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We study the magnetic moments and transition magnetic moments of Pc and Pcs states in the molecular
picture. We first revisit the magnetic moments of Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ as the S- wave
molecular states without coupled channel effects. The coupled channel effects and theD- wave contributions
are then investigated carefully. The coupled channel effects contribute to the change of 0.1∼0.4 nuclear
magneton μN for most cases while theDwave only induces the variation of less than 0.03 μN . In addition, we
obtain the transition magnetic moments between different Pc states and the related electromagnetic decay
widths of P0

c → Pcγ. The magnetic moments of Pcsð4459Þ are much different for the assumption of spin
being 1=2 or 3=2. The study of electromagnetic properties will help us disclose further the structure of these
unconventional states.
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I. INTRODUCTION

In 2015, LHCb collaboration announced their discovery
of Pcð4380Þþ and Pcð4450Þþ in Λ0

b → J=ψK−p decay
with the significance of more than nine standard deviations
[1]. However, due to the limitation of the data, LHCb
cannot distinguish all the particles at that time. In 2019,
LHCb analyzed the data of Run 1 together with Run 2,
and discovered three resonances named Pcð4312Þþ,
Pcð4440Þþ, and Pcð4457Þþ, respectively [2]. Note that
the peak of the Pcð4450Þþ splits into two structures,
i.e., Pcð4440Þþ and Pcð4457Þþ, which attributes to the
improvement of the precision of the measurement. The new
fit of LHCb can neither confirm nor contradict the existence
of the Pcð4380Þþ.
In 2020, LHCb collaboration performed an amplitude

analysis of the Ξ−
b → J=ψΛK− decay using the data of

both Run 1 and Run 2. They observed a structure named

Pcsð4459Þ0 with the mass and width 4458.8�
2.9þ4.7

−1.1 MeV and 17.3� 6.5þ8.0
−5.7 MeV, respectively [3].

After the Pc states were discovered, many groups tried
to explain their structures within the molecular states
assumption [4–16]. Meanwhile, other explanations were
also tried, such as hadro-charmonium [17], compact
pentaquark states [18–25], virtual states [26], and triangle
singularities [27]. The triangle mechanism is applied to
investigate the decays of the Pc states [10,28,29]. For
reviews see Refs. [30–34]. Pcsð4459Þ0 is interpreted as a
hadronic molecular state [34–43], a bound state consisting
of two diquarks and an antiquark [44], or of a diquark and a
triquark [45]. In addition, the production, decay properties,
spin, and other properties are discussed in Refs. [46–49].
Before the discovery of the Pc states by LHCb, several

theoretical groups had studied the molecular structure
composed of a charmed baryon and an anticharmed meson
[50–59]. The Pcs state was predicted in Refs. [51,60–63],
and was suggested to search for in Ξ−

b → J=ψΛK− decays.
As pointed out by LHCb, the mass of the Pcð4312Þþ is

close to the threshold of D̄Σc, while the ones of the
Pcð4440Þþ and the Pcð4457Þþ are both close to the
threshold of D̄�Σc. As a consequence, these states can
be the candidates for the molecular states. The fact that
the mass splitting of the Pcð4440Þþ=Pcð4457Þþ and the
Pcð4312Þþ is close to that of theD� and theD also supports
this hypothesis. Since the mass of Pcsð4459Þ0 is about
19 MeV below the D̄�Ξc threshold, it is arguably
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considered as a hadronic molecular state [34–43]. We
investigate the electromagnetic properties of Pc and Pcs
using the molecular picture in this work.
The electromagnetic properties of hadrons are very

important for the study of the strong interaction and hadron
structure. The electromagnetic form factors of nucleon
octet and Δ decuplet are affected by the πN strong
interaction and the baryon structure, and they have been
widely investigated in various approaches [64–68]. We
have studied the loop corrections to the magnetic moments
and transition magnetic moments for hadrons within chiral
perturbation theory [69–75].
The magnetic moments of the hidden-charmed penta-

quark states are studied with the molecule, diquark-
triquark, and other configurations within the quark model
[76]. The magnetic moments of the Pc and Pcs states are
investigated using QCD sum rules [77–80]. The magnetic
moments of Pc states and couplings with conventional
baryon and photon are discussed within the quark model in
Ref. [81]. The study of the Pc and Pcs magnetic moments
would help us understand the structure and search for it in
the photoproduction process.
As is well known, the deuteron is a typical molecular

state of neutron and proton. If assuming the dominance of
the S wave, one expects its magnetic moment is close to
μp þ μn ¼ 0.879 μN . The difference from the experiment
measurement μD ¼ 0.857406� 0.000001 μN can be cor-
rected by the D- wave contribution [82]. Thus one would
guess that the magnetic moment of an S-wave dominant
molecular should be related to the linear combination of the
daughter particle magnetic moments. If Pc and Pcs are also
typical molecular states, their magnetic moments would
also be mainly related to those of conventional charmed
mesons and baryons.
Although the short lives of Pc and Pcs states make

the measurement of the magnetic moments difficult
currently, much accumulation data at experiment in the
future may make it possible. Δð1232Þ is also very short
lived, but its magnetic moments can still be extracted
from the experimental data through the γN → Δ → Δγ →
πNγ process [83,84]. Moreover, the magnetic moment
is a much well defined observable compared to the
new proposed observables related to the complicated
hadron collider experiments, and thus it can be studied
with different approaches and checking the model con-
sistence. Lattice QCD can also extract the magnetic
moments [85,86].
We study both the magnetic moments and transition

magnetic moments of Pc and Pcs states in the molecular
picture in this work. In Sec. II, we provide the magnetic
moments of Pc and Pcs states, and carefully study both the
coupled channel effects and the D- wave contributions.
In Sec. III, we show the transition magnetic moments, and
the partial decay widths P0

c → Pcγ, and they are closely
related. A short summary follows in Sec. IV.

II. MAGNETIC MOMENTS OF Pc AND Pcs STATES

In this section we provide the magnetic moments of Pc
and Pcs states in the molecular picture. Before doing that,
we first revisit how to obtain the magnetic moment for a
conventional hadron within the quark model.
We use a baryon jBi with J ¼ 1=2 as an example. The

magnetic moment is related to the matrix element of the
electromagnetic current Jμ, that is, hBjJμjBi. Usually
the matrix element is constrained by the gauge invariance,
P-parity conservation, Lorentz covariance, etc. Thus it can
be parametrized in terms of few form factors. In the
nonrelativistic limit

hBðpÞjJμjBðp0Þi

¼ eūB

�
vμGEðq2Þ −

½Sμ; Sν�qν
MB

GMðq2Þ
�
uB; ð1Þ

where the static velocity vν ¼ ð1; 0⃗Þ, the spin matrix
Sμ ¼ i

2
γ5σμνvν, and the difference of baryon momenta

q ¼ p0 − p is carried by the electromagnetic current.
To see the connection between the magnetic moment and

the form factor, we calculate the interacting energy among
the baryon and the photon:

hLQEDi ¼ hBðpÞγðqÞjJμAμjBðp0Þi

¼ eūB

�
v · ϵ�γGEðq2Þ −

½Sμ; Sν�qνϵ�μγ
MB

GMðq2Þ
�
uB

≈
small q

eϵ�0γ GEð0Þ −
eGMð0ÞS⃗

MB
· ðiq⃗ × ϵ⃗�γÞ: ð2Þ

The second term is related to the energy in magnetic

field B⃗,

hBγjJμAμjBiB⃗ ≡ −
eGMð0ÞS⃗

MB
· ðiq⃗ × ϵ⃗�γÞ

¼ −
eGMð0ÞS⃗

MB
· B⃗: ð3Þ

Comparing it with the magnetic moment energy −μ⃗B · B⃗,
one obtains

μ⃗B ¼ eGMð0ÞS⃗
MB

: ð4Þ

We can obtain the magnetic moment by directly calcu-
lating the matrix element at quark level within the con-
stituent quark model. Take μΣþþ

c
as an example. One can

give the wave function of Σþþ
c with Sz ¼ þ 1

2
in flavor-spin

space where the z axis is chosen along the B⃗ direction for
convenience,
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jΣþþ
c i¼

ffiffiffi
2

3

r
ju↑u↑c↓i−

1ffiffiffi
6

p ju↑u↓c↑i−
1ffiffiffi
6

p ju↓u↑c↑i; ð5Þ

and the electromagnetic current becomes Jμ ¼ Quūγμuþ
Qdd̄γμdþ � � � explicitly. From the hΣþþ

c γjJμAμjΣþþ
c iB⃗ at

the quark level,

hΣþþ
c γjJμAμjΣþþ

c iB⃗
¼2

3
hu↑u↑c↓γjJμAμju↑u↑c↓iB⃗þ

1

6
hu↑u↓c↑γjJμAμju↑u↓c↑iB⃗

þ1

6
hu↓u↑c↑γjJμAμju↓u↑c↑iB⃗

¼−
2

3
½μ⃗u↑þμ⃗u↑þμ⃗c↓�·B⃗−

1

6
½μ⃗u↑þμ⃗u↓þμ⃗c↑�·B⃗

−
1

6
½μ⃗u↓þμ⃗u↑þμ⃗c↑�·B⃗; ð6Þ

we obtain

μΣþþ
c

¼ 4

3
μu −

1

3
μc: ð7Þ

Here, we neglect the anomaly magnetic moments of quarks,

μq ¼ −μq̄ ≈
Qq

2Mq
.

We list the magnetic moments of conventional hadrons
within the quark model in Table I. Similarly, from the
hBγjJμAμjB0iB⃗ at the quark level, we can extract the
transition magnetic moment μB0→B, which is shown in
Table II. These expressions will be used for the magnetic
moments of Pc states.
In this work, the same framework is always applied to

obtain the magnetic moment μψ and the transition magnetic
moment μψ 0→ψ . The only tiny difference lies in whether the
wave functions of the initial and final states are the same
or not. Thus, the calculations are extremely similar for μψ
and μψ 0→ψ . Throughout this article we usually illustrate
how to obtain the magnetic moments with different

scenarios in much detail and will not repeat for the
transition magnetic moments.

A. Magnetic moments without coupled channel effects

We consider Pc states as pure molecular states without
flavor mixing and do not include the coupled channel
effects in this subsection. That is, we assume Pcð4312Þ is
the D̄Σc molecular state with IðJPÞ ¼ 1

2
ð1
2
−Þ, and Pcð4440Þ

and Pcð4457Þ are the D̄�Σc molecular states with IðJPÞ
being 1

2
ð1
2
−Þ and 1

2
ð3
2
−Þ, respectively. We show their wave

functions in flavor-spin space in Table III.
By calculating the matrix element hPcγjJμAμjPciB⃗ at the

hadronic level with the wave functions of Pc states and the
magnetic moments of conventional hadrons, we can extract
μPc

. We list the expressions of them in the second column
of Table IV.
To provide the numerical results, we use the masses of

the constituent quarks as in Ref. [87]:

mu ¼ md ¼ 0.336 GeV; ms ¼ 0.450 GeV;

mc ¼ 1.680 GeV: ð8Þ

TABLE I. Magnetic moments of conventional hadrons.

IðJPÞ Magnetic moments

D̄�0 1
2
ð1−Þ μc̄ þ μu

D̄�− μc̄ þ μd

Ξ0
c

1
2
ð1
2
þÞ μc

Ξþ
c μc

Σþþ
c 1ð1

2
þÞ 4

3
μu − 1

3
μc

Σþ
c

2
3
μu þ 2

3
μd − 1

3
μc

Σ0
c

4
3
μd − 1

3
μc

Σ�þþ
c 1ð3

2
þÞ 2μu þ μc

Σ�þ
c μu þ μd þ μc

Σ�0
c 2μd þ μc

TABLE II. Transition magnetic moments between hadrons.

Transition magnetic moments

D̄�0 → D̄0 μu − μc̄
D̄�− → D̄− μd − μc̄

Σ�þþ
c → Σþþ

c 2
ffiffi
2

p
3
ðμu − μcÞ

Σ�þ
c → Σþ

c
ffiffi
2

p
3
ðμu þ μd − 2μcÞ

Σ�0
c → Σ0

c 2
ffiffi
2

p
3
ðμd − μcÞ

TABLE III. The possiblewave functions ofPcð4312Þ,Pcð4440Þ,
and Pcð4457Þ in flavor⊗ spin space without considering coupled
channel effects.

Flavor-spin wave functions IðJPÞ
Pcð4312Þþ h ffiffi

2
3

q
D̄−Σþþ

c − 1ffiffi
3

p D̄0Σþ
c

i
⊗ ½j0; 0ij 1

2
; 1
2
i� 1

2
ð1
2
−Þ

Pcð4312Þ0
h
−

ffiffi
2
3

q
D̄0Σ0

c þ 1ffiffi
3

p D̄−Σþ
c

i
⊗ ½j0; 0ij 1

2
; 1
2
i�

Pcð4440Þþ h ffiffi
2
3

q
D̄�−Σþþ

c − 1ffiffi
3

p D̄�0Σþ
c

i
1
2
ð1
2
−Þ

⊗
h ffiffi

2
3

q
j1; 1ij 1

2
;− 1

2
i − 1ffiffi

3
p j1; 0ij 1

2
; 1
2
i
i

Pcð4440Þ0
h
−

ffiffi
2
3

q
D̄�0Σ0

c þ 1ffiffi
3

p D̄�−Σþ
c

i

⊗
h ffiffi

2
3

q
j1; 1ij 1

2
;− 1

2
i − 1ffiffi

3
p j1; 0ij 1

2
; 1
2
i
i

Pcð4457Þþ h ffiffi
2
3

q
D̄�−Σþþ

c − 1ffiffi
3

p D̄�0Σþ
c

i
⊗ ½j1; 1ij 1

2
; 1
2
i� 1

2
ð3
2
−Þ

Pcð4457Þ0
h
−

ffiffi
2
3

q
D̄�0Σ0

c þ 1ffiffi
3

p D̄�−Σþ
c

i
⊗ ½j1; 1ij 1

2
; 1
2
i�

MAGNETIC MOMENTS AND TRANSITION MAGNETIC MOMENTS … PHYS. REV. D 104, 054016 (2021)

054016-3



We show the numerical results in the third column of
Table IV.
From Table IV, the magnetic moment signs of

Pcð4312Þþ and Pcð4457Þþ [Pcð4312Þ0 and Pcð4457Þ0]
are the same as that of proton [neutron], while that of
Pcð4440Þþ [Pcð4440Þ0] is opposite to that of proton
[neutron]. This property may help us to distinguish the
structures of two charged Pþ

c states with JP ¼ 1
2
−, that is,

the one with positive magnetic moment measured in the
future is more probably D̄Σ rather than D̄�Σ molecule
with JP ¼ 1

2
−.

B. Magnetic moments with coupled channel effects

In Ref. [4], we studied these Pc states as hidden charmed
molecular states within the one-boson exchange (OBE)
model. The coupled channel effects and D- wave contri-
butions have been investigated. We have considered the
interactions among the channels D̄Σc, D̄�Σc, D̄Σ�

c, and
D̄�Σ�

c, which are induced from the π, η, ρ, ω, σ exchanges.
Our results demonstrate explicitly that these Pc states
correspond to the loosely bound states made of an anti-
charmed meson and a charmed baryon.
With the framework in Ref. [4], we further study the

magnetic moments with considering the coupled channel
effect and D- wave contributions. Taking Pcð4457Þ as an
example, we show how we study the coupled channel
effects for the magnetic moments. The wave function of
Pcð4457Þ is

jPcð4457Þi ∼ jD̄�Σc; I ¼
1

2
; J ¼ 3

2

�
⊗ Y00ðΩÞRS1ðrÞ

þ jD̄�Σ�
c; I ¼

1

2
; J ¼ 3

2

�
⊗ Y00ðΩÞRS2ðrÞ

þD-wave contribution; ð9Þ

where RSiðrÞ are the radial wave functions of the corre-
sponding channel in S wave, and

Z
dr r2 ðjRS1j2 þ jRS2j2 þ jRDwavej2Þ ¼ 1: ð10Þ

Since the D-wave component is small in the OBE model
(
R
dr r2jRS1j2 þ jRS2j2 ¼ 95% [4]), we neglect the con-

tribution of D wave to the magnetic moment and mainly
focus on the effects of coupled channels in this subsection.
Because the S wave does not contribute the

orbital momentum magnetic moment, μPcð4457Þ has three
contributions:

μPcð4457Þ ¼ μS1

Z
dr r2jRS1j2 þ μS2

Z
dr r2jRS2j2

þ μS1→S2

Z
dr r2ðRS1R

†
S2 þ R†

S1RS2Þ; ð11Þ

where μS1 and μS2 are the magnetic moments from the
contributions of the first and second term in Eq. (9), and
μS1→S2 is the transition magnetic moment between the
two components. These can be extracted with the similar
method in Sec. II A.
With the radial wave functions in Ref. [4], we can

obtain the magnetic moment of Pcð4457Þ with the coupled
channel effect:

μPcð4457Þþ ¼ 1.120 μN; μPcð4457Þ0 ¼ 0.106 μN: ð12Þ

Similarly, we can also obtain those for Pcð4312Þ and
Pcð4440Þ, and put the numerical results with coupled
channel effects in the fourth column of Table IV. By
comparing the numerical results between the third and
fourth columns, we can see that the coupled channel effects
can change the magnetic moments by less than 0.3 μN
for Pcð4312Þþ, Pcð4440Þþ, Pcð4440Þ0, Pcð4457Þþ, and
Pcð4457Þ0. μPcð4312Þ0 varies by about 0.5 μN which is a
littler bigger than other cases. μPcð4457Þ0 is very small,
and the coupled channel effects would make the sign of
μPcð4457Þ0 change.

TABLE IV. The magnetic moment of Pc states for different scenarios in units of the nucleon magneton μN ¼ e
2Mp

.
The scenarios A, B, and C are corresponding to the results in Sec. II A (with neither coupled channel effects nor
D- wave contribution), Sec. II B (with coupled channel effects but without D- wave contribution), and Sec. II C
(with both coupled channel and D- wave effects), respectively.

Scenario A B C

Pcð4312Þþ 2
3
μΣþþ

c
þ 1

3
μΣþ

c
1.737 1.626 1.624

Pcð4312Þ0 2
3
μΣ0

c
þ 1

3
μΣþ

c
−0.744 −0.290 −0.289

Pcð4440Þþ 4
9
μD̄�− − 2

9
μΣþþ

c
þ 2

9
μD̄�0 − 1

9
μΣþ

c
−0.827 −0.974 −0.979

Pcð4440Þ0 4
9
μD̄�0 − 2

9
μΣ0

c
þ 2

9
μD̄�− − 1

9
μΣþ

c
0.620 0.810 0.811

Pcð4457Þþ 2
3
μΣþþ

c
þ 2

3
μD̄�− þ 1

3
μΣþ

c
þ 1

3
μD̄�0 1.365 1.120 1.145

Pcð4457Þ0 2
3
μΣ0

c
þ 2

3
μD̄�0 þ 1

3
μΣþ

c
þ 1

3
μD̄�− −0.186 0.106 0.100
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C. Contributions from D waves

First we write the wave function of Pcð4457Þ with the contents of the D waves explicitly:

jPcð4457Þi∼
���D̄�Σc; I ¼

1

2
; J ¼ 3

2

E
⊗ Y00ðΩÞRS1ðrÞþ

���D̄�Σ�
c; I ¼

1

2
; J ¼ 3

2

E
⊗ Y00ðΩÞRS2ðrÞ

þ
���D̄�Σc; I ¼

1

2

E
⊗ j2D3=2i × RD1ðrÞþ

���D̄�Σ�
c; I ¼

1

2

E
⊗ j2D0

3=2i × RD2ðrÞ

þ
���D̄�Σc; I ¼

1

2

E
⊗ j4D3=2i × RD3ðrÞþ

���D̄�Σ�
c; I ¼

1

2

E
⊗ j4D0

3=2i × RD4ðrÞ

þ
���D̄�Σ�

c; I ¼
1

2

E
⊗ j6D0

3=2i × RD5ðrÞ; ð13Þ

where j2Sþ1LJi can be constructed with the help of the
Clebsch-Gordan coefficients, for example, for an upward
Pcð4457Þ,

j2D3=2i ¼
ffiffiffi
4

5

r ����SD̄�Σc
¼ 1

2
;−

1

2

�
× Y2;2 −

ffiffiffi
1

5

r ����SD̄�Σc

¼ 1

2
;þ 1

2

�
× Y2;1: ð14Þ

Now the magnetic moment of Pcð4457Þ can be
expressed as

μPcð4457Þ ¼
X
i

μSi

Z
dr r2jRSij2

þ
X
i≠j

μSi→Sj

Z
dr r2RSiR

†
Sj

þ
X
i

μDi

Z
dr r2jRDij2

þ
X
i≠j

μDi→Dj

Z
dr r2RDiR

†
Dj: ð15Þ

Please notice there is no transition magnetic moment
between S and D waves since there is a selection rule
ΔL ¼ 0 for the magnetic dipole transition due to the
conservation of angular momentum and parity.
The magnetic moments μDi and μDi→Dj from D -wave

contributions contain two parts. One is from spin contri-
butions, which can be obtained as in previous subsections.
The other is contributed from the orbital angular momenta,
and can be expressed as

μ⃗Lα1α2 ¼ μorbitalα1α2 L⃗; ð16Þ

where

μorbitalα1α2 ≡ Mα1

Mα1 þMα2

Qα2

2Mα2

þ Mα2

Mα1 þMα2

Qα1

2Mα1

: ð17Þ

Now we can obtain expressions for the magnetic
moments μDi and μDi→Dj from D -wave contributions.
Take μD1 as an example. μD1 is contributed by the third line
of Eq. (13). With the help of Eq. (14),

μD1 ¼
4

5
ð−μS0 þ 2μorbitalD̄�Σc

Þ þ 1

5
ðμS0 þ μorbitalD̄�Σc

Þ; ð18Þ

where μS0 is short for the magnetic moment of the S-wave
state jD̄�Σc; I ¼ 1

2
; J ¼ 1

2
i which only has the spin

contribution.
Now we can provide the magnetic moment of Pcð4457Þ

with coupled channel effects and contributions ofD waves:

μPcð4457Þþ ¼ 1.153μN; μPcð4457Þ0 ¼ 0.093μN: ð19Þ

μPcð4312Þ and μPcð4440Þ can be similarly obtained.
We arrange the numerical results with both coupled

channel effects and D- wave contributions in the last
column of Table IV. From the table, we can see that the
D-wave contribution is small. The magnetic moments
of Pcð4312Þ are almost unchanged after the D waves are
included. The D -wave contributions to Pcð4440Þ and
Pcð4457Þ are relatively bigger because they contain a few
more D -wave components.

D. Magnetic moments of Pcs states

If Pcs is the S-wave D̄�Ξc molecular states with
IðJPÞ ¼ 0ð1

2
−Þ, the magnetic moments should be

μ1=2
−

Pcs
¼1

3
μD̄�0 þ1

3
μD̄�− −

1

6
μΞ0

c
−
1

6
μΞþ

c
¼−0.062μN: ð20Þ

If with IðJPÞ ¼ 0ð3
2
−Þ,

μ3=2
−

Pcs
¼1

2
μD̄�0 þ1

2
μD̄�− þ1

2
μΞ0

c
þ1

2
μΞþ

c
¼0.465μN: ð21Þ
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If the magnetic moment of Pcs is measured smaller than
0.1μN in experiment in the future, Pcs would be the state
with JP ¼ 1

2
− rather than JP ¼ 3

2
−.

III. TRANSITION MAGNETIC MOMENTS AND
THE ELECTROMAGNETIC DECAY

WIDTHS OF Pc STATES

With the similar approach in Sec. II, we can obtain the
transition magnetic moments between different Pc states.
We have checked that theD -wave contribution is very tiny,
which is the same as that in Sec. II. We show the results of
two different scenarios in Table V. One is without consid-
ering coupled channel effects and D wave as in Sec. II A.
The other is with coupled channel effects and D wave as
in Sec. II C. We show the results in Table V. The coupled
channel effects make μPcð4457Þþ→Pcð4440Þþ change by
about 0.9μN .
Furthermore, we can study the decay width P0

c → Pcγ
with the values of the transition magnetic moments. Of
course, P0

c → Pcγ contains two kinds of contribution:
magnetic dipole and electric quadrupole transitions.
However, the quadrupole contribution would be suppressed
by a factor ½ðMP0

c
−MPc

Þ=MPc
�2 compared with the mag-

netic dipole decay width. Therefore, we neglect the electric
quadrupole contributions.
The decay width is related to the transition magnetic

moments as in Ref. [88]:

ΓP0
c→Pcγ ¼ αEM

2

2J þ 1

E3
γ

m2
N

�
μP0

c→Pc

μN

�
2

; ð22Þ

where αEM is electromagnetic fine-structure constant, J is
initial baryon spin, and Eγ is the energy of photon. The
decay width is also listed in Table V.
From Table V, ΓðPcð4457Þ → Pcð4440ÞγÞ is very small,

which is because the mass difference is tiny and thus
the kinetic phase space is suppressed. The decay widths
of the charged channels Pcð4440Þþ → Pcð4312ÞþγÞ and
Pcð4457Þþ → Pcð4312ÞþγÞ are about 1 keV.

IV. SUMMARY

Inspired by the recently observed Pcð4312Þþ,
Pcð4440Þþ, and Pcð4457Þþ as well as the Pcsð4459Þ0,
we calculate the magnetic moments, the transition magnetic
moments, and the electromagnetic transition decay widths
of these particles. Firstly we consider these particles as pure
molecular states without flavor mixing. Secondly we take
into account the coupled channel effects and the D -wave
contribution step by step.
The decay width of Pcð4457Þ → Pcð4312Þ is also

studied in the molecular picture in Ref. [29]. A hadronic
triangle loop is introduced between the initial and final
states. The results rely on the Pc − D̄ð�Þ − Σð�Þ couplings
which can be extracted from the binding energy of Pc
states. They estimated the decay width of Pcð4457Þ →
Pcð4312Þγ is around 1.5 keV, which is consistent with the
results in this work.
The magnetic moments of Pc states are studied within

the quark model in Ref. [76]. Without considering the
coupled channel effects and D -wave contribution, the
results for the negative-parity molecules are μPcð4312Þþ ¼
1.760μN , μPcð4440Þþ ¼ −0.856μN , and μPcð4457Þþ ¼ 1.357μN
[76], which are very close to ours.
With Pcð4312Þ as a D̄Σc molecular state, μPcð4312Þþ ¼

1.75þ0.15
−0.11μN is given by QCD sum rules [80]. Özdem uses

light-cone QCD sum rules and obtains μPcð4312Þþ ¼ 1.98�
0.75μN with the molecule interpolating current while
μPcð4312Þþ ¼ 0.40� 0.15μN with the diquark-diquark-
antiquark configuration [78], which clearly shows the
magnetic moment strongly depends on the structure of
the hadron. It seems that the QCD sum rule results with the
molecule assumptions are closer to that without consider-
ing the coupled channel effects andD -wave contribution in
this work. We expect μPcð4312Þþ might also decrease a little
after studying the mixing effects of different meson-baryon
interpolating currents within QCD sum rule.
The authors in Refs. [77,79] also obtain μPcð4380Þþ ,

μPcð4457Þþ , μPcð4440Þþ , and μPcsð4459Þ0 with the molecule

TABLE V. Transition magnetic moments in units of μN and electromagnetic decay widths in units of keV for the Pc states.

Scenario Without coupled channel and D -wave effects With both effects

μP0
c→Pc

ΓP0
c→Pcγ μP0

c→Pc
ΓP0

c→Pcγ

Pcð4440Þþ → Pcð4312Þþ −
ffiffi
3

p
9
ð2μD̄�−→D̄− þ μD̄�0→D̄0Þ −0.215 0.769 −0.205 0.699

Pcð4440Þ0 → Pcð4312Þ0 −
ffiffi
3

p
9
ð2μD̄�0→D̄0 þ μD̄�−→D̄−Þ −0.752 9.423 −0.658 7.205

Pcð4457Þþ → Pcð4312Þþ
ffiffi
6

p
9
ð2μD̄�−→D̄− þ μD̄�0→D̄0Þ 0.304 1.112 0.381 1.743

Pcð4457Þ0 → Pcð4312Þ0
ffiffi
6

p
9
ð2μD̄�0→D̄0 þ μD̄�−→D̄−Þ 1.064 13.621 0.700 5.897

Pcð4457Þþ → Pcð4440Þþ 2
ffiffi
2

p
9
ðμD̄�− − 2μΣþþ

c
Þ þ

ffiffi
2

p
9
ðμD̄�0 − 2μΣþ

c
Þ −1.813 0.0666 −0.984 0.0196

Pcð4457Þ0 → Pcð4440Þ0 2
ffiffi
2

p
9
ðμD̄�0 − 2μΣ0

c
Þ þ

ffiffi
2

p
9
ðμD̄�− − 2μΣþ

c
Þ 0.965 0.0189 0.538 0.0059
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assumption within QCD sum rules. However, we cannot
directly compare their results with ours because they
construct Pc=Pcs molecules with different meson-baryon
combinations from this work. In Ref. [81], the magnetic
moments of four pentaquark states with JP ¼ 3

2
− are about

1.1–3.1 μN , but all masses of these four pentaquark states
are lower than those of the observed Pc states.
We find that the coupled channel effects and theD -wave

inclusions contribute to about 0.1 ∼ 0.4 μN for most cases
and less than 0.03 μN , respectively, which is not unex-
pected since these two elements are not dominant in
forming the molecular structures of the corresponding
states. The D -wave contributions of Pc states are very
similar to that of the deuteron. Because the spin of
Pcsð4459Þ0 has not been experimentally known yet due
to lack of data, the magnetic moments of Pcsð4459Þ0 are
obtained with the spin of 1=2 or 3=2.

The Pc and Pcs electromagnetic properties are closely

related to their structure and the D̄ð�Þ − Σð�Þ
c =Ξð�Þ

c strong
interactions, and thus the study will help us understand the
nonperturbative behaviors of QCD from a different aspect.
Hopefully, our investigation may attract the lattice QCD
simulations and experiment plans in future.
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