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We perform a comprehensive investigation of the radiative decays of P-wave charmed baryons in the
SUð3Þ flavor 6F representation, employing the light-cone quantum chromodynamics (QCD) sum rule
approach within the framework of heavy quark effective theory. We analyze their electromagnetic
transitions into ground-state charmed baryons via photon emission. When combined with the mass spectra
and strong decay properties previously studied in Yang and Chen [Phys. Rev. D 104, 034037 (2021)], our
results constitute a systematic and complete QCD sum rule analysis of the P-wave singly charmed baryons
within the framework of heavy quark effective theory. As summarized in Table V, several excited charmed
baryons are found to possess suppressed strong decay widths, thereby rendering their radiative decay
channels particularly significant for experimental identification and theoretical understanding.
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I. INTRODUCTION

Over the past few decades, significant experimental
progress has been achieved in the observation of excited
charmed baryons. For recent developments in this field, we
refer the reader to Refs. [1–4]. In particular, the LHCb
Collaboration has reported the simultaneous observation of
five excited Ωc states in the ΞcK− invariant mass spectrum
[5], identified as Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0,
Ωcð3090Þ0, and Ωcð3119Þ0. Some of these states were
later confirmed by Belle [6] and through subsequent
analyses by LHCb [7]. According to the most recent data
compiled by the Particle Data Group [8], their measured
masses and decay widths are given as follows:

Ωcð3000Þ0∶ M ¼ 3000.4� 0.2� 0.1þ0.3
−0.5 MeV;

Γ ¼ 4.5� 0.6� 0.3 MeV; ð1Þ

Ωcð3050Þ0∶ M ¼ 3050.2� 0.1� 0.1þ0.3
−0.5 MeV;

Γ ¼ 0.8� 0.2� 0.1 MeV; ð2Þ

Ωcð3066Þ0∶ M ¼ 3065.6� 0.1� 0.3þ0.3
−0.5 MeV;

Γ ¼ 3.5� 0.4� 0.2 MeV; ð3Þ

Ωcð3090Þ0∶ M ¼ 3090.2� 0.3� 0.5þ0.3
−0.5 MeV;

Γ ¼ 8.7� 1.0� 0.8 MeV; ð4Þ

Ωcð3119Þ0∶ M ¼ 3119.1� 0.3� 0.9þ0.3
−0.5 MeV;

Γ ¼ 1.1� 0.8� 0.4 MeV: ð5Þ

These excited Ωc states are promising candidates for P-
wave charmed baryons belonging to the SUð3Þ flavor 6F
representation. In addition to them, several other excited
charmed baryons observed in experiments can also be
interpreted as P-wave states in the same flavor representa-
tion. These include the following:

(i) In 2005 the Belle Collaboration observed an excited
charmed baryon Σc, referred to as Σcð2800Þ, in the
Λcπ decay channel [9]. The measured masses and
decay widths are [8]

Σcð2800Þ0∶ M ¼ 2806þ5
−7 MeV;

Γ ¼ 72þ22
−15 MeV; ð6Þ
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Σcð2800Þþ∶ M ¼ 2792þ14
−5 MeV;

Γ ¼ 62þ37þ52
−23−38 MeV: ð7Þ

Σcð2800Þþþ∶ M ¼ 2801þ4
−6 MeV;

Γ ¼ 75þ18þ12
−13−11 MeV: ð8Þ

(ii) In 2020 the LHCb Collaboration reported the ob-
servation of three excited Ξc states, denoted as
Ξcð2923Þ0, Ξcð2939Þ0, and Ξcð2965Þ0, in the
Λþ
c K− invariant mass spectrum [10]. Their measured

properties are [8]

Ξcð2923Þ0∶M¼2923.04�0.25�0.20�0.14MeV;

Γ¼7.1�0.8�1.8MeV; ð9Þ

Ξcð2939Þ0∶M¼2938.55�0.21�0.17�0.14MeV;

Γ¼10.2�0.8�1.1MeV; ð10Þ

Ξcð2965Þ0∶M¼2964.88�0.26�0.14�0.14MeV;

Γ¼14.1�0.9�1.3MeV: ð11Þ

Investigations into the mass spectra, as well as the
production and decay properties, are essential for under-
standing the internal structure and underlying dynamics of
excited charmed baryons. To this end, a wide range of
theoretical approaches and phenomenological models have
been developed, including various quark models [11–23],
lattice QCD simulations [24–29], QCD sum rules [30–53],
the 3P0 decay model [54–57], chiral perturbation theory
[58–65], the light-front quark model [66,67], relativistic
three-quark models [68–71], nonrelativistic quark models
[72], the MIT bag model [73], and the Bethe–Salpeter
formalism [74], among others.
We have systematically investigated the properties of P-

wave charmed and bottom baryons using QCD sum rules
[75–81] and light-cone sum rules [82–92] within the
framework of heavy quark effective theory (HQET) [93–
95]. Our previous works include:

(i) In Refs. [96–99] we carried out detailed analyses of
the mass spectra, as well as the strong and radiative
decay properties, of P-wave singly bottom baryons
belonging to the SUð3Þ flavor 3̄F representation.

(ii) In Refs. [99–103] we carried out detailed analyses of
the mass spectra, as well as the strong and radiative
decay properties, of P-wave singly bottom baryons
belonging to the SUð3Þ flavor 6F representation.

(iii) In Refs. [30,31,104,105] we carried out detailed
analyses of the mass spectra, as well as the strong
and radiative decay properties, of P-wave singly
charmed baryons belonging to the SUð3Þ flavor 3̄F
representation.

(iv) In Refs. [30,31,106,107] we carried out detailed
analyses of the mass spectra, as well as the strong
decay properties, of P-wave singly charmed baryons
belonging to the SUð3Þ flavor 6F representation.

Despite this progress, a key aspect of the spectroscopy of
P-wave singly heavy baryons remains insufficiently
understood:

(i) The radiative decays of P-wave singly charmed
baryons in the SUð3Þ flavor 6F representation have
not yet been systematically studied.

The present work is devoted to filling this important gap.
Compared to strong decays, radiative decays also play a

crucial role, particularly in scenarios where the mass
difference between the initial and final states is too small
to permit strong decays. Experimentally, radiative transitions
such as Ξcð2815Þ=Ξcð2790Þ → Ξcγ have already been
observed by the Belle Collaboration [108]. Moreover, further
radiative transitions are expected to be measured at upcom-
ing experiments, including Belle-II and LHCb. On the
theoretical side, a variety of models have been employed
to study radiative decays of heavy baryons [109–126].
However, the majority of these works focus on the radiative
decays of S-wave singly heavy baryons. In contrast, only a
limited number of studies have explored radiative transitions
involving P-wave heavy baryons [63,68,109,111–113,127].
In this work, we focus on this less-explored area, aiming to
deepen the theoretical understanding of radiative decays of
P-wave singly heavy baryons.
In Ref. [99] we investigated the radiative decays of

P-wave bottom baryons in the SUð3Þ flavor 6F represen-
tation using light-cone QCD sum rules. In the present study,
we extend this analysis by replacing the bottom quark with
a charm quark, thereby performing a comprehensive
investigation of the radiative decay properties of P-wave
singly charmed baryons. Moreover, we incorporate the
mixing effects between different HQET multiplets, which
were neglected in our previous analysis of P-wave bottom
baryons [99], but were taken into account in our earlier
study of P-wave charmed baryons within the same 6F
flavor representation [106]. This refinement leads to a more
complete and accurate description of the relevant radiative
transitions.
The remainder of this paper is organized as follows. In

Sec. II we briefly introduce the notations and theoretical
framework for describing P-wave charmed baryons.
Section III is devoted to a detailed analysis of the radiative
decay properties of P-wave charmed baryons in the SUð3Þ
flavor 6F representation. The mixing effect between differ-
ent HQET multiplets is investigated in Sec. IV. Finally, we
summarize our results and present concluding remarks
in Sec. V.

II. NOTATIONS AND MASS SPECTRA

In this section we briefly introduce the notations and
conventions used throughout this work. A singly charmed

LUO, CHEN, CUI, YANG, ZHOU, and ZHOU PHYS. REV. D 112, 096028 (2025)

096028-2



baryon is described as a three-quark system composed
of two light up/down/strange quarks and a heavy charm
quark. To properly understand the structure of singly
charmed baryons, it is essential to analyze the quantum
numbers and symmetries associated with the two light
quarks, including their color, flavor, spin, and orbital
degrees of freedom. These components are constrained
by the Pauli exclusion principle, requiring the total
wave function of the two light quarks to be antisym-
metric under exchange. The structures are summarized
as follows:

(i) The two light quarks must be in an antisymmetric
color configuration, forming a color antitriplet (3̄C).

(ii) The flavor wave function can be either antisym-
metric, corresponding to the SUð3Þ flavor antitriplet
(3̄F), or symmetric, corresponding to the SUð3Þ
flavor sextet (6F).

(iii) The spin configuration of the two light quarks can be
antisymmetric (sl ¼ 0) or symmetric (sl ¼ 1), where
sl denotes the total spin of the light diquark system.

(iv) The relative orbital excitation can also be either
antisymmetric or symmetric. In the ρ-mode excita-
tion (lρ ¼ 1, lλ ¼ 0), the orbital angular momentum
resides between the two light quarks and is anti-
symmetric. In the λ-mode excitation (lρ ¼ 0,
lλ ¼ 1), it is between the charm quark and the light

3   (A)C

l  = 1 (A) 

l  = 0

s  = 0 (A)l

l  = 0 (S) 

l  = 1

6   (S)F

s  = 1 (S)l 3   (A)F

l c1 c1 c1 F

l c0 c0

l c1 c1

l c2 c2

F

F

F

s  = 0 (A)l

s  = 1 (S)l 6   (S)F

l c0 c0 c0

l c1 c1 c1

l c2 c2 c2

l c1 c1 F

F

F

F

3   (A)F

FIG. 1. Categorization of the P-wave single charmed baryons.

TABLE I. Parameters of P-wave singly charmed baryons in the SUð3Þ flavor 6F representation. Decay constants in the last column
satisfy fΣþþ

c
¼ fΣ0

c
¼ ffiffiffi

2
p

fΣþ
c
and fΞ0þ

c
¼ fΞ00

c
. Taken from Refs. [31,106].

Doublets B ωc (GeV) Working region (GeV) Λ̄ (GeV) Baryon (jP) Mass (GeV) Difference (MeV) Decay constant (GeV4)

½6F; 1; 0; ρ� Σc 1.74� 0.10 0.27 < T < 0.32 1.25� 0.11 Σcð1=2−Þ 2.77� 0.14 15� 6 0.067� 0.017ðΣþ
c ð1=2−ÞÞ

Σcð3=2−Þ 2.79� 0.14 0.031� 0.008ðΣþ
c ð3=2−ÞÞ

Ξ0
c 1.87� 0.10 0.26 < T < 0.34 1.36� 0.10 Ξ0

cð1=2−Þ 2.88� 0.14 13� 5 0.059� 0.014ðΞ00
c ð1=2−ÞÞ

Ξ0
cð3=2−Þ 2.89� 0.14 0.028� 0.007ðΞ00

c ð3=2−ÞÞ
Ωc 2.00� 0.10 0.26 < T < 0.35 1.48� 0.09 Ωcð1=2−Þ 2.99� 0.15 12� 5 0.105� 0.023ðΩ0

cð1=2−ÞÞ
Ωcð3=2−Þ 3.00� 0.15 0.049� 0.011ðΩ0

cð3=2−ÞÞ
½6F; 0; 1; λ� Σc 1.35� 0.10 T ¼ 0.27 1.10� 0.04 Σcð1=2−Þ 2.83� 0.05 … 0.045� 0.008ðΣþ

c ð1=2−ÞÞ
Ξ0
c 1.57� 0.10 0.27 < T < 0.29 1.22� 0.08 Ξ0

cð1=2−Þ 2.90� 0.13 … 0.041� 0.009ðΞ00
c ð1=2−ÞÞ

Ωc 1.78� 0.10 0.27 < T < 0.31 1.37� 0.09 Ωcð1=2−Þ 3.03� 0.18 … 0.081� 0.020ðΩ0
cð1=2−ÞÞ

½6F; 1; 1; λ� Σc 1.72� 0.10 T ¼ 0.33 1.03� 0.12 Σcð1=2−Þ 2.73� 0.17 41� 16 0.045� 0.011ðΣþ
c ð1=2−ÞÞ

Σcð3=2−Þ 2.77� 0.17 0.021� 0.005ðΣþ
c ð3=2−ÞÞ

Ξ0
c 1.72� 0.10 T ¼ 0.34 1.14� 0.09 Ξ0

cð1=2−Þ 2.91� 0.12 38� 14 0.041� 0.008ðΞ00
c ð1=2−ÞÞ

Ξ0
cð3=2−Þ 2.95� 0.12 0.019� 0.004ðΞ00

c ð3=2−ÞÞ
Ωc 1.72� 0.10 T ¼ 0.35 1.22� 0.07 Ωcð1=2−Þ 3.04� 0.10 36� 13 0.069� 0.011ðΩ0

cð1=2−ÞÞ
Ωcð3=2−Þ 3.07� 0.09 0.032� 0.005ðΩ0

cð3=2−ÞÞ
½6F; 2; 1; λ� Σc 1.50� 0.10 0.28 < T < 0.29 1.09� 0.09 Σcð3=2−Þ 2.78� 0.13 86� 36 0.055� 0.013ðΣþ

c ð3=2−ÞÞ
Σcð5=2−Þ 2.87� 0.11 0.033� 0.008ðΣþ

c ð5=2−ÞÞ
Ξ0
c 1.72� 0.10 0.27 < T < 0.32 1.24� 0.12 Ξ0

cð3=2−Þ 2.96� 0.20 66� 27 0.057� 0.016ðΞ00
c ð3=2−ÞÞ

Ξ0
cð5=2−Þ 3.02� 0.18 0.034� 0.009ðΞ00

c ð5=2−ÞÞ
Ωc 1.85� 0.10 0.26 < T < 0.33 1.35� 0.11 Ωcð3=2−Þ 3.08� 0.19 59� 24 0.103� 0.026ðΩ0

cð3=2−ÞÞ
Ωcð5=2−Þ 3.14� 0.18 0.062� 0.016ðΩ0

cð5=2−ÞÞ
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diquark system and is symmetric. Here, lρ and lλ
denote the orbital angular momenta associated with
the ρ- and λ-mode excitations, respectively.

As illustrated in Fig. 1, theP-wave charmed baryons can be
systematically categorized into eight distinct HQET mul-
tiplets. Among them, four belong to the SUð3Þ flavor
antitriplet representation 3̄F, while the remaining four
belong to the SUð3Þ flavor sextet representation 6F. We
label each multiplet using the notation ½flavor; jl; sl; ρ=λ�,
where sl denotes the total spin of the light diquark system,
and jl ¼ lρ ⊗ lλ ⊗ sl represents the total angular momen-
tum of the light degrees of freedom. For each HQET
multiplet, the total spin of the baryon is obtained by
coupling jl with the heavy quark spin sQ ¼ 1=2, leading
to physical states with J ¼ jjl � 1=2j.
In Refs. [31,106] we conducted a detailed investigation

of the mass spectra and strong decay properties of P-wave
charmed baryons using QCD sum rules and light-cone sum
rules within the HQET framework. In the present work we
extend this analysis to explore their radiative decay proper-
ties, employing light-cone sum rules still within the HQET
framework. The mass spectra obtained in our previous
studies will be used as input parameters for the current
analysis, and are summarized in Table I.

III. RADIATIVE DECAY PROPERTIES

In this section we investigate the radiative decay proper-
ties of P-wave charmed baryons belonging to the SUð3Þ
flavor 6F representation. The possible radiative decay
channels under consideration include

Σþ
c → Λþ

c ðΣþ
c ;Σ�þ

c Þγ; ð12Þ

Σþþ
c → Σþþ

c ðΣ�þþ
c Þγ; ð13Þ

Σ0
c → Σ0

cðΣ�0
c Þγ; ð14Þ

Ξ0þ
c → Ξþ

c ðΞ0þ
c ;Ξ�þ

c Þγ; ð15Þ

Ξ00
c → Ξ0

cðΞ00
c ;Ξ�0

c Þγ; ð16Þ

Ω0
c → Ω0

cðΩ�0
c Þγ: ð17Þ

The corresponding transition amplitudes are given by [68]

MðXcð1=2−Þ → Ycð1=2þÞγÞ

¼ 1ffiffiffi
3

p gX̄c½gμνv · q − vμqν�γνγ5Ycϵ
�
μ; ð18Þ

MðXcð1=2−Þ → Ycð3=2þÞγÞ
¼ gX̄c½gμνv · q − vμqν�Yν

cϵ
�
μ; ð19Þ

MðXcð3=2−Þ → Ycð1=2þÞγÞ
¼ gX̄ν

c½gμνv · q − vμqν�Ycϵ
�
μ; ð20Þ

MðXcð3=2−Þ → Ycð3=2þÞγÞ

¼ 1ffiffiffi
3

p gX̄α
c ½gμνv · q − vμqν�γνγ5Ycαϵ

�
μ; ð21Þ

MðXcð5=2−Þ → Ycð3=2þÞγÞ
¼ gX̄αν

c ½gμνv · q − vμqν�Ycαϵ
�
μ; ð22Þ

where XðμνÞ
c denotes the initial P-wave charmed baryon,

YðμÞ
c denotes the final ground-state charmed baryon, and ϵμ

is the polarization vector of the emitted photon.
The radiative decay width can be calculated using the

following formula:

ΓðXc→YcγÞ¼
1

2Jþ1

jq⃗j
8πM2

Xc

X
spins

jMðXc→YcγÞj2; ð23Þ

whereMXc
denotes the mass of the initial charmed baryon,

and q⃗ represents the three-momentum of the final charmed
baryon in the rest frame of the decaying particle.
As an illustrative example, we begin by analyzing the

radiative decay of the Ξ0þ
c ð1=2−Þ, which belongs to the

½6F; 1; 1; λ� doublet, into Ξ�þ
c ð3=2þÞ accompanied by a

photon. To study this transition, we consider the following
two-point correlation function:

Πμðω;ω0Þ ¼
Z

d4xe−ik·xh0jJΞ0þ
c ½1

2
−�;1;1;λð0ÞJ̄μΞ�þ

c
ðxÞjγi

¼ 1þ =v
2

ϵ�μGΞ0þ
c ½1

2
−�→Ξ�þ

c γðω;ω0Þ; ð24Þ

where

k0 ¼ kþ q;ω0 ¼ v · k0;ω ¼ v · k; ð25Þ

with k0μ, kμ, and qμ denoting the four-momenta of the initial
baryon, final baryon, and photon, respectively.
The interpolating fields JΞ0þ

c ½1
2
−�;1;1;λðxÞ and JμΞ�þ

c
ðxÞ have

been systematically constructed in Refs. [33,51] as follows:

JΞ0þ
c ½1

2
−�;1;1;λðxÞ ¼ iϵabcð½Dμ

t uaTðxÞ�Cγνt sbðxÞ
þ uaTðxÞCγνt ½Dμ

t sbðxÞ�Þσμνt hcvðxÞ; ð26Þ

JμΞ�þ
c
ðxÞ ¼ ϵabc½uaTðxÞCγνsbðxÞ�

×

�
−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ; ð27Þ

where hcvðxÞ denotes the heavy quark field.
At the hadronic level, the function GΞ0þ

c ½1
2
−�→Ξ�þ

c γðω;ω0Þ
contains the following pole contribution derived from the
double dispersion relation
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GΞ0þ
c ½1

2
−�→Ξ�þ

c γðω;ω0Þ ¼ gΞ0þ
c ½1

2
−�→Ξ�þ

c γ ×
fΞ0þ

c ½1
2
−�fΞ�þ

c

ðΛ̄Ξ0þ
c ½1

2
−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ þ � � � ; ð28Þ

where the ellipsis denotes contributions from higher excited states and continuum.
At the quark-gluon level, the two-point correlation function Πμðω;ω0Þ can be evaluated using the operator product

expansion (OPE). Through this procedure, we extract the invariant function GΞ0þ
c ½1

2
−�→Ξ�þ

c γðω;ω0Þ, which encapsulates the
short-distance dynamics of the transition

GΞ0þ
c ½1

2
−�→Ξ�þ

c γðω;ω0Þ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8

�
esf3γψαðuÞuv · q

48π2t2
−
esϕγðuÞχuv · q

72
hq̄qihs̄si − esϕγðuÞχt2uv · q

1152
hgsq̄σGsihs̄si

þ euf3γψαðuÞuv · q
48π2t2

−
euϕγðuÞχmsuv · q

24π2t2
hq̄qi − euϕγðuÞχuv · q

72
hq̄qihssi þ euf3γψαðuÞmst2uv · q

1152
hs̄si

−
euϕγðuÞχt2uv · q

1152
hq̄qihgss̄σGsi

�
−
Z

∞

0

dt
Z

1

0

duDαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ

�
−
f3γAðαÞwv · q

24π2t2
þ f3γVðαÞv · q

24π2t2

−
f3γAðαÞv · q

24π2t2
−
f3γVðαÞwv · q

8π2t2
−
if3γAðαÞðv · qÞ2

24π2t
−
if3γVðαÞðv · qÞ2

24π2t
þ if3γAðαÞwðv · qÞ2

24π2t
−
if3γVðαÞwðv · qÞ2

24π2t

−
if3γAðαÞα2ðv · qÞ2

24π2t
−
if3γVðαÞα2ðv · qÞ2

24π2t
−
if3γAðαÞwα2ðv · qÞ2

24π2t
−
if3γVðαÞwα2ðv · qÞ2

24π2t

−
if3γAðαÞwα3ðv · qÞ2

24π2t
−
if3γVðαÞwα3ðv · qÞ2

24π2t
−
if3γAðαÞw2α3ðv · qÞ2

24π2t
−
if3γVðαÞw2α3ðv · qÞ2

24π2t

�
ðes − euÞ: ð29Þ

After performing the double Borel transformation with respect to the variables ω and ω0, introducing the Borel
parameters T1 and T2, respectively, we obtain the following expression for the transformed correlation function:

gΞ0þ
c ½1

2
−�→Ξ�þ

c γ ×
fΞþ

c ½12−�fΞ�þ
c

ðΛ̄Ξþ
c ½12−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼ 8 ×
�
−
esχ
72

hq̄qihs̄siðiTÞ2f1
�
ωc

T

�
∂

∂u0
ϕγðu0Þu0 −

esχ
1152

hgsq̄σGqihs̄si
∂

∂u0
ϕγðu0Þu0 −

euf3γms

1152
hs̄si ∂

∂u0
ψαðu0Þu0

−
euχ
1152

hq̄qihgss̄σGsi
∂

∂u0
ϕγðu0Þu0 −

esf3γ
48π2

ðiTÞ4f3
�
ωc

T

�
∂

∂u0
ψαðu0Þu0 þ

euf3γ
48π2

ðiTÞ4f3
�
ωc

T

�
∂

∂u0
ψαðu0Þu0

−
euχ
72

hq̄qihs̄siðiTÞ2f1
�
ωc

T

�
∂

∂u0
ϕγðu0Þu0 −

euχms

24π2
hq̄qiðiTÞ4f3

�
ωc

T

�
∂

∂u0
ϕγðu0Þu0

�

−
�
−

f3γ
8π2u0

ðiTÞ4f3
�
ωc

T

�Z
1
2

0

dα2

Z
1−α2

1
2
−α2

dα3

�
1

3α3

∂

∂a3
AðαÞ − 1

3a3

∂

∂a3
VðαÞ þ u0

3a3

∂

∂α3
AðαÞ þ u0

a3

∂

∂a3
VðαÞ

�

þ f3γ
24π2u20

ðiTÞ4f3
�
ωc

T

�Z
1
2

0

dα2

Z
1−α2

1
2
−α2

dα3

�
1

α3

∂
2

∂α23
AðαÞ − 1

α3

∂
2

∂α23
VðαÞ þ u0

α3

∂
2

∂α23
AðαÞ − iu0

α3

∂
2

∂α23
VðαÞ

þ α2
α3

∂
2

∂α23
AðαÞ − α2

α3

∂
2

∂α23
VðαÞ − u0α2

α3

∂
2

∂α23
AðαÞ þ u0α2

α3

∂
2

∂α23
VðαÞ − u0α3

α3

∂
2

∂α23
AðαÞ − u0α3

α3

∂
2

∂α23
VðαÞ

−
u20α3
α3

∂
2

∂α23
AðαÞ − u20α3

α3

∂
2

∂α23
VðαÞ

��
ðes − euÞ: ð30Þ

In the above expressions, u0 ¼ T1

T1þT2
, T ¼ T1T2

T1þT2
, fnðxÞ ¼ 1 − e−x

P
n
k¼0

xk
k!, and eu=d=s denotes the electric charge of the up/

down/strange quark, respectively.
Eqs. (29) and (30) involve numerous light-cone distribution amplitudes, whose definitions and explicit expressions

are systematically presented in Refs. [84–91]. In our calculations, we include the Feynman diagrams shown in
Fig. 2, encompassing the perturbative contributions as well as the nonperturbative effects from the quark condensate,
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the quark-gluon mixed condensate, and their combinations.
Throughout this work, we adopt the renormalization scale
of 1 GeV, at which the relevant QCD condensates take the
following values [75,76,128–133]:

hq̄qi ¼ −ð0.24 GeVÞ3;
hs̄si ¼ ð0.8� 0.1Þ × hq̄qi;

hg2sGGi ¼ ð0.48� 0.14Þ GeV4;

hgsq̄σGqi ¼ M2
0 × hq̄qi;

hgss̄σGsi ¼ M2
0 × hs̄si;

M2
0 ¼ 0.8 GeV2: ð31Þ

We perform the analysis at the symmetric point
T1 ¼ T2 ¼ 2T, which corresponds to u0 ¼ 1=2. Under
this condition, the coupling constant gΞ0þ

c ½1
2
−�→Ξ�þ

c γ depends
on two free parameters: the threshold value ωc and the
Borel mass T. Following the setup listed in Table I, we
choose the central value T ¼ 0.34 GeV and
ωc ¼ 1.72 GeV, and plot the dependence of gΞ0þ

c ½1
2
−�→Ξ�þ

c γ

on T in Fig. 3. From this analysis, we obtain the coupling
constant and corresponding decay width as

gΞ0þ
c ½1

2
−�→Ξ�þ

c ½3
2
þ�γ ¼ 0.047þ0.016

−0.014 ; ð32Þ

ΓΞ0þ
c ½1

2
−�→Ξ�þ

c ½3
2
þ�γ ¼ 6.9þ13;3

−6.6 keV: ð33Þ

The quoted uncertainties originate from the variation of the
threshold value ωc, the Borel mass T, the QCD vacuum
condensates, and the input parameters of the light-cone
distribution amplitudes used in the sum rules.
Following the procedures outlined above, we system-

atically investigate the radiative transitions of the four
SUð3Þ flavor 6F multiplets: ½6F; 1; 0; ρ�, ½6F; 0; 1; λ�,
½6F; 1; 1; λ�, and ½6F; 2; 1; λ�. Their members are categorized
as follows:

(i) The ½6F; 1; 0; ρ� doublet contains Σþ
c ð1=2−Þ,

Σþ
c ð3=2−Þ, Σþþ

c ð1=2−Þ, Σþþ
c ð3=2−Þ, Σ0

cð1=2−Þ,
Σ0
cð3=2−Þ, Ξ0þ

c ð1=2−Þ, Ξ0þ
c ð3=2−Þ, Ξ00

c ð1=2−Þ,
Ξ00
c ð3=2−Þ, Ω0

cð1=2−Þ, and Ω0
cð3=2−Þ.

(ii) The ½6F; 0; 1; λ� singlet contains Σþ
c ð1=2−Þ,

Σþþ
c ð1=2−Þ, Σ0

cð1=2−Þ, Ξþ
c ð1=2−Þ, Ξ00

c ð1=2−Þ,
and Ω0

cð1=2−Þ.
(iii) The ½6F; 1; 1; λ� doublet contains Σþ

c ð1=2−Þ,
Σþ
c ð3=2−Þ, Σþþ

c ð1=2−Þ, Σþþ
c ð3=2−Þ, Σ0

cð1=2−Þ,
Σ0
cð3=2−Þ, Ξ0þ

c ð1=2−Þ, Ξ0þ
c ð3=2−Þ, Ξ00

c ð1=2−Þ,
Ξ00
c ð3=2−Þ, Ω0

cð1=2−Þ, and Ω0
cð3=2−Þ.

(iv) The ½6F; 2; 1; λ� doublet contains Σþ
c ð3=2−Þ,

Σþ
c ð5=2−Þ, Σþþ

c ð3=2−Þ, Σþþ
c ð5=2−Þ, Σ0

cð3=2−Þ,
Σ0
cð5=2−Þ, Ξ0þ

c ð3=2−Þ, Ξ0þ
c ð5=2−Þ, Ξ00

c ð3=2−Þ,
Ξ00
c ð5=2−Þ, Ω0

cð3=2−Þ, and Ω0
cð5=2−Þ.

We study their radiative transitions into the ground-state
charmed baryons. The corresponding light-cone QCD sum
rule expressions are provided in the supplementary file
OPE.nb. The numerical results for the radiative decays of
the Σc, Ξ0

c, andΩc baryons are summarized in Tables II–IV,
respectively.

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 2. Feynman diagrams for the process Ξ0þ
c ð1=2−Þ → Ξ�þ

c ð3=2þÞγ.

0.25 0.30 0.34 0.38 0.42 0.45 0.50
0

0.05

0.10

0.15

0.20

0

0.05

0.10

0.15

0.20

Borel Mass GeV

FIG. 3. The coupling constant gΞ0þ
c ½1

2
−�→Ξ�þ

c γ with respect to the
Borel mass T. Here the charmed baryon Ξþ

c ð1=2−Þ belonging to
the ½6F; 1; 1; λ� doublet is investigated.
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TABLE II. Radiative decay widths of the P-wave charmed baryons Σc belonging to the SUð3Þ flavor 6F representation.

Multiplets Baryon (jP) Mass (GeV) Difference (MeV) Decay channels Coupling (GeV−1) Width (keV) Total (keV)

½6F; 0; 1; λ� Σcð12−Þ 2.83� 0.05 … Σþ
c ð12−Þ → Σþ

c γ 0.30þ0.09
−0.04 360þ300

−150 990þ770
−460

Σþ
c ð12−Þ → Σ�þ

c γ 0.36þ0.09
−0.06 630þ470

−310

Σþþ
c ð1

2
−Þ → Σþþ

c γ 1.20þ0.37
−0.10 5800þ3900

−2600 22000þ18000
−10000

Σþþ
c ð1

2
−Þ → Σ�þþ

c γ 1.40þ0.49
−0.25 16000þ14000

−7800

Σ0
cð12−Þ → Σ0

cγ 0.62þ0.16
−0.11 1500þ1000

−760 4000þ2900
−2000

Σ0
cð12−Þ → Σ�0

c γ 0.72þ0.18
−0.13 2500þ1900

−1200

½6F; 1; 1; λ� Σcð12−Þ 2.73� 0.17 6� 3 Σþ
c ð12−Þ → Σþ

c γ 0.039þ0.017
−0.014 2.6þ7.4

−2.6 10000þ18000
−8100

Σþ
c ð12−Þ → Σ�þ

c γ 0.022þ0.011
−0.010 0.80þ3.35

−0.80

Σþ
c ð12−Þ → Λþ

c γ 1.3þ0.7
−00.3 10000þ18000

−8100

Σþþ
c ð1

2
−Þ → Σþþ

c γ 0.16þ0.07
−0.06 14þ43

−14 27þ100
−27

Σþþ
c ð1

2
−Þ → Σ�þþ

c γ 0.091þ0.040
−0.033 13þ57

−13

Σ0
cð12−Þ → Σ0

cγ 0.079þ0.033
−0.029 11þ30

−11 15þ45
−15

Σ0
cð12−Þ → Σ�0

c γ 0.046þ0.020
−0.017 3.5þ15.0

−3.5

Σcð32−Þ 2.77� 0.17 Σþ
c ð32−Þ → Σþ

c γ 0.028þ0.013
−0.011 2.1þ4.6

−2.1 24000þ34000
−20000

Σþ
c ð32−Þ → Σ�þ

c γ 0.033þ0.017
−0.011 0.81þ2.70

−0.81

Σþ
c ð32−Þ → Σ�þ

c γ 1.8þ0.6
−0.5 24000þ34000

−20000

Σþþ
c ð3

2
−Þ → Σþþ

c γ 0.11þ0.06
−0.04 30þ75

−30 45þ120
−45

Σþþ
c ð3

2
−Þ → Σ�þþ

c γ 0.14þ0.05
−0.06 15þ47

−15

Σ0
cð32−Þ → Σ0

cγ 0.056þ0.025
−0.020 7.9þ18.9

−7.9 11þ30
−11

Σ0
cð32−Þ → Σ�0

c γ 0.067þ0.031
−0.023 3.3þ11.4

−3.3

½6F; 2; 1; λ� Σcð32−Þ 2.78� 0.13 12� 5 Σþ
c ð32−Þ → Σþ

c γ 0.098þ0.017
−0.026 26þ39

−22 31þ51
−28

Σþ
c ð32−Þ → Σ�þ

c γ 0.083þ0.017
−0.022 5.7þ11.6

−5.5

Σþþ
c ð3

2
−Þ → Σþþ

c γ 0.39þ0.09
−0.01 420þ620

−370 500þ810
−460

Σþþ
c ð3

2
−Þ → Σ�þþ

c γ 0.33þ0.01
−0.01 90þ190

−87

Σ0
cð32−Þ → Σ0

cγ 0.20þ0.04
−0.06 110þ170

−100 130þ220
−120

Σ0
cð32−Þ → Σ�0

c γ 0.16þ0.05
−0.04 21þ45

−20

Σcð52−Þ 2.87� 0.11 Σþ
c ð52−Þ → Σ�þ

c γ 0.034þ0.07
−0.09 5.8þ6.8

−4.6 5.8þ6.8
−4.6

Σþþ
c ð5

2
−Þ → Σ�þþ

c γ 0.14þ0.03
−0.05 98þ110

−85 98þ110
−85

Σ0
cð52−Þ → Σ�0

c γ 0.04þ0.01
−0.01 8.5þ9.2

−6.8 8.5þ9.2
−6.8

½6F; 1; 0; ρ� Σcð12−Þ 2.77� 0.14 3� 1 Σþ
c ð12−Þ → Σþ

c γ 0.083þ0.033
−0.026 17þ33

−16 23þ38
−22

Σþ
c ð12−Þ → Σ�þ

c γ 0.048þ0.017
−0.015 6.2þ14.6

−6.2

Σþþ
c ð1

2
−Þ → Σþþ

c γ 0.33þ0.15
−0.10 1100þ2200

−1000 1500þ3200
−1400

Σþþ
c ð1

2
−Þ → Σ�þþ

c γ 0.19þ0.10
−0.06 390þ1000

−390

Σ0
cð12−Þ → Σ0

cγ 0.17þ0.06
−0.06 290þ540

−290 390þ790
−390

Σ0
cð12−Þ → Σ�0

c γ 0.096þ0.040
−0.029 99þ250

−99

(Table continued)
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TABLE II. (Continued)

Multiplets Baryon (jP) Mass (GeV) Difference (MeV) Decay channels Coupling (GeV−1) Width (keV) Total (keV)

Σcð32−Þ 2.79� 0.14 Σþ
c ð32−Þ → Σþ

c γ 0.059þ0.026
−0.017 10.0þ19.6

−9.1 19þ41
−18

Σþ
c ð32−Þ → Σ�þ

c γ 0.10þ0.05
−0.02 9.2þ21.4

−8.9

Σþþ
c ð1

2
−Þ → Σþþ

c γ 0.24þ0.10
−0.08 680þ1700

−660 1300þ3100
−1200

Σþþ
c ð1

2
−Þ → Σ�þþ

c γ 0.40þ0.17
−0.10 590þ1400

−570

Σ0
cð12−Þ → Σ0

cγ 0.12þ0.05
−0.04 170þ310

−160 320þ660
−300

Σ0
cð12−Þ → Σ�0

c γ 0.20þ0.09
−0.05 150þ350

−140

TABLE III. Radiative decay widths of the P-wave charmed baryons Ξ0
c belonging to the SUð3Þ flavor 6F representation.

Multiplets Baryon (jP) Mass (GeV) Difference (MeV) Decay channels Coupling (GeV−1) Width (keV) Total (keV)

½6F; 0; 1; λ� Ξ0
cð12−Þ 2.90� 0.13 … Ξ0þ

c ð1
2
−Þ → Ξ0þ

c γ 0.49þ0.17
−0.15 650þ1100

−590 1500þ3100
−1400

Ξ0þ
c ð1

2
−Þ → Ξ�þ

c γ 0.56þ0.21
−0.15 880þ2000

−860

Ξ00
c ð12−Þ → Ξ00

c γ 0.78þ0.31
−0.22 1600þ2800

−1500 2400þ4500
−2300

Ξ00
c ð12−Þ → Ξ�0

c γ 0.52þ0.20
−0.18 760þ1700

−760

½6F; 1; 1; λ� Ξ0
cð12−Þ 2.91� 0.12 7� 2 Ξ0þ

c ð1
2
−Þ → Ξ0þ

c γ 0.081þ0.028
−0.023 19þ26

−14 27000þ29000
−20000

Ξ0þ
c ð1

2
−Þ → Ξ�þ

c γ 0.047þ0.016
−0.014 6.9þ13.3

−6.6

Ξ0þ
c ð1

2
−Þ → Ξþ

c γ 2.1þ0.6
−0.5 27000þ29000

−20000

Ξ00
c ð12−Þ → Ξ00

c γ 0.11þ0.05
−0.03 35þ61

−30 110þ240
−100

Ξ00
c ð12−Þ → Ξ�0

c γ 0.065þ0.026
−0.022 13þ27

−12

Ξ00
c ð12−Þ → Ξ0

cγ 0.10þ0.08
−0.08 61þ150

−61

Ξ0
cð32−Þ 2.95� 0.12 Ξ0þ

c ð3
2
−Þ → Ξ0þ

c γ 0.057þ0.016
−0.016 12.0þ39.9

−9.2 55000þ62000
−37000

Ξ0þ
c ð3

2
−Þ → Ξ�þ

c γ 0.068þ0.026
−0.018 5.9þ9.7

−5.2

Ξ0þ
c ð3

2
−Þ → Ξþ

c γ 2.7þ0.9
−0.6 55000þ62000

−37000

Ξ00
c ð32−Þ → Ξ00

c γ 0.080þ0.032
−0.028 25þ37

−21 40þ62
−34

Ξ00
c ð32−Þ → Ξ�0

c γ 0.097þ0.043
−0.033 12þ22

−11

Ξ00
c ð32−Þ → Ξ0

cγ 0.02þ0.01
−0.01 3.1þ3.4

−2.0

½6F; 2; 1; λ� Ξ0
cð32−Þ 2.78� 0.13 11� 5 Ξ0þ

c ð3
2
−Þ → Ξ0þ

c γ 0.13þ0.07
−0.06 72þ180

−72 92þ240
−92

Ξ0þ
c ð3

2
−Þ → Ξ�þ

c γ 0.12þ0.04
−0.06 20þ57

−20

Ξ00
c ð32−Þ → Ξ00

c γ 0.21þ0.14
−0.11 190þ510

−190 240þ670
−240

Ξ00
c ð32−Þ → Ξ�0

c γ 0.19þ0.10
−0.07 50þ160

−50

Ξ0
cð52−Þ 2.87� 0.11 Ξ0þ

c ð5
2
−Þ → Ξ�þ

c γ 0.056þ0.026
−0.022 19þ41

−19 19þ41
−19

Ξ00
c ð52−Þ → Ξ�0

c γ 0.086þ0.043
−0.034 44þ100

−44 44þ100
−44

½6F; 1; 0; ρ� Ξ0
cð12−Þ 2.88� 0.14 3� 1 Ξ0þ

c ð1
2
−Þ → Ξ0þ

c γ 0.14þ0.07
−0.04 44þ97

−43 59þ140
−58

Ξ0þ
c ð1

2
−Þ → Ξ�þ

c γ 0.082þ0.036
−0.026 15þ42

−15

Ξ00
c ð12−Þ → Ξ00

c γ 0.10þ0.04
−0.03 25þ50

−25 47þ110
−47

Ξ00
c ð12−Þ → Ξ�0

c γ 0.18þ0.07
−0.05 22þ60

−22

Ξ0
cð32−Þ 2.89� 0.14 Ξ0þ

c ð3
2
−Þ → Ξ0þ

c γ 0.24þ0.10
−0.08 130þ260

−130 190þ420
−190

Ξ0þ
c ð3

2
−Þ → Ξ�þ

c γ 0.16þ0.06
−0.04 57þ160

−57

Ξ00
c ð32−Þ → Ξ00

c γ 0.17þ0.07
−0.06 71þ140

−70 130þ310
−130

Ξ00
c ð32−Þ → Ξ�0

c γ 0.30þ0.12
−0.07 62þ170

−62

LUO, CHEN, CUI, YANG, ZHOU, and ZHOU PHYS. REV. D 112, 096028 (2025)

096028-8



Note that in the analysis we have chosen not to
incorporate the Oð1=mcÞ corrections in the calculations
of these partial decay widths, while we have included these
corrections when evaluating the mass spectrum of heavy
baryons. This is due to both practical and theoretical
considerations. First, each baryon typically decays via
multiple channels, resulting in a much larger number of
decay processes compared to mass states. Second, the
calculation of partial decay widths involves considerable
technical complexity, particularly when higher-order cor-
rections are included. Third, and perhaps most importantly,
the leading-order uncertainties in decay width calculations
are already significant. For charmed baryons, studies
suggest that the 1=mc corrections can reach up to 30%
[127,134–138], which may be comparable to or even
smaller than the uncertainties at leading order. Therefore,
until these leading uncertainties can be more effectively
controlled, the inclusion of subleading corrections may not
necessarily improve the predictive power of the model.

IV. MIXING EFFECTS

Heavy quark effective theory provides a reliable frame-
work for studying bottom baryons. However, its appli-
cability to charmed baryons is more limited due to the
relatively lighter charm quark mass. Consequently, signifi-
cant mixing can occur among the three JP ¼ 1=2− charmed
baryons, as well as among the three JP ¼ 3=2− states. In
this section we focus on the mixing effects between the
½6F; 1; 1; λ� and ½6F; 2; 1; λ� multiplets. Our analysis follows
the methodology of Refs. [106,107], which investigates the

strong decay properties of P-wave charmed baryons
belonging to the SUð3Þ flavor sextet 6F.
We explicitly consider the mixing between the

½6F; 1; 1; λ� and ½6F; 2; 1; λ� doublets. The physical states
are related to the HQET basis states via the following
transformation:

� jΣcð3=2−Þi1
jΣcð3=2−Þi2

�
¼

�
cos θ sin θ

− sin θ cos θ

�

×

� jΣcð3=2−Þ; 1; 1; λi
jΣcð3=2−Þ; 2; 1; λi

�
; ð34Þ

� jΞ0
cð3=2−Þi1

jΞ0
cð3=2−Þi2

�
¼

�
cos θ sin θ

− sin θ cos θ

�

×

� jΞ0
cð3=2−Þ; 1; 1; λi

jΞ0
cð3=2−Þ; 2; 1; λi

�
; ð35Þ

� jΩcð3=2−Þi1
jΩcð3=2−Þi2

�
¼

�
cos θ sin θ

− sin θ cos θ

�

×

� jΩcð3=2−Þ; 1; 1; λi
jΩcð3=2−Þ; 2; 1; λi

�
; ð36Þ

where θ is the mixing angle.
In Ref. [106], we calculated the strong decay properties

of the P-wave charmed baryons. The results suggest that it
is possible to interpret the Ξcð2923Þ0, Ξcð2939Þ0, and
Ξcð2965Þ0 as the nonmixed Ξ0

c baryons ½Ξ0
cð1=2−Þ; 1; 1; λ�,

½Ξ0
cð3=2−Þ; 1; 1; λ�, and ½Ξ0

cð3=2−Þ; 2; 1; λ�, respectively.

TABLE IV. Radiative decay widths of the P-wave charmed baryons Ωc belonging to the SUð3Þ flavor 6F representation.

Multiplets Baryon (jP) Mass (GeV) Difference (MeV) Decay channels Coupling (GeV−1) Width (keV) Total (keV)

½6F; 0; 1; λ� Ωcð12−Þ 3.03� 0.18 … Ω0
cð12−Þ → Ω0

cγ 0.37þ0.20
−0.14 1600þ4200

−1600 2800þ8300
−2800

Ω0
cð12−Þ → Ω�0

c γ 0.31þ0.16
−0.13 1200þ4100

−1200

½6F; 1; 1; λ� Ωcð12−Þ 3.04� 0.10 6� 2 Ω0
cð12−Þ → Ω0

cγ 0.061þ0.026
−0.024 48þ69

−41 65þ98
−56

Ω0
cð12−Þ → Ω�0

c γ 0.022þ0.010
−0.010 17þ29

−15

Ωcð32−Þ 3.07� 0.09 Ω0
cð32−Þ → Ω0

cγ 0.043þ0.018
−0.016 30þ29

−24 46þ46
−38

Ω0
cð32−Þ → Ω�0

c γ 0.053þ0.021
−0.020 16þ17

−14

½6F; 2; 1; λ� Ωcð32−Þ 3.08� 0.19 10� 4 Ω0
cð32−Þ → Ω0

cγ 0.11þ0.10
−0.06 52þ190

−52 66þ240
−66

Ω0
cð32−Þ → Ω�0

c γ 0.10þ0.08
−0.04 14þ49

−14

Ωcð52−Þ 3.14� 0.18 Ω0
cð52−Þ → Ω�0

c γ 0.029þ0.022
−0.013 5.2þ14.6

−5.2 5.2þ14.6
−5.2

½6F; 1; 0; ρ� Ωcð12−Þ 2.99� 0.15 2� 1 Ω0
cð12−Þ → Ω0

cγ 0.19þ0.07
−0.07 76þ170

−76 88þ210
−88

Ω0
cð12−Þ → Ω�0

c γ 0.076þ0.029
−0.024 12þ36

−12

Ωcð32−Þ 3.00� 0.15 Ω0
cð32−Þ → Ω0

cγ 0.093þ0.037
−0.029 20þ43

−20 32þ81
−32

Ω0
cð32−Þ → Ω�0

c γ 0.14þ0.06
−0.03 12þ38

−12
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TABLE V. Mass spectra and decay properties of the P-wave charmed baryons belonging to the SUð3Þ flavor 6F representation, which
may be accessible through their radiative decay processes. Possible experimental candidates are listed in the last column for comparison.
The strong decay results are taken from Ref. [106], where the subscripts S and D denote S-wave and D-wave decay channels,
respectively.

HQET state Mixing Mixed state Mass (GeV) Difference (MeV) Decay channel Width (MeV) Candidate

½Σcð12−Þ; 1; 1; λ� – ½Σcð12−Þ; 1; 1; λ� 2.73þ0.17
−0.18 23þ19

−43 ΓSðΣcð1=2−Þ → Λcρ → ΛcππÞ ¼
9.2þ37.0

−9.2 MeV

48þ70
−29 …

ΓSðΣcð1=2−Þ → Σcρ → ΣcππÞ ¼
1.2þ2.1

−1.0 MeV

ΓSðΣcð1=2−Þ → ΣcπÞ ¼ 37þ60
−28 MeV

ΓðΣ0
cð1=2−Þ → Σ0

cγÞ ¼ 11þ30
−11 keV

ΓðΣ0
cð1=2−Þ → Σ�0

c γÞ ¼ 3.5þ15.0
−3.5 keV

½Σcð32−Þ;1;1;λ� θ ¼ 37� 5° jΣcð32−Þi1 2.75þ0.17
−0.17 ΓDðΣcð3=2−Þ → ΛcπÞ ¼ 13þ20

−9 MeV 24þ23
−10 Σcð2800Þ

ΓDðΣcð3=2−Þ → ΣcπÞ ¼ 3.3þ4.2
−2.2 MeV

ΓSðΣcð3=2−Þ → Σ�
cπÞ ¼ 6.4þ10.3

−4.7 MeV

ΓðΣ0
cð3=2−Þ → Σ0

cγÞ ¼ 53þ130
−49 keV

ΓðΣ0
cð3=2−Þ → Σ�0

c γÞ ¼ 13þ46
−13 keV

½Σcð32−Þ; 2; 1; λ� jΣcð32−Þi2 2.80þ0.14
−0.12 68þ51

−51 ΓDðΣcð3=2−Þ → ΛcπÞ ¼ 23þ35
−16 MeV 28þ36

−16

ΓSðΣcð3=2−Þ → Σ�
cπÞ ¼ 3.5þ6.1

−2.7 MeV

ΓðΣ0
cð3=2−Þ → Σ0

cγÞ ¼ 54þ76
−41 keV

ΓðΣ0
cð3=2−Þ → Σ�0

c γÞ ¼ 7.9þ15.3
−6.7 keV

½Σcð52−Þ; 2; 1; λ� … ½Σcð52−Þ; 2; 1; λ� 2.87þ0.12
−0.11 ΓDðΣcð5=2−Þ → ΛcπÞ ¼ 12þ18

−8 MeV 13þ18
−8 …

ΓDðΣcð5=2−Þ → ΣcπÞ ¼ 0.39þ0.72
−0.32 MeV

ΓDðΣcð5=2−Þ → Σ�
cπÞ ¼ 0.61þ1.14

−0.50 MeV

ΓðΣ0
cð1=2−Þ → Σ�0

c γÞ ¼ 8.5þ9.2
−6.8 keV

½Ξ0
cð12−Þ; 1; 1; λ� … ½Ξ0

cð12−Þ; 1; 1; λ� 2.91þ0.13
−0.12 27þ16

−27 ΓSðΞ0
cð1=2−Þ → Ξcρ → ΞcππÞ ¼

1.7þ7.6
−1.7 MeV

14þ17
−8 Ξcð2923Þ

ΓðΞ0
cð3=2−Þ → Ξ00

c γÞ ¼ 35þ61
−30 keV

ΓSðΞ0
cð1=2−Þ → Ξ0

cπÞ ¼ 12þ15
−8 MeV

ΓðΞ0
cð3=2−Þ → Ξ�0

c γÞ ¼ 13þ27
−13 keV

½Ξ0
cð32−Þ;1;1;λ� θ ¼ 37� 5° jΞ0

cð32−Þi1 2.94þ0.12
−0.11 ΓDðΞ0

cð3=2−Þ → ΛcK̄Þ ¼ 2.3þ4.3
−1.7 MeV 12þ10

−4 Ξcð2939Þ
ΓDðΞ0

cð3=2−Þ → ΞcπÞ ¼ 4.6þ8.1
−3.3 MeV

ΓDðΞ0
cð3=2−Þ → Ξ0

cπÞ ¼ 2.0þ2.2
−1.2 MeV

ΓSðΞ0
cð3=2−Þ → Ξ�

cπÞ ¼ 2.1þ2.6
−1.5 MeV

ΓðΞþ
c ð3=2−Þ → Ξ0þ

c γÞ ¼ 52þ58
−33 keV

ΓðΞþ
c ð3=2−Þ → Ξ�þ

c γÞ ¼ 19þ30
−15 keV

ΓðΞ0
cð3=2−Þ → Ξ00

c γÞ ¼ 130þ150
−86 keV

ΓðΞ0
cð3=2−Þ → Ξ�0

c γÞ ¼ 41þ69
−30 keV

(Table continued)
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However, there are still some discrepancies between these
theoretical results and the LHCb experiment [10]:

(i) The mass splitting between the Ξcð2923Þ0 and
Ξcð2939Þ0 was measured by LHCb to be
15.51 MeV, while the mass splitting between
½Ξ0

cð1=2−Þ; 1; 1; λ� and ½Ξ0
cð3=2−Þ; 1; 1; λ� was calcu-

lated to be 38� 14 MeV.
(ii) The total widths of the Ξcð2939Þ0 and Ξcð2965Þ0

were measured by LHCb to be 10.2 MeV and
14.1 MeV, respectively. However, the total widths
of ½Ξ0

cð1=2−Þ; 1; 1; λ� and ½Ξ0
cð3=2−Þ; 1; 1; λ� were

calculated to be 4.4þ4.5
−2.3 MeV and 31þ35

−14 MeV,
respectively.

Later in Ref. [106], we estimated and fine-tuned the
mixing angle to θ ¼ 37� 5°, and the obtained results are
shown in Table V. This mixing mediates the widths of the

½Ξ0
cð3=2−Þ; 1; 1; λ� and ½Ξ0

cð3=2−Þ; 2; 1; λ�, and decreases the
mass splitting within the ½Ξ0

c; 1; 1; λ� doublet

M½Ξ0
cð3=2−Þ;1;1;λ�∶ 2.95þ0.12

−0.11 GeV → 2.94þ0.12
−0.11 GeV;

Γ½Ξ0
cð3=2−Þ;1;1;λ�∶ 4.4þ4.5

−2.3 MeV → 12þ10
−4 MeV;

M½Ξ0
cð3=2−Þ;2;1;λ�∶ 2.96þ0.24

−0.15 GeV → 2.97þ0.24
−0.15 GeV;

Γ½Ξ0
cð3=2−Þ;2;1;λ�∶ 31þ35

−14 MeV → 19þ22
−9 MeV;

ΔM½Ξ0
c;1;1;λ�∶ 38þ15

−13 MeV → 27þ16
−27 MeV;

ΔM½Ξ0
c;2;1;λ�∶ 66þ29

−25 MeV → 56þ30
−35 MeV:

Now, the Ξcð2939Þ0 and Ξcð2965Þ0 can be better inter-
preted as the mixed Ξ0

c baryons jΞ0
cð3=2−Þi1 and

jΞ0
cð3=2−Þi2, respectively.

TABLE V. (Continued)

HQET state Mixing Mixed state Mass (GeV) Difference (MeV) Decay channel Width (MeV) Candidate

½Ξ0
cð32−Þ; 2; 1; λ� jΞ0

cð32−Þi2 2.97þ0.24
−0.15 56þ30

−35 ΓDðΞ0
cð3=2−Þ → ΛcK̄Þ ¼ 6.3þ11.6

−4.7 MeV 19þ22
−9 Ξcð2965Þ

ΓDðΞ0
cð3=2−Þ → ΞcπÞ ¼ 11þ19

−8 MeV

ΓSðΞ0
cð3=2−Þ → Ξ�

cπÞ ¼ 1.3þ1.80
−0.94 MeV

ΓðΞþ
c ð3=2−Þ → Ξ0þ

c γÞ ¼ 22þ54
−17 keV

ΓðΞþ
c ð3=2−Þ → Ξ�þ

c γÞ ¼ 4.6þ15.5
−4.2 keV

ΓðΞ0
cð3=2−Þ → Ξ00

c γÞ ¼ 63þ160
−50 keV

ΓðΞ0
cð3=2−Þ → Ξ�0

c γÞ ¼ 12þ44
−12 keV

½Ξ0
cð52−Þ; 2; 1; λ� … ½Ξ0

cð52−Þ; 2; 1; λ� 3.02þ0.23
−0.14 ΓDðΞ0

cð5=2−Þ → ΛcK̄Þ ¼ 6.3þ11.4
−4.6 MeV 18þ20

−8 …

ΓDðΞ0
cð5=2−Þ → ΞcπÞ ¼ 9.6þ15.8

−6.8 MeV

ΓDðΞ0
cð5=2−Þ → Ξ�

cπÞ ¼ 1.5þ2.6
−1.1 MeV

ΓðΞ0
cð3=2−Þ → Ξ�0

c γÞ ¼ 44þ100
−44 keV

½Ωcð12−Þ; 1; 0; ρ� … ½Ωcð12−Þ; 1; 0; ρ� 2.99þ0.15
−0.15 12þ5

−5 ΓðΩ0
cð1=2−Þ → Ω0

cγÞ ¼ 76þ170−76 keV ≠ 0 Ωcð3000Þ
½Ωcð32−Þ; 1; 0; ρ� … ½Ωcð32−Þ; 1; 0; ρ� 3.00þ0.15

−0.15 ΓðΩ0
cð3=2−Þ → Ω0

cγÞ ¼ 20þ43−20 keV ≠ 0

½Ωcð12−Þ; 1; 1; λ� … ½Ωcð12−Þ; 1; 1; λ� 3.04þ0.11
−0.09 27þ15

−23 ΓðΩ0
cð1=2−Þ → Ω0

cγÞ ¼ 48þ69
−41 MeV ≠ 0 Ωcð3050Þ

ΓðΩ0
cð1=2−Þ → Ω�0

c γÞ ¼ 17þ29
−15 keV

½Ωcð32−Þ;1;1;λ� θ ¼ 37� 5° jΩcð32−Þi1 3.06þ0.10
−0.09 ΓDðΩcð3=2−Þ → ΞcK̄Þ ¼ 2.0þ3.5

−1.5 MeV 2.0þ3.5
−1.5 Ωcð3066Þ

ΓðΩ0
cð3=2−Þ → Ω0

cγÞ ¼ 160þ140
−86 keV

ΓðΩ0
cð3=2−Þ → Ω�0

c γÞ ¼ 49þ62
−31 keV

½Ωcð32−Þ; 2; 1; λ� jΩcð32−Þi2 3.09þ0.22
−0.17 51þ26

−29 ΓDðΩcð3=2−Þ → ΞcK̄Þ ¼ 6.3þ11.2
−4.8 MeV 6.4þ11.2

−4.8 Ωcð3090Þ
ΓðΩ0

cð3=2−Þ → Ω0
cγÞ ¼ 18þ36

−16 keV

ΓðΩ0
cð3=2−Þ → Ω�0

c γÞ ¼ 3.7þ9.8
−3.5 keV

½Ωcð52−Þ; 2; 1; λ� … ½Ωcð52−Þ; 2; 1; λ� 3.14þ0.21
−0.15 ΓDðΩcð3=2−Þ → ΞcK̄Þ ¼ 5.5þ9.6

−4.1 MeV 5.5þ9.6
−4.1 Ωcð3119Þ

ΓðΩ0
cð5=2−Þ → Ω�0

c γÞ ¼ 5.2þ14.6
−5.2 keV
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In this paper, we adopt the same mixing angle θ ¼
37� 5° to calculate the radiative decay properties. The
obtained results are summarized in Table V. In particular,
this mixing mediates the radiative decay widths of
½Ξ0

cð3=2−Þ; 1; 1; λ� and ½Ξ0
cð3=2−Þ; 2; 1; λ� as follows:

Γ½Ξ00
c ð3=2−Þ;1;1;λ�→Ξ00

c γ
∶ 25þ37

−21 keV → 130þ150
−88 keV;

Γ½Ξ00
c ð3=2−Þ;2;1;λ�→Ξ00

c γ
∶ 190þ510

−190 keV → 63þ160
−50 keV:

V. SUMMARY AND DISCUSSIONS

In this paper we have employed the light-cone sum rule
method to systematically investigate the radiative decay
properties of the P-wave singly charmed baryons in the
SUð3Þ flavor 6F representation, within the framework of
heavy quark effective theory (HQET). The resulting decay
amplitudes are summarized separately in Tables II–IV for
the Σc, Ξ0

c, and Ωc baryons, respectively. In addition to
the radiative decays, their mass spectra and strong
decay properties have been extensively studied in
Refs. [30,31,104,106,107], forming a comprehensive
QCD sum rule analysis of P-wave singly charmed baryons
in the SUð3Þ flavor 6F representation under HQET.
Notably, for certain baryons with limited strong decay
widths, radiative transitions play a crucial role in probing
their internal structures and quantum numbers.
Furthermore, we have explicitly considered the mixing
between the ½6F; 1; 1; λ� and ½6F; 2; 1; λ� doublets. The
corresponding results, summarized in Table V, demonstrate
that this mixing significantly refines the predicted mass
spectra and decay patterns of the associated baryon states.
In particular, compared to the strong decay widths, the

radiative decay widths are significant in the following cases:
(i) The strong decay widths of the Ω0

cð12−Þ and Ω0
cð32−Þ

baryons, which belong to the ½6F; 1; 0; ρ� doublet,
are both calculated to be zero in Ref. [106]. In the

present study their radiative decay widths are calcu-
lated to be 76þ170

−76 keV and 20þ43
−20 keV, respectively.

The Ωcð3000Þ0 can be interpreted as either of these
states, and we propose to confirm this assignment
through the Ω0

cγ decay channel.
(ii) The strong decay widths of the Ω0

cð12−Þ and Ω0
cð32−Þ

baryons, which belong to the ½6F; 1; 1; λ� doublet, are
calculated in Ref. [106] to be zero and 2.0þ3.5

−1.5 MeV,
respectively. In the present study their radiative
decay widths are calculated to be 48þ69

−41 keV and
160þ140

−88 keV, respectively. The Ωcð3050Þ0 and
Ωcð3066Þ0 could be interpreted as their experimental
candidates, and we propose to confirm these assign-

ments via the Ωð�Þ0
c γ decay channels.

We propose further study of these radiative decay channels
in future Belle-II, BESIII, and LHCb experiments.
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