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We perform a comprehensive investigation of the radiative decays of P-wave charmed baryons in the
SU(3) flavor 6 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 Q.. states in the 2.K~ invariant mass spectrum
[5], identified as €.(3000)°, €.(3050)°, Q.(3066)°,
Q.(3090)°, and Q.(3119)°. Some of these states were
later confirmed by Belle [6] and through subsequent
analyses by LHCDb [7]. According to the most recent data
compiled by the Particle Data Group [8], their measured
masses and decay widths are given as follows:

Q.(3000)°: M = 3000.4 £ 0.2 £ 0.17)3 MeV,
'=45+0.6+03 MeV; (1)
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Q.(3050)°: M =3050.2 £ 0.1 £0.1103 MeV,
'=0.8+02+0.1 MeV; (2)

Q.(3066)°: M = 3065.6 £ 0.1 =0.3703 MeV,
I'=35+04+02MeV; (3)

Q.(3090)%: M = 3090.2 £ 0.3 £0.51037 MeV,
I'=8.7+1.0+0.8 MeV; (4)

Q.(3119): M =3119.1 £0.3 £0.9707 MeV,
I'=1.1£0.8=+04 MeV. (5)

These excited €. states are promising candidates for P-
wave charmed baryons belonging to the SU(3) flavor 6,
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:
(1) In 2005 the Belle Collaboration observed an excited
charmed baryon X, referred to as X.(2800), in the
A.m decay channel [9]. The measured masses and
decay widths are [8]

2.(2800)°: M = 2806"3 MeV,
I =727 MeV; (6)

Published by the American Physical Society
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T.(2800)T: M = 2792"1* MeV,
I'= 6273757 MeV. (7)

T.(2800)7F: M = 2801'¢ MeV,
=753 MeVv. (8)

(i) In 2020 the LHCb Collaboration reported the ob-
servation of three excited E. states, denoted as
2.(2923)°, E.(2939)°, and ZE.(2965)°, in the
A} K™ invariant mass spectrum [10]. Their measured
properties are [8]

5.(2923)0: M =2923.04+0.254+0.20+0.14 MeV,
r'=7.1408+1.8MeV, (9)

E.(2939)0: M =2938.55+0.214+0.17+0.14 MeV,
r'=102+0.8+1.1MeV, (10)

E.(2965): M =2964.88+0.26+0.1440.14 MeV,
=14.14£0.94+1.3 MeV. (11)

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 3P, 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:

(1) 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 SU(3) flavor 3, representation.

(i1) InRefs. [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 SU(3) flavor 6 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 SU(3) flavor 3
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 SU(3) flavor 6 representation.

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

(1) The radiative decays of P-wave singly charmed
baryons in the SU(3) flavor 6 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 E.(2815)/E.(2790) — E.y have already been
observed by the Belle Collaboration [108]. Moreover, further
radiative transitions are expected to be measured at upcom-
ing experiments, including Belle-Il 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 SU(3) flavor 6, 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 6y
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 SU(3)
flavor 6 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
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3¢ (A)

baryon is described as a three-quark system composed

5= 0(A)—> 6 () —> 1= 1: Ty (5,3) E4(5.3) Qu(.3)  (1-2)[6,1.00]
oM Jm0 A () E (H) (1-b) (350,191
571 —»3p(A) € ji=1: Ay (F.3) Eq (5.3) (1-¢) [3p.1,1,0]

Ji=2 Ao (3,%) Eq(3,%) (1-d) [3.2,1,0]

S1=0(A) > 3p (&) —> /1= 1 Ay (1,2) Eq (5,1) (2-2) (351,01

1% S0 T () EG () () b)[6.017]
21O 69 E> =1 Tq (5.9 EG(5L1) Qu (5.2 (20 [6,.1,1.]
Ji=20Z0(5.3) E5(3,3) Qu(i,3) @d[6,2,14]

FIG. 1.

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 (3c).

TABLE L.

(iif)

(iv)

Categorization of the P-wave single charmed baryons.

(i) The flavor wave function can be either antisym-

metric, corresponding to the SU(3) flavor antitriplet
(3p), or symmetric, corresponding to the SU(3)
flavor sextet (6).

The spin configuration of the two light quarks can be
antisymmetric (s; = 0) or symmetric (s; = 1), where
s; denotes the total spin of the light diquark system.
The relative orbital excitation can also be either
antisymmetric or symmetric. In the p-mode excita-
tion (/, = 1, [; = 0), the orbital angular momentum
resides between the two light quarks and is anti-
symmetric. In the A-mode excitation ([, =0,
[, = 1), it is between the charm quark and the light

Parameters of P-wave singly charmed baryons in the SU(3) flavor 65 representation. Decay constants in the last column

satisfy fyi+ = fxo = \/Efz({r and fz+ = fzo. Taken from Refs. [31,106].
Doublets B . (GeV)  Working region (GeV) A (GeV) Baryon (j©) Mass (GeV) Difference (MeV)  Decay constant (GeV#)
[6-,1,0,p] =, 1.7440.10 027 <T <0.32 1.25+0.11 26(1/2‘) 2.77+0.14 15+6 0.067 £ 0.017(=f(1/27))
%.(3/27) 279+0.14 0.031 £ 0.008(=(3/27))
=, 1.87+0.10 026 <T <0.34 1.36 £0.10 E.(1/27) 2.88+0.14 13£5 0.059 + 0-014(520(1/2 )
=.(3/27) 2.89+0.14 0.028 + 0.007(2°(3/27))
Q. 2.0040.10 0.26 < T < 0.35 1.484+0.09 Q. (1/27) 299 +£0.15 12+5 0.105 £ 0.023(Q%(1/27))
Q.(3/27) 3.00+0.15 0.049 £0.011(Q%(3/27))
[6-,0,1,4] X. 1.3540.10 T =027 1.10+£0.04 X.(1/27) 2.83+0.05 0.045 £ 0.008(ZF(1/27))
=, 1.57+0.10 027 <T <0.29 1.22+0.08 Z.(1/27) 290+0.13 0.041 £ 0.009(Z(1/27))
. 1.78 £0.10 027 <T <0.31 1.37+£0.09 Q. (1/27) 3.03+0.18 0.081 £ 0.020(Q%(1/27))
67, 1,1, %, 1.7240.10 T=033 1.03+0.12  X.(1/27) 273+0.17 41+ 16 0.045 £ 0.011(ZF(1/27))
2.(3/27)  277+0.17 0.021 £ 0.005(ZF(3/27))
5. 1.724+0.10 T=0.34 1.144+0.09 E.(1/27) 291+0.12 38+ 14 0.041 4 0.008(Z2(1/27))
E.(3/27) 295+0.12 0.019 4 0.004(Z2(3/27))
Q. 1.724+0.10 T =035 1.22+0.07 Q. (1/27) 3.04+0.10 36+ 13 0.069 4 0.011(Q2(1/27))
Q.(3/27)  3.07+0.09 0.032 4 0.005(Q2(3/27))
[67,2,1,4] =, 1.50+0.10 028 <T <0.29 1.09+0.09 X.(3/27) 2.78+0.13 86 + 36 0.055 £ 0.013(=f(3/27))
>.(5/27) 287+0.11 0.033 £ 0.008(=f(5/27))
E. 1.72+0.10 027 <T <0.32 124 +£0.12  E.(3/27) 2.96+0.20 66 £ 27 0.057 £ 0.016(2°(3/27))
=.(5/27)  3.02+0.18 0.034 £ 0.009(2°(5/27))
Q. 1.854+0.10 0.26 < T < 0.33 1.35+0.11 Q. (3/27) 3.08+0.19 59 +24 0.103 £ 0.026(Q%(3/27))
Q.(5/27) 3.14+0.18 0.062 £ 0.016(Q%(5/27))
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diquark system and is symmetric. Here, /, and [,

denote the orbital angular momenta associated with

the p- and A-mode excitations, respectively.
Asillustrated in Fig. 1, the P-wave charmed baryons can be
systematically categorized into eight distinct HQET mul-
tiplets. Among them, four belong to the SU(3) flavor
antitriplet representation 3, while the remaining four
belong to the SU(3) flavor sextet representation 6. We
label each multiplet using the notation [flavor, j;, s;, p/4],
where s; denotes the total spin of the light diquark system,
and j; = lp @ 11 @ s, 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 j; with the heavy quark spin s, = 1/2, leading
to physical states with J = [j; = 1/2].

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 SU(3)
flavor 6 representation. The possible radiative decay
channels under consideration include

I = AEEEZ )y, (12)
5 - T (ES ), (13)
X = ZAZO)y, (14)
B — BEL(ES By, (15)
EY - BAE, EO)y, (16)
Q) — QUQO)y. (17)

The corresponding transition amplitudes are given by [68]
M(X:(1/27) = Y (1/2%)y)

1
= X y’l} —'U” v YC 15 18
R g v q—v"q"yrsY €, (18)

M(X(1/27) = Y(3/27)y)

=gX. [g"v-q—v"q"]Y’e, (19)
M(X(3/27) = Y (1/27)y)
= gXt[g"“v - g — 1" q"]Y €, (20)

cCur

M(X:(3/27) = Yc(3/2%)r)

1 -
= ﬁgx(cl[gﬂyv q— U”qy]},lzySYC(le;? (21)

M(X(5/27) = Y(3/27)r)
= g)_(g”’[gﬂl/v tq— vﬂqy} Yca€;? (22)
where X%

Y E” ) denotes the final ground-state charmed baryon, and €,
is the polarization vector of the emitted photon.

The radiative decay width can be calculated using the
following formula:

denotes the initial P-wave charmed baryon,

1
YRR MZ 1S IMX YR, (23

X, spins

(X, —Y.y)=

where My _denotes the mass of the initial charmed baryon,
and g 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 W*(l /27), which belongs to the
[65,1,1,4] doublet, into Ei"(3/2%) accompanied by a
photon. To study this transition, we consider the following
two-point correlation function:

¥ (. ) = / e H 02y 10T (0)])

— ! _; ’%;GEH%_]_)E:W((U, '), (24)

where
K=k+qg o =v-kK,0o=uv-k, (25)
with kﬂ, k,, and g, denoting the four-momenta of the initial

baryon, final baryon, and photon, respectively.
The interpolating fields Jgri- 1 4(x) and 1’14( ) have
been systematically constructed in Refs. [33,51] as follows:

i€ ape ([Dfu (x)]Cris® (x)
+ul (x)Cri[Dfs" (x)])or" i (x).  (26)

Jerp1a(x) =

Jé;«#r ()C) = eabc[uaT(x)Cyvsb (X)]

X (—gf,‘” +;r’fﬂ> h(x), (27)

where h§(x) denotes the heavy quark field.
At the hadronic level, the function Gg/-i- oay (0, @)

contains the following pole contribution derived from the
double dispersion relation
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fHH»[l f-—*Jr
GE/+ LN (60, a)/) = geitil-smrt X = )
ChT-ESY BBy (AE?[{] _ )(A~*+ —a))

(28)

where the ellipsis denotes contributions from higher excited states and continuum.
At the quark-gluon level, the two-point correlation function IT#(w,®’) can be evaluated using the operator product
expansion (OPE). Through this procedure, we extract the invariant function Gz [%—]_>32+y(a), '), which encapsulates the

short-distance dynamics of the transition

G-z (@ )

[¢%) X , X s a . s . s t2 .
_ / d[/ duel(l—u)w tpiumt o 8(6 f33’ll/ (M)MU q _ ¢ ¢7(u))ﬂ/”} 4q <qq> <§S> —M<9355G5><§s>

4871212 72 1152
euf3yl//a(u)u1j " q _ eu¢y(u>)(msuv q _ eu¢y(u>)ﬂ/”} q . euf3yl//a(u>mst2u7j q
T 24721 ) 72 (ga){ss) + 1152 (3s)
_ euq’)y(u))(tzuv q, < it a2+ua3) iwt(1—ay—uaz) f37 ( )WU q f37 ( )’U 4
1152 <qq> <QSSO'GS / dt/ dl/lD(X@ 2477: t2 + 2477: t2
_IyA@v-g_ fyV@we-q ifyA©-9)P ifs V@) ifyAl@wv-q) ifyV@w( - q)
247%2 8721 247%¢ 247%¢ 247t 247t
_ if3yv4(2)az(” : Q)z _ if3},V(g)a2(v : Q) lf37 ( )waz(v Q) lf3y ( )Waz(” 6])
247t 2472t 247t 247t
_ l.f3},A(g)Wa3(U : q) lfg}' ( )W(Z3(’U q) lf3y ( )W a:;(l) Q) lf3y ( )W (X3(1} Q) (e —e ) (29)
2472t 2472t 24x2t 2472t s we

After performing the double Borel transformation with respect to the variables @ and @', introducing the Borel
parameters 7 and T,, respectively, we obtain the following expression for the transformed correlation function:

e TR
7] v (A—~+[l—] - a)’)(A:H - (l))

= 8% (=X (ag) (5) (T2, (22 ) 2 b, (uto)u (9,30Gq) (55) -2 b, (o) — <™ (55) 0 (g g

- 72 V4 N7 ) quy Pritorto = 1152”” D351 Gy Pritto o = sy = W31 G, W
— 2 (@a)o,50Gs) o o)t - S % )4f3< ) v + S5 G (%) ot
—%@K/M&Sﬂ”)z]pl(%)% , (o) g — 24 = 4f3(w7)— (uo ”0)

f37 4 % l-m; d d Uugy d Ug d
( 877:2”0 f3 / d052 [ da3 3(13 ad'; A(Q) 3@3 6113 V(g) + 3613 0a3 A(g) + as 003 V<g)

3=

f3 4f3< )/ da2/1 azda3<1 L A - E @)+ A - g

2472 ug e, a3 0 a3 0 a3 00> a3 0d2
Zj(f:%A(g) - Z;‘;V(Q) - ”g‘fang(g) + ”g?aa:%wg) - ”‘g‘f;mg) o ;;V@
-8 @) -1 V@) e - ) 30
In the above expressions, uy = TIQTZ = TT11+TT22 falx)=1—e*>71, ’,‘{—k, and e, ,/; denotes the electric charge of the up/

down/strange quark, respectively.
Egs. (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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—wp 3t
=G

—sp 13+
=g

(e) )

FIG. 2. Feynman diagrams for the process /" (1/27)

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]:

(gq) = —(0.24 GeV)
(55) = (0.8 £0.1) x (gq),
(*GG) = (0 48 +0.14) GeV*4,
(9:0Gq) = MG x (qq),
(9,56Gs) = M x (),
M2 =0. 8 GeV2. (31)

We perform the analysis at the symmetric point
T, =T, =2T, which corresponds to ug = 1/2. Under
this condition, the coupling constant g+ =+, depends

on two free parameters: the threshold Value w, and the
Borel mass 7. Following the setup listed in Table I, we
choose the central value 7 =0.34 GeV and
o, = 1.72 GeV, and plot the dependence of gt i-]-Ety
on 7T in Fig. 3. From this analysis, we obtain the coupling
constant and corresponding decay width as

9 -z = 004720015, (32)

ooz gy, = 6976, keV. (33)
The quoted uncertainties originate from the variation of the
threshold value w,, the Borel mass 7, 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
SU(3) flavor 6y multiplets: [67,1,0,p], [67,0,1,4],
[67,1,1,7],and [6,2, 1, A]. Their members are categorized
as follows:

-~ BT (3/2)y.

(i) The [67,1,0,p] doublet contains XF(1/27),
$H(3/20), EEH(1/2), EE(3/2), T2(1/20),
$(3/27), E(1/27), EF(3/2). E0(1/20),
E0(3/27), ©0(1/27), and Q(3/27).

(i) The [67,0,1,4] singlet contains Xf(1/27),
EH(1/20), B2(1/2), BH(1/20), B2,
and Q0(1/27).

(iii) The [65,1,1,4] doublet contains X} (1/27),
EH(3/20), T2, G20, 212,
X2(3/27), E(1/27), EF(3/27). EP(1/20),
20(3/27), Q0(1/27), and QO(3/27).

(iv) The [6,2,1,4 doublet contains XF(3/27),
EH(5/27), T3/, SEH(5/2), XU(3/20),
£0(5/27), EF(3/2). EF(5/2). BN/,

E0(5/27), ©2(3/27), and Q9(5/27).
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 =, 2, and Q, baryons are summarized in Tables II-1V,
respectively.

0.20 ; 0.20
—_— 1
L i
[3) L ! A
o) 0.15 ! 0.15
= i
+ 1
nv 0.10t ! 10.10
I i
N !
= 0.05¢ : 10.05
i !
~ 1
(e} 1
ob— : 0
025 0. 30 0.34 0. 38 0. 42 0. 45 0.50
Borel Mass [GeV]
FIG. 3. The coupling constant gg-i-)_z:+, With respect to the

Borel mass 7. Here the charmed béryon H*(l /27) belonging to
the [61, 1, 1, 4] doublet is investigated.
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TABLE II. Radiative decay widths of the P-wave charmed baryons X. belonging to the SU(3) flavor 6 representation.
Multiplets  Baryon (j7) Mass (GeV) Difference (MeV)  Decay channels  Coupling (GeV~™') Width (keV) Total (keV)
[6£.0.1.0]  x.() 2.83+£0.05 Tr(d) - =ty 0.3019:07 36059 9901779
) - =ty 0.36:506 63075},
THE) - =ity 1.201037 58003200 2200015000
i) - ity 1401042 160001 7400°
20(47) = 2y 0.6210:16 15005%° 400013000
237) = X0 0.72:5:13 250011300
6 1,1,2] X)) 2734017 6+3 ) - Xty 0.039:0917 26574 100004500°
@) -xy 0028 08093
SH() ~ Aly 1397, 10000750
G - =y 0.16256 14773 275
S - S 0091500 134
2 - 007908 1 154
=05) ~ T 0046802 35553
() 277+017 EF) - =y 0.02870017 211559 24000735000
NG~y 003 08Il
THE) - ity 1.850¢ 2400035000
TG - Ty 0.1119:00 30173 451,20
THE) - =ity 0.14*068 154
20(37) - 2y 0.05670:923 7.95%° 119
2(3) - =iy 0.067+0%1 3.354
62,1, =)  278+0.13 1245 i3 - =ty 0.0987007 26135 3153
SE) om0 5Tl
TG - =y 0.395507 420253 5007550
TIHE) - Tty 0.33509! 907"
() - = 0.20°004 HOTE 130773
20G3) - 520 0.16°9% 2155
() 2.87 +£0.11 TEE) - ity 0.03410%7 58188 5.8108
THE) - Bty 0.147553 985" 98155
2G7) - =0 0.045551 8.516% 8.5%6%
[6r.1.0.p] X))  277+0.14 3£1 TG = Ty 0.083:005% 1745% 23735
TG - Ey 0.04825013 6.2555°
TH (L) - =ity 0.33%15 11007200 150017750
i) - ity 0.1919:9 3901900
2(L7) - =0 0.17+500 290130 390730
237) = Xy 0.096200% 99555

096028-7

(Table continued)



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

TABLE 1I. (Continued)

Multiplets ~ Baryon (j7) Mass (GeV) Difference (MeV)  Decay channels  Coupling (GeV~') Width (keV) Total (keV)

(7)) 279+014 G > =ty 0.05920017 10.0%57° 1915
) -y 010508 9,213}
SHG) = By 0.2455s 680155 13001750
TEH(ET) - ety 0.40%51 5907570
2(4) - =y 0.12700 1705350 3207550
(1) - =iy 0.2019:02 1507330

TABLE III. Radiative decay widths of the P-wave charmed baryons =, belonging to the SU(3) flavor 6, representation.

Multiplets ~ Baryon (j©) Mass (GeV) Difference (MeV) Decay channels Coupling (GeV~!) Width (keV) Total (keV)

[6£.0.1.4] =) 2.90£0.13 EiF(17) - By 0.49*017 6507 15° 15001100
BCGT) — By 0.5615.5 880 50"
E0(7) ~ By 0.78253, 160017500 24001550
20 - OS2 760713
6p.1.1.4] =)  291+012 7+2 B (37) - Bty 0.081:005% 19430 27000135000
B - Bty 0.047:0019 6.9%5%
Er(d) - Ely 2.1598 27000230000
E0(3) - By 0.1119% 3515 1104550
BOG) ~ By 0.0655068 1314
B0() > Bl 0.101008 61147°
2.() 2.95+£0.12 EF(3) - Elfy 0.057+9918 12.053%° 55000183000
BEG) - By 0068100 59553
B3~ Bly 2755 5500057500
BYG) — B 0.080503 2551 4013
EVE) - By 0.097- 005 1243
E0G) ~ B 0.02:! 3155
6r.2.1.4]  E.() 2.78 £0.13 11+5 EiF(37) - Elfy 0.131007 721330 92:45°
B3 - By 0.121506 2053
E0(3) - By 0215014 190750 2407570
=03) — 50 0.197830 501450
E.(3) 2.87£0.11 ErG) - BT 0.05610953 19+ 19+
BG) By 0.086%0G% 4420 441
[6r.1,0.p]  =.() 2884014 3+1 B () - Bty 0.14500] 4417 595"
B () - Bty 0.08270 %0 1553
E0(37) - By 0.1070 03 25537 4714°
B0 > By 0.18%0017 2219
2.() 2.89+0.14 EF(3) - B 0.241010 130280 190139
=) sy 0167 57:40
2GR~ By 017556 15 130235
EN(E) - B0y 0.30%047 62470
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TABLE IV. Radiative decay widths of the P-wave charmed baryons Q. belonging to the SU(3) flavor 6 representation.

Multiplets ~ Baryon (j¥) Mass (GeV) Difference (MeV) Decay channels Coupling (GeV~!) Width (keV) Total (keV)
60.0.1.2 Q)  303+£018 QG = Qr 0.370% 160054290 280045390
QU5 - 0.31204% 12001500
61,12  Q.(1) 3.04£0.10 6+2 Q) - Qly 0.0617005 48°% 6513
Q) = QP 0.022:5510 17432
Q.() 3.07 +0.09 Q3) - QY 0.04370018 302 46150
Q3) - 0.053200% 164
6r.2.1.2  Q.(3°)  3.08+0.19 10+4 Q(3) - QY 0.117950 52110 66 cg"
Q3 - Q% 0.10200% 1441
Q.() 3.14+£0.18 QE) - Q% 0.029109%2 521136 521158
[6£,1,0,p] Q.(1) 2.99 +£0.15 2+1 QL) - QY 0.191097 761170 88210
R~ Q0 00765 1253
Q.() 3.00 £0.15 Q3) - QY 0.09310:957 20153 3218
QG - &y 0.141053 1215

Note that in the analysis we have chosen not to
incorporate the O(1/m,) 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/m, 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 J* = 1/2~ charmed
baryons, as well as among the three J* = 3/2~ states. In
this section we focus on the mixing effects between the
[6£,1,1,4] and [6, 2, 1, 2] multiplets. Our analysis follows
the methodology of Refs. [106,107], which investigates the

strong decay properties of P-wave charmed baryons
belonging to the SU(3) flavor sextet 6.
We explicitly consider the mixing between the

[67,1,1,2] and [67,2,1,1] doublets. The physical states
are related to the HQET basis states via the following
transformation:

() = (Cano o)

|ZC(3/2_), 1, 1,/1>
. <|zc<3/2->,2,1,a>>’ 34)

|2e(3/27))1\ [ cos®  sin@
(\E’c<3/2-)>2> - (—sine cose>

2(3/27), 1,1, 4)
. < zz<3/2->,2,1,z>>’ (35)

(o) = (o t)
RS R

where 6 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 =.(2923)°, =.(2939)°, and
E.(2965)° as the nonmixed =, baryons [Z..(1/27),1,1, ],
[E.(3/27),1,1,4], and [E.(3/27),2,1,4], respectively.
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TABLE V. Mass spectra and decay properties of the P-wave charmed baryons belonging to the SU(3) flavor 6 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
Z.(3).1,1,7] - EG). L1 2735000 2378 [5(Z.(1/27) = Awp = Aorin) = 48779
9.21379 MeV
[g(2:(1/27) = Zep = Xonm) =
1.2f12_'(§ MeV
[g(Z.(1/27) = Z.x) = 375 MeV
D(E9(1/27) = 20) = 1150 keV
L(=2(1/27) - =%) = 3553 keV
(EG). 114 0=37+5  [Z.(G)) 2755317 Ip(Z.(3/27) = Az) = 132 MeV 2472 %,(2800)
[p(Z.(3/27) = Tex) = 3.3543 MeV
[4(Z.(3/27) = Ziz) = 6.47,5° MeV
[(X2(3/27) - 2) = 53713 keV
[(20(3/27) = £%) = 135 keV
(Z(G7).2.1.4] 257 2.80%013 68131 [p(2c(3/27) = Acx) = 2373 MeV 28736
I5(Z.(3/27) = Zix) = 3.551 MeV
[(Z2(3/27) = Zly) = 5470 keV
[(20(3/27) —» =i%) = 7.9533 keV
(Z.(G7).2. 1.4 (£.(G7).2. 1,4 287404} Tp(2:(5/27) = Acx) = 127° MeV 135°
I'p(Z.(5/27) = Z.x) = 0.395073 MeV
Ip(Z.(5/27) = Ziz) = 0.61%4 MeV
[(2(1/27) —» 20%) = 8.5722 keV
[2.(57),1,1,4] E.d). L1 291500 2748 T5(Ec(1/27) = Bep > Eear) = 1417 E.(2923)
17576 MeV
N(E2(3/27) = E9) = 357 keV
[g(2L(1/27) —» ELx) = 1213 MeV
[(E2(3/27) = 2:%) = 1372 keV
[E.G7).1.1,4 0=37+£5 |2,(37)), 2.947012 Ip(EL(3/27) = AK) = 237" MeV 1210 2.(2939)

Ip(EL(3/27) = E.xm) = 4.67%) MeV
I'p(EL(3/27) = ELx) = 2.0172 MeV
[5(EL(3/27) - Ein) = 2.1778 MeV
[(EF(3/27) —» Eify) = 52138 keV
)

D(E2(3/27) = EPy) = 1301° keV
[(22(3/27) — E%) = 41+ keV

096028-10
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TABLE V. (Continued)

Mass (GeV) Difference (MeV)

Decay channel

Width (MeV) Candidate

HQET state Mixing Mixed state
[E:G7).2.1.4] =AC
B2 1.4 B2 1
Q.(3)-1.0.p] [Q.(37).1.0.p]
[er(%_)’ ]’0’p] [sz(%_)’ 1’0’p]
[@.(37).1,1.4] [©.(37).1,1,4]
Q.G 0=37+£5 |Q.(
[Q:(3).2.1.4] Q.5
2.3).2.1.4) Q3. 2.1.4]

2.9750%

3024023

2997013

0.15
3~00to,115

3.04104s

3.067009

3.09507

0.21
314701

56739

1213

278

5173

[p(EL(3/27) = AK) = 6.37)55 MeV
[p(EL(3/27) = B.x) = 1117 MeV
T5(8.(3/27) — Ein) = 13555 MeV

T(E£(3/27) = Bity) = 22577 keV
[(Ef(3/27) —» Eity) = 4.61)5° keV
[(E(3/27) - E%) = 6371 keV
[(22(3/27) - E%) = 12+ keV

Ip(EL(5/27) = AK) = 6.35,L* MeV
[p(EL(5/27) = E.xr) = 9.6 158 MeV
[p(EL(5/27) = Eix) = 1.5736 MeV

T(E0(3/27) = Eify) = 441" keV

[(Q(1/27) —» Q%) = 76731° keV
r(Q0(3/27) = Q) = 2043 keV
0(QY(1/27) - Q) = 4819 MeV
T(Q2(1/27) —» Q%) = 174} keV
Ip(Q.(3/27) = E.K) =2.053 MeV
[(Q2(3/27) = Q%) = 1607 keV
T(Q0(3/27) - Q%) = 491% keV
Ip(Q.(3/27) - E.K) = 6.31,* MeV
[(Q2(3/27) —» Q) = 18730 keV
(Q2(3/27) — Q%) = 3.747% keV
I'H(Q.(3/27) - E.K) =5.51]¢ MeV
T(QY(5/27) — Q%) = 521140 keV

1972 E,(2965)

1812

#0 Q.(3000)

#0

#0 Q,(3050)

2.0133 Q. (3066)
64112 Q.(3090)
55199 Q.(3119)

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

=)

mass splitting within the [E, 1, 1, 4] doublet

(i) The mass splitting between the Z.(2923)° and

E.(2939)°  was

measured by LHCb

to be

15.51 MeV, while the mass splitting between
[E.(1/27),1,1,4] and [E.(3/27), 1, 1, 1] was calcu-

lated to be 38 4+ 14 MeV.

(ii) The total widths of the Z.(2939)° and E.(2965)°
were measured by LHCb to be 10.2 MeV and
14.1 MeV, respectively. However, the total widths
of [B.(1/27),1,1,4] and [E.(3/27),1,1,4] were
calculated to be 4.473] MeV and 317}; MeV,

respectively.

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

096028-11

preted as the mixed E.
=.(3/27)),, respectively.

=/
—c

Mz 211"
Uiz 3/27).0,140
Mg, /27200

Ui G/ 2.1"

=/

2957012 GeV — 2.947012 GeV,
44733 MeV — 127]° MeV,
2.961014 GeV - 29770 GeV,
3155 MeV - 1972 MeV,

: 38715 MeV — 27115 MeV,

4 66132 MeV — 56737 MeV.

E.(3/27))

[E.(3/27),1,1, 4 and [E|.(3/27), 2, 1, 4], and decreases the

Now, the E.(2939)° and Z.(2965)° can be better inter-
baryons

and
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In this paper, we adopt the same mixing angle 0 =
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
[E.(3/27),1,1,4] and [E.(3/27),2, 1, 4] as follows:

Dizo3/a).1 1050, 0 2555] keV — 13070 keV,

Cizogs/a) 21020, 1901750 keV — 63745 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
SU(3) flavor 65 representation, within the framework of
heavy quark effective theory (HQET). The resulting decay
amplitudes are summarized separately in Tables II-IV for
the X., E., and Q. 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 SU(3) flavor 6, 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 [67,1,1,4] and [67,2,1,4] 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 Q%(17) and Q2(37)

baryons, which belong to the [6, 1,0, p] doublet,
are both calculated to be zero in Ref. [106]. In the

present study their radiative decay widths are calcu-
lated to be 76777° keV and 20737 keV, respectively.
The Q.(3000)° can be interpreted as either of these
states, and we propose to confirm this assignment
through the Q% decay channel.

(i) The strong decay widths of the Q2(37) and Q2(37)
baryons, which belong to the [6, 1, 1, 4] doublet, are
calculated in Ref. [106] to be zero and 2.0732 MeV,
respectively. In the present study their radiative
decay widths are calculated to be 487¢) keV and
1607¢5" keV, respectively. The €.(3050)° and
Q.(3066)° could be interpreted as their experimental
candidates, and we propose to confirm these assign-

ments via the Q(C*)Oy decay channels.

We propose further study of these radiative decay channels

in future Belle-II, BESIII, and LHCb experiments.
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