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Inspired by the newly observed PΛ
ψs(4338) and the reported Pcs(4459), we indicate the existence

of the molecular-type characteristic mass spectrum for hidden-charm pentaquark with strangeness.
It shows that the Pcs(4459) may contain two substructures corresponding to the ΞcD̄

∗ molecular
states with JP = 1/2− and 3/2−, while there exists the corresponding ΞcD̄ molecular state with

JP = 1/2−. As the prediction, we present another characteristic mass spectrum of the Ξ′cD̄
(∗)

molecular states. Experimental confirmation of these characteristic mass spectra is a crucial step of
constructing hadronic molecular family.

I. INTRODUCTION

Since the birth of the quark model [1, 2], the con-
cept of exotic hadronic matter has been proposed, which
has attracted extensive attention from both experimen-
talists and theorists. Especially, with the accumulation
of experimental data, the observations of charmonium-
like XY Z states and Pc states in the past around twenty
years make this issue becomes hot spot of hadron physics
up till now [3–13]. These studies are helpful to deepen
our understanding of non-perturbative quantum chro-
modynamics (QCD). Among different exotic hadronic
matters, the hadronic molecular state was popularly ap-
plied to explain these novel phenomena relevant to new
hadronic states since most of observed hadronic states
are close the thresholds of hadron pair. A typical exam-
ple is the LHCb’s discoveries of the Pc(4312), Pc(4440),
and Pc(4457) in the J/ψp invariant mass spectrum of the
Λb → J/ψpK [14] weak decay, which show a characteris-
tic mass spectrum consistent with that of hidden-charm
molecular pentaquark, which was predicted in Refs. [15–
21]. Finally, it provides strong evidence to support the
existence of the hidden-charm meson-baryon molecular
states. Of course, there also exist other possible inter-
pretations to the Pc(4312), Pc(4440), and Pc(4457) [3–
13, 22].

Very recently, the LHCb Collaboration announced the
observed of a J/ψΛ resonance in the B− → J/ψΛp̄ pro-
cess [23], which has resonance parameters

M = 4338.2± 0.7± 0.4 MeV, Γ = 7.0± 1.2± 1.3 MeV,

and significance larger than 10σ. Thus, this J/ψΛ reso-
nance is refereed to be the PΛ

ψs(4338), which is the can-
didate of hidden-charm pentaquark with strangeness, as
predicted by former theoretical studies [24–50]. Before
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observing the PΛ
ψs(4338), LHCb once reported an evi-

dence of the enhancement structure (Pcs(4459)) in the
J/ψΛ invariant mass spectrum of the Ξ−b → J/ψΛK [51],
which is the candidate of hidden-charm pentaquark with
strangeness [24–50].

Pc(4312)

Pc(4440)

Pc(4457)

137 MeV

PΛ
ψs(4338)

Pcs(4459)

121 MeV

ΞcD̄*

FIG. 1. Comparison of the mass spectrum of three Pc states
[14] and that of the PΛ

ψs(4338) [23] and Pcs(4459) [51]. Here,
we also list the experimental data of the Pcs(4459) from LHCb
[51].

In this work, we indicate that there exists a
new characteristic mass spectrum applied to iden-
tify the molecular-type hidden-charm pentaquark with
strangeness, which is inspired by the observed PΛ

ψs(4338)

and the reported Pcs(4459). As shown in Fig. 1, the gap
between the Pc(4312) mass and the average mass of the
Pc(4440) and Pc(4457) is 137 MeV, which is similar to
the mass gap of the Pcs(4459) and the PΛ

ψs(4338). This
is analogous to the similarity of the mass gaps for the
ω and φ meson families [52]. We also notice an interest-
ing phenomenon, and there exists corresponding relations
of these Pc and Pcs states, i.e., the PΛ

ψs(4338) should

correspond to the Pc(4312), while the Pcs(4459) struc-
ture corresponds to the Pc(4440) and Pc(4457). This
fact makes us conjecture that the Pcs(4459) enhancement
structure should contain two substructures. If checking
the LHCb data of the J/ψΛ invariant mass spectrum of
the Ξ−b → J/ψΛK [51], we find that there exists possible
double peak structure slightly below the ΞcD̄

∗ threshold
as indicated in Fig. 1, which just correspond to the ΞcD̄

∗
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molecular states with JP = 1/2− and 3/2−. Such sce-
nario can be tested in future experiment like the LHCb.
As the partner of Pc(4312), the ΞcD̄ molecular state with
JP = 1/2− was studied in this work. We should indicate
the fact that the central value of the mass of the newly
reported PΛ

ψs(4338) is above the ΞcD̄ threshold, which
is the difficulty to directly assign the newly observed
PΛ
ψs(4338) as the ΞcD̄ molecular state with JP = 1/2−.

How to solving this puzzling phenomenon is also an in-
teresting topic. In the final section, we will address this
point. Inspired by the established molecular-type char-
acteristic mass spectrum of three Pc states in 2019 [14]
and the molecular-type characteristic mass spectrum of
the PΛ

ψs(4338) and the Pcs(4459) enhancement structure
found in this work, we further give a new characteristic
mass spectrum of the Ξ′cD̄

(∗) molecular states, which will
be accessible at experiment.

This paper is organized as the follows. After intro-
duction, the calculation of the interactions of these dis-

cussed Ξ
(′)
c D̄(∗) systems will be given by adopting the

OBE model in Sec. II. With this preparation, we discuss

the characteristic mass spectra of the Ξ
(′)
c D̄(∗) molecular

pentaquarks in Sec. III. Finally, we will give the discus-
sion and conclusion in Sec. IV.

II. THE OBE EFFECTIVE POTENTIALS OF
THE Ξ

(′)
c D̄

(∗) SYSTEMS

For getting the information of the interactions of the

Ξ
(′)
c D̄(∗) systems, the one-boson-exchange (OBE) model

is adopted. In the OBE model, the interaction between
two hadrons is a direct consequence of the exchange of
the allowed light mesons [5, 10], which is one of the effec-
tive ways to investigate the interactions between hadrons.
Such a formalism is a straightforward extension of the
traditional meson exchange model involved in the nuclear
force [53]. Up to now, the OBE model has successfully
applied the exploration of a series of hadronic molecular
states including the Pc states and the Tcc state [5, 10].
We should indicate that it is not the only way to get
the interactions between hadrons, since there also exist
other approaches like the chiral effective field theory [12].
For the chiral effective field theory, the contact term is
usually introduced, which is different from the treatment
of the OBE model on this point. In fact, this difference
reflects the different treatment to the short distant inter-
actions between hadrons under two approaches. Despite
all this, the OBE model and the chiral effective field the-
ory usually can reach the same conclusion for the same
hadronic molecular states.

In general, there exists three typical steps for deducing

the effective potentials of these discussed Ξ
(′)
c D̄

(∗)
s sys-

tems within the OBE model. As the first step, we should
write out the scattering amplitudes M(h1h2 → h3h4) of
the scattering processes h1h2 → h3h4 by considering the
effective Lagrangian approach.

According to the heavy quark spin symmetry, the
hadrons containing single heavy quark with total spin
J± = jl ± 1/2 (except jl = 0) come into doublets, which
can be written as the super-fields when constructing
the compact effective Lagrangians. For the pseudoscalar
anti-charmed meson D̄ with I(JP ) = 1/2(0−) and vector
anti-charmed meson D̄∗ with I(JP ) = 1/2(1−), they are
degenerated in the heavy quark spin symmetry, which

can be written as the super-field H
(Q)
a = (D̄

∗(Q)µ
a γµ −

D̄
(Q)
a γ5) (1−v/)

2 [54]. In the heavy quark limit, the charm
baryons can be classified in terms of the flavor symmetry
of the diquark, the spin of the charm baryon in the 6F
flavor representation is either 1/2 or 3/2, while the spin of
the charm baryon in the 3̄F flavor representation is only
1/2. Here, we need to mention that Ξc with JP = 1/2+

denotes the S-wave charm baryon in 3̄F flavor represen-
tation, while Ξ′c with JP = 1/2+ is the S-wave charmed
baryon in 6F flavor representation. The involved effec-
tive Lagrangians for depicting the heavy hadrons Bc/D̄(∗)

coupling with the light scalar, pesudoscalar, and vector
mesons read as [54–61]

LB3̄B3̄σ = lB〈B̄3̄σB3̄〉, (1)

LB3̄B3̄V =
1√
2
βBgV 〈B̄3̄v · VB3̄〉, (2)

LB6B6σ = −lS〈B̄6σB6〉, (3)

LB6B6P = i
g1

2fπ
εµνλκvκ〈B̄6γµγλ∂νPB6〉, (4)

LB6B6V = −βSgV√
2
〈B̄6v · VB6〉

−iλSgV
3
√

2
〈B̄6γµγν (∂µVν − ∂νVµ)B6〉, (5)

LB3̄B6P = −
√

1

3

g4

fπ
〈B̄6γ

5 (γµ + vµ) ∂µPB3̄〉+ h.c., (6)

LB3̄B6V = −λIgV√
6
εµνλκvµ〈B̄6γ

5γν (∂λVκ − ∂κVλ)B3̄〉

+h.c., (7)

LD̄D̄σ = −2gσD̄aD̄
†
aσ, (8)

LD̄∗D̄∗σ = 2gσD̄
∗
aµD̄

∗µ†
a σ, (9)

LD̄∗D̄∗P =
2ig

fπ
vαεαµνλD̄

∗µ†
a D̄∗λb ∂νPab, (10)

LD̄D̄V =
√

2βgV D̄aD̄
†
bv · Vab, (11)

LD̄∗D̄∗V = −
√

2βgV D̄
∗
aµD̄

∗µ†
b v · Vab

−2
√

2iλgV D̄
∗µ†
a D̄∗νb (∂µVν − ∂νVµ)ab . (12)

Here, vµ = (1,0) is the four velocity under the non-
relativistic approximation, and σ stands for the scalar
singlet meson. Additionally, the matrices B3̄, B6, P, and
Vµ have the standard forms as listed below

B3̄ =

 0 Λ+
c Ξ+

c

−Λ+
c 0 Ξ0

c

−Ξ+
c −Ξ0

c 0

 , (13)
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B6 =


Σ++
c

Σ+
c√
2

Ξ(′)+
c√

2
Σ+

c√
2

Σ0
c

Ξ(′)0
c√

2
Ξ(′)+

c√
2

Ξ(′)0
c√

2
Ω0
c

 , (14)

P =

(
π0
√

2
+ η√

6
π+

π− − π0
√

2
+ η√

6

)
, (15)

Vµ =

(
ρ0

√
2

+ ω√
2

ρ+

ρ− − ρ0

√
2

+ ω√
2

)
µ

, (16)

respectively.
As an effective way, the OBE model was widely used to

investigate the interactions between hadrons. In calcula-
tion, the involved coupling constants are as input when
discussing the problem of the hadronic molecular state.
Usually, we prefer to fix the coupling constant if there ex-
ists the corresponding experimental data. For some cou-
pling constants, we can estimate them by phenomenolog-
ical models, where the relevant experimental information
is absent. These coupling constants adopted in this work
can be extracted from the experimental data or by the
theoretical model, and the corresponding signs between
these coupling constants can be fixed by the quark model
[62]. Thus, we take gσ = 0.76, lB = −3.65, lS = 6.20, g =
0.59, g4 = 1.06, g1 = 0.94, fπ = 132 MeV, βgV = −5.25,
βBgV = −6.00, βSgV = 12.00, λgV = −3.27 GeV−1,
λIgV = −6.80 GeV−1, and λSgV = 19.20 GeV−1 in the
following numerical analysis [39, 61, 63]. Here, gσ can be

deduced by the relation gσ = g̃/2
√

6 with g̃ = 3.73 due to
the spontaneously broken chiral symmetry [64]. The pio-
nic coupling constant g is determined by reproducing the
experimental width of the D∗+ → D0π+ process [65, 66].
According to the vector meson dominance mechanism, β
and gV are fixed [66, 67]. λ can be obtained by compar-
ing the form factor obtained from the lattice QCD with
this calculated via the light cone sum rule [66]. g1 is
related to another coupling constant g4 by the relation
g1 =

√
8g4/3 [68], and g4 can be extracted by the decay

width of the Σ∗c → Λπ process. lS is extracted with the
chiral multiplet assumption [68]. For the coupling con-
stants lB , βB , βS , λI , and λS , we can calculate them
by the quark model [62], which is a popular approach
to determine the coupling constants. Here, for the dis-
cussed vertex, we can write out its amplitude at hadronic
and quark levels. By connecting these two amplitudes,
finally the coupling constant can be obtained. Here, we
need to indicate that these coupling constants adopted in
this work were applied to reproduce the masses of the ob-
served three Pc states under the S-wave isoscalar ΣcD̄

(∗)

molecular assignment [63].
With the above preparation, the obtained effective po-

tentials in the momentum space can be related to the
corresponding scattering amplitudes via the Breit ap-
proximation [69]. Finally, the effective potentials in the

coordinate space can be obtained by the Fourier trans-
formation. Since the discussed hadrons are not pointlike
particles, we should introduce the monopole type form
factor F(q2,m2

E) = (Λ2−m2
E)/(Λ2− q2) [70, 71] in each

interaction vertex, which can compensate the effect from
the off-shell exchanged mesons and depict the structure
effect of interaction vertex.

In order to obtain the concrete effective potentials for
these discussed hidden-charm molecular pentaquark sys-
tems with strangeness, we need to construct their wave

functions. For these discussed Ξ
(′)
c D̄(∗) systems, their

spin-orbital wave functions can be expressed as

|Ξ(′)
c D̄(2S+1LJ)〉 =

∑
m,mL

CJ,M1
2m,LmL

χ 1
2m
|YL,mL

〉, (17)

|Ξ(′)
c D̄

∗(2S+1LJ)〉 =
∑

m,m′,mS ,mL

CS,mS
1
2m,1m

′C
J,M
SmS ,LmL

χ 1
2m

×εµm′ |YL,mL
〉. (18)

In the above expressions, the constant Ce,fab,cd denotes

the Clebsch-Gordan coefficient, and |YL,mL
〉 is the

spherical harmonics function. The polarization vector
εµm (m = 0, ±1) with spin-1 field is written as εµ± =

(0, ±1, i, 0) /
√

2 and εµ0 = (0, 0, 0,−1) in the static limit,
and the χ 1

2m
stands for the spin wave function for the

charmed baryons Ξ
(′)
c . And then, we summarize the fla-

vor wave functions |I, I3〉 for these discussed Ξ
(′)
c D̄(∗) sys-

tems in Table I.

TABLE I. Flavor wave functions for these discussed Ξ
(′)
c D̄

(∗)

systems. Here, I and I3 are their isospins and the third com-
ponents, respectively.

|I, I3〉 Flavor wave functions

|1, 1〉
∣∣∣Ξ(′)+
c D̄(∗)0

〉
|1, 0〉

√
1
2

∣∣∣Ξ(′)+
c D(∗)−

〉
+
√

1
2

∣∣∣Ξ(′)0
c D̄(∗)0

〉
|1,−1〉

∣∣∣Ξ(′)0
c D(∗)−

〉
|0, 0〉

√
1
2

∣∣∣Ξ(′)+
c D(∗)−

〉
−
√

1
2

∣∣∣Ξ(′)0
c D̄(∗)0

〉

With the standard procedures of the OBE model, the
expressions of the effective potentials in the coordinate

space for these investigated isoscalar Ξ
(′)
c D̄

(∗)
s systems are
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given by

VΞcD̄ = 2lBgσYσ −
3ββBg

2
V

4
Yρ +

ββBg
2
V

4
Yω,

VΞ′cD̄ = −lSgσYσ +
3ββSg

2
V

8
Yρ −

ββSg
2
V

8
Yω,

VΞcD̄
∗

= 2lBgσA1Yσ −
3ββBg

2
V

4
A1Yρ +

ββBg
2
V

4
A1Yω,

VΞ′cD̄
∗

= −lSgσA1Yσ −
g1g

4f2
π

[A2Or +A3Pr]Yπ

− g1g

36f2
π

[A2Or +A3Pr]Yη

+
3ββSg

2
V

8
A1Yρ +

3λλSg
2
V

18
[2A2Or −A3Pr]Yρ

− ββSg
2
V

8
A1Yω −

λλSg
2
V

18
[2A2Or −A3Pr]Yω.

Here, Or = 1
r2

∂
∂r r

2 ∂
∂r and Pr = r ∂∂r

1
r
∂
∂r . The function

Yi is defined as

Yi ≡
e−mir − e−Λir

4πr
− Λ2

i −m2
i

8πΛi
e−Λir. (19)

Additionally, we also define several operators, which in-

clude A1 = χ†3

(
ε†4 · ε2

)
χ1, A2 = χ†3

[
σ ·
(
iε2 × ε†4

)]
χ1,

and A3 = χ†3T (σ, iε2 × ε†4, r̂)χ1. Here, the tensor force
operator is expressed as T (x,y, r̂) = 3 (r̂ · x) (r̂ · y)−x·y
with r̂ = r/|r|. In the effective potentials, the cor-
responding matrix elements 〈f |Ak|i〉 can be obtained
by these operators Ak sandwiched between the relevant
spin-orbit wave functions of the initial and final states.

For example, the matrices element 〈Ξ(′)
c D̄∗|A1|Ξ(′)

c D̄∗〉

with J = 1/2 can be expressed as

 A11
1 A12

1

A21
1 A22

1

 with

A11
1 = 〈Ξ(′)

c D̄
∗(2S 1

2
)|A1|Ξ(′)

c D̄
∗(2S 1

2
)〉,

A12
1 = 〈Ξ(′)

c D̄
∗(4D 1

2
)|A1|Ξ(′)

c D̄
∗(2S 1

2
)〉,

A21
1 = 〈Ξ(′)

c D̄
∗(2S 1

2
)|A1|Ξ(′)

c D̄
∗(4D 1

2
)〉,

A22
1 = 〈Ξ(′)

c D̄
∗(4D 1

2
)|A1|Ξ(′)

c D̄
∗(4D 1

2
)〉.

In Table II, we collect the obtained relevant operator ma-
trix elements 〈f |Ak|i〉, which are used in our calculation.

When discussing the bound state properties of the S-
wave isoscalar ΞcD̄

∗ states with JP = 1/2− and 3/2−

after including the coupled channels ΞcD̄
∗ and Ξ′cD̄

∗, we
need the effective potentials in the coordinate space for

TABLE II. The relevant operator matrix elements 〈f |Ak|i〉,
which are obtained by sandwiching these operators between
the relevant spin-orbit wave functions.

Spin J = 1/2 J = 3/2

〈Ξ(′)
c D̄

∗|A1|Ξ(′)
c D̄

∗〉

 1 0

0 1




1 0 0

0 1 0

0 0 1



〈Ξ′cD̄∗|A2|Ξ′cD̄∗〉

 −2 0

0 1




1 0 0

0 −2 0

0 0 1



〈Ξ′cD̄∗|A3|Ξ′cD̄∗〉

 0 −
√

2

−
√

2 −2




0 1 2

1 0 −1

2 −1 0



the ΞcD̄
∗ → Ξ′cD̄

∗ process, i.e,

VΞcD̄
∗→Ξ′cD̄

∗
= − gg4

2
√

6f2
π

[A2Or +A3Pr]Yπ0

+
gg4

6
√

6f2
π

[A2Or +A3Pr]Yη0

− λλIg
2
V√

6
[2A2Or −A3Pr]Yρ0

+
λλIg

2
V

3
√

6
[2A2Or −A3Pr]Yω0.

Here, m0 =
√
m2 − q2

0 and Λ0 =
√

Λ2 − q2
0 with q0 =

0.06 GeV.

III. THE CHARACTERISTIC MASS SPECTRA
OF THE Ξ

(′)
c D̄

(∗) MOLECULAR PENTAQUARKS

Based on the obtained effective potentials in the co-
ordinate space for these discussed hidden-charm pen-
taquarks with strangeness, we can obtain the bound state
solutions by solving the coupled channel Schrödinger
equation, where the obtained bound state solutions
mainly include the binding energy E, the root-mean-
square radius rRMS, and the probabilities for different
components Pi, which may provide us the critical infor-
mation to judge whether these discussed hidden-charm
molecular pentaquark states with strangeness exist or
not. In the coupled channel analysis, the probabilities
for different components Pi are useful information to re-
flect the properties of the hadronic molecular states, ex-
cept for the binding energy E and the root-mean-square
radius rRMS. If the coupled system is not dominant by
the lowest mass threshold channel among the selected
coupled channels, where usually the obtained root-mean-
square radius rRMS is too small, this coupled system is
not recommended to be a hadronic molecular state (see
Ref. [61] for more details).
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Of course, when judging whether the loosely bound
state is the possible hadronic molecular candidate, we
also need to specify two points: (1) As a free parameter,
the cutoff value of the form factor cannot be determined
exactly due to the lack of relevant experiment data. In
realistic calculation, one should find bound state solution
by changing the cutoff value. According to the experience
of studying the deuteron by the OBE model, the cutoff
value should not be far away from 1 GeV [5, 72–74]. Fur-
thermore, we can reproduce the masses of the observed
three Pc states [63] and Tcc state [75] under the hadronic
molecular picture when taking the cutoff values around
1 GeV. In the present work, we still take the cutoff range
around 1 GeV to discuss the bound state properties of

the S-wave isoscalar Ξ
(′)
c D̄(∗) systems; (2) The reason-

able binding energy for the possible hadronic molecular
candidate should be at most tens of MeV, and the cor-
responding typical size should be larger than the size of
all the included component hadrons [61]. These criteria
may provide useful hints to identify the hidden-charm
molecular pentaquark candidates with strangeness.

In our calculation, the masses of these involved hadrons
are mσ = 600.00 MeV, mπ = 137.27 MeV, mη = 547.86
MeV, mρ = 775.26 , mω = 782.66 MeV, mD = 1867.25
MeV, mD∗ = 2008.56 MeV, mΞc

= 2469.08 MeV, and
mΞ′c

= 2578.45 MeV, which are taken from the Particle
Data Group [76].

A. The characteristic mass spectrum of the ΞcD̄
(∗)

molecular pentaquarks

For the S-wave isoscalar ΞcD̄
(∗) systems, we list the ob-

tained bound state solutions by considering the S-D wave
mixing effect in Table. III. For the S-wave isoscalar ΞcD̄
state with JP = 1/2−, we obtain the bound state solu-
tion by setting the cutoff parameter Λ around 1.41 GeV.
For the S-wave isoscalar ΞcD̄

∗ states with JP = 1/2−

and 3/2−, there exist the bound state solutions when
the cutoff parameter is taken to be around 1.39 GeV.
Here, the probabilities for the D-wave components are
zero for these two states, since the contribution of the ten-
sor forces from the S-D wave mixing effect disappears for
the case of the isoscalar ΞcD̄

∗ interactions. In addition,
there exists mass degeneration for the S-wave isoscalar
ΞcD̄

∗ states with JP = 1/2− and 3/2− when adopting
same cutoff value in the S-D wave mixing analysis.

In the above discussions, we indicate that these dis-
cussed S-wave isoscalar ΞcD̄

(∗) systems can be viewed as
the hidden-charm molecular pentaquark candidates with
single strangeness within the OBE model by considering
the S-D wave mixing effect. However, there exist mass
degeneration for the S-wave isoscalar ΞcD̄

∗ states with
JP = 1/2− and 3/2− when adopting same cutoff value
in the S-D wave mixing analysis. Since the observation
of the charmoniumlike state X(3872), various corrections
[5] including the coupled channel effect [77–79] have been
introduced to discuss the fine properties of the hadron-

TABLE III. Bound state properties for the S-wave isoscalar
ΞcD̄

(∗) systems by considering the S-D wave mixing effect.
Here, the cutoff Λ, binding energy E, and root-mean-square
radius rRMS are in units of GeV, MeV, and fm, respectively.

ΞcD̄(JP = 1/2−)

Λ E rRMS

1.41 −0.35 4.73

1.61 −4.82 1.64

1.79 −12.49 1.10

ΞcD̄
∗(JP = 1/2−)

Λ E rRMS P(2S 1
2
/4D 1

2
)

1.39 −0.34 4.70 100.00/o(0)

1.57 −4.71 1.63 100.00/o(0)

1.74 −12.21 1.10 100.00/o(0)

ΞcD̄
∗(JP = 3/2−)

Λ E rRMS P(4S 3
2
/2D 3

2
/4D 3

2
)

1.39 −0.34 4.70 100.00/o(0)/o(0)

1.57 −4.71 1.63 100.00/o(0)/o(0)

1.74 −12.21 1.10 100.00/o(0)/o(0)

hadron interactions in the OBE model, which may dec-
orate the bound state properties of hadronic molecular
states [22, 33, 38, 39, 44, 47, 61, 63, 68, 75, 77–142].

For the ΞcD̄
(∗) molecular systems, the authors of Refs.

[39, 47] once presented a coupled channel analysis within
the OBE model. Here, for the S-wave isoscalar ΞcD̄

∗

state with JP = 3/2−, the coupled channel effect is help-
ful to form this molecular state [39], since the cutoff value
becomes smaller after including the coupled channel ef-
fect compared with the situation without considering the
coupled channel effect. However, when discussing the
isoscalar ΞcD̄

∗ state with JP = 1/2− with a coupled
channel analysis, a puzzling phenomenon appears [39],
where a higher Ξ′cD̄

∗ channel among these selected cou-
pled channels becomes dominant. Obviously, a jump oc-
curs which is not reasonable. The reason resulting in
this puzzling phenomenon is that the author of Ref. [39]
took the same cutoff value for these considered chan-
nels in their coupled channel analysis. Obviously, this
treatment should be improved to ensure that the cou-
pled channel effect only plays the role to decorate the
discussed pure state, which was not realised in these early
studies [39, 47, 61, 84, 87, 90–92].

An approaches to overcome such problem is proposed
in this work. In practice, the cutoff values for the involved
coupled channels can be different. Along this line, we
discuss the bound state properties of the isoscalar ΞcD̄

∗

molecular states with JP = 1/2− and 3/2−, where we
adopt different cutoff values for the ΞcD̄

∗ and Ξ′cD̄
∗ chan-

nels. In Table IV, we present the bound state solutions
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of the S-wave isoscalar ΞcD̄
∗ states with JP = 1/2− and

3/2− by the coupled channel analysis. The above fact
shows that the coupled channel effect indeed may deco-
rate the bound state properties of the S-wave isoscalar
ΞcD̄

∗ state with JP = 1/2−, and ensure that the jump
phenomenon mentioned above does not happen. Thus,
the conclusion of the existence of the S-wave isoscalar
ΞcD̄

∗ molecular state with JP = 1/2− does not change
when considering the coupled channel effect. We should
indicate that the former studies in Refs. [35, 44, 46]
also support the existence of the S-wave isoscalar ΞcD̄

∗

molecular states with JP = 1/2− and 3/2−. In this
work, we can find the bound state solutions for the S-
wave isoscalar ΞcD̄

∗ states with JP = 1/2− and 3/2−,
where the ΞcD̄

∗ is the dominant channel. Different from
the case of the single channel analysis, there exists the
mass difference for the S-wave isoscalar ΞcD̄

∗ states with
JP = 1/2− and 3/2− when considering the coupled chan-
nel effect.

TABLE IV. Bound state properties for the S-wave isoscalar
ΞcD̄

∗ system by performing the coupled channel analysis.
Here, the cutoff Λ, binding energy E, and root-mean-square
radius rRMS are in units of GeV, MeV, and fm, respectively.
Additionally, Λ and Λ′ denote the cutoff parameters of the
ΞcD̄

∗ and Ξ′cD̄
∗ channels, respectively.

Λ Λ′ E rRMS P(ΞcD̄
∗/Ξ′cD̄

∗)

ΞcD̄
∗(JP = 1/2−)

1.12 0.92 −0.30 4.74 97.75/2.25

1.16 0.96 −4.33 1.58 89.46/10.54

1.20 1.00 −14.67 0.89 77.76/22.24

ΞcD̄
∗(JP = 3/2−)

1.31 1.11 −0.29 4.87 99.73/0.27

1.43 1.23 −4.52 1.64 98.54/1.46

1.56 1.36 −15.01 0.98 96.48/3.52

We also need to mention that the Pcs(4459) existing
in the J/ψΛ invariant mass spectrum may be described
by two peak structures with the masses of 4454.9 MeV
and 4467.9 MeV [51]. According to Table IV, the masses
of the S-wave isoscalar ΞcD̄

∗ state with JP = 1/2− may
be around 4454.9 MeV, we can reproduce this mass with
the cutoff parameters of the ΞcD̄

∗ and Ξ′cD̄
∗ channels

respectively around 1.22 GeV and 1.02 GeV, which are
close to the reasonable range around 1.00 GeV [70, 71,
80, 81]. Here, its binding energy and root-mean-square
radius are −22.70 MeV and 0.73 fm, and the probabilities
of the ΞcD̄

∗ and Ξ′cD̄
∗ components are around 72% and

28%, respectively.
The corresponding thresholds of the ΞcD̄ and ΞcD̄

∗

channels are 4336.33 MeV and 4477.64 MeV, so the
masses of the S-wave isoscalar ΞcD̄

∗ states are larger
than that of the S-wave isoscalar ΞcD̄ state. Based
on the analysis mentioned above, it is clear that the

masses of these discussed hidden-charm molecular pen-
taquarks with strangeness satisfy the relation m[ΞcD̄] <
m[ΞcD̄

∗]. Generally, the above analysis presents a char-
acteristic mass spectrum of hidden-charm pentaquark
with strangeness. Additionally, our obtained S-wave
isoscalar ΞcD̄ state with JP = 1/2− has the mass lower
than that of the observed PΛ

ψs(4338) [23]. However, the

PΛ
ψs(4338) was reported in the J/ψΛ invariant mass spec-

trum via the B− → J/ψΛp̄ process with the width about
7 MeV. Thus, there is still some possibility that the ori-
gin of the PΛ

ψs(4338) can be due to the S-wave isoscalar

ΞcD̄ molecular state with JP = 1/2−, which should be
checked in future experiment. Especially, confirming it
via the Ξ−b → J/ψΛK process is strongly suggested here.

In Ref. [143], the authors once estimated the probabil-
ities of finding the ΣcD̄

(∗) and J/ψp components inside
the Pc states within the effective range expansion and
the resonance compositeness relations, and concluded
that the weight of the ΣcD̄

(∗) component around 99%
is much larger than that of the J/ψp component. Thus,
most of the previous theoretical studies usually ignored
the contribution of the J/ψp channel when explaining
the observed Pc states as the S-wave isoscalar ΣcD̄

(∗)

molecular states. Here, we would like to mention that
there exists similar spectroscopy behavior for the S-wave
isoscalar ΣcD̄

(∗) and ΞcD̄
(∗) molecular states, which re-

flects that the weight of the ΞcD̄
(∗) component should be

much larger than that of the J/ψΛ component for these
discussed hidden-charm molecular pentaquarks with sin-
gle strangeness. In the present work, we do not consider
the contribution of the J/ψΛ channel when discussing the

bound state properties of the S-wave isoscalar Ξ
(′)
c D̄(∗)

states.

B. The characteristic mass spectrum of the Ξ′cD̄
(∗)

molecular pentaquarks

Following the procedure discussed above, we present
the binding energy, root-mean-square radius, and proba-
bilities for different components for the S-wave isoscalar
Ξ′cD̄

(∗) systems in Fig. 2. For the S-wave isoscalar
Ξ′cD̄ state with JP = 1/2−, the bound state solution
can be found when the cutoff parameter is fixed to be
larger than 1.45 GeV. For the S-wave isoscalar Ξ′cD̄

∗

system, the π, σ, η, ρ, and ω exchanges contribute to
the total effective potentials. For the S-wave isoscalar
Ξ′cD̄

∗ state with JP = 1/2−, there exists the bound
state solutions with the cutoff parameter around 0.92
GeV, while we can obtain loosely bound state solutions
for the S-wave isoscalar Ξ′cD̄

∗ state with JP = 3/2−

when we tune the cutoff parameter to be around 1.63
GeV. Thus, we can conclude these discussed states are
the isoscalar hidden-charm molecular pentaquark can-
didates with strangeness, which is consistent with the
conclusions in Refs. [35, 44, 46, 47]. Additionally, the
largest mass of these isoscalar hidden-charm molecular



7

pentaquark candidates with strangeness is the S-wave
isoscalar Ξ′cD̄

∗ state with JP = 3/2−, followed by the
the S-wave isoscalar Ξ′cD̄

∗ state with JP = 1/2− and the
S-wave isoscalar Ξ′cD̄ state with JP = 1/2−. Here, we
need to point out that the masses of the S-wave isoscalar
Ξ′cD̄

∗ state with JP = 3/2− and 1/2− are 4582.3 MeV
and 4568.7 MeV based on the chiral effective field the-
ory [35], and the masses of the S-wave isoscalar Ξ′cD̄

∗

state with JP = 3/2− and 1/2− are 4582.1 MeV and
4564.9 MeV with a quark level interaction [46], which
are comparable with our results. For the Ξ′cD̄

(∗) pen-
taquark systems, there also exists a characteristic mass
spectrum as predicted above (see Fig. 2).

Ξ′ cD̄ Ξ′ cD̄*

1.45 -0.29 4.92
1.65 -4.62 1.65
1.84 -12.14 1.10

Λ E rRMS

0.92 -0.50 4.02
0.97 -4.18 1.64
1.02 -11.90 1.06

JP = 1/2− JP = 1/2−

Λ E rRMS P (2S12
/4 D 12)

99.63/0.37
99.45/0.55
99.45/0.55

JP = 3/2−

Characteristic spectrum 

Ξ′ cD̄ Ξ′ cD̄*
1
2

− 3
2

−1
2

−
1.63 -0.33 4.87
2.09 -4.79 1.75
2.55 -12.42 1.21

Λ E rRMS P (4S32
/2 D 32

/4 D 32)
98.49/0.17/1.18
96.63/0.32/3.05
95.65/0.35/4.00

FIG. 2. Bound state properties for the S-wave isoscalar
Ξ′cD̄

(∗) systems. Here, the cutoff Λ, binding energy E, and
root-mean-square radius rRMS are in units of GeV, MeV, and
fm, respectively.

For the S-wave loosely bound state, its bound state
properties have close relation to the effective poten-
tials, where the S-wave interaction has dominant con-
tribution. For the S-wave Ξ′cD̄

∗ system, the opera-
tor A2 has connection to the interaction strength, i.e.,
〈Ξ′cD̄∗|A2|Ξ′cD̄∗〉 = −2 and 1 with J = 1/2 and 3/2, re-
spectively. Thus, we may conclude that the cutoff value
of the S-wave isoscalar Ξ′cD̄

∗ state with JP = 1/2−

should be smaller than that of the S-wave isoscalar Ξ′cD̄
∗

state with JP = 3/2− if getting the same binding energy.
For the S-wave ΞcD̄

∗ system, there only exists the opera-
torA1 with 〈ΞcD̄∗|A1|ΞcD̄∗〉 = 1 for the cases of J = 1/2
and 3/2. Therefore, the cutoff for the S-wave isoscalar
ΞcD̄

∗ states with JP = 1/2− and 3/2− has the same
value for getting the same binding energy when perform-
ing the S-D wave mixing analysis.

At present, there does not exist the experimental in-
formation involved in the coupling constant gσ. Thus, we
have to estimate the gσ value by the phenomenological
model. Usually, there are two determined values for cou-
pling constant gσ, which are 0.76 and 2.82, by the sponta-
neously broken chiral symmetry [64] and the quark model
[62]. Both of them were adopted in realistic study. As

shown in Table V, the loosely bound state solutions can
be obtained with the cutoff values closed to 1 GeV for the
S-wave isoscalar Ξ′cD̄

∗ state with JP = 1/2− by taking
either gσ = 0.76 or gσ = 2.82. The uncertainty resulted
from the gσ value can be compensated by smally chang-
ing Λ value. Thus, the conclusion of existing the S-wave
isoscalar Ξ′cD̄

∗ molecular state with JP = 1/2− is still
hold when considering the uncertainties of the coupling
constant gσ.

TABLE V. Bound state properties for the S-wave isoscalar
Ξ′cD̄

∗ state with JP = 1/2− when considering the uncertain-
ties of the coupling constant gσ. Here, the cutoff Λ, binding
energy E, and root-mean-square radius rRMS are in units of
GeV, MeV, and fm, respectively.

gσ = 0.76

Λ E rRMS P(2S 1
2
/4D 1

2
)

0.92 −0.50 4.02 99.63/0.37

0.97 −4.18 1.64 99.45/0.55

1.02 −11.90 1.06 99.45/0.55

gσ = 2.82

Λ E rRMS P(2S 1
2
/4D 1

2
)

0.83 −0.33 4.62 99.71/0.29

0.88 −3.94 1.74 99.53/0.47

0.93 −11.95 1.11 99.51/0.49

We should indicate that the Pcs(4459) and PΛ
ψs(4338)

are also close to the corresponding thresholds of baryon-

meson channels like the combination of the Λc/Σ
(∗)
c

baryon and the D
(∗)
s meson. Although the isovec-

tor Σ
(∗)
c D̄

(∗)
s channel cannot couple with the discussed

isoscalar systems, the ΛcD̄
(∗)
s channel can interact with

the discussed systems, which is not addressed in the
present coupled channel analysis.

By above discussion, we may conclude that there exists
the characteristic mass spectra of the S-wave isoscalar

Ξ
(′)
c D̄(∗)-type hidden-charm molecular pentaquarks with

single strangeness. In Fig. 3, we compare the masses
between the observed hidden-charm pentaquarks with
single strangeness [23, 51] and our predicted S-wave

isoscalar Ξ
(′)
c D̄(∗)-type hidden-charm molecular pen-

taquarks with single strangeness.
In the following, we discuss the two-body hidden-

charm decay behaviors of our predicted S-wave isoscalar

Ξ
(′)
c D̄(∗)-type hidden-charm molecular pentaquarks with

single strangeness, which is inspired by the observation
from LHCb of the Pc and Pcs states [14, 23, 51, 144]
via the two-body hidden-charm decay channels. In the
past decades, the heavy quark symmetry was often used
to discuss the properties of the hadrons which contain
the heavy quarks. Thus, we may discuss the two-body
hidden-charm decay behaviors of these predicted hidden-
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4.3

4.4

4.5

4.6

Experiment Our predictions

𝟏/𝟐− 𝟑/𝟐−

𝜩𝒄ഥ𝑫

𝜩𝒄ഥ𝑫
∗

𝜩𝒄
′ ഥ𝑫∗

𝜩𝒄
′ ഥ𝑫

𝑷𝝍𝒔
𝜦 (4338)

𝑷𝒄𝒔(4459)

𝐌
𝐚
𝐬𝐬
(𝐆
𝐞
𝐕
)

FIG. 3. The comparison of the masses between the observed
hidden-charm pentaquarks with single strangeness [23, 51]

and our predicted S-wave isoscalar Ξ
(′)
c D̄

(∗)-type hidden-
charm molecular pentaquarks with single strangeness. Here,
the purple dash-dotted lines denote the thresholds of these
discussed hidden-charm molecular pentaquarks with single
strangeness, and the blue and red thick solid lines represent
the masses of the observed hidden-charm pentaquarks with

strangeness and our predicted S-wave isoscalar Ξ
(′)
c D̄

(∗)-type
hidden-charm molecular pentaquarks with single strangeness,
respectively.

charm molecular pentaquarks with single strangeness
within the heavy quark symmetry.

𝑺 𝑳

𝒋𝟐

𝒔𝟐 𝒍𝟐

𝒒ത𝒄𝒒

𝒋𝟏

𝒔𝟏 𝒍𝟏

𝒔𝒄

FIG. 4. Diagram for the calculation of the 9-j coefficients.
Here, j1 and j2 denote the total angular momentum quantum
numbers for the charmed baryons and anti-charmed mesons,
respectively. s1 and s2 stand for the spin quantum numbers
of the heavy quarks. l1 and l2 are the spin quantum numbers
of the light quarks. And then, l1 = 0 and 1 for the Ξc and Ξ′c
baryons, respectively.

As shown in Fig. 4, we expand the spin wave func-
tions of the heavy hadron systems |`1s1j1, `2s2j2, JM

〉
in terms of the heavy quark basis |`1`2L, s1s2S, JM

〉
,

where the general relation can be expressed as

|`1s1j1, `2s2j2, JM〉 =
∑
S,L

ŜL̂ĵ1ĵ2


`1 `2 L

s1 s2 S

j1 j2 J


×|`1`2L, s1s2S, JM

〉
(20)

with Â =
√

2A+ 1. Thus, we obtain

|ΞcD̄(J =
1

2
)
〉

=
1

2
|Scc̄ = 0, Lsqq =

1

2
, J =

1

2

〉
+

√
3

2
|Scc̄ = 1, Lsqq =

1

2
, J =

1

2

〉
, (21)

|ΞcD̄∗(J =
1

2
)
〉

=

√
3

2
|Scc̄ = 0, Lsqq =

1

2
, J =

1

2

〉
− 1

2
|Scc̄ = 1, Lsqq =

1

2
, J =

1

2

〉
, (22)

|Ξ′cD̄(J =
1

2
)
〉

=
1

2
|Scc̄ = 0, Lsqq =

1

2
, J =

1

2

〉
− 1

2
√

3
|Scc̄ = 1, Lsqq =

1

2
, J =

1

2

〉
+

√
2

3
|Scc̄ = 1, Lsqq =

3

2
, J =

1

2

〉
,(23)

|Ξ′cD̄∗(J =
1

2
)
〉

= − 1

2
√

3
|Scc̄ = 0, Lsqq =

1

2
, J =

1

2

〉
+

5

6
|Scc̄ = 1, Lsqq =

1

2
, J =

1

2

〉
+

√
2

3
|Scc̄ = 1, Lsqq =

3

2
, J =

1

2

〉
. (24)

For these predicted isoscalar S-wave Ξ
(′)
c D̄(∗)-type

hidden-charm molecular pentaquarks with single
strangeness, the allowed two-body hidden-charm decay
channels include the J/ψΛ and ηc(1S)Λ. In the heavy
quark symmetry, we can estimate

R1
HQS =

Γ[ΞcD̄(1/2−)→ ηc(1S)Λ]

Γ[ΞcD̄(1/2−)→ J/ψΛ]
=

1

3
,

R2
HQS =

Γ[ΞcD̄
∗(1/2−)→ ηc(1S)Λ]

Γ[ΞcD̄∗(1/2−)→ J/ψΛ]
= 3,

R3
HQS =

Γ[Ξ′cD̄(1/2−)→ ηc(1S)Λ]

Γ[Ξ′cD̄(1/2−)→ J/ψΛ]
= 3,

R4
HQS =

Γ[Ξ′cD̄
∗(1/2−)→ ηc(1S)Λ]

Γ[Ξ′cD̄
∗(1/2−)→ J/ψΛ]

=
3

25
.

For the S-wave ΞcD̄
∗ and Ξ′cD̄

∗ molecular states with
JP = 3/2−, the J/ψΛ is the two-body hidden-charm de-
cay channel via the S-wave coupling, while the ηc(1S)Λ
channel is suppressed since it is a D-wave interaction.
By this effort, we can find several significant two-body
hidden-charm decay channels for these predicted hidden-
charm molecular pentaquarks with single strangeness,
which may provide crucial information of searching for
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these predicted pentaquarks in future experiment. Be-
sides the strong decay behavior of these predicted pen-
taquarks, their radiative decay behavior has aroused the-
orist’s interest as given in Ref. [145].

IV. DISCUSSION AND CONCLUSION

Very recently, the LHCb Collaboration announced
the observation of the PΛ

ψs(4338) in the J/ψΛ invari-

ant mass spectrum of the B− → J/ψΛp̄ process [23].
The PΛ

ψs(4338) associated with the previously reported

evidence of the Pcs(4459) by LHCb shows a molecular-
type characteristic mass spectrum of hidden-charm pen-
taquark with strangeness. Before that, a molecular-
type characteristic mass spectrum of hidden-charm pen-
taquark was observed by discovering the Pc(4312),
Pc(4440), and Pc(4457) in the J/ψp invariant mass spec-
trum of the Λb → J/ψpK [14]. In this work, we indicate
the similarity of two molecular-type characteristic mass
spectra mentioned above.

15

10

5

0

4.40 4.45 4.50!"/$%	(()*)

Y
ie

ld
/(6

 M
eV

)

ΞcD̄*
More substructures?

1
2

− 3
2

−

FIG. 5. The possible evidence of exiting substructures con-
tained in the Pcs(4459) enhancement structure. Here, the
data of J/ψΛ invariant mass spectrum are from the LHCb
[51]. The red solid line is the ΞcD̄

∗ threshold. Near this
threshold, there should exist two ΞcD̄

∗ molecular states with
JP = 1/2− and 3/2−. The event cluster in the yellow ban
shows possible double-peak evidence but it is not obvious,
which can be tested by more precise data.

For quantitatively depicting this characteristic mass
spectrum of hidden-charm pentaquark with strangeness,
we apply the OBE model to obtain the interactions of
the ΞcD̄

(∗) systems, where the effective potentials of
the focused systems can be deduced. By solving the
Schrödinger equation, we find out the bound state so-
lutions of the ΞcD̄

(∗) pentaquark systems. The numer-
ical result shows the existence of two ΞcD̄

∗ molecular
pentaquarks with JP = 1/2− and 3/2−, which can be
related to the Pcs(4459) structure. In fact, there exists
a similar situation to the Pc(4450), which was observed

firstly by LHCb in 2015 [144]. When reanalyzing more
precise data of the Λb → J/ψpK decay in 2019, LHCb
indicated that the Pc(4450) structure contains two sub-
structures Pc(4440) and Pc(4457) [14]. We may conjec-
ture that the double-peak phenomenon can be happened
to the Pcs(4459) structure1 as illustrated in Fig. 5. Thus,
we strongly suggest the experimental colleagues to reana-
lyze the J/ψΛ invariant mass spectrum of Ξ−b → J/ψΛK
based on more precise data collected with the running of
high-luminosity LHC.

If checking the resonant parameter of the reported
PΛ
ψs(4338) [23], we cannot ignore a fact that the central

value of the PΛ
ψs(4338) mass is a little bit larger than the

threshold of the ΞcD̄ channel. Thus, it seems unnatural
to assign the PΛ

ψs(4338) as the ΞcD̄ molecular state with

JP = 1/2− since the ΞcD̄ molecular state has negative
binding energy. As shown in Fig. 1, the mass gap be-
tween the Pcs(4459) and the PΛ

ψs(4338) is smaller than
that between the Pc states. If considering the similarity
of the mass gap between the Pc states and that between
the Pcs states. Taking the mass gap 137 MeV involved
in the Pc states and the mass of the Pcs(4459) as in-
put, the Pcs partner of the Pc(4312) should be located at
4322 MeV, which is lower than the observed PΛ

ψs(4338)

by LHCb via the B− → J/ψΛp̄ process. Thus, with
more precise data, we also suggest to check such scenario
in future experiment like LHCb. Here, a high-priority
task is to confirm the observation of the PΛ

ψs(4338) by

the Ξ−b → J/ψΛK process.
As a prediction, in this work we also give another

molecular-type characteristic mass spectrum of hidden-
charm Ξ′cD̄

(∗) pentaquark systems. Our result shows
that there exist a Ξ′cD̄ molecular pentaquark with JP =
1/2− and two Ξ′cD̄

∗ molecular pentaquarks with JP =
1/2− and 3/2−, which are near the thresholds of Ξ′cD̄
and Ξ′cD̄

∗, respectively. Thus, searching for this pre-
dicted molecular-type characteristic mass spectrum of
the Ξ′cD̄

(∗) pentaquark systems will be a new task for
further experimental exploration of pentaquarks.

Note added.–When preparing the present paper, we no-
ticed a similar work from Karliner and Rosner [146] ap-
peared in arXiv. They also indicated the similarity of
the mass gaps for these reported Pc and Pcs states. Dif-
ferent from Ref. [146], in this work we addressed a dy-
namical calculation within the OBE model to illustrate
the importance of the molecular-type characteristic mass

spectra of hidden-charm Ξ
(′)
c D̄(∗) pentaquark systems.

1 In former experimental analysis [51], LHCb tried to fit the en-
hancement structure corresponding to the Pcs(4459) by two sub-
structures [51]. Due to the limit of precision of data, LHCb can-
not make firm conclusion of the existence of substructure phe-
nomenon [51].
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