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Semileptonic decay processes of Ξc → Ξlνl are studied by light-cone QCD sum rules in this paper.
The six form factors of Ξc → Ξ semileptonic transition matrix elements are calculated by this method with
the light-cone distribution amplitudes of Ξ baryon up to twist six. With the six form factors, the absolute
branching ratios of Ξ0

c → Ξ−lþνl and Ξþ
c → Ξ0lþνl are calculated by the helicity amplitude formalism of

semileptonic differential decay widths. The ratios of absolute branching ratios of electron and muon final-
state processes give the proof of lepton flavor universality. Our results are in accordance with the recent
experimental and theoretical reports.
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I. INTRODUCTION

Recently, ALICE and Belle reported the measurement of
decay branching ratios of Ξ0

c → Ξ−eþνe semileptonic
decays, respectively. ALICE gave the relative branching
ratio Ξ0

c→Ξ−eþνe to Ξ0
c → Ξ−πþ result ΓðΞ0

c → Ξ−eþνeÞ=
ΓðΞ0

c → Ξ−πþÞ ¼ 1.38� 0.14ðstatÞ � 0.22ðsystÞ [1,2]. The
absolute branching ratio of Ξ0

c → Ξ−πþ was first measured
by Belle in 2019, with the suggestion value ð1.8� 0.50�
0.14Þ% [3]. And, the first measurement of the absolute
branching ratio of Ξþ

c → Ξ−πþπþ was also given by
Belle in 2019 [4]. With the combination of the relative
branching ratio ALICE measured and the absolute branch-
ing ratio of Ξ0

c → Ξ−πþ which Belle measured, the
ALICE Collaboration’s result of decay absolute branch-
ing ratio of Ξ0

c → Ξ−eþνe is around 2.48%. The Belle
Collaboration reported the branching ratios of positron final
state BðΞ0

c → Ξ−eþνeÞ ¼ ð1.31� 0.04� 0.07� 0.38Þ%
and muon final state BðΞ0

c → Ξ−μþνμÞ ¼ ð1.27� 0.06�
0.10� 0.37Þ% [5], and the third uncertainty above
comes from the measurement of absolute branching
ratio of Ξ0

c → Ξ−πþ, while the first and second uncertain-
ties are statistical and theoretical. In the early experiments,
ARGUS and CLEO Collaborations gave their measurement

of relative branching ratio of BðΞ0
c → Ξ−eþνeÞ=BðΞ0

c →
Ξ−πþÞ ¼ 0.96� 0.43� 0.18 and 3.1� 1.0þ0.3

−0.5 in the
1990s, respectively [6,7], and a review in the 1990s; see
Ref. [8]. Therefore, in the experiment aspect, the semi-
leptonic decay results of Ξc baryons have a wide range. It is
worth investigating these processes in theoretical and
experimental aspects by further studies.
With the phenomenology models, some articles have

investigated these processes, and still a wide range in these
analyses. In the first lattice QCD calculation recently [9], it
indicated that the semileptonic decay branching ratios of
Ξc → Ξ are

BðΞ0
c → Ξ−eþνeÞ ¼ 2.38ð0.30Þstatð0.32Þsyst%;

BðΞ0
c → Ξ−μþνμÞ ¼ 2.29ð0.29Þstatð0.31Þsyst%;

BðΞþ
c → Ξ0eþνeÞ ¼ 7.18ð0.90Þstatð0.98Þsyst%;

BðΞþ
c → Ξ0μþνμÞ ¼ 6.91ð0.87Þstatð0.93Þsyst%:

This is in accordance with the ALICE results but larger than
the Belle. Many other phenomenology models such as the
light-cone QCD sum-rule method [10–13], SU(3) flavor-
symmetry model [14,15], light-front quark model [16–18],
relativistic quark model [19] and QCD sum rules [20] et al.
give the branching ratio of Ξ0

c → Ξ−lþνl from 1.35% to
ð7.26� 2.54Þ%, and Ξþ

c → Ξ0lþνl from 3.38þ2.19
−2.26% to

ð11.9� 1.3Þ%. These models also list a wide range of these
processes, so it still leads to a more charming calculation to
pursue.
In this article, we study the Ξc → Ξ semileptonic decay

with the light-cone QCD sum rules. In our previous works,
the light-cone distribution amplitudes of octet baryon Ξ
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have been obtained, and the related parameters of Ξc and
Ξ obtained from QCD sum rules too [10,11]. With the Ξ
baryon light-cone distribution amplitudes, decuplet baryon
Ω0

c → Ξ−lþνl decay branching ratio have also been given
in the same method [21]. And, other usage on the
calculation of the electromagnetic nucleon form factors
can be found in [22]. Calculation of the form factors of the
weak-decay transition matrix element of heavy baryon to
light baryon makes known the information of heavy baryon
properties, especially the decay branching ratios. Based on
these, the weak semileptonic decays of Ξc → Ξlþνl are
calculated in this work by the method and parameters
mentioned above.
The theoretical framework of this work and the formal-

ism results are presented in Sec. II, and the six form factors
of Ξc to Ξ transition are calculated by light-cone QCD sum
rules. Numerical analyses of the semileptonic processes are
given in Sec. III. The conclusions are given in Sec. IV.

II. LIGHT-CONE SUM RULES
OF Ξc → Ξ TRANSITION

Light-cone QCD sum rules are developed from the
standard QCD sum rule proposed by Shifman,
Vainshtein, and Zakharov, which is often called SVZ
QCD sum rules [23] and extended to light cone by
Chernyak et al. [24]. They all start with the hadron
correlation function, then parameterized by hadron states
on the hadronic level, and expanded at QCD level by
operator product expansion. The difference is that the
conventional SVZ QCD sum rules make the operator
product expansion at position point x ¼ 0 with mass
dimensions, and light-cone QCD sum rules make the
operator product expansion at light-cone ðx2 ¼ 0Þ with
increasing twists (dimension minus spin). The basic
nonperturbative input parameters in conventional SVZ
QCD sum rules are vacuum condensate, while in light-
cone QCD sum rules they are parametrized to light-cone
distribution amplitudes [25,26]. The application of light-
cone QCD sum rules to semileptonic decay of heavy
baryon transition to light baryon with light-cone distri-
bution amplitudes have two versions: one is using the
final heavy-baryon state light-cone distribution ampli-
tudes and another is using the initial heavy baryon’s.
Light-cone QCD sum rules were first used in Λb → plν̄
with light-baryon distribution amplitude in Ref. [27], and
with the heavy-baryon version was first studied in the
processes Λb → p;Λ semileptonic decay in Ref. [28].
The light-baryon distribution amplitude version is
adopted in the following calculation.
To calculate the decay properties of heavy baryons

one needs to know the decay matrix element. Matrix
element of heavy-baryon decay to light baryon Ξc → Ξ
can be parametrized as six form factors by the following
form:

hΞð�Þ
c ðP0ÞjjνjΞðpÞi

¼ ūΞð�Þ
c
ðP0Þ

�
fð�Þ1 ðq2Þγν þ i

fð�Þ2 ðq2Þ
MΞð�Þ

c

σνμqμ þ
fð�Þ3 ðq2Þ
MΞð�Þ

c

qν

−
�
gð�Þ1 ðq2Þγν þ i

gð�Þ2 ðq2Þ
MΞð�Þ

c

σνμqμ þ
gð�Þ3 ðq2Þ
MΞð�Þ

c

qν

�
γ5

�
uΞðpÞ;

ð1Þ

where fiðq2Þ=giðq2Þ (i ¼ 1, 2, 3) are the weak decay form
factors, MΞc

is the mass of Ξc baryon, P0 ¼ p − q, p is the
momentum of Ξ, q is the momentum transfer, and uΞc

and
uΞ are the spinors of Ξc and Ξ, respectively. It is known that
the negative parity of interpolating baryon makes contri-
butions in the QCD sum rules [29–31]. So, the asterisks
stand for the form factors, spinor and mass of Ξ�

c baryon
with spin-parity 1

2
− transition.

In order to obtain the light-cone sum rules of these form
factors, one begins with the two-point correlation function
sandwiched between vacuum and final Ξ baryon state:

Tνðp; qÞ ¼ i
Z

d4xeiq·xh0jTfjΞc
ð0ÞjνðxÞgjΞðpÞi; ð2Þ

where the jΞc
ð0Þ and jνðxÞ are heavy-baryon Ξc current and

weak-decay current, respectively. In this study, the Ioffe-type
current is chosen on the quark level for this computation:

jΞc
ðxÞ ¼ ϵijk½siTðxÞCγμcjðxÞ�γ5γμqkðxÞ; ð3Þ

and the weak-decay current is

jνðxÞ ¼ c̄ðxÞγνð1 − γ5ÞsðxÞ: ð4Þ

With the quark-hadron duality, one can parametrize the
correlation function on both hadronic and QCD levels.
Using the completness relation of ΞcZ

d4P0X
i

jΞi
cðP0ÞihΞi

cðP0Þj ¼ 1; ð5Þ

where the index i containsall stateswith thequantumnumber
of Ξc. By using the dispersion relation, one can separate the
lowest states of hadron ΞcðΞ�

cÞ, and the correlation function
can be expressed on the hadronic level by

Tνðp; qÞ ¼
h0jjΞc

jΞcðP0ÞihΞcðP0ÞjjνjΞðpÞi
M2

Ξc
− P02

þ h0jjΞ�
c
jΞ�

cðP0ÞihΞ�
cðP0ÞjjνjΞðpÞi

M2
Ξ�
c
− P02 þ � � � ; ð6Þ

where the ellipsis contains the contributionofhigh resonance
and continuum states. The baryon to vacuum transition
matrix element is defined by
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h0jjΞc
jΞcðP0Þi ¼ fΞc

uΞc
ðP0Þ; ð7Þ

and

h0jjΞ�
c
jΞ�

cðP0Þi ¼ fΞ�
c
γ5uΞ�

c
ðP0Þ; ð8Þ

where fΞc
(fΞ�

c
) is the decay constant of Ξ (Ξ�

c) baryon.
The decay constant fΞc

has been calculated in
Refs. [10–12,32,33]; we will adopt the value fΞc

¼
0.038 GeV3 which is given by [33,34] in the following

calculations.Thedecayconstant offΞ�
c
doesnot contribute in

the final sumrules.With the relationsof baryonDirac spinors
uΞð�Þ

c
ðP0; sÞ and summing up the spin

X
s

uΞð�Þ
c
ðP0; sÞūΞð�Þ

c
ðP0; sÞ ¼ P0 þMΞð�Þ

c
; ð9Þ

the hadronic representation of this transition process at the
hadronic level can be expressed as

TνðP0; q2Þ ¼ fΞc

M2
Ξc

− P02

��
ðMΞc

−MΞÞf1ðq2Þ þ
2p · q − q2

MΞc

f2ðq2Þ
�
γν þ

�
MΞc

þMΞ

MΞc

ðf2ðq2Þ þ f3ðq2ÞÞ − 2f1ðq2Þ
�
qν

þ
�
f1ðq2Þ −

MΞc
þMΞ

MΞc

f2ðq2Þ
�
γνqþ 2f1ðq2Þpν −

2f2ðq2Þ
MΞc

pνqþ f2ðq2Þ − f3ðq2Þ
MΞc

qνq

−
�
ðMΞc

þMΞÞg1ðq2Þ þ
2p · q − q2

MΞc

g2ðq2Þ
�
γνγ5 þ

�
MΞc

−MΞ

MΞc

ðg2ðq2Þ þ g3ðq2ÞÞ þ 2g1ðq2Þ
�
qνγ5

þ
�
MΞc

−MΞ

MΞc

g2ðq2Þ − g1ðq2Þ
�
γνqγ5 − 2g1ðq2Þpνγ5 þ

2g2ðq2Þ
MΞc

pνqγ5 þ
g3ðq2Þ − g2ðq2Þ

MΞc

qνqγ5

�
uΞðpÞ

þ fΞ�
c

M2
Ξ�
c
− P02

��
ðMΞ −MΞ�

c
Þf�1ðq2Þ −

2p · q − q2

MΞ�
c

f�2ðq2Þ
�
γνγ5 þ

�
MΞ�

c
þMΞ

MΞ�
c

ðf�2ðq2Þ þ f�3ðq2ÞÞ

− 2f�1ðq2Þ
�
qνγ5 −

�
MΞ�

c
þMΞ

MΞ�
c

f�2ðq2Þ − f�1ðq2Þ
�
γνqγ5 þ 2f�1ðq2Þpνγ5 þ

2f�2ðq2Þ
MΞ�

c

pνqγ5

−
f�2ðq2Þ − f�3ðq2Þ

MΞ�
c

qνqγ5 þ
�
ðMΞ�

c
þMΞÞg�1ðq2Þ þ

2p · q − q2

MΞ�
c

g�2ðq2Þ
�
γν þ

�
MΞ −MΞ�

c

MΞ�
c

ðg�2ðq2Þ

þ g�3ðq2ÞÞ þ 2g�1ðq2Þ
�
qν −

�
MΞ −MΞ�

c

MΞ�
c

g�2ðq2Þ þ g�1ðq2Þ
�
γνq − 2g�1ðq2Þpν −

2g�2ðq2Þ
MΞ�

c

pνq

þ g�2ðq2Þ − g�3ðq2Þ
MΞ�

c

qνq

�
uΞðpÞ þ � � � ; ð10Þ

where MΞ is the mass of Ξ baryon.
On the theoretical side, the correlation function will be calculated by contracting the heavy charm quark, and be derived

on the quark level with current quark model. The correlation function can be written as

Tνðp; qÞ ¼ −i
Z

d4xeiq·x½CγμSð−xÞγνð1 − γ5Þ�ατðγ5γμÞσγh0jϵijksiαð0ÞsjτðxÞukγð0ÞjuΞðpÞi; ð11Þ

where C is charge conjugation, and Sð−xÞ is the free
charm-quark propagator,

Sð−xÞ ¼ i
Z

d4x
eik·x

=k −mc
: ð12Þ

In the calculation of correlation function, the matrix
element h0jϵijksiαð0ÞsjλðxÞqkσð0ÞjuΞðpÞi can be expressed
with the light-cone distribution amplitudes of octet baryon
Ξ. It has been developed from nucleon distribution

amplitudes from leading twist to twist six and the explicit
expressions have also been given by our previous works
[10,35–37]. The standard procedure of light-cone QCD
sum rule calculations on the theoretical side gives 12
structures, each of them corresponding to the same struc-
ture of the hadronic side. However, as referred to in the
previous discussion, due to the negative-parity particle
contribution in the sum rules, we should tackle the problem
of the negative parity issue. For the aim to subtract the
negative-parity baryon contribution, we solve the linear
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equations corresponding to the same Lorentz structure to
the hadronic side and QCD side as the same method in [30].
After that, one obtains the six form factors of Ξc to Ξ
transition matrix element; there will be without the neg-
ative-parity parts, and only the negative-parity baryon Ξ�

c
mass enters the sum rules.

To suppress higher twist contribution, the Borel trans-
form operation is made for every form factor on both
hadronic and QCD side. This introduces a Borel parameter
MB in the form factors; it will be discussed in the numerical
analysis section. After making the Borel transformation, the
form factors can be written as

f1ðq2Þ ¼
eM

2
Ξc
=M2

B

2fΞc
ðMΞc

þMΞ�
c
Þ fðMΞ þMΞc

Þ½ðMΞ −MΞc
ÞΠpνq þ Πpν

� þ 2ðMΞ�
c
−MΞc

ÞΠγνq þ 2Πγνg; ð13Þ

f2ðq2Þ ¼
MΞc

eM
2
Ξc
=M2

B

2fΞc
ðMΞc

þMΞ�
c
Þ fMΞΠpνq −MΞ�

c
Πpνq þ Πpν

− 2Πγνqg; ð14Þ

f3ðq2Þ ¼
MΞc

eM
2
Ξc
=M2

B

2fΞc
ðMΞc

þMΞ�
c
Þ fðMΞ −MΞ�

c
ÞðΠpνq þ 2ΠqνqÞ þ Πpν

þ 2ðΠγνq þ ΠqνÞg; ð15Þ

g1ðq2Þ ¼
eM

2
Ξc
=M2

B

2fΞc
ðMΞc

þMΞ�
c
Þ fðMΞ −MΞ�

c
Þ½ðMΞ þMΞ�

c
ÞΠpνqγ5 − Πpνγ5 � þ 2ðMΞc

−MΞ�
c
ÞΠγνqγ5 − 2Πγνγ5g; ð16Þ

g2ðq2Þ ¼
MΞc

eM
2
Ξc
=M2

B

2fΞc
ðMΞc

þMΞ�
c
Þ fðMΞ þMΞ�

c
ÞΠpνqγ5 þ 2Πγνqγ5 − Πpνγ5g; ð17Þ

g3ðq2Þ ¼
MΞc

eM
2
Ξc
=M2

B

2fΞc
ðMΞc

þMΞ�
c
Þ fðMΞ þMΞ�

c
Þð2Πqνqγ5 þ Πpνqγ5Þ − 2Πγνqγ5 − 2Πqνγ5 − Πpνγ5g; ð18Þ

where these terms of ΠΓ in the form factors are the coefficients of the corresponding Lorentz structure
Γ ¼ fpν; γν; pνq; γνq; qν; qνq; pνγ5; γνγ5; pνqγ5; γνqγ5; qνγ5; qνqγ5g on the QCD side, and they have been made the Borel
transformation. The general expression of ΠΓ in our sum rules is given by

ΠΓ ¼ −
Z

1

α20

dα2
α2

ρ1Γðα2; q2Þe−s=M2
B þ 1

M2
B

Z
1

α20

dα2
α22

ρ2Γðα2; q2Þe−s=M2
B þ ρ2Γðα20; q2Þe−s0=M2

B

α220M
2
Ξ − q2 þm2

c
−

1

2M4
B

Z
1

α20

dα2
α32

ρ2Γðα2; q2Þe−s=M2
B

−
1

2

ρ3Γðα20; q2Þe−s0=M
2
B

α20M2
Bðα220M2

Ξ − q2 þm2
cÞ

þ 1

2

α220
α220M

2
Ξ − q2 þm2

c

�
d

dα20

ρ3Γðα20; q2Þ
α20ðα220M2

Ξ − q2 þm2
cÞ
�
e−s0=M

2
B : ð19Þ

The detailed expressions of ρiΓ (i ¼ 1, 2, 3) in the
integrands are given in the Appendix.
In the above form factors, the parameter s on the

exponential is

s¼ð1−α2ÞM2
Ξ−

1−α2
α2

q2þm2
c

α2
: ð20Þ

The α20 which is related to the threshold s0 is expressed as

α20¼
ðq2− s0þM2

ΞÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq2−s0þM2

ΞÞ−4M2
Ξðq2−m2

cÞ
p

2M2
Ξ

:

ð21Þ

αi (i ¼ 1, 2, 3) are the components of quark coordinate. The
relation of αi satisfy 1 ¼ α1 þ α2 þ α3.
The light-cone distribution amplitudes used above are

defined as follows:

D0ðα2Þ¼
Z

1−α2

0

dα1V1ðαÞ;

D1ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

ðV1−V2−V3Þðα0Þ;

D2ðα2Þ¼
Z

1−α2

0

dα1V3ðαÞ;

D3ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ð−2V1þV3þV4þ2V5Þðα00Þ;
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D4ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ðV4−V3Þðα0Þ;

D5ðα2Þ¼
Z

α2

0

dα02

Z
α0
2

0

dα002

Z
1−α00

2

0

dα1ð−V1þV2

þV3þV4þV5−V6Þðα00Þ;

E0ðα2Þ¼
Z

1−α2

0

dα1A1ðαÞ;

E1ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ð−A1þA2−A3Þðα0Þ;

E2ðα2Þ¼
Z

1−α2

0

dα1A3ðαÞ;

E3ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ð−2A1−A3−A4þ2A5Þðα0Þ;

E4ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ðA3−A4Þðα0Þ;

E5ðα2Þ¼
Z

α2

0

dα02

Z
α0
2

0

dα002

Z
1−α00

2

0

dα1ðA1−A2þA3

þA4−A5þA6Þðα00Þ;

F0ðα2Þ¼
Z

1−α2

0

dα1T1ðαÞ;

F1ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ðT1þT2−2T3Þðα0Þ;

F2ðα2Þ¼
Z

1−α2

0

dα1T7ðαÞ;

F3ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ðT1−T2−2T7Þðα0Þ;

F4ðα2Þ¼
Z

α2

0

dα02

Z
1−alpha0

2

0

dα1ð−T1þT5þ2T8Þðα0Þ;

F5ðα2Þ¼
Z

α2

0

dα02

Z
α0
2

0

dα002

Z
1−α00

2

0

dα1ð2T2−2T3−2T4

þ2T5þ2T7þ2T8Þðα00Þ;

F6ðα2Þ¼
Z

α2

0

dα02

Z
1−α0

2

0

dα1ðT7−T8Þðα0Þ;

F7ðα2Þ¼
Z

α2

0

dα02

Z
α0
2

0

dα002

Z
1−α00

2

0

dα1ð−T1þT2þT5

−T6þ2T7þ2T8Þðα00Þ; ð22Þ

where α, α0, and α00 are ðα1; α2; 1 − α1 − α2Þ, ðα1; α02;
1 − α1 − α02Þ, and ðα1; α002; 1 − α1 − α002Þ, respectively. The
distribution amplitudes of Ξ baryon are listed in Table I
with the increasing twists to twist six.

III. NUMERICAL ANALYSIS

In the numerical analysis, the parameters of baryons and
leptons mass in the following analysis are adopted from the
PDG group. They are listed in Table II.
The parameters in Table I of the light-cone distribution

amplitudes have been given in Ref. [10] and listed in the
following:

ϕ0
3 ¼ ϕ0

6 ¼ fΞ;

ψ0
4 ¼ ψ0

5 ¼
1

2
ðfΞ − λ1Þ;

ϕ0
4 ¼ ϕ0

5 ¼
1

2
ðfΞ þ λ1Þ;

ϕ00
3 ¼ ϕ00

6 ¼ −ξ05 ¼
1

6
ð4λ3 − λ2Þ;

ϕ00
4 ¼ ξ04 ¼

1

6
ð8λ3 − 3λ2Þ;

ϕ00
5 ¼ −ξ005 ¼ 1

6
λ2;

ξ004 ¼ 1

6
ð12λ3 − 5λ2Þ; ð23Þ

where these parameters are

fΞ ¼ ð9.9� 0.4Þ × 10−3 GeV2;

λ1 ¼ −ð2.8� 0.1Þ × 10−2 GeV2;

λ2 ¼ ð5.2� 0.2Þ × 10−2 GeV2;

λ3 ¼ ð1.7� 0.1Þ × 10−2 GeV2: ð24Þ

By using these parameters, the pictures of form factors fi
(i ¼ 1, 2, 3) and gi (i ¼ 1, 2, 3) can be plotted by the
expressions from Eq. (13) to (18). Because light-cone
QCD sum rules are not suitable on the whole physical
region, m2

l ≤ q2 ≤ ðMΞc
−MΞÞ2. In this work, we

adopt the light-cone QCD sum rules matching region

TABLE I. Distribution amplitudes with increasing twists to six.

Twist-3 Twist-4 Twist-5 Twist-6

V2ðxiÞ ¼ 24x1x2ϕ0
4, V4ðxiÞ ¼ 3ðx1 − x3Þψ0

5,
A2ðxiÞ ¼ 0, A4ðxiÞ ¼ 3ðx1 − x2Þψ0

5,
V1ðxiÞ ¼ 120x1x2x3ϕ0

3, V3ðxiÞ ¼ 12x3ðx1 − x2Þψ0
4, V5ðxiÞ ¼ 6x3ϕ0

5, V6ðxiÞ ¼ 2ϕ0
6,

A1ðxiÞ ¼ 0, A3ðxiÞ ¼ −12x3ðx1 − x2Þψ0
4, A5ðxiÞ ¼ 0, A6ðxiÞ ¼ 0,

T1ðxiÞ ¼ 120x1x2x3ϕ00
3 , T2ðxiÞ ¼ 24x1x2ϕ00

4 , T4ðxiÞ ¼ − 3
2
ðx1 þ x2Þðξ005 þ ξ05Þ, T6ðxiÞ ¼ 2ϕ00

6 ,
T3ðxiÞ ¼ 6x3ð1 − x3Þðξ04 þ ξ004 Þ, T5ðxiÞ ¼ 6x3ϕ00

5 ,
T7ðxiÞ ¼ 6x3ð1 − x3Þðξ004 − ξ04Þ. T8ðxiÞ ¼ 3

2
ðx1 þ x2Þðξ005 − ξ05Þ.
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0 GeV2 ≤ q2 ≤ 1 GeV2. For the purpose to suppress the
higher twist contribution, the Borel transformations have
been made on the hadronic level and theoretical level. In
that case, an addition Borel parameter MB is introduced.
The proper choice of Borel parameter will make the results
reliable and stable. So, the choice ofM2

B in this work makes
13 GeV2 ≤ M2

B ≤ 15 GeV2. Another parameter we need is
the threshold of heavy baryon s0; it should be larger than
the energy of Ξc and Ξ�

c baryon, but smaller than the excited
states mass of Ξc. In consideration of this, the setting value
in this work is 0.4 GeV ≤ ð ffiffiffiffiffi

s0
p −MΞc

Þ ≤ 0.5 GeV. With
the basic parameters set, the pictures of Ξc → Ξ transition-
form factors in the light-cone QCD sum rules region are
plotted in Fig. 1.
The momentum transfer square pictured in Fig. 1 should

be extrapolated on the whole physical region. For this
purpose, the “z-expansion” fitting formula is used to
achieve this aim [38]. Keeping to the second order of “z
series,” which is

fiðq2Þ=giðq2Þ ¼
1

1 − q2=M2
Ds

½a0 þ a1zðq2; t0Þ

þ a2zðq2; t0Þ2�; ð25Þ

where a0, a1, and a2 are fitting parameters and are listed
with fið0Þ=gið0Þ in Table III. MDs

¼ 1.969 GeV2 is the
mass of Ds meson. t0¼ðMΞc

þMΞÞð
ffiffiffiffiffiffiffiffiffi
MΞc

p
−

ffiffiffiffiffiffiffi
MΞ

p Þ2, and

zðq2; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð26Þ

where tþ ¼ ðMΞc
þMΞÞ.

In Fig. 2 the differential decay widths of semileptonic
decays of Ξ0

c are explicated. The pictures and results of
Ξþ
c → Ξ0lþνl semileptonic decays can be obtained with

the same steps. Absolute branching ratios of Ξc → Ξlþνl
rely on the mean lifetime of Ξ0

c and Ξþ
c , and the PDG

average values give the suggestion that the two charm
baryon lifetimes are τΞ0

c
¼ ð153� 6Þ × 10−15 s and τΞþ

c
¼

ð456� 5Þ × 10−15 s.
With the helicity amplitude representation of semilep-

tonic decay widths, we have the following equation of
differential decay width which can be written as two
polarized decay width:

dΓ
dq2

¼ dΓL

dq2
þ dΓT

dq2
ð27Þ

and the total decay width is

TABLE II. Mass parameters of baryons and leptons.

Parameters PDG value

MΞ0
c

2.471 GeV
MΞ�0

c
2.7939 GeV

MΞþ
c

2.46771 GeV
MΞ�þ

c
2.7919 GeV

MΞ− 1.3217 GeV
MΞ0 1.31486 GeV
mc 1.27 GeV
me 0.51 MeV
mμ 105.658 MeV

FIG. 1. The form factors fi (i ¼ 1, 2, 3) and gi (i ¼ 1, 2, 3) of Ξ0
c → Ξ− transition vary from zero-momentum transfer square to

q2 ¼ 1 GeV2 with threshold
ffiffiffiffiffi
s0

p ¼ ðMΞc
þ 0.45Þ GeV.
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Γ ¼
Z ðMΞc−MΞÞ2

m2
l

dq2
dΓ
dq2

; ð28Þ

where

dΓL

dq2
¼ G2

FjVcsj2q2pð1 − m̂2
l Þ2

384π3M2
Ξc

½ð2þ m̂2
l ÞðjH1

2
;0j2

þ jH−1
2
;0j2Þ þ 3m̂2

l ðjH1
2
;tj2 þ jH−1

2
;tj2Þ�; ð29Þ

dΓT

dq2
¼ G2

FjVcsj2q2pð1 − m̂2
l Þ2ð2þ m̂2

l Þ
384π3M2

Ξc

ðjH1
2
;1j2

þ jH−1
2
;−1j2Þ: ð30Þ

In the above equations, p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
QþQ−

p
=2MΞc

, Q� ¼
ðMΞc

�MΞÞ2 − q2 and m̂l ≡ml=
ffiffiffiffiffi
q2

p
, ml are the mass

of leptons. GF is the Fermi constant and jVcsj is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element;
they are GF ¼ 1.66 × 10−5 GeV−2 and jVcsj ¼ 0.987,
respectively [39]. The related expressions of helicity ampli-
tudes connected with form factors are given by

HV
1
2
;0
¼−i

ffiffiffiffiffiffiffi
Q−

p
ffiffiffiffiffi
q2

p
�
ðMΞc

þMΞÞf1ðq2Þ−
q2

MΞc

f2ðq2Þ
�
; ð31Þ

HV
1
2
;1
¼ i

ffiffiffiffiffiffiffiffiffi
2Q−

p �
−f1ðq2Þ þ

MΞc
þMΞ

MΞc

f2ðq2Þ
�
; ð32Þ

HV
1
2
;t
¼−i

ffiffiffiffiffiffiffi
Qþ

p
ffiffiffiffiffi
q2

p
�
ðMΞc

−MΞÞf1ðq2Þþ
q2

MΞc

f3ðq2Þ
�
; ð33Þ

HA
1
2
;0
¼−i

ffiffiffiffiffiffiffi
Qþ

p
ffiffiffiffiffi
q2

p
�
ðMΞc

−MΞÞg1ðq2Þþ
q2

MΞc

g2ðq2Þ
�
; ð34Þ

HA
1
2
;1
¼ i

ffiffiffiffiffiffiffiffiffi
2Qþ

p �
−g1ðq2Þ −

MΞc
−MΞ

MΞc

g2ðq2Þ
�
; ð35Þ

HA
1
2
;t
¼ −i

ffiffiffiffiffiffiffi
Q−

p
ffiffiffiffiffi
q2

p
�
ðMΞc

þMΞÞg1ðq2Þ −
q2

MΞc

g3ðq2Þ
�
: ð36Þ

The negative-helicity amplitudes can be given by the
positive-helicity amplitudes as

HV
−λ;−λW ¼ HV

λ;λW
;

HA
−λ;−λW ¼ −HA

λ;λW
: ð37Þ

λ and λW are the polarizations of the final Ξ baryon and W
boson, respectively.
With the V − A current, the total helicity amplitudes are

expressed as

Hλ;λW ¼ HV
λ;λW

−HA
λ;λW

: ð38Þ

Substituting the numerical value of every parameter to
the differential decay width with helicity formalism, one
can obtain the decay width at

ffiffiffiffiffi
s0

p ¼ ðMΞc
þ 0.45Þ GeV

andM2
B ¼ 14 GeV2, the decay widths ΓðΞ0

c → Ξ−eþνeÞ ¼
1.21 × 10−13 GeV2, and ΓðΞ0

c → Ξ−μþνμÞ ¼ 1.17×
10−13 GeV2. The charged charm-baryon Ξþ

c decay
widths ΓðΞþ

c → Ξ0eþνeÞ ¼ 1.22 × 10−13 GeV2, and
ΓðΞþ

c → Ξ0μþνμÞ ¼ 1.18 × 10−13 GeV2. With these decay

TABLE III. Form factors at zero-momentum transfer square and fitting paramters a0, a1, and a2 in the
correspondence “z-expansion” fitting formulas at

ffiffiffiffiffi
s0

p ¼ ðMΞc
þ 0.45Þ GeV and M2

B ¼ 14 GeV2.

fiðq2Þ fið0Þ a0 a1 a2 giðq2Þ gið0Þ a0 a1 a2

f1ðq2Þ 1.091 1.346 −4.048 17.924 g1ðq2Þ −0.002 −0.211 3.031 −9.870
f2ðq2Þ −0.279 −0.663 5.330 −16.315 g2ðq2Þ 0.051 0.158 −2.320 12.607
f3ðq2Þ −0.179 −0.724 8.149 −28.309 g3ðq2Þ −0.798 −1.127 2.731 4.386

FIG. 2. Differential decay width of Ξ0
c → Ξ−eþνe (left) and Ξ0

c → Ξ−μþνμ (right) at
ffiffiffiffiffi
s0

p ¼ ðMΞc
þ 0.45Þ GeV and M2

B ¼ 14 GeV2.
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widths and the lifetimes of Ξ0
c and Ξþ

c baryons, the absolute
branching ratios give BðΞ0

c → Ξ−eþνeÞ ¼ ð2.81þ0.17
−0.15Þ%,

BðΞ0
c → Ξ−μþνμÞ ¼ ð2.72þ0.17

−0.15Þ%, BðΞþ
c → Ξ0eþνeÞ ¼

ð8.43þ0.52
−0.45Þ%, and BðΞþ

c → Ξ0μþνμÞ ¼ ð8.16þ0.50
−0.43Þ%. The

errors come from the chosen range of threshold s0
and Borel parameters MB are about 6%, so the other
parameters’ errors are all included. This gives the
ratios BðΞ0

c → Ξ−eþνeÞ=BðΞ0
c → Ξ−μþνμÞ ¼ 1.03, and

BðΞþ
c → Ξ0eþνeÞ=BðΞþ

c → Ξ0μþνμÞ ¼ 1.03. It is a good
case to establish the lepton flavor universality.

IV. CONCLUSION

In conclusion, the semileptonic decays of Ξc → Ξ are
investigated in the framework of light-cone QCD sum
rules. The form factors of Ξc → Ξ weak decay are
calculated by this method. Using these form factors and
the helicity formalism differential decay width, the absolute
branching ratios of semileptonic decay of Ξ0

c → Ξ−lþνl

and Ξþ
c → Ξ0lþνl are calculated and listed in Table IV.

Our results are larger than what Belle reported but are
consistent with ALICE’s result, and are also consistent
with PDG average. The comparisons with other theoretical
works such as lattice QCD calculation (Lattice), light-cone
QCD sum rules (LCSR), SU(3) flavor symmetry [SU(3)],
light-front quark model (LFQM), relativistic quark model
(RQM), QCD sum rules (QCDSR) and experiments (Exps)
are also listed in Table IV. The ratios of positron final-state
and muon final-state processes show that the lepton flavor
universality is held and consistent with the experimental
results.
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APPENDIX: THE DETAILED EXPRESSIONS OF ρiΓ

The ρiΓ (i ¼ 1, 2, 3) in Eq. (19):

ρ1pν
ðα2; q2Þ ¼ MΞ½2α2D0ðα2Þ þ 3D1ðα2Þ − 3α2D2ðα2Þ� − 2mcF0ðα2Þ; ðA1Þ

ρ2pν
ðα2; q2Þ ¼ −MΞf2½α22M2

Ξ − α2ðM2
Ξ −M2

Ξc
þ q2Þ� þ q2gD1ðα2Þ þ α22M

3
Ξ½D3ðα2Þ − 2D4ðα2Þ�

þ 6α2M3
ΞD5ðα2Þ þM2

Ξmc½2α2F3ðαÞ − 2α2F4ðα2Þ þ F5ðα2Þ�; ðA2Þ

ρ3pν
ðα2; q2Þ ¼ −4α2M3

Ξ½α22M2
Ξ þ q2 − α2ðM2

Ξ −M2
Ξc

þ q2Þ�D5ðα2Þ − 2M2
Ξmcq2F5ðα2Þ þ 4α22M

4
ΞmcF7ðα2Þ; ðA3Þ

ρ1γνðα2; q2Þ ¼ −MΞmc½B0ðα2Þ þ F0ðα2Þ − 3F2ðα2Þ� −M2
Ξ

�
D1ðα2Þ − α2D2ðα2Þ þ

1

4
D3ðα2Þ

�

−
�
α2M2

Ξ −
1

2
ðM2

Ξ −M2
Ξc

þ q2Þ
�
D0ðα2Þ; ðA4Þ

TABLE IV. Absolute branching ratios of semileptonic decay BðΞc → ΞlþνlÞð×10−2Þ.

Works BðΞ0
c → Ξ−eþνeÞ BðΞ0

c → Ξ−μþνμÞ BðΞþ
c → Ξ0eþνeÞ BðΞþ

c → Ξ0μþνμÞ
Exps (2.48� 0.72) [2], (1.31� 0.38) [5] (1.27� 0.37) [5] - -
This work 2.81þ0.17

−0.15 2.72þ0.17
−0.15 8.43þ0.52

−0.45 8.16þ0.50
−0.43

Lattice (2.38� 0.32) [9] (2.29� 0.31) [9] (7.18� 0.98) [9] (6.91�0.93) [9]

LCSR
2.03 [10], ð1.43þ0.52

−0.57 Þ [11],
(7.26�2.54) [12], (1.85� 0.56) [13]

(7.15� 2.50) [12],
(1.79� 0.54) [13]

6.05 [10], ð4.27þ1.55
−1.72 Þ [11],

(5.51� 1.65) [13]
(5.53� 1.61) [13]

SU(3)
(4.87� 1.74) [14], (3.0� 0.3,

2.4� 0.3; 2.7� 0.2) [15],
(4.10� 0.46) [40]

(3.98� 0.57) [40] ð3.38þ2.19
−2.26 Þ [14], (11.9� 1.3,

9.8� 1.1; 10.7� 0.9) [15]
� � �

LFQM
1.35 [16], (1.72�0.35) [18],

(3.49�0.95) [17]
(3.34� 0.94) [17]

5.39 [16], (5.20�1.02) [18],
(11.3� 3.35) [17]

� � �
RQM 2.38 [19] 2.31 [19] 9.40 [19] 9.11 [19]
QCDSR (3.4� 0.7) [20] � � � (10.2� 2.2) [20]
PDG (1.8� 1.2) [39] � � � (7� 4) [39] � � �
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ρ2γνðα2;q2Þ¼M3
Ξmc

�
α2B1ðα2Þ−α2F4ðα2Þþ

1

2
F5ðα2Þ−3α2F6ðα2Þ−3F7ðα2Þ

�
þα2M2

Ξ

�
α2M2

Ξ−
1

2
ðM2

Ξ−M2
Ξc
þq2Þ

�
D1ðα2Þ

−M2
Ξ½α22M2

Ξ−α2ðM2
Ξ−M2

Ξc
þq2Þþq2�

�
1

2
D3ðα2Þ−

1

2
D4ðα2Þ

�
−
3

2
α2M4

ΞD5ðα2Þ

þMΞmc½α2M2
Ξ−ðM2

Ξ−M2
Ξc
þq2Þ�F3ðα2Þ; ðA5Þ

ρ3γνðα2; q2Þ ¼ 2½α22M2
Ξ − α2ðM2

Ξ −M2
Ξc

þ q2Þ þ q2�½α2M4
ΞD5ðα2Þ þM3

ΞmcF7ðα2Þ�; ðA6Þ

ρ1pνqðα2; q2Þ ¼ −D0ðα2Þ; ðA7Þ

ρ2pνqðα2; q2Þ ¼ −α2M2
Ξ½D1ðα2Þ þD3ðα2Þ − 2D4ðα2Þ� −MΞmc½F1ðα2Þ þ F3ðα2Þ�; ðA8Þ

ρ3pνqðα2; q2Þ ¼ 2α2M3
Ξmc½F5ðα2Þ − 2F7ðα2Þ�; ðA9Þ

ρ1γνqðα2; q2Þ ¼ −MΞD2ðα2Þ; ðA10Þ

ρ2γνqðα2; q2Þ ¼ −M2
Ξmc½B1ðα2Þ − F3ðα2Þ − F4ðα2Þ − 3F6ðα2Þ� −MΞ

�
α2M2

Ξ −
1

2
ðM2

Ξ −M2
Ξc

þ q2Þ
�
D1ðα2Þ

þ 3

2
M3

ΞD5ðα2Þ; ðA11Þ

ρ3γνqðα2; q2Þ ¼ −2½α22M2
Ξ − α2ðM2

Ξ −M2
Ξc

þ q2Þ þ q2�M3
ΞD5ðα2Þ; ðA12Þ

ρ1qνðα2; q2Þ ¼ −MΞ½D0ðα2Þ − 3D2ðα2Þ�; ðA13Þ

ρ2qνðα2; q2Þ ¼ ½α2M3
Ξ −MΞðM2

Ξ −M2
Ξc

þ q2Þ�D1ðα2Þ −M3
Ξ½α2D3ðα2Þ − 2α2D4ðα2Þ þ 6D5ðα2Þ�

þM2
Ξmc½F1ðα2Þ − F3ðα2Þ þ 2F4ðα2Þ�; ðA14Þ

ρ3qνðα2; q2Þ ¼ 4M3
Ξ½α22M2

Ξ − α2ðM2
Ξ −M2

Ξc
þ q2Þ þ q2�D5ðα2Þ − 2M2

Ξmc½α2M2
Ξ − ðM2

Ξ −M2
Ξc

þ q2Þ�F5ðq2Þ
þ 4α2M4

ΞmcF7ðα2Þ; ðA15Þ

ρ1qνqðα2; q2Þ ¼ 0; ðA16Þ

ρ2qνqðα2; q2Þ ¼ M2
Ξ½D1ðα2Þ þD3ðα2Þ − 2D4ðα2Þ�; ðA17Þ

ρ3qνqðα2; q2Þ ¼ 2M3
Ξmc½2F7ðα2Þ − F5ðα2Þ�; ðA18Þ

ρ1pνγ5ðα2; q2Þ ¼ MΞ½2α2E0ðα2Þ − 3E1ðα2Þ þ 3α2E2ðα2Þ�; ðA19Þ

ρ2pνγ5ðα2; q2Þ ¼ MΞfq2 þ 2½α22M2
Ξ − α2ðM2

Ξ þ q2 −M2
ΞÞ�gE1ðα2Þ þ α2M3

Ξ½α2E3ðα2Þ − 2α2E4ðα2Þ − 6E5ðα2Þ�; ðA20Þ

ρ3pνγ5ðα2; q2Þ ¼ 4α2M3
Ξ½α22M2

Ξ þ q2 − α2ðM2
Ξ −M2

Ξc
þ q2Þ�E5ðα2Þ; ðA21Þ

ρ1γνγ5ðα2; q2Þ ¼ α2mcC0ðα2Þ þ ½α2M2
Ξ − ðM2

Ξ −M2
Ξc

þ q2Þ=2�E0ðα2Þ −M2
Ξ

�
E1ðα2Þ − α2E2ðα2Þ −

1

4
E3ðα2Þ

�
; ðA22Þ

ρ2γνγ5ðα2; q2Þ ¼ α2M2
ΞfMΞmcC1ðα2Þ þ ½α2M2

Ξ − ðM2
Ξ −M2

Ξc
þ q2Þ=2�E1ðα2Þg þ

1

2
M2

Ξ½α22M2
Ξ þ q2

− α2ðM2
Ξ þ q2 −M2

Ξc
Þ�ðE3ðα2Þ − E4ðα2ÞÞ −

3

2
α2M4

ΞE5ðα2Þ; ðA23Þ
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ρ3γνγ5ðα2; q2Þ ¼ 2α2M4
Ξ½α22M2

Ξ þ q2 − α2ðM2
Ξ þ q2 −M2

Ξc
Þ�E5ðα2Þ; ðA24Þ

ρ1pνqγ5ðα2; q2Þ ¼ E0ðαÞ; ðA25Þ

ρ2pνqγ5ðα2; q2Þ ¼ −α2M2
Ξ½E1ðα2Þ − E3ðα2Þ þ 2E4ðα2Þ�; ðA26Þ

ρ3pνqγ5ðα2; q2Þ ¼ 0; ðA27Þ

ρ1γνqγ5ðα2; q2Þ ¼ MΞE2ðα2Þ; ðA28Þ

ρ2γνqγ5ðα2; q2Þ ¼ M2
ΞmcC1ðα2Þ þMΞ½α2M2

Ξ − ðM2
Ξ þ q2 −M2

Ξc
Þ=2�E1ðα2Þ −

3

2
M3

ΞE5ðα2Þ; ðA29Þ

ρ3γνqγ5ðα2; q2Þ ¼ 2M3
Ξ½α22M2

Ξ þ q2 − α2ðM2
Ξ þ q2 −M2

ΞÞ�E5ðα2Þ; ðA30Þ

ρ1qνγ5ðα2; q2Þ ¼ −MΞ½E0ðα2Þ þ 3E2ðα2Þ�; ðA31Þ

ρ2qνγ5ðα2; q2Þ ¼ −MΞ½α2M2
Ξ − ðM2

Ξ þ q2 −M2
Ξc
Þ�E1ðα2Þ −M3

Ξ½α2E3ðα2Þ − 2α2E4ðα2Þ − 6E5ðα2Þ�; ðA32Þ

ρ3qνγ5ðα2; q2Þ ¼ −4M3
Ξ½α22M2

Ξ þ q2 − α2ðM2
Ξ þ q2 −M2

Ξc
Þ�E5ðα2Þ; ðA33Þ

ρ1qνqγ5ðα2; q2Þ ¼ 0; ðA34Þ

ρ2qνqγ5ðα2; q2Þ ¼ M2
Ξ½E1ðα2Þ − E3ðα3Þ þ 2E4ðα2Þ�; ðA35Þ

ρ3qνqγ5ðα2; q2Þ ¼ 0: ðA36Þ
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