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We conduct an investigation on the 1P- and 2P-wave charmed baryons using the methods of QCD sum
rules and light-cone sum rules within the framework of heavy quark effective theory. Our results suggest
that the Λcð2910Þþ, Λcð2940Þþ, and Ξcð3123Þþ can be well interpreted as the 2P-wave charmed baryons
of JP ¼ 1=2− and 3=2−, belonging to the SUð3Þ flavor 3̄F representation. Moreover, the Ξcð3123Þþ
possesses a partner state characterized by JP ¼ 1=2−, denoted as Ξcð1=2−; 2PÞ. Our analysis predicts its
mass and width to be mΞcð1=2−;2PÞ −mΞcð3123Þþ ¼ −18� 7 MeV and ΓΞcð2P;1=2−Þ ¼ 31þ170

−27 MeV, with
mΞcð3123Þþ ¼ 3122.9� 1.3 MeV. We propose to search for it in the Ξcð1=2−; 2PÞ → ΣcK decay channel.

DOI: 10.1103/PhysRevD.109.036032

I. INTRODUCTION

The electromagnetic interaction within the deuterium
atom contributes to its spectral fine structure, as supported
by several studies [1–5]. Similarly, the strong interaction
within the singly heavy baryon, constituted by a heavy
quark and two light quarks orbiting around the relatively
motionless heavy quark, results in the splitting of the hadron
spectroscopy. Hence, this system serves as an excellent
framework for investigating this phenomenon [6–12] and
has attracted significant attentions from both experimental
and theoretical communities.
In recent years, substantial strides have been made in

the field of heavy baryons. Through both experimental
inquiry and theoretical exploration, all ground-state
charmed baryons have been accurately identified [13].
Furthermore, various research collaborations have deter-
mined the spin-parity quantum numbers of the lowest-lying
orbitally excited charmed baryons, namely, Λcð2595Þ [14],
Λcð2625Þ [15], Ξcð2790Þ [16], and Ξcð2815Þ [17]. Sub-
sequently, several newly discovered excited charmed bary-
ons, such as Λcð2765Þ [18], Λcð2860Þ [19], Λcð2880Þ [18],
Λcð2910Þ [20], Λcð2940Þ [19], Ξcð2980Þ [21], Ξcð3055Þ
[22], Ξcð3080Þ [23], and Ξcð3123Þ [22], arising from both
B-decay and eþe− → cc̄ scattering processes, have been
observed by the BABAR, Belle, and LHCb Collaborations.
We extract some experimental measurements as follows:

(i) In 2006 the BABAR Collaboration observed
two narrow charmed baryons, Λcð2880Þþ and
Λcð2940Þþ [24], in the D0p mass distribution.
Particularly, the LHCb Collaboration subsequently
confirmed the Λcð2940Þ [19], and its decay to
Σcð2455Þ0;þþπ� was also observed by Belle [25].
Its mass and width were measured to be

Λcð2940Þþ∶ M ¼ 2939.8� 5.6� 3.8 MeV;

Γ ¼ 17.5� 5.2� 5.9 MeV; ð1Þ

(ii) In 2007 the BABAR Collaboration reported two
charm-strange baryons, Ξcð3055Þþ and Ξcð3123Þþ
[22], in the Λþ

c K−πþ mass distribution, with the
parameters of Ξcð3123Þþ measured as

Ξcð3123Þþ∶ M ¼ 3122.9� 1.3� 0.3 MeV;

Γ ¼ 4.4� 3.4� 1.7 MeV; ð2Þ

(iii) In 2022 the Belle Collaboration discovered a new
structure in the Σcð2455Þ0;þþπ� spectrum with a
significance of 4.2σ [20]. This state is tentatively
named Λcð2910Þþ. Its mass and width were mea-
sured to be

Λcð2910Þ0∶ M ¼ 2913.8� 5.6� 3.8 MeV;

Γ ¼ 51.8� 20.0� 18.8 MeV: ð3Þ

The Particle Data Group (PDG) have assigned accurate
JP values to the Λcð2860Þð3=2þÞ, Λcð2880Þð5=2þÞ,
Λcð2940Þð3=2−Þ, and Ξcð2980Þð1=2þÞ, while the proper-
ties of Λcð2765Þ, Λcð2910Þ, Ξcð3055Þ, Ξcð3080Þ, and
Ξcð3123Þ remain uncertain. A rough estimation of their
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possible spin-parity values can be made based on the mass
discrepancy between the Ξc baryons and their correspond-
ing Λc baryons. Table I presents all the Λc and Ξc baryons
recorded in PDG, with the final column indicating an
approximatemass difference of 200MeVbetweenΞc andΛc

baryons. Hence, it is logical to assign JP ¼ 1=2þ, 3=2þ,
5=2þ, and 3=2− to the Λcð2765Þ, Ξcð3055Þ, Ξcð3080Þ,
and Ξcð3123Þ baryons, respectively. Considering that the
Λcð2910Þ recently observed by Belle likely corresponds to a
companion state of Λcð2940Þ, it follows that there may also
exist a corresponding missing companion state of Ξcð3123Þ.
The singly charmed baryon system has attracted numer-

ous experimentalists and theorists to study them. However,
it remains a challenging issue to fully comprehend their
internal structures. Various theoretical methods and models
have been applied in this field, including various quark
models [26–41], the chiral perturbation theory [42–47], the
chiral effective field theory [48–50], various molecular
interpretations [51–57], the Regge trajectory [35,58], the
3P0 model [59–61], the relativistic flux tube model [62,63],
QCD sum rules [64–73], and the lattice QCD [74–77]c.
Their production and decay properties have been exten-
sively studied in Refs. [59,60,78,79], and various reviews
[80–84] provide insights into the recent progress.
The higher states Λcð2910Þþ and Λcð2940Þþ among the

Λc family have sparked considerable interest among
theorists due to certain perplexing issues. The quantum
number JP ¼ 3=2− is favored for Λcð2940Þþ according
to the LHCb result, while its mass is roughly 60 MeV
smaller than the expected Λcð3=2−; 2PÞ state in the quark
models [35,36,63]. Furthermore, the mass of its partner
state Λcð1=2−; 2PÞ is only slightly lighter than that of
Λcð3=2−; 2PÞ, suggesting that their masses are expected to
exceed 3 GeV. Alternative interpretations of Λcð2940Þþ
could involve the introduction of the D�N channel con-
tribution, as proposed in Refs. [41,57]. These studies
propose that the Λcð2940Þþ is probably the isoscalar
D�N molecule encompassing both spin-1

2
and spin-3

2
struc-

tures. However, the higher mass of the Λcð1=2−Þ state leads
to a mass inversion. Consequently, it is crucial to verify
the quantum numbers of Λcð2910Þ and Λcð2940Þ through
further experimental measurements and theoretical research.

In the present study we primarily focus on the analyses of
the mass spectral and decay properties of the Λcð2910Þ,
Λcð2940Þ, and Ξcð3123Þ charmed baryons using the QCD
sum rules and light-cone sum rules within the heavy quark
effective theory (HQET) framework. We examine their
S- andD-wave decays into theground-state charmedbaryons
with light pseudoscalar or vector mesons, and calculate the
relevant partial widths. The results obtained further support
the identification of Λcð2910Þ, Λcð2940Þ, and Ξcð3123Þ as
2P-wave charmed baryons of the SUð3Þ flavor 3̄F.
Furthermore, based on our previous work [85], we desig-
nated the Λcð2595Þ, Λcð2625Þ, Ξcð2790Þ, and Ξcð2815Þ as
the 1P-wave charmed baryons. Considering that theP-wave
interpolating currents derived from Ref. [86] can couple into
both 1P- and 2P-wave states, it is reasonable to regard the
Λcð2910Þ,Λcð2940Þ, andΞcð3123Þ as the first radial excited
states of the Λcð2595Þ, Λcð2625Þ, and Ξcð2815Þ. Addi-
tionally, it is noteworthy that a 2P-wave charmed baryon, the
partner state of the Ξcð3123Þ, remains undiscovered. In this
paper we shall calculate its mass and decay properties.
This paper is organized as follows. In Sec. II we briefly

introduce our notations and apply the QCD sum rule method
to calculate the masses of Λcð2910Þ, Λcð2940Þ, and
Ξcð3123Þ as 2P-wave charmed baryons of the SUð3Þ flavor
3̄F. The obtained parameters are further used to study their
decay properties through the light-cone sum rule method in
Sec. III. In Sec. IV we discuss the results and conclude
this paper.

II. MASS ANALYSES FROM QCD SUM RULES

A charmed baryon consists of a heavy charm quark and
two light up/down/strange quarks. Its internal structure
encompasses various properties, such as the color, flavor,
spin, and orbital degrees of freedom. Notably, the orbital
excitation of a P-wave charmed baryon can occur between
the charmed quark and the light quarks, and it can also
occur within the two light quarks. The former is known as
the λ-mode excitation, characterized by lλ ¼ 1 and lρ ¼ 0,
while the latter is termed as the ρ-mode excitation with
lλ ¼ 0 and lρ ¼ 1, as depicted in Fig. 1. When investigating
the singly charmed baryon, it is crucial to consider the
properties of the two light up/down/strange quarks:

TABLE I. The experimental information of Λc and Ξc baryons. Their masses and decay widths (in units of MeV) are taken from PDG
[13]. The mass differences between the Λc and Ξc baryons are listed in the last column.

Baryons JP Mass Width Baryons JP Mass Width ΔM

Λcð2286Þþ 1=2þ 2286.46� 0.14 � � � Ξcð2468Þ0 1=2þ 2470.88þ0.34
−0.80 � � � 184.42þ0.37

−0.81
Λcð2595Þþ 1=2− 2592.25� 0.28 2.6� 0.6 Ξcð2790Þ0 1=2− 2791.8� 3.3 10.0� 1.1 199.6� 3.3
Λcð2625Þþ 3=2− 2628.11� 0.19 <0.97 Ξcð2815Þ0 3=2− 2819.6� 1.2 2.5� 0.2 191.5� 1.2
Λcð2765Þþ ?? 2766.6� 2.4 50 Ξcð2980Þ0 1=2þ 2968.0� 2.6 20� 7 201.4� 3.5
Λcð2860Þþ 3=2þ 2856.1þ2.3

−5.9 67.6þ11.8
−21.6 Ξcð3055Þþ ?? 3054.2� 1.3 17� 13 198.1þ2.6

−6.0
Λcð2880Þþ 5=2þ 2881.53� 0.35 5.8� 1.1 Ξcð3080Þ0 ?? 3079.9� 1.4 5.6� 2.2 198.4� 1.4
Λcð2940Þþ 3=2− 2939.3þ1.4

−1.5 20þ6
−5 Ξcð3123Þþ ?? 3122.9� 1.3 4� 4 183.6þ1.9

−2.0
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(i) Their color structure is antisymmetric (3̄C).
(ii) Their flavor structure is either symmetric (6F) or

antisymmetric (3̄F).
(iii) Their spin structure is either symmetric (sl ¼ 1) or

antisymmetric (sl ¼ 0).
(iv) Their orbital structure is either symmetric (λ-mode)

or antisymmetric (ρ-mode).
Applying the Pauli principle to the two light quarks, we

can categorize the P-wave charmed baryons into eight
multiplets, denoted as ½FðflavorÞ; jl; sl; ρ=λ�. In this notation
jl ¼ lλ ⊗ lρ ⊗ sl represents the total angular momentum of
the light components. Each multiplet encompasses one or
two baryons with the total angular momenta given by
j ¼ jl ⊗ sc ¼ jjl � 1=2j. Within the framework of QCD
sum rules, we can construct the corresponding interpolating
currents J

α1���αj−1=2
j;P;F;jl;sl;ρ=λ

, which couple to the charmed baryons
belonging to the ½F; jl; sl; ρ=λ� multiplet through

h0jJ
α1���αj−1

2

j;P;F;jl;sl;ρ=λ
jj; P; F; jl; sl; ρ=λi ¼ fF;jl;sl;ρ=λu

α1���αj−1
2 ;

with fF;jl;sl;ρ=λ the decay constant.
As shown in Fig. 1, there are four multiplets belonging to

the SUð3Þ flavor 3̄F representation. In this work we assume
that the Λcð2910Þ, Λcð2940Þ, and Ξcð3123Þ are the 2P-
wave charmed baryons of JP ¼ 1=2− and JP ¼ 3=2−

belonging to the ½3̄F; 1; 1; ρ� doublet. Accordingly, we
use the following currents to study them [86]:

J1=2;−;3̄F;1;1;ρ ¼ iϵabcð½Dμ
t qaT �Cγνt qb − qaTCγνt ½Dμ

t qb�Þσμνhcv;
ð4Þ

Jα
3=2;−;3̄F;1;1;ρ

¼ iϵabcð½Dμ
t qaT �Cγνt qb − qaTCγνt ½Dμ

t qb�Þ

×

�
gαμt γνt γ5 − gανt γμt γ5 −

1

3
γαt γ

μ
t γ

ν
t γ5 þ

1

3
γαt γ

ν
t γ

μ
t γ5

�
hcv:

ð5Þ
Here, a � � � c represent color indices, C denotes the charge-
conjugation operator, Dμ

t ¼ Dμ − v ·Dvμ, γνt ¼ γν − vvν,

and gρβt ¼ gρβ − vρvβ. The covariant derivative operator has
been explicitly added to these currents.

A. The sum rules at the leading order (mQ → ∞)

In this study we assume that the current J1=2;−;3̄F;1;1;ρ can
couple into both the 1P-wave charmed baryons
Λcð1=2−; 1PÞ and Ξcð1=2−; 1PÞ as well as the 2P-wave
excitations Λcð1=2−; 2PÞ and Ξcð1=2−; 2PÞ. Similarly, the
current J3=2;−;3̄F;1;1;ρ can also couple into both 1P- and
2P-wave charmed baryons with JP ¼ 3=2−. If the two light
quarks inside a charmed baryon are the up and down
quarks, the currents are associated with the Λc; if one of the
two light quarks is a strange quark, the currents correspond
to the Ξc. Then, the relation between the state and the
relevant interpolating field is

h0jJ1=2;−;3̄F;1;1;ρðxÞjΛcð1=2−; 1P=2PÞi
¼ fΛcð1=2−;1P=2PÞuðxÞ; ð6Þ

h0jJ1=2;−;3̄F;1;1;ρðxÞjΞcð1=2−; 1P=2PÞi
¼ fΞcð1=2−;1P=2PÞuðxÞ; ð7Þ

h0jJ3=2;−;3̄F;1;1;ρðxÞjΛcð3=2−; 1P=2PÞi
¼ fΛcð3=2−;1P=2PÞu

αðxÞ; ð8Þ

h0jJ3=2;−;3̄F;1;1;ρðxÞjΞcð3=2−; 1P=2PÞi
¼ fΞcð3=2−;1P=2PÞu

αðxÞ; ð9Þ

where fΛcð12−;1P=2PÞ, fΞcð12−;1P=2PÞ, fΛcð32−;1P=2PÞ, and
fΞcð32−;1P=2PÞ are the decay constants, and uðxÞ and uαðxÞ
denote the Dirac and Rarita-Schwinger spinors. These
currents can be used to construct the two-point correlation
function:

FIG. 1. P-wave heavy baryons belonging to the SUð3Þ flavor 3̄F representation.
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Πα1���α−j−1=2;β1;���βj−1=2
j;P;F;jl;sl;ρ=λ

ðωÞ

¼ i
Z

d4xeikxh0jT½Jα1���α−j−1=2j;P;F;jl;sl;ρ=λ
ðxÞJ̄β1;���βj−1=2j;P;F;jl;sl;ρ=λ

ð0Þ�j0i

¼ S½gα1β1t � � � gαj−1=2βj−1=2t � 1þ v
2

Πj;P;F;jl;sl;ρ=λðωÞ; ð10Þ

where ω ¼ v · k is external off-shell energy and S denotes
symmetrization and subtracting the trace terms in the sets
(α1 � � � αj−1=2) and (β1 � � � βj−1=2).
We employ the four distinct currents for QCD sum rule

analyses: J1=2;−;3̄F;1;1;ρ, J3=2;−;3̄F;1;1;ρ, J1=2;−;3̄F;1;0;λ, and
J3=2;−;3̄F;1;0;λ. As an illustration of our methodology, we
choose the current J1=2;−;3̄F;1;1;ρ to elucidate how to extract
the masses of Λcð12−; 1PÞ and Λcð12−; 2PÞ. We can write
Eq. (10) at the hadron level as

Π1=2;−;3̄F;1;1;ρðω;ω0Þ

¼
f2Λcð12−;1PÞ

Λ̄Λcð12−;1PÞ − ω
þ

f2Λcð12−;2PÞ
Λ̄Λcð12−;2PÞ − ω0 þ higher states: ð11Þ

In this equation Λ̄Λcð12−;1P=2PÞ is defined to be

Λ̄Λcð12−;1P=2PÞ ≡ limmc→∞ðmΛcð1=2−;1P=2PÞ −mcÞ. To depress
the influence of higher-order power, a Borel transformation
is performed as

Π1=2;−;3̄F;1;1;ρ ¼ f2Λcð12−;1PÞ
e
−Λ̄Λcð12

− ;1PÞ=T

þ f2Λcð12−;2PÞ
e
−Λ̄Λcð12

− ;2PÞ=T: ð12Þ

At the quark-gluon level Eq. (10) can be calculated by
the method of operator product expansion (OPE). We first
insert Eq (4) into Eq. (10), and then perform the Borel
transformation:

Π1=2;−;3̄F;1;1;ρðω0
c; TÞ

¼
Z

ω0
c

0

e−ω=T
�
3ω7

35π4
−
hg2sGGiω3

48π4

�
dω

−
hgsq̄σGqihq̄qi

4
−
hgsq̄σGqihgsq̄σGqi

64T2

¼
Z

ωc

0

e−ω=T
�
3ω7

35π4
−
hg2sGGiω3

48π4

�
dω

−
hgsq̄σGqihq̄qi

4
−
hgsq̄σGqihgsq̄σGqi

64T2

þ
Z

ω0
c

ωc

e
−ω
T

�
3ω7

35π4
−
hg2sGGiω3

48π4

�
dω

¼ ΠΛcð12−;1PÞðωc; TÞ þ ΠΛcð12−;2PÞðωc;ω0
c; TÞ: ð13Þ

Finally, we differentiate Eqs. (11) and (13) with respect to
ð−1=TÞ to obtain Λ̄Λcð12−;1P=2PÞ and fΛcð12−;1P=2PÞ:

Λ̄Λcð12−;1PÞ ¼
∂

∂ð−1=TÞΠΛcð12−;1PÞ
ΠΛcð12−;1PÞ

; ð14Þ

fΛcð12−;1PÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΠΛcð12−;1PÞe

Λ̄Λcð12
− ;1PÞ=T

r
; ð15Þ

Λ̄Λcð12−;2PÞ ¼
∂

∂ð−1=TÞΠΛcð12−;2PÞ
ΠΛcð12−;2PÞ

; ð16Þ

fΛcð12−;2PÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΠΛcð12−;2PÞe

Λ̄Λcð12
− ;2PÞ=T

r
: ð17Þ

Quark and gluon condensates, in fact, serve as tangible
manifestations of the distinctive nature of QCD vacuum
properties in contrast to the perturbative vacuum. The
QCD physical vacuum is wholly shaped by nonperturba-
tive interactions, consistently interacting with quarks and
gluons, thus exerting influence on the propagation of these
particles. This vacuum interaction with quarks or gluons
entails zero momentum transfer and manifests large-
distance behavior, defined by a scale denoted as ΛQCD.
The reliability of vacuum condensates, up to dimension five
(D ¼ 5), is firmly anchored in empirical observations.
Regarding dimension six (D ¼ 6) three-gluon condensate,
a correlation can be established with dimension four
(D ¼ 4) two-gluon condensate within the diluted instanton
gas model. Higher-dimensional condensates can be dedu-
ced by amalgamating fundamental dimension condensates,
albeit with a subsequent escalation in numerical uncer-
tainty. To ensure result reliability, the OPE must confirm
the predominance of contributions up to D ¼ 6, relegating
those beyond to minor corrections. Undoubtedly, the
discussion about the convergence of the OPE emphasizes
its crucial significance. In the calculations we work at the
renormalization scale of 1 GeVand use the condensates and
other parameters with the following values [87–93]:

hq̄qi ¼ −ð0.24� 0.01 GeVÞ3;
hs̄si ¼ ð0.8� 0.1Þ × hq̄qi;

hgsq̄σGqi ¼ M2
0 × hq̄qi;

hgss̄σGsi ¼ M2
0 × hs̄si;

M2
0 ¼ 0.8 GeV2;

hg2sGGi ¼ ð0.48� 0.14Þ GeV4;

mc ¼ 1.275� 0.035 GeV;

ms ¼ 128þ12
−4 MeV: ð18Þ

Equations (14)–(17) imply that the mass and decay
constant depend on three free parameters: the threshold
values ωc and ω0

c as well as the Borel mass T. There are
three criteria to restrict these three parameters: (a) the
convergence (CVG) of OPE requires that the high-order
power corrections (D ¼ 8 and D ¼ 10) are less than 10%;
(b) we require the pole contribution (PC) of OPE to be

HUI-MIN YANG and HUA-XING CHEN PHYS. REV. D 109, 036032 (2024)

036032-4



larger than 15% and 30% with respect to the thresholds ωc
and ω0

c, respectively; and (c) the mass dependence on these
three parameters is sufficiently stable:

CVG≡
���� Πhigh−order

1=2;−;3̄F;1;1;ρ
ðTÞ

Π1=2;−;3̄F;1;1;ρð∞; TÞ
���� ≤ 10%; ð19Þ

PC≡ Π1=2;−;3̄F;1;1;ρðω0
c; TÞ

Π1=2;−;3̄F;1;1;ρð∞; TÞ ≥ 30%; ð20Þ

PC0 ≡ Π1=2;−;3̄F;1;1;ρðωc; TÞ
Π1=2;−;3̄F;1;1;ρð∞; TÞ ≥ 15%; ð21Þ

where Πhigh−order
1=2;−;3̄F;1;1;ρ

ðTÞ is used to denote the high-order

power corrections

Πhigh−order
1=2;−;3̄F;1;1;ρ

ðTÞ¼−
hgsq̄σGqihq̄qi

4
−
hgsq̄σGqihq̄gsσGqi

64T2
:

ð22Þ
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FIG. 2. Variations of CVG (left), PC0 (middle), and PC (right), as defined in Eqs. (19)–(21), with respect to Borel mass T, when
J1=2;−;3̄F;1;1;ρ is adopted. In the middle panel the short-dashed, solid, and long-dashed curves are obtained by fixing ω0

c ¼ 1.47 GeV,
1.57 GeV, and 1.67 GeV, respectively. In the right panel the short-dashed, solid, and long-dashed curves are gained by setting
ωc ¼ 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively.

FIG. 3. Variations of Λ̄Λcð1PÞ;1;1;ρ with respect to (a) the Borel mass T and (b) the threshold value ωc, as well as variations of
Λ̄Λcð2PÞ;1;1;ρ with respect to (c) the Borel mass T and (d) the threshold value ω0

c, when J1=2;−;3̄F;1;1;ρ is adopted. In (a) the short-dashed,
solid, and long-dashed curves are obtained by fixing ωc ¼ 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively. In (c) the short-dashed,
solid, and long-dashed curves are obtained by fixing ω0

c ¼ 1.47 GeV, 1.57 GeV, and 1.67 GeV, respectively. In (b) and (d) the short-
dashed, solid, and long-dashed curves are gained by setting T ¼ 0.260 GeV, 0.264 GeV, and 0.266 GeV, respectively.
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We determine a Borel window Tmin ≤ T ≤ Tmax with
fixed values of ω0

c and ωc. These parameters, ω0
c and ωc,

are two independent variables setting at 1.57 GeV and
1.20 GeV, respectively, in order to accurately accommodate
the masses of Λcð1=2−; 1PÞ and Λcð1=2−; 2PÞ. In this
study we derive an interval of 0.260 GeV ≤ T ≤
0.266 GeV for ω0

c ¼ 1.57 GeV and ωc ¼ 1.20 GeV.
To provide a clear visualization, we show the variations

of CVG, PC0, and PC with respect to the Borel mass T in
Fig. 2. Additionally, the fluctuations of Λ̄Λcð12−;1PÞ and

Λ̄Λcð12−;2PÞ are exhibited with respect to T, ωc, and ω0
c in

Fig. 3. We find that these curves remain sufficiently
stable inside the regions 0.260 GeV ≤ T ≤ 0.266 GeV,
1.10 GeV ≤ ωc ≤ 1.30 GeV, and 1.47 GeV ≤ ω0

c ≤
1.67 GeV, where the associated numerical results are
obtained:

Λ̄Λcð12−;1PÞ ¼ 1.22� 0.06 GeV; ð23Þ

fΛcð12−;1PÞ ¼ 0.043� 0.008 GeV4; ð24Þ

Λ̄Λcð12−;2PÞ ¼ 1.40� 0.07 GeV; ð25Þ

fΛcð12−;2PÞ ¼ 0.057� 0.016 GeV4: ð26Þ

B. The sum rules at the Oð1=mQÞ order
In this subsection we perform analysis at the Oð1=mQÞ

order. To do this we utilize the following Lagrangian of
HQET:

L ¼ h̄viv ·Dhv þ
1

2mQ
Kþ 1

2mQ
S: ð27Þ

In this Lagrangian we designateK to represent the operator
of nonrelativistic kinetic energy,

K ¼ h̄vðiDtÞ2hv; ð28Þ
and use S to denote the Pauli term describing the
chromomagnetic interaction,

S ¼ g
2
CmagðmQ=μÞh̄vσμνGμνhv; ð29Þ

where CmagðMQ=μÞ ¼ ½αsðmQÞ=αsðμÞ�3=β0 and β0 ¼ 11−
2nf=3.
The two pole terms arise at theOð1=mQÞ order when we

perform the Taylor expansion for Eq. (11), with δmΛcð12−;1PÞ,
δmΛcð12−;2PÞ, δfΛcð12−;1PÞ, and δfΛcð12−;2PÞ representing the
corrections to mΛcð12−;1PÞ, mΛcð12−;2PÞ, fΛcð12−;1PÞ, and
fΛcð12−;2PÞ, respectively:

Πðω;ω0Þpole ¼
ðfΛcð12−;1PÞ þ δfΛcð12−;1PÞÞ2
Λ̄Λcð12−;1PÞ þ δmΛcð12−;1PÞ − ω

þ
ðfΛcð12−;2PÞ þ δfΛcð12−;2PÞÞ2

Λ̄Λcð12−;2PÞ þ δmΛcð12−;2PÞ − ω0

¼
f2Λcð12−;1PÞ

Λ̄Λcð12−;1PÞ − ω
−
δmΛcð12−;1PÞf

2
Λcð12−;1PÞ

ðΛ̄Λcð12−;1PÞ − ωÞ2 þ
2fΛcð12−;1PÞδfΛcð12−;1PÞ

Λ̄Λcð12−;1PÞ − ω

þ
f2Λcð12−;2PÞ

Λ̄Λcð12−;2PÞ − ω0 −
δmΛcð12−;2PÞf

2
Λcð12−;2PÞ

ðΛ̄Λcð12−;2PÞ − ω0Þ2 þ
2fΛcð12−;2PÞδfΛcð12−;2PÞ

Λ̄Λcð12−;2PÞ − ω0 ; ð30Þ

where δmΛcð12−;1PÞ and δmΛcð12−;2PÞ can be calculated through the following three-point correlation functions:

δOΠ
α1���αj−1=2;β1���βj−1=2
j;P;F;jl;sl;ρ=λ

¼ i2
Z

d4xd4yeik·x−ik
0·yh0jT½Jα1���αj−1=2i;P;F;jl;sl;ρ=λ

ðxÞOð0ÞJβ1���βj−1=2j;P;F;jl;sl;ρ=λ
ðyÞ�j0i

¼ S½gα1β1t � � � gαj−1=2βj−1=2t � 1þ v
2

δOΠj;P;F;jl;sl;ρ=λ; ð31Þ

with O ¼ K or S.
We can write Eq. (31) at the hadron level as

δKΠ ¼
f2Λcð12−;1PÞ

KΛcð12−;1PÞ
ðΛ̄Λcð12−;1PÞ − ω1ÞðΛ̄Λcð12−;1PÞ − ω0

1Þ
þ

f2Λcð12−;2PÞ
KΛcð12−;2PÞ

ðΛ̄Λcð12−;2PÞ − ω2ÞðΛ̄Λcð12−;2PÞ − ω0
2Þ

þ
fΛcð12−;1PÞfΛcð12−;2PÞK

0
Λcð12−Þ

ðΛ̄Λcð12−;1PÞ − ω1ÞðΛ̄Λcð12−;2PÞ − ω0
2Þ

þ
fΛcð12−;2PÞfΛcð12−;1PÞK

0
Λcð12−Þ

ðΛ̄Λcð12−;2PÞ − ω2ÞðΛ̄Λcð12−;1PÞ − ω0
1Þ

þ � � � ; ð32Þ
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δSΠ ¼
dMf2Λcð12−;1PÞ

ΣΛcð12−;1PÞ
ðΛ̄Λcð12−;1PÞ − ω1ÞðΛ̄Λcð12−;1PÞ − ω0

1Þ
þ

dMf2Λcð12−;2PÞ
ΣΛcð12−;2PÞ

ðΛ̄Λcð12−;2PÞ − ω2ÞðΛ̄Λcð12−;2PÞ − ω0
2Þ

þ
dMfΛcð12−;1PÞfΛcð12−;2PÞΣ

0
Λcð12−Þ

ðΛ̄Λcð12−;1PÞ − ω1ÞðΛ̄Λcð12−;2PÞ − ω0
2Þ

þ
dMfΛcð12−;2PÞfΛcð12−;1PÞΣ

0
Λcð12−Þ

ðΛ̄Λcð12−;2PÞ − ω2ÞðΛ̄Λcð12−;1PÞ − ω0
1Þ

þ � � � ; ð33Þ

where KΛcð12−;1P=2PÞ, K
0
Λcð12−Þ

, ΣΛcð12−;1P=2PÞ, and Σ0
Λcð12−Þ

are the matrix elements formed from the operators K and S

sandwiched between the Λcð12−; 1P=2PÞ states: 
hΛcð12−; 1PÞjKjΛcð12−; 1PÞi hΛcð12−; 1PÞjKjΛcð12−; 2PÞ
hΛcð12−; 2PÞjKjΛcð12−; 1PÞi hΛcð12−; 2PÞjKjΛcð12−; 2PÞ

!
¼
 
KΛcð12−;1PÞ K0

Λcð12−Þ
K0

Λcð12−Þ
KΛcð12−;2PÞ

!
; ð34Þ

 
hΛcð12−; 1PÞjSjΛcð12−; 1PÞi hΛcð12−; 1PÞjSjΛcð12−; 2PÞ
hΛcð12−; 2PÞjSjΛcð12−; 1PÞi hΛcð12−; 2PÞjSjΛcð12−; 2PÞ

!
¼ Cmag

 
dMΣΛcð12−;1PÞ dMΣ0

Λcð12−Þ
dMΣ0

Λcð12−Þ
dMΣΛcð12−;2PÞ

!
; ð35Þ

where dM ¼ dj;jl , djl−1=2;jl ¼ 2jl þ 2, and djlþ1=2;jl ¼
−2jl.
During the computations, it is observed that the non-

diagonal elements are not equal to zero. The ratio of the
nondiagonal elements to the diagonal elements is approx-
imately 15% for jK0

Λcð12−Þ
=KΛcð12−;2PÞj and about 20% for

jdMΣ0
Λcð12−Þ

=dMΣΛcð12−;2PÞj. This observation suggests that

the nondiagonal elements exert a comparatively minor
influence on the mass compared to the diagonal elements.
Therefore, the contribution of nondiagonal elements can be
considered negligible. We note that the term S can induce a
mass splitting within the same doublet, and thus, one can
obtain the masses of Λcð12−=32−; 1P=2PÞ through the follow-
ing expressions:

δm ¼ −
1

4mc
ðK þ dj;jlCmagΣÞ; ð36Þ

m ¼ mc þ Λ̄þ δm; ð37Þ
where mc is the charmed quark mass in the MS scheme, Λ̄
is the sum rule result at the leading order, and δm is the sum
rule result at the Oð1=mQÞ order.
We can also calculate Eq. (31) at the quark-gluon level

using the method of OPE. After inserting Eqs. (4), (28), and
(29) into Eq. (31) and making a double Borel transformation
for ω1, ω0

1, ω2, and ω0
2, we obtain the four Borel parameters

T1, T2, T3, and T4. We choose T1 ¼ T2 ¼ T3 ¼ T4 ¼ 2T,
and obtain the following sum rules for KΛcð12−;1P=2PÞ
and ΣΛcð12−;1P=2PÞ:

f2Λcð12−;1PÞ
KΛcð12−;1PÞe

−Λ̄Λcð12
− ;1PÞ=T þ f2Λcð12−;2PÞ

KΛcð12−;2PÞe
−Λ̄Λcð12

− ;2PÞ=T þ 2fΛcð12−;1PÞfΛcð12−;2PÞK
0
Λcð12−Þ

e−
Λ̄
Λcð12

− ;1PÞþΛ̄
Λcð12

− ;2PÞ
2T

¼
Z

ω0
c

0

�
−

8ω9

105π4
þ 9hg2sGGiω5

240π4

�
e−ω=Tdω −

hgsq̄σGqihgsq̄σGqi
16

−
hq̄qihgsq̄σGqihg2sGGi

256T2
−
hgsq̄σGqihgsq̄σGqihg2sGGi

4096T4

¼
Z

ωc

0

�
−

8ω9

105π4
þ 9hg2sGGiω5

240π4

�
e−ω=Tdω −

hgsq̄σGqihgsq̄σGqi
16

−
hq̄qihgsq̄σGqihg2sGGi

256T2

−
hgsq̄σGqihgsq̄σGqihg2sGGi

4096T4
þ
Z

ω0
c

ωc

�
−

8ω9

105π4
þ 9hg2sGGiω5

240π4

�
e−ω=Tdω

¼ δKΠΛcð12−;1PÞðωc; TÞ þ δKΠΛcð12−;2PÞðωc;ω0
c; TÞ; ð38Þ

f2Λcð12−;1PÞ
dMΣΛcð12−;1PÞe

−Λ̄Λcð12
− ;1PÞ=T þ f2Λcð12−;2PÞ

dMΣΛcð12−;2PÞe
−Λ̄Λcð12

− ;2PÞ=T þ 2fΛcð12−;1PÞfΛcð12−;2PÞdMΣ
0
Λcð12−Þ

e−
Λ̄
Λcð12

− ;1PÞþΛ̄
Λcð12

− ;2PÞ
2T

¼
Z

ω0
c

0

�
3hg2sGGiω5

120π4

�
e−ω=Tdω

¼
Z

ωc

0

�
3hg2sGGiω5

120π4

�
e−ω=Tdωþ

Z
ω0
c

ωc

�
3hg2sGGiω5

120π4

�
e−ω=Tdω

¼ δSΠΛcð12−;1PÞðωc; TÞ þ δSΠΛcð12−;2PÞðωc;ω0
c; TÞ; ð39Þ
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where KΛcð12−;1PÞ, KΛcð12−;2PÞ, SΛcð12−;1PÞ, and SΛcð12−;2PÞ can be extracted as

KΛcð12−;1PÞ ¼
δKΠΛcð12−;1PÞ
ΠΛcð12−;1PÞ

; dMΣΛcð12−;1PÞ ¼
δSΠΛcð12−;1PÞ
ΠΛcð12−;1PÞ

; ð40Þ

KΛcð12−;2PÞ ¼
2T2

∂δKΠΛcð12
− ;2PÞ

∂T − ðΛ̄Λcð12−;1PÞ þ Λ̄Λcð12−;2PÞÞδKΠΛcð12−;2PÞ
ΠΛcð12−;2PÞðΛ̄Λcð12−;2PÞ − Λ̄Λcð12−;1PÞÞ

; ð41Þ

dMΣΛcð12−;2PÞ ¼
2T2

∂δSΠΛcð12
− ;2PÞ

∂T − ðΛ̄Λcð12−;1PÞ þ Λ̄Λcð12−;2PÞÞδSΠΛcð12−;2PÞ
ΠΛcð12−;2PÞðΛ̄Λcð12−;2PÞ − Λ̄Λcð12−;1PÞÞ

: ð42Þ

Their variations are depicted in Figs. 4 and 5 with respect
to the Borel mass T as well as the threshold values ωc and
ω0
c. We find that their dependence on T, ωc, and ω0

c remains
weak in the working regions 0.260 GeV ≤ T ≤ 0.266 GeV,
1.10 GeV ≤ ωc ≤ 1.30 GeV, and 1.47 GeV ≤ ω0

c ≤
1.67 GeV, where the corresponding numerical results
are obtained:

KΛcð12−;1PÞ ¼ −0.69� 0.10 GeV; ð43Þ

dMΣΛcð12−;1PÞ ¼ 0.08� 0.03 GeV; ð44Þ

KΛcð12−;2PÞ ¼ −2.01� 0.35 GeV; ð45Þ

dMΣΛcð12−;2PÞ ¼ 0.06� 0.02 GeV: ð46Þ

Finally, we can obtain the masses of Λcð12−=32−; 1P=2PÞ
belonging to the ½3̄F; 1; 1; ρ� doublet:

mΛcð12−;1PÞ ¼ 2.61� 0.07 GeV; ð47Þ

mΛcð32−;1PÞ ¼ 2.63� 0.07 GeV; ð48Þ

FIG. 4. Variations ofKΛcð1PÞ;1;1;ρ with respect to (a) the Borel mass T and (b) the threshold value ωc as well as variations ofKΛcð2PÞ;1;1;ρ
with respect to (c) the Borel mass T and (d) the threshold value ω0

c, when J1=2;−;3̄F;1;1;ρ is adopted. In (a) the short-dashed, solid, and long-
dashed curves are obtained by fixing ωc ¼ 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively. In (c) the short-dashed, solid, and long-
dashed curves are obtained by fixing ω0

c ¼ 1.47 GeV, 1.57 GeV, and 1.67 GeV, respectively. In (b) and (d) the short-dashed, solid, and
long-dashed curves are gained by setting T ¼ 0.260 GeV, 0.264 GeV, and 0.266 GeV, respectively.
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mΛcð32−;1PÞ −mΛcð12−;1PÞ ¼ 24� 9 MeV; ð49Þ
mΛcð12−;2PÞ ¼ 3.05� 0.12 GeV; ð50Þ
mΛcð32−;2PÞ ¼ 3.07� 0.11 GeV; ð51Þ

mΛcð32−;2PÞ −mΛcð12−;2PÞ ¼ 18� 7 MeV: ð52Þ

In Fig. 6 we present the variations of mΛcð1PÞ;1;1;ρ and
mΛcð2PÞ;1;1;ρ with respect to T, ωc, and ω0

c. It is noteworthy
that there exist significant theoretical uncertainties in our

results for the masses of the charmed baryons, but their
differences within the same doublet are determined with less
uncertainty since they do not depend much on the charm
quark mass.
The results obtained are summarized in Table II.

We utilize the charmed baryons belonging to the
½3̄F; 1; 1; ρ� doublet to fit the Λcð2595ÞðJP ¼ 1

2
−; 1PÞ,

Λcð2625ÞðJP¼3
2
−;1PÞ, Λcð2910ÞðJP¼1

2
−;2PÞ, Λcð2940Þ×

ðJP ¼ 3
2
−; 2PÞ, Ξcð2790ÞðJP ¼ 1

2
−; 1PÞ, Ξcð2815Þ×

ðJP ¼ 3
2
−; 1PÞ, and Ξcð3123ÞðJP ¼ 3

2
−; 2PÞ. Within our

FIG. 5. Variations of ΣΛcð1PÞ;1;1;ρ with respect to (a) the Borel mass T and (b) the threshold value ωc as well as variations of ΣΛcð1PÞ;1;1;ρ
with respect to (c) the Borel mass T and (d) the threshold value ω0

c, when J1=2;−;3̄F;1;1;ρ is adopted. In (a) the short-dashed, solid, and long-
dashed curves are obtained by fixing ωc ¼ 1.10 GeV, 1.20 GeV, and 1.30 GeV, respectively. In (c) the short-dashed, solid, and long-
dashed curves are obtained by fixing ω0

c ¼ 1.47 GeV, 1.57 GeV, and 1.67 GeV, respectively. In (b) and (d) the short-dashed, solid, and
long-dashed curves are gained by setting T ¼ 0.260 GeV, 0.264 GeV, and 0.266 GeV, respectively.

FIG. 6. Variations ofmΛcð1PÞ;1;1;ρ andmΛcð2PÞ;1;1;ρ with respect to (a) the Borel mass T as well as the threshold values (b) ωc and (c) ω0
c,

calculated using the charmed baryon doublet ½Λc; 3̄F; 1; 1; ρ�. The blue, orange, green, and red curves represent the mass functions of
Λcð12−; 1PÞ, Λcð32−; 1PÞ, Λcð12−; 2PÞ, and Λcð32−; 2PÞ, respectively. The curves in the left panel are obtained by fixing ωc ¼ 1.20 GeV
and ω0

c ¼ 1.57 GeV, respectively. The curves in the middle panel are obtained by fixing T ¼ 0.264 GeV and ω0
c ¼ 1.47 GeV,

respectively. The curves in the right panel are gained by setting T ¼ 0.264 GeV and ωc ¼ 1.20 GeV, respectively.
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QCD sum rule framework, the mass spectra of 1P-wave
charmed baryons are consistent with the experimental
measurements, while the mass spectra of 2P-wave charmed
baryons are higher than experimental measurements, which
align with the results in quark models. Apart from the mass
spectra, we also need to analyze their decay properties. The
decay constant f is an important input parameter, which
will be used to study the decay widths ofΛcð12−=32−; 1P=2PÞ
and Ξcð12−=32−; 1P=2PÞ in the next section. For complete-
ness, we have also investigated the 1P- and 2P-wave
charmed baryons belonging to the ½3̄F; 1; 0; λ� doublet using
the following interpolating currents:

J1=2;−;3̄F;1;0;λ¼ iϵabcð½Dμ
t qaT �Cγ5qbþqaTCγ5½Dμ

t qb�Þγμt γ5hcv;
ð53Þ

Jα
3=2;−;3̄F;1;0;λ

¼ iϵabcð½Dμ
t qaT �Cγ5qb þ qaTCγ5½Dμ

t qb�Þ

×

�
gαμt −

1

3
γαt γ

μ
t

�
hcv: ð54Þ

Theobtained results are summarized inAppendix.We find
that the ρ-mode doublet ½3̄F; 1; 1; ρ� appears to be lower than
the λ-mode doublet ½3̄F; 1; 0; λ�. This behavior aligns with
our previous QCD sum rule results for their corresponding
doublets of the SUð3Þ flavor 6F [94–96], but contradicts the
expectation from the quark model [97,98]. However, this
discrepancy could be attributed to the significant uncertain-
ties associated with the mass difference between different
multiplets within our QCD sum rule framework.

III. DECAY ANALYSES FROM LIGHT-CONE
SUM RULES

In this section we investigate the decay properties of
Λcð1P=2PÞ and Ξcð1P=2PÞ belonging to the ½3̄F; 1; 1; ρ�
doublet. To achieve this we apply the light-cone sum rule
method to study their S- and D-wave decays into the
ground-state charmed baryons and light pseudoscalar/
vector mesons. The relevant decay channels include the
following:

ða1ÞΓ½Λc½1=2−; 1P=2P� → Λc þ π� ¼ Γ½Λþ
c ½1=2−; 1P=2P� → Λþ

c þ π0�; ð55Þ

ða2ÞΓ½Λc½1=2−; 1P� → Σc þ π� ¼ Γ½Λþ
c ½1=2−; 1P� → Σþ

c þ π0�
þ 2 × Γ½Λþ

c ½1=2−; 1P� → Σþþ
c þ π− → Λþ

c þ πþ þ π−�; ð56Þ
ða3ÞΓ½Λc½1=2−; 2P� → Σc þ π� ¼ 3 × Γ½Λc½1=2−; 2P� → Σþþ

c þ π−�; ð57Þ
ða4ÞΓ½Λc½1=2−; 1P� → Σ�

c þ π → Λc þ π þ π� ¼ 3 × Γ½Λþ
c ½1=2−; 1P� → Σ�þþ

c þ π− → Λþ
c þ πþ þ π−�; ð58Þ

ða5ÞΓ½Λc½1=2−; 2P� → Σ�
c þ π� ¼ 3 × Γ½Λþ

c ½1=2−; 2P� → Σ�þþ
c þ π−; ð59Þ

ða6ÞΓ½Λc½1=2−; 1P=2P� → Λc þ ρ → Λc þ π þ π� ¼ Γ½Λþ
c ½1=2−; 1P=2P� → Λþ

c þ πþ þ π−�; ð60Þ
ða7ÞΓ½Λc½1=2−; 1P=2P� → Σc þ ρ → Σc þ π þ π� ¼ 3 × Γ½Λþ

c ½1=2−; 1P=2P� → Σþ
c þ πþ þ π−�; ð61Þ

ða8ÞΓ½Λc½1=2−; 1P=2P� → Σ�
c þ ρ → Σ�

c þ π þ π� ¼ 3 × Γ½Λþ
c ½1=2−; 1P=2P� → Σ�þ

c þ πþ þ π−�; ð62Þ

TABLE II. Parameters of the 1P- and 2P-wave charmed baryons belonging to the ½3̄F; 1; 1; ρ� doublets, calculated using the method of
QCD sum rules within the framework of heavy quark effective theory. Decay constants in the last column satisfy fΞþ

c
¼ fΞ0

c
.

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

Λcð1PÞ 1.20 0.260 ≤ T ≤ 0.266 1.22� 0.06 Λcð1=2−Þ 2.61� 0.07 24� 9 0.043� 0.008ðΛþ
c ð1=2−ÞÞ

Λcð3=2−Þ 2.63� 0.07 0.020� 0.004ðΛþ
c ð3=2−ÞÞ

Ξcð1PÞ 1.45 0.248 ≤ T ≤ 0.257 1.43� 0.13 Ξcð1=2−Þ 2.78� 0.14 29� 10 0.069� 0.023ðΞ0
cð1=2−ÞÞ

Ξcð3=2−Þ 2.81� 0.14 0.033� 0.011ðΞ0
cð3=2−ÞÞ

Λcð2PÞ 1.57 0.260 ≤ T ≤ 0.266 1.40� 0.07 Λcð1=2−Þ 3.05� 0.12 18� 7 0.057� 0.016ðΛþ
c ð1=2−ÞÞ

Λcð3=2−Þ 3.07� 0.11 0.027� 0.007ðΛþ
c ð3=2−ÞÞ

Ξcð2PÞ 1.60 0.248 ≤ T ≤ 0.257 1.53� 0.07 Ξcð1=2−Þ 3.16� 0.12 18� 7 0.048� 0.026ðΞþ
c ð1=2−ÞÞ

Ξcð3=2−Þ 3.18� 0.12 0.022� 0.012ðΞþ
c ð3=2−ÞÞ
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ðb1ÞΓ½Λc½3=2−; 1P=2P� → Λc þ π� ¼ Γ½Λþ
c ½3=2−� → Λþ

c þ π0�; ð63Þ

ðb2ÞΓ½Λc½3=2−; 1P� → Σc þ π → Λc þ π þ π� ¼ 3 × Γ½Λþ
c ½3=2−; 1P� → Σþþ

c þ π− → Λþ
c þ πþ þ π−�; ð64Þ

ðb3ÞΓ½Λc½3=2−; 2P� → Σc þ π� ¼ 3 × Γ½Λþ
c ½3=2−; 2P� → Σþþ

c þ π−�; ð65Þ

ðb4ÞΓ½Λc½3=2−; 1P� → Σ�
c þ π → Λc þ π þ π� ¼ 3 × Γ½Λþ

c ½3=2−; 1P� → Σ�þþ
c þ π− → Λþ

c þ πþπ−�; ð66Þ

ðb5ÞΓ½Λc½3=2−; 2P� → Σ�
c þ π� ¼ 3 × Γ½Λþ

c ½3=2−; 2P� → Σ�þþ
c þ π−�; ð67Þ

ðb6ÞΓ½Λc½3=2−; 1P=2P� → Λc þ ρ → Λc þ π þ π� ¼ Γ½Λþ
c ½3=2−; 1P=2P� → Λþ

c þ πþ þ π−�; ð68Þ

ðb7ÞΓ½Λc½3=2−; 1P=2P� → Σc þ ρ → Σc þ π þ π� ¼ 3 × Γ½Λþ
c ½3=2−; 1P=2P� → Σþ

c þ πþ þ π−�; ð69Þ

ðb8ÞΓ½Λc½3=2−; 1P=2P� → Σ�
c þ ρ → Σ�

c þ π þ π� ¼ 3 × Γ½Λ0
c½3=2−; 1P=2P� → Σ�þ

c þ πþ þ π−�; ð70Þ

ðc1ÞΓ½Ξc½1=2−; 1P� → Λc þ K̄� ¼ Γ½Ξ0
c½1=2−; 1P� → Λþ

c þ K−�; ð71Þ

ðc2ÞΓ½Ξc½1=2−; 1P� → Ξc þ π� ¼ 3

2
× Γ½Ξ0

c½1=2−; 1P� → Ξþ
c þ π−�; ð72Þ

ðc3ÞΓ½Ξc½1=2−; 1P� → Σc þ K̄� ¼ 3 × Γ½Ξ0
c½1=2−; 1P� → Σþ

c þ K−�; ð73Þ

ðc4ÞΓ½Ξc½1=2−; 1P� → Ξ0
c þ π� ¼ 3

2
× Γ½Ξ0

c½1=2−; 1P� → Ξ0þ
c þ π−�; ð74Þ

ðc5ÞΓ½Ξc½1=2−; 1P� → Σ�
c þ K� ¼ 3 × Γ½Ξ0

c½1=2−; 1P� → Σ�þ
c þ K−�; ð75Þ

ðc6ÞΓ½Ξc½1=2−; 1P� → Ξ�
c þ π → Ξc þ π þ π� ¼ 9

2
× Γ½Ξ0

c½1=2−; 1P� → Ξ�þ
c þ π− → Ξþ

c þ π0 þ π−�; ð76Þ

ðc7ÞΓ½Ξc½1=2−; 1P� → Λc þ K̄� → Λc þ K̄ þ π� ¼ 3 × Γ½Ξ0
c½1=2−; 1P� → Λþ

c þ K− þ π0�; ð77Þ

ðc8ÞΓ½Ξc½1=2−; 1P� → Ξc þ ρ → Ξc þ π þ π� ¼ 3

2
× Γ½Ξ0

c½1=2−; 1P� → Ξþ
c þ π0 þ π−�; ð78Þ

ðc9ÞΓ½Ξc½1=2−; 1P� → Σ�
c þ K̄� → Σ�

c þ K̄ þ π� ¼ 9 × Γ½Ξ0
c½1=2−; 1P� → Σ�þ

c þ K− þ π0�; ð79Þ

ðc10ÞΓ½Ξc½1=2−; 1P� → Ξ�
c þ ρ → Ξ�

c þ π þ π� ¼ 3

2
× Γ½Ξ0

c½1=2−; 1P� → Ξ�þ
c þ π0 þ π−�; ð80Þ

ðc11ÞΓ½Ξc½1=2−; 2P� → Λc þ K̄� ¼ Γ½Ξþ
c ½1=2−; 2P� → Λþ

c þ K̄0�; ð81Þ

ðc12ÞΓ½Ξc½1=2−; 2P� → Ξc þ π� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 2P� → Ξ0
c þ πþ�; ð82Þ

ðc13ÞΓ½Ξc½1=2−; 2P� → Σc þ K̄� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 2P� → Σþþ
c þ K−�; ð83Þ

ðc14ÞΓ½Ξc½1=2−; 2P� → Ξ0
c þ π� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 2P� → Ξ00
c þ πþ�; ð84Þ

ðc15ÞΓ½Ξc½1=2−; 2P� → Σ�
c þ K� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 2P� → Σ�þþ
c þ K−�; ð85Þ

ðc16ÞΓ½Ξc½1=2−; 2P� → Ξ�
c þ π� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 2P� → Ξ�0
c þ πþ�; ð86Þ
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ðc17ÞΓ½Ξc½1=2−; 2P� → Λc þ K̄� → Λc þ K̄ þ π� ¼ 3 × Γ½Ξþ
c ½1=2−; 2P� → Λþ

c þ K̄0 þ π0�; ð87Þ

ðc18ÞΓ½Ξc½1=2−; 2P� → Ξc þ ρ → Ξc þ π þ π� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 2P� → Ξ0
c þ πþ þ π0�; ð88Þ

ðc19ÞΓ½Ξc½1=2−; 2P� → Σ�
c þ K̄� → Σ�

c þ K̄ þ π� ¼ 9

2
× Γ½Ξþ

c ½1=2−; 2P� → Σ�þþ
c þ K− þ π0�; ð89Þ

ðc20ÞΓ½Ξc½1=2−; 2P� → Ξ�
c þ ρ → Ξ�

c þ π þ π� ¼ 3

2
× Γ½Ξþ

c ½1=2−; 1P� → Ξ�0
c þ π0 þ πþ�; ð90Þ

ðd1ÞΓ½Ξc½3=2−; 1P� → Λb þ K̄� ¼ Γ½Ξ0
c½3=2−; 1P� → Λþ

c þ K−�; ð91Þ

ðd2ÞΓ½Ξc½3=2−; 1P� → Ξc þ π� ¼ 3

2
× Γ½Ξ0

c½3=2−; 1P� → Ξþ
c þ π−�; ð92Þ

ðd3ÞΓ½Ξc½3=2−; 1P� → Σc þ K̄� ¼ 3 × Γ½Ξ0
c½3=2−; 1P� → Σþ

c þ K−�; ð93Þ

ðd4ÞΓ½Ξc½3=2−; 1P� → Ξ0
c þ π� ¼ 3

2
× Γ½Ξ0

c½3=2−; 1P� → Ξ0þ
c þ π−�; ð94Þ

ðd5ÞΓ½Ξc½3=2−; 1P� → Σ�
c þ K̄� ¼ 3 × Γ½Ξ0

c½3=2−; 1P� → Σ�þ
c þ K−�; ð95Þ

ðd6ÞΓ½Ξc½3=2−; 1P� → Ξ�
c þ π → Ξc þ π þ π� ¼ 9

2
× Γ½Ξ�0

c ½3=2−; 1P� → Ξ�þ
c þ π− → Ξþ

c þ π0 þ π−�; ð96Þ

ðd7ÞΓ½Ξc½3=2−; 1P� → Λc þ K̄� → Λb þ K̄ þ π� ¼ 3 × Γ½Ξ0
c½3=2−; 1P� → Λþ

c þ K− þ π0�; ð97Þ

ðd8ÞΓ½Ξc½3=2−; 1P� → Ξc þ ρ → Ξb þ π þ π� ¼ 3

2
× Γ½Ξ0

c½3=2−; 1P� → Ξþ
c þ π0 þ π−�; ð98Þ

ðd9ÞΓ½Ξc½3=2−; 1P� → Σ�
c þ K̄� → Σ�0

c þ K̄ þ π� ¼ 9 × Γ½Ξ0
c½3=2−; 1P� → Σ�þ

c þ K− þ π0�; ð99Þ

ðd10ÞΓ½Ξc½3=2−; 1P� → Ξ�
c þ ρ → Ξ�

c þ π þ π� ¼ 3

2
× Γ½Ξ0

c½3=2−; 1P� → Ξ�þ
c þ π0 þ π−�; ð100Þ

ðd11ÞΓ½Ξc½3=2−; 2P� → Λc þ K̄� ¼ Γ½Ξþ
c ½3=2−; 2P� → Λþ

c þ K̄0�; ð101Þ

ðd12ÞΓ½Ξc½3=2−; 2P� → Ξc þ π� ¼ 3

2
× Γ½Ξþ

c ½3=2−; 2P� → Ξ0
c þ πþ�; ð102Þ

ðd13ÞΓ½Ξc½3=2−; 2P� → Σc þ K̄� ¼ 3

2
× Γ½Ξþ

c ½3=2−; 2P� → Σþþ
c þ K−�; ð103Þ

ðd14ÞΓ½Ξc½3=2−; 2P� → Ξ0
c þ π� ¼ 3

2
× Γ½Ξþ

c ½3=2−; 2P� → Ξ00
c þ πþ�; ð104Þ

ðd15ÞΓ½Ξc½3=2−; 2P� → Σ�
c þ K̄� ¼ 3

2
× Γ½Ξþ

c ½3=2−; 2P� → Σ�þþ
c þ K−�; ð105Þ

ðd16ÞΓ½Ξb½3=2−; 2P� → Ξ�
c þ π� ¼ 3

2
× Γ½Ξ�þ

c ½3=2−; 2P� → Ξ�0
c þ πþ�; ð106Þ

ðd17ÞΓ½Ξc½3=2−; 2P� → Λc þ K̄� → Λb þ K̄ þ π� ¼ 3 × Γ½Ξþ
c ½3=2−; 2P� → Λþ

c þ K̄0 þ π0�; ð107Þ

ðd18ÞΓ½Ξc½3=2−; 2P� → Ξc þ ρ → Ξb þ π þ π� ¼ 3

2
× Γ½Ξþ

c ½3=2−; 2P� → Ξ0
c þ π0 þ πþ�; ð108Þ

ðd19ÞΓ½Ξc½3=2−; 2P� → Σ�
c þ K̄� → Σ�

c þ K̄ þ π� ¼ 9

2
× Γ½Ξþ

c ½3=2−; 1P� → Σ�þþ
c þ K− þ π0�; ð109Þ

ðd20ÞΓ½Ξc½3=2−; 2P� → Ξ�
c þ ρ → Ξ�

c þ π þ π� ¼ 3

2
× Γ½Ξþ

c ½3=2−; 1P� → Ξ�0
c þ π0 þ πþ�: ð110Þ
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We shall calculate their partial decay widths through the
following Lagrangians:

LS
Xcð1=2−Þ→Ycð1=2þÞP ¼ gX̄cYcP; ð111Þ

LS
Xcð3=2−Þ→Ycð3=2þÞP ¼ gX̄cμY

μ
cP; ð112Þ

LS
Xcð1=2−Þ→Ycð1=2þÞV ¼ gX̄cγμγ5YcVμ; ð113Þ

LS
Xcð1=2−Þ→Ycð3=2þÞV ¼ gX̄cY

μ
cVμ; ð114Þ

LS
Xcð3=2−Þ→Ycð1=2þÞV ¼ gX̄μ

cYcVμ; ð115Þ

LS
Xcð3=2−Þ→Ycð3=2þÞV ¼ gX̄c

νγμγ5YcνVμ: ð116Þ

LD
Xcð1=2−Þ→Ycð3=2þÞP ¼ gX̄cγμγ5Ycν∂

μ
∂
νP; ð117Þ

LD
Xcð3=2−Þ→Ycð1=2þÞP ¼ gX̄cμγνγ5Yc∂

μ
∂
νP; ð118Þ

LD
Xcð3=2−Þ→Ycð3=2þÞP ¼ gX̄cμYcν∂

μ
∂
νP: ð119Þ

Here the superscripts S and D indicate the S- and D-wave

decays, respectively; the fields XðμÞ
c and YðμÞ

c represent the
P-wave charmed baryons and ground-state charmed bary-
ons, respectively; the fields P and Vμ denote the light
pseudoscalar mesons and light vector mesons, respectively.
To facilitate a comprehensive analysis of the aforemen-
tioned decay channels, we employ the pertinent parameters
of ground-states, excited states, pseudoscalar, and vector
mesons as follows:

(i) Relevant parameters of ground-state charmed bary-
ons are the following:

Λcð1=2þÞ∶M ¼ 2286.46 MeV;

Ξcð1=2þÞ∶M ¼ 2469.34 MeV;

Σcð1=2þÞ∶M ¼ 2453.54 MeV;

Σ�
cð3=2þÞ∶M ¼ 2518.1 MeV;

Ξ0
cð1=2þÞ∶M ¼ 2576.8 MeV;

Ξ�
cð3=2þÞ∶M ¼ 2645.9 MeV;

Ωcð1=2þÞ∶M ¼ 2695.2 MeV;

Ω�
cð1=2þÞ∶M ¼ 2765.9 MeV:

(ii) Relevant parameters of excited state charmed bary-
ons are the following:

Λcð1=2−; 1PÞ∶m ¼ 2592.25 MeV;

Λcð3=2−; 1PÞ∶m ¼ 2628.11 MeV;

Ξcð1=2−; 1PÞ∶m ¼ 2790.45 MeV;

Ξcð3=2−; 1PÞ∶m ¼ 2818.1 MeV;

Λcð1=2−; 2PÞ∶m ¼ 2913.8 MeV;

Λcð3=2−; 2PÞ∶m ¼ 2939.6 MeV;

Ξcð3=2−; 2PÞ∶m ¼ 3122.9 MeV;

Ξcð1=2−; 2PÞ∶m ¼ m½Ξcð3=2−; 2PÞ� − Δm

¼ ð3122.9 − 18Þ MeV:

(iii) Relevant parameters of light pseudoscalar and vector
mesons are the following:

πð0−Þ∶m ¼ 138.04 MeV;

Kð0−Þ∶m ¼ 495.65 MeV;

ρð1−Þ∶m ¼ 775.21 MeV;

Γ ¼ 148.2 MeV;

gρππ ¼ 5.94 GeV−2;

K�ð1−Þ∶m ¼ 893.57 MeV;

Γ ¼ 49.1 MeV;

gK�kπ ¼ 3.20 GeV−2:

We use the Λcð1P; 1=2−Þ and Λcð2P; 1=2−Þ from the
½3̄F; 1; 1; ρ� doublet as an example, and study their S-wave
decays into the ground-state charmed baryon Σþþ

c and the
light pseudoscalar meson π−. To do this we investigate the
two-point correlation function:

Πðω1;ω2;ω0Þ ¼
Z

d4xe−ik·xh0jJα1=2;−;Λ−
c
ð0ÞJ̄Σþþ

c
ðxÞjπ−ðqÞi

¼ 1þ v
2

Gα
Λþ
c ð12−Þ→Σþþ

c π−
ðω1;ω2;ω0Þ: ð120Þ

At the hadron level we write GΛþ
c ð12−Þ→Σþþ

c π− as

GΛþ
c ð12−Þ→Σþþ

c π−ðω1;ω2;ω0
1Þ

¼ gΛþ
c ð12−;1PÞ→Σþþ

c π−
fΛcð12−;1PÞfΣþþ

c

ðΛ̄Λcð12−;1PÞ − ω1ÞðΛ̄Σþþ
c

− ω0Þ

þ gΛþ
c ð12−;1PÞ→Σþþ

c π−
fΛcð12−;2PÞfΣþþ

c

ðΛ̄Λcð12−;2PÞ − ω2ÞðΛ̄Σþþ
c

− ω0Þ � � � ;

ð121Þ
where � � � contains other possible amplitudes.
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At the quark-gluon level we calculateGα
Λþ
c ½12−�→Σþþ

c π−
using the method of OPE. Then we perform the Borel transformation

to both the hadron level and the quark-gluon level:

gSΛþ
c ð12−;1PÞ→Σþþ

c π−
fΛcð12−;1PÞfΣþþ

c
e−

Λ̄
Λcð12

− ;1PÞ
T1 e−

Λ̄
Σþþ
c
T0 þ gSΛ−

c ð12−;2PÞ→Σþþ
c π−

fΛcð12−;2PÞfΣþþ
c
e−

Λ̄
Λcð12

− ;2PÞ
T2 e−

Λ̄
Σþþ
c
T0

¼ 4
ffiffiffi
2

p
×

�
−
Z 1

2

0

du1
3fπ
2π2

T4f3

�
ω0
c

T

�
ψ4;πðu1Þ −

3fπ
2π2

T6f5

�
ω0
c

T

�
∂

∂u0
ϕ2;πðu0Þju0¼1

2
þ fπ
2π2

T6f5

�
ω0
c

T

�
∂
2

∂u20
u0ϕ2;πðu0Þju0¼1

2

þ 3fπ
32π2

T4f3

�
ω0
c

T

�
∂

∂u0
ϕ4;πðu0Þju0¼1

2
þ fπm2

πms

8ðmu þmdÞπ2
T4f3

�
ω0
c

T

�
∂

∂u0
ϕσ
3;πðu0Þju0¼1

2

þ fπ
32π2

T4f3

�
ω0
c

T

�
∂
2

∂u20
u0ϕ4;πðu0Þju0¼1

2
−

fπm2
πms

24ðmu þmdÞπ2
T4f3

�
ω0
c

T

�
∂
2

∂u20
u0ϕσ

3;πðu0Þju0¼1
2

−
fπms

16
hq̄qiT2f1

�
ω0
c

T

�
∂

∂u0
ϕ2;πðu0Þju0¼1

2
−

fπm2
π

24ðmu þmdÞ
hq̄qiT2f1

�
ω0
c

T

�
∂

∂u0
ϕσ
3;πðu0Þju0¼1

2

−
Z 1

2

0

du1
fπms

16
hq̄qiψ4;πðu1Þ þ

fπm2
π

72ðmu þmdÞ
hq̄qiT2f1

�
ω0
c

T

�
∂
2

∂u20
u0ϕσ

3;πðu0Þju0¼1
2

−
fπms

48
hq̄qiT2f1

�
ω0
c

T

�
∂
2

∂u20
u0ϕ2;πðu0Þju0¼1

2
þ fπm2

π

384ðmu þmdÞ
hgsq̄σGqi

∂

∂u0
ϕσ
3;πðu0Þju0¼1

2

þ fπms

256
hq̄qi ∂

∂u0
ϕ4;πðu0Þju0¼1

2
−

fπm2
π

1152ðmu þmdÞ
hgsq̄σGqi

∂
2

∂u20
u0ϕσ

3;πðu0Þju0¼1
2
þ fπms

768
hq̄qi ∂

2

∂u20
u0ϕ4;πðu0Þju0¼1

2

�

−
ffiffiffi
2

p

2
×

�
−

fπ
4π2u20

T4f3

�
ω0
c

T

�Z
1
2

0

dα2

Z
1−α2

1
2
−α2

�
−
u20
α3

∂
2

∂α23
α3Φ4;πðαÞ −

u0α2
α3

∂
2

∂α33
Φ4;πðαÞ −

u0
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��
:

In the above expressions, fnðxÞ≡ 1 − e−x
P

n
k¼0

xk
k!; the

parameters ω1, ω2, and ω0 are transformed to be T1, T2,
and T 0, respectively; we choose T1 ¼ T2 ¼ T 0 ¼ 2T so
that u0 ¼ T1

T1þT 0 ¼ 1
2
; we choose ωc ¼ 1.20 GeV to be

the average threshold value of the Λþ
c ð1=2−; 1PÞ and

Σþþ
c ð1=2þÞ mass sum rules; we choose ωc ¼ 1.47 GeV

to be the average threshold value of the Λþ
c ð1=2−; 2PÞ

and Σþþ
c ð1=2þÞ mass sum rules; we choose 0.260 GeV <

T < 0.266 GeV to be the Borel window of the Λþ
c ð1=2−;

1P=2PÞ mass sum rule. The light-cone distribution ampli-
tudes contained in the above sum rule expressions can be
found in Refs. [99–106].

FIG. 7. Coupling constants as functions of the Borel mass T: (a) gSΛc½12−=1P�→Σþþ
c π−

, and (b) gSΛc½12−=2P�→Σþþ
c π−

.
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We extract the coupling constant from Eq. (122) to be

gSΛþ
c ½12−;1P�→Σþþ

c π−
¼ 0.90þ2.39

−0.90 ;

gSΛþ
c ½12−;2P�→Σþþ

c π−
¼ 0.42þ0.62

−0.42 ; ð122Þ
where the uncertainties are due to T, ωc, ω0

c, para-
meters of Λcð1=2þ; 1PÞ, parameters of Σþþ

c ð1=2þÞ, and
various QCD parameters given in Eq. (18). We depict
gSΛ−

c ½12−;1P=2P�→Σþþ
c π0

in Fig. 7 as a function of the Borel

mass T. Its dependence on T is weak inside the Borel
window 0.260 GeV < T < 0.266 GeV.
The S-wave decay widths of P-wave charmed baryons

can be calculated through the Lagrangians expressed
in Eq. (119):

(i) Since the Λcð1=2−; 1PÞ is below the Σcπ threshold
but above the Λcππ threshold, we use the following
formula for the three-body S-wave decay process
Λcð1=2−; 1PÞ → Σc þ π → Λc þ π þ π:

ΓðΛcð1=2−; 1PÞ → Σc þ πÞ
¼ Γð0 → 2þ 1Þ þ 2 × Γð0 → 6þ 3 → 5þ 4þ 3Þ
≡ ΓðΛþ

c ð1=2−; 1PÞ → Σþ
c þ π0Þ þ 2

× ΓðΛþ
c ð1=2−; 1PÞ → Σþþ

c þ π−

→ Λþ
c þ πþ þ π−Þ

¼ j p1
�!j
8πm2

0

× g20→2þ1 ×
1

2
Tr½ðp0 þm0Þðp2 þm2Þ�

þ 2 ×
1

ð2πÞ3 ×
1

32m3
0

× g20→6þ3 × g26→5þ4

×
Z

dm34dm45 ×
1

2
Tr½ðp5 þm5Þγ0νγ5ðp6 þm6Þ

× ðp0 þm0Þðp6 þm6Þγμγ5�

×
1

jp2
6 −m2

6 þ im6Γ6j2
× p4;μp4;μ0 : ð123Þ

TABLE III. Decay properties of the 1P- and 2P-wave charmed baryons belonging to the ½3̄F; 1; 1; ρ� doublets, calculated using the
method of light-cone sum rules within the framework of heavy quark effective theory. Experimental candidates are given in the last
column.

Baryon (jP)
Mass
[GeV]

Difference
[MeV] Decay channels

S-wave width
[MeV]

D-wave width
[MeV]

Total width
[MeV] Candidate

Λcð1P; 12−Þ 2.61� 0.07 24� 9 Λcð12−Þ → Σcπ → Λcππ 4.9þ60.0
−4.9 � � � 5þ60

−5 Λcð2595Þ
Λcð12−Þ → Σ�

cπ → Λcππ � � � 4 × 10−8

Λcð12−Þ → Λcρ → Λcππ 1 × 10−3

Λcð1P; 32−Þ 2.64� 0.07 Λcð32−Þ → Σcπ � � � 4 × 10−3 0.2þ2.4
−0.2 Λcð2625Þ

Λcð32−Þ → Σ�
cπ → Λcππ 0.20þ2.44

−0.20 6 × 10−7

Λcð32−Þ → Λcρ → Λcππ 0.02

Λcð2P; 12−Þ 3.05� 0.12 18� 7 Λcð12−Þ → Σcπ 29þ148
−29 � � � 35þ148

−29 Λcð2910Þ
Λcð12−Þ → Σ�

cπ � � � 0.11þ0.26
−0.10

Λcð12−Þ → Λcρ → Λcππ 0.47þ1.51
−0.47

Λcð12−Þ → Σcρ → Σcππ 5.0þ9.6
−4.1

Λcð12−Þ → Σ�
cρ → Σ�

cππ 0.26þ0.50
−0.22

Λcð2P; 32−Þ 3.07� 0.11 Λcð32−Þ → Σcπ � � � 0.19þ0.45
−0.17 29þ140

−26 Λcð2940Þ
Λcð32−Þ → Σ�

cπ 26þ140
−26 0.02

Λcð32−Þ → Λcρ → Λcππ 0.53þ1.59
−0.53

Λcð32−Þ → Σcρ → Σcππ 1.4þ2.6
−1.1

Λcð32−Þ → Σ�
cρ → Σ�

cππ 0.76þ1.47
−0.63

Ξcð1P; 12−Þ 2.78� 0.14 29� 10 Ξcð12−Þ → Ξ0
cπ 3.1þ36.5

−3.1 � � � 3þ37
−3 Ξcð2790Þ

Ξcð12−Þ → Ξ�
cπ → Ξcππ � � � 2 × 10−5

Ξcð12−Þ → Ξcρ → Ξcππ 3 × 10−3

Ξcð1P; 32−Þ 2.81� 0.14 Ξcð32−Þ → Ξ�
cπ → Ξcππ 0.54þ18.85

−0.54 1 × 10−4 0.6þ18.9
−0.6 Ξcð2815Þ

Ξcð32−Þ → Ξ0
cπ � � � 0.05

Ξcð32−Þ → Ξcρ → Ξcππ 0.02

(Table continued)
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(ii) Since the Λcð1=2−; 2PÞ is above the Σcπ threshold,
we use the following formula for the two-body
S-wave decay process Λcð1=2−; 2PÞ → Σc þ π:

ΓðΛcð1=2−;2PÞ→ Σc þ πÞ
¼ 3× Γð0→ 6þ 3Þ
≡ 3× ΓðΛþ

c ð1=2−;2PÞ→ Σþþ
c þ π−Þ

¼ j p3
�!j
8πm2

0

× g20→6þ3 ×
1

2
Tr½ðp0 þm0Þðp6 þm6Þ�;

ð124Þ
where 0 denotes the initialΛcð1=2−; 1P=2PÞ; 1 and 2 denote
the final states π0 and Σþ

c ð1=2þÞ, respectively; 3, 4, and 5
denote the final states π−, πþ, and Λcð1=2þÞ, respectively;
and 6 denotes the middle (final) state Σþþ

c ð1=2þÞ.
We calculate their partial decay widths to be

ΓS
Λþ
c ½12−;1P�→Σcπ

¼ 4.9þ60.0
−4.9 MeV;

ΓS
Λþ
c ½12−;2P�→Σcπ

¼ 29þ148
−29 MeV: ð125Þ

Similarly, we study the other decay channels for the
charmed baryons belonging to the ½3F; 1; 1; ρ� and
½3̄F; 1; 0; λ� doublets. Their partial decay widths are evalu-
ated and summarized in Tables III and V.

IV. DISCUSSIONS AND SUMMARY

In this paper we investigate the Λcð2910Þþ, Λcð2940Þþ,
and Ξcð3123Þþ as potential 2P-wave charmed baryons with

JP ¼ 1=2− and 3=2−, all of which belong to the ½3̄F; 1; 1; ρ�
doublet. This doublet contains four P-wave charmed
baryons, namely, Λcð1=2−Þ, Λcð3=2−Þ, Ξcð1=2−Þ, and
Ξcð3=2−Þ. We make the assumption that the current
J3̄F;1;1;ρ can simultaneously couple to 1P- and 2P-wave
charmed baryons, consequently leading to the possible
production of 1P- and 2P-wave excitations such as
Λcð2595Þþ, Λcð2625Þþ, Ξcð2790Þþ, Ξcð2815Þþ,
Λcð2910Þþ, Λcð2940Þþ, and Ξcð3123Þþ. The masses of
these baryons are computed utilizing the QCD sum rule
method within the framework of heavy quark effective
theory. Additionally, we analyze their decays into
ground-state charmed baryons as well as the light
pseudoscalar mesons π=K and vector mesons ρ=K�
using the light-cone sum rule method for S- and D-
wave decays. Based on these results, we derive the
masses and total widths of the P-wave charmed baryons,
facilitating a comprehensive understanding of their
properties as a whole:

MΛcð12−;1PÞ ¼ 2.61� 0.07 GeV;

ΓΛcð12−;1PÞ ¼ 5þ60
−5 MeV;

MΛcð32−;1PÞ ¼ 2.63� 0.07 GeV;

ΓΛcð32−;1PÞ ¼ 0.2þ2.4
−0.2 MeV;

MΛcð32−;1PÞ −MΛcð12−;1PÞ ¼ 24� 9 MeV; ð126Þ

TABLE III. (Continued)

Baryon (jP)
Mass
[GeV]

Difference
[MeV] Decay channels

S-wave width
[MeV]

D-wave width
[MeV]

Total width
[MeV] Candidate

Ξcð2P; 12−Þ 3.16� 0.12 18� 7 Ξcð12−Þ → Ξ0
cπ 2.7þ22.5

−2.7 � � � 31þ170
−27 � � �

Ξcð12−Þ → ΣcK 27þ168
−27 � � �

Ξcð12−Þ → Ξ�
cπ � � � 0.02

Ξcð12−Þ → Σ�
cK � � � 3 × 10−3

Ξcð12−Þ → Ξcρ → Ξcππ 0.11þ0.71
−0.11

Ξcð12−Þ → ΛcK� → ΛcKπ 0.02

Ξcð12−Þ → Ξ0
cρ → Ξ0

cππ 1.2þ6.9
−1.2

Ξcð12−Þ → ΣcK� → ΣcKπ 1 × 10−3

Ξcð12−Þ → Ξ�
cρ → Ξ�

cππ 0.09

Ξcð2P; 32−Þ 3.18� 0.12 Ξcð32−Þ → Ξ�
cπ 2.5þ20.9

−2.5 3 × 10−3 24þ131
−20 Ξcð3123Þ

Ξcð32−Þ → Σ�
cK 20þ129

−20 2 × 10−3

Ξcð32−Þ → Ξ0
cπ � � � 0.03

Ξcð32−Þ → ΣcK � � � 0.02

Ξcð32−Þ → Ξcρ → Ξcππ 0.10þ0.64
−0.10

Ξcð32−Þ → ΛcK� → ΛcKπ 0.03

Ξcð32−Þ → Ξ0
cρ → Ξ0

cππ 0.27þ1.52
−0.27

Ξcð32−Þ → ΣcK� → ΣcKπ 2 × 10−3

Ξcð32−Þ → Ξ�
cρ → Ξ�

cππ 0.18þ1.01
−0.18

HUI-MIN YANG and HUA-XING CHEN PHYS. REV. D 109, 036032 (2024)

036032-16



MΛcð12−;2PÞ ¼ 3.05� 0.12 GeV;

ΓΛcð12−;2PÞ ¼ 35þ148
−29 MeV;

MΛcð32−;2PÞ ¼ 3.07� 0.11 GeV;

ΓΛcð32−;2PÞ ¼ 29þ140
−26 MeV;

MΛcð32−;2PÞ −MΛcð12−;2PÞ ¼ 18� 7 MeV;

MΞcð12−;1PÞ ¼ 2.78� 0.14 GeV;

ΓΞcð12−;1PÞ ¼ 3þ37
−3 MeV;

MΞcð32−;1PÞ ¼ 2.81� 0.14 GeV;

ΓΞcð32−;1PÞ ¼ 0.6þ18.9
−0.6 MeV;

MΞcð32−;1PÞ −MΞcð1P=12−Þ ¼ 29� 10 MeV;

MΞcð12−;2PÞ ¼ 3.16� 0.12 GeV;

ΓΞcð12−;2PÞ ¼ 31þ170
−27 MeV;

MΞcð32−;2PÞ ¼ 3.18� 0.12 GeV;

ΓΞcð32−;2PÞ ¼ 24þ131
−20 MeV;

MΞcð32−;2PÞ −MΞcð12−;2PÞ ¼ 18� 7 MeV: ð127Þ

Our results suggest that the Λcð2910Þþ, Λcð2940Þþ, and
Ξcð3123Þþ can be suitably explained as the 2P-wave
charmed baryon of JP ¼ 1=2− and 3=2−, belonging to the
½3̄F; 1; 1; ρ� doublet. However, the expected masses of
Λcð2910Þ and Λcð2940Þ surpass experimental measure-
ments by approximately 130 MeV, although consistent with
the results obtained in the quark models, which suggests that
their masses are expected to exceed 3 GeV [35,36,63].
Additionally, our analysis of their decay properties is detailed
in Table III. For theΛcð2910Þ andΛcð2940Þ, in fact, they not
only can decay into charmed baryons and light mesons but
also can decay into charmedmesons and light baryons. In this
work, we only investigate the former so the total width of
Λcð2P; 12−Þ is about 20MeVsmaller than themeasurement of
Λcð2910Þþ. Accounting for its S-wave decay into the D0p
final state would result in a greater width. Similarly, the
Λcð32−; 2PÞ can also decay intoD0p through aD-wave decay
process, resulting in a slight increase in its total width, which
is consistent with the experimental result ofΛcð2940Þwithin
the margin of error. The Ξcð3123Þþ could be interpreted
as the Λcð2940Þþ’s charmed-strange partner state with
JP ¼ 3=2−. Furthermore, a 2P-wave charmed-strange
baryon, the Ξbð12−; 2PÞ, with a mass ΔM ¼ 18� 7 MeV
smaller than the Ξcð3123Þþ, remains undiscovered. We
propose to explore its presence in the Ξcð12−; 2PÞ → ΣcK
decay channel.
Apart from the ½3̄F; 1; 1; ρ� doublet, we also investigate

1P- and 2P-wave charmed baryons belonging to the
½3̄F; 1; 0; λ� doublet. The results, summarized in Appendix,
indicate that the masses of Λcð2910Þþ, Λcð2940Þþ,

Ξcð2790Þ, Ξcð2815Þ, and Ξcð3123Þþ alone cannot distin-
guish whether they belong to the ½3̄F; 1; 1; ρ� doublet or the
½3̄F; 1; 0; λ� doublet. However, considering their decay prop-
erties, the 1P- and 2P-wave charmed baryons belonging
to the ½3̄F; 1; 0; λ� doublet exhibit wide widths, rendering
them unobservable experimentally due to their extremely
large coupling constants at thevertexes of their S-wave decay
processes. Furthermore, our QCD sum rule results for
the Λcð2595Þ, Λcð2625Þ, Λcð2910Þ, Λcð2940Þ, Ξcð2790Þ,
Ξcð2815Þ, and Ξcð3123Þ appear inconsistent with the
quark model’s expectations, where the ρ-mode multiplet
½3̄F; 1; 1; ρ� is anticipated to be higher in mass than the
λ-mode multiplet ½3̄F; 1; 0; λ�. This discrepancy could
be attributed to considerable uncertainties in the mass
differences between different multiplets within our frame-
work. Furthermore, our previous study [85] suggests that the
Λcð2595Þ,Λcð2635Þ, Ξcð2790Þ, and Ξcð2815Þ could poten-
tially be explained as singly heavy baryons belonging to
½3̄F; 1; 1; ρ� doublet. Thus, it is crucial to verify the existence
of ρ-mode heavy baryons, and we recommend to conduct an
investigation into the existence of the ρ-mode. For instance,
these exist four excited Ωc baryons that are more likely to
belong to the λ-mode multiplets in fiveΩc baryons observed
by LHCb [107], while the possible assignment for the rest
particle is either the radial 2S-wave excitation or the orbital
1P-wave excitation of the ρ-mode [97,98].
Summarizing the above results, we study the 1P and

2P-wave charmed baryons using the methods of QCD sum
rules and light-cone sum rules within the framework of
heavy quark effective theory. Our results suggest that
the Λcð2910Þþ, Λcð2940Þþ, and Ξcð3123Þþ can be well
interpreted as the 2P-wave charmed baryon of JP ¼ 1=2−

and 3=2−, belonging to the SUð3Þ flavor 3̄F representation.
The Ξcð3123Þþ has a partner state of JP ¼ 1=2−, labeled as
Ξcð1=2−; 2PÞ, whose mass and width are calculated to be
mΞcð1=2−;2PÞ−mΞcð3123Þþ ¼−18�7MeV and ΓΞcð2P;1=2−Þ ¼
31þ170

−27 MeV, with mΞcð3123Þþ ¼ 3122.9� 1.3 MeV. We
suggest to search for this state in the Ξcð2P; 1=2−Þ →
ΣcK decay channel.
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APPENDIX: 1P AND 2P-WAVE CHARMED
BARYONS FROM DOUBLET ½3̄F;1;0;λ�

In this appendix we study the 1P- and 2P-wave charmed
baryons belonging to the ½3̄F; 1; 0; λ� doublets. We apply the
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QCD sum rule method to study their mass spectrum, and
the obtained results are summarized in Table IV. We
apply the light-cone sum rule method to study their decay
properties, and the obtained results are summarized
in Table V. These results suggest that the charmed

baryons Λcð12−; 1P=2PÞ, Λcð32−; 1P=2PÞ, Ξcð12−; 1PÞ and

Ξcð32−; 1P=2PÞ belonging to the ½3̄F; 1; 0; λ� doublet cannot
be easily used to explain the Λcð2595Þ, Λcð2625Þ,
Λcð2910Þ, Λcð2940Þ, Ξcð2790Þ, Ξcð2815Þ, and Ξcð3123Þ.

TABLE V. Decay properties of the 1P- and 2P-wave charmed baryons belonging to the ½3̄F; 1; 0; λ� doublets, calculated using the
method of light-cone sum rules within the framework of heavy quark effective theory.

Baryon (jP)
Mass
[GeV]

Difference
[MeV] Decay channels

S-wave width
[MeV]

D-wave width
[MeV]

Total width
[MeV]

Λcð1P; 12−Þ 2.76� 0.03 7� 3 Λcð12−Þ → Σcπ → Λcππ >500 � � � >500

Λcð12−Þ → Σ�
cπ → Λcππ � � � 2 × 10−6

Λcð12−Þ → Λcρ → Λcππ 1 × 10−3

Λcð1P; 32−Þ 2.77� 0.03 Λcð32−Þ → Σcπ � � � 0.06 29þ41
−21

Λcð32−Þ → Σ�
cπ → Λcππ 29þ41

−21 3 × 10−5

Λcð32−Þ → Λcρ → Λcππ 0.01

Λcð2P; 12−Þ 3.08� 0.12 13� 4 Λcð12−Þ → Σcπ >2000 � � � >2000

Λcð12−Þ → Σ�
cπ � � � 0.92þ1.77

−0.74
Λcð12−Þ → Λcρ → Λcππ 1.8þ2.7

−1.3
Λcð12−Þ → Σcρ → Σcππ 3 × 10−3

Λcð12−Þ → Σ�
cρ → Σ�

cππ 1 × 10−4

Λcð2P; 32−Þ 3.09� 0.12 Λcð32−Þ → Σcπ � � � 1.5þ2.8
−1.2 >500

Λcð32−Þ → Σ�
cπ >500 0.19þ0.36

−0.15
Λcð32−Þ → Λcρ → Λcππ 1.7þ2.6

−1.2
Λcð32−Þ → Σ�

cρ → Σ�
cππ 8 × 10−5

Ξcð1P; 12−Þ 2.81� 0.04 9� 3 Ξcð12−Þ → Ξ0
cπ >1800 � � � >1800

Ξcð12−Þ → Ξ�
cπ → Ξcππ � � � 2 × 10−4

Ξcð12−Þ → Ξcρ → Ξcππ 6 × 10−3

Ξcð1P; 32−Þ 2.82� 0.04 Ξcð32−Þ → Ξ�
cπ → Ξcππ >300 1 × 10−3 >300

Ξcð32−Þ → Ξ0
cπ � � � 0.23þ0.35

−0.17
Ξcð32−Þ → Ξcρ → Ξcππ 0.02

(Table continued)

TABLE IV. Parameters of the 1P- and 2P-wave charmed baryons belonging to the ½3̄F; 1; 0; λ� doublets, calculated using the method of
QCD sum rules within the framework of heavy quark effective theory. Decay constants in the last column satisfy fΞþ

c
¼ fΞ0

c
.

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

Λcð1PÞ 1.00 T ¼ 0.279 0.99� 0.01 Λcð1=2−Þ 2.76� 0.03 7� 3 0.016� 0.002ðΛþ
c ð1=2−ÞÞ

Λcð3=2−Þ 2.77� 0.03 0.007� 0.001ðΛþ
c ð3=2−ÞÞ

Ξcð1PÞ 1.28 T ¼ 0.271 1.07� 0.03 Ξcð1=2−Þ 2.81� 0.04 9� 3 0.022� 0.003ðΞ0
cð1=2−ÞÞ

Ξcð3=2−Þ 2.82� 0.04 0.010� 0.001ðΞ0
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c ð1=2−ÞÞ

Ξcð3=2−Þ 3.13� 0.11 0.009� 0.004ðΞþ
c ð3=2−ÞÞ
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