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A R T I C L E I N F O A B S T R A C T

Editor: J. Hisano In this study, we analyzed the weak decays induced by 𝐽𝑃 = 1
2

+
→ 3

2

−
transitions within the light-cone sum 

rules. Specifically, semileptonic decays of the bottom baryons into the P-wave baryons Λ𝑏 → Λ𝑐 (2625)𝓁𝜈𝑙 and 
Ξ𝑏 → Ξ𝑐 (2815)𝓁𝜈𝑙 as well as nonleptonic Λ𝑏 → Λ𝑐 (2625)𝜋(𝜌) and Ξ𝑏 → Ξ𝑐 (2815)𝜋(𝜌) decays are investigated. The 
form factors for the considered transitions are obtained within the sum rules method. With the calculated form 
factors, the decay widths of the processes are determined. Up to now, only the decay width for Λ0

𝑏
→ Λ+

𝑐
𝜇−𝜈𝜇

has been measured among the considered decays, and we observe that our finding is quite compatible with the 
measurement. We also compare our results with the predictions of other approaches.
1. Introduction

The study of weak decays of bottom baryons is a promising area 
in heavy flavor physics. Bottom baryons, due to their higher mass, ex-

hibit numerous decay modes, making them an excellent testing ground 
for Quantum Chromodynamics (QCD) and exploring the possibility of 
new physics beyond the Standard Model (SM). The analysis of 𝑏 → 𝑐

transitions holds phenomenological importance for the precise determi-

nation of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element 𝑉𝑐𝑏, 
as well as for testing the lepton universality [1–7] and searching for 
new physics beyond the Standard Model. For these reasons, the semilep-

tonic and nonleptonic decays of the bottom baryons to ground state 
charmed baryons have been comprehensively discussed in the litera-

ture within various theoretical frameworks such as lattice QCD [8,9], 
QCD sum rules [10–12], light cone QCD sum rules [13–15], and vari-

ous phenomenological models [16–28].

However, the semileptonic decays of the bottom baryons into the 
P-wave baryons have received less attention. Nonetheless, few studies 
are exploring the decays of the heavy bottom baryons to the excited 
P-wave baryons using different approaches like the constituent quark 
model [16], covariant confined model [25], lattice QCD [29], and light 
front-quark model [27,30].

* Corresponding author.

In this study, we focus on weak decays involving two heavy baryons, 
specifically analyzing two semileptonic decays, Λ𝑏 → Λ𝑐(2625)𝓁𝜈 and 
Ξ𝑏 → Ξ𝑐(2815)𝓁𝜈, as well as nonleptonic decays, Λ𝑏 → Λ𝑐(2625)𝑀 and 
Ξ𝑏 → Ξ𝑐(2815)𝑀 , where 𝑀 represents the 𝜋 or 𝜌 meson. It is important 
to note that experimental data is only available for the Λ𝑏 →Λ𝑐(2625)𝓁𝜈

decay. The objectives of this work are twofold. First, we aim to compare 
the theoretical results for the Λ𝑏 →Λ𝑐(2625)𝓁𝜈 decay with the available 
experimental data. Second, we aim to provide theoretical predictions 
for the branching ratios of the semileptonic Ξ𝑏 → Ξ𝑐(2815)𝓁𝜈 decay and 
the nonleptonic Λ𝑏 → Λ𝑐(2625)𝑀 and Ξ𝑏 → Ξ𝑐(2815)𝑀 decays, which 
have not yet been measured but have the potential of being discovered 
with the upgraded LHCb. One of the main challenges in the theoreti-
cal studies of these decays is as follows: The interpolating current for 
𝐽 = 3

2 baryon not only interacts with positive and negative parity 𝐽 = 3
2

baryons but also with 𝐽𝑃 = 1
2
−

baryon. This interaction leads to the un-
wanted contributions. To remove this pollution, the combinations of the 
sum rules corresponding to different Lorentz structures are constructed.

The work is organized as follows: In Sec 2, the sum rules for the 
relevant form factors are derived. In Sec. 3, the numerical analysis is 
performed to determine the form factors, and with the obtained results, 
the decay widths of the considered transitions are estimated. The last 
section contains our conclusion.
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2. The light-cone sum rules of 𝑯𝒃 →𝑯𝒄 transition form factors

For the sake of simplicity, we will denote Ξ𝑏(Λ𝑏) and Ξ𝑐(Λ𝑐 ) baryons 
as 𝐻𝑏 and 𝐻𝑐 , respectively, for further discussions. The transition form 
factors for 𝐻𝑏(

1
2
+
) → 𝐻𝑐(

3
2
+
) induced by the 𝑉 −𝐴 current 𝑐𝛾𝜇(1 − 𝛾5)𝑏

are defined as [24],⟨
𝐻𝑐(𝑝′, 𝑠)|𝑐𝛾𝜇(1 − 𝛾5)𝑏|𝐻𝑏(𝑝, 𝑠)

⟩
= �̄�𝛼(𝑝′, 𝑠)

{[
𝑝𝛼

𝑚1

(
𝛾𝜇𝐹

+
1 +

𝑝𝜇

𝑚1
𝐹+
2 +

𝑝′𝜇

𝑚+
𝐹+
3

)
+ 𝑔𝜇𝛼𝐹

+
4

]
𝛾5

−

[
𝑝𝛼

𝑚1

(
𝛾𝜇𝐺

+
1 +

𝑝𝜇

𝑚1
𝐺+
2 +

𝑝′𝜇

𝑚+
𝐺+
3

)
+ 𝑔𝜇𝛼𝐺

+
4

]}
𝑢(𝑝, 𝑠) , (1)

where 𝑢𝛼(𝑝′) and 𝑢(𝑝) are the Rarita-Schwinger and Dirac spinors, 𝑚1
and 𝑚+ are the masses of the initial and final baryons, respectively, 
and 𝐹+

𝑖
and 𝐺+

𝑖
are the form factors. The matrix element for 𝐻𝑏(

1
2
+
) →

𝐻𝑐(
3
2
−
) transition can be obtained from Eq. (1) by making the following 

replacements: 𝐹+
𝑖
→ 𝐹−

𝑖
, 𝐺+

𝑖
→𝐺−

𝑖
, 𝛾5 → 1, 1 → 𝛾5, and 𝑚+ →𝑚−, where 

𝑚− is the mass of the 𝐻𝑐 (
3
2
−
) baryon.

To calculate the form factors responsible for the 𝐻𝑏(
1
2
+
) → 𝐻𝑐(

3
2
−
)

transitions, we start with the following vacuum to 𝐻𝑏 baryon correla-

tion function.

Π𝜇𝜈(𝑝, 𝑞) = 𝑖∫ 𝑑4𝑥𝑒𝑖𝑝
′𝑥 ⟨0|𝑇 {𝜂𝜇(𝑥)𝑗𝜈 (0)}|𝐻𝑏(𝑝)

⟩
. (2)

Here 𝜂𝜇 is the interpolating current of the final heavy 𝐻𝑐 baryon and 
𝑗𝜈 (0) = 𝑐𝛾𝜈(1 − 𝛾5)𝑏 is the current describing the 𝑏 → 𝑐 transition.

The interpolating current for the heavy 𝐻𝑐 baryons is chosen in the 
following form [31]

𝜂𝜇 = 𝜖𝑎𝑏𝑐
[
𝜕𝛼𝜕𝛽

(
𝑞𝑎𝑇
1 𝐶𝛾5𝑞

𝑏
2

)]
Γ𝛼𝛽𝜇𝑐

𝑐 , (3)

where

Γ𝛼𝛽𝜇 =

(
𝑔𝜇𝛼𝑔𝛽𝜌 + 𝑔𝛼𝜌𝑔𝛽𝜇 − 1

2
𝑔𝛼𝛽𝑔𝜇𝜌

)
𝛾𝜌𝛾5 ,

𝑎, 𝑏, and 𝑐 are the color indices, and 𝐶 is the charge conjugation oper-

ator.

The reason for choosing the current in this form is as follows: In this 
form, the relative angular momentum of the diquark is 𝐿𝜌 = 0, i.e., it 
is in S-wave. On the other hand, the angular momentum between the 
light diquark and heavy quark is equal to 𝐿𝜆 = 2, which is achieved by 
applying two consecutive derivatives.

It should be noted that the interpolating current 𝜂𝜇(𝑥) couples not 
only with 𝐽𝑃 = 3

2
+

state but also to the heavy baryon with negative 
parity 𝐽𝑃 = 3

2
−

. Hence, the hadronic part of the correlation function is 
modified by the contribution of the negative parity resonance.

We proceed with our analysis by calculating the correlation function 
from the phenomenological (hadronic) side. At the hadronic level, the 
correlation function is obtained by sandwiching the currents between 
hadronic states,

Π𝜇𝜈 =
1

𝑚2
+ − 𝑝′2

⟨
0|𝜂𝜇|𝐻+

𝑐

⟩⟨
𝐻+

𝑐 |𝑐𝛾𝜇(1 − 𝛾5)𝑏|𝐻𝑏

⟩
,

+ 1
𝑚2
− − 𝑝′2

⟨
0|𝜂𝜇|𝐻−

𝑐

⟩⟨
𝐻−

𝑐 |𝑐𝛾𝜇(1 − 𝛾5)𝑏|𝐻𝑏(𝑝)
⟩
+⋯ (4)

where dots represent the contributions of excited states and continuum, 
𝐻

+(−)
𝑐 is positive (negative) parity heavy baryon. The matrix elements ⟨
0|𝜂𝜇|𝐻+

𝑐

⟩
and 

⟨
0|𝜂𝜇|𝐻−

𝑐

⟩
are defined as⟨

0|𝜂𝜇|𝐻+
𝑐

⟩
= 𝜆+𝑢𝜇(𝑝′) ,⟨ ⟩
2

0|𝜂𝜇|𝐻−
𝑐 = 𝜆−𝛾5𝑢𝜇(𝑝′) . (5)
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Using Eqs. (4) and (5) and performing summation over spins of 
Rarita-Schwinger spinors using∑

𝑢𝜇(𝑝′, 𝑠)�̄�𝛽 (𝑝′)

= −(𝑝′ +𝑚)

[
𝑔𝜇𝛽 −

1
3
𝛾𝜇𝛾𝛽 −

2
3

𝑝′𝜇𝑝
′
𝛽

𝑚2 + 1
3

𝑝′𝜇𝛾𝛽 − 𝑝′
𝛽
𝛾𝜇

𝑚

]
, (6)

one can calculate the hadronic part of the correlation function.
We would like to make the following preliminary remarks before 

proceeding with further calculations.

a) The interpolating current of the spin 32 baryon has nonzero overlap 
not only with 𝐽 = 3

2 state, but also with 𝐽𝑃 = 1
2 baryon. Indeed,

⟨
0 |||𝜂𝜇||| 12 (𝑝′)⟩ ∼ (𝛾𝜇 −

4𝑝′𝜇
𝑚

)𝑢(𝑝′, 𝑠) .

It follows from this expression that the Lorentz structures 𝛾𝜇 or 𝑝′𝜇
contain contributions of spin- 12 baryons. Based on Eq. (6), we can 
infer that the structure 𝑔𝜇𝛽 solely contains spin-3/2 baryon contri-
butions, excluding any spin-1/2 baryon contributions.

b) From Eqs. (5) and (6), we observe that the hadronic part of the 
correlation function contains many Lorentz structures. However, 
not all these structures are independent.
To obtain the independent structures, a specific order of Dirac ma-
trices are needed to be specified. In the present work, we choose 
𝛾𝜇/𝑞𝛾𝜈(𝛾5).

Taking these remarks into account, we get the following results for 
the correlation function from the hadronic side.

Π𝜇𝜈 =
𝜆+

𝑚2
+ − 𝑝′ 2

(∕𝑝′ +𝑚+)

{
𝑝𝜇

𝑚1

(
𝛾𝜈𝐹

+
1 +

𝑝𝜈

𝑚1
𝐹+
2 +

𝑝′𝜇

𝑚+
𝐹+
3

)
+ 𝑔𝜇𝜈𝐹

+
4

]
𝛾5

−

[
𝑝𝜇

𝑚1

(
𝛾𝜈𝐺

+
1 +

𝑝𝜈

𝑚
𝐺+
2 +

𝑝′𝜈
𝑚+

𝐺+
3

)
+ 𝑔𝜇𝜈𝐺

+
4

]}
𝑢(𝑝)

+
𝜆−𝛾5

𝑚2
− − 𝑝′ 2

(∕𝑝′ +𝑚−)

{[
𝑝𝜇

𝑚1

(
𝛾𝜈𝐹

−
1 +

𝑝𝜈

𝑚1
𝐹−
2 +

𝑝′𝜈
𝑚−

𝐹−
3

)
+ 𝑔𝜇𝜈𝐹

−
4

]

−

[
𝑝𝜇

𝑚1

(
𝛾𝜈𝐺

−
1 +

𝑝𝜈

𝑚1
𝐺−
2 +

𝑝′𝜈
𝑚−

𝐺−
3

)
+ 𝑔𝜇𝜈𝐺

−
4

]
𝛾5

}
𝑢(𝑝) . (7)

Applying the Dirac equation and replacing the four-momentum of 𝐻𝑏

baryon with 𝑝𝜇 → 𝑚𝑣𝜇 in Eq. (7), where 𝑣𝜇 is its velocity, the above 
equation takes the following form,

Π𝜇𝜈 =
𝜆+

𝑚2
+ − 𝑝′2

{
𝑣𝜇

[
𝐹+
1

(
2𝑚1𝑣𝜈 + (𝑚1 +𝑚+)𝛾𝜈 − /𝑞𝛾𝜈

)
𝛾5

+ 𝐹+
2 𝑣𝜈

[
(𝑚+ −𝑚1) − /𝑞

]
𝛾5

+ 𝐹+
3
(𝑚1𝑣𝜈 − 𝑞𝜈)

𝑚+

[
− /𝑞 + (𝑚+ −𝑚1)

]
𝛾5

]
+ 𝐹4𝑔𝜇𝜈 (−𝑚1 +𝑚+ − /𝑞)𝛾5

− 𝑣𝜇

[
𝐺+
1

(
2𝑚1𝑣𝜈 + (𝑚+ −𝑚1)𝛾𝜈 − /𝑞𝛾𝜈

)
+𝐺+

2 𝑣𝜈

(
(𝑚1 +𝑚+) − /𝑞

)
+𝐺+

3
𝑚1𝑣𝜈 − 𝑞𝜈

𝑚+

(
(𝑚+ +𝑚1) − /𝑞

)]
−𝐺+

4 𝑔𝜇𝜈

(
𝑚+ +𝑚1 − /𝑞

)}
𝑢(𝑝)

+
(
𝜆+ → 𝜆−,𝑚+ → −𝑚−,

𝐹+
1 → 𝐹−

1 , 𝐹+
2 → −𝐹−

2 , 𝐹+
3 → −𝐹3, 𝐹

+
4 → −𝐹−

4 ,

𝐺+
1 →𝐺−

1 ,𝐺+
2 →𝐺−

2 ,𝐺+
3 →𝐺−

3 ,𝐺+
4 →𝐺−

4

)
. (8)

In the present study, we analyze the semileptonic decays of positive 
parity spin-1∕2 𝐻𝑏 baryon to spin-3∕2 baryon with negative parity 𝐻𝑐 . 
Since this transition is described by the form factors 𝐹−

𝑖
(𝑞2) and 𝐺−

𝑖
(𝑞2), 

the contribution of the form factors 𝐹+
𝑖
(𝑞2) and 𝐺+

𝑖
(𝑞2) should be elim-
inated. For this goal, the combinations of the sum rules obtained from 
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the different Lorentz structures should be considered. The method of 
eliminating the unwanted pollution by considering the linear combi-
nations of sum rules obtained from different Lorentz structures was 
proposed in [32].

Having obtained the correlation function from the hadronic side, let 
us turn our attention to the calculation of it given in Eq. (2) in terms of 
quarks and gluons using the operator product expansion. After applying 
Wick theorem for the correlation function, we get

Π𝜇𝜈 = 𝑖∫ 𝑑4𝑥𝑒𝑖𝑝
′𝑥𝜖𝑎𝑏𝑐(𝐶𝛾5)𝜙𝜂(Γ𝛼𝛽𝜇)𝜌𝛾 [𝛾𝜈(1 − 𝛾5)]ℎ𝜉𝑆𝛾ℎ(𝑥)

× 𝜕𝛼𝜕𝛽

(⟨
0|𝑞𝑎

1𝜙(𝑥)𝑞
𝑏
2𝜂(𝑥)𝑏

𝑐
𝜉
(0)|𝐻𝑏(𝑝)

⟩)
, (9)

where 𝑆(𝑥) is the c-quark propagator. The matrix element,

𝜖𝑎𝑏𝑐
⟨
0|𝑞𝑎

1𝜙(𝑥)𝑞
𝑏
2𝜂(0)𝑏

𝑐
𝜉
(0)|𝐻𝑏(𝑝)

⟩
must be determined to calculate the the-

oretical part of the correlation function from the QCD side. This matrix 
element is expressed in terms of the 𝐻𝑏 baryon distribution amplitudes 
(DAs) whose explicit forms are given in [33–35]. When the polarization 
vector is parallel to the light cone plane, the matrix element mentioned 
above is parametrized in terms of the four DAs,

𝜖𝑎𝑏𝑐⟨0|𝑠𝑎𝛼(𝑡1)𝑞𝑏
𝛽
(𝑡2)𝑏𝑐

𝜎 (0)|𝐻𝑏(𝑣)⟩ = 4∑
𝑖=1

Λ𝑖(Γ𝑖)𝛽𝛼𝑢(𝑣)𝜎 (10)

where

Λ1 =
1
8
𝑣+𝑓

(1)𝜓2 , Γ1 = 𝛾5𝐶
−1 ,

Λ2 =
1
8
𝑓 (2)𝜓𝜎

3 , Γ2 = 𝑖𝜎𝜌𝛽𝑛𝜌�̄�𝛽𝛾5𝐶
−1 ,

Λ3 =
1
4
𝑓 (2)𝜓 (𝑠)

3 , Γ3 = 𝛾5𝐶
−1

Λ4 = − 1
8𝑣+

𝑓 (1)𝜓4 , Γ4 = 𝛾5𝐶
−1

(11)

and

𝑛𝜇 =
𝑥𝜇

𝑣𝑥
, �̄�𝜇 = 2𝑣𝜇 − 𝑛𝜇 ,

𝑓 (1) and 𝑓 (2) are the decay constants and 𝜓𝑖 are the DAs of 𝐻𝑏 baryon 
with definite twist.

The light cone distribution amplitudes are scale-dependent func-
tions. To obtain their scale dependency, it is convenient to go to mo-
mentum representation with the help of the Fourier transformation

𝜓(𝑡1, 𝑡2) =

∞

∫
0

𝑑𝜔1 ∫ 𝑑𝜔2𝑒
−𝑖𝜔1𝑡1−𝑖𝜔2𝑡2𝜓(𝜔1,𝜔2)

=

∞

∫
0

𝜔𝑑𝜔

1

∫
0

𝑑𝑢𝑒−𝑖𝜔(𝑡1𝑢+𝑡2 �̄�)𝜓(𝜔,𝑢)

(12)

In the first expression, 𝜔1 and 𝜔2 are the energies of the light quarks. 
In the second expression, instead of 𝜔1 and 𝜔2, new variables 𝜔 and 
𝑢, where 𝜔 = 𝜔1 + 𝜔2 is the total energy carried by light quarks, and 
dimensionless variable 𝑢 corresponds to the relative energy carried by 
light quark 𝑞1, have been introduced. Moreover, using the definition 
𝑡1 = 𝑣𝑥𝑖, where 𝑡𝑖 is the distance between 𝑖𝑡ℎ light quark and the origin 
along the light-cone vector 𝑛 direction, for the distribution amplitudes, 
we get,

𝜓(𝑡1, 𝑡2) =

∞

∫
0

𝑑𝜔𝜔

1

∫
0

𝑑𝑢𝑒−𝑖𝜔𝑣[𝑢𝑥1+�̄�𝑥2]𝜓(𝜔,𝑢), (13)

when 𝑡1 = 𝑡2, we obtain,

𝜓(𝑡, 𝑡) =

∞

∫
0

𝑑𝜔𝜔

1

∫
0

𝑑𝑢𝑒−𝑖𝜔𝑣𝑥𝜓(𝜔,𝑢) (14)
3

This equation will be used in further calculations.
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The DAs of 𝐻𝑏 baryon, which we will use in further analysis, are 
obtained in [33] as follows:

𝜓2(𝜔,𝑢) = 𝜔2𝑢�̄�

2∑
𝑛=0

𝑎𝑛

𝜖4𝑛

𝐶
3∕2
𝑛 (2𝑢− 1)|𝐶3∕2

𝑛 |2 𝑒−𝜔∕𝜖𝑛 ,

𝜓3(𝜔,𝑢) = 𝜔

2

2∑
𝑛=0

𝑎𝑛

𝜖3𝑛

𝐶
1∕2
𝑛 (2𝑢− 1)|𝐶1∕2

𝑛 |2 𝑒−𝜔∕𝜖𝑛 ,

𝜓4(𝜔,𝑢) =
2∑

𝑛=0

𝑎𝑛

𝜖2𝑛

𝐶
1∕2
𝑛 (2𝑢− 1)|𝐶1∕2

𝑛 |2 𝑒−𝜔∕𝜖𝑛 , (15)

where the sub-index of 𝜓 indicates the twist of the distribution ampli-

tudes, 𝐶𝜆
𝑛 is the Gegenbauer polynomials, and |𝐶𝜆

𝑛 | = ∫ 1
0 𝑑𝑢|𝐶𝜆

𝑛 (2𝑢 −1)|2. 
The parameters appearing in DAs of Ξ𝑏 and Λ𝑏 are presented in Table 1

for completeness.

Using Eqs. (9),(10) and (14), we get

Π𝜇𝜈 = 𝑖∫ 𝑑4𝑥∫ 𝑑𝑢

(
𝜕𝛼𝜕𝛽 ∫ 𝑑𝜔𝜔𝑒−𝑖𝜔𝑣𝑥

)

×

{∑
Λ𝑖Tr(𝐶𝛾5Γ𝑖)Γ𝛼𝛽𝜇𝑆(𝑥)𝛾𝜈(1 − 𝛾5)

}
𝑢(𝑣) ,

where 𝑆(𝑥) is the 𝑐-quark propagator given as,

𝑆(𝑥) = ∫ 𝑑4𝑘𝑒−𝑖𝑘𝑥 𝑖(∕𝑘+𝑚𝑐)
𝑘2 −𝑚2

𝑐

.

Performing integrations over 𝑥 and 𝑘, the expression of the correlation 
function from the QCD side is obtained as follows:

Π𝜇𝜈 = ∫ 𝑑𝑢∫ 𝑑𝜔 𝜔3 2𝑓 (2)𝜓3𝑠

�̄�(𝑝′2 − 𝑠)

{
2/𝑞(1 − 𝛾5)𝑣𝜇𝑣𝜈 − /𝑞𝛾𝜈(1 + 𝛾5)𝑣𝜇

+𝑚𝑐𝛾𝜈(1 + 𝛾5)𝑣𝜇 − 2𝑚𝑐 (1 − 𝛾5)𝑣𝜇𝑣𝜈 − 𝛾𝜈(1 − 𝛾5)𝑣𝜇

(𝑞2 +𝜔𝑚1 − 𝑠)
𝑚1

}
,

(16)

where,

𝑠(𝜎) =
𝑚2

𝑐 + 𝜎(𝑚2
1 − 𝑞2) − 𝜎2𝑚2

1
�̄�

, (17)

in which �̄� = 1 − 𝜎 and 𝜎 = 𝜔

𝑚1
.

Equating the coefficients of the structures from theoretical and 
hadronic parts of the correlation function and combining the sum rules 
obtained for different Lorentz structures, and performing the Borel 
transformation over the variable −𝑝′2, we get the following sum rules 
for the form factors 𝐹−

𝑖
and 𝐺−

𝑖
,

𝐹−
1 = − 𝑒𝑚

2
−∕𝑀

2

𝜆−(𝑚− +𝑚+)

[
Π𝐵
2 + (𝑚1 +𝑚+)Π𝐵

3

]
,

𝐹−
2 = 𝑒𝑚

2
−∕𝑀

2

𝜆−(𝑚− +𝑚+)

[
Π𝐵
1 + 2𝑚1Π𝐵

3 − (𝑚1 −𝑚+)Π𝐵
4

]
,

𝐺−
1 = 𝑒𝑚

2
−∕𝑀

2

𝜆−(𝑚− +𝑚+)

[
Π𝐵
6 − (𝑚1 −𝑚+)Π𝐵

7

]
,

𝐺−
2 = − 𝑒𝑚

2
−∕𝑀

2

𝜆−(𝑚− +𝑚+)

[
Π𝐵
5 + 2𝑚1Π𝐵

7 + (𝑚1 +𝑚+)Π𝐵
8

]
,

where Π𝑖 are the invariant functions in the Lorentz structures that are 
listed in Table 2 and Π𝐵

𝑖
denotes the Borel transformed invariant func-

tion.

The form factors 𝐹−
3 , 𝐹−

4 , 𝐺−
3 and 𝐺−

4 are equal to zero since the cor-

responding Lorentz structures are absent in the theoretical part. Hence, 
only the form factors 𝐹−

1 , 𝐹−
2 , 𝐺−

1 and 𝐺−
2 are needed in further analysis. 

Note also that this result agrees with the HQET prediction in low re-

coil region [24]. To study the heavy hadron decay form factors at large 

recoil limit the soft-collinear effective can be applied [36,37].
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Table 1

Parameters appearing in the DAs of the form factors. In our calculations we used 𝐴 = 1
2
.

twist 𝑎0 𝑎1 𝑎2 𝜀0(GeV) 𝜀1(GeV) 𝜀2(GeV)
2 1 − 6.4(1−𝐴)

1.44−𝐴

2−1.4𝐴
6.7−𝐴

− 0.32(1−𝐴)
0.83−𝐴

Λ𝑏 3𝑠 1 − 0.04(1−3𝐴)
−0.4−𝐴

0.21+0.56𝐴
1.6+𝐴

− 0.09−0.25𝐴
1.41−𝐴

3𝑎 − 1 − − 0.08+0.35𝐴
0.2+𝐴

−
4 1 − −0.12+0.07𝐴

1.34−𝐴

−0.87+0.65𝐴
−2+𝐴

− −9.3+5.5𝐴
−30+𝐴

twist 𝑎0 𝑎1 𝑎2 𝜀0(GeV) 𝜀1(GeV) 𝜀2(GeV)
2 1 0.71−0.25𝐴

1.68−𝐴

7.2−6.6𝐴
1.68−𝐴

2.4−1.4𝐴
7.7−𝐴

−1.67+0.57𝐴
−5+𝐴

0.39−0.36𝐴
0.98−𝐴

Ξ𝑏 3𝑠 1 0.1+0.04𝐴
0.6+𝐴

0.03(1−4𝐴)
−0.6−𝐴

0.35+0.56𝐴
1.9+𝐴

65+27𝐴
160

0.06(1−5𝐴)
1.54−𝐴

3𝑎 0.16(2−𝐴)
−0.3−𝐴

1 0.17𝐴
0.3+𝐴

0.11 0.1+0.39𝐴
0.3+𝐴

0.33
4 1 0.14−0.03𝐴

1.16−𝐴

−0.13+0.1𝐴
1.61−𝐴

1.01−0.63𝐴
2.3−𝐴

3.92−0.82𝐴
2.9+𝐴

1.54−1.2𝐴
5.1−𝐴
Table 2

Invariant functions Π𝑖 and their correspond-

ing structures.

Π𝑖 Structures

Π2(Π10) 𝛾5𝑣𝜇𝑣𝜈 (𝑣𝜇𝑣𝜈 )
Π3(Π11) 𝛾𝜈𝛾5𝑣𝜇 (𝛾𝜈𝑣𝜇 )
Π4(Π12) ∕𝑞𝛾𝜈𝛾5𝑣𝜇 (∕𝑞𝛾𝜈𝑣𝜇 )
Π6(Π14) ∕𝑞𝛾5𝑣𝜇𝑣𝜈 (∕𝑞𝑣𝜇𝑣𝜈 )

The Borel transformation and continuum subtraction procedure is 
performed in the theoretical part with the help of the formula,

∞

∫
0

𝑑𝜎
𝜌(𝜎)

[(𝑝′2 − 𝑠(𝜎)]𝑛
→

𝜎0

∫
0

𝑑𝜎

{
(−1)𝑛 𝑒−𝑠(𝜎)𝐼(𝜎)

(𝑛− 1)!(𝑀2)𝑛−1

}

−

[
(−1)𝑛−1

(𝑛− 1)!
𝑒−𝑠(𝜎)∕𝑀2

𝑛−1∑
𝑗=1

1

(𝑀)2𝑛−𝑗−1
1
𝑠′
( 𝑑

𝑑𝜎

1
𝑠′
)
𝑗−1

𝐼𝑛

|||||𝜎=𝜎0

]
, (18)

where

𝐼𝑛 =
𝜌(𝜎)
�̄�

,

and 𝜎0 is the solution of the equation 𝑠 = 𝑠𝑡ℎ,

𝜎0 =
(𝑠𝑡ℎ +𝑚2

1 − 𝑞2) +
√

(𝑠𝑡ℎ +𝑚2
1 − 𝑞2)2 − 4𝑚2

1(𝑠𝑡ℎ −𝑚2
𝑐 )

2𝑚2
1

,

in which 𝑠𝑡ℎ is the continuum threshold.

At the end of this section, we calculate the semileptonic decay 
widths 𝐻𝑏 → 𝐻𝑐𝑙𝜈(𝑙 = 𝑒, 𝜇, 𝜏). To determine the decay width, we used 
the helicity amplitudes formalism.

In this formalism, the helicity amplitudes 𝜆2 ,𝜆𝑤
are expressed in 

terms of vector and axial form factors, where 𝜆2 = ±1∕2, ±3∕2 and 𝜆𝑤 =
±1, 0 are the helicity components of the final baryon and vector meson.

The helicity amplitudes are determined as follows [38]:.

𝜆2 ,𝜆𝑤
= 𝜖+𝜇(𝜆𝑤)

⟨
𝐻𝑐(𝑝′, 𝜆2)|𝑐𝛾𝜇(1 − 𝛾5)𝑏|𝐻𝑏(𝑝1, 𝜆1)

⟩
, (19)

𝑉 (𝐴)
1∕2,𝑡 = ±

√
2
3

𝑄±

𝑞2

𝑄±
2𝑚1𝑚−

{
𝐹−
4 (𝐺−

4 )𝑚1 ± 𝐹−
1 (𝐺−

1 )𝑀±

+

[
𝑚1
𝑚−

𝐹−
3 (𝐺−

3 ) + 𝐹−
2 (𝐺−

2 )

]
𝑚2
1 −𝑚2

− − 𝑞2

2𝑚1
+ 𝐹−

2 (𝐺−
2 )

𝑞2

𝑚1

}
,

𝑉 (𝐴)
1∕2,0 = ±

√
2
3

𝑄±

𝑞2

{
𝐹−
4 (𝐺−

4 )
𝑚2
1 −𝑚2

− − 𝑞2

2𝑚−
± 𝐹−

1 (𝐺−
1 )

𝑄±(𝑀±)
2𝑚1𝑚−

+

[
𝑚1
𝑚−

𝐹−
3 (𝐺−

3 ) + 𝐹−
2 (𝐺−

2 )

] |||𝑝′|||2
2𝑚−

}
,

𝑉 (𝐴)
1∕2,1 =

√
𝑄±
3

[
𝐹−
4 (𝐺−

4 ) − 𝐹−
1 (𝐺−

1 )
𝑄±

𝑚1𝑚−

]
,

√ [ ]

4

𝑉 (𝐴)
3∕2,1 = 𝑄± 𝐹−

4 (𝐺−
4 ) ,
𝑉
−𝜆2 ,−𝜆𝑤

=𝑉
𝜆2 ,𝜆𝑤

,

𝐴
−𝜆2 ,−𝜆𝑤

= −𝐴
𝜆2 ,𝜆𝑤

, (20)

where

𝑀± =𝑚1 ±𝑚− ,

𝑄± =𝑀2
± − 𝑞2 ,

|𝑝′| = 𝜆1∕2(𝑚2
1,𝑚

2
−, 𝑞

2)
2𝑚1

,

𝜆(𝑎, 𝑏, 𝑐) = 𝑎2 + 𝑏2 + 𝑐2 − 2𝑎𝑏− 2𝑎𝑐 − 2𝑏𝑐 . (21)

Note that, the above formula for the helicity amplitudes is derived for 
the general 1

2
+
→ 3

2
−

transitions. In our case, 𝐹−
3 ,𝐹−

4 ,𝐺−
3 , and 𝐺−

4 are 
equal to zero.

Using the helicity amplitudes, we get the differential decay widths 
for the corresponding transitions

𝑑Γ
𝑑𝑞2

=
𝐺2 ||𝑉𝑐𝑏

||2√𝑄+𝑄−𝑞
2(1 −𝑚𝓁

2)

384𝜋3𝑚3
1

[
(1 +

𝑚𝓁
2

2
)1 +

3
2
𝑚𝓁

22

]
, (22)

where

1 =
∑

𝜆2=±1∕2,±3∕2

∑
𝜆𝑤=±1,0

|||𝜆2𝜆𝑤

|||2 ,

2 =
∑

𝜆2=±1∕2

|||𝜆2 ,𝑡
|||2 ,

𝜆2𝜆𝑤
=𝑉

𝜆2𝜆𝑤
−𝐴

𝜆2𝜆𝑤
,

𝑚𝓁
2 =

𝑚2
𝓁

𝑞2
.

In the following section, we perform a numerical analysis of the 
obtained sum rules for the form factors as well as corresponding decay 
widths.

3. Numerical analysis

This section is devoted to the numerical analysis of the sum rules 
obtained in the previous section. To perform the numerical analysis, the 
values of input parameters, which are collected in Table 3, are needed.

It should be noted that in the numerical analysis, we neglect (𝛼𝑠)
corrections. Hence, to be consistent, we used the values of 𝑓 (1) and 
𝑓 (2) for Λ𝑏 baryon obtained without (𝛼𝑠) corrections [40]. When the 
SU(3) symmetry violation is taken into account, we obtain 𝑓 (1) = 𝑓 (2) =
0.026 ± 0.001 for the Ξ𝑏 baryon.

In this study, we also calculated the residues 𝜆Λ−
𝑐

and 𝜆Ξ−𝑐 of the neg-

ative parity spin 32
−

baryons, respectively, whose values are presented 
in Table 3.

In addition to these input parameters, the sum rules involve two 
more additional parameters; the Borel mass, 𝑀2, and the continuum 
threshold 𝑠𝑡ℎ. The working region of 𝑠𝑡ℎ is determined by imposing the 

condition that the two-point sum rules predict the mass of the baryon 



T.M. Aliev, S. Bilmis and M. Savci

Table 3

Numerical values of the input parameters appearing in the sum rules of the form 
factors, and branching ratio calculations. For the mass of charm quark, we used 
the value in 𝑀𝑆 scheme.

𝑚𝑐 (𝜇 =𝑚𝑐 ) = 1.27 ± 0.02 GeV [39]

𝑚Λ𝑏
= 5619 ± 0.17 MeV [39] 𝑚Ξ𝑏

= 5797 ± 0.6 MeV [39]

𝑚Λ−
𝑐
= 2625 ± 0.19 MeV [39] 𝑚Ξ−

𝑐
= 2815 ± 0.25 MeV [39]

𝑚Λ+
𝑐
= 2860 ± 0.28 MeV [39] 𝑚Ξ+

𝑐
= 2645 ± 0.2 MeV [39]

𝑓
Λ𝑐

1 = 0.022 ± 0.001 GeV3 [40] 𝑓
Ξ𝑐

1 = 0.026 ± 0.001 GeV3 [40]

𝑓
Λ𝑐

2 = 0.022 ± 0.001 GeV3 [40] 𝑓
Ξ𝑐

2 = 0.026 ± 0.001 GeV3 [40]

𝜆Λ−
𝑐
= 0.050 ± 0.005 GeV5 (This work) 𝜆Ξ−

𝑐
= 0.060 ± 0.005 GeV5 (This work)

𝜏Λ𝑏
= (1.471 ± 0.009) × 10−12 𝑠 [39] 𝜏Ξ𝑏

= (1.57 ± 0.04) × 10−12 𝑠 [39]

𝑉𝑐𝑏 = (40.8 ± 1.4) × 10−3 [39] 𝑉𝑢𝑑 = 0.973 ± 0.004 [39]

within an accuracy range of 5 − 10% compared to the experimental 
value. With this condition, we obtain the following working region for 
𝑠𝑡ℎ, 10 GeV2 ≤ sth ≤ 12 GeV2.

The working region of 𝑀2 is determined with the help of two re-

quirements:

a) Higher-order twist contributions should be suppressed compared to 
the leading twist one.

b) The contributions from the continuum and higher states should 
constitute 40% of the total result. Our numerical analysis shows that 
both conditions are satisfied in the region 2.5 𝐺𝑒𝑉 2 ≤𝑀2 ≤ 4 𝐺𝑒𝑉 2.

After presenting the values of all input parameters and determining 
the working regions of 𝑀2 and 𝑠𝑡ℎ, we can proceed with calculations of 
the form factors associated with the Ξ𝑏 → Λ𝑐(2625) and Ξ𝑏 → Ξ𝑐(2815)
transitions.

To calculate the semileptonic decay widths Ξ𝑏 → Λ𝑐(2625)𝑙𝜈 and 
Ξ𝑏 → Ξ𝑐(2815)𝑙𝜈, we need to know the 𝑞2 dependency of all the form 
factors. It is important to note that the LCSR predictions are reliable 
only in the region 𝑞2 ≲ 6 𝐺𝑒𝑉 2. To extend the results to the whole phys-

ical region 𝑚2
𝑒 ≤ 𝑞2 ≤ (𝑚1 −𝑚−)2, we will apply z-series parametrization 

for the form factors (see [41]).

𝐹𝑖(𝑞2) =
1

1 − 𝑞2

𝑚2
𝑝𝑜𝑙𝑒

{
𝑓𝑖(0) + 𝛼[𝑧(𝑞2) − 𝑧(0)] + 𝛽[𝑧(𝑞2) − 𝑧(0)]2

}
, (23)

where

𝑧(𝑡) =

√
𝑡+ − 𝑞2 −

√
𝑡+ − 𝑡0√

𝑡+ − 𝑞2 +
√

𝑡+ − 𝑡0
,

with

𝑡± = (𝑚1 ±𝑚−)2 ,

𝑡0 = 𝑡+

(
1 −

√
1 −

𝑡−
𝑡+

)
.

The mass of the resonances for 𝑏 → 𝑐 transitions are:

𝑚𝑝𝑜𝑙𝑒 =

⎧⎪⎪⎨⎪⎪⎩

6.275 GeV 𝑓1,

6.33 GeV 𝑓2,

6.706 GeV 𝑔1,

6.741 GeV 𝑔2.

The fitting parameters, 𝑓𝑖(0), 𝛼 and 𝛽 are presented in Table 4.

The errors in the form factors due to the variation of 𝑀2 and 𝑠𝑡ℎ in 
their working regions, as well as the uncertainties in the input parame-

ters, are taken into account for the obtained results. All the uncertainties 
are taken into account quadratically.

Using the lifetime of the 𝐻𝑏 and the results of the form factors, one 
can easily calculate the corresponding branching ratios of the semilep-
5

tonic 𝐻𝑏 →𝐻𝑐𝓁𝜈 decays presented in Table 5.
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Table 4

Fit parameters for the form factors of the Λ𝑏 → Λ𝑐 (2815)𝓁𝜈𝓁 transition at 𝑀2 =
3 𝐺𝑒𝑉 2, 𝑠0 = 10 𝐺𝑒𝑉 2 , and Ξ𝑏 → Ξ𝑐 (2625)𝓁𝜈𝓁 transition at 𝑀2 = 3 𝐺𝑒𝑉 2, 𝑠0 =
11 𝐺𝑒𝑉 2 .

Λ𝑏 →Λ𝑐 Ξ𝑏 → Ξ𝑐

𝑓1(0) 𝛼 𝛽 𝑓1(0) 𝛼 𝛽

𝐹 −
1 −1.00 ± 0.15 4.29 16.80 −1.04 ± 0.14 5.67 7.25

𝐹 −
2 0.37 ± 0.06 −4.38 19.30 0.38 ± 0.06 −5.04 26.37

𝐺−
1 −0.63 ± 0.10 0.50 32.30 −0.66 ± 0.11 1.25 29.24

𝐺−
2 0.37 ± 0.06 −4.70 23.41 0.38 ± 0.06 −5.38 30.87

Finally, the obtained results for the form factors enable us to evalu-

ate the decay widths of the color-allowed two body nonleptonic decays 
𝐻𝑏 →𝐻𝑐𝑀 , where 𝑀 corresponds to pseudoscalar 𝜋−, or vector meson 
𝜌−. To calculate the decay widths of these nonleptonic decays, we need 
the values of the form factors at the point 𝑞2 = 𝑚2

𝑀
, where 𝑚𝑀 is the 

mass of vector or pseudoscalar mesons.

The straightforward calculation leads to the following result for the 
nonleptonic decay width

Γ(𝐻𝑏 →𝐻𝑐𝑀) =
𝐺2

𝐹
𝑓 2
𝑀

|||𝑝′|||
32𝜋𝑚2

1

|||𝑉𝑐𝑏𝑉𝑢𝑞
|||2 𝑎212

2𝑚
2
𝑀

, (24)

where 𝑓𝑀 is the leptonic decay constant of the corresponding meson, 
𝑁𝑐 is the color factor, 𝑐1 = −0.25, 𝑐2 = 1.1 [22], and 𝑎1 = 𝑐1 +

𝑐2
𝑁𝑐

[42]. 

The results for the branching ratios of the nonleptonic 𝐻𝑏 → 𝐻𝑐𝑀 de-

cay widths are also presented in 5. For comparison, we also demonstrate 
the results from other approaches. We would like to note that the de-

cay width is obtained within the naive factorization approximation and 
the non-factorizable contributions as well as the scale dependency are 
neglected. The calculations of the non-factorizable contributions have 
been discussed widely in the framework of different approaches. (See 
for example [43–47] and references therein.)

The experimental result on branching ratios is available only for the 
Λ𝑏 → Λ𝑐(2625)𝓁𝜈𝓁 decay. Our prediction of the branching ratio for this 
decay is quite compatible with this data.

From Table 5, we deduce that our results for the branching ratios of 
the semileptonic decay modes Λ𝑏 → Λ𝑐(2625)𝓁𝜈𝓁 and Ξ𝑏 → Ξ𝑐(2815)𝓁𝜈𝓁
are in good agreement with the results of the light-front approach [30]. 
However, they are considerably different from the results predicted 
within the confined covariant quark model (CCQM) [25], heavy quark 
spin symmetry (HQSS) [48], and constituent quark model (CQM) [16].

On the other hand, our predictions on the branching ratios of the 
nonleptonic decays Λ𝑏(Ξ𝑏) → Λ𝑐(Ξ𝑐 )𝜋 are in good agreement with the 
findings of LFQM [22,30]. However, our predictions on the widths of 
the Λ𝑏(Ξ𝑏) →Λ𝑐(Ξ𝑐)𝜌 are approximately 2.5 times larger than those pre-

dicted by the LFQM.

Naively, one expects that the ratio,

𝑅 =
𝐵𝑟[Λ𝑏(Ξ𝑏)→Λ𝑐(Ξ𝑐)𝜌]
𝐵𝑟[Λ𝑏(Ξ𝑏)→Λ𝑐(Ξ𝑐 )𝜋]

,

should approximately be equal to 3 due to the three polarization states 
of the 𝜌 meson. In our case, this ratio is equal to ∼ 2.5. The difference 
can be attributed to the mass difference of the 𝜌 and 𝜋 mesons.

Our analysis shows that the branching ratios of the semileptonic 
decays are slightly larger than 1%, which could be accessible in exper-

iments planned to be conducted at LHCb in the near future. Measure-

ment of the studied decays can provide useful information about the 
inner structures of Λ𝑐(2625) and Ξ𝑐(2815) baryons.

4. Summary

In the present work, we first calculate the form factors for 1∕2+ →

3∕2−, i.e., Λ𝑏 →Λ𝑐(2625) and Ξ𝑏 → Ξ𝑐(2815) transitions within the light-

cone sum rules method by using the DAs of the Λ𝑏 and Ξ𝑏 baryons. 

Having obtained the form factors, we estimate the branching ratios of 
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Table 5

The branching ratios of the Λ𝑏 → Λ𝑐 (2625)𝓁𝜈𝓁 , Ξ𝑏 → Ξ𝑐 (2815)𝓁𝜈𝓁 , Λ𝑏 → Λ𝑐 (2625)𝜋(𝜌), and Ξ𝑏 → Ξ𝑐 (2815)𝜋(𝜌) decays. Here all numerical values are presented in 
percent (%).

Decay This Study Experiment [39] LFQM [30] CCQM [25] HQSS [48] CQM [16] LFQM [22]

Λ0
𝑏
→Λ+

𝑐
𝑒−𝜈𝑒 1.44 ± 0.56 − 1.653 ± 0.114 0.17 ± 0.03 − (0.88 − 1.40) −

Λ0
𝑏
→Λ+

𝑐
𝜇−𝑣𝜇 1.42 ± 0.56 1.3+0.6−0.5 1.641 ± 0.113 0.17 ± 0.03 3.5+1.3−1.2 (0.88 − 1.40) −

Λ0
𝑏
→Λ+

𝑐
𝜏−𝑣𝜏 0.11 ± 0.04 − 0.1688 ± 0.0116 0.018 ± 0.004 0.38+0.09−0.08 (0.18 − 0.22)

Ξ0(−)
𝑏

→ Ξ+(0)
𝑐

𝑒−𝑣𝑒 1.55 ± 0.62 − 1.698 ± 0.122(1.803 ± 0.132) − − − −
Ξ0(−)

𝑏
→ Ξ+(0)

𝑐
𝜇−𝑣𝜇 1.50 ± 0.60 − 1.685 ± 0.121(1.789 ± 0.131) − − − −

Ξ(−)
𝑏

→ Ξ+(0)
𝑐

𝜏−𝑣𝜏 0.12 ± 0.048 − 0.1758 ± 0.0126(0.1868 ± 0.0137) − − − −

Λ0
𝑏
→Λ+

𝑐
𝜋− 0.40 ± 0.16 − 0.310 ± 0.015 − − −

(
2.40+4.09−1.82

)
× 10−1

Λ0
𝑏
→Λ+

𝑐
𝜌− 1.1 ± 0.4 − 0.450 ± 0.023 − − −

(
4.38+6.78−3.17

)
× 10−1

Ξ0(−)
𝑏

→ Ξ+(0)
𝑐

𝜋− 0.43 ± 0.16 − 0.310 ± 0.017 − − −
(
3.32+6.08−2.85

)
× 10−1

Ξ0(−) → Ξ+(0)𝜌− 1.1 ± 0.4 − 0.430 ± 0.025 − − −
(
6.10+9.95

)
× 10−1
𝑏 𝑐

semileptonic Ξ𝑏 → Ξ𝑐(2815)𝓁𝜈𝓁 , Λ𝑏 → Λ𝑐(2625)𝓁𝜈𝓁 as well as nonlep-
tonic Ξ𝑏 → Ξ𝑐(2815)𝜌(𝜋) and Λ𝑏 →Λ𝑐(2625)𝜌(𝜋).

Within the sum rules accuracy, our result on the branching ratio 
for the semileptonic Λ𝑏 → Λ𝑐(2625) decay is in good agreement with 
the existing experimental data. We also compared our findings with the 
predictions of other approaches.

Relatively large branching ratios, which follow from our calcula-
tions, indicate that, hopefully, considered semileptonic decays would 
be measured in future experiments to be carried out at LHCb.
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