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In this work, we investigate the semileptonic weak decays of spin-1=2 doubly heavy baryons ΞQQ0

into spin-3=2 singly heavy baryons Σ�
Q0 within light-cone sum rules. Using the parallel components

of the light-cone distribution amplitudes of Σ�
Q0 , the transition form factors for these decays are calculated

both analytically and numerically. The numerical results for these semileptonic weak decays widths
and branching ratios are also predicted, which are compared with the same predictions by other
theoretical approaches in the literatures. These phenomenology predictions can be tested by the
experiments in the future.
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I. INTRODUCTION

The doubly heavy baryons consisting of two heavy quarks
(b and c quarks) and one light quark (u, d, s) have been
predicted in theoretical literatures a few decades ago [1–6].
As early as 1964, M. Gell-Mann and G. Zweig proposed
the simple quark model to understand the existence of the
numerous observed hadron states [1,2]. Furthermore, R. L.
Jaffc and J. Kiskis tried to decode the masses of the baryons
with the spin-parity JP ¼ 1=2þ and JP ¼ 3=2þ by the bag
model [4]. For the study of doubly heavy baryons, a number
of comprehensive theoretical researches based on relativistic
quark models [7–11], the Faddeev method [12], quantum
chromodynamics (QCD) sum rules [13–16], potential mod-
els [17], and lattice QCD [18–20] have predicted their
masses spectrum, lifetimes, and other prospects serving
for the detection of doubly heavy baryons.
On the experimental side, the first suspicious signal of a

doubly charmed baryon Ξþ
cc was claimed by the SELEX

collaboration in 2002 [21]. Unfortunately, there are no
further evidences from other experiments to support the
claim, which includes the photon-on-fixed-target collisions
by the FOCUS collaboration [22] and the eþe− collisions
by the BABAR [23] and Belle [24] collaborations. Perennial

research for the doubly heavy baryon, ultimately, the LHC
experiment, which is based on the highly integrated
luminosity and long-term data accumulation, tells us
how the story ends. In 2017, the LHCb collaboration
announced the observation of the doubly charmed baryon
Ξþþ
cc via the decay Ξþþ

cc → Λþ
c K−πþπþ [25]. The Ξþþ

cc mass
is measured to be 3620.6� 1.5ðstatÞ � 0.4ðsystÞ�
0.3ðΞþ

c Þ MeV=c2. They confirmed the finding by another
decay mode Ξþþ

cc → Ξþ
c π

þ in 2018 [26]. Now the world
averaged value of the Ξþþ

cc mass is 3621.24� 0.65ðstatÞ�
0.31ðsystÞ MeV=c2, which is consistent with the theoreti-
cal predictions [9,18]. The lifetime and production cross
section of Ξþþ

cc is also measured [27–29]. Nevertheless, the
heavier states including the doubly bottomed baryons and
charmed-bottomed baryons are still waiting to be found in
the future experiments.
To spot all the ground states of the doubly heavy baryons

listed in Table I by performing a reconstruction of their
weak decays, it is necessary to give reliable theoretical
analysis of these decays. Among these weak decays, the
semileptonic weak decays are suitable for researching the
QCD dynamics of doubly heavy baryons theoretically,
since all the QCD dynamics can be expressed by the hadron
transition matrix elements, which can be decomposed
into several form factors. These transition form factors
have been investigated in multifarious methods such as the
SU(3) flavor symmetry analysis [30–32], the QCD sum
rules approach [33,34], and the light-front quark model
[35–37]. Now there are no special approaches that are
entirely designed for the doubly heavy baryon physics.
As the techniques are universal, we can also study double
heavy baryons via the similar approaches to one of the
singly heavy baryons, such as perturbative QCD [38,39],
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light-cone sum rules (LCSR) [40,41], and so on. In our
previous works, we have applied the LCSR approach for
the study of semileptonic weak decays of ΞQQ0 → ΛQ0 and
ΞQQ0 → ΣQ0 , driven by the c → d and b → u transition at
quark level [42,43]. In these semileptonic decays, the ΛQ0

and ΣQ0 in the final states are spin 1=2 and belong to SU(3)
antitriplets 3̄ and sextets 6, respectively.
The heavy baryon sextets also contain spin 3=2 states,

namely Σ�
Q, Ξ0�

Q, and Ω�
Q. The aim of this work is to analyze

the transition ΞQQ0 → Σ�
Q0 in the LCSR approach. The

nonperturbative dynamics of the quarks and gluons in
the baryons are described by the light-cone distribution
amplitudes (LCDAs) of Σ�

Q0 . The study of these semileptonic
weak decays can help us to understand the internal strong
dynamics within the doubly heavy baryons. On the other
hand, in the future, higher precision measurements on the
doubly heavy baryon decays from various experiments are
expected. We hope the future experimental measurements on

theΞQQ0 → Σ�
Q0 transition form factors can be used to extract

more precise heavy baryon LCDAs through the inverse
procedure of the LCSR approach performed in our works.
This paper is organized as follows. In Sec. II, the

transitions ΞQQ0 → Σ�
Q0 form factors fi and gi are derived

in LCSR. In Sec. III, we give the numerical results of these
form factors, and use them to predict the decay widths and
branching ratios of ΞQQ0 → Σ�

Q0lνl decays. In Sec. IV is a
brief summary of this work.

II. THE LCSR FOR THE TRANSITION
ΞQQ0 → Σ�

Q0 FORM FACTORS

A. Form factors

The transition matrix element of ΞQQ0 → Σ�
Q0 is induced

by the ðV − AÞμ current, which can be expressed by eight
form factors. fi and gi with i ¼ 1, 2, 3, 4 are the vector and
axial-vector transition currents, respectively,

�
Σ�
Q0

�
P0; S0 ¼ 3

2
; S0z

�����ðV − AÞμ
����ΞQQ0q

�
P; S ¼ 1

2
; Sz

��

¼ ūαðP0; S0zÞ
�
f1ðq2Þ

Pα

M1

�
γμ −

=q
q2

qμ
�
þ f2ðq2Þ

Pα

M2
1

�
M2

1 −M2
2

q2
qμ − Pμ

�

þ f3ðq2Þ
Pα

M2
1

M2
1 −M2

2

q2
qμ þ f4ðq2Þ

�
gαμ −

qαqμ

q2

��
γ5uðP; SzÞ

− ūαðP0; S0zÞ
�
g1ðq2ÞPα

�
γμ −

=q
q2

qμ
�
þ g2ðq2Þ

Pα

M2
1

�
M2

1 −M2
2

q2
qμ − Pμ

�

þ g3ðq2Þ
Pα

M2
1

M2
1 −M2

2

q2
qμ þ g4ðq2Þ

�
gαμ −

qαqμ

q2

��
uðP; SzÞ; ð1Þ

hereM1 (M2) is the mass of ΞQQ0q (Σ�
Q0) and qμðPμÞ ¼ Pμ ∓ P0μ. In the Appendix, we give another parametrization scheme

of the above transition matrix element and the relationships between the form factors of them. In LCSR approach,
the following parametrizing scheme is more appropriate to extract the transition form factors compared with the former
ones Eq. (1):�
Σ�
Q0

�
P0; S0 ¼ 3

2
; S0z

�
jðV − AÞμjΞQQ0q

�
P; S ¼ 1

2
; Sz

��
¼ ūαðP0; S0zÞ½γμPαF1ðq2Þ þ F2ðq2ÞPαPμ þ F3ðq2ÞPαP0μ

þ F4ðq2Þgαμ�γ5uðP; SzÞ − ūαðP0; S0zÞ½γμPαG1ðq2Þ
þG2ðq2ÞPαPμ þ G3ðq2ÞPαP0μ þG4ðq2Þgαμ�uðP; SzÞ; ð2Þ

TABLE I. Quantum numbers for doubly heavy baryons considered in this paper. The quark content and spin parity JP of these baryons
are listed in the second and forth column, respectively. The Sπh is the spin of the heavy quark system.

Baryon Quark content Sπh JP Baryon Quark content Sπh JP

Ξcc fccgq 1þ 1=2þ Ξbb fbbgq 1þ 1=2þ
Ξ�
cc fccgq 1þ 3=2þ Ξ�

bb fbbgq 1þ 3=2þ

Ωcc fccgs 1þ 1=2þ Ωbb fbbgs 1þ 1=2þ
Ω�

cc fccgs 1þ 3=2þ Ω�
bb fbbgs 1þ 3=2þ

Ξ0
bc fbcgq 0þ 1=2þ Ω0

bc fbcgs 0þ 1=2þ
Ξbc fbcgq 1þ 1=2þ Ωbc fbcgs 1þ 1=2þ
Ξ�
bc fbcgq 1þ 3=2þ Ω�

bc fbcgs 1þ 3=2þ
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The relationships of the form factors (Fi and Gi) in Eq. (1) between the ones defined in Eq. (2) are shown as follows:

f1ðq2Þ ¼ M1F1ðq2Þ; f2ðq2Þ ¼ −
M2

1

2
½F2ðq2Þ þ F3ðq2Þ�; f4ðq2Þ ¼ F4ðq2Þ; ð3Þ

f3ðq2Þ ¼
M2

1

M2
1 −M2

2

½F1ðq2Þð−M1 −M2Þ þ F4ðq2Þ� þ
M2

1

2
½F2ðq2Þ þ F3ðq2Þ� þ

1

2

q2M2
1

M2
1 −M2

2

½F2ðq2Þ − F3ðq2Þ�; ð4Þ

g1ðq2Þ ¼ M1G1ðq2Þ; g2ðq2Þ ¼ −
M2

1

2
½G2ðq2Þ þG3ðq2Þ�; g4ðq2Þ ¼ G4ðq2Þ; ð5Þ

g3ðq2Þ ¼
M2

1

M2
1 −M2

2

½G1ðq2ÞðM1 −M2Þ þG4ðq2Þ� þ
M2

1

2
½G2ðq2Þ þ G3ðq2Þ� þ

1

2

q2M2
1

M2
1 −M2

2

½G2ðq2Þ −G3ðq2Þ�: ð6Þ

B. Light-cone sum rules framework

In order to derive the transition form factors in Eq. (2),
we begin from the following correlation function within the
framework of LCSR.

ΠμðpΣ� ;qÞ¼i
Z

d4xeiq·xhΣ�
Q0 ðpΣ�ÞjTfJV−Aμ ðxÞJ̄ΞQQ0 ð0Þgj0i;

ð7Þ

where JV−A ¼ q̄eγμð1 − γ5ÞQe is the V − A current, and
JΞQQ0 is defined as the interpolating current. In following
calculations, we exploit two specific forms of the current

JΞQQ0 : JΞQQ
¼ ϵabcðQT

aCγνQbÞγνγ5q0c with Q ¼ Q0 ¼ b or

c, and JΞbc
¼ 1ffiffi

2
p ϵabcðbTaCγνcb þ cTaCγνbbÞγνγ5q0c. Here a,

b, and c are the color indices, and q0 refers the light
quark ðu; d; sÞ.
We calculate the hadron level correlation function firstly.

It is achieved by inserting a complete set of baryon states
between the two currents JV−A and JΞQQ0 , in Eq. (7). In this

paper, the contribution of the positive parity states ΞPþ
QQ0 and

the negative parity states ΞP−
QQ0 are considered. Then the

correlation function Eq. (7) at the hadron level can be
rewritten as

Πhadron
μ ðpΣ� ; qÞ ¼ Πhadron

μ ðpΣ� ; qÞþ þ Πhadron
μ ðpΣ� ; qÞ−

¼ hΣ�
Q0 ðpΣ� ÞjJV−Aμ ð0ÞjΞþ

QQ0 ihΞþ
QQ0 jJ̄ΞQQ0 ð0Þj0i=½m2

Ξþ − ðpΞþ − pΣ� Þ2�
þ hΣ�

Q0 ðpΣ� ÞjJV−Aμ ð0ÞjΞ−
QQ0 ihΞ−

QQ0 jJ̄ΞQQ0 ð0Þj0i=½m2
Ξ− − ðpΞ− − pΣ� Þ2� þ � � � ; ð8Þ

where the ellipses denote the contribution of continuum spectra ρh integration above the threshold sth. The matrix element
hΞ�

QQ0 jJ̄ΞQQ0 ð0Þj0i in Eq. (8), describing doubly heavy baryon ΞP�
QQ0 with the interpolating current J̄ΞQQ0 defined by the decay

constant f�Ξ ,

hΞPþ
QQ0 ðpΞ; sÞjJ̄ΞQQ0 ð0Þj0i ¼ fþΞ ūΞðpΞ; sÞ;

hΞP−
QQ0 ðpΞ; sÞjJ̄ΞQQ0 ð0Þj0i ¼ −iγ5f−ΞūΞðpΞ; sÞ: ð9Þ

Another matrix element hΣ�
Q0 ðpΣ� ÞjJV−Aμ ðxÞjΞ�

QQ0 i in Eq. (8) has been given by the Eq. (2). Then the total correlation
function at the hadron level can be derived. As an example, the one containing only positive parity state contributions and
interpolated by the vector current JVμ can be deduced as
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Πhadron
μ;V ðpΣ� ; qÞþ ¼ −

fþΞ
ðqþ pΣ� Þ2 −m2

Ξþ
ūαðpΣ� Þ½Fþ

1 ðq2ÞPαγμ þ Fþ
2 ðq2ÞPαpμ

Σ�

þ Fþ
3 ðq2ÞPαpμ

Ξ þ Fþ
4 ðq2Þgαμ�γ5ð=qþ =pΣ� þmΞÞ þ � � � ;

¼ −
fþΞ

ðqþ pΣ� Þ2 −m2
Ξ
ūαðpΣ� Þ½Fþ

1 ðq2ÞðmΞ þmΣ� Þqαγμ þ ðmΞ −mΣ� ÞFþ
3 ðq2Þqαqμ

þ ½ð−m2
Σ� þmΞmΣ�ÞðFþ

2 ðq2Þ þ Fþ
3 ðq2ÞÞ − 2mΣ�Fþ

1 ðq2Þ�qαvμ
þ F4ðq2ÞðmΞ −mΣ� Þgαμ − Fþ

1 ðq2Þqαγμ=q −mΣ� ðFþ
2 ðq2Þ þ Fþ

3 ðq2ÞÞqαvμ=q
− Fþ

3 ðq2Þqαqμ=q − F4ðq2Þgαμ=q�γ5 þ � � � : ð10Þ

The correlation function at hardon level, induced by the current JAμ and inserted with negative parity states ΞP−
QQ0 can be

calculated via the same procedure.
On the other hand, the QCD level correlation function is calculated by OPE near the light cone x2 ¼ 0. In the case where

the two light quarks form a spin-1 (j ¼ 1) structure, the heavy baryons can be decomposed into spin-1=2 and spin-3=2
states. The parallel LCDAs of the baryons with j ¼ 1 have been given in Ref. [44]:

v̄μ

vþ
h0j½qT1 ðt1ÞC=nq2ðt2Þ�Qγð0ÞjHj¼1i ¼ 1ffiffiffi

3
p ψn

kðt1; t2Þfð1Þϵμkuγ;
iv̄μ

2
h0j½qT1 ðt1ÞCσαβq2ðt2Þ�Qγð0Þn̄αnβjHj¼1i ¼ 1ffiffiffi

3
p ψnn̄

k ðt1; t2Þfð2Þϵμkuγ;

vμh0j½qT1 ðt1ÞCq2ðt2Þ�Qγð0ÞjHj¼1i ¼ 1ffiffiffi
3

p ψ1
kðt1; t2Þfð2Þϵμkuγ;

−vþv̄μh0j½qT1 ðt1ÞC=̄nq2ðt2Þ�Qγð0ÞjHj¼1i ¼ 1ffiffiffi
3

p ψ n̄
kðt1; t2Þfð1Þϵμkuγ: ð11Þ

v is the four velocity of the heavy baryon and n is the light-cone vector. Note that jHj¼1i is in a reducible representation of
the direct product of spin-1 and spin-1=2. However, what we desire is the irreducible representation of spin-3=2. Therefore,
to extract the spin-3=2 component from jHj¼1i one has to conduct a projecting operator on the both sides of each equations
in Eq. (11). The projecting operator reads as

½P3=2�μνγ0 γ ¼ ½δμν − 1

3
ðγμ þ vμγνÞ�γγ0 ; ð12Þ

where γ; γ0 are the spinor indexes. Using this operator we can obtain the LCDAs of a purely spin-3=2 heavy baryon:

−
2

3vþ
h0j½qT1 ðt1ÞC=nq2ðt2Þ�Qð0ÞjΣ�

cðvÞi ¼
1ffiffiffi
3

p ψn
kðt1; t2Þfð1Þu · v̄;

−
i
3
h0j½qT1 ðt1ÞCσαβq2ðt2Þ�Qð0Þn̄αnβjΣ�

cðvÞi ¼
1ffiffiffi
3

p ψnn̄
k ðt1; t2Þfð2Þu · v̄;

−
2

3
h0j½qT1 ðt1ÞCq2ðt2Þ�Qð0ÞjΣ�

cðvÞi ¼
1ffiffiffi
3

p ψ1
kðt1; t2Þfð2Þu · v̄;

2vþ
3

h0j½qT1 ðt1ÞC=̄nq2ðt2Þ�Qð0ÞjΣ�
cðvÞi ¼

1ffiffiffi
3

p ψ n̄
kðt1; t2Þfð1Þu · v̄: ð13Þ

Here we have also contracted both sides of the equations above by v̄μ ¼ 1
2
ðnμvþ − vþn̄μÞ, and used the fact that

v̄2 ¼ −1; v̄ · v ¼ 0. After taking a complex conjugate, we can arrive at the following matrix elements
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ϵabchΣ�
cðvÞjq̄a1kðt1Þq̄b2iðt2ÞQ̄c

γð0Þj0i ¼
ffiffiffi
3

p

16
vþψn�

k ðt1; t2Þfð1ÞŪγ · v̄ðC−1n̄Þki −
ffiffiffi
3

p

16
ψnn̄�
k ðt1; t2Þfð2ÞŪγ · v̄ðC−1iσαβÞkin̄αnβ

þ
ffiffiffi
3

p

8
ψ1�
k ðt1; t2Þfð2ÞŪγ · v̄ðC−1Þki −

ffiffiffi
3

p

16vþ
ψ n̄�
k ðt1; t2Þfð1ÞŪγ · v̄ðC−1=nÞki; ð14Þ

where we have rewritten the spinor notation u as its capital form U to emphasize that now it represents the spinor of the
baryon. a; b; c denote the color indexes. The four parallel LCDAs fψn

k;ψ
nn̄
k ;ψ1

k;ψ
n̄
kg are calculated by QCD sum rules that

correspond to the four LCDAs with different twists fψ2;ψσ
3;ψ

s
3;ψ4g in our previous work [42]. fðiÞ (i ¼ 1, 2) denotes the

decay constants of Σ�
Q.

Using Eq. (14), the correlation function induced by vector current Jμ can be given as

ΠQCD
μ ðpΣ� ; qÞ ¼ −

ffiffiffi
3

p
i

8

Z
d4x

Z
∞

0

dωω
Z

1

0

dueiðqþūωvÞ·x

×
n
vþψn�

k ð0; xÞfð1ÞŪ · v̄ðγνCðSQðxÞÞTCTγμn̄ γνγ5Þml

− ψnn̄�
k ð0; xÞfð2ÞŪ · v̄ðγνCðSQðxÞÞTCTγμiσαβγνγ5Þmln̄

αnβ

þ 2ψ1�
k ð0; xÞfð2ÞŪ · v̄ðγνCðSQðxÞÞTCTγμγνγ5Þml

−
1

vþ
ψ n̄�
k ð0; xÞfð1ÞŪ · v̄ðγνCðSQðxÞÞTCTγμ=nγνγ5Þml

o
: ð15Þ

Here the light-cone vectors n; n̄ can be expressed as the following Lorentz covariant forms

nμ ¼
1

v · x
xμ; n̄μ ¼ 2vμ −

1

v · x
xμ: ð16Þ

The heavy quark propagator SQðxÞ is given by the following equation:

SQðxÞ ¼
Z

d4k
ð2πÞ4 e

−ik·x ð=k −mQÞ
k2 −m2

Q þ iϵ
: ð17Þ

During the above derivation, the light-cone components of the two light quark momenta in Σ�
Q are denoted as ω1, ω2, and

ω ¼ ω1 þ ω2. The momenta fraction u is given by ω2 ¼ ð1 − uÞω ¼ ūω shown in Fig. 1. Then the correlation function
induced by the JVμ transition current will be expressed as a convolution form of ω and u:

ΠQCD
μ;V ðpΣ� ; qÞ ¼ −

ffiffiffi
3

p

8

Z
d4x

Z
2s0

0

dωω
Z

1

0

du
Z

d4k
ð2πÞ4 e

iðqþūωv−kÞ·x

×


ψn�
k ðω; uÞfð1Þūλ

��
xλ

v · x
− vλ

�
γν

ð=k −mQÞ
k2 −m2

Q þ iϵ
γμ

�
2=v −

=x
v · x

�
γνγ5

�
ml

− ψnn̄�
k ðω; uÞfð2Þūλ

��
xλ

v · x
− vλ

�
γν

ð=k −mQÞ
k2 −m2

Q þ iϵ
γμiσαβ

�
2vα −

xα

v · x

�
xβ

v · x
γνγ5

�
ml

þ 2ψ1�
k ðω; uÞfð2Þūλ

��
xλ

v · x
− vλ

�
γν

ð=k −mQÞ
k2 −m2

Q þ iϵ
γμγνγ5

�
ml

− ψ n̄�
k ðω; uÞfð1Þūλ

��
xλ

v · x
− vλ

�
γν

ð=k −mQÞ
k2 −m2

Q þ iϵ
γμ

=x
v · x

γνγ5

�
ml

�
:

Integrating the space-time coordinate x, we obtain the correlation function of JVμ as
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ΠQCD
μ;V ððpΣ� þ qÞ2; q2Þ ¼

Z
2s0

0

dω
Z

1

0

dufð1Þ

 ffiffiffi

3
p

ū2ψ̂n�
k ðω; uÞ

�
−2ūλqλ½2ð=qþ ūωþmQÞðqμ þ ūωvμÞ

− ðq2 þ 2ūωq · vþ ū2ω2Þγμ�
1

Δ3
þ ūλ½−2qλγμ þ ð=qþ ūωþmQÞgλμ�

1

Δ2

�

þ
ffiffiffi
3

p
ūψ̃n�

k ðω; uÞ½ūλqλ½γμ=q − ūωγμ þ 2ðūωþmQÞvμ�
1

Δ2
− ūλgλμ

1

Δ
�
�

þ
Z

2s0

0

dω
Z

1

0

dufð2Þ

 ffiffiffi

3
p

ū2ψ̂nn̄�
k ðω; uÞ

�
−4ūλqλ½−2ðūωþmQ þ q · vÞqμ

þ 2ðūωq · vþ q2Þvμ þmQðγμ=qþ γμq · vÞ� 1
Δ3

þ 2ūλ½5qλvμ − gλμðq · vþ ūωÞ� 1
Δ2

��

þ
Z

2s0

0

dω
Z

1

0

dufð2Þ

 ffiffiffi

3
p

ūψ̃1�
1 ðω; uÞ

�
ūλqλ½2ðqμ þ ūωvμÞ þmQγμ�

1

Δ2
− ūλgλμ

1

Δ

��

þ
Z

2s0

0

dω
Z

1

0

dufð1Þ


ū2ψ̂ n̄�

k ðω; uÞ
�
2ūλqλ½γμðq2 þ 2ūωq · vþ ū2ω2Þ

− 2ð=qþ ūω −mQÞðqμ þ ūωvμÞ�
1

Δ3
þ ūλ½gλμð=qþ ūω −mQÞ − 2qλγμ�

1

Δ2

��
; ð18Þ

where Δ ¼ ðqþ ūωvÞ2 −m2
Q and mQ is the mass of the decaying heavy quark Q ¼ b, c. Note that later we have to extract

the discontinuity of the correlation function in terms of the momentum square of the inserted doubly heavy baryon state,
namely ðqþ ūωvÞ2. Such discontinuity only comes from theΔs in the denominators, and we have to explicitly expressΔ as
a function of ðqþ ūωvÞ2, which reads as

Δ ¼ ūω
mΣ�

sþHðu;ω; q2Þ −m2
Q; s ¼ ðpΣ� þ qÞ2; Hðu;ω; q2Þ ¼ ūωðūω −mΣ� Þ þ

�
1 −

ūω
mΣ�

�
q2: ð19Þ

In Eq. (18), we have introduced two kinds of newly defined LCDAs

ψ̃ iðω; uÞ ¼
Z

ω

0

dττψ iðτ; uÞ; ψ̂ iðω; uÞ ¼
Z

ω

0

dτψ̃ iðτ; uÞ ði ¼ 2; 3σ; 3s; 4Þ:

FIG. 1. Feynman diagram of the QCD level correlation function. The mean of green ellipse is the final state Σ�
Q0 with four-velocity v.

The left black dot represents the V − A current and the right dot indicates the doubly heavy baryon current. The left straight line
describes one light quark in the baryon Σ�

Q0 . This light quark owns momentum ūωv, where ū is its momentum fraction of the diquark
momentum.
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As a consequence, one obtains the correlation function at QCD level, which can be decomposed into eight Lorentz
structures fqλγμ; qλvμ; qλqμ; gλμ; qλγμ=q; qλvμ=q; qλqμ=q; gλμ=qg:

ΠQCD
μ;V ððpΣ� þ qÞ2; q2Þ ¼ ūλðpΣ�ÞfCqλγμq

λγμ þ Cqλvμq
λvμ þ Cqλqμq

λqμ þ Cgλμg
λ
μ

þ Cqλγμ=qq
λγμ=qþ Cqλvμ=qq

λvμ=qþ Cqλqμ=qq
λqμ=qþ Cgλμ=qg

λ
μ=qg; ð20Þ

where Cstructure denotes the corresponding coefficient functions for different structure, and are expressed as

Cqλγμ ¼
Z

2s0

0

dω
Z

1

0

du



−

ffiffiffi
3

p
ū½fð1Þū½2ðψ̂ n̄�

k þ ψ̂n�
k Þ þ ψ̃n�

k ω� − fð2ÞmQψ̃
1�
k � 1

Δ2

þ 2
ffiffiffi
3

p
ū2½fð1Þðψ̂ n̄�

k þ ψ̂n�
k Þðq2 þ ūωð2q · vþ ūωÞÞ − 2fð2ÞmQψ̂

nn̄�
k q · v� 1

Δ3

�
; ð21Þ

Cqλqμ ¼
Z

2s0

0

dω
Z

1

0

du



2

ffiffiffi
3

p
fð2Þψ̃1�

k ū
1

Δ
− 4

ffiffiffi
3

p
ū2½fð1ÞmQðψ̂n�

k − ψ̂ n̄�
k Þ

þ fð1Þūωðψ̂ n̄�
k þ ψ̂n�

k Þ − 2fð2Þψ̂nn̄�
k ðmQ þ q · vþ ūωÞ� 1

Δ2

�
; ð22Þ

Cqλvμ ¼
Z

2s0

0

dω
Z

1

0

du



2

ffiffiffi
3

p
ū½fð1Þψ̃n�

k ðmQ þ ūωÞ þ fð2Þūð5ψ̂nn̄�
k þ ψ̃1�

k ωÞ� 1
Δ2

− 4
ffiffiffi
3

p
ū2½fð1Þūω½mQðψ̂n�

k − ψ̂ n̄�
k Þ þ ūωðψ̂ n̄�

k þ ψ̂n�
k Þ� þ 2fð2Þψ̂nn̄�

k ðq2 þ q · vūωÞ� 1
Δ3

�
; ð23Þ

Cgλμ ¼
Z

2s0

0

dω
Z

1

0

du



−

ffiffiffi
3

p
ūðfð1Þψ̃n�

k þ fð2Þψ̃1�
k Þ 1

Δ
þ
� ffiffiffi

3
p

2
ū2½−fð1ÞmQð2ψ̂ n̄�

k þ ψ̂n�
k Þ

þ 2fð1Þūωðψ̂ n̄�
k þ ψ̂n�

k Þ − 4fð2Þψ̂nn̄�
k ðq · vþ ūωÞ�

�
1

Δ2

�
; ð24Þ

Cqλγμ=q ¼
Z

2s0

0

dω
Z

1

0

du


 ffiffiffi
3

p

2
fð1Þψ̃n�

k ū
1

Δ2
− 4

ffiffiffi
3

p
fð2ÞmQψ̂

nn̄�
k ū2

1

Δ3

�
; ð25Þ

Cqλqμ=q ¼
Z

2s0

0

dω
Z

1

0

du



−4

ffiffiffi
3

p
fð1Þū2ðψ̂ n̄�

k þ ψ̂n�
k Þ 1

Δ3

�
; ð26Þ

Cqλvμ=q ¼
Z

2s0

0

dω
Z

1

0

du



−4

ffiffiffi
3

p
fð1Þū3ωðψ̂ n̄�

k þ ψ̂n�
k Þ 1

Δ3

�
; ð27Þ

Cgλμ=q ¼
Z

2s0

0

dω
Z

1

0

du


 ffiffiffi
3

p
fð1Þū2ðψ̂ n̄�

k þ ψ̂n�
k Þ 1

Δ2

�
: ð28Þ

Here the arguments ðω; uÞ of the LCDAs ψk, ψ̃k, and ψ̂k have been omitted to get terseness functions. The correlation
function at QCD level can be depicted by a Feynman diagram shown with Fig. 1, which is a function of ðpΣ� þ qÞ2 and q2.
By computing its discontinuity across the branching cut in the complex plane of ðpΣ� þ qÞ2, we can transform the
correlation function Eq. (18) into a dispersion integration form,

ΠQCD
μ;V ðpΣ� ; qÞ ¼ 1

π

Z
sth

ðmQþmQ0þmqÞ2
ds

ImΠQCD
μ;V ðs; q2Þ

s − ðpΣ� þ qÞ2 : ð29Þ

Based on the global quark-hadron duality, there would exist an equivalence between the QCD contribution Eq. (29) in
spectral region ðmQ þmQ0 þmqÞ2 < s < sth and the continuum contribution Eq. (8). Therefore, Eq. (29) is equal to
Eq. (10), and then the form factors Fþ

i can be extracted out as
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−
fΞūαðpΣ� ÞFþ

1 ðq2Þ
ðqþ pΣ� Þ2 −m2

Ξ
¼ 1

π

Z
sth

ðmQþmQ0þmqÞ2
ds

Im½Cqλγμ þ Cqλγμ=qðmΣ� −mΞÞ�
2mΞ½s − ðpΣ� þ qÞ2� ;

−
fΞūαðpΣ� ÞFþ

2 ðq2Þ
ðqþ pΣ� Þ2 −m2

Ξ
¼ 1

π

Z
sth

ðmQþmQ0þmqÞ2
ds

Im½−2mΣ�Cqλγμ=q þ ðm2
Σ� þmΣ�mΞÞCqλqμ=q

2mΣ�mΞ½s − ðpΣ� þ qÞ2�
− ðmΞ þmΣ� ÞCqλvμ=q −mΣ�Cqλqμ þ Cqλvμ �;

−
fΞūαðpΣ� ÞFþ

3 ðq2Þ
ðqþ pΣ� Þ2 −m2

Ξ
¼ 1

π

Z
sth

ðmQþmQ0þmqÞ2
ds

Im½Cqλqμ − ðmΞ þmΣ�ÞCqλqμ=q�
2mΞ½s − ðpΣ� þ qÞ2� ;

−
fΞūαðpΣ� ÞFþ

4 ðq2Þ
ðqþ pΣ� Þ2 −m2

Ξ
¼ 1

π

Z
sth

ðmQþmQ0þmqÞ2
ds

Im½Cgλμ − ðmΞ þmΣ� ÞCgλμ=q�
2mΞ½s − ðpΣ� þ qÞ2� ; ð30Þ

which correspond to the transition of ΞPþ
QQ0 . In order to suppress the contribution from higher twists, the Borel

transformation is performed on both sides of the equations in (30). To compute the discontinuity, the following
transformation on the high power denominators in Eqs. (21)–(27) has to be conducted before doing the Borel
transformation,

1

½ðqþ ūωvÞ2 −m2
Q�n

→
1

ðn − 1Þ!
�

∂

∂Ω

�ðn−1Þ 1

ðqþ ūωvÞ2 −Ω

����
Ω¼m2

Q

: ð31Þ

After that, the form factors Fþ
i can be written as a series of explicit expressions. Here we just show Fþ

1 as an example,

Fþ
1 ðq2Þ ¼ −

1

fΞ
exp

�
m2

Ξ
M2

�
∂

∂Ω

Z
2s0

0

dω
Z

1

0

du
mΣ�

ūω
exp

�
−
sΩr
M2

�
θðsth − sΩr ÞθðsΩr − ð

ffiffiffiffi
Ω

p
þmQ0 þmqÞ2Þ

×



−

ffiffiffi
3

p
ū½fð1Þū½2ðψ̂ n̄�

k þ ψ̂n�
k Þ þ ψ̃n�

k ω� − fð2ÞmQψ̃
1�
k � 1

2mΞ
þ

ffiffiffi
3

p

2
fð1Þψ̃n�

k ū
mΣ� −mΞ

2mΞ

�
jΩ¼m2

Q

−
1

fΞ
exp

�
m2

Ξ
M2

�
1

2

�
∂

∂Ω

�
2
Z

2s0

0

dω
Z

1

0

du
mΣ�

ūω
exp

�
−
sΩr
M2

�
θðsth − sΩr ÞθðsΩr − ðmQ þmQ0 þmqÞ2Þ

×



2

ffiffiffi
3

p
ū2½fð1Þðψ̂ n̄�

k þ ψ̂n�
k Þðq2 þ ūωð2q · vþ ūωÞÞ − 2fð2ÞmQψ̂

nn̄�
k q · v� 1

2mΞ

− 4
ffiffiffi
3

p
fð2ÞmQψ̂

nn̄�
k ū2

mΣ� −mΞ

2mΞ

�����
Ω¼m2

Q

; ð32Þ

where sr and sΩr are defined as the singularity position of
the heavy quark propagator in the correlation function. In
other words, they are the roots of the following two
equations, respectively:

ūω
mΣ�

sr þHðu;ω; q2Þ −m2
Q ¼ 0;

ūω
mΣ�

sΩr þHðu;ω; q2Þ −Ω ¼ 0: ð33Þ

With a similar procedure one can get expressions of Gþ
i ,

which will not be repeated here.

III. NUMERICAL RESULTS

A. Transition form factors

In the numerical analysis, we take the heavy quark masses
as mc ¼ ð1.35� 0.10Þ GeV and mb ¼ ð4.7� 0.1Þ GeV,

and neglect the masses of light quarks. The input parameters
(mass lifetime, decay constant) of doubly heavy baryons
are listed in Table II [9,14,45,46]. Moreover, the masses Σ�

Q

are taken as mΣ�
c
¼ 2.454 GeV, mΣ�

b
¼ 5.814 GeV, and the

decay constants of them are fð1Þ ¼ fð2Þ ¼ 0.038 [47]. The
upper limit of light quarks momentum is s0 ¼ 1.2 GeV [44].
The Borel parameters M2 and threshold sth of ΞQQ0 are

carefully chosen as shown in Table II. Here we only choose
the uncertainty of Borel parameter M and thresholds sth to
enumerate the error of resulting form factors. We take the
uncertainty of Borel parameters around their center value as
1 GeV2 while the uncertainty of sth as 2–5 GeV2. Using
these input parameters, we can obtain the numerical result
of the transition form factors fi=gi (i ¼ 1, 2, 3, 4) defined
by Eq. (1).
It should be mentioned that, in Ref. [44], the LCDAs

depend on an parameter A ranging from 0 to 1.
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In principle A should be taken as its center value 0.5.
However, with the use of the LCDA model given in
Ref. [44], some of the LCDAs will be divergent if
A ¼ 0.5. To make the LCDAs be finite one has to
choose a smaller value of A. In this work, to ensure
the stability of the from factors, the value of A closest to
its center value is chosen as 0.21.
Since the LCSR approach used here is only reliable in

the small q2 region, one has to extend the form factors in
this region to the whole physical region 0 ∼ ðMΞQQ0−
MΣQ0 Þ2. To realize this extension we can choose a para-

metrization function to fit the form factors in the small q2

region, and then the obtained parametrization function can
describe the form factors in the whole physical region. The
small q2 regions chosen for the fitting are listed in the last
column of Table II. The parametrization function is chosen
as the dipole form

Fðq2Þ ¼ Fð0Þ½1þ aðq2Þ þ bðq2Þ2�
1 − q2

m2
fit
þ δ

�
q2

m2
fit


2

: ð34Þ

The numerical results of the transition form factors are
listed in Table III. There are two further points should be
mentioned:

(i) In the Table III, the sign “� � �” refers to the
corresponding parameter without fitting, and the
asterisk at the upper right corner of the data indicates
the use of fitting formula:

Fðq2Þ ¼ Fð0Þ½1þ aðq2Þ þ bðq2Þ2�
1þ q2

m2
fit
þ δð q2m2

fit
Þ2

: ð35Þ

(ii) As shown in the Table III, the fitting parameters of
some form factors are abnormally large. While with
these large values, the behavior of the form factors
are still stable in the physical range as shown
in Fig. 2.

B. Semileptonic decays

For the semileptonic decays ΞQQ0 → Σ�
Q0 lνl considered

in this work, the effective Hamiltonian is the same with the
ones of ΞQQ0 → ΣQ0 lνl in our previous work [43],

Heff ¼
GFffiffiffi
2

p fVub½ūγμð1 − γ5Þb�½l̄γμð1 − γ5Þνl� þ V�
cd½d̄γμð1 − γ5Þc�½ν̄lγμð1 − γ5Þl�g: ð36Þ

Here the Fermi constant GF ¼ 1.166 × 10−5 GeV−2, and Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
jVubj ¼ 0.00357, jVcdj ¼ 0.225 [53,54].
After a thorough analysis on the polarizations of the initial and final states, the positive helicity amplitudes induced by

V − A current can be derived as

HV
3=2;1 ¼ −i

ffiffiffiffiffiffiffi
Q−

p
f4; HV

1
2
;1
¼ i

ffiffiffiffiffiffiffi
Q−

3

r �
f4 −

Qþ
M1M2

f1

�
; HV

−1=2;t ¼ i

ffiffiffi
2

3

r ffiffiffiffiffiffiffi
Qþ

p
Q−ðM2

1 −M2
2Þ

2M2
1M2

f3;

HA
3=2;1 ¼ i

ffiffiffiffiffiffiffi
Qþ

p
g4; HA

1
2
;1
¼ i

ffiffiffiffiffiffiffi
Qþ
3

r �
g4 −

Q−

M1M2

g1

�
; HA

−1=2;t ¼ −i
ffiffiffi
2

3

r ffiffiffiffiffiffiffi
Q−

p
QþðM2

1 −M2
2Þ

2M2
1M2

g3;

HV
1=2;0 ¼ i

ffiffiffi
2

3

r ffiffiffiffiffiffiffi
Q−

p
ffiffiffiffiffi
q2

p
�
M2

1 −M2
2 − q2

2M2

f4 −
M1 −M2

2M1M2

Qþf1 −
QþQ−

2M2
1M2

f2

�
;

HA
1=2;0 ¼ −i

ffiffiffi
2

3

r ffiffiffiffiffiffiffi
Qþ

p
ffiffiffiffiffi
q2

p
�
M2

1 −M2
2 − q2

2M2

g4 þ
M1 −M2

2M1M2

Q−g1 −
QþQ−

2M2
1M2

g2

�
: ð37Þ

TABLE II. The input parameters of doubly heavy baryons and the fitting parameters for transition form factors.

Baryons Mass (GeV) Lifetime (fs) fΞ ðGeV3Þ [48] Channel sth (GeV2) M2 (GeV2) Fit range (GeV2)

Ξþþ
cc 3.621 [49]

256 [50]
0.109� 0.021 Ξcc → Σ�

c 16� 2 15� 1 0 < q2 < 0.8Ξþ
cc 45 [51]

Ξþ
bc 6.943 [52]

244 [9]
0.176� 0.040

Ξbc → Σ�
b 54� 3 20� 1 0 < q2 < 0.8

Ξ0
bc 93 [9] Ξbc → Σ�

c 54� 3 20� 1 0 < q2 < 6

Ξ0
bb 10.143 [52]

370 [9]
0.281� 0.071 Ξbb → Σ�

b 112� 5 20� 1 0 < q2 < 6Ξ−
bb 370 [9]
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FIG. 2. q2 dependence of the ΞQQ0q2 → Σ�
Q0q1q2

form factors. The first two graphs correspond to Ξcc → Σ�
c, the second two graphs

correspond to Ξbc → Σ�
b, the third two graphs correspond to Ξbc → Σ�

c, and the fourth two graphs correspond to Ξbb → Σ�
b. Here the

parameters sth, M2 are fixed at their center values as shown in Table II. For the case of ΞQQ0q → Σ�
Q0qq, the vertical scale needs to be

enlarged by a factor
ffiffiffi
2

p
.
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The negative helicity amplitudes can be also derived,
which have the following relations with the corresponding
positive ones:

HV
−λ2;−λW ¼ −HV

λ2;λW
and HA

−λ2;−λW ¼ HA
λ2;λW

; ð38Þ

λ2 and λW denote the polarizations of the final ΣQ0 and the
intermediate W boson, respectively. The total helicity
amplitudes induced by the V − A current are

Hλ2;λW ¼ HV
λ2;λW

−HA
λ2;λW

: ð39Þ

Considering longitudinally and transversely polarized lν
pairs, we can write the differential decay widths of ΞQQ0 →
Σ�
Q0 lν in two parts:

dΓL

dq2
¼ G2

FjVCKMj2q2pð1 − m̂2
l Þ2

384π3M2
1

½ð2þ m̂2
l ÞðjH−1

2
;0j2

þ jH1
2
;0j2Þ þ 3m̂2

l ðjH−1
2
;tj2 þ jH1

2
;tj2Þ�; ð40Þ

TABLE III. Numerical results of transition form factors of the ΞQQ0 → Σ�
Q0 . Fð0Þ, mfix, δ, a, and b correspond to the five fitting

parameters in Eq. (34). The form factors of ΞQQ0q → Σ�
Q0qq are just

ffiffiffi
2

p
times those of ΞQQ0q2 → Σ�

Q0q1q2
, which are not listed in this table.

F Fð0Þ mfit δ a b

fΞcc→Σ�
c

1 0.01� 0.01 −0.77� 1.64 0.56� 0.41 −2.51� 3.07 � � �
fΞcc→Σ�

c
2 0.21� 0.04 1.88� 0.07 0.28� 0.49 � � � � � �

fΞcc→Σ�
c

3 −0.72� 0.09 −1.23� 2.57 0.53� 0.49 −0.74� 0.10 � � �
fΞcc→Σ�

c
4 −0.24� 0.04 1.41� 2.88 1.00� 0.11 � � � � � �

gΞcc→Σ�
c

1 0.14� 0.02 1.02� 2.08 0.82� 0.09 � � � � � �
gΞcc→Σ�

c
2 0.03� 0.01 −1.52� 4.01 3.27� 2.05 −1.55� 0.27 � � �
gΞcc→Σ�

c
3 0.09� 0.03 −1.24� 2.76 1.59� 2.65 � � � � � �
gΞcc→Σ�

c
4 0.02� 0.01 −0.95� 1.98 0.34� 0.01 � � � � � �
f
Ξbc→Σ�

b
1 −0.38� 0.09 −0.94� 1.83 0.38� 0.01 � � � � � �

f
Ξbc→Σ�

b
2 5.36� 0.75� 0.15� 0.05� 0.30� 0.15� 38.30� 30.70� 22.40� 10.80�

f
Ξbc→Σ�

b
3 −7.51� 0.72 −1.20� 0.15 9.93� 5.74 � � � � � �

f
Ξbc→Σ�

b
4 −1.47� 0.15 1.41� 0.03 0.81� 0.01 � � � � � �

g
Ξbc→Σ�

b
1 −0.46� 0.08 0.40� 0.92 1.94� 1.07 � � � � � �
g
Ξbc→Σ�

b
2 −0.40� 0.04 −1.14� 2.33 0.96� 0.19 � � � � � �
g
Ξbc→Σ�

b
3 0.10� 0.06 −0.65� 0.04 0.30� 0.03 � � � � � �
g
Ξbc→Σ�

b
4 −0.02� 0.01 1.05� 2.20 0.45� 0.22 −1.34� 0.23 � � �
fΞbc→Σ�

c
1 0.04� 0.00 3.47� 6.62 1.03� 15.30 −0.10� 0.07 � � �

fΞbc→Σ�
c

2 −0.09� 0.01 4.46� 1.10 0.90� 2.50 −0.14� 0.02 � � �
fΞbc→Σ�

c
3 0.07� 0.01� 4.54� 3.55� 15.50� 18.50� −0.13� 0.16� � � �

fΞbc→Σ�
c

4 0.03� 0.00 4.17� 8.47 1.02� 0.92 −0.17� 0.02 � � �
gΞbc→Σ�

c
1 −0.04� 0.01 −3.19� 6.41 0.55� 0.29 −0.23� 0.05 � � �
gΞbc→Σ�

c
2 0.14� 0.01 5.09� 0.02 0.31� 0.03 � � � � � �
gΞbc→Σ�

c
3 −0.16� 0.02 4.02� 0.15 1.03� 0.02 � � � � � �
gΞbc→Σ�

c
4 0.01� 0.00� 5.06� 0.16� 1.19� 0.50� � � � � � �
f
Ξbb→Σ�

b
1 0.31� 0.03 2.95� 0.12 0.33� 0.01 −0.12� 0.00 � � �

f
Ξbb→Σ�

b
2 −0.90� 0.10 8.45� 1.21 139.00� 93.30 � � � � � �

f
Ξbb→Σ�

b
3 0.42� 0.05 6.89� 0.60 57.60� 58.10 −0.24� 0.02 � � �

f
Ξbb→Σ�

b
4 0.16� 0.01 −3.42� 7.07 0.51� 0.16 −0.13� 0.01 � � �

g
Ξbb→Σ�

b
1 −0.79� 0.11 3.06� 0.98 0.60� 1.31 −0.07� 0.05 � � �
g
Ξbb→Σ�

b
2 −0.09� 0.01� 1.04� 0.07� 0.36� 0.62� � � � � � �
g
Ξbb→Σ�

b
3 −0.42� 0.06 4.01� 0.08 1.78� 0.10 0.04� 0.00 � � �
g
Ξbb→Σ�

b
4 0.03� 0.00 −4.21� 0.08 0.37� 0.09 −0.08� 0.00 � � �
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dΓT

dq2
¼ G2

FjVCKMj2q2pð1 − m̂2
l Þ2ð2þ m̂2

l Þ
384π3M2

1

× ðjH1
2
;1j2 þ jH−1

2
;−1j2 þ jH3

2
;1j2 þ jH−3

2
;−1j2Þ: ð41Þ

In the above Eqs. (37)–(41), Q� ¼ ðM1 �M2Þ2 − q2,
M1, and M2 refer to the masses of ΞQQ0 and ΣQ,

respectively. m̂l ≡ml=
ffiffiffiffiffi
q2

p
, where l ¼ e, μ, τ. In this

work, the lepton masses me and mμ are neglected while
mτ ¼ 1.78 GeV is taken from Ref. [53]. Before integrating
out the squared transfer momentum q2, it is worth for us to
note that the calculation of the decay width is conducted in
the rest frame of the initial particle ΞQQ0 for plainness. p ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
QþQ−

p
=ð2M1Þ is the magnitude of the three-momentum

of Σ�
Q0 in the rest frame of ΞQQ0 . After the integration of q2,

the total decay width can be obtained

Γ ¼
Z ðM1−M2Þ2

m2
l

dq2
�
dΓL

dq2
þ dΓT

dq2

�
: ð42Þ

Our predictions for various semileptonic ΞQQ0 → Σ�
Q0lνl

processes, including their integrated partial decay widths,
branching ratios and the ratios of ΓL=ΓT are given in
Table IV.
Here are some comments on these phenomenology

results in Table IV:
(i) From Table IV, the relatively large branching ratios

of Ξbc → Σ�
blν and Ξbb → Σ�

blν̄ imply the potential
for observing Ξbc;Ξbb through these decay channels
in the future experiments.

(ii) The uncertainty of the decay widths are caused by
the error of form factors that come from the fitting
parameters, the Borel parameter M, and the thresh-
olds sth.

(iii) Using the SU(3) flavor symmetry, we can obtain
following model-independent relations among dif-
ferent decays, which lead to the semileptonic decay
widths of ΩQQ0 [30,37,55]:

ΓðΩþ
cc → Ξ0�0

c lþνÞ ¼ ΓðΞþþ
cc → Σ�þ

c lþνÞ ¼ 1

2
ΓðΞþ

cc → Σ�0
c lþνÞ ¼ ð7.99� 1.97Þ × 10−17 GeV;

ΓðΩ0
bc → Ξ0�−

b lþνÞ ¼ ΓðΞþ
bc → Σ�0

b lþνÞ ¼ 1

2
ΓðΞ0

bc → Σ�−
b lþνÞ ¼ ð1.93� 0.44Þ × 10−17 GeV;

ΓðΩ0
bc → Ξ0�þ

c l−ν̄Þ ¼ ΓðΞ0
bc → Σ�þ

c l−ν̄Þ ¼ 1

2
ΓðΞþ

bc → Σ�þþ
c l−ν̄Þ ¼ ð2.87� 0.52Þ × 10−17 GeV;

ΓðΩ−
bb → Ξ0�0

b l−ν̄Þ ¼ ΓðΞ−
bb → Σ�0

b l−ν̄Þ ¼ 1

2
ΓðΞ0

bb → Σ�þ
b l−ν̄Þ ¼ ð7.72� 1.80Þ × 10−17 GeV: ð43Þ

IV. CONCLUSIONS

The discovery of Ξþþ
cc by LHCb collaboration in 2017 has

inspired the interest in studying doubly charmed baryons. In
this work, we have investigated the semileptonic decays

ΞQQ0 → Σ�
Q0 using the LCSR approach, which is a continu-

ation of our previous works, extending the spin parity of the

final baryon states from 1=2þ to 3=2þ. In this study, we

present the first LCSR calculation of the form factors of the

TABLE IV. Decay widths and branching ratios of the semileptonic ΞQQ0 → Σ�
Q0 lνl decays, where l ¼ e, μ.

Channels Γ=GeV B ΓT=ΓL

Ξþþ
cc → Σ�þ

c lþνl ð7.99� 1.97Þ × 10−17 ð3.11� 0.77Þ × 10−5 0.293� 0.165
Ξþ
cc → Σ�0

c lþνl ð1.59� 0.39Þ × 10−16 ð1.09� 0.27Þ × 10−5 0.293� 0.165
Ξþ
bc → Σ�0

b lþνl ð1.93� 0.44Þ × 10−16 ð7.14� 1.64Þ × 10−5 0.339� 0.125
Ξ0
bc → Σ�−

b lþνl ð3.79� 0.87Þ × 10−16 ð5.36� 1.23Þ × 10−5 0.339� 0.125
Ξ0
bc → Σ�þ

c l−ν̄l ð1.47� 0.32Þ × 10−17 ð2.08� 0.46Þ × 10−6 0.017� 0.006
Ξ0
bc → Σ�þ

c τ−ν̄τ ð2.87� 0.52Þ × 10−17 ð4.06� 0.73Þ × 10−6 0.004� 0.001
Ξþ
bc → Σ�þþ

c l−ν̄l ð2.93� 0.65Þ × 10−17 ð1.09� 0.24Þ × 10−5 0.017� 0.006
Ξþ
bc → Σ�þþ

c τ−ν̄τ ð5.73� 1.03Þ × 10−17 ð2.13� 0.38Þ × 10−5 0.004� 0.001
Ξ−
bb → Σ�0

b l−ν̄l ð7.72� 1.80Þ × 10−17 ð4.34� 1.01Þ × 10−5 0.265� 0.093
Ξ−
bb → Σ�0

b τ−ν̄τ ð1.16� 0.26Þ × 10−16 ð6.50� 1.44Þ × 10−5 0.082� 0.026
Ξ0
bb → Σ�þ

b l−ν̄l ð1.55� 0.36Þ × 10−16 ð8.74� 2.04Þ × 10−5 0.265� 0.093
Ξ0
bb → Σ�þ

b τ−ν̄τ ð2.33� 0.52Þ × 10−16 ð1.31� 0.29Þ × 10−4 0.083� 0.026
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transition ΞQQ0 → Σ�
Q0 with the parallel LCDAs of Σ�

Q0 .
Among that, the quark-hadron duality has been used to
generate the form factors for the decay of ΞQQ0 with positive
parity. The numerical results of these form factors are given
in Table III, which can be served as inputs for the calculation
of nonleptonic decays in the future research. Our theoretical
results for the decay widths and branching ratios of
ΞQQ0 → Σ�

Q0lν are predicted, which is shown in Table IV.
The error estimation and theoretical analyses about them are
also given in detail. In addition, a set of SU(3) relations
between the decay widths of such processes can be found in
Eq. (43). As an estimation, we give the decay widths for
Ωþ

QQ0 → Ξ0�0
Q0 lþν using SU(3) symmetry. We hope our

investigation can provide valuable suggestions for exper-
imental research about doubly heavy baryons conducted by
the LHCb and other experiments and help people to get a
comprehensive understanding of the dynamics of baryon
decays in the future.

ACKNOWLEDGMENTS

The authors are very grateful to Professor Wei Wang for
useful discussions. This work is supported in part by the
youth Foundation Grant No. JN210003, of China
University of mining and technology, the 13th Sailing
Plan No. 102521101, of China University of mining and
technology, the opening Issues Foundation No. 12247101,
of Lanzhou Center for Theoretical Physics, and the
National Natural Science Foundation of China under
Grant No. 12005294.

APPENDIX: ANOTHER PARAMETRIZATION
SCHEME

In Eq. (1), the 3=2-spinor uα satisfies γαuα ¼ 0 and
pα
Σ�uα ¼ 0. All the Lorentz structures LSαμi multiplying

on the form factors fi or gi satisfy qμLSαμ1;2;4 ¼ 0. In
Refs. [56,57], there is another parametrization satisfying
the relation qμLSαμ1;2;4 ¼ 0, which reads as

�
Σ�
Q0

�
P0; S0 ¼ 3

2
; S0z

�����ðV − AÞμ
����ΞQQ0q

�
P; S ¼ 1

2
; Sz

��

¼ ūαðP0; S0zÞ


f01ðq2Þ
M1

ð=qgαμ − qαγμÞ þ f02ðq2Þ
M2

1

½qαpμ
Σ� −

1

2
ðM2

1 −M2
2 − q2Þgαμ�

þ f03ðq2Þ
qαqμ

q2
þ f04ðq2Þ

M2
1

ðq2gαμ − qαqμÞ
�
γ5uðP; SzÞ

− ūαðP0; S0zÞ


g01ðq2Þ
M1

ðqαγμ − =qgαμÞ þ g02ðq2Þ
M2

1

½qαpμ
Σ� −

1

2
ðM2

1 −M2
2 − q2Þgαμ�

þ g03ðq2Þ
qαqμ

q2
þ g04ðq2Þ

M2
1

ðq2gαμ − qαqμÞ
�
uðP; SzÞ: ðA1Þ

The form factors f0i and g0i in Eq. (A1) have the following relationships with the ones in Eq. (1),

f01 ¼ −f1; f02 ¼ −2f2; f03 ¼
M2

1 −M2
2

M2
1q

2
f3; f04 ¼

M2
1

q2

�
M1 þM2

M1

f1 −
M2

1 −M2
2 − q2

M2
1

f2 þ f4

�
;

g01 ¼ g1; g02 ¼ −2g2; g03 ¼
M2

1 −M2
2

M2
1q

2
g3; g4 ¼

M2
1

q2

�
M1 −M2

M1

g1 −
M2

1 −M2
2 − q2

M2
1

g2 þ g4

�
:

These form factors also have a relationship with the form factors Fi and Gi in Eq. (2). Here we take the f0i as an example,

f01ðq2Þ ¼ M1F1ðq2Þ; f02ðq2Þ ¼ M2
1½F2ðq2Þ þ F3ðq2Þ�; ðA2Þ

f04ðq2Þ ¼
M2

1

2q2
½−2ðM1 þM2Þ�F1ðq2Þ þ ðM2

1 −M2
2 − q2Þ½F2ðq2Þ þ F3ðq2Þ�; ðA3Þ

f03ðq2Þ ¼
M2

1

M2
1 −M2

2

½F1ðq2Þð−M1 −M2Þ þ F4ðq2Þ� þ
M2

1

2
½F2ðq2Þ þ F3ðq2Þ� þ

1

2

q2M2
1

M2
1 −M2

2

½F2ðq2Þ − F3ðq2Þ�; ðA4Þ

and the gi have similar a relationship with Gi. Using f0i and g0i we can write the helicity amplitude as
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HV
3=2;1 ¼ −i

ffiffiffiffiffiffiffi
Q−

p �
M1 þM2

M1

f01 þ
q2 − ðM2

1 −M2
2Þ

2M2
1

f02 þ
q2

M2
1

f04

�
;

HA
3=2;1 ¼ i

ffiffiffiffiffiffiffi
Qþ

p �
−
M1 −M2

M1

g01 þ
q2 − ðM2

1 −M2
2Þ

2M2
1

g02 þ
q2

M2
1

g04

�
;

HV
1
2
;1
¼ i

ffiffiffiffiffiffiffi
Q−

3

r �
q2 −M1ðM1 þM2Þ

M1M2

f01 −
q2 − ðM2

1 −M2
2Þ

2M2
1

f02 þ
q2

M2
1

f04

�
;

HA
1
2
;1
¼ i

ffiffiffiffiffiffiffi
Qþ
3

r �
q2 −M1ðM1 −M2Þ

M1M2

g01 þ
q2 − ðM2

1 −M2
2Þ

2M2
1

g02 þ
q2

M2
1

g04

�
;

HV
1=2;0 ¼ −i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q2Q−

p
ffiffiffi
3

p
M

�
f01 þ

M2

M1

f02 þ
q2 − ðM2

1 −M2
2Þ

2M1M2

f04

�
; HV

−1=2;t ¼ i
ffiffiffiffiffiffiffi
Qþ

p
ffiffiffiffiffiffiffi
6q2

p Q−

M2

f03;

HA
1=2;0 ¼ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q2Qþ

p
ffiffiffi
3

p
M

�
g01 þ

M2

M1

g02 þ
q2 − ðM2

1 −M2
2Þ

2M1M2

g04

�
; HA

−1=2;t ¼ −i
ffiffiffiffiffiffiffi
Q−

p
ffiffiffiffiffiffiffi
6q2

p Qþ
M2

g03: ðA5Þ

As argued by Refs. [56,57], at the end point k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðM2

1
;M2

2
;q2Þ

p
2M1

→ 0 with λða; b; cÞ ¼ a2 þ b2 þ c2, the above helicity

amplitudes should satisfy H0;1=2∶ H1;1=2∶H1;3=2 ¼ 1∶ −
ffiffiffiffiffiffiffiffi
1=2

p
∶ −

ffiffiffiffiffiffiffiffi
3=2

p
. Using the relationship between f0i; g

0
i and fi, gi,

We can prove that our helicity amplitudes given in Eq. (37) also satisfy H0;1=2∶ H1;1=2∶H1;3=2 ¼ 1∶ −
ffiffiffiffiffiffiffiffi
1=2

p
∶ −

ffiffiffiffiffiffiffiffi
3=2

p
.
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