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In this study, we investigate the nonleptonic decays of the charmed-baryon Ξ0
c induced by the

c → uðdd̄Þ=ðss̄Þ transition. Utilizing the factorization assumption, we decompose the decay amplitudes in
terms of transition form factors which are then calculated within the light-front quark model. We employ
helicity amplitudes to analyze the nonleptonic decay modes of the charmed-baryons Ξ0

c and derive
benchmark results for decay widths and branching fractions. Our calculations suggest that the branching
fractions for some of these rare nonleptonic decays are at the order of 10−5–10−4, which are likely to be
detectable at experiments such as LHCb, Belle-II, etc. The potential data accumulated in the future may
help to further our understanding of the decay mechanism in the presence of charm quarks.
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I. INTRODUCTION

Weak decays of quarks can provide valuable insights into
testing the standard model of particle physics and advancing
our understanding of CP violation in the universe. As most
quarks in nature are confined within hadrons, the study of
weak decays of quarks inside a hadron also provides a
unique opportunity to explore strong interactions. Over the
past few decades, significant progress has been made on
both the experimental and theoretical fronts, resulting in
unprecedentedly precise experimental measurements and
theoretical calculations of hadron decays.
Both theoretical and experimental studies have shown

considerable interest in the two-body hadronic decays of
charmed baryons [1–12]. Experimental data on these
decays have been extensively collected from various
sources [13–15], while theoretical calculations have proven
challenging due to the strong QCD interaction at the charm
scale. Lattice QCD is believed to ultimately offer reliable
theoretical results of form factors [16–21]. And several
theoretical studies on these decays rely on modeling QCD
dynamics to predict and test various models [22–29].
Sufficient experimental data would allow for the determi-
nation of all amplitudes classified by SUð3Þ symmetry

properties, enabling systematic predictions to further test
the model and gain additional insights into strong QCD
interactions at the charm scale [30–40]. The Belle col-
laboration [3,13,14,41,42] has accumulated the world’s
largest data sample of eþe− collision at the center-of-mass
energy of around 10 GeV, and via the B meson decay
chain, has access to all the lower-lying antitriplet charmed
baryons. A significant recent hot topic includes the
determination of absolute branching fractions for Ξ0

c →
Ξ−lþνl [43], uncovering notable SUð3ÞF symmetry devia-
tions [44]. Comprehensive investigations have been con-
ducted by BESIII on the lightest charmed baryon Λþ

c ,
through eþe− interactions at a center-of-mass energy offfiffiffi
s

p ¼ 4.6 GeV. Should BESIII be capable of elevating the
center-of-mass energy above 4.95 GeV [15,45–48], which
corresponds closely to the mass of Ξc particle pairs, it
would enable precise measurements of the absolute
branching fractions for Ξc decays. In contrast, the
LHCb collaboration [49–52] has amassed substantial
datasets of charmed hadrons from proton-proton collisions
at center-of-mass energies of

ffiffiffi
s

p ¼ 7; 8; 13 GeV. Despite
the presence of more intricate backgrounds compared to
those encountered at BESIII and Belle, a majority of recent
discoveries in the domain of charmed baryons, including
the renowned doubly charmed baryon, have been realized
at LHCb. The prompt Ξþ

c production cross-section in pPb
and Pbp collisions at a center-of-mass energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼
8.16 TeV at the LHCb experiment is measured differ-
entially for the first time as a function of pT and y� [53].
However, some experimental results for the specific
processes are still missing. The purpose of this paper is
to utilize the light front approach in computing the rare
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nonleptonic decays of Ξ0
c, including those that have not yet

been observed experimentally.
As the phase space for this class of decays is extremely

limited, only a few channels are kinematically accessible.
In this study, we investigate the c → u transition in the
nonleptonic decays of heavy baryons Ξ0

c, and consider
explicitly

(i) the spin-1=2 to spin-1=2 decays,

Ξ0
c → Σ0η; Ξ0

c → Σ0η0

Ξ0
c → Λη; Ξ0

c → Λη0

The spin of the ds system in the baryons Ξ0
c and Ξ00

c can
take on values of either 0 or 1. To simplify our analysis, we
use Ξ0

c=Λ=Σ0 to refer to the baryons with a spin-0 ds
system, and Ξ00

c to denote the baryons with a spin-1 ds
system. In this study, we solely focused on the decay of Ξ0

c

and do not consider other decay processes of Ξ00
c .

The remaining sections of this paper are organized as
follows. In Sec. II, we present the theoretical framework in
detail. After outlining the parametrization of the form
factors for spin-1=2 to spin-1=2 processes, we provide
an explicit calculation of these form factors using the light-
front approach. In Sec. III, we present our numerical results
for the form factors and provide a phenomenological
analysis that includes decay widths and branching ratios.
Finally, we conclude our work with a brief summary in the
last section.

II. THEORETICAL FRAMEWORK

The nonleptonic decays under consideration are induced
by the c quark transitioning to either ud̄d or us̄s. The
corresponding Feynman diagram for these processes is
depicted in Fig. 1.
The effective Hamiltonians for c → ud̄d and c → us̄s

are given as

Hðc→ uq̄qÞ¼GFffiffiffi
2

p VcqV�
uq

×fC1½ūαγμð1− γ5Þqβ�½q̄βγμð1− γ5Þcα�
þC2½ūαγμð1− γ5Þqα�½q̄βγμð1− γ5Þcβ�g; ð1Þ

with q ¼ d=s. Utilizing the factorization ansatz, we can
write down the nonleptonic decay amplitudes as

iMðΞ0
c → Σ0ηdÞ ¼

GFffiffiffi
2

p VcdV�
uda2hηðPηÞjd̄γμð1− γ5Þdj0i

× hBudsðP0;S0zÞjūγμð1− γ5ÞcjΞ0
cðP;SzÞi;

ð2Þ

iMðΞ0
c → Σ0ηsÞ ¼

GFffiffiffi
2

p VcsV�
usa2hηðPηÞjs̄γμð1− γ5Þsj0i

× hBudsðP0;S0zÞjūγμð1− γ5ÞcjΞ0
cðP;SzÞi;

ð3Þ

with a2 ¼ C1 þ C2=Nc. The Ci are Wilson coefficients at
mc scale whose values can be taken from Ref. [54]:
C1 ¼ −0.636, C2 ¼ 1.346. In the above, the P and P0

are the momentum of the initial and the final baryons Ξ0
c

and Σ0 respectively.
The hadronic contributions to these processes are

described by the hadron matrix elements, which can be
characterized by the form factors. In the case of spin-1=2 to
spin-1=2 processes, the form factors are defined as:

�
Σ0

�
P0;S0 ¼ 1

2
;S0z

�
jūγμð1− γ5ÞcjΞ0

c

�
P;S¼ 1

2
;Sz

��

¼ ūðP0;S0zÞ
�
Mγμ
M̄

f1ðq2Þþ
Pμ

M̄
f2ðq2Þþ

P0
μ

M̄
f3ðq2Þ

�
uðP;SzÞ

− ūðP0;S0zÞ
�
Mγμ
M̄

g1ðq2Þþ
Pμ

M̄
g2ðq2Þ

þP0
μ

M̄
g3ðq2Þ

�
γ5uðP;SzÞ; ð4Þ

where M̄ ¼ M −M0.

A. Light-front quark model

The quark-diquark approximation allows us to treat
baryonic systems in a manner similar to mesonic systems.
In weak transitions, the two spectator quarks behave as
antiquarks. This approximation has been widely employed
in the study of heavy baryon decays. [55–59]. A recent
study [60] explored the three-body vertex function within
the light front quark model. By examining the Λb → Λc
and Σb → Σc transitions, the authors found that the three-
body vertex function yields results consistent with the
diquark picture. This validates the use of the diquark
approximation from a certain perspective.
The four-vector in the light front frame is typically

represented as vμ ¼ ðvþ; v−; v⊥Þ, where v� ¼ v0 � v3.
Within the light front quark model, a baryonic state can
be described by an internal quark and diquark. The hadron
state can then be expanded in terms of momentum space

FIG. 1. The Feynman diagrams for nonleptonic decays of the
heavy decay baryons we investigate.
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and flavor-spin functions. For a spin-1=2 baryon state, this
expansion takes the form:

jΞ0
cðP; S; SzÞi ¼

Z
fd3p1gfd3p2g2ð2πÞ3δ3ðP̃ − p̃1 − p̃2Þ

×
X
λ1;λ2

ΨSSzðp̃1; p̃2; λ1; λ2Þj

× cðp1; λ1ÞðdiÞðp2; λ2Þi; ð5Þ

In the above equation, the term “(di)” corresponds to the
diquark shown in Fig. 2, and their helicities are denoted by
λ1 and λ2. The momenta of the baryon, quark, and diquark
are represented by P, p1, and p2, respectively. The
momenta P̃, p̃1, and p̃2 are three-dimensional momenta,
denoted by p̃ ¼ ðpþ; p⊥Þ. It is important to note that the
on-shell momentum has only three degrees of freedom
despite having four components. As a result, the minus
component of the momentum is fixed by the rela-
tion p− ¼ ðm2 þ p2⊥Þ=pþ.
The wave function Ψ in Eq. (5) can be expressed as a

combination of spin and momentum space functions.
Specifically, it can be decomposed as:

ΨSSzðp̃1; p̃2;λ1;λ2Þ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðp1 · P̄þm1M0Þ
p
× ūðp1;λ1ÞΓSðAÞuðP̄;SzÞϕðx;k⊥Þ: ð6Þ

As previously mentioned, the diquark can exist in either a
spin-0 scalar or spin-1 axial-vector state. In the case of a
scalar diquark, the interaction vertex Γ is given by ΓS ¼ 1.
On the other hand, for a spin-1=2 baryon with an axial-
vector diquark, the corresponding interaction vertex takes
the form:

ΓA ¼
γ5ffiffiffi
3

p
�
=ϵ�ðp2;λ2Þ−

M0þm1þm2

P̄ ·p2þm2M0

ϵ�ðp2;λ2Þ · P̄
�
: ð7Þ

In the above equation,m1 andm2 represent the masses of
the quark and spectator diquark, respectively. The quantity
P̄ is the on-shell momentum of the light quark q and
diquark, and satisfies the conditions P̄ ¼ p1 þ p2 and
P̄2 ¼ M2

0. Here, M0 represents the invariant mass of P̄,
which differs from the baryon mass M due to the fact that
the quark, diquark, and baryon cannot all be on their

respective mass shells simultaneously. The momentum P
and mass M of the baryon, however, must satisfy the
physical mass-shell condition, M2 ¼ P2. It is important to
note that the momentum P̄ is not equal to P.
In the equation (6), ϕ represents a Gaussian-type

function constructed as:

ϕ ¼ 4

�
π

β2

�
3=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1e2

x1x2M0

r
exp

�
−k⃗2

2β2

�
; ð8Þ

Here, e1 and e2 represent the energies of the quark q and
diquark in the rest frame of P̄. The variables x1 and x2
correspond to the light-front momentum fractions and
satisfy the conditions 0 < x2 < 1 and x1 þ x2 ¼ 1. The
internal motion of the constituent quarks is described by the
internal momentum k⃗. The internal light front momentum
and related dynamic relationships are given as:

ki ¼ ðk−i ; kþi ; ki⊥Þ ¼ ðei − kiz; ei þ kiz; ki⊥Þ

¼
�
m2

i þ k2i⊥
xiM0

; xiM0; ki⊥
�
;

pþ
1 ¼ x1P̄þ; pþ

2 ¼ x2P̄þ; p1⊥ ¼ x1P̄⊥ þ k1⊥;
p2⊥ ¼ x2P̄⊥ þ k2⊥; k⊥ ¼ −k1⊥ ¼ k2⊥: ð9Þ

The k⃗ in the Eq. (8) is the internal three-momentum vector
of diquark presented as k⃗ ¼ ðk2⊥; k2zÞ ¼ ðk⊥; kzÞ. The
parameter β appearing in Eq. (8) represents the momentum
distribution between the constituent quarks. By using the
definition of the internal three-momentum vector, we can
express the invariant mass squared M2

0 as a function of the
variables ðxi; ki⊥Þ,

M2
0 ¼

k21⊥ þm2
1

x1
þ k22⊥ þm2

2

x2
: ð10Þ

The energy ei and kz can also be expressed in terms of the
internal variables ðxi; ki⊥Þ as follows:

ei ¼
xiM0

2
þm2

i þ k2i⊥
2xiM0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ k2i⊥ þ k2iz

q
;

kiz ¼
xiM0

2
−
m2

i þ k2i⊥
2xiM0

: ð11Þ

In what follows, we adopt the notation x ¼ x2 and
x1 ¼ 1 − x.

B. Form factors

The hadron matrix element for the spin-1=2 to spin-1=2
processes can be expressed as:

FIG. 2. The diquark approximation for the baryonic transition.
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�
Σ0

�
P0;

1

2
; S0z

�
jūγμð1 − γ5ÞcjΞ0

c

�
P;

1

2
; Sz

��

¼
Z

fd3p2g
ϕ0ðx0; k0⊥Þϕðx; k⊥Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pþ
1 p

0þ
1 ðp1 · P̄þm1M0Þðp0

1 · P̄
0 þm0

1M
0
0Þ

p
×
X
λ2

ūðP̄0; S0zÞ½Γ̄0ð=p0
1 þm0

1Þγμð1 − γ5Þð=p1 þm1ÞΓ�

× uðP̄; SzÞ: ð12Þ

where

m1 ¼mc; m0
1 ¼mu; m2 ¼mðdiÞ; P̄¼ p1þp2;

P̄0 ¼ p0
1þp2; M2

0 ¼ P̄2; M02
0 ¼ P̄02: ð13Þ

The momenta of the c quark in the initial baryon and u
quark in the final baryon are denoted by p1 and p0

1,
respectively. The variable p2 represents the momentum

of the spectator diquark. The quantities P and P0 denote the
four-momenta of the initial and final baryon states, respec-
tively, whileM andM0 correspond to their physical masses.
It is noted that one can also define M0 and M0

0 for
the initial and final baryon states, respectively, such that

P̄ð0Þ2 ¼ Mð0Þ2
0 . The quantity Γ̄ appearing in Eq. (12) is

defined as:

ΓS ¼ Γ̄0
S ¼ 1;

Γ̄0
A ¼ 1ffiffiffi

3
p

�
−=ϵðp2; λ2Þ þ

M0
0 þm0

1 þm2

P̄0 · p2 þm2M0
0

ϵðp2; λ2Þ · P̄0
�
γ5:

ð14Þ

By comparing the LFQM results for the hadron matrix
element with Eq. (4), we can extract the form factors by
solving the following equations:

Tr

	
ð=P0 þM0Þ

�
Mγμ
M̄

f
1
2
→1

2

1 ðq2Þ þ Pμ

M̄
f

1
2
→1

2

2 ðq2Þ þ P0
μ

M̄
f

1
2
→1

2

3 ðq2Þ
�
ð=PþMÞfΓigμ



¼ H

1
2

i;

Tr

	
ð=P0 þM0Þ

�
Mγμ
M̄

g
1
2
→1

2

1 ðq2Þ þ Pμ

M̄
g
1
2
→1

2

2 ðq2Þ þ P0
μ

M̄
g
1
2
→1

2

3 ðq2Þ
�
γ5ð=PþMÞfΓ5igμ



¼ K

1
2

i; i ¼ 1; 2; 3 ð15Þ

where H
1
2

i, K
1
2

i are defined as

H
1
2

i ¼
Z

dxd2k⊥
2ð2πÞ3

ϕ0ðx0; k0⊥Þϕðx; k⊥Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x01x1ðp0

1 · P̄
0 þm0

1M
0
0Þðp1 · P̄þm1M0Þ

p
× TrfðP̄0 þM0

0ÞΓ0
SðAÞð=p0

1 þm0
1Þγμð=p1 þm1ÞΓSðAÞðP̄þM0ÞfΓigμg

K
1
2

i ¼
Z

dxd2k⊥
2ð2πÞ3

ϕ0ðx0; k0⊥Þϕðx; k⊥Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x01x1ðp0

1 · P̄
0 þm0

1M
0
0Þðp1 · P̄þm1M0Þ

p
× TrfðP̄0 þM0

0ÞΓ0
SðAÞð=p0

1 þm0
1Þγμγ5ð=p1 þm1ÞΓSðAÞðP̄þM0ÞfΓ5igμg; ð16Þ

The different Dirac structures Γi and Γ5i are

fΓigμ ¼ fγμ; Pμ; P0
μg;

fΓ5igμ ¼ fγμγ5; Pμγ5; P0
μγ5g; ð17Þ

Then the form factors are solved as

f
1
2
→1

2

1 ¼ −
M̄ðsþH

1
2

1 − 2M0H
1
2

2 − 2MH
1
2

3Þ
4Ms−sþ

;

f
1
2
→1

2

2 ¼ M̄ðM0sþH
1
2

1 − 6M02H
1
2

2 þ 2ðs− þMM0ÞH1
2

3Þ
2s−s2þ

;

f
1
2
→1

2

3 ¼ M̄ðMsþH
1
2

1 þ 2ðs− þMM0ÞH1
2

2 − 6M2H
1
2

3Þ
2s−s2þ

: ð18Þ

Here, s� ¼ ðM �M0Þ2 − q2, and the form factors g
1
2
→1

2

i can
be obtained by applying the following transformation:

M0 →−M0; M̄→ M̄; Hj →Kj; i¼ 1

M0 →−M0; M̄→ M̄; Hj →−Kj; i¼ 2;3: ð19Þ

As the diquark can be either scalar or axial-vector, the
physical baryon state is a combination of the baryon state
with a scalar diquark and a state with an axial-vector
diquark in LFQM. Therefore, the physical form factor can
also be expressed as follows:

½formfactor�physical ¼ cS × ½formfactor�S
þ cA × ½formfactor�A: ð20Þ
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The coefficients cS and cA are flavor-spin factors that can
be determined by the flavor-spin wave function of baryons
in the diquark basis. The flavor-spin wave functions for
spin-1=2 baryons are given by:

Σ0 ¼
ffiffiffi
3

p

2
u½ds�S −

1

2
u½ds�A

Λ ¼ 1

2
u½ds�S þ

ffiffiffi
3

p

2
u½ds�A

Ξ0
c ¼ c½ds�S: ð21Þ

The flavor wave functions of the diquark basis are
given by:

½q1q2�A ¼ 1ffiffiffi
2

p ðq1q2 þ q2q1Þ;

½q1q2�S ¼
1ffiffiffi
2

p ðq1q2 − q2q1Þ: ð22Þ

Therefore, the overlapping factors can be calculated and the
results are presented in Table I.

III. NUMERICAL RESULTS

After deriving the analytic expression in the LFQM, we
present the corresponding numerical results. For the cal-
culation, we use the quark masses from Refs. [61–63]

mu ¼ md ¼ 0.25 GeV; ms ¼ 0.37 GeV;

mc ¼ 1.4 GeV: ð23Þ

The masses of the diquarks can be approximated as

m½ds� ¼ md þms: ð24Þ

The masses of the baryons, their lifetimes, and the input
parameter β½ds�q are presented in Table II.

A. Form factors

To analyze the q2 dependence of the form factors in
Eq. (4), we adopt the double-pole model parametrization
scheme as follows:

Fðq2Þ ¼ Fð0Þ
1 − q2

m2
fit
þ δ

�
q2

m2
fit

�
2
; ð25Þ

TABLE I. The spin factors for the baryon Ξ0
c decay induced

by c → u.

Channel cS cA

Ξ0
c → Σ0

ffiffi
3

p
2

0

Ξ0
c → Λ 1

2
0

TABLE II. baryon masses [64,65] and other input parameters
[66,67].

Baryon Ξ0
c Σ0 Λ η η0

Mass (GeV) 2.470 1.193 1.116 0.548 0.958
Lifetime (fs) 151.9
β½ds�c ¼ 0.58 β½ds�u ¼ 0.41

TABLE III. Numerical results for the form factors of spin-1=2 to spin-1=2 Ξ0
c → ΣðΛÞ transitions. The F(0) indicates the form factors

when q2 ¼ 0. Results for the parameters δ andmfit are obtained by fitting the form factors with the double-pole model as in Eq. (25). The
α0 and α1 are the parameters in the BCL model in Eq. (26). For the form factors Fð0Þ with q2 ¼ 0, we estimated their uncertainties
caused by the parameters in LFQM, namely, βc½ds�, βu½ds�, and mdi, which are varied by 10%.

Pole model BCL model

Channel Form factor F(0) mfit δ α0 α1

Ξ0
c → Σ0

f1 0.5988� 0.0765� 0.0500� 0.0407 1.98 0.40 0.5827 0.9969
f2 0.1288� 0.0222� 0.0477� 0.0100 0.78 0.50 0.2784 −9.2418
f3 −0.5504� 0.1055� 0.0934� 0.0513 1.05 0.23 −0.8453 18.2072
g1 0.3838� 0.0133� 0.0384� 0.0168 2.46 1.15 0.3432 2.5073
g2 −0.4279� 0.1518� 0.1303� 0.0593 2.64 20.5 −0.3765 −3.1717
g3 1.1520� 0.1626� 0.2791� 0.1190 1.30 0.60 1.4584 −18.9181

Ξ0
c → Λ

f1 0.3382� 0.0432� 0.0290� 0.0229 2.12 0.70 0.3167 1.1188
f2 0.1188� 0.0170� 0.0318� 0.0081 0.90 0.42 0.2283 −5.6985
f3 −0.3471� 0.0640� 0.0583� 0.0314 1.06 0.26 −0.5498 10.5412
g1 0.2536� 0.0093� 0.0245� 0.0108 2.32 0.64 0.2284 1.3106
g2 −0.2977� 0.0751� 0.0694� 0.0319 1.66 1.48 −0.3204 1.1828
g3 0.8241� 0.0758� 0.1591� 0.0685 1.21 0.37 1.1416 −16.5172
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where Fð0Þ is the numerical results of form factor at q2 ¼ 0.
And we take f−0.000;−0.001;−0.005;−0.007;−0.01;
−0.015g for q2 and fit the two parameters mfit and δ.
Table III presents the numerical results for the form factors
and fitting parameters obtained using the double-pole model
which parametrizes the q2 dependence of the form factors.
Additionally, for extrapolating the form factors to the full q2

region, we use the Bourrely-Caprini-Lellouch (BCL) para-
metrization [68–71] in which the form factors are expanded
in powers of a conformal mapping variable. The BCL
parametrization is shown as

fðq2Þ ¼ 1

1 − q2=m2
R

Xkmax

k¼0

αkzkðq2; t0Þ;

zðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ;

t0 ¼ tþ

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

t−
tþ

r �
;

t� ¼ ðmBb
�mBc

Þ2: ð26Þ

The mR are the masses of the low-lying D resonance.
To analyze the q2 dependence of the form factors, we

also plot the results of the form factors as functions of q2 in
Fig. 3. From Fig. 3, one can see that the fit results with two
different models are broadly consistent with each other.
However, the q2-dependent form factor g2 exhibits a large
discrepancy with q2 ∼ ðmBc

−mBu
Þ2 for the two models. In

the analysis presented in Ref. [59], the form factor has a
pole structure corresponding to the specific current. In our
work, the pole mass mpole should be set to mpole ¼ mD,

which is consistent with the BCL model in Eq. (26).
However, the fit result of g2 with the pole model is some
different from our conclusion, especially for the Ξ0

c → Σ0

process. Therefore, it is likely that the BCL model
describes the q2 dependence of the form factor better.

B. Nonleptonic decays

Expressing the physical states η and η0 in the quark flavor
basis, we have:

� jηi
jη0i

�
¼

�
cosϕ − sinϕ

sinϕ cosϕ

�� jηqi
jηsi

�
ð27Þ

where ϕ denotes the mixing angle. Nonleptonic decay
with ηð0Þ emission can be estimated with the helicity
amplitude method. In Eq. (3), the local matrix element
hηð0ÞðPÞjs̄γμð1 − γ5Þsj0i and hηð0ÞðPÞjd̄γμð1 − γ5Þdj0i can
be expressed by the decay constant fs

ηð0Þ
and fd

ηð0Þ
as [72–74]

h0jq̄γμð1 − γ5ÞqjηqðPÞi ¼
iffiffiffi
2

p fqPμ;

h0js̄γμð1 − γ5ÞsjηsðPÞi ¼ ifsPμ ð28Þ

where all the other parameters are listed below

mη ¼ 0.548 GeV; mη0 ¼ 0.958 GeV;

fq ¼ 1.07fπ; fs ¼ 1.34fπ;

fπ ¼ 0.130 GeV; ϕ ¼ 39.3°; ð29Þ

Then the amplitude of nonleptonic decays becomes

iMðΞ0
c → Σ0ηÞ ¼ iGFffiffiffi

2
p Pμ

η

�
cosϕffiffiffi

2
p VcdV�

udfq − sinϕVcsV�
usfs

�

a2hΣ0ðP0; S0zÞjūγμð1 − γ5ÞcjΞ0
cðP; SzÞi

iMðΞ0
c → Σ0η0Þ ¼ iGFffiffiffi

2
p Pμ

η0

�
sinϕffiffiffi

2
p VcdV�

udfq þ cosϕVcsV�
usfs

�

a2hΣ0ðP0; S0zÞjūγμð1 − γ5ÞcjΞ0
cðP; SzÞi ð30Þ

The helicity amplitudes in the nonleptonic decay processes
are defined as

HVS
λ;λ0 ¼ hΣ0ðP0; λ0Þjū=Pηð0ÞcjΞ0

cðP; λÞi;
HAS

λ;λ0 ¼ hΣ0ðP0; λ0Þjū=Pηð0Þγ5cjΞ0
cðP; λÞi: ð31Þ

With the help of helicity amplitude, the total decay width of
the spin-1=2 to spin-1=2 processes can be expressed as

Γ1
2
→1

2 ¼ Pηð0Þ

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
32πM3

�
jH1

2
1
2
;−1

2

j2 þ jH1
2

−1
2
;1
2

j2
�
;

Pη ¼
G2

F

2

��
cosϕffiffiffi

2
p VcdV�

udfq

�
2

þ ðsinϕVcsV�
usfsÞ2

�
a22;

Pη0 ¼
G2

F

2

��
sinϕffiffiffi

2
p VcdV�

udfq

�
2

þ ðcosϕVcsV�
usfsÞ2

�
a22;

ð32Þ
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where HS
λ;λ0 ¼ HVS

λ;λ0 −HAS
λ;λ0 . The expressions of the

nonleptonic helicity amplitudes are shown in the Appendix.
Although we have not accounted for the nonfactorizable
contributions, we can estimate their impact by varying the
value of Nc. A method outlined in Ref. [47] suggests that
adjusting the value of Nc in the Wilson coefficient a2 ¼
C1 þ C2=Nc can help estimate these contributions in B
decays. Since there are no experimental results for these
two specific processes at present, we can use a similar
process, namely Ξ0

c → Λϕ [75], which does have exper-
imental data available, to determine the value of Nc. To
determine the appropriate value for Nc, we examine the
corresponding Feynman diagram, shown in Fig. 4.
So the way we compute the branching ratio for this

process. we vary the value of Nc and determine that the

FIG. 3. The q2 dependence form factors of Ξ0
c → Σ0 process with BCL model (Orange line) and pole model (blue line).

FIG. 4. The Feynman diagrams for nonleptonic decays of the
decay Ξ0

c → Λϕ we investigate.
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branching ratio matches the experimental result of
4.9� 1.5 × 10−4. Specifically, we find that the branching
ratio equals the experimental value when Nc ¼ 5.4� 1.2.
Using the formulas above and choosing Nc ¼ 5.4� 1.2,
we give numerical results of hadron nonleptonic two-body
decays in Table IV.
Using the formulas above, we give numerical results of

the nonleptonic two-body decay processes Ξ0
c → Σ0ηð0Þ in

Table V and Ξ0
c → Ληð0Þ in Table IV.

There are other procedures used for similar processes that
suggest different values for Nc, for example, Ref. [75]
suggests that Nc may be around 7 according to the process
Λþ → pϕ. We can roughly estimate the nonfactorization
effect by varying theNc. This strategy is used in Ref. [12], it
has been suggested that the nonfactorizable contributions in
B decays can be estimated through a variation of Nc in
Wilson coefficient a1 or a2. In accordance with our selection
criteria and the criteria adopted in reference [75], the chosen
range for our parameter Nc is as follows 3; 5.4;∞. The
effects are estimated in Table VI. The results show that for
this kind of processes Ξ0

c → Σ0η=η0 or Ξ0
c → Λ0η=η0, the

decay width and branching fraction varies somewhat with
different Nc. In Table VI, we also show the results of the
branching ratios obtained by global fit and MIT-bag in
Refs. [28,29]. The outcomes of our results align closely with
those of reference [28] within the margin of error. However,
it is noteworthy that the central value of the process
Ξ0
c → Λη0 exhibits a specific deviation. When considering

the error, the two results also remain consistent within the
margin of error. In comparison to Ref. [29], it appears that
the central values of our results exhibit an order of
magnitude difference (it seems the error associated with
Ref. [29] is not presented). Reference [28] study a series of
decays of the charmed baryon state based on the SU(3)
flavor symmetry. In Ref. [29], both factorizable and non-
factorizable contributions are considered in the topologic

diagram approach. To explore less model-dependent
observables, we can utilize the ratios of branching ratios
for certain decay channels as a means to study the variations
in decay widths resulting from different values of Nc.
Therefore one can define the value RΣ0ðΛÞ as

RΣ0 ¼ ΓðΞ0
c → Σ0ηÞ

ΓðΞ0
c → Σ0η0Þ ;

RΛ ¼ ΓðΞ0
c → ΛηÞ

ΓðΞ0
c → Λη0Þ : ð33Þ

The values of these ratios are shown in Table VI. This ratio
is a quantity independent of the parameter Nc, indicating
reduced model dependence in the observables. This
enhanced predictability makes it a valuable candidate for
experimental testing.
Before closing this section we wish to point out that our

analysis did not take the imaginary part of the decay
amplitudes into account. In principle, the imaginary part
could be important especially in the study of CP violation,
and may arise from two different sources: the perturbative
contributions such as quark loops; or the long-distance
contributions from such as final state interactions (see
Refs. [76,77] for example). Usually in QCD approach like
QCD factorization [78], quark loops can be expressed as a
vertex correction to the effective Wilson coefficients.
Although it is unlikely to attribute these corrections into
the effective color number, it is likely that varying the Nc
may partially reflect the size of such corrections. The
generalized factorization approach before the QCD fac-
torization has used this method to estimate the uncertain-
ties [12]. For the long-distance contributions, a systematic
analysis is not available for charmed baryon decays
especially in the absence of a collection of all available
effective couplings at the hadron level. We hope this can
be conducted in an improved analysis in the future.

TABLE IV. Numerical results of decay width and branching fraction in heavy baryon nonleptonic decays using
BCL model fðq2Þ at Nc ¼ 5.4� 1.2. We have assessed the uncertainties arising from variations in Nc and the
parameters within LFQM, namely, βc½ds�, βu½ds�, and mdi, each of which was subject to a 10% variation.

Channel Γð×10−16 GeVÞ Brð10−4Þ
Ξ0
c → Σ0η 4.85� 1.62� 0.51� 0.39� 0.34 1.12� 0.38� 0.12� 0.09� 0.08

Ξ0
c → Σ0η0 6.64� 2.22� 0.92� 0.76� 0.85 1.53� 0.51� 0.21� 0.18� 0.19

TABLE V. Numerical results of decay width and branching fraction in heavy baryon nonleptonic decays using
BCL model fðq2Þ at Nc ¼ 5.4� 1.2. We have assessed the uncertainties arising from variations in Nc and the
parameters within LFQM, namely, βc½ds�, βu½ds�, and mdi, each of which was subject to a 10% variation.

Channel Γð×10−16 GeVÞ Brð10−4Þ
Ξ0
c → Λη 1.70� 0.57� 0.18� 0.14� 0.13 0.39� 0.13� 0.04� 0.03� 0.03

Ξ0
c → Λη0 2.53� 0.85� 0.35� 0.27� 0.31 0.58� 0.19� 0.08� 0.06� 0.07
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IV. SUMMARY

The two-body hadronic decays decays of the baryons
Ξ0
c → Σ0ηð0Þ and Ξ0

c → Ληð0Þ are studied in this work. In this
work, we employed the light-front-quark model to study
nonleptonic decays of the baryons Ξ0

c. Specifically, we
utilized the diquark picture, where the two spectator heavy
quarks can be approximated as a scalar or an axial-vector
diquark, and treated the baryon state as a meson state. We
obtained the form factors defined by the hadronic matrix
element of the effective operators sandwiched between the
Ξ0
c and the light baryon state and then used them to estimate

the decay widths and branching fractions of two-body
nonleptonic decays.
We have used the helicity amplitudes to obtain the

phenomenological results, which include the predicted
branching fractions. With the lifetime of Ξ0

c presented in
Table II, we have calculated the branching fractions and
listed them in Table IV. Lastly, we explore the dependence
onNc and introduce new observations denoted asR, which
exhibit minimal sensitivity to parameters. These quantities
are less model-dependent, rendering them suitable for
experimental testing. This study represents an exploratory
endeavor, taking into account the nonperturbative nature of
matrix elements. To delve deeper into these nonperturbative
matrix elements, we also plan to employ the first-principle
lattice method for conducting additional calculations. The
obtained phenomenological results are helpful in the search
for such types of decay processes in future experiments.
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APPENDIX: HELICITY AMPLITUDE

The helicity amplitudes for the spin-1=2 to spin-1=2
nonleptonic decay processes can be expressed in terms of
the form factors defined in the hadron matrix element.
Here, we define ðM2 −M02Þ � q2 ¼ M̂�

q . The helicity
amplitudes can then be written as follows:

HV
1
2

−1
2
;1
2

¼ −i ffiffiffiffiffi
sþ

p
mη

2M̄
ffiffiffiffiffi
q2

p ½2MM̄f
1
2
→1

2

1 þ M̂þ
q f

1
2
→1

2

2 þ M̂−
q f

1
2
→1

2

3 �;

HV
1
2

−λ;−λ0 ¼ HV
1
2

λ;λ0 ;

HA
1
2

−1
2
;1
2

¼ −i ffiffiffiffiffi
s−

p
mη

2M̄
ffiffiffiffiffi
q2

p ½2MðM þM0Þg1
2
→1

2

1

− M̂þ
q g

1
2
→1

2

2 − M̂−
q g

1
2
→1

2

3 �; ðA1Þ

HA
1
2

−λ;−λ0 ¼ −HA
1
2

λ;λ0 : ðA2Þ
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