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In this work, we first predict the mass spectra of theΩð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquark
candidates, where the one-boson-exchange model is adopted by considering both the S-D wave mixing
effect and the coupled channel effect. Our findings indicate that the ΩcD�

s state with JP ¼ 1=2−, the Ω�
cD�

s

state with JP ¼ 1=2−, and the Ω�
cD�

s state with JP ¼ 3=2− can be considered as the most promising doubly
charmed molecular pentaquark candidates, and the ΩcDs state with JP ¼ 1=2−, the Ω�

cDs state with
JP ¼ 3=2−, and the ΩcD�

s state with JP ¼ 3=2− are the possible doubly charmed molecular pentaquark
candidates. Furthermore, we further explore the radiative decays and the magnetic moments of the most
promising doubly charmed molecular pentaquark candidates in the constituent quark model. As a crucial
aspect of spectroscopy, the information of the radiative decays and the magnetic moments can provide the
valuable clues to reflect their inner structures. With the accumulation of higher statistical data at the Large
Hadron Collider, we propose that the LHCb Collaboration should focus on the problem of searching for
these predicted doubly charmed molecular pentaquark candidates containing most strange quarks in the
coming years.

DOI: 10.1103/PhysRevD.108.074022

I. INTRODUCTION

As an important and intriguing research topic, the study
of the exotic hadronic states is one of the effective
approaches to further deepen our understanding of the
non-perturbative behavior of the strong interaction. As is
well known, the investigation of the exotic hadronic states
has been a long history in hadron physics, dating back to
the inception of the quark model in 1964 by M. Gell-Mann
and G. Zweig [1,2]. In particular, since the discovery of the
charmoniumlike state Xð3872Þ by the Belle Collaboration
in 2003 [3], the high-energy physics experiments have
reported more and more new hadronic states, which
prompts extensive discussions on the existence of the

hadronic molecular states, the compact multiquark states,
the glueballs, the hybrids, and soon [4–14].Among them, the
hadronic molecular states have frequently been employed to
discuss the observed new hadronic states in the last two
decades [4–14], and this is due to the fact that the majority of
the newly observed hadronic states are located near the
thresholds of the corresponding two hadronic states.
An important example is the observation of the

PN
ψ ð4312Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ states in the J=ψp

invariant mass spectrum by the LHCb Collaboration in
2019 [15], and their masses are below and close to the
corresponding thresholds of the S-wave charmed baryon Σc

and the S-wave anticharmed meson D̄ð�Þ, which provides
the compelling experimental evidence for the existence of
the ΣcD̄ð�Þ-type hidden-charm molecular pentaquark states
in nature [16–22]. In recent years, LHCb also found the
evidence for the existence of the PΛ

ψsð4459Þ state [23] and
reported the discovery of the PΛ

ψsð4338Þ state [24] in the
J=ψΛ invariant mass spectrum, which are associated with
the ΞcD̄ð�Þ-type hidden-charm molecular pentaquark states
with strangeness [25–34], respectively. Moreover, LHCb
announced the observation of the doubly charmed
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tetraquark state Tccð3875Þþ in the D0D0πþ invariant mass
spectrum in 2021 [35], and several theoretical groups have
suggested the observed Tccð3875Þþ state assignments to
the DD�-type doubly charmed molecular tetraquark state
[36–47].
Building on the observations of the hidden-charmmolecu-

lar pentaquark candidatesPN
ψ =PΛ

ψs [15,23,24] and the doubly
charmed molecular tetraquark candidate Tcc [35] in recent
years, it is natural to anticipate the existence of a family of the
doubly charmed molecular pentaquarks in the hadron spec-
troscopy, which contains different types of doubly charmed
molecular pentaquark states. In Refs. [48,49], the authors
have already predicted the existence of the doubly charmed

molecular pentaquark candidates with the Σð�Þ
c Dð�Þ and

Ξð0;�Þ
c Dð�Þ

s configurations based on the one-boson-exchange
(OBE)model by introducing theS-Dwavemixing effect and
the coupled channel effect. Given the above information, it is
natural to focus on the mass spectra and the properties of the
doubly charmed molecular pentaquark candidates with the

Ωð�Þ
c Dð�Þ

s configuration to further complete the family of
the doubly charmed molecular pentaquarks, which are new
type of doubly charmed molecular pentaquarks containing
most strange quarks.
In the present work, we first predict the mass spectra of

the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquark
candidates. The OBE model is utilized to obtain the

effective interactions of the Ωð�Þ
c Dð�Þ

s systems, which is a
reliable tool to estimate the hadron-hadron interactions
[6,11]. Based on the obtained OBE effective interactions,

the bound state properties of the Ωð�Þ
c Dð�Þ

s systems can be
discussed by solving the coupled channel Schrödinger
equation, and the realistic calculations consider both the
S-D wave mixing effect and the coupled channel effect,
which can provide the important information for predicting

the mass spectra of the Ωð�Þ
c Dð�Þ

s -type doubly charmed
molecular pentaquark candidates. Meanwhile, our calcu-
lations yield the corresponding spatial wave functions of

theΩð�Þ
c Dð�Þ

s molecules. Furthermore, we further discuss the
radiative decays and the magnetic moments of the obtained
most promising doubly charmed molecular pentaquark
candidates based on their mass spectra and spatial wave
functions, where we utilize the constituent quark model,
which has been widely used for studying the magnetic
moments and the radiative decays of the hadrons in recent
decades [50–95]. This study seeks to provide more abun-
dant suggestions to encourage our experimental colleagues

to explore the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular
pentaquark candidates in the forthcoming experiments,
which is the crucial advancement toward in constructing
the family of the doubly charmed molecular pentaquarks.
Although no doubly charmed molecular pentaquark can-
didates have been reported to date, it is likely that the
doubly charmed molecular pentaquark candidates will be

detected by LHCb with the accumulation of higher stat-
istical data at the Large Hadron Collider (LHC) [96].
The rest of this paper is structured as follows. In Sec. II,

we give the derivation of the OBE effective potentials for
the Ωð�Þ

c Dð�Þ
s systems and predict the mass spectra of the

Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquark can-
didates. Utilizing the obtained mass spectra and spatial

wave functions of the Ωð�Þ
c Dð�Þ

s -type doubly charmed
molecular pentaquark candidates, we further explore the
radiative decays and the magnetic moments of the most
promising doubly charmed molecular pentaquark candi-
dates within the constituent quark model in Sec. III. Finally,
the summary is given in Sec. IV.

II. THE PREDICTION OF MASS SPECTRA
OF THE Ωð�Þ

c Dð�Þ
s MOLECULES

This section concentrates on the prediction of the mass
spectra for the Ωð�Þ

c Dð�Þ
s -type doubly charmed molecular

pentaquark candidates, which can offer the essential infor-
mation for the experimental search for them. Meanwhile,
our calculations yield the corresponding spatial wave

functions of the Ωð�Þ
c Dð�Þ

s molecules, which are the signifi-
cant inputs for investigating their properties. In the follow-
ing, we first present the derivation of the OBE effective

potentials for the Ωð�Þ
c Dð�Þ

s systems. And then, we analyze

the bound state properties of the Ωð�Þ
c Dð�Þ

s systems by
solving the coupled channel Schrödinger equation, which
provides us the critical information for predicting the mass

spectra of the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular
pentaquark candidates.

A. The derivation of the interactions
of the Ωð�Þ

c Dð�Þ
s systems within the OBE model

As is well known, the interactions between the constitu-
ent hadrons play a crucial role in studying the mass spectra
of the hadronic molecular states. This study employs the
OBE model to derive the effective potentials in the
coordinate space of the Ωð�Þ

c Dð�Þ
s systems [6,11], which

has frequently been utilized in the exploration of the
observed PN

ψ [15], PΛ
ψs [23,24], and Tcc [35] within the

hadronic molecular picture and predict the hadronic
molecular candidates [6,11].

1. Introducing the flavor and spin-orbital
wave functions of the Ωð�Þ

c Dð�Þ
s systems

For the Ωð�Þ
c Dð�Þ

s systems, the flavor wave functions

jI; I3i have the form of j0; 0i ¼ jΩð�Þ0
c Dð�Þþ

s i, where I and
I3 correspond to the isospin and the isospin third compo-
nent of the studied system.
In addition, the spin-orbital wave functions j2Sþ1LJi for

the Ωð�Þ
c Dð�Þ

s systems are
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j2Sþ1LJiΩcDs ¼
X
m;mL

CJ;M
1
2
m;LmL

χ1
2
mYLmL

;

j2Sþ1LJiΩ�
cDs ¼

X
m;mL

CJ;M
3
2
m;LmL

Φ3
2
mYLmL

;

j2Sþ1LJiΩcD�
s ¼

X
m;m0;mS;mL

CS;mS
1
2
m;1m0C

J;M
SmS;LmL

χ1
2
mϵ

μ
m0YLmL

;

j2Sþ1LJiΩ�
cD�

s ¼
X

m;m0;mS;mL

CS;mS
3
2
m;1m0C

J;M
SmS;LmL

Φμ
3
2
m
ϵνm0YLmL

:

ð2:1Þ

Here, S, L, and J in the spin-orbital wave functions
j2Sþ1LJi represent the spin, the orbital angular momentum,

and the total angular momentum for the Ωð�Þ
c Dð�Þ

s systems,
respectively. Under the static limit, we can explicitly
express the polarization vector ϵμmðm ¼ 0;�1Þ as ϵμ� ¼
ð0;�1; i; 0Þ= ffiffiffi

2
p

and ϵμ0 ¼ ð0; 0; 0;−1Þ. χ1
2
m refers to the

spin wave function with the spin S ¼ 1=2, and the
polarization tensor Φμ

3
2
m

with the spin S ¼ 3=2 can be

represented explicitly as Φμ
3
2
m
¼Pm1;m2

C
3
2
;m

1
2
m1;1m2

χ1
2
m1
ϵμm2

,

where the Clebsch-Gordan coefficient is denoted by the
constant Ce;f

ab;cd. In addition, YLmL
is the spherical harmonic

function.
In our concrete calculations, the contribution of the S-D

wave mixing effect and the coupled channel effect is

considered when discussing the Ωð�Þ
c Dð�Þ

s interactions,
where the relevant S-wave and D-wave channels

j2Sþ1LJi of the Ωð�Þ
c Dð�Þ

s systems include

JP ¼ 1

2

−
∶ ΩcDsj2S1

2
i; ΩcD�

s j2S1
2
=4D1

2
i;

Ω�
cD�

s j2S1
2
=4D1

2
=6D1

2
i;

JP ¼ 3

2

−
∶ Ω�

cDsj4S3
2
=4D3

2
i; ΩcD�

s j4S3
2
=2D3

2
=4D3

2
i;

Ω�
cD�

s j4S3
2
=2D3

2
=4D3

2
=6D3

2
i;

JP ¼ 5

2

−
∶ Ω�

cD�
s j6S5

2
=2D5

2
=4D5

2
=6D5

2
i: ð2:2Þ

Here, we take j2Sþ1LJi to represent the spin S, the orbital
angular momentum L, and the total angular momentum J
of the corresponding mixing channels, respectively.

2. Deducing the interactions of the Ωð�Þ
c Dð�Þ

s systems
within the OBE model

For theΩð�Þ
c Dð�Þ

s systems, the f0ð980Þ, η, and ϕ exchange
interactions are taken into account within the OBE model.
To simplify, the meson f0ð980Þ will henceforth be referred
to as f0.
To quantitatively derive the Ωð�Þ

c Dð�Þ
s interactions at the

hadronic level, we first need to compute the scattering

amplitude MΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s ðqÞ for the Ωð�Þ
c Dð�Þ

s →

Ωð�Þ
c Dð�Þ

s process by employing the effective Lagrangian
approach [35]. In detail, the scattering amplitude

MΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s ðqÞ of the Ωð�Þ
c Dð�Þ

s → Ωð�Þ
c Dð�Þ

s process

can be calculated by the relation iMΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s ðqÞ ¼P
E¼f0;P;V iΓ

Ωð�Þ
c Ωð�Þ

c E
ðμÞ PðμνÞ

E iΓDð�Þ
s Dð�Þ

s E
ðνÞ when considering the

exchange of the light mesons E [97,98]. Here, the propa-

gator of the light meson E is denoted by PðμνÞ
E , while the

associated interaction vertices for the Ωð�Þ
c Dð�Þ

s → Ωð�Þ
c Dð�Þ

s

scattering process by exchanging the light meson E are

given as ΓΩð�Þ
c Ωð�Þ

c E
ðμÞ and ΓDð�Þ

s Dð�Þ
s E

ðνÞ . In the following, we

construct the relevant effective Lagrangians to describe

the effective interactions of the Ωð�Þ
c Dð�Þ

s systems.
Regarding the constituent hadrons of the Ωð�Þ

c Dð�Þ
s

systems, Ωc with JP ¼ 1=2þ and Ω�
c with JP ¼ 3=2þ

are part of the S-wave single-charmed baryons in the 6F
flavor representation, and previous theoretical studies

commonly take the notation Bð�Þ
6 to refer to the matrix

of the S-wave single-charmed baryons in the 6F flavor
representation, which can be expressed as [99–105]

Bð�Þ
6 ¼

0
BBBBB@

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
CCCCCA: ð2:3Þ

In addition, Ds with JP ¼ 0− and D�
s with JP ¼ 1− are the

S-wave charmed-strange mesons [106]. For the exchanged

light mesons for the Ωð�Þ
c Dð�Þ

s systems, we consider the f0,
η, and ϕ mesons, which are the light scalar, pseudoscalar,
and vector mesons [106], respectively.
The effective Lagrangians describing the interactions

between the heavy hadrons Bð�Þ
6 =Dð�Þ

s and the light scalar,
pseudoscalar, and vector mesons are constructed by incor-
porating the requirements of the heavy quark symmetry,
the chiral symmetry, and the hidden local symmetry
[99–105,107], i.e.,

L
Bð�Þ

6
Bð�Þ

6
E
¼ lShS̄μf0Sμi − 3

2
g1εμνλκvκhS̄μAνSλi

þ iβShS̄μvαðVα − ραÞSμi þ λShS̄μFμνðρÞSνi;
ð2:4Þ

L
Dð�Þ

s Dð�Þ
s E

¼ gShHðQÞ
a f0H̄

ðQÞ
a i þ ighHðQÞ

b =Abaγ5H̄
ðQÞ
a i

þ iβhHðQÞ
b vμðVμ − ρμÞbaH̄ðQÞ

a i
þ iλhHðQÞ

b σμνFμνðρÞbaH̄ðQÞ
a i; ð2:5Þ
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where both superfields Sμ and HðQÞ
a are defined at the

heavy quark limit [99]. Specifically, the superfield Sμ is
composed of the S-wave single-charmed baryons in the 6F
flavor representation B6 with JP ¼ 1=2þ and B�

6 with
JP ¼ 3=2þ, and the S-wave charmed-strange mesons Ds

with JP ¼ 0− and D�
s with JP ¼ 1− can be constructed

as the superfield HðQÞ
a , which can be expressed as

[99–105,107]

Sμ ¼ −
ffiffiffi
1

3

r
ðγμ þ vμÞγ5B6 þ B�

6μ; ð2:6Þ

HðQÞ
a ¼ 1þ =v

2
ðD�ðQÞμ

a γμ −DðQÞ
a γ5Þ: ð2:7Þ

The corresponding conjugate fields fulfill the relations

S̄μ ¼ S†
μγ0 and H̄ðQÞ

a ¼ γ0H
ðQÞ†
a γ0 [99–105,107]. Here,

vμ represents the four velocity, which is given by vμ ¼
ð1; 0Þ in the nonrelativistic approximation. In addition, we
also define the pseudo-Goldstone meson field ξ, the axial
current Aμ, the vector current Vμ, the vector meson field
ρμ, and the vector meson field strength tensor FμνðρÞ, which
can be represented as ξ ¼ eiP=fπ ,Aμ ¼ ðξ†∂μξ − ξ∂μξ

†Þ=2,
Vμ ¼ ðξ†∂μξþ ξ∂μξ

†Þ=2, ρμ ¼ igVVμ=
ffiffiffi
2

p
, and FμνðρÞ ¼

∂
μρν − ∂

νρμ þ ½ρμ; ρν�, respectively. Meanwhile, the matri-
ces for the pseudoscalar mesons P and the vector mesons
Vμ are provided as follows

P ¼

0
BBBBB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCCCCA;

Vμ 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

μ

; ð2:8Þ

respectively. In the above effective Lagrangians, the nor-
malization relations for the heavy hadrons Ωc, Ω�

c, Ds, and
D�

s are denoted as [107]

h0jΩcjcssð1=2þÞi ¼
ffiffiffiffiffiffiffiffiffiffiffi
2mΩc

q �
χ1
2
m;

σ · p
2mΩc

χ1
2
m

�
T
;

h0jΩ�μ
c jcssð3=2þÞi ¼

ffiffiffiffiffiffiffiffiffiffiffi
2mΩ�

c

q �
Φμ

3
2
m
;
σ · p
2mΩ�

c

Φμ
3
2
m

�
T
;

h0jDsjcs̄ð0−Þi ¼ ffiffiffiffiffiffiffiffi
mDs

p
;

h0jD�μ
s jcs̄ð1−Þi ¼ ffiffiffiffiffiffiffiffi

mD�
s

p
ϵμ: ð2:9Þ

Here, the mass of the heavy hadron i is denoted by mi
(i ¼ Ωc;Ω�

c; Ds;D�
s), and we define the Pauli matrix and

the momentum of the charmed baryonΩð�Þ
c as σ and p in the

normalization relations for the charmed baryon Ωc, Ω�
c,

respectively.
The expanded effective Lagrangians among the heavy

hadrons Bð�Þ
6 =Dð�Þ

s and the light scalar, pseudoscalar, and
vector mesons are obtained by expanding the constructed
effective Lagrangians to the leading order of the pseudo-
Goldstone meson field ξ, which can be expressed
explicitly as

L
Bð�Þ

6
Bð�Þ

6
f0

¼ −lShB̄6f0B6i þ lShB̄�
6μf0B

�μ
6 i

−
lSffiffiffi
3

p hB̄�
6μf0ðγμ þ vμÞγ5B6i þ H:c:; ð2:10Þ

L
Dð�Þ

s Dð�Þ
s f0

¼ −2gSDaf0D
†
a þ 2gSD�

aμf0D
�μ†
a ; ð2:11Þ

L
Bð�Þ

6
Bð�Þ

6
P
¼ i

g1
2fπ

εμνλκvκhB̄6γμγλ∂νPB6i

− i
3g1
2fπ

εμνλκvκhB̄�
6μ∂νPB

�
6λi

þ i

ffiffiffi
3

p
g1

2fπ
vκεμνλκhB̄�

6μ∂νPγλγ
5B6i þ H:c:;

ð2:12Þ

L
Dð�Þ

s Dð�Þ
s P

¼ −
2ig
fπ

vαεαμνλD
�μ
b D�λ†

a ∂
νPba

−
2g
fπ

ðD�μ
b D†

a þDbD
�μ†
a Þ∂μPba; ð2:13Þ

L
Bð�Þ

6
Bð�Þ

6
V
¼ −

βSgVffiffiffi
2

p hB̄6v · VB6i − i
λSgV
3
ffiffiffi
2

p hB̄6γμγνð∂μVν − ∂
νVμÞB6i −

βSgVffiffiffi
6

p hB̄�
6μv · Vðγμ þ vμÞγ5B6i

− i
λSgVffiffiffi

6
p hB̄�

6μð∂μVν − ∂
νVμÞðγν þ vνÞγ5B6i þ

βSgVffiffiffi
2

p hB̄�
6μv · VB

�μ
6 i

þ i
λSgVffiffiffi

2
p hB̄�

6μð∂μVν − ∂
νVμÞB�

6νi þ H:c:; ð2:14Þ
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L
Dð�Þ

s Dð�Þ
s V

¼−
ffiffiffi
2

p
βgVDbD

†
av ·Vbaþ

ffiffiffi
2

p
βgVD�

bμD
�μ†
a v ·Vba

− 2
ffiffiffi
2

p
iλgVD

�μ
b D�ν†

a ð∂μVν− ∂νVμÞba
− 2

ffiffiffi
2

p
λgVvλελμαβðDbD

�μ†
a þD�μ

b D†
aÞ∂αVβ

ba:

ð2:15Þ

The coupling constants in the effective Lagrangians are the
essential inputs for analyzing the mass spectra of the

Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquark can-
didates, which can be determined by reproducing the
experimental data or calculated by using the theoretical
models. From the quark model [108], we can estimate the
corresponding phase factors between the associated cou-
pling constants. The following numerical calculations
utilize the coupling constants as lS ¼ 6.20, gS ¼ 0.76,
g1 ¼ 0.94, g ¼ −0.59, fπ ¼ 0.132 GeV, βSgV ¼ 10.14,
βgV ¼ −5.25, λSgV¼19.2GeV−1, and λgV¼−3.27GeV−1

[49,97,98,105,109–119], which are frequently used to
describe the interactions between the hadrons and study
the masses of the observed PN

ψ ð4312Þ, PN
ψ ð4440Þ,

and PN
ψ ð4457Þ in the ΣcD̄ð�Þ molecular picture [110].

Furthermore, we sourced the masses of the involved
hadrons from the Particle Data Group [106], which include
mf0¼990.00MeV,mη¼547.86MeV,mϕ¼ 1019.46MeV,
mDs

¼ 1968.35 MeV, mD�
s
¼ 2112.20 MeV, mΩc

¼
2695.20 MeV, and mΩ�

c
¼ 2765.90 MeV.

Utilizing the aforementioned discussions, the scattering

amplitudeMΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s ðqÞ of the Ωð�Þ
c Dð�Þ

s → Ωð�Þ
c Dð�Þ

s

process can be obtained. By using the Breit approximation
and the nonrelativistic normalization [120], the effective

potential in the momentum space VΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðqÞ can

be obtained, and we can write the specific expression
explicitly as [120]

VΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðqÞ ¼ −

MΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s ðqÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mΩð�Þ

c
2m

Dð�Þ
s
2mΩð�Þ

c
2m

Dð�Þ
s

q :

ð2:16Þ

Finally, it is essential to obtain the effective potential in the

coordinate space VΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðrÞ, and this is due to the

fact that our present work utilizes the coupled channel
Schrödinger equation solved in the coordinate space to

analyze the bound state properties of the Ωð�Þ
c Dð�Þ

s systems.
In the specific calculations, the effective potential in the

coordinate space VΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðrÞ can be obtained by

performing the Fourier transformation for the effective

potential in the momentum space VΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðqÞ and

the form factor F ðq2; m2
EÞ, which is expressed as

VΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðrÞ

¼
Z

d3q
ð2πÞ3 e

iq·rVΩð�Þ
c Dð�Þ

s →Ωð�Þ
c Dð�Þ

s
E ðqÞF 2ðq2; m2

EÞ: ð2:17Þ

It is well known that our discussed baryons and mesons
exist the complex inner structures, and the form factor is
commonly utilized to represent the off-shell effect of the
exchanged light mesons and the finite size effect of the
discussed hadrons. Thus, the monopole-type form factor
F ðq2; m2

EÞ ¼ ðΛ2 −m2
EÞ=ðΛ2 − q2Þ is introduced into both

interactive vertex Γh1h3E
ðμÞ and Γh2h4E

ðνÞ during the aforemen-

tioned Fourier transformation [38,121], where the intro-
duced cutoff parameter, the mass, and the four momentum
of the exchanged light meson are defined as Λ, mE, and q,
respectively.
The above procedure can be used to derive the OBE

effective potentials in the coordinate space for the Ωð�Þ
c Dð�Þ

s

systems. In Table I, we summarize the obtained OBE

effective potentials in the coordinate space for the Ωð�Þ
c Dð�Þ

s

systems, which include the OBE effective potentials and
the operators.

B. The prediction of mass spectra
of the Ωð�Þ

c Dð�Þ
s molecules

Based on the obtained OBE effective potentials in the
coordinate space for the Ωð�Þ

c Dð�Þ
s systems (see Table I), we

can obtain the binding energy E and the corresponding
spatial wave functions ϕiðrÞ by solving the coupled
channel Schrödinger equation. Furthermore, the root-
mean-square radius rRMS and the probabilities of the
individual channel Pi can be calculated from the obtained
spatial wave functions. These physical quantities can
provide the useful hints for predicting the mass spectra

of the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquark
candidates.
When discussing the hadronic molecular candidates in

the context of the OBE model, it is necessary to make a few
remarks before presenting the numerical calculations. (i) In
the OBE model, the free parameter is the cutoff Λ in the
monopole-type form factor to study the mass spectra of the

Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquark can-
didates, and we aim to search for the loosely bound state

solutions for the Ωð�Þ
c Dð�Þ

s systems by adjusting the cutoff
parameter between 1.0 and 2.5 GeV in our numerical
calculations. Based on the results of studying the bound
state properties of the deuteron, a loosely bound state is
more likely to be considered as the hadronic molecular
candidate with the cutoff parameter in the monopole-type
form factor around 1.0 GeV [6,38,112,121–125].
Moreover, the study of the masses of the observed PN

ψ

[15], PΛ
ψs [23,24], and Tcc [35] in the hadronic molecular

picture also suggests that the cutoff parameter in the
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TABLE I. The obtained OBE effective potentials in the coordinate space for the Ωð�Þ
c Dð�Þ

s systems. The tensor force operator, denoted
as Tðx; yÞ, can be defined as 3ðr̂ · xÞðr̂ · yÞ − x · y, where r̂ is the radial unit vector.

OBE effective potentials

VΩcDs→ΩcDs
E ðrÞ ¼ −lSgSYf0 þ

βSβg2V
2

Yϕ

VΩ�
cDs→Ω�

cDs
E ðrÞ ¼ −lSgSO1Yf0 þ

βSβg2V
2

O1Yϕ

VΩcD�
s→ΩcD�

s
E ðrÞ ¼ −lSgSO2Yf0 þ 2

9
g1g
f2π

ðO3Or þO4PrÞYη þ βSβg2V
2

O2Yϕ þ 2λSλg2V
9

ð2O3Or −O4PrÞYϕ

VΩ�
cD�

s→Ω�
cD�

s
E ðrÞ ¼ −lSgSO5Yf0 −

1
3
g1g
f2π

ðO6Or þO7PrÞYη þ βSβg2V
2

O5Yϕ −
λSλg2V
3

ð2O6Or −O7PrÞYϕ

VΩcDs→Ω�
cDs

E ðrÞ ¼ lSgSffiffi
3

p O8Yf01 −
βSβg2V
2
ffiffi
3

p O8Yϕ1

VΩcDs→ΩcD�
s

E ðrÞ ¼ − 2
9
g1g
f2π

ðO9Or þO10PrÞYη2 þ 2λSλg2V
9

ð2O9Or −O10PrÞYϕ2

VΩcDs→Ω�
cD�

s
E ðrÞ ¼ 1

3
ffiffi
3

p g1g
f2π

ðO11Or þO12PrÞYη3 −
λSλg2V
3
ffiffi
3

p ð2O11Or −O12PrÞYϕ3

VΩ�
cDs→ΩcD�

s
E ðrÞ ¼ 1

3
ffiffi
3

p g1g
f2π

ðO13Or þO14PrÞYη4 −
λSλg2V
3
ffiffi
3

p ð2O13Or −O14PrÞYϕ4

VΩ�
cDs→Ω�

cD�
s

E ðrÞ ¼ − 1
3
g1g
f2π

ðO15Or þO16PrÞYη5 þ λSλg2V
3

ð2O15Or −O16PrÞYϕ5

VΩcD�
s→Ω�

cD�
s

E ðrÞ ¼ lSgSffiffi
3

p O17Yf06 þ 1
3
ffiffi
3

p g1g
f2π

ðO18Or þO19PrÞYη6 −
βSβg2V
2
ffiffi
3

p O17Yϕ6 þ λSλg2V
3
ffiffi
3

p ð2O18Or −O19PrÞYϕ6

Or ¼ 1
r2

∂

∂r r
2 ∂

∂r Pr ¼ r ∂

∂r
1
r
∂

∂r YEi ¼ e−mEir−e−Λir
4πr − Λ2

i −m
2
Ei

8πΛi
e−Λir mEi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

E − q2i

q
Λi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2 − q2i

p
q1 ¼ 0.04 GeV q2 ¼ 0.06 GeV q3 ¼ 0.02 GeV q4 ¼ 0.10 GeV q5 ¼ 0.06 GeV q6 ¼ 0.04 GeV

Operators

O1 ¼
P

a;b;m;n C
3
2
;aþb

1
2
a;1b

C
3
2
;mþn

1
2
m;1n

χ†a3 ðϵ†b3 · ϵn1Þχm1 O2 ¼ χ†3ðϵ†4 · ϵ2Þχ1 O3 ¼ χ†3½σ · ðiϵ2 × ϵ†4Þ�χ1 O4 ¼ χ†3Tðσ; iϵ2 × ϵ†4Þχ1

O5 ¼
P

a;b;m;n C
3
2
;aþb

1
2
a;1b

C
3
2
;mþn

1
2
m;1n

χ†a3 ðϵn1 · ϵ†b3 Þðϵ2 · ϵ†4Þχm1 O6 ¼
P

a;b;m;n C
3
2
;aþb

1
2
a;1b

C
3
2
;mþn

1
2
m;1n

χ†a3 ðϵn1 × ϵ†b3 Þ · ðϵ2 × ϵ†4Þχm1
O7 ¼

P
a;b;m;n C

3
2
;aþb

1
2
a;1b

C
3
2
;mþn

1
2
m;1n

χ†a3 Tðϵn1 × ϵ†b3 ; ϵ2 × ϵ†4Þχm1 O8 ¼
P

a;b C
3
2
;aþb

1
2
a;1b

χ†a3 ðϵ†b3 · σÞχ1 O9 ¼ χ†3ðσ · ϵ†4Þχ1 O10 ¼ χ†3Tðσ; ϵ†4Þχ1

O11 ¼
P

a;b C
3
2
;aþb

1
2
a;1b

χ†a3 ½ϵ†4 · ðiσ × ϵ†b3 Þ�χ1 O12 ¼
P

a;b C
3
2
;aþb

1
2
a;1b

χ†a3 Tðϵ†4; iσ × ϵ†b3 Þχ1 O13 ¼
P

a;b C
3
2
;aþb

1
2
a;1b

χ†3½ϵ†4 · ðiσ × ϵb1Þ�χa1
O14 ¼

P
a;b C

3
2
;aþb

1
2
a;1b

χ†3Tðϵ†4; iσ × ϵb1Þχa1 O15 ¼
P

a;b;m;n C
3
2
;aþb

1
2
a;1b

C
3
2
;mþn

1
2
m;1n

χ†a3 ½ϵ†4 · ðiϵn1 × ϵ†b3 Þ�χm1
O16 ¼

P
a;b;m;n C

3
2
;aþb

1
2
a;1b

C
3
2
;mþn

1
2
m;1n

χ†a3 Tðϵ†4; iϵn1 × ϵ†b3 Þχm1 O17 ¼
P

a;b C
3
2
;aþb

1
2
a;1b

χ†a3 ðσ · ϵ†b3 Þðϵ2 · ϵ†4Þχ1

O18 ¼
P

a;b C
3
2
;aþb

1
2
a;1b

χ†a3 ðσ × ϵ†b3 Þ · ðϵ2 × ϵ†4Þχ1 O19 ¼
P

a;b C
3
2
;aþb
1
2
a;1b

χ†a3 Tðσ × ϵ†b3 ; ϵ2 × ϵ†4Þχ1
OJ¼3=2

1 ¼ diagð1; 1Þ OJ¼1=2
2 ¼ diagð1; 1Þ OJ¼3=2

2 ¼ diagð1; 1; 1Þ OJ¼1=2
3 ¼ diagð−2; 1Þ OJ¼3=2

3 ¼ diagð1;−2; 1Þ
OJ¼1=2

4 ¼
�

0 −
ffiffiffi
2

p
−
ffiffiffi
2

p
−2

�

OJ¼3=2
4 ¼

 
0 1 2

1 0 −1
2 −1 0

!
OJ¼1=2

5 ¼ diagð1; 1; 1Þ
OJ¼1=2

6 ¼ diagð5
3
; 2
3
;−1Þ

OJ¼3=2
5 ¼ diagð1; 1; 1; 1Þ

OJ¼3=2
6 ¼ diagð2

3
; 5
3
; 2
3
;−1Þ

OJ¼5=2
5 ¼ diagð1; 1; 1; 1Þ

OJ¼5=2
6 ¼ diagð−1; 5

3
; 2
3
;−1Þ

OJ¼1=2
7 ¼

0
B@

0 − 7

3
ffiffi
5

p 2ffiffi
5

p

− 7

3
ffiffi
5

p 16
15

− 1
5

2ffiffi
5

p − 1
5

8
5

1
CA OJ¼3=2

7 ¼

0
BBBBB@

0 7

3
ffiffiffiffi
10

p − 16
15

−
ffiffi
7

p
5
ffiffi
2

p
7

3
ffiffiffiffi
10

p 0 − 7

3
ffiffiffiffi
10

p − 2ffiffiffiffi
35

p

− 16
15

− 7
3
ffiffiffiffi
10

p 0 − 1ffiffiffiffi
14

p

−
ffiffi
7

p
5
ffiffi
2

p − 2ffiffiffiffi
35

p − 1ffiffiffiffi
14

p 4
7

1
CCCCCA OJ¼5=2

7 ¼

0
BBBBB@

0 2ffiffiffiffi
15

p
ffiffi
7

p
5
ffiffi
3

p − 2
ffiffiffiffi
14

p
5

2ffiffiffiffi
15

p 0
ffiffi
7

p
3
ffiffi
5

p − 4
ffiffi
2

pffiffiffiffiffiffi
105

pffiffi
7

p
5
ffiffi
3

p
ffiffi
7

p
3
ffiffi
5

p − 16
21

−
ffiffi
2

p
7
ffiffi
3

p

− 2
ffiffiffiffi
14

p
5

− 4
ffiffi
2

pffiffiffiffiffiffi
105

p −
ffiffi
2

p
7
ffiffi
3

p − 4
7

1
CCCCCA

OJ¼1=2
9 ¼ ffiffiffi

3
p

OJ¼1=2
11 ¼ ffiffiffi

2
p

OJ¼1=2
18 ¼ −

ffiffiffiffiffiffiffiffi
2=3

p
OJ¼1=2

i ¼ 0 (i ¼ 10, 12, 17, 19)

OJ¼3=2
13 ¼ 1 OJ¼3=2

15 ¼ ffiffiffiffiffiffiffiffi
5=3

p
OJ¼3=2

18 ¼ −
ffiffiffiffiffiffiffiffi
5=3

p
OJ¼3=2

i ¼ 0 (i ¼ 14, 16, 17, 19)
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monopole-type form factor around 1.0 GeV is an appro-
priate choice to study the hadronic molecular candidates.
(ii) For the ideal hadronic molecular candidate, the binding
energy is expected to be at most tens of MeV, which can
ensure that there is no significant overlap for the two
constituent hadrons in the spatial distribution [6,105].
(iii) Given that the observed PN

ψ [15], PΛ
ψs [23,24], and

Tcc [35] can be explained as the S-wave hadronic molecular
candidates, this study predominantly concentrates on the

S-wave Ωð�Þ
c Dð�Þ

s systems.
Now, we analyse the bound state properties of the ΩcDs,

Ω�
cDs, ΩcD�

s , and Ω�
cD�

s systems by solving the coupled
channel Schrödinger equation in the context of the single
channel analysis, the S-D wave mixing analysis, and the
coupled channel analysis, which allow us to predict the

mass spectra of the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecu-
lar pentaquark candidates.

1. Bound state properties of the ΩcDs system

The ΩcDs system has the attractive forces provided by
the f0 and ϕ exchange potentials within the OBE model,
and Fig. 1 displays the obtained bound state properties for
the ΩcDs state with JP ¼ 1=2−.
The single channel analysis shows that the loosely bound

state solutions for the ΩcDs state with JP ¼ 1=2− exist at
the cutoff value Λ greater than 1.88 GeV. Thus, the ΩcDs

state with JP ¼ 1=2− can be proposed as the possible
candidate of the doubly charmed molecular pentaquark.
Moreover, we can incorporate the coupled channel effect

involving the ΩcDs, ΩcD�
s , and Ω�

cD�
s channels to analyze

the bound state properties for the ΩcDs state with
JP ¼ 1=2−. After performing the numerical calculations,
we find that the ΩcDs system with the lowest mass
threshold is not the dominant channel, which makes the
corresponding size of this coupled system is less than
0.4 fm and it contradicts the idea of the loose molecular
picture [6,105]. In the present work, we do not list such
numerical results when considering the coupled channel
effect. In fact, this phenomenon has already been explored
in previous works [98,119]. When employing the same
cutoff value for the coupled channels ΩcDs, ΩcD�

s , and
Ω�

cD�
s , the effective interaction of the ΩcDs channel with

JP ¼ 1=2− is much weaker than those of other coupled
channels with JP ¼ 1=2−, which can lead to the dominant
channel not being the ΩcDs system. In the future studies,
we can further discuss the bound state properties for the
ΩcDs state with JP ¼ 1=2− by considering the coupled
channel effect and taking different cutoff values for the
involved coupled channels once the relevant experimental
data become available.

2. Bound state properties of the Ω�
cDs system

The total effective potential of the Ω�
cDs system com-

prises contribution from the f0 and ϕ exchanges within the
OBE model. Moreover, there is no contribution of the
tensor force from the S-D wave mixing effect (see Table I).
Hence, the Ω�

cDs state with JP ¼ 3=2− has identical bound
state properties with and without considering the S-Dwave
mixing effect, and the contribution of the j4D3=2i channel
is zero.
In Figure 1, we present the obtained bound state proper-

ties for the Ω�
cDs state with JP ¼ 3=2−. For the Ω�

cDs state
with JP ¼ 3=2−, we obtain the bound state solutions by
choosing the cutoff value Λ around 1.87 GeVor even larger
in the single channel and S-D wave mixing analysis.
According to the above analysis, the Ω�

cDs state with JP ¼
3=2− can be assigned as the possible candidate of the
doubly charmed molecular pentaquark. In addition, the
bound state properties of the Ω�

cDs state with JP ¼ 3=2−

can also be discussed by conducting the coupled channel
analysis involving the Ω�

cDs, ΩcD�
s , and Ω�

cD�
s channels.

Similar to the case of the ΩcDs state with JP ¼ 1=2−, our
numerical results indicate that the primary channel is not
the Ω�

cDs system when the coupled channel effect is taken
into account. This can be attributed to the fact that the
effective potential of the Ω�

cDs channel with JP ¼ 3=2− is
significantly weaker compared to the effective potentials of
the other coupled channels with JP ¼ 3=2− if using the
same cutoff value for the involved coupled channels.

3. Bound state properties of the ΩcD�
s system

The ΩcD�
s system has the η, f0, and ϕ exchange

potentials within the OBE model, and its spin-parity
FIG. 1. Bound state properties for the ΩcDs state with JP ¼
1=2− and the Ω�

cDs state with JP ¼ 3=2−.
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quantum numbers JP can be either 1=2− or 3=2−. In our
concrete calculations, we first search for the loosely bound
state solutions for the ΩcD�

s system by performing the
single channel analysis. And then, we discuss the bound
state properties for the ΩcD�

s system by incorporating the
contribution from the S-D wave mixing effect and the
coupled channel effect. In Table II, we present the bound
state properties for the ΩcD�

s system obtained in three
ways: the single channel analysis, the S-D wave mixing
analysis, and the coupled channel analysis, respectively.
For the ΩcD�

s state with JP ¼ 1=2−, we can obtain the
bound state solutions by choosing the cutoff value Λ
around 1.32 GeV and considering only the contribution
of the S-wave channel. And then, the bound state solutions
can be found with the cutoff value Λ around 1.32 GeV by
including the contribution of the D-wave channel.
However, the S-D wave mixing effect has a minor role
in generating the ΩcD�

s bound state with JP ¼ 1=2−, and
the j2S1=2i channel dominates with probability greater than
99%. Furthermore, we consider the coupled channel effect
arising from the ΩcD�

s and Ω�
cD�

s channels to discuss the
bound state properties for the ΩcD�

s state with JP ¼ 1=2−.

By taking the cutoff value Λ around 1.29 GeV, the bound
state solutions can be obtained, where the ΩcD�

s channel
has the highest probability with almost 86% probability.
Given that the ΩcD�

s bound state with JP ¼ 1=2− exist the
small binding energy and the appropriate size within the
reasonable cutoff value, we conclude that the ΩcD�

s state
with JP ¼ 1=2− can be considered as the most promising
doubly charmed molecular pentaquark candidate.
To obtain the bound state solutions for the ΩcD�

s state
with JP ¼ 3=2−, we set the cutoff value Λ to be approx-
imately 2.34 GeV during the single channel analysis. By
taking into account the contribution of the S-D wave
mixing effect, we can obtain the bound state solutions
with the cutoff value Λ above 2.31 GeV, where the
dominant channel is the j4S3=2i with probability greater
than 99% and the D-wave channels have very small
probabilities. Considering the contribution of the coupled
channel effect and setting the cutoff value Λ at approx-
imately 1.50 GeV, we can obtain the bound state solutions,
and the contribution of the coupled channel effect is
significant in the formation of the ΩcD�

s bound state with
JP ¼ 3=2−, where the contribution from the Ω�

cD�
s channel

is also obvious, apart from the ΩcD�
s channel. After

comparing the obtained bound state properties of the
ΩcD�

s state with JP ¼ 1=2−, there is no priority for the
ΩcD�

s state with JP ¼ 3=2− as the most promising doubly
charmed molecular pentaquark candidate. However, the
ΩcD�

s state with JP ¼ 3=2− can be regarded as the possible
doubly charmed molecular pentaquark candidate.

4. Bound state properties of the Ω�
cD�

s system

The total effective potential of the Ω�
cD�

s system contains
the exchange potentials of the η, f0, and ϕ within the OBE
model, while there exists the tensor force in the η and ϕ
exchange potentials, which results in the S-D wave mixing
effect contributing to the bound state properties of the
Ω�

cD�
s system. The bound state properties of the Ω�

cD�
s

system can be discussed by numerically solving the
coupled channel Schrödinger equation, and the correspond-
ing bound state solutions of the Ω�

cD�
s system are listed in

Table III.
From the bound state properties for theΩ�

cD�
s system listed

in Table III, several noteworthy results can be inferred:
(i) For the Ω�

cD�
s state with JP ¼ 1=2−, the bound state

solutions exist when the cutoff value Λ is taken
around 1.27 GeV if only considering the contribu-
tion of the S-wave component. In the analysis of the
S-D wave mixing, it was observed that the corre-
sponding cutoff value reduces when the same bind-
ing energy is reached. Additionally, the total
probability of the D-wave components for this
bound state is less than 1%. Based on the theoretical
analysis of the bound state properties of the deu-
teron, the Ω�

cD�
s state with JP ¼ 1=2− can be viewed

TABLE II. The obtained bound state properties for the ΩcD�
s

system. The units of the cutoff parameter Λ, the binding energy E,
and the root-mean-square radius rRMS are GeV, MeV, and fm,
respectively. The dominant probabilities for the corresponding
channels are displayed in bold font. Here, the obtained results
labeled as Case I, Case II, and Case III correspond to the single
channel analysis, the S-D wave mixing analysis, and the coupled
channel analysis, respectively.

JP ¼ 1
2
−

Case I

Λ E rRMS
1.32 −0.54 3.75
1.34 −3.68 1.57
1.36 −9.42 1.02

Case II

Λ E rRMS Pð2S1
2
=4D1

2
Þ

1.32 −0.76 3.72 99.92=0.08
1.34 −4.11 1.49 99.88=0.12
1.36 −9.96 1.00 99.87=0.13

Case III

Λ E rRMS PðΩcD�
s=Ω�

cD�
sÞ

1.29 −1.20 2.60 95.64=4.36
1.30 −3.87 1.47 91.35=8.65
1.31 −8.03 1.03 86.51=13.49

JP ¼ 3
2
−

Case I

Λ E rRMS
2.34 −0.28 4.90
2.42 −0.74 3.56
2.50 −1.41 2.73

Case II

Λ E rRMS Pð4S3
2
=2D3

2
=4D3

2
Þ

2.31 −0.24 5.06 99.96=0.01=0.03
2.41 −0.89 3.32 99.94=0.01=0.05
2.50 −1.83 2.44 99.92=0.02=0.06

Case III

Λ E rRMS PðΩcD�
s=Ω�

cD�
sÞ

1.50 −1.08 2.62 79.66=20.34
1.51 −4.50 1.21 61.10=38.90
1.52 −9.70 0.80 48.91=51.09
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as the most promising doubly charmed molecular
pentaquark candidate.

(ii) For the Ω�
cD�

s state with JP ¼ 3=2−, the bound state
solutions with the cutoff value Λ around 1.46 GeV
can be obtained by conducting the single channel
analysis. By taking into account the contribution
from the D-wave channels, we can find the bound
state solutions with the cutoff value Λ ¼ 1.45 GeV,
and the probability of the j4S3=2i channel is over
99%. Hence, we propose the Ω�

cD�
s state with JP ¼

3=2− as the most promising doubly charmed
molecular pentaquark candidate.

(iii) For the Ω�
cD�

s state with JP ¼ 5=2−, we can obtain
the bound state solutions by performing the single
channel analysis when the cutoff value Λ is slightly
larger than 2.24 GeV. In addition, the bound state
solutions exist when the cutoff value Λ is tuned
larger than 2.22 GeVafter considering the S-Dwave
mixing effect, but the contribution of the D wave
channels is very small. Since the cutoff parameter Λ
for the formation of theΩ�

cD�
s bound state with JP ¼

5=2− is obviously far from the reasonable range
around 1.0 GeV, we cannot support the existence of
the doubly charmed molecular pentaquark candidate
for the Ω�

cD�
s state with JP ¼ 5=2−.

Based on the obtained numerical results, we can predict
the ΩcD�

s state with JP ¼ 1=2−, the Ω�
cD�

s state with
JP ¼ 1=2−, and the Ω�

cD�
s state with JP ¼ 3=2− as the

most promising doubly charmed molecular pentaquark
candidates, since they exhibit the small binding energies
and the suitable sizes within the reasonable cutoff values. In
addition, the ΩcDs state with JP ¼ 1=2−, the Ω�

cDs state
with JP ¼ 3=2−, and the ΩcD�

s state with JP ¼ 3=2− are
the possible doubly charmed molecular pentaquark

candidates. Compared to the Ωð�Þ
c D̄ð�Þ

s systems [116], the

Ωð�Þ
c Dð�Þ

s systems have more hadronic molecular candi-

dates, which is similar to the situation with the Ξð0;Þ
c D̄ð�Þ

s

systems [115] and the Ξð0;Þ
c Dð�Þ

s systems [49].

III. THE EXPLORATION OF RADIATIVE DECAYS
AND MAGNETIC MOMENTS OF

THE Ωð�Þ
c D�

s MOLECULES

In the previous section, we already predicted the mass
spectra of the Ωð�Þ

c Dð�Þ
s -type doubly charmed molecular

pentaquarks, and our analysis concluded that the ΩcD�
s

state with JP ¼ 1=2−, the Ω�
cD�

s state with JP ¼ 1=2−, and
the Ω�

cD�
s state with JP ¼ 3=2− can be considered as the

most promising doubly charmed molecular pentaquark
candidates. However, differentiating the spin-parity quan-
tum numbers for the Ω�

cD�
s molecules is the critical issue.

This section discusses their radiative decays and magnetic
moments, which may provide the crucial information to
reveal their inner structures and aid in establishing the mass

spectra of the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular
pentaquarks. In the realistic calculations, the constituent
quark model is used and the convention adopted is the same
as in Refs. [85,95] to study the radiative decays and the
magnetic moments of the ΩcD�

s molecule with JP ¼ 1=2−,
the Ω�

cD�
s molecule with JP ¼ 1=2−, and the Ω�

cD�
s mol-

ecule with JP ¼ 3=2−.

A. The calculation method of radiative decays and
magnetic moments of the hadrons within

the constituent quark model

As the important input information for studying the
radiative decay widths between the hadronic states, it is
essential to compute their transition magnetic moments
[61,67,69,74,76–85,90–93,95,126]. In this work, we

TABLE III. The obtained bound state solutions for theΩ�
cD�

s system. The units of the cutoff parameterΛ, the binding energy E, and the
root-mean-square radius rRMS are GeV, MeV, and fm, respectively. The primary probability of the corresponding channels is highlighted
in bold font.

JP Single channel case S-D wave mixing case

1
2
− Λ E rRMS Λ E rRMS Pð2S1

2
=4D1

2
=6D1

2
Þ

1.27 −0.37 4.27 1.27 −0.82 3.15 99.83=0.10=0.07
1.29 −3.76 1.53 1.29 −4.70 1.39 99.73=0.16=0.11
1.31 −10.39 0.96 1.31 −11.61 0.92 99.72=0.17=0.12

3
2
− Λ E rRMS Λ E rRMS Pð4S3

2
=2D3

2
=4D3

2
=6D3

2
Þ

1.46 −0.53 3.81 1.45 −0.39 4.24 99.87=0.04=0.08=0.01
1.50 −5.15 1.36 1.49 −4.40 1.47 99.74=0.07=0.17=0.02
1.53 −11.70 0.94 1.52 −10.27 1.00 99.73=0.08=0.18=0.02

5
2
− Λ E rRMS Λ E rRMS Pð6S5

2
=2D5

2
=4D5

2
=6D5

2
Þ

2.24 −0.31 4.28 2.22 −0.29 4.86 99.94=oð0Þ=oð0Þ=0.06
2.37 −1.40 2.75 2.36 −1.50 2.67 99.91=0.01=oð0Þ=0.08
2.50 −3.20 1.94 2.50 −3.70 1.83 99.89=0.02=oð0Þ=0.09
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employ the constituent quark model to calculate the
transition magnetic moments between the ΩcD�

s molecule
with JP ¼ 1=2−, the Ω�

cD�
s molecule with JP ¼ 1=2−, and

the Ω�
cD�

s molecule with JP ¼ 3=2−.
Similar to the approach for dealing with the transition

magnetic moments between the hadronic molecules dis-
cussed in Refs. [85,95], the impact of the spatial wave
functions of the initial and final states is also considered to
investigate the transition magnetic moments between the
ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule with
JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−,

which depend on their binding energies. Currently, there

is a lack of the experimental information on the Ωð�Þ
c D�

s
molecular states. To establish the transition magnetic
moments between the ΩcD�

s molecule with JP ¼ 1=2−,
the Ω�

cD�
s molecule with JP ¼ 1=2−, and the Ω�

cD�
s mol-

ecule with JP ¼ 3=2− in the present work, we assume the

binding energies of the initial and finalΩð�Þ
c D�

s molecules to
be identical for simplicity. In this context, the transition
magnetic moments between the ΩcD�

s molecule with
JP ¼ 1=2−, the Ω�

cD�
s molecule with JP ¼ 1=2−, and the

Ω�
cD�

s molecule with JP ¼ 3=2− can be deduced by
calculating the expectation values of the z-component of
the magnetic moment operator, which can be expressed as
[61,67,69,74,76–85,90,91,95]

μH→H0 ¼ hJH0 ; Jzj
X
j

μ̂spinzj e−ik·rj þ μ̂orbitalz jJH; Jzi: ð3:1Þ

Here, μH→H0 is the transition magnetic moment between the
hadrons H and H0, Jz is the lowest value between JH and
JH0 , the spatial wave function of the emitted photon
for the H → H0γ process is denoted by e−ik·rj, and k refers
to the momentum of the emitted photon, which is
k ¼ ðm2

H −m2
H0 Þ=2mH. Within the constituent quark

model, the magnetic moment operator is composed of
the spin magnetic moment operator and the orbital mag-
netic moment operator, which can be written explicitly as
[50–95]

μ̂spinzj ¼ ej
2mj

σ̂zj; ð3:2Þ

μ̂orbitalz ¼
�

mm

mb þmm

eb
2mb

þ mb

mb þmm

em
2mm

�
L̂z: ð3:3Þ

In the above expressions, we define the charge, the mass,
and the z-component of the Pauli spin operator of the jth
constituent of the hadron as ej, mj, and σ̂zj, respectively. In
addition, the subscripts b and m have been utilized to

distinguish the baryon Ωð�Þ
c and the meson D�

s , while L̂z is
the z-component of the orbital angular momentum operator

between the constituent hadrons Ωð�Þ
c and D�

s . When only
considering the S-wave component, there is no contribution

of the orbital magnetic moment to the transition magnetic
moments between the hadrons.
On the basis of the transition magnetic moments among

the ΩcD�
s molecule with JP ¼ 1=2−, the Ω�

cD�
s molecule

with JP ¼ 1=2−, and the Ω�
cD�

s molecule with JP ¼ 3=2−,
we can further discuss their radiative decay widths. The
radiative decay width ΓH→H0γ can be linked to the transition
magnetic moment μH→H0 , the momentum of the emitted
photon k, the proton mass mp, the electromagnetic fine
structure constant αEM, as well as the quantum numbers of
the initial and final hadrons [61,67,69,74,76–85,90–
93,95,126], where the specific expression can be provided
as follows [85,95]

ΓH→H0γ ¼
k3

m2
p

αEM
2JH þ 1

P
JH0z;JHz

�
JH0 1 JH
−JH0z 0 JHz

�
2

�
JH0 1 JH
−Jz 0 Jz

�
2

jμH→H0 j2
μ2N

: ð3:4Þ

Here,mp ¼ 0.938 GeV [106], αEM ≈ 1=137, μN ¼ e=2mp,

and the constants ð JH0 1 JH

−JH0z 0 JHz

Þ and ð JH0 1 JH

−Jz 0 Jz
Þ are the

3-j coefficients.
In the present work, we also explore the magnetic

moments of the ΩcD�
s molecule with JP ¼ 1=2−, the

Ω�
cD�

s molecule with JP ¼ 1=2−, and the Ω�
cD�

s molecule
with JP ¼ 3=2−. Similar to the method used for estimating
the transition magnetic moments between the hadrons, the
magnetic moments of the hadrons μH within the constituent
quark model can be calculated using the following expect-
ation values [50–95]

μH ¼ hJH; JHj
X
j

μ̂spinzj þ μ̂orbitalz jJH; JHi: ð3:5Þ

B. The results of radiative decays
of the Ωð�Þ

c D�
s molecules

The radiative decay width is a significant electromag-
netic property of the hadron, which can be experimentally
studied. Thus, we first study the radiative decays between
the ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule
with JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−.

As the essential inputs for studying the radiative decay
widths between the ΩcD�

s molecule with JP ¼ 1=2−, the
Ω�

cD�
s molecule with JP ¼ 1=2−, and the Ω�

cD�
s molecule

with JP ¼ 3=2−, it is necessary to calculate their transition
magnetic moments.
As demonstrated in Refs. [82–85,95], the transition

magnetic moments of the hadronic molecular states are
composed of the linear combination of the magnetic
moments and the transition magnetic moments of their
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constituent hadrons in the constituent quark model.
Currently, the values of the magnetic moments and the
transition magnetic moment of the hadrons Ωc, Ω�

c, and D�
s

have not been determined experimentally. In the following,
we discuss the magnetic moments and the transition
magnetic moment of the hadrons Ωc, Ω�

c, and D�
s . In order

to calculate the magnetic moments and the transition
magnetic moment of the hadrons Ωc, Ω�

c, and D�
s using

the constituent quark model, it is necessary to construct
their wave functions. The flavor wave functions of the Ωc,
Ω�

c, and D�
s have the form of ssc, ssc, and cs̄, respectively.

In Table IV, we present the spin wave functions jS; S3i of
the Ωc, Ω�

c, and D�
s , where S and S3 in the spin wave

functions represent the total spins and the total spin third
components of the Ωc, Ω�

c, and D�
s , respectively.

In addition to their flavor and spin wave functions, we
also need to discuss the spatial wave functions of the Ωc
and Ω�

c baryons when calculating the transition magnetic
moment between the hadrons Ωc and Ω�

c. In our current
study, we utilize the simple harmonic oscillator wave
function ϕn;l;mðβ; rÞ to describe the spatial wave functions
of the baryons Ωc and Ω�

c [85,95], and the simple harmonic
oscillator wave function can be defined as follows

ϕn;l;mðβ;rÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2n!
Γðnþ lþ 3

2
Þ

s
L
lþ1

2
n ðβ2r2Þβlþ3

2e−
β2r2

2 rlYlmðΩrÞ:

ð3:6Þ

Here, we define the radial, the orbital, and the magnetic
quantum numbers of the discussed hadron as n, l, and m,

respectively. Additionally, L
lþ1

2
n ðxÞ denotes the associated

Laguerre polynomial, YlmðΩrÞ represents the spherical
harmonic function, and β is a parameter in the simple
harmonic oscillator wave function. Our previous theoretical
study [85] utilized β ¼ 0.4 GeV to investigate the tran-

sition magnetic moments of the Ωð�Þ
c D̄�

s molecules, and this

value is also utilized in the present work. In practice, when
calculating the contribution of the spatial wave functions of
the initial and final states hϕfje−ik·rj jϕii, the spatial wave
function of the emitted photon e−ik·rj needs to be expanded
using the spherical Bessel function jlðxÞ and the spherical
harmonic function YlmðΩrÞ [127]

e−ik·rj ¼
X∞
l¼0

Xl
m¼−l

4πð−iÞljlðkrjÞY�
lmðΩkÞYlmðΩrjÞ: ð3:7Þ

Utilizing the aforementioned discussions, the contribution
of the spatial wave functions of the initial and final states
hϕfje−ik·rj jϕii can be calculated [85].
Taking into account the flavor, spin, and spatial wave

functions of theΩð�Þ
c baryons and theD�

s meson, themagnetic

moments and the transition magnetic moment of the Ωð�Þ
c

baryons and theD�
s meson can be deduced by calculating the

expectation values of the z-component of the magnetic
moment operator. Regarding the magnetic moments of the

Ωð�Þ
c baryons and the D�

s meson, we find μΩ0
c
¼ 4

3
μs − 1

3
μc,

μΩ�0
c
¼ 2μs þ μc, andμD�þ

s
¼ μc þ μs̄.Moreover,we acquire

μΩ�0
c →Ω0

c
¼ 2

ffiffi
2

p
3
μs − 2

ffiffi
2

p
3
μc if we disregard the contribution of

the spatial wave functions of the initial and final states. Here,
we take μq ¼ −μq̄ ¼ eq=2Mq. To provide quantitative
description of the magnetic moments and the transition

magnetic moment of Ωð�Þ
c baryons and D�

s mesons, we take
the constituent quark masses as ms ¼ 0.45 GeV and mc ¼
1.68 GeV employed in prior work [57], which have been
widely used in the last decades to investigate the hadronic
magnetic moments and transition magnetic moments
[82–85]. In Table V, we list the obtained numerical results
for the magnetic moments and the transition magnetic

moment of the Ωð�Þ
c baryons and the D�

s meson.
In Table V, we also list the magnetic moments and the

transition magnetic moment of the Ωð�Þ
c baryons and theD�

s
meson predicted in other theoretical works. Especially, our
obtained magnetic moments and transition magnetic

moment of the Ωð�Þ
c baryons and the D�

s meson are

TABLE IV. The spin wave functions jS; S3i of the Ωc, Ω�
c, and

D�
s . Here, ↑ and ↓ in the spin wave functions represent 1=2 and

−1=2 for the third components of the quark spins, respectively.

Hadrons jS; S3i The spin wave functions

Ωc

j1=2; 1=2i 1ffiffi
6

p ð2↑↑↓ − ↓↑↑ − ↑↓↑Þ
j1=2;−1=2i 1ffiffi

6
p ð↓↑↓þ ↑↓↓ − 2↓↓↑Þ

Ω�
c

j3=2; 3=2i ↑↑↑
j3=2; 1=2i 1ffiffi

3
p ð↓↑↑þ ↑↓↑þ ↑↑↓Þ

j3=2;−1=2i 1ffiffi
3

p ð↓↓↑þ ↑↓↓þ ↓↑↓Þ
j3=2;−3=2i ↓↓↓

D�
s

j1; 1i ↑↑
j1; 0i 1ffiffi

2
p ð↑↓þ ↓↑Þ

j1;−1i ↓↓

TABLE V. The numerical results for the magnetic moments and
the transition magnetic moment of the Ωð�Þ

c baryons and the D�
s

meson. The units of the magnetic moments and the transition
magnetic moments are μN ¼ e=2mp. For the μΩ�0

c →Ω0
c
, we con-

sider the contribution of the initial and final state spatial wave
functions.

Electromagnetic
properties Present work Other works

μΩ0
c

−1.051 −1.127 [74], −0.960 [128]
μΩ�0

c
−1.018 −1.127 [74], −0.936 [76]

μD�þ
s

1.067 1.000 [76], 1.080 [129]
μΩ�0

c →Ω0
c

−1.003 −0.960 [62], −1.128 [61]
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consistent with those predicted in other theoretical works.
Thus, we can get the reliable results of the transition
magnetic moments between the ΩcD�

s molecule with
JP ¼ 1=2−, the Ω�

cD�
s molecule with JP ¼ 1=2−, and the

Ω�
cD�

s molecule with JP ¼ 3=2− by utilizing our obtained
magnetic moments and transition magnetic moment of the

Ωð�Þ
c baryons and the D�

s meson.
In addition, we discuss the impact of the spatial wave

functions of the initial and final states to the transition
magnetic moment of the Ω�0

c → Ω0
cγ process. By disregard-

ing the contribution of the spatial wave functions of the initial
and final states, we reach a value of μΩ�0

c →Ω0
c
¼ −1.006μN ,

which is comparable to the result of μΩ�0
c →Ω0

c
¼ −1.003μN

when including the contribution of the spatial wave functions
of the initial and final states. Here, we need to mention that
themomentumof the emitted photon is about 70MeV for the
Ω�0

c → Ω0
cγ process, and the obtained factors hϕfje−ik·rj jϕii

are approximately 0.99. Furthermore, if the value of β in the
simple harmonic oscillator wave function grows from 0.3 to
0.5 GeV, the contribution of the spatial wave functions of the
initial and final states hϕfje−ik·rj jϕii for the Ω�0

c → Ω0
cγ

process exhibit slight changes, which does not obviously
affect the transition magnetic moment of the Ω�0

c → Ω0
cγ

process.
In the subsequent analysis, we study the transition

magnetic moments and the radiative decay widths between
the ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule
with JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−

using the single channel analysis, the S-D wave mixing
analysis, and the coupled channel analysis, respectively.
From Table II, it should be noted that the mass of
the Ω�

cD�
s molecule with JP ¼ 3=2− is greater than that of

theΩ�
cD�

s molecular statewith JP ¼ 1=2− when utilizing the
same cutoff parameter. Consequently, this research
focuses on investigating the transition magnetic moments
and the radiative decay widths of the Ω�

cD�
s j1=2−i →

ΩcD�
s j1=2−iγ, Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ, and
Ω�

cD�
s j3=2−i → Ω�

cD�
s j1=2−iγ processes.

For the ΩcD�
s state with JP ¼ 1=2−, the Ω�

cD�
s state with

JP ¼ 1=2−, and the Ω�
cD�

s state with JP ¼ 3=2−, their

flavor wave functions jI; I3i are j0; 0i ¼ jΩð�Þ0
c D�þ

s i. In
addition, their spin wave functions jS; S3i can be constructed
by coupling the spin wave functions of the corresponding

constituent hadrons Ωð�Þ
c and D�

s . When calculating the
transition magnetic moment of the D-wave channel, it is
necessary to expand the corresponding spin-orbital wave
function j2Sþ1LJi employing the spin wave function jS;mSi
and the orbital wave function YLmL

[82–85,95], i.e.,

j2Sþ1LJi ¼
P

mS;mL
CJ;M
SmS;LmL

jS;mSiYLmL
. And then, the

transition magnetic moment of the D-wave channel can be
inferred by calculating the expectation value of the spin and
orbital magnetic moment operators.
As mentioned above, the transition magnetic moments

between the ΩcD�
s molecule with JP ¼ 1=2−, the Ω�

cD�
s

molecule with JP ¼ 1=2−, and the Ω�
cD�

s molecule with
JP ¼ 3=2− are dependent on the spatial wave functions of

the initial and final Ωð�Þ
c D�

s molecules. In the present work,

we take the precise spatial wave functions for the Ωð�Þ
c D�

s

molecular states to discuss their transition magnetic
moments, which can be obtained by studying their mass
spectra in the above section. Currently, there is no available

experimental information on the Ωð�Þ
c D�

s molecular states.
However, it is noteworthy that their spatial wave functions
are dependent on their binding energies. For the purpose of
this investigation, we assume the same binding energies for

the initial and final Ωð�Þ
c D�

s molecules and three binding
energies −0.5, −6.0, and −12.0 MeV to discuss the
transition magnetic moments between the ΩcD�

s molecule
with JP ¼ 1=2−, the Ω�

cD�
s molecule with JP ¼ 1=2−, and

the Ω�
cD�

s molecule with JP ¼ 3=2−. Based on the obtained
transition magnetic moments between the ΩcD�

s molecule
with JP ¼ 1=2−, the Ω�

cD�
s molecule with JP ¼ 1=2−, and

the Ω�
cD�

s molecule with JP ¼ 3=2−, we can further
calculate their radiative decay widths. In Table VI, we
collect the obtained numerical results of the transition
magnetic moments and the radiative decay widths between
the ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule
with JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−

TABLE VI. The obtained transition magnetic moments and radiative decay widths between the ΩcD�
s molecule with JP ¼ 1=2−, the

Ω�
cD�

s molecule with JP ¼ 1=2−, and the Ω�
cD�

s molecule with JP ¼ 3=2−. The units of the transition magnetic moments and the
radiative decay widths between the hadrons are μN and keV, respectively. Here, Case I, Case II, and Case III correspond to the results
obtained based on the single channel analysis, the S-D wave mixing analysis, and the coupled channel analysis, respectively.

Electromagnetic
properties Decay processes Case I Case II Case III

μH→H0 Ω�
cD�

s j1=2−i → ΩcD�
s j1=2−iγ 0.629, 0.664, 0.665 0.629, 0.663, 0.665 0.538, 0.369, 0.265

Ω�
cD�

s j3=2−i → ΩcD�
s j1=2−iγ −0.702, −0.742, −0.744 −0.702, −0.741, −0.743 −0.804, −1.053, −1.152

Ω�
cD�

s j3=2−i → Ω�
cD�

s j1=2−iγ −1.301, −1.301, −1.301 −1.301, −1.300, −1.300 � � �
ΓH→H0γ Ω�

cD�
s j1=2−i → ΩcD�

s j1=2−iγ 1.135, 1.263, 1.270 1.134, 1.260, 1.267 0.831, 0.390, 0.201
Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ 0.708, 0.789, 0.793 0.706, 0.787, 0.791 0.926, 1.590, 1.902
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based on the single channel analysis, the S-D wave mixing
analysis, and the coupled channel analysis, respectively.
According to the numerical results of the transition

magnetic moments and the radiative decay widths between
the ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule
with JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−

listed in Table VI, we want to specify four points: (i) The
S-Dwave mixing effect plays a minor role in modifying the
decay widths of the Ω�

cD�
s j1=2−i → ΩcD�

s j1=2−iγ and
Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ processes, but the contribu-
tion of the coupled channel effect is crucial in mediating
the decay widths of the Ω�

cD�
s j1=2−i → ΩcD�

s j1=2−iγ
and Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ processes. (ii) The
decay widths of the Ω�

cD�
s j1=2−i → ΩcD�

s j1=2−iγ and
Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ processes are influenced

by the binding energies of the initial and final Ωð�Þ
c D�

s
molecules, particularly in the case of the coupled channel
analysis. Thus, we strongly expect that the binding energies
of the ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule
with JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−

can be established in the forthcoming experiments, which
can provide the important inputs to improve our under-
standing of the decay widths of the Ω�

cD�
s j1=2−i →

ΩcD�
s j1=2−iγ andΩ�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ processes.
(iii) Combined with the information on the binding energies

of the Ω�
cD

ð�Þ
s molecular states and the radiative decay

behaviors of the Ω�
cD�

s j1=2−i → ΩcD�
s j1=2−iγ and

Ω�
cD�

s j3=2−i → ΩcD�
s j1=2−iγ processes, the spin-parity

quantum numbers of the Ω�
cD�

s molecular states can be
distinguished. In the future, we urge our theoretical and
experimental colleagues to study the radiative decay
behaviors of the Ω�

cD�
s j1=2−i → ΩcD�

s j1=2−iγ and
Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ processes. (iv) Assuming
the same binding energies for theΩ�

cD�
s molecule with JP ¼

1=2− and the Ω�
cD�

s molecular state with JP ¼ 3=2−, the
phase space is zero for the Ω�

cD�
s j3=2−i → Ω�

cD�
s j1=2−iγ

process, and we get ΓΩ�
cD�

s j3=2−i→Ω�
cD�

s j1=2−iγ ¼ 0. Taking
different binding energies for theΩ�

cD�
s molecular state with

JP ¼ 1=2− and the Ω�
cD�

s molecule with JP ¼ 3=2− and
scanning their binding energies in the range from −12 to
−0.5 MeV, we can estimate that the decay width of
the Ω�

cD�
s j3=2−i → Ω�

cD�
s j1=2−iγ process is less than

0.011 keV. Specifically, the decay width of the
Ω�

cD�
s j3=2−i → Ω�

cD�
s j1=2−iγ process is highly suppressed,

and this is primarily due to the limited phase space available
for this radiative decay process.

C. The results of magnetic moments
of the Ωð�Þ

c D�
s molecules

In the previous subsection, we discussed the radiative
decays of the Ωð�Þ

c D�
s molecules, which can provide the

crucial information to reflect their inner structures and
disentangle the spin-parity quantum numbers of the Ω�

cD�
s

molecular states. In the following, we explore the magnetic
moments of the ΩcD�

s molecule with JP ¼ 1=2−, the Ω�
cD�

s

molecule with JP ¼ 1=2−, and the Ω�
cD�

s molecule with
JP ¼ 3=2− using the single channel analysis, the S-Dwave
mixing analysis, and the coupled channel analysis,
respectively.
On the basis of the constructed flavor and spin wave

functions of theΩcD�
s state with JP ¼ 1=2−, theΩ�

cD�
s state

with JP ¼ 1=2−, and the Ω�
cD�

s state with JP ¼ 3=2−, we
can deduce their magnetic moments by computing the
expectation values of the z-component of the magnetic
moment operator. Including the contribution of the S-D
wave mixing effect and the coupled channel effect, their
magnetic moments depend on the spatial wave functions of
the corresponding mixing channels. In the present work,
we consider three binding energies −0.5, −6.0, and
−12.0 MeV for the ΩcD�

s molecule with JP ¼ 1=2−, the
Ω�

cD�
s molecule with JP ¼ 1=2−, and the Ω�

cD�
s molecule

with JP ¼ 3=2− to discuss the spatial wave functions of the
relevant mixing channels, from which we can obtain their
magnetic moments by considering the S-D wave mixing
effect and the coupled channel effect. In Table VII, we give
the numerical results of the magnetic moments of the ΩcD�

s

molecule with JP ¼ 1=2−, the Ω�
cD�

s molecule with
JP ¼ 1=2−, and the Ω�

cD�
s molecule with JP ¼ 3=2−

obtained by the single channel analysis, the S-D wave
mixing analysis, and the coupled channel analysis,
respectively.
As shown in Table VII, the magnetic moments of the

ΩcD�
s molecule with JP ¼ 1=2−, the Ω�

cD�
s molecule with

JP ¼ 1=2−, and the Ω�
cD�

s molecule with JP ¼ 3=2− are

TABLE VII. The obtained magnetic moments of the ΩcD�
s molecule with JP ¼ 1=2−, the Ω�

cD�
s molecule with

JP ¼ 1=2−, and the Ω�
cD�

s molecule with JP ¼ 3=2−. The units of the magnetic moments of the hadrons are μN .
Here, Case I, Case II, and Case III correspond to the results obtained based on the single channel analysis, the S-D
wave mixing analysis, and the coupled channel analysis, respectively.

Molecules Case I Case II Case III

ΩcD�
s j1=2−i 1.062 1.061, 1.061, 1.061 1.124, 1.186, 1.169

Ω�
cD�

s j1=2−i −0.921 −0.921, −0.920, −0.920 � � �
Ω�

cD�
s j3=2−i −0.319 −0.319, −0.319, −0.319 � � �
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not affected by their binding energies in the single channel
analysis, since the overlap of the corresponding spatial
wave function is 1 when the different binding energies are
applied to the focused molecule. Moreover, the D-wave
components with small contribution do not significantly
affect the magnetic moments of the ΩcD�

s molecule with
JP ¼ 1=2−, the Ω�

cD�
s molecule with JP ¼ 1=2−, and the

Ω�
cD�

s molecule with JP ¼ 3=2−. More importantly, the
magnetic moments of the Ω�

cD�
s molecular state with JP ¼

1=2− and the Ω�
cD�

s molecule with JP ¼ 3=2− are obvi-
ously different, and the magnetic moment of the Ω�

cD�
s

molecule with JP ¼ 3=2− is greater than that of the Ω�
cD�

s

molecular state with JP ¼ 1=2−. Therefore, the magnetic
moment properties can serve as the vital physical quantities
to differentiate the Ω�

cD�
s molecular state with JP ¼ 1=2−

and the Ω�
cD�

s molecule with JP ¼ 3=2−.
Furthermore, several predicted Ωð�Þ

c Dð�Þ
s molecules and

conventional Ωcc baryons may exist the identical quantum
numbers and comparable masses. In the future, we will
explore the electromagnetic characteristics of the conven-
tionalΩcc baryons, which can offer the vital information for

distinguishing the Ωð�Þ
c Dð�Þ

s molecules and the Ωcc baryons.

IV. SUMMARY

In recent decades, the investigation of the exotic had-
ronic states has become one of the most influential and
important research issues in hadron physics. Thanks to the
accumulation of the high-precision experimental data, more
and more exotic hadronic states have been discovered in the
high-energy physics experiments. In particular, LHCb has
observed the PN

ψ , PΛ
ψs, and Tcc states, and their masses are

very close to the thresholds of the corresponding two
hadrons, which has inspired theorists to explain them in
terms of the hidden-charm molecular pentaquarks and the
doubly charmed molecular tetraquark. Obviously, these
experimental observations provide a good opportunity for
constructing the zoo of the doubly charmed molecular
pentaquarks in the hadron spectroscopy. In Refs. [48,49],
the authors have already predicted the existence of the
doubly charmed molecular pentaquark candidates with the

Σð�Þ
c Dð�Þ and Ξð0;�Þ

c Dð�Þ
s configurations.

To further complete the doubly charmed molecular
pentaquark family, in this work we focus on the doubly
charmed molecular pentaquark candidates of the Ωð�Þ

c Dð�Þ
s

configuration, which are new type of doubly charmed
molecular pentaquarks containing most strange quarks. As
the crucial information to search for them experimentally
and the important inputs for the study of their properties,

we first predict the mass spectra of the Ωð�Þ
c Dð�Þ

s -type
doubly charmed molecular pentaquark candidates. In our
concrete calculations, we utilize the OBE model to derive
the effective potentials in the coordinate space of the

Ωð�Þ
c Dð�Þ

s systems, and then we try to find the loosely

bound state solutions of theΩð�Þ
c Dð�Þ

s systems by solving the
coupled channel Schrödinger equation, where our analysis
considers the contribution of the S-D wave mixing effect
and the coupled channel effect. Our quantitative analysis
indicates that the ΩcD�

s state with JP ¼ 1=2−, the Ω�
cD�

s

state with JP ¼ 1=2−, and the Ω�
cD�

s state with JP ¼ 3=2−

can be considered as the most promising doubly charmed
molecular pentaquark candidates, and the ΩcDs state with
JP ¼ 1=2−, the Ω�

cDs state with JP ¼ 3=2−, and the ΩcD�
s

state with JP ¼ 3=2− are the possible doubly charmed
molecular pentaquark candidates, which are basically
consistent with the theoretical prediction in Ref. [130].
Furthermore, the corresponding spatial wave functions of

the Ωð�Þ
c Dð�Þ

s molecules can be obtained, which play a
pivotal role in the investigation of their properties.
In order to provide more abundant suggestions for the

construction of the mass spectra of the Ωð�Þ
c Dð�Þ

s -type
doubly charmed molecular pentaquarks in the future
experiments, we further explore the radiative decays and
the magnetic moments of the most promising doubly
charmed molecular pentaquark candidates based on their
mass spectra and spatial wave functions. In the realistic
calculations, the constituent quark model is used by
considering both the S-D wave mixing effect and the
coupled channel effect. Our obtained results indicate that
(i) the radiative decay behaviors and the magnetic moments
play an important role in reflecting the inner structures of

the Ωð�Þ
c Dð�Þ

s -type doubly charmed molecular pentaquarks,
(ii) the radiative decay behaviors of the Ω�

cD�
s j1=2−i →

ΩcD�
s j1=2−iγ and Ω�

cD�
s j3=2−i → ΩcD�

s j1=2−iγ processes
can provide the valuable suggestions for identifying the
spin-parity quantum numbers of theΩ�

cD�
s molecular states,

and (iii) the spin-parity quantum numbers of the Ω�
cD�

s
molecular states can be distinguished by studying their
magnetic moment properties.
Since the discovery of the charmoniumlike state

Xð3872Þ, the past two decades have been a crucial period
in the study of the exotic hadronic states. With the
accumulation of higher statistical data at LHC [96], we
have enough reason to believe that various types of doubly
charmed molecular pentaquark candidates will be found at
LHCb in the future. Thus, the mass spectra, the properties,
and the production mechanisms of different types of doubly
charmed molecular pentaquark candidates should receive
more attentions from theorists at the present stage, which
will expand our understanding of the doubly charmed
molecular pentaquark candidates and provide the essential
guidance to search for the doubly charmed molecular
pentaquark candidates in the future experiments.
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