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We study decay properties of the P-wave charmed baryons using the method of light-cone QCD sum
rules, including the S-wave decays of the flavor 3̄F P-wave charmed baryons into ground-state charmed
baryons accompanied by a pseudoscalar meson (π orK) or a vector meson (ρ orK�), and the S-wave decays
of the flavor 6F P-wave charmed baryons into ground-state charmed baryons accompanied by a
pseudoscalar meson (π or K). We study both two-body and three-body decays which are kinematically
allowed. We find two mixing solutions from internal ρ- and λ-mode excitations, which can well describe
both masses and decay properties of the Λcð2595Þ, Λcð2625Þ, Ξcð2790Þ and Ξcð2815Þ. We also discuss the
possible interpretations of P-wave charmed baryons for the Σcð2800Þ, Ξcð2930Þ, Ξcð2980Þ, and the
recently observed Ωcð3000Þ, Ωcð3050Þ, Ωcð3066Þ, Ωcð3090Þ, and Ωcð3119Þ.
DOI: 10.1103/PhysRevD.95.094008

I. INTRODUCTION

Recently, the LHCb Collaboration observed five
excited Ωc states in the Ξþ

c K− mass spectrum [1], i.e.,
the Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0, Ωcð3090Þ0, and
Ωcð3119Þ0. Their masses and widths were measured to be

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

Γ ¼ 4.5� 0.6� 0.3 MeV;

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

Γ ¼ 0.8� 0.2� 0.1 MeV;

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

Γ ¼ 3.5� 0.4� 0.2 MeV;

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

Γ ¼ 8.7� 1.0� 0.8 MeV;

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

Γ ¼ 1.1� 0.8� 0.4 MeV:

These excited Ωc states are good P-wave charmed baryon
candidates. Besides them, the Λcð2595Þ (JP ¼ 1=2−),
Λcð2625Þ (JP ¼ 3=2−), Ξcð2790Þ (JP ¼ 1=2−) and
Ξcð2815Þ (JP ¼ 3=2−) can be well interpreted as the
P-wave charmed baryons completing two flavor 3̄F multip-
lets of JP¼1=2− and 3=2− [2–6]; the Σcð2800Þ (JP ¼ ??),
Ξcð2930Þ (JP ¼ ??) and Ξcð2980Þ (JP ¼ ??) are also
P-wave charmed baryon candidates of the flavor 6F [7–13].
These charmed baryons are interesting in a theoretical

point of view, and many phenomenological methods/
models were proposed to study them [14], such as various
quark models [15–20], various dynamical models [21–26],
the hyperfine interaction [27,28], and the Lattice QCD
[29–31], etc. [32–36]. Their productions and decay proper-
ties were studied in Refs. [37–43]. See reviews in
Refs. [14,44–49] for their recent progress.
We have also systematically studied the mass spectra of

these excited heavy baryons [50–53], using the method of
QCD sum rules [54,55] in the framework of heavy-quark
effective theory (HQET) [56–58]. The HQETworks well in
the bottom sector but not so good in the charm sector.
Hence, in Refs. [50–53] we have taken into account the
Oð1=mQÞ corrections (mQ is the heavy-quark mass), and
did find them to be non-negligible. In Ref. [59] it was also
found that the finite quark mass corrections to the form
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factors and the rates of semileptonic transitions are impor-
tant for heavy-to-light (charm-to-strange) transitions and
not negligible for heavy-to-heavy (bottom-to-charm) tran-
sitions. In a different framework based on the Dyson-
Schwinger equation [60] it was similarly concluded that the
heavy-quark expansion is accurate for the bottom quark
while it provides a poor approximation for the charm quark.
More studies on heavy mesons and baryons using this
scheme can be found in Refs. [61–80], and others using the
method of QCD sum rules but not in HQET can be found in
Refs. [81–85].
Based on the heavy-quark effective theory, we can

classify the P-wave charmed baryons into eight charmed
baryon multiplets, including four of the flavor 3̄F
(½3̄F; 0; 1; ρ�, ½3̄F; 1; 1; ρ�, ½3̄F; 2; 1; ρ� and ½3̄F; 1; 0; λ�) and
four of the flavor 6F (½6F; 1; 0; ρ�, ½6F; 0; 1; λ�, ½6F; 1; 1; λ�
and ½6F; 2; 1; λ�). See Sec. II for the explanations of these
symbols. For each set of multiples, the first one of jl ¼ 0
forms a heavy-quark singlet, while the other three of jl ¼ 1
form heavy-quark doublets. These multiplets provide lots
of P-wave charmed baryons. For example, there can be as
many as seven P-wave Ωc states theoretically, including
three JP ¼ 1=2−, three JP ¼ 3=2−, and one JP ¼ 5=2−

states. Previously, it seems impossible to observe all these
P-wave Ωc states experimentally. However, the recent
LHCb experiment observed as many as five excited Ωc
states at the same time [1] [actually this number is six if the
Ωcð3188Þ0 is included], suggesting that “an ideal platform
to study these structures (the gross, fine and hyperfine
structures of the strong interaction) is the heavy hadrons
containing one charm or bottom quark [14]”.
In this paper we shall further use the method of light-

cone QCD sum rules [86–105] to study the decay proper-
ties of these P-wave charmed baryons, the method of which
is also based on the HQET. We shall only study their
S-wave decay properties, and note that theirD-wave decays
can also happen but these contributions may not be
significant. Our sum rule calculations will be done sepa-
rately for the above eight charmed baryon multiplets.
However, because the heavy-quark symmetry is not perfect,
the physical states are probably mixed states containing
various components with different inner quantum numbers.
Hence, we shall also discuss the mixing of these charmed
baryon multiplets in this paper, where we shall find that the
decay properties of the P-wave charmed baryons are quite

sensitive to this. We refer to Refs. [106–113] for earlier
studies using the method of light-cone QCD sum rules in
the framework of HQET. The decay properties of heavy
baryons have also been studied using many other methods,
such as in Ref. [114] where the one-pion transitions
between heavy baryons were investigated in the constituent
quark model based on the heavy-quark symmetry.
This paper is organized as follows. First in Sec. II

we reevaluated and listed the input parameters for the
present study, including the masses, decay constants, and
interpolating fields of the ground-state and P-wave
charmed baryons. Then in Sec. III we investigate the decay
properties of the flavor 3̄F P-wave charmed baryons within
the method of light-cone QCD sum rules, and we shall
study their S-wave decays into ground-state charmed
baryons accompanied by a pseudoscalar meson (π or K)
or a vector meson (ρ or K�). Using the same procedures, in
Sec. IV we investigate the decay properties of the flavor 6F
P-wave charmed baryons, and we shall study their S-wave
decays into ground-state charmed baryons accompanied by
a pseudoscalar meson (π or K). The results are summarized
and discussed in Sec. V.

II. GROUND-STATE AND P-WAVE
CHARMED BARYONS

To study the decay properties of charmed baryons in the
method of light-cone QCD sum rules, we need some
parameters of these states, such as their masses (mB),
interpolating fields (Jα1…αj−1=2), decay constants (fB), and
threshold values (ωc), etc. These parameters are defined
below, while their values are listed separately in the
following three subsections for both ground-state charmed
baryons, P-wave charmed baryons of flavor 3̄F and P-wave
charmed baryons of flavor 6F.
The coupling of the interpolating field Jα1…αj−1=2ðxÞ to

the charmed baryon B of spin j is defined to be

h0jJα1…αj−1=2ðxÞjBi ¼ fBuα1…αj−1=2ðxÞ; ð1Þ

where fB is the decay constant, and uα1…αj is the relevant
spinor.
Then the two-point correlation function at the hadron

level can be written as

Πα1…αj−1=2;β1…βj−1=2ðωÞ ¼ i
Z

d4xeikxh0jT½Jα1…αj−1=2ðxÞJ̄β1…βj−1=2ð0Þ�j0i

¼ S½gα1β1t …g
αj−1=2βj−1=2
t � × 1þ v

2
× ΠF;jl;sl;ρρ=λλ=ρλðωÞ;

¼ S½gα1β1t …g
αj−1=2βj−1=2
t � × 1þ v

2
×

�
f2B

Λ̄B − ω
þ higher states

�
: ð2Þ
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Here S½� � �� denotes symmetrization and subtracting the
trace terms in the sets ðα1…αj−1=2Þ and ðβ1…βj−1=2Þ; ω is
the external off-shell energy ω ¼ v · k; Λ̄B is defined to be

Λ̄B ≡ lim
mQ→∞

ðmB −mQÞ; ð3Þ

where mQ is the heavy-quark mass, and mB is the mass of
the lowest-lying charmed baryon state coupling with
Jα1…αj−1=2ðxÞ.
At the quark-gluon level, one can calculate the two-point

correlation function, Eq. (2), using the method of QCD
operator product expansion (OPE). By assuming the con-
tribution from the continuum states (higher states) can be
approximated well by the OPE spectral density above a
threshold value ωc, one can arrive at the mass sum rule
relation which can be used to calculate masses and decay
constants of charmed baryons. See Refs. [50–52] for
detailed discussions, and their results are reevaluated and
listed below.

A. Ground-state charmed baryons

The masses and decay constants of the S-wave bottom
baryons have been systematically investigated in Ref. [50]
using the method of QCD sum rules in HQET. We replace
the bottom quark by the charm quark, reevaluate their
parameters, and shortly summarize the results here. For
completeness, we first list masses of the ground-state
charmed baryons from PDG [2]:

Λcð1=2þÞ∶ m ¼ 2286.46 MeV;

Ξcð1=2þÞ∶ m ¼ 2469.34 MeV;

Σcð1=2þÞ∶ m ¼ 2453.54 MeV;

Γ ¼ 1.86 MeV;

gΣcΛcπ ¼ 3.94 GeV−1;

Ξ0
cð1=2þÞ∶ m ¼ 2576.8 MeV;

Ωcð1=2þÞ∶ m ¼ 2695.2 MeV;

Σ�
cð3=2þÞ∶ m ¼ 2518.1 MeV;

Γ ¼ 14.7 MeV;

gΣ�
cΛcπ ¼ 7.39 GeV−1;

Ξ�
cð3=2þÞ∶ m ¼ 2645.9 MeV;

Γ ≤ 4.3 MeV;

gΞ�
cΞcπ < 4.90 GeV−1;

Ω�
cð3=2þÞ∶ m ¼ 2765.9 MeV; ð4Þ

whose values have been averaged over isospin. We also
list masses of the ground-state pseudoscalar and vector
mesons [2]:

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 6.40: ð5Þ

In these equations there are five coupling constants, gΣcΛcπ ,
gΣ�

cΛcπ , gΞ�
cΞcπ , gρππ, and gK�Kπ , which are evaluated using

the experimental decay widths of the Σcð1=2þÞ, Σ�
cð3=2þÞ,

Ξ�
cð3=2þÞ, ρð1−Þ and K�ð1−Þ [2] through the following

Lagrangians:

LΣcΛcπ ¼ gΣcΛcπΣ̄
þ
c γμγ5Λþ

c ∂μπ0 þ � � � ;
LΣ�

cΛcπ ¼ gΣ�
cΛcπΣ̄

�þ
cμ Λþ

c ∂μπ0 þ � � � ;
LΞ�

cΞcπ ¼ gΞ�
cΞcπΞ̄

�þ
cμ Ξþ

c ∂μπ0 þ � � � ;
Lρππ ¼ gρππ × ðρ0μπþ∂μπ− þ ρ0μπ

−∂μπþÞ þ � � � ;
LK�Kπ ¼ gK�KπK�þ

μ K−∂μπ0 þ � � � ; ð6Þ

where � � � contain their isospin partners as well as their
hermitian conjugate.
The ground-state charmed baryons have been system-

atically investigated in Ref. [50], which compose one flavor
3̄F multiplet of JP ¼ 1=2þ, one flavor 6F multiplet of
JP ¼ 1=2þ, and one flavor 6F multiplet of JP ¼ 3=2þ. The
two flavor 6F multiplets of JP ¼ 1=2þ and 3=2þ compose
one charmed baryon multiplet where the spin of the two
light quarks is sl ¼ 1, and the flavor 3̄F multiplet of JP ¼
1=2þ composes another charmed baryon multiplet where
the spin of the two light quarks is sl ¼ 0. The results of
their mass sum rules are [50]
(1) The flavor 3̄F multiplet of JP ¼ 1=2þ contains

Λþ
c ð1=2þÞ, Ξþ

c ð1=2þÞ and Ξ0
cð1=2þÞ, which can

bewell coupled by the following interpolating fields:

JΛþ
c
ðxÞ ¼ ϵabc½uaTðxÞCγ5dbðxÞ�hcvðxÞ; ð7Þ

JΞþ
c
ðxÞ ¼ ϵabc½uaTðxÞCγ5sbðxÞ�hcvðxÞ; ð8Þ

JΞ0
c
ðxÞ ¼ ϵabc½daTðxÞCγ5sbðxÞ�hcvðxÞ; ð9Þ

where a, b and c are color indices; ϵabc is the totally
antisymmetric tensor; C is the charge-conjugation
operator; the superscript T represents the transpose
of the Dirac indices only; uðxÞ, dðxÞ and sðxÞ are the
light quark fields at location x; hvðxÞ is the heavy-
quark field at location x. Based on the results of
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Ref. [50], we evaluate their parameters to be
Λ̄Λþ

c
¼ 0.773 GeV, Λ̄Ξþ

c
¼ Λ̄Ξ0

c
¼ 0.908GeV, fΛþ

c
¼

0.0255 GeV3 and fΞþ
c
¼ fΞ0

c
¼ 0.0258 GeV3, with

the threshold values ωΛþ
c
¼ 1.1GeV and ωΞþ

c
¼

ωΞ0
c
¼ 1.25 GeV.

(2) The flavor 6F multiplet of JP ¼ 1=2þ contains
Σþþ
c ð1=2þÞ, Σþ

c ð1=2þÞ, Σ0
cð1=2þÞ, Ξ0þ

c ð1=2þÞ,
Ξ00
c ð1=2þÞ and Ω0

cð1=2þÞ, which can be well
coupled by

JΣþþ
c
ðxÞ ¼ ϵabc½uaTðxÞCγμubðxÞ�γμt γ5hcvðxÞ; ð10Þ

JΣþ
c
ðxÞ ¼ ϵabc½uaTðxÞCγμdbðxÞ�γμt γ5hcvðxÞ; ð11Þ

JΣ0
c
ðxÞ ¼ ϵabc½daTðxÞCγμdbðxÞ�γμt γ5hcvðxÞ; ð12Þ

JΞ0þ
c
ðxÞ ¼ ϵabc½uaTðxÞCγμsbðxÞ�γμt γ5hcvðxÞ; ð13Þ

JΞ00
c
ðxÞ ¼ ϵabc½daTðxÞCγμsbðxÞ�γμt γ5hcvðxÞ; ð14Þ

JΩ0
c
ðxÞ ¼ ϵabc½saTðxÞCγμsbðxÞ�γμt γ5hcvðxÞ: ð15Þ

Based on the results of Ref. [50], we evaluate their
parameters to be Λ̄Σþþ

c
¼ Λ̄Σþ

c
¼ Λ̄Σ0

c
¼ 0.950 GeV,

Λ̄Ξ0þ
c

¼ Λ̄Ξ00
c
¼ 1.042 GeV, Λ̄Ω0

c
¼ 1.169 GeV,

1ffiffi
2

p fΣþþ
c

¼ fΣþ
c
¼ 1ffiffi

2
p fΣ0

c
¼ 0.0432 GeV3, fΞ0þ

c
¼

fΞ00
c
¼ 0.0435 GeV3 and 1ffiffi

2
p fΩ0

c
¼ 0.0438 GeV3,

with the threshold values ωΣþþ
c

¼ ωΣþ
c
¼ ωΣ0

c
¼

1.3 GeV, ωΞ0þ
c
¼ωΞ00

c
¼1.4GeV and ωΩ0

c
¼1.55GeV.

(3) The flavor 6F multiplet of JP ¼ 3=2þ contains
Σ�þþ
c ð3=2þÞ, Σ�þ

c ð3=2þÞ, Σ�0
c ð3=2þÞ, Ξ�þ

c ð3=2þÞ,
Ξ�0
c ð3=2þÞ and Ω�0

c ð3=2þÞ, which can be well
coupled by

JμΣ�þþ
c

ðxÞ ¼ ϵabc½uaTðxÞCγνubðxÞ�

×

�
−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ; ð16Þ

JμΣ�þ
c
ðxÞ ¼ ϵabc½uaTðxÞCγνdbðxÞ�

×
�
−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ; ð17Þ

JμΣ�0
c
ðxÞ ¼ ϵabc½daTðxÞCγνdbðxÞ�

×

�
−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ; ð18Þ

JμΞ�þ
c
ðxÞ ¼ ϵabc½uaTðxÞCγνsbðxÞ��

−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ; ð19Þ

JμΞ�0
c
ðxÞ ¼ ϵabc½daTðxÞCγνsbðxÞ�

×

�
−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ; ð20Þ

JμΩ�0
c
ðxÞ ¼ ϵabc½saTðxÞCγνsbðxÞ�

×

�
−gμνt þ 1

3
γμt γ

ν
t

�
hcvðxÞ: ð21Þ

Based on the results of Ref. [50], we evaluate their
parameters to be Λ̄Σ�þþ

c
¼Λ̄Σ�þ

c
¼Λ̄Σ�0

c
¼0.950GeV,

Λ̄Ξ�þ
c

¼ Λ̄Ξ�0
c
¼ 1.042 GeV, Λ̄Ω�0

c
¼ 1.169 GeV,

1ffiffi
2

p fΣ�þþ
c

¼fΣ�þ
c
¼ 1ffiffi

2
p fΣ�0

c
¼ 1ffiffi

3
p 0.0432GeV3, fΞ�þ

c
¼

fΞ�0
c
¼ 1ffiffi

3
p 0.0435GeV3 and 1ffiffi

2
p fΩ�0

c
¼ 1ffiffi

3
p 0.0438GeV3,

with the threshold values ωΣ�þþ
c

¼ ωΣ�þ
c

¼ ωΣ�0
c
¼

1.3 GeV, ωΞ�þ
c

¼ ωΞ�0
c
¼ 1.4 GeV and ωΩ�0

c
¼

1.55 GeV.
We list all these values in Table I.

B. P-wave charmed baryons of flavor 3̄F
The four observed states Λcð2595Þ (JP ¼ 1=2−),

Λcð2625Þ (JP ¼ 3=2−), Ξcð2790Þ (JP ¼ 1=2−) and
Ξcð2815Þ (JP ¼ 3=2−) probably complete two flavor 3̄F
multiplets of JP ¼ 1=2− and 3=2− [2]. Accordingly, in the
present study we assume masses of the P-wave charmed
baryon states of flavor 3̄F to be

Λcð1=2−Þ∶ m ¼ 2592.25 MeV;

Λcð3=2−Þ∶ m ¼ 2628.11 MeV;

Ξcð1=2−Þ∶ m ¼ 2790.5 MeV;

Λcð3=2−Þ∶ m ¼ 2818.1 MeV; ð22Þ

which values will be used in Sec. III to evaluate their decay
widths.
The masses and decay constants of the flavor 3̄F P-wave

charmed baryons have been systematically investigated in
Refs. [51,52] using the method of QCD sum rules in
HQET, and our results suggested that the Λcð2595Þ,
Λcð2625Þ, Ξcð2790Þ and Ξcð2815Þ can be well described
by the baryon doublet ½3̄F; 1; 1; ρ� and they complete two
3̄F multiplets of JP ¼ 1=2− and 3=2−; while the results
obtained using the baryon doublet ½3̄F; 1; 0; λ� seem also
consistent with the data. We note that the definition of the
external off-shell energy ω in the present study is different
from that used in Refs. [51,52]. Hence, in the present study
we also reevaluate their parameters, and shortly summarize
their results in the following.
Based onHQET,weuseJ

α1…αj−1=2
j;P;F;jl;sl;ρ=λ

to denote theP-wave
charmed baryon field coupling to jj; P; F; jl; sl; ρ=λi, where
j,P, andF are the total angular momentum, parity and flavor
representation (either 3̄F or 6F) of the charmed baryons, and
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jl and sl are the total angular momentum and spin angular
momentum of the light components. We use lρ to denote the
orbital angularmomentumbetween the two light quarks, lλ to
denote the orbital angular momentum between the charm
quark and the two-light-quark system, and then ρ to denote
lρ ¼ 1 and lλ ¼ 0, while λ to denote lρ ¼ 0 and lλ ¼ 1. We
have the relations L ¼ lλ ⊗ lρ, jl ¼ L ⊗ sl and j ¼
jl ⊗ sQ, where sQ ¼ 1=2 is the spin of the heavy quark.
This field J

α1…αj−1=2
j;P;F;jl;sl;ρ=λ

belongs to the baryon multiplet
½F; jl; sl; ρ=λ�.
There are altogether four P-wave charmed baryon

multiplets of the flavor 3̄F, ½3̄F; 0; 1; ρ�, ½3̄F; 1; 1; ρ�,
½3̄F; 2; 1; ρ�, and ½3̄F; 1; 0; λ�. The results of their mass
sum rules are [51,52]
(1) The ½3̄F; 0; 1; ρ� multiplet contains Λþ

c ð12−Þ and
Ξþ;0
c ð1

2
−Þ, which are coupled by

J1=2;−;3̄F;0;1;ρ ¼ iϵabcð½Dμ
t qaT �Cγμt qb

− qaTCγμt ½Dμ
t qb�Þhcv; ð23Þ

where Dμ ¼ ∂μ − igAμ is the gauge-covariant
derivative. We can further explicitly denote the
quark contents by simply replacing 3̄F by Λc and
Ξc. For example, we use J1=2;−;Ξþ

c ;0;1;ρ to denote
J1=2;−;3̄F;0;1;ρ with the quark contents usc:

J1=2;−;Ξþ
c ;0;1;ρ ¼ iϵabcð½Dμ

t uaT �Cγμt sb
− uaTCγμt ½Dμ

t sb�Þhcv: ð24Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Λþ

c ð12−Þ ¼ 0.987 GeV,

Λ̄Ξþ;0
c ð1

2
−Þ ¼ 1.181 GeV, fΛþ

c ð12−Þ¼0.0198GeV4 and

fΞþ;0
c ð1

2
−Þ ¼ 0.0296 GeV4, with the threshold values

ωΛþ
c ð12−Þ ¼ 1.75 GeV and ωΞþ;0

c ð1
2
−Þ ¼ 1.55 GeV.

(2) The ½3̄F; 1; 1; ρ� multiplet contains Λþ
c ð12−=32−Þ and

Ξþ;0
c ð1

2
−=3

2
−Þ, which are coupled by

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

− qaTCγνt ½Dμ
t qb�Þσμνt hcv; ð25Þ

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

þ1

3
γαt γ

ν
t γ

μ
t γ5

�
hcv: ð26Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Λþ

c ð12−=32−Þ¼1.164GeV,

Λ̄Ξþ;0
c ð1

2
−=3

2
−Þ¼1.349GeV, fΛþ

c ð12−Þ ¼ 0.0523 GeV4,

fΞþ;0
c ð1

2
−Þ¼0.0788GeV4, fΛþ

c ð32−Þ¼0.0523GeV4 and

fΞþ;0
c ð3

2
−Þ ¼ 0.0788 GeV4, with the threshold values

ωΛþ
c ð12−=32−Þ¼1.55GeV and ωΞþ;0

c ð1
2
−=3

2
−Þ ¼ 1.8 GeV.

(3) The ½3̄F; 2; 1; ρ� multiplet contains Λþ
c ð32−=52−Þ and

Ξþ;0
c ð3

2
−=5

2
−Þ, which are coupled by

TABLE I. The parameters of the ground-state charmed baryons. The two flavor 6F multiplets of JP ¼ 1=2þ and 3=2þ compose one
charmed baryon multiplet where the spin of the two light quarks is sl ¼ 1, while the flavor 3̄F multiplet of JP ¼ 1=2þ composes another
charmed baryon multiplet where the spin of the two light quarks is sl ¼ 0.

Multiplets Baryon Mass (MeV) ωc (GeV) Λ̄ (GeV) f (GeV3)

½3̄F; 12þ� Λþ
c ð1=2þÞ 2286.46 1.10 0.773 0.0255

Ξþ
c ð1=2þÞ 2467.8 1.25 0.908 0.0258

Ξ0
cð1=2þÞ 2470.88 1.25 0.908 0.0258

½6F; 12þ� Σþþ
c ð1=2þÞ 2453.98 1.30 0.950

ffiffiffi
2

p
× 0.0432

Σþ
c ð1=2þÞ 2452.9 1.30 0.950 0.0432

Σ0
cð1=2þÞ 2453.74 1.30 0.950

ffiffiffi
2

p
× 0.0432

Ξ0þ
c ð1=2þÞ 2575.6 1.40 1.042 0.0435

Ξ00
c ð1=2þÞ 2577.9 1.40 1.042 0.0435

Ωþ
c ð1=2þÞ 2695.2 1.55 1.169

ffiffiffi
2

p
× 0.0438

½6F; 32þ� Σ�þþ
c ð1=2þÞ 2517.9 1.30 0.950

ffiffi
2
3

q
× 0.0432

Σ�þ
c ð1=2þÞ 2517.5 1.30 0.950

ffiffi
1
3

q
× 0.0432

Σ�0
c ð1=2þÞ 2518.8 1.30 0.950

ffiffi
2
3

q
× 0.0432

Ξ�þ
c ð1=2þÞ 2645.9 1.40 1.042

ffiffi
1
3

q
× 0.0435

Ξ�0
c ð1=2þÞ 2645.9 1.40 1.042

ffiffi
1
3

q
× 0.0435

Ω�þ
c ð1=2þÞ 2765.9 1.55 1.169

ffiffi
2
3

q
× 0.0438
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Jα
3=2;−;3̄F;2;1;ρ

¼ iϵabcð½Dμ
t qaT �Cγνt qb − qaTCγνt ½Dμ

t qb�Þ ×
�
gαμt γνt γ5 þ gανt γμt γ5 −

2

3
gμνt γαt γ5

�
hcv; ð27Þ

Jα1α2
5=2;−;3̄F;2;1;ρ

¼ iϵabcð½Dμ
t qaT �Cγνt qb − qaTCγνt ½Dμ

t qb�Þ × Γα1α2;μνhcv; ð28Þ

where Γα1α2;μν is the projection operator:

Γαβ;μν ¼ gαμt gβνt þ gανt gβμt −
2

15
gαβt gμνt −

1

3
gαμt γβt γ

ν
t −

1

3
gανt γβt γ

μ
t −

1

3
gβμt γαt γ

ν
t −

1

3
gβνt γαt γ

μ
t

þ 1

15
γαt γ

μ
t γ

β
t γ

ν
t þ

1

15
γαt γ

ν
t γ

β
t γ

μ
t þ

1

15
γβt γ

μ
t γ

α
t γ

ν
t þ

1

15
γβt γ

ν
t γ

α
t γ

μ
t : ð29Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Λþ

c ð32−=52−Þ ¼ 1.339 GeV,

Λ̄Ξþ;0
c ð3

2
−=5

2
−Þ ¼ 1.510 GeV, fΛþ

c ð32−Þ¼0.0578GeV4,

fΞþ;0
c ð3

2
−Þ¼0.0901GeV4, fΛþ

c ð52−Þ ¼ 1ffiffi
5

p 0.0578 GeV4

and fΞþ;0
c ð5

2
−Þ ¼ 1ffiffi

5
p 0.0901 GeV4, with the threshold

values ωΛþ
c ð32−=52−Þ¼1.8GeV and ωΞþ;0

c ð3
2
−=5

2
−Þ¼2.0GeV.

(4) The ½3̄F; 1; 0; λ� multiplet contains Λþ
c ð12−=32−Þ and

Ξþ;0
c ð1

2
−=3

2
−Þ, which are coupled by

J1=2;−;3̄F;1;0;λ ¼ iϵabcð½Dμ
t qaT �Cγ5qbþqaTCγ5½Dμ

t qb�Þ
× γμt γ5hcv; ð30Þ

Jα
3=2;−;3̄F;1;0;λ

¼ iϵabcð½Dμ
t qaT �Cγ5qbþqaTCγ5½Dμ

t qb�Þ

×

�
gαμt −

1

3
γαt γ

μ
t

�
hcv: ð31Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Λþ

c ð12−=32−Þ ¼ 0.961 GeV,

Λ̄Ξþ;0
c ð1

2
−=3

2
−Þ ¼ 1.057 GeV, fΛþ

c ð12−Þ ¼ 0.0201 GeV4,

fΞþ;0
c ð1

2
−Þ ¼ 0.0255 GeV4, fΛþ

c ð32−Þ ¼ 1ffiffi
3

p 0.0201 GeV4

and fΞþ;0
c ð3

2
−Þ ¼ 1ffiffi

3
p 0.0255 GeV4, with the threshold

values ωΛþ
c ð12−=32−Þ ¼ 1.45 GeV and ωΞþ;0

c ð1
2
−=3

2
−Þ ¼

1.55 GeV.
We also list these values in Table II.

C. P-wave charmed baryons of flavor 6F
The three observed states Σcð2800Þ (JP ¼ ??), Ξcð2930Þ

(JP ¼ ??) and Ξcð2980Þ (JP ¼ ??) may be P-wave charmed
baryon states of the flavor 6F. Besides them, there are five
excited Ωc states recently observed by LHCb [1]: the
Ωcð3000Þ, Ωcð3050Þ, Ωcð3066Þ, Ωcð3090Þ, and Ωcð3119Þ,
which may also be interpreted as P-wave charmed baryon
states of the flavor 6F. Accordingly, in the present study
we assume the masses of the P-wave charmed baryon fields
to be

Σc

�
1

2

−
�

3

2

−
�
∶ m ≈ 2800 MeV;

Ξ0
c

�
1

2

−
�

3

2

−
�
∶ m ≈ 2950 MeV;

Ωc

�
1

2

−
�
∶ m ≈ 3100 MeV;

Ωc

�
3

2

−
�
∶ m ≈ 3120 MeV;

which values will be used in Sec. IV to evaluate their decay
widths.
The masses and decay constants of the flavor 6F P-wave

charmed baryons have been systematically investigated in
Refs. [51,52] using the method of QCD sum rules in
HQET, and our results suggested that the baryon doublet
½6F; 1; 0; ρ� contains Σcð1=2−; 3=2−Þ, Ξ0

cð1=2−; 3=2−Þ, and
Ωcð1=2−; 3=2−Þ, and its obtained results are consistent with
the observed states Σcð2800Þ (JP ¼ ??) and Ξcð2980Þ
(JP ¼ ??), while the results obtained by using the baryon
doublet ½6F; 2; 1; λ� are also consistent with them. We
shortly summarize their results in the following.
There are altogether four P-wave charmed baryon

multiplets of the flavor 6F, ½6F; 1; 0; ρ�, ½6F; 0; 1; λ�,
½6F; 1; 1; λ� and ½6F; 2; 1; λ�, and the results of their mass
sum rules are [51,52]
(1) The ½6F; 1; 0; ρ� multiplet contains Σþþ;þ;0

c ð1
2
−=3

2
−Þ,

Ξ0þ;0
c ð1

2
−=3

2
−Þ and Ω0

cð12−=32−Þ, which are coupled by

J1=2;−;6F;1;0;ρ¼ iϵabcð½Dμ
t qaT �Cγ5qb−qaTCγ5½Dμ

t qb�Þ
× γμt γ5hcv; ð32Þ

Jα3=2;−;6F;1;0;ρ¼ iϵabcð½Dμ
t qaT �Cγ5qb−qaTCγ5½Dμ

t qb�Þ

×

�
gαμt −

1

3
γαt γ

μ
t

�
hcv: ð33Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Σþþ;þ;0

c ð1
2
−=3

2
−Þ ¼ 1.224 GeV,

Λ̄Ξ0þ;0
c ð1

2
−=3

2
−Þ ¼ 1.422 GeV, Λ̄Ω0

cð12−=32−Þ ¼ 1.641 GeV,
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1ffiffi
2

p fΣþþ;0
c ð1

2
−Þ ¼ fΣþ

c ð12−Þ ¼ 0.0437 GeV4, fΞ0þ;0
c ð1

2
−Þ ¼

0.0680 GeV4, 1ffiffi
2

p fΩ0
cð12−Þ¼0.108GeV4, 1ffiffi

2
p fΣþþ;0

c ð3
2
−Þ¼

fΣþ
c ð32−Þ¼ 1ffiffi

3
p 0.0437GeV4, fΞ0þ;0

c ð3
2
−Þ¼ 1ffiffi

3
p 0.0680GeV4

and 1ffiffi
2

p fΩ0
cð32−Þ ¼ 1ffiffi

3
p 0.108 GeV4, with the threshold

values ωΣþþ;þ;0
c ð1

2
−=3

2
−Þ ¼ 1.7 GeV, ωΞ0þ;0

c ð1
2
−=3

2
−Þ ¼

1.95 GeV and ωΩ0
cð12−=32−Þ ¼ 2.2 GeV.

(2) The ½6F; 0; 1; λ� multiplet contains Σþþ;þ;0
c ð1

2
−Þ,

Ξ0þ;0
c ð1

2
−Þ, and Ω0

cð12−Þ, which are coupled by

J1=2;−;6F;0;1;λ ¼ iϵabcð½Dμ
t qaT �Cγμt qbþqaTCγμt ½Dμ

t qb�Þ
×hcv: ð34Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Σþþ;þ;0

c ð1
2
−Þ ¼ 1.100 GeV,

Λ̄Ξ0þ;0
c ð1

2
−Þ ¼ 1.295 GeV, Λ̄Ω0

cð12−Þ ¼ 1.504 GeV,
1ffiffi
2

p fΣþþ;0
c ð1

2
−Þ ¼ fΣþ

c ð12−Þ ¼ 0.0344 GeV4, fΞ0þ;0
c ð1

2
−Þ ¼

0.0512 GeV4 and 1ffiffi
2

p fΩ0
cð12−Þ ¼ 0.0804 GeV4,

with the threshold values ωΣþþ;þ;0
c ð1

2
−Þ ¼ 1.45 GeV,

ωΞ0þ;0
c ð1

2
−Þ ¼ 1.7 GeV and ωΩ0

cð12−Þ ¼ 1.95 GeV.

(3) The ½6F; 1; 1; λ� multiplet Σþþ;þ;0
c ð1

2
−=3

2
−Þ,

Ξ0þ;0
c ð1

2
−=3

2
−Þ, and Ω0

cð12−=32−Þ, which are coupled by

J1=2;−;6F;1;1;λ ¼ iϵabcð½Dμ
t qaT �Cγνt qbþqaTCγνt ½Dμ

t qb�Þ
× σμνt hcv; ð35Þ

Jα3=2;−;6F;1;1;λ¼ iϵabcð½Dμ
t qaT �Cγνt qbþqaTCγνt ½Dμ

t qb�Þ

×

�
gαμt γνt γ5−gανt γμt γ5−

1

3
γαt γ

μ
t γ

ν
t γ5

þ1

3
γαt γ

ν
t γ

μ
t γ5

�
hcv: ð36Þ

Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Σþþ;þ;0

c ð1
2
−=3

2
−Þ ¼ 1.066 GeV,

Λ̄Ξ0þ;0
c ð1

2
−=3

2
−Þ ¼ 1.181 GeV, Λ̄Ω0

cð12−=32−Þ ¼ 1.270 GeV,
1ffiffi
2

p fΣþþ;0
c ð1

2
−Þ ¼ fΣþ

c ð12−Þ ¼ 0.0349 GeV4, fΞ0þ;0
c ð1

2
−Þ ¼

0.0451 GeV4, 1ffiffi
2

p fΩ0
cð12−Þ ¼ 0.0546 GeV4,

1ffiffi
2

p fΣþþ;0
c ð3

2
−Þ ¼ fΣþ

c ð32−Þ ¼ 0.0349 GeV4, fΞ0þ;0
c ð3

2
−Þ ¼

0.0451 GeV4 and 1ffiffi
2

p fΩ0
cð32−Þ ¼ 0.0546 GeV4, with

the threshold values ωΣþþ;þ;0
c ð1

2
−=3

2
−Þ ¼ 1.75 GeV,

ωΞ0þ;0
c ð1

2
−=3

2
−Þ ¼ 1.75 GeV and ωΩ0

cð12−=32−Þ ¼ 1.75 GeV.

(4) The ½6F; 2; 1; λ� multiplet Σþþ;þ;0
c ð3

2
−=5

2
−Þ,

Ξ0þ;0
c ð3

2
−=5

2
−Þ, and Ω0

cð32−=52−Þ, which are coupled by

Jα3=2;−;6F;2;1;λ ¼ iϵabcð½Dμ
t qaT �Cγνt qbþqaTCγνt ½Dμ

t qb�Þ

×

�
gαμt γνt γ5þgανt γμt γ5−

2

3
gμνt γαt γ5

�
hcv;

ð37Þ

Jα1α25=2;−;6F;2;1;λ¼ iϵabcð½Dμ
t qaT �Cγνt qbþqaTCγνt ½Dμ

t qb�Þ
×Γα1α2;μνhcv: ð38Þ

TABLE II. The parameters of the P-wave charmed baryons of flavor 3̄F. In Ref. [51] we have systematically evaluated masses of the
P-wave charmed baryons, and our results suggested the four observed states Λcð2595Þ (JP ¼ 1=2−), Λcð2625Þ (JP ¼ 3=2−), Ξcð2790Þ
(JP ¼ 1=2−) and Ξcð2815Þ (JP ¼ 3=2−) can be well described by the baryon doublet ½3̄F; 1; 1; ρ� and they complete two 3̄F multiplets of
JP ¼ 1=2− and 3=2−, while the currents belonging to the baryon doublet ½3̄F; 1; 0; λ� seem also consistent with the data.

Multiplets Baryon ωc (GeV) T (GeV) Λ̄ (GeV) f (GeV4)

½3̄F; 0; 1; ρ� Λþ
c ð12−Þ 1.75 ∼0.37 0.987 0.0198

Ξþ
c ð12−Þ 1.55 ∼0.38 1.181 0.0296

Ξ0
cð12−Þ 1.55 ∼0.38 1.181 0.0296

½3̄F; 1; 1; ρ� Λþ
c ð12−=32−Þ 1.55 0.27 < T < 0.30 1.164 0.0523/0.0523

Ξþ
c ð12−=32−Þ 1.80 0.27 < T < 0.32 1.349 0.0788/0.0788

Ξ0
cð12−=32−Þ 1.80 0.27 < T < 0.32 1.349 0.0788/0.0788

½3̄F; 2; 1; ρ� Λþ
c ð32−=52−Þ 1.80 ∼0.30 1.339

0.0578=
ffiffi
1
5

q
× 0.0578

Ξþ
c ð32−=52−Þ 2.00 ∼0.33 1.510

0.0901=
ffiffi
1
5

q
× 0.0901

Ξ0
cð32−=52−Þ 2.00 ∼0.33 1.510

0.0901=
ffiffi
1
5

q
× 0.0901

½3̄F; 1; 0; λ� Λþ
c ð12−=32−Þ 1.45 ∼0.30 0.961

0.0201=
ffiffi
1
3

q
× 0.0201

Ξþ
c ð12−=32−Þ 1.55 ∼0.32 1.057

0.0255=
ffiffi
1
3

q
× 0.0255

Ξ0
cð12−=32−Þ 1.55 ∼0.32 1.057

0.0255=
ffiffi
1
3

q
× 0.0255
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Based on the results of Refs. [51,52], we evaluate
their parameters to be Λ̄Σþþ;þ;0

c ð3
2
−=5

2
−Þ ¼ 1.099 GeV,

Λ̄Ξ0þ;0
c ð3

2
−=5

2
−Þ ¼ 1.254 GeV, Λ̄Ω0

cð32−=52−Þ ¼ 1.461 GeV,
1ffiffi
2

p fΣþþ;0
c ð3

2
−Þ ¼ fΣþ

c ð32−Þ ¼ 0.0395 GeV4, fΞ0þ;0
c ð3

2
−Þ ¼

0.0599 GeV4, 1ffiffi
2

p fΩ0
cð32−Þ ¼ 0.0976 GeV4,

1ffiffi
2

p fΣþþ;0
c ð5

2
−Þ ¼ fΣþ

c ð52−Þ ¼ 1ffiffi
5

p 0.0395 GeV4, fΞ0þ;0
c ð5

2
−Þ ¼

1ffiffi
5

p 0.0599 GeV4 and 1ffiffi
2

p fΩ0
cð52−Þ ¼ 1ffiffi

5
p 0.0976 GeV4,

with the threshold values ωΣþþ;þ;0
c ð3

2
−=5

2
−Þ ¼ 1.5 GeV,

ωΞ0þ;0
c ð3

2
−=5

2
−Þ ¼ 1.75 GeV and ωΩ0

cð32−=52−Þ ¼ 2.0 GeV.

We also list all these values in Table III.

III. DECAY PROPERTIES OF FLAVOR
3̄F P-WAVE CHARMED BARYONS

In this section we use the method of light-cone QCD sum
rules to study decay properties of the flavor 3̄F P-wave
charmed baryons. We only study their S-wave decays into
ground-state charmed baryons accompanied by a pseudo-
scalar meson (π or K) or a vector meson (ρ or K�). Because
the masses of the flavor 3̄F P-wave charmed baryons are
sometimes below the two-body decay thresholds (such as
Λcð3=2−Þ → Σ�

cð3=2þÞ þ π), we also study their three-
body decays, which are kinematically allowed [such
as Λcð3=2−Þ → Σ�

cð3=2þÞ þ π → Λcð1=2þÞ þ π þ π].

TABLE III. The parameters of the P-wave charmed baryons of flavor 6. In Ref. [51] we have systematically evaluated the masses of
the P-wave charmed baryons, and our results suggested that the baryon doublet ½6F; 1; 0; ρ� contains Σcð1=2−; 3=2−Þ, Ξ0

cð1=2−; 3=2−Þ,
and Ωcð1=2−; 3=2−Þ, and its obtained results are consistent with the observed states Σcð2800Þ (JP ¼ ??) and Ξcð2980Þ (JP ¼ ??), while
the results obtained by using the baryon doublet ½6F; 2; 1; λ� are also consistent with them.

Multiplets Baryon ωc (GeV) T (GeV) Λ̄ (GeV) f (GeV4)

½6F; 1; 0; ρ� Σþþ
c ð1

2
−=3

2
−Þ 1.70 0.26 < T < 0.32 1.224 ffiffiffi

2
p

× 0.0437=
ffiffi
2
3

q
× 0.0437

Σþ
c ð12−=32−Þ 1.70 0.26 < T < 0.32 1.224

0.0437=
ffiffi
1
3

q
× 0.0437

Σ0
cð12−=32−Þ 1.70 0.26 < T < 0.32 1.224 ffiffiffi

2
p

× 0.0437=
ffiffi
2
3

q
× 0.0437

Ξ0þ
c ð1

2
−=3

2
−Þ 1.95 0.26 < T < 0.35 1.422

0.0680=
ffiffi
1
3

q
× 0.0680

Ξ00
c ð12−=32−Þ 1.95 0.26 < T < 0.35 1.422

0.0680=
ffiffi
1
3

q
× 0.0680

Ωþ
c ð12−=32−Þ 2.20 0.25 < T < 0.39 1.641 ffiffiffi

2
p

× 0.108=
ffiffi
2
3

q
× 0.108

½6F; 0; 1; λ� Σþþ
c ð1

2
−Þ 1.45 ∼0.29 1.100

ffiffiffi
2

p
× 0.0344

Σþ
c ð12−Þ 1.45 ∼0.29 1.100 0.0344

Σ0
cð12−Þ 1.45 ∼0.29 1.100

ffiffiffi
2

p
× 0.0344

Ξ0þ
c ð1

2
−Þ 1.70 0.27 < T < 0.32 1.295 0.0512

Ξ00
c ð12−Þ 1.70 0.27 < T < 0.32 1.295 0.0512

Ωþ
c ð12−Þ 1.95 0.27 < T < 0.33 1.504

ffiffiffi
2

p
× 0.0804

½6F; 1; 1; λ� Σþþ
c ð1

2
−=3

2
−Þ 1.75 0.32 < T < 0.34 1.066

ffiffiffi
2

p
× 0.0349=

ffiffiffi
2

p
× 0.0349

Σþ
c ð12−=32−Þ 1.75 0.32 < T < 0.34 1.066 0.0349/0.0349

Σ0
cð12−=32−Þ 1.75 0.32 < T < 0.34 1.066

ffiffiffi
2

p
× 0.0349=

ffiffiffi
2

p
× 0.0349

Ξ0þ
c ð1

2
−=3

2
−Þ 1.75 ∼0.35 1.181 0.0451/0.0451

Ξ00
c ð12−=32−Þ 1.75 ∼0.35 1.181 0.0451/0.0451

Ωþ
c ð12−=32−Þ 1.75 ∼0.36 1.270

ffiffiffi
2

p
× 0.0546=

ffiffiffi
2

p
× 0.0546

½6F; 2; 1; λ� Σþþ
c ð3

2
−=5

2
−Þ 1.50 0.27 < T < 0.29 1.099 ffiffiffi

2
p

× 0.0395=
ffiffi
2
5

q
× 0.0395

Σþ
c ð32−=52−Þ 1.50 0.27 < T < 0.29 1.099

0.0395=
ffiffi
1
5

q
× 0.0395

Σ0
cð32−=52−Þ 1.50 0.27 < T < 0.29 1.099 ffiffiffi

2
p

× 0.0395=
ffiffi
2
5

q
× 0.0395

Ξ0þ
c ð3

2
−=5

2
−Þ 1.75 0.26 < T < 0.32 1.254

0.0599=
ffiffi
1
5

q
× 0.0599

Ξ00
c ð32−=52−Þ 1.75 0.26 < T < 0.32 1.254

0.0599=
ffiffi
1
5

q
× 0.0599

Ωþ
c ð32−=52−Þ 2.00 0.26 < T < 0.36 1.461 ffiffiffi

2
p

× 0.0976=
ffiffi
2
5

q
× 0.0976
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The possible decay channels are

ðaÞ Γ½Λcð1=2−Þ→Σcð1=2þÞþπ�
¼Γ½Λþ

c ð1=2−Þ→Σþ
c ð1=2þÞþπ0�þ2×Γ½Λþ

c ð1=2−Þ→Σþþ
c ð1=2þÞþπ−→Λþ

c ð1=2þÞþπþþπ−�; ð39Þ

ðbÞ Γ½Λcð3=2−Þ → Σ�
cð3=2þÞ þ π → Λcð1=2þÞ þ π þ π�

¼ 3 × Γ½Λþ
c ð3=2−Þ → Σ�þþ

c ð3=2þÞ þ π− → Λþ
c ð1=2þÞ þ πþ þ π−�; ð40Þ

ðcÞ Γ½Ξcð1=2−Þ → Ξcð1=2þÞ þ π� ¼ 3

2
× Γ½Ξ0

cð1=2−Þ → Ξþ
c ð1=2þÞ þ π−�; ð41Þ

ðdÞ Γ½Ξcð1=2−Þ → Λcð1=2þÞ þ K� ¼ Γ½Ξ0
cð1=2−Þ → Λþ

c ð1=2þÞ þ K−�; ð42Þ

ðeÞ Γ½Ξcð1=2−Þ → Ξcð1=2þÞ þ ρ → Ξcð1=2þÞ þ π þ π�

¼ 3

2
× Γ½Ξ0

cð1=2−Þ → Ξþ
c ð1=2þÞ þ ρ− → Ξþ

c ð1=2þÞ þ π0 þ π−�; ð43Þ

ðfÞ Γ½Ξcð1=2−Þ → Ξ0
cð1=2þÞ þ π� ¼ 3

2
× Γ½Ξ0

cð1=2−Þ → Ξ0þ
c ð1=2þÞ þ π−�; ð44Þ

ðgÞ Γ½Ξcð3=2−Þ → Ξcð1=2þÞ þ ρ− → Ξcð1=2þÞ þ π þ π�

¼ 3

2
× Γ½Ξ0

cð3=2−Þ → Ξþ
c ð1=2þÞ þ ρ− → Ξþ

c ð1=2þÞ þ π0 þ π−�; ð45Þ

ðhÞ Γ½Ξcð3=2−Þ → Ξ�
cð3=2þÞ þ π� ¼ 3

2
× Γ½Ξ0

cð3=2−Þ → Ξ�þ
c ð3=2þÞ þ π−�; ð46Þ

which can be calculated through the following
Lagrangians:

ðaÞ LΛc½12−�→Σcπ
¼ gΛþ

c ½12−�→Σþþ
c π−Λ̄þ

c ð1=2−ÞΣþþ
c π− þ � � � ;

ðbÞ LΛc½32−�→Σ�
cπ
¼ gΛþ

c ½32−�→Σ�þþ
c π−Λ̄þ

cμð3=2−ÞΣ�þþ
cμ π− þ � � � ;

ðcÞ LΞc½12−�→Ξcπ
¼ gΞ0

c½12−�→Ξþ
c π

−Ξ̄0
cð1=2−ÞΞþ

c π
− þ � � � ;

ðdÞ LΞc½12−�→ΛcK ¼ gΞ0
c½12−�→Λþ

c K−Ξ̄0
cð1=2−ÞΛþ

c K− þ � � � ;
ðeÞ LΞc½12−�→Ξcρ

¼ gΞ0
c½12−�→Ξþ

c ρ
−Ξ̄0

cð1=2−Þγμγ5Ξþ
c ρ

−
μ þ � � � ;

ðfÞ LΞc½12−�→Ξ0
cπ
¼ gΞ0

c½12−�→Ξ0þ
c π−Ξ̄0

cð1=2−ÞΞ0þ
c π− þ � � � ;

ðgÞ LΞc½32−�→Ξcρ
¼ gΞ0

c½32−�→Ξþ
c ρ

−Ξ̄0
cμð3=2−ÞΞþ

c ρ
−
μ þ � � � ;

ðhÞ LΞc½32−�→Ξ�
cπ
¼ gΞ0

c½32−�→Ξ�þ
c π−Ξ̄0

cμð3=2−ÞΞ�þ
cμ π

− þ � � � :
ð47Þ

We note that the mass of the Λcð2595Þ is above the
threshold of Σþ

c π
0 but below the thresholds of Σþþ

c π−

and Σ0
cπ

þ, so we evaluate both its two-body decay
Λcð2595Þ → Σþ

c π
0 and three-body decays Λcð2595Þ →

Σþþ
c π− → Λþ

c π
þπ− and Λcð2595Þ → Σ0

cπ
þ → Λþ

c π
þπ−,

using [2]:

Σþþ;0
c ∶ m ≈ 2453.86 MeV; Σþ

c ∶ m ¼ 2452.9 MeV;

π�∶ m ¼ 139.57 MeV; π0∶ m ¼ 134.98 MeV:

Besides these channels, we also assume masses of the
Λcð5=2−Þ and Ξcð5=2−Þ to be around

Λcð5=2−Þ∶ m ∼ 2850 MeV;

Ξcð5=2−Þ∶ m ∼ 3000 MeV; ð48Þ

so that the following decay channels are kinematically
allowed:

ðiÞ Γ½Λcð5=2−Þ → Σ�
cð3=2þÞ þ ρ → Σ�

cð3=2þÞ þ π þ π�
¼ 3 × Γ½Λþ

c ð5=2−Þ → Σ�þþ
c ð3=2þÞ þ ρ−

→ Σ�þþ
c ð3=2þÞ þ π0 þ π−�; ð49Þ

ðjÞ Γ½Ξcð5=2−Þ → Ξ�
cð3=2þÞ þ ρ → Ξ�

cð3=2þÞ þ π þ π�

¼ 3

2
× Γ½Ξ0

cð5=2−Þ → Ξ�þ
c ð3=2þÞ þ ρ−

→ Ξ�þ
c ð3=2þÞ þ π0 þ π−�; ð50Þ

and can be calculated through the following Lagrangians:
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ðiÞ LΛc½52−�→Σ�
cρ
¼ gΛþ

c ½52−�→Σ�þþ
c ρ−Λ̄þ

cμνð5=2−ÞΣ�þþ
cμ ρ−ν þ � � � ;

ðjÞ LΞc½52−�→Ξ�
cρ
¼ gΞ0

c½52−�→Ξ�þ
c ρ−Ξ̄0

cμνð5=2−ÞΞ�þ
cμ ρ

−
ν þ � � � :

ð51Þ

As an example, we shall first study the S-wave decay of
the Ξ0

cð1=2−Þ belonging to ½3̄F; 1; 1; ρ� into Ξ0þ
c ð1=2þÞ and

π−ð0−Þ in the next subsection, and then separately inves-
tigate the four charmed baryon multiplets of flavor 3̄F,
½3̄F; 0; 1; ρ�, ½3̄F; 1; 1; ρ�, ½3̄F; 2; 1; ρ� and ½3̄F; 1; 0; λ�, in the
following subsections.

A. Ξ0
cð1=2− Þ of ½3̄F;1;1;ρ� decaying into

Ξ0 +
c ð1=2+ Þ and π − ð0− Þ

As an example, we evaluate the following three-point
correlation function to study the S-wave decay of the
Ξ0
cð1=2−Þ belonging to ½3̄F; 1; 1; ρ� into Ξ0þ

c ð1=2þÞ and
π−ð0−Þ:

Πðω;ω0Þ ¼
Z

d4xe−ik·xh0jJ1=2;−;Ξ0
c;1;1;ρð0ÞJ̄Ξ0þ

c
ðxÞjπ−i

¼ 1þ v
2

GΞ0
c½12−�→Ξ0þ

c π−ðω;ω0Þ; ð52Þ

where

k0 ¼ kþ q; ω0 ¼ v · k0; ω ¼ v · k: ð53Þ

The currents J1=2;−;Ξ0
c;1;1;ρ and JΞ0þ

c
have been defined in

Eqs. (25) and (10), and couple to Ξ0
cð1=2−Þ belonging to

½3̄F; 1; 1; ρ� and Ξ0þ
c ð1=2þÞ, respectively. The function

GΞ0
c½12−�→Ξ0þ

c π− has the following pole terms at the hadronic
level from double dispersion relation:

GΞ0
c½12−�→Ξ0þ

c π−ðω;ω0Þ¼gΞ0
c½12−�→Ξ0þ

c π−×
fΞ0

c½12−�fΞ0þ
c

ðΛ̄Ξ0
c½12−�−ω0ÞðΛ̄Ξ0þ

c
−ωÞ

þ c0

Λ̄Ξ0
c½12−�−ω0þ

c
Λ̄Ξ0þ

c
−ω

; ð54Þ

where the S-wave coupling constants gΞ0
c½12−�→Ξ0þ

c π− is
defined through the following Lagrangian:

LΞc½12−�→Ξ0
cπ
¼ gΞ0

c½12−�→Ξ0þ
c π− Ξ̄0

cð1=2−ÞΞ0þ
c π− þ � � � : ð55Þ

c and c0 in Eq. (54) are free parameters which can be
suppressed by the Borel transformation. The three-
point correlation function Πðω;ω0Þ can also be calcu-
lated at the quark-gluon level using the QCD operator
product expansion (in our calculations we have used
the software Mathematica with the FeynCalc pack-
age [115]):

GΞ0
c½12−�→Ξ0þ

c π−ðω;ω0Þ ¼ gΞ0
c½12−�→Ξ0þ

c π− ×
fΞ0

c½12−�fΞ0þ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3ifπv · q
2π2t4

ϕ2;πðuÞ þ
3ifπv · q
32π2t2

ϕ4;πðuÞ þ
3ifπ

2π2t4v · q
ψ4;πðuÞ

þ ifπm2
πv · q

24ðmu þmdÞ
hs̄siϕσ

3;πðuÞ þ
ifπm2

πt2v · q
384ðmu þmdÞ

hgss̄σGsiϕσ
3;πðuÞ þ

ifπm2
πv · q

8π2t2ðmu þmdÞ
msϕ

σ
3;πðuÞ

þ ifπv · q
16

mshs̄siϕ2;πðuÞ þ
ifπt2v · q

256
mshs̄siϕ4;πðuÞ þ

ifπ
16v · q

mshs̄siψ4;πðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
3ifπv · q
8π2t2

Φ4;πðαÞ −
ifπv · q
4π2t2

Ψ4;πðαÞ

þ ifπv · q
8π2t2

~Φ4;πðαÞ þ
ifπv · q
4π2t2

~Ψ4;πðαÞ þ
ifπuv · q
4π2t2

Φ4;πðαÞ þ
ifπuv · q
2π2t2

Ψ4;πðαÞ
�
; ð56Þ

which contains many light-cone distribution amplitudes, whose definitions and explicit forms can be found in
Refs. [89–96]. As examples, we list the light-cone distribution amplitudes of the K meson in Appendix B. Their values
can also be found in these references, and in the present study we work at the renormalization scale 1 GeV. The condensates
contained in this sum rules take the following values [2,116–123]:
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hq̄qi ¼ −ð0.24 GeVÞ3;
hs̄si ¼ ð0.8� 0.1Þ × hq̄qi;

hg2sGGi ¼ ð0.48� 0.14Þ GeV4;

hgsq̄σGqi ¼ M2
0 × hq̄qi;

hgss̄σGsi ¼ M2
0 × hs̄si;

M2
0 ¼ 0.8 GeV2: ð57Þ

After Wick rotations and making double Borel transformation with the variables ω and ω0 to be T1 and T2,
we obtain

gΞ0
c½12−�→Ξ0þ

c π−fΞ0
c½12−�fΞ0þ

c
e−

Λ̄
Ξ0c ½12

− �
T1 e−

Λ̄
Ξ0þc
T2

¼ 4 ×

�
−
3fπ
2π2

T6f5

�
ωc

T

�
dϕ2;πðu0Þ

du
þ 3fπ
32π2

T4f3

�
ωc

T

�
dϕ4;πðu0Þ

du
−
3fπ
2π2

T4f3

�
ωc

T

�Z
u0

0

ψ4;πðuÞdu

−
fπm2

π

24ðmu þmdÞ
hs̄siT2f1

�
ωc

T

�
dϕσ

3;πðu0Þ
du

þ fπm2
π

384ðmu þmdÞ
hgss̄σGsi

dϕσ
3;πðu0Þ
du

þ fπm2
πms

8π2ðmu þmdÞ
T4f3

�
ωc

T

�
dϕσ

3;πðu0Þ
du

−
fπms

16
hs̄siT2f1

�
ωc

T

�
dϕ2;πðu0Þ

du

þ fπms

256
hs̄si dϕ4;πðu0Þ

du
−
fπms

16
hs̄si dψ4;πðu0Þ

du

�

þ
Z

u0

0

dα2 ×
fπ

2π2α3
T4f3

�
ωc

T

�
× ð3Φ4;πðαÞ − 2Ψ4;πðαÞ þ ~Φ4;πðαÞ þ 2 ~Ψ4;πðαÞÞjα1¼u0;α3¼1−u0−α2

−
Z

u0

0

dα1 ×
fπ

2π2α3
T4f3

�
ωc

T

�
× ð3Φ4;πðαÞ − 2Ψ4;πðαÞ þ ~Φ4;πðαÞ þ 2 ~Ψ4;πðαÞÞjα2¼u0;α3¼1−u0−α1

þ
Z

u0

0

dα2 ×
fπ
π2α3

T4f3

�
ωc

T

�
× ðΦ4;πðαÞ þ 2Ψ4;πðαÞÞjα1¼u0;α3¼1−u0−α2

−
Z

u0

0

dα2

Z
1−α2

u0−α2
dα3 ×

fπ
π2α23

T4f3

�
ωc

T

�
× ðΦ4;πðαÞ þ 2Ψ4;πðαÞÞjα1¼u0 ; ð58Þ

where u0 ¼ T1

T1þT2
, T ¼ T1T2

T1þT2
and fnðxÞ ¼ 1 − e−x

P
n
k¼0

xk
k!.

We work at the symmetric point T1 ¼ T2 ¼ 2T, so
u0 ¼ 1=2. Now the coupling constant gΞ0

c½12−�→Ξ0þ
c π− only

depends on two free parameters, the threshold value ωc and
the Borel mass T. After choosing ωc ¼ 1.60 GeV [the
average of the thresholds of the Ξcð1=2−Þ and Ξ0þ

c mass
sum rules], we show gΞ0

c½12−�→Ξ0þ
c π− as a function of T in Fig. 1.

The working region for T has been reevaluated and listed in
Table II to be 0.27 GeV < T < 0.32 GeV, where we obtain

ðfÞgΞ0
c½12−�→Ξ0þ

c π− ¼ 0.21 −0.07
þ0.15 ¼ 0.21 þ0.03

−0.01
þ0.06
−0.04

þ0.13
−0.06

þ0.00
−0.00 :

ð59Þ
Using this value and the parameters listed in Sec. II, we
further obtain

ðfÞΓΞ0
c½12−�→Ξ0þ

c π− ¼ 1.6 þ2.7
−0.9 MeV

¼ 1.6 þ0.5
−0.1

þ1.0
−0.5

þ2.5
−0.8

þ0.00
−0.00 MeV; ð60Þ

where the uncertainties mainly come from the Borel mass
(0.27 GeV < T < 0.32 GeV), the parameters of the Ξ0þ

c

(ωΞ0þ
c
¼ 1.4� 0.1 GeV, Λ̄Ξ0þ

c
¼ 1.042� 0.080 GeV, and

fΞ0þ
c
¼0.0435�0.0080GeV3), the parameters of the Ξ0

c½12−�

0.2 0.27 0.295 0.32 0.4 0.5
0.

0.1
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FIG. 1. The coupling constant gΞ0
c ½12−�→Ξ0þ

c π− as a function of the
Borel mass T. The current J1=2;−;Ξ0

c;1;1;ρ belonging to the baryon
doublet ½3̄F; 1; 1; ρ� is used here.
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(ωΞ0
c½12−� ¼ 1.8� 0.1 GeV, Λ̄Ξ0

c½12−� ¼ 1.349� 0.130 GeV,

and fΞ0
c½12−� ¼ 0.0788� 0.0280 GeV4), and various quark

masses and condensates listed in Eq. (57), respectively. We
note that the Oð1=mQÞ corrections (mQ is the heavy-quark
mass) have not been considered in the present study, which
can cause some theoretical uncertainties [but the Oð1=mQÞ
corrections to the masses of the heavy baryons have been
taken into account in Refs. [50–53]]. Totally, the results can
be 3 times larger or smaller than thosewe have obtained, i.e.,
ΓΞ0

c½12−�→Ξ0þ
c π− ¼ 1.6þ200%

−67% MeV. We shall not estimate the
uncertainties of other coupling constants, but just note that
their uncertainties are at the same level.
Following these procedures, we separately investigate

the four multiplets of flavor 3̄F, ½3̄F; 0; 1; ρ�, ½3̄F; 1; 1; ρ�,
½3̄F; 2; 1; ρ� and ½3̄F; 1; 0; λ�, in the following subsections.

B. The baryon singlet ½3̄F; 0; 1; ρ�
The ½3̄F; 0; 1; ρ� multiplet contains Λcð12−Þ and Ξcð12−Þ.

Their sum rules are listed in Appendix C 1, suggesting that
their possible decay channels are (c) and (d), while the
other three channels (a), (e) and (f) vanish. We show the
two coupling constants, gΞ0

c½12−�→Ξþ
c π

− and gΞ0
c½12−�→Λþ

c K− , as
functions of the Borel mass T in Fig. 2. Using the values of
T listed in Table II, we obtain

ðcÞ gΞ0
c½12−�→Ξþ

c π
− ¼ 2.3;

ðdÞ gΞ0
c½12−�→Λþ

c K− ¼ 2.7: ð61Þ

Using these values and the parameters listed in Sec. II, we
further obtain

ðcÞ ΓΞc½12−�→Ξcπ
¼ 300 MeV;

ðdÞ ΓΞc½12−�→ΛcK ¼ 82 MeV: ð62Þ

C. The baryon doublet ½3̄F; 1; 1; ρ�
The ½3̄F; 1; 1; ρ� multiplet contains Λcð12−=32−Þ and

Ξcð12−=32−Þ. Their sum rules are listed in Appendix C 2,
suggesting that their possible decay channels are (a), (b),
(e), (f), (g) and (h), while the other two channels (c)
and (d) vanish. We show the six coupling constants,
gΛþ

c ½12−�→Σþþ
c π− , gΞ0

c½12−�→Ξ0þ
c π− , gΛþ

c ½32−�→Σ�þþ
c π− , gΞ0

c½32−�→Ξ�þ
c π− ,

gΞ0
c½12−�→Ξþ

c ρ
− and gΞ0

c½32−�→Ξþ
c ρ

− , as functions of the Borel
mass T in Fig. 3. Using the values of T listed in
Table II, we obtain

ðaÞ gΛþ
c ½12−�→Σþþ

c π− ¼ 0.25;

ðfÞ gΞ0
c½12−�→Ξ0þ

c π− ¼ 0.21;

ðbÞ gΛþ
c ½32−�→Σ�þþ

c π− ¼ 0.033;

ðhÞ gΞ0
c½32−�→Ξ�þ

c π− ¼ 0.024;

ðeÞ gΞ0
c½12−�→Ξþ

c ρ
− ¼ 0.11;

ðgÞ gΞ0
c½32−�→Ξþ

c ρ
− ¼ 0.074: ð63Þ

Using these values and the parameters listed in Sec. II, we
further obtain

ða; a0Þ ΓΛc½12−�→Σcπð→ΛππÞ ¼ 0.39 MeV;

ðfÞ ΓΞc½12−�→Ξ0
cπ
¼ 1.6 MeV;

ðbÞ ΓΛc½32−�→Σ�
cπ→Λcππ

¼ 4 × 10−4 MeV;

ðhÞ ΓΞc½32−�→Ξ�
cπ
¼ 0.01 MeV;

ðeÞ ΓΞc½12−�→Ξcρ→Ξcππ
¼ 3 × 10−5 MeV;

ðgÞ ΓΞc½32−�→Ξcρ→Ξcππ
¼ 5 × 10−5 MeV: ð64Þ
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FIG. 2. The coupling constants gΞ0
c½12−�→Ξþ

c π
− and gΞ0

c½12−�→Λþ
c K− as functions of the Borel mass T. The currents belonging to the baryon

singlet ½3̄F; 0; 1; ρ� are used here.
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D. The baryon doublet ½3̄F; 2; 1; ρ�
The ½3̄F; 2; 1; ρ� multiplet contains Λcð32−=52−Þ and

Ξþ
c ð32−=52−Þ. Their sum rules are listed in Appendix C 3,

suggesting that their possible decay channels are (b), (h),
(i) and (j), while the other channel (g) vanishes. We show
the four coupling constants, gΛþ

c ½32−�→Σ�þþ
c π− , gΞ0

c½32−�→Ξ�þ
c π− ,

gΛþ
c ½52−�→Σ�þþ

c ρ− and gΞ0
c½52−�→Ξ�þ

c ρ− , as functions of the Borel
mass T in Fig. 4. Using the values of T listed in Table II, we
obtain

ðbÞ gΛþ
c ½32−�→Σ�þþ

c π− ¼ 0.25;

ðhÞ gΞ0
c½32−�→Ξ�þ

c π− ¼ 0.17;

ðiÞ gΛþ
c ½52−�→Σ�þþ

c ρ− ¼ 2.3;

ðjÞ gΞ0
c½52−�→Ξ�þ

c ρ− ¼ 2.0: ð65Þ

Using these values and the parameters listed in Sec. II, we
further obtain

ðbÞ ΓΛc½32−�→Σ�
cπ→Λcππ

¼ 0.03 MeV;

ðhÞ ΓΞc½32−�→Ξ�
cπ
¼ 0.69 MeV;

ðiÞ ΓΛc½52−�→Σ�
cρ→Σ�

cππ
¼ 11 MeV;

ðjÞ ΓΞc½52−�→Ξ�
cρ→Ξ�

cππ
¼ 12 MeV: ð66Þ

We note that the two decay widths, ΓΛc½52−�→Σ�
cρ

and
ΓΞc½52−�→Ξ�

cρ
, do depend significantly on the masses of the

Λcð5=2−Þ and Ξcð5=2−Þ, which we assumed to be around
2850 and 3000 MeV in Eq. (48). Because their physical
masses (if they exist) are possibly smaller than these values,
these two decay channels might be kinematically
forbidden.
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FIG. 3. The coupling constants gΛþ
c ½12−�→Σþþ

c π− (top-left), gΞ0
c ½12−�→Ξ0þ

c π− (top-right), gΛþ
c ½32−�→Σ�þþ

c π− (middle-left), gΞ0
c½32−�→Ξ�þ

c π− (middle-
right), gΞ0

c ½12−�→Ξþ
c ρ

− (bottom-left) and gΞ0
c ½32−�→Ξþ

c ρ
− (bottom-right) as functions of the Borel mass T. The currents belonging to the baryon

doublet ½3̄F; 1; 1; ρ� are used here.
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E. The baryon doublet ½3̄F; 1; 0; λ�
The ½3̄F; 1; 0; λ� multiplet contains Λcð12−=32−Þ and

Ξcð12−=32−Þ. Their sum rules are listed in Appendix C 4,
suggesting that their possible decay channels are (a), (b),
(e), (f), (g) and (h), while the other two channels (c)
and (d) vanish. We show the six coupling constants,
gΛþ

c ½12−�→Σþþ
c π− , gΞ0

c½12−�→Ξ0þ
c π− , gΛþ

c ½32−�→Σ�þþ
c π− , gΞ0

c½32−�→Ξ�þ
c π− ,

gΞ0
c½12−�→Ξþ

c ρ
− and gΞ0

c½32−�→Ξþ
c ρ

− , as functions of the Borel
mass T in Fig. 5. Using the values of T listed in
Table II, we obtain

ðaÞ gΛþ
c ½12−�→Σþþ

c π− ¼ 2.3;

ðfÞ gΞ0
c½12−�→Ξ0þ

c π− ¼ 1.7;

ðbÞ gΛþ
c ½32−�→Σ�þþ

c π− ¼ 1.5;

ðhÞ gΞ0
c½32−�→Ξ�þ

c π− ¼ 1.2;

ðeÞ gΞ0
c½12−�→Ξþ

c ρ
− ¼ 4.5;

ðgÞ gΞ0
c½32−�→Ξþ

c ρ
− ¼ 5.2: ð67Þ

Using these values and the parameters listed in Sec. II, we
further obtain

ða; a0Þ ΓΛc½12−�→Σcπð→ΛππÞ ¼ 32 MeV;

ðfÞ ΓΞc½12−�→Ξ0
cπ
¼ 100 MeV;

ðbÞ ΓΛc½32−�→Σ�
cπ→Λcππ

¼ 0.96 MeV;

ðhÞ ΓΞc½32−�→Ξ�
cπ

¼ 30 MeV;

ðeÞ ΓΞc½12−�→Ξcρ→Ξcππ
¼ 0.04 MeV;

ðgÞ ΓΞc½32−�→Ξcρ→Ξcππ
¼ 0.23 MeV: ð68Þ

IV. DECAY PROPERTIES OF FLAVOR
6F P-WAVE CHARMED BARYONS

In this section we use the method of light-cone QCD sum
rules to study decay properties of the flavor 6F P-wave
charmed baryons. We only study their S-wave decays into
ground-state charmed baryons accompanied by a pseudo-
scalar meson (π or K), including both two-body and three-
body decays which are kinematically allowed. We shall
study their S-wave decays into ground-state charmed
baryons accompanied by a vector meson (ρ or K�) in
our future work, but note that the widths of these decays
are probably quite small (see the results of the flavor 3̄F P-
wave charmed baryons).
The possible decay channels are
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FIG. 4. The coupling constants gΛþ
c ½32−�→Σ�þþ

c π− (top-left), gΞ0
c ½32−�→Ξ�þ

c π− (top-right), gΛþ
c ½52−�→Σ�þþ

c ρ− (bottom-left) and gΞ0
c ½52−�→Ξ�þ

c ρ− (bottom-
right) as functions of the Borel mass T. The currents belonging to the baryon doublet ½3̄F; 2; 1; ρ� are used here.
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ðkÞ Γ½Σcð1=2−Þ → Λcð1=2þÞ þ π� ¼ Γ½Σ0
cð1=2−Þ → Λþ

c ð1=2þÞ þ π−�; ð69Þ

ðlÞ Γ½Σcð1=2−Þ → Σcð1=2þÞ þ π� ¼ 2 × Γ½Σ0
cð1=2−Þ → Σþ

c ð1=2þÞ þ π−�; ð70Þ

ðmÞ Γ½Ξ0
cð1=2−Þ → Ξcð1=2þÞ þ π� ¼ 3

2
× Γ½Ξ00

c ð1=2−Þ → Ξþ
c ð1=2þÞ þ π−�; ð71Þ

ðnÞ Γ½Ξ0
cð1=2−Þ → Λcð1=2þÞ þ K� ¼ Γ½Ξ00

c ð1=2−Þ → Λþ
c ð1=2þÞ þ K−�; ð72Þ

ðoÞ Γ½Ξ0
cð1=2−Þ → Ξ0

cð1=2þÞ þ π� ¼ 3

2
× Γ½Ξ00

c ð1=2−Þ → Ξ0þ
c ð1=2þÞ þ π−�; ð73Þ

ðpÞ Γ½Ξ0
cð1=2−Þ → Σcð1=2þÞ þ K� ¼ 3 × Γ½Ξ00

c ð1=2−Þ → Σþ
c ð1=2þÞ þ K−�; ð74Þ

ðqÞ Γ½Ωcð1=2−Þ → Ξcð1=2þÞ þ K� ¼ 2 × Γ½Ω0
cð1=2−Þ → Ξþ

c ð1=2þÞ þ K−�; ð75Þ
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FIG. 5. The coupling constants gΛþ
c ½12−�→Σþþ

c π− (top-left), gΞ0
c ½12−�→Ξ0þ

c π− (top-right), gΛþ
c ½32−�→Σ�þþ

c π− (middle-left), gΞ0
c½32−�→Ξ�þ

c π− (middle-
right), gΞ0

c ½12−�→Ξþ
c ρ

− (bottom-left) and gΞ0
c ½32−�→Ξþ

c ρ
− (bottom-right) as functions of the Borel mass T. The currents belonging to the baryon

doublet ½3̄F; 1; 0; λ� are used here.
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ðrÞ Γ½Ωcð1=2−Þ → Ξ0
cð1=2þÞ þ K� ¼ 2 × Γ½Ω0

cð1=2−Þ → Ξ0þ
c ð1=2þÞ þ K−�; ð76Þ

ðsÞ Γ½Σcð3=2−Þ → Σ�
cð3=2þÞ þ π� ¼ 2 × Γ½Σ0

cð3=2−Þ → Σ�þ
c ð3=2þÞ þ π−�; ð77Þ

ðtÞ Γ½Ξ0
cð3=2−Þ → Ξ�

cð3=2þÞ þ π� ¼ 3

2
× Γ½Ξ00

c ð3=2−Þ → Ξ�þ
c ð3=2þÞ þ π−�: ð78Þ

ðuÞ Γ½Ξ0
cð3=2−Þ → Σ�

cð3=2þÞ þ K → Λcð1=2þÞ þ π þ K�
¼ 3 × Γ½Ξ00

c ð3=2−Þ → Σ�þ
c ð3=2þÞ þ K− → Λþ

c ð3=2þÞ þ π0 þ K−�: ð79Þ

ðvÞ Γ½Ωcð3=2−Þ → Ξ�
cð3=2þÞ þ K → Ξcð1=2þÞ þ π þ K�

¼ 6 × Γ½Ω0
cð3=2−Þ → Ξ�þ

c ð3=2þÞ þ K− → Ξþ
c ð1=2þÞ þ π0 þ K−�: ð80Þ

Their widths can be simply calculated through
the two Lagrangians LXð1=2−Þ→Yð1=2þÞP ¼ gX̄YP and
LXð3=2−Þ→Yð3=2þÞP ¼ gX̄μYμP. Especially, we assume the
mass of the Ωcð3=2−Þ state to be 3120 MeV in the case (v)
in order to make this decay channel kinematically allowed,
but still use 3100 MeV for other cases.
In the following subsections, we shall separately inves-

tigate the four P-wave charmed baryon multiplets of flavor
6F, ½6F; 1; 0; ρ�, ½6F; 0; 1; λ�, ½6F; 1; 1; λ� and ½6F; 2; 1; λ�.

A. The baryon doublet ½6F;1;0;ρ�
The ½6F; 1; 0; ρ� multiplet contains Σcð12−=32−Þ, Ξ0

cð12−=32−Þ
and Ωcð12−=32−Þ. Their sum rules are listed in Appendix C 5,
suggesting that their possible decay channels are (l), (o),
(p), (r), (s), (t), (u) and (v), while the other four channels
(k), (m), (n) and (q) vanish. We show the eight coupling
constants, gΣ0

c½12−�→Σþ
c π

− , gΞ00
c ½12−�→Ξ0þ

c π− , gΞ00
c ½12−�→Σþ

c K− ,
gΩ0

c½12−�→Ξ0þ
c K− , gΣ0

c½32−�→Σ�þ
c π− , gΞ00

c ½32−�→Ξ�þ
c π− , gΞ00

c ½32−�→Σ�þ
c K− and

gΩ0
c½32−�→Ξ�þ

c K− , as functions of the Borel mass T in Fig. 6.
Using the values of T listed in Table III, we obtain

ðlÞ gΣ0
c½12−�→Σþ

c π
− ¼ 1.9;

ðoÞ gΞ00
c ½12−�→Ξ0þ

c π− ¼ 1.4;

ðpÞ gΞ00
c ½12−�→Σþ

c K− ¼ 1.7;

ðrÞ gΩ0
c½12−�→Ξ0þ

c K− ¼ 2.5;

ðsÞ gΣ0
c½32−�→Σ�þ

c π− ¼ 1.3;

ðtÞ gΞ00
c ½32−�→Ξ�þ

c π− ¼ 0.95;

ðuÞ gΞ00
c ½32−�→Σ�þ

c K− ¼ 1.1;

ðvÞ gΩ0
c½32−�→Ξ�þ

c K− ¼ 1.7: ð81Þ

Using these values and the parameters listed in Sec. II, we
further obtain

ðlÞ ΓΣc½12−�→Σcπ
¼ 300 MeV;

ðoÞ ΓΞ0
c½12−�→Ξ0

cπ
¼ 140 MeV;

ðpÞ ΓΞ0
c½12−�→ΣcK ¼ 29 MeV;

ðrÞ ΓΩc½12−�→Ξ0
cK ¼ 250 MeV;

ðsÞ ΓΣc½32−�→Σ�
cπ

¼ 110 MeV;

ðtÞ ΓΞ0
c½32−�→Ξ�

cπ
¼ 50 MeV;

ðuÞ ΓΞ0
c½32−�→Σ�

cK→ΛcπK ¼ 0.03 MeV;

ðvÞ ΓΩc½32−�→Ξ�
cK→ΞcπK ¼ 0.07 MeV: ð82Þ

B. The baryon doublet ½6F;0;1;λ�
The ½6F; 0; 1; λ� multiplet contains Σcð12−Þ, Ξ0

cð12−Þ and
Ωcð12−Þ. Their sum rules are listed in Appendix C 6,
suggesting that their possible decay channels are (k),
(m), (n) and (q), while the other four channels (l), (o),
(p) and (r) vanish. We show the four coupling constants,
gΣ0

c½12−�→Λþ
c π

− , gΞ00
c ½12−�→Ξþ

c π
− , gΞ00

c ½12−�→Λþ
c K− and gΩ0

c½12−�→Ξþ
c K− , as

functions of the Borel mass T in Fig. 7. Using the values of
T listed in Table III, we obtain

ðkÞ gΣ0
c½12−�→Λþ

c π
− ¼ 1.8;

ðmÞ gΞ00
c ½12−�→Ξþ

c π
− ¼ 1.7;

ðnÞ gΞ00
c ½12−�→Λþ

c K− ¼ 1.8;

ðqÞ gΩ0
c½12−�→Ξþ

c K− ¼ 3.0: ð83Þ
Using these values and the parameters listed in Sec. II, we
further obtain

ðkÞ ΓΣc½12−�→Λcπ
¼ 200 MeV;

ðmÞ ΓΞ0
c½12−�→Ξcπ

¼ 230 MeV;

ðnÞ ΓΞ0
c½12−�→ΛcK ¼ 160 MeV;

ðqÞ ΓΩc½12−�→ΞcK ¼ 820 MeV: ð84Þ
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FIG. 6. The coupling constants gΣ0
c ½12−�→Σþ

c π
− (top-left), gΞ00

c ½12−�→Ξ0þ
c π− (top-right), gΞ00

c ½12−�→Σþ
c K− (middle-left), gΩ0

c ½12−�→Ξ0þ
c K− (middle-right),

gΣ0
c½32−�→Σ�þ

c π− (middle-left), gΞ00
c ½32−�→Ξ�þ

c π− (middle-right), gΞ00
c ½32−�→Σ�þ

c K− (bottom-left) and gΩ0
c ½32−�→Ξ�þ

c K− (bottom-right) as functions of the
Borel mass T. The currents belonging to the baryon doublet ½6F; 1; 0; ρ� are used here.
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C. The baryon doublet ½6F;1;1;λ�
The ½6F; 1; 1; λ� multiplet contains Σcð12−=32−Þ, Ξ0

cð12−=32−Þ
and Ωcð12−=32−Þ. Their sum rules are listed in Appendix C 7,
suggesting that their possible decay channels are (l), (o),
(p), (r), (s), (t), (u) and (v), while the other four channels
(k), (m), (n) and (q) vanish. We show the eight coupling
constants, gΣ0

c½12−�→Σþ
c π

− , gΞ00
c ½12−�→Ξ0þ

c π− , gΞ00
c ½12−�→Σþ

c K− ,
gΩ0

c½12−�→Ξ0þ
c K− , gΣ0

c½32−�→Σ�þ
c π− , gΞ00

c ½32−�→Ξ�þ
c π− , gΞ00

c ½32−�→Σ�þ
c K− and

gΩ0
c½32−�→Ξ�þ

c K− , as functions of the Borel mass T in Fig. 8.
Using the values of T listed in Table III, we obtain

ðlÞ gΣ0
c½12−�→Σþ

c π
− ¼ 0.31;

ðoÞ gΞ00
c ½12−�→Ξ0þ

c π− ¼ 0.23;

ðpÞ gΞ00
c ½12−�→Σþ

c K− ¼ 0.59;

ðrÞ gΩ0
c½12−�→Ξ0þ

c K− ¼ 0.85;

ðsÞ gΣ0
c½32−�→Σ�þ

c π− ¼ 0.12;

ðtÞ gΞ00
c ½32−�→Ξ�þ

c π− ¼ 0.09;

ðuÞ gΞ00
c ½32−�→Σ�þ

c K− ¼ 0.056;

ðvÞ gΩ0
c½32−�→Ξ�þ

c K− ¼ 0.064: ð85Þ

Using these values and the parameters listed in Sec. II, we
further obtain

ðlÞ ΓΣc½12−�→Σcπ
¼ 7.9 MeV;

ðoÞ ΓΞ0
c½12−�→Ξ0

cπ
¼ 3.7 MeV;

ðpÞ ΓΞ0
c½12−�→ΣcK ¼ 3.6 MeV;

ðrÞ ΓΩc½12−�→Ξ0
cK ¼ 29 MeV;

ðsÞ ΓΣc½32−�→Σ�
cπ

¼ 0.95 MeV;

ðtÞ ΓΞ0
c½32−�→Ξ�

cπ
¼ 0.45 MeV;

ðuÞ ΓΞ0
c½32−�→Σ�

cK→ΛcπK ¼ 7 × 10−5 MeV;

ðvÞ ΓΩc½32−�→Ξ�
cK→ΞcπK ¼ 1 × 10−4 MeV: ð86Þ

D. The baryon doublet ½6F;2;1;λ�
The ½6F; 2; 1; λ� multiplet contains Σcð32−=52−Þ, Ξ0

cð32−=52−Þ
and Ωcð32−=52−Þ. Their sum rules are listed in Appendix C 8,
suggesting that their possible decay channels are (s), (t), (u)
and (v). We show the four coupling constants, gΣ0

c½32−�→Σ�þ
c π− ,

gΞ00
c ½32−�→Ξ�þ

c π− , gΞ00
c ½32−�→Σ�þ

c K− and gΩ0
c½32−�→Ξ�þ

c K− , as functions
of the Borel mass T in Fig. 9. Using the values of T listed in
Table III, we obtain

ðsÞ gΣ0
c½32−�→Σ�þ

c π− ¼ 0.005;

ðtÞ gΞ00
c ½32−�→Ξ�þ

c π− ¼ 0.004;

ðuÞ gΞ00
c ½32−�→Σ�þ

c K− ¼ 0.013;

ðvÞ gΩ0
c½32−�→Ξ�þ

c K− ¼ 0.019: ð87Þ
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FIG. 7. The coupling constants gΣ0
c ½12−�→Λþ

c π
− (top-left), gΞ00

c ½12−�→Ξþ
c π

− (top-right), gΞ00
c ½12−�→Λþ

c K− (bottom-left) and gΩ0
c ½12−�→Ξþ

c K− (bottom-
right) as functions of the Borel mass T. The currents belonging to the baryon doublet ½6F; 0; 1; λ� are used here.
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FIG. 8. The coupling constants gΣ0
c ½12−�→Σþ

c π
− (top-left), gΞ00

c ½12−�→Ξ0þ
c π− (top-right), gΞ00

c ½12−�→Σþ
c K− (middle-left), gΩ0

c ½12−�→Ξ0þ
c K− (middle-right),

gΣ0
c½32−�→Σ�þ

c π− (middle-left), gΞ00
c ½32−�→Ξ�þ

c π− (middle-right), gΞ00
c ½32−�→Σ�þ

c K− (bottom-left) and gΩ0
c ½32−�→Ξ�þ

c K− (bottom-right) as functions of the
Borel mass T. The currents belonging to the baryon doublet ½6F; 1; 1; λ� are used here.
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Using these values and the parameters listed in Sec. II, we
further obtain

ðsÞ ΓΣc½32−�→Σ�
cπ

¼ 1 × 10−3 MeV;

ðtÞ ΓΞ0
c½32−�→Ξ�

cπ
¼ 7 × 10−4 MeV;

ðuÞ ΓΞ0
c½32−�→Σ�

cK→ΛcπK ¼ 3 × 10−6 MeV;

ðvÞ ΓΩc½32−�→Ξ�
cK→ΞcπK ¼ 9 × 10−6 MeV: ð88Þ

V. SUMMARY AND DISCUSSIONS

To summarize this paper, we have used the method of
light-cone QCD sum rules to study the decay properties of
the P-wave charmed baryons. Firstly we summarize our
results on the flavor 3̄F P-wave charmed baryons. We have
studied their S-wave decays into ground-state charmed
baryons accompanied by a pseudoscalar meson (π or K) or
a vector meson (ρ or K�), including both two-body and
three-body decays which are kinematically allowed.
The results are listed in Table IV, where the possible decay
channels are ðaÞΛc½12−� → Σcπð→ ΛcππÞ, ðbÞΛc½32−� →
Σ�
cπ → Λcππ, ðcÞΞc½12−� → Ξcπ, ðdÞΞc½12−� → ΛcK,

ðeÞΞc½12−� → Ξcρ → Ξcππ, ðfÞΞc½12−� → Ξ0
cπ, ðgÞΞc½32−� →

Ξcρ → Ξcππ, ðhÞΞc½32−� → Ξ�
cπ, ðiÞΛc½52−� → Σ�

cρ → Σ�
cππ,

and ðjÞΞc½52−� → Ξ�
cρ → Ξ�

cππ. We note that the uncertain-
ties can be as large as Γþ200%

−67% .
Our calculations are performed based on the HQET and

separately for the four charmed baryon multiplets of flavor

3̄F, ½3̄F; 0; 1; ρ�, ½3̄F; 1; 1; ρ�, ½3̄F; 2; 1; ρ� and ½3̄F; 1; 0; λ�.
We find that none of these four multiplets can independ-
ently well describe the experimental decay data of the
Λcð2595Þ. This is somehow in contrast with quark model
calculations which describe some of the decay rates, but not
all, in a reasonable manner [41]. It would be a future issue
to see further relations of various approaches. See also
Refs. [24,25] for other possible interpretations of the
Λcð2595Þ. In the present sum rule study, considering
the fact that the heavy-quark symmetry is not perfect,
the physical states are probably mixed states containing
various components with different inner quantum numbers.
It is then possible that the Λcð2595Þ is an admixture of the
above four multiplets. Thus we try to use the mixture of
½3̄F; 1; 1; ρ� and ½3̄F; 1; 0; λ� as an explanation and assume
the physical state to be

jΛcð1=2−Þi ¼ cos θ × j1=2;−;Λc; 1; 1; ρi
þ sin θ × j1=2;−;Λc; 1; 0; λi; ð89Þ

so that we have

gΛc½12−�→Σcπ
¼ cos θ × gj1=2;−;Λc;1;1;ρi→Σcπ

þ sin θ × gj1=2;−;Λc;1;0;λi→Σcπ; ð90Þ

and we can further obtain
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FIG. 9. The coupling constants gΣ0
c½32−�→Σ�þ

c π− (top-left), gΞ00
c ½32−�→Ξ�þ

c π− (top-right), gΞ00
c ½32−�→Σ�þ

c K− (bottom-left) and gΩ0
c ½32−�→Ξ�þ

c K− (bottom-
right) as functions of the Borel mass T. The currents belonging to the baryon doublet ½6F; 2; 1; λ� are used here.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓΛc½12−�→Σcπð→ΛcππÞ

q
¼ cosθ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γj1=2;−;Λc;1;1;ρi→Σcπð→ΛcππÞ

q

þsinθ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γj1=2;−;Λc;1;0;λi→Σcπð→ΛcππÞ

q
:

ð91Þ

Other channels can be similarly evaluated. The mixing
angle θ can be estimated by assuming [2,124]

ΓðΣcπÞ
ΓΛcð2595Þ

≈
ΓðΣþþ

c π− þ Σ0
cπ

þÞ
ΓðΛþ

c π
þπ−Þ ¼ 0.66þ0.13

−0.16 � 0.07: ð92Þ

There are two possible solutions: θ1 ¼ −20° and θ2 ¼ 7°,
which we denote as Mix-jB1i and Mix-jB2i, respectively.
Assuming the mixing angle to be an overall parameter, we
evaluate decay widths of the Λcð2625Þ, Ξcð2790Þ and
Ξcð2815Þ. The results are listed in Table IV, which are
consistent with their experimental decay data, while the
Mix-jB1i seems a bit better. Recall that both ½3̄F; 1; 1; ρ�
and ½3̄F; 1; 0; λ� can also describe the masses of these states
[51], so these two mixing solutions can well describe both
masses and decay properties of the Λcð2595Þ, Λcð2625Þ,
Ξcð2790Þ and Ξcð2815Þ at the same time. We would like to
suggest the Belle/KEK, LHCb, and J-PARC experiments to
further examine these values.
Using the same method, we have also studied the decay

properties of the flavor 6F P-wave charmed baryons. We
have studied their S-wave decays into ground-state
charmed baryons accompanied by a pseudoscalar meson

(π or K), including both two-body and three-body
decays which are kinematically allowed. The results are
listed in Table V, where the possible decay channels are
ðkÞΣc½12−� → Λcπ, ðlÞΣc½12−� → Σcπ, ðmÞΞ0

c½12−� → Ξcπ,
ðnÞΞ0

c½12−� → ΛcK, ðoÞΞ0
c½12−� → Ξ0

cπ, ðpÞΞ0
c½12−� → ΣcK,

ðqÞΩc½12−� → ΞcK, ðrÞΩc½12−� → Ξ0
cK, ðsÞΣc½32−� → Σ�

cπ,
ðtÞΞ0

c½32−� → Ξ�
cπ, ðuÞΞ0

c½32−� → Σ�
cK → ΛcπK, and

ðvÞΩc½32−� → Ξ�
cK → ΞcπK. We note again that the uncer-

tainties can be as large as Γþ200%
−67% .

Our calculations are done separately for the four
charmed baryon multiplets of flavor 6F, ½6F; 1; 0; ρ�,
½6F; 0; 1; λ�, ½6F; 1; 1; λ� and ½6F; 2; 1; λ�. The situation in
this case is more ambiguous that the previous case of the
flavor 3̄F charmed baryons:
(1) The Σcð2800Þ is a good P-wave charmed baryon

candidate of flavor 6F. It has a large width around
70 MeVand was observed in the Λcπ decay channel.
Our results suggest that it may be interpreted as a
JP ¼ 1=2− state belonging to the ½6F; 0; 1; λ� multi-
plet, and it can be better interpreted as a JP ¼ 1=2−

state containing both ½6F; 0; 1; λ� and ½6F; 1; 1; λ�
components.

(2) The Ξcð2930Þ has a width around 36 MeV, and it
was only observed by the BABAR experiment in the
ΛcK decay channel [125]. Our results suggest that it
may be interpreted as a JP ¼ 1=2− state containing
both ½6F; 0; 1; λ� and ½6F; 1; 1; λ� components.

(3) The Ξcð2980Þ has a width around 20 MeV. It was
observed in the Σcð2455ÞK and Ξcð2645Þπ decay

TABLE IV. Nonvanishing decay widths of the flavor 3̄F P-wave charmed baryons, in units of MeV. The two mass values with � are our
assumptions, so that the decay channels (i) and (j) are kinematically allowed. The possible decay channels are
ðaÞ Λc½12−� → Σcπð→ ΛcππÞ, ðbÞ Λc½32−� → Σ�

cπ → Λcππ, ðcÞ Ξc½12−� → Ξcπ, ðdÞ Ξc½12−� → ΛcK, ðeÞ Ξc½12−� → Ξcρ → Ξcππ,
ðfÞ Ξc½12−� → Ξ0

cπ, ðgÞ Ξc½32−� → Ξcρ → Ξcππ, ðhÞ Ξc½32−� → Ξ�
cπ, ðiÞ Λc½52−� → Σ�

cρ → Σ�
cππ, and ðjÞ Ξc½52−� → Ξ�

cρ → Ξ�
cππ.

We use the two-body middle/final states to denote them in the table.

Baryon Experiments [2] ½3̄F; 0; 1; ρ� ½3̄F; 1; 1; ρ� ½3̄F; 2; 1; ρ� ½3̄F; 1; 0; λ� Mix-jB1i Mix-jB2i

Λcð2595Þ
JP ¼ 1

2
−

ΓΛcð2595Þ ¼ 2.59

… ½Σcπ� ¼ 0.39 … ½Σcπ� ¼ 32
Input∶ ΓðΣcπÞ

ΓðΛcð2595ÞÞ ¼ 0.66
½Σþþ;0

c π∓�∶48%
θ1 ¼ −20° θ2 ¼ 7°½Λcππ�3body∶18%

Ξcð2790Þ
JP ¼ 1

2
−

ΓΞþ
c ð2790Þ < 15 ½Ξcπ� ¼ 300

½ΛcK� ¼ 82

½Ξ0
cπ� ¼ 1.6

½Ξcρ� ¼ 0.00
� � � ½Ξ0

cπ� ¼ 100

½Ξcρ� ¼ 0.04

½Ξ0
cπ� ¼ 4.7

½Ξcρ� ¼ 0.00

½Ξ0
cπ� ¼ 6.1

½Ξcρ� ¼ 0.00
ΓΞ0

cð2790Þ < 12

½Ξ0
cπ�2body∶seen

Λcð2625Þ
JP ¼ 3

2
−

ΓΛcð2625Þ < 0.97
� � � ½Σ�

cπ� ¼ 0.00 ½Σ�
cπ� ¼ 0.03 ½Σ�

cπ� ¼ 0.96 ½Σ�
cπ� ¼ 0.11 ½Σ�

cπ� ¼ 0.01½Σcπ�2body < 10%

½Λcππ�3body∶large

Ξcð2815Þ
JP ¼ 3

2
−

ΓΞþ
c ð2815Þ < 3.5

� � � ½Ξ�
cπ� ¼ 0.01

½Ξcρ� ¼ 0.00
½Ξ�

cπ� ¼ 0.69
½Ξ�

cπ� ¼ 30

½Ξcρ� ¼ 0.23

½Ξ�
cπ� ¼ 3.0

½Ξcρ� ¼ 0.03

½Ξ�
cπ� ¼ 0.59

½Ξcρ� ¼ 0.00
ΓΞ0

cð2815Þ < 6.5
½Ξcππ�3body∶seen

Λcð5=2−Þ MΛcð5=2−Þ ∼ 2850� � � � � � � ½Σ�
cρ� ¼ 11 � � � � � � � � �

Ξcð5=2−Þ MΞcð5=2−Þ ∼ 3000� � � � � � � ½Ξ�
cρ� ¼ 12 � � � � � � � � �
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channels, but was not seen in the ΛcK decay channel.
Our results suggest that it may be interpreted as a JP ¼
1=2− state belonging to the ½6F; 1; 1; λ�multiplet but it
does not contain ½6F; 0; 1; λ� component.

At present, the JP quantum number of some states has not
beenmeasured. They could also be the candidates of the radial
excitations or D-wave states. More experiments are also
necessary to understand them. Especially, the five excitedΩc
states recently observed by LHCb [1], Ωcð3000Þ, Ωcð3050Þ,
Ωcð3066Þ, Ωcð3090Þ, and Ωcð3119Þ, are very helpful to
improve our understanding of the excited charmed baryons.
Their widths are quite small andwere all observed in theΞcK
decay channel. We use their masses as inputs and redo the
previous calculations. The results are shown in TableVI (note
that theΞ0

cK threshold is 3072MeVand theΞcπK threshold is
3103 MeV):
(1) We may use the ½6F; 1; 1; λ� multiplet together with a

tiny ½6F; 0; 1; λ� component to interpret one of these
Ωc states (Ωcð3000Þ, Ωcð3050Þ or Ωcð3066Þ) as a
JP ¼ 1=2− state.

(2) The ½6F; 2; 1; λ� multiplet may be used to interpret
two of these Ωc states as one JP ¼ 3=2− state and
one JP ¼ 5=2− state, but we still need to study their
D-wave decays into ΞcK to check this possibility.

(3) Two of these excited Ωc states may be interpreted as
two 2S states of JP ¼ 1=2þ and 3=2þ. See the recent
reference [126] for more discussions.

To end this work, we note that we have only investigated
the S-wave decay properties of these excited charmed
baryons in the present study, but their D-wave decays
can also happen and contribute (although these contribu-
tions may be not large). Hence, in our following study we
plan to further study their D-wave decay properties. We
also plan to study the S-wave decays of the flavor 6F

P-wave charmed baryons into ground-state charmed bary-
ons accompanied by a vector meson (ρ or K�), which have
not been done in the present work. We would like to
suggest the Belle/KEK, LHCb, and J-PARC experiments to
investigate the decays of these excitedΩc states into Ξ0

cK to
further understand them.
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APPENDIX A: FORMULAS OF DECAY
AMPLITUDES AND DECAY WIDTHS

The decay widths of P-wave charmed baryons can be
evaluated based on the Lagrangians (a)–(j) listed in
Eqs. (6), (51) and (47):
(1) The decay amplitude of the two-body decay

ðaÞΛþ
c ð1=2−Þ → Σþ

c π
0 is

TABLE V. Nonvanishing decay widths of the flavor 6F P-wave charmed baryons, in units of MeV. The possible decay channels are:
ðkÞΣc½12−� → Λcπ, ðlÞΣc½12−� → Σcπ, ðmÞΞ0

c½12−� → Ξcπ, ðnÞΞ0
c½12−� → ΛcK, ðoÞΞ0

c½12−� → Ξ0
cπ, ðpÞΞ0

c½12−� → ΣcK, ðqÞΩc½12−� → ΞcK,
ðrÞΩc½12−� → Ξ0

cK, ðsÞΣc½32−� → Σ�
cπ, ðtÞΞ0

c½32−� → Ξ�
cπ, ðuÞΞ0

c½32−� → Σ�
cK → ΛcπK, and ðvÞΩc½32−� → Ξ�

cK → ΞcπK. We use the two-
body middle/final states to denote them in the table.

Baryon Mass ½6F; 1; 0; ρ� ½6F; 0; 1; λ� ½6F; 1; 1; λ� ½6F; 2; 1; λ�
Σc½12−� ∼2800 ½Σcπ� ¼ 300 ½Λcπ� ¼ 200 ½Σcπ� ¼ 7.9 � � �

½Ξ0
cπ� ¼ 140 ½Ξcπ� ¼ 230 ½Ξ0

cπ� ¼ 3.7
Ξ0
c½12−� ∼2950 � � �

½ΣcK� ¼ 29 ½ΛcK� ¼ 160 ½ΣcK� ¼ 3.6
Ωc½12−� ∼3100 ½Ξ0

cK� ¼ 250 ½ΞcK� ¼ 820 ½Ξ0
cK� ¼ 29 � � �

Σc½32−� ∼2800 ½Σ�
cπ� ¼ 110 � � � ½Σ�

cπ� ¼ 0.95 ½Σ�
cπ� ¼ 0.00

½Ξ�
cπ� ¼ 50 ½Ξ�

cπ� ¼ 0.45 ½Ξ�
cπ� ¼ 0.00

Ξ0
c½32−� ∼2950 � � �

½Σ�
cK� ¼ 0.03 ½Σ�

cK� ¼ 0.00 ½Σ�
cK� ¼ 0.00

Ωc½32−� ∼3120 ½Ξ�
cK� ¼ 0.07 � � � ½Ξ�

cK� ¼ 0.00 ½Ξ�
cK� ¼ 0.00

Σc½52−� � � � � � � � � � � � � � � �
Ξ0
c½52−� � � � � � � � � � � � � � � �

Ωc½52−� � � � � � � � � � � � � � � �
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Mð0→ 2þ 1Þ≡MðΛþ
c ð1=2−Þ→ Σþ

c ð1=2þÞþ π0Þ
¼ g0→2þ1ū0u2; ðA1Þ

where 0 denotes the initial state Λþ
c ð1=2−Þ; 1 and 2

denote the finial states π0 and Σþ
c ð1=2þÞ, respec-

tively. This amplitude can be used to further evaluate
its decay width p

Γð0→ 2þ1Þ≡ΓðΛþ
c ð1=2−Þ→Σþ

c ð1=2þÞþπ0Þ

¼ jp⃗1j
8πm2

0

×g20→2þ1

×
1

2
Tr½ðp0þm0Þðp2þm2Þ�; ðA2Þ

where we have used the following formula for the
baryon field of spin 1=2:

X
spin

uðpÞūðpÞ ¼ ðpþmÞ: ðA3Þ

The two-body decays, (c), (d), (f), and (k)–(r), can
be similarly evaluated.

(2) The decay amplitude of the two-body decay
ðhÞΞcð3=2−Þ → Ξ�

cπ is

Mð0→ 2þ 1Þ≡MðΞ0
cð3=2−Þ→ Ξ�þ

c ð3=2þÞþ π−Þ
¼ g0→2þ1ū0;μu2;μ; ðA4Þ

where 0 denotes the initial state Ξ0
cð3=2−Þ; 1 and 2

denote the finial states π− and Ξ�þ
c ð3=2þÞ, respec-

tively. This amplitude can be used to further evaluate
its decay width

Γð0 → 2þ 1Þ≡ ΓðΞ0
cð3=2−Þ → Ξ�þ

c ð3=2þÞ þ π−Þ

¼ jp⃗1j
8πm2

0

× g20→2þ1 ×
1

4
Tr

��
gμ0μ −

1

3
γμ0γμ −

p2;μ0γμ − p2;μγμ0

3m2

−
2p2;μ0p2;μ

3m2
2

�
ðp2 þm2Þ

×

�
gμμ0 −

1

3
γμγμ0 −

p0;μγμ0 − p0;μ0γμ
3m0

−
2p0;μp0;μ0

3m2
0

�
ðp0 þm0Þ

�
; ðA5Þ

where we have used the following formula for the baryon field of spin 3=2:

X
spin

uμðpÞūμ0 ðpÞ ¼
�
gμμ0 −

1

3
γμγμ0 −

pμγμ0 − pμ0γμ
3m

−
2pμpμ0

3m2

�
ðpþmÞ: ðA6Þ

The two-body decays, (s) and (t), can be similarly evaluated.
(3) The decay amplitude of the three-body decay ða0ÞΛþ

c ð1=2−Þ → Σþþ
c π− → Λþ

c π
þπ− is

Mð0 → 4þ 1 → 3þ 2þ 1Þ≡MðΛþ
c ð1=2−Þ → Σþþ

c ð1=2þÞ þ π− → Λþ
c ð1=2þÞ þ πþ þ π−Þ

¼ g0→4þ1 × g4→3þ2 × ū0 ×
p4 þm4

p2
4 −m2

4 þ im4Γ4

× γμγ5 × u3 × p2;μ; ðA7Þ

where 0 denotes the initial state Λþ
c ð1=2−Þ; 4 denotes the middle state Σþþ

c ð1=2þÞ; 1, 2 and 3 denote the finial states
π−, πþ and Λþ

c ð1=2þÞ, respectively. This amplitude can be used to further evaluate its decay width

TABLE VI. Decay widths of the five excited Ωc states recently observed by LHCb [1], assuming they are P-wave charmed baryons.
The results are in units of MeV. The possible decay channels are ðqÞΩc½12−� → ΞcK, ðrÞΩc½12−� → Ξ0

cK, and ðvÞΩc½32−� → Ξ�
cK → ΞcπK.

We use the two-body middle/final states to denote them in the table.

½6F; 1; 0; ρ� ½6F; 0; 1; λ� ½6F; 1; 1; λ� ½6F; 2; 1; λ�
Experiments 1=2− 3=2− 1=2− 1=2− 3=2− 3=2− 5=2−

Ωcð3000Þ � � � � � � ½ΞcK� ¼ 420 � � � � � � � � � � � �
Ωcð3050Þ � � � � � � ½ΞcK� ¼ 650 � � � � � � � � � � � �
Ωcð3066Þ � � � � � � ½ΞcK� ¼ 700 � � � � � � � � � � � �
Ωcð3090Þ ½Ξ0

cK� ¼ 200 � � � ½ΞcK� ¼ 790 ½Ξ0
cK� ¼ 23 � � � � � � � � �

Ωcð3119Þ ½Ξ0
cK� ¼ 320 ½Ξ�

cK� ¼ 0.06 ½ΞcK� ¼ 870 ½Ξ0
cK� ¼ 38 ½Ξ�

cK� ¼ 0.00 ½Ξ�
cK� ¼ 0.00 � � �
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Γð0 → 4þ 1 → 3þ 2þ 1Þ≡ ΓðΛþ
c ð1=2−Þ → Σþþ

c ð1=2þÞ þ π− → Λþ
c ð1=2þÞ þ πþ þ π−Þ

¼ 1

ð2πÞ3 ×
1

32m3
0

× g20→4þ1 × g24→3þ2 ×
Z

dm12dm23

×
1

2
Tr½ðp3 þm3Þγμ0γ5ðp4 þm4Þðp0 þm0Þðp4 þm4Þγμγ5�

×
1

jp2
4 −m2

4 þ im4Γ4j2
× p2;μp2;μ0 ; ðA8Þ

where we have used the standard Dalitz integration [2].
(4) The decay amplitude of the three-body decay ðbÞΛcð3=2−Þ → Σ�

cπ → Λcππ is

Mð0 → 4þ 1 → 3þ 2þ 1Þ≡MðΛþ
c ð3=2−Þ → Σ�þþ

c ð3=2þÞ þ π− → Λþ
c ð1=2þÞ þ πþ þ π−Þ

¼ g0→4þ1 × g4→3þ2

× ū0;μ ×

�
gμν −

1

3
γμγν −

p4;μγν − p4;νγμ
3m4

−
2p4;μp4;ν

3m2
4

�

×
p4 þm4

p2
4 −m2

4 þ im4Γ4

× u3 × p2;ν; ðA9Þ

where 0 denotes the initial state Λþ
c ð3=2−Þ; 4 denotes the middle state Σ�þþ

c ð3=2þÞ; 1, 2 and 3 denote the finial states
π−, πþ and Λþ

c ð1=2þÞ, respectively. This amplitude can be used to further evaluate its decay width

Γð0 → 4þ 1 → 3þ 2þ 1Þ≡ ΓðΛþ
c ð3=2−Þ → Σ�þþ

c ð3=2þÞ þ π− → Λþ
c ð1=2þÞ þ πþ þ π−Þ

¼ 1

ð2πÞ3 ×
1

32m3
0

× g20→4þ1 × g24→3þ2 ×
Z

dm12dm23

×
1

4
Tr½ðp3 þm3Þ ×

�
gν0μ0 −

1

3
γν0γμ0 −

p4;ν0γμ0 − p4;μ0γν0

3m4

−
2p4;ν0p4;μ0

3m2
4

�
ðp4 þm4Þ

×

�
gμ0μ −

1

3
γμ0γμ −

p0;μ0γμ − p0;μγμ0

3m0

−
2p0;μ0p0;μ

3m2
0

�
ðp0 þm0Þ

×

�
gμν −

1

3
γμγν −

p4;μγν − p4;νγμ
3m4

−
2p4;μp4;ν

3m2
4

�
ðp4 þm4Þ�

×
1

jp2
4 −m2

4 þ im4Γ4j2
× p2;νp2;ν0 : ðA10Þ

The three-body decays, (u) and (v), can be similarly evaluated.
(5) The decay amplitude of the three-body decay ðeÞΞcð1=2−Þ → Ξcρ → Ξcππ is

Mð0 → 3þ 4 → 3þ 2þ 1Þ≡MðΞ0
cð1=2−Þ → Ξþ

c ð1=2þÞ þ ρ− → Ξþ
c ð1=2þÞ þ π0 þ π−Þ

¼ g0→3þ4 × g4→2þ1 × ū0γμγ5u3 ×

�
gμν −

p4;μp4;ν

m2
4

�

×
1

p2
4 −m2

4 þ im4Γ4

× ðp1;ν þ p2;νÞ; ðA11Þ

where 0 denotes the initial state Ξ0
cð1=2−Þ; 4 denotes the middle state ρ−; 1, 2 and 3 denote the finial states π−, π0 and

Ξþ
c ð1=2þÞ, respectively. This amplitude can be used to further evaluate its decay width
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Γð0 → 3þ 4 → 3þ 2þ 1Þ≡ ΓðΞ0
cð1=2−Þ → Ξþ

c ð1=2þÞ þ ρ− → Ξþ
c ð1=2þÞ þ π0 þ π−Þ

¼ 1

ð2πÞ3 ×
1

32m3
0

× g20→3þ4 × g24→2þ1 ×
Z

dm12dm23

×
1

2
Tr½ðp3 þm3Þγμ0γ5ðp0 þm0Þγμγ5�

×

�
gμν −

p4;μp4;ν

m2
4

��
gμ0ν0 −

p4;μ0p4;ν0

m2
4

�
×

1

jp2
4 −m2

4 þ im4Γ4j2
× ðp1;ν þ p2;νÞðp1;ν0 þ p2;ν0 Þ: ðA12Þ

(6) The decay amplitude of the three-body decay ðgÞΞcð3=2−Þ → Ξcρ → Ξcππ is

Mð0 → 3þ 4 → 3þ 2þ 1Þ≡MðΞ0
cð3=2−Þ → Ξþ

c ð1=2þÞ þ ρ− → Ξþ
c ð1=2þÞ þ π0 þ π−Þ

¼ g0→3þ4 × g4→2þ1 × ū0;μu3 ×

�
gμν −

p4;μp4;ν

m2
4

�
×

1

p2
4 −m2

4 þ im4Γ4

× ðp1;ν þ p2;νÞ; ðA13Þ

where 0 denotes the initial state Ξ0
cð3=2−Þ; 4 denotes the middle state ρ−; 1, 2 and 3 denote the finial states π−, π0 and

Ξþ
c ð1=2þÞ, respectively. This amplitude can be used to further evaluate its decay width

Γð0 → 3þ 4 → 3þ 2þ 1Þ≡ ΓðΞ0
cð3=2−Þ → Ξþ

c ð1=2þÞ þ ρ− → Ξþ
c ð1=2þÞ þ π0 þ π−Þ

¼ 1

ð2πÞ3 ×
1

32m3
0

× g20→3þ4 × g24→2þ1 ×
Z

dm12dm23

×
1

4
Tr

�
ðp3 þm3Þ

�
gμ0μ −

1

3
γμ0γμ −

p0;μ0γμ − p0;μγμ0

3m0

−
2p0;μ0p0;μ

3m2
0

�
ðp0 þm0Þ

�

×

�
gμν −

p4;μp4;ν

m2
4

��
gμ0ν0 −

p4;μ0p4;ν0

m2
4

�
×

1

jp2
4 −m2

4 þ im4Γ4j2
× ðp1;ν þ p2;νÞðp1;ν0 þ p2;ν0 Þ: ðA14Þ

(7) The decay amplitude of the three-body decay ðiÞ Λcð5=2−Þ → Σ�
cρ → Σ�

cππ is

Mð0 → 3þ 4 → 3þ 2þ 1Þ≡MðΛþ
c ð5=2−Þ → Σ�þþ

c ð3=2þÞ þ ρ− → Σ�þþ
c ð3=2þÞ þ π0 þ π−Þ

¼ g0→3þ4 × g4→2þ1 × ū0;μρu3;ρ ×

�
gμν −

p4;μp4;ν

m2
4

�

×
1

p2
4 −m2

4 þ im4Γ4

× ðp1;ν þ p2;νÞ; ðA15Þ

where 0 denotes the initial stateΛþ
c ð5=2−Þ; 4 denotes the middle state ρ−; 1, 2 and 3 denote the finial states π−, π0 and

Σ�þþ
c ð3=2þÞ, respectively. This amplitude can be used to further evaluate its decay width
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Γð0 → 3þ 4 → 3þ 2þ 1Þ≡ ΓðΛþ
c ð5=2−Þ → Σ�þþ

c ð3=2þÞ þ ρ− → Σ�þþ
c ð3=2þÞ þ π0 þ π−Þ

¼ 1

ð2πÞ3 ×
1

32m3
0

× g20→3þ4 × g24→2þ1 ×
Z

dm12dm23

×
1

6
Tr

��
gρ0ρ −

1

3
γρ0γρ −

p3;ρ0γρ − p3;ργρ0

3m3

−
2p3;ρ0p3;ρ

3m2
3

�
ðp3 þm3Þ

×

�
1

2
gμμ0gρρ0 þ

1

2
gμρ0gρμ0 −

1

3
gμρgμ0ρ0

�
ðp0 þm0Þ

�

×

�
gμν −

p4;μp4;ν

m2
4

��
gμ0ν0 −

p4;μ0p4;ν0

m2
4

�
×

1

jp2
4 −m2

4 þ im4Γ4j2
× ðp1;ν þ p2;νÞðp1;ν0 þ p2;ν0 Þ; ðA16Þ

where we have simply used the following formula for the baryon field of spin 5=2:

X
spin

uμνðpÞūμ0ν0 ðpÞ ¼
�
1

2
gμμ0gνν0 þ

1

2
gμν0gνμ0 −

1

3
gμνgμ0ν0

�
ðpþmÞ: ðA17Þ

The three-body decay, ðjÞΞcð5=2−Þ → Ξ�
cρ → Ξ�

cππ, can be similarly evaluated.

APPENDIX B: LIGHT-CONE DISTRIBUTION AMPLITUDES OF THE K MESON

In this appendix we list the light-cone distribution amplitudes of theK meson as examples. They are taken from Ref. [90],
and we refer interested readers to read Refs. [89–96] for details. The light-cone distribution amplitudes of theK meson used
in the present study are

h0jq̄ðzÞγμγ5sð−zÞjKðqÞi¼ ifKqμ

Z
1

0

dueið2u−1Þq·z
�
ϕ2;KðuÞþ

1

4
z2ϕ4;KðuÞ

�
þ i
2
fK

1

q · z
zμ

Z
1

0

dueið2u−1Þq·zψ4;KðuÞ; ðB1Þ

h0jq̄ðzÞiγ5sð−zÞjKðqÞi ¼ fKm2
K

ms þmq

Z
1

0

dueið2u−1Þq·zϕp
3;KðuÞ; ðB2Þ

h0jq̄ðzÞσαβγ5sð−zÞjKðqÞi ¼ −
i
3

fKm2
K

ms þmq
ðqαzβ − qβzαÞ

Z
1

0

dueið2u−1Þq·zϕσ
3;KðuÞ; ðB3Þ

h0jq̄ðzÞγμγ5gGαβðvzÞsð−zÞjKðqÞi ¼ qμðqαzβ − qβzαÞ
1

q · z
fKΦ4;Kðv; q · zÞ þ ðqβg⊥αμ − qαg⊥βμÞfKΨ4;Kðv; q · zÞ; ðB4Þ

h0jq̄ðzÞγμig ~GαβðvzÞsð−zÞjKðqÞi ¼ qμðqαzβ − qβzαÞ
1

q · z
fK ~Φ4;Kðv; q · zÞ þ ðqβg⊥αμ − qαg⊥βμÞfK ~Ψ4;Kðv; q · zÞ; ðB5Þ

h0jq̄ðzÞσμνγ5gGαβðvzÞsð−zÞjKðqÞi¼ if3Kðqαqμg⊥νβ−qαqνg⊥μβ−ðα↔βÞÞ×
Z

Dαe−iq·zðα2−α1þvα3ÞΦ3;Kðα1;α2;α3Þ: ðB6Þ

where ~Gμν ¼ 1
2
ϵμνρσGρσ .

APPENDIX C: OTHER SUM RULES

In this appendix we show the sum rules for other currents with different quark contents.
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1. ½3̄F; 0; 1; ρ�
The sum rule for Λþ

c ð12−Þ belonging to ½3̄F; 0; 1; ρ� is

GΛþ
c ½12−�→Σþþ

c π−ðω;ω0Þ ¼
gΛþ

c ½12−�→Σþþ
c π−fΛþ

c ½12−�fΣþþ
c

ðΛ̄Λþ
c ½12−� − ω0ÞðΛ̄Σþþ

c
− ωÞ ¼ 0: ðC1Þ

The sum rules for Ξ0
cð12−Þ belonging to ½3̄F; 0; 1; ρ� are

GΞ0
c½12−�→Ξ0þ

c π−ðω;ω0Þ ¼
gΞ0

c½12−�→Ξ0þ
c π−fΞ0

c½12−�fΞ0þ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ ¼ 0; ðC2Þ

GΞ0
c½12−�→Ξþ

c π
−ðω;ω0Þ ¼

gΞ0
c½12−�→Ξþ

c π
−fΞ0

c½12−�fΞþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

3fπm2
π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ þ

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

−
ifπ

16tv · q
hs̄siψ4;πðuÞ −

ifπt
256v · q

hgss̄σGsiψ4;πðuÞ −
3ifπ

16π2t3v · q
msψ4;πðuÞ

−
fπm2

π

32ðmu þmdÞ
mshs̄siϕp

3;πðuÞ þ
ifπm2

πtv · q
192ðmu þmdÞ

mshs̄siϕσ
3;πðuÞ

�
; ðC3Þ

GΞ0
c½12−�→Λþ

c K−ðω;ω0Þ ¼
gΞ0

c½12−�→Λþ
c K−fΞ0

c½12−�fΛþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

3fKm2
K

4π2t4ðmu þmsÞ
ϕp
3;KðuÞ þ

ifKm2
Kv · q

8π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

−
ifK

16tv · q
hq̄qiψ4;KðuÞ −

ifKt
256v · q

hgsq̄σGqiψ4;KðuÞ
�
; ðC4Þ

GΞ0
c½12−�→Ξþ

c ρ
−ðω;ω0Þ ¼

gΞ0
c½12−�→Ξþ

c ρ
−fΞ0

c½12−�fΞþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0: ðC5Þ

2. ½3̄F; 1; 1; ρ�
The sum rule for Λþ

c ð12−Þ belonging to ½3̄F; 1; 1; ρ� is

GΛþ
c ½12−�→Σþþ

c π−ðω;ω0Þ ¼
gΛþ

c ½12−�→Σþþ
c π−fΛþ

c ½12−�fΣþþ
c

ðΛ̄Λþ
c ½12−� − ω0ÞðΛ̄Σþþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3ifπv · q
2π2t4

ϕ2;πðuÞ þ
3ifπv · q
32π2t2

ϕ4;πðuÞ þ
3ifπ

2π2t4v · q
ψ4;πðuÞ

þ ifπm2
πv · q

24ðmu þmdÞ
hq̄qiϕσ

3;πðuÞ þ
ifπm2

πt2v · q
384ðmu þmdÞ

hgsq̄σGqiϕσ
3;πðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
3ifπv · q
8π2t2

Φ4;πðαÞ −
ifπv · q
4π2t2

Ψ4;πðαÞ

þ ifπv · q
8π2t2

~Φ4;πðαÞ þ
ifπv · q
4π2t2

~Ψ4;πðαÞ þ
ifπuv · q
4π2t2

Φ4;πðαÞ þ
ifπuv · q
2π2t2

Ψ4;πðαÞ
�
: ðC6Þ
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One of the sum rules for Ξ0
cð12−Þ belonging to ½3̄F; 1; 1; ρ� has been given in Eq. (56), and the others are

GΞ0
c½12−�→Ξþ

c π
−ðω;ω0Þ ¼

gΞ0
c½12−�→Ξþ

c π
−fΞ0

c½12−�fΞþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0; ðC7Þ

GΞ0
c½12−�→Λþ

c K−ðω;ω0Þ ¼
gΞ0

c½12−�→Λþ
c K−fΞ0

c½12−�fΛþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ ¼ 0; ðC8Þ

GΞ0
c½12−�→Ξþ

c ρ
−ðω;ω0Þ ¼

gΞ0
c½12−�→Ξþ

c ρ
−fΞ0

c½12−�fΞþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×
�
−
f⊥ρ v · q
2π2t4

ϕ⊥
2;ρðuÞ þ

f⊥ρ m2
ρ

2π2t4v · q
ϕ⊥
2;ρðuÞ −

f⊥ρ m2
ρ

2π2t4v · q
ψ⊥
4;ρðuÞ

−
f⊥ρ m2

ρv · q

32π2t2
ϕ⊥
4;ρðuÞ þ

f∥ρmρv · q

48
hs̄siψ⊥

3;ρðuÞ þ
f∥ρmρt2v · q

768
hgss̄σGsiψ⊥

3;ρðuÞ þ
f∥ρmρv · q

16π2t2
msψ

⊥
3;ρðuÞ

−
f⊥ρ v · q
48

mshs̄siϕ⊥
2;ρðuÞ þ

f⊥ρ m2
ρ

48v · q
mshs̄siϕ⊥

2;ρðuÞ

−
f⊥ρ m2

ρ

48v · q
mshs̄siψ⊥

4;ρðuÞ −
f⊥ρ m2

ρt2v · q

768
mshs̄siϕ⊥

4;ρðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
−
f⊥ρ m2

ρv · q

8π2t2
Ψ⊥

4;ρðαÞ þ
f⊥ρ m2

ρv · q

8π2t2
~Ψ⊥
4;ρðαÞ

−
f⊥ρ m2

ρuv · q

8π2t2
Φ⊥1

4;ρðαÞ þ
f⊥ρ m2

ρuv · q

8π2t2
Φ⊥2

4;ρðαÞ −
f⊥ρ m2

ρuv · q

4π2t2
~Ψ⊥
4;ρðαÞ

�
: ðC9Þ

The sum rule for Λþ
c ½32−� belonging to ½3̄F; 1; 1; ρ� is

GΛþ
c ½32−�→Σ�þþ

c π−ðω;ω0Þ ¼
gΛþ

c ½32−�→Σ�þþ
c π−fΛþ

c ½32−�fΣ�þþ
c

ðΛ̄Λþ
c ½32−� − ω0ÞðΛ̄Σ�þþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−
fπv · q
3π2t4

ϕ2;πðuÞ −
fπv · q
48π2t2

ϕ4;πðuÞ −
fπ

3π2t4v · q
ψ4;πðuÞ

−
fπm2

πv · q
108ðmu þmdÞ

hq̄qiϕσ
3;πðuÞ −

fπm2
πt2v · q

1728ðmu þmdÞ
hgsq̄σGqiϕσ

3;πðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
−
fπv · q
24π2t2

Φ4;πðαÞ þ
5fπv · q
72π2t2

Ψ4;πðαÞ

−
fπv · q
72π2t2

~Φ4;πðαÞ −
5fπv · q
72π2t2

~Ψ4;πðαÞ −
fπuv · q
36π2t2

Φ4;πðαÞ −
7fπuv · q
72π2t2

Ψ4;πðαÞ

þ fπuv · q
12π2t2

~Φ4;πðαÞ þ
fπuv · q
24π2t2

~Ψ4;πðαÞ
�
: ðC10Þ
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The sum rules for Ξ0
cð32−Þ belonging to ½3̄F; 1; 1; ρ� are

GΞ0
c½32−�→Ξ�þ

c π−ðω;ω0Þ ¼
gΞ0

c½32−�→Ξ�þ
c π−fΞ0

c½32−�fΞ�þ
c

ðΛ̄Ξ0
c½32−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−
fπv · q
3π2t4

ϕ2;πðuÞ −
fπv · q
48π2t2

ϕ4;πðuÞ −
fπ

3π2t4v · q
ψ4;πðuÞ

−
fπm2

πv · q
108ðmu þmdÞ

hs̄siϕσ
3;πðuÞ −

fπm2
πt2v · q

1728ðmu þmdÞ
hgss̄σGsiϕσ

3;πðuÞ −
fπm2

πv · q
36π2t2ðmu þmdÞ

msϕ
σ
3;πðuÞ

−
fπv · q
72

mshs̄siϕ2;πðuÞ −
fπt2v · q
1152

mshs̄siϕ4;πðuÞ −
fπ

72v · q
mshs̄siψ4;πðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
−
fπv · q
24π2t2

Φ4;πðαÞ þ
5fπv · q
72π2t2

Ψ4;πðαÞ

−
fπv · q
72π2t2

~Φ4;πðαÞ −
5fπv · q
72π2t2

~Ψ4;πðαÞ −
fπuv · q
36π2t2

Φ4;πðαÞ −
7fπuv · q
72π2t2

Ψ4;πðαÞ þ
fπuv · q
12π2t2

~Φ4;πðαÞ

þ fπuv · q
24π2t2

~Ψ4;πðαÞ
�
; ðC11Þ

GΞ0
c½32−�→Ξþ

c ρ
−ðω;ω0Þ ¼

gΞ0
c½32−�→Ξþ

c ρ
−fΞ0

c½32−�fΞþ
c

ðΛ̄Ξ0
c½32−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
f⊥ρ v · q
3π2t4

ϕ⊥
2;ρðuÞ −

f⊥ρ m2
ρ

3π2t4v · q
ϕ⊥
2;ρðuÞ þ

f⊥ρ m2
ρ

3π2t4v · q
ψ⊥
4;ρðuÞ

þ f⊥ρ m2
ρv · q

48π2t2
ϕ⊥
4;ρðuÞ −

f∥ρmρv · q

72
hs̄siψ⊥

3;ρðuÞ −
f∥ρmρt2v · q

1152
hgss̄σGsiψ⊥

3;ρðuÞ −
f∥ρmρv · q

24π2t2
msψ

⊥
3;ρðuÞ

þ f⊥ρ v · q
72

mshs̄siϕ⊥
2;ρðuÞ −

f⊥ρ m2
ρ

72v · q
mshs̄siϕ⊥

2;ρðuÞ

þ f⊥ρ m2
ρ

72v · q
mshs̄siψ⊥

4;ρðuÞ þ
f⊥ρ m2

ρt2v · q

1152
mshs̄siϕ⊥

4;ρðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
f⊥ρ m2

ρv · q

12π2t2
Ψ⊥

4;ρðαÞ −
f⊥ρ m2

ρv · q

12π2t2
~Ψ⊥
4;ρðαÞ

þ f⊥ρ m2
ρuv · q

12π2t2
Φ⊥1

4;ρðαÞ −
f⊥ρ m2

ρuv · q

12π2t2
Φ⊥2

4;ρðαÞ þ
f⊥ρ m2

ρuv · q

6π2t2
~Ψ⊥
4;ρðαÞ

�
: ðC12Þ

3. ½3̄F; 2; 1; ρ�
The sum rule for Λþ

c ½32−� belonging to ½3̄F; 2; 1; ρ� is

GΛþ
c ½32−�→Σ�þþ

c π−ðω;ω0Þ ¼
gΛþ

c ½32−�→Σ�þþ
c π−fΛþ

c ½32−�fΣ�þþ
c

ðΛ̄Λþ
c ½32−� − ω0ÞðΛ̄Σ�þþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
fπv · q
24π2t2

Φ4;πðαÞ þ
fπv · q
24π2t2

Ψ4;πðαÞ

−
fπv · q
24π2t2

~Φ4;πðαÞ −
fπv · q
24π2t2

~Ψ4;πðαÞ −
fπuv · q
12π2t2

Φ4;πðαÞ −
fπuv · q
24π2t2

Ψ4;πðαÞ þ
fπuv · q
12π2t2

~Φ4;πðαÞ

þ fπuv · q
24π2t2

~Ψ4;πðαÞ
�
: ðC13Þ
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The sum rules for Ξ0
cð32−Þ belonging to ½3̄F; 2; 1; ρ� are

GΞ0
c½32−�→Ξ�þ

c π−ðω;ω0Þ ¼
gΞ0

c½32−�→Ξ�þ
c π−fΞ0

c½32−�fΞ�þ
c

ðΛ̄Ξ0
c½32−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
fπv · q
24π2t2

Φ4;πðαÞ þ
fπv · q
24π2t2

Ψ4;πðαÞ

−
fπv · q
24π2t2

~Φ4;πðαÞ −
fπv · q
24π2t2

~Ψ4;πðαÞ −
fπuv · q
12π2t2

Φ4;πðαÞ −
fπuv · q
24π2t2

Ψ4;πðαÞ þ
fπuv · q
12π2t2

~Φ4;πðαÞ

þ fπuv · q
24π2t2

~Ψ4;πðαÞ
�
; ðC14Þ

GΞ0
c½32−�→Ξþ

c ρ
−ðω;ω0Þ ¼

gΞ0
c½32−�→Ξþ

c ρ
−fΞ0

c½32−�fΞþ
c

ðΛ̄Ξ0
c½32−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0: ðC15Þ

The sum rule for Λþ
c ½52−� belonging to ½3̄F; 2; 1; ρ� is

GΛþ
c ½52−�→Σ�þþ

c ρ−ðω;ω0Þ ¼
gΛþ

c ½52−�→Σ�þþ
c ρ−fΛþ

c ½52−�fΣ�þþ
c

ðΛ̄Λþ
c ½52−� − ω0ÞðΛ̄Σ�þþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−
3if∥ρmρ

10π2t4
ϕ∥
2;ρðuÞ þ

3if∥ρm3
ρ

20π2t4ðv · qÞ2 ϕ
∥
2;ρðuÞ þ

3if∥ρmρ

10π2t4
ϕ⊥
3;ρðuÞ

−
3if∥ρm3

ρ

10π2t4ðv · qÞ2 ϕ
⊥
3;ρðuÞ −

3f∥ρmρv · q

40π2t3
ψ⊥
3;ρðuÞ −

3if∥ρm3
ρ

160π2t2
ϕ∥
4;ρðuÞ þ

3if∥ρm3
ρ

20π2t4ðv · qÞ2 ψ
∥
4;ρðuÞ

þ f⊥ρ m2
ρ

40tv · q
hq̄qiϕ⊥

2;ρðuÞ þ
if⊥ρ m2

ρ

40
hq̄qiψ∥

3;ρðuÞ −
f⊥ρ m2

ρ

40tv · q
hq̄qiψ⊥

4;ρðuÞ

þ f⊥ρ m2
ρt

640v · q
hgsq̄σGqiϕ⊥

2;ρðuÞ þ
if⊥ρ m2

ρt2

640
hgsq̄σGqiψ∥

3;ρðuÞ −
f⊥ρ m2

ρt

640v · q
hgsq̄σGqiψ⊥

4;ρðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8

×

�
3if∥ρm3

ρ

40π2t2
Ψ∥

4;ρðαÞ −
3if∥ρm3

ρ

40π2t2
~Ψ∥
4;ρðαÞ þ

3if∥ρm3
ρu

20π2t2
Ψ∥

4;ρðαÞ
�
: ðC16Þ
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The sum rule for Ξ0
cð52−Þ belonging to ½3̄F; 2; 1; ρ� is

GΞ0
c½52−�→Ξ�þ

c ρ−ðω;ω0Þ ¼
gΞ0

c½52−�→Ξ�þ
c ρ−fΞ0

c½52−�fΞ�þ
c

ðΛ̄Ξ0
c½52−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−
3if∥ρmρ

10π2t4
ϕ∥
2;ρðuÞ þ

3if∥ρm3
ρ

20π2t4ðv · qÞ2 ϕ
∥
2;ρðuÞ þ

3if∥ρmρ

10π2t4
ϕ⊥
3;ρðuÞ

−
3if∥ρm3

ρ

10π2t4ðv · qÞ2 ϕ
⊥
3;ρðuÞ −

3f∥ρmρv · q

40π2t3
ψ⊥
3;ρðuÞ −

3if∥ρm3
ρ

160π2t2
ϕ∥
4;ρðuÞ þ

3if∥ρm3
ρ

20π2t4ðv · qÞ2 ψ
∥
4;ρðuÞ

þ f⊥ρ m2
ρ

40tv · q
hs̄siϕ⊥

2;ρðuÞ þ
if⊥ρ m2

ρ

40
hs̄siψ∥

3;ρðuÞ −
f⊥ρ m2

ρ

40tv · q
hs̄siψ⊥

4;ρðuÞ þ
f⊥ρ m2

ρt

640v · q
hgss̄σGsiϕ⊥

2;ρðuÞ

þ if⊥ρ m2
ρt2

640
hgss̄σGsiψ∥

3;ρðuÞ −
f⊥ρ m2

ρt

640v · q
hgss̄σGsiψ⊥

4;ρðuÞ þ
3f⊥ρ m2

ρ

40π2t3v · q
msϕ

⊥
2;ρðuÞ

þ 3if⊥ρ m2
ρ

40π2t2
msψ

∥
3;ρðuÞ −

3f⊥ρ m2
ρ

40π2t3v · q
msψ

⊥
4;ρðuÞ −

if∥ρmρ

80
mshs̄siϕ∥

2;ρðuÞ þ
if∥ρm3

ρ

160ðv · qÞ2mshs̄siϕ∥
2;ρðuÞ

þ if∥ρmρ

80
mshs̄siϕ⊥

3;ρðuÞ −
if∥ρm3

ρ

80ðv · qÞ2mshs̄siϕ⊥
3;ρðuÞ −

f∥ρmρtv · q

320
mshs̄siψ⊥

3;ρðuÞ

−
if∥ρm3

ρt2

1280
mshs̄siϕ∥

4;ρðuÞ þ
if∥ρm3

ρ

160ðv · qÞ2 mshs̄siψ∥
4;ρðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8

×

�
3if∥ρm3

ρ

40π2t2
Ψ∥

4;ρðαÞ −
3if∥ρm3

ρ

40π2t2
~Ψ∥
4;ρðαÞ þ

3if∥ρm3
ρu

20π2t2
Ψ∥

4;ρðαÞ
�
: ðC17Þ

4. ½3̄F; 1; 0; λ�
The sum rule for Λþ

c ð12−Þ belonging to ½3̄F; 1; 0; λ� is

GΛþ
c ½12−�→Σþþ

c π−ðω;ω0Þ ¼
gΛþ

c ½12−�→Σþþ
c π−fΛþ

c ½12−�fΣþþ
c

ðΛ̄Λþ
c ½12−� − ω0ÞðΛ̄Σþþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3fπm2

π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ −

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

þ ifπ
16tv · q

hq̄qiψ4;πðuÞ þ
ifπt

256v · q
hgsq̄σGqiψ4;πðuÞ

�
: ðC18Þ

The sum rules for Ξ0
cð12−Þ belonging to ½3̄F; 1; 0; λ� are

GΞ0
c½12−�→Ξ0þ

c π−ðω;ω0Þ ¼
gΞ0

c½12−�→Ξ0þ
c π−fΞ0

c½12−�fΞ0þ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3fπm2

π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ −

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

þ ifπ
16tv · q

hs̄siψ4;πðuÞ þ
ifπt

256v · q
hgss̄σGsiψ4;πðuÞ

þ 3ifπ
16π2t3v · q

msψ4;πðuÞ þ
fπm2

π

32ðmu þmdÞ
mshs̄siϕp

3;πðuÞ −
ifπm2

πtv · q
192ðmu þmdÞ

mshs̄siϕσ
3;πðuÞ

�
; ðC19Þ
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GΞ0
c½12−�→Ξþ

c π
−ðω;ω0Þ ¼

gΞ0
c½12−�→Ξþ

c π
−fΞ0

c½12−�fΞþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0; ðC20Þ

GΞ0
c½12−�→Λþ

c K−ðω;ω0Þ ¼
gΞ0

c½12−�→Λþ
c K−fΞ0

c½12−�fΛþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ ¼ 0; ðC21Þ

GΞ0
c½12−�→Ξþ

c ρ
−ðω;ω0Þ ¼

gΞ0
c½12−�→Ξþ

c ρ
−fΞ0

c½12−�fΞþ
c

ðΛ̄Ξ0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
if∥ρmρ

4π2t4
ϕ∥
2;ρðuÞ −

if∥ρm3
ρ

8π2t4ðv · qÞ2 ϕ
∥
2;ρðuÞ þ

if∥ρm3
ρ

4π2t4ðv · qÞ2 ϕ
⊥
3;ρðuÞ

−
if∥ρm3

ρ

8π2t4ðv · qÞ2 ψ
∥
4;ρðuÞ þ

if∥ρm3
ρ

64π2t2
ϕ∥
4;ρðuÞ −

if⊥ρ m2
ρ

48
hs̄siψ∥

3;ρðuÞ −
if⊥ρ m2

ρt2

768
hgss̄σGsiψ∥

3;ρðuÞ

−
if⊥ρ m2

ρ

16π2t2
msψ

∥
3;ρðuÞ þ

if∥ρmρ

96
mshs̄siϕ∥

2;ρðuÞ −
if∥ρm3

ρ

192ðv · qÞ2mshs̄siϕ∥
2;ρðuÞ þ

if∥ρm3
ρ

96ðv · qÞ2mshs̄siϕ⊥
3;ρðuÞ

þ if∥ρm3
ρt2

1536
mshs̄siϕ∥

4;ρðuÞ −
if∥ρm3

ρ

192ðv · qÞ2 mshs̄siψ∥
4;ρðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
−
if∥ρm3

ρ

8π2t2
Φ∥

4;ρðαÞ −
if∥ρm3

ρ

16π2t2
Ψ∥

4;ρðαÞ

−
if∥ρm3

ρ

8π2t2
~Φ∥
4;ρðαÞ −

if∥ρm3
ρ

16π2t2
~Ψ∥
4;ρðαÞ −

if∥ρm3
ρu

4π2t2
Φ∥

4;ρðαÞ −
if∥ρm3

ρu

8π2t2
Ψ∥

4;ρðαÞ
�
: ðC22Þ

The sum rule for Λþ
c ½32−� belonging to ½3̄F; 1; 0; λ� is

GΛþ
c ½32−�→Σ�þþ

c π−ðω;ω0Þ ¼
gΛþ

c ½32−�→Σ�þþ
c π−fΛþ

c ½32−�fΣ�þþ
c

ðΛ̄Λþ
c ½32−� − ω0ÞðΛ̄Σ�þþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−

fπm2
π

6π2t4ðmu þmdÞ
ϕp
3;πðuÞ þ

ifπm2
πv · q

36π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

−
ifπ

72tv · q
hq̄qiψ4;πðuÞ −

ifπt
1152v · q

hgsq̄σGqiψ4;πðuÞ
�
: ðC23Þ

The sum rules for Ξ0
cð32−Þ belonging to ½3̄F; 1; 0; λ� are

GΞ0
c½32−�→Ξ�þ

c π−ðω;ω0Þ ¼
gΞ0

c½32−�→Ξ�þ
c π−fΞ0

c½32−�fΞ�þ
c

ðΛ̄Ξ0
c½32−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

fπm2
π

6π2t4ðmu þmdÞ
ϕp
3;πðuÞ þ

ifπm2
πv · q

36π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

−
ifπ

72tv · q
hs̄siψ4;πðuÞ −

ifπt
1152v · q

hgss̄σGsiψ4;πðuÞ −
ifπ

24π2t3v · q
msψ4;πðuÞ

−
fπm2

π

144ðmu þmdÞ
mshs̄siϕp

3;πðuÞ þ
ifπm2

πtv · q
864ðmu þmdÞ

mshs̄siϕσ
3;πðuÞ

�
; ðC24Þ
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GΞ0
c½32−�→Ξþ

c ρ
−ðω;ω0Þ ¼

gΞ0
c½32−�→Ξþ

c ρ
−fΞ0

c½32−�fΞþ
c

ðΛ̄Ξ0
c½32−�−ω0ÞðΛ̄Ξþ

c
−ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4×

�
if∥ρmρ

6π2t4
ϕ∥
2;ρðuÞ−

if∥ρm3
ρ

12π2t4ðv ·qÞ2ϕ
∥
2;ρðuÞþ

if∥ρm3
ρ

6π2t4ðv ·qÞ2ϕ
⊥
3;ρðuÞ

−
if∥ρm3

ρ

12π2t4ðv ·qÞ2ψ
∥
4;ρðuÞþ

if∥ρm3
ρ

96π2t2
ϕ∥
4;ρðuÞ−

if⊥ρ m2
ρ

72
hs̄siψ∥

3;ρðuÞ−
if⊥ρ m2

ρt2

1152
hgss̄σGsiψ∥

3;ρðuÞ

−
if⊥ρ m2

ρ

24π2t2
msψ

∥
3;ρðuÞþ

if∥ρmρ

144
mshs̄siϕ∥

2;ρðuÞ−
if∥ρm3

ρ

288ðv ·qÞ2mshs̄siϕ∥
2;ρðuÞþ

if∥ρm3
ρ

144ðv ·qÞ2mshs̄siϕ⊥
3;ρðuÞ

þ if∥ρm3
ρt2

2304
mshs̄siϕ∥

4;ρðuÞ−
if∥ρm3

ρ

288ðv ·qÞ2mshs̄siψ∥
4;ρðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ× 4×

�
−
if∥ρm3

ρ

12π2t2
Φ∥

4;ρðαÞ−
if∥ρm3

ρ

24π2t2
Ψ∥

4;ρðαÞ

−
if∥ρm3

ρ

12π2t2
~Φ∥
4;ρðαÞ−

if∥ρm3
ρ

24π2t2
~Ψ∥
4;ρðαÞ−

if∥ρm3
ρu

6π2t2
Φ∥

4;ρðαÞ−
if∥ρm3

ρu

12π2t2
Ψ∥

4;ρðαÞ
�
: ðC25Þ

5. ½6F; 1; 0; ρ�
The sum rule for Σ0

cð12−Þ belonging to ½6F; 1; 0; ρ� is

GΣ0
c½12−�→Λþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Λþ

c π
−fΣ0

c½12−�fΛþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ ¼ 0; ðC26Þ

GΣ0
c½12−�→Σþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Σþ

c π
−fΣ0

c½12−�fΣþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Σþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3fπm2

π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ þ

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

−
ifπ

16tv · q
hq̄qiψ4;πðuÞ −

ifπt
256v · q

hgsq̄σGqiψ4;πðuÞ
�
: ðC27Þ

The sum rule for Ξ00
c ð12−Þ belonging to ½6F; 1; 0; ρ� is

GΞ00
c ½12−�→Ξþ

c π
−ðω;ω0Þ ¼

gΞ00
c ½12−�→Ξþ

c π
−fΞ00

c ½12−�fΞþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0; ðC28Þ

GΞ00
c ½12−�→Ξ0þ

c π−ðω;ω0Þ ¼
gΞ00

c ½12−�→Ξ0þ
c π−fΞ00

c ½12−�fΞ0þ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3fπm2

π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ þ

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

−
ifπ

16tv · q
hs̄siψ4;πðuÞ −

ifπt
256v · q

hgss̄σGsiψ4;πðuÞ −
3ifπ

16π2t3v · q
msψ4;πðuÞ

þ fπm2
π

32ðmu þmdÞ
mshs̄siϕp

3;πðuÞ þ
ifπm2

πtv · q
192ðmu þmdÞ

mshs̄siϕσ
3;πðuÞ

�
; ðC29Þ

GΞ00
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 0; ðC30Þ
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GΞ00
c ½12−�→Σþ

c K−ðω;ω0Þ ¼
gΞ00

c ½12−�→Σþ
c K−fΞ00

c ½12−�fΣþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Σþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3fKm2

K

4π2t4ðmu þmsÞ
ϕp
3;KðuÞ þ

ifKm2
Kv · q

8π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

−
ifK

16tv · q
hq̄qiψ4;KðuÞ −

ifKt
256v · q

hgsq̄σGqiψ4;KðuÞ
�
: ðC31Þ

The sum rule for Ω0
cð12−Þ belonging to ½6F; 1; 0; ρ� is

GΩ0
c½12−�→Ξþ

c K−ðω;ω0Þ ¼
gΩ0

c½12−�→Ξþ
c K−fΩ0

c½12−�fΞþ
c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0; ðC32Þ

GΩ0
c½12−�→Ξ0þ

c K−ðω;ω0Þ ¼
gΩ0

c½12−�→Ξ0þ
c K−fΩ0

c½12−�fΞ0þ
c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3fKm2

K

4π2t4ðmu þmsÞ
ϕp
3;KðuÞ þ

ifKm2
Kv · q

8π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

−
ifK

16tv · q
hs̄siψ4;KðuÞ −

ifKt
256v · q

hgss̄σGsiψ4;KðuÞ −
3ifK

16π2t3v · q
msψ4;KðuÞ

þ fKm2
K

32ðmu þmsÞ
mshs̄siϕp

3;KðuÞ þ
ifKm2

Ktv · q
192ðmu þmsÞ

mshs̄siϕσ
3;KðuÞ

�
: ðC33Þ

The sum rule for Σ0
c½32−� belonging to ½6F; 1; 0; ρ� is

GΣ0
c½32−�→Σ�þ

c π−ðω;ω0Þ ¼
gΣ0

c½32−�→Σ�þ
c π−fΣ0

c½32−�fΣ�þ
c

ðΛ̄Σ0
c½32−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−

fπm2
π

6π2t4ðmu þmdÞ
ϕp
3;πðuÞ −

ifπm2
πv · q

36π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

þ ifπ
72tv · q

hq̄qiψ4;πðuÞ þ
ifπt

1152v · q
hgsq̄σGqiψ4;πðuÞ

�
: ðC34Þ

The sum rule for Ξ0
cð32−Þ belonging to ½6F; 1; 0; ρ� is

GΞ00
c ½32−�→Ξ�þ

c π−ðω;ω0Þ ¼
gΞ00

c ½32−�→Ξ�þ
c π−fΞ00

c ½32−�fΞ�þ
c

ðΛ̄Ξ00
c ½32−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

fπm2
π

6π2t4ðmu þmdÞ
ϕp
3;πðuÞ −

ifπm2
πv · q

36π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

þ ifπ
72tv · q

hs̄siψ4;πðuÞ þ
ifπt

1152v · q
hgss̄σGsiψ4;πðuÞ þ

ifπ
24π2t3v · q

msψ4;πðuÞ

−
fπm2

π

144ðmu þmdÞ
mshs̄siϕp

3;πðuÞ −
ifπm2

πtv · q
864ðmu þmdÞ

mshs̄siϕσ
3;πðuÞ

�
; ðC35Þ
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GΞ00
c ½32−�→Σ�þ

c K−ðω;ω0Þ ¼
gΞ00

c ½32−�→Σ�þ
c K−fΞ00

c ½32−�fΣ�þ
c

ðΛ̄Ξ00
c ½32−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

fKm2
K

6π2t4ðmu þmsÞ
ϕp
3;KðuÞ −

ifKm2
Kv · q

36π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

þ ifK
72tv · q

hq̄qiψ4;KðuÞ þ
ifKt

1152v · q
hgsq̄σGqiψ4;KðuÞ

�
: ðC36Þ

The sum rule for Ω0
cð32−Þ belonging to ½6F; 1; 0; ρ� is

GΩ0
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 ×

�
−

fKm2
K

6π2t4ðmu þmsÞ
ϕp
3;KðuÞ −

ifKm2
Kv · q

36π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

þ ifK
72tv · q

hs̄siψ4;KðuÞ þ
ifKt

1152v · q
hgss̄σGsiψ4;KðuÞ þ

ifK
24π2t3v · q

msψ4;KðuÞ

−
fKm2

K

144ðmu þmsÞ
mshs̄siϕp

3;KðuÞ −
ifKm2

Ktv · q
864ðmu þmsÞ

mshs̄siϕσ
3;KðuÞ

�
: ðC37Þ

6. ½6F; 0; 1; λ�
The sum rule for Σ0

cð12−Þ belonging to ½6F; 0; 1; λ� is

GΣ0
c½12−�→Λþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Λþ

c π
−fΣ0

c½12−�fΛþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−

3fπm2
π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ −

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

þ ifπ
16tv · q

hq̄qiψ4;πðuÞ þ
ifπt

256v · q
hgsq̄σGqiψ4;πðuÞ

�
; ðC38Þ

GΣ0
c½12−�→Σþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Σþ

c π
−fΣ0

c½12−�fΣþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Σþ

c
− ωÞ ¼ 0: ðC39Þ

The sum rule for Ξ00
c ð12−Þ belonging to ½6F; 0; 1; λ� is

GΞ00
c ½12−�→Ξþ

c π
−ðω;ω0Þ ¼

gΞ00
c ½12−�→Ξþ

c π
−fΞ00

c ½12−�fΞþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−

3fπm2
π

4π2t4ðmu þmdÞ
ϕp
3;πðuÞ −

ifπm2
πv · q

8π2t3ðmu þmdÞ
ϕσ
3;πðuÞ

þ ifπ
16tv · q

hs̄siψ4;πðuÞ þ
ifπt

256v · q
hgss̄σGsiψ4;πðuÞ þ

3ifπ
16π2t3v · q

msψ4;πðuÞ

−
fπm2

π

32ðmu þmdÞ
mshs̄siϕp

3;πðuÞ −
ifπm2

πtv · q
192ðmu þmdÞ

mshs̄siϕσ
3;πðuÞ

�
; ðC40Þ

GΞ00
c ½12−�→Ξ0þ

c π−ðω;ω0Þ ¼
gΞ00

c ½12−�→Ξ0þ
c π−fΞ00

c ½12−�fΞ0þ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ ¼ 0; ðC41Þ
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GΞ00
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

4π2t4ðmu þmsÞ
ϕp
3;KðuÞ −

ifKm2
Kv · q

8π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

þ ifK
16tv · q

hq̄qiψ4;KðuÞ þ
ifKt

256v · q
hgsq̄σGqiψ4;KðuÞ

�
; ðC42Þ

GΞ00
c ½12−�→Σþ

c K−ðω;ω0Þ ¼
gΞ00

c ½12−�→Σþ
c K−fΞ00

c ½12−�fΣþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Σþ

c
− ωÞ ¼ 0: ðC43Þ

The sum rule for Ω0
cð12−Þ belonging to ½6F; 0; 1; λ� is

GΩ0
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

4π2t4ðmu þmsÞ
ϕp
3;KðuÞ −

ifKm2
Kv · q

8π2t3ðmu þmsÞ
ϕσ
3;KðuÞ

þ ifK
16tv · q

hs̄siψ4;KðuÞ þ
ifKt

256v · q
hgss̄σGsiψ4;KðuÞ þ

3ifK
16π2t3v · q

msψ4;KðuÞ

−
fKm2

K

32ðmu þmsÞ
mshs̄siϕp

3;KðuÞ −
ifKm2

Ktv · q
192ðmu þmsÞ

mshs̄siϕσ
3;KðuÞ

�
; ðC44Þ

GΩ0
c½12−�→Ξ0þ

c K−ðω;ω0Þ ¼
gΩ0

c½12−�→Ξ0þ
c K−fΩ0

c½12−�fΞ0þ
c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ ¼ 0: ðC45Þ

7. ½6F; 1; 1; λ�
The sum rule for Σ0

cð12−Þ belonging to ½6F; 1; 1; λ� is

GΣ0
c½12−�→Λþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Λþ

c π
−fΣ0

c½12−�fΛþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Λþ

c
− ωÞ ¼ 0; ðC46Þ

GΣ0
c½12−�→Σþ

c π
−ðω;ω0Þ ¼

gΣ0
c½12−�→Σþ

c π
−fΣ0

c½12−�fΣþ
c

ðΛ̄Σ0
c½12−� − ω0ÞðΛ̄Σþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3ifπv · q
2π2t4

ϕ2;πðuÞ þ
3ifπv · q
32π2t2

ϕ4;πðuÞ

−
ifπm2

πv · q
24ðmu þmdÞ

hq̄qiϕσ
3;πðuÞ −

ifπm2
πt2v · q

384ðmu þmdÞ
hgsq̄σGqiϕσ

3;πðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
−
ifπv · q
8π2t2

Φ4;πðαÞ −
ifπv · q
4π2t2

Ψ4;πðαÞ

−
3ifπv · q
8π2t2

~Φ4;πðαÞ þ
ifπv · q
4π2t2

~Ψ4;πðαÞ −
3ifπuv · q
4π2t2

Φ4;πðαÞ þ
ifπuv · q
2π2t2

Ψ4;πðαÞ
�
: ðC47Þ

The sum rule for Ξ00
c ð12−Þ belonging to ½6F; 1; 1; λ� is

GΞ00
c ½12−�→Ξþ

c π
−ðω;ω0Þ ¼

gΞ00
c ½12−�→Ξþ

c π
−fΞ00

c ½12−�fΞþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0; ðC48Þ
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GΞ00
c ½12−�→Ξ0þ

c π−ðω;ω0Þ ¼
gΞ00

c ½12−�→Ξ0þ
c π−fΞ00

c ½12−�fΞ0þ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3ifπv · q
2π2t4

ϕ2;πðuÞ þ
3ifπv · q
32π2t2

ϕ4;πðuÞ

−
ifπm2

πv · q
24ðmu þmdÞ

hs̄siϕσ
3;πðuÞ −

ifπm2
πt2v · q

384ðmu þmdÞ
hgss̄σGsiϕσ

3;πðuÞ

−
ifπm2

πv · q
8π2t2ðmu þmdÞ

msϕ
σ
3;πðuÞ þ

ifπv · q
16

mshs̄siϕ2;πðuÞ þ
ifπt2v · q

256
mshs̄siϕ4;πðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
−
ifπv · q
8π2t2

Φ4;πðαÞ −
ifπv · q
4π2t2

Ψ4;πðαÞ

−
3ifπv · q
8π2t2

~Φ4;πðαÞ þ
ifπv · q
4π2t2

~Ψ4;πðαÞ −
3ifπuv · q
4π2t2

Φ4;πðαÞ þ
ifπuv · q
2π2t2

Ψ4;πðαÞ
�
; ðC49Þ

GΞ00
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 0; ðC50Þ

GΞ00
c ½12−�→Σþ

c K−ðω;ω0Þ ¼
gΞ00

c ½12−�→Σþ
c K−fΞ00

c ½12−�fΣþ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Σþ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
3ifKv · q
2π2t4

ϕ2;KðuÞ þ
3ifKv · q
32π2t2

ϕ4;KðuÞ

−
ifKm2

Kv · q
24ðmu þmsÞ

hq̄qiϕσ
3;KðuÞ −

ifKm2
Kt

2v · q
384ðmu þmsÞ

hgsq̄σGqiϕσ
3;KðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
−
ifKv · q
8π2t2

Φ4;KðαÞ −
ifKv · q
4π2t2

Ψ4;KðαÞ

−
3ifKv · q
8π2t2

~Φ4;KðαÞ þ
ifKv · q
4π2t2

~Ψ4;KðαÞ −
3ifKuv · q

4π2t2
Φ4;KðαÞ þ

ifKuv · q
2π2t2

Ψ4;KðαÞ
�
: ðC51Þ

The sum rule for Ω0
cð12−Þ belonging to ½6F; 1; 1; λ� is

GΩ0
c½12−�→Ξþ

c K−ðω;ω0Þ ¼
gΩ0

c½12−�→Ξþ
c K−fΩ0

c½12−�fΞþ
c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξþ

c
− ωÞ ¼ 0; ðC52Þ

GΩ0
c½12−�→Ξ0þ

c K−ðω;ω0Þ ¼
gΩ0

c½12−�→Ξ0þ
c K−fΩ0

c½12−�fΞ0þ
c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξ0þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
3ifKv · q
2π2t4

ϕ2;KðuÞ þ
3ifKv · q
32π2t2

ϕ4;KðuÞ

−
ifKm2

Kv · q
24ðmu þmsÞ

hs̄siϕσ
3;KðuÞ −

ifKm2
Kt

2v · q
384ðmu þmsÞ

hgss̄σGsiϕσ
3;KðuÞ

−
ifKm2

Kv · q
8π2t2ðmu þmsÞ

msϕ
σ
3;KðuÞ þ

ifKv · q
16

mshs̄siϕ2;KðuÞ þ
ifKt2v · q

256
mshs̄siϕ4;KðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
−
ifKv · q
8π2t2

Φ4;KðαÞ −
ifKv · q
4π2t2

Ψ4;KðαÞ

−
3ifKv · q
8π2t2

~Φ4;KðαÞ þ
ifKv · q
4π2t2

~Ψ4;KðαÞ −
3ifKuv · q

4π2t2
Φ4;KðαÞ þ

ifKuv · q
2π2t2

Ψ4;KðαÞ
�
: ðC53Þ
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The sum rule for Σ0
c½32−� belonging to ½6F; 1; 1; λ� is

GΣ0
c½32−�→Σ�þ

c π−ðω;ω0Þ ¼
gΣ0

c½32−�→Σ�þ
c π−fΣ0

c½32−�fΣ�þ
c

ðΛ̄Σ0
c½32−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−
fπv · q
3π2t4

ϕ2;πðuÞ −
fπv · q
48π2t2

ϕ4;πðuÞ

þ fπm2
πv · q

108ðmu þmdÞ
hq̄qiϕσ

3;πðuÞ þ
fπm2

πt2v · q
1728ðmu þmdÞ

hgsq̄σGqiϕσ
3;πðuÞ

�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
fπv · q
72π2t2

Φ4;πðαÞ þ
5fπv · q
72π2t2

Ψ4;πðαÞ

þ fπv · q
24π2t2

~Φ4;πðαÞ −
5fπv · q
72π2t2

~Ψ4;πðαÞ þ
fπuv · q
6π2t2

Φ4;πðαÞ −
7fπuv · q
72π2t2

Ψ4;πðαÞ þ
fπuv · q
24π2t2

~Ψ4;πðαÞ
�
:

ðC54Þ

The sum rule for Ξ00
c ð32−Þ belonging to ½6F; 1; 1; λ� is

GΞ00
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 ×

�
−
fπv · q
3π2t4

ϕ2;πðuÞ −
fπv · q
48π2t2

ϕ4;πðuÞ

þ fπm2
πv · q

108ðmu þmdÞ
hs̄siϕσ

3;πðuÞ þ
fπm2

πt2v · q
1728ðmu þmdÞ

hgss̄σGsiϕσ
3;πðuÞ þ

fπm2
πv · q

36π2t2ðmu þmdÞ
msϕ

σ
3;πðuÞ

−
fπv · q
72

mshs̄siϕ2;πðuÞ −
fπt2v · q
1152

mshs̄siϕ4;πðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
fπv · q
72π2t2

Φ4;πðαÞ þ
5fπv · q
72π2t2

Ψ4;πðαÞ

þ fπv · q
24π2t2

~Φ4;πðαÞ −
5fπv · q
72π2t2

~Ψ4;πðαÞ þ
fπuv · q
6π2t2

Φ4;πðαÞ −
7fπuv · q
72π2t2

Ψ4;πðαÞ þ
fπuv · q
24π2t2

~Ψ4;πðαÞ
�
;

ðC55Þ

GΞ00
c ½12−�→Σ�þ

c K−ðω;ω0Þ ¼
gΞ00

c ½12−�→Σ�þ
c K−fΞ00

c ½12−�fΣ�þ
c

ðΛ̄Ξ00
c ½12−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 4 ×

�
−
fKv · q
3π2t4

ϕ2;KðuÞ −
fKv · q
48π2t2

ϕ4;KðuÞ

þ fKm2
Kv · q

108ðmu þmsÞ
hq̄qiϕσ

3;KðuÞ þ
fKm2

Kt
2v · q

1728ðmu þmsÞ
hgsq̄σGqiϕσ

3;KðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
fKv · q
72π2t2

Φ4;KðαÞ þ
5fKv · q
72π2t2

Ψ4;KðαÞ

þ fKv · q
24π2t2

~Φ4;KðαÞ −
5fKv · q
72π2t2

~Ψ4;KðαÞ þ
fKuv · q
6π2t2

Φ4;KðαÞ

−
7fKuv · q
72π2t2

Ψ4;KðαÞ þ
fKuv · q
24π2t2

~Ψ4;KðαÞ
�
: ðC56Þ
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The sum rule for Ω0
cð32−Þ belonging to ½6F; 1; 1; λ� is

GΩ0
c½12−�→Ξ�þ

c K−ðω;ω0Þ ¼
gΩ0

c½12−�→Ξ�þ
c K−fΩ0

c½12−�fΞ�þ
c

ðΛ̄Ω0
c½12−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

dueið1−uÞω0teiuωt × 8 ×

�
−
fKv · q
3π2t4

ϕ2;KðuÞ −
fKv · q
48π2t2

ϕ4;KðuÞ

þ fKm2
Kv · q

108ðmu þmsÞ
hs̄siϕσ

3;KðuÞ þ
fKm2

Kt
2v · q

1728ðmu þmsÞ
hgss̄σGsiϕσ

3;KðuÞ

þ fKm2
Kv · q

36π2t2ðmu þmsÞ
msϕ

σ
3;KðuÞ −

fKv · q
72

mshs̄siϕ2;KðuÞ −
fKt2v · q
1152

mshs̄siϕ4;KðuÞ
�

þ
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
fKv · q
72π2t2

Φ4;KðαÞ þ
5fKv · q
72π2t2

Ψ4;KðαÞ

þ fKv · q
24π2t2

~Φ4;KðαÞ −
5fKv · q
72π2t2

~Ψ4;KðαÞ þ
fKuv · q
6π2t2

Φ4;KðαÞ

−
7fKuv · q
72π2t2

Ψ4;KðαÞ þ
fKuv · q
24π2t2

~Ψ4;KðαÞ
�
: ðC57Þ

8. ½6F; 2; 1; λ�
The sum rule for Σ0

c½32−� belonging to ½6F; 2; 1; λ� is

GΣ0
c½32−�→Σ�þ

c π−ðω;ω0Þ ¼
gΣ0

c½32−�→Σ�þ
c π−fΣ0

c½32−�fΣ�þ
c

ðΛ̄Σ0
c½32−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 8 ×

�
fπv · q
24π2t2

Φ4;πðαÞ þ
fπv · q
24π2t2

Ψ4;πðαÞ

−
fπv · q
24π2t2

~Φ4;πðαÞ −
fπv · q
24π2t2

~Ψ4;πðαÞ −
fπuv · q
24π2t2

Ψ4;πðαÞ þ
fπuv · q
24π2t2

~Ψ4;πðαÞ
�
: ðC58Þ

The sum rule for Ξ0
cð32−Þ belonging to ½6F; 2; 1; λ� is

GΞ00
c ½32−�→Ξ�þ

c π−ðω;ω0Þ ¼
gΞ00

c ½32−�→Ξ�þ
c π−fΞ00

c ½32−�fΞ�þ
c

ðΛ̄Ξ00
c ½32−� − ω0ÞðΛ̄Ξ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
fπv · q
24π2t2

Φ4;πðαÞ þ
fπv · q
24π2t2

Ψ4;πðαÞ

−
fπv · q
24π2t2

~Φ4;πðαÞ −
fπv · q
24π2t2

~Ψ4;πðαÞ −
fπuv · q
24π2t2

Ψ4;πðαÞ þ
fπuv · q
24π2t2

~Ψ4;πðαÞ
�
; ðC59Þ

GΞ00
c ½32−�→Σ�þ

c K−ðω;ω0Þ ¼
gΞ00

c ½32−�→Σ�þ
c K−fΞ00

c ½32−�fΣ�þ
c

ðΛ̄Ξ00
c ½32−� − ω0ÞðΛ̄Σ�þ

c
− ωÞ

¼
Z

∞

0

dt
Z

1

0

du
Z

Dαeiω
0tðα2þuα3Þeiωtð1−α2−uα3Þ × 4 ×

�
fKv · q
24π2t2

Φ4;KðαÞ þ
fKv · q
24π2t2

Ψ4;KðαÞ

−
fKv · q
24π2t2

~Φ4;KðαÞ −
fKv · q
24π2t2

~Ψ4;KðαÞ −
fKuv · q
24π2t2

Ψ4;KðαÞ þ
fKuv · q
24π2t2

~Ψ4;KðαÞ
�
: ðC60Þ
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The sum rule for Ω0
cð32−Þ belonging to ½6F; 2; 1; λ� is

GΩ0
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 ×
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