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In this work, we systematically study the electromagnetic properties including the M1 radiative decay
widths and the magnetic moments of the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecular-type
pentaquark candidates, where we adopt the constituent quark model and consider both the S −D wave
mixing effect and the coupled channel effect. Our numerical results suggest that the M1 radiative decay
widths and the magnetic moments of the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecular-type
pentaquark candidates can reflect their inner structures, and the study of the electromagnetic properties is
an important step to construct the family of the triple-charm molecular-type pentaquarks. With the
accumulation of the experimental data during the high-luminosity phase of LHC, we expect that the present
work combined with the corresponding mass spectrum information can encourage the experimental
colleagues at LHCb to focus on the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecular-type
pentaquark candidates.

DOI: 10.1103/PhysRevD.109.054036

I. INTRODUCTION

With the observation of more and more new hadronic
states [1–11], the study of hadron spectroscopy has entered
a new era, representing the high-precision frontier of
particle physics. A key objective of these investigations
is to provide crucial information to deepen our under-
standing of the nonperturbative behavior of the strong
interaction. It is still full of challenges and opportunities to
the whole community.
In the past decade, big progress has been made in

exploring the hidden-charm molecular-type pentaquarks,
thanks to the joint efforts of both theoretical [12–18] and
experimental [19–22] sides. Staying in the new stage,
more predictions around molecular-type pentaquarks

have been given [1–11]. Among them, a typical example
is the predicted triple-charm molecular-type pentaquark
[23,24], which is due to the interaction of a double-
charm baryon and a charmed meson. Indeed, this study is
also motivated by the observation of the doubly charmed
baryon Ξccð3620Þþþ reported by the LHCb Collaboration
in 2017 [25]. Although the mass spectrum of triple-charm
molecular-type pentaquarks has been given [23,24], we
still need to make more efforts to provide theoretical
suggestions for searching for them.
We can note a recent development in the study of the

spectroscopy of molecular-type pentaquarks. For exam-
ple, in Refs. [26–42], the authors suggested that the
electromagnetic properties of molecular-type pentaquarks
should be paid more attention. One main reason is that
the electromagnetic properties, such as the magnetic
moments of the hadron, may reflect its inner structure.
More importantly, their M1 radiative decays are accessible
in experiments.
Along this line, in this work we carry out the inves-

tigation of the electromagnetic properties of the predicted
triple-charm molecular-type pentaquarks [23,24]. We focus
mainly on quantitative calculation of their M1 radiative
decay behavior, since these physical quantities can be
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measured in experiments such as LHCb during the high-
luminosity phase of the LHC [43]. Although it is a
challenging task to directly measure their magnetic
moments, this does not prevent us from carrying out the
phenomenological study of this question. We hope that the
present work, combined with earlier work [23,24] on the
corresponding mass spectrum, will provide more complete
spectroscopic information on triple-charm molecular-type
pentaquarks.
The rest of this paper is organized as follows. In Sec. II,

we focus mainly on quantitative calculation of the M1
radiative decay widths of the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark candidates.
In Sec. III, we discuss the magnetic moments of the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecu-
lar-type pentaquark candidates. Finally, we give the dis-
cussion and conclusion in Sec. IV.

II. THE M1 RADIATIVE DECAY WIDTHS OF THE
TRIPLE-CHARM MOLECULAR-TYPE

PENTAQUARKS

In Refs. [23,24], the mass spectrum of the ΞccDð�Þ,
ΞccD1, and ΞccD�

2 triple-charm molecular-type penta-
quarks was predicted based on the one-boson-exchange
model, taking into account the S −D wave mixing effect
and the coupled channel effect. Usually, the loosely bound
state with the cutoff value around 1 GeV can be considered
as the most promising molecular candidate according to the
experience of deuteron studies [3,23,44–49]; the authors
suggested that the ΞccD state with IðJPÞ ¼ 0ð1=2−Þ, the
ΞccD� state with IðJPÞ ¼ 0ð3=2−Þ, the ΞccD1 states with
IðJPÞ ¼ 0ð1=2þ; 3=2þÞ, and the ΞccD�

2 states with IðJPÞ ¼
0ð3=2þ; 5=2þÞ can be recommended as the most promising
candidates of the triple-charm molecular-type pentaquarks
[23,24]. At present, our understanding of the properties of
the triple-charm molecular-type pentaquark candidates is
not sufficient. Thus, it is necessary to provide more
comprehensive suggestions to encourage the experimental
colleagues to explore the triple-charm molecular-type
pentaquarks.
The study of the electromagnetic properties, such as the

radiative decay width and the magnetic moment, can
provide essential insights for understanding the inner
structures of the hadronic states, which is crucial for
distinguishing the spin-parity quantum numbers and the
configurations of the hadronic states. Therefore, the study
of the electromagnetic properties is an important step for
the experimental construction of the hadron family. For

example, the ratio Rγψ ¼ B½Xð3872Þ→γψð2SÞ�
B½Xð3872Þ→γJ=ψ � is essential for

understanding the inner structure of the charmoniumlike
state Xð3872Þ [50–53]. In this study, we investigate the
electromagnetic properties including the M1 radiative
decay widths and the magnetic moments of the isoscalar
ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecular-type

pentaquark candidates based on their mass spectra and
spatial wave functions [23,24]. In our concrete calculations,
we take the constituent quark model, which is a reliable tool
for discussing the electromagnetic properties of the hadrons
in the past decades [26,27,30–32,35,36,54–93], particu-
larly successfully reproducing the experimental data of the
magnetic moments of the decuplet and octet bary-
ons [54,63].
In this section, we will study the M1 radiative decay

widths of the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�
2 triple-

charm molecular-type pentaquark candidates. In the calcu-
lations, the M1 radiative decay width between the hadronic
states ΓH→H0γ can be related to the corresponding transition
magnetic moment μH→H0 [27,30,32,35,36,65,71,73,77,79–
84,88–91,93,94], which can be expressed as [32,36,37,93]

ΓH→H0γ ¼
αEM

2JHþ1

4k3

e2

P
JH0z;JHz

�
JH0 1 JH
−JH0z 0 JHz

�
2

�
JH0 1 JH
−Jz 0 Jz

�
2

jμH→H0 j2:

ð2:1Þ

In the above expression, αEM ¼ 1=137 is the electromag-
netic fine structure constant, k ¼ ðm2

H −m2
H0 Þ=ð2mHÞ is the

momentum of the emitted photon, and the symbol ðad b
e

c
f Þ is

the 3 − j coefficient.
Based on the above discussions, it is necessary to

calculate the corresponding transition magnetic moment
when discussing the M1 radiative decay width between
the hadronic states. At present, there is a lack of
experimental data for the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark candi-
dates [95], but the transition magnetic moment and
the M1 radiative decay width between the hadronic
molecular states depend on the binding energies of
the initial and final molecules [32,36,37,93]. For the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm
molecular-type pentaquark candidates, their transition
magnetic moments can be determined by the following
equation [32,36,37,93]:

μH→H0 ¼
�
JH0 ;Jz

����X
j

μ̂spinzj e−ik·rjþμ̂orbitalz

����JH;Jz
�

Jz¼minfJH;JH0 g

ð2:2Þ

when taking the same binding energy for the initial and
final triple-charm molecular-type pentaquark candidates.
Here, the magnetic moment operators μ̂spinzj and μ̂orbitalz can
be expressed as [26,27,30–32,35–37,54–93]

μ̂spinzj ¼ ej
2mj

σ̂zj; ð2:3Þ
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μ̂orbitalz ¼
�

mm

mb þmm

eb
2mb

þ mb

mb þmm

em
2mm

�
L̂z; ð2:4Þ

respectively, where σ̂zj, ej, and mj represent the z
component of the Pauli operator, the charge, and the
mass of the jth constituent, respectively. The subscripts b
and m represent the doubly charmed baryon and the
charmed meson, while Lz stands for the z component of
the orbital angular momentum operator between the
doubly charmed baryons and the charmed mesons.
The expression e−ik·rj represents the spatial wave func-
tion of the emitted photon.
In this study, we also discuss the magnetic moments of

the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�
2 triple-charm

molecular-type pentaquark candidates based on their
mass spectra and spatial wave functions [23,24].
Similarly to the method used to estimate the transition
magnetic moment between the hadrons μH→H0 , the mag-
netic moment of the hadron μH within the constituent quark
model can be deduced by the following relation [26,27,30–
32,35–37,54–93]:

μH ¼ hJH; JHj
X
j

μ̂spinzj þ μ̂orbitalz jJH; JHi: ð2:5Þ

As shown in Eqs. (2.2) and (2.5), we need to construct
the color, flavor, spin, and spatial wave functions of the
hadronic states when calculating their transition magnetic
moments and magnetic moments [32,36,37,93]. In this
work, we utilize the simple harmonic oscillator wave
function to approximate describe the spatial wave functions
of the doubly charmed baryons and the charmed mesons
[32,36,37,93]. Explicitly, the simple harmonic oscillator
wave function can be expressed as

ϕn;l;mðβ;rÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2n!
Γðnþ lþ 3

2
Þ

s
L
lþ1

2
n ðβ2r2Þβlþ3

2e−
β2r2

2 rlYlmðΩrÞ:

ð2:6Þ

In the above formula, the symbols n, l, andm are the radial,
the orbital, and the magnetic quantum numbers of the

discussed hadron, respectively. L
lþ1

2
n ðxÞ and YlmðΩrÞ are the

associated Laguerre polynomial and the spherical harmonic
function, respectively. β is a parameter in the simple
harmonic oscillator wave function, and we take βΞccρ ¼
0.454 GeV, βΞccλ ¼ 0.427 GeV [96],1 βD ¼ 0.601 GeV,
βD� ¼ 0.516 GeV, βcq̄j11P1i ¼ 0.475 GeV, βcq̄j13P1i ¼
0.482 GeV, and βcq̄j13P2i ¼ 0.437 GeV [97] in the follow-

ing numerical analysis. For the isoscalar ΞccDð�Þ, ΞccD1,

and ΞccD�
2 triple-charm molecular-type pentaquark candi-

dates, we take the precise spatial wave functions between
two hadrons by solving the coupled channel Schrödinger
equation in our concrete calculations. Specifically, the
spatial wave functions of the isoscalar ΞccD and ΞccD�
molecular states can be obtained from the quantitative study
of their mass spectrum in Ref. [23], and the spatial wave
functions of the ΞccD1 and ΞccD�

2 molecular states can be
obtained based on the quantitative study of their mass
spectrum in Ref. [24]. For example, we present the obtained
spatial wave functions of the ΞccD state with IðJPÞ ¼
0ð1=2−Þ and the ΞccD� state with IðJPÞ ¼ 0ð3=2−Þ by
solving the coupled channel Schrödinger equation in Fig. 1.
In the specific calculations, we will expand the spatial

wave function of the emitted photon e−ik·rj as the following
form [98]:

e−ik·rj ¼
X∞
l¼0

Xl

m¼−l
4πð−iÞljlðkrjÞY�

lmðΩkÞYlmðΩrjÞ; ð2:7Þ

when taking into account the contribution of the spatial
wave functions of the emitted photon, the initial hadron,
and the final hadron. Here, jlðxÞ and YlmðΩxÞ are the
spherical Bessel function and the spherical harmonic
function, respectively.
Within the constituent quark model, the effective masses

of the quarks are the crucial input parameters that affect the
reliability of the results obtained for the electromagnetic
properties of the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2

triple-charm molecular-type pentaquark candidates. In this
paper, we adopt mu ¼ 0.336 GeV, md ¼ 0.336 GeV, and
mc ¼ 1.680 GeV [27,30,32,35–37,61] in the realistic cal-
culations. To validate the reliability of the above input
parameters, we will first use the constituent quark model
and the above input parameters to discuss the transition
magnetic moments and the magnetic moments of our
focused doubly charmed baryons and charmed mesons.
It is important to note that theD1ð2420Þmeson is a mixture
of the 11P1 and 13P1 states, which satisfies the following
relation [99–102]:

FIG. 1. The spatial wave functions of the ΞccD state with
IðJPÞ ¼ 0ð1=2−Þ and the ΞccD� state with IðJPÞ ¼ 0ð3=2−Þ by
solving the coupled channel Schrödinger equation [23]. Here, we
take the binding energies of the ΞccD state with IðJPÞ ¼ 0ð1=2−Þ
and the ΞccD� state with IðJPÞ ¼ 0ð3=2−Þ as −6.0 MeV.

1For the Ξcc baryon, the two charmed quarks are treated as the
diquark, the ρ mode corresponds to the excitation of the diquark,
and the λ mode corresponds to the diquark-quark excitation [96].
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� jD1ð2430Þi
jD1ð2420Þi

�
¼
�

cosθ1P sinθ1P
−sinθ1P cosθ1P

�� j11P1i
j13P1i

�
;

ð2:8Þ
where the mixing angle θ1P in the heavy quark limit is
−54.7° [99–102].
In Table I, we present the transition magnetic moments

and the magnetic moments of our focused doubly charmed
baryons and charmed mesons. In addition, we compare our
obtained numerical results with those of other theoretical
studies. From Table I, we find that the transition magnetic
moments and the magnetic moments of our focused doubly
charmed baryons and charmed mesons are in agreement
with those predicted in other theoretical studies. We,
therefore, consider the effective masses of the quarks
[27,30,32,35–37,61] to be reliable. This allows us to
provide the credible theoretical insights for the experimen-
tal investigation of the electromagnetic properties of the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charmed
molecular-type pentaquark candidates.
In the following, we discuss the M1 radiative decay

widths of the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�
2 triple-

charm molecular-type pentaquark candidates, where both
the S −D wave mixing effect and the coupled channel
effect are taken into account. The flavor wave functions of
the isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 pentaquark sys-
tems are [23,24]

jΞccDð�Þi ¼ −
1ffiffiffi
2

p ðjΞþþ
cc Dð�Þ0i þ jΞþ

ccDð�ÞþiÞ; ð2:9Þ

jΞccD1i ¼ −
1ffiffiffi
2

p ðjΞþþ
cc D0

1i þ jΞþ
ccD

þ
1 iÞ; ð2:10Þ

jΞccD�
2i ¼ −

1ffiffiffi
2

p ðjΞþþ
cc D�0

2 i þ jΞþ
ccD

�þ
2 iÞ; ð2:11Þ

respectively, and their corresponding spin wave functions
can be constructed by the coupling of the spins of the
constituent hadrons. Taking into account the S −D wave
mixing effect and the coupled channel effect, the relevant
channels are [23,24]

States JP Channels

ΞccD 1=2− j2S1
2
i

ΞccD� 1=2− j2S1
2
=4D1

2
i

ΞccD� 3=2− j4S3
2
=2D3

2
=4D3

2
i

ΞccD1 1=2þ j2S1
2
=4D1

2
i

ΞccD1 3=2þ j4S3
2
=2D3

2
=4D3

2
i

ΞccD�
2 3=2þ j4S3

2
=4D3

2
=6D3

2
i

ΞccD�
2 5=2þ j5S5

2
=4D5

2
=6D5

2
i

Here, the spin S, the orbital angular momentum L, and the
total angular momentum J of the corresponding channel are
denoted as the symbol j2Sþ1LJi. In our concrete calcu-
lations, the spin-orbital wave function j2Sþ1LJi must be
expanded by incorporating the spin wave function jS;mSi
and the orbital wave function YLmL

when calculating the
transition magnetic moment and the magnetic moment of
the D-wave channel. This can be expressed as j2Sþ1LJi ¼P

mS;mL
CJ;M
SmS;LmL

jS;mSiYLmL
[32,36,37,93]. In Table II, we

show the hadron masses [95] used in our calculations.
Combinedwith themass spectrumof the isoscalarΞccDð�Þ,

ΞccD1, and ΞccD�
2 triple-charm molecular-type pentaquark

candidates [23,24], in the present work we analyze the M1
radiative decay widths for the ΞccD�ð3=2−Þ→ΞccDð1=2−Þγ,
ΞccD�

2ð3=2þÞ → ΞccD1ð1=2þÞγ, ΞccD�
2ð3=2þÞ →

ΞccD1ð3=2þÞγ, ΞccD�
2ð5=2þÞ → ΞccD1ð3=2þÞγ,

ΞccD1ð3=2þÞ → ΞccD1ð1=2þÞγ, and ΞccD�
2ð5=2þÞ →

ΞccD�
2ð3=2þÞγ processes. In Table III, we present the

numerical results of the transition magnetic moments and
theM1 radiative decay widths between the isoscalar ΞccDð�Þ,
ΞccD1, and ΞccD�

2 triple-charm molecular-type pentaquark
candidates discussed in three different cases: (I) neglecting the

TABLE I. Our obtained transition magnetic moments and
magnetic moments of our focused doubly charmed baryons
and charmed mesons and comparison with them obtained from
other theoretical studies. Both the transition magnetic moments
and the magnetic moments of the hadrons are expressed in units
of μN ¼ e=2mp.

Transition magnetic moments

Processes Our work Other studies

D�0 → D0γ 2.173 2.134 [93], 2.233 [30]
D�þ → Dþγ −0.538 −0.559 [30], −0.540 [79]
D�0

2 → D0
1γ 1.277 � � �

D�þ
2 → Dþ

1 γ −0.452 � � �

Magnetic moments
Hadrons Our work Other studies
Ξþ
cc 0.807 0.815 [83], 0.806 [103]

Ξþþ
cc −0.124 −0.124 [103], −0.110 [79]

D�0 −1.489 −1.485 [93], −1.489 [30]
D�þ 1.303 1.308 [93], 1.303 [30]
D0

1
0.001 � � �

Dþ
1

0.543 � � �
D�0

2
−2.979 � � �

D�þ
2

2.141 � � �

TABLE II. A summary of the hadron masses used in our
calculations. The mass of the Ξþ

cc is taken from Ref. [104], while
the masses of other hadrons are sourced from the Particle Data
Group [95], and the units of the hadron masses are GeV.

mN ¼ 0.938 mΞþ
cc
¼ 3.620 mΞþþ

cc
¼ 3.622 mD0 ¼ 1.865

mDþ ¼ 1.870 mD�0 ¼ 2.007 mD�þ ¼ 2.010 mD0
1
¼ 2.422

mDþ
1
¼ 2.426 mD�0

2
¼ 2.461 mD�þ

2
¼ 2.464
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contribution of the spatial wave functions of the emitted
photon, the doubly charmed baryons, the charmedmesons,
and the triple-charm molecular-type pentaquarks, (II)
taking into account the contribution of the spatial wave
functions of the emitted photon and the triple-charm
molecular-type pentaquarks, and (III) taking into account
the contribution of the spatial wave functions of the emitted
photon, the doubly charmed baryons, the charmedmesons,
and the triple-charm molecular-type pentaquarks. In this
study, we utilize the identical binding energies for the
initial and final isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-
charm molecular-type pentaquark candidates and take
three representative binding energies −0.5, −6.0, and
−12.0 MeV to investigate their transition magnetic
moments and M1 radiative decay widths. In addition,
our analysis takes into account the contribution of the

S −D wave mixing effect and the coupled channel effect,
corresponding to the coupled channel scenario.
From the transition magnetic moments and the M1

radiative decay widths between the isoscalar ΞccDð�Þ,
ΞccD1, and ΞccD�

2 triple-charm molecular-type pentaquark
candidates listed in Table III, we find the following.

(i) The M1 radiative decay widths between the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-
charm molecular-type pentaquark candidates can
be considered as the effective physical observables
reflecting their inner structures. For example, the
M1 radiative decay widths of the ΞccD�

2ð3=2þÞ →
ΞccD1ð1=2þÞγ and ΞccD�

2ð3=2þÞ → ΞccD1ð3=2þÞγ
processes are obviously different, which implies
that the spin-parity quantum numbers of the iso-
scalar ΞccD1 molecular states can be distinguished

TABLE III. The obtained transition magnetic moments and M1 radiative decay widths between the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark candidates by performing the single-channel scenario and the coupled channel scenario.
Here, we discuss the transition magnetic moments and the M1 radiative decay widths between our discussed isoscalar triple-charm
molecular-type pentaquarks with three different cases: (I) neglecting the contribution of the spatial wave functions of the emitted photon,
the doubly charmed baryons, the charmed mesons, and the triple-charm molecular-type pentaquarks, (II) taking into account the
contribution of the spatial wave functions of the emitted photon and the triple-charm molecular-type pentaquarks, and (III) taking into
account the contribution of the spatial wave functions of the emitted photon, the doubly charmed baryons, the charmed mesons, and the
triple-charm molecular-type pentaquarks. Meanwhile, ΓMax

H→H0γ is the maximum value of the M1 radiative decay width obtained by
varying the binding energies of the initial and final isoscalar triple-charm molecular-type pentaquark candidates.

Single channel

Processes Cases μH→H0 ðμNÞ ΓH→H0γðkeVÞ
ΞccD�ð3=2−Þ → ΞccDð1=2−Þγ I 0.684 5.269, 5.269, 5.269

II 0.461, 0.643, 0.660 2.396, 4.652, 4.898
III 0.450, 0.627, 0.644 2.282, 4.430, 4.666

ΞccD�
2ð3=2þÞ → ΞccD1ð1=2þÞγ I 0.439 0.0441, 0.0441, 0.0441

II 0.422, 0.437, 0.437 0.0408, 0.0436, 0.0438
III 0.419, 0.433, 0.434 0.0401, 0.0429, 0.0430

ΞccD�
2ð3=2þÞ → ΞccD1ð3=2þÞγ I 0.186 0.00881, 0.00881, 0.00881

II 0.178, 0.182, 0.181 0.00802, 0.00842, 0.00833
III 0.176, 0.180, 0.179 0.00789, 0.00828, 0.00819

ΞccD�
2ð5=2þÞ → ΞccD1ð3=2þÞγ I 0.372 0.0529, 0.0529, 0.0529

II 0.356, 0.370, 0.371 0.0485, 0.0522, 0.0524
III 0.353, 0.367, 0.368 0.0477, 0.0513, 0.0515

Processes Cases μH→H0 ðμNÞ Γmax
H→H0γðkeVÞ

ΞccD1ð3=2þÞ → ΞccD1ð1=2þÞγ I 0.197 0.0003
ΞccD�

2ð5=2þÞ → ΞccD�
2ð3=2þÞγ I 0.360 0.002

Coupled channel

Process Cases μH→H0 ðμNÞ ΓH→H0γðkeVÞ
ΞccD�ð3=2−Þ → ΞccD=ΞccD�ð1=2−Þ II 0.680;−0.674;−0.670 5.127, 4.940, 4.888

III 0.447;−0.615;−0.629 2.196, 4.094, 4.291

Process Cases μH→H0 ðμNÞ Γmax
H→H0γðkeVÞ

ΞccD1=ΞccD�
2ð3=2þÞ → ΞccD1=ΞccD�

2ð1=2þÞ II −0.267, 0.412, 0.444 0.002
III −0.266, 0.408, 0.439 0.002
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by studying the associated M1 radiative decay
widths.

(ii) The contribution of the S −D wave mixing effect
and the coupled channel effect plays a minor role for
the M1 radiative decay width of the ΞccD�ð3=2−Þ →
ΞccDð1=2−Þγ process. However, for the M1 radia-
tive decay width of the ΞccD1ð3=2þÞ →
ΞccD1ð1=2þÞγ process, the contribution of the
S −D wave mixing effect and the coupled channel
effect plays a major role, which depends on the
spatial wave functions of the mixing channels.

(iii) The spatial wave functions of the emitted photon,
the doubly charmed baryons, the charmed mesons,
and the triple-charm molecular-type pentaquarks do
not seem to have a significant effect on the transition
magnetic moments and the M1 radiative decay
widths between the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark can-
didates, especially for the contribution of the spatial
wave functions of the doubly charmed baryons and
the charmed mesons.

(iv) When assuming the existence of the same binding
energies for the initial and final isoscalar triple-
charm molecular-type pentaquarks, the phase spaces
are zero for the ΞccD1ð3=2þÞ → ΞccD1ð1=2þÞγ and
ΞccD�

2ð5=2þÞ → ΞccD�
2ð3=2þÞγ processes. In this

study, we further examine their M1 radiative decay
widths as the binding energies of the initial and final
isoscalar triple-charm molecular-type pentaquarks
vary. However, their M1 radiative decay widths are
greatly suppressed, which is attributed to the small
phase spaces for these processes.

III. THE MAGNETIC MOMENTS OF THE
TRIPLE-CHARM MOLECULAR-TYPE

PENTAQUARK

In the previous section, we studied the M1 radiative
decay widths between the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark candidates,
which can be considered as the effective physical observ-
ables reflecting their inner structures. In this section, we
discuss the magnetic moments of the isoscalar ΞccDð�Þ,
ΞccD1, and ΞccD�

2 triple-charm molecular-type pentaquark
candidates.
In Table IV, we present the numerical results of the

magnetic moments of the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark candidates.
Here, we investigate the contribution of the S −D wave
mixing effect and the coupled channel effect corresponding
to the coupled channel scenario. For the coupled channel
scenario, we consider three typical binding energies −0.5,
−6.0, and −12.0 MeV for the isoscalar ΞccDð�Þ, ΞccD1, and
ΞccD�

2 triple-charm molecular-type pentaquark candidates
to discuss their magnetic moments.

As shown in Table IV, the magnetic moments of the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecu-
lar-type pentaquark candidates can be considered as the
important aspect reflecting their inner structures, which can
be used to distinguish their spin-parity quantum numbers.
For example, the magnetic moments of the ΞccD1 state with
IðJPÞ ¼ 0ð1=2þÞ and the ΞccD1 state with IðJPÞ ¼
0ð3=2þÞ are obviously different, and the ΞccD�

2 state with
IðJPÞ ¼ 0ð3=2þÞ and the ΞccD�

2 state with IðJPÞ ¼
0ð5=2þÞ have different magnetic moments. Similarly to
the case of the transition magnetic moments and the M1
radiative decay widths between the isoscalar ΞccDð�Þ,
ΞccD1, and ΞccD�

2 triple-charm molecular-type pentaquark
candidates, the S −D wave mixing effect and the coupled
channel effect play a minor role for the magnetic moments
of several discussed isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2

triple-charm molecular-type pentaquark candidates, such as
the ΞccD state with IðJPÞ ¼ 0ð1=2−Þ, the ΞccD� state with
IðJPÞ ¼ 0ð3=2−Þ, and the ΞccD1 state with IðJPÞ ¼
0ð1=2þÞ. However, the S −D wave mixing effect and
the coupled channel effect play an important role to mediate
the magnetic moment of the ΞccD1 state with IðJPÞ ¼
0ð3=2þÞ, and the corresponding magnetic moment is
sensitive to the binding energy.
Except for the constituent quark model, other models and

approaches are often used to discuss the electromagnetic
properties of hadrons in the past decades. Especially, chiral
perturbation theory is a popular way to study the electro-
magnetic properties of heavy hadrons [40,105–123]. Thus,
we hope that the electromagnetic properties of the isoscalar
ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecular-type
pentaquark candidates can be discussed by other models
and approaches in the future, which can make our knowl-
edge of the electromagnetic properties of the isoscalar

TABLE IV. The obtained magnetic moments of the isoscalar
ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecular-type penta-
quark candidates by performing the single-channel scenario and
the coupled channel scenario.

Molecules μHðμNÞ
Single channel

ΞccDð1=2−Þ 0.347
ΞccD�ð3=2−Þ 0.259
ΞccD1ð1=2þÞ 0.0691
ΞccD1ð3=2þÞ 0.625
ΞccD�

2ð3=2þÞ −0.579
ΞccD�

2ð5=2þÞ −0.0649

Coupled channel
ΞccD=ΞccD�ð1=2−Þ 0.334, 0.323, 0.320
ΞccD�ð3=2−Þ 0.249, 0.249, 0.248
ΞccD1=ΞccD�

2ð1=2þÞ 0.0680, 0.0681, 0.0680
ΞccD1=ΞccD�

2ð3=2þÞ 0.507, −0.0137, −0.183
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ΞccDð�Þ, ΞccD1, and ΞccD�
2 triple-charm molecular-type

pentaquark candidates become more abundant.

IV. DISCUSSION AND CONCLUSION

In recent decades, the study of molecular-type multi-
quark states has become an influential and attractive area of
research in hadron physics. Currently, more predictions
around molecular-type pentaquarks have been made.
Inspired by the discovery of the doubly charmed baryon
Ξccð3620Þþþ by LHCb [25], the mass spectrum of the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charmed
molecular-type pentaquark candidates has been predicted
in Refs. [23,24]. At present, our knowledge of their
properties is still not enough, and further suggestions for
the experimental search for the isoscalar ΞccDð�Þ, ΞccD1,
and ΞccD�

2 triple-charm molecular-type pentaquark candi-
dates should be discussed.
In this work, we systematically study the electromag-

netic properties including the M1 radiative decay widths
and the magnetic moments of the isoscalar ΞccDð�Þ, ΞccD1,
and ΞccD�

2 triple-charm molecular-type pentaquark candi-
dates within the framework of the constituent quark model,
where both the S −D wave mixing effect and the coupled
channel effect are taken into account. From our obtained
numerical results, we conclude that the M1 radiative decay
widths and the magnetic moments of the isoscalar ΞccDð�Þ,
ΞccD1, and ΞccD�

2 triple-charm molecular-type pentaquark
candidates can reflect their inner structures, which can be
used to distinguish their spin-parity quantum numbers.
Thus, the study of the electromagnetic properties is an
important step to construct the family of triple-charm
molecular-type pentaquarks.
As emphasized in Fig. 2, single-charm, hidden-charm,

and double-charm multiquark candidates have been
reported in experiments [1–11]. So far, there have been
no experimental signals of the triple-charm multiquark
candidates [1–11]. In future experiment, searching for the
triple-charm multiquark candidates will be an interesting
and important research topic of hadron physics, and the
triple-charm pentaquark state is the simplest quark con-
figuration among the triple-charm multiquark states. As a
potential experimental research task, LHCb has the oppor-
tunity to investigate the isoscalar ΞccDð�Þ, ΞccD1, and

ΞccD�
2 triple-charm molecular-type pentaquark candidates

with the accumulation of experimental data during the
high-luminosity phase of the LHC [43]. Obviously, the
present work combined with the corresponding mass
spectrum information [23,24] can provide more compre-
hensive spectroscopic information when searching for the
isoscalar ΞccDð�Þ, ΞccD1, and ΞccD�

2 triple-charm molecu-
lar-type pentaquark candidates. In addition, the theoretical
study of other properties of the isoscalar ΞccDð�Þ, ΞccD1,
and ΞccD�

2 triple-charm molecular-type pentaquark candi-
dates is also encouraged.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science
Foundation of China under Grants No. 12335001,
No. 12247155, and No. 12247101, the China National
Funds for Distinguished Young Scientists under Grant
No. 11825503, National Key Research and Development
Program of China under Contract No. 2020YFA0406400,
the 111 Project under Grant No. B20063, the fundamental
Research Funds for the Central Universities, and the project
for top-notch innovative talents of Gansu province. F.-L.W.
is also supported by the China Postdoctoral Science
Foundation under Grant No. 2022M721440.

[1] X. Liu, An overview of XYZ new particles, Chin. Sci. Bull.
59, 3815 (2014).

[2] A.Hosaka,T. Iijima,K.Miyabayashi,Y. Sakai, andS.Yasui,
Exotic hadrons with heavy flavors: X, Y, Z, and related
states, Prog. Theor. Exp. Phys. 2016, 062C01 (2016).

[3] H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, The hidden-
charm pentaquark and tetraquark states, Phys. Rep. 639, 1
(2016).

[4] J. M. Richard, Exotic hadrons: Review and perspectives,
Few Body Syst. 57, 1185 (2016).

FIG. 2. Road map of searching for heavy flavor multi-
quarks [1–11].

INVESTIGATING THE M1 RADIATIVE DECAY BEHAVIORS … PHYS. REV. D 109, 054036 (2024)

054036-7

https://doi.org/10.1007/s11434-014-0407-2
https://doi.org/10.1007/s11434-014-0407-2
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1007/s00601-016-1159-0


[5] R. F. Lebed, R. E. Mitchell, and E. S. Swanson, Heavy-
quark QCD exotica, Prog. Part. Nucl. Phys. 93, 143
(2017).

[6] S. L. Olsen, T. Skwarnicki, and D. Zieminska, Nonstand-
ard heavy mesons and baryons: Experimental evidence,
Rev. Mod. Phys. 90, 015003 (2018).

[7] F. K. Guo, C. Hanhart, and U. G. Meißner, Q. Wang, Q.
Zhao, and B. S. Zou, Hadronic molecules, Rev. Mod. Phys.
90, 015004 (2018).

[8] Y. R. Liu, H. X. Chen, W. Chen, X. Liu, and S. L. Zhu,
Pentaquark and tetraquark states, Prog. Part. Nucl. Phys.
107, 237 (2019).

[9] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C. P.
Shen, C. E. Thomas, A. Vairo, and C. Z. Yuan, The XYZ
states: Experimental and theoretical status and perspec-
tives, Phys. Rep. 873, 1 (2020).

[10] L. Meng, B. Wang, G. J. Wang, and S. L. Zhu, Chiral
perturbation theory for heavy hadrons and chiral effective
field theory for heavy hadronic molecules, Phys. Rep.
1019, 1 (2023).

[11] H. X. Chen, W. Chen, X. Liu, Y. R. Liu, and S. L. Zhu, An
updated review of the new hadron states, Rep. Prog. Phys.
86, 026201 (2023).

[12] J. J. Wu, R. Molina, E. Oset, and B. S. Zou, Prediction of
narrow N� and Λ� resonances with hidden charm above
4 GeV, Phys. Rev. Lett. 105, 232001 (2010).

[13] W. L. Wang, F. Huang, Z. Y. Zhang, and B. S. Zou, ΣcD̄
and ΛcD̄ states in a chiral quark model, Phys. Rev. C 84,
015203 (2011).

[14] Z. C. Yang, Z. F. Sun, J. He, X. Liu, and S. L. Zhu, The
possible hidden-charm molecular baryons composed of
anti-charmed meson and charmed baryon, Chin. Phys. C
36, 6 (2012).

[15] J. J. Wu, T.-S. H. Lee, and B. S. Zou, Nucleon resonances
with hidden charm in coupled-channel models, Phys. Rev.
C 85, 044002 (2012).

[16] X. Q. Li and X. Liu, A possible global group structure for
exotic states, Eur. Phys. J. C 74, 3198 (2014).

[17] R. Chen, X. Liu, X. Q. Li, and S. L. Zhu, Identifying exotic
hidden-charm pentaquarks, Phys. Rev. Lett. 115, 132002
(2015).

[18] M. Karliner and J. L. Rosner, New exotic meson and
baryon resonances from doubly-heavy hadronic mole-
cules, Phys. Rev. Lett. 115, 122001 (2015).

[19] R. Aaij et al. (LHCb Collaboration), Observation of J=ψp
resonances consistent with pentaquark states in Λ0

b →
J=ψK−p decays, Phys. Rev. Lett. 115, 072001 (2015).

[20] R. Aaij et al. (LHCb Collaboration), Observation of a
narrow pentaquark state, Pcð4312Þþ, and of two-peak
structure of the Pcð4450Þþ, Phys. Rev. Lett. 122,
222001 (2019).

[21] R. Aaij et al.(LHCb Collaboration), Evidence of a J=ψΛ
structure and observation of excited Ξ− states in the Ξ−

b →
J=ψΛK− decay, Sci. Bull. 66, 1278 (2021).

[22] R. Aaij et al.(LHCb Collaboration), Observation of a
J=ψΛ resonance consistent with a strange pentaquark
candidate in B− → J=ψΛp̄ decays, Phys. Rev. Lett. 131,
031901 (2023).

[23] R. Chen, A. Hosaka, and X. Liu, Prediction of triple-charm
molecular pentaquarks, Phys. Rev. D 96, 114030 (2017).

[24] F. L. Wang, R. Chen, Z. W. Liu, and X. Liu, Possible triple-
charm molecular pentaquarks from ΞccD1=ΞccD�

2 inter-
actions, Phys. Rev. D 99, 054021 (2019).

[25] R. Aaij et al. (LHCb Collaboration), Observation of the
doubly charmed baryon Ξþþ

cc , Phys. Rev. Lett. 119, 112001
(2017).

[26] G. J. Wang, R. Chen, L. Ma, X. Liu, and S. L. Zhu,
Magnetic moments of the hidden-charm pentaquark states,
Phys. Rev. D 94, 094018 (2016).

[27] M.W. Li, Z. W. Liu, Z. F. Sun, and R. Chen, Magnetic
moments and transition magnetic moments of Pc and Pcs
states, Phys. Rev. D 104, 054016 (2021).

[28] U. Özdem, Magnetic dipole moments of the hidden-charm
pentaquark states: Pcð4440Þ, Pcð4457Þ and Pcsð4459Þ,
Eur. Phys. J. C 81, 277 (2021).

[29] Y. J. Xu, Y. L. Liu, and M. Q. Huang, The magnetic
moment of Pcð4312Þ as a D̄Σc molecular state, Eur. Phys.
J. C 81, 421 (2021).

[30] H. Y. Zhou, F. L. Wang, Z. W. Liu, and X. Liu, Probing the
electromagnetic properties of the Σð�Þ

c Dð�Þ-type doubly
charmed molecular pentaquarks, Phys. Rev. D 106,
034034 (2022).

[31] F. Gao and H. S. Li, Magnetic moments of hidden-charm
strange pentaquark states, Chin. Phys. C 46, 123111
(2022).

[32] F. L. Wang, S. Q. Luo, H. Y. Zhou, Z. W. Liu, and X. Liu,

Exploring the electromagnetic properties of the Ξð0;Þ
c D̄�

s and

Ωð�Þ
c D̄�

s molecular states, Phys. Rev. D 108, 034006 (2023).
[33] U. Ozdem, Electromagnetic properties of D̄ð�ÞΞ0

c, D̄ð�ÞΛc,

D̄ð�Þ
s Λc and D̄

ð�Þ
s Ξc pentaquarks, Phys. Lett. B 846, 138267

(2023).
[34] U. Özdem, Investigation of magnetic moment of

Pcsð4338Þ and Pcsð4459Þ pentaquark states, Phys. Lett.
B 836, 137635 (2023).

[35] F. L. Wang, H. Y. Zhou, Z. W. Liu, and X. Liu, What can
we learn from the electromagnetic properties of hidden-
charm molecular pentaquarks with single strangeness?,
Phys. Rev. D 106, 054020 (2022).

[36] F. L. Wang and X. Liu, New type of doubly charmed
molecular pentaquarks containing most strange quarks:
Mass spectra, radiative decays, and magnetic moments,
Phys. Rev. D 108, 074022 (2023).

[37] F. L. Wang and X. Liu, Surveying the mass spectra and the
electromagnetic properties of the Ξð0;Þ

c D� molecular penta-
quarks, Phys. Rev. D 109, 014043 (2024).

[38] F. Guo and H. S. Li, Analysis of the hidden-charm
pentaquark states PN0

ψ based on magnetic moment and
transition magnetic moment, arXiv:2304.10981.

[39] H. S. Li, F. Guo, Y. D. Lei, and F. Gao, Magnetic moments
and axial charges of the octet hidden-charm molecular
pentaquark family, arXiv:2401.14767.

[40] H. S. Li, Ab initio calculation of molecular pentaquark
magnetic moments in heavy pentaquark chiral perturbation
theory, arXiv:2401.14759.

[41] U. Özdem, Analysis of the isospin eigenstate D̄Σc, D̄�Σc,
and D̄Σ�

c pentaquarks by their electromagnetic properties,
arXiv:2401.12678.

[42] U. Özdem, Elucidating the nature of hidden-charm penta-
quark states with spin-32 through their electromagnetic
form factors, Phys. Lett. B 851, 138551 (2024).

BAO-JUN LAI, FU-LAI WANG, and XIANG LIU PHYS. REV. D 109, 054036 (2024)

054036-8

https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1016/j.ppnp.2016.11.003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevC.84.015203
https://doi.org/10.1103/PhysRevC.84.015203
https://doi.org/10.1088/1674-1137/36/1/002
https://doi.org/10.1088/1674-1137/36/1/002
https://doi.org/10.1103/PhysRevC.85.044002
https://doi.org/10.1103/PhysRevC.85.044002
https://doi.org/10.1140/epjc/s10052-014-3198-3
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1103/PhysRevLett.115.122001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1016/j.scib.2021.02.030
https://doi.org/10.1103/PhysRevLett.131.031901
https://doi.org/10.1103/PhysRevLett.131.031901
https://doi.org/10.1103/PhysRevD.96.114030
https://doi.org/10.1103/PhysRevD.99.054021
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevD.94.094018
https://doi.org/10.1103/PhysRevD.104.054016
https://doi.org/10.1140/epjc/s10052-021-09070-3
https://doi.org/10.1140/epjc/s10052-021-09211-8
https://doi.org/10.1140/epjc/s10052-021-09211-8
https://doi.org/10.1103/PhysRevD.106.034034
https://doi.org/10.1103/PhysRevD.106.034034
https://doi.org/10.1088/1674-1137/ac8651
https://doi.org/10.1088/1674-1137/ac8651
https://doi.org/10.1103/PhysRevD.108.034006
https://doi.org/10.1016/j.physletb.2023.138267
https://doi.org/10.1016/j.physletb.2023.138267
https://doi.org/10.1016/j.physletb.2022.137635
https://doi.org/10.1016/j.physletb.2022.137635
https://doi.org/10.1103/PhysRevD.106.054020
https://doi.org/10.1103/PhysRevD.108.074022
https://doi.org/10.1103/PhysRevD.109.014043
https://arXiv.org/abs/2304.10981
https://arXiv.org/abs/2401.14767
https://arXiv.org/abs/2401.14759
https://arXiv.org/abs/2401.12678
https://doi.org/10.1016/j.physletb.2024.138551


[43] R. Aaij et al. (LHCb Collaboration), Physics case for an
LHCb upgrade II-opportunities in flavour physics, and
beyond, in the HL-LHC era, arXiv:1808.08865.

[44] N. A. Tornqvist, From the deuteron to deusons, an analysis
of deuteron-like meson-meson bound states, Z. Phys. C 61,
525 (1994).

[45] R. Machleidt, K. Holinde, and C. Elster, The bonn meson
exchange model for the nucleon nucleon interaction, Phys.
Rep. 149, 1 (1987).

[46] E. Epelbaum, H.W. Hammer, and U. G. Meissner, Modern
theory of nuclear forces, Rev. Mod. Phys. 81, 1773 (2009).

[47] A. Esposito, A. L. Guerrieri, F. Piccinini, A. Pilloni, and
A. D. Polosa, Four-quark hadrons: An updated review, Int.
J. Mod. Phys. A 30, 1530002 (2015).

[48] N. A. Tornqvist, On deusons or deuteron-like meson-
meson bound states, Nuovo Cimento Soc. Ital. Fis.
107A, 2471 (1994).

[49] F. L. Wang, R. Chen, Z. W. Liu, and X. Liu, Probing new
types of Pc states inspired by the interaction between S-
wave charmed baryon and anti-charmed meson in a T̄
doublet, Phys. Rev. C 101, 025201 (2020).

[50] B. Aubert et al. (BABAR Collaboration), Evidence for
Xð3872Þ → ψð2SÞγ in B� → Xð3872ÞK� decays, and a
study of B → cc̄γK, Phys. Rev. Lett. 102, 132001 (2009).

[51] R. Aaij et al. (LHCb Collaboration), Evidence for the
decay Xð3872Þ → ψð2SÞγ, Nucl. Phys. B886, 665 (2014).

[52] V. Bhardwaj et al. (Belle Collaboration), Observation of
Xð3872Þ → J=ψγ and search for Xð3872Þ → ψ 0γ in B
decays, Phys. Rev. Lett. 107, 091803 (2011).

[53] M. Ablikim et al. (BESIII Collaboration), Study of open-
charm decays and radiative transitions of the Xð3872Þ,
Phys. Rev. Lett. 124, 242001 (2020).

[54] F. Schlumpf, Magnetic moments of the baryon decuplet in
a relativistic quark model, Phys. Rev. D 48, 4478 (1993).

[55] F. Schlumpf, Relativistic constituent quark model of
electroweak properties of baryons, Phys. Rev. D 47,
4114 (1993); 49, 6246(E) (1994).

[56] T. P. Cheng and L. F. Li, Why naive quark model can yield
a good account of the baryon magnetic moments, Phys.
Rev. Lett. 80, 2789 (1998).

[57] P. Ha and L. Durand, Baryon magnetic moments in a QCD
based quark model with loop corrections, Phys. Rev. D 58,
093008 (1998).

[58] Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen, and S. L.
Zhu, Pentaquark magnetic moments in different models,
Phys. Rev. C 69, 035205 (2004).

[59] P. Z. Huang, Y. R. Liu, W. Z. Deng, X. L. Chen, and
S. L. Zhu, Heavy pentaquarks, Phys. Rev. D 70, 034003
(2004).

[60] S. L. Zhu, Pentaquarks, Int. J. Mod. Phys. A 19, 3439
(2004).

[61] S. Kumar, R. Dhir, and R. C. Verma, Magnetic moments of
charm baryons using effective mass and screened charge of
quarks, J. Phys. G 31, 141 (2005).

[62] A. R. Haghpayma, Magnetic moment of the pentaquark
Θþ state, arXiv:hep-ph/0609253.

[63] G. Ramalho, K. Tsushima, and F. Gross, A relativistic
quark model for the Omega-electromagnetic form factors,
Phys. Rev. D 80, 033004 (2009).

[64] R. Dhir and R. C. Verma, Magnetic moments of
(JP ¼ 3=2þ) heavy baryons using effective mass scheme,
Eur. Phys. J. A 42, 243 (2009).

[65] A. Majethiya, B. Patel, and P. C. Vinodkumar, Radiative
decays of single heavy flavour baryons, Eur. Phys. J. A 42,
213 (2009).

[66] N. Sharma, H. Dahiya, P. K. Chatley, and M. Gupta, Spin
1
2
þ, spin 3

2
þ and transition magnetic moments of low lying

and charmed baryons, Phys. Rev. D 81, 073001 (2010).
[67] N. Sharma, A. Martinez Torres, K. P. Khemchandani, and

H. Dahiya, Magnetic moments of the low-lying 1=2− octet
baryon resonances, Eur. Phys. J. A 49, 11 (2013).

[68] R. Dhir, C. S. Kim, and R. C. Verma, Magnetic moments of
bottom baryons: Effective mass and screened charge, Phys.
Rev. D 88, 094002 (2013).

[69] Z. Ghalenovi, A. A. Rajabi, S. x. Qin, and D. H. Rischke,
Ground-state masses and magnetic moments of heavy
baryons, Mod. Phys. Lett. A 29, 1450106 (2014).

[70] A. Girdhar, H. Dahiya, and M. Randhawa, Magnetic
moments of JP ¼ 3

2
þ decuplet baryons using effective

quark masses in chiral constituent quark model, Phys.
Rev. D 92, 033012 (2015).

[71] A. Majethiya, K. Thakkar, and P. C. Vinodkumar, Spec-
troscopy and decay properties of Σb, Λb baryons in quark-
diquark model, Chin. J. Phys. 54, 495 (2016).

[72] K. Thakkar, A. Majethiya, and P. C. Vinodkumar, Mag-
netic moments of baryons containing all heavy quarks in
the quark-diquark model, Eur. Phys. J. Plus 131, 339
(2016).

[73] Z. Shah, K. Thakkar, A. K. Rai, and P. C. Vinodkumar,
Mass spectra and Regge trajectories of Λþ

c , Σ0
c, Ξ0

c and Ω0
c

baryons, Chin. Phys. C 40, 123102 (2016).
[74] Z. Shah, K. Thakkar, and A. K. Rai, Excited state mass

spectra of doubly heavy baryons Ωcc, Ωbb and Ωbc, Eur.
Phys. J. C 76, 530 (2016).

[75] A. Kaur, P. Gupta, and A. Upadhyay, Properties of JP ¼
1=2þ baryon octets at low energy, Prog. Theor. Exp. Phys.
2017, 063B02 (2017).

[76] Z. Shah and A. Kumar Rai, Spectroscopy of the Ωccb

baryon in the hypercentral constituent quark model, Chin.
Phys. C 42, 053101 (2018).

[77] K. Gandhi, Z. Shah, and A. K. Rai, Decay properties of
singly charmed baryons, Eur. Phys. J. Plus 133, 512
(2018).

[78] H. Dahiya, Transition magnetic moments of JP ¼ 3
2
þ

decuplet to JP ¼ 1
2
þ octet baryons in the chiral constituent

quark model, Chin. Phys. C 42, 093102 (2018).
[79] V. Simonis, Improved predictions for magnetic moments

and M1 decay widths of heavy hadrons, arXiv:1803
.01809.

[80] Z. Ghalenovi and M. Moazzen Sorkhi, Mass spectra and
decay properties of Σb and Λb baryons in a quark model,
Eur. Phys. J. Plus 133, 301 (2018).

[81] K. Gandhi and A. K. Rai, Spectrum of strange singly
charmed baryons in the constituent quark model, Eur.
Phys. J. Plus 135, 213 (2020).

[82] S. Rahmani, H. Hassanabadi, and H. Sobhani, Mass and
decay properties of double heavy baryons with a phenom-
enological potential model, Eur. Phys. J. C 80, 312 (2020).

INVESTIGATING THE M1 RADIATIVE DECAY BEHAVIORS … PHYS. REV. D 109, 054036 (2024)

054036-9

https://arXiv.org/abs/1808.08865
https://doi.org/10.1007/BF01413192
https://doi.org/10.1007/BF01413192
https://doi.org/10.1016/S0370-1573(87)80002-9
https://doi.org/10.1016/S0370-1573(87)80002-9
https://doi.org/10.1103/RevModPhys.81.1773
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1007/BF02734018 
https://doi.org/10.1007/BF02734018 
https://doi.org/10.1103/PhysRevC.101.025201
https://doi.org/10.1103/PhysRevLett.102.132001
https://doi.org/10.1016/j.nuclphysb.2014.06.011
https://doi.org/10.1103/PhysRevLett.107.091803
https://doi.org/10.1103/PhysRevLett.124.242001
https://doi.org/10.1103/PhysRevD.48.4478
https://doi.org/10.1103/PhysRevD.47.4114
https://doi.org/10.1103/PhysRevD.47.4114
https://doi.org/10.1103/PhysRevD.49.6246.2
https://doi.org/10.1103/PhysRevLett.80.2789
https://doi.org/10.1103/PhysRevLett.80.2789
https://doi.org/10.1103/PhysRevD.58.093008
https://doi.org/10.1103/PhysRevD.58.093008
https://doi.org/10.1103/PhysRevC.69.035205
https://doi.org/10.1103/PhysRevD.70.034003
https://doi.org/10.1103/PhysRevD.70.034003
https://doi.org/10.1142/S0217751X04019676
https://doi.org/10.1142/S0217751X04019676
https://doi.org/10.1088/0954-3899/31/2/006
https://arXiv.org/abs/hep-ph/0609253
https://doi.org/10.1103/PhysRevD.80.033004
https://doi.org/10.1140/epja/i2009-10872-8
https://doi.org/10.1140/epja/i2009-10880-8
https://doi.org/10.1140/epja/i2009-10880-8
https://doi.org/10.1103/PhysRevD.81.073001
https://doi.org/10.1140/epja/i2013-13011-2
https://doi.org/10.1103/PhysRevD.88.094002
https://doi.org/10.1103/PhysRevD.88.094002
https://doi.org/10.1142/S0217732314501065
https://doi.org/10.1103/PhysRevD.92.033012
https://doi.org/10.1103/PhysRevD.92.033012
https://doi.org/10.1016/j.cjph.2016.06.008
https://doi.org/10.1140/epjp/i2016-16339-4
https://doi.org/10.1140/epjp/i2016-16339-4
https://doi.org/10.1088/1674-1137/40/12/123102
https://doi.org/10.1140/epjc/s10052-016-4379-z
https://doi.org/10.1140/epjc/s10052-016-4379-z
https://doi.org/10.1093/ptep/ptx068
https://doi.org/10.1093/ptep/ptx068
https://doi.org/10.1088/1674-1137/42/5/053101
https://doi.org/10.1088/1674-1137/42/5/053101
https://doi.org/10.1140/epjp/i2018-12318-1
https://doi.org/10.1140/epjp/i2018-12318-1
https://doi.org/10.1088/1674-1137/42/9/093102
https://arXiv.org/abs/1803.01809
https://arXiv.org/abs/1803.01809
https://doi.org/10.1140/epjp/i2018-12111-2
https://doi.org/10.1140/epjp/s13360-020-00141-0
https://doi.org/10.1140/epjp/s13360-020-00141-0
https://doi.org/10.1140/epjc/s10052-020-7867-0


[83] A. Hazra, S. Rakshit, and R. Dhir, Radiative M1 transitions
of heavy baryons: Effective quark mass scheme, Phys. Rev.
D 104, 053002 (2021).

[84] C. Menapara and A. K. Rai, Spectroscopic investigation of
light strange S ¼ −1 Λ, Σ and S ¼ −2 Ξ baryons, Chin.
Phys. C 45, 063108 (2021).

[85] C. Deng and S. L. Zhu, Tþ
cc and its partners, Phys. Rev. D

105, 054015 (2022).
[86] C. Menapara and A. K. Rai, Spectroscopic study of

strangeness ¼ −3 Ω− baryon, Chin. Phys. C 46, 103102
(2022).

[87] H. Mutuk, The status of Ξþþ
cc baryon: Investigating quark-

diquark model, Eur. Phys. J. Plus 137, 10 (2022).
[88] A. Kakadiya, Z. Shah, and A. K. Rai, Spectroscopy ofΩccc

and Ωbbb baryons, Int. J. Mod. Phys. A 37, 2250225
(2022).

[89] C. Menapara and A. K. Rai, Spectroscopy of light baryons:
Δ resonances, Int. J. Mod. Phys. A 37, 2250177
(2022).

[90] B. Mohan, A. Hazra, and R. Dhir, Screening of the quark
charge and mixing effects on transition moments and M1
decay widths of baryons, Phys. Rev. D 106, 113007
(2022).

[91] H. T. An, S. Q. Luo, Z. W. Liu, and X. Liu, Spectroscopy
behavior of fully heavy tetraquarks, Eur. Phys. J. C 83, 740
(2023).

[92] T. W. Wu and Y. L. Ma, Doubly heavy tetraquark
multiplets as heavy antiquark-diquark symmetry
partners of heavy baryons, Phys. Rev. D 107, L071501
(2023).

[93] F. L. Wang, S. Q. Luo, and X. Liu, Radiative decays and
magnetic moments of the predicted Bc-like molecules,
Phys. Rev. D 107, 114017 (2023).

[94] J. Dey, V. Shevchenko, P. Volkovitsky, and M. Dey,
Radiative decays of S-wave charmed baryons, Phys. Lett.
B 337, 185 (1994).

[95] R. L. Workman et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2022, 083C01
(2022).

[96] G. L. Yu, Z. Y. Li, Z. G. Wang, J. Lu, and M. Yan,
Systematic analysis of doubly charmed baryons Ξcc and
Ωcc, Eur. Phys. J. A 59, 126 (2023).

[97] S. Godfrey and K. Moats, Properties of excited charm
and charm-strange mesons, Phys. Rev. D 93, 034035
(2016).

[98] V. K. Khersonskii, A. N. Moskalev, and D. A.
Varshalovich, Quantum Theory of Angular Momentum
(World Scientific Publishing Company, Singapore, 1988).

[99] S. Godfrey and R. Kokoski, The properties of p wave
mesons with one heavy quark, Phys. Rev. D 43, 1679
(1991).

[100] T. Matsuki, T. Morii, and K. Seo, Mixing angle between
3P1 and 1P1 in HQET, Prog. Theor. Phys. 124, 285
(2010).

[101] T. Barnes, N. Black, and P. R. Page, Strong decays of
strange quarkonia, Phys. Rev. D 68, 054014 (2003).

[102] Q. T. Song, D. Y. Chen, X. Liu, and T. Matsuki, Higher
radial and orbital excitations in the charmed meson family,
Phys. Rev. D 92, 074011 (2015).

[103] D. B. Lichtenberg, Magnetic moments of charmed baryons
in the quark model, Phys. Rev. D 15, 345 (1977).

[104] R. Aaij et al. (LHCb Collaboration), Search for the doubly
charmed baryon Ξþ

cc in the Ξþ
c π

−πþ final state, J. High
Energy Phys. 12 (2021) 107.

[105] P. L. Cho and H. Georgi, Electromagnetic interactions
in heavy hadron chiral theory, Phys. Lett. B 296, 408
(1992).

[106] H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin, T. M. Yan,
and H. L. Yu, Chiral Lagrangians for radiative decays of
heavy hadrons, Phys. Rev. D 47, 1030 (1993).

[107] J. F. Amundson, C. G. Boyd, E. E. Jenkins, M. E. Luke,
A. V. Manohar, J. L. Rosner, M. J. Savage, and M. B. Wise,
Radiative D* decay using heavy quark and chiral sym-
metry, Phys. Lett. B 296, 415 (1992).

[108] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R.
Gatto, F. Feruglio, and G. Nardulli, Phenomenology of
heavy meson chiral Lagrangians, Phys. Rep. 281, 145
(1997).

[109] F. J. Jiang and B. C. Tiburzi, Hyperon electromagnetic
properties in two-flavor chiral perturbation theory, Phys.
Rev. D 81, 034017 (2010).

[110] N. Jiang, X. L. Chen, and S. L. Zhu, Electromagnetic
decays of the charmed and bottom baryons in chiral
perturbation theory, Phys. Rev. D 92, 054017 (2015).

[111] H. S. Li, L. Meng, Z. W. Liu, and S. L. Zhu, Magnetic
moments of the doubly charmed and bottom baryons,
Phys. Rev. D 96, 076011 (2017).

[112] H. S. Li, L. Meng, Z. W. Liu, and S. L. Zhu, Radiative
decays of the doubly charmed baryons in chiral perturba-
tion theory, Phys. Lett. B 777, 169 (2018).

[113] L. Meng, H. S. Li, Z. W. Liu, and S. L. Zhu, Magnetic
moments of the spin-3

2
doubly heavy baryons, Eur. Phys. J.

C 77, 869 (2017).
[114] J. Y. Kim and H. C. Kim, Electromagnetic form factors

of singly heavy baryons in the self-consistent SU(3)
chiral quark-soliton model, Phys. Rev. D 97, 114009
(2018).

[115] A. N. Hiller Blin, Z. F. Sun, and M. J. Vicente Vacas,
Electromagnetic form factors of spin 1=2 doubly charmed
baryons, Phys. Rev. D 98, 054025 (2018).

[116] G. J. Wang, L. Meng, H. S. Li, Z. W. Liu, and S. L. Zhu,
Magnetic moments of the spin-1

2
singly charmed baryons in

chiral perturbation theory, Phys. Rev. D 98, 054026
(2018).

[117] L. Meng, G. J. Wang, C. Z. Leng, Z. W. Liu, and S. L. Zhu,
Magnetic moments of the spin-3

2
singly heavy baryons,

Phys. Rev. D 98, 094013 (2018).
[118] M. Z. Liu, Y. Xiao, and L. S. Geng, Magnetic moments of

the spin-1=2 doubly charmed baryons in covariant baryon
chiral perturbation theory, Phys. Rev. D 98, 014040
(2018).

[119] G. J. Wang, L. Meng, and S. L. Zhu, Radiative decays of
the singly heavy baryons in chiral perturbation theory,
Phys. Rev. D 99, 034021 (2019).

[120] R. X. Shi, Y. Xiao, and L. S. Geng, Magnetic moments of
the spin-1=2 singly charmed baryons in covariant baryon
chiral perturbation theory, Phys. Rev. D 100, 054019
(2019).

BAO-JUN LAI, FU-LAI WANG, and XIANG LIU PHYS. REV. D 109, 054036 (2024)

054036-10

https://doi.org/10.1103/PhysRevD.104.053002
https://doi.org/10.1103/PhysRevD.104.053002
https://doi.org/10.1088/1674-1137/abf4f4
https://doi.org/10.1088/1674-1137/abf4f4
https://doi.org/10.1103/PhysRevD.105.054015
https://doi.org/10.1103/PhysRevD.105.054015
https://doi.org/10.1088/1674-1137/ac78d1
https://doi.org/10.1088/1674-1137/ac78d1
https://doi.org/10.1140/epjp/s13360-021-02256-4
https://doi.org/10.1142/S0217751X22502256
https://doi.org/10.1142/S0217751X22502256
https://doi.org/10.1142/S0217751X22501779
https://doi.org/10.1142/S0217751X22501779
https://doi.org/10.1103/PhysRevD.106.113007
https://doi.org/10.1103/PhysRevD.106.113007
https://doi.org/10.1140/epjc/s10052-023-11847-7
https://doi.org/10.1140/epjc/s10052-023-11847-7
https://doi.org/10.1103/PhysRevD.107.L071501
https://doi.org/10.1103/PhysRevD.107.L071501
https://doi.org/10.1103/PhysRevD.107.114017
https://doi.org/10.1016/0370-2693(94)91466-4
https://doi.org/10.1016/0370-2693(94)91466-4
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1140/epja/s10050-023-01044-1
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.43.1679
https://doi.org/10.1103/PhysRevD.43.1679
https://doi.org/10.1143/PTP.124.285
https://doi.org/10.1143/PTP.124.285
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.92.074011
https://doi.org/10.1103/PhysRevD.15.345
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.1016/0370-2693(92)91340-F
https://doi.org/10.1016/0370-2693(92)91340-F
https://doi.org/10.1103/PhysRevD.47.1030
https://doi.org/10.1016/0370-2693(92)91341-6
https://doi.org/10.1016/S0370-1573(96)00027-0
https://doi.org/10.1016/S0370-1573(96)00027-0
https://doi.org/10.1103/PhysRevD.81.034017
https://doi.org/10.1103/PhysRevD.81.034017
https://doi.org/10.1103/PhysRevD.92.054017
https://doi.org/10.1103/PhysRevD.96.076011
https://doi.org/10.1016/j.physletb.2017.12.031
https://doi.org/10.1140/epjc/s10052-017-5447-8
https://doi.org/10.1140/epjc/s10052-017-5447-8
https://doi.org/10.1103/PhysRevD.97.114009
https://doi.org/10.1103/PhysRevD.97.114009
https://doi.org/10.1103/PhysRevD.98.054025
https://doi.org/10.1103/PhysRevD.98.054026
https://doi.org/10.1103/PhysRevD.98.054026
https://doi.org/10.1103/PhysRevD.98.094013
https://doi.org/10.1103/PhysRevD.98.014040
https://doi.org/10.1103/PhysRevD.98.014040
https://doi.org/10.1103/PhysRevD.99.034021
https://doi.org/10.1103/PhysRevD.100.054019
https://doi.org/10.1103/PhysRevD.100.054019


[121] B. Wang, B. Yang, L. Meng, and S. L. Zhu, Radiative
transitions and magnetic moments of the charmed and
bottom vector mesons in chiral perturbation theory, Phys.
Rev. D 100, 016019 (2019).

[122] H. S. Li and W. L. Yang, Spin-3
2

doubly charmed
baryon contribution to the magnetic moments of the

spin-1
2

doubly charmed baryons, Phys. Rev. D 103,
056024 (2021).

[123] R. X. Shi and L. S. Geng, Magnetic moments of the
spin-3

2
doubly charmed baryons in covariant baryon

chiral perturbation theory, Phys. Rev. D 103, 114004
(2021).

INVESTIGATING THE M1 RADIATIVE DECAY BEHAVIORS … PHYS. REV. D 109, 054036 (2024)

054036-11

https://doi.org/10.1103/PhysRevD.100.016019
https://doi.org/10.1103/PhysRevD.100.016019
https://doi.org/10.1103/PhysRevD.103.056024
https://doi.org/10.1103/PhysRevD.103.056024
https://doi.org/10.1103/PhysRevD.103.114004
https://doi.org/10.1103/PhysRevD.103.114004

