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We use QCD sum rules to study the mass spectra of P-wave charmed baryons of the SUð3Þ flavor 6F. We
also use light cone sum rules to study their S- and D-wave decays into ground-state charmed baryons
together with light pseudoscalar and vector mesons. We work within the framework of heavy quark
effective theory, and we also consider the mixing effect. Our results can explain many excited charmed
baryons as a whole, including the Σcð2800Þ0, Ξcð2923Þ0, Ξcð2939Þ0, Ξcð2965Þ0, Ωcð3000Þ0, Ωcð3050Þ0,
Ωcð3066Þ0, Ωcð3090Þ0, and Ωcð3119Þ0. Their masses, mass splittings within the same multiplets, and
decay properties are extracted for future experimental searches.
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I. INTRODUCTION

The singly heavy baryon system is an ideal platform to
study the fine structure of hadron spectra [1–4], where light
quarks and gluons circle around the nearly static heavy
quark, and the whole system behaves as the QCD analogue
of the hydrogen [5–8]. In the past years, important
experimental progresses have been made in the field of
excited singly charmed baryons; e.g., the Λcð2595Þ,
Λcð2625Þ, Ξcð2790Þ, and Ξcð2815Þ can be well interpreted
as the P-wave charmed baryons completing two SUð3Þ
flavor 3̄F multiplets of JP ¼ 1=2− and 3=2− [9–12]. The
Σcð2800Þ, Ξcð2930Þ, and Ξcð2970Þ are also P-wave
charmed baryon candidates of the SUð3Þ flavor 6F, whose
experimental parameters are [13–21],

Σcð2800Þþþ∶ M ¼ 2801þ4
−6 MeV;

Γ ¼ 75þ18þ12
−13−11 MeV; ð1Þ

Σcð2800Þþ∶ M ¼ 2792þ14
−5 MeV;

Γ ¼ 62þ37þ52
−23−38 MeV; ð2Þ

Σcð2800Þ0∶ M ¼ 2806þ5
−7 MeV;

Γ ¼ 72þ22
−15 MeV; ð3Þ

Ξcð2930Þþ∶ M ¼ 2942.3� 4.4� 1.5 MeV;

Γ ¼ 14.8� 8.8� 2.5 MeV; ð4Þ

Ξcð2930Þ0∶ M ¼ 2929.7þ2.8
−5.0 MeV;

Γ ¼ 26� 8 MeV; ð5Þ

Ξcð2970Þþ∶ M ¼ 2966.34þ0.17
−1.00 MeV;

Γ ¼ 20.9þ2.4
−3.5 MeV; ð6Þ

Ξcð2970Þ0∶ M ¼ 2970.9þ0.4
−0.6 MeV;

Γ ¼ 28.1þ3.4
−4.0 MeV: ð7Þ

Besides, in the past five years, the LHCb Collaboration
discovered as many as eight excited charmed baryons:

(i) In 2017, the LHCb Collaboration observed the
Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0, Ωcð3090Þ0,
andΩcð3119Þ0 in the Ξþ

c K− invariant mass spectrum
with a sample of pp collision data, whose exper-
imental parameters are [22]

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

Γ ¼ 4.5� 0.6� 0.3 MeV; ð8Þ

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

Γ ¼ 0.8� 0.2� 0.1 MeV; ð9Þ

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

Γ ¼ 3.5� 0.4� 0.2 MeV; ð10Þ

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

Γ ¼ 8.7� 1.0� 0.8 MeV; ð11Þ

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

Γ ¼ 1.1� 0.8� 0.4 MeV: ð12Þ
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Some of them are confirmed in the latter Belle
experiment [23] and in the Ω−

b → Ξþ
c K−π− decay

process by LHCb [24].
(ii) In 2020, the LHCb Collaboration observed the

Ξcð2923Þ0, Ξcð2939Þ0, and Ξcð2965Þ0 in the
Λþ
c K− invariant mass spectrum, whose experimental

parameters are [25]

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

Γ¼7.1�0.8�1.8MeV; ð13Þ

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

Γ¼10.2�0.8�1.1MeV; ð14Þ

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

Γ¼14.1�0.9�1.3MeV: ð15Þ

Based on the above experimental observations,
many phenomenological methods and models were pro-
posed to study excited singly charmed baryons, such as
various quark models [26–40], various molecular explan-
ations [41–47], the hyperfine interaction [2,3], the chiral
perturbation theory [48,49], the lattice QCD [50–55],
and QCD sum rules [56–76], etc. Their productions and
decay properties were studied in Refs. [77–81], and
we refer to the reviews [1,5–8,82–84] for their recent
progress.
In this paper, we shall systematically investigate P-wave

charmed baryons of the SUð3Þ flavor 6F. In Refs. [85,86],
we have studied mass spectra of P-wave bottom baryons
using the method of QCD sum rules [87,88], and in the
present study, we shall replace the bottom quark by the
charm quark and reanalyze those results. In Ref. [89], we
have studied decay properties of P-wave bottom baryons
using the method of light cone sum rules [90–94], and in
the present study, we shall apply the same method to study
P-wave charmed baryons of the SUð3Þ flavor 6F. We shall
study their S- and D-wave decays into ground-state
charmed baryons together with pseudoscalar mesons
π=K and vector mesons ρ=K�. We shall work within the
framework of the heavy quark effective theory (HQET)
[95–97], and we shall also consider the mixing effect
between two different HQET multiplets.
This paper is organized as follows. In Sec. II, we briefly

introduce our notations and use the method of the QCD
sum rule to study mass spectra of P-wave charmed baryons
of the SUð3Þ flavor 6F. The obtained results are further
used in Sec. III to study their S- and D-wave decays into
ground-state charmed baryons together with light pseudo-
scalar and vector mesons. The mixing effect between
different HQET multiplets is investigated in Sec. IV, and
the obtained results are summarized in Sec. V, where we
conclude this paper.

II. MASS SPECTRA THROUGH QCD
SUM RULES

In this section, we follow Ref. [27] and classify P-wave
charmed baryons. A singly charmed baryon consists of one
charm quark and two light up=down=strange quarks, and
its internal symmetries are

(i) The color structure of the two light quarks is
antisymmetric (3̄C).

(ii) The flavor structure of the two light quarks is either
symmetric (6F) or antisymmetric (3̄F).

(iii) The spin structure of the two light quarks is either
symmetric (sl ≡ sqq ¼ 1) or antisymmetric (sl ¼ 0).

(iv) The orbital structure of the two light quarks is either
symmetric or antisymmetric. We call the former
λ type with lρ ¼ 0 and lλ ¼ 1, and the latter ρ type
with lρ ¼ 1 and lλ ¼ 0. Here, lρ denotes the orbital
angular momentum between the two light quarks,
and lλ denotes the orbital angular momentum
between the charm quark and the two-light-quark
system.

According to the Pauli principle, the total symmetry of the
two light quarks is antisymmetric, so that we can categorize
P-wave charmed baryons into eight multiplets. Four of
them belong to the SUð3Þ flavor 6F representation, as
shown in Fig. 1. We denote them as ½FðflavorÞ; jl; sl; ρ=λ�,
where jl ¼ lλ ⊗ lρ ⊗ sl is the total angular momentum of
the light components. There are one or two charmed
baryons contained in each multiplet, with the total angular
momenta j ¼ jl ⊗ sb ¼ jjl � 1=2j.
We have systematically studied mass spectra of P-wave

bottom baryons in Refs. [85,86]. In the present study, we
just need to replace the bottom quark by the charm quark
and reanalyze those results. The newly obtained results for
charmed baryons are summarized in Table I. In the
calculation, we have used the following QCD parameters
at the renormalization scale 1 GeV [4,62,98–103]:

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: ð16Þ

Besides, we have used the PDG value mc ¼ 1.275�
0.025 GeV [4] for the charm quark mass in the MS
scheme.
To better understand P-wave charmed baryons, we shall

further investigate their decay properties in the next section.
The parameters given in Table I will be used as inputs. To
better describe P-wave charmed baryons, we select the
following mass values when calculating their decay widths:
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(i) We shall find it possible to interpret the Ωcð3000Þ0
as a P-wave Ωc baryon belonging to the ½6F; 1; 0; ρ�
doublet. Accordingly, we choose

M½Σcð1=2−Þ;1;0;ρ� ¼ 2.77 GeV;

M½Σcð3=2−Þ;1;0;ρ� ¼ 2.79 GeV;

M½Ξ0
cð1=2−Þ;1;0;ρ� ¼ 2.88 GeV;

M½Ξ0
cð3=2−Þ;1;0;ρ� ¼ 2.89 GeV;

M½Ωcð1=2−Þ;1;0;ρ� ¼ 3000.4 MeV ½22�;
M½Ωcð3=2−Þ;1;0;ρ� ¼ 3000.4 MeV ½22�: ð17Þ

(ii) For the ½6F; 0; 1; λ� singlet, we choose

M½Σcð1=2−Þ;0;1;λ� ¼ 2.83 GeV;

M½Ξ0
cð1=2−Þ;0;1;λ� ¼ 2.90 GeV;

M½Ωcð1=2−Þ;0;1;λ� ¼ 3.03 GeV: ð18Þ

(iii) We shall find it reasonable to interpret the
Ξcð2923Þ0, Ξcð2939Þ0, Ωcð3050Þ0, and Ωcð3066Þ0
as P-wave charmed baryons belonging to the
½6F; 1; 1; λ� doublet. We shall also find it possible
to explain the Σcð2800Þ0 as the combination of such
charmed baryons. Accordingly, we choose

FIG. 1. P-wave charmed baryons belonging to the SUð3Þ flavor 6F representation.

TABLE I. Parameters of P-wave charmed baryons belonging to the SUð3Þ flavor 6F representation, extracted from their mass sum
rules. In the last column, we list decay constant, satisfying fΣþþ

c
¼ fΣ0

c
¼ ffiffiffi

2
p

fΣþ
c
and fΞ0þ

c
¼ fΞ00

c
.

ωc Working region Λ̄ Baryon Mass Difference Decay constant

Multiplet B (GeV) (GeV) (GeV) (jP) (GeV) (MeV) (GeV4)

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

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

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

cð1=2−Þ 2.88� 0.14 13� 5 0.059� 0.014ðΞ0−
c ð1=2−ÞÞ

Ξ0
cð3=2−Þ 2.89� 0.14 0.028� 0.007ðΞ0−

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

c ð1=2−ÞÞ
Ωcð3=2−Þ 3.00� 0.15 0.049� 0.011ðΩ−

c ð3=2−ÞÞ
½6F; 0; 1; λ� Σc 1.35 T ¼ 0.27 1.10� 0.04 Σcð1=2−Þ 2.83� 0.05 � � � 0.045� 0.008ðΣ−

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

cð1=2−Þ 2.90� 0.13 � � � 0.041� 0.009ðΞ0−
c ð1=2−ÞÞ

Ωc 1.78 0.27 < T < 0.31 1.37� 0.09 Ωcð1=2−Þ 3.03� 0.18 � � � 0.081� 0.020ðΩ−
c ð1=2−ÞÞ

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

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

Ξ0
c 1.72 T ¼ 0.34 1.14� 0.09 Ξ0

cð1=2−Þ 2.91� 0.12 38� 14 0.041� 0.008ðΞ0−
c ð1=2−ÞÞ

Ξ0
cð3=2−Þ 2.95� 0.12 0.019� 0.004ðΞ0−

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

c ð1=2−ÞÞ
Ωcð3=2−Þ 3.07� 0.09 0.032� 0.005ðΩ−

c ð3=2−ÞÞ
½6F; 2; 1; λ� Σc 1.50 0.28 < T < 0.29 1.09� 0.09 Σcð3=2−Þ 2.78� 0.13 86� 36 0.055� 0.013ðΣ−

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

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

cð3=2−Þ 2.96� 0.20 66� 27 0.057� 0.016ðΞ0−
c ð3=2−ÞÞ

Ξ0
cð5=2−Þ 3.02� 0.18 0.034� 0.009ðΞ0−

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

c ð3=2−ÞÞ
Ωcð5=2−Þ 3.14� 0.18 0.062� 0.016ðΩ−

c ð5=2−ÞÞ
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M½Σcð1=2−Þ;1;1;λ� ∼ 2800 MeV ½104�;
M½Σcð3=2−Þ;1;1;λ� ∼ 2800 MeV ½104�;
M½Ξ0

cð1=2−Þ;1;1;λ� ¼ 2923.04 MeV ½25�;
M½Ξ0

cð3=2−Þ;1;1;λ� ¼ 2938.55 MeV ½25�;
M½Ωcð1=2−Þ;1;1;λ� ¼ 3050.2 MeV ½22�;
M½Ωcð3=2−Þ;1;1;λ� ¼ 3065.6 MeV ½22�: ð19Þ

The mass difference between the Ωcð3050Þ0 and
Ωcð3066Þ0 baryons is slightly smaller than that
between the ½Ωcð1=2−Þ; 1; 1; λ� and ½Ωcð3=2−Þ;
1; 1; λ� baryons, as given in Table I. This is because
the HQET is an effective theory, which works quite
well for bottom baryons [89], but not so perfect for
charmed baryons [104]. Accordingly, we shall in-
vestigate the mixing effect between different HQET
multiplets in Sec. IV, especially, between the
½6F; 1; 1; λ� and ½6F; 2; 1; λ� multiplets.

(iv) We shall find it reasonable to interpret the
Ξcð2965Þ0, Ωcð3090Þ0, and Ωcð3119Þ0 as P-wave
charmed baryons belonging to the ½6F; 2; 1; λ� dou-
blet. We shall also find it possible to explain the
Σcð2800Þ0 as the combination of such charmed
baryons. Accordingly, we choose

M½Σcð3=2−Þ;2;1;λ� ∼ 2800 MeV ½104�;
M½Σcð5=2−Þ;2;1;λ� ∼ 2800 MeV ½104�;
M½Ξ0

cð3=2−Þ;2;1;λ� ¼ 2964.88 MeV ½25�;
M½Ξ0

cð5=2−Þ;2;1;λ� −M½Ξ0
cð3=2−Þ;2;1;λ� ¼ 56 MeV;

M½Ωcð3=2−Þ;2;1;λ� ¼ 3090.2 MeV ½22�;
M½Ωcð5=2−Þ;2;1;λ� ¼ 3119.1 MeV ½22�: ð20Þ

Note that the above interpretations are just possible explan-
ations, and there exist many other possible explanations
for the Σcð2800Þ0, Ξcð2923Þ0, Ξcð2939Þ0, Ξcð2965Þ0,
Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0, Ωcð3090Þ0, and
Ωcð3119Þ0.
We shall use the following mass values for ground-state

charmed baryons [4]:

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�
bð3=2þÞ∶ m ¼ 2645.9 MeV;

Ωbð1=2þÞ∶ m ¼ 2695.2 MeV;

Ω�
bð3=2þÞ∶ m ¼ 2765.9 MeV: ð21Þ

We shall use the following parameters for light pseudo-
scalar and vector mesons [4]:

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;

K�ð1−Þ∶ m ¼ 893.57 MeV;

Γ ¼ 49.1 MeV;

gK�Kπ ¼ 3.20; ð22Þ

which are calculated through

Lρππ ¼ gρππ × ðρ0μπþ∂μπ− − ρ0μπ
−∂μπþÞ þ � � � ;

LK�Kπ ¼ gK�KπK�þ
μ × ðK−∂μπ0 − ∂μK−π0Þ þ � � � ð23Þ

III. DECAY PROPERTIES THROUGH LIGHT
CONE SUM RULES

We have systematically studied decay properties of
P-wave bottom baryons of the SUð3Þ flavor 6F in
Ref. [89] using the method of light cone sum rules within
HQET. In this paper, we apply the same method to study
P-wave charmed baryons of the SUð3Þ flavor 6F. We shall
study their S- and D-wave decays into ground-state
charmed baryons together with pseudoscalar mesons
π=K and vector mesons ρ=K�, including

ða1Þ Γ½Σc½1=2−� → Λc þ π� ¼ Γ½Σ0
c½1=2−� → Λþ

c þ π−�; ð24Þ

ða2Þ Γ½Σc½1=2−� → Σc þ π� ¼ 2 × Γ½Σ0
c½1=2−� → Σþ

c π
−�; ð25Þ

ða3Þ Γ½Σc½1=2−� → Σ�
c þ π� ¼ 2 × Γ½Σ0

c½1=2−� → Σ�þ
c þ π−�; ð26Þ

ða4Þ Γ½Σc½1=2−� → Λc þ ρ → Λc þ π þ π� ¼ Γ½Σ0
c½1=2−� → Λþ

c þ π0 þ π−�; ð27Þ

ða5Þ Γ½Σc½1=2−� → Σc þ ρ → Σc þ π þ π� ¼ 2 × Γ½Σ0
c½1=2−� → Σþ

c þ π0 þ π−�; ð28Þ
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ða6Þ Γ½Σc½1=2−� → Σ�
c þ ρ → Σ�

c þ π þ π� ¼ 2 × Γ½Σ0
c½1=2−� → Σ�þ

c þ π0 þ π−�; ð29Þ

ðb1Þ Γ½Σc½3=2−� → Λc þ π� ¼ Γ½Σ0
c½3=2−� → Λþ

c þ π−�; ð30Þ

ðb2Þ Γ½Σc½3=2−� → Σc þ π� ¼ 2 × Γ½Σ0
c½3=2−� → Σþ

c þ π−�; ð31Þ

ðb3Þ Γ½Σc½3=2−� → Σ�
c þ π� ¼ 2 × Γ½Σ0

c½3=2−� → Σ�þ
c þ π−�; ð32Þ

ðb4Þ Γ½Σc½3=2−� → Λc þ ρ → Λc þ π þ π� ¼ Γ½Σ0
c½3=2−� → Λþ

c þ π0 þ π−�; ð33Þ

ðb5Þ Γ½Σc½3=2−� → Σc þ ρ → Σc þ π þ π� ¼ 2 × Γ½Σ0
c½3=2−� → Σþ

c þ π0 þ π−�; ð34Þ

ðb6Þ Γ½Σc½3=2−� → Σ�
c þ ρ → Σ�

c þ π þ π� ¼ 2 × Γ½Σ0
c½3=2−� → Σ�þ

c þ π0 þ π−�; ð35Þ

ðc1Þ Γ½Σc½5=2−� → Λc þ π� ¼ Γ½Σ0
c½5=2−� → Λþ

c þ π−�; ð36Þ

ðc2Þ Γ½Σc½5=2−� → Σc þ π� ¼ 2 × Γ½Σ0
c½5=2−� → Σþ

c þ π−�; ð37Þ

ðc3Þ Γ½Σc½5=2−� → Σ�
c þ π� ¼ 2 × Γ½Σ0

c½5=2−� → Σ�þ
c þ π−�; ð38Þ

ðc4Þ Γ½Σc½5=2−� → Σ�
c þ ρ → Σ�

c þ ππ� ¼ 2 × Γ½Σ0
c½5=2−� → Σ�þ

c þ π0 þ π−�; ð39Þ

ðd1Þ Γ½Ξ0
c½1=2−� → Ξc þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξþ
c þ π−�; ð40Þ

ðd2Þ Γ½Ξ0
c½1=2−� → Ξ0

c þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξ0þ
c þ π−�; ð41Þ

ðd3Þ Γ½Ξ0
c½1=2−� → Λc þ K̄� ¼ Γ½Ξ00

c ½1=2−� → Λþ
c þ K−�; ð42Þ

ðd4Þ Γ½Ξ0
c½1=2−� → Σc þ K̄� ¼ 3 × Γ½Ξ00

c ½1=2−� → Σþ
c þ K−�; ð43Þ

ðd5Þ Γ½Ξ0
c½1=2−� → Ξ�

c þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξ�þ
c þ π−�; ð44Þ

ðd6Þ Γ½Ξ0
c½1=2−� → Σ�

c þ K̄� ¼ 3 × Γ½Ξ00
c ½1=2−� → Σ�þ

c þ K−�; ð45Þ

ðd7Þ Γ½Ξ0
c½1=2−� → Ξc þ ρ → Ξc þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξþ
c þ π0 þ π−�; ð46Þ

ðd8Þ Γ½Ξ0
c½1=2−� → Λc þ K̄� → Λc þ K̄ þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Λþ
c þ K̄0 þ π−�; ð47Þ

ðd9Þ Γ½Ξ0
c½1=2−� → Ξ0

c þ ρ → Ξ0
c þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξ0þ
c þ π0 þ π−�; ð48Þ

ðd10Þ Γ½Ξ0
c½1=2−� → Σc þ K̄� → Σc þ K̄ þ π� ¼ 9

2
× Γ½Ξ00

c ½1=2−� → Σþ
c þ K̄0 þ π−�; ð49Þ

ðd11Þ Γ½Ξ0
c½1=2−� → Ξ�

c þ ρ → Ξ�
c þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξ�þ
c þ π0 þ π−�; ð50Þ

ðd12Þ Γ½Ξ0
c½1=2−� → Σ�

c þ K̄� → Σ�
c þ K̄ þ π� ¼ 9

2
× Γ½Ξ00

c ½1=2−� → Σ�þ
c þ K̄0 þ π−�; ð51Þ
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ðe1Þ Γ½Ξ0
c½3=2−� → Ξc þ π� ¼ 3

2
× Γ½Ξ00

c ½3=2−� → Ξþ
c þ π−�; ð52Þ

ðe2Þ Γ½Ξ0
c½3=2−� → Λc þ K̄� ¼ Γ½Ξ00

c ½3=2−� → Λþ
c þ K−�; ð53Þ

ðe3Þ Γ½Ξ0
c½3=2−� → Ξ0

c þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξ0þ
c þ π−�; ð54Þ

ðe4Þ Γ½Ξ0
c½3=2−� → Σc þ K̄� ¼ 3 × Γ½Ξ00

c ½3=2−� → Σþ
c þ K−�; ð55Þ

ðe5Þ Γ½Ξ0
c½3=2−� → Ξ�

c þ π� ¼ 3

2
× Γ½Ξ00

c ½3=2−� → Ξ�þ
c þ π−�; ð56Þ

ðe6Þ Γ½Ξ0
c½3=2−� → Σ�

c þ K̄� ¼ 3 × Γ½Ξ00
c ½3=2−� → Σ�þ

c þ K−�; ð57Þ

ðe7Þ Γ½Ξ0
c½3=2−� → Ξc þ ρ → Ξc þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½3=2−� → Ξþ
c þ π0 þ π−�; ð58Þ

ðe8Þ Γ½Ξ0
c½3=2−� → Λc þ K̄� → Λc þ K̄ þ π� ¼ 3

2
× Γ½Ξ00

c ½3=2−� → Λþ
c þ K̄0 þ π−�; ð59Þ

ðe9Þ Γ½Ξ0
c½3=2−� → Ξ0

c þ ρ → Ξ0
c þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½3=2−� → Ξ0þ
c þ π0 þ π−�; ð60Þ

ðe10Þ Γ½Ξ0
c½3=2−� → Σc þ K̄� → Σ0

c þ K̄ þ π� ¼ 9

2
× Γ½Ξ00

c ½3=2−� → Σ0þ
c þ K̄0 þ π−�; ð61Þ

ðe11Þ Γ½Ξ0
c½3=2−� → Ξ�

c þ ρ → Ξ�
c þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½3=2−� → Ξ�þ
c þ π0 þ π−�; ð62Þ

ðe12Þ Γ½Ξ0
c½3=2−� → Σ�

c þ K̄� → Σ�
c þ K̄ þ π� ¼ 9

2
× Γ½Ξ00

c ½3=2−� → Σ�þ
c þ K̄0 þ π−�; ð63Þ

ðf1Þ Γ½Ξ0
c½5=2−� → Ξc þ π� ¼ 3

2
× Γ½Ξ00

c ½5=2−� → Ξþ
c þ π−�; ð64Þ

ðf2Þ Γ½Ξ0
c½5=2−� → Λc þ K̄� ¼ Γ½Ξ00

c ½5=2−� → Λþ
c þ K−�; ð65Þ

ðf3Þ Γ½Ξ0
c½5=2−� → Ξ0

c þ π� ¼ 3

2
× Γ½Ξ00

c ½1=2−� → Ξ0þ
c þ π−�; ð66Þ

ðf4Þ Γ½Ξ0
c½5=2−� → Σc þ K̄� ¼ 3 × Γ½Ξ00

c ½5=2−� → Σþ
c þ K−�; ð67Þ

ðf5Þ Γ½Ξ0
c½5=2−� → Ξ�

c þ π� ¼ 3

2
× Γ½Ξ00

c ½5=2−� → Ξ�þ
c þ π−�; ð68Þ

ðf6Þ Γ½Ξ0
c½5=2−� → Σ�

c þ K̄� ¼ 3 × Γ½Ξ00
c ½5=2−� → Σ�þ

c þ K−�; ð69Þ

ðf7Þ Γ½Ξ0
c½5=2−� → Σ�

c þ K̄� → Σ�
c þ K̄ þ π� ¼ 9

2
× Γ½Ξ00

c ½5=2−� → Σ�þ
c þ K̄0 þ π−�; ð70Þ

ðf8Þ Γ½Ξ0
c½5=2−� → Ξ�

c þ ρ → Ξ�
c þ π þ π� ¼ 3

2
× Γ½Ξ00

c ½5=2−� → Ξ�þ
c þ π0 þ π−�; ð71Þ

ðg1Þ Γ½Ωc½1=2−� → Ξc þ K̄� ¼ 2 × Γ½Ω0
c½1=2−� → Ξþ

c þ K−�; ð72Þ

ðg2Þ Γ½Ωc½1=2−� → Ξ0
c þ K̄� ¼ 2 × Γ½Ω0

c½1=2−� → Ξ0þ
c þ K−�; ð73Þ

HUI-MIN YANG and HUA-XING CHEN PHYS. REV. D 104, 034037 (2021)

034037-6



ðg3Þ Γ½Ωc½1=2−� → Ξ�
c þ K̄� ¼ 2 × Γ½Ω0

c½1=2−� → Ξ�þ
c þ K−�; ð74Þ

ðg4Þ Γ½Ωc½1=2−� → Ξc þ K̄� → Ξc þ K̄ þ π� ¼ 3 × Γ½Ω0
c½1=2−� → Ξþ

c þ K̄0 þ π−�; ð75Þ

ðg5Þ Γ½Ωc½1=2−� → Ξ0
c þ K̄� → Ξ0

c þ K̄ þ π� ¼ 3 × Γ½Ω0
c½1=2−� → Ξ0þ

c þ K̄0 þ π−�; ð76Þ

ðg6Þ Γ½Ωc½1=2−� → Ξ�
c þ K̄� → Ξ�

c þ K̄ þ π� ¼ 3 × Γ½Ω0
c½1=2−� → Ξ�þ

c þ K̄0 þ π−�; ð77Þ

ðh1Þ Γ½Ωc½3=2−� → Ξc þ K̄� ¼ 2 × Γ½Ω0
c½3=2−� → Ξþ

c þ K−�; ð78Þ

ðh2Þ Γ½Ωc½3=2−� → Ξ0
c þ K̄� ¼ 2 × Γ½Ω0

c½3=2−� → Ξ0þ
c þ K−�; ð79Þ

ðh3Þ Γ½Ωc½3=2−� → Ξ�
c þ K̄� ¼ 2 × Γ½Ω0

c½3=2−� → Ξ�þ
c þ K−�; ð80Þ

ðh4Þ Γ½Ωc½3=2−� → Ξc þ K̄� → Ξc þ K̄ þ π� ¼ 3 × Γ½Ω0
c½3=2−� → Ξþ

c þ K̄0 þ π−�; ð81Þ

ðh5Þ Γ½Ωc½3=2−� → Ξ0
c þ K̄� → Ξ0

c þ K̄ þ π� ¼ 3 × Γ½Ω0
c½3=2−� → Ξ0þ

c þ K̄0 þ π−�; ð82Þ

ðh6Þ Γ½Ωc½3=2−� → Ξ�
c þ K̄� → Ξ�

c þ K̄ þ π� ¼ 3 × Γ½Ω0
c½3=2−� → Ξ�þ

c þ K̄0 þ π−�; ð83Þ

ði1Þ Γ½Ωc½5=2−� → Ξc þ K̄� ¼ 2 × Γ½Ω0
c½5=2−� → Ξþ

c þ K−�; ð84Þ

ði2Þ Γ½Ωc½5=2−� → Ξ0
c þ K̄� ¼ 2 × Γ½Ω0

c½5=2−� → Ξ0þ
c þ K−�; ð85Þ

ði3Þ Γ½Ωc½5=2−� → Ξ�
c þ K̄� ¼ 2 × Γ½Ω0

c½5=2−� → Ξ�þ
c þ K−�; ð86Þ

ði4Þ Γ½Ωc½5=2−� → Ξ�
c þ K̄� → Ξ�

c þ K̄ þ π� ¼ 3 × Γ½Ω0
c½5=2−� → Ξ�þ

c þ K̄0 þ π−�: ð87Þ

In the above expressions, isospin factors are explicitly
shown at right-hand sides. Lagrangians of these decay
channels are

LS
Xcð1=2−Þ→Ycð1=2þÞP ¼ gX̄cð1=2−ÞYcð1=2þÞP; ð88Þ

LS
Xcð3=2−Þ→Ycð3=2þÞP ¼ gX̄cμð3=2−ÞYμ

cð3=2þÞP; ð89Þ

LS
Xcð1=2−Þ→Ycð1=2þÞV ¼ gX̄cð1=2−Þγμγ5Ycð1=2þÞVμ; ð90Þ

LS
Xcð1=2−Þ→Ycð3=2þÞV ¼ gX̄cð1=2−ÞYμ

cð3=2þÞVμ; ð91Þ

LS
Xcð3=2−Þ→Ycð1=2þÞV ¼ gX̄μ

cð3=2−ÞYcð1=2þÞVμ; ð92Þ

LS
Xcð3=2−Þ→Ycð3=2þÞV ¼ gX̄c

νð3=2−Þγμγ5Ycνð3=2þÞVμ; ð93Þ

LS
Xcð5=2−Þ→Ycð3=2þÞV ¼ gX̄μν

c ð5=2−ÞYcμð3=2þÞVν

þ gX̄νμ
c ð5=2−ÞYcμð3=2þÞVν; ð94Þ

LD
Xcð1=2−Þ→Ycð3=2þÞP ¼ gX̄cð1=2−Þγμγ5Ycνð3=2þÞ∂μ∂νP;

ð95Þ

LD
Xcð3=2−Þ→Ycð1=2þÞP ¼ gX̄cμð3=2−Þγνγ5Ycð1=2þÞ∂μ∂νP;

ð96Þ

LD
Xcð3=2−Þ→Ycð3=2þÞP ¼ gX̄cμð3=2−ÞYcνð3=2þÞ∂μ∂νP; ð97Þ

LD
Xcð5=2−Þ→Ycð1=2þÞP ¼ gX̄cμνð5=2−ÞYcð1=2þÞ∂μ∂νP; ð98Þ

LD
Xcð5=2−Þ→Ycð3=2þÞP
¼ gX̄cμνð5=2−Þγργ5Yμ

cð3=2þÞ∂ν∂ρP

þ gX̄cμνð5=2−Þγργ5Yν
cð3=2þÞ∂μ∂ρP: ð99Þ

In the above expressions, the superscripts S and D denote

S- and D-wave decays, respectively; XðμνÞ
c , YðμÞ

c , P, and Vμ

denote P-wave charmed baryons, ground-state charmed
baryons, light pseudoscalar mesons, and light vector
mesons, respectively.
We shall use Ω0

cð3=2−Þ belonging to ½6F; 2; 1; λ� as an
example and study its D-wave decay into Ξþ

c ð1=2þÞ and
K−ð0−Þ in Sec. III A. Then, we shall apply the same
method to systematically investigate the four charmed
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baryon multiplets ½6F; 1; 0; ρ�, ½6F; 0; 1; λ�, ½6F; 1; 1; λ�, and
½6F; 2; 1; λ�, separately in the following subsections.

A. Ω0
cð3=2− Þ of ½6F;2;1;λ� decaying into Ξ+

c K −

In this subsection, we use Ω0
cð3=2−Þ belonging to

½6F; 2; 1; λ� as an example and study its D-wave decay
into Ξþ

c ð1=2þÞ and K−ð0−Þ.
We consider the three-point correlation function,

Παðω;ω0Þ

¼
Z

d4xe−ik·xh0jJα
3=2;−;Ω0

c;2;1;λ
ð0ÞJ̄Ξþ

c
ðxÞjK−ðqÞi

¼ 1þ =v
2

Gα
Ω0

c½32−�→Ξþ
c K−ðω;ω0Þ; ð100Þ

where k0 ¼ kþ q, ω ¼ v · k, and ω0 ¼ v · k0. The currents
inside this expression are [68,85]

Jα
3=2;−;Ω0

c;2;1;λ
¼ iϵabcð½Dμ

t saT �Cγνt sb þ saTCγνt ½Dμ
t sb�Þ

×

�
gαμt γνt γ5 þ gανt γμt γ5 −

2

3
gμνt γαt γ5

�
hcv;

ð101Þ
JΞþ

c
¼ ϵabc½uaTCγ5sb�hcv; ð102Þ

where a � � � c are color indices, C is the charge-conjugation
operator, Dμ

t ¼ Dμ − v ·Dvμ, γνt ¼ γν − v=vν, and gαμt ¼
gαμ − vαvμ. These two currents couple to Ω0

cð3=2−Þ and
Ξþ
c ð1=2þÞ, respectively.
At the hadron level, we can write Gα

Ω0
c½32−�→Ξþ

c K− as

Gα
Ω0

c½32−�→Ξþ
c K−ðω;ω0Þ ¼ gΩ0

c½32−�→Ξþ
c K− ×

fΩ0
c½32−�fΞþ

c

ðΛ̄Ω0
c½32−� − ω0ÞðΛ̄Ξþ

c
− ωÞ × γ · qγ5qα þ � � � ; ð103Þ

where � � � contains other possible amplitudes.
At the quark-gluon level, we can calculate Gα

Ω0
c½32−�→Ξþ

c K− using the method of operator product expansion (OPE),

Gα
Ω0

c½32−�→Ξþ
c K−ðω;ω0Þ ¼

Z
∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
fKmsu
4π2t2

ϕ2;KðuÞ þ
fKm2

su
12ðmu þmsÞπ2t2

ϕσ
3;KðuÞ

þ fKm2
sm2

Ku
48ðmu þmsÞπ2

ϕσ
3;KðuÞ þ

fKmsu
64π2

ϕ4;KðuÞ þ
fKu
12

hs̄siϕ2;KðuÞ þ
fKmsm2

Kut
2

288ðmu þmsÞ
hssiϕσ

3;KðuÞ

þ fKut2

192
hssiϕ4;KðuÞ þ

fKut2

192
hgss̄σGsiϕ2;KðuÞ þ

fKut4

3072
hgss̄σGsiϕ4;KðuÞ

�
× γ · qγ5qα

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

�
f3Ku
2π2t2

Φ3;KðαÞ −
f3K
2π2t2

Φ3;KðαÞ

þ if3Ku2α3
2π2tv · q

Φ3;KðαÞ þ
if3Kuα2
2π2tv · q

Φ3;KðαÞ −
if3Ku

2π2tv · q
Φ3;KðαÞ

�
× γ · qγ5qα þ � � � ð104Þ

Then we perform the double-Borel transformation to both Eq. (103) at the hadron level and Eq. (104) at the quark-
gluon level,

gΩ0
c½32−�→Ξþ

c K−fΩ0
c½32−�fΞþ

c
e−

Λ̄
Ω0c ½32

− �
T1 e−

Λ̄
Ξþc
T2

¼ 8 ×

�
−
ifkmsu0
4π2

T3f2

�
ωc

T

�
ϕ2;Kðu0Þ −

ifKm2
Ku0

12ðmu þmsÞπ2
T3f2

�
ωc

T

�
ϕσ
3;Kðu0Þ þ

ifKmsu0
64π2

Tf0

�
ωc

T

�
ϕ4;Kðu0Þ

þ ifKu0
12

hs̄siTf0
�
ωc

T

�
ϕ2;Kðu0Þ −

ifKmsu0
288ðmu þmsÞ

hs̄si 1
T
ϕσ
3;Kðu0Þ −

ifKu0
192

hs̄si 1
T
ϕ4;Kðu0Þ

−
ifKu0
192

hgss̄σGsi
1

T
ϕ2;Kðu0Þ þ

ifKu0
3072

hgss̄σGsi
1

T3
ϕ4;Kðu0Þ

�

−
�
−
if3K
2π2

T3f2

�
ωc

T

�Z 1
2

0

dα2

Z
1−α2

1
2
−α2

dα3

�
u0
α3

Φ3;KðαÞ −
1

α3
Φ3;KðαÞ

�

þ if3K
2π2

T3f2

�
ωc

T

�Z 1
2

0

dα2

Z
1−α2

1
2
−α2

dα3
1

α3

∂
∂α3 ðα3u0Φ3;KðαÞ þ α2Φ3;KðαÞ −Φ3;KðαÞÞ

�
: ð105Þ
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In the above expressions, fnðxÞ≡ 1 − e−x
P

n
k¼0

xk
k!; the

parameters ω and ω0 are transformed to be T1 and T2,
respectively; we choose the symmetric point T1 ¼ T2 ¼
2T so that u0 ¼ T1

T1þT2
¼ 1

2
; we chooseωc ¼ 1.55 GeV to be

the averaged threshold value of the Ω0
cð3=2−Þ and

Ξþ
c ð1=2þÞ mass sum rules; explicit forms of the light cone

distribution amplitudes contained in the above sum rule
expressions can be found in Refs. [93,94,105–110], and
more examples can be found in the Appendix.
We extract the coupling constant from Eq. (105) to be

gΩ0
c½32−�→Ξþ

c K− ¼ 4.68þ0.08þ1.82þ1.47þ2.02
−0.18−1.22−1.11−1.66 GeV−2

¼ 4.68þ3.09
−2.35 GeV−2; ð106Þ

where the uncertainties are due to the Borel mass, param-
eters of Ξþ

c ð1=2þÞ, parameters of Ω0
cð3=2−Þ, and various

QCD parameters given in Eqs. (16), respectively.
Finally, we use the amplitude,

ΓðΩ0
cð3=2−Þ → Ξþ

c þ K−Þ

¼ jp⃗2j
32π2m2

0

× g2Ω0
c½32−�→Ξþ

c K− × p2;μp2;νp2;ρp2;σ

× Tr

�
γνγ5ð=p1 þm1Þγσγ5

×

�
gρμ −

γργμ

3
−
pρ
0γ

μ − pμ
0γ

ρ

3m0

−
2pρ

0p
μ
0

3m2
0

�
ð=p0 þm0Þ

�
;

ð107Þ

to evaluate its partial decay width to be

ΓΩ−
c ½32−�→Ξ0

cK− ¼ 9.9þ17.4
−7.4 MeV: ð108Þ

In the following subsections, we shall similarly inves-
tigate the four charmed baryon multiplets ½6F; 1; 0; ρ�,
½6F; 0; 1; λ�, ½6F; 1; 1; λ�, and ½6F; 2; 1; λ�. Some of their
light cone sum rule equations are given in the Appendix
as examples.

B. The ½6F;1;0;ρ� doublet
The ½6F; 1; 0; ρ� doublet contains altogether six charmed

baryons: Σcð12−=32−Þ, Ξcð12−=32−Þ, and Ωcð12−=32−Þ. We study
their S- and D-wave decays into ground-state charmed
baryons together with light pseudoscalar and vector mes-
ons. We derive the following nonzero coupling constants:

ða2Þ gSΣc½12−�→Σc½12þ�π
¼ 2.25þ1.41

−1.03 GeV−2;

ðb3Þ gSΣc½32−�→Σ�
c½32þ�π

¼ 1.83þ1.15
−0.84 GeV−2;

ða4Þ gSΣc½12−�→Λc½12þ�ρ
¼ 0.44 GeV−2;

ða5Þ gSΣc½12−�→Σc½12þ�ρ
¼ 0.13 GeV−2;

ða6Þ gSΣc½12−�→Σ�
c½32þ�ρ

¼ 0.08 GeV−2;

ðb4Þ gSΣc½32−�→Λc½12þ�ρ
¼ 0.75 GeV−2;

ðb5Þ gSΣc½32−�→Σc½12þ�ρ
¼ 0.12 GeV−2;

ðb6Þ gSΣc½32−�→Σ�
c½32þ�ρ

¼ 0.11 GeV−2;

ða3Þ gDΣc½12−�→Σ�
c½32þ�π

¼ 3.12þ1.98
−1.48 GeV−2;

ðb2Þ gDΣc½32−�→Σc½12þ�π
¼ 3.82þ2.36

−1.80 GeV−2;

ðb3Þ gDΣc½32−�→Σ�
c½32þ�π

¼ 2.19þ1.38
−1.03 GeV−2;

ðd2Þ gSΞ0
c½12−�→Ξ0

c½12þ�π
¼ 1.43þ0.85

−0.63 GeV−2;

ðd4Þ gSΞ0
c½12−�→Σc½12þ�K̄

¼ 2.06 GeV−2;

ðe5Þ gSΞ0
c½32−�→Ξ�

c½32þ�π
¼ 1.17þ0.69

−0.51 GeV−2;

ðe6Þ gSΞ0
c½32−�→Σ�

c½32þ�K̄
¼ 1.68 GeV−2;

ðd7Þ gSΞ0
c½12−�→Ξc½12þ�ρ

¼ 0.05 GeV−2;

ðd8Þ gSΞ0
c½12−�→Λc½12þ�K̄� ¼ 0.48 GeV−2;

ðd9Þ gSΞ0
c½12−�→Ξ0

c½12þ�ρ
¼ 0.003 GeV−2;

ðd10Þ gSΞ0
c½12−�→Σc½12þ�K̄� ¼ 0.33 GeV−2;

ðd11Þ gSΞ0
c½12−�→Ξ�

c½32þ�ρ
¼ 0.002 GeV−2;

ðd12Þ gSΞ0
c½12−�→Σ�

c½32þ�K̄� ¼ 0.19 GeV−2;

ðe7Þ gSΞ0
c½32−�→Ξc½12þ�ρ

¼ 0.12 GeV−2;

ðe8Þ gSΞ0
c½32−�→Λc½12þ�K̄� ¼ 0.78 GeV−2;

ðe9Þ gSΞ0
c½32−�→Ξ0

c½12þ�ρ
¼ 0.002 GeV−2;

ðe10Þ gSΞ0
c½32−�→Σc½12þ�K̄� ¼ 0.23 GeV−2;

ðe11Þ gSΞ0
c½32−�→Ξ�

c½32þ�ρ
¼ 0.003 GeV−2;

ðe12Þ gSΞ0
c½32−�→Σ�

c½32þ�K̄� ¼ 0.27 GeV−2;

ðd5Þ gDΞ0
c½12−�→Ξ�

c½32þ�π
¼ 2.00þ1.21

−0.94 GeV−2;

ðd6Þ gDΞ0
c½12−�→Σ�

c½32þ�K̄
¼ 2.16 GeV−2;

ðe3Þ gDΞ0
c½32−�→Ξ0

c½12þ�π
¼ 2.45þ1.47

−1.14 GeV−2;

ðe4Þ gDΞ0
c½32−�→Σc½12þ�K̄

¼ 2.64 GeV−2;

ðe5Þ gDΞ0
c½32−�→Ξ�

c½32þ�π
¼ 1.40þ0.84

−0.65 GeV−2;

ðe6Þ gDΞ0
c½32−�→Σ�

c½32þ�K̄
¼ 1.52 GeV−2;

ðg2Þ gSΩc½12−�→Ξ0
c½12þ�K̄

¼ 2.57 GeV−2;
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ðh3Þ gSΩc½32−�→Ξ�
c½32þ�K̄

¼ 2.10 GeV−2;

ðg4Þ gSΩc½12−�→Ξc½12þ�K̄� ¼ 0.15 GeV−2;

ðg5Þ gSΩc½12−�→Ξ0
c½12þ�K̄� ¼ 0.41 GeV−2;

ðg6Þ gSΩc½12−�→Ξ�
c½32þ�K̄� ¼ 0.24 GeV−2;

ðf4Þ gSΩc½32−�→Ξc½12þ�K̄� ¼ 0.30 GeV−2;

ðf5Þ gSΩc½32−�→Ξ0
c½12þ�K̄� ¼ 0.29 GeV−2;

ðf6Þ gSΩc½32−�→Ξ�
c½32þ�K̄� ¼ 0.33 GeV−2;

ðg3Þ gDΩc½12−�→Ξ�
c½32þ�K̄

¼ 2.55 GeV−2;

ðh2Þ gDΩc½32−�→Ξ0
c½12þ�K̄

¼ 3.12 GeV−2;

ðh3Þ gDΩc½32−�→Ξ�
c½32þ�K̄

¼ 1.79 GeV−2: ð109Þ

Some of these coupling constants are shown in Fig. 2 as
functions of the Borel mass T. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:

ða2Þ ΓS
Σc½12−�→Σc½12þ�π

¼ 380þ630
−270 MeV;

ðb3Þ ΓS
Σc½32−�→Σ�

c½32þ�π
¼ 220þ360

−150 MeV;

ða4Þ ΓS
Σc½12−�→Λc½12þ�ρ→Λc½12þ�ππ

¼ 0.06 MeV;

ða5Þ ΓS
Σc½12−�→Σc½12þ�ρ→Σc½12þ�ππ

¼ 3 × 10−5 MeV;

ðb4Þ ΓS
Σc½32−�→Λc½12þ�ρ→Λc½12þ�ππ

¼ 0.08 MeV;

ðb5Þ ΓS
Σc½32−�→Σc½12þ�ρ→Σc½12þ�ππ

¼ 4 × 10−5 MeV;

ða3Þ ΓD
Σc½12−�→Σ�

c½32þ�π
¼ 0.82þ1.37

−0.59 MeV;

ðb2Þ ΓD
Σc½32−�→Σc½12þ�π

¼ 3.1þ4.6
−2.3 MeV;

ðb3Þ ΓD
Σc½32−�→Σ�

c½32þ�π
¼ 0.21þ0.34

−0.15 MeV;

ðd2Þ ΓS
Ξ0
c½12−�→Ξ0

c½12þ�π
¼ 110þ170

−80 MeV;

ðe5Þ ΓS
Ξ0
c½32−�→Ξ�

c½32þ�π
¼ 58þ88

−39 MeV;

ðd7Þ ΓS
Ξ0
c½12−�→Ξc½12þ�ρ→Ξc½12þ�ππ

¼ 2 × 10−4 MeV;

ðd9Þ ΓS
Ξ0
c½12−�→Ξ0

c½12þ�ρ→Ξ0
c½12þ�ππ

¼ 5 × 10−9 MeV;

ðe7Þ ΓS
Ξ0
c½32−�→Ξc½12þ�ρ→Ξc½12þ�ππ

¼ 5 × 10−4 MeV;

ðe9Þ ΓS
Ξ0
c½32−�→Ξ0

c½12þ�ρ→Ξ0
c½12þ�ππ

¼ 2 × 10−9 MeV;

ðd5Þ ΓD
Ξ0
c½12−�→Ξ�

c½32þ�π
¼ 0.15þ0.23

−0.11 MeV;

ðe3Þ ΓD
Ξ0
c½32−�→Ξ0

c½12þ�π
¼ 0.63þ0.99

−0.45 MeV;

ðe5Þ ΓD
Ξ0
c½32−�→Ξ�

c½32þ�π
¼ 0.03 MeV: ð110Þ

We summarize the above results in Table II.

C. The ½6F;0;1;λ� singlet
The ½6F; 0; 1; λ� doublet contains altogether three

charmed baryons: Σcð12−Þ, Ξcð12−Þ, and Ωcð12−Þ. We
study their S- and D-wave decays into ground-state
charmed baryons together with light pseudoscalar and
vector mesons. We derive the following nonzero coupling
constants:

ða1Þ gSΣc½12−�→Λc½12þ�π
¼ 3.15þ1.74

−1.35 GeV−2;

ða5Þ gSΣc½12−�→Σc½12þ�ρ
¼ 5.18þ2.59

−2.16 GeV−2;

ða6Þ gSΣc½12−�→Σ�
c½32þ�ρ

¼ 5.98 GeV−2;

ðd1Þ gSΞ0
c½12−�→Ξc½12þ�π

¼ 2.16þ1.27
−0.96 GeV−2;

ðd3Þ gSΞ0
c½12−�→Λc½12þ�K̄

¼ 3.12þ1.85
−1.36 GeV−2;

ðd9Þ gSΞ0
c½12−�→Ξ0

c½12þ�ρ
¼ 3.54 GeV−2;

ðd10Þ gSΞ0
c½12−�→Σc½12þ�K̄� ¼ 4.13 GeV−2;

ðd11Þ gSΞ0
c½12−�→Ξ�

c½32þ�ρ
¼ 4.08 GeV−2;

ðd12Þ gSΞ0
c½12−�→Σ�

c½32þ�K̄� ¼ 4.83 GeV−2;

ðg1Þ gDΩc½12−�→Ξc½12þ�K̄
¼ 3.98þ2.40

−1.75 GeV−2;

ðg5Þ gDΩc½12−�→Ξ0
c½12þ�K̄� ¼ 5.21 GeV−2;

ðg6Þ gDΩc½12−�→Ξ�
c½32þ�K̄� ¼ 6.06 GeV−2: ð111Þ

Some of these coupling constants are shown in Fig. 3 as
functions of the Borel mass T. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:

ða1Þ ΓS
Σc½12−�→Λc½12þ�π

¼ 610þ860
−410 MeV;

ða5Þ ΓS
Σc½12−�→Σc½12þ�ρ→Σc½12þ�ππ

¼ 1.1þ1.4
−0.7 MeV;

ða6Þ ΓS
Σc½12−�→Σ�

c½32þ�ρ→Σ�
c½32þ�ππ

¼ 0.03 MeV;

ðd1Þ ΓS
Ξ0
c½12−�→Ξc½12þ�π

¼ 360þ550
−250 MeV;

ðd3Þ ΓS
Ξ0
c½12−�→Λc½12þ�K̄

¼ 400þ610
−270 MeV;

ðd9Þ ΓS
Ξ0
c½12−�→Ξ0

c½12þ�ρ→Ξ0
c½12þ�ππ

¼ 0.03 MeV;

ða5Þ ΓS
Ωc½12−�→Ξc½12þ�K̄

¼ 980þ1530
−670 MeV: ð112Þ

We summarize the above results in Table III.

D. The ½6F;1;1;λ� doublet
The ½6F; 1; 1; λ� doublet contains altogether six charmed

baryons: Σcð12−=32−Þ, Ξcð12−=32−Þ, and Ωcð12−=32−Þ. We study
their S- and D-wave decays into ground-state charmed
baryons together with light pseudoscalar and vector
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o) (p)

FIG. 2. Coupling constants as functions of the Borel mass T: (a) gSΣ0
c ½12−�→Σþ

c π
− , (b) gSΣ0

c½32−�→Σ�þ
c π−

, (c) gSΣ0
c½12−�→Λþ

c ρ
− , (d) gSΣ0

c ½32−�→Λþ
c ρ

− ,

(e) gSΣ0
c ½12−�→Σþ

c ρ
− , (f) gSΣ0

c ½32−�→Σþ
c ρ

− , (g) gDΣ0
c ½12−�→Σ�þ

c π−
, (h) gDΣ0

c ½32−�→Σþ
c π

− , (i) gDΣ0
c½32−�→Σ�þ

c π−
, (j) gSΞ00

c ½32−�→Ξ�þ
c π−

, (k) gSΞ00
c ½12−�→Ξþ

c π
− , (l) gSΞ00

c ½32−�→Ξ00
c π

− , (m)

gSΞ00
c ½12−�→Ξ0

cρ
− , (n) gSΞ00

c ½32−�→Ξ0
cρ

− , (o) gDΞ00
c ½12−�→Ξ�0

c π−
, and (p) gDΞ00

c ½32−�→Ξ�0
c π−

. The charmed baryon doublet ½6F; 1; 0; ρ� is investigated here.
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mesons. We derive the following nonzero coupling
constants:

ða2Þ gSΣc½12−�→Σc½12þ�π
¼ 0.67þ0.41

−0.33 GeV−2;

ðb3Þ gSΣc½32−�→Σ�
c½32þ�π

¼ 0.39þ0.24
−0.19 GeV−2;

ða4Þ gSΣc½12−�→Λc½12þ�ρ
¼ 4.28þ5.32

−4.32 GeV−2;

ða5Þ gSΣc½12−�→Σc½12þ�ρ
¼ 9.99þ6.69

−5.68 GeV−2;

ða6Þ gSΣc½12−�→Σ�
c½32þ�ρ

¼ 5.77 GeV−2;

ðb4Þ gSΣc½32−�→Λc½12þ�ρ
¼ 2.37þ2.26

−2.10 GeV−2;

ðb5Þ gSΣc½32−�→Σc½12þ�ρ
¼ 7.05þ4.74

−4.01GeV
−2;

ðb6Þ gSΣc½32−�→Σ�
c½32þ�ρ

¼ 8.14þ5.47
−4.63 GeV−2;

ða3Þ gDΣc½12−�→Σ�
c½32þ�π

¼ 0.76þ0.99
−0.76 GeV−2;

ðb2Þ gDΣc½32−�→Σc½12þ�π
¼ 2.18þ1.63

−1.40 GeV−2;

ðb3Þ gDΣc½32−�→Σ�
c½32þ�π

¼ 1.26þ0.94
−0.81 GeV−2;

ðd2Þ gSΞ0
c½12−�→Ξ0

c½12þ�π
¼ 0.43þ0.22

−0.19 GeV−2;

ðd4Þ gSΞ0
c½12−�→Σc½12þ�K̄

¼ 0.36 GeV−2;

ðe5Þ gSΞ0
c½32−�→Ξ�

c½32þ�π
¼ 0.25þ0.13

−0.11 GeV−2;

ðe6Þ gSΞ0
c½32−�→Σ�

c½32þ�K̄
¼ 0.14 GeV−2;

ðd7Þ gSΞ0
c½12−�→Ξc½12þ�ρ

¼ 2.67þ3.54
−2.33 GeV−2;

ðd8Þ gSΞ0
c½12−�→Λc½12þ�K̄� ¼ 0.25 GeV−2;

ðd9Þ gSΞ0
c½12−�→Ξ0

c½12þ�ρ
¼ 6.48þ3.60

−3.51 GeV−2;

ðd10Þ gSΞ0
c½12−�→Σc½12þ�K̄� ¼ 4.32 GeV−2;

ðd11Þ gSΞ0
c½12−�→Ξ�

c½32þ�ρ
¼ 3.74 GeV−2;

ðd12Þ gSΞ0
c½12−�→Σ�

c½32þ�K̄� ¼ 2.50 GeV−2;

ðe7Þ gSΞ0
c½32−�→Ξc½12þ�ρ

¼ 1.37þ1.34
−1.29 GeV−2;

ðe8Þ gSΞ0
c½32−�→Λc½12þ�K̄� ¼ 1.78 GeV−2;

ðe9Þ gSΞ0
c½32−�→Ξ0

c½12þ�ρ
¼ 4.58þ2.77

−2.48 GeV−2;

ðe10Þ gSΞ0
c½32−�→Σc½12þ�K� ¼ 3.06 GeV−2;

ðe11Þ gSΞ0
c½32−�→Ξ�

c½32þ�ρ
¼ 5.29 GeV−2;

ðe12Þ gSΞ0
c½32−�→Σ�

c½32þ�K̄� ¼ 3.53 GeV−2;

ðd5Þ gDΞ0
c½12−�→Ξ�

c½32þ�π
¼ 0.98þ0.68

−0.62 GeV−2;

ðd6Þ gDΞ0
c½12−�→Σ�

c½32þ�K̄
¼ 0.17 GeV−2;

ðe3Þ gDΞ0
c½32−�→Ξ0

c½12þ�π
¼ 1.67þ1.01

−0.87 GeV−2;

TABLE II. Decay properties of P-wave charmed baryons belonging to the ½6F; 1; 0; ρ� doublet, with possible experimental candidates
given in the last column.

Baryon Mass Difference S-wave width D-wave width Total width

(jP) (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate

Σcð12−Þ 2.77þ0.16
−0.12 15þ6

−5 Σcð12−Þ → Σcπ 380þ630
−270 � � � 390þ630

−270 � � �
Σcð12−Þ → Σ�

cπ � � � 0.82þ1.40
−0.59

Σcð12−Þ → Λcρ → Λcππ 0.06

Σcð12−Þ → Σcρ → Σcππ 3 × 10−5

Σcð32−Þ 2.79þ0.16
−0.12 Σcð32−Þ → Σcπ � � � 3.1þ4.6

−2.3 220þ360
−150 � � �

Σcð32−Þ → Σ�
cπ 220þ360

−150 0.21þ0.34
−0.15

Σcð32−Þ → Λcρ → Λcππ 0.08

Σcð32−Þ → Σcρ → Σcππ 4 × 10−5

Ξ0
cð12−Þ 2.88þ0.15

−0.13 13þ6
−5 Ξ0

cð12−Þ → Ξ0
cπ 110þ170

−80 � � � 110þ170
−80 � � �

Ξ0
cð12−Þ → Ξ�

cπ � � � 0.15þ0.23
−0.11

Ξ0
cð12−Þ → Ξcρ → Ξcππ 2 × 10−4

Ξ0
cð12−Þ → Ξ0

cρ → Ξ0
cππ 5 × 10−9

Ξ0
cð32−Þ 2.89þ0.15

−0.13 Ξ0
cð32−Þ → Ξ0

cπ � � � 0.63þ0.99
−0.45 59þ88

−39 � � �
Ξ0
cð32−Þ → Ξ�

cπ 58þ88
−39 0.03þ0.05

−0.02
Ξ0
cð32−Þ → Ξcρ → Ξcππ 5 × 10−4

Ξ0
cð32−Þ → Ξ0

cρ → Ξ0
cππ 2 × 10−9

Ωcð12−Þ 2.99þ0.15
−0.15 12þ5

−5 � � � ∼0 Ωcð3000Þ0
Ωcð32−Þ 3.00þ0.15

−0.15 � � � ∼0
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ðe4Þ gDΞ0
c½32−�→Σc½12þ�K̄

¼ 0.61 GeV−2;

ðe5Þ gDΞ0
c½32−�→Ξ�

c½32þ�π
¼ 0.96þ0.58

−0.50 GeV−2;

ðe6Þ gDΞ0
c½32−�→Σ�

c½32þ�K̄
¼ 0.35 GeV−2;

ðg2Þ gSΩc½12−�→Ξ0
c½12þ�K̄

¼ 0.54 GeV−2;

ðh3Þ gSΩc½12−�→Ξ�
c½32þ�K̄

¼ 0.25 GeV−2;

ðg4Þ gSΩc½12−�→Ξc½12þ�K̄� ¼ 0.57 GeV−2;

ðg5Þ gSΩc½12−�→Ξ0
c½12þ�K̄� ¼ 5.64 GeV−2;

ðg6Þ gSΩc½12−�→Ξ�
c½32þ�K̄� ¼ 3.26 GeV−2;

ðf4Þ gSΩc½32−�→Ξ�
c½32þ�K̄� ¼ 2.28 GeV−2;

ðf5Þ gSΩc½32−�→Ξ0
c½12þ�K̄� ¼ 3.99 GeV−2;

ðf6Þ gSΩc½32−�→Ξ�
c½32þ�K̄� ¼ 4.61 GeV−2;

ðg3Þ gDΩc½12−�→Ξ�
c½32þ�K̄

¼ 0.58 GeV−2;

ðh2Þ gDΩc½32−�→Ξ0
c½12þ�K̄

¼ 1.36 GeV−2;

ðh3Þ gDΩc½32−�→Ξ�
c½32þ�K̄

¼ 0.79 GeV−2: ð113Þ

Some of these coupling constants are shown in Fig. 4 as
functions of the Borel mass T. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:

ða2Þ ΓS
Σc½12−�→Σc½12þ�π

¼ 37þ60
−28 MeV;

(a) (b) (c)

(d) (e)

(f) (g)

FIG. 3. Coupling constants as functions of the Borel mass T: (a) gSΣ0
c½12−�→Σþ

c ρ
− , (b) gSΣ0

c ½12−�→Σ�þ
c ρ−

, (c) gSΣ0
c ½12−�→Λþ

c π
− , (d) gSΞ00

c ½12−�→Ξþ
c π

− ,

(e) gΞ0−
c ½1

2
−�→Λ0

cK− , (f) gΞ00
c ½12−�→Ξ00

c ρ
− , and (g) gΩ0

c½12−�→Ξ0
cK− . The charmed baryon doublet ½6F; 0; 1; λ� is investigated here.
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ðb3Þ ΓS
Σc½32−�→Σ�

c½32þ�π
¼ 10þ16

−8 MeV;

ða4Þ ΓS
Σc½12−�→Λc½12þ�ρ→Λc½12þ�ππ

¼ 9.2þ37.0
−9.2 MeV;

ða5Þ ΓS
Σc½12−�→Σc½12þ�ρ→Σc½12þ�ππ

¼ 1.2þ2.1
−1.0 MeV;

ða6Þ ΓS
Σc½12−�→Σ�

c½32þ�ρ→Σ�
c½32þ�ππ

¼ 1 × 10−4 MeV;

ðb4Þ ΓS
Σc½32−�→Λc½12þ�ρ→Λc½12þ�ππ

¼ 0.92þ2.58
−0.91 MeV;

ðb5Þ ΓS
Σc½32−�→Σc½12þ�ρ→Σc½12þ�ππ

¼ 0.20þ0.36
−0.16 MeV;

ðb6Þ ΓS
Σc½32−�→Σ�

c½32þ�ρ→Σ�
c½32þ�ππ

¼ 1 × 10−4 MeV;

ða3Þ ΓD
Σc½12−�→Σ�

c½32þ�π
¼ 0.10þ0.45

−0.10 MeV;

ðb2Þ ΓD
Σc½32−�→Σc½12þ�π

¼ 1.2þ2.4
−1.0 MeV;

ðb3Þ ΓD
Σc½32−�→Σ�

c½32þ�π
¼ 0.09 MeV;

ðd2Þ ΓS
Ξ0
c½12−�→Ξ0

c½12þ�π
¼ 12þ15

−8 MeV;

ðe5Þ ΓS
Ξ0
c½32−�→Ξ�

c½32þ�π
¼ 3.3þ4.3

−2.3 MeV;

ðd7Þ ΓS
Ξ0
c½12−�→Ξc½12þ�ρ→Ξc½12þ�ππ

¼ 1.7þ7.6
−1.7 MeV;

ðd8Þ ΓS
Ξ0
c½12−�→Λc½12þ�K̄�→Λc½12þ�πK̄

¼ 4 × 10−8 MeV;

ðd9Þ ΓS
Ξ0
c½12−�→Ξ0

c½12þ�ρ→Ξ0
c½12þ�ππ

¼ 0.38þ0.54
−0.30 MeV;

ðd11Þ ΓS
Ξ0
c½12−�→Ξ�

c½32þ�ρ→Ξ�
c½32þ�ππ

¼ 2 × 10−7 MeV;

ðe7Þ ΓS
Ξ0
c½32−�→Ξc½12þ�ρ→Ξc½12þ�ππ

¼ 0.21þ0.60
−0.20 MeV;

ðe8Þ ΓS
Ξ0
c½32−�→Λc½12þ�K̄�→Λc½12þ�πK̄

¼ 2 × 10−4 MeV;

ðe9Þ ΓS
Ξ0
c½32−�→Ξ0

c½12þ�ρ→Ξ0
c½12þ�ππ

¼ 0.12þ0.19
−0.10 MeV;

ðe11Þ ΓS
Ξ0
c½32−�→Ξ�

c½32þ�ρ→Ξ�
c½32þ�ππ

¼ 0.001 MeV;

ðd5Þ ΓD
Ξ0
c½12−�→Ξ�

c½32þ�π
¼ 0.12þ0.22

−0.10 MeV;

ðe3Þ ΓD
Ξ0
c½32−�→Ξ0

c½12þ�π
¼ 0.67þ1.06

−0.52 MeV;

ðe5Þ ΓD
Ξ0
c½32−�→Ξ�

c½32þ�π
¼ 0.05 MeV: ð114Þ

We summarize the above results in Table IV.

E. The ½6F;2;1;λ� doublet
The ½6F; 2; 1; λ� doublet contains altogether six charmed

baryons: Σcð32−=52−Þ, Ξcð32−=52−Þ, and Ωcð32−=52−Þ. We study
their S- and D-wave decays into ground-state charmed
baryons together with light pseudoscalar and vector mes-
ons. We derive the following nonzero coupling constants:

ðb3Þ gSΣc½32−�→Σ�
c½32þ�π

¼ 0.003þ0.002
−0.001 GeV−2;

ðb5Þ gSΣc½32−�→Σc½12þ�ρ
¼ 13.46þ7.71

−6.18 GeV−2;

ðb6Þ gSΣc½32−�→Σ�
c½32þ�ρ

¼ 1.49 GeV−2;

ðc4Þ gSΣc½52−�→Σ�
c½32þ�ρ

¼ 2.55þ1.41
−1.11 GeV−2;

ðb1Þ gDΣc½32−�→Λc½12þ�π
¼ 6.13þ3.54

−2.65 GeV−2;

ðb2Þ gDΣc½32−�→Σc½12þ�π
¼ 3.15þ2.20

−1.86 GeV−2;

ðb3Þ gDΣc½32−�→Σ�
c½32þ�π

¼ 1.82þ1.27
−1.07 GeV−2;

ðc1Þ gDΣc½52−�→Λc½12þ�π
¼ 6.13þ3.54

−2.65 GeV−2;

ðc2Þ gDΣc½52−�→Σc½12þ�π
¼ 2.10þ1.46

−1.24 GeV−2;

ðc3Þ gDΣc½52−�→Σ�
c½32þ�π

¼ 1.62þ1.13
−0.95 GeV−2;

ðe5Þ gSΞ0
c½32−�→Ξ�

c½32þ�π
¼ 0.002þ0.029

−0.001 GeV−2;

ðe6Þ gSΞ0
c½32−�→Σ�

c½32þ�K̄
¼ 0.005 GeV−2;

TABLE III. Decay properties of P-wave charmed baryons belonging to the ½6F; 0; 1; λ� singlet, with possible experimental candidates
given in the last column.

Baryon Mass Difference S-wave width D-wave width Total width

(jP) (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate

Σcð12−Þ 2.83þ0.06
−0.04 � � � Σcð12−Þ → Λcπ 610þ860

−410 � � � 610þ860
−410 � � �

Σcð12−Þ → Σcρ → Σcππ 1.1þ1.4
−0.7

Σcð12−Þ → Σ�
cρ → Σ�

cππ 0.03

Ξ0
cð12−Þ 2.90þ0.13

−0.12 � � � Ξ0
cð12−Þ → Ξcπ 360þ550

−250 � � � 760þ820
−370 � � �

Ξ0
cð12−Þ → ΛcK̄ 400þ610

−270 � � �
Ξ0
cð12−Þ → Ξ0

cρ → Ξ0
cππ 0.03

Ωcð12−Þ 3.03þ0.18
−0.19 � � � Ωcð12−Þ → ΞcK̄ 980þ1530

−670 � � � 980þ1530
−670 � � �
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FIG. 4. The coupling constants as functions of the Borel mass T: (a) gSΣ0
c½12−�→Σþ

c π
− , (b) gDΣ0

c½32−�→Σþ
c π

− , (c) gSΣ0
c ½32−�→Σ�þ

c π−
, (d) gDΣ0

c ½32−�→Σ�þ
c π−

,

(e) gSΣ0
c½12−�→Λþ

c ρ
− , (f) gSΣ0

c ½32−�→Λþ
c ρ

− , (g) gSΣ0
c ½12−�→Σþ

c ρ
− , (h) gSΣ0

c½32−�→Σþ
c ρ

− , (i) gSΣ0
c ½12−�→Σ�þ

c ρ−
, (j) gSΣ0

c ½32−�→Σ�þ
c ρ−

, (k) gDΣ0
c ½12−�→Σ�þ

c π−
, (l) gSΞ00

c ½32−�→Ξ�þ
c π−

, (m)

gSΞ00
c ½12−�→Ξ0þ

c π−
, (n) gDΞ00

c ½32−�→Ξ0þ
c π−

, (o) gSΞ00
c ½12−�→Ξþ

c ρ
− , (p) gSΞ00

c ½32−�→Ξþ
c ρ

− , (q) gSΞ00
c ½12−�→Λþ

c K�− , (r) gSΞ00
c ½32−�→Λþ

c K�− , (s) gSΞ00
c ½12−�→Ξ0þ

c ρ−
, (t) gSΞ00

c ½32−�→Ξ0þ
c ρ−

, (u)

gSΞ00
c ½12−�→Ξ�þ

c ρ−
, (v) gSΞ00

c ½32−�→Ξ�þ
c ρ−

, (w) gDΞ00
c ½12−�→Ξ�þ

c π−
, and (x) gDΞ00

c ½32−�→Ξ�þ
c π−

. The charmed baryon doublet ½6F; 1; 1; λ� is investigated here.
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ðe9Þ gSΞ0
c½32−�→Ξ0

c½12þ�ρ
¼ 9.65þ5.94

−4.53 GeV−2;

ðe10Þ gSΞ0
c½32−�→Σc½12þ�K̄� ¼ 7.65 GeV−2;

ðe11Þ gSΞ0
c½32−�→Ξ�

c½32þ�ρ
¼ 1.08 GeV−2;

ðe12Þ gSΞ0
c½32−�→Σ�

c½32þ�K̄� ¼ 0.95 GeV−2;

ðf8Þ gSΞ0
c½52−�→Ξ�

c½32þ�ρ
¼ 0.69 GeV−2;

ðf7Þ gSΞ0
c½52−�→Σ�

c½32þ�K̄� ¼ 1.44 GeV−2;

ðe1Þ gDΞ0
c½32−�→Ξc½12þ�π

¼ 3.68þ2.42
−1.69 GeV−2;

ðe2Þ gDΞ0
c½32−�→Λc½12þ�K̄

¼ 4.02þ2.73
−1.95 GeV−2;

ðe3Þ gDΞ0
c½32−�→Ξ0

c½12þ�π
¼ 2.52þ1.68

−1.31 GeV−2;

ðe4Þ gDΞ0
c½32−�→Σc½12þ�K̄

¼ 0.91þ1.44
−1.22 GeV−2;

ðe5Þ gDΞ0
c½32−�→Ξ�

c½32þ�π
¼ 1.45þ0.97

−0.75 GeV−2;

ðe6Þ gDΞ0
c½32−�→Σ�

c½32þ�K̄
¼ 0.52 GeV−2;

ðf1Þ gDΞ0
c½52−�→Ξc½12þ�π

¼ 3.68þ2.32
−1.69 GeV−2;

ðf2Þ gDΞ0
c½52−�→Λc½12þ�K̄

¼ 4.02þ2.73
−1.95 GeV−2;

ðf3Þ gDΞ0
c½52−�→Ξ0

c½12þ�π
¼ 1.68þ1.12

−0.87 GeV−2;

ðf4Þ gDΞ0
c½52−�→Σc½12þ�K̄

¼ 0.60þ0.96
−0.60 GeV−2;

ðf5Þ gDΞ0
c½52−�→Ξ�

c½32þ�π
¼ 1.29þ0.86

−0.67 GeV−2;

ðf6Þ gDΞ0
c½52−�→Σ�

c½32þ�K̄
¼ 0.46þ0.74

−0.63 GeV−2;

ðh3Þ gSΩc½32−�→Ξ�
c½32þ�K̄

¼ 0.007 GeV−2;

ðf5Þ gSΩc½32−�→Ξ0
c½12þ�K̄� ¼ 11.41 GeV−2;

ðf6Þ gSΩc½32−�→Ξ�
c½12þ�K̄� ¼ 1.48 GeV−2;

ði4Þ gSΩc½52−�→Ξ�
c½12þ�K̄� ¼ 3.01 GeV−2;

ðg1Þ gDΩc½32−�→Ξc½12þ�K̄
¼ 4.68þ3.09

−2.35 GeV−2;

ðg2Þ gDΩc½32−�→Ξ0
c½12þ�K̄

¼ 2.26þ2.07
−1.80 GeV−2;

TABLE IV. Decay properties of P-wave charmed baryons belonging to the ½6F; 1; 1; λ� doublet, with possible experimental candidates
given in the last column.

Baryon Mass Difference S-wave width D-wave width Total width

(jP) (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate

Σcð12−Þ 2.73þ0.17
−0.18 41þ17

−15 Σcð12−Þ → Σcπ 37þ60
−28 � � � 48þ70

−29 Σcð2800Þ0
Σcð12−Þ → Σ�

cπ � � � 0.10þ0.45
−0.10

Σcð12−Þ → Λcρ → Λcππ 9.2þ37.0
−9.2

Σcð12−Þ → Σcρ → Σcππ 1.2þ2.1
−1.0

Σcð12−Þ → Σ�
cρ → Σ�

cππ 1 × 10−4

Σcð32−Þ 2.77þ0.17
−0.17 Σcð32−Þ → Σcπ � � � 1.2þ2.4

−1.0 13þ17
−8

Σcð32−Þ → Σ�
cπ 10þ16

−8 0.09

Σcð32−Þ → Λcρ → Λcππ 0.92þ2.58
−0.91

Σcð32−Þ → Σcρ → Σcππ 0.20þ0.36
−0.16

Σcð32−Þ → Σ�
cρ → Σ�

cππ 2 × 10−4

Ξ0
cð12−Þ 2.91þ0.13

−0.12 38þ15
−13 Ξ0

cð12−Þ → Ξ0
cπ 12þ15

−8 � � � 14þ17
−8 Ξcð2923Þ0

Ξ0
cð12−Þ → Ξ�

cπ � � � 0.12þ0.22
−0.10

Ξ0
cð12−Þ → ΛcK̄� → ΛcK̄π 4 × 10−8

Ξ0
cð12−Þ → Ξcρ → Ξcππ 1.7þ7.6

−1.7
Ξ0
cð12−Þ → Ξ0

cρ → Ξ0
cππ 0.38þ0.54

−0.30
Ξ0
cð12−Þ → Ξ�

cρ → Ξ�
cππ 2 × 10−7

Ξ0
cð32−Þ 2.95þ0.12

−0.11 Ξ0
cð32−Þ → Ξ0

cπ � � � 0.67þ1.06
−0.52 4.4þ4.5

−2.3 Ξcð2939Þ0
Ξ0
cð32−Þ → Ξ�

cπ 3.3þ4.3
−2.3 0.05

Ξ0
cð32−Þ → ΛcK̄� → ΛcK̄π 2 × 10−4

Ξ0
cð32−Þ → Ξcρ → Ξcππ 0.21þ0.60

−0.20
Ξ0
cð32−Þ → Ξ0

cρ → Ξ0
cππ 0.12þ0.19

−0.10
Ξ0
cð32−Þ → Ξ�

cρ → Ξ�
cππ 1 × 10−3

Ωcð12−Þ 3.04þ0.11
−0.09 36þ14

−13 � � � ∼0 Ωcð3050Þ0

Ωcð32−Þ 3.07þ0.10
−0.09 � � � ∼0 Ωcð3066Þ0
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FIG. 5. Coupling constants as functions of the Borel mass T: (a) gSΣ0
c ½32−�→Σ�þ

c π−
, (b) gSΣ0

c ½32−�→Σþ
c ρ

− , (c) gSΣ0
c ½32−�→Σ�þ

c ρ−
, (d) gSΣ0

c ½52−�→Σ�þ
c ρ−

,

(e) gDΣ0
c ½32−�→Λþ

c π
− , (f) gDΣ0

c½52−�→Λþ
c π

− , (g) gDΣ0
c ½32−�→Σþ

c π
− , (h) gDΣ0

c ½52−�→Σþ
c π

− , (i) gDΣ0
c ½32−�→Σ�þ

c π−
, (j) gDΣ0

c½52−�→Σ�þ
c π−

, (k) gSΞ00
c ½32−�→Ξ�þ

c π−
, (l) gSΞ00

c ½32−�→Ξ�þ
c ρ−

, (m)

gDΞ00
c ½32−�→Ξþ

c π
− , (n) gDΞ00

c ½52−�→Ξþ
c π

− , (o) gDΞ00
c ½32−�→Λþ

c K− , (p) gDΞ00
c ½52−�→Λþ

c K− , (q) gDΞ00
c ½32−�→Ξ0þ

c π−
, (r) gDΞ00

c ½52−�→Ξ0þ
c π−

, (s) gDΞ00
c ½32−�→Ξ�þ

c π−
, (t) gDΞ00

c ½52−�→Ξ�þ
c π−

, (u)

gSΞ00
c ½32−�→Ξ0þ

c ρ−
, (v) gDΩ0

c½32−�→Ξþ
c K− , (w) gDΩ0

c ½52−�→Ξ0þ
c K− , and (x) gDΩ0

c ½52−�→Ξþ
c K− . The charmed baryon doublet ½6F; 2; 1; λ� is investigated here.
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ðg3Þ gDΩc½32−�→Ξ�
c½32þ�K̄

¼ 1.31 GeV−2;

ði1Þ gDΩc½52−�→Ξc½12þ�K̄
¼ 4.68þ3.09

−2.35 GeV−2;

ði2Þ gDΩc½52−�→Ξ0
c½12þ�K̄

¼ 1.51þ1.38
−1.19 GeV−2;

ðh3Þ gDΩc½52−�→Ξ�
c½32þ�K̄

¼ 1.16 GeV−2: ð115Þ

Some of these coupling constants are shown in Fig. 5 as
functions of the Borel mass T. We further use these
coupling constants to derive the following decay channels
that are kinematically allowed:

ðb3Þ ΓS
Σc½32−�→Σ�

c½32þ�π
¼ 6 × 10−4 MeV;

ðb5Þ ΓS
Σc½32−�→Σc½12þ�ρ→Σc½12þ�ππ

¼ 0.72þ1.06
−0.51 MeV;

ðb6Þ ΓS
Σc½32−�→Σ�

c½32þ�ρ→Σ�
c½32þ�ππ

¼ 5 × 10−6 MeV;

ðc4Þ ΓS
Σc½52−�→Σ�

c½32þ�ρ→Σ�
c½32þ�ππ

¼ 4 × 10−5 MeV;

ðb1Þ ΓD
Σc½32−�→Λc½12þ�π

¼ 36þ54
−25 MeV;

ðb2Þ ΓD
Σc½32−�→Σc½12þ�π

¼ 2.5þ4.6
−2.1 MeV;

ðb3Þ ΓD
Σc½32−�→Σ�

c½32þ�π
¼ 0.18þ0.34

−0.15 MeV;

ðc1Þ ΓD
Σc½52−�→Λc½12þ�π

¼ 12þ18
−8 MeV;

ðc2Þ ΓD
Σc½52−�→Σc½12þ�π

¼ 0.39þ0.72
−0.32 MeV;

ðc3Þ ΓD
Σc½52−�→Σ�

c½32þ�π
¼ 0.61þ1.14

−0.50 MeV;

ðe5Þ ΓS
Ξ0
c½32−�→Ξ�

c½32þ�π
¼ 2 × 10−4 MeV;

ðe9Þ ΓS
Ξ0
c½32−�→Ξ0

c½12þ�ρ→Ξ0
c½12þ�ππ

¼ 1.4þ2.2
−1.0 MeV;

ðe11Þ ΓS
Ξ0
c½32−�→Ξ�

c½32þ�ρ→Ξ�
c½32þ�ππ

¼ 0.001 MeV;

TABLE V. Decay properties of P-wave charmed baryons belonging to the ½6F; 2; 1; λ� doublet, with possible experimental candidates
given in the last column.

Baryon Mass Difference S-wave width D-wave width Total width

(jP) (GeV) (MeV) Decay channels (MeV) (MeV) (MeV) Candidate

Σcð32−Þ 2.78þ0.13
−0.12 86þ38

−33 Σcð32−Þ → Λcπ � � � 36þ54
−25 40þ54

−25 Σcð2800Þ0
Σcð32−Þ → Σcπ � � � 2.5þ4.6

−2.1
Σcð32−Þ → Σ�

cπ 6 × 10−4 0.18þ0.34
−0.15

Σcð32−Þ → Σcρ → Σcππ 0.72þ1.06
−0.51

Σcð32−Þ → Σ�
cρ → Σ�

cππ 5 × 10−6

Σcð52−Þ 2.87þ0.12
−0.11 Σcð52−Þ → Λcπ � � � 12þ18

−8 13þ18
−8

Σcð52−Þ → Σcπ � � � 0.39þ0.72
−0.32

Σcð52−Þ → Σ�
cπ � � � 0.61þ1.14

−0.50
Σcð52−Þ → Σ�

cρ → Σ�
cππ 4 × 10−5

Ξ0
cð32−Þ 2.96þ0.24

−0.15 66þ29
−25 Ξ0

cð32−Þ → ΛcK̄ � � � 9.8þ17.9
−7.2 31þ35

−14 Ξcð2965Þ0
Ξ0
cð32−Þ → Ξcπ � � � 17þ30

−12
Ξ0
cð32−Þ → ΣcK̄ � � � 0.003

Ξ0
cð32−Þ → Ξ0

cπ � � � 2.3þ4.0
−1.7

Ξ0
cð32−Þ → Ξ�

cπ 2 × 10−4 0.19þ0.33
−0.14

Ξ0
cð32−Þ → Ξ0

cρ → Ξ0
cππ 1.4þ2.2

−1.0
Ξ0
cð32−Þ → Ξ�

cρ → Ξ�
cππ 1 × 10−3

Ξ0
cð52−Þ 3.02þ0.23

−0.14 Ξ0
cð52−Þ → ΛcK̄ � � � 6.3þ11.4

−4.6 18þ20
−8 � � �

Ξ0
cð52−Þ → Ξcπ � � � 9.6þ15.8

−6.8
Ξ0
cð52−Þ → ΣcK̄ � � � 0.02þ0.09

−0.02
Ξ0
cð52−Þ → Ξ0

cπ � � � 0.70þ1.25
−0.54

Ξ0
cð52−Þ → Σ�

cK̄ � � � 4 × 10−3

Ξ0
cð52−Þ → Ξ�

cπ � � � 1.5þ2.6
−1.1

Ξ0
cð32−Þ → Ξ�

cρ → Ξ�
cππ 0.02

Ωcð32−Þ 3.08þ0.22
−0.17 59þ26

−22 Ωcð32−Þ → ΞcK̄ � � � 9.9þ17.4
−7.4 10þ17

−7 Ωcð3090Þ0
Ωcð32−Þ → Ξ0

cK̄ � � � 0.10þ0.26
−0.09

Ωcð52−Þ 3.14þ0.21
−0.15 Ωcð52−Þ → ΞcK̄ � � � 5.5þ9.6

−4.1 5.5þ9.6
−4.1 Ωcð3119Þ0

Ωcð52−Þ → Ξ0
cK̄ � � � 0.03þ0.07

−0.02
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ðf8Þ ΓS
Ξ0
c½52−�→Ξ�

c½32þ�ρ→Ξ�
c½32þ�ππ

¼ 0.02 MeV;

ðe1Þ ΓD
Ξ0
c½32−�→Ξc½12þ�π

¼ 17þ30
−12 GeV;

ðe2Þ ΓD
Ξ0
c½32−�→Λc½12þ�K̄

¼ 9.8þ17.9
−7.2 MeV;

ðe3Þ ΓD
Ξ0
c½32−�→Ξ0

c½12þ�π
¼ 2.3þ4.0

−1.7 MeV;

ðe4Þ ΓD
Ξ0
c½32−�→Σc½12þ�π

¼ 0.003 MeV;

ðe5Þ ΓD
Ξ0
c½32−�→Ξ�

c½32þ�π
¼ 0.19þ0.33

−0.14 MeV;

ðf1Þ ΓD
Ξ0
c½52−�→Ξc½12þ�π

¼ 9.6þ15.8
−6.8 MeV;

ðf2Þ ΓD
Ξ0
c½52−�→Λc½12þ�K̄

¼ 6.3þ11.4
−4.6 MeV;

ðf3Þ ΓD
Ξ0
c½52−�→Ξ0

c½12þ�π
¼ 0.70þ1.25

−0.54 MeV;

ðf4Þ ΓD
Ξ0
c½52−�→Σc½12þ�π

¼ 0.02 MeV;

ðf5Þ ΓD
Ξ0
c½52−�→Ξ�

c½32þ�π
¼ 1.5þ2.7

−1.1 MeV;

ðf6Þ ΓD
Ξ0
c½52−�→Σ�

c½32þ�π
¼ 0.004 MeV;

ðg1Þ ΓD
Ωc½32−�→Ξc½12þ�K̄

¼ 9.9þ17.4
−7.4 MeV;

ðg2Þ ΓD
Ωc½32−�→Ξ0

c½12þ�K̄
¼ 0.10þ0.26

−0.09 MeV;

ði1Þ ΓD
Ωc½52−�→Ξc½12þ�K̄

¼ 5.5þ9.6
−4.1 MeV;

ði2Þ ΓD
Ωc½52−�→Ξ0

c½12þ�K̄
¼ 0.03 MeV: ð116Þ

We summarize the above results in Table V.

IV. MIXING BETWEEN ½6F;1;1;λ� AND ½6F;2;1;λ�
In this section, we investigate the mixing effect between

two different HQET multiplets, especially, between the
½6F; 1; 1; λ� and ½6F; 2; 1; λ� multiplets. The mixing between
½Ξ0

cð3=2−Þ; 1; 1; λ� and ½Ξ0
cð3=2−Þ; 2; 1; λ� has been carefully

examined in Ref. [104], and the same procedures will be
applied here.
From Tables IVand V, we find it possible to interpret the

Ξcð2923Þ0, Ξcð2939Þ0, and Ξcð2965Þ0 as the P-wave 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. However, there are three
discrepancies between these theoretical results and the
LHCb experiment [25]: a) the missing of the Λþ

c K− decay
channel for the Ξcð2923Þ0 and Ξcð2939Þ0, b) the mass
splitting between the Ξcð2923Þ0 and Ξcð2939Þ0, and c) total
widths of the Ξcð2939Þ0 and Ξcð2965Þ0.
To explain these discrepancies, we recall that the HQET

is an effective theory, which works quite well for bottom
baryons [89], but not so perfect for charmed baryons [104].
Therefore, the three JP ¼ 1=2− charmed baryons can mix,
and the three JP ¼ 3=2− charmed baryons can also mix.
Accordingly, we just need a tiny mixing angle θ1 ≈ 0° to
make it possible to observe all the P-wave Ξ0

c baryons in the
ΛcK decay channel.

In the present study, we explicitly consider the mixing
between the ½6F; 1; 1; λ� and ½6F; 2; 1; λ� doublets,

� jΣcð3=2−Þi1
jΣcð3=2−Þi2

�
¼

�
cos θ2 sin θ2
− sin θ2 cos θ2

�

×

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

�
; ð117Þ

� jΞ0
cð3=2−Þi1

jΞ0
cð3=2−Þi2

�
¼

�
cos θ2 sin θ2
− sin θ2 cos θ2

�

×

� jΞ0
cð3=2−Þ; 1; 1; λi

jΞ0
cð3=2−Þ; 2; 1; λi

�
; ð118Þ

� jΩcð3=2−Þi1
jΩcð3=2−Þi2

�
¼

�
cos θ2 sin θ2
− sin θ2 cos θ2

�

×

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

�
; ð119Þ

where θ2 is an overall mixing angle.
We fine-tune it to be θ2 ¼ 37� 5°, and the obtained

results are shown in Table VI. This mixing mediates
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 theΞcð2939Þ0 andΞcð2965Þ0 can bewell interpreted as
the two JP ¼ 3=2− baryons jΞ0

cð3=2−Þi1 and jΞ0
cð3=2−Þi2,

respectively.
Similarly,we study themixingbetween ½Σcð3=2−Þ; 1; 1; λ�

and ½Σcð3=2−Þ; 2; 1; λ� as well as the mixing between
½Ωcð3=2−Þ; 1; 1; λ� and ½Ωcð3=2−Þ; 2; 1; λ�. The obtained
results are summarized in Table VI, supporting to explain
theΩcð3066Þ0 andΩcð3090Þ0 as the two JP ¼ 3=2− baryons
jΩcð3=2−Þi1 and jΩcð3=2−Þi2, respectively.
Note that only those non-negligible decay channels are

listed in Table VI due to limited spaces, while we have
calculated all the possible decay channels, as follows:
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TABLE VI. Decay properties of P-wave charmed baryons belonging to the SUð3Þ flavor 6F representation. The first column lists
charmed baryons categorized according to the heavy quark effective theory (HQET), and the third column lists the results after
considering the mixing effect between different HQET multiplets. Possible experimental candidates are given in the last column for
comparisons. Note that in this table, we only list those non-negligible decay channels due to limited spaces, while we have calculated all
the possible decay channels as given in Tables II–IV and Eqs. (120)–(125).

Mass Difference Main decay channel Width

HQET state Mixing Mixed state (GeV) (MeV) (MeV) (MeV) Candidate

½Σcð12−Þ; 0; 1; λ� θ1 ≈ 0° ½Σcð12−Þ; 0; 1; λ� 2.83þ0.06
−0.04 � � � ΓSðΣcð1=2−Þ → ΛcπÞ ¼ 610þ860

−410 610þ860
−410 � � �

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

−43 ΓðΣcð1=2−Þ → ΛcπÞ ≠ 0

ΓSðΣcð1=2−Þ → ΣcπÞ ¼ 37þ60
−28

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

ΓSðΣcð1=2−Þ → Σcρ → ΣcππÞ ¼ 1.2þ2.1
−1.0

48þ70
−29 Σcð2800Þ0

½Σcð32−Þ; 1; 1; λ� θ2 ¼ 37� 5° jΣcð32−Þi1 2.75þ0.17
−0.17 ΓDðΣcð3=2−Þ → ΛcπÞ ¼ 13þ20

−9
ΓDðΣcð3=2−Þ → ΣcπÞ ¼ 3.3þ4.2

−2.2
ΓSðΣcð3=2−Þ → Σ�

cπÞ ¼ 6.4þ10.3
−4.7

24þ23
−10

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

−51 ΓDðΣcð3=2−Þ → ΛcπÞ ¼ 23þ35
−16

ΓSðΣcð3=2−Þ → Σ�
cπÞ ¼ 3.5þ6.1

−2.7

28þ36
−16

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

−8
ΓDðΣcð5=2−Þ → ΣcπÞ ¼ 0.39þ0.72

−0.32
ΓDðΣcð5=2−Þ → Σ�

cπÞ ¼ 0.61þ1.14
−0.50

13þ18
−8

½Ξ0
cð12−Þ; 0; 1; λ� θ1 ≈ 0° ½Ξ0

cð12−Þ; 0; 1; λ� 2.90þ0.13
−0.12 � � � ΓSðΞ0

cð1=2−Þ → ΛcK̄Þ ¼ 400þ610
−270

ΓSðΞ0
cð1=2−Þ → ΞcπÞ ¼ 360þ550

−250

760þ820
−370 � � �

½Ξ0
cð12−Þ; 1; 1; λ� ½Ξ0

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

−27 ΓðΞ0
cð1=2−Þ → ΛcK̄Þ ≠ 0

ΓðΞ0
cð1=2−Þ → ΞcπÞ ≠ 0

ΓSðΞ0
cð1=2−Þ → Ξ0

cπÞ ¼ 12þ15
−8

ΓSðΞ0
cð1=2−Þ → Ξcρ → ΞcππÞ ¼ 1.7þ7.6

−1.7

14þ17
−8 Ξcð2923Þ0

½Ξ0
cð32−Þ; 1; 1; λ� θ2 ¼ 37� 5° jΞ0

cð32−Þi1 2.94þ0.12
−0.11 ΓDðΞ0

cð3=2−Þ → ΛcK̄Þ ¼ 2.3þ4.3
−1.7

ΓDðΞ0
cð3=2−Þ → ΞcπÞ ¼ 4.6þ8.1

−3.3
ΓDðΞ0

cð3=2−Þ → Ξ0
cπÞ ¼ 2.0þ2.2

−1.2
ΓSðΞ0

cð3=2−Þ → Ξ�
cπÞ ¼ 2.1þ2.6

−1.5

12þ10
−4 Ξcð2939Þ0

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
ΓDðΞ0

cð3=2−Þ → ΞcπÞ ¼ 11þ19
−8

ΓSðΞ0
cð3=2−Þ → Ξ�

cπÞ ¼ 1.3þ1.80
−0.94

19þ22
−9 Ξcð2965Þ0

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

ΓDðΞ0
cð5=2−Þ → ΞcπÞ ¼ 9.6þ15.8

−6.8
ΓDðΞ0

cð5=2−Þ → Ξ�
cπÞ ¼ 1.5þ2.6

−1.1

18þ20
−8 � � �

½Ωcð12−Þ; 1; 0; ρ� θ01 ≈ 0° ½Ωcð12−Þ; 1; 0; ρ� 2.99þ0.15
−0.15 12þ5

−5 ΓðΩcð1=2−Þ → ΞcK̄Þ ≠ 0 ∼0 Ωcð3000Þ0

½Ωcð32−Þ; 1; 0; ρ� θ02 ≈ 0° ½Ωcð32−Þ; 1; 0; ρ� 3.00þ0.15
−0.15 ΓðΩcð3=2−Þ → ΞcK̄Þ ≠ 0 ∼0

½Ωcð12−Þ; 0; 1; λ� θ1 ≈ 0° ½Ωcð12−Þ; 0; 1; λ� 3.03þ0.18
−0.19 � � � ΓSðΩcð1=2−Þ → ΞcK̄Þ ¼ 980þ1530

−670 980þ1530
−670 � � �

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

−23 ΓðΩcð1=2−Þ → ΞcK̄Þ ≠ 0 ∼0 Ωcð3050Þ0

½Ωcð32−Þ; 1; 1; λ� θ2 ≈ 37� 5° jΩcð32−Þi1 3.06þ0.10
−0.09 ΓDðΩcð3=2−Þ → ΞcK̄Þ ¼ 2.0þ3.5

−1.5 2.0þ3.5
−1.5 Ωcð3066Þ0

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

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

−4.8 Ωcð3090Þ0

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 5.5þ9.6
−4.1 Ωcð3119Þ0
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(i) Partial decay widths of the jΣcð3=2−Þi1 are

ðb1Þ ΓD
jΣcð3=2−Þ i1→Λcπ

¼ 13þ20
−9 MeV;

ðb2Þ ΓD
jΣcð3=2−Þ i1→Σcπ

¼ 3.3þ4.2
−2.2 MeV;

ðb3Þ ΓD
jΣcð3=2−Þ i1→Σ�

cπ
¼ 0.24þ0.31

−0.16 MeV;

ðb3Þ ΓS
jΣcð3=2−Þ i1→Σ�

cπ
¼ 6.4þ10.3

−4.7 MeV;

ðb4Þ ΓS
jΣcð3=2−Þ i1→Λcρ→Λcππ

¼ 0.59þ1.67
−0.58 MeV;

ðb5Þ ΓS
jΣcð3=2−Þ i1→Σcρ→Σcππ

¼ 0.75þ0.80
−0.44 MeV;

ðb6Þ ΓS
jΣcð3=2−Þ i1→Σ�

cρ→Σ�
cππ

¼ 1 × 10−4 MeV: ð120Þ

(ii) Partial decay widths of the jΣcð3=2−Þi2 are

ðb1Þ ΓD
jΣcð3=2−Þ i2→Λcπ

¼ 23þ35
−16 MeV;

ðb2Þ ΓD
jΣcð3=2−Þ i2→Σcπ

¼ 0.37þ2.27
−0.37 MeV;

ðb3Þ ΓD
jΣcð3=2−Þ i2→Σ�

cπ
¼ 0.03 MeV;

ðb3Þ ΓS
jΣcð3=2−Þ i2→Σ�

cπ
¼ 3.5þ6.1

−2.7 MeV;

ðb4Þ ΓS
jΣcð3=2−Þ i2→Λcρ→Λcππ

¼ 0.33þ0.93
−0.33 MeV;

ðb5Þ ΓS
jΣcð3=2−Þ i2→Σcρ→Σcππ

¼ 0.17þ0.72
−0.17 MeV;

ðb6Þ ΓS
jΣcð3=2−Þ i2→Σ�

cρ→Σ�
cππ

¼ 3 × 10−5 MeV:

ð121Þ

(iii) Partial decay widths of the jΞ0
cð3=2−Þi1 are

ðe2Þ ΓD
jΞ0

cð3=2−Þ i1→ΛcK̄
¼ 2.3þ4.3

−1.7 MeV;

ðe1Þ ΓD
jΞ0

cð3=2−Þ i1→Ξcπ
¼ 4.6þ8.1

−3.3 MeV;

ðe3Þ ΓD
jΞ0

cð3=2−Þ i1→Ξ0
cπ
¼ 2.0þ2.2

−1.2 MeV;

ðe5Þ ΓS
jΞ0

cð3=2−Þ i1→Ξ�
cπ
¼ 2.1þ2.6

−1.5 MeV;

ðe5Þ ΓD
jΞ0

cð3=2−Þ i1→Ξ�
cπ
¼ 0.14þ0.16

−0.08 MeV;

ðe8Þ ΓS
jΞ0

cð3=2−Þ i1→ΛcK̄�→ΛcK̄π
¼ 2 × 10−6 MeV;

ðe7Þ ΓS
jΞ0

cð3=2−Þ i1→Ξcρ→Ξcππ
¼ 0.13þ0.39

−0.13 MeV;

ðe9Þ ΓS
jΞ0

cð3=2−Þ i1→Ξ0
cρ→Ξ0

cππ
¼ 0.53þ0.57

−0.31 MeV;

ðe11Þ ΓS
jΞ0

cð3=2−Þ i1→Ξ�
cρ→Ξ�

cππ
¼ 1 × 10−3 MeV:

ð122Þ
(iv) Partial decay widths of the jΞ0

cð3=2−Þi2 are

ðe2Þ ΓD
jΞ0

cð3=2−Þ i2→ΛcK̄
¼ 6.3þ11.6

−4.7 MeV;

ðe1Þ ΓD
jΞ0

cð3=2−Þ i2→Ξcπ
¼ 11þ19

−8 MeV;

ðe4Þ ΓD
jΞ0

cð3=2−Þ i2→ΣcK̄
¼ 4 × 10−4 MeV;

ðe3Þ ΓD
jΞ0

cð3=2−Þ i2→Ξ0
cπ
¼ 0.37þ1.89

−0.37 MeV;

ðe5Þ ΓS
jΞ0

cð3=2−Þ i2→Ξ�
cπ
¼ 1.3þ1.8

−0.9 MeV;

ðe5Þ ΓD
jΞ0

cð3=2−Þ i2→Ξ�
cπ
¼ 0.03 MeV;

ðe8Þ ΓS
jΞ0

cð3=2−Þ i2→ΛcK̄�→ΛcK̄π
¼ 2 × 10−5 MeV;

ðe7Þ ΓS
jΞ0

cð3=2−Þ i2→Ξcρ→Ξcππ
¼ 0.12þ0.36

−0.12 MeV;

ðe9Þ ΓS
jΞ0

cð3=2−Þ i2→Ξ0
cρ→Ξ0

cππ
¼ 0.37þ1.15

−0.36 MeV;

ðe11Þ ΓS
jΞ0

cð3=2−Þ i2→Ξ�
cρ→Ξ�

cππ
¼ 5 × 10−3 MeV:

ð123Þ
(v) Partial decay widths of the jΩcð3=2−Þi1 are

ðh1ÞΓD
jΩcð3=2−Þ i1→ΞcK̄

¼ 2.0þ3.5
−1.5 MeV: ð124Þ

(vi) Partial decay widths of the jΩcð3=2−Þi2 are

ðh1Þ ΓD
jΩcð3=2−Þi2→ΞcK̄

¼ 6.3þ11.2
−4.8 MeV;

ðh2Þ ΓD
jΩcð3=2−Þi2→Ξ0

cK̄
¼ 0.02 MeV: ð125Þ

V. SUMMARY AND DISCUSSIONS

In this paper, we perform a rather complete study on
P-wave charmed baryons of to the SUð3Þ flavor 6F. We use
themethod of QCD sum rules to study their mass spectra.We
also use the method of light cone sum rules to study their
decay properties, including their S- and D-wave decays into
ground-state charmed baryons together with pseudoscalar
mesons π=K and vector mesons ρ=K�. We work within the
framework of heavy quark effective theory, and we also con-
sider the mixing effect between different HQET multiplets.
Accordingly to the heavy quark effective theory, we

categorize P-wave charmed baryons of the SUð3Þ flavor
6F into four multiplets: ½6F; 1; 0; ρ�, ½6F; 0; 1; λ�, ½6F; 1; 1; λ�,
and ½6F; 2; 1; λ�. Their results are separately summarized in
Tables II–V. Besides, we explicitly consider the mixing
between the ½6F; 1; 1; λ� and ½6F; 2; 1; λ� doublets, and the
obtained results are summarized in Table VI. Based on these
results, we can well understand many excited charmed
baryons as a whole:

(i) The ½6F; 0; 1; λ� singlet contains three charmed
baryons: Σcð12−Þ, Ξ0

cð12−Þ, and Ωcð12−Þ. Their widths
are all calculated to be very large, so they are
difficult to be observed in experiments.

(ii) The ½6F; 1; 0; ρ� doublet contains six charmed bary-
ons: Σcð12−=32−Þ, Ξ0

cð12−=32−Þ, and Ωcð12−=32−Þ. We find
it possible to interpret the Ωcð3000Þ0 as the P-wave
Ωc baryon of either JP ¼ 1=2− or 3=2−, belonging
to this doublet. However, total widths of Σcð12−=32−Þ
and Ξ0

cð12−=32−Þ are calculated to be quite large.
(iii) The ½6F; 1; 1; λ� doublet contains six charmed

baryons: Σcð12−=32−Þ, Ξ0
cð12−=32−Þ, and Ωcð12−=32−Þ.

The ½6F; 2; 1; λ� doublet also contains six charmed
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baryons: Σcð32−=52−Þ, Ξ0
cð32−=52−Þ, and Ωcð32−=52−Þ. We

explicitly consider the mixing between the two
charmed baryons of JP ¼ 3=2−,

jΣcð3=2−Þ; 1; 1; λi ⟷ jΣcð3=2−Þ; 2; 1; λi;
jΞ0

cð3=2−Þ; 1; 1; λi ⟷ jΞ0
cð3=2−Þ; 2; 1; λi;

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

with the mixing angle fine-tuned to be θ2 ¼ 37� 5°.
Our results suggest (a) the Ξcð2923Þ0 and

Ωcð3050Þ0 can be interpreted as the P-wave Ξ0
c

and Ωc baryons of JP ¼ 1=2−, belonging to
½6F; 1; 1; λ�; (b) the Ωcð3119Þ0 can be interpreted
the P-wave Ωc baryon of JP ¼ 5=2−, belonging to
½6F; 2; 1; λ�; (c) the Ξcð2939Þ0, Ξcð2965Þ0,
Ωcð3066Þ0, and Ωcð3090Þ0 can be interpreted the

FIG. 6. Branching ratios of fourteen P-wave charmed baryons of the SUð3Þ flavor 6F, with limited and nonzero widths.
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P-wave Ξ0
c andΩc baryons of JP ¼ 3=2−, belonging

to the mixing of the ½6F; 1; 1; λ� and ½6F; 2; 1; λ�
doublets.

Besides, our results suggest that the Σcð2800Þ0 can be
explained as the combination of the P-wave Σc baryons
belonging to the ½6F; 1; 1; λ� and ½6F; 2; 1; λ� doublets. We
summarize all the above interpretations in Table VI but note
that there exist many other possible explanations.
To arrive at our interpretations, we need to pay attention

to the following: there exist considerable uncertainties in
our results for absolute values of charmed baryon masses
due to their dependence on the charm quark mass [85,86];
however, mass splittings within the same doublets do not
depend much on this and are calculated with much less
uncertainties. Moreover, we can extract more useful infor-
mation from decay properties of charmed baryons.
Summarizing the above results, the present sum rule

study within the heavy quark effective theory can explain
many excited singly charmed baryons as a whole, includ-
ing the Σcð2800Þ0, Ξcð2923Þ0, Ξcð2939Þ0, Ξcð2965Þ0,
Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0, Ωcð3090Þ0, and
Ωcð3119Þ0. Their masses, mass splittings within the same
multiplets, and decay properties are all calculated and
summarized in Table VI. We suggest the Belle-II, CMS,
and LHCb Collaborations to further study them to verify
our interpretations. Especially, we propose to further study
the Σcð2800Þ0 to examine whether it can be separated into
several excited charmed baryons. For convenience, we

show their total widths and branching ratios in Fig. 6 using
pie charts.
To end this paper, we note that the ρ-mode multiplet

½6F; 1; 0; ρ� is found in our QCD sum rule approach to be
lower than the λ-modemultiplets ½6F; 1; 1; λ� and ½6F; 2; 1; λ�.
This behavior is consistent with our previous QCD sum rule
results [85,86] but in contrast to the quark model expectation
[2,35]. However, this can be possible because mass differen-
ces between different multiplets have considerable (theoreti-
cal) uncertainties in our framework. We propose to verify
whether the ρ-mode heavy baryon exists or not by carefully
examining the Ωcð3000Þ0 as a possible ρ-mode candidate.
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APPENDIX: SOME SUM RULE EQUATIONS

In this Appendix, we give several examples of sum rule
equations, which are used to study D-wave decays of
P-wave charmed baryons into ground-state charmed bary-
ons and light pseudoscalar mesons.
The sum rule equation for the Σ0

c½12−� belonging to
½6F; 1; 0; ρ� is

GD
Σ0
c½12−�→Σ�þ

c π−
ðω;ω0Þ ¼

gΣ0
c½12−�→Σ�þ

c π−fΣ0
c½12−�fΣ�þ

c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
fπu
24

hq̄qiϕ2;πðuÞ þ
fπm2

πu
24ðmu þmdÞπ2t2

ϕσ
3;πðuÞ þ

fπut2

384
hq̄qiϕ4;πðuÞ

þ fπut2

384
hgsq̄σGqiϕ2;πðuÞ þ

fπut4

6144
hgsq̄σGqiϕ4;πðuÞ

�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

�
−
if3πuv · q

4π2t
Φ3;πðαÞ þ

if3πα2uv · q
4π2t

Φ3;πðαÞ

þ if3πα3uv · q
4π2t

Φ3;πðαÞ −
if3πuv · q

4π2t
Φ3;πðαÞ þ

if3πα2v · q
4π2t

Φ3πðαÞ −
if3πv · q
4π2t

Φ3;πðαÞ þ
f3πu
4π2t2

Φ3;πðαÞ
�
: ðA1Þ

The sum rule equation for the Ξ00
c ½32−� belonging to ½6F; 1; 0; ρ� is

GD
Ξ00
c ½32−�→Ξ0þ

c π−
ðω;ω0Þ ¼

gΞ00
c ½32−�→Ξ0þ

c π−fΞ00
c ½32−�fΞ0þ

c

ðΛ̄Ξ00
c ½32−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
fπmsu
8π2t2

ϕ2;πðuÞ þ
fπm2

πu
24ðmu þmdÞπ2t2

ϕσ
3;πðuÞ

þ fπmsu
128π2

ϕ4;πðuÞ þ
fπu
24

hs̄siϕ2;πðuÞ þ
fπmsm2

πut2

576ðmu þmdÞ
hs̄siϕσ

3;ϕðuÞ þ
fπut2

384
hs̄siϕ4;πðuÞ
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þ fπut2

384
hgss̄σGsiϕ2;πðuÞ þ

fπut4

6144
hgss̄σGsiϕ4;πðuÞ

�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

1

2
×

�
−
f3πu
4π2t2

Φ3;πðαÞ þ
if3πα3u2v · q

4π2t
Φ3;πðαÞ

þ if3πα2uv · q
4π2t

Φ3;πðαÞ þ fracif3πα3uv · q4π2tΦ3;πðαÞ −
if3πuv · q

4π2t
Φ3;πðαÞ þ

if3πα3v · q
4π2t

Φ3;πðαÞ

−
if3πv · q
4π2t

Φ3;πðαÞ
�
: ðA2Þ

The sum rule equation for the Ω0
c½32−� belonging to ½6F; 1; 0; ρ� is

GD
Ω0

c½32−�→Ξ�þ
c K−ðω;ω0Þ ¼

gΩ0
c½32−�→Ξ�þ

c K−fΩ0
c½32−�fΞ�þ

c

ðΛ̄Ω0
c½32−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×
�
fKmsu
24π2t2

ϕ2;KðuÞ þ
fKm2

Ku
72ðmu þmdÞπ2t2

ϕσ
3;KðuÞ

þ fπmsu
384π2

ϕ4;KðuÞ þ
fKu
72

hs̄siϕ2;KðuÞ þ
fKmsm2

Kut
2

1728ðmu þmdÞ
hs̄siϕσ

3;KðuÞ þ
fKut2

1152
hs̄siϕ4;KðuÞ

þ fKut2

1152
hgss̄σGsiϕ2;KðuÞ þ

fKut4

18432
hgss̄σGsiϕ4;KðuÞ

�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

�
if3Kα3u2v · q

12π2t
Φ3;KðαÞ þ

f3Kuv · q
12π2t

Φ3;KðαÞ

þ if3Kα2uv · q
12π2t

Φ3;KðαÞ þ
if3Kα3uv · q

12π2
Φ3;KðαÞ −

if3Kuv · q
12π2t

Φ3;KðαÞ þ
if3Kα2v · q

12π2t
Φ3;KðαÞ

−
if3Kv · q
12π2t

Φ3;KðαÞ
�
: ðA3Þ

The sum rule equation for the Σ0
c½12−� belonging to ½6F; 0; 1; λ� is

GS
Σ0
c½12−�→Λþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Λþ

c π
−fΣ0

c½12−�fΛþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−

3fπm2
π

4π2ðmu þmdÞt4
ϕp
3;πðuÞ −

ifπm2
πv · q

8π2ðmu þmdÞt3
ϕσ
3;πðuÞ

þ ifπ
16tv · q

hq̄qiψ4;πðuÞ þ
ifπt

256v · q
hgsq̄σGqiψ4;πðuÞ

�
: ðA4Þ

The sum rule equation for the Ξ00
c ½12−� belonging to ½6F; 0; 1; λ� is

GS
Ξ00
c ½12−�→Λþ

c K−ðω;ω0Þ ¼
gΞ00

c ½12−�→Λþ
c K−fΞ00

c ½12−�fΛþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

3fKm2
K

4π2ðmu þmsÞt4
ϕp
3;KðuÞ −

ifKm2
Kv · q

8π2ðmu þmsÞt3
ϕσ
3;KðuÞ

þ ifK
16tv · q

hq̄qiψ4;KðuÞ þ
ifKt

256v · q
hgsq̄σGqiψ4;KðuÞ

�
: ðA5Þ
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The sum rule equation for the Ω0
c½12−� belonging to ½6F; 0; 1; λ� is

GS
Ω0

c½12−�→Ξþ
c K−ðω;ω0Þ ¼

gΩ0
c½12−�→Ξþ

c K−fΩ0
c½12−�fΞþ

c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−

3fKm2
K

4π2ðmu þmdÞt4
ϕp
3;KðuÞ −

ifKm2
πv · q

8π2ðmu þmdÞt3
ϕσ
3;KðuÞ

þ ifK
16tv · q

hs̄siψ4;KðuÞ þ
ifKt

256v · q
hgss̄σGsiψ4;KðuÞ þ

3ifKms

16π2t3v · q
ψ4;KðuÞ −

fKmsm2
K

32ðmu þmdÞ
hs̄siϕp

3;KðuÞ

−
ifKmsm2

Ktv · q
192ðmu þmdÞ

hs̄siϕσ
3;KðuÞ

�
: ðA6Þ

The sum rule equation for the Ξ00
c ½12−� belonging to ½6F; 1; 1; λ� is

GD
Ξ00
c ½12−�→Ξ�þ

c π−
ðω;ω0Þ ¼

gΞ00
c ½12−�→Ξ�þ

c π−fΞ00
c ½12−�fΞ�þ

c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

fπu
4π2t3

ϕ2;πðuÞ þ
fπmsm2

πu
48ðmu þmdÞπ2t

ϕσ
3;πðuÞ

−
fπu
64π2t

ϕ4;πðuÞ −
fπmsut
96

hs̄siϕ2;πðuÞ þ
fπm2

πut
144ðmu þmdÞ

hs̄siϕσ
3;πðuÞ −

fπmst3

1536
hs̄siϕ4;πðuÞ

þ fπm2
πt3

2304ðmu þmdÞ
hgss̄σGsiϕσ

3;πðuÞ
�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

1

2
×

�
−
fπα3u2

8π2t
Φ4;πðαÞ −

fπα2u
8π2t

Φ4;πðαÞ

−
fπα3u
16π2t

Φ4;πðαÞ −
fπα3u
16π2t

Φ̃4;πðαÞ þ
fπu
8π2t

Φ4;πðαÞ −
fπα2
16π2t

Φ4;πðαÞ −
fπα2
16π2t

Φ̃4; πðαÞ

þ fπ
16π2t

Φ4;πðαÞ þ
fπ

16π2t
Φ̃4;πðαÞ þ

ifπu
8π2t2v · q

Ψ4;πðαÞ þ
3ifπ

8π2t2v · q
Ψ̃4;πðαÞ −

ifπ
8π2t2v · q

Φ4;πðαÞ

−
3ifπ

8π2t2v · q
Φ̃4;πðαÞ þ

ifπ
8π2t2v · q

Ψ4;πðαÞ −
ifπ

8π2t2v · q
Ψ̃4;πðαÞ

�
: ðA7Þ

The sum rule equation for the Σ0
c½32−� belonging to ½6F; 1; 1; λ� is

GD
Σ0
c½32−�→Σþ

c π
−ðω;ω0Þ ¼

gΣ0
c½32−�→Σþ

c π
−fΣ0

c½32−�fΣþ
c

ðΛ̄Σ0
c½32−� − ω0ÞðΛ̄Σþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
ifπu
4π2t3

ϕ2;πðuÞ þ
ifπu
64π2t

ϕ4;πðuÞ

−
ifπm2

πut
144ðmu þmdÞ

hq̄qiϕσ
3;πðuÞ −

ifπm2
πut3

2304ðmu þmdÞ
hgsq̄σGqiϕσ

3;πðuÞ
�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

�
ifπα3u2

8π2t
Φ4;πðαÞ þ

ifπα2u
8π2t

Φ4;πðαÞ

þ ifπα3u
16π2t

Φ4;πðαÞ þ
ifπα3u
16π2t

Φ̃4;πðαÞ −
ifπu
8π2t

Φ4;πðαÞ þ
ifπα2
16π2t

Φ4;πðαÞ þ
ifπα2
16π2t

Φ̃4;πðαÞ
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−
ifπ
16π2t

Φ4;πðαÞ −
ifπ
16π2t

Φ̃4;πðαÞ þ
fπu

8π2t2v · q
Ψ4;πðαÞ þ

3fπu
8π2t2v · q

Ψ̃4;πðαÞ −
fπ

8π2t2v · q
Φ4;πðαÞ

−
3fπ

8π2t2v · q
Φ̃4;πðαÞ þ

fπ
8π2t2v · q

Ψ4;πðαÞ −
fπ

8π2t2v · q
Ψ̃4;πðαÞ

�
: ðA8Þ

The sum rule equation for the Ω0
c½32−� belonging to ½6F; 1; 1; λ� is

GD
Ω0

c½32−�→Ξ0þ
c K−ðω;ω0Þ ¼

gΩ0
c½32−�→Ξ0þ

c K−fΩ0
c½32−�fΞ0þ

c

ðΛ̄Ω0
c½32−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
ifKu
4π2t3

ϕ2;KðuÞ þ
ifKu
64π2t

ϕ4;KðuÞ −
ifKm2

Kut
144ðmu þmsÞ

hs̄siϕσ
3;KðuÞ

−
ifKm2

Kut
3

2304ðmu þmsÞ
hgss̄σGsiϕσ

3;KðuÞ
�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

�
ifKα3u2

8π2t
Φ4;KðαÞ þ

ifKα2u
8π2t

Φ4;KðαÞ

þ ifKα3u
16π2t

Φ4;KðαÞ þ
ifKα3u
16π2t

Φ̃4;KðαÞ −
ifKu
8π2t

Φ4;KðαÞ þ
ifKα2
16π2t

Φ4;KðαÞ þ
ifKα2
16π2t

Φ̃4;KðαÞ

−
ifK
16π2t

Φ4;KðαÞ −
ifK
16π2t

Φ̃4;πðαÞ þ
fπu

8π2t2v · q
Ψ4;KðαÞ þ

3fKu
8π2t2v · q

Ψ̃4;KðαÞ −
fK

8π2t2v · q
Φ4;KðαÞ

−
3fK

8π2t2v · q
Φ̃4;KðαÞ þ

fK
8π2t2v · q

Ψ4;KðαÞ −
fK

8π2t2v · q
Ψ̃4;KðαÞ

�
: ðA9Þ

The sum rule equation for the Σ0
c½32−� belonging to ½6F; 2; 1; λ� is

GD
Σ0
c½32−�→Λþ

c π
−ðω;ω0Þ ¼

gΣ0
c½32−�→Λþ

c π
−fΣ0

c½32−�fΛþ
c

ðΛ̄Σ0
c½32−� − ω0ÞðΛ̄Λþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
fπm2

πu
12ðmu þmdÞπ2t2

ϕσ
3;πðuÞ þ

fπu
12

hq̄qiϕ2;πðuÞ

þ fπut2

192
hq̄qiϕ4;πðuÞ þ

fπut2

192
hgsq̄σGqiϕ2;πðuÞ þ

fπut4

3072
hgsq̄σGqiϕ4;πðuÞ

�

−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

�
f3πu
2πt2

Φ3;πðαÞ −
f3π
2π2t2

Φ3;πðαÞ

þ if3πu2α3v · q
2π2t

Φ3;πðαÞ þ
if3πuα2v · q

2π2t
Φ3;πðαÞ −

if3πuv · q
2π2t

Φ3;πðαÞ
�
: ðA10Þ

The sum rule equation for the Ξ00
c ½32−� belonging to ½6F; 2; 1; λ� is

GD
Ξ00
c ½32−�→Ξ0þ

c π−
ðω;ω0Þ ¼

gΞ00
c ½32−�→Ξ0þ

c π−fΞ00
c ½32−�fΞ0þ

c

ðΛ̄Ξ00
c ½32−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3ifπu
4π2t3

ϕ2;πðuÞ −
ifπm2

πmsu
16ðmu þmdÞπ2t

ϕσ
3;πðuÞ

þ 3ifπu
64π2t

ϕ4;πðuÞ þ
ifπmsut

32
hs̄siϕ2;πðuÞ −

ifπm2
πut

48ðmu þmdÞ
hs̄siϕσ

3;πðuÞ þ
ifπmsut3

512
hs̄siϕ4;πðuÞ

−
ifπm2

πut3

768ðmu þmdÞ
hgss̄σGsiϕsigma

3;π ðuÞ
�
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−
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ ×

1

2
×

�
3fπu

8π2t2v · q
Ψ4;πðαÞ −

3fπu
8π2t62v · q

Ψ̃4;πðαÞ

−
3fπ

8π2t2v · q
Φ4;πðαÞ þ

3fπ
8π2t2v · q

Φ̃4;πðαÞ −
3fπ

8π2t2v · q
Ψ4;πðαÞ þ

3fπ
8π2t2v · q

Ψ̃4;πðαÞ

þ 3ifπα3u2

8π2t
Φ4;πðαÞ þ

3ifπα2u
8π2t

Φ4;πðαÞ þ
3ifπα3u
16π2t

Φ4;πðαÞ þ
3ifπα3u
16π2t

Φ̃4;πðαÞ

−
3ifπu
8π2t

Φ4;πðαÞ þ
3ifπα2
16π2t

Φ4;πðαÞ þ
3ifπα2
16π2t

Φ̃4;πðαÞ −
3ifπ
16π2t

Φ4;πðαÞ −
3ifπ
16π2t

Φ̃4;πðαÞ
�
: ðA11Þ

The sum rule equation for the Ω0
c½52−� belonging to ½6F; 2; 1; λ� is

GD
Ω0

c½52−�→Ξþ
c K−ðω;ω0Þ ¼

gΩ0
c½52−�→Ξþ

c K−fΩ0
c½52−�fΞþ

c

ðΛ̄Ω0
c½52−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3fKmsu
20π2t2

ϕ2;KðuÞ þ
fKm2

Ku
20ðmu þmdÞπ2

ϕσ
3;KðuÞ

þ 3fKmsu
320π2

ϕ4;KðuÞ þ
fKu
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