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We investigate the possible existence of double-strangeness hidden-charm pentaquark states, denoted as
Pcc̄ss, within an off-shell coupled-channel formalism. Eleven meson–baryon channels with total
strangeness S ¼ −2 are constructed by combining charmed mesons and singly charmed baryons. The
two-body scattering amplitudes are derived from an effective Lagrangian that respects heavy-quark spin
symmetry, hidden local symmetry, and flavor SU(3) symmetry. The Bethe-Salpeter equation is solved
using the Blankenbecler-Sugar reduction scheme, and resonances are identified as poles in the scattering
amplitudes on the complex energy plane. We find five negative-parity Pcc̄ss states with spins J ¼ 1=2, 3=2,
and 5=2, all located below their relevant thresholds. Three positive-parity states are also found: two with
J ¼ 1=2 and one with J ¼ 3=2, lying above the thresholds with substantial widths. The coupling strengths
of each resonance to relevant meson-baryon channels are extracted. The sensitivity of the results to the
cutoff parameter Λ0 ¼ Λ −m is examined. These results provide theoretical predictions that may assist
future experimental searches for Pcc̄ss states in the J=ψΞ channel.
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I. INTRODUCTION

The observation of hidden-charm pentaquark states [1–3]
has generated significant experimental and theoretical inter-
est in heavy pentaquark states (see the recent reviews [4–7]
and references therein). Subsequently, the LHCb Col-
laboration reported the existence of a neutral hidden-charm
pentaquark with strangeness, denoted as Pcc̄sð4459Þ [3,8].
More recently, the Belle Collaboration confirmed the exist-
ence of Pcc̄sð4459Þ but reported a slightly larger mass,
MPcc̄s

¼ ð4471.7� 4.8� 0.6Þ MeV=c2, and a decay width
of Γ ¼ ð21.9� 13.1� 2.7Þ MeV [9]. Given that the CMS
and LHCb Collaborations have recently reported the
decays Λ0

b → J=ψΞ−Kþ and Ξ0
b → J=ψΞ−πþ [10,11], the

possible existence of hidden-charm pentaquark states with
strangeness S ¼ −2, denoted as Pcc̄ss, is anticipated. There
have already been theoretical predictions for such double-
strangeness hidden-charm pentaquarks [12–16].

In our previous work, we studied the production of
hidden-charm pentaquark states with strangeness S ¼ 0
and S ¼ −1, using an off-shell coupled-channel approach
to two-body charmed hadronic scattering [17,18]. We first
constructed the two-body kernel Feynman amplitudes for
the relevant channels using an effective Lagrangian that
respects heavy-quark spin-flavor symmetry, hidden local
symmetry, and chiral symmetry. We then solved the
coupled-channel scattering integral equations involving
seven different channels for the nonstrange Pcc̄ states
and nine different channels for the Pcc̄s states. The
hidden-charm pentaquark states emerge as poles in the
complex energy plane.
We found four hidden-charm pentaquark states with

negative parity, which we associated with the Pcc̄ states
observed by the LHCb Collaboration: Pcc̄ð4312Þ,
Pcc̄ð4380Þ, Pcc̄ð4440Þ, and Pcc̄ð4457Þ. In addition, we
predicted the existence of two more negative-parity and
two positive-parity Pcc̄ states. We also explained the absence
of a Pcc̄ signal in the GlueX experiment for J=ψN photo-
production [19]: destructive interference in J=ψN scattering,
combined with suppression due to dominant positive-parity
contributions, weakens the hidden-charm pentaquark signals
in the J=ψN channel [17]. Regarding the hidden-charm
pentaquarks with S ¼ −1, we identified seven Pcc̄s states
with negative parity, among which Pcc̄sð4459Þ, located
below the D̄�Ξc threshold, corresponds to the state observed
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by the LHCb Collaboration [3,8]. Interestingly, we also
found another state, Pcc̄sð4472Þ, below the D̄�Ξc threshold,
whose mass matches that reported by the Belle
Collaboration. Although this state has been considered
identical to Pcc̄sð4459Þ, it may in fact represent a separate
resonance.
In the present work, we extend the off-shell coupled-

channel formalism to study double-strangeness hidden-charm
pentaquark states. Figure 1 summarizes the predictions for
the Pcc̄ss pentaquarks obtained in this study. We have found
five resonances with negative parity and three with positive
parity, covering spins 1=2, 3=2, and 5=2. Notably, the
negative-parity states lie below the corresponding thresholds,
while the positive-parity ones are located above the
thresholds.
The organization of the present work is as follows: In

Sec. II, we describe the off-shell coupled-channel formal-
ism. We begin by showing how the two-body kernel
Feynman amplitudes are derived from an effective
Lagrangian and proceed to solve the scattering integral
equations. In Sec. III, we discuss the results for the double-
strangeness hidden-charm pentaquarks. The final section is
devoted to the summary and conclusions.

II. COUPLED-CHANNEL FORMALISM

The scattering amplitude can be expressed as

Sfi ¼ δfi − ið2πÞ4δðPf − PiÞT fi; ð1Þ
where Pi and Pf denote the total four-momenta of the
initial and final states, respectively. The transition

amplitudes T fi are obtained from the Bethe–Salpeter
equation with the two-body Feynman kernel amplitudes,

T fiðp0; p; sÞ ¼ Vfiðp0; p; sÞ þ
1

ð2πÞ4
X
k

Z
d4qVfkðp0; q; sÞGkðq; sÞT kiðq; p; sÞ; ð2Þ

where p and p0 are the relative four-momenta of the initial
and final states, and q represents the off-shell momentum
for intermediate states in the center-of-mass (CM) frame.
The variable s≡ P2

i ¼ P2
f denotes the square of the total

energy and corresponds to one of the Mandelstam varia-
bles. The indices i, f, and k refer to the initial, final, and
intermediate states, respectively. Since we consider coupled
channels relevant to the production of Pcc̄ss states, the index
k runs over all relevant intermediate channels. The coupled
integral scattering equations given in Eq. (2) are illustrated
schematically in Fig. 2.
To simplify the challenges posed by the four-dimensional

integral equations, we adopt a three-dimensional reduction
approach. Among the various methods available, we employ

the Blankenbecler–Sugar formalism [20,21], which charac-
terizes the two-body propagator as

GkðqÞ¼δ

�
q0−

Ek1ðqÞ−Ek2ðqÞ
2

�
π

Ek1ðqÞEk2ðqÞ
EkðqÞ

s−E2
kðqÞ

:

ð3Þ
Here,Ek denotes the total on-shell energy of the intermediate
state, defined asEk ¼ Ek1 þ Ek2, and q represents the three-
momentum of the intermediate state. It is important to note
that the spinor contributions from the meson–baryon propa-
gator Gk have been absorbed into the matrix elements of V
and T . Using Eq. (3), we obtain the following coupled
integral equations:

T fiðp0; pÞ ¼ Vfiðp0; pÞ þ
1

ð2πÞ3
X
k

Z
d3q

2Ek1ðqÞEk2ðqÞ
Vfkðp0; qÞ

EkðqÞ
s − E2

kðqÞ þ iε
T kiðq; pÞ; ð4Þ

FIG. 1. Predicted Pcc̄ss states from the present work. Red lines
denote double-strangeness hidden-charm pentaquark states with
negative parity, whereas blue lines represent those with positive
parity.
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where p and p0 denote the relative three-momenta of the
initial and final states, respectively, in the CM frame.
To investigate the pentaquark Pcc̄ss’s, we construct two-

body coupled channels by combining the charmed meson
triplet with the singly charmed baryon antitriplet and sextet,
while maintaining a total strangeness number of S ¼ −2.
We also include the J=ψΞ channel, considering the fact that
both the Pcc̄ and Pcc̄s were observed in the invariant masses
of J=ψN and J=ψΛ, respectively. Thus, we include 11
distinct channels: J=ψΞ, D̄sΞc, D̄sΞ0c, D̄Ωc, D̄�sΞc, D̄sΞ�c,
D̄Ω�c, D̄�sΞ0c, D̄�Ωc, D̄�sΞ�c, and D̄�Ω�c. The two-body kernel
Feynman amplitudes are constructed from tree-level one-
meson-exchange diagrams, as illustrated in Fig. 3.
We exclude pole diagrams in the s channel, since we

want to see how the Pcc̄ss’s can be dynamically generated.
The u-channel diagrams, which involve the exchange of
doubly-charmed baryons with masses of approximately
3.5 GeV, are significantly suppressed in magnitude com-
pared to the t-channel contributions and are thus also
neglected in the present analysis.
We determine the vertex interactions using an effective

Lagrangian that satisfies heavy-quark spin symmetry,
hidden local gauge symmetry, and flavor SU(3) symmetry
[22], which are expressed as

LPPV ¼ −i
βgVffiffiffi
2
p P†

a ∂
↔

μPbV
μ
ba þ i

βgVffiffiffi
2
p P0†a ∂

↔

μP0bV
μ
ab; ð5Þ

LPPσ ¼ −2gσMP†
aσPa − 2gσMP0†a σP0a; ð6Þ

LP�P�P ¼ −
g
fπ

ϵμναβP�†aν ∂
↔

μP�bβ∂αPba

−
g
fπ

ϵμναβP0�†aν ∂
↔

μP0�bβ∂αPab; ð7Þ

LP�P�V ¼ i
βgVffiffiffi
2
p P�†aν ∂

↔

μP�νb Vμ
baþ i2

ffiffiffi
2
p

λgVM�P
�†
aμP�bνV

μν
ba

− i
βgVffiffiffi
2
p P0�†aν ∂

↔

μP0�νb Vμ
ab− i2

ffiffiffi
2
p

λgVM�P
0�†
aμP0�bνV

μν
ab;

ð8Þ

LP�P�σ ¼ 2gσM�P
�†
aμσP

�μ
a þ 2gσM�P

0�†
aμ σP

0�μ
a ; ð9Þ

LP�PP ¼ −
2g
fπ

ffiffiffiffiffiffiffiffiffiffiffi
MM�
p

ðP†
aP�bμ þ P�†aμPbÞ∂μPba

þ 2g
fπ

ffiffiffiffiffiffiffiffiffiffiffi
MM�
p

ðP0†a P0�bμ þ P0�†aμP0bÞ∂μPab; ð10Þ

LP�PV ¼ −i
ffiffiffi
2
p

λgV ϵβαμνðP†
a ∂
↔

βP�bα þ P�†aα ∂
↔

βPbÞð∂μVνÞba
− i

ffiffiffi
2
p

λgVϵβαμνðP0†a ∂

↔

βP0�bα þ P0�†aα ∂
↔

βP0bÞð∂μVνÞab;
ð11Þ

where ∂

↔ ¼ ∂
!− ∂

 
. The σ stands for the lowest-lying

isoscalar-scalar meson, f0. Heavy mesons and antiheavy
mesons Pð�Þ and P0ð�Þ are given as

P ¼ ðD0; Dþ; Dþs Þ; P�μ ¼ ðD�0μ ; D�þμ ; D�þsμ Þ;
P0 ¼ ðD̄0; D−; D−

s Þ; P0�μ ¼ ðD̄�0μ ; D�−μ ; D�−sμ Þ; ð12Þ

while the light pseudoscalar and vector mesons are written
as

P ¼

0
BBB@

1ffiffi
2
p π0 þ 1ffiffi

6
p η πþ Kþ

π− − 1ffiffi
2
p π0 þ 1ffiffi

6
p η K0

K− K̄0 − 2ffiffi
6
p η

1
CCCA;

Vμ ¼

0
BBB@

1ffiffi
2
p ρ0μ þ 1ffiffi

2
p ωμ ρþμ K�þμ

ρ−μ − 1ffiffi
2
p ρ0μ þ 1ffiffi

2
p ωμ K�0μ

K�−μ K̄�0μ ϕμ

1
CCCA: ð13Þ

We determine the coupling constants in the Lagrangian
as follows [23]: g ¼ 0.59� 0.07� 0.01, which is estab-
lished through experimental measurements of the full width
for D�þ; gV ¼ mρ=fπ ≈ 5.8, which is derived by using the
Kawarabayashi-Suzuki-Riazuddin-Fayyazuddin relation
with fπ ¼ 132 MeV; β ≈ 0.9 [24,25], which stems from
the vector meson dominance in heavy meson radiative
decay; and λ ¼ −0.56 GeV−1, which is extracted from
light-cone sum rules and lattice QCD. It is important to note
that the sign convention for λ differs from that in Ref. [23],
as we utilize the same phase for heavy vector mesons found
in Ref. [22]. For the sigma meson, the coupling constant is
utilized to assess the 2π transition of Dsð1þÞ in Ref. [26].
The lowest isoscalar-scalar meson coupling is expressed as
gσ ¼ gπ=2

ffiffiffi
6
p

with gπ ¼ 3.73.

FIG. 2. Graphical representation of the coupled integral equation.

FIG. 3. t-channel meson-exchange diagrams. M and B denote
the meson and baryon, respectively.
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For the heavy baryon effective Lagrangian, we utilize the
framework from Ref. [27], which incorporates a more
comprehensive Lagrangian formulation as outlined in
Ref. [28]. The baryonic interaction vertices within the
tree-level meson-exchange diagrams are characterized by
the following effective Lagrangian:

LB3̄B3̄V ¼
iβ3̄gV
2

ffiffiffi
2
p

M3̄

ðB̄3̄ ∂

↔

μVμB3̄Þ; ð14Þ

LB3̄B3̄σ
¼ l3̄ðB̄3̄σB3̄Þ; ð15Þ

LB6B6P ¼ i
g1

2fπM6

B̄6γ5ðγαγβ − gαβÞ∂↔α∂βPB6; ð16Þ

LB6B6V ¼ −i
β6gV

2
ffiffiffi
2
p

M6

ðB̄6 ∂

↔

αVαB6Þ −
iλ6gV
3

ffiffiffi
2
p ðB̄6γμγνVμνB6Þ;

ð17Þ

LB6B6σ ¼ −l6ðB̄6σB6Þ; ð18Þ

LB�
6
B�
6
P ¼

3g1
4fπM�6

ϵμναβðB̄�6μ ∂
↔

ν∂αPB�6βÞ; ð19Þ

LB�
6
B�
6
V ¼ i

β6gV
2

ffiffiffi
2
p

M�6
ðB̄�6μ ∂

↔

αVαB�μ6 Þ þ
iλ6gVffiffiffi

2
p ðB̄�6μVμνB�6νÞ;

ð20Þ

LB�
6
B�
6
σ ¼ l6ðB̄�6μσB�μ6 Þ; ð21Þ

LB6B�6P
¼ g1

4fπ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3

M�6M6

s
ϵμναβ½ðB̄6γ5γμ ∂

↔

ν∂αPB�6βÞ

þ ðB̄�6μγ5γν ∂
↔

α∂βPB6Þ�; ð22Þ

LB6B�6V
¼ iλ6gVffiffiffi

6
p

�
B̄6γ5

�
γμ þ

i∂
↔

μ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M�6M6

p �
VμνB�6ν

þ B̄�6μγ5

�
γν −

i∂
↔

ν

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M�6M6

p �
VμνB6

�
; ð23Þ

LB6B3̄P ¼ −
g4ffiffiffi
3
p

fπ

�
B̄6γ5

�
γμ þ

i∂
↔

μ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M6M3̄

p
�
∂
μPB3̄

þ B̄3̄γ5

�
γμ −

i∂
↔

μ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M6M3̄

p
�
∂
μPB6

�
; ð24Þ

LB6B3̄V ¼ i
λ63̄gVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6M6M3̄

p ϵμναβ½ðB̄6γ5γμ ∂
↔

ν∂αVβB3̄Þ

þ ðB̄3̄γ5γμ ∂
↔

ν∂αVβB6Þ�; ð25Þ

LB�
6
B3̄P ¼ −

g4
fπ
½ðB̄�6μ∂μPB3̄Þ þ ðB̄3̄∂

μPB�6μÞ�; ð26Þ

LB�
6
B3̄V ¼ i

λ63̄gVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M�6M3̄

p ϵμναβ½ðB̄�6μ ∂
↔

ν∂αVβB3̄Þ

þ ðB̄3̄ ∂

↔

ν∂αVβB�6μÞ�; ð27Þ
with heavy baryon fields expressed as

B3̄ ¼

0
B@

0 Λþc Ξþc
−Λþc 0 Ξ0

c

−Ξþc −Ξ0
c 0

1
CA;

B6 ¼

0
BBB@

Σþþc 1ffiffi
2
p Σþc 1ffiffi

2
p Ξ0þc

1ffiffi
2
p Σþc Σ0

c
1ffiffi
2
p Ξ00c

1ffiffi
2
p Ξ0þc 1ffiffi

2
p Ξ00c Ω0

c

1
CCCA;

B�6 ¼

0
BBB@

Σ�þþc
1ffiffi
2
p Σ�þc 1ffiffi

2
p Ξ�þc

1ffiffi
2
p Σ�þc Σ�0c 1ffiffi

2
p Ξ�0c

1ffiffi
2
p Ξ�þc 1ffiffi

2
p Ξ�0c Ω�0c

1
CCCA: ð28Þ

The symbol Bμ denotes the spin 3=2 Rarita-Schwinger
field, which is subject to the constraints

pμBμ ¼ 0 and γμBμ ¼ 0: ð29Þ

Within this effective Lagrangian, the coupling constants are
defined as follows [27,29]: β3̄ ¼ 6=gV , β6 ¼ −2β3̄,
λ6 ¼ −3.31 GeV−1, λ63̄ ¼ −λ6=

ffiffiffi
8
p

, g1 ¼ 0.942 and
g4 ¼ 0.999, l3̄ ¼ −3.1, and l6 ¼ −2l3̄. The sign conven-
tions we implement are in line with those established in
Refs. [29,30].
For hidden-charm channels, we concentrate solely on

vector charmonia due to their immediate experimental
significance. Nevertheless, including pseudoscalar charmo-
nium states is straightforward, as we extend heavy quark
spin symmetry principles to the charmonium domain as
well [31]. The interaction between heavy mesons and
charmonium is governed by the following effective
Lagrangian [32]

LPPJ=ψ ¼ −igψM
ffiffiffiffiffiffi
mJ
p ðJ=ψμP†

∂

↔

μP0†Þ þ H:c:; ð30Þ

LP�PJ=ψ ¼ igψ

ffiffiffiffiffiffiffiffiffiffiffi
MM�

mJ

s
ϵμναβ∂μJ=ψνðP†

∂

↔

αP�0
†
β þ P�†β ∂

↔

αP0†Þ

þ H:c:; ð31Þ

LP�P�J=ψ ¼ igψM�
ffiffiffiffiffiffi
mJ
p ðgμνgαβ − gμαgνβ

þ gμβgναÞðJ=ψμP
�†
ν ∂

↔

αP�0
†
βÞ þ H:c:: ð32Þ
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Given the lack of experimental measurements for the J=ψ →
DD̄ decay, Shimizu et al. [33] developed an estimation
method for the coupling constant gψ : they initially calculated
the coupling constant gϕKK̄ from the experimental decay
width of ϕ → KK̄. Assuming that the J=ψ decay mecha-
nisms parallel those of the ϕ, with differences attributed
mainly to mass variations, they derived an estimated
coupling constant value of gψ ¼ 0.679 GeV−3=2.
Following Ref. [33], we obtain the coupling constants

between heavy baryons and heavy mesons as:

LB8B3P ¼ gI3̄
ffiffiffiffiffi
M
p

B̄8γ5ðP0B3̄Þ8 þ H:c:; ð33Þ

LB8B3P� ¼ gI3̄
ffiffiffiffiffiffiffi
M�
p

B̄8γ
μðP0�μ B3̄Þ8 þ H:c:; ð34Þ

LB8B6P ¼ −gI6
ffiffiffiffiffiffiffi
3M
p

B̄8γ5ðP0B6Þ8 þ H:c:; ð35Þ

LB8B6P� ¼ gI6

ffiffiffiffiffiffiffi
M�

3

r
B̄8γ

μðP0�μ B6Þ8 þ H:c:; ð36Þ

LB8B�6P
� ¼ −2gI6

ffiffiffiffiffiffiffi
M�
p

B̄μ
8γ5ðP0�μ B6Þ8 þ H:c: ð37Þ

The octet baryon matrix is expressed as

B8 ¼

0
BB@

1ffiffi
2
p Σ0 þ 1ffiffi

6
p Λ Σþ p

Σ− − 1ffiffi
2
p Σ0 þ 1ffiffi

6
p Λ n

Ξ− Ξ0 − 2ffiffi
6
p Λ

1
CCA; ð38Þ

while the octet components of the tensor product between
triplet charmed meson and singly heavy baryon are
expressed as

ðP0B3̄Þ8 ¼

0
BBB@

2
3
D̄0Ξ0

c þ 1
3
D−Ξþc − 1

3
D−

s Λþc −D̄0Ξþc D̄0Λþc
D−Ξ0

c − 2
3
D−Ξþc − 1

3
D̄0Ξ0

c − 1
3
D−

s Λþc D−Λþc
D−

s Ξ0
c −D−

s Ξþc 2
3
D−

s Λþc − 1
3
D̄0Ξ0

c þ 1
3
D−Ξþc

1
CCCA; ð39Þ

ðP0B6Þ8 ¼

0
BBB@

1ffiffi
2
p ðD−

s Σþc −D−Ξ0þc Þ 1ffiffi
2
p D̄0Ξ0þc −D−

s Σþþc D−Σþþc − 1ffiffi
2
p D̄0Σþc

D−
s Σ0

c − 1ffiffi
2
p D−Ξ00c 1ffiffi

2
p ðD̄0Ξ00c −D−

s Σþc Þ 1ffiffi
2
p D−Σþc − D̄0Σ0

c

1ffiffi
2
p D−

s Ξ00c −D−Ω0
c D̄0Ω0

c − 1ffiffi
2
p D−

s Ξ0þc 1ffiffi
2
p ðD−Ξ0þc − D̄0Ξ00c Þ

1
CCCA: ð40Þ

The structure is similar when we deal with charmed vector
mesons or J ¼ 3=2 sextet baryons. In this way, we have
an SU(3) symmetric effective Lagrangian for the transi-
tion of singly heavy baryon to light baryon through
charmed meson emission. From Ref. [33], we implement
the coupling constants gI3̄ ¼ −9.88 GeV−1=2 and gI6 ¼
1.14 GeV−1=2. It is worth noting that the coupling to
hidden-charm channels plays only a minor role in the
resonance production mechanism. The predicted masses of
hidden-charm pentaquarks show little variation with
changes in these coupling constants.
The Feynman amplitude for a one-meson exchange

diagram can be expressed as

Aλ0
1
λ0
2
;λ1λ2¼ ISF2ðq2ÞΓλ0

1
λ0
2
ðp01;p02ÞPðqÞΓλ1λ2ðp1;p2Þ; ð41Þ

where λi and pi denote, respectively, the helicity and
momentum of each particle participating in the process,
while q designates the momentum transfer. The IS factor
contains the SU(3) Clebsch-Gordan coefficient and isospin
factor, with values for each exchange diagram documented
in Table I. We derive the vertex Γ from the effective

Lagrangian, and express the propagators for spin-0 and
spin-1 mesons as

PðqÞ ¼ 1

q2 −m2
;

PμνðqÞ ¼
1

q2 −m2

�
−gμν þ

qμqν
m2

�
: ð42Þ

For the heavy-meson propagators, we adopt the same form
as for the light mesons, since the heavy-quark mass is finite.
Since hadrons have finite hadron sizes, we need to

introduce a form factor at each vertex. We employ the
following form of the form factor [34]

Fðq2Þ ¼
�
nΛ2 −m2

nΛ2 − q2

�
n

; ð43Þ

where the value of n depends on the momentum power
present in the vertex. A key benefit of this parametrization
is that modifying Λ becomes unnecessary when n changes.
It should be observed that as n approaches infinity, Eq. (43)
transforms into a Gaussian form. While it is difficult to
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TABLE I. Values of the IS factors for the corresponding
t-channel diagrams for the given reactions.

Reactions Exchange particles IS

J=ψΞ → D̄sΞc D̄s, D̄�s −1
J=ψΞ → D̄sΞ0c D̄s, D̄�s 1

2

ffiffiffi
2
p

J=ψΞ → D̄Ωc D̄, D̄� −1
J=ψΞ → D̄�sΞc D̄s, D̄�s −1
J=ψΞ → D̄sΞ�c D̄s, D̄�s 1

2

ffiffiffi
2
p

J=ψΞ → D̄Ω�c D̄, D̄� −1
J=ψΞ → D̄�sΞ0c D̄s, D̄�s 1

2

ffiffiffi
2
p

J=ψΞ → D̄�Ωc D̄, D̄� −1
J=ψΞ → D̄�sΞ�c D̄s, D̄�s 1

2

ffiffiffi
2
p

J=ψΞ → D̄�Ω�c D̄, D̄� −1
D̄sΞc → D̄sΞc ϕ 1

σ 2
D̄sΞc → D̄sΞ0c ϕ − 1

2

ffiffiffi
2
p

D̄sΞc → D̄Ωc K� 1
D̄sΞc → D̄�sΞc ϕ 1
D̄sΞc → D̄sΞ�c ϕ − 1

2

ffiffiffi
2
p

D̄sΞc → D̄Ω�c K� 1
D̄sΞc → D̄�sΞ0c η − 1

2

ffiffiffi
2
p

ϕ − 1
2

ffiffiffi
2
p

D̄sΞc → D̄�Ωc K, K� 1
D̄sΞc → D̄�sΞ�c η − 1

2

ffiffiffi
2
p

ϕ − 1
2

ffiffiffi
2
p

D̄sΞc → D̄�Ω�c K, K� 1
D̄sΞ0c → D̄sΞ0c ϕ 1

2

σ 1
D̄sΞ0c → D̄Ωc K� 1

2

ffiffiffi
2
p

D̄sΞ0c → D̄�sΞc η − 1
2

ffiffiffi
2
p

ϕ − 1
2

ffiffiffi
2
p

D̄sΞ0c → D̄sΞ�c ϕ 1
2

D̄sΞ0c → D̄Ω�c K� 1
2

ffiffiffi
2
p

D̄sΞ0c → D̄�sΞ0c η 1
6

ϕ 1
2

D̄sΞ0c → D̄�Ωc K, K� 1
2

ffiffiffi
2
p

D̄sΞ0c → D̄�sΞ�c η 1
6

ϕ 1
2

D̄sΞ0c → D̄�Ω�c K, K� 1
2

ffiffiffi
2
p

D̄Ωc → D̄Ωc σ 1
D̄Ωc → D̄�sΞc K̄, K̄� 1
D̄Ωc → D̄sΞ�c K̄� 1

2

ffiffiffi
2
p

D̄Ωc → D̄�sΞ0c K̄, K̄� 1
2

ffiffiffi
2
p

D̄Ωc → D̄�Ωc η − 1
6

ffiffiffi
2
p

D̄Ωc → D̄�sΞ�c K̄, K̄� 1
2

ffiffiffi
2
p

D̄Ωc → D̄�Ω�c η − 1
6

ffiffiffi
2
p

(Table continued)

TABLE I. (Continued)

Reactions Exchange particles IS

D̄�sΞc → D̄�sΞc ϕ 1
σ 2

D̄�sΞc → D̄sΞ�c η − 1
2

ffiffiffi
2
p

ϕ − 1
2

ffiffiffi
2
p

D̄�sΞc → D̄Ω�c K, K� 1
D̄�sΞc → D̄�sΞ0c η − 1

2

ffiffiffi
2
p

ϕ − 1
2

ffiffiffi
2
p

D̄�sΞc → D̄�Ωc K, K� 1
D̄�sΞc → D̄�sΞ�c η − 1

2

ffiffiffi
2
p

ϕ − 1
2

ffiffiffi
2
p

D̄�sΞc → D̄�Ω�c K, K� 1
D̄sΞ�c → D̄sΞ�c ϕ 1

2

σ 1
D̄sΞ�c → D̄Ω�c K� 1

2

ffiffiffi
2
p

D̄sΞ�c → D̄�sΞ0c η 1
6

ϕ 1
2

D̄sΞ�c → D̄�Ωc K, K� 1
2

ffiffiffi
2
p

D̄sΞ�c → D̄�sΞ�c η 1
6

ϕ 1
2

D̄sΞ�c → D̄�Ω�c K, K� 1
2

ffiffiffi
2
p

D̄Ω�c → D̄Ω�c σ 1
D̄Ω�c → D̄�sΞ0c K̄, K̄� 1

2

ffiffiffi
2
p

D̄Ω�c → D̄�Ωc η − 1
6

ffiffiffi
2
p

D̄Ω�c → D̄�sΞ�c K̄, K̄� 1
2

ffiffiffi
2
p

D̄Ω�c → D̄�Ω�c η − 1
6

ffiffiffi
2
p

D̄�sΞ0c → D̄�sΞ0c η 1
6

ϕ 1
2

σ 1
D̄�sΞ0c → D̄�Ωc K, K� 1

2

ffiffiffi
2
p

D̄�sΞ0c → D̄�sΞ�c η 1
6

ϕ 1
2

D̄�sΞ0c → D̄�Ω�c K, K� 1
2

ffiffiffi
2
p

D̄�Ωc → D̄�Ωc η − 1
6

ffiffiffi
2
p

σ 1
D̄�Ωc → D̄�sΞ�c K̄, K̄� 1

2

ffiffiffi
2
p

D̄�Ωc → D̄�Ω�c η − 1
6

ffiffiffi
2
p

D̄�sΞ�c → D̄�sΞ�c η 1
6

ϕ 1
2

σ 1
D̄�sΞ�c → D̄�Ω�c K, K� 1

2

ffiffiffi
2
p

D̄�Ω�c → D̄�Ω�c η − 1
6

ffiffiffi
2
p

σ 1
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determine the cutoff masses Λ in Eq. (43) on account of a lack of experimental information, we utilize a physical feature of
hadron sizes to reduce the uncertainties due to the cutoff masses. Previous studies indicate that heavy hadrons exhibit more
compact sizes than their lighter counterparts [35,36], suggesting that higher cutoff masses are appropriate for heavy hadrons
compared to light hadrons. Based on this reasoning, we define a value of the reduced cutoff mass as Λ0 ≔ Λ −m, where
m corresponds to the mass of the exchange particle. In the absence of experimental data on the Pcc̄ss, we apply a consistent
value of 700 MeV across all reduced cutoff parameters Λ0.
In the context of the strong interaction, we can use parity invariance to reduce the number of independent amplitudes

required. The parity relation is mathematically formulated as,

A−λ0
1
−λ0

2
;−λ1−λ2 ¼ ηðη0Þ−1Aλ0

1
λ0
2
;λ1λ2 ; ð44Þ

with η and η0 defined by,

η ¼ η1η2ð−1ÞJ−s1−s2 ; η0 ¼ η01η
0
2ð−1ÞJ−s

0
1
−s0

2 : ð45Þ

In these expressions, ηi and si represent the intrinsic parity and spin of the particle, respectively, while J corresponds to the
total angular momentum. This relationship significantly decreases the computational time required for numerical
calculations.
To enhance computational efficiency and elucidate the spin-parity classifications of Pcc̄ss states, we implement a partial-

wave decomposition of the V and T matrices. This approach yields a simplified one-dimensional integral equation,

T JðfiÞ
λ0λ ðp0; pÞ ¼ VJðfiÞ

λ0λ ðp0; pÞ þ
1

ð2πÞ3
X
k;λk

Z
q2dq

2Ek1Ek2
VJðfkÞ
λ0λk
ðp0; qÞ Ek

s − E2
k þ iε

T JðkiÞ
λkλ
ðq; pÞ; ð46Þ

where the helicities of the final, initial, and intermediate states are denoted by λ0 ¼ fλ01; λ02g, λ ¼ fλ1; λ2g, and
λk ¼ fλk1; λk2g, respectively. The variables p0, p, and q correspond to the magnitudes of the momentum vectors p0, p,
and q. We express the partial-wave kernel amplitudes VJðfiÞ

λ0λ as

VJðfiÞ
λ0λ ðp0; pÞ ¼ 2π

Z
dðcos θÞdJλ1−λ2;λ01−λ02ðθÞV

fi
λ0λðp0; p; θÞ;

ð47Þ

where θ represents the scattering angle and dJλλ0 ðθÞ refers to the reduced Wigner D functions.
The integral equation presented in Eq. (46) contains a singularity coming from the two-body propagator G. To effectively

manage this singularity, we treat its singular component independently. The resulting regularized integral equation takes the
form,

T fi
λ0λðp0; pÞ ¼ Vfi

λ0λðp0; pÞ þ
1

ð2πÞ3
X
k;λk

�Z
∞

0

dq
qEk

Ek1Ek2

F ðqÞ − F ðq̃kÞ
s − E2

k

þ 1

2
ffiffiffi
s
p

�
ln

����
ffiffiffi
s
p

− Ethr
kffiffiffi

s
p þ Ethr

k

���� − iπ

�
F ðq̃kÞ

�
; ð48Þ

where

F ðqÞ ¼ 1

2
qVfk

λ0λk
ðp0; qÞT ki

λkλ
ðq; pÞ; ð49Þ

and q̃k represents the momentum q when Ek1 þ Ek2 ¼
ffiffiffi
s
p

.
This regularization procedure is implemented exclusively
when the total energy

ffiffiffi
s
p

is greater than the threshold
energy of the k-th channel Ethr

k . Notably, the form factors
incorporated in the kernel amplitudes V guarantee the
unitarity of the transition amplitudes in the high-momentum
domain.

For the numerical evaluation of the T matrix in Eq. (48),
we decompose the V matrix in the helicity basis and
represent it in momentum space, with momenta determined
via the Gaussian quadrature method. The T matrix is
subsequently derived through the Haftel-Tabakin matrix
inversion technique [37],

T ¼ ð1 − VG̃Þ−1V: ð50Þ

The derived T matrix, expressed in the helicity basis, lacks
definite parity. To investigate the parity classifications of
the Pcc̄ss states, we transform the transition amplitudes into
partial-wave amplitudes with well-defined parity,
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T J�
λ0λ ¼

1

2
½T J

λ0λ � η1η2ð−1Þs1þs2þ1
2T J

λ0−λ�; ð51Þ

where T J� represents the partial-wave transition amplitude
with total angular momentum J and parity ð−1ÞJ�1=2. The
coefficient 1=2 ensures that no additional scaling factor is
required when reverting to the partial-wave component,

T J
λ0λ ¼ T Jþ

λ0λ þ T J−
λ0λ: ð52Þ

It is important to note that decomposing the partial-wave
component with definite parity in Eq. (46) is superfluous,
as parity invariance is already integrated into both the
effective Lagrangian and the amplitude calculations, as
demonstrated in Eq. (44).
For our analysis of dynamically generated resonances,

we reformulate the T matrix in the IJL particle basis [38].
The transformational relationships between the T matrix
elements across these two bases are expressed as,

T JS0S
L0L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2Lþ 1Þð2L0 þ 1Þp
2J þ 1

X
λ0
1
λ0
2
λ1λ2

ðL00S0λ0jJλ0Þðs01λ01s02 − λ02jS0λ0ÞðL0SλjJλÞðs1λ1s2 − λ2jSλÞT J
λ0
1
λ0
2
;λ1λ2

: ð53Þ

In the present study, we focus exclusively on the diagonal
component T JS

L , as it has the most significant implications
for the production of the double-strangeness hidden-charm
pentaquarks.

III. RESULTS AND DISCUSSIONS

As mentioned previously, we have introduced the 11
different channels to investigate the dynamical generation
of the double-strangeness hidden-charm pentaquark states.
It implies that we also have eleven different two-particle
thresholds: J=ψΞ, D̄sΞc, D̄sΞ0c, D̄Ωc, D̄�sΞc, D̄sΞ�c, D̄Ω�c,
D̄�sΞ0c, D̄�Ωc, D̄�sΞ�c, and D̄�Ω�c in the order of increasing the
threshold energies. In the previous works on the hidden-
charm pentaquark states with S ¼ 0 [17] and S ¼ −1 [18],
those with negative parity were always located below the
thresholds, whereas those with positive parity were found
above the thresholds. As will be shown in this work, we
will see the same tendency in the case of the double-
strangeness hidden-charm pentaquarks. We limit our dis-
cussion to the cases where total isospin equals 1=2,
anticipating that the Pcc̄ss may be observed in the J=ψΞ
invariant mass distributions. Since experimental data are
not yet available, we will focus on finding most probable
pole position of the Pcc̄ss resonances. Table I lists all the
parameters used in the exchange diagram to generate the
kernel Feynman amplitudes. Regarding theoretical uncer-
tainties arising from the cutoff masses, we will discuss it at
the end of this section.

A. Negative parity

Figure 4 draws the results for the i → J=ψΞ transition
partial-wave cross sections for the total angular momentum
J ¼ 1=2; 3=2; 5=2with negative parity, which correspond to
the spins and parity ofPcc̄ss, as functions of the total energy. i
represents the initial two-particle states, as expressed in the
legend of Fig. 4. As shown in the upper-left panel of
Fig. 4, we identify three resonances with spin-parity
JP ¼ 1=2−. On the other hand, the upper-right panel and

lower panel of Fig. 4 demonstrate a resonance with
JP ¼ 3=2− and that with JP ¼ 5=2−, respectively. Table II
lists the pole positions of these five negative-parity
pentaquark resonances in the complex plane, and numerical
results for the coupling strengths to the coupled channels
involved.
The first resonance is located almost at the D̄sΞc

threshold. Its pole position is determined to be
MPcc̄ss

− iΓ=2 ¼ ð4437.2 − i0.002Þ MeV. Interestingly,
the width is tiny, which indicates that the Pcc̄ssð4437Þ is
almost stable. Since the J=ψΞ threshold lies lower than this
resonance, it decays into J=ψ and Ξ. Table II shows that the
most dominant contribution to the first resonance come
from the D̄sΞcð2S1=2Þ channel. The next most dominant one
is the D̄�Ω�cð2S1=2Þ channel. The D̄�Ωcð2S1=2Þ, D̄�sΞ0cð2S1=2Þ,
and D̄�sΞ�cð2S1=2Þ channels also come into significant play.
Note that the D-wave contributions are small. It is
interesting to see that the D̄�Ω�cð2S1=2Þ channel is large,
even though the corresponding threshold energy
(Eth ¼ 4774 MeV) is quite higher than the mass of the
Pcc̄ssð4437Þ. Actually, the transition amplitude for the
D̄sΞc → D̄�Ω�c process is larger than that for the D̄sΞc →
D̄Ωc transition. The reason is that while both K and K�

exchange are involved in the D̄sΞc → D̄�Ω�c transition,
only K� exchange enters in the D̄sΞc → D̄Ωc. It also
implies that K exchange is more significant than K�

exchange. The difference between the D̄�Ω�cð2S1=2Þ and
D̄�sΞ�cð2S1=2Þ channels is related to the different values of
the IS factor, as shown in Table I. Having examined the
coupling strengths of the Pcc̄ssð4437Þ resonance to each
channel, we draw a conclusion that it is not a specific
meson-baryon molecular state, because the four different
channels mentioned above are of the similar strengths. This
is a distinguished feature from the cases of the Pcc̄ and Pcc̄s
resonances discussed in Refs. [17,18].
The pole position of the second resonancewith JP ¼ 1=2−

is obtained to be MPcc̄ss
− iΓ=2 ¼ ð4504.1 − i0.2Þ MeV,

which lies between the D̄sΞc and D̄sΞ0c thresholds.
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FIG. 4. i → J=ψΞ transition partial-wave cross sections for the given total angular momenta J ¼ 1=2; 3=2; 5=2 with negative parity,
which correspond to the spins and parity of Pcc̄ss, as functions of the total energy. i denotes the initial two-particle states, as expressed in
the legend.

TABLE II. Coupling strengths of the five Pcc̄ss’s with JP ¼ 1=2−, 3=2−, and 5=2−.

1=2− 3=2− 5=2−

JP Pcc̄ssð4437Þ Pcc̄ssð4504Þ Pcc̄ssð4704Þ Pcc̄ssð4541Þ Pcc̄ssð4757Þffiffiffiffiffi
sR
p

[MeV] 4437.2 − i0.002 4504.1 − i0.2 4703.7 − i10.6 4541.3 − i0.04 4756.5 − i1.7

gJ=ψΞð2SJÞ 0.10þ i0.00 0.29þ i0.02 0.03þ i0.11 � � � � � �
gJ=ψΞð2DJÞ � � � � � � � � � 0.01 − i0.00 0.01þ i0.00
gJ=ψΞð4SJÞ � � � � � � � � � 0.27þ i0.00 � � �
gJ=ψΞð4DJÞ 0.00þ i0.00 0.01 − i0.00 0.01þ i0.02 0.04þ i0.00 0.02þ i0.00
gD̄sΞcð2SJÞ 4.60þ i0.01 −0.03þ i0.67 0.85þ i0.44 � � � � � �
gD̄sΞcð2DJÞ � � � � � � � � � 0.03þ i0.00 −0.24 − i0.17
gD̄sΞ0cð2SJÞ 0.17þ i0.00 11.72 − i0.01 −2.70 − i0.58 � � � � � �
gD̄sΞ0cð2DJÞ � � � � � � � � � 0.00þ i0.00 −0.21 − i0.15
gD̄Ωcð2SJÞ −0.23 − i0.00 −15.86þ i0.02 0.08 − i2.24 � � � � � �
gD̄Ωcð2DJÞ � � � � � � � � � −0.00 − i0.00 0.95þ i0.25
gD̄�sΞcð2SJÞ −0.47 − i0.00 −13.90 − i0.06 −2.06 − i1.87 � � � � � �

(Table continued)
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Table II shows three channels most dominantly contribute to
this resonance in the following order: D̄Ωc, D̄�sΞc, and D̄sΞ0c
in the 2S1=2 wave. Another four channels in the 2S1=2 wave are
also minor effects on the Pcc̄ssð4504Þ: D̄�Ωc, D̄�Ω�c, D̄�sΞ0c,
and D̄�sΞ�c in the order of the magnitudes of the coupling
strengths. Since the Pcc̄ssð4504Þ is located below the D̄sΞ0c
threshold, we expect that the D̄sΞ0c governs the formation of
the Pcc̄ssð4504Þ. Interestingly, however, the D̄Ωc channel is
the most dominant one. Had we turned off the contribution of
this channel, the Pcc̄ssð4504Þ resonance would have dis-
appeared, leaving only the enhancement in the D̄sΞ0c thresh-
old. On the other hand, even though we remove the D̄sΞ0c
channel, the Pcc̄ssð4504Þ survives. It indicates that it is
essential to consider the D̄Ωc channel for the Pcc̄ssð4504Þ.
We have observed a similar situation in the h1ð1385Þ meson
resonance [39]. Finally, we want to mention that the D-wave
contribution is tiny.

The pole position of the third resonance with JP ¼ 1=2−

is given by MPcc̄ss
− iΓ=2 ¼ ð4703.7 − i10.6Þ MeV in the

complex plane. Its width is the largest among the Pcc̄ss’s
with negative parity. It is positioned below the D̄�Ωc

threshold. The D̄�Ωc channel naturally provides the largest
contribution to form the Pcc̄ssð4704Þ resonance. The D̄�sΞ�c
gives the next largest contribution. As observed in Table II,
the channels below the D̄�Ωc threshold, i.e., the
D̄�sΞ0cð2S1=2Þ, D̄sΞ0cð2S1=2Þ, D̄�sΞcð2S1=2Þ, and D̄sΞ�cð4D1=2Þ
have non-negligible values of the coupling strengths. This
means that the Pcc̄ssð4704Þ can decay into the correspond-
ing states, which is the reason for the relatively large width
of the Pcc̄ssð4704Þ.
The upper-left panel of Fig. 4 shows the Pcc̄ssð4541Þ

resonance with the pole position MPcc̄ss
− iΓ=2 ¼

ð4541.3 − i0.04Þ MeV. It lies below the D̄sΞ0c threshold.
It is of great interest to see that while the D̄sΞ0cð2D3=2Þ

TABLE II. (Continued)

1=2− 3=2− 5=2−

JP Pcc̄ssð4437Þ Pcc̄ssð4504Þ Pcc̄ssð4704Þ Pcc̄ssð4541Þ Pcc̄ssð4757Þffiffiffiffiffi
sR
p

[MeV] 4437.2 − i0.002 4504.1 − i0.2 4703.7 − i10.6 4541.3 − i0.04 4756.5 − i1.7

gD̄�sΞcð2DJÞ � � � � � � � � � 0.04þ i0.00 −0.00 − i0.04
gD̄�sΞcð4SJÞ � � � � � � � � � −14.19 − i0.01 � � �
gD̄�sΞcð4DJÞ −0.01 − i0.00 0.12þ i0.00 −0.21 − i0.18 −0.04 − i0.00 0.08þ i0.01
gD̄sΞ�cð4SJÞ � � � � � � � � � −10.54þ i0.00 � � �
gD̄sΞ�cð4DJÞ −0.00 − i0.00 0.05þ i0.00 1.18þ i0.30 −0.05 − i0.00 −0.28 − i0.19
gD̄Ω�cð4SJÞ � � � � � � � � � 14.69þ i0.00 � � �
gD̄Ω�cð4DJÞ 0.00þ i0.00 −0.08 − i0.00 −0.09þ i0.43 0.08þ i0.00 1.52þ i0.32
gD̄�sΞ0cð2SJÞ −2.41 − i0.01 −6.32 − i0.52 3.74þ i0.89 � � � � � �
gD̄�sΞ0cð2DJÞ � � � � � � � � � −0.05þ i0.00 0.03 − i0.04
gD̄�sΞ0cð4SJÞ � � � � � � � � � 4.50 − i0.00 � � �
gD̄�sΞ0cð4DJÞ −0.07 − i0.00 0.13þ i0.01 0.43 − i0.31 0.05 − i0.00 −0.11 − i0.02
gD̄�Ωcð2SJÞ 3.48þ i0.01 9.07þ i0.74 10.48þ i3.81 � � � � � �
gD̄�Ωcð2DJÞ � � � � � � � � � 0.09 − i0.00 −0.33 − i0.01
gD̄�Ωcð4SJÞ � � � � � � � � � −6.44þ i0.00 � � �
gD̄�Ωcð4DJÞ 0.11þ i0.00 −0.22 − i0.02 0.00 − i0.01 −0.09þ i0.00 0.46þ i0.05
gD̄�sΞ�cð2SJÞ −2.80 − i0.01 4.75 − i0.63 8.87 − i0.52 � � � � � �
gD̄�sΞ�cð2DJÞ � � � � � � � � � 0.09þ i0.00 0.00þ i0.00
gD̄�sΞ�cð4SJÞ � � � � � � � � � 8.29þ i0.00 � � �
gD̄�sΞ�cð4DJÞ 0.06þ i0.00 0.16 − i0.01 0.01 − i0.01 −0.13 − i0.00 −0.00 − i0.00
gD̄�sΞ�cð6SJÞ � � � � � � � � � � � � 7.58þ i2.43
gD̄�sΞ�cð6DJÞ 0.16þ i0.00 0.07 − i0.03 0.13þ i0.03 0.04þ i0.00 0.00þ i0.00
gD̄�Ω�cð2SJÞ 4.12þ i0.01 −6.96þ i0.91 0.95 − i1.30 � � � � � �
gD̄�Ω�cð2DJÞ � � � � � � � � � −0.14 − i0.00 −0.01 − i0.00
gD̄�Ω�cð4SJÞ � � � � � � � � � −12.17 − i0.00 � � �
gD̄�Ω�cð4DJÞ −0.10 − i0.00 −0.25þ i0.02 −0.03 − i0.03 0.22þ i0.00 0.01þ i0.00
gD̄�Ω�cð6SJÞ � � � � � � � � � � � � −8.02 − i1.88
gD̄�Ω�cð6DJÞ −0.26 − i0.00 −0.13þ i0.05 0.08þ i0.03 −0.09 − i0.00 −0.02 − i0.01
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channel does not contribute to the Pcc̄ssð4541Þ resonance,
seven different channels in 4S3=2 wave above the D̄sΞ0c
threshold contribute to it. The most dominant one comes
from the D̄Ω�c channel, and the next one, which is almost
the same magnitude but has the different sign, arises from
the D̄�sΞc. Its small width can be understood as follows: the
Pcc̄ssð4541Þ cannot decay into the S wave because of the
conservation of the total angular momentum, it can only
decay into meson-baryon states in D wave below the D̄sΞ0c
threshold. This orbital excitation is physically not favor-
able, as shown in Table II. Note that it can also decay into
the J=ψΞ state in 4S3=2 wave, though the coupling strength
is small. Finally, we want to mention that there is a cusp
structure just below the D̄�sΞ0c threshold.
In the lower panel of Fig. 4, we draw the partial-wave

cross section with JP ¼ 5=2−, which illustrates a single
resonance below the D̄�sΞ�c threshold. Its pole position is
given by MPcc̄ss

− iΓ=2 ¼ ð4756.5 − i1.7Þ MeV. The
D̄�Ω�cð6S5=2Þ channel yields the most dominant contribu-
tion. The next dominant one comes from the D̄�sΞ�cð6S5=2Þ
one. Again, the small width of the Pcc̄ssð4757Þ can be
understood from the fact that it cannot decay into lower
S-wave meson-baryon states.
It is interesting to compare the present results with those

from other works. In the second and third columns of
Table III, we list the masses and widths of the negative-
parity Pcc̄ss states obtained in the present work. The fifth
and sixth columns show the corresponding results from
Ref. [15], and the eighth and ninth columns present those
from Ref. [14]. Note that in Ref. [15], two different sets of
results were presented, corresponding to different values of
the chosen momentum cutoff; for comparison, we take
those with 600 MeV. As mentioned previously, we predict
five negative-parity Pcc̄ss states, whereas Refs. [14,15]
predict two and four such states, respectively. In
Ref. [15], the D̄sΞc channel was neglected, which turns
out to be important for generating the first resonance in the
present work. The existence of Pcc̄ssð4437Þ would under-
score the importance of the D̄sΞc channel.
Figure 5 shows the results for the total cross sections of

meson-baryon elastic scattering. While we seemingly

observe the five pentaquark resonances discussed above,
it depends on which scattering we consider. For example,
we can see Pcc̄ssð4757Þ resonance with JP ¼ 5=2− only in
the D̄�sΞ�c and D̄�Ω�c scattering processes. As for the
Pcc̄ssð4704Þ with 1=2−, we find it only in D̄�sΞ0c and
D̄�Ωc processes. The reason can be easily found by
scrutinizing the coupling strengths listed in Table II.
Note that we do not see any resonance signal in J=ψΞ
scattering. We find similar features in the J=ψN and J=ψΛ
interactions [17,18].

B. Positive parity

A significant feature of the current off-shell coupled
channel formalism is that it also predicts the positive-parity
pentaquark states coming from the P-wave contributions,
as already examined in the production mechanism of the
Pcc̄ and Pcc̄s pentaquark states [17,18]. Similarly, we also
observe three double-strangeness hidden-charm resonances
with positive parity. Figure 5 depicts the results for the
i → J=ψΞ transition partial-wave cross sections with pos-
itive parity. In Table IV, we list the results for the coupling
strengths of the positive-parity Pcc̄ss pentaquark resonances
to the channels involved. In the upper-left panel of Fig. 5,
we observe a broad resonant structure, of which the pole
position is at ð4665.6 − i57.8Þ MeV. It is located between
the D̄Ω�c and D̄�sΞ0c thresholds. In Table IV, we find that four
different channels, i.e., D̄Ω�cð4P1=2Þ, D̄sΞ�cð4P1=2Þ,
D̄Ωcð2P1=2Þ, and D̄sΞ0cð2P1=2Þ channels mainly contribute
to form the Pcc̄ssð4666Þ resonance with JP ¼ 1=2þ. The
pole position of the second resonance Pcc̄ssð4781Þ is
obtained to be ð4781.1 − i25.7Þ MeV. Interestingly, many
different channels contribute to it, as shown in Table IV.
The third resonance Pcc̄ssð4712Þ with JP ¼ 3=2þ can be
seen in the upper-right panel of Fig. 6, which is located at
ð4712.3 − i30.8Þ MeV. The three different channels pri-
marily govern the production of the Pcc̄ssð4712Þ. There is

TABLE III. Comparison of the results for the masses and
widths of Pcc̄ss ’s in units of MeV.

Present work Ref. [14] Ref. [15]

JP M Γ JP M Γ JP M Γ
1
2
− 4437.2 0.004

1
2
− 4504.1 0.4 1

2
− 4493.35 73.67 1

2
− 4535 9

3
2
− 4541.3 0.08 3

2
− 4602 0

1
2
− 4703.7 21.2 1

2
−; 3

2
− 4633.38 79.58 1

2
−; 3

2
− 4675 10

5
2
− 4756.5 3.4 1

2
−; 3

2
−; 5

2
− 4743 0 FIG. 5. Results for the total cross sections for elastic scattering

as functions of the CM energy.
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FIG. 6. Center-of-mass energy dependence of partial-wave total cross sections for positive-parity states ðJ ¼ 1=2; 3=2; 5=2Þ
corresponding to the spin-parity quantum numbers of Pcc̄ss.

TABLE IV. Coupling strengths of Pcc̄ss ’s with JP ¼ 1=2þ and
3=2þ.

JP 1=2þ 3=2þffiffiffiffiffi
sR
p

[MeV] 4665.6 − i57.8 4781.1 − i25.7 4712.3 − i30.8

gJ=ψΞð2PJÞ 0.03 − i0.03 0.16 − i0.03 0.02 − i0.03
gJ=ψΞð4PJÞ 0.24 − i0.28 0.28 − i0.07 0.05 − i0.04
gJ=ψΞð4FJÞ � � � � � � 0.00 − i0.00
gD̄sΞcð2PJÞ 0.06 − i1.06 −1.41þ i0.45 1.06 − i0.84
gD̄sΞ0cð2PJÞ 2.01 − i0.45 0.55þ i0.45 −0.07þ i0.28
gD̄Ωcð2PJÞ −2.85þ i0.56 −1.02 − i0.64 0.09 − i0.30
gD̄�sΞcð2PJÞ −0.23þ i2.73 −1.31þ i0.95 0.40 − i0.76
gD̄�sΞcð4PJÞ −0.05þ i3.41 −0.78þ i0.94 −0.25þ i1.45
gD̄�sΞcð4FJÞ � � � � � � −0.14 − i0.01
gD̄sΞ�cð4PJÞ −3.00þ i4.07 −0.56þ i0.10 −1.25þ i0.27
gD̄sΞ�cð4FJÞ � � � � � � 0.22 − i0.34
gD̄Ω�cð4PJÞ 3.15 − i5.87 0.85þ i0.11 2.04 − i0.44
gD̄Ω�cð4FJÞ � � � � � � −0.29þ i0.26

(Table continued)

TABLE IV. (Continued)

JP 1=2þ 3=2þffiffiffiffiffi
sR
p

[MeV] 4665.6 − i57.8 4781.1 − i25.7 4712.3 − i30.8

gD̄�sΞ0cð2PJÞ 0.00þ i0.00 −0.96þ i0.86 −0.54þ i2.70
gD̄�sΞ0cð4PJÞ 0.00þ i0.00 −0.19þ i0.23 2.65 − i3.97
gD̄�sΞ0cð4FJÞ � � � � � � −0.04þ i0.07
gD̄�Ωcð2PJÞ 0.00þ i0.00 1.37 − i1.00 0.48 − i3.39
gD̄�Ωcð4PJÞ 0.00þ i0.00 0.29 − i0.48 −2.94þ i5.09
gD̄�Ωcð4FJÞ � � � � � � 0.01 − i0.06
gD̄�sΞ�cð2PJÞ 0.00þ i0.00 1.95 − i3.33 0.00þ i0.00
gD̄�sΞ�cð4PJÞ 0.00þ i0.00 1.43 − i1.79 0.00þ i0.00
gD̄�sΞ�cð4FJÞ � � � � � � 0.00þ i0.00
gD̄�sΞ�cð6PJÞ � � � � � � 0.00þ i0.00
gD̄�sΞ�cð6FJÞ 0.00þ i0.00 0.01 − i0.09 0.00þ i0.00
gD̄�Ω�cð2PJÞ 0.00þ i0.00 −2.00þ 4.24i 0.00þ i0.00
gD̄�Ω�cð4PJÞ 0.00þ i0.00 −1.79þ i2.64 0.00þ i0.00
gD̄�Ω�cð4FJÞ � � � � � � 0.00þ i0.00
gD̄�Ω�cð6PJÞ � � � � � � 0.00þ i0.00
gD̄�Ω�cð6FJÞ 0.00þ i0.00 0.02þ i0.05 0.00þ i0.00
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no pentaquark resonance with JP ¼ 5=2þ as depicted in the
lower panel of Fig. 6, since only the D̄�sΞc channel is large,
whereas all other channels are suppressed.

C. Uncertainties of the cutoff masses

Since there are no experimental data on the double-
strangeness hidden-charm pentaquarks, we have no exper-
imental guideline to fix the cutoff masses. Thus, we choose
the reduced cutoff mass to be Λ0 ¼ Λ −m ¼ 700 MeV, as
in the previous studies [17,18]. We examine the uncertain-
ties that are caused by this value. Table V demonstrates how
the pole positions of the pentaquark resonances are shifted
as Λ0 is varied by 10%. When Λ0 is increased, the masses
of the pentaquark states with negative parity decrease
whereas their widths are enlarged. On the other hand,
whenΛ0 is decreased by 10%, the results are changed to the
opposite direction. Moreover, Pcc̄ssð4437Þ, Pcc̄ssð4704Þ,
and Pcc̄ssð4757Þ resonances are reduced to the cusp
structures. The reason lies in the fact that by employing
values of the cutoff masses softer than 700 MeV, the overall
transition amplitudes are more suppressed. However, the
masses of those with positive parity are slightly changed as
Λ0 is varied, whereas their widths are altered by about
20%–30%. Future experimental data will clarify these
uncertainties.

IV. SUMMARY AND CONCLUSION

In this work, we have investigated the possible existence
of double-strangeness hidden-charm pentaquark states,
denoted as Pcc̄ss, using an off-shell coupled-channel
formalism. We constructed 11 meson–baryon channels
with total strangeness S ¼ −2, combining charmed mesons
and singly charmed baryons. The interaction kernel was
derived from an effective Lagrangian that respects heavy-
quark spin symmetry, hidden local symmetry, and flavor
SU(3) symmetry. The coupled-channel scattering equations
were solved in a partial-wave basis using the
Blankenbecler-Sugar reduction scheme. We found five

Pcc̄ss resonances with negative parity. Among them, three
states have spin-parity JP ¼ 1=2−, one has JP ¼ 3=2−, and
one has JP ¼ 5=2−. All of these negative-parity states are
located below their respective thresholds and are dynami-
cally generated. The dominant channels contributing to
each resonance were identified through the analysis of their
coupling strengths. The narrowest state is found near the
D̄sΞc threshold, while broader states appear closer to
higher thresholds such as D̄�Ωc. In addition, three pos-
itive-parity Pcc̄ss states are found: two with spin-parity
JP ¼ 1=2þ and one with JP ¼ 3=2þ. These states are
located above the corresponding thresholds and exhibit
substantial widths. Their coupling patterns indicate sig-
nificant contributions from multiple meson–baryon chan-
nels, especially those involving P-wave interactions.
The theoretical uncertainties associated with the cutoff

mass were also examined by varying the reduced cutoff
parameter Λ0 ¼ Λ −m by�10%. This variation resulted in
modest shifts in pole positions and in some cases trans-
formed resonances into cusplike structures, but the overall
spectrum and structure remained qualitatively stable. The
present study provides theoretical predictions for the mass
spectrum, widths, and dominant coupling channels of the
double-strangeness hidden-charm pentaquark states. These
predictions may serve as useful input for future exper-
imental searches in processes involving the J=ψΞ final
state. The triple-strangeness hidden-charm pentaquark
states can also be studied within the same framework,
which is under investigation.
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TABLE V. Change in pole position due to the change of
Λ0 ¼ Λ −m. The pole position is in MeV units.

ΔΛ0=Λ0

JP 0% −10% þ10%
1=2− 4437.2 − i0.002 Cusp 4420.8 − i0.01

4504.1 − i0.2 4531.5 − i0.1 4466.0 − i0.3
4703.7 − i10.6 Cusp 4633.2 − i4.0

3=2− 4541.3 − i0.04 4570.8 − i0.02 4323.77 − i0.04
5=2− 4756.5 − i1.7 Cusp 4750.1 − i3.2
1=2þ 4665.6 − i57.8 4665.2 − i70.6 4662.8 − i46.0

4781.1 − i25.7 4782.5 − i33.0 4777.9 − i19.5
3=2þ 4712.3 − i30.8 4708.6 − i38.9 4711.9 − i22.4
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[14] J. A. Marsé-Valera, V. K. Magas, and A. Ramos, Phys. Rev.

Lett. 130, 091903 (2023).
[15] L. Roca, J. Song, and E. Oset, Phys. Rev. D 109, 094005

(2024).
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