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In this work, we investigate the two-body nonleptonic decays of double-charmed baryon Ωþ
cc within a

nonrelativistic quark model, in which the nonfactorizable amplitudes contributed byW-exchange diagrams
are evaluated under the pole model assumption. To reduce the sensitivity of decay amplitudes to an
arbitrary choice of baryon wave functions, we adopt charmed baryon wave functions obtained by solving
the Schrödinger equation with a nonrelativistic quark potential model. Our results show that the branching

fractions of Cabibbo-favored decays Ωþ
cc → Ω0

cπ
þ and Ξð0Þþ

c πþ, as well as the single Cabibbo-suppressed
decays Ωþ

cc → Ω0
cKþ, Σþþ

cc K−, Ξ0þ
c η, and Λþ

c K̄0 can reach up to a few percent. Particularly for the Ωþ
cc →

Ω0
cKþ mode, owing to the large factorizable amplitude and constructive pole contributions, the branching

fraction is comparable to Cabibbo-favored decays. These decay modes can serve as the discovery channels
for the double-charmed baryon Ωþ

cc in future experiments, like LHCb and Belle II.

DOI: 10.1103/k7xq-whnk

I. INTRODUCTION

To complete the charmed-baryon family, the establish-
ment of double-charmed baryons is particularly important.
As predicted by the quark model, the double-charmed
baryons Ξþþ

cc and Ξþ
cc with quark content ccu and ccd,

respectively, form an isodoublet (I ¼ 1=2), while the Ωþ
cc

forms an isosinglet (I ¼ 0) with quark content ccs. In
contrast to the well-established state Ξþþ

cc , which has been
observed in the decay modes Λþ

c K−πþπþ [1], Ξþ
c π

ð0Þþ

[2,3], and Ξþþ
cc → Ξ0

cπ
þπþ [4], evidence for Ξþ

cc was only
reported by SELEX in the decay modes Λþ

c K−πþ [5] and
pDþK− [6]. None of them were confirmed by the FOCUS
[7], BABAR [8], Belle [9], and LHCb [10,11] collabora-
tions. Moreover, the mass of Ξþ

cc was measured to be about
3519 MeV by SELEX, which differs from mΞþþ

cc
¼

ð3621.55� 0.23� 0.30Þ MeV [12] by about 100 MeV.
More experimental measurements of the Ξþ

cc are needed to
establish its existence and precisely measure its properties.
The Ωþ

cc has been searched for in the Ξþ
c K−πþ final state

at the LHCb experiment [13], but no significant signal
was observed. Future experimental measurements are
of key importance in completing the double-charmed
baryon family. The ground double-charmed baryons with

JP ¼ 1=2þ can decay only via the weak interaction;
therefore, the study of their weak decays is essential to
facilitate experimental discovery [14]. In this work, we
focus on the two-body nonleptonic decays of the double-
charmed baryon Ωþ

cc, aiming to identify the highest-
potential processes for probing the Ωþ

cc state.
The study of double-charmed baryon weak decays also

provides valuable insights into weak decay mechanisms.
Based on the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, the concerned nonleptonic decays of the double-
charmed baryon Ωþ

cc can be divided into three groups:
(i) the Cabibbo-favored (CF) decays induced by c → sud̄
and cd → su, (ii) the single Cabibbo-suppressed (SCS)
decays induced by c → dud̄ and cd → du, as well as c →
sus̄ and cs → su, and (iii) the doubly Cabibbo-suppressed
(DCS) decays induced by c → dus̄ and cs → du. From
another perspective, in theoretical studies of charmed-
baryon nonleptonic decay, the decay amplitudes are domi-
nated by the following Feynman diagrams: the external
W-emission diagrams (T) and internalW-emission diagram
(C), which are factorizable, and the inner W-emission
diagram (C0) and W-exchange diagram ðE1;2; E0Þ, which
are nonfactorizable [15]. The schematic Feynman diagrams
are displayed in Fig. 1 and the corresponding Feynman
diagrams to relevant decay channels are summarized in
Table I.
In theoretical studies of charmed-baryon nonleptonic

decay, the factorizable amplitudes T and C are often
evaluated as the product of a baryon transition matrix
element and meson decay constant under the naive
factorization assumption, whereas the nonfactorizable
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amplitudes C0, E1;2, and E0 are more challenging to
quantify. In previous experiments of heavy meson non-
leptonic decay, the factorizable assumption worked well
and the nonfactorizable contributions were usually
neglected. However, this is no longer the case in
charmed-baryon decay. The experimental measurement
of pure W-exchange decay Λþ

c → Ξ0Kþ [16] shows that
W-exchange diagrams are important and cannot be ignored.
To access the nonfactorizable contributions from
W-exchange diagrams, a pole model was widely employed
in the study of charmed-baryon nonleptonic decays
[17–31]. Within the pole model, parity-violating (PV)
amplitudes mainly arise from low-lying JP ¼ 1=2− poles,
while parity-conserving (PC) amplitudes are dominated by
JP ¼ 1=2þ ground-state poles. To extend the framework to
double-charmed baryon decay, the theoretical predictions
of Ωþ

cc nonleptonic decays were performed in Refs.
[32–34], in which the nonperturbative parameters were
evaluated using a bag model [33] or flavor symmetry
[32,34]. The covariant confined quark model has also
been adopted to estimate the W-exchange diagram
[35,36]. Other than these, the irreducible SU(3) approach
[37,38], which is based on flavor symmetry, while not
addressed in dynamics, was also used to analyzed the
double-charmed baryon two-body [37] and multibody
nonleptonic decays [38].

In this work, we investigate the two-body nonleptonic
decays Ωþ

cc → Bc þ P within the framework of the non-
relativistic quark model (NRQM), where P denotes a light-
flavor pseudoscalar meson, such as π, K, or ηð0Þ. The
nonfactorizable contributions from W-exchange diagrams
are evaluated within the pole model framework. It is well
known that the dominant source of uncertainty in theo-
retical calculations of nonleptonic decays lies in the hadron
transition matrix element. Addressing this challenge, we
propose using exact baryon wave functions obtained by
solving the Schrödinger equation with a nonrelativistic
potential model [18,39], rather than relying on an over-
simplified Gaussian-type one. With the support of the
charmed baryon spectrum, our study reduces the model
dependence arising from baryon wave functions in the
decay amplitudes.
This paper is organized as follows. After the

Introduction, we derive the weak decay amplitudes within
the NRQM in Sec. II. To obtain the involved baryon spatial
wave functions, a nonrelativistic potential is also intro-
duced. In Sec. III, we present our numerical results of the
decay amplitudes and discuss future investigations the
branching fraction and asymmetry parameter. Finally, this
paper ends with a short summary in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Decay amplitudes of W-emission diagrams

According to the conventions in Fig. 2, the effective
Hamiltonian of the W-emission process can be written as

H1→3 ¼
GFffiffiffi
2

p VCKMV 0
CKM

β

ð2πÞ3 δ
3ðp1 − p01 − p4 − p5Þ

× α̂ð−Þ1 ÎP½c1ðμÞÔ1 þ c2ðμÞÔ2�; ð2:1Þ

where GF ¼ 1.16637 × 10−5 GeV2 is the Fermi coupling

constant [40] and Vð0Þ
CKM are CKMmatrix elements. pi is the

three-momentum of the ith quark. α̂ð−Þ1 c ¼ s (or d) is the
flavor-changing operator, which acts on the first quark, and
the factor β is assigned a value of 2. The Ô1;2 are

FIG. 1. Feynman diagrams for nonleptonic decays of the
double-charmed baryon Ωþ

cc.

TABLE I. Feynman diagrams of two-body nonleptonic decays of the double-charmed baryon Ωþ
cc.

CF Diagrams SCS Diagrams DCS Diagrams

Ωþ
cc → Ω0

cπ
þ T Ωþ

cc → Ξð0Þ0
c πþ T; E1 Ωþ

cc → Ξð0Þ0
c Kþ T; E1

Ωþ
cc → Ξð0Þþ

c K̄0 C;C0; E0 Ωþ
cc → Ω0

cKþ T; E1 Ωþ
cc → Ξð0Þþ

c K0 C;E2

Ωþ
cc → Ξð0Þþ

c ηð0Þ C;C0; E1; E2; E0 Ωþ
cc → Σþ

c π
0 E1, E2

Ωþ
cc → Ξð0Þþ

c π0 C; E1 Ωþ
cc → Λþ

c π
0 E1, E2

Ωþ
cc → Σþþ

c K− E2 Ωþ
cc → Σ0

cπ
þ E1

Ωþ
cc → Σþ

c K̄0 C0; E2; E0 Ωþ
cc → Σþþ

c π− E2

Ωþ
cc → Λþ

c K̄0 C0; E2; E0 Ωþ
cc → Σþ

c η
ð0Þ C0; E1; E2; E0

Ωþ
cc → Λþ

c η
ð0Þ C0; E1; E2; E0
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abbreviations of the four-fermion interaction operators
Ô1 ≡ ðq̄5q4Þðq̄ 0

1q1Þ and Ô2 ≡ ðq̄ 0
1q4Þðq̄5q1Þ, and c1;2 are

corresponding Wilson coefficients. We adopt the Wilson
coefficients as c1 ¼ 1.346 and c2 ¼ −0.636 at the energy
scale μ ¼ 1.25 GeV [33].
In the nonrelativistic limit, the effective Hamiltonian

associated with c1ðμÞ can be expanded as [17,30,31]

HPC
1;1→3¼

GFffiffiffi
2

p VCKMV0
CKM

β

ð2πÞ3δ
3ðp1−p01−p4−p5Þ

�
hs0z;1jIjsz;1ihsz;5s̄z;4jσj0i

�
p5
2m5

þ p4
2m4

�

−
��

p01
2m0

1

þ p1
2m1

�
hs0z;1jIjsz;1i− ihs0z;1jσjsz;1i×

�
p1
2m1

−
p01
2m0

1

��
hsz;5s̄z;4jσj0i

−hs0z;1jσjsz;1i
��

p5
2m5

þ p4
2m4

�
hsz;5s̄z;4jIj0i− ihsz;5s̄z;4jσj0i×

�
p4
2m4

−
p5
2m5

��

þhs0z;1jσjsz;1i
�

p01
2m0

1

þ p1
2m1

�
hsz;5s̄z;4jIj0i

�
α̂ð−Þ1 ÎP;

HPV
1;1→3¼

GFffiffiffi
2

p VCKMV0
CKM

β

ð2πÞ3δ
3ðp1−p01−p4−p5Þ

	
−hs0z;1jIjsz;1ihsz;5s̄z;4jIj0iþhs0z;1jσjsz;1ihsz;5s̄z;4jσj0i



α̂ð−Þ1 ÎP; ð2:2Þ

in which the PC and PV Hamiltonians are distinguished by an odd or even number of γ5, respectively. I is the two-rank
identity matrix and σ ¼ ðσ1; σ2; σ3Þ are the Pauli matrices. In addition, jsz;ii is an abbreviation of jsi; sz;ii and represents the
spin of the ith quark. The effective Hamiltonian HPC;PV

2;1→3 , which is associated with c2ðμÞ, can be obtained by making the
replacements ðp0

1; m
0
1Þ ⇆ ðp5; m5Þ and s0z;1 ⇆ sz;5 in Eq. (2.2).

Generally, the decay amplitudes of W-emission diagrams of the BiðPi; Ji; JizÞ → BfðPf; Jf; J
f
z Þ þ PðkÞðP≡

pseudoscalar mesonÞ process can be evaluated as

MJfz ;Jiz
T ¼

�
BfðPf; Jf; J

f
z ÞPðkÞj

�
c1ðμÞH1;1→3 þ

c2ðμÞ
Nc

H2;1→3

�
jBiðPi; Ji; JizÞ

�
;

MJfz ;Jiz
C ¼

�
BfðPf; Jf; J

f
z ÞPðkÞj

�
c1ðμÞ
Nc

H1;1→3 þ c2ðμÞH2;1→3

�
jBiðPi; Ji; JizÞ

�
;

MJfz ;Jiz
C0 ¼

�
BfðPf; Jf; J

f
z ÞPðkÞj

�
−
c1ðμÞ
Nc

H1;1→3 þ
c2ðμÞ
Nc

H2;1→3

�
jBiðPi; Ji; JizÞ

�
; ð2:3Þ

where Ji ¼ Jf ¼ 1=2 are the total spins of initial and final baryons and Nc ¼ 3 is a color-suppressed factor. Besides,
Pi ¼ p1 þ p2 þ p3 is the three-momentum of the initial double-charmed baryon, and Pf ¼ p01 þ p2 þ p3ðPf ¼ p2 þ p3 þ
p5;Pf ¼ p01 þ p2 þ p5Þ and k ¼ p4 þ p5ðk ¼ p01 þ p4; k ¼ p3 þ p4Þ are the three-momenta of the final charmed baryon and
pseudoscalar meson, respectively, for TðC;C0Þ diagrams. In the rest frame of the initial state, we have Pi ¼ 0 and Pf ¼ −k.
Taking the T diagram as an example, we can separate the decay amplitude as

MJfz ;Jiz
T ¼

�
BfðPf; Jf; J

f
z ÞPðkÞj

�
c1ðμÞH1;1→3 þ

c2ðμÞ
Nc

H2;1→3

�
jBiðPi; Ji; JizÞ

�

¼ GFffiffiffi
2

p VCKMV 0
CKM

β

ð2πÞ3 δ
3ðp1 − p01 − p4 − p5Þ

X
hSf; Sfz ;Lf; Lf

z jJf; Jfz ihSi; Siz;Li; Li
zjJi; Jizi

×

�
c1ðμÞhϕfχ

Sf;Sfz
f ;ϕPχPjÔ spin

1;1→3Ô
flavor
1;1→3jϕiχ

Si;Siz
i ihψPðkÞψLf;Lf

z
ðPfÞjÔ spatial

1;1→3jψLi;Li
z
ðPiÞi

þ c2ðμÞ
Nc

hϕfχ
Sf;Sfz
f ;ϕPχPjÔ spin

2;1→3Ô
flavor
2;1→3jϕiχ

Si;Siz
i ihψPðkÞψLf;Lf

z
ðPfÞjÔ spatial

2;1→3jψLi;Li
z
ðPiÞi

�
; ð2:4Þ

FIG. 2. Kinematic conventions of the W-emission process.
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where hS; Sz;L; LzjJ; Jzi is the Clebsch-Gordan coefficient, while ϕ, χ, and ψ are the flavor, spin, and spatial wave
functions of corresponding hadrons, respectively. The overlap of color wave functions is reflected in the factor 1=Nc.
Similarly, the concrete expressions for the decay amplitudes of C and C0 diagrams can also be written down.
In Appendix A, we present the spin-flavor matrix elements hBf↓jÔjBi↓i in Tables IX–XI, which contribute to the PC

and PV amplitudes in the T, C, and C0 diagrams, respectively. We emphasize that, particularly for the T diagram, the spin
matrix elements associated with hsz;5s̄z;4jσx;y;zj0i vanish [39]. Likewise, those associated with hs0z;1s̄z;4jσx;y;zj0i vanish for
the C diagram. This is a consequence of the pseudoscalar meson spin wave function. Similarly, the spin-flavor matrix
elements hBf↑jÔjBi↑i can also be obtained, and satisfy

hBf↑jÔjBi↑i ¼
(
−hBf↓jÔjBi↓i; for PC amplitude;

hBf↓jÔjBi↓i; for PV amplitude:
ð2:5Þ

In addition, we also have hBf↑jÔjBi↓i ¼ hBf↓jÔjBi↑i ¼ 0.
After separating out the spin-flavor parts, the remaining spatial wave function overlaps can be expressed as

ILi;Li
z;Lf;Lf

z
i;T ¼ hψPðkÞψLf;Lf

z
ðPfÞjÔ spatial

i;1→3ðpiÞjψLi;Li
z
ðPiÞi

¼
Z

dp1dp2dp3dp01dp4dp5δ
3ðPf − p01 − p2 − p3Þδ3ðPi − p1 − p2 − p3Þδ3ðk − p5 − p4Þ

× δ3ðp1 − p4 − p5 − p01ÞOspatial
i;1→3ðpiÞψ�

Pðp5; p4Þψ�
Lf;Lf

z
ðp01; p3; p2ÞψLi;Li

z
ðp1; p2; p3Þ; ð2:6Þ

ILi;Li
z;Lf;Lf

z
i;C ¼ hψPðkÞψLf;Lf

z
ðPfÞjÔ spatial

i;1→3ðpiÞjψLi;Li
z
ðPiÞi

¼
Z

dp1dp2dp3dp01dp4dp5δ
3ðPf − p5 − p2 − p3Þδ3ðPi − p1 − p2 − p3Þδ3ðk − p01 − p4Þ

× δ3ðp1 − p4 − p5 − p01ÞOspatial
i;1→3ðpiÞψ�

Pðp01; p4Þψ�
Lf;Lf

z
ðp3; p5; p2ÞψLi;Li

z
ðp1; p2; p3Þ; ð2:7Þ

ILi;Li
z;Lf;Lf

z

i;C0 ¼ hψPðkÞψLf;Lf
z
ðPfÞjÔ spatial

i;1→3ðpiÞjψLi;Li
z
ðPiÞi

¼
Z

dp1dp2dp3dp01dp4dp5δ
3ðPf − p01 − p5 − p2Þδ3ðPi − p1 − p2 − p3Þδ3ðk − p3 − p4Þ

× δ3ðp1 − p4 − p5 − p01ÞOspatial
i;1→3ðpiÞψ�

Pðp3; p4Þψ�
Lf;Lf

z
ðp01; p5; p2ÞψLi;Li

z
ðp1; p2; p3Þ; ð2:8Þ

where Ospatial
i;1→3ðpiÞ is the function of pi=ð2miÞ for the PC amplitude and Ospatial

i;1→3ðpiÞ≡ 1 is for the PV amplitude.
After synthesizing the above discussion, especially considering Eq. (2.5), we have the relations

M−1=2;−1=2
PC ¼ −M1=2;1=2

PC ; M−1=2;−1=2
PV ¼ M1=2;1=2

PV ; M−1=2;1=2
PV;PC ¼ M1=2;−1=2

PV;PC ¼ 0; ð2:9Þ

for the T, C, and C0 diagrams.
To describe the spatial wave function of a pseudoscalar meson, we employ the simple harmonic oscillator wave function

[17,30,31]

ψPðk1; k2Þ ¼
1

π3=4R3=2
P

exp

�
−
ðk1 − k2Þ2

8R2
P

�
; ð2:10Þ

where RP is a phenomenal parameter. In this work, we adopt Rπ ¼ 0.28 GeV, RK ¼ 0.50 GeV, Rη ¼ 0.40 GeV, and
Rη0 ¼ 0.90 GeV [31]. Besides, in order to describe the spatial wave function of a charmed baryon, we adopt the expression
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ψL;Lz
ðk1;k2;k3Þ ¼

X
nρ;nλ

X
mρ;mλ

hlρ;mρ; lλ;mλjL;Lzi

×Cðnρ;nλÞψnρ;lρ;mρ
ðρÞψnλ;lλ;mλ

ðλÞ; ð2:11Þ

where the three-momenta of the ρ-mode and λ-mode are
defined as

ρ ¼ m1k2 −m2k1
m1 þm2

;

λ ¼ ðm1 þm2Þk3 −m3ðk1 þ k2Þ
m1 þm2 þm3

; ð2:12Þ

respectively. Cðnρ;nλÞ is a set of coefficients and ψn;l;mðpÞ is
the Gaussian basis function [41]

ψn;l;mðpÞ ¼ Nnl kl e−νnp
2

Ylmðp̂Þ;

Nnl ¼
�
2lþ2ð2νnÞlþ3=2ffiffiffi

π
p ð2lþ 1Þ!!

�
1=2

; ð2:13Þ

where p̂ ¼ p=p is a unit vector and νn is the Gaussian size
parameter. The details of wave functions of charmed
baryons will be presented in Sec. II C.

B. Decay amplitudes of W-exchange
diagrams

Next, we compute the decay amplitudes for the
W-exchange diagrams. Adopting the conventions of
Fig. 3, the effective Hamiltonian associated with c1ðμÞ
can be written as [17,30,31]

HPC
1;2→2 ¼

GFffiffiffi
2

p VCKMV 0
CKM

1

ð2πÞ3
X
i≠j

α̂ð−Þ
i β̂ ðþÞ

j δ3ðp0i þ p0j − pi − pjÞð1 − hs0z;ijσijsz;iihs0z;jjσjjsz;jiÞ;

HPV
1;2→2 ¼

GFffiffiffi
2

p VCKMV 0
CKM

1

ð2πÞ3
X
i≠j

α̂ð−Þ
i β̂ ðþÞ

j δ3ðp0i þ p0j − pi − pjÞ

×

�
−ðhs0z;ijσijsz;ii − hs0z;jjσjjsz;jiÞ

��
pi
2mi

−
pj
2mj

�
þ
�

p0i
2m0

i
−

p0j
2m0

j

��

þ iðhs0z;ijσijsz;ii × hs0z;jjσjjsz;jiÞ
��

pi
2mi

−
pj
2mj

�
−
�

p0i
2m0

i
−

p0j
2m0

j

���
; ð2:14Þ

where, α̂ ð−Þ
i and β̂ ðþÞ

j are flavor-changing operators acting on the ith and jth quarks, respectively. In particular, for the

indicated transitions, we take α̂ ð−Þ
i c ¼ s and β̂ ðþÞ

j d ¼ u for the cd → su transition, α̂ ð−Þ
i c ¼ d and β̂ ðþÞ

j d ¼ u for the

cd → du transition, α̂ ð−Þ
i c ¼ s and β̂ ðþÞ

j s ¼ u for the cs → su transition, and α̂ ð−Þ
i c ¼ d and β̂ ðþÞ

j s ¼ u for the cs → du

transition. Furthermore, the effective Hamiltonian HPC;PV
2;2→2 associated with c2ðμÞ can be obtained from Eq. (2.14) by the

replacements ðp0
i; m

0
iÞ ⇆ ðp0

j; m
0
jÞ and s0z;i ⇆ s0z;j.

In this work, we adopt the pole model to estimate the decay amplitudes for W-exchange diagrams. The pole model has
been widely and successfully applied to evaluate the nonfactorizable amplitudes of charmed-baryon nonleptonic decays
[17–29,33,34]. In the pole model, the general expressions for the decay amplitudes can be written as [17,30,31,39]

iMJfz ;Jiz
Bm−pole ¼ hBfðPf; Jf; J

f
z ÞjHPjBmðPm; Jm; Jmz Þi

i
=pm −Mm þ iΓm=2

hBmðPm; Jm; Jmz ÞjH2→2jBiðPi; Ji; JizÞi; ð2:15Þ

iMJfz ;Jiz
Bm−pole ¼ hBfðPf; Jf; J

f
z ÞjH2→2jBmðPm; Jm; Jmz Þi

i
=pm −Mm þ iΓm=2

hBmðPm; Jm; Jmz ÞjHPjBiðPi; Ji; JizÞi; ð2:16Þ

for E1;2 and E0 diagrams, respectively, according to Fig. 4. The state Bm denotes an intermediate baryon with JP ¼ 1=2þ or

1=2−. Particularly in this work, we take Bm ¼ ðΞð0Þþ
c ;Λþ

c ;Σþ
c Þ for the E1;2 diagrams and Bm ¼ ðΞþ

cc;Ωþ
ccÞ for the E0

diagrams. The pm is the four-momentum, and Mm and Γm are the mass and total width, respectively, of the intermediate
state Bm. Besides, it is worthy to mention that we have Pm ¼ Pi and ðJm; Jmz Þ ¼ ðJi; JizÞ in Eq. (2.15), while we have

FIG. 3. Kinematic conventions of the W-exchange process.
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Pm ¼ Pf and ðJm; Jmz Þ ¼ ðJf; Jfz Þ in Eq. (2.16). In the
numerical evaluation, the approximation of the propagator

1

=p −mþ iΓ=2
≈

2m
p2 −m2 þ iΓm

ð2:17Þ

is employed. Moreover, considering the narrow widths of
involved charmed baryons and large mass differences
between double-charmed baryons and single-charmed
baryons, we further neglect the iΓm term in the numerical
calculation.
The Hamiltonian HP is adopted as the quark-pseudo-

scalar meson coupling as

HP ¼
X
j

Z
dx

1

fP
q̄jðxÞγμγ5qjðxÞ∂μϕPðxÞ; ð2:18Þ

where fP is the pseudoscalar meson decay constant, and
qðxÞ and ϕP denote the quark and pseudoscalar meson

fields, respectively. In our calculation, we adopt the
experimental values fπ ¼ 130 MeV and fK ¼ 156 MeV
[40], and the lattice QCD results fq ¼ 139 MeV and fs ¼
171 MeV for the ηð0Þ mesons [42]. In the nonrelativistic
limit, the effective Hamiltonian can be expanded as
[17,30,31]

HP ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2πÞ32ωP

p X
j

1

fP

�
ωP

�
σ · pjf
2mf

þ σ · pji
2mi

�
− σ · k

�

× ÎjPδ
3ðpjf þ k − pjiÞ; ð2:19Þ

where ωP and k are the energy and three-momentum of the
pseudoscalar meson in the rest frame of the initial state, and
pji and pjf are the initial and final three-momenta of the jth

quark, respectively. Besides, ÎjP represents the isospin
operator acting on the jth quark, with the explicit form
being [31]

ÎP ¼

8>>>>>>>>>>>><
>>>>>>>>>>>>:

b†dbu; for πþ;
1ffiffi
2

p ½b†ubu − b†dbd�; for π0;

b†sbu; for Kþ;

b†uðdÞbs; for K−ðK̄0Þ;
cos ζffiffi

2
p ½b†ubu þ b†dbd� − sin ζ½b†sbs�; for η;

sin ζffiffi
2

p ½b†ubu þ b†dbd� þ cos ζ½b†sbs�; for η0:

ð2:20Þ

Here, ζ ¼ 39.3° [43] is the mixing angle of η and η0, which
is introduced by

�
η

η0

�
¼

�
cos ζ − sin ζ

sin ζ cos ζ

��
ηq

ηs

�
: ð2:21Þ

Taking the decay amplitude in Eq. (2.15) as an example, the concrete expressions of the baryon weak transition matrix
elements for the PC and PV amplitudes can be obtained by performing the integrations

hBmðPi; Ji; JizÞjHPC
1ð2Þ;2→2

jBiðPi; Ji; JizÞi ¼ ð�1Þ × GFffiffiffi
2

p VCKMV 0
CKM

6

ð2πÞ3
Z

dp1dp2dp3dp01dp
0
2dp

0
3δ

3ðp03 − p3Þ

×
X
Siz;Smz

X
Li
z;Lm

z

hSm; Smz ;Lm; Lm
z jJi; JizihSi; Siz;Li; Li

zjJi; Jizi

× hBmðSm; Smz Þjα̂ ð−Þ
1 β̂ ðþÞ

2 Ô spin
1ð2Þ;2→2

jBiðSi; SizÞiδ3ðp01 þ p02 − p1 − p2Þ
× ψ�

Lm;Lm
z
ðp01; p02; p03ÞψLi;Li

z
ðp1; p2; p3Þδ3ðPi − p1 − p2 − p3Þδ3ðPi − p01 − p02 − p03Þ;

ð2:22Þ

FIG. 4. Corresponding pole diagrams of the W-exchange
processes.
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hBmðPi; Ji; JizÞjHPV
1ð2Þ;2→2

jBiðPi; Ji; JizÞi ¼ ð�1Þ × GFffiffiffi
2

p VCKMV 0
CKM

6

ð2πÞ3
Z

dp1dp2dp3dp01dp
0
2dp

0
3δ

3ðp03 − p3Þ

×
X
Siz;Smz

X
Li
z;Lm

z

hSm; Smz ;Lm; Lm
z jJi; JizihSi; Siz;Li; Li

zjJi; Jizi

× hBmðSm; Smz Þjα̂ ð−Þ
1 β̂ ðþÞ

2 Ô spin
1ð2Þ;2→2

jBiðSi; SizÞiδ3ðp01 þ p02 − p1 − p2Þ
× ψ�

Lm;Lm
z
ðp01; p02; p03ÞOspatial

1ð2Þ;2→2
ðpiÞψLi;Li

z
ðp1; p2; p3Þδ3ðPi − p1 − p2 − p3Þ

× δ3ðPi − p01 − p02 − p03Þ; ð2:23Þ

where the factor �1 is the color wave function overlap and 6 is the flavor symmetry factor. Besides, the concerned spin-
flavor matrix elements for PC and PV amplitudes of W-exchange diagrams are summarized in Tables XII and XIII in
Appendix B, respectively.
As for the transition matrix element hBfðPfÞjHPjBmðPiÞi, we can evaluate it as

hBfðPf; Jf; J
f
z ÞjHPjBmðPi; Ji; JizÞi ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2πÞ32ωP

p 1

fP

Z
dp1dp2dp3dp01dp

0
2dp

0
3δ

3ðp01 − p1Þδ3ðp02 − p2Þ

×
X
Sfz ;Smz

X
Lf
z ;Lm

z

hSf; Sfz ;Lf; Lf
z jJf; Jfz ihSm; Smz ;Lm; Lm

z jJi; Jizi

× hBfðSf; Sfz ÞjÎPð−σ · kÞjBmðSm; Smz Þi
ωP þ 2ðm1 þm2 þm3Þ

2ðm1 þm2 þm3Þ
δ3ðp03 − p3 þ kÞ

× ψ�
Lf;Lf

z
ðp01; p02; p03ÞψLm;Lm

z
ðp1; p2; p3Þδ3ðPi − p1 − p2 − p3Þδ3ðPf − p01 − p02 − p03Þ;

ð2:24Þ

in which the spin-flavor matrix element can be divided as

hB0jÎPð−σ · kÞjBi ¼ −k × hB0jÎPσzjBi; ð2:25Þ

where k≡ jkj. We summarize the values of matrix elements hB0↓jÎPσzjB↓i in Tables XIV and XV in Appendix B.
Obviously, we have hB0̄

3
jÎPσzjB3̄i ¼ 0 due to the heavy quark symmetry.

Analogously, the decay amplitude in Eq. (2.16) can also be obtained. Besides, based on the above discussion, we have the
relations

M−1=2;−1=2
PC ¼ −M1=2;1=2

PC ; M−1=2;−1=2
PV ¼ M1=2;1=2

PV ; M−1=2;1=2
PV;PC ¼ M1=2;−1=2

PV;PC ¼ 0 ð2:26Þ

for the W-exchange diagram.

C. Nonrelativistic potential and baryon wave functions

In this section, we illustrate how to obtain the wave functions of baryons. For this purpose, we employ a nonrelativistic
Hamiltonian [44–46],

H ¼
X

i¼1;2;3

�
p2
i

2mi
þmi

�
þ
X
i<j

Vij; ð2:27Þ

to describe a baryon system, wheremi and pi are the mass and momentum of the ith quark, respectively. The nonrelativistic

quark-quark interaction is given by Vij ¼ Vcon
ij þ Vhyp

ij þ VsoðcmÞ
ij þ VsoðtpÞ

ij , where the confinement potential Vcon
ij , hyperfine

potential Vhyp
ij , color-magnetic spin-orbit potential VsoðcmÞ

ij , and Thomas-procession spin-orbit potential VsoðtpÞ
ij are given

explicitly as [47–50]
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Vconf
ij ¼ −

2

3

αs
rij

þ b
2
rij þ

C
2
; ð2:28Þ

Vhyp
ij ¼ 2αs

3mimj

�
8π

3
δ̃ðrijÞSi · Sj

þ 1

r3ij

�
3si · rijsj · rij

r2ij
− Si · Sj

��
; ð2:29Þ

VsoðcmÞ
ij ¼ 2αs

3r3ij

�
rij × pi · si

m2
i

−
rij × pj · sj

m2
j

−
rij × pj · si − rij × pi · sj

mimj

�
; ð2:30Þ

VsoðtpÞ
ij ¼−

1

2rij

∂Vconf
ij

∂rij

�
rij×pi ·si

m2
i

−
rij×pj ·sj

m2
j

�
: ð2:31Þ

In the nonrelativistic quark potential, there are four phe-
nomenological parameters:
(1) the one-gluon exchange coupling constant αs,
(2) the linear-confinement strength b,
(3) the constant C, and
(4) the smearing parameter σ, which is introduced by

δ̃ðrijÞ ¼
σ3

π3=2
expð−σ2r2ijÞ: ð2:32Þ

The phenomenological parameters of the nonrelativistic
potential model are shown in Table II, which can be
constrained by the well-established low-lying charmed
baryon spectrum.
In the study of the baryon spectrum, the masses and wave

functions can be obtained by the solving Schrödinger
equation with the nonrelativistic Hamiltonian

HjΨJ;MJ
i ¼ EjΨJ;MJ

i; ð2:33Þ

in which the baryon wave function ΨJ;MJ
can be con-

structed suing the L − S coupling:

ΨJ;MJ
¼

X
α

CðαÞΨðαÞ
J;MJ

;

ΨðαÞ
J;MJ

¼ χcolor½½½sq1 sq2 �Sρ sq3 �Sψ
spatial
lρ;lλ;L

ðrρ; rλÞ�J;MJ
ψ flavor:

ð2:34Þ

Here, CðαÞ is a coefficient, and α represents all possible
quantum numbers. Besides, the spatial wave function
ψ spatial
lρ;lλ;L

consists of ρ-mode and λ-mode excitations as

ψ spatial
lρ;lλ;L

ðrρ; rλÞ ¼
X
mρ;mλ

hlρ; mρ; lλ; mλjL;mρ þmλi

× ψ lρ;mρ
ðrρÞψ lλ;mλ

ðrλÞ; ð2:35Þ

with the corresponding Jacobi coordinates being defined as

rρ ¼ r2 − r1;

rλ ¼ r3 −
m1r1 þm2r2
m1 þm2

; ð2:36Þ

respectively. This is consistent with the picture in which a
single-charmed baryon is treated as a bound state of a light-
quark cluster and a charm quark, whereas a double-
charmed baryon is regarded as a bound state of a ðccÞ
cluster and a light quark, as shown in Fig. 5.
In the Gaussian expansion method, the infinitesimal-shift

Gaussian basis [41,51]

ϕG
nlmðrÞ¼ϕG

nlðrÞYlmðr̂Þ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ2ð2νnÞlþ3=2ffiffiffi

π
p ð2lþ1Þ!!

s
lim
ε→0

1

ðνnεÞl
Xkmax

k¼1

Clm;ke−νnðr−εDlm;kÞ2

ð2:37Þ

is adopted to expand the spatial wave functions ψ lρ;mρ
and

ψ lλ;mλ
, in which the Gaussian size parameter νn in our

computations follows a geometric progression sequence
[18,52,53],

TABLE II. Parameters used in the nonrelativistic potential
model. Besides, the masses of constituent quarks are taken
as mu;d ¼ 370 MeV, ms ¼ 600 MeV, and mc ¼ 1880 MeV
[47–49].

Parameters Values Parameters Values

αs 0.560 b (GeV2) 0.125
σ (GeV) 1.600 C (GeV) −0.644

FIG. 5. Definition of Jacobi coordinates of the ρ-mode and
λ-mode of the charmed baryon. We set q1q2q3 ¼ ðqqcÞ for
single-charmed baryons and q1q2q3 ¼ ðccqÞ for double-charmed
baryons.
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νn ¼ 1=r2n; rn ¼ rminan−1;

a ¼ ðrmax=rminÞ
1

nmax−1; ð2:38Þ

with ðrρmin
; rρmax

; nρmax
Þ ¼ ð0.1 fm; 3.0 fm; 10Þ and

ðrλmin
; rλmax

; nλmax
Þ ¼ ð0.1 fm; 3.0 fm; 10Þ. The Gaussian

basis in momentum space can be obtained with the
replacements r → p and νn → 1=ð4νnÞ.
Finally, with the nonrelativistic potential and baryon

wave function prepared, we further solve the Schrödinger
equation using the Gaussian expansion method [41,51]:

ðTα0;α þ Vα0;αÞCðαÞ ¼ ENα0;αCðαÞ; ð2:39Þ

where the matrix elements can be evaluated as

Tα0;α ¼
�
Ψðα0Þ

J;MJ
j
� X
i¼1;2;3

�
p2
i

2mi
þmi

��
jΨðαÞ

J;MJ

�
;

Vα0;α ¼
D
Ψðα0Þ

J;MJ
j
X
i<j

VijjΨðαÞ
J;MJ

E
;

Nα0;α ¼
D
Ψðα0Þ

J;MJ
jΨðαÞ

J;MJ

E
: ð2:40Þ

III. NUMERICAL RESULTS

Before calculating the weak decay amplitudes, we first
discuss the masses and spatial wave functions of the
relevant low-lying charmed baryons. Adopting the non-
relativistic potential in Eqs. (2.28)–(2.31) with the phe-
nomenological parameters in Table II, we are able to get
the masses of corresponding charmed baryons along with
their spatial wave functions after solving the three-body

TABLE III. Comparison of theoretical and experimental values of masses of concerned charmed baryons.

States Quantum numbers ðlρ; lλ; L; Sρ; S; JPÞ PDG name This work [MeV] Expt. [40] [MeV]

Λcð1SÞ ð0; 0; 0; 0; 1
2
; 1
2
þÞ Λþ

c 2280 2286

Λcð2SÞ ð0; 0; 0; 0; 1
2
; 1
2
þÞ Λcð2765Þþ 2786 2765

Λcð12PλÞ ð0; 1; 1; 0; 1
2
; 1
2
−Þ Λcð2595Þþ 2593 2595

Σcð1SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ Σcð2455Þþþ;þ;0 2470 2455

Σcð2SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ 2953

Σcð12PλÞ ð0; 1; 1; 1; 1
2
; 1
2
−Þ 2798

Σcð14PλÞ ð0; 1; 1; 1; 3
2
; 1
2
−Þ 2787

Ξcð1SÞ ð0; 0; 0; 0; 1
2
; 1
2
þÞ Ξþ;0

c 2481 2470

Ξcð2SÞ ð0; 0; 0; 0; 1
2
; 1
2
þÞ Ξcð2970Þþ;0 2961 2970

Ξcð12PλÞ ð0; 1; 1; 0; 1
2
; 1
2
−Þ Ξcð2790Þþ;0 2780 2790

Ξ0
cð1SÞ ð0; 0; 0; 1; 1

2
; 1
2
þÞ Ξ0þ;0

c 2589 2580

Ξ0
cð2SÞ ð0; 0; 0; 1; 1

2
; 1
2
þÞ 3058

Ξ0
cð12PλÞ ð0; 1; 1; 1; 1

2
; 1
2
−Þ 2908

Ξ0
cð14PλÞ ð0; 1; 1; 1; 3

2
; 1
2
−Þ 2894

Ωcð1SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ Ω0

c 2701 2695

Ωcð2SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ 3163

Ωcð12PλÞ ð0; 1; 1; 1; 1
2
; 1
2
−Þ 3018

Ωcð14PλÞ ð0; 1; 1; 1; 3
2
; 1
2
−Þ 3000

Ξccð1SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ Ξþþ

cc 3649 3621

Ξccð2SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ 4064

Ξccð12PρÞ ð1; 0; 1; 0; 1
2
; 1
2
−Þ 3965

Ξccð12PλÞ ð0; 1; 1; 1; 1
2
; 1
2
−Þ 4064

Ξccð14PλÞ ð0; 1; 1; 1; 3
2
; 1
2
−Þ 4011

Ωccð1SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ 3751

Ωccð2SÞ ð0; 0; 0; 1; 1
2
; 1
2
þÞ 4185

Ωccð12PρÞ ð1; 0; 1; 0; 1
2
; 1
2
−Þ 4077

Ωccð12PλÞ ð0; 1; 1; 1; 1
2
; 1
2
−Þ 4149

Ωccð14PλÞ ð0; 1; 1; 1; 3
2
; 1
2
−Þ 4093
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Schrödinger equation. The computed results of masses are
summarized in Table III. Overall, our results for the masses
of low-lying charmed baryons are comparable to the
experimental values.
Having prepared the charmed-baryon wave functions,

we are subsequently able to calculate the weak decay
amplitudes numerically. The CKM matrix elements are
adopted in the Wolfenstein parametrization as

Vud ¼ 1 − λ2=2; Vus ¼ λ;

Vcd ¼ −λ; Vcs ¼ 1 − λ2=2; ð3:1Þ

where λ ¼ 0.22501 [40]. The decay amplitudes for CF,
SCS, and DCS processes are presented in Tables IV, V, and
VI, respectively. Here, we use the symbols ×ðwÞ and ×ðsÞ
to mark that the corresponding decay amplitude vanishes
due to the relevant weak or strong interaction vertex,
respectively. According to the pole model, the nonfactor-
izable amplitudes arising from W-exchange diagrams are
evaluated by considering intermediate low-lying poles,

specifically, Λþ
c , Σþ

c , Ξ
ð0Þþ
c , Ξþ

cc, and Ωþ
cc in this work. In

our calculation, for the PC amplitudes induced by double-
charmed baryon poles, the contribution from the 2S pole is
significantly suppressed compared with that of the 1S pole.
However, for single-charmed baryon poles, the 2S pole
contribution remains comparable to that of the 1S pole. For
the PV amplitudes, the main contribution arises from
double-charmed baryon poles, who have quantum numbers
14Pλ. In comparison, the contributions from either single-
charmed or double-charmed baryon poles with quantum
numbers 12Pλ are small.
In Table VII, we compare our results of factorizable

and nonfactorizable amplitudes of PVand PC amplitudes of
CF decays with other theoretical works [32–35,54], in
which particularly the nonfactorizable contributions from

W-exchange diagrams were estimated using the covariant
confined quark model [35], or the pole model, with relevant
nonperturbative parameters being derived from the MIT
bag model [33] or flavor symmetry [32,34]. In addition, the
authors of Ref. [54] considered long-distance contributions
arising from final-state-interaction (FSI) effects. In this
table, the decay amplitudes A and B are defined by

M½Bi → Bf þ P� ¼ ūfðA − Bγ5Þui; ð3:2Þ
and they can be converted to MPV;PC by

MPV ¼ 1

4π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf

πEfEP

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef þmf

2mf

s
χ†fχiA;

MPC ¼ 1

4π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf

πEfEP

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef þmf

2mf

s
χ†f

σ · Pf

Ef þmf
χiB: ð3:3Þ

Clearly, the decay mode Ωþ
cc → Ω0

cπ
þ receives a contribu-

tion only from the T diagram and is therefore purely
factorizable. Our computed PV and PC amplitudes are
comparable with those of Refs. [32–34], except that the PC
amplitude is almost a factor of 2 larger than that of
Ref. [34]. The decay mode Ωþ

cc → Ξþ
c K̄0 receives sub-

stantial contributions from nonfactorizable amplitudes. For
both the PV and PC amplitudes, the factorizable and
nonfactorizable parts interfere destructively. This is con-
sistent with the results of Refs. [33,35]. In contrast, the
decay mode Ωþ

cc → Ξ0þ
c K̄0 has a small nonfactorizable

contribution in the pole model. However, a theoretical
study suggested that the FSI effects may play a significant
role in the nonfactorizable amplitude of Ωþ

cc → Ξ0þ
c K̄0

decay [54]. More theoretical analyses are required to verify
the nonfactorizable contributions.
Moving forward, we present a systematic investigation

of the branching fractions and up-down decay asymmetry

TABLE IV. Decay amplitudes M−1=2;−1=2
PC;PV (in the units of 10−4GF GeV3=2) of CF decays.

M−1=2;−1=2
PC M−1=2;−1=2

PV

Ωþ
cc → Ω0

cπ
þ T-diagram −53.96 T-diagram 22.21

Ωþ
cc → Ξþ

c K̄0 C-diagram 17.69 C-diagram −35.61
C0-diagram −3.61 C0-diagram 12.14
Ξþ
ccð1SÞ-pole −54.75 Ξþ

ccð12PρÞ-pole ×ðsÞ
Ξþ
ccð2SÞ-pole −2.57 Ξþ

ccð12PλÞ-pole −1.90
Ξþ
ccð14PλÞ-pole 70.04

Total −43.24 Total 44.67

Ωþ
cc → Ξ0þ

c K̄0 C-diagram −43.65 C-diagram 20.32
C0-diagram 0 C0-diagram 0
Ξþ
ccð1SÞ-pole ×ðwÞ Ξþ

ccð12PρÞ-pole ×ðsÞ
Ξþ
ccð2SÞ-pole ×ðwÞ Ξþ

ccð12PλÞ-pole 0
Ξþ
ccð14PλÞ-pole ×ðwÞ

Total −43.65 Total 20.32
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TABLE V. Same as Table IV but for SCS decays.

M−1=2;−1=2
PC M−1=2;−1=2

PV M−1=2;−1=2
PC M−1=2;−1=2

PV

Ωþ
cc → Ξ0

cπ
þ T-diagram 2.78 T-diagram −4.43 Ωþ

cc → Ξ00
c π

þ T-diagram −6.91 T-diagram 2.49
Ξþ
c ð1SÞ-pole ×ðsÞ Ξþ

c ð12PλÞ-pole ×ðsÞ Ξþ
c ð1SÞ-pole 16.20 Ξþ

c ð12PλÞ-pole −0.14
Ξþ
c ð2SÞ-pole ×ðsÞ Ξ0þ

c ð12PλÞ-pole 0 Ξþ
c ð2SÞ-pole 8.48 Ξ0þ

c ð12PλÞ-pole 0
Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0 Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0
Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð2SÞ-pole ×ðwÞ
Total 2.78 Total −4.43 Total 17.77 Total 2.35

Ωþ
cc → Ω0

cKþ T-diagram −24.56 T-diagram 13.54 Ωþ
cc → Σþþ

c K− Ξþ
c ð1SÞ-pole 17.15 Ξþ

c ð12PλÞ-pole −0.17
Ξþ
c ð1SÞ-pole −30.26 Ξþ

c ð12PλÞ-pole 0.18 Ξþ
c ð2SÞ-pole 8.27 Ξ0þ

c ð12PλÞ-pole 0
Ξþ
c ð2SÞ-pole −9.55 Ξ0þ

c ð12PλÞ-pole 0 Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0
Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0 Ξ0þ
c ð2SÞ-pole ×ðwÞ

Ξ0þ
c ð2SÞ-pole ×ðwÞ

Total 25.42 Total −0.17
Total −64.37 Total 13.72

Ωþ
cc → Ξþ

c η C-diagram −3.43 C-diagram 7.14 Ωþ
cc → Ξ0þ

c η C-diagram 8.45 C-diagram −4.09
C0-diagram 0.29 C0-diagram −1.72 C0-diagram 0 C0-diagram 0
Ωþ

ccð1SÞ-pole 10.43 Ωþ
ccð12PρÞ-pole ×ðsÞ Ωþ

ccð1SÞ-pole ×ðwÞ Ωþ
ccð12PρÞ-pole ×ðsÞ

Ωþ
ccð2SÞ-pole 0.62 Ωþ

ccð12PλÞ-pole 0.34 Ωþ
ccð2SÞ-pole ×ðwÞ Ωþ

ccð12PλÞ-pole 0
Ξþ
c ð1SÞ-pole ×ðsÞ Ωþ

ccð14PλÞ-pole −7.20 Ξþ
c ð1SÞ-pole 18.09 Ωþ

ccð14PλÞ-pole ×ðwÞ
Ξþ
c ð2SÞ-pole ×ðsÞ Ξþ

c ð12PλÞ-pole ×ðsÞ Ξþ
c ð2SÞ-pole 7.76 Ξþ

c ð12PλÞ-pole −0.15
Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð12PλÞ-pole 0 Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð12PλÞ-pole 0
Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0 Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0

Total 7.91 Total −1.44 Total 34.3 Total −4.24

Ωþ
cc → Ξþ

c η
0 C-diagram 1.17 C-diagram −9.04 Ωþ

cc → Ξ0þ
c η0 C-diagram −2.43 C-diagram 5.42

C0-diagram −0.30 C0-diagram 2.19 C0-diagram 0 C0-diagram 0
Ωþ

ccð1SÞ-pole −12.64 Ωþ
ccð12PρÞ-pole ×ðsÞ Ωþ

ccð1SÞ-pole ×ðwÞ Ωþ
ccð12PρÞ-pole ×ðsÞ

Ωþ
ccð2SÞ-pole −0.42 Ωþ

ccð12PλÞ-pole −0.34 Ωþ
ccð2SÞ-pole ×ðwÞ Ωþ

ccð12PλÞ-pole 0
Ξþ
c ð1SÞ-pole ×ðsÞ Ωþ

ccð14PλÞ-pole 6.74 Ξþ
c ð1SÞ-pole −3.44 Ωþ

ccð14PλÞ-pole ×ðwÞ
Ξþ
c ð2SÞ-pole ×ðsÞ Ξþ

c ð12PλÞ-pole ×ðsÞ Ξþ
c ð2SÞ-pole −0.62 Ξþ

c ð12PλÞ-pole 0.020
Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð12PλÞ-pole 0 Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð12PλÞ-pole 0
Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0 Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0

Total −12.19 Total −0.45 Total −6.49 Total 5.44

Ωþ
cc → Ξþ

c π
0 C-diagram 1.37 C-diagram −2.18 Ωþ

cc → Ξ0þ
c π0 C-diagram −3.40 C-diagram 1.22

Ξþ
c ð1SÞ-pole ×ðsÞ Ξþ

c ð12PλÞ-pole ×ðsÞ Ξþ
c ð1SÞ-pole 11.45 Ξþ

c ð12PλÞ-pole −0.10
Ξþ
c ð2SÞ-pole ×ðsÞ Ξ0þ

c ð12PλÞ-pole 0 Ξþ
c ð2SÞ-pole 5.99 Ξ0þ

c ð12PλÞ-pole 0
Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0 Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0
Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð2SÞ-pole ×ðwÞ
Total 1.37 Total −2.18 Total 14.04 Total 1.12

Ωþ
cc → Σþ

c K̄0 C0-diagram 0 C0-diagram 0 Ωþ
cc → Λþ

c K̄0 C0-diagram 0.85 C0-diagram −2.60
Ξþ
ccð1SÞ-pole ×ðwÞ Ξþ

ccð12PρÞ-pole ×ðsÞ Ξþ
ccð1SÞ-pole 10.71 Ξþ

ccð12PρÞ-pole ×ðsÞ
Ξþ
ccð2SÞ-pole ×ðwÞ Ξþ

ccð12PλÞ-pole 0 Ξþ
ccð2SÞ-pole 0.57 Ξþ

ccð12PλÞ-pole 0.40
Ξþ
c ð1SÞ-pole 12.13 Ξþ

ccð14PλÞ-pole ×ðwÞ Ξþ
c ð1SÞ-pole ×ðsÞ Ξþ

ccð14PλÞ-pole −15.66
Ξþ
c ð2SÞ-pole 5.85 Ξþ

c ð12PλÞ-pole −0.12 Ξþ
c ð2SÞ-pole ×ðsÞ Ξþ

c ð12PλÞ-pole ×ðsÞ
Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð12PλÞ-pole 0 Ξ0þ
c ð1SÞ-pole ×ðwÞ Ξ0þ

c ð12PλÞ-pole 0
Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0 Ξ0þ
c ð2SÞ-pole ×ðwÞ Ξ0þ

c ð14PλÞ-pole 0

Total 17.98 Total −0.12 Total 12.13 Total −17.86
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parameters α for two-body nonleptonic decays of Ωþ
cc. The

decay width can be obtained using

ΓðBi→BfPÞ¼
8π2

2Jiþ1

kEfEP

mi

X
sfz ;siz

ðjMsfz ;siz
PC j2þjMsfz ;siz

PV j2Þ;

ð3:4Þ
where mi is the mass of particle Bi, Ef and EP are the
energies of Bf and P, respectively, and J is the total spin of

the initial state Bi. At the same time, we also evaluate the
asymmetry parameter α, defined by

α ¼ 2Re½ðM−1=2;−1=2
PV Þ�M−1=2;−1=2

PC �
jM−1=2;−1=2

PC j2 þ jM−1=2;−1=2
PV j2

: ð3:5Þ

We present our computed results together with those from
other theoretical studies for a comprehensive comparison
in Table VIII. In general, the CF modes exhibit larger

TABLE VI. Same as Table IV but for DCS decays.

M−1=2;−1=2
PC M−1=2;−1=2

PV M−1=2;−1=2
PC M−1=2;−1=2

PV

Ωþ
cc → Ξ0

cKþ T-diagram 1.35 T-diagram −2.73 Ωþ
cc → Ξ00

c Kþ T-diagram −3.34 T-diagram 1.56
Λþ
c ð1SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ Λþ
c ð1SÞ-pole −3.41 Λþ

c ð12PλÞ-pole 0.028
Λþ
c ð2SÞ-pole ×ðsÞ Σþ

c ð12PλÞ-pole 0 Λþ
c ð2SÞ-pole −1.64 Σþ

c ð12PλÞ-pole 0
Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0 Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0
Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð2SÞ-pole ×ðwÞ
Total 1.35 Total −2.73 Total −8.39 Total 1.59

Ωþ
cc → Ξþ

c K0 C-diagram −0.94 C-diagram 1.90 Ωþ
cc → Ξ0þ

c K0 C-diagram 2.33 C-diagram −1.08
Λþ
c ð1SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ Λþ
c ð1SÞ-pole 3.41 Λþ

c ð12PλÞ-pole −0.028
Λþ
c ð2SÞ-pole ×ðsÞ Σþ

c ð12PλÞ-pole 0 Λþ
c ð2SÞ-pole 1.64 Σþ

c ð12PλÞ-pole 0
Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0 Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0
Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð2SÞ-pole ×ðwÞ
Total −0.94 Total 1.90 Total 7.38 Total −1.11

Ωþ
cc → Σþ

c π
0 Λþ

c ð1SÞ-pole 4.40 Λþ
c ð12PλÞ-pole −0.044 Ωþ

cc → Λþ
c π

0 Λþ
c ð1SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ
Λþ
c ð2SÞ-pole 2.64 Σþ

c ð12PλÞ-pole ×ðsÞ Λþ
c ð2SÞ-pole ×ðsÞ Σþ

c ð12PλÞ-pole 0
Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0 Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0
Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð2SÞ-pole ×ðwÞ
Total 7.04 Total −0.044 Total 0 Total 0

Ωþ
cc → Σ0

cπ
þ Λþ

c ð1SÞ-pole 4.40 Λþ
c ð12PλÞ-pole −0.044 Ωþ

cc → Σþþ
c π− Λþ

c ð1SÞ-pole −4.40 Λþ
c ð12PλÞ-pole 0.044

Λþ
c ð2SÞ-pole 2.64 Σþ

c ð12PλÞ-pole 0 Λþ
c ð2SÞ-pole −2.64 Σþ

c ð12PλÞ-pole 0
Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0 Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0
Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð2SÞ-pole ×ðwÞ
Total 7.04 Total −0.044 Total −7.04 Total 0.044

Ωþ
cc → Σþ

c η C0-diagram 0 C0-diagram 0 Ωþ
cc → Λþ

c η C0-diagram −0.068 C0-diagram 0.37
Ωþ

ccð1SÞ-pole ×ðwÞ Ωþ
ccð12PρÞ-pole ×ðsÞ Ωþ

ccð1SÞ-pole −2.16 Ωþ
ccð12PρÞ-pole ×ðsÞ

Ωþ
ccð2SÞ-pole ×ðwÞ Ωþ

ccð12PλÞ-pole 0 Ωþ
ccð2SÞ-pole −0.16 Ωþ

ccð12PλÞ-pole −0.077
Λþ
c ð1SÞ-pole ×ðsÞ Ωþ

ccð14PλÞ-pole ×ðwÞ Λþ
c ð1SÞ-pole ×ðsÞ Ωþ

ccð14PλÞ-pole 1.66
Λþ
c ð2SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ Λþ
c ð2SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ
Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð12PλÞ-pole 0 Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð12PλÞ-pole ×ðsÞ
Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0 Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0

Total 0 Total 0 Total −2.39 Total 1.95

Ωþ
cc → Σþ

c η
0 C0-diagram 0 C0-diagram 0 Ωþ

cc → Λþ
c η

0 C0-diagram 0.082 C0-diagram −0.49
Ωþ

ccð1SÞ-pole ×ðwÞ Ωþ
ccð12PρÞ-pole ×ðsÞ Ωþ

ccð1SÞ-pole 2.86 Ωþ
ccð12PρÞ-pole ×ðsÞ

Ωþ
ccð2SÞ-pole ×ðwÞ Ωþ

ccð12PλÞ-pole 0 Ωþ
ccð2SÞ-pole 0.14 Ωþ

ccð12PλÞ-pole 0.093
Λþ
c ð1SÞ-pole ×ðsÞ Ωþ

ccð14PλÞ-pole ×ðwÞ Λþ
c ð1SÞ-pole ×ðsÞ Ωþ

ccð14PλÞ-pole −1.87
Λþ
c ð2SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ Λþ
c ð2SÞ-pole ×ðsÞ Λþ

c ð12PλÞ-pole ×ðsÞ
Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð12PλÞ-pole 0 Σþ
c ð1SÞ-pole ×ðwÞ Σþ

c ð12PλÞ-pole ×ðsÞ
Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0 Σþ
c ð2SÞ-pole ×ðwÞ Σþ

c ð14PλÞ-pole 0

Total 0 Total 0 Total 3.08 Total −2.27
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TABLE VII. Comparison of factorizable and nonfactorizable amplitudes (in units of 10−2GF GeV−2), as well as the branching
fractions and asymmetry parameters α of CF decays by various theoretical works. It should be mentioned that the lifetime of Ωþ

cc is
chosen as τΩþ

cc
¼ 128 fs in this table.

Ωþ
cc → Ω0

cπ
þ process Afac Anf Atot Bfac Bnf Btot B α

This work 4.78 0 4.78 −71.52 0 −71.52 4.41% −0.70
Ref. [33] 5.71 0 5.71 −67.48 0 −67.48 3.96% −0.83
Ref. [32]a NRQM 6.25 0 6.25 −81.75 0 −81.75 6.02% −0.77

HQET 7.32 0 7.32 −95.32 0 −95.32 8.19% −0.77
Ref. [34] −4.11 0 −4.11 32.96 0 32.96 1.33% −0.96
Ref. [54] −7.39þ0.07

−0.07 0 −7.39þ0.07
−0.07 61.60þ0.57

−0.57 0 61.60þ0.57
−0.57 ð6.81þ0.13

−0.13 Þ% −0.96

Ωþ
cc → Ξþ

c K̄0process

This work −8.45 19.05 10.60 22.03 −75.88 −53.85 6.11% −1.00
Ref. [35] −4.02 12.17 8.15 6.20 −19.23 −13.02 1.98% −0.54
Ref. [33] 2.62 −8.90 −6.28 −5.29 13.40 8.11 1.15% −0.45
Ref. [32]a NRQMþ FI 3.43 0 3.43 −8.13 −25.26 −33.39 1.47% −0.84

HQETþ FI 5.58 0 5.58 −11.55 −25.26 −36.81 2.26% −0.97
NRQMþ FD 3.43 0 3.43 −8.13 −53.00 −61.13 4.14% −0.54
HQETþ FD 5.58 0 5.58 −11.55 −53.00 −64.56 5.13% −0.75

Ref. [54] 0.12þ0.00
−0.00 ð2.41þ1.13

−0.98−
4.31þ1.79

−2.14 iÞ
ð2.53þ1.13

−0.98−
4.31þ1.79

−2.14 iÞ
−0.96þ0.01

−0.01 ð3.36þ1.24
−1.23þ

11.10þ4.39
−5.21 iÞ

ð2.40þ1.24
−1.23þ

11.10þ4.39
−5.21 iÞ

ð1.33þ1.56
−0.89 Þ% −0.54þ0.01

−0.03

Ωþ
cc → Ξ0þ

c K̄0 process

This work 4.64 0 4.64 −59.24 0 −59.24 3.21% −0.77
Ref. [35] 2.26 −0.11 2.14 −17.34 0.69 −16.64 0.31% −0.97
Ref. [33] −1.68 −0.04 −1.72 17.44 0.06 17.50 0.29% −0.88
Ref. [32]a NRQM −2.15 0 −2.15 26.9 0 26.9 0.67% −0.78

HQET −2.96 0 −2.96 37.6 0 37.6 1.30% −0.77
Ref. [54] 0.08þ0.00

−0.00 ð0.99þ0.53
−0.44−

1.63þ0.64
−0.73 iÞ

ð1.10þ0.53
−0.44−

1.63þ0.64
−0.73 iÞ

−0.68þ0.01
−0.01 ð5.86þ2.08

−2.05þ
8.35þ3.00

−3.39 iÞ
ð4.90þ2.08

−2.05þ
8.35þ3.00

−3.39 iÞ
ð0.27þ0.28

−0.16 Þ% −0.42þ0.02
−0.04

a “NRQM” and “HQET” represent that the factorizable amplitudes are obtained using the nonrelativistic quark model and heavy
quark effective theory, respectively, and “FI” and “FD” represent that the pole amplitudes are obtained without or with considering the
flavor-dependent effects, respectively.

TABLE VIII. Branching fractions and up-down decay asymmetry parameters α of two-body nonleptonic decays of the double-
charmed baryon Ωþ

cc. It should be noted that the lifetime of Ωþ
cc is adopted as 128 fs in this work, 300 fs in Ref. [32], and 206 fs

in Ref. [54].

This work Ref. [32] Ref. [54]

B α B α B α

CF decays

Ωþ
cc → Ω0

cπ
þ 4.41% −0.70 (12.6, 17.2)% ð−0.794;−0.800Þ ð6.81þ0.13

−0.13 Þ% −0.96

Ωþ
cc → Ξþ

c K̄0 6.11% −1.00 (3.1, 4.9)% ð−0.855;−0.982Þ ð1.33þ1.56
−0.89 Þ% −0.54þ0.01

−0.03

Ωþ
cc → Ξ0þ

c K̄0 3.21% −0.77 (1.4, 2.7)% ð−0.791;−0.789Þ ð2.74þ2.83
−1.66 Þ × 10−3 −0.42þ0.02

−0.04

SCS decays

Ωþ
cc → Ξ0

cπ
þ 0.45 × 10−3 −0.90 ð1.6; 3.7Þ × 10−3 (0.640, 0.198) ð2.99þ0.34

−0.26 Þ × 10−3 −0.34þ0.07
−0.07

Ωþ
cc → Ξ00

c π
þ 4.80 × 10−3 0.26 ð1.6; 3.9Þ × 10−3 ð−0.934;−0.871Þ ð0.96þ0.19

−0.10 Þ × 10−3 −0.74þ0.37
−0.19

Ωþ
cc → Ω0

cKþ 5.09% −0.41 ð1.2; 1.5Þ% ð−0.759;−0.780Þ ð5.03þ0.35
−0.29 Þ × 10−3 −0.98þ0.00

−0.00

(Table continued)
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branching fractions, whereas the SCS and DCS modes are
suppressed by CKM matrix elements. Our results indicate
that the branching fractions of the CF decays Ωþ

cc → Ω0
cπ

þ

and Ξð0Þþ
c πþ reach up to a few percent. Interestingly, several

SCS channels—Ωþ
cc → Ω0

cKþ, Σþþ
cc K−, Ξ0þ

c η, and Λþ
c K̄0—

can also reach the few-percent level. Particularly for the
Ωþ

cc → Ω0
cKþ decay, owing to the large factorizable ampli-

tude and constructive pole contributions, the branching
fraction is comparable to that of the CF decays. Besides, the
purely W-exchanged process Ωþ

cc → Σþþ
c K− has large

nonfactorizable contributions from Ξþ
c ðnSÞ poles, which

is different to the result of Ref. [32]. These decay channels
can serve as the discovery channels for the double-charmed
baryon Ωþ

cc in future experiments, like LHCb and Belle II.
According to previous theoretical studies of meson

[55–60] and baryon [14,54,61–68] nonleptonic decays,
the FSI effects, as an important source of long-distance
contributions, may be non-negligible. Particularly for our

concerned Ωcc → BcP processes, the FSI effects were
systematically considered in Ref. [54]. In their theoretical
framework, the factorizable amplitudes arising from T andC
diagrams were computed using the factorizable method,
while the nonfactorizable long-distance contributions were
evaluated by considering the rescattering processes
Ωcc → B0

cP0ðVÞ → BcP. For the channels that are contrib-
uted by the T diagram, the factorizable contributions are
dominated, and the branching fractions of long-distance
contributions are suppressed by 10−2 − 10−1 in magnitude,
while for other channels lacking a T diagram, the long-
distance contributions are dominated. In our computation,
the decay amplitudes of Ωþ

cc → Λþ
c π

0 and Σþ
c η

ð0Þ are
vanishing in the framework of the pole model. However,
after considering the long-distance contributions from FSI
effects, they predicted that these channels will have consid-
erable branching fractions with an order of magnitude of
10−5 [54]. Future experimental measurements of these

TABLE VIII. (Continued)

This work Ref. [32] Ref. [54]

B α B α B α

Ωþ
cc → Σþþ

c K− 1.04% −0.013 8.0 × 10−4 − ð1.67þ1.91
−1.07 Þ × 10−4 0.33þ0.18

−0.24

Ωþ
cc → Ξþ

c η 1.01 × 10−3 −0.35 ð0.86; 1.7Þ × 10−3 ð−0.997;−0.970Þ
Ωþ

cc → Ξ0þ
c η 1.62% −0.24 ð2.0; 3.0Þ × 10−3 ð−0.516;−0.578Þ

Ωþ
cc → Ξþ

c η
0 1.76 × 10−3 0.074 ð8.4; 0.14Þ × 10−3 (0.995, 0.892)

Ωþ
cc → Ξ0þ

c η0 0.66 × 10−3 −0.98 ð4.8; 7.8Þ × 10−5 ð−0.856;−0.906Þ
Ωþ

cc → Ξþ
c π

0 0.11 × 10−3 −0.90 ð4.2; 5.3Þ × 10−4 (0.893, 0.992) ð2.65þ3.03
−1.75 Þ × 10−4 0.28þ0.08

−0.07

Ωþ
cc → Ξ0þ

c π0 2.96 × 10−3 0.16 ð0.43; 1.3Þ × 10−4 ð−0.320;−0.972Þ ð3.01þ3.72
−2.05 Þ × 10−4 −0.24þ0.07

−0.07

Ωþ
cc → Σþ

c K̄0 5.20 × 10−3 −0.013 4.0 × 10−4 − ð2.09þ2.43
−1.39 Þ × 10−4 −0.37þ0.04

−0.08

Ωþ
cc → Λþ

c K̄0 8.83 × 10−3 −0.93 4.0 × 10−3 − ð3.93þ4.59
−2.57 Þ × 10−4 0.34þ0.15

−0.20

DCS decays

Ωþ
cc → Ξ0

cKþ 1.47 × 10−4 −0.79 ð1.3; 3.3Þ × 10−4 ð0.100;−0.162Þ ð0.17þ0.01
−0.01 Þ × 10−3 −0.50þ0.01

−0.01

Ωþ
cc → Ξ00

c Kþ 1.01 × 10−3 −0.37 ð3.3; 6.0Þ × 10−4 ð−0.684;−0.711Þ ð0.13þ0.01
−0.00 Þ × 10−3 −0.85þ0.10

−0.08

Ωþ
cc → Ξþ

c K0 0.71 × 10−4 −0.79 ð3.2; 6.1Þ × 10−5 (0.962, 0.634) ð2.10þ2.05
−1.27 Þ × 10−5 −0.32þ0.08

−0.07

Ωþ
cc → Ξ0þ

c K0 7.72 × 10−4 −0.29 ð0.85; 1.4Þ × 10−4 ð−0.564;−0.615Þ ð1.32þ1.70
−0.89 Þ × 10−5 0.25þ0.17

−0.25

Ωþ
cc → Σþ

c π
0 8.46 × 10−4 −0.012 3.7 × 10−5 − ð0.88þ1.05

−0.59 Þ × 10−5 0.93þ0.02
−0.09

Ωþ
cc → Λþ

c π
0 0 − ð0.43þ0.46

−0.27 Þ × 10−5 0.17þ0.26
−0.30

Ωþ
cc → Σ0

cπ
þ 8.46 × 10−4 −0.012 3.7 × 10−5 − ð1.34þ1.55

−0.90 Þ × 10−5 0.99þ0.01
−0.01

Ωþ
cc → Σþþ

c π− 8.46 × 10−4 −0.012 3.7 × 10−5 − ð0.69þ0.83
−0.45 Þ × 10−5 0.49þ0.15

−0.24

Ωþ
cc → Σþ

c η 0 −
Ωþ

cc → Λþ
c η 1.78 × 10−4 −0.98 1.2 × 10−4 −

Ωþ
cc → Σþ

c η
0 0 −

Ωþ
cc → Λþ

c η
0 2.29 × 10−4 −0.96 4.2 × 10−7 −
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channels will help reveal the long-distance contributions in
weak decay mechanisms of charmed baryons.

IV. CONCLUSION

The discovery of double-charmed baryons is a forefront
research topic in heavy-flavor physics. As their ground
states are prohibited from decaying via the strong and
electromagnetic interactions while they can only decay via
the weak interaction, a comprehensive theoretical inves-
tigation of their weak decay modes is essential for guiding
future experimental searches. However, due to the non-
perturbative nature of low-energy QCD and the complex
dynamics in weak decays, particularly the nonfactorizable
contributions, the theoretical study of nonleptonic decays
remains challenging.
In this paper, we presented a theoretical study of the two-

body nonleptonic decays Ωþ
cc → Bc þ P, where Bc denotes

a single-charmed baryon and P denotes a light-flavor
pseudoscalar meson, such as π, K, or ηð0Þ. The relevant
decay amplitudes were calculated within the framework of
the nonrelativistic quark model, and in particular the
nonfactorizable amplitudes contributed from W-exchange
diagrams were evaluated under the pole model assumption.
Moreover, in order to reduce the dependence of decay
amplitudes on phenomenological parameters, especially
those in the baryon wave functions, we adopted the
charmed-baryon wave functions obtained from a non-
relativistic quark potential model.
With the obtained decay amplitudes, we investigated the

corresponding branching fractions. In our calculation, the

branching fractions of CF decays Ωþ
cc → Ω0

cπ
þ and

Ξð0Þþ
c πþ, together with several SCS decays Ωþ

cc → Ω0
cKþ,

Σþþ
cc K−, Ξ0þ

c η, and Λþ
c K̄0, can reach up to a few percent.

Notably, the branching fraction of the SCS mode Ωþ
cc →

Ω0
cKþ is comparable to those of CF decays, owing to large

constructive pole contributions. These decay channels can
serve as the discovery channels for the double-charmed
baryon Ωþ

cc in future experiments, such as LHCb and
Belle II.
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APPENDIX A: SPIN-FLAVOR MATRIX
ELEMENTS IN W-EMISSION PROCESSES

In this appendix, the spin-flavor matrix elements in
W-emission processes are presented. Before calculating
the concerned values, we give the spin-flavor wave func-
tions of concerned charmed baryons. The spin-flavor
wave functions of S-wave double-charmed baryons are
chosen as [69]

jBccqi ¼ −
1ffiffiffi
3

p ½ccqχS þ ð13Þ þ ð23Þ�; ðA1Þ

and that of S-wave single-charmed baryons are chosen as

jΩ0
ci ¼

1ffiffiffi
3

p ½sscχS þ ð13Þ þ ð23Þ�; jΛþ
c i ¼

1ffiffiffi
6

p ½ðudc − ducÞχA þ ð13Þ þ ð23Þ�;

jΞþ
c i ¼

1ffiffiffi
6

p ½ðusc − sucÞχA þ ð13Þ þ ð23Þ�; jΞ0þ
c i ¼ 1ffiffiffi

6
p ½ðuscþ sucÞχS þ ð13Þ þ ð23Þ�;

jΞ0
ci ¼

1ffiffiffi
6

p ½ðdsc − sdcÞχA þ ð13Þ þ ð23Þ�; jΞ00
c i ¼

1ffiffiffi
6

p ½ðdscþ sdcÞχS þ ð13Þ þ ð23Þ�;

jΣþþ
c i ¼ 1ffiffiffi

3
p ½uucχS þ ð13Þ þ ð23Þ�; jΣþ

c i ¼
1ffiffiffi
6

p ½ðudcþ ducÞχS þ ð13Þ þ ð23Þ�;

jΣ0
ci ¼

1ffiffiffi
3

p ½ddcχS þ ð13Þ þ ð23Þ�: ðA2Þ

Here, we have

NONLEPTONIC DECAYS OF THE DOUBLE-CHARMED BARYON … PHYS. REV. D 113, 033004 (2026)

033004-15



abcχ↓S ¼ 1ffiffiffi
6

p ð−2a↓b↓c↑ þ a↑b↓c↓ þ a↓b↑c↓Þ;

abcχ↓A ¼ 1ffiffiffi
2

p ða↑b↓c↓ − a↓b↑c↓Þ ðA3Þ

for the baryons of jS; Szi ¼ j1=2;−1=2i, and

abcχ↑S ¼ 1ffiffiffi
6

p ð2a↑b↑c↓ − a↑b↓c↑ − a↓b↑c↑Þ;

abcχ↑A ¼ 1ffiffiffi
2

p ða↑b↓c↑ − a↓b↑c↑Þ ðA4Þ

for that of jS; Szi ¼ j1=2;þ1=2i. Besides, the spin wave
function of a pseudoscalar meson is adopted as
χP ¼ 1ffiffi

2
p ð↑↓ − ↓↑Þ. For calculating the spin matrix

element, the particle-hole conjugation hj;−mj →
ð−1Þjþmjj; mi is useful. This relation makes the antiquark
spin transform as h↑j → j↓i and h↓j → −j↑i.
The spin-flavor matrix elements hBf↓jÔjBi↓i associated

with W-emission processes are presented in Tables IX–XI,
which contribute to the PC and PV amplitudes in the T, C,
and C0 diagrams, respectively. The values of hBf↑jÔjBi↑i,
hBf↑jÔjBi↓i, and hBf↓jÔjBi↑i can also be obtained.

TABLE IX. Spin-flavor matrix elements of PC (top panel) and PV (bottom panel) amplitudes for T diagrams. For
simplicity, the spin and flavor wave functions of pseudoscalar meson are omitted here.

Matrix elements hΩ0
c↓jÔjΩþ

cc↓i hΞ0
c↓jÔjΩþ

cc↓i hΞ00
c ↓jÔjΩþ

cc↓i
hs0z;1jIjsz;1ihsz;5s̄z;4jσzj0i 0 0 0
hs0z;1jσzjsz;1ihsz;5s̄z;4jIj0i 5

ffiffi
2

p
9

−
ffiffi
3

p
9

5
9

ðhs0z;1jσjsz;1i × hsz;5s̄z;4jσj0iÞz 0 0 0
hsz;5jIjsz;1ihs0z;1s̄z;4jσzj0i 5

ffiffi
2

p
18

−
ffiffi
3

p
18

5
18

hsz;5jσzjsz;1ihs0z;1s̄z;4jIj0i 5
ffiffi
2

p
18

−
ffiffi
3

p
18

5
18

ðhsz;5jσjsz;1i × hs0z;1s̄z;4jσj0iÞz − 5
ffiffi
2

p
i

9

ffiffi
3

p
i

9
− 5i

9

hs0z;1jIjsz;1ihsz;5s̄z;4jIj0i −
ffiffi
2

p
3

ffiffi
3

p
3

− 1
3

hs0z;1jσxjsz;1ihsz;5s̄z;4jσxj0i 0 0 0
hs0z;1jσyjsz;1ihsz;5s̄z;4jσyj0i 0 0 0
hs0z;1jσzjsz;1ihsz;5s̄z;4jσzj0i 0 0 0
hsz;5jIjsz;1ihs0z;1s̄z;4jIj0i −

ffiffi
2

p
6

ffiffi
3

p
6

− 1
6

hsz;5jσxjsz;1ihs0z;1s̄z;4jσxj0i −
ffiffi
2

p
6

ffiffi
3

p
6

− 1
6

hsz;5jσyjsz;1ihs0z;1s̄z;4jσyj0i −
ffiffi
2

p
6

ffiffi
3

p
6

− 1
6

hsz;5jσzjsz;1ihs0z;1s̄z;4jσzj0i −
ffiffi
2

p
6

ffiffi
3

p
6

− 1
6

TABLE X. Same as Table IX but for C diagrams.

Matrix elements hΞþ
c ↓jÔjΩþ

cc↓i hΞ0þ
c ↓jÔjΩþ

cc↓i
hs0z;1jIjsz;1ihsz;5s̄z;4jσzj0i −

ffiffi
3

p
18

5
18

hs0z;1jσzjsz;1ihsz;5s̄z;4jIj0i −
ffiffi
3

p
18

5
18

ðhs0z;1jσjsz;1i × hsz;5s̄z;4jσj0iÞz
ffiffi
3

p
i

9
− 5i

9

hsz;5jIjsz;1ihs0z;1s̄z;4jσzj0i 0 0
hsz;5jσzjsz;1ihs0z;1s̄z;4jIj0i −

ffiffi
3

p
9

5
9

ðhsz;5jσjsz;1i × hs0z;1s̄z;4jσj0iÞz 0 0

hs0z;1jIjsz;1ihsz;5s̄z;4jIj0i
ffiffi
3

p
6

− 1
6

hs0z;1jσxjsz;1ihsz;5s̄z;4jσxj0i
ffiffi
3

p
6

− 1
6

hs0z;1jσyjsz;1ihsz;5s̄z;4jσyj0i
ffiffi
3

p
6

− 1
6

hs0z;1jσzjsz;1ihsz;5s̄z;4jσzj0i
ffiffi
3

p
6

− 1
6

hsz;5jIjsz;1ihs0z;1s̄z;4jIj0i
ffiffi
3

p
3

− 1
3

hsz;5jσxjsz;1ihs0z;1s̄z;4jσxj0i 0 0
hsz;5jσyjsz;1ihs0z;1s̄z;4jσyj0i 0 0
hsz;5jσzjsz;1ihs0z;1s̄z;4jσzj0i 0 0
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APPENDIX B: SPIN-FLAVOR MATRIX ELEMENTS IN W-EXCHANGE PROCESSES

In this appendix, the spin-flavor matrix elements inW-exchange processes are presented. For the evaluation of these spin-
flavor matrix elements, we employ the following spin-flavor wave functions for excited baryons. For λ-mode excited
charmed baryons with total spin jS; Szi ¼ j1=2;�1=2i, the spin-flavor wave functions jBi2λ are taken to be the same as
those of the S-wave states. In addition, for λ-mode excited double-charmed baryons with total spin jS; Szi ¼ j3=2;�1=2i,
we adopt

jBccqi4λ ¼ −
1ffiffiffi
3

p ½ccqχs þ ð13Þ þ ð23Þ�; ðB1Þ

while for λ-mode excited single-charmed baryons we adopt

jΩ0
ci4λ ¼

1ffiffiffi
3

p ½sscχs þ ð13Þ þ ð23Þ�; jΣþþ
c i4λ ¼

1ffiffiffi
3

p ½uucχs þ ð13Þ þ ð23Þ�;

jΣþ
c i4λ ¼

1ffiffiffi
6

p ½ðudcþ ducÞχs þ ð13Þ þ ð23Þ�; jΣ0
ci4λ ¼

1ffiffiffi
3

p ½ddcχs þ ð13Þ þ ð23Þ�;

jΞ0þ
c i4λ ¼

1ffiffiffi
6

p ½ðuscþ sucÞχs þ ð13Þ þ ð23Þ�; jΞ00
c i4λ ¼

1ffiffiffi
6

p ½ðdscþ sdcÞχs þ ð13Þ þ ð23Þ�; ðB2Þ

where

abcχ↓s ¼ 1ffiffiffi
3

p ða↓b↓c↑ þ a↑b↓c↓ þ a↓b↑c↓Þ;

abcχ↑s ¼ 1ffiffiffi
3

p ða↓b↑c↑ þ a↑b↑c↓ þ a↑b↓c↑Þ: ðB3Þ

Besides, the spin-flavor wave functions of ρ-mode excited double-charmed baryons with total spin jS; Szi ¼ j1=2;�1=2i
can be written as

TABLE XI. Same as Table IX but for C0 diagrams.

Matrix elements hΞþ
c ↓jÔjΩþ

cc↓i hΞ0þ
c ↓jÔjΩþ

cc↓i hΣþ
c ↓jÔjΩþ

cc↓i hΛþ
c ↓jÔjΩþ

cc↓i
hs0z;1jIjsz;1ihsz;5s̄z;4jσzj0i −

ffiffi
3

p
36

− 1
36

− 1
36 −

ffiffi
3

p
36

hs0z;1jσzjsz;1ihsz;5s̄z;4jIj0i
ffiffi
3

p
36

5
36

5
36

ffiffi
3

p
36

ðhs0z;1jσjsz;1i × hsz;5s̄z;4jσj0iÞz
ffiffi
3

p
i

18
− i

6
− i

6

ffiffi
3

p
i

18

hsz;5jIjsz;1ihs0z;1s̄z;4jσzj0i
ffiffi
3

p
36

− 1
36

− 1
36

ffiffi
3

p
36

hsz;5jσzjsz;1ihs0z;1s̄z;4jIj0i −
ffiffi
3

p
36

5
36

5
36 −

ffiffi
3

p
36

ðhsz;5jσjsz;1i × hs0z;1s̄z;4jσj0iÞz −
ffiffi
3

p
i

18
− i

6
− i

6 −
ffiffi
3

p
i

18

hs0z;1jIjsz;1ihsz;5s̄z;4jIj0i −
ffiffi
3

p
12

− 1
12

− 1
12 −

ffiffi
3

p
12

hs0z;1jσxjsz;1ihsz;5s̄z;4jσxj0i
ffiffi
3

p
12

− 1
36

− 1
36

ffiffi
3

p
12

hs0z;1jσyjsz;1ihsz;5s̄z;4jσyj0i
ffiffi
3

p
12

− 1
36

− 1
36

ffiffi
3

p
12

hs0z;1jσzjsz;1ihsz;5s̄z;4jσzj0i
ffiffi
3

p
12

− 1
36

− 1
36

ffiffi
3

p
12

hsz;5jIjsz;1ihs0z;1s̄z;4jIj0i
ffiffi
3

p
12

− 1
12

− 1
12

ffiffi
3

p
12

hsz;5jσxjsz;1ihs0z;1s̄z;4jσxj0i −
ffiffi
3

p
12

− 1
36

− 1
36 −

ffiffi
3

p
12

hsz;5jσyjsz;1ihs0z;1s̄z;4jσyj0i −
ffiffi
3

p
12

− 1
36

− 1
36 −

ffiffi
3

p
12

hsz;5jσzjsz;1ihs0z;1s̄z;4jσzj0i −
ffiffi
3

p
12

− 1
36

− 1
36 −

ffiffi
3

p
12
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jBccqi2ρ ¼ −
1ffiffiffi
3

p ½ccqχA þ ð13Þ þ ð23Þ�: ðB4Þ

With the above preparations, the spin-flavor matrix
elements for PC and PV amplitudes of W-exchange

diagrams can be obtained. The concerned values are
summarized in Tables XII and XIII for PC and PV
amplitudes, respectively. Besides, the matrix elements
hB0↓jÎPσzjB↓i of strong interaction vertices are presented
in Tables XIV and XV.

TABLE XII. Spin-flavor matrix elements for PC amplitudes of W-exchange diagrams with Bþ
cc ¼ ðΞþ

cc;Ωþ
ccÞ.

Matrix elements hΞþ
c ↓jÔjBþ

cc↓i hΞ0þ
c ↓jÔjBþ

cc↓i hΛþ
c ↓jÔjBþ

cc↓i hΣþ
c ↓jÔjBþ

cc↓i
α̂ ð−Þ

1 β̂ ðþÞ
2 ð1 − σ1 · σ2Þ

ffiffi
2
3

q
0

ffiffi
2
3

q
0

α̂ ð−Þ
1 β̂ ðþÞ

2 ð1 − σ̃1 · σ̃2Þ
ffiffi
2
3

q
0

ffiffi
2
3

q
0

TABLE XIII. Spin-flavor matrix elements for PVamplitudes ofW-exchange diagrams, in which Bþ
cc ¼ ðΞþ

cc;Ωþ
ccÞ, and the subscripts

ρ and λ represent ρ-mode and λ-mode excitations, respectively.

Matrix elements hΞþ
c ↓jÔjBþ

cc↓i2λ hΞþ
c ↓jÔjBþ

cc↓i2ρ hΞþ
c ↓jÔjBþ

cc↓i4λ hΞ0þ
c ↓jÔjBþ

cc↓i2λ hΞ0þ
c ↓jÔjBþ

cc↓i2ρ hΞ0þ
c ↓jÔjBþ

cc↓i4λ
−α̂ ð−Þ

1 β̂ ðþÞ
2 ðσ1 − σ2Þz 1

3
ffiffi
6

p − 1

3
ffiffi
2

p − 2

3
ffiffi
3

p 1

3
ffiffi
2

p 1

3
ffiffi
6

p 0

α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ1 × σ2Þz − i
3
ffiffi
6

p i
3
ffiffi
2

p 2i
3
ffiffi
3

p i
3
ffiffi
2

p i
3
ffiffi
6

p 0

−α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ̃1 − σ̃2Þz 1

3
ffiffi
6

p − 1

3
ffiffi
2

p − 2

3
ffiffi
3

p 1

3
ffiffi
2

p 1

3
ffiffi
6

p 0

α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ̃1 × σ̃2Þz − i
3
ffiffi
6

p i
3
ffiffi
2

p 2i
3
ffiffi
3

p i
3
ffiffi
2

p i
3
ffiffi
6

p 0

Matrix elements hΛþ
c ↓jÔjBþ

cc↓i2λ hΛþ
c ↓jÔjBþ

cc↓i2ρ hΛþ
c ↓jÔjBþ

cc↓i4λ hΣþ
c ↓jÔjBþ

cc↓i2λ hΣþ
c ↓jÔjBþ

cc↓i2ρ hΣþ
c ↓jÔjBþ

cc↓i4λ
−α̂ ð−Þ

1 β̂ ðþÞ
2 ðσ1 − σ2Þz 1

3
ffiffi
6

p − 1

3
ffiffi
2

p − 2

3
ffiffi
3

p 1

3
ffiffi
2

p 1

3
ffiffi
6

p 0

α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ1 × σ2Þz − i
3
ffiffi
6

p i
3
ffiffi
2

p 2i
3
ffiffi
3

p i
3
ffiffi
2

p i
3
ffiffi
6

p 0

−α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ̃1 − σ̃2Þz 1

3
ffiffi
6

p − 1

3
ffiffi
2

p − 2

3
ffiffi
3

p 1

3
ffiffi
2

p 1

3
ffiffi
6

p 0

α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ̃1 × σ̃2Þz − i
3
ffiffi
6

p i
3
ffiffi
2

p 2i
3
ffiffi
3

p i
3
ffiffi
2

p i
3
ffiffi
6

p 0

Matrix elements
2λ
hΞþ

c ↓jÔjBþ
cc↓i 2λ

hΞ0þ
c ↓jÔjBþ

cc↓i 4λ
hΞ0þ

c ↓jÔjBþ
cc↓i 2λ

hΛþ
c ↓jÔjBþ

cc↓i 2λ
hΣþ

c ↓jÔjBþ
cc↓i 4λ

hΣþ
c ↓jÔjBþ

cc↓i
−α̂ ð−Þ

1 β̂ ðþÞ
2 ðσ1 − σ2Þz 1

3
ffiffi
6

p 1

3
ffiffi
2

p 1
3

1

3
ffiffi
6

p 1

3
ffiffi
2

p 1
3

α̂ ð−Þ
1 β̂ ðþÞ

2 ðσ1 × σ2Þz − i
3
ffiffi
6

p i
3
ffiffi
2

p i
3

− i
3
ffiffi
6

p i
3
ffiffi
2

p i
3

−α̂ ð−Þ
1 β̂ ðþÞ
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jÎ π

0
σ z
jΞ

0þ c
↓
i4 λ

1 3

hΛ
þ c
↓
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jÎ K

þ
σ
zjΛ

þ c
↓
i

0
hΞ

0 c
↓
jÎ K
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jÎ K

0
σ
zjΛ

þ c
↓
i2 λ

0
hΞ

þ c
↓
jÎ K
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jÎ K

0
σ
zjΣ

þ c
↓
i2 λ

−
2 3

hΞ
0þ c
↓
jÎ K

0
σ
zjΣ

þ c
↓
i4 λ

ffiffi 2p 3

hΛ
þ c
↓
jÎ η
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jÎ η

σ z
jΣ

þ c
↓
i2 λ

−
2
ffiffi 2p 3
co
sζ

hΣ
þ c
↓
jÎ η
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TABLE XV. Same as Table XIV but for Ωþ
cc → Ξð0Þþ

c ηð0Þ decays, where the first value in brackets corresponds to the E1 diagram, while
the second corresponds to the E2 diagram.
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c ↓jÎησzjΞ0þ
c ↓i f−

ffiffi
2

p
3
cos ζ; 2

3
sin ζg hΞ0þ
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c ↓jÎη0σzjΞ0þ
c ↓i2λ f 1ffiffi

6
p sin ζ;− 1ffiffi

3
p cos ζg hΞþ
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