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Inspired by the observation of the PΛ
ψsð4459Þ and PΛ

ψsð4338Þ, we systematically investigate the magnetic
moments, the transition magnetic moments, and the radiative decay behaviors of the S-wave isoscalar

Ξð0Þ
c D̄ð�Þ molecular pentaquark states in this work. Our quantitative investigation shows that their

electromagnetic properties can provide important hints to decode the inner structure of these discussed

isoscalar Ξð0Þ
c D̄� molecular pentaquarks. As a potential research issue, we suggest future experiments to

focus on the electromagnetic properties of these isoscalar Ξð0Þ
c D̄ð�Þ molecular pentaquarks, which are a

typical hidden-charm molecular pentaquark system with single strangeness.

DOI: 10.1103/PhysRevD.106.054020

I. INTRODUCTION

Since the discovery of the Xð3872Þ by the Belle
Collaboration in 2003 [1], a large number of exotic hadronic
states have been observed in the past two decades, which
stimulated extensive discussion around them [2,2–12]. As
an important part of the exotic hadron spectroscopy, the
molecular state picture was extensively applied to explain
them, where we have witnessed the big progress on the
experimental and theoretical exploration of the hidden-
charm molecular pentaquarks [2–12]. Especially, the
observation of three PN

ψ states, PN
ψ ð4312Þ, PN

ψ ð4440Þ, and
PN
ψ ð4457Þ, by the LHCb Collaboration in 2019 [13],

provides strong evidence to support the existence of the
hidden-charm molecular pentaquarks in the hadron spec-
troscopy [14–20].
In 2021, LHCb reported the evidence of the PΛ

ψsð4459Þ,
a candidate of the hidden-charm pentaquark with strange-
ness, by analyzing the Ξ−

b → J=ψΛK− process [21],
which can be viewed as the ΞcD̄� molecular pentaquark

state [22–47]. As indicated by LHCb, the PΛ
ψsð4459Þ state

can be as a double-peak structure [21] similar to the case for
the PN

ψ ð4450Þ enhancement structure [48], which can be
replaced by two substructures PN

ψ ð4440Þ and PN
ψ ð4457Þ

[13]. Very recently, LHCb reported the observation of the
PΛ
ψsð4338Þ in the B− → J=ψΛp̄ process1 [49]. Obviously,

the observed PΛ
ψsð4459Þ and PΛ

ψsð4338Þ not only make the
family of the hidden-charm pentaquark with single strange-
ness becomes abundant, but also inspire theorist’s interest
in investigating the ΞcD̄ð�Þ molecular states [50–54].
In Ref. [52], we indicated the existence of characteristic

spectrum of the Ξð0Þ
c D̄ð�Þ-type hidden-charm molecular

pentaquarks with single strangeness when checking the

S-wave Ξð0Þ
c D̄ð�Þ interactions quantitatively. In fact, this

behavior was also found by Karliner and Rosner in
Ref. [51]. When facing such experimental and theoretical
progresses of exploring the hidden-charm molecular pen-
taquarks with single strangeness, it is natural to expect that
the theorists should pay more attention to exploring other

properties of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states,

which is valuable to reveal the mystery behind these novel
phenomena.
As is well known, the study of the electromagnetic

properties of the hadrons can provide new insight to reveal
their inner structures. For example, the magnetic moment
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1Since we are using the new LHCb exotic naming convention
[49] for PΛ

ψsð4338Þ, the same label applies to Pcsð4459Þ, and that
PN
ψ would be the new name for the old Pc states.
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of the ΣcD̄� molecular pentaquark with IðJPÞ ¼ 1=2ð1=2−Þ
is obviously different from that of the ΣcD̄� state with
IðJPÞ ¼ 1=2ð3=2−Þ [55,56]. This observation can be
applied to clarify the spin-parity quantum numbers of
the PN

ψ ð4440Þ and PN
ψ ð4457Þ [13–20]. In the past several

decades, different theoretical methods or approaches were
proposed to investigate the electromagnetic properties of
the hadronic states [11]. Among them, the constituent
quark model is a popular way to study the magnetic
moments of the decuplet and octet baryons quantita-
tively [57,58].
Along this line, for further presenting the inner structures

of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states, it is

essential to obtain the information of their magnetic
moments, transition magnetic moments, and radiative
decay behaviors, which will be the main task of this work.
For achieving this goal, we adopt the constituent quark
model in our realistic calculation since it has been adopted
to investigate the magnetic moments of the hadronic
molecular states [55,56,59–62]. In addition, the S-D wave
mixing effect [52] is taken into account in our calculation.
By this effort, we illustrate the electromagnetic properties

of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular pentaquarks,

and hope that the present work may inspire our colleagues
to further focus on the electromagnetic properties of the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecules in the following years.

In Ref. [63], the magnetic moments of the PΛ
ψsð4338Þ and

PΛ
ψsð4459Þ states were obtained within the hadronic

molecular picture by the QCD sum rule.
An outline of this paper is as follows. After Introduction,

the detailed deduction of the magnetic moments and the
transition magnetic moments related to the S-wave

charmed baryons Ξð0Þ
c , the S-wave anticharmed mesons

D̄ð�Þ, and the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states will

be given in Sec. II. With this preparation, we present the
numerical results and the corresponding discussion of the
magnetic moments, the transition magnetic moments, and
the radiative decay behaviors of the S-wave isoscalar

Ξð0Þ
c D̄ð�Þ molecular pentaquarks in Sec. III. Finally, this

work ends with a short summary in Sec. IV.

II. DEDUCING THE ELECTROMAGNETIC
PROPERTIES OF THE Ξð0Þ

c D̄ð�Þ-TYPE
MOLECULAR PENTAQUARKS

In this section, the main task is to deduce the magnetic
moments and the transitionmagneticmoments of the S-wave

charmedbaryonsΞð0Þ
c , theS-wave anti-charmedmesons D̄ð�Þ,

and the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular pentaquarks,

where we adopt the constituent quark model in the calcu-
lation.We should emphasize that the constituent quarkmodel
was extensively applied to study various properties of the

hadronic states in the past decades [2–12], where the
magnetic moments of the hadronic molecular states were
focused [55,56,59–62].
In the present work, the adopted model and convention

of getting the hadronic magnetic moments and the tran-
sition magnetic moments are the same as those given in
Refs. [56,62]. Within the constituent quark model, the mag-
netic moment of the hadronic state μ can be written as
the sum of the spin magnetic moment μspin and the
orbital magnetic moment μorbital from its constituents
[55,59,62,64], i.e.,

μ ¼ μspin þ μorbital: ð1Þ
Here, the spin magnetic moment μspin and the orbital
magnetic moment μorbital can be related to the spin of each
constituent and the orbital angular momenta between its
constituents, respectively. Subsequently, we define the spin
magnetic moment μspin and the orbital magnetic moment
μorbital adopted in the present work.
In practice, the magnetic moment μH0

and the transition
magnetic moment μH1→H2

can be calculated by the
z-component of the magnetic moment operator μ̂z sand-
wiched by the corresponding wave functions of the inves-
tigated hadrons, and the general expression is

μH0
¼ hH0jμ̂zjH0i; ð2Þ

μH1→H2
¼ hH2jμ̂zjH1i; ð3Þ

where jHii stands for the corresponding wave function of
the investigated hadronic state. Thus, the first task is to
calculate the matrix elements hH0jμ̂zjH0i and hH2jμ̂zjH1i
for extracting the hadronic magnetic moment and the
transition magnetic moment.
The wave function of the hadronic state ψ is composed

of the color wave function ωcolor, the flavor wave function
χflavor, the spin wave function χspin, and the spatial wave
function Rspace, which can be factorized as

ψ ¼ ωcolor ⊗ χflavor ⊗ χspin ⊗ Rspace: ð4Þ

For the hadronic wave function, we should emphasize:
(1) The color wave functions do not affect the magnetic

moments of hadrons, and we do not need to consider
them explicitly;

(2) For the flavor-spin wave function, we need to
consider the requirement of the symmetry, which
is an important step when getting the magnetic
moment and the transition magnetic moment of
the hadronic state;

(3) For the spatial wave function [62], we usually do not
mention it when calculating the magnetic moment
and the transition magnetic moment of the hadronic
state. However, if considering the S-D wave mixing
effect, we should take the spatial wave functions of
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these involved mixing channels as input, which can
be numerically obtained from solving the Schrö-
dinger equation for the mass spectrum.

Due to the absence of experimental data of the magnetic
moments and the transition magnetic moments of the

S-wave charmed baryons Ξð0Þ
c and the S-wave anti-charmed

mesons D̄ð�Þ, we first calculate them within the constituent

quark model. For Ξð0Þ
c and D̄ð�Þ, there only exist the spin

magnetic moments μ⃗spin since the orbital angular momen-
tum among quarks is 0, and at quark level [55,59,62,64]

μ⃗spin ¼
X
i

Qi

2Mi
σ⃗i; ð5Þ

where Qi, Mi, and σ⃗i denote the charge, mass, and Pauli’s
spin matrix of the ith quark, respectively.
In order to obtain the magnetic moments and the

transition magnetic moments of Ξð0Þ
c and Dð�Þ, we need

to construct their flavor wave functions and spin wave
functions. Based on the flavor symmetries of the light
diquark, the charmed baryons can be categorized into the
3̄F and 6F flavor representations, which correspond to the
flavor antisymmetry and symmetry for the light diquark,
respectively. Here, Ξc with JP ¼ 1=2þ denotes the S-wave
charmed baryon in the 3̄F flavor representation, while Ξ0

c

with JP ¼ 1=2þ is for the 6F flavor representation. In
Table I, we collect these flavor wave functions χflavor and

the spin wave functions χspin of Ξ
ð0Þ
c and D̄ð�Þ [65,66], which

are adopted to calculate the matrix elements μH0
¼

hH0jμ̂zjH0i and μH1→H2
¼ hH2jμ̂zjH1i.

For these Ξð0Þ
c and D̄ð�Þ, their magnetic moments can be

estimated by the z-component of the magnetic moment
operator μ̂z sandwiched by the corresponding flavor-spin

wave functions of Ξð0Þ
c and D̄ð�Þ, respectively. Here, we need

to indicate that the magnetic moment of the quark can be
obtained by the following matrix elements

hq↑jμ̂zjq↑i ¼ μq ¼
Qq

2Mq
; ð6Þ

hq↓jμ̂zjq↓i ¼ −μq ¼ −
Qq

2Mq
: ð7Þ

Here, the arrow stands for the third component of the quark
spin, while Qq and Mq are the quark charge and mass,
respectively. Additionally, we need to indicate that
μq̄ ¼ −μq ¼ −Qq=2Mq. For example,

μD̄�0 ¼ hχS¼1;S3¼1

D̄�0 jμ̂zjχS¼1;S3¼1

D̄�0 i
¼ hc̄u↑↑jμ̂zjc̄u↑↑i
¼ μc̄ þ μu: ð8Þ

Thus, the expression of the magnetic moment of the S-wave
charmed meson D̄�0 is μc̄ þ μu. In this work, we adopt
the constituent quark masses mu ¼ 0.336 GeV, md ¼
0.336 GeV, ms ¼ 0.450 GeV, and mc ¼ 1.680 GeV [67]
to present the hadronic magnetic moments and transition
magnetic moments quantitatively, which are widely used to
study the hadronic magnetic moments [56,62]. By numeri-
cal calculation, we can obtain the magnetic moment of D̄�0
is 1.489μN . Here, μN ¼ e=2mN is the nuclear magnetic
moment with mN ¼ 938 MeV as the nuclear mass [66],
which is the unit of the magnetic moment.
In Table II, we list the expressions and numerical results

of the magnetic moments of Ξð0Þ
c and D̄ð�Þ, which are

TABLE I. The flavor wave functions χflavor and the spin

wave functions χspin of the S-wave charmed baryons Ξð0Þ
c and

the S-wave anti-charmed mesons D̄ð�Þ. Here, S and S3 are the spin
and its third component of the discussed hadron, while the arrow
denotes the third component of the quark spin.

States jS; S3i χflavor ⊗ χspin

Ξþ
c j 1

2
; 1
2
i 1ffiffi

2
p ðusc − sucÞ ⊗ 1ffiffi

2
p ð↑↓↑ − ↓↑↑Þ

j 1
2
;− 1

2
i 1ffiffi

2
p ðusc − sucÞ ⊗ 1ffiffi

2
p ð↑↓↓ − ↓↑↓Þ

Ξ0
c j 1

2
; 1
2
i 1ffiffi

2
p ðdsc − sdcÞ ⊗ 1ffiffi

2
p ð↑↓↑ − ↓↑↑Þ

j 1
2
;− 1

2
i 1ffiffi

2
p ðdsc − sdcÞ ⊗ 1ffiffi

2
p ð↑↓↓ − ↓↑↓Þ

Ξ0þ
c j 1

2
; 1
2
i 1ffiffi

2
p ðuscþ sucÞ ⊗ 1ffiffi

6
p ð2↑↑↓ − ↓↑↑ − ↑↓↑Þ

j 1
2
;− 1

2
i 1ffiffi

2
p ðuscþ sucÞ ⊗ 1ffiffi

6
p ð↓↑↓þ ↑↓↓ − 2↓↓↑Þ

Ξ00
c j 1

2
; 1
2
i 1ffiffi

2
p ðdscþ sdcÞ ⊗ 1ffiffi

6
p ð2↑↑↓ − ↓↑↑ − ↑↓↑Þ

j 1
2
;− 1

2
i 1ffiffi

2
p ðdscþ sdcÞ ⊗ 1ffiffi

6
p ð↓↑↓þ ↑↓↓ − 2↓↓↑Þ

D̄0 j0; 0i c̄u ⊗ 1ffiffi
2

p ð↑↓ − ↓↑Þ
D− j0; 0i c̄d ⊗ 1ffiffi

2
p ð↑↓ − ↓↑Þ

D̄�0 j1; 1i c̄u ⊗ ↑↑
j1; 0i c̄u ⊗ 1ffiffi

2
p ð↑↓þ ↓↑Þ

j1;−1i c̄u ⊗ ↓↓
D�− j1; 1i c̄d ⊗ ↑↑

j1; 0i c̄d ⊗ 1ffiffi
2

p ð↑↓þ ↓↑Þ
j1;−1i c̄d ⊗ ↓↓

TABLE II. The magnetic moments of the S-wave charmed

baryons Ξð0Þ
c and the S-wave anticharmed mesons D̄ð�Þ. Here, the

magnetic moments of the S-wave anti-charmed mesons D̄0 and
D− are zero, the magnetic moment is in unit of the nuclear
magnetic moment μN , and μq ¼ Qq=2Mq withQq andMq are the
quark charge and mass, respectively.

Hadrons Expressions Results Other works

Ξþ
c μc 0.372 0.37 [67] 0.37 [68]

Ξ0
c μc 0.372 0.366 [67] 0.38 [69]

Ξ0þ
c

2
3
μu þ 2

3
μs − 1

3
μc 0.654 0.65 [69] 0.633 [70]

Ξ00
c

2
3
μd þ 2

3
μs − 1

3
μc −1.208 −1.23 [71] −1.23 [72]

D̄�0 μc̄ þ μu 1.489 1.28 [70] 1.48 [73]
D�− μc̄ þ μd −1.303 −1.31 [73] −1.17 [74]
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expressed as the combination of the magnetic moments of
their constituent quarks. In addition, we compare our
obtained numerical results with those from other theoretical
works, and we can see they are consistent [67–74]. Here,
we need to emphasis that the magnetic moments of the
S-wave anti-charmed mesons D̄0 and D− are zero due to
being spin 0. For example, the magnetic moment of D̄0 is
explicitly written as

hχS¼0;S3¼0

D̄0 jμ̂zjχS¼0;S3¼0

D̄0 i

¼
�
c̄u↑↓ − c̄u↓↑ffiffiffi

2
p

����μ̂z
���� c̄u↑↓ − c̄u↓↑ffiffiffi

2
p

�

¼ 0: ð9Þ

Additionally, the transition magnetic moments of Ξð0Þ
c

and D̄ð�Þ can be obtained by calculating the matrix element
μH1→H2

¼ hH2jμ̂zjH1i, and the initial and final states take
the same third components of the spin when deducing the
hadronic transition magnetic moment. For instance,

μD̄�0→D̄0 ¼ hχS¼0;S3¼0

D̄0 jμ̂zjχS¼1;S3¼0

D̄�0 i

¼
�
c̄u↑↓ − c̄u↓↑ffiffiffi

2
p

����μ̂z
���� c̄u↑↓þ c̄u↓↑ffiffiffi

2
p

�

¼ μc̄ − μu: ð10Þ

Thus, the expression and numerical result of the transition
magnetic moment of the D̄�0 → D̄0γ process are μc̄ − μu
and −2.234μN , respectively.
In Table III, we present the expressions and numerical

results of the transitionmagneticmoments ofΞð0Þ
c and D̄ð�Þ. In

order to check the reliability of these obtained transition
magnetic moments, we compare our obtained numerical
results with those from other theoretical models, and our
results are close to other theoretical predictions [67,70,73,75].
In our previous work [52], we already studied the S-wave

Ξð0Þ
c D̄ð�Þ-type mass spectrum of the hidden-charm molecu-

lar pentaquarks with strangeness, and our numerical results

suggest that all of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ states

can be recommended as the hidden-charm molecular

pentaquark candidates with strangeness. In this subsection,
we mainly illustrate how to deduce the magnetic moments,
the transition magnetic moments, and the radiative decay
behaviors of these hidden-charm molecular pentaquark
candidates with strangeness.
First we assume these molecular states are in Swave, and

then we further take into account the S-D wave mixing
effect. The S-wave hadronic state only has the spin
magnetic moment μspin, and the D-wave hadronic state
contains the spin magnetic moment μspin and the orbital
magnetic moment μorbital from its constituents. Here, the

orbital magnetic moments μorbital of the D-wave Ξð0Þ
c D̄ð�Þ

channels can be written as [55,56,59,62,64,76]

μ⃗orbital ¼ μLmbL⃗

¼ Mm

Mb þMm

Qb

2Mb
L⃗þ Mb

Mb þMm

Qm

2Mm
L⃗; ð11Þ

where the subscripts b and m correspond to the S-wave

charmed baryons Ξð0Þ
c and the S-wave anticharmed mesons

D̄ð�Þ, respectively, and L⃗ denotes the orbital angular

momenta between Ξð0Þ
c and D̄ð�Þ. Here, we use the formula

L̂zYL;mL
¼ mLYL;mL

and
R
Y†
L;mL

YL;mL
sin θdθdϕ ¼ 1

when deducing the hadronic orbital magnetic moments.
Similar to the magnetic moments and the transition

magnetic moments of Ξð0Þ
c and D̄ð�Þ, the magnetic moments

and the transition magnetic moments of the S-wave iso-

scalar Ξð0Þ
c D̄ð�Þ molecular states can be obtained by calcu-

lating the matrix elements μH0
¼ hH0jμ̂zjH0i and

μH1→H2
¼ hH2jμ̂zjH1i, respectively. In Table IV, we collect

the flavor wave functions χflavor and the spin wave functions

TABLE III. The transition magnetic moments of the S-wave

charmed baryons Ξð0Þ
c and the S-wave anticharmed mesons D̄ð�Þ.

Here, the transition magnetic moment is in unit of the nuclear
magnetic moment μN .

Decay modes Expressions Results Other works

Ξ0þ
c → Ξþ

c γ 1ffiffi
3

p ðμs − μuÞ −1.476 −1.39 [67] −1.4282 [75]

Ξ00
c → Ξ0

cγ
1ffiffi
3

p ðμs − μdÞ 0.136 0.13 [67] 0.138 [70]

D̄�0 → D̄0γ μc̄ − μu −2.234 −2.13 [73]
D�− → D−γ μc̄ − μd 0.558 0.54 [73]

TABLE IV. The flavor wave functions χflavor and the spin wave

functions χspin of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ systems. Here, I

and I3 are the isospin and its third component of the investigated
system, respectively, while S and S3 are the spin and its third
component of the investigated system, respectively.

Systems jI; I3i χflavor

Ξð0Þ
c D̄ð�Þ j0; 0i 1ffiffi

2
p jΞð0Þþ

c Dð�Þ−i − 1ffiffi
2

p jΞð0Þ0
c D̄ð�Þ0i

Systems jS; S3i χspin

Ξð0Þ
c D̄ j 1

2
; 1
2
i j 1

2
; 1
2
ij0; 0i

j 1
2
;− 1

2
i j 1

2
;− 1

2
ij0; 0i

Ξð0Þ
c D̄� j 1

2
; 1
2
i 1ffiffi

3
p j 1

2
; 1
2
ij1; 0i −

ffiffi
2
3

q
j 1
2
;− 1

2
ij1; 1i

j 1
2
;− 1

2
i ffiffi

2
3

q
j 1
2
; 1
2
ij1;−1i − 1ffiffi

3
p j 1

2
;− 1

2
ij1; 0i

j 3
2
; 3
2
i j 1

2
; 1
2
ij1; 1i

j 3
2
; 1
2
i ffiffi

2
3

q
j 1
2
; 1
2
ij1; 0i þ 1ffiffi

3
p j 1

2
;− 1

2
ij1; 1i

j 3
2
;− 1

2
i 1ffiffi

3
p j 1

2
; 1
2
ij1;−1i þ

ffiffi
2
3

q
j 1
2
;− 1

2
ij1; 0i

j 3
2
;− 3

2
i j 1

2
;− 1

2
ij1;−1i
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χspin for these discussed S-wave isoscalar Ξð0Þ
c D̄ð�Þ systems

[52]. Now, we take μΞcD̄j2S1=2i and μΞ0
cD̄j2S1=2i→ΞcD̄j2S1=2i as

examples to illustrate the procedure of deducing the
magnetic moments and the transition magnetic moments

of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states

μΞcD̄j2S1=2i ¼ hχΞcD̄j2S1=2ijμ̂zjχΞcD̄j2S1=2ii

¼ 1

2
μΞþ

c
þ 1

2
μΞ0

c
; ð12Þ

μΞ0
cD̄j2S1=2i→ΞcD̄j2S1=2i ¼ hχΞcD̄j2S1=2ijμ̂zjχΞ0

cD̄j2S1=2ii

¼ 1

2
μΞ0þ

c →Ξþ
c
þ 1

2
μΞ00

c →Ξ0
c
; ð13Þ

respectively. Thus, we can obtain the magnetic moment of
the ΞcD̄j2S1=2i state and the transition magnetic moment of
the Ξ0

cD̄j2S1=2i → ΞcD̄j2S1=2iγ process. Here, the notation
j2Sþ1LJi is used. Additionally, S, L, and J denote the spin,
orbit angular momentum, and total angular momentum
quantum numbers for the discussed system, respectively.
After that, we further discuss the magnetic moments and

the transition magnetic moments of the isoscalar Ξð0Þ
c D̄ð�Þ

molecular states after considering the S-D wave mixing

effect. Nevertheless, the isoscalar Ξð0Þ
c D̄ states with JP ¼

1=2− only exist the S-wave component, i.e., j2S1=2i
channel, and the probabilities for the D-wave components
are zero for the isoscalar ΞcD̄� states with JP ¼ 1=2− and
JP ¼ 3=2− [52]. In detail, since the contribution of the
tensor forces from the S −D wave mixing effect for
the ΞcD̄� interactions disappears, the probabilities for
the D-wave components are zero for the isoscalar ΞcD̄�

states with JP ¼ 1=2− and JP ¼ 3=2− [52], and thus the
contribution of the magnetic moment of the D-wave
channel is zero. Thus for the S-D wave mixing effects
we consider the following allowed channels [52], i.e.,

Ξ0
cD̄�½JP ¼ 1=2−�∶ j2S1=2i; j4D1=2i;

Ξ0
cD̄�½JP ¼ 3=2−�∶ j4S3=2i; j2D3=2i; j4D3=2i:

When considering the contribution of the S-D wave
mixing effect, the hadronic magnetic moment can be
written as

P
i μihRijRii þ

P
i≠j μi→jhRjjRii, where Ri

denotes the space wave function of the corresponding
i-th channel, which can be obtained by the calculation
of the mass spectrum. In the following, we take the S-wave
isoscalar Ξ0

cD̄� state with JP ¼ 1=2− as an example to
illustrate how to obtain the hadronic magnetic moment after
considering the S-D wave mixing effect. After performing
the S-D wave mixing analysis, the specific expression of
the magnetic moment of the S-wave isoscalar Ξ0

cD̄� state
with JP ¼ 1=2− can be written as

μΞ0
cD̄�j2S1=2ihRΞ0

cD̄�j2S1=2ijRΞ0
cD̄�j2S1=2ii

þ μΞ0
cD̄�j4D1=2ihRΞ0

cD̄�j4D1=2ijRΞ0
cD̄�j4D1=2ii: ð14Þ

In the above expression, the μΞ0
cD̄�j2S1=2i has been dis-

cussed in Eq. (12), and the involved components
hRΞ0

cD̄�j2S1=2ijRΞ0
cD̄�j2S1=2ii and hRΞ0

cD̄�j4D1=2ijRΞ0
cD̄�j4D1=2ii can

be obtained by solving the Schrödinger equation for the
mass spectrum of the isoscalar Ξ0

cD̄� state with JP ¼ 1=2−

after considering the S-D wave mixing effect [52].
In the following, we illustrate the method of obtaining

the magnetic moment of the Ξ0
cD̄�j4D1=2i channel. For

these investigated hadronic states, their spin-orbit wave
function can be constructed as

j2Sþ1LJi ¼
X
mS;mL

CJ;M
SmS;LmL

χS;mS
YL;mL

: ð15Þ

Once expanding the spin-orbit wave function j4D1=2i for
the Ξ0

cD̄� system, we can obtain

j4D1=2i ¼
1ffiffiffiffiffi
10

p χ3=2;3=2Y2;−1 −
1ffiffiffi
5

p χ3=2;1=2Y2;0

þ
ffiffiffiffiffi
3

10

r
χ3=2;−1=2Y2;1 −

ffiffiffi
2

5

r
χ3=2;−3=2Y2;2: ð16Þ

With the above preparation, the magnetic moment of the
Ξ0
cD̄�j4D1=2i channel can be deduced as

1

10

�
1

2
μΞ0þ

c
þ 1

2
μD�− þ 1

2
μΞ00

c
þ 1

2
μD̄�0 − μLΞ0

cD̄�

�

þ 1

5

�
1

6
μΞ0þ

c
þ 1

6
μD�− þ 1

6
μΞ00

c
þ 1

6
μD̄�0

�

þ 3

10

�
−
1

6
μΞ0þ

c
−
1

6
μD�− −

1

6
μΞ00

c
−
1

6
μD̄�0 þ μLΞ0

cD̄�

�

þ 2

5

�
−
1

2
μΞ0þ

c
−
1

2
μD�− −

1

2
μΞ00

c
−
1

2
μD̄�0 þ 2μLΞ0

cD̄�

�

¼ −
1

6
μΞ0þ

c
−
1

6
μD�− −

1

6
μΞ00

c
−
1

6
μD̄�0 þ μLΞ0

cD̄� : ð17Þ

Through the above calculation, we can get the magnetic
moment of the isoscalar Ξ0

cD̄� state with JP ¼ 1=2− after
considering the S −D wave mixing effect.
In addition, the general expression of the hadronic

transition magnetic moment can be written asP
i≠j μi→jhRjjRii when considering the contribution of

the S-D wave mixing effect. Here, we need to mention
that the calculation method of the transition magnetic
moment is similar to that of the magnetic moment for
theD-wave channel, except for the different wave functions
of the initial and final states.
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The radiative decay widths between the isoscalar

Ξð0Þ
c D̄ð�Þ molecular states are the important physical observ-

able in experiment, which may provide the crucial infor-
mation to probe their inner structures. The radiative decay
width is closely related to the transition magnetic moment.
For the H1 → H2γ process, the photon momentum can be
written as [70,75,77–79]

Eγ ¼
M2

1 −M2
2

2M1

; ð18Þ

where H1 and H2 stand for these discussed hidden-charm
molecular pentaquarks with strangeness, while M1 and M2

are the masses of the hadrons H1 and H2, respectively. The
relation between the radiative decay width ΓðH1 → H2γÞ
and the transition magnetic moment μH1→H2

can be
expressed as [70,75,77–79]

ΓðH1 → H2γÞ ¼ αEM
E3
γ

M2
P

2JH2
þ 1

2JH1
þ 1

�
μH1→H2

μN

�
2

: ð19Þ

In the above formula, the fine structure constant is taken as
αEM ≈ 1=137 and MP is the proton mass with MP ¼
938 MeV.

III. NUMERICAL ANALYSIS

In this section, we present the numerical results and
discussions of the magnetic moments, the transition mag-
netic moments, and the radiative decay widths of the
isoscalar Ξð0Þ

c D̄ð�Þ molecular states by performing the single
channel analysis and the S-D wave mixing analysis,
respectively. In Table V, the masses of these involved
hadrons [66] are collected.
We first give the expressions and numerical results for

the magnetic moments of the S-wave isoscalar hidden-

charm Ξð0Þ
c D̄ð�Þ molecular states with strangeness in

Table VI. To be more intuitive, we present their masses
[33,46,52] and magnetic moments in Fig. 1.
Based on the obtained numerical results, we summarize

the following points:
(i) Since the magnetic moment of D̄ is zero, those of the

S-wave isoscalar Ξð0Þ
c D̄ molecules only contain the

contribution from Ξð0Þ
c .

(ii) The magnetic moment of the S-wave isoscalar ΞcD̄�

molecule with JP ¼ 1=2− is −0.062μN , while those
with JP ¼ 3=2− is 0.465μN . Thus, they are much
different, which deserves to attract the attentions in
the future experiments.

(iii) Similar to theΞcD̄� case, the magnetic moment of the
S-wave isoscalar Ξ0

cD̄� molecule with JP ¼ 1=2− is
obviously different from that with JP ¼ 3=2−. If the
magnetic moment sign is measured as positive in the
future experiments, the spin-parity quantum number
of the S-wave isoscalar Ξ0

cD̄� molecular state would
be JP ¼ 1=2− rather than JP ¼ 3=2−.

(iv) The S-wave isoscalar ΞcD̄ð�Þ and Ξ0
cD̄ð�Þ states with

the same spin-parity quantum numbers have same
spin wave functions (see Table IV for more details),
but their magnetic moments are different, which is
because the magnetic moment of Ξc is significantly
different from that of Ξ0

c. Therefore, studying
the magnetic moments can provide useful hints to

probe the inner structures of these isoscalar Ξð0Þ
c D̄ð�Þ

molecular states.

TABLE V. The summary of the masses of these involved
hadrons [66].

Baryons Masses (MeV) Mesons Masses (MeV)

Ξþ
c 2467.71 D− 1869.66

Ξ0
c 2470.44 D̄0 1864.84

Ξ0þ
c 2578.20 D�− 2010.26

Ξ00
c 2578.70 D̄�0 2006.85

TABLE VI. The magnetic moments of the S-wave isoscalar

Ξð0Þ
c D̄ð�Þ-type hidden-charm molecular pentaquarks with strange-

ness obtained by performing the single channel analysis. Here, the
magnetic moment is in unit of the nuclear magnetic moment μN .

States IðJPÞ Expressions Results

ΞcD̄ 0ð1
2
−Þ 1

2
ðμΞþ

c
þ μΞ0

c
Þ 0.372

Ξ0
cD̄ 0ð1

2
−Þ 1

2
ðμΞ0þ

c
þ μΞ00

c
Þ −0.277

ΞcD̄� 0ð1
2
−Þ − 1

6
ðμΞþ

c
þ μΞ0

c
Þ þ 1

3
ðμD�− þ μD̄�0Þ −0.062

0ð3
2
−Þ 1

2
ðμΞþ

c
þ μD�− þ μΞ0

c
þ μD̄�0Þ 0.465

Ξ0
cD̄� 0ð1

2
−Þ − 1

6
ðμΞ0þ

c
þ μΞ00

c
Þ þ 1

3
ðμD�− þ μD̄�0Þ 0.154

0ð3
2
−Þ 1

2
ðμΞ0þ

c
þ μD�− þ μΞ00

c
þ μD̄�0Þ −0.184

FIG. 1. The masses and magnetic moments of the S-wave

isoscalar Ξð0Þ
c D̄ð�Þ molecular states. Here, we estimate the mass

positions of these hidden-charm molecular pentaquarks with
strangeness based on the results from Refs. [33,46,52].
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Through the above analysis, we can conclude that the
discussion of the magnetic moments can provide crucial
information to understand their inner structures. To some
extent, this fact shows the importance of exploring the
hadronic magnetic moments, and we wish that more exper-
imental and theoretical colleagues pay more attention to
discussing the magnetic moment properties of the S-wave

isoscalar Ξð0Þ
c D̄ð�Þ molecular states in the near future.

And then, we discuss the transition magnetic moments
and the corresponding radiative decay widths between the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states, which include:

Ξ0
cD̄j1=2−i → ΞcD̄j1=2−iγ;

ΞcD̄�j1=2−i → ΞcD̄j1=2−iγ;
ΞcD̄�j3=2−i → ΞcD̄j1=2−iγ;
Ξ0
cD̄�j1=2−i → ΞcD̄j1=2−iγ;

Ξ0
cD̄�j3=2−i → ΞcD̄j1=2−iγ;

ΞcD̄�j1=2−i → Ξ0
cD̄j1=2−iγ;

ΞcD̄�j3=2−i → Ξ0
cD̄j1=2−iγ;

Ξ0
cD̄�j1=2−i → Ξ0

cD̄j1=2−iγ;
Ξ0
cD̄�j3=2−i → Ξ0

cD̄j1=2−iγ;
ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ;
Ξ0
cD̄�j1=2−i → ΞcD̄�j1=2−iγ;

Ξ0
cD̄�j3=2−i → ΞcD̄�j1=2−iγ;

Ξ0
cD̄�j1=2−i → ΞcD̄�j3=2−iγ;

Ξ0
cD̄�j3=2−i → ΞcD̄�j3=2−iγ;

Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ:

Similar to the magnetic moments of the S-wave isoscalar

Ξð0Þ
c D̄� molecular states, we expect that the study of the

transition magnetic moments and the radiative decay
behaviors can provide important hints to disclose their
inner structures.
In Table VII, we present the expressions and numerical

results of the transition magnetic moments between the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ-type hidden-charm molecular

pentaquarks with strangeness. Among them, the largest
and smallest transition magnetic moments correspond to

the ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ and the Ξð0Þ
c D̄�j3=2−i →

Ξð0Þ
c D̄j1=2−iγ processes, respectively.
By performing numerical calculation, we can find that

the transition magnetic moments between the S-wave

isoscalar Ξð0Þ
c D̄ð�Þ molecular states exist following impor-

tant relations, i.e.,

μΞcD̄�j1
2
−i→ΞcD̄j1

2
−i

μΞcD̄�j3
2
−i→ΞcD̄j1

2
−i
¼ 1ffiffiffi

2
p ;

μΞ0
cD̄�j1

2
−i→Ξ0

cD̄j1
2
−i

μΞ0
cD̄�j3

2
−i→Ξ0

cD̄j1
2
−i
¼ 1ffiffiffi

2
p ;

μΞ0
cD̄�j1

2
−i→ΞcD̄�j1

2
−i

μΞ0
cD̄�j3

2
−i→ΞcD̄�j1

2
−i
¼ −

1

2
ffiffiffi
2

p ;

μΞ0
cD̄�j1

2
−i→ΞcD̄�j3

2
−i

μΞ0
cD̄�j3

2
−i→ΞcD̄�j3

2
−i
¼ 2

ffiffiffi
2

p

3
; ð20Þ

which are determined by the flavor-spin wave functions of
the initial and final states. From Eq. (20), we can see that
there are differences between the transition magnetic

moments of the S-wave isoscalar Ξð0Þ
c D̄� molecules with

JP ¼ 1=2− and JP ¼ 3=2−.

TABLE VII. The transition magnetic moments between the S-wave isoscalar Ξð0Þ
c D̄ð�Þ-type hidden-charm

molecular pentaquarks with strangeness obtained by performing the single channel analysis. Here, the magnetic
moment is in unit of the nuclear magnetic moment μN .

Decay modes Expressions Results

Ξ0
cD̄j1

2
−i → ΞcD̄j1

2
−iγ 1

2
ðμΞ0þ

c →Ξþ
c
þ μΞ00

c →Ξ0
c
Þ −0.670

ΞcD̄�j1
2
−i → ΞcD̄j1

2
−iγ 1

2
ffiffi
3

p ðμD�−→D− þ μD̄�0→D̄0Þ −0.484
ΞcD̄�j3

2
−i → ΞcD̄j1

2
−iγ 1ffiffi

6
p ðμD�−→D− þ μD̄�0→D̄0Þ −0.684

Ξ0
cD̄�j1

2
−i → Ξ0

cD̄j1
2
−iγ 1

2
ffiffi
3

p ðμD�−→D− þ μD̄�0→D̄0Þ −0.484
Ξ0
cD̄�j3

2
−i → Ξ0

cD̄j1
2
−iγ 1ffiffi

6
p ðμD�−→D− þ μD̄�0→D̄0Þ −0.684

ΞcD̄�j3
2
−i → ΞcD̄�j1

2
−iγ ffiffi

2
p
3
ðμΞþ

c
þ μΞ0

c
Þ − 1

3
ffiffi
2

p ðμD�− þ μD̄�0Þ 0.307

Ξ0
cD̄�j1

2
−i → ΞcD̄�j1

2
−iγ − 1

6
ðμΞ0þ

c →Ξþ
c
þ μΞ00

c →Ξ0
c
Þ 0.223

Ξ0
cD̄�j3

2
−i → ΞcD̄�j1

2
−iγ ffiffi

2
p
3
ðμΞ0þ

c →Ξþ
c
þ μΞ00

c →Ξ0
c
Þ −0.632

Ξ0
cD̄�j1

2
−i → ΞcD̄�j3

2
−iγ ffiffi

2
p
3
ðμΞ0þ

c →Ξþ
c
þ μΞ00

c →Ξ0
c
Þ −0.632

Ξ0
cD̄�j3

2
−i → ΞcD̄�j3

2
−iγ 1

2
ðμΞ0þ

c →Ξþ
c
þ μΞ00

c →Ξ0
c
Þ −0.670

Ξ0
cD̄�j3

2
−i → Ξ0

cD̄�j1
2
−iγ ffiffi

2
p
3
ðμΞ0þ

c
þ μΞ00

c
Þ − 1

3
ffiffi
2

p ðμD�− þ μD̄�0Þ −0.305
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More interestingly, the transition magnetic moments
between the S-wave isoscalar Ξð0Þ

c D̄ð�Þ molecular states
exist several equality relations, such as

μΞ0
cD̄j1

2
−i→ΞcD̄j1

2
−i

μΞ0
cD̄�j3

2
−i→ΞcD̄�j3

2
−i
¼ 1;

μΞcD̄�j1
2
−i→ΞcD̄j1

2
−i

μΞ0
cD̄�j1

2
−i→Ξ0

cD̄j1
2
−i
¼ 1;

μΞcD̄�j3
2
−i→ΞcD̄j1

2
−i

μΞ0
cD̄�j3

2
−i→Ξ0

cD̄j1
2
−i
¼ 1;

μΞ0
cD̄�j3

2
−i→ΞcD̄�j1

2
−i

μΞ0
cD̄�j1

2
−i→ΞcD̄�j3

2
−i
¼ 1: ð21Þ

Therefore, we hope that such qualitative relations of
Eqs. (20)–(21) can be further tested in the future experi-
ments and other theoretical approaches, which also can be
regarded as important relations to check our theoretical
predictions.
After getting the transition magnetic moments between

the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states, we further

discuss the radiative decay behaviors between the S-wave

isoscalar Ξð0Þ
c D̄ð�Þ molecular states. As illustrated in

Eqs. (18)–(19), the radiative decay widths depend on the
binding energies of the initial and final molecules. For
simplicity, we adopt the same binding energies for the
initial and final molecules and take −1.0 MeV, −6.0 MeV,
and −12.0 MeV to discuss the radiative decay widths

between the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states in

the absence of experimental data, which is similar to
present the bound properties of the S-wave isoscalar

Ξð0Þ
c D̄ð�Þ states in Ref. [52]. In Table VIII, we show the

numerical results of the radiative decay widths between the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ-type hidden-charm molecular

pentaquarks with strangeness.
For these obtained radiative decay widths between the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecules, we need to point out

that the binding energies of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ

moleculur states are very small compared with their mass
thresholds, which can explain why the binding energies of

the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecules play a minor role

for their radiative decay widths [62]. Furthermore, most of
the radiative decay widths between the S-wave isoscalar

Ξð0Þ
c D̄ð�Þ molecular states are around 5.0 keV, while the

decay width of the Ξ0
cD̄�j1=2−i → ΞcD̄�j1=2−iγ process is

less than 1.0 keV, which is because the transition magnetic
moment is small in this process.
When taking same binding energies for the S-wave

isoscalar ΞcD̄� molecular states with JP ¼ 1=2− and
JP ¼ 3=2−, we find that there exist same radiative
decay widths for the ΞcD̄�j1=2−i → ΞcD̄j1=2−iγ and
ΞcD̄�j3=2−i → ΞcD̄j1=2−iγ processes, since both radiative

decay processes have the same μ2H1→H2
=ð2J þ 1Þ. As

stressed in Ref. [52], the binding energies of the S-wave
isoscalar ΞcD̄� molecular states with JP ¼ 1=2− and
JP ¼ 3=2− can be different slightly, which may result in
the small difference of the radiative decay widths for the
ΞcD̄�j1=2−i→ΞcD̄j1=2−iγ andΞcD̄�j3=2−i→ΞcD̄j1=2−iγ
processes. Here, we need to mention that the PΛ

ψsð4459Þ
existing in the J=ψΛ invariant mass spectrum may be
described by two peak structures, and the corresponding
masses are around 4454.9 MeV and 4467.9 MeV, respec-
tively [21]. If the masses of the S-wave isoscalar ΞcD̄�

molecular states with JP ¼ 1=2− and JP ¼ 3=2− are
4454.9 MeV and 4467.9 MeV, we can estimate

ΓðΞcD̄�j1=2−i → ΞcD̄j1=2−iγÞ ¼ 3.596 keV;

ΓðΞcD̄�j3=2−i → ΞcD̄j1=2−iγÞ ¼ 4.813 keV;

respectively. Meanwhile, it is interesting to note that
the radiative decay behaviors of the Ξ0

cD̄�j1=2−i →
ΞcD̄j1=2−iγ and Ξ0

cD̄�j3=2−i → ΞcD̄j1=2−iγ processes
are similar to that of the ΞcD̄�j1=2−i → ΞcD̄j1=2−iγ and
ΞcD̄�j3=2−i → ΞcD̄j1=2−iγ processes, which is due to the
similarity between the S-wave isoscalar ΞcD̄ð�Þ states and
the S-wave isoscalar Ξ0

cD̄ð�Þ states.
In addition, when adopting same binding energies for the

S-wave isoscalar Ξð0Þ
c D̄� molecular states with JP ¼ 1=2−

and JP ¼ 3=2−, it is obvious that the radiative decay
widths are zero for the ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ and
Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ processes. In practice, the

binding energies of the S-wave isoscalar Ξð0Þ
c D̄� molecular

states with JP ¼ 1=2− and JP ¼ 3=2− can exist difference
[52]. Here, we present the dependence of the radiative
decay width of the ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ process
on the binding energies of the ΞcD̄� molecule with IðJPÞ ¼
0ð1=2−Þ and IðJPÞ ¼ 0ð3=2−Þ in Fig. 2. In addition, we

TABLE VIII. The radiative decay widths between the S-wave

isoscalar Ξð0Þ
c D̄ð�Þ-type hidden-charm molecular pentaquarks with

strangeness obtained by performing the single channel analysis.
Here, the radiative decay width is in units of keV.

Decay modes −1.0 MeV −6.0 MeV −12.0 MeV

Ξ0
cD̄j1

2
−i → ΞcD̄j1

2
−iγ 4.710 4.694 4.675

ΞcD̄�j1
2
−i → ΞcD̄j1

2
−iγ 5.239 5.221 5.200

ΞcD̄�j3
2
−i → ΞcD̄j1

2
−iγ 5.239 5.221 5.200

Ξ0
cD̄�j1

2
−i → Ξ0

cD̄j1
2
−iγ 5.244 5.227 5.206

Ξ0
cD̄�j3

2
−i → Ξ0

cD̄j1
2
−iγ 5.244 5.227 5.206

Ξ0
cD̄�j1

2
−i → ΞcD̄�j1

2
−iγ 0.524 0.522 0.520

Ξ0
cD̄�j3

2
−i → ΞcD̄�j1

2
−iγ 2.096 2.089 2.080

Ξ0
cD̄�j1

2
−i → ΞcD̄�j3

2
−iγ 8.382 8.354 8.322

Ξ0
cD̄�j3

2
−i → ΞcD̄�j3

2
−iγ 4.714 4.700 4.680
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show the dependence of the radiative decay width of
the Ξ0

cD̄�j3=2−i → Ξ0
cD̄�j1=2−iγ process on the binding

energies of the Ξ0
cD̄� molecule with IðJPÞ ¼ 0ð1=2−Þ and

IðJPÞ ¼ 0ð3=2−Þ in Fig. 3. According to our quantitative
calculation, the radiative decay widths of theΞcD̄�j3=2−i →
ΞcD̄�j1=2−iγ and Ξ0

cD̄�j3=2−i → Ξ0
cD̄�j1=2−iγ processes

are less than 0.001 keV. The main reason is that the hadronic
molecule is a loosely bound statewith the reasonable binding
energy atmost tens ofMeV [5], and themasses of theS-wave

isoscalar Ξð0Þ
c D̄� states with JP ¼ 1=2− and JP ¼ 3=2− are

extremely close to each other in the hadronic molecular
picture [52], which leads to the suppression of the kinetic
phase space for both radiative decay processes. Furthermore,
if the masses of the S-wave isoscalar ΞcD̄� molecular states
with JP ¼ 1=2− and JP ¼ 3=2− are taken as 4454.9 MeV
and 4467.9 MeV [21], the radiative decay width of the

ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ process is predicted to be
around 0.0008 keV.
In the above discussion, we mainly focus on the

magnetic moments, the transition magnetic moments,
and the radiative decay behaviors of the S-wave isoscalar

Ξð0Þ
c D̄ð�Þ molecular states by performing the single channel

analysis, which provides valuable information to reflect
their inner structures. Next, we further discuss them with
considering the S-D wave mixing effect. According to our
previous results on the mass spectrum [52], we find that the
S-wave channels have the dominant contribution with the
probabilities over 95 percent and play a major role for
the isoscalar Ξ0

cD̄� molecular states with JP ¼ 1=2− and
JP ¼ 3=2−. Thus, we naturally conjecture that the D-wave
components with small contributions do not obviously
decorate the magnetic moments of the S-wave isoscalar
Ξ0
cD̄� molecular states with JP ¼ 1=2− and JP ¼ 3=2− and

the transition magnetic moment of the Ξ0
cD̄�j3=2−i →

Ξ0
cD̄�j1=2−iγ process. Indeed, our following numerical

results support such conjecture.
Due to the lack of the experimental data for the binding

energies of the S-wave isoscalar Ξ0
cD̄� molecules with

JP ¼ 1=2− and JP ¼ 3=2−, while the hadronic molecule is
a loosely bound state [5], we discuss their magnetic
moments by varying the binding energies of the S-wave
isoscalar Ξ0

cD̄� molecular states with JP ¼ 1=2− and JP ¼
3=2− in the range of −1 ∼ −12 MeV [52]. In Fig. 4, we
present the magnetic moment dependence of the binding
energies for the isoscalar Ξ0

cD̄� molecular states with
JP ¼ 1=2− and JP ¼ 3=2− by performing the S-D wave
mixing analysis.

FIG. 2. The dependence of the radiative decay width Γ of the
ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ process on the binding energy E1

of the ΞcD̄� molecule with IðJPÞ ¼ 0ð1=2−Þ and the binding
energy E2 of the ΞcD̄� molecule with IðJPÞ ¼ 0ð3=2−Þ. Here, the
transition magnetic moment of the ΞcD̄�j3=2−i → ΞcD̄�j1=2−iγ
process is taken as 0.307μN .

FIG. 3. The dependence of the radiative decay width Γ of the
Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ process on the binding energy E1

of the Ξ0
cD̄� molecule with IðJPÞ ¼ 0ð1=2−Þ and the binding

energy E2 of the Ξ0
cD̄� molecule with IðJPÞ ¼ 0ð3=2−Þ. Here, the

transition magnetic moment of the Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ
process is taken as −0.305μN .

FIG. 4. The magnetic moments dependent on the binding
energies for the isoscalar Ξ0

cD̄� molecules with JP ¼ 1=2− and
JP ¼ 3=2− after considering the S-D wave mixing effect.
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After including the contribution of the D-wave channels,
we can find that the magnetic moments of the isoscalar
Ξ0
cD̄� molecular states with JP ¼ 1=2− and JP ¼ 3=2− are

0.1538 μN ∼ 0.1536 μN and −0.1783 μN ∼ −0.1730 μN
with the binding energies of the corresponding systems in
the range from −1 to −12 MeV, respectively. Furthermore,
their magnetic moments are not obviously dependent on the
binding energies of the S-wave isoscalar Ξ0

cD̄� molecules
with JP ¼ 1=2− and JP ¼ 3=2−. By comparing the numeri-
cal results for the single channel case, it is obvious that the
S −D wave mixing effect plays a rather minor role, and the
change of their magnetic moments is less than 0.02μN when
adding the contribution of the D-wave channels since the
components of the D-wave channels are very tiny [52].
Following the procedure discussed above, we also study

the transition magnetic moment of the Ξ0
cD̄�j3=2−i →

Ξ0
cD̄�j1=2−iγ process by considering the S-D wave mixing

effect, and the relevant numerical result is given in Fig. 5.
Here, we discuss the transition magnetic moment of the
Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ process by scanning the bind-
ing energies of the S-wave isoscalar Ξ0

cD̄� molecular states
with JP ¼ ð1=2−; 3=2−Þ in the range of −1 ∼ −12 MeV.
As presented in Fig. 5, the transition magnetic

moment of the Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ process is
−0.298 μN ∼ −0.289 μN by tuning the binding energies
of the corresponding discussed systems from −1 MeV to
−12 MeV, which is slightly bigger than the numerical
result −0.305 μN from the single channel analysis. On the
other hand, it shows that the radiative decay width of the
Ξ0
cD̄�j3=2−i → Ξ0

cD̄�j1=2−iγ process becomes smaller
when adding the contribution of the D-wave channels.
In the present experiments, there are difficulties in

identifying the low-energy photons, which is a big chal-
lenge to distinguish the spin-parity quantum numbers of the
isoscalar Ξð0Þ

c D̄� molecular states via their electromagnetic
properties. The angular amplitude analyses of the final-state
hadrons may provide crucial information to disentangle
different spin-parity quantum numbers. We hope further
experiments can bring us more surprises.

IV. SUMMARY

In the past few years, the community has made big
progress on exploring the hidden-charm molecular penta-
quarks [2,6–12]. Especially, the observaton of three PN

ψ

states in 2019 [13] provides a strong evidence of the
existence of the hidden-charm molecular pentaquark states
in the hadron spectroscopy [14–20]. Recently, the reported
evidence of the PΛ

ψsð4459Þ [21] and the observation of the
PΛ
ψsð4338Þ [49] may provide us a good opportunity to

identify the hidden-charm molecular pentaquarks with
strangeness. In Refs. [51,52], the characteristic mass

spectrum of S-wave Ξð0Þ
c D̄ð�Þ-type hidden-charm molecular

pentaquarks with strangeness was proposed, which is
stimulated by the PΛ

ψsð4459Þ [21] and PΛ
ψsð4338Þ [49].

However, other properties of the S-wave isoscalar Ξð0Þ
c D̄ð�Þ

molecular states are still waiting to be further discussed,
which can provide further information to reflect the inner

structures of these discussed S-wave isoscalar Ξð0Þ
c D̄ð�Þ

molecular pentaquarks.
In this work, we study the electromagnetic properties of

the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states through the

constituent quark model. In the concrete calculation, we
first focus on the magnetic moments of the S-wave

isoscalar Ξð0Þ
c D̄ð�Þ molecular states. Our numerical results

show that the magnetic moment of the S-wave isoscalar

Ξð0Þ
c D̄� molecule with JP ¼ 1=2− is obviously different

from that of the S-wave isoscalar Ξð0Þ
c D̄� molecule with

JP ¼ 3=2−. Thus, measuring the magnetic moments of
them is an effective approach to reflect their underlying
structures. After that, we extend our theoretical framework
to study the transition magnetic moments between the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states. And then, we

find several relations of the transition magnetic moments.
Especially, the transition magnetic moments of the S-wave

isoscalar Ξð0Þ
c D̄� molecules with JP ¼ 1=2− and JP ¼ 3=2−

are different. After obtaining the transition magnetic

moments between the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular

states, we also discuss the radiative decay behaviors

between the S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecular states,

where most of the radiative decay widths between the

S-wave isoscalar Ξð0Þ
c D̄ð�Þ molecules are around 5.0 keV.

Finally, we discuss the electromagnetic properties of the

isoscalar Ξð0Þ
c D̄ð�Þ molecular states by considering the S-D

wave mixing effect [52]. When making comparison of the
numerical results with and without the S-D wave mixing
effect, we find that the S-D wave mixing effect plays a
rather minor role for the magnetic moments of the isoscalar
Ξ0
cD̄� molecular states with JP ¼ 1=2− and JP ¼ 3=2− and

the transition magnetic moment of the Ξ0
cD̄�j3=2−i →

Ξ0
cD̄�j1=2−iγ process, since the components of the

D-wave channels are not dominant for these states [52].

FIG. 5. The transition magnetic moment of the Ξ0
cD̄�j3=2−i →

Ξ0
cD̄�j1=2−iγ process dependent on the binding energies of the

isoscalar Ξ0
cD̄� molecular states with JP ¼ ð1=2−; 3=2−Þ after

considering the S-D wave mixing effect.
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In summary, although the hadronic molecular states have
attracted much attention on both the theoretical and
experimental sides [2–12], investigation of the electromag-
netic properties of the hadronic molecules has not received
plenty of attention. In this work, we are dedicated to this
issue. We hope that the present work can stimulate further
experimental and theoretical exploration of the electromag-
netic properties of the hadronic molecular states.
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