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We study the nonleptonic weak decays of doubly charmed baryons (Bcc) into singly charmed
baryons (Bc) and vector mesons (V), denoted as Bcc → BcV. The short-distance contributions are
calculated within the naive factorization hypothesis, while the long-distance final-state interaction effects
are modeled via hadronic triangle diagrams. Unlike previous approaches, which compute only the
imaginary part using the Cutkosky cutting rule, we evaluate the complete loop integrals to obtain both the
real and imaginary parts of the amplitudes. These provide the nontrivial strong phases essential for
CP violation. The model parameters are determined using experimental data. With this improved
calculation method, we predict the branching ratios and decay asymmetry parameters for various decay
channels, as well as CP violations for short-distance dominated and singly Cabibbo-suppressed channels.
This strengthens our theoretical framework for future study of doubly charmed baryons. Certain decays,
primarily driven by long-distance effects, have been calculated, and their observation in future experiments
could help clarify the role of final-state interactions in charm baryon decays. Therefore, our calculation
of Bcc → BcV provides crucial predictions for branching ratios, decay asymmetry parameters, and
CP violation, which are essential for guiding experimental study at LHCb.
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I. INTRODUCTION

The doubly heavy baryons with two heavy quarks (b or
c quark), predicted by the quark model, have attracted
extensive attention in both theoretical and experimental
studies. In 2002, SELEX Collaboration initially reported
the detection of Ξþ

cc with an unexpected short lifetime and
a relatively large production rate [1,2]. However, sub-
sequent experiments, including FOCUS [3], BABAR [4],
Belle [5], and LHCb [6], have not confirmed this discov-
ery, which has remained a longstanding puzzle in experi-
ments. In 2017, LHCb Collaboration announced the
discovery of Ξþþ

cc ð3621Þ in the invariant mass spectrum
of Λþ

c K−πþπþ [7]. The existence of Ξþþ
cc was further

confirmed through the decay channel Ξþþ
cc → Ξþ

c π
þ [8].

LHCb has performed precise measurements of its mass and
lifetime [9,10], as well as the branching fraction ratio
BðΞþþ

cc →Ξ0þ
c πþÞ=BðΞþþ

cc →Ξþ
c π

þÞ¼ ð1.41�0.17�0.10Þ
[11]. Through the continuous search by LHCb Collaboration
[12–14], the first observation of the singly charged doubly
charmed baryon Ξþ

cc has been reported through its decay
Ξþ
cc → Λþ

c K−πþ by LHCb [15] this year, with a statistical
significance exceeding seven standard deviations. The study
of Ωþ

cc is also ongoing, with LHCb searching for its decay
signals [16]. Other doubly heavy baryons, such as Ξþ

bc [17],
Ξ0
bc [18,19], and Ω0

bc [19], have also been investigated by
LHCb Collaboration, though no signals have been detected
to date. The doubly charmed tetraquark Tþ

ccð3875Þ was
identified by LHCb Collaboration [20,21], which may
provide insights into the nature of doubly heavy systems.
Prior to the experimental discovery of Ξþþ

cc , theoretical
studies had already suggested that the most likely discovery
channels for these doubly charmed baryons would be
Ξþþ
cc → Λþ

c K−πþπþ and Ξþþ
cc → Ξþ

c π
þ [22]. Therefore,

pretheoretical studies of doubly charmed baryon decays
are crucial for experimental searches. Theoretical inves-
tigations on doubly heavy baryons have been extensive,
covering production mechanisms, mass spectra, and both
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strong and weak decays [22–46]. However, studies on
nonleptonic weak decays remain relatively limited com-
pared to semileptonic decays. This is mainly due to the large
number of nonleptonic decay channels and the presence of
nonfactorizable contributions that are difficult to calculate
using QCD methods.
In our previous work, we investigated the decays Bcc →

BcP in the final-state interaction approach. In order to study
the weak decay of the doubly charmed baryon system and
select the golden mode for the research of doubly charmed
baryons, in this work, we investigate the decay Bcc → BcV
with vector mesons in the final state. The vector meson
final states are especially important for several reasons:
(i) vector mesons can be reconstructed efficiently through
their decay products, such as ρ → πþπ−, K� → Kþπ−,
ω → πþπ−π0, and ϕ → KþK−, which have high detection
efficiencies in experiments, (ii) the angular distributions of
vector mesons provide additional information about the
decay dynamics through decay asymmetry parameters, and
(iii) understanding the Bcc → BcV decays is essential for
predicting the discovery channels of yet-unobserved dou-
bly charmed baryons Ωþ

cc.
In this paper, we study the nonleptonic weak decays

Bcc → BcV for doubly charmed baryons Bcc ¼
ðΞþþ

cc ;Ξþ
cc;Ωþ

ccÞ, where Bc denotes singly charmed bary-
ons, including both antitriplet (Λc, Ξc) and sextet
(Σc;Ξ0

c;Ωc) states, and V represents light vector mesons
(ρ; K�;ω;ϕ). We calculate branching ratios and decay
asymmetry parameters for 49 decay channels. For the
specific decay mode Bcc → BcV, there is currently one
dedicated theoretical study in the literature [47]. Compared
with the previous study [47], we improve the calculation
method for long-distance contributions by utilizing the
complete analytical expression of loop integrals rather than

only the imaginary parts from the Cutkosky cutting rules.
This allows us to obtain both the magnitude and strong
phase of the triangle diagrams. The strong phases are
essential for calculating decay asymmetry parameters. We
adopt the Pauli-Villars scheme with a momentum cutoff to
regularize the divergence in loop integrals.
This paper is organized as follows. In Sec. II, we present

the topological analysis, the short-distance factorization
calculation, and the long-distance rescattering mechanism.
Section III contains the numerical results and discussions,
including input parameters, branching ratios, and decay
asymmetry parameters. A summary is given in Sec. IV.
Details of the decay amplitudes and strong couplings are
provided in the Appendixes.

II. THEORETICAL FRAMEWORK

In this section, we will present a topological analysis of
each nonleptonic weak decay channel of doubly charmed
baryons, as detailed in Sec. II A. Subsequently, we present
the general framework for calculating the short-distance
and long-distance dynamics of all topological diagrams in
Sec. II B and Sec. II C, respectively.

A. Topological analysis

In this work, we will investigate the exclusive
channels of nonleptonic weak decay of doubly charmed
baryons Bcc → BcV. The initial state is characterized by
a doubly charmed baryon triplet Bcc ¼ ðΞþþ

cc ;Ξþ
cc;Ωþ

ccÞ,
while the final state encompasses the singly charmed
baryon Bc ¼ ðB3̄;B6Þ, and the light vector mesons
V ¼ ðρ; K�;ω;ϕÞ, as shown in Appendix C. Based on
the symmetry analysis of the initial and final states of
particles, we will study 49 decay processes.

FIG. 1. The five tree-level topological diagrams for two-body nonleptonic decays Bcc → BcV of the doubly charmed baryons
Bcc ¼ ðΞþþ

cc ;Ξþ
cc;Ωþ

ccÞ.
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The tree-level contributions to Bcc → BcV decays
(Fig. 1) consist of both short-distance and long-distance
parts. The five diagrams are classified into three types: T
(color-favored external W-emission), C and C0 (color-
suppressed internal W-emission), and E1 and E2 (two
W-exchange topologies). The distinction between C and
C0 lies in whether both quarks of the final light meson
originate from the weak vertex (only in C). In E1, the light
quark from the charmed quark decay goes to the final light
meson, and in E2, it goes to the final charmed baryon.
The topological amplitudes for each channel are sum-

marized in Table I. Those involving sextet single-charmed
baryons are denoted with a tilde (e.g., T̃). Short-distance
dominated modes are listed first, and the remaining three
parts correspond to long-distance dominated modes,
grouped by Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements: Cabibbo-favored (c → sud̄), singly Cabibbo-
suppressed (c → dud̄ or c → sus̄), and doubly Cabibbo-
suppressed (c → dus̄). The T diagram, dominated by
factorizable short-distance contributions [48], can be

computed using factorization. The CðC0Þ diagram is
strongly suppressed at the charm scale due to the color
factor a2ðmcÞ ¼ C1ðmcÞ þ C2ðmcÞ=Nc [22]. For E1ðE2Þ,
long-distance contributions exceed short-distance ones,
which are suppressed by at least an order of magnitude
[48]. However, nonfactorizable long-distance effects may
significantly influence CðC0Þ and thus the branching ratios,
warranting further study. Our model incorporates such
effects via final-state interactions mediated by loop mech-
anisms, allowing improved agreement with experiment.
The calculation of factorizable short-distance and non-
factorizable long-distance contributions is detailed in the
following subsections.

B. Calculation of short-distance amplitudes
under the factorization hypothesis

At the tree level, the nonleptonic weak decay of doubly
charmed baryons is induced by the decay of the charm
quark. The effective Hamiltonian can be represented as

TABLE I. The topological analysis of each nonleptonic weak decay channel.

Decay Topology Decay Topology Decay Topology

Ξþþ
cc → Ξþ

c ρ
þ λsdðT þ C0Þ Ξþ

cc → Ξ0
cρ

þ λsdðT − E2Þ Ωþ
cc → Ω0

cρ
þ λsdT̃

Ξþþ
cc → Ξ0þ

c ρþ 1ffiffi
2

p λsdðT̃ þ C̃0Þ Ξþ
cc → Ξ00

c ρ
þ 1ffiffi

2
p λsdðT̃ þ Ẽ2Þ Ωþ

cc → Ξ0
cρ

þ −λdT − λsE2

Ξþþ
cc → Σþ

c ρ
þ 1ffiffi

2
p λdðT̃ þ C̃0Þ Ξþ

cc → Σ0
cρ

þ λdðT̃ þ Ẽ2Þ Ωþ
cc → Ξ00

c ρ
þ 1ffiffi

2
p ðλdT̃ þ λsẼ2Þ

Ξþþ
cc → Λþ

c ρ
þ λdðT þ C0Þ Ξþ

cc → Ξ00
c K�þ 1ffiffi

2
p ðλsT̃ þ λdẼ2Þ Ωþ

cc → Ω0
cK�þ λsðT̃ þ Ẽ2Þ

Ξþþ
cc → Ξ0þ

c K�þ 1ffiffi
2

p λsðT̃ þ C̃0Þ Ξþ
cc → Ξ0

cK�þ λsT þ λdE2 Ωþ
cc → Ξ0

cK�þ λdsð−T þ E2Þ
Ξþþ
cc → Ξþ

c K�þ λsðT þ C0Þ Ξþ
cc → Σ0

cK�þ λdsT̃ Ωþ
cc → Ξ00

c K�þ 1ffiffi
2

p λdsðT̃ þ Ẽ2Þ
Ξþþ
cc → Λþ

c K�þ λdsðT þ C0Þ Ξþþ
cc → Σþ

c K�þ 1ffiffi
2

p λdsðT̃ þ C̃0Þ

Ξþþ
cc → Σþþ

c K̄�0 C̃ Ξþ
cc → Ξ0þ

c ρ0 1
2
ð−C̃0 þ Ẽ2Þ Ξþ

cc → Ξþ
c ω 1ffiffi

6
p ðC0 − 2E1 − E2Þ

Ξþ
cc → Ω0

cK�þ Ẽ2 Ξþ
cc → Ξ0þ

c ϕ 1ffiffi
6

p ðC̃0 þ Ẽ1 þ Ẽ2Þ Ωþ
cc → Ξ0þ

c K̄�0 1ffiffi
2

p ðC̃þ C̃0Þ
Ξþ
cc → Σþ

c K̄�0 1ffiffi
2

p ðC̃þ Ẽ1Þ Ξþ
cc → Ξ0þ

c ω 1

2
ffiffi
3

p ðC̃0 − 2Ẽ1 þ Ẽ2Þ Ωþ
cc → Ξþ

c K̄�0 −Cþ C0

Ξþ
cc → Λþ

c K̄�0 −Cþ E1 Ξþ
cc → Ξþ

c ρ
0 − 1ffiffi

2
p ðC0 þ E2Þ

Ξþ
cc → Σþþ

c K�− Ẽ1 Ξþ
cc → Ξþ

c ϕ 1ffiffi
3

p ðC0 þ E1 − E2Þ

Ξþþ
cc → Σþþ

c ρ0 − 1ffiffi
2

p C̃ Ξþ
cc → Ξ0þ

c K�0 1ffiffi
2

p ðλsC̃0 þ λdẼ1Þ Ωþ
cc → Σþþ

c K�− λsẼ1

Ξþþ
cc → Σþþ

c ϕ 1ffiffi
3

p ðλd þ λsÞC̃ Ξþ
cc → Ξþ

c K�0 λsC0 þ λdE1 Ωþ
cc → Ξ0þ

c ρ0 1
2
ð−λdC̃þ λsẼ2Þ

Ξþþ
cc → Σþþ

c ω 1ffiffi
6

p ðλd − 2λsÞC̃ Ξþ
cc → Λþ

c ρ
0 λdffiffi

2
p ðC − C0 − E1 − E2Þ Ωþ

cc → Ξþ
c ρ

0 1ffiffi
2

p ðλdC − λsE2Þ
Ξþ
cc → Σþ

c ρ
0 λd

2
ð−C̃ − C̃0 þ Ẽ1 þ Ẽ2Þ Ξþ

cc → Λþ
c ϕ 1ffiffi

3
p ½λdðC0 − Cþ E1 − E2Þ Ωþ

cc → Ξ0þ
c ϕ 1ffiffi

6
p ½λsðC̃þ C̃0 þ Ẽ1 þ Ẽ2Þ

−λsC] þλdC̃]
Ξþ
cc → Σþ

c ϕ 1ffiffi
6

p ½λdðC̃þ C̃0 þ Ẽ1 þ Ẽ2Þ Ξþ
cc → Λþ

c ω 1ffiffi
6

p ½λdðC0 − Cþ E1 − E2Þ Ωþ
cc → Ξ0þ

c ω 1

2
ffiffi
3

p ½λsðẼ2 − 2C̃ − 2C̃0 − 2Ẽ1Þ
þλsC̃] þ2λsC] þλdC̃]

Ξþ
cc → Σþ

c ω 1

2
ffiffi
3

p ½λdðC̃þ C̃0 þ Ẽ1 þ Ẽ2Þ Ωþ
cc → Ξþ

c ω 1ffiffi
6

p ½λsð2C − 2C0 þ 2E1 − E2Þ Ωþ
cc → Ξþ

c ϕ 1ffiffi
3

p ½λsðC0 − Cþ E1 − E2Þ
−2λsC̃] −λdC] −λdC]

Ξþ
cc → Σþþ

c ρ− λdẼ1 Ωþ
cc → Σþ

c K̄�0 1ffiffi
2

p ðλdC̃0 þ λsẼ1Þ Ωþ
cc → Λþ

c K̄�0 λdC0 þ λsE1

Ξþþ
cc → Σþþ

c K�0 C̃ Ωþ
cc → Σþ

c ω 1
2
ffiffi
3

p ð−2C̃0 þ Ẽ1 þ Ẽ2Þ Ωþ
cc → Σþþ

c ρ− Ẽ1

Ξþ
cc → Σþ

c K�0 1ffiffi
2

p ðC̃þ C̃0Þ Ωþ
cc → Λþ

c ρ
0 − 1ffiffi

2
p ðE1 þ E2Þ Ωþ

cc → Ξ0þ
c K�0 1ffiffi

2
p ðC̃þ Ẽ1Þ

Ξþ
cc → Λþ

c K�0 −Cþ C0 Ωþ
cc → Λþ

c ϕ 1ffiffi
3

p ðC0 þ E1 − E2Þ Ωþ
cc → Ξþ

c K�0 −Cþ E1

Ωþ
cc → Σþ

c ρ
0 1

2
ð−Ẽ1 þ Ẽ2Þ Ωþ

cc → Λþ
c ω − 1ffiffi

6
p ð2C0 − E1 þ E2Þ

Ωþ
cc → Σþ

c ϕ 1ffiffi
6

p ðC̃0 þ Ẽ1 þ Ẽ2Þ Ωþ
cc → Σ0

cρ
þ Ẽ2
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follows:

Heff ¼
GFffiffiffi
2

p
X
q0¼d;s

V�
cq0Vuq½C1ðμÞO1ðμÞ þ C2ðμÞO2ðμÞ�

þ H:c: ð1Þ

Here, Vcq0 and Vuq represent the CKM matrix elements.
The four-fermion operators O1 and O2 can be expressed as

O1 ¼ ðūαqαÞV−Aðq̄0βcβÞV−A;
O2 ¼ ðūαqβÞV−Aðq̄0βcαÞV−A; ð2Þ

with the color indices α and β, and C1;2ðμÞ are the rele-
vant Wilson coefficients. After inserting the effective
Hamiltonian as Eq. (1), the amplitude of the nonleptonic
weak decay of doubly charmed baryons Bcc → BcV can be
evaluated with the hadronic matrix element,

hBcVjHeff jBcci ¼
GFffiffiffi
2

p V�
cq0Vuq

X
i¼1;2

CihBcVjOijBcci: ð3Þ

In this work, we neglect the penguin operators for the
strong suppression of CKM matrix elements in charmed

hadron decays. According to the factorization hypothesis,
the matrix elements hBcMjOijBcci in Eq. (3) can be
factorized into two parts. The first part is parametrized
with the decay constant of the emitted meson, while the
second part can be evaluated using the heavy-light tran-
sition form factors. The short-distance contribution of the
T diagram can be expressed as

hBcMjHeff jBcciTSD ¼ GFffiffiffi
2

p V�
cq0Vuqa1ðμÞhMjūγμð1 − γ5Þqj0i

× hBcjq̄0γμð1 − γ5ÞcjBcci; ð4Þ

where a1ðμÞ ¼ C1ðμÞ þ C2ðμÞ=3 is the effective Wilson
coefficients. For the color-suppressed C diagram, its short-
distance contribution can be given via its relation to the
T diagram after Fierz transformation. Under the charm scale
μ ¼ mc, the Wilson coefficients are taken as C1ðμÞ ¼ 1.21
and C2ðμÞ ¼ −0.42 [49]. M represents both the pseudosca-
lar meson (P) and the vector meson (V). The vector meson
also contributes to long-distance dynamics as an intermedi-
ate state in the next subsections.
By utilizing the heavy-light transition form factors f1;2;3

and g1;2;3, the transition matrix elements of Bcc → Bc can
be effectively parametrized as

hBcðp0; s0zÞjq̄0γμð1 − γ5ÞcjBccðp; szÞi ¼ ūðp0; s0zÞ
�
γμf1ðq2Þ þ iσμν

qν

MBcc

f2ðq2Þ þ
qμ

MBcc

f3ðq2Þ
�
uðp; szÞ

− ūðp0; s0zÞ
�
γμg1ðq2Þ þ iσμν

qν

MBcc

g2ðq2Þ þ
qμ

MBcc

g3ðq2Þ
�
γ5uðp; szÞ: ð5Þ

Here, q ¼ p − p0, andMBcc
is the mass of doubly charmed

baryons.
The first matrix elements in Eq. (4) are defined using the

decay constants of the emitted mesons P and V, denoted by
fP and fV , respectively,

hPðpÞjūγμð1 − γ5Þqj0i ¼ −ifPpμ; ð6Þ

hVðpÞjūγμð1 − γ5Þqj0i ¼ mVfVϵ�μ; ð7Þ

where ϵμ represents the polarization vector of the vec-
tor meson.
Conventionally, the amplitude of two-body nonleptonic

charmed baryon decays is given in terms of the partial wave
scheme,

AðBcc → BcPÞ ¼ iūfðAþ Bγ5Þui; ð8Þ

specifically, the invariant amplitudes A and B are expressed
as the following factorization form by using the form
factors fi and gi:

A ¼ λfPðmi −mfÞf1ðm2Þ;
B ¼ λfPðmi þmfÞg1ðm2Þ: ð9Þ

For the vector meson, the amplitudes are

AðBcc → BcVÞ

¼ ūf

�
A1γμγ5 þ A2

pfμ

mi
γ5 þ B1γμ þ B2

pfμ

mi

�
ε�μui; ð10Þ

where

A1 ¼ −λfVm
�
g1ðm2Þ þ g2ðm2Þmi −mf

mi

�
;

A2 ¼ −2λfVmg2ðm2Þ; ð11Þ

B1 ¼ λfVm

�
f1ðm2Þ − f2ðm2Þmi þmf

mi

�
;

B2 ¼ 2λfVmf2ðm2Þ; ð12Þ
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with λ ¼ GFffiffi
2

p V�
cq0Vuqa1;2ðμÞ for simplicity, and m is the

mass of the final meson. As we mentioned before, the
factorization formulas in Eqs. (8) and (10) are also essential
ingredients for calculating the long-distance final-state
interaction effects.

C. Calculation of long-distance contributions using
the final-state rescattering mechanism

The long-distance contributions are large and difficult to
evaluate. In this work, we employ the final-state rescatter-
ing mechanism, as in Ref. [22], to compute these con-
tributions. This mechanism proceeds via the rescattering of
two intermediate particles, illustrated in Fig. 2. We detail
our calculation of the nonleptonic decay amplitudes
Bcc → BcV. At the quark level, the first weak vertex in
the triangle diagram is induced by the externalW-emission
diagram T, dominated by the factorizable contribution.
To avoid double counting, the two-body weak transition

amplitudes of doubly charmed baryons include only these
short-distance factorizable parts (introduced in the previous
section). The rescattering can occur via s-channel or t=u-
channel exchange. The s-channel would be significant only
if the exchanged particle mass was close to mBcc

. However,
the heaviest known singly charmed baryon is ∼500 MeV
lighter than mΞþ

cc
, thus the s-channel is strongly suppressed

by off-shell effects and neglected. We, therefore, consider
only the t=u-channel triangle diagram. Several methods
exist for evaluating triangle amplitudes [50–56], differing
mainly in the treatment of loop integrations. For instance,
Refs. [55,57] apply the optical theorem and Cutkosky
cutting rules to compute only the absorptive (imaginary)
part—the real part, obtainable via dispersion relations,
suffers from large ambiguities and is often omitted. To
obtain the complete amplitude reliably, we directly evaluate
the loop integrals. We use the Passarino-Veltman method to
reduce tensor integrals and integration by parts to express
results in terms of master integrals.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 2. The long-distance rescattering contributions to Bcc → BcP manifested at hadron level via single particle exchange,
generating distinct triangle diagrams with intermediate states: (a) fP;Bc;Pg, (b) fP;Bc;Vg, (c) fV;Bc;Pg, (d) fV;Bc;Vg,
(e) fBc; P;Bcg, (f) fBc; V;Bcg, (g) fBc; P;B�

cg, and (h) fBc; V;B�
cg. The corresponding amplitudes of these triangle diagrams have

been given by Eqs. (13)–(20).
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To compute the triangle diagrams, we combine the
weak transition vertex (weak effective Hamiltonian with
naive factorization) with the hadronic scattering ampli-
tudes. The two strong-interaction vertices in that diagram
are evaluated using the hadronic effective Lagrangians
[58–63] given in Appendix B. Specifically, we determine
the amplitude for BccðpiÞ → Bcðp4ÞVðp3Þ. Figure 2(a)
shows a triangle diagram with intermediate states
fP;Bc;Pg: a weak vertex BccðpiÞ → Bcðp2ÞPðp1Þ and
a rescattering amplitude Bcðp2ÞPðp1Þ → Bcðp4ÞVðp3Þ.

We denote a triangle amplitude by M½P1; P2;Pk�. We
unify momentum and spin-polarization notation as fol-
lows: Bccðpi; siÞ → Bcðp3; s3ÞVðp4; ε4Þ with rescattering
particles Bcðp1; s1ÞPðp2Þ=Vðp2; ε2Þ and exchanged par-
ticles PðkÞ; Vðk; εkÞ;Bc=B�

cðk; skÞ.
Under this convention and applying the factorization

formula and the hadronic Feynman rules derived accord-
ingly (Appendix B), we obtain analytical expressions for
the eight hadronic loop diagrams shown in Fig. 2, with the
loop integral variable p1,

M½P;Bc;P� ¼ −i
Z

d4p1

ð2πÞ4 gPBcBc
· gVPPūðp4; s4Þγ5ð=p2 þm2ÞðAþ Bγ5Þuðpi; siÞε�αðp3; λ3Þðp1 þ kÞαPF ; ð13Þ

M½P;Bc;V� ¼ i
Z

d4p1

ð2πÞ4
gVVPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimV1

mV2

p ūðp4; s4Þ
��

f1VBcBc
γν −

if2VBcBc

m2 þm4

σμνkμ
�
ενðk; λkÞ

�
ð=p2 þm2Þ

× ðAþ Bγ5Þuðpi; siÞεαβρτε�βðp3; λ3Þϵ�τðk; λkÞp3αp1ρPF ; ð14Þ

M½V;Bc;P� ¼
Z

d4p1

ð2πÞ4
gVVPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimV1

mV2

p gPBcBc
ūðp4; s4Þγ5ð=p2 þm2Þ

�
A1γμγ5 þ A2

p2μ

mi
γ5 þ B1γμ þ B2

p2μ

mi

�
uðpi; siÞ

× ϵαβρτϵ�βðp3Þϵτðp1Þp3αkρϵ�μðp1ÞPF ; ð15Þ

M½V;Bc;V� ¼
Z

d4p1

ð2πÞ4
gVVVffiffiffi

2
p ½ϵαðp1Þϵ�βðp3Þϵ�βðkÞðp3α − kαÞ − ϵ�αðkÞϵβðp1Þϵ�βðp3Þðp1α þ p3αÞ

þ ϵ�αðp3Þϵβðp1Þϵ�βðkÞðkα þ p1αÞ�ūðp4; s4Þ
�
f1VBcBc

γν −
if2VBcBc

m2 þm4

σμνkμ
�
ενðk; λkÞð=p2 þm2Þ

× ϵρðp1Þ
�
A1γργ5 þ A2

p2ρ

mi
γ5 þ B1γρ þ B2

p2ρ

mi

�
uðpi; siÞ × PF ; ð16Þ

M½Bc; P;Bc� ¼ −
Z

d4p1

ð2πÞ4 gPBcBc
ūðp4; s4Þγ5ðkþmkÞ

�
f1VBcBc

γν þ
if2VBcBc

m1 þmk
σμνp

μ
3

�
× εν�ðp3; λ3Þð=p1 þm1ÞðAþ Bγ5Þuðpi; siÞ × PF ; ð17Þ

M½Bc; V;Bc� ¼ −i
Z

d4p1

ð2πÞ4 ūðp4; s4Þ
�
f1VBcBc

γν −
if2VBcBc

m4 þmk
σμνp

μ
2

�
ε�νðp2; λ2ÞðkþmkÞ

×

�
f1VBcBc

γβ þ
if2VBcBc

m1 þmk
σαβpα

3

�
ε�νðp3; λ3Þð=p1 þm1Þ

× ϵρðp2; λ2Þ
�
A1γργ5 þ A2

p1ρ

mi
γ5 þ B1γρ þ B2

p1ρ

mi

�
uðpi; siÞ × PF ; ð18Þ

M½Bc; P;B�
c� ¼ igPBcB�

c
gPBcB�

c

Z
d4p1

ð2πÞ4 ūðp4; λ4Þp2μuνðk; λkÞūρðk; λkÞ × PF ;

× γ5γ
σ½p3ρε

�
σðp3; λ3Þ − p3σε

�
ρðp3; λ3Þ�ð=p1 þm1ÞðAþ Bγ5Þuðpi; siÞ ð19Þ

M½Bc; V;B�
c� ¼ −igVBcB�

c
gVBcB�

c

Z
d4p1

ð2πÞ4 ūðp4; λ4Þγ5γβ½p2αε
�
βðp2; λ2Þ − p2βε

�
αðp2; λ2Þ�

× uαðk; λkÞūρðk; λkÞγ5γσ½p3ρε
�
σðp3; λ3Þ − p3σε

�
ρðp3; λ3Þ�ð=p1 þm1Þ

× ϵμðp2; λ2Þ
�
A1γμγ5 þ A2

p1μ

mi
γ5 þ B1γμ þ B2

p1μ

mi

�
uðpi; siÞ × PF ; ð20Þ
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where the note PF represents the multiplication of the
propagators and form factor,

PF ¼ 1

ðp2
1 −m2

1 þ iϵÞðp2
2 −m2

2 þ iϵÞðp2
k −m2

k þ iϵÞ

×

�
Λ2
k −m2

k

Λ2
k − p2

k

�
n

: ð21Þ

The amplitudes for the weak vertices BccðpiÞ →
Bcðp2ÞP=Vðp1Þ can be calculated using Eqs. (8)
and (10). Accordingly, the definitions of A, B, A1;2, and
B1;2 appearing in Eqs. (13)–(20) are given in Eqs. (9)
and (12). The strong coupling constants (e.g., gVPP,
f1VBcBc

, and f2VBcBc
) in the equation are calculated on-

shell, but their reliability is compromised because the
exchanged particle is generally off-shell. To account for
off-shell effects and ensure theoretical self-consistency,
a form factor Fðpj;mjÞ is introduced [55]. Moreover,
a proper regularization scheme is required to handle the
divergences in the triangle diagram master integrals. The
form factor in Eq. (21) is consistent with the Pauli-Villars
regularization scheme,

Fðpk;mkÞ ¼
�
Λ2
k −m2

k

Λ2
k − p2

k

�
n

: ð22Þ

The cutoff Λk can be given as

Λk ¼ mk þ ηΛQCD: ð23Þ

With ΛQCD ¼ 330 MeV for charm quark decays, the phe-
nomenological parameter η is determined by experimental
data, not from first principles. Multiple strong vertices would
require extensive data to determine η individually, but in our
previous work on Bcc → BcV [64] we fixed η using the
experimental ratio BðΞþþ

cc → Ξ0þ
c πþÞ=BðΞþþ

cc → Ξþ
c π

þÞ ¼
ð1.41� 0.17� 0.10Þ [11]. Since the same charm quark
decay is involved, we adopt that value. The form factor in
Eq. (22) typically exhibits monopole or dipole behavior with
exponent n ¼ 1 or 2. As the branching ratios of B meson
decays [55] are similar for both choices, we adopt n ¼ 2.
After gathering all the fragments, the amplitude of decay

Bcc → BcV can be expressed as

AðBcc → BcVÞ
¼MSDðBcc → BcVÞþM½P;Bc;P� þM½P;Bc;V�
þM½V;Bc;P� þM½V;Bc;V� þM½Bc;P;Bc�
þM½Bc;V;Bc� þM½Bc;P;B�

c� þM½Bc;V;B�
c�; ð24Þ

where MSD labels its short-distance contributions, includ-
ing the factorization contributions of T and C diagrams.
The amplitudes for all channels can be found in
Appendix A.

D. Decay asymmetry parameters and CP violation

As the amplitude for the two-body nonleptonic weak
decay of doubly charmed baryon Bcc → BcV can be
deduced as

MðBcc → BcVÞ

¼ ϵ�μūBc

�
A1γμγ5 þ A2

pfμ

mi
γ5 þ B1γμ þ B2

pfμ

mi

�
uBcc

;

ð25Þ

here, pfμ is the momentum of singly charmed baryon Bc in
the rest frame of the mother particle Bcc. The Bcc spin has
not yet been measured, but the quark model prediction is
spin 1=2. The Bcc → BcV mode is, therefore, the decay of
a spin 1=2 particle into a spin 1 and a spin 1=2 particle. In
the helicity formalism, the decay can be described by four

Hλi
λf;λV

helicity amplitudes (H
1
2

−1
2
;0
, H

−1
2

1
2
;0
, H

−1
2

−1
2
;−1, and H

1
2
1
2
;1
),

where λi, λf, and λV are the helicities of Bcc, Bc, and V,
respectively. In this decay process, the helicity amplitudes
can be obtained in the Pauli-Dirac representation,

HVλi
λf;λV

¼ hBfðλfÞjc̄γμbjBiðλiÞiϵ�μðλVÞ;
HAλi

λf;λV
¼ hBfðλfÞjc̄γμγ5bjBiðλiÞiϵ�μðλVÞ;

Hλi
λf;λV

¼ HVλi
λf;λV

−HAλi
λf;λV

: ð26Þ

The helicity amplitudes are related to the transition form
factors as follows:

HV
1
2

−1
2
;0
¼HV

−1
2

1
2
;0
¼−i

ffiffiffiffiffiffiffi
Q−

q2

s �
ðmiþmfÞf1−

q2

mi
f2

�
; ð27Þ

HV
1
2
1
2
;1
¼ HV

−1
2

−1
2
;−1 ¼ i

ffiffiffiffiffiffiffiffiffi
2Q−

p �
−f1 þ

mi þmf

mi
f2

�
; ð28Þ

HA
1
2

−1
2
;0
¼−HA

−1
2

1
2
;0
¼−i

ffiffiffiffiffiffiffi
Qþ
q2

s �
ðmi−mfÞg1þ

q2

mi
g2

�
; ð29Þ

HA
1
2
1
2
;1
¼ −HA

−1
2

−1
2
;−1 ¼ i

ffiffiffiffiffiffiffiffiffi
2Qþ

p �
−g1 −

mi −mf

mi
g2

�
: ð30Þ

Then, the decay width can be given as follows:

ΓðBcc→BcVÞ¼
jp⃗cjðEfþmfÞ

4πmi

�
2ðjSj2þjP2j2Þ

þE2
V

m2
V
ðjSþDj2þjP1j2Þ

�

¼ jp⃗cj
8πm2

i

1

2

X
λi;λf;λV

jHλi
λf;λV

ðBcc→BcVÞj2; ð31Þ
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where jp⃗cj is the magnitude of three-momentum of Bc in
the rest frame of Bcc. The relations between A1, A2, B1, B2

and S;P1;P2;D can be given as

S ¼ −A1;

P1 ¼ −
jp⃗cj
EV

�
mi þmf

Ef þmf
B1 þ B2

�
;

P2 ¼
jp⃗cj

Ef þmf
B1;

D ¼ −
jp⃗cj2

EVðEf þmfÞ
ðA1 − A2Þ: ð32Þ

Specifically, the decay process Bcc → BcV involves four

distinct nonzero helicity amplitudes (H
1
2

−1
2
;0
, H

−1
2

1
2
;0
, H

−1
2

−1
2
;−1,

and H
1
2
1
2
;1
). Armed with these helicity amplitudes given in

Eq. (26), we can also proceed to perform the calculations of
the decay branching ratios and various asymmetry param-
eters, which are defined as [65,66]

BR ¼ ΓðBcc → BcVÞ · τΞbc
;

αb ¼ −jĤ1
2
1
2
;1
j2 þ jĤ−1

2

−1
2
;−1j2 þ jĤ−1

2
1
2
;0
j2 − jĤ1

2

−1
2
;0
j2;

α2 ¼ jĤ1
2
1
2
;1
j2 − jĤ−1

2

−1
2
;−1j2 þ jĤ−1

2
1
2
;0
j2 − jĤ1

2

−1
2
;0
j2;

r0 ¼ jĤ1
2
1
2
;1
j2 þ jĤ1

2

−1
2
;0
j2;

r1 ¼ jĤ1
2
1
2
;1
j2 − jĤ1

2

−1
2
;0
j2: ð33Þ

Here, we introduce the moduli squared of normalized helicity
amplitudes jĤλi

λf;λV
j2 ¼ jHλi

λf;λV
j2=HN , as in Ref. [66], with

HN ¼
X

λi;λf;λV

jHλi
λf;λV

ðΞbc → ΞcJ=ΨÞj2;

¼ jH1
2
1
2
;1
j2 þ jH−1

2

−1
2
;−1j2 þ jH−1

2
1
2
;0
j2 þ jH1

2

−1
2
;0
j2; ð34Þ

and αb is the parity-violating asymmetry parameter, α2
represents the longitudinal polarization of the daughter Ξc

baryon, and r0ðr1Þ corresponds to the longitudinal unpolar-
ized (polarized) parameter.
As our calculation can give the strong phase of the decay

amplitudes, the information of CP violation can be derived.
The direct CP asymmetry is defined as

Adir
CPðBcc → BcVÞ ¼

ΓðBcc → BcVÞ − Γ̄ðBcc → BcVÞ
ΓðBcc → BcVÞ þ Γ̄ðBcc → BcVÞ

¼ 2r sinΔδ sinΔϕ
1þ r2 þ 2r cosΔδ cosΔϕ

; ð35Þ

where r denotes the amplitude ratio. Furthermore, Δδ and
Δϕ symbolize the strong and weak phase differences,
respectively.
The violation of CP arises from the parameters asso-

ciated with decay asymmetry,

αCP ¼ α − ᾱ

αþ ᾱ
; rCP ¼ r − r̄

rþ r̄
: ð36Þ

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present the numerical results for the
branching ratios and decay asymmetry parameters of the
Bcc → BcV decays.

A. Input parameters

The calculation requires inputs, including initial and
final-state masses, decay constants of pseudoscalar and
vector mesons, strong couplings, transition form factors,
and the lifetimes of the doubly charmed baryons. In the
following, we will classify and discuss the input parameter
values used in this work:

(i) LHCb Collaboration has measured the mass and
lifetime of the Ξþþ

cc baryon as mΞþþ
cc

¼ 3.621 GeV
and τΞþþ

cc
¼ 256 fs [9,10], along with the mass of

the Ξþ
cc baryon: mΞþ

cc
¼ 3.619 GeV [15]. From

Refs. [67–69], we adopt τΞþ
cc
¼ 47 fs, as well as

mΩþ
cc
¼ 3.738 GeV and τΩþ

cc
¼ 179 fs. The masses

of the final states, including singly heavy baryons

TABLE II. Decay constants (in units of MeV) of the light mesons [70–72] and strong couplings [55,58–63,74,75,77] used in this
work.

fπ fη1 fρ fω fη8 fϕ fK fK�

130.2� 1.2 151� 2.6 216� 5 195� 3 169� 2.6 233� 4.6 155.7� 3 217� 7

gρρρ gρππ gΞþ
c Ξþ

c π
0 gΞ0þ

c Ξþ
c π

0 gΣþ
c Σ0

cπ
þ gΣ�0

c Λþ
c π

− gΣ�þ
c Σ0

cπ
þ

4.17� 1 6.05� 0.02 0.70� 0.22 3.1� 1.1 8.0� 2.8 3.9� 0.6 4.3� 0.4

gωρπ gΣ�þ
c Λþ

c ρ
0 gΣ�0

c Σþ
c ρ

− gΞ0
cΛþ

c K�− gΣ0
cΛþ

c ρ
− gΣþ

c Σ0
cρ

þ

−10� 1 10� 1.8 5.77� 0.5 f4.6� 1.5; 6� 2g f2.6� 0.9; 16� 5.3g f4� 1.3; 27� 9g
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and light mesons, are taken from the Particle Data
Group [70].

(ii) Decay constants of pseudoscalar and vector mesons
are obtained from Refs. [70–72] and are summa-
rized in Table II. The form factors for the transition
Bcc → Bc are taken from the light-front quark
model calculations [73], which have been success-
fully used to predict the discovery channel of Ξþþ

cc
in Ref. [22].

(iii) The nonperturbative strong coupling constants are
crucial for our calculation. Most of them are taken
from theoretical works [55,58–63,74–76], which
have been listed in Table II. The remaining cou-
plings are inferred from SUð3Þ flavor symmetry.

B. Branching ratios and decay asymmetry parameters

We present our numerical results for the branching ratios,
helicity amplitudes, and four decay asymmetry parameters
for all 49 decay channels. The results are summarized in
four tables: Table III for short-distance dominated modes,
Table IV for long-distance dominated Cabibbo-favored
modes, Table V for singly Cabibbo-suppressed modes,
and Table VI for doubly Cabibbo-suppressed modes. In our
previous study of the Bcc → BcP process [64], the model
parameter η in the form factor Eq. (22) was determined to
be η ¼ 0.9� 0.2 by fitting to the experimental data
BðΞþþ

cc →Ξ0þ
c πþÞ=BðΞþþ

cc →Ξþ
c π

þÞ¼ð1.41�0.17�0.10Þ
[11]. Since the process Bcc → BcV also involves a charm
quark decay, we adopt the same value as in our previous
work [64]. We also analyze the dependence of the branch-
ing ratios and decay parameters on the model parameter η,
as shown in Fig. 3.
The main features of our results are as follows:
(i) The branching ratios for the short-distance domi-

nated modes are typically at the level of 10−4

to 10−2.
(ii) The long-distance contributions are significant for

the nonfactorizable channels, often comparable to or
even larger than the short-distance contributions.

(iii) The decay asymmetry parameters αb, α2, r0, and r1
show rich patterns across different channels, reflect-
ing the underlying dynamics of the decay processes.

(iv) One can see that the branching ratios are moderately
sensitive to this parameter, while the decay asym-
metry parameters show relatively smaller sensitivity.
This feature is advantageous because the asymmetry
parameters can be measured more precisely in
experiments, providing stronger constraints on the
theoretical framework.

C. CP violations

We present our numerical results for CP violations.
The results are summarized in two tables: Table VII for
short-distance dominated modes and Table VIII for
singly Cabibbo-suppressed modes. We also analyze theTA
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dependence of CP violations on the model parameter η, as
shown in Fig. 4.
The main features of our results are as follows:
(i) The CP violations for the short-distance dominated

modes are typically at the level of 10−5 to 10−4, and
the ones of singly Cabibbo-suppressed modes are at
the level of 10−7 to 10−3.

(ii) One can see that the CP violations are relatively
smaller, sensitive to this parameter η.

D. Analysis of Ωcc

As shown in Tables III and IV, there are three decays, all
of which have large decay branching ratios,

BðΩþ
cc → Ω0

cρ
þÞ ¼ 22.52%; ð37Þ

BðΩþ
cc → Ξ0þ

c K̄�0Þ ¼ ð2.40þ2.36
−1.39Þ%; ð38Þ

BðΩþ
cc → Ξþ

c K̄�0Þ ¼ ð2.14þ2.14
−1.24Þ%: ð39Þ

In this work, the value of the lifetime of Ωcc is taken as
176 fs [69]. In Ref. [47], the decay widths of these decays
of Ωcc have been calculated and, in order to compare with
them, we calculate the decay widths of them and list them
in Table IX.
For the first process Ωþ

cc → Ω0
cρ

þ, the two results are
similar because this process only involves tree-level con-
tributions (ignoring the s-channel contribution). Therefore,
the slight difference between the two studies arises from the
input parameters, such as decay constants or form factors.
For the other two processes, Ωþ

cc → Ξ0þ
c K̄�0 and

Ωþ
cc → Ξþ

c K̄�0, we can see our results are smaller than the
ones of Ref. [47]. This is because, different from Ref. [47],
for the parameter in Eq. (22), we take the value n ¼ 2. This
choice is more effective at suppressing the contribution of
loop diagrams, leading to more reasonable results. Different
from Ref. [47], which computes loop diagrams using the
cutting rule and only evaluates the imaginary part, we have
calculated the complete loop diagrams. Furthermore, we have
additionally taken into account the contributions from two
other kinds of loop diagrams, fBc; P;B�

cg and fBc; V;B�
cg,

as shown by Figs. 2(g) and (h).
At LHCb Run 3, an integrated luminosity of 23 fb−1 is

anticipated [37], with a projected Ωcc production cross
section of 60–1800 nb in the LHCb detector [16,23,78–83].
The corresponding production event of Ωcc, NpðΩccÞ, is
approximately 109–1010. Considering the subsequent decay
chain involving BrðΞ0þ

c → Ξþ
c γÞ ¼ 100%, BrðΞþ

c →
pK−πþÞ¼ 6.2×10−3 [84,85], BrðK̄�0 → Kþπ−Þ ¼ 100%

[70], BrðΩ0
c →Ω−πþÞ ¼ 5.1× 10−3 ∼ 3.43× 10−2 [86,87],

BrðΩ− → ΛK−Þ ¼ 67.8% [70], BrðΛ → pπ−Þ ¼ 63.9%
[70], and Brðρþ → πþπ0Þ ¼ 100% [70], combined with
detection efficiencies for final states ϵp;K�;π� ¼ 90 ∼ 95%

[88,89], ϵπ0 ¼ 20 ∼ 25% [90], and ϵγ ∼ 1% [91], theTA
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(a) (b)

FIG. 3. The dependence of the branching ratios and decay parameters on the model parameter η.

TABLE VII. CP violations for short-distance dominated modes.

Channels Adir
CP½10−5� αbCP½10−5� α2CP½10−5� r0CP½10−5� r1CP½10−5�

Ξþþ
cc → Σþ

c ρ
þ 0.91þ0.23

−0.27 0.86þ0.69
−0.42 −2.1þ0.6

−0.2 −0.31þ0.10
0.10 0.29þ0.26

−0.15

Ξþþ
cc → Λþ

c ρ
þ 2.1þ0.8

−0.7 −2.2þ0.9
−1.2 −1.1þ0.3

−0.3 0.35þ0.25
−0.16 −1.7þ0.7

−0.8

Ξþþ
cc → Ξ0þ

c K�þ −0.14þ0.07
−0.09 −0.39þ0.17

−0.22 26þ14
−40 0.18þ0.06

−0.09 −0.11þ0.06
−0.07

Ξþþ
cc → Ξþ

c K�þ −1.1þ0.3
−0.3 1.00þ0.32

−0.31 0.60þ0.07
−0.32 −0.44þ0.15

−0.32 0.85þ0.24
−0.25

Ξþ
cc → Σ0

cρ
þ −0.68þ0.26

−0.34 0.24þ0.08
−0.08 −1.4þ0.4

−0.3 −0.16þ0.06
−0.34 0.043þ0.022

−0.015

Ξþ
cc → Ξ00

c K�þ 0.38þ0.13
−0.14 −0.017þ0.027

−0.007 64þ59
−59 −0.17þ0.07

−0.07 −0.22þ0.07
−0.04

Ξþ
cc → Ξ0

cK�þ −0.30þ0.10
−0.11 −0.57þ0.22

−0.31 −0.42þ0.17
−0.11 0.23þ0.09

−0.11 −0.51þ0.20
−0.29

Ωþ
cc → Ξ0

cρ
þ 0.0094þ0.0153

−0.0115 −0.80þ0.18
−0.13 −0.82þ0.21

−0.02 −0.0077þ0.0100
0.0100 −0.81þ0.19

−0.13

Ωþ
cc → Ξ00

c ρ
þ −1.1þ0.3

−0.3 0.51þ0.03
−0.09 −0.16þ0.13

−0.29 0.071þ0.001
−0.291 0.36þ0.04

−0.07

Ωþ
cc → Ω0

cK�þ 0.80þ0.24
−0.25 −0.060þ0.048

−0.079 −3.1þ1.3
−0.2 0.12þ0.05

−0.04 0.080þ0.008
−0.010

TABLE VIII. CP violations for singly Cabibbo-suppressed modes.

Channels Adir
CP½10−4� αbCP½10−4� α2CP½10−4� r0CP½10−4� r1CP½10−4�

Ξþþ
cc → Σþþ

c ρ0 0.46þ0.05
−0.04 1.6þ0.5

−0.3 −0.26þ0.01
−0.04 −0.038þ0.009

−0.039 1.1þ0.3
−0.2

Ξþþ
cc → Σþþ

c ω −1.1þ0.0
−0.1 −0.41þ0.07

−0.07 −1.2þ0.7
−0.0 −0.36þ0.00

−0.01 −0.33þ0.00
−0.00

Ξþ
cc → Σþ

c ρ
0 0.040þ0.006

−0.004 −0.072þ0.013
−0.015 0.24þ0.04

−0.04 −0.0080þ0.0005
−0.0041 0.0098þ0.0020

−0.0025

Ξþ
cc → Σþ

c ω −0.30þ0.02
−0.03 −0.40þ0.06

−0.07 0.25þ0.02
−0.02 −0.017þ0.009

−0.009 −0.26þ0.04
−0.04

Ξþ
cc → Λþ

c ρ
0 −0.0032þ0.0002

−0.0015 −0.29þ0.04
−0.04 1.2þ0.1

−0.0 −0.037þ0.001
−0.002 −0.89þ0.12

−0.09

Ξþ
cc → Λþ

c ω 0.068þ0.007
−0.015 −1.3þ0.1

−0.1 0.25þ0.01
0.01 0.19þ0.00

−0.00 0.78þ0.05
−0.04

Ξþ
cc → Σþþ

c ρ− −0.066þ0.005
−0.006 −0.37þ0.05

−0.05 0.61þ0.00
−0.00 0.012þ0.001

−0.001 −0.13þ0.02
−0.02

Ξþ
cc → Ξ0þ

c K�0 −0.13þ0.02
−0.02 −8.4þ1.7

−1.4 −2.7þ0.4
−0.0 −0.26þ0.03

0.02 4.3þ3.7
−1.1

Ξþ
cc → Ξþ

c K�0 −0.41þ0.04
−0.06 −4.1þ1.8

−2.4 1.2þ0.1
−0.0 −0.29þ0.06

0.04 −0.93þ0.19
−0.16

Ωþ
cc → Σþ

c K̄�0 −0.068þ0.001
−0.001 −0.31þ0.02

−0.02 −0.12þ0.00
−0.00 0.047þ0.001

−0.001 −6.0þ2.6
−16.1

Ωþ
cc → Λþ

c K̄�0 −0.00085þ0.00422
−0.00412 −0.54þ0.10

−0.14 −0.11þ0.01
−0.01 0.038þ0.004

−0.004 0.089þ0.012
−0.011

Ωþ
cc → Σþþ

c K�− −0.28þ0.03
−0.04 2.7þ4.7

−0.9 0.17þ0.02
−0.02 0.0040þ0.0070

−0.0070 −0.29þ0.07
−0.06

Ωþ
cc → Ξ0þ

c ρ0 0.13þ0.01
−0.01 0.57þ0.28

−0.14 −0.81þ0.08
−0.01 −0.0084þ0.0003

−0.0102 0.30þ0.15
−0.08

(Table continued)
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expected signal events Ns for the three decay channels can be estimated as follows:

Ns ¼ NpðΩccÞBrðΩþ
cc → Ω0

cρ
þÞBrðΩ0

c → Ω−πþÞBrðρþ → πþπ0Þ
× BrðΩ− → ΛK−ÞBrðΛ → pπ−Þð90%Þ5ð25%Þ ∼ ð7.2 × 104 − 4.7 × 106Þ; ð40Þ

Ns ¼ NpðΩccÞBrðΩþ
cc → Ξ0þ

c K̄�0ÞBrðΞ0þ
c → Ξþ

c γÞBrðΞþ
c → pK−πþÞ

× BrðK̄�0 → Kþπ−Þð90%Þ5ð1%Þ ¼ ð8.8 × 102 ∼ 8.8 × 103Þ; ð41Þ

Ns ¼ NpðΩccÞBrðΩþ
cc → Ξþ

c K̄�0ÞBrðΞþ
c → pK−πþÞBrðK̄�0 → Kþπ−Þð90%Þ5

¼ ð7.8 × 104 − 7.8 × 105Þ: ð42Þ

Before the summary, we briefly discuss the contribu-
tions beyond the naive factorization approximation. The
short-distance αs corrections to the factorizable amplitudes
are typically of order αsðmcÞCF=ð4πÞ ∼ 10%, with addi-
tional power suppression of ΛQCD=mc ∼ 0.2–0.3 [92,93].
These corrections are perturbatively calculable and can
introduce strong phases via the imaginary parts of loop
integrals. The penguin operators O3 −O6, neglected in
our calculation, also contribute at the short-distance
level [94]. Their effects are CKM-suppressed by λ2 in
Cabibbo-favored modes and thus remain at the percent

level, though they may become more important in
Cabibbo-suppressed channels.
In contrast, the long-distance final-state rescattering effects

via triangular diagrams, which are the main focus of this
work, are nonperturbative and free from short-distance
suppression. They can be resonantly enhanced through
intermediate hadronic states and may produce large strong
phases, making them particularly relevant for decay asym-
metry parameters. These effects are complementary to the
short-distance αs corrections and penguin contributions,
rather than being alternatives. A complete treatment incor-
porating both types of contributions is desirable but beyond
the present scope. Our results should, therefore, be viewed
as estimates within the adopted approximation, providing a
baseline for future more complete calculations in the QCD
factorization framework.

TABLE VIII. (Continued)

Channels Adir
CP½10−4� αbCP½10−4� α2CP½10−4� r0CP½10−4� r1CP½10−4�

Ωþ
cc → Ξ0þ

c ϕ 0.10þ0.01
−0.01 −1.3þ0.4

−1.0 −0.037þ0.007
−0.008 0.0087þ0.0009

−0.0075 0.78þ0.29
−0.17

Ωþ
cc → Ξ0þ

c ω −1.5þ0.0
−0.0 −0.73þ0.17

−0.20 0.83þ0.01
−0.01 0.17þ0.04

−0.04 −9.6þ4.8
−67.7

Ωþ
cc → Ξþ

c ρ
0 0.096þ0.007

−0.006 −0.23þ0.02
−0.02 −0.043þ0.016

−0.020 −0.0015þ0.0023
−0.0064 −0.33þ0.02

−0.02

Ωþ
cc → Ξþ

c ϕ 0.0028þ0.0005
−0.0003 0.24þ0.03

−0.02 −0.17þ0.00
−0.01 0.0037þ0.0008

−0.0007 −40þ50
−33

Ωþ
cc → Ξþ

c ω −0.45þ0.01
−0.01 13þ8

−41 0.36þ0.04
−0.01 −0.18þ0.02

−0.01 −0.50þ0.07
−0.06

FIG. 4. The dependence of the CP violations on the model
parameter η.

TABLE IX. Comparison of decay widths for three decays
Bcc → BcV (ΓTot½10−14�).
Channels This work Ref. [47]

Ωþ
cc → Ω0

cρ
þ 82.8 87.5

Ωþ
cc → Ξ0þ

c K̄�0 8.82þ8.66
−5.09 26.4þ27.2

−17.9

Ωþ
cc → Ξþ

c K̄�0 7.86þ7.88
−4.57 13.8þ14.9

−9.5
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IV. SUMMARY

In this work, we study the two-body nonleptonic
weak decays Bcc → BcV [with Bcc ¼ ðΞþþ

cc ;Ξþ
cc;Ωþ

ccÞ,
Bc ¼ ðB3̄;B6Þ, and V ¼ ðρ; K�;ω;ϕÞ] under the final-state
interaction mechanism. As shown in Table III, the factor-
izable diagram T dominates over the long-distance con-
tributions from C0 and E2. Conversely, from Tables IV–VI,
long-distance effects dominate because the short-distance
amplitude CSD is suppressed by the effective Wilson
coefficients at the charm scale, where a2ðmcÞ ¼ −0.017 <
a1ðmcÞ ¼ 1.07—the latter is used for the weak decay
vertex. No absolute branching fraction for Bcc → BcV
has yet been measured directly. Since this process involves
a charm quark decay, we adopt η ¼ 0.9� 0.2, as deter-
mined in our previous work [64], by fitting the ratio
BðΞþþ

cc →Ξ0þ
c πþÞ=BðΞþþ

cc →Ξþ
c π

þÞ¼ ð1.41�0.17�0.10Þ
from LHCb [11]. Further findings are as follows:
(1) Using η ¼ 0.9� 0.2, we predict the branching

ratios, decay asymmetry parameters, and CP viola-
tion for all Bcc → BcV decays.

(2) The decay asymmetry parameters are less sensitive
to the model parameter η than the branching ratios,
as shown in Fig. 3, regardless of whether short-
distance or long-distance contributions dominated.

(3) After the calculation of the decay widths of each
decay mode, we conduct a comparative analysis
with other theoretical works and analyze the pro-
duction events in the LHCb experiment. Different

from other studies, our work includes both real and
imaginary contributions of the amplitudes.
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APPENDIX A: AMPLITUDES OF EACH MODE

The expressions of amplitudes for all 47 Bcc → BcV
decays considered in this paper are collected in this
appendix. Twenty amplitudes for the short-distance domi-
nated modes are given as follows:

AðΞþþ
cc → Ξþ

c ρ
þÞ ¼ TSDðΞþþ

cc → Ξþ
c ρ

þÞ
þMðπþ;Ξð0Þþ

c ; π0Þ þMðπþ;Ξð0Þþ
c ; ρ0Þ þMðρþ;Ξð0Þþ

c ; π0Þ þMðρþ;Ξð0Þþ
c ; ρ0Þ

þMðΞð0Þþ
c ; πþ;Ξð0Þ0

c Þ þMðΞð0Þþ
c ; ρþ;Ξð0Þ0

c Þ þMðΞð0Þþ
c ; πþ;Ξ�00

c Þ þMðΞð0Þþ
c ; ρþ;Ξ�00

c Þ; ðA1Þ

AðΞþþ
cc → Ξ0þ

c ρþÞ ¼ TSDðΞþþ
cc → Ξ0þ

c ρþÞ
þMðπþ;Ξð0Þþ

c ; π0Þ þMðπþ;Ξð0Þþ
c ; ρ0Þ þMðρþ;Ξð0Þþ

c ; π0Þ þMðρþ;Ξð0Þþ
c ; ρ0Þ

þMðΞð0Þþ
c ; πþ;Ξð0Þ0

c Þ þMðΞð0Þþ
c ; ρþ;Ξð0Þ0

c Þ þMðΞð0Þþ
c ; πþ;Ξ�00

c Þ þMðΞð0Þþ
c ; ρþ;Ξ�00

c Þ; ðA2Þ

AðΞþþ
cc → Σþ

c ρ
þÞ ¼ TSDðΞþþ

cc → Σþ
c ρ

þÞ
þMðπþ;Λþ

c ; π
0Þ þMðKþ;Ξð0Þþ

c ;K0Þ þMðπþ;Λþ
c ; ρ

0Þ þMðKþ;Ξð0Þþ
c ;K�0Þ

þMðρþ;Λþ
c ; π

0Þ þMðK�þ;Ξð0Þþ
c ;K0Þ þMðρþ;Λþ

c ; ρ
0Þ þMðK�þ;Ξð0Þþ

c ;K�0Þ
þMðΛþ

c =Σþ
c ; πþ;Σ0

cÞ þMðΞð0Þþ
c ; Kþ;Ξð0Þ0

c Þ þMðΛþ
c =Σþ

c ; ρþ;Σ0
cÞ þMðΞð0Þþ

c ; K�þ;Ξð0Þ0
c Þ

þMðΛþ
c =Σþ

c ; πþ;Σ�0
c Þ þMðΞð0Þþ

c ; Kþ;Ξ�00
c Þ þMðΛþ

c =Σþ
c ; ρþ;Σ�0

c Þ þMðΞð0Þþ
c ; K�þ;Ξ�00

c Þ; ðA3Þ
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AðΞþþ
cc → Λþ

c ρ
þÞ ¼ TSDðΞþþ

cc → Λþ
c ρ

þÞ
þMðπþ;Σþ

c ; π
0Þ þMðKþ;Ξð0Þþ

c ;K0Þ þMðπþ;Σþ
c ; ρ

0Þ þMðKþ;Ξð0Þþ
c ;K�0Þ

þMðρþ;Σþ
c ; π

0Þ þMðK�þ;Ξð0Þþ
c ;K0Þ þMðρþ;Σþ

c ; ρ
0Þ þMðK�þ;Ξð0Þþ

c ;K�0Þ
þMðΛþ

c =Σþ
c ; πþ;Σ0

cÞ þMðΞð0Þþ
c ; Kþ;Ξð0Þ0

c Þ þMðΛþ
c =Σþ

c ; ρþ;Σ0
cÞ þMðΞð0Þþ

c ; K�þ;Ξð0Þ0
c Þ

þMðΛþ
c =Σþ

c ; πþ;Σ�0
c Þ þMðΞð0Þþ

c ; Kþ;Ξ�00
c Þ þMðΛþ

c =Σþ
c ; ρþ;Σ�0

c Þ þMðΞð0Þþ
c ; K�þ;Ξ�00

c Þ; ðA4Þ

AðΞþþ
cc → Ξ0þ

c K�þÞ ¼ TSDðΞþþ
cc → Ξ0þ

c K�þÞ
þMðKþ;Ξð0Þþ

c ; π0Þ þMðKþ;Ξð0Þþ
c ; η8Þ þMðKþ;Ξ0þ

c ; η1Þ þMðπþ;Λþ
c =Σþ

c ; K̄0Þ
þMðKþ;Ξð0Þþ

c ; ρ0Þ þMðKþ;Ξð0Þþ
c ;ωÞ þMðKþ;Ξð0Þþ

c ;ϕÞ þMðπþ;Λþ
c =Σþ

c ; K̄�0Þ
þMðK�þ;Ξð0Þþ

c ; π0Þ þMðK�þ;Ξð0Þþ
c ; η8Þ þMðK�þ;Ξ0þ

c ; η1Þ þMðρþ;Λþ
c =Σþ

c ; K̄0Þ
þMðK�þ;Ξð0Þþ

c ; ρ0Þ þMðK�þ;Ξð0Þþ
c ;ωÞ þMðK�þ;Ξð0Þþ

c ;ϕÞ þMðρþ;Λþ
c =Σþ

c ; K̄�0Þ
þMðΞð0Þþ

c ; Kþ;Ω0
cÞ þMðΛþ

c =Σþ
c ; πþ;Ξ

ð0Þ0
c Þ þMðΞð0Þþ

c ; K�þ;Ω0
cÞ þMðΛþ

c =Σþ
c ; ρþ;Ξ

ð0Þ0
c Þ

þMðΞð0Þþ
c ; Kþ;Ω�0

c Þ þMðΛþ
c =Σþ

c ; πþ;Ξ�00
c Þ þMðΞð0Þþ

c ; K�þ;Ω�0
c Þ þMðΛþ

c =Σþ
c ; ρþ;Ξ�00

c Þ;
ðA5Þ

AðΞþþ
cc → Ξþ

c K�þÞ ¼ TSDðΞþþ
cc → Ξþ

c K�þÞ
þMðKþ;Ξð0Þþ

c ; π0Þ þMðKþ;Ξð0Þþ
c ; η8Þ þMðKþ;Ξþ

c ; η1Þ þMðπþ;Λþ
c =Σþ

c ; K̄0Þ
þMðKþ;Ξð0Þþ

c ; ρ0Þ þMðKþ;Ξð0Þþ
c ;ωÞ þMðKþ;Ξð0Þþ

c ;ϕÞ þMðπþ;Λþ
c =Σþ

c ; K̄�0Þ
þMðK�þ;Ξð0Þþ

c ; π0Þ þMðK�þ;Ξð0Þþ
c ; η8Þ þMðK�þ;Ξþ

c ; η1Þ þMðρþ;Λþ
c =Σþ

c ; K̄0Þ
þMðK�þ;Ξð0Þþ

c ; ρ0Þ þMðK�þ;Ξð0Þþ
c ;ωÞ þMðK�þ;Ξð0Þþ

c ;ϕÞ þMðρþ;Λþ
c =Σþ

c ; K̄�0Þ
þMðΞð0Þþ

c ; Kþ;Ω0
cÞ þMðΛþ

c =Σþ
c ; πþ;Ξ

ð0Þ0
c Þ þMðΞð0Þþ

c ; K�þ;Ω0
cÞ þMðΛþ

c =Σþ
c ; ρþ;Ξ

ð0Þ0
c Þ

þMðΞð0Þþ
c ; Kþ;Ω�0

c Þ þMðΛþ
c =Σþ

c ; πþ;Ξ�00
c Þ þMðΞð0Þþ

c ; K�þ;Ω�0
c Þ þMðΛþ

c =Σþ
c ; ρþ;Ξ�00

c Þ;
ðA6Þ

AðΞþþ
cc → Σþ

c K�þÞ ¼ TSDðΞþþ
cc → Σþ

c K�þÞ
þMðKþ;Λþ

c ; π
0Þ þMðKþ;Σþ

c ; η8Þ þMðKþ;Σþ
c ; η1Þ þMðKþ;Λþ

c ; ρ
0Þ

þMðKþ;Σþ
c ;ωÞ þMðK�þ;Λþ

c ; π
0Þ þMðK�þ;Σþ

c ; η8Þ þMðK�þ;Σþ
c ; η1Þ

þMðK�þ;Λþ
c ; ρ

0Þ þMðK�þ;Σþ
c ;ωÞ þMðΛþ

c =Σþ
c ; Kþ;Ξð0Þ0

c Þ þMðΛþ
c =Σþ

c ; K�þ;Ξð0Þ0
c Þ

þMðΛþ
c =Σþ

c ; Kþ;Ξ�00
c Þ þMðΛþ

c =Σþ
c ; K�þ;Ξ�00

c Þ; ðA7Þ

AðΞþþ
cc → Λþ

c K�þÞ ¼ TSDðΞþþ
cc → Λþ

c K�þÞ
þMðKþ;Σþ

c ; π
0Þ þMðKþ;Λþ

c ; η8Þ þMðKþ;Λþ
c ; η1Þ þMðKþ;Σþ

c ; ρ
0Þ

þMðKþ;Λþ
c ;ωÞ þMðK�þ;Σþ

c ; π
0Þ þMðK�þ;Λþ

c ; η8Þ þMðK�þ;Λþ
c ; η1Þ

þMðK�þ;Σþ
c ; ρ

0Þ þMðK�þ;Λþ
c ;ωÞ þMðΛþ

c =Σþ
c ; Kþ;Ξð0Þ0

c Þ þMðΛþ
c =Σþ

c ; K�þ;Ξð0Þ0
c Þ

þMðΛþ
c =Σþ

c ; Kþ;Ξ�00
c Þ þMðΛþ

c =Σþ
c ; K�þ;Ξ�00

c Þ; ðA8Þ

AðΞþ
cc → Ξ0

cρ
þÞ ¼ TSDðΞþ

cc → Ξ0
cρ

þÞ þMðπþ;Ξð0Þ0
c ; π0Þ þMðπþ;Ξð0Þ0

c ; η8Þ þMðπþ;Ξ0
c; η1Þ þMðπþ;Ξð0Þ0

c ; ρ0Þ
þMðπþ;Ξð0Þ0

c ;ωÞ þMðρþ;Ξð0Þ0
c ; π0Þ þMðρþ;Ξð0Þ0

c ; η8Þ þMðρþ;Ξ0
c; η1Þ

þMðρþ;Ξð0Þ0
c ; ρ0Þ þMðρþ;Ξð0Þ0

c ;ωÞ; ðA9Þ
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AðΞþ
cc → Ξ00

c ρ
þÞ ¼ TSDðΞþ

cc → Ξ00
c ρ

þÞ þMðπþ;Ξð0Þ0
c ; π0Þ þMðπþ;Ξð0Þ0

c ; η8Þ þMðπþ;Ξ00
c ; η1Þ þMðπþ;Ξð0Þ0

c ; ρ0Þ
þMðπþ;Ξð0Þ0

c ;ωÞ þMðρþ;Ξð0Þ0
c ; π0Þ þMðρþ;Ξð0Þ0

c ; η8Þ þMðρþ;Ξ00
c ; η1Þ

þMðρþ;Ξð0Þ0
c ; ρ0Þ þMðρþ;Ξð0Þ0

c ;ωÞ; ðA10Þ

AðΞþ
cc → Σ0

cρ
þÞ ¼ TSDðΞþ

cc → Σ0
cρ

þÞ þMðπþ;Σ0
c; π

0Þ þMðπþ;Σ0
c; η8Þ þMðπþ;Σ0

c; η1Þ þMðKþ;Ξð0Þ0
c ;K0Þ

þMðπþ;Σ0
c; ρ

0Þ þMðπþ;Σ0
c;ωÞ þMðKþ;Ξð0Þ0

c ;K�0Þ
þMðρþ;Σ0

c; π
0Þ þMðρþ;Σ0

c; η8Þ þMðρþ;Σ0
c; η1Þ þMðK�þ;Ξð0Þ0

c ;K0Þ
þMðρþ;Σ0

c; ρ
0Þ þMðρþ;Σ0

c;ωÞ þMðK�þ;Ξð0Þ0
c ;K�0Þ; ðA11Þ

AðΞþ
cc → Ξ0

cK�þÞ ¼ TSDðΞþ
cc → Ξ0

cK�þÞ þMðπþ;Σ0
c; K̄0Þ þMðKþ;Ξð0Þ0

c ; π0Þ þMðKþ;Ξð0Þ0
c ; η8Þ þMðKþ;Ξ0

c; η1Þ
þMðπþ;Σ0

c; K̄�0Þ þMðKþ;Ξð0Þ0
c ; ρ0Þ þMðKþ;Ξð0Þ0

c ;ωÞ þMðKþ;Ξð0Þ0
c ;ϕÞ

þMðρþ;Σ0
c; K̄0Þ þMðK�þ;Ξð0Þ0

c ; π0Þ þMðK�þ;Ξð0Þ0
c ; η8Þ þMðK�þ;Ξ0

c; η1Þ
þMðρþ;Σ0

c; K̄�0Þ þMðK�þ;Ξð0Þ0
c ; ρ0Þ þMðK�þ;Ξð0Þ0

c ;ωÞ þMðK�þ;Ξð0Þ0
c ;ϕÞ; ðA12Þ

AðΞþ
cc → Ξ00

c K�þÞ ¼ TSDðΞþ
cc → Ξ00

c K�þÞ þMðπþ;Σ0
c; K̄0Þ þMðKþ;Ξð0Þ0

c ; π0Þ þMðKþ;Ξð0Þ0
c ; η8Þ þMðKþ;Ξ00

c ; η1Þ
þMðπþ;Σ0

c; K̄�0Þ þMðKþ;Ξð0Þ0
c ; ρ0Þ þMðKþ;Ξð0Þ0

c ;ωÞ þMðKþ;Ξð0Þ0
c ;ϕÞ

þMðρþ;Σ0
c; K̄0Þ þMðK�þ;Ξð0Þ0

c ; π0Þ þMðK�þ;Ξð0Þ0
c ; η8Þ þMðK�þ;Ξ00

c ; η1Þ
þMðρþ;Σ0

c; K̄�0Þ þMðK�þ;Ξð0Þ0
c ; ρ0Þ þMðK�þ;Ξð0Þ0

c ;ωÞ þMðK�þ;Ξð0Þ0
c ;ϕÞ; ðA13Þ

AðΞþ
cc → Σ0

cK�þÞ ¼ T SDðΞþ
cc → Σ0

cK�þÞ; AðΩþ
cc → Ω0

cρ
þÞ ¼ T SDðΩþ

cc → Ω0
cρ

þÞ; ðA14Þ

AðΩþ
cc → Ξ0

cρ
þÞ ¼ TSDðΩþ

cc → Ξ0
cρ

þÞ þMðπþ;Ξð0Þ0
c ; π0Þ þMðπþ;Ξð0Þ0

c ; η8Þ þMðπþ;Ξ0
c; η1Þ þMðKþ;Ω0

c;K0Þ
þMðπþ;Ξð0Þ0

c ; ρ0Þ þMðπþ;Ξð0Þ0
c ;ωÞ þMðKþ;Ω0

c;K�0Þ
þMðρþ;Ξð0Þ0

c ; π0Þ þMðρþ;Ξð0Þ0
c ; η8Þ þMðρþ;Ξ0

c; η1Þ þMðK�þ;Ω0
c;K0Þ

þMðρþ;Ξð0Þ0
c ; ρ0Þ þMðρþ;Ξð0Þ0

c ;ωÞ þMðK�þ;Ω0
c;K�0Þ; ðA15Þ

AðΩþ
cc → Ξ00

c ρ
þÞ ¼ TSDðΩþ

cc → Ξ00
c ρ

þÞ þMðπþ;Ξð0Þ0
c ; π0Þ þMðπþ;Ξð0Þ0

c ; η8Þ þMðπþ;Ξ00
c ; η1Þ þMðKþ;Ω0

c;K0Þ
þMðπþ;Ξð0Þ0

c ; ρ0Þ þMðπþ;Ξð0Þ0
c ;ωÞ þMðKþ;Ω0

c;K�0Þ
þMðρþ;Ξð0Þ0

c ; π0Þ þMðρþ;Ξð0Þ0
c ; η8Þ þMðρþ;Ξ00

c ; η1Þ þMðK�þ;Ω0
c;K0Þ

þMðρþ;Ξð0Þ0
c ; ρ0Þ þMðρþ;Ξð0Þ0

c ;ωÞ þMðK�þ;Ω0
c;K�0Þ; ðA16Þ

AðΩþ
cc → Ω0

cK�þÞ ¼ TSDðΩþ
cc → Ω0

cK�þÞ þMðπþ;Ξð0Þ0
c ; K̄0Þ þMðKþ;Ω0

c; η8Þ þMðKþ;Ω0
c; η1Þ þMðπþ;Ξð0Þ0

c ; K̄�0Þ
þMðKþ;Ω0

c;ϕÞ þMðρþ;Ξð0Þ0
c ; K̄0Þ þMðK�þ;Ω0

c; η8Þ þMðK�þ;Ω0
c; η1Þ

þMðρþ;Ξð0Þ0
c ; K̄�0Þ þMðK�þ;Ω0

c;ϕÞ; ðA17Þ

AðΩþ
cc → Ξ0

cK�þÞ ¼ TSDðΩþ
cc → Ξ0

cK�þÞ þMðKþ;Ξð0Þ0
c ; π0Þ þMðKþ;Ξð0Þ0

c ; η8Þ þMðKþ;Ξ0
c; η1Þ þMðKþ;Ξð0Þ0

c ; ρ0Þ
þMðKþ;Ξð0Þ0

c ;ωÞ þMðKþ;Ξð0Þ0
c ;ϕÞ þMðK�þ;Ξð0Þ0

c ; π0Þ þMðK�þ;Ξð0Þ0
c ; η8Þ

þMðK�þ;Ξ0
c; η1Þ þMðK�þ;Ξð0Þ0

c ; ρ0Þ þMðK�þ;Ξð0Þ0
c ;ωÞ þMðK�þ;Ξð0Þ0

c ;ϕÞ; ðA18Þ
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AðΩþ
cc → Ξ00

c K�þÞ ¼ TSDðΩþ
cc → Ξ00

c K�þÞ þMðKþ;Ξð0Þ0
c ; π0Þ þMðKþ;Ξð0Þ0

c ; η8Þ þMðKþ;Ξ00
c ; η1Þ þMðKþ;Ξð0Þ0

c ; ρ0Þ
þMðKþ;Ξð0Þ0

c ;ωÞ þMðKþ;Ξð0Þ0
c ;ϕÞ þMðK�þ;Ξð0Þ0

c ;π0Þ þMðK�þ;Ξð0Þ0
c ; η8Þ

þMðK�þ;Ξ00
c ; η1Þ þMðK�þ;Ξð0Þ0

c ; ρ0Þ þMðK�þ;Ξð0Þ0
c ;ωÞ þMðK�þ;Ξð0Þ0

c ;ϕÞ: ðA19Þ

The amplitudes for long-distance dominated and Cabibbo-flavored modes can be given as follows:

AðΞþþ
cc → Σþþ

c K̄�0Þ ¼ CSDðΞþþ
cc → Σþþ

c K̄�0Þ þMðπþ;Ξð0Þþ
c ;KþÞ þMðπþ;Ξð0Þþ

c ;K�þÞ þMðρþ;Ξð0Þþ
c ;KþÞ

þMðρþ;Ξð0Þþ
c ;K�þÞ þMðΞð0Þþ

c ; πþ;Λþ
c =Σþ

c Þ þMðΞð0Þþ
c ; ρþ;Λþ

c =Σþ
c Þ

þMðΞð0Þþ
c ; πþ;Σ�þ

c Þ þMðΞð0Þþ
c ; ρþ;Σ�þ

c Þ; ðA20Þ

AðΞþ
cc → Ω0

cK�þÞ ¼ Mðπþ;Ξð0Þ0
c ; K̄0Þ þMðπþ;Ξð0Þ0

c ; K̄�0Þ þMðρþ;Ξð0Þ0
c ; K̄0Þ þMðρþ;Ξð0Þ0

c ; K̄�0Þ; ðA21Þ

AðΞþ
cc → Σþ

c K̄�0Þ ¼ CSDðΞþ
cc → Σþ

c K̄�0Þ þMðπþ;Ξð0Þ0
c ;KþÞ þMðπþ;Ξð0Þ0

c ;K�þÞ þMðρþ;Ξð0Þ0
c ;KþÞ

þMðρþ;Ξð0Þ0
c ;K�þÞ þMðΞð0Þ0

c ; πþ;Σ0
cÞ þMðΞð0Þ0

c ; ρþ;Σ0
cÞ

þMðΞð0Þ0
c ; πþ;Σ�0

c Þ þMðΞð0Þ0
c ; ρþ;Σ�0

c Þ; ðA22Þ

AðΞþ
cc → Λþ

c K̄�0Þ ¼ CSDðΞþ
cc → Λþ

c K̄�0Þ þMðπþ;Ξð0Þ0
c ;KþÞ þMðπþ;Ξð0Þ0

c ;K�þÞ þMðρþ;Ξð0Þ0
c ;KþÞ

þMðρþ;Ξð0Þ0
c ;K�þÞ þMðΞð0Þ0

c ; πþ;Σ0
cÞ þMðΞð0Þ0

c ; ρþ;Σ0
cÞ

þMðΞð0Þ0
c ; πþ;Σ�0

c Þ þMðΞð0Þ0
c ; ρþ;Σ�0

c Þ; ðA23Þ

AðΞþ
cc → Σþþ

c K�−Þ ¼ MðΞð0Þ0
c ; πþ;Λþ

c =Σþ
c Þ þMðΞð0Þ0

c ; ρþ;Λþ
c =Σþ

c Þ þMðΞð0Þ0
c ; πþ;Σ�þ

c Þ þMðΞð0Þ0
c ; ρþ;Σ�þ

c Þ; ðA24Þ

AðΞþ
cc → Ξ0þ

c ρ0Þ ¼ Mðπþ;Ξð0Þ0
c ; πþÞ þMðπþ;Ξð0Þ0

c ; ρþÞ þMðρþ;Ξð0Þ0
c ; πþÞ þMðρþ;Ξð0Þ0

c ; ρþÞ
þMðΞð0Þ0

c ; πþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; πþ;Ξ�00
c Þ þMðΞð0Þ0

c ; ρþ;Ξ�00
c Þ; ðA25Þ

AðΞþ
cc → Ξ0þ

c ϕÞ ¼ MðΞð0Þ0
c ; πþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; ρþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; πþ;Ξ�00

c Þ þMðΞð0Þ0
c ; ρþ;Ξ�00

c Þ; ðA26Þ

AðΞþ
cc → Ξ0þ

c ωÞ ¼ Mðπþ;Ξð0Þ0
c ; πþÞ þMðπþ;Ξð0Þ0

c ; ρþÞ þMðρþ;Ξð0Þ0
c ; πþÞ þMðρþ;Ξð0Þ0

c ; ρþÞ
þMðΞð0Þ0

c ; πþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; πþ;Ξ�00
c Þ þMðΞð0Þ0

c ; ρþ;Ξ�00
c Þ; ðA27Þ

AðΞþ
cc → Ξþ

c ρ
0Þ ¼ Mðπþ;Ξð0Þ0

c ; πþÞ þMðπþ;Ξð0Þ0
c ; ρþÞ þMðρþ;Ξð0Þ0

c ; πþÞ þMðρþ;Ξð0Þ0
c ; ρþÞ

þMðΞð0Þ0
c ; πþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; ρþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; πþ;Ξ�00

c Þ þMðΞð0Þ0
c ; ρþ;Ξ�00

c Þ; ðA28Þ

AðΞþ
cc → Ξþ

c ϕÞ ¼ MðΞð0Þ0
c ; πþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; ρþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; πþ;Ξ�00

c Þ þMðΞð0Þ0
c ; ρþ;Ξ�00

c Þ; ðA29Þ

AðΞþ
cc → Ξþ

c ωÞ ¼ Mðπþ;Ξð0Þ0
c ; πþÞ þMðπþ;Ξð0Þ0

c ; ρþÞ þMðρþ;Ξð0Þ0
c ; πþÞ þMðρþ;Ξð0Þ0

c ; ρþÞ
þMðΞð0Þ0

c ; πþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; πþ;Ξ�00
c Þ þMðΞð0Þ0

c ; ρþ;Ξ�00
c Þ; ðA30Þ

AðΩþ
cc → Ξ0þ

c K̄�0Þ ¼ CSDðΩþ
cc → Ξ0þ

c K̄�0Þ þMðπþ;Ω0
c;KþÞ þMðπþ;Ω0

c;K�þÞ þMðρþ;Ω0
c;KþÞ þMðρþ;Ω0

c;K�þÞ
þMðΩ0

c; πþ;Ξ
ð0Þ0
c Þ þMðΩ0

c; ρþ;Ξ
ð0Þ0
c Þ þMðΩ0

c; πþ;Ξ�00
c Þ þMðΩ0

c; ρþ;Ξ�00
c Þ; ðA31Þ
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AðΩþ
cc → Ξþ

c K̄�0Þ ¼ CSDðΩþ
cc → Ξþ

c K̄�0Þ þMðπþ;Ω0
c;KþÞ þMðπþ;Ω0

c;K�þÞ þMðρþ;Ω0
c;KþÞ þMðρþ;Ω0

c;K�þÞ
þMðΩ0

c; πþ;Ξ
ð0Þ0
c Þ þMðΩ0

c; ρþ;Ξ
ð0Þ0
c Þ þMðΩ0

c; πþ;Ξ�00
c Þ þMðΩ0

c; ρþ;Ξ�00
c Þ: ðA32Þ

The amplitudes for long-distance dominated singly Cabibbo-suppressed modes can be given as follows:

AðΞþþ
cc → Σþþ

c ρ0Þ ¼ CSDðΞþþ
cc → Σþþ

c ρ0Þ
þMðπþ;Λþ

c =Σþ
c ; π

þÞ þMðKþ;Ξð0Þþ
c ;KþÞ þMðπþ;Λþ

c =Σþ
c ; ρ

þÞ þMðKþ;Ξð0Þþ
c ;K�þÞ

þMðρþ;Λþ
c =Σþ

c ; π
þÞ þMðK�þ;Ξð0Þþ

c ;KþÞ þMðρþ;Λþ
c =Σþ

c ; ρ
þÞ þMðK�þ;Ξð0Þþ

c ;K�þÞ
þMðΛþ

c ; πþ;Σþ
c Þ þMðΣþ

c ; πþ;Λþ
c Þ þMðΞð0Þþ

c ; Kþ;Ξð0Þþ
c Þ þMðΛþ

c ; ρþ;Σþ
c Þ

þMðΣþ
c ; ρþ;Λþ

c Þ þMðΞð0Þþ
c ; K�þ;Ξð0Þþ

c Þ þMðΛþ
c ; πþ;Σ�þ

c Þ þMðΞð0Þþ
c ; Kþ;Ξ�0þ

c Þ
þMðΛþ

c ; ρþ;Σ�þ
c Þ þMðΞð0Þþ

c ; K�þ;Ξ�0þ
c Þ; ðA33Þ

AðΞþþ
cc → Σþþ

c ϕÞ ¼ CSDðΞþþ
cc → Σþþ

c ϕÞ
þMðKþ;Ξð0Þþ

c ;KþÞþMðKþ;Ξð0Þþ
c ;K�þÞþMðK�þ;Ξð0Þþ

c ;KþÞþMðK�þ;Ξð0Þþ
c ;K�þÞ

þMðΞð0Þþ
c ;Kþ;Ξð0Þþ

c Þ þMðΞð0Þþ
c ;K�þ;Ξð0Þþ

c Þ þMðΞð0Þþ
c ;Kþ;Ξ�0þ

c Þ þMðΞð0Þþ
c ;K�þ;Ξ�0þ

c Þ; ðA34Þ

AðΞþþ
cc → Σþþ

c ωÞ ¼ CSDðΞþþ
cc → Σþþ

c ωÞ
þMðπþ;Λþ

c =Σþ
c ; π

þÞ þMðKþ;Ξð0Þþ
c ;KþÞ þMðπþ;Λþ

c =Σþ
c ; ρ

þÞ þMðKþ;Ξð0Þþ
c ;K�þÞ

þMðρþ;Λþ
c =Σþ

c ; π
þÞ þMðK�þ;Ξð0Þþ

c ;KþÞ þMðρþ;Λþ
c =Σþ

c ; ρ
þÞ þMðK�þ;Ξð0Þþ

c ;K�þÞ
þMðΛþ

c ; πþ;Λþ
c Þ þMðΣþ

c ; πþ;Σþ
c Þ þMðΞð0Þþ

c ; Kþ;Ξð0Þþ
c Þ

þMðΛþ
c ; ρþ;Λþ

c Þ þMðΣþ
c ; ρþ;Σþ

c Þ þMðΞð0Þþ
c ; K�þ;Ξð0Þþ

c Þ
þMðΣþ

c ; πþ;Σ�þ
c Þ þMðΞð0Þþ

c ; Kþ;Ξ�0þ
c Þ þMðΣþ

c ; ρþ;Σ�þ
c Þ þMðΞð0Þþ

c ; K�þ;Ξ�0þ
c Þ; ðA35Þ

AðΞþ
cc → Σþ

c ρ
0Þ ¼ CSDðΞþ

cc → Σþ
c ρ

0Þ
þMðπþ;Σ0

c; π
þÞ þMðKþ;Ξð0Þ0

c ;KþÞ þMðπþ;Σ0
c; ρ

þÞ þMðKþ;Ξð0Þ0
c ;K�þÞ

þMðρþ;Σ0
c; π

þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðρþ;Σ0

c; ρ
þÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΣ0

c; πþ;Σ0
cÞ þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΣ0

c; ρþ;Σ0
cÞ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ

þMðΣ0
c; πþ;Σ�0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΣ0
c; ρþ;Σ�0

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA36Þ

AðΞþ
cc → Σþ

c ϕÞ ¼ CSDðΞþ
cc → Σþ

c ϕÞ
þMðKþ;Ξð0Þ0

c ;KþÞ þMðKþ;Ξð0Þ0
c ;K�þÞ þMðK�þ;Ξð0Þ0

c ;KþÞ þMðK�þ;Ξð0Þ0
c ;K�þÞ

þMðΞð0Þ0
c ; Kþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; K�þ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA37Þ

AðΞþ
cc → Σþ

c ωÞ ¼ CSDðΞþ
cc → Σþ

c ωÞ
þMðπþ;Σ0

c; π
þÞ þMðKþ;Ξð0Þ0

c ;KþÞ þMðπþ;Σ0
c; ρ

þÞ þMðKþ;Ξð0Þ0
c ;K�þÞ

þMðρþ;Σ0
c; π

þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðρþ;Σ0

c; ρ
þÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΣ0

c; πþ;Σ0
cÞ þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΣ0

c; ρþ;Σ0
cÞ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ

þMðΣ0
c; πþ;Σ�0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΣ0
c; ρþ;Σ�0

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA38Þ
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AðΞþ
cc → Λþ

c ρ
0Þ ¼ CSDðΞþ

cc → Λþ
c ρ

0Þ
þMðπþ;Σ0

c; π
þÞ þMðKþ;Ξð0Þ0

c ;KþÞ þMðπþ;Σ0
c; ρ

þÞ þMðKþ;Ξð0Þ0
c ;K�þÞ

þMðρþ;Σ0
c; π

þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðρþ;Σ0

c; ρ
þÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΣ0

c; πþ;Σ0
cÞ þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΣ0

c; ρþ;Σ0
cÞ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ

þMðΣ0
c; πþ;Σ�0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΣ0
c; ρþ;Σ�0

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA39Þ

AðΞþ
cc → Λþ

c ϕÞ ¼ CSDðΞþ
cc → Λþ

c ϕÞ
þMðKþ;Ξð0Þ0

c ;KþÞ þMðKþ;Ξð0Þ0
c ;K�þÞ þMðK�þ;Ξð0Þ0

c ;KþÞ þMðK�þ;Ξð0Þ0
c ;K�þÞ

þMðΞð0Þ0
c ; Kþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; K�þ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA40Þ

AðΞþ
cc → Λþ

c ωÞ ¼ CSDðΞþ
cc → Λþ

c ωÞ
þMðπþ;Σ0

c; π
þÞ þMðKþ;Ξð0Þ0

c ;KþÞ þMðπþ;Σ0
c; ρ

þÞ þMðKþ;Ξð0Þ0
c ;K�þÞ

þMðρþ;Σ0
c; π

þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðρþ;Σ0

c; ρ
þÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΣ0

c; πþ;Σ0
cÞ þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΣ0

c; ρþ;Σ0
cÞ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ

þMðΣ0
c; πþ;Σ�0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΣ0
c; ρþ;Σ�0

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA41Þ

AðΞþ
cc → Σþþ

c ρ−Þ ¼ MðΣ0
c; πþ;Λþ

c =Σþ
c Þ þMðΞð0Þ0

c ; Kþ;Ξð0Þþ
c Þ þMðΣ0

c; ρþ;Λþ
c =Σþ

c Þ þMðΞð0Þ0
c ; K�þ;Ξð0Þþ

c Þ
þMðΣ0

c; πþ;Σ�þ
c Þ þMðΞð0Þ0

c ; Kþ;Ξ�0þ
c Þ þMðΣ0

c; ρþ;Σ�þ
c Þ þMðΞð0Þ0

c ; K�þ;Ξ�0þ
c Þ; ðA42Þ

AðΞþ
cc → Ξ0þ

c K�0Þ ¼ MðKþ;Ξð0Þ0
c ; πþÞ þMðKþ;Ξð0Þ0

c ; ρþÞ þMðK�þ;Ξð0Þ0
c ; πþÞ þMðK�þ;Ξð0Þ0

c ; ρþÞ
þMðΞð0Þ0

c ; Kþ;Ω0
cÞ þMðΣ0

c; πþ;Ξ
ð0Þ0
c Þ þMðΞð0Þ0

c ; K�þ;Ω0
cÞ þMðΣ0

c; ρþ;Ξ
ð0Þ0
c Þ

þMðΞð0Þ0
c ; Kþ;Ω�0

c Þ þMðΣ0
c; πþ;Ξ�00

c Þ þMðΞð0Þ0
c ; K�þ;Ω�0

c Þ þMðΣ0
c; ρþ;Ξ�00

c Þ; ðA43Þ

AðΞþ
cc → Ξþ

c K�0Þ ¼ MðKþ;Ξð0Þ0
c ; πþÞ þMðKþ;Ξð0Þ0

c ; ρþÞ þMðK�þ;Ξð0Þ0
c ; πþÞ þMðK�þ;Ξð0Þ0

c ; ρþÞ
þMðΞð0Þ0

c ; Kþ;Ω0
cÞ þMðΣ0

c; πþ;Ξ
ð0Þ0
c Þ þMðΞð0Þ0

c ; K�þ;Ω0
cÞ þMðΣ0

c; ρþ;Ξ
ð0Þ0
c Þ

þMðΞð0Þ0
c ; Kþ;Ω�0

c Þ þMðΣ0
c; πþ;Ξ�00

c Þ þMðΞð0Þ0
c ; K�þ;Ω�0

c Þ þMðΣ0
c; ρþ;Ξ�00

c Þ; ðA44Þ

AðΩþ
cc → Σþ

c K̄�0Þ ¼ Mðπþ;Ξð0Þ0
c ;KþÞ þMðπþ;Ξð0Þ0

c ;K�þÞ þMðρþ;Ξð0Þ0
c ;KþÞ þMðρþ;Ξð0Þ0

c ;K�þÞ
þMðΩ0

c; Kþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Σ0
cÞ þMðΩ0

c; K�þ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Σ0
cÞ

þMðΩ0
c; Kþ;Ξ�00

c Þ þMðΞð0Þ0
c ; πþ;Σ�0

c Þ þMðΩ0
c; K�þ;Ξ�00

c Þ þMðΞð0Þ0
c ; ρþ;Σ�0

c Þ; ðA45Þ

AðΩþ
cc → Λþ

c K̄�0Þ ¼ Mðπþ;Ξð0Þ0
c ;KþÞ þMðπþ;Ξð0Þ0

c ;K�þÞ þMðρþ;Ξð0Þ0
c ;KþÞ þMðρþ;Ξð0Þ0

c ;K�þÞ
þMðΩ0

c; Kþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Σ0
cÞ þMðΩ0

c; K�þ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; ρþ;Σ0
cÞ

þMðΩ0
c; Kþ;Ξ�00

c Þ þMðΞð0Þ0
c ; πþ;Σ�0

c Þ þMðΩ0
c; K�þ;Ξ�00

c Þ þMðΞð0Þ0
c ; ρþ;Σ�0

c Þ; ðA46Þ

AðΩþ
cc → Σþþ

c K�−Þ ¼ MðΩ0
c; Kþ;Ξð0Þþ

c Þ þMðΞð0Þ0
c ; πþ;Λþ

c =Σþ
c Þ þMðΩ0

c; K�þ;ΞΣþ
c þ

c Þ þMðΞΣþ
c 0

c ; ρþ;Λþ
c =Σþ

c Þ
þMðΩ0

c; Kþ;Ξ�0þ
c Þ þMðΞð0Þ0

c ; πþ;Σ�þ
c Þ þMðΩ0

c; K�þ;Ξ�0þ
c Þ þMðΞð0Þ0

c ; ρþ;Σ�þ
c Þ; ðA47Þ
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AðΩþ
cc → Ξ0þ

c ρ0Þ ¼ Mðπþ;Ξð0Þ0
c ; πþÞ þMðKþ;Ω0

c;KþÞ þMðπþ;Ξð0Þ0
c ; ρþÞ þMðKþ;Ω0

c;K�þÞ
þMðρþ;Ξð0Þ0

c ; πþÞ þMðK�þ;Ω0
c;KþÞ þMðρþ;Ξð0Þ0

c ; ρþÞ þMðK�þ;Ω0
c;K�þÞ

þMðΞð0Þ0
c ; πþ;Ξð0Þ0

c Þ þMðΩ0
c; Kþ;Ω0

cÞ þMðΞð0Þ0
c ; ρþ;Ξð0Þ0

c Þ þMðΩ0
c; K�þ;Ω0

cÞ
þMðΞð0Þ0

c ; πþ;Ξ�00
c Þ þMðΞð0Þ0

c ; ρþ;Ξ�00
c Þ; ðA48Þ

AðΩþ
cc → Ξ0þ

c ϕÞ ¼ MðKþ;Ω0
c;KþÞ þMðKþ;Ω0

c;K�þÞ þMðK�þ;Ω0
c;KþÞ þMðK�þ;Ω0

c;K�þÞ
þMðΞð0Þ0

c ; πþ;Ξð0Þ0
c Þ þMðΩ0

c; Kþ;Ω0
cÞ þMðΞð0Þ0

c ; ρþ;Ξð0Þ0
c Þ þMðΩ0

c; K�þ;Ω0
cÞ

þMðΞð0Þ0
c ; πþ;Ξ�00

c Þ þMðΩ0
c; Kþ;Ω�0

c Þ þMðΞð0Þ0
c ; ρþ;Ξ�00

c Þ þMðΩ0
c; K�þ;Ω�0

c Þ; ðA49Þ

AðΩþ
cc → Ξ0þ

c ωÞ ¼ Mðπþ;Ξ0
c; π

þÞ þMðπþ;Ξ00
c ; π

þÞ þMðKþ;Ω0
c;KþÞ þMðπþ;Ξ0

c; ρ
þÞ

þMðπþ;Ξ00
c ; ρ

þÞ þMðKþ;Ω0
c;K�þÞ þMðρþ;Ξ0

c; π
þÞ þMðρþ;Ξ00

c ; π
þÞ

þMðK�þ;Ω0
c;KþÞ þMðρþ;Ξ0

c; ρ
þÞ þMðρþ;Ξ00

c ; ρ
þÞ þMðK�þ;Ω0

c;K�þÞ
þMðΞ0

c; πþ;Ξ0
cÞ þMðΞ00

c ; πþ;Ξ0
cÞ þMðΞ0

c; πþ;Ξ00
c Þ þMðΞ00

c ; πþ;Ξ00
c Þ

þMðΞ0
c; ρþ;Ξ0

cÞ þMðΞ00
c ; ρþ;Ξ0

cÞ þMðΞ0
c; ρþ;Ξ00

c Þ
þMðΞ00

c ; ρþ;Ξ00
c Þ þMðΞ0

c; πþ;Ξ�00
c Þ þMðΞ00

c ; πþ;Ξ�00
c Þ

þMðΞ0
c; ρþ;Ξ�00

c Þ þMðΞ00
c ; ρþ;Ξ�00

c Þ; ðA50Þ

AðΩþ
cc → Ξþ

c ρ
0Þ ¼ Mðπþ;Ξð0Þ0

c ; πþÞ þMðKþ;Ω0
c;KþÞ þMðπþ;Ξð0Þ0

c ; ρþÞ þMðKþ;Ω0
c;K�þÞ

þMðρþ;Ξð0Þ0
c ; πþÞ þMðK�þ;Ω0

c;KþÞ þMðρþ;Ξð0Þ0
c ; ρþÞ þMðK�þ;Ω0

c;K�þÞ
þMðΞð0Þ0

c ; πþ;Ξð0Þ0
c Þ þMðΩ0

c; Kþ;Ω0
cÞ þMðΞð0Þ0

c ; ρþ;Ξð0Þ0
c Þ þMðΩ0

c; K�þ;Ω0
cÞ

þMðΞð0Þ0
c ; πþ;Ξ�00

c Þ þMðΞð0Þ0
c ; ρþ;Ξ�00

c Þ; ðA51Þ

AðΩþ
cc → Ξþ

c ϕÞ ¼ MðKþ;Ω0
c;KþÞ þMðKþ;Ω0

c;K�þÞ þMðK�þ;Ω0
c;KþÞ þMðK�þ;Ω0

c;K�þÞ
þMðΞð0Þ0

c ; πþ;Ξð0Þ0
c Þ þMðΩ0

c; Kþ;Ω0
cÞ þMðΞð0Þ0

c ; ρþ;Ξð0Þ0
c Þ þMðΩ0

c; K�þ;Ω0
cÞ

þMðΞð0Þ0
c ; πþ;Ξ�00

c Þ þMðΩ0
c; Kþ;Ω�0

c Þ þMðΞð0Þ0
c ; ρþ;Ξ�00

c Þ þMðΩ0
c; K�þ;Ω�0

c Þ; ðA52Þ

AðΩþ
cc → Ξþ

c ωÞ ¼ Mðπþ;Ξð0Þ0
c ; πþÞ þMðKþ;Ω0

c;KþÞ þMðπþ;Ξð0Þ0
c ; ρþÞ þMðKþ;Ω0

c;K�þÞ
þMðρþ;Ξð0Þ0

c ; πþÞ þMðK�þ;Ω0
c;KþÞ þMðρþ;Ξð0Þ0

c ; ρþÞ þMðK�þ;Ω0
c;K�þÞ

þMðΞð0Þ0
c ; πþ;Ξð0Þ0

c Þ þMðΩ0
c; Kþ;Ω0

cÞ þMðΞð0Þ0
c ; ρþ;Ξð0Þ0

c Þ þMðΩ0
c; K�þ;Ω0

cÞ
þMðΞð0Þ0

c ; πþ;Ξ�00
c Þ þMðΞð0Þ0

c ; ρþ;Ξ�00
c Þ: ðA53Þ

The amplitudes for long-distance dominated doubly Cabibbo-suppressed modes can be given as follows:

AðΞþþ
cc → Σþþ

c K�0Þ ¼ CSDðΞþþ
cc → Σþþ

c K�0Þ
þMðKþ;Λþ

c =Σþ
c ; π

þÞ þMðKþ;Λþ
c =Σþ

c ; ρ
þÞ þMðK�þ;Λþ

c =Σþ
c ; π

þÞ þMðK�þ;Λþ
c =Σþ

c ; ρ
þÞ

þMðΛþ
c =Σþ

c ; Kþ;Ξð0Þþ
c Þ þMðΛþ

c =Σþ
c ; K�þ;Ξð0Þþ

c Þ
þMðΛþ

c =Σþ
c ; Kþ;Ξ�0þ

c Þ þMðΛþ
c =Σþ

c ; K�þ;Ξ�0þ
c Þ; ðA54Þ
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AðΞþ
cc → Σþ

c K�0Þ ¼ CSDðΞþ
cc → Σþ

c K�0Þ
þMðKþ;Σ0

c; π
þÞ þMðKþ;Σ0

c; ρ
þÞ þMðK�þ;Σ0

c; π
þÞ þMðK�þ;Σ0

c; ρ
þÞ

þMðΣ0
c; Kþ;Ξð0Þ0

c Þ þMðΣ0
c; K�þ;Ξð0Þ0

c Þ þMðΣ0
c; Kþ;Ξ�00

c Þ þMðΣ0
c; K�þ;Ξ�00

c Þ; ðA55Þ

AðΞþ
cc → Λþ

c K�0Þ ¼ CSDðΞþ
cc → Λþ

c K�0Þ
þMðKþ;Σ0

c; π
þÞ þMðKþ;Σ0

c; ρ
þÞ þMðK�þ;Σ0

c; π
þÞ þMðK�þ;Σ0

c; ρ
þÞ

þMðΣ0
c; Kþ;Ξð0Þ0

c Þ þMðΣ0
c; K�þ;Ξð0Þ0

c Þ þMðΣ0
c; Kþ;Ξ�00

c Þ þMðΣ0
c; K�þ;Ξ�00

c Þ; ðA56Þ

AðΩþ
cc → Σþ

c ρ
0Þ ¼ MðKþ;Ξð0Þ0

c ;KþÞ þMðKþ;Ξð0Þ0
c ;K�þÞ þMðK�þ;Ξð0Þ0

c ;KþÞ þMðK�þ;Ξð0Þ0
c ;K�þÞ

þMðΞð0Þ0
c ; Kþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; K�þ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA57Þ

AðΩþ
cc → Σþ

c ϕÞ ¼ MðKþ;Ξð0Þ0
c ;KþÞ þMðKþ;Ξð0Þ0

c ;K�þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; Kþ;Ξ�00
c Þ þMðΞð0Þ0

c ; K�þ;Ξ�00
c Þ; ðA58Þ

AðΩþ
cc → Σþ

c ωÞ ¼ MðKþ;Ξð0Þ0
c ;KþÞ þMðKþ;Ξð0Þ0

c ;K�þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; Kþ;Ξ�00
c Þ þMðΞð0Þ0

c ; K�þ;Ξ�00
c Þ; ðA59Þ

AðΩþ
cc → Λþ

c ρ
0Þ ¼ MðKþ;Ξð0Þ0

c ;KþÞ þMðKþ;Ξð0Þ0
c ;K�þÞ þMðK�þ;Ξð0Þ0

c ;KþÞ þMðK�þ;Ξð0Þ0
c ;K�þÞ

þMðΞð0Þ0
c ; Kþ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; K�þ;Ξð0Þ0

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�00

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�00

c Þ; ðA60Þ

AðΩþ
cc → Λþ

c ϕÞ ¼ MðKþ;Ξð0Þ0
c ;KþÞ þMðKþ;Ξð0Þ0

c ;K�þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; Kþ;Ξ�00
c Þ þMðΞð0Þ0

c ; K�þ;Ξ�00
c Þ; ðA61Þ

AðΩþ
cc → Λþ

c ωÞ ¼ MðKþ;Ξð0Þ0
c ;KþÞ þMðKþ;Ξð0Þ0

c ;K�þÞ þMðK�þ;Ξð0Þ0
c ;KþÞ þMðK�þ;Ξð0Þ0

c ;K�þÞ
þMðΞð0Þ0

c ; Kþ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; K�þ;Ξð0Þ0
c Þ þMðΞð0Þ0

c ; Kþ;Ξ�00
c Þ þMðΞð0Þ0

c ; K�þ;Ξ�00
c Þ; ðA62Þ

AðΩþ
cc → Σ0

cρ
þÞ ¼ MðKþ;Ξð0Þ0

c ;K0Þ þMðKþ;Ξð0Þ0
c ;K�0Þ þMðK�þ;Ξð0Þ0

c ;K0Þ þMðK�þ;Ξð0Þ0
c ;K�0Þ; ðA63Þ

AðΩþ
cc → Σþþ

c ρ−Þ ¼ MðΞð0Þ0
c ; Kþ;Ξð0Þþ

c Þ þMðΞð0Þ0
c ; K�þ;Ξð0Þþ

c Þ þMðΞð0Þ0
c ; Kþ;Ξ�0þ

c Þ þMðΞð0Þ0
c ; K�þ;Ξ�0þ

c Þ; ðA64Þ

AðΩþ
cc → Ξ0þ

c K�0Þ ¼ CSDðΩþ
cc → Ξ0þ

c K�0Þ
þMðKþ;Ξð0Þ0

c ; πþÞ þMðKþ;Ξð0Þ0
c ; ρþÞ þMðK�þ;Ξð0Þ0

c ; πþÞ þMðK�þ;Ξð0Þ0
c ; ρþÞ

þMðΞð0Þ0
c ; Kþ;Ω0

cÞ þMðΞð0Þ0
c ; K�þ;Ω0

cÞ þMðΞð0Þ0
c ; Kþ;Ω�0

c Þ þMðΞð0Þ0
c ; K�þ;Ω�0

c Þ; ðA65Þ

AðΩþ
cc → Ξþ

c K�0Þ ¼ CSDðΩþ
cc → Ξþ

c K�0Þ
þMðKþ;Ξð0Þ0

c ; πþÞ þMðKþ;Ξð0Þ0
c ; ρþÞ þMðK�þ;Ξð0Þ0

c ; πþÞ þMðK�þ;Ξð0Þ0
c ; ρþÞ

þMðΞð0Þ0
c ; Kþ;Ω0

cÞ þMðΞð0Þ0
c ; K�þ;Ω0

cÞ þMðΞð0Þ0
c ; Kþ;Ω�0

c Þ þMðΞð0Þ0
c ; K�þ;Ω�0

c Þ: ðA66Þ

APPENDIX B: LAGRANGIAN COUPLINGS

The hadronic strong interaction Lagrangians [58–63] can be presented as follows:

LVPP ¼ igVP1P2
½VμP1∂μP2 − VμP2∂μP1�; ðB1Þ
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LVVP ¼ gV1V2PffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimV1
mV2

p εμναβTr½∂μVν
1∂

αPVβ
2�; ðB2Þ

LV1V2V3
¼ i

gV1V2V3ffiffiffi
2

p ½Vα
1ð∂αVβ

2V3β − Vβ
2∂αV3βÞ þ ð∂αVβ

1V2β − Vβ
1∂αV2βÞVα

3 þ Vα
2ðVβ

1∂αV3β − ∂αV
β
1V3βÞ�; ðB3Þ

LPBcBc
¼ gPBcBc

Tr½B̄ciγ5PBc�; ðB4Þ

LVBcBc
¼ f1VBcBc

Tr½B̄cγμVμBc� þ
f2VBcBc

mBc
þmBc

Tr½B̄cσμν∂
μVνBc�; ðB5Þ

LPBcB�
c
¼ gPBcB�

c
ϵijkðB̄cÞjiðB�

cÞmkl
μ ∂

μPi
m; ðB6Þ

LVBcB�
c
¼ −igVBcB̄�

c
½B̄�μ

c γ5γνBc þ B̄cγ
5γνB�

c�ð∂μVν − ∂νVμÞ: ðB7Þ

For estimating the hadronic scattering amplitudes, we need the following Feynman rules derived from the matrix element of
the effective hadronic Lagrangian with definite initial and final states:

hVðk; λkÞPðp2ÞjiLVPPjPðp1Þi ¼ igVVPε�μðk; λkÞðp1 þ p2Þμ; ðB8Þ

hB2ðp2ÞPðqÞjiLPBBjB1ðp1Þi ¼ igBBPūðp2Þiγ5uðp1Þ; ðB9Þ

hB2ðp2ÞVðq; λqÞjiLVBBjB1ðp1Þi ¼ iūðp2Þ
�
f1γν þ f2

i
m1 þm2

σμνqμ
�
ε�νðq; λqÞuðp1Þ; ðB10Þ

hVðp3; λ3ÞVðk; λkÞjiLVVPjPðp1Þi ¼ i
gV1V2PffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimV1

mV2

p ϵμναβp3με
�
νðλ3; p3Þp1αε

�
βðk; λkÞ; ðB11Þ

hBðp4; λ4ÞjiLVBB� jB�ðk; λkÞVðp1; λ1Þi ¼ −igVBcB�
c
ūðp4; λ4Þγ5γνuμðk; λkÞ½p1μενðp1; λ1Þ − p1νεμðp1; λ1Þ�; ðB12Þ

hBðp4;λ4ÞjiLPBB� jB�ðk; λkÞPðp1; λ1Þi ¼ gPBcB�
c
ūðp4; λ4Þp1μuμðk; λkÞ; ðB13Þ

hVðp3; λ3ÞVðk; λkÞjiLVVV jVðp1; λ1Þi ¼ −
igVVVffiffiffi

2
p εμðp1; λ1Þεμ�ðp3; λ3Þε�νðk; λkÞðpν

3 þ pν
1Þ

−
igVVVffiffiffi

2
p ε�μðk; λkÞεμðp1; λ1Þε�νðp3; λ3Þð−pν

1 − pν
kÞ

−
igVVVffiffiffi

2
p ε�μðp3; λ3Þε�μðk; λkÞενðp1; λ1Þðpν

k − pν
3Þ; ðB14Þ

where εαβρτ is the Levi-Civita tensor.

APPENDIX C: STRONG COUPLINGS

In general, meson-baryon andmeson-meson strong couplings can be obtained from the SU(3)-invariant strong Hamiltonian.
In the present work, we use the SU(3) flavor symmetry to analyze the vector-vector-pseudoscalar (VVP), vector-pseudoscalar-
pseudoscalar (VPP), baryon-baryon-pseudoscalar (BBP=BB�P), and baryon-baryon-vector (BBV=BB�V) couplings. Under
SU(3) flavor symmetry, the pseudoscalar and vector meson can be written as follows:

PðJP ¼ 0−Þ ¼

0
BBB@

π0ffiffi
2

p þ η8ffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ η8ffiffi
6

p K0

K− K̄0 −
ffiffi
2
3

q
η8

1
CCCAþ 1ffiffiffi

3
p

0
B@

η1 0 0

0 η1 0

0 0 η1

1
CA; ðC1Þ
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VðJP ¼ 1−Þ ¼

0
BBB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCCA: ðC2Þ

The spin-parity 1=2þ singly charmed baryons include antitriplet B3̄ and sextet B6, which can be given as follows:

B6

�
JP ¼ 1

2

þ� ¼

0
BBB@

Σþþ
c

Σþ
cffiffi
2

p Ξ0þ
cffiffi
2

p

Σþ
cffiffi
2

p Σ0
c

Ξ00
cffiffi
2

p

Ξ0þ
cffiffi
2

p Ξ00
cffiffi
2

p Ω0
c

1
CCCA; B3̄

�
JP ¼ 1

2

þ� ¼

0
B@

0 Λþ
c Ξþ

c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

1
CA: ðC3Þ

In addition, the spin-parity 3=2þ singly charmed baryons sextet B6 can be given as follows:

B�
6

�
JP ¼ 3

2

þ� ¼

0
BBBB@

Σ�þþ
c

Σ�þ
cffiffi
2

p Ξ�0þ
cffiffi
2

p

Σ�þ
cffiffi
2

p Σ�0
c

Ξ�00
cffiffi
2

p

Ξ�0þ
cffiffi
2

p Ξ�00
cffiffi
2

p Ω�0
c

1
CCCCA: ðC4Þ

Then, with the help of Eqs. (C2)–(C4), we can obtain the relationships of these strong couplings, as shown in Tables X–XIV.

TABLE X. The strong coupling constants between the vector mesons and two pseudoscalar mesons gVPP can be obtained by using the
coupling gρππ ¼ 6.05 ¼ − gVPPffiffi

2
p [55] and SU(3) relations.

Vertex g Vertex g Vertex g Vertex g

ρ0πþπ− − gVPPffiffi
2

p ρ0π0η8
gVPPffiffi

6
p ρ0π0η1

gVPPffiffi
3

p ρ0π−πþ gVPPffiffi
2

p

ρ0K̄0K0 − gVPPffiffi
2

p ρ0K−Kþ gVPPffiffi
2

p ρ0η8π
0 gVPPffiffi

6
p ρ0η1π

0 gVPPffiffi
3

p

ωπþπ− gVPPffiffi
2

p ωπ0π0 gVPPffiffi
2

p ωπ−πþ gVPPffiffi
2

p ωK̄0K0 gVPPffiffi
2

p

ωK−Kþ gVPPffiffi
2

p ωη8η8
gVPP
3
ffiffi
2

p ωη8η1
gVPP
3

ωη1η8
gVPP
3

ωη1η1
ffiffi
2

p
gVPP
3

ρþπþπ0 gVPPffiffi
2

p ρþπþη8
gVPPffiffi

6
p ρþπþη1

gVPPffiffi
3

p

ρþπ0πþ − gVPPffiffi
2

p ρþK̄0Kþ gVPP ρþη8πþ
gVPPffiffi

6
p ρþη1πþ

gVPPffiffi
3

p

K�þKþπ0 gVPPffiffi
2

p K�þKþη8
gVPPffiffi

6
p K�þKþη1

gVPPffiffi
3

p K�þK0πþ gVPP

K�þη8Kþ
−

ffiffi
2
3

q
gVPP

K�þη1Kþ gVPPffiffi
3

p ρ−π0π− gVPPffiffi
2

p ρ−π−π0 − gVPPffiffi
2

p

ρ−π−η8
gVPPffiffi

6
p ρ−π−η1

gVPPffiffi
3

p ρ−K−K0 gVPP ρ−η8π
− gVPPffiffi

6
p

ρ−η1π
− gVPPffiffi

3
p K�0Kþπ− gVPP K�0K0π0 − gVPPffiffi

2
p K�0K0η8

gVPPffiffi
6

p

K�0K0η1
gVPPffiffi

3
p K�0η8K0

−
ffiffi
2
3

q
gVPP

K�0η1K0 gVPPffiffi
3

p K�−π0K− gVPPffiffi
2

p

K�−π−K̄0 gVPP K�−K−η8 −
ffiffi
2
3

q
gVPP

K�−K−η1
gVPPffiffi

3
p K�−η8K− gVPPffiffi

6
p

K�−η1K− gVPPffiffi
3

p K̄�0πþK− gVPP K̄�0π0K̄0 − gVPPffiffi
2

p K̄�0K̄0η8 −
ffiffi
2
3

q
gVPP

K̄�0K̄0η1
gVPPffiffi

3
p K̄�0η8K̄0 gVPPffiffi

6
p K̄�0η1K̄0 gVPPffiffi

3
p ϕKþK− gVPP

ϕK0K̄0 gVPP ϕη8η8 2gVPP
3

ϕη8η1 − 1
3

ffiffiffi
2

p
gVPP ϕη1η8 − 1

3

ffiffiffi
2

p
gVPP

ϕη1η1
gVPP
3
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TABLE XI. The strong couplings between the pseudoscalar meson (P) and two vector mesons (V) can be obtained by using the
coupling constant gωρπ ¼ gVVP=

ffiffiffi
2

p ¼ −10 [74] and SU(3) relationships.

Vertex g Vertex g Vertex g Vertex g

ρ0ρ0η8
gVVPffiffi

6
p ρ0ρ0η1

gVVPffiffi
3

p ρ0ωπ0 gVVPffiffi
2

p ρ0ρþπ− − gVVPffiffi
2

p

ρ0ρ−πþ gVVPffiffi
2

p ρ0K�−Kþ gVVPffiffi
2

p ρ0K̄�0K0 − gVVPffiffi
2

p ωρ0π0 gVVPffiffi
2

p

ωωη8
gVVPffiffi

6
p ωωη1

gVVPffiffi
3

p ωρþπ− gVVPffiffi
2

p ωρ−πþ gVVPffiffi
2

p

ωK�−Kþ gVVPffiffi
2

p ωK̄�0K0 gVVPffiffi
2

p ρþρ0πþ − gVVPffiffi
2

p ρþωπþ gVVPffiffi
2

p

ρþρþπ0 gVVPffiffi
2

p ρþρþη8
gVVPffiffi

6
p ρþρþη1

gVVPffiffi
3

p ρþK̄�0Kþ gVVP

K�þK�þπ0 gVVPffiffi
2

p K�þK�þη8
gVVPffiffi

6
p K�þK�þη1

gVVPffiffi
3

p K�þK�0πþ gVVP

K�þϕKþ gVVP ρ−ρ0π− gVVPffiffi
2

p ρ−ωπ− gVVPffiffi
2

p ρ−ρ−π0 − gVVPffiffi
2

p

ρ−ρ−η8
gVVPffiffi

6
p ρ−ρ−η1

gVVPffiffi
3

p ρ−K�−K0 gVVP K�0K�þπ− gVVP

K�0K�0π0 − gVVPffiffi
2

p K�0K�0η8
gVVPffiffi

6
p K�0K�0η1

gVVPffiffi
3

p K�0ϕK0 gVVP

K�−ρ0K− gVVPffiffi
2

p K�−ωK− gVVPffiffi
2

p K�−ρ−K̄0 gVVP K�−K�−η8 −
ffiffi
2
3

q
gVVP

K�−K�−η1
gVVPffiffi

3
p K̄�0ρ0K̄0 − gVVPffiffi

2
p K̄�0ωK̄0 gVVPffiffi

2
p K̄�0ρþK− gVVP

K̄�0K̄�0η8 −
ffiffi
2
3

q
gVVP

K̄�0K̄�0η1
gVVPffiffi

3
p ϕK�þK− gVVP ϕK�0K̄0 gVVP

ϕϕη8 −
ffiffi
2
3

q
gVVP

ϕϕη1
gVVPffiffi

3
p

TABLE XII. The strong coupling constants between three vector mesons gVVV can be obtained by using the coupling gρρρ ¼
4.17 ¼ − gVVVffiffi

2
p [77] and SU(3) relations.

Vertex g Vertex g Vertex g Vertex g

ρ0ρ0ω gVVVffiffi
2

p ρ0ωρ0 gVVVffiffi
2

p ρ0ρþρ− − gVVVffiffi
2

p ρ0ρ−ρþ gVVVffiffi
2

p

ρ0K�−K�þ gVVVffiffi
2

p ρ0K̄�0K�0 − gVVVffiffi
2

p ωρ0ρ0 gVVVffiffi
2

p ωωω gVVVffiffi
2

p

ωρþρ− gVVVffiffi
2

p ωρ−ρþ gVVVffiffi
2

p ωK�−K�þ gVVVffiffi
2

p ωK̄�0K�0 gVVVffiffi
2

p

ρþρ0ρþ − gVVVffiffi
2

p ρþωρþ gVVVffiffi
2

p ρþρþρ0 gVVVffiffi
2

p ρþρþω gVVVffiffi
2

p

ρþK̄�0K�þ gVVV K�þK�þρ0 gVVVffiffi
2

p K�þK�þω gVVVffiffi
2

p K�þK�0ρþ gVVV

K�þϕK�þ gVVV ρ−ρ0ρ− gVVVffiffi
2

p ρ−ωρ− gVVVffiffi
2

p ρ−ρ−ρ0 − gVVVffiffi
2

p

ρ−ρ−ω gVVVffiffi
2

p ρ−K�−K�0 gVVV K�0K�þρ− gVVV K�0K�0ρ0 − gVVVffiffi
2

p

K�0K�0ω gVVVffiffi
2

p K�0ϕK�0 gVVV K�−ρ0K�− gVVVffiffi
2

p K�−ωK�− gVVVffiffi
2

p

K�−ρ−K̄�0 gVVV K�−K�−ϕ gVVV K̄�0ρ0K̄�0 − gVVVffiffi
2

p K̄�0ωK̄�0 gVVVffiffi
2

p

K̄�0ρþK�− gVVV K̄�0K̄�0ϕ gVVV ϕK�þK�− gVVV ϕK�0K̄�0 gVVV
ϕϕϕ gVVV
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TABLE XIII. The spin 1=2 singly charmed baryon ground states include antitriplet B3̄ and sextet B6. The strong couplings of B3̄B3̄P,
B6B3̄P, and B6B6P can be obtained by using the coupling constants gΞþ

c Ξþ
c π

0 ¼ 0.7 ¼ gPBB1ffiffi
2

p , gΞ0þ
c Ξþ

c π
0 ¼ 3.1 ¼ gPBB2

2
, and Σþ

c Σ0
cπ

þ ¼
8.0 ¼ gPBB3ffiffi

2
p [58], respectively. Since the matrix forms of the spin 3=2 singly charmed baryon ground state B�

6 and the 1=2 sextet B6 under

symmetry are similar, the derived relations are identical. Then, the couplings B�
6B3̄P and B�

6B6P can be obtained from gΣ�0
c Λþ

c π
− ¼

3.9 ¼ gPB�B2 and gΣ�þ
c Σ0

cπ
þ ¼ 4.3 ¼ gPB�B3ffiffi

2
p [75], respectively.

Vertex g Vertex g Vertex g Vertex g

Λþ
c Λþ

c η8
ffiffi
2
3

q
gPBB1

Λþ
c Λþ

c η1 2gPBB1ffiffi
3

p Λþ
c Ξþ

c K0 gPBB1 Λþ
c Ξ0

cKþ −gPBB1

Ξþ
c Λþ

c K̄0 gPBB1 Ξþ
c Ξþ

c π
0 gPBB1ffiffi

2
p Ξþ

c Ξþ
c η8 − gPBB1ffiffi

6
p Ξþ

c Ξþ
c η1 2gPBB1ffiffi

3
p

Ξþ
c Ξ0

cπ
þ gPBB1 Ξ0

cΛþ
c K− −gPBB1 Ξ0

cΞþ
c π

− gPBB1 Ξ0
cΞ0

cπ
0 − gPBB1ffiffi

2
p

Ξ0
cΞ0

cη8 − gPBB1ffiffi
6

p Ξ0
cΞ0

cη1
2gPBB1ffiffi

3
p

Σþþ
c Λþ

c π
þ −gPBB2 Σþþ

c Ξþ
c Kþ −gPBB2 Σþ

c Λþ
c π

0 gPBB2 Σþ
c Ξþ

c K0 − gPBB2ffiffi
2

p

Σþ
c Ξ0

cKþ − gPBB2ffiffi
2

p Σ0
cΛþ

c π
− gPBB2 Σ0

cΞ0
cK0 −gPBB2 Ξ0þ

c Λþ
c K̄0 − gPBB2ffiffi

2
p

Ξ0þ
c Ξþ

c π
0 gPBB2

2
Ξ0þ
c Ξþ

c η8
ffiffi
3

p
gPBB2
2

Ξ0þ
c Ξ0

cπ
þ gPBB2ffiffi

2
p Ξ00

c Λþ
c K− gPBB2ffiffi

2
p

Ξ00
c Ξþ

c π
− gPBB2ffiffi

2
p Ξ00

c Ξ0
cπ

0 − gPBB2
2 Ξ00

c Ξ0
cη8

ffiffi
3

p
gPBB2
2

Ω0
cΞþ

c K− gPBB2

Ω0
cΞ0

cK̄0 gPBB2

Σþþ
c Σþþ

c π0 gPBB3ffiffi
2

p Σþþ
c Σþþ

c η8
gPBB3ffiffi

6
p Σþþ

c Σþþ
c η1

gPBB3ffiffi
3

p Σþþ
c Σþ

c π
þ gPBB3ffiffi

2
p

Σþþ
c Ξ0þ

c Kþ gPBB3ffiffi
2

p Σþ
c Σþþ

c π− gPBB3ffiffi
2

p Σþ
c Σþ

c η8
gPBB3ffiffi

6
p Σþ

c Σþ
c η1

gPBB3ffiffi
3

p

Σþ
c Σ0

cπ
þ gPBB3ffiffi

2
p Σþ

c Ξ0þ
c K0 gPBB3

2 Σþ
c Ξ00

c Kþ gPBB3
2 Σ0

cΣþ
c π

− gPBB3ffiffi
2

p

Σ0
cΣ0

cπ
0 − gPBB3ffiffi

2
p Σ0

cΣ0
cη8

gPBB3ffiffi
6

p Σ0
cΣ0

cη1
gPBB3ffiffi

3
p Σ0

cΞ00
c K0 gPBB3ffiffi

2
p

Ξ0þ
c Σþþ

c K− gPBB3ffiffi
2

p Ξ0þ
c Σþ

c K̄0 gPBB3
2 Ξ0þ

c Ξ0þ
c π0 gPBB3

2
ffiffi
2

p Ξ0þ
c Ξ0þ

c η8 − gPBB3
2
ffiffi
6

p

Ξ0þ
c Ξ0þ

c η1
gPBB3ffiffi

3
p Ξ0þ

c Ξ00
c π

þ gPBB3
2 Ξ0þ

c Ω0
cKþ gPBB3ffiffi

2
p Ξ00

c Σþ
c K− gPBB3

2

Ξ00
c Σ0

cK̄0 gPBB3ffiffi
2

p Ξ00
c Ξ0þ

c π− gPBB3
2 Ξ00

c Ξ00
c π

0 − gPBB3
2
ffiffi
2

p Ξ00
c Ξ00

c η8 − gPBB3
2
ffiffi
6

p

Ξ00
c Ξ00

c η1
gPBB3ffiffi

3
p Ξ00

c Ω0
cK0 gPBB3ffiffi

2
p Ω0

cΞ0þ
c K− gPBB3ffiffi

2
p Ω0

cΞ00
c K̄0 gPBB3ffiffi

2
p

Ω0
cΩ0

cη8 −
ffiffi
2
3

q
gPBB3

Ω0
cΩ0

cη1
gPBB3ffiffi

3
p

TABLE XIV. Similar to Table XIII, the strong couplings of B3̄B3̄V, B6B3̄V, and B6B6V can be obtained by using the coupling
constants gΞ0

cΛþ
c K�− ¼ f4.6; 6g ¼ gVBB1, gΣ0

cΛþ
c ρ

− ¼ f2.6; 16g ¼ gVBB2, and gΣþ
c Σ0

cρ
þ ¼ f4.0; 27g ¼ gVBB3ffiffi

2
p [63], respectively. Then, the

couplings B�
6B3̄V and B�

6B6V can be obtained from gΣ�þ
c Λþ

c ρ
0 ¼ 10 ¼ gVB�B2 and gΣ�0

c Σþ
c ρ

− ¼ 5.77 ¼ gVB�B3ffiffi
2

p [76], respectively.

Vertex g Vertex g Vertex g Vertex g

Λþ
c Λþ

c ω −
ffiffiffi
2

p
gVBB1 Λþ

c Ξþ
c K�0 −gVBB1 Λþ

c Ξ0
cK�þ gVBB1 Ξþ

c Λþ
c K̄�0 −gVBB1

Ξþ
c Ξþ

c ρ
0 − gVBB1ffiffi

2
p Ξþ

c Ξþ
c ω − gVBB1ffiffi

2
p Ξþ

c Ξþ
c ϕ −gVBB1 Ξþ

c Ξ0
cρ

þ −gVBB1

Ξ0
cΛþ

c K�− gVBB1 Ξ0
cΞþ

c ρ
− −gVBB1 Ξ0

cΞ0
cρ

0 gVBB1ffiffi
2

p Ξ0
cΞ0

cω − gVBB1ffiffi
2

p

Ξ0
cΞ0

cϕ −gVBB1
Σþþ
c Λþ

c ρ
þ −gVBB2 Σþþ

c Ξþ
c K�þ −gVBB2 Σþ

c Λþ
c ρ

0 gVBB2 Σþ
c Ξþ

c K�0 − gVBB2ffiffi
2

p

Σþ
c Ξ0

cK�þ − gVBB2ffiffi
2

p Σ0
cΛþ

c ρ
− gVBB2 Σ0

cΞ0
cK�0 −gVBB2 Ξ0þ

c Λþ
c K̄�0 − gVBB2ffiffi

2
p

Ξ0þ
c Ξþ

c ρ
0 gVBB2

2
Ξ0þ
c Ξþ

c ω
gVBB2
2

Ξ0þ
c Ξþ

c ϕ − gVBB2ffiffi
2

p Ξ0þ
c Ξ0

cρ
þ gVBB2ffiffi

2
p

Ξ00
c Λþ

c K�− gVBB2ffiffi
2

p Ξ00
c Ξþ

c ρ
− gVBB2ffiffi

2
p Ξ00

c Ξ0
cρ

0 − gVBB2
2 Ξ00

c Ξ0
cω

gVBB2
2

Ξ00
c Ξ0

cϕ − gVBB2ffiffi
2

p Ω0
cΞþ

c K�− gVBB2 Ω0
cΞ0

cK̄�0 gVBB2

(Table continued)
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