
OBE effective potentials are exactly the same for the ΞcD̄�

systems with JP ¼ 1=2− and 3=2−.
There exist σ, ρ, and ω exchange interactions for the

single ΞcD̄� system in Eq. (20). In Fig. 1, we present the
corresponding S-wave effective potentials for the single
ΞcD̄� system with IðJPÞ ¼ 0ð1=2−; 3=2−Þ. Here, the σ and
ω exchanges provide an attractive and a repulsive inter-
action, respectively. The ρ exchange interaction is very
different for the isoscalar and isovector ΞcD̄� systems, i.e.,
for the isovector case, the ρ exchange provides a repulsive
interaction, whereas a 3 times stronger attractive force
exists in the isoscalar case.
After solving the Schrödinger equation, we find that

bound solutions for the isoscalar ΞcD̄� systems with
JP ¼ 1=2−ð3=2−Þ appear in the range of Λ > 2.00 GeV.

With the increasing of the cutoff Λ, it binds more strongly.
As shown in Fig. 2, when the cutoff Λ is taken in the range
of 3.6 < Λ < 5.25 GeV, we can reproduce the mass of the
Pcsð4459Þ with the experimental uncertainties. Obviously,
the cutoffΛ is far away from the typical value 1.00 GeV in a
loosely bound hadronic molecular state. Thus, our results
indicate that the newly Pcsð4459Þ cannot be a pure ΞcD̄�
molecule, although the total OBE effective potential is
attractive.
Compared to the isoscalar ΞcD̄� system, the OBE

effective potential for the isovector system is much weaker
attractive. We do not find the bound solutions in the range
of Λ < 5.00 GeV.
In the SUð3Þ flavor symmetry and heavy quark sym-

metry, the ΞcD̄� is not related to the ΣcD̄� system but the
ΛcD̄� system. Contrary to the ΞcD̄� and ΛcD̄� systems,
there exists the one-pion-exchange interaction in the
ΣcD̄� system. Obviously, our results for the ΞcD̄� state
in a single channel analysis are also consistent with the
predictions in Ref. [27], where Yang et al. found that
there does not exist the S-wave ΛcD̄� molecular state,
however, but the S-wave ΣcD̄� state with IðJPÞ ¼
1=2ð3=2−Þ which can be the possible hidden-charm
molecular pentaquarks.

IV. A COUPLED ΞcD̄�=Ξ�
cD̄=Ξ0

cD̄�=Ξ�
cD̄�

ANALYSIS

In this section, we further introduce the coupled
channel effect to check whether the Pcsð4459Þ can be
explained as a strange hidden-charm molecular pentaquark.
Here, we study the ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� interactions
with IðJPÞ ¼ 0; 1ð1=2−; 3=2−Þ. The total effective poten-
tials are

FIG. 1. The dependence of the S-wave OBE effective potentials
for the isoscalar ΞcD̄� system on r with Λ ¼ 1.00 GeV.

FIG. 2. The Λ dependence of the bound solutions (the binding
energy E and the root-mean-square radius rrms) for the single
ΞcD̄� states. Here, the shadow area corresponds to the Pcsð4459Þ
mass with experimental uncertainties. The horizontal solid line
and the vertical dotted line stand for the central mass of the
Pcsð4459Þ and the corresponding cutoff value.
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V¼

0
BBB@
V11 V12 V13 V14

V21 V22 V23 V24

V31 V32 V33 V34

V41 V42 V43 V44

1
CCCA

¼

0
BBB@
VΞcD̄�→ΞcD̄�

VΞ�
cD̄→ΞcD̄�

VΞ0
cD̄�→ΞcD̄�

VΞ�
cD̄�→ΞcD̄�

VΞcD̄�→Ξ�
cD̄ VΞ�

cD̄→Ξ�
cD̄ VΞ0

cD̄�→Ξ�
cD̄ VΞ�

cD̄�→Ξ�
cD̄

VΞcD̄�→Ω�
cη VΞ�

cD̄→Ξ0
cD̄�

VΞ0
cD̄�→Ξ0

cD̄�
VΞ�

cD̄�→Ξ0
cD̄�

VΞcD̄�→Ξ�
cD̄�

VΞ�
cD̄→Ξ�

cD̄�
VΞ0

cD̄�→Ξ�
cD̄�

VΞ�
cD̄�→Ξ�

cD̄�

1
CCCA:

ð22Þ

The subpotentials are expressed as

V11 ¼ 2AY11
Λ;mσ

−
B
4
ðGðIÞY11

Λ;mρ
þ Y11

Λ;mω
Þ; ð23Þ

V12 ¼ −
C

6
ffiffiffi
2

p ðGðIÞZ12
Λ1;mπ1

þ Z12
Λ1;mη1

Þ

−
D

6
ffiffiffi
2

p ðGðIÞZ012
Λ1;mρ1

þ Z012
Λ1;mω1

Þ; ð24Þ

V13 ¼ C

6
ffiffiffi
6

p ðGðIÞZ13
Λ2;mπ2

þ Z13
Λ2;mη2

Þ

−
D

3
ffiffiffi
6

p ðGðIÞZ013
Λ2;mρ2

þ Z013
Λ2;mω2

Þ; ð25Þ

V14 ¼ −
C

6
ffiffiffi
2

p ðGðIÞZ14
Λ3;mπ3

þ Z14
Λ3;mη3

Þ

þ D

3
ffiffiffi
2

p ðGðIÞZ014
Λ3;mρ3

þ Z014
Λ3;mω3

Þ; ð26Þ

V22 ¼ −A0Y22
Λ;mσ

þ B0

8
ðGðIÞY22

Λ;mρ
þ Y22

Λ;mω
Þ; ð27Þ

V23 ¼ C0

8
ffiffiffi
3

p
�
GðIÞZ23

Λ4;mπ4
−
1

3
Z23

Λ4;mη4

�

−
D0

12
ffiffiffi
3

p ðGðIÞZ023
Λ4;mρ4

þ Z023
Λ4;mω4

Þ; ð28Þ

V24 ¼ C0

8

�
GðIÞZ24

Λ5;mπ5
−
1

3
Z24

Λ5;mη5

�

−
D0

12
ðGðIÞZ024

Λ5;mρ5
þ Z024

Λ5;mω5
Þ; ð29Þ

V33 ¼ −A0Y33
Λ;mσ

þ C0

12

�
GðIÞZ33

Λ;mπ
−
1

3
Z33

Λ;mη

�

−
B0

8
ðGðIÞY33

Λ;mρ
þ Y33

Λ;mω
Þ

−
D0

18
ðGðIÞZ033

Λ;mρ
þ Z033

Λ;mω
Þ; ð30Þ

V34 ¼ A0ffiffiffi
3

p Y34
Λ6;mσ6

þ C0

8
ffiffiffi
3

p
�
GðIÞZ34

Λ6;mπ6
−
1

3
Z34

Λ6;mη6

�

−
B0

8
ffiffiffi
3

p ðGðIÞY34
Λ6;mρ6

þ Y34
Λ6;mω6

Þ

−
D0

12
ffiffiffi
3

p ðGðIÞZ034
Λ6;mρ6

þ Z034
Λ6;mω6

Þ; ð31Þ

V44 ¼ −A0Y44
Λ;mσ

−
C0

8

�
GðIÞZ44

Λ;mπ
−
1

3
Z44

Λ;mη

�

−
B0

8
ðGðIÞY44

Λ;mρ
þ Y44

Λ;mω
Þ

−
D0

12
ðGðIÞZ044

Λ;mρ
þ Z044

Λ;mω
Þ: ð32Þ

In the above expressions, we define several useful func-
tions, i.e.,

Yij
Λ;ma

¼ DijYðΛ; mσ; rÞ; ð33Þ

Zij
Λ;ma

¼
�
Eij∇2 þ F ijr

∂
∂r

1

r
∂
∂r

�
YðΛ; ma; rÞ; ð34Þ

Z0ij
Λ;ma

¼
�
2Eij∇2 − F ijr

∂
∂r

1

r
∂
∂r

�
YðΛ; ma; rÞ: ð35Þ

Dij, Eij, and F ij stand for the spin-spin interaction
and tensor force operators, the concrete expressions are
summarized in the Appendix. The variables in these
functions are defined as Λ2

i ¼ Λ2 − q2i , m2
i ¼ m2 − q2i ,

with i ¼ 0; 1;…; 6. The coupling parameters and the
values for qi are summarized in Table II.
Here, we neglect the D-wave components for all dis-

cussed systems. After solving the coupled channel
Schrödinger equation, we can only obtain bound states
with their masses below the lowest threshold of the
discussed channels. Here, we need to mention that one
can further search for the possible resonances with higher
masses by solving the scattering problems, which we leave
to the next task. As we will see in the following results, we
also take the cutoff value of cutoff from 1.00 to 5.00 GeV
(see Table III for more details).
For the IðJPÞ ¼ 0ð3=2−Þ case, there exist bound state

solutions with the cutoff around 1.00 GeV, and the ΞcD̄�
channel has a dominant contribution. It is obvious that the

TABLE II. Coupling parameters and the values for qi adopted
in our calculation. The unit for qi is GeV.

A ¼ lBgs B ¼ ββBg2v C ¼ gg4=f2π D ¼ λλIg2v
A0 ¼ lsgs B0 ¼ ββsg2v C0 ¼ gg1=f2π D0 ¼ λλsg2v
q1 ¼ 0.16 q2 ¼ 0.06 q3 ¼ 0.10
q4 ¼ 0.10 q5 ¼ 0.06 q6 ¼ 0.04
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value of the cutoff for the coupled channel case is smaller
than that for the single channel case. Thus, we can conclude
that the coupled channel effect is helpful to form this bound
state. We also notice that its root-mean-square (rms) radius
is around 1 fm when the binding energy varies from 0 to
−10 MeV, the size is reasonable for such a coupled
ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� molecular system. As it binds
deeper and deeper, the Ξ�

cD̄ component becomes more and
more important. In particular, when the cutoff Λ is taken as
1.05 GeV, one can reproduce the central mass of the newly
Pcsð4459Þ, the probabilities for both ΞcD̄� and Ξ�

cD̄
channels are over 30 percent.
When the cutoff is taking from 1.17 to 1.20 GeV, we can

obtain a loosely bound state for the IðJPÞ ¼ 0ð1=2−Þ
case. Here, the Ξ0

cD̄� channel is its dominant channel.
The “real” binding energy is over 100 MeV in the range of
1.17 < Λ < 1.20 GeV. Where the real binding energy Ereal
is Ereal ¼ EþMlowest −Mdominant,Mlowest andMdominant are
the mass thresholds of the channel with lowest mass and the
dominant channel, respectively. Although the cutoff is
reasonable, the corresponding rms radius is only around
or less than 0.5 fm when reproducing the mass of
Pcsð4459Þ. It is obvious that the molecular state picture

with the IðJPÞ ¼ 0ð1=2−Þ assignment to Pcsð4459Þ is not
favored.
To summarize, the coupled ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄�

state with IðJPÞ ¼ 0ð3=2−Þ can be a possible strange
hidden-charm molecular candidate, the ΞcD̄� and Ξ�

cD̄
channels are dominant, followed by the Ξ�

cD̄� channel. It
may relate to the new Pcsð4459Þ recently reported by the
LHCb collaboration. Here, we also obtain bound state
solutions for the coupled ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� system
with IðJPÞ ¼ 0ð1=2−Þ, its real binding energy reaches
around 100 MeV as the dominant channel is the Ξ0

cD̄�
channel, thus, the relevant OBE interaction from the
Ξ0
cD̄� system is strongly attractive. Although it is not a

reasonable loose hadronic molecular candidate, in our
future study, we can search for possible loosely bound
strange hidden-charm molecules near the threshold of the
Ξ0
cD̄� system.
As a by-product, we further discuss the existence of the

isovector strange hidden-charm molecular pentaquarks
from the S-wave ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� interactions.
According to the numerical results in Table IV, we find
the IðJPÞ ¼ 1ð1=2−ÞΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� state is a
tight bound state; the Ξ�

cD̄� channel is the dominant

TABLE III. The obtained bound state solutions (the binding energy E, the root-mean-square rrms, the real binding energy
Ereal ¼ EþMlowest −Mdominant, the mass of the bound stateM, and the probabilities of different channels for the investigated system) of
the coupled ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� systems with IðJPÞ ¼ 0ð1=2−; 3=2−Þ. Here, the cutoff Λ, the root-mean-square rrms, the binding
energy E, the real binding energy Ereal, and the mass of the bound state M are in the units of GeV and fm, MeV, MeV, and MeV,
respectively. The dominant channels for a bound state are remarked by the boldface type.

IðJPÞ Λ E rrms Ereal M ΞcD̄� Ξ�
cD̄ Ξ0

cD̄� Ξ�
cD̄�

0ð1=2−Þ 1.17 −1.63 1.39 −109.04 4476.32 30.66 � � � 64.13 5.21
1.18 −7.52 0.62 −114.93 4470.43 15.82 � � � 77.10 7.08
1.19 −14.29 0.50 −121.70 4463.66 11.12 � � � 80.82 8.06
1.20 −21.62 0.45 −129.03 4456.33 8.60 � � � 82.62 8.78

0ð3=2−Þ 0.99 −1.46 2.18 −1.46 4476.49 69.44 19.46 2.81 8.28
1.01 −5.73 1.09 −5.73 4472.22 53.70 28.41 5.52 13.37
1.03 −11.77 0.79 −11.77 4466.18 44.88 32.50 5.69 16.93
1.05 −19.28 0.65 −19.28 4458.67 38.95 34.58 6.61 18.86

TABLE IV. The obtained bound state solutions (the binding energy E, the root-mean-square rrms, the real binding energy
Ereal ¼ EþMlowest −Mdominant, the mass of the bound state M, and the probabilities of different channels for the investigated
system) of the coupled ΞcD̄�=Ξ�

cD̄=Ξ0
cD̄�=Ξ�

cD̄� systems with IðJPÞ ¼ 1ð1=2−; 3=2−Þ. Here, the cutoff Λ, the root-mean-square rrms,
the binding energy E, the real binding energy Ereal, and the mass of the bound state M are in the units of GeV and fm, MeV, MeV, and
MeV, respectively. The dominant channels for a bound state are remarked by the boldface type.

IðJPÞ Λ E rrms Ereal M ΞcD̄� Ξ�
cD̄ Ξ0

cD̄� Ξ�
cD̄�

1ð1=2−Þ 2.07 −2.05 0.36 −178.56 4475.90 5.80 � � � 5.33 88.87
2.08 −16.84 0.24 −193.35 4461.11 5.03 � � � 5.30 89.67
2.09 −32.20 0.23 −208.71 4445.75 4.95 � � � 5.23 89.81
2.10 −48.12 0.22 −224.63 4429.83 4.95 � � � 5.17 89.88

1ð3=2−Þ 1.43 −1.62 0.94 −36.78 4476.33 12.96 80.10 0.61 6.34
1.44 −5.68 0.67 −40.84 4472.27 9.92 82.29 0.64 7.14
1.45 −10.12 0.60 −45.28 4467.83 9.12 82.41 0.66 7.81
1.46 −14.91 0.57 −50.07 4463.04 8.78 82.08 0.67 8.47
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channel. However, we need to specify that the cutoff Λ is a
little bit larger than 1 GeV. For the IðJPÞ ¼ 1ð3=2−Þ case,
when the cutoff reaches up to 1.43 GeV, we can obtain a
bound state, where the Ξ�

cD̄ channel is dominant. If strictly
taking Λ around 1 GeVand the rms radius around 1 fm, we
may predict there is a possible strange hidden-charm Ξ�

cD̄
molecular candidate.
In our former work [6], we study the ΣcD̄=Σ�

cD̄=
ΣcD̄�=Σ�

cD̄� interactions by using the same approach.
When we take the same cutoff range around 1 GeV,
we find the Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ can be
explained as hidden-charm molecular pentaquarks, the
corresponding dominant channels are the ΣcD̄ state
with 1=2ð1=2−Þ, the ΣcD̄� states with 1=2ð1=2−Þ and
1=2ð3=2−Þ, respectively. Based on the above analysis,
the new Pcsð4457Þ can be naturally assigned as a strange
hidden-charm molecular pentaquark.

V. SUMMARY

Inspired by the evidence of the first strange hidden-
charm pentaquark Pcsð4459Þ, we systematically discuss
whether the Pcsð4459Þ can be assigned as the ΞcD̄�
molecular state. In this work, we adopt the OBE effective
potentials and present our results in two cases.
In case one, we study the single ΞcD̄� system and

consider the S −D wave mixing effect. The long range
interaction from the one-π-exchange is suppressed by the
spin parity forbidden. There remain the intermediate range
force from the one-σ-exchange and the short range force
from the one-ρ=ω-exchange. The OBE effective potentials
for the IðJPÞ ¼ 0ð1=2−; 3=2−Þ are exactly the same. Our
results indicate the OBE effective potentials are not strong
enough to form a single ΞcD̄� system.
In case two, we further study the coupled ΞcD̄�=Ξ�

cD̄=
Ξ0
cD̄�=Ξ�

cD̄� systems with IðJPÞ ¼ 0ð1=2−; 3=2−Þ after
introducing the coupled channel effect. Finally, we obtain
a good strange hidden-charm molecular pentaquark with
IðJPÞ ¼ 0ð3=2−Þ, it is mainly composed by the ΞcD̄� and
Ξ�
cD̄ channels. The coupled channel effect plays an

important role here. When the cutoff is taken as
Λ ¼ 1.05 GeV, we can reproduce the central mass of
the Pcsð4459Þ, and the probabilities for the ΞcD̄�, Ξ�

cD̄,
Ξ0
cD̄�, and Ξ�

cD̄� channels are 38.95%, 34.58%, 6.61%, and
18.86%, respectively.
In addition, we also find the OBE effective potentials for

the Ξ0
cD̄� system with 0ð1=2−Þ and the Ξ�

cD̄ system with
1ð3=2−Þ are strongly attractive in the reasonable cutoff
input, where one may search for more possible strange
hidden-charm molecules or resonances.
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APPENDIX: OPERATORS

The concrete operators in the OBE effective potentials are

D11 ¼ χ†3χ1ϵ2 · ϵ
†
4;

E12 ¼
X
m;n

C3=2;mþn
1=2;m;1;nχ

†
3;mϵ

†
3;n · ϵ2χ1;

F 12 ¼
X
m;n

C3=2;mþn
1=2;m;1;nχ

†
3;mSðr̂; ϵ†3;n; ϵ2Þχ1;

E13 ¼ χ†3σ · ðiϵ2 × ϵ†4Þχ1;
F 13 ¼ χ†3Sðr̂; σ; iϵ2 × ϵ†4Þχ1;
E14 ¼

X
m;n

C3=2;mþn
1=2;m;1;nχ

†
3;mðiϵ2 × ϵ†4Þ · ϵ†3;nχ1;

F 14 ¼
X
m;n

C3=2;mþn
1=2;m;1;nχ

†
3;mSðr̂; ϵ†3;n; iϵ2 × ϵ†4Þχ1;

D22 ¼
Xm;n

a;b

C3=2;aþb
1=2;a;1;bC

3=2;mþn
1=2;m;1;nχ

a†
3 χm1 ϵ

n
1 · ϵ

b†
3 ;

E32 ¼
X
m;n

C3=2;mþn
1=2;m;1;nχ

†
3ϵ

†
4 · ðiσ × ϵn1Þχ1;m;

F 32 ¼
X
m;n

C3=2;mþn
1=2;m;1;nχ

†
3Sðr̂; ϵ†4; iσ × ϵn1Þχ1;m;

E42 ¼
Xm;n

a;b

C3=2;aþb
1=2;a;1;bC

3=2;mþn
1=2;m;1;nχ

a†
3 χm1 ϵ

†
4 · ðiϵn1 × ϵb†3 Þ;

F 42 ¼
Xm;n

a;b

C3=2;aþb
1=2;a;1;bC

3=2;mþn
1=2;m;1;nχ

a†
3 χm1 Sðr̂; ϵ†4; iϵn1 × ϵb†3 Þ;

D33 ¼ χ†3χ1ϵ2 · ϵ
†
4;

E33 ¼ χ†3σ · ðiϵ2 × ϵ†4Þχ1;
F 33 ¼ χ†3Sðr̂; σ; iϵ2 × ϵ†4Þχ1;
D43 ¼

X
m;n

C
3
2
;mþn

1
2
;m;1;n

χm†
3 ðσ · ϵn†3 Þðϵ2 · ϵ†4Þχ1;

E43 ¼
X
m;n

C
3
2
;mþn

1
2
;m;1;n

χm†
3 ðσ × ϵn†3 Þ · ðϵ2 × ϵ†4Þχ1;

F 43 ¼
X
m;n

C
3
2
;mþn

1
2
;m;1;n

χm†
3 Sðr̂; σ × ϵn†3 ; ϵ2 × ϵ†4Þχ1;

D44 ¼
Xm;n

a;b

C
3
2
;aþb
1
2
;a;1;b

C
3
2
;mþn
1
2
;m;1;n

χa†3 ðϵn1 · ϵb†3 Þðϵ2 · ϵ†4Þχm1 ;

E44 ¼
Xm;n

a;b

C
3
2
;aþb
1
2
;a;1;b

C
3
2
;mþn
1
2
;m;1;n

χa†3 ðϵn1 × ϵb†3 Þ · ðϵ2 × ϵ†4Þχm1 ;

F 44 ¼
Xm;n

a;b

C
3
2
;aþb
1
2
;a;1;b

C
3
2
;mþn
1
2
;m;1;n

χa†3 Sðr̂; ϵn1 × ϵb†3 ; ϵ2 × ϵ†4Þχm1 :
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