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We calculate the form factors of the Λb → Λcð2625Þ and Ξb → Ξcð2815Þ transitions, and additionally
evaluate the corresponding semileptonic decays and the color-allowed two-body nonleptonic decays. In
order to obtain the concerned form factors, we use the three-body light-front quark model with the support
from baryon spectroscopy. In this work, as important physical inputs, the spatial wave functions of
concerned baryons are obtained by the Gaussian expansion method with a semirelativistic potential model.
For the semileptonic processes, the branching ratios of the electron and muon channels can reach up to the
order of magnitude of 1%, where our result BðΛ0

b → Λþ
c ð2625Þμ−νμÞ ¼ ð1.641� 0.113Þ% is consistent

with the current experimental data. As for the nonleptonic processes, the decays to π−, ρ−, and Dð�Þ−
s final

states have considerable widths. These discussed decay modes could be accessible at the LHCb experiment.

DOI: 10.1103/PhysRevD.107.033005

I. INTRODUCTION

The investigation of bottom baryon weak decay is a fiery
topic in heavy flavor physics, and has drawn attention in
both theoretical and experimental arenas. There exist
abundant decay modes involved in bottom baryons due
to their higher mass. So the bottom baryon decay provides a
superb platform to test the quantum chromodynamics
(QCD), and to search for new physics beyond the
Standard Model (SM) via detecting whether the lepton
flavor universality (LFU) is violated or not [1–7]. Besides, it
is also helpful to discover the new exotic states including the
hidden-charm pentaquark states Pcð4312Þ, Pcð4380Þ,
Pcð4440Þ, and Pcð4457Þ in the Λb → J=ψpK [8,9] mode,
the Pcð4337Þ in the B0

s → J=ψpp̄ [10] mode, and the
Pcsð4459Þ in the Ξb → J=ψΛK [11] mode.
In theoretical aspect, the bottom baryons decaying into

the JP ¼ 1=2þ ground charmed baryons by both semi-
leptonic and nonleptonic processes have been widely
studied via various theoretical approaches, including

lattice QCD (LQCD) [12,13], QCD sum rules [14–16],
light-cone sum rules [17–19], and various phenomeno-
logical quark models [20–32]. However, compared with
these studies mentioned above, the investigation of the
decays of bottom baryon into the P-wave baryon state
should still be paid more attention. In the past years, some
theoretical groups were dedicated to this issue. For
example, Pervin et al. studied the semileptonic decays
of Λb into the Λc baryon with JP ¼ ð1=2�; 3=2−Þ by a
constituent quark model with both nonrelativistic and
semirelativistic Hamiltonians [20]. Gutsche et al. also
studied the same channels by a covariant confined quark
model (CCQM) [29]. The heavy quark spin symmetry
(HQSS) was also applied to estimate the semileptonic
decays Λb → Λcð2595; 2625Þl−νl [33]. Besides, Meinel
and Rendon performed the first LQCD calculation of the
Λb → Λcð2595; 2625Þl−νl decays [34,35]. For the non-
leptonic process, Chua calculated a series of color-allowed
decay of bottom baryons into P-wave charmed baryon by
the light-front quark model (LFQM) [28]. And Liang et al.
evaluated the nonleptonic Λb → Λcð2595; 2625Þπ− [36],
Λb → Λcð2595; 2625ÞD−

s [36], and semileptonic Λb →
Λcð2625Þlνl [37] decays by assuming the Λcð2595Þ
and Λcð2625Þ as a dynamically generated resonance from
the DN, D�N interaction and coupled channels [36,37].
Pavao et al. carried out the investigation of the Ξ−

b →
Ξ0
cð2815Þπ−ðD−

s Þ and Ξ−
b → Ξ0

cð2815Þl−νl processes
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when treating the Ξcð2815Þ as dynamically generated
resonance from the vector meson-baryon interaction [38].
In our former work, we once studied the form factors and

the semileptonic decays into charmed baryons with JP ¼
1=2− by LFQM [31], which is supported by the baryon
spectroscopy. This treatment is different from that given in
Ref. [28]. We should indicate that there exists a difference
in the results of these discussed transitions when adopting
different frameworks [20,28,29,33,36–38], which should
be clarified by further experimental measurement. In
general, the issue around these weak transitions of bottom
baryons is still open.
As a continuation of the decays into charmed baryons

with JP ¼ 1=2− [31], in this work, we investigate the weak
transitions relevant to the JP ¼ 3=2− charmed baryons,
which include the Λb → Λcð2625Þ and Ξb → Ξcð2815Þ
processes, where the Λcð2625Þ and Ξcð2815Þ are treated as
the conventional ρ-mode excited P-wave charmed baryons.1

Note that this assignment is suitable since the experimental
mass value of the Λcð2625Þ and Ξcð2815Þ can be repro-
duced by the potential models [43–47]. Although we adopt
the similar way given by Ref. [31], we still want to
emphasize the improvement made in this work. First of
all, the involved charmed baryons in the final state have a
3=2− quantum number, which makes the whole deduction
framework become more complicated. Especially at
present, the study around the production of charmed
baryons with 3=2− is not enough compared with studies
relevant to these low-lying charmed baryons. Our work is a
timely investigation of this issue. Second, in Ref. [31], we
focus on the weak decays of the Λb baryon into 1=2�
charmed baryons. However, in the present work we study
the Ξb decays into 3=2− charmed baryons, which is
motivated by the experiment fact that the data of the Ξb
bottom baryon can be also largely produced in the pp
collisions at the Large Hadron Collider (LHC) [48].
Obviously, the present work is just at the right time, which
may provide a valuable hint to future experimental search
for these discussed decays. Especially with the high-
luminosity upgrade to the LHC, the LHCb experiment will
have great potential to explore these discussed transitions.
As indicated in Ref. [31], the baryon spectroscopy can

provide important input to the spatial wave functions of
these involved baryons when estimating the weak transition
matrix element or the corresponding form factors. In the
realistic calculation of baryon spectroscopy, we adopt the
three quarks treatment, which is different from the quark-
diquark approximation used by former theoretical works of

weak decays [22,26,28,49–55]. With the support from
baryon spectroscopy, the dependence of the result on the
β value, which is a parameter of the simple hadronic
oscillator, can be avoided as indicated in Refs. [31,32].
In the next section, we will introduce more details of the
deduction.
This paper is organized as follows. After the Introduction,

the deduction of the formulas of eight transition form factors
of the Bbð1=2þÞ → Bcð3=2−Þ process is given in Sec. II.
For obtaining the spatial wave functions of the involved
baryons, we introduce the semirelativistic potential model
and adopt the Gaussian expansion method (GEM) in
Sec. III. And then, in Sec. IV we present the results of
the form factors of theΛb → Λcð2625Þ and Ξb → Ξcð2815Þ
transitions and further evaluate the corresponding semi-
leptonic decays and color-allowed two-body nonleptonic
decays. Finally, this paper ends with the discussion and
conclusion.

II. THE TRANSITION FORM FACTORS OF THE
BOTTOM BARYON TO THE CHARMED BARYON

The b → c weak decay is usually dependent on the
hadronic structure reflected by the baryon to baryon weak
transition matrix element hBcjc̄γμð1 − γ5ÞbjBbi. In this
section, we briefly introduce how to calculate the matrix
element. Since the constituent quarks are confined in
hadron, the matrix element cannot be calculated by the
perturbative QCD. Usually, the matrix element can be
parametrized in terms of a series of dimensionless form
factors [28], i.e.,

hBcð3=2−Þjc̄γμbjBbð1=2þÞi

¼ ūαðP0; J0zÞ
�
gV1 ðq2Þgαμ þ gV2 ðq2Þ

Pα

M
γμ þ gV3 ðq2Þ

PαP0μ

MM0

þ gV4 ðq2Þ
PαPμ

M2

�
uðP; JzÞ; ð2:1Þ

hBcð3=2−Þjc̄γμγ5bjBbð1=2þÞi

¼ ūαðP0; J0zÞ
�
fA1 ðq2Þgαμ þ fA2 ðq2Þ

Pα

M
γμ þ fA3 ðq2Þ

PαP0μ

MM0

þ fA4 ðq2Þ
PαPμ

M2

�
γ5uðP; JzÞ; ð2:2Þ

whereM andM0 are the masses of the initial bottom baryon
and the final charmed baryon, respectively. P and P0 are the
corresponding three-momentum, and Jz and J0z are the third
components of the spins. Here, we ignore the spin quantum
number since they are definite.
In this work, we use the standard light-front quark model

to calculate the relevant form factors. The light-front quark
model, which was proposed by Terentev and Berestetsky in
a relativistic quark model [56,57] based on the light front
formalism and light front quantization of QCD, have been

1In this work, we do not consider several other possible spin
3=2 Λc and Ξc resonances such as the Λcð2860Þ [39] and
Ξcð2645Þ [40], which have a positive parity different from that
of the Λcð2625Þ and Ξcð2815Þ. Here, the Λcð2860Þ and Ξcð2645Þ
are good candidates ofD-wave [41] and S-wave charmed baryons
[42], while the discussed Λcð2625Þ and Ξcð2815Þ are assigned as
P-wave charmed baryons.
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widely and successfully used in studying the weak decay
form factors (see Ref. [58] and its references). In this work,
we take the same framework [27,59,60] to calculate the
relevant form factors. In the concrete calculation, there
exists input of the spatial wave function of these discussed
baryon states. Usually, one takes a simple harmonic
oscillator wave function, which must result in the calculated
physical quantities dependent on the β value, which is the
parameter in the simple harmonic oscillator wave function.
For avoiding such problems, we proposed to directly adopt
the numerical spatial wave function by solving the
potential model with the help of the Gaussian expansion
method [31,32]. In analog to Refs. [27,49,59,61–65], the
vertex function of a single heavy flavor baryon BQ with spin
J and momentum P can be written as

jBQðP; J; JzÞi

¼
Z

d3p̃1

2ð2πÞ3
d3p̃2

2ð2πÞ3
d3p̃3

2ð2πÞ3 2ð2πÞ
3

×
X

λ1;λ2;λ3

ΨJ;Jzðp̃i; λiÞCαβγδ3ðP̃ − p̃1 − p̃2 − p̃3Þ

× Fq1q2Qjq1αðp̃1; λ1Þijq2βðp̃2; λ2ÞijQγðp̃3; λ3Þi; ð2:3Þ

where Cαβγ and Fq1q2q3 represent the color and flavor
factors, respectively, and λi and pi (i ¼ 1, 2, 3) are the
helicities and light-front momenta of the on-mass-shell
quarks, respectively, defined as

p̃i ¼ ðpþ
i ; p⃗i⊥Þ; pþ

i ¼ p0
i þ p3

i ; p⃗i⊥ ¼ ðp1
i ; p

2
i Þ:

ð2:4Þ

For describing the motions of the constituents, we should
introduce the intrinsic variables ðxi; k⃗iÞ (i ¼ 1, 2, 3)

pþ
i ¼ xiPþ; p⃗i⊥ ¼ xiP⃗i⊥ þ k⃗i⊥;X3

i¼1

k⃗i⊥ ¼ 0;
X3
i¼1

xi ¼ 1; ð2:5Þ

where xi are the light-front momentum fractions constrained
by 0 < xi < 1.
In this work, the spin-spatial wave functions for anti-

triplet single heavy baryon BQð3̄f; JP ¼ 1=2þÞ and
BQð3̄f; JP ¼ 3=2−Þ are written as [66–68]

Ψ1=2;Jzðp̃i; λiÞ ¼ A0ūðp1; λ1Þ½ð=PþM0Þγ5�vðp2; λ2Þ
× ūQðp3; λ3ÞuðP; JzÞψðxi; k⃗iÞ;

Ψ3=2;Jzðp̃i; λiÞ ¼ B0ūðp1; λ1Þ½ð=PþM0Þγ5�vðp2; λ2Þ
× ūQðp3; λ3ÞKαuαðP; JzÞψðxi; k⃗iÞ; ð2:6Þ

respectively.

As the fundamental inputs, the spatial wave functions ψ
should be discussed here. Usually, the single heavy flavor
baryon is regarded as a quasi-two-body bound state of the
light quark cluster with heavy quark [b (or c)] to form the
ρ-mode excitation. The spatial wave function of a single
heavy baryon can be written as [27,59,60]

ψðxi; k⃗iÞ ¼ Nψ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1e2e3

x1x2x3M0

r
ϕρ

�
m1k⃗2 −m2k⃗1
m1 þm2

�

× ϕλ

�ðm1 þm2Þk⃗3 −m3ðk⃗1 þ k⃗2Þ
m1 þm2 þm3

�
; ð2:7Þ

where k⃗i ¼ ðk⃗i⊥; kizÞ with [27]

kiz ¼
xiM0

2
−
m2

i þ k⃗2i⊥
2xiM0

: ð2:8Þ

The ϕρðλÞ is the spatial wave function of ρðλÞ-mode
excitation.
The normalized factors in Eq. (2.6) are expressed as

A0 ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

16PþM3
0ðe1 þm1Þðe2 þm2Þðe3 þm3Þ

q ;

B0 ¼
ffiffiffi
3

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16PþM3

0ðe1 þm1Þðe2 þm2Þðe3 −m3Þðe3 þm3Þ2
q ;

where the factor in Eq. (2.7) isNψ ¼ ð4π3=2Þ2 for the ground
state and Nψ ¼ ð4π3=2Þ2= ffiffiffi

3
p

for the P-wave state. These
factors are determined by the following normalizations:

X
Jz;J0z

hBQðP0; J; J0zÞjBQðP; J; JzÞi

¼
X
Jz;J0z

2ð2πÞ3Pþδ3ðP̃ − P̃0ÞδJz;J0z ; ð2:9Þ

and

Z �Y3
i¼1

dxid2k⃗i⊥
2ð2πÞ3

�
2ð2πÞ3δ

�
1 −

X
i

xi

�

× δ2
�X

i

k⃗i⊥
�
ψ�ðxi; k⃗iÞψðxi; k⃗iÞ ¼ 1: ð2:10Þ

With the above vertex wave functions in the framework
of LFQM, the general expression of the weak transition
matrix element can be expressed as
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hBcðP0; J0zÞjc̄Γμ
i bjBbðP; JzÞi ¼

Z �
dx1d2k⃗1⊥
2ð2πÞ3

��
dx2d2k⃗2⊥
2ð2πÞ3

�
ψ�
cðx0i; k⃗0i⊥Þψbðxi; k⃗i⊥Þ

ð16= ffiffiffi
3

p Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x3x03M

3
0M

03
0

q

×
Tr½ð=P0 −M0

0Þγ5ð=p1 þm1Þð=PþM0Þγ5ð=p2 −m2Þ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe1 þm1Þðe2 þm2Þðe3 þm3Þðe01 þm0

1Þðe02 þm0
2Þðe03 −m0

3Þðe03 þm0
3Þ2

p
× ūαðP0; J0zÞK0αð=p0

3 þm0
3ÞΓμ

i ð=p3 þm3ÞuðP; JzÞ: ð2:11Þ

Here, the Lorentz structures is defined as Γμ
i ¼ fγμ; γμγ5g, K0 ¼ ½ðm0

1 þm0
2Þp0

3 −m0
3ðp0

1 þ p0
2Þ�=ðm0

1 þm0
2 þm0

3Þ is the
λ-mode momentum of the P-wave charmed baryon, and the ψb and ψc are the spatial wave functions of the bottom baryon
and the charmed baryon, respectively.
Next, we should introduce how to extract the form factors by setting the qþ ¼ 0 and q⃗⊥ ≠ 0 condition. To extract the four

form factors of the vector current, we multiply ūðP; JzÞΓV;μβ
i uβðP0; J0zÞ on both sides of Eq. (2.11) with specifically setting

Γμ
i ¼ γμ, and then sum over the polarizations of the initial and the final baryons. The left side can be replaced by Eq. (2.1),

and the right side can be calculated by performing the traces and then the integrations. The Lorentz structures are chosen as
ΓV;μβ
i ¼ fgβμ; Pβγμ; PβP0μ; PβPμg [54,55]. The complete expressions of the form factors of the vector current are

gV1 ðq2Þ ¼ −
1

2Q̃þ
GV

1 ðq2Þ −
M0

0

2Q̃−Q̃þ
GV

2 ðq2Þ þ
M2

0 þM0M0
0 þM02

0 − q2

Q̃−Q̃
2þ

GV
3 ðq2Þ −

M02
0

Q̃−Q̃
2þ
GV

4 ðq2Þ;

gV2 ðq2Þ ¼ −
MM0

0

2Q̃−Q̃þ
GV

1 ðq2Þ −
2MM02

0

Q̃2
−Q̃þ

GV
2 ðq2Þ þ

MM0
0ðM2

0 þ 4M0M0
0 þM02

0 − q2Þ
Q̃2

−Q̃
2þ

GV
3 ðq2Þ þ

2MM03
0

Q̃2
−Q̃

2þ
GV

4 ðq2Þ;

gV3 ðq2Þ ¼
MM0ðM2

0 þM0M0
0 þM02

0 − q2Þ
Q̃−Q̃

2þ
GV

1 ðq2Þ þ
MM0M0

0ðM2
0 þ 4M0M0

0 þM02
0 − q2Þ

Q̃2
−Q̃

2þ
GV

2 ðq2Þ

−
2MM0ðM4

0 þ 2M3
0M

0
0 þ 2M0M0

0ðM02
0 − q2Þ þ ðM02

0 − q2Þ2 þ 2M2
0ð6M02

0 − q2ÞÞ
Q̃2

−Q̃
3þ

GV
3 ðq2Þ

þ 4MM0M02
0 ð2M2

0 −M0M0
0 þ 2ðM02

0 − q2ÞÞ
Q̃2

−Q̃
3þ

GV
4 ðq2Þ;

gV4 ðq2Þ ¼ −
M2M02

0

Q̃−Q̃
2þ
GV

1 ðq2Þ þ
2M2M03

0

Q̃2
−Q̃

2þ
GV

2 ðq2Þ þ
4M2M02

0 ð2M2
0 −M0M0

0 þ 2ðM02
0 − q2ÞÞ

Q̃2
−Q̃

3þ
GV

3 ðq2Þ −
20M2M04

0

Q̃2
−Q̃

3þ
GV

4 ðq2Þ;

ð2:12Þ

whereM andM0 are the physical masses of the bottom and charmed baryons, respectively, and Q̃� ¼ ðM0 �M0
0Þ2 − q2 with

Mð0Þ2
0 ¼ k⃗ð0Þ21⊥ þmð0Þ2

1

x1
þ k⃗ð0Þ22⊥ þmð0Þ2

2

x2
þ k⃗ð0Þ23⊥ þmð0Þ2

3

x3
ð2:13Þ

being the invariant mass square [27]. Besides,

GV
ð1;2;3;4Þðq2Þ ¼

Z �
dx1d2k⃗1⊥
2ð2πÞ3

��
dx2d2k⃗2⊥
2ð2πÞ3

�
ψbðxi; k⃗i⊥Þψ�

cðx0i; k⃗0i⊥Þffiffiffiffiffiffiffiffiffi
x3x03

p A0B0
0Tr½� � ��

× Tr½ðGBc
ÞβαK0αð=p0

3 þm0
3Þγμð=p3 þm3Þð=PþM0ÞΓV;β

ð1;2;3;4Þ;μ� ð2:14Þ

with

A0 ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16M3

0ðe1 þm1Þðe2 þm2Þðe3 þm3Þ
q

; ð2:15Þ

B0
0 ¼

ffiffiffi
3

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16M03

0 ðe01 þm0
1Þðe02 þm0

2Þðe03 −m0
3Þðe03 þm0

3Þ2
q

; ð2:16Þ
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Tr½� � �� ¼ Tr½ð=P0 −M0
0Þγ5ð=p1 þm1Þð=P −M0Þγ5ð=p2 −m2Þ�; ð2:17Þ

ðGBc
Þμν ¼ −ð=P0 þM0

0Þ
�
gμν −

1

3
γμγν −

2

3M02
0

P0μP0ν −
1

3M0
0

ðγμP0ν − γνP0μÞ
�
: ð2:18Þ

Analogously, the form factors of the axial-vector current can be extracted with the structures ūðP; JzÞΓA;μβ
i uβðP0; J0zÞ, where

ΓA;μβ
i ¼ fgβμγ5; Pβγμγ5; PβP0μγ5; PβPμγ5g is defined. The complete expressions of the form factors of the axial-vector current

are expressed as

fA1 ðq2Þ ¼
1

2Q̃−
FA
1 ðq2Þ−

M0
0

2Q̃−Q̃þ
FA
2 ðq2Þ−

M2
0 −M0M0

0 þM02
0 − q2

Q̃2
−Q̃þ

FA
3 ðq2Þ þ

M02
0

Q̃2
−Q̃þ

FA
4 ðq2Þ;

fA2 ðq2Þ ¼
MM0

0

2Q̃−Q̃þ
FA
1 ðq2Þ−

2MM02
0

Q̃−Q̃
2þ
FA
2 ðq2Þ−

MM0
0ðM2

0 − 4M0M0
0 þM02

0 − q2Þ
Q̃2

−Q̃
2þ

FA
3 ðq2Þ −

2MM03
0

Q̃2
−Q̃

2þ
FA
4 ðq2Þ;

fA3 ðq2Þ ¼ −
MM0ðM2

0 −M0M0
0 þM02

0 − q2Þ
Q̃2

−Q̃þ
FA
1 ðq2Þ þ

MM0M0
0ðM2

0 − 4M0M0
0 þM02

0 − q2Þ
Q̃2

−Q̃
2þ

FA
2 ðq2Þ

þ 2MM0ðM4
0 − 2M3

0M
0
0 − 2M0M0

0ðM02
0 − q2Þ þ ðM02

0 − q2Þ2 þ 2M2
0ð6M02

0 − q2ÞÞ
Q̃3

−Q̃
2þ

FA
3 ðq2Þ

−
4MM0M02

0 ð2M2
0 þM0M0

0 þ 2ðM02
0 − q2ÞÞ

Q̃3
−Q̃

2þ
FA
4 ðq2Þ;

fA4 ðq2Þ ¼
M2M02

0

Q̃2
−Q̃þ

FA
1 ðq2Þ þ

2M2M03
0

Q̃2
−Q̃

2þ
FA
2 ðq2Þ −

4M2M02
0 ð2M2

0 þM0M0
0 þ 2ðM02

0 − q2ÞÞ
Q̃3

−Q̃
2þ

FA
3 ðq2Þ þ

20M2M04
0

Q̃3
−Q̃

2þ
FA
4 ðq2Þ; ð2:19Þ

where

FV
ð1;2;3;4Þðq2Þ ¼

Z �
dx1d2k⃗1⊥
2ð2πÞ3

��
dx2d2k⃗2⊥
2ð2πÞ3

�
ψbðxi; k⃗i⊥Þψ�

cðx0i; k⃗0i⊥Þffiffiffiffiffiffiffiffiffi
x3x03

p A0B0
0Tr½� � ��

× Tr½ðGBc
ÞβαK0αð=p0

3 þm0
3Þγμγ5ð=p3 þm3Þð=PþM0ÞΓA;β

ð1;2;3;4Þ;μ�: ð2:20Þ

All the traces in Eqs. (2.14), (2.17), and (2.20) are
calculable with the help of the FeynCalc program [69–71],
where the following relations

P · P ¼ M2
0; P0 · P0 ¼ M02

0 ;

P · P0 ¼ ðM2
0 þM02

0 − q2Þ=2;
p1 · P ¼ e1M0; p2 · P ¼ e2M0;

p1 · P0 ¼ e01M
0
0; p2 · P0 ¼ e02M

0
0;

p1 · p2 ¼ ðM2
0 þm2

3 −m2
1 −m2

2 − 2e3M0Þ=2; ð2:21Þ

are used. We also have pð0Þ2
i ¼ mð0Þ2

i with mð0Þ
i being the

mass of corresponding quark. Moreover, eð0Þi , the energy of
ið0Þth quark, is defined as

e0i ¼
1

2

�
xð0Þi Mð0Þ

0 þmð0Þ2
i þ k⃗ð0Þ2i⊥
xð0Þi Mð0Þ

0

�
: ð2:22Þ

III. THE SEMIRELATIVISTIC POTENTIAL
MODEL FOR GETTING BARYON WAVE

FUNCTION

In Refs. [26–28,59], the spatial wave function of baryon
is usually treated as a simple harmonic oscillator form with
a phenomenological parameter β, which results in the β
dependence of the calculated form factors. For avoiding
the β dependence of the result, we can take the numerical
spatial wave function as input, which is obtained by
solving the three-body Schrödinger equation with the
semirelativistic potential model. So, in the present section,
we should introduce the semirelativistic potential model
and the GEM.
In the study of baryon spectroscopy, the baryon wave

function and its mass can be obtained by solving the
Schrödinger equation

HjΨJ;MJ
i ¼ EjΨJ;MJ

i ð3:1Þ
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with the Rayleigh-Ritz variational principle, where H
is the Hamiltonian and E is the corresponding eigenvalue.
In this calculation, the semirelativistic potential, which
was given in Ref. [43], are applied. The concerned
Hamiltonian [31,32,43]

H ¼ K þ
X
i<j

ðSij þ Gij þ VsoðsÞ
ij þ VsoðvÞ

ij þ V ten
ij þ Vcon

ij Þ

ð3:2Þ

includes the kinetic energy K ¼ P
i¼1;2;3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ p2
i

p
, the

linear confinement term Sij:

Sij ¼ −
3

4

�
brij

�
e−σ

2
ijr

2
ijffiffiffi

π
p

σijrij
þ
�
1þ 1

2σ2ijr
2
ij

�
2ffiffiffi
π

p

×
Z

σijrij

0

e−x
2

dx

��
Fi · Fj þ

c
3

ð3:3Þ

with

σ2ij ¼ σ20

�
1

2
þ 1

2

�
4mimj

ðmi þmjÞ2
�

4

þ s2
�

2mimj

mi þmj

�
2
�
; ð3:4Þ

the Coulomb-like potential Gij:

Gij ¼
X
k

αk
rij

�
2ffiffiffi
π

p
Z

τkrij

0

e−x
2

dx
�
Fi · Fj; ð3:5Þ

the scalar typed spin-orbit interaction VsoðsÞ:

VsoðsÞ
ij ¼ −

rij ×pi ·Si

2m2
i

1

rij

∂Sij
∂rij

þ rij ×pj ·Sj

2m2
j

1

rij

∂Sij
∂rij

; ð3:6Þ

the vector typed spin-orbit interaction VsoðvÞ:

VsoðvÞ
ij ¼ rij × pi · Si

2m2
i

1

rij

∂Gij

∂rij
−
rij × pj · Sj

2m2
j

1

rij

∂Gij

∂rij

−
rij × pj · Si − rij × pi · Sj

mimj

1

rij

∂Gij

∂rij
; ð3:7Þ

the tensor potential V tens:

V tens
ij ¼ −

1

mimj

�
ðSi · r̂ijÞðSj · r̂ijÞ −

Si · Sj

3

�

×

�
∂
2Gij

∂r2ij
−

∂Gij

rij∂rij

�
; ð3:8Þ

and the spin-dependent contact potential Vcon:

Vcon
ij ¼ 2Si · Sj

3mimj
∇2Gij; ð3:9Þ

wheremi stands for the mass of constituent quark i, and the
Si is the corresponding spin operator. hFi · Fji ¼ −2=3 is
for quark-quark interaction [72]. It is worthy to note that
the running coupling constant αs is defined as [43,72]

αsðrÞ ¼
X3
k¼1

αk
2ffiffiffi
π

p
Z

γkr

0

e−x
2

dx ð3:10Þ

in Eq. (3.5). Here, fα1;α2; α3g ¼ f0.25; 0.15; 0.20g, and

τk ¼
γkσijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2k þ σ2ij

q ð3:11Þ

with fγ1; γ2; γ3g ¼ f1=2; ffiffiffiffiffi
10

p
=2;

ffiffiffiffiffiffiffiffiffiffi
1000

p
=2g. The remain-

ing parameters are collected into Table I.
For partially compensating relativistic effect in the

nonrelativistic limit, the following transformation [43,72]

Gij →

�
1þ p2

EiEj

�
1=2

Gij

�
1þ p2

EiEj

�
1=2

;

Vk
ij

mimj
→

�
mimj

EiEj

�
1=2þϵk Vk

ij

mimj

�
mimj

EiEj

�
1=2þϵk ð3:12Þ

should be made, where Ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p
is the energy of ith

constituent quark, the subscript k are used to distinguish the
contributions from the contact, tensor, vector spin-orbit,
and scalar spin-orbit terms, and the ϵk are used to represent
the relevant modification parameters.
By fitting the mass spectrum of the single charmed and

single bottom baryon, the model parameters in the semi-
relativistic potential model are obtained as collected in
Table I.
The total wave function of a baryon can be written as

ΨJ;MJ
¼

X
α

CðαÞΨðαÞ
J;MJ

;

ΨðαÞ
J;MJ

¼ χcolorfχspinS;MS
ψpartial
L;ML

g
J;MJ

ψ flavor; ð3:13Þ

which is composed of color, spin, spatial, and flavor terms,
where CðαÞ denotes the coefficient with α being the possible
quantum number. The color wave function χcolor ¼ ðrgb −
rbgþ gbr − grbþ brg − bgrÞ= ffiffiffi

6
p

is universal for any
baryons. In the SU(2) flavor symmetry, the flavor wave
function is expressed as ψ flavor

ΛQ
¼ ðud − duÞQ=

ffiffiffi
2

p
for the

ΛQ-typed baryon, while the flavor wave function is
ψ flavor
ΞQ

¼ ðns − snÞQ=
ffiffiffi
2

p
with n ¼ u (or d) and Q ¼ b

(or c) for a ΞQ-typed baryon. The subscripts S and L
represent the total spin and total orbital angular momentum,
respectively. And ψ spatial

L;ML
is the spatial wave function of

ρ-mode and λ-mode excitation
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ψ spatial
L;ML

¼ fϕlρ;mlρϕlλ;mlλgL;ML
; ð3:14Þ

where the subscripts lρ and lλ are the orbital angular
momentum for the ρ- and λ-mode excitation, respectively.
The single heavy baryon can be regarded as a bound state of
light quark cluster and heavy quark. Here, the ρ-mode
indicates the radial excitation between two light quarks,
while the λ mode stands for the redial excitation between
the light quark cluster and heavy quark. For the concerned
bottom and charmed baryons, the internal Jacobi coordi-
nates can be chosen as

ρ⃗ ¼ r⃗2 − r⃗1; λ⃗ ¼ r⃗3 −
m1r⃗1 þm2r⃗2
m1 þm2

: ð3:15Þ

For easily illustrating this point, we take the Λc resonance
as an example and present the definitions of the ρmode and
λ mode as displayed in Fig. 1.
In the realistic calculation, the Gaussian basis [74–76]

ϕG
nlmðr⃗Þ ¼ ϕG

nlðrÞYlmðr̂Þ;

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ2ð2νnÞlþ3=2ffiffiffi

π
p ð2lþ 1Þ!!

s
lim
ε→0

1

ðνnεÞl
Xkmax

k¼1

Clm;ke−νnðr⃗−εD⃗lm;kÞ2

ð3:16Þ

is adopted to expand the spatial wave functions ϕlρ;mlρ and
ϕlλ;mlλ (n ¼ 1; 2;…; nmax), where the Gaussian size param-
eter νn can be settled as a geometric progression [77]

νn ¼ 1=r2n; rn ¼ rminan−1 ð3:17Þ

with

a ¼
�
rmax

rmin

� 1
nmax−1

: ð3:18Þ

The Gaussian basis in the momentum space ϕG
nlmðk⃗Þ can be

obtained by the replacement r⃗ → k⃗ and νn → 1=ð4νnÞ in
Eq. (3.16). In our calculation, the values of ρmin and ρmax
are set as 0.2 and 2.0 fm, respectively, and nρmax

¼ 6. In the
meantime, the same Gaussian sized parameters are also
applied to the λ-mode excitation.
With above preparation, we can calculate the kinematic,

the potential, and the normalize matrix elements as

Tα0;α ¼ hΨðα0Þ
J;MJ

jKjΨðαÞ
J;MJ

i;
Vα0;α ¼ hΨðα0Þ

J;MJ
jVjΨðαÞ

J;MJ
i;

Nα0;α ¼ hΨðα0Þ
J;MJ

jΨðαÞ
J;MJ

i: ð3:19Þ

Then, the Schrödinger equation in Eq. (3.1) can be solved
by the Rayleigh-Ritz variational principle as

ðTα0;α þ Vα0;αÞCðαÞ ¼ ENα0;αCðαÞ: ð3:20Þ

For clarity, we take the Λcð2625Þ as an example
to illustrate the detailed matrix element defined in
Eq. (3.19). The quantum numbers of Λcð2625Þ are
ðαÞ¼ðlρ;lλ;L;Sρ;S;JÞ¼ð0;1;1;0;1=2;3=2Þ. By expand-
ing the wave function in Eq. (3.13) with nρmax × nλmax

¼
6 × 6 ¼ 36 Gaussian bases in Eq. (3.16), the matrix element
Tα0;α can be written as

Tα0;α ¼

2
666666664

T1;1;1;1 � � � � � � � � �
..
. . .

.

..

.
Tn0ρ;n0λ;nρ;nλ

..

. . .
.

3
777777775
36×36

; ð3:21Þ

where

TABLE I. The parameters adopted in the semirelativistic potential model [73]. Besides, the quark masses are
chosen as mu ¼ 220 MeV, md ¼ 220 MeV, ms ¼ 419 MeV, mc ¼ 1628 MeV, and mb ¼ 4977 MeV [43,72].

Parameters Values Parameters Values

bðGeV2Þ 0.1466� 0.0007 ϵsoðsÞ 0.5000� 0.0762
c (GeV) −0.3490� 0.0050 ϵsoðvÞ −0.1637� 0.0131
σ0 (GeV) 1.7197� 0.0304 ϵtens −0.3790� 0.5011
s 0.5278� 0.0718 ϵcon −0.1612� 0.0015

FIG. 1. The definitions of internal Jacobi coordinates ρ⃗ and λ⃗
when taking the Λc baryon as an example.
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Tn0ρ;n0λ;nρ;nλ
¼ hχspinS0;M0

S
fϕG

n0ρl0ρm0
lρ
ðp⃗ρÞϕG

n0λl
0
λm

0
lλ

ðp⃗λÞgL0;M0
L
jKjχspinS;MS

× fϕG
nρlρmlρ

ðp⃗ρÞϕG
nλlλmlλ

ðp⃗λÞgL;ML
i: ð3:22Þ

Here, we neglect the contributions of the color and flavor
wave functions, since their overlap equals to 1. The matrix
elements Vα0;α and Nα0;α can also be obtained in similar
method.
Now, we can handle the Schrödinger equation to obtain

the eigenvectors and eigenvalues, which correspond to the
baryon wave functions and the masses, respectively. In
Table II, we present our results of the masses and the radial
components of the spatial wave functions of the concerned

baryons. It is obvious that the calculated masses are
consistent with the experimental values [78]. It also
indicates that we can well reproduce the charmed and
bottom baryon spectrum by the adopted potential model,
and the obtained numerical wave functions are as input
when getting the form factors of these discussed weak
transitions.

IV. THE FORM FACTORS AND WEAK DECAYS

A. The weak transition form factors

In the following, we calculate these involved form
factors of the Λb → Λcð2625Þ and Ξb → Ξcð2815Þ

TABLE II. The comparisons of the masses by our calculations and the PDG values [78], and the radial components of spatial wave
functions of the concerned bottomed baryons Λb and Ξb, as well as the P-wave charmed baryons Λcð2625Þ and Ξcð2815Þ from the GI
model and GEM. The Gaussian bases ðnρ; nλÞ listed in the forth column are arranged as ½ð1; 1Þ; ð1; 2Þ;…; ð1; nλmax

Þ; ð2; 1Þ;
ð2; 2Þ;…; ð2; nλmax

Þ;…; ðnρmax
; 1Þ; ðnρmax

; 2Þ;…; ðnρmax
; nλmax

Þ�. For the masses of the Ξb and Ξcð2815Þ, the values for the neutral and
charged states are degenerated in our calculation since the same mass for the u and d quarks is applied in the potential model.

States This work (GeV) Experiment (MeV) [78] Eigenvectors

Λ0
b

5.621� 0.005 5619.60� 0.17 ½0.0068� 0.0007; 0.0442� 0.0014; 0.0732� 0.0016; 0.0032� 0.0003,
0.0011� 0.0001;−0.0004� 0.0000; 0.0270� 0.0012; 0.0204� 0.0010,
0.0273� 0.0022; 0.0067� 0.0004;−0.0027� 0.0001; 0.0007� 0.0000,
−0.017� 0.0002; 0.2541� 0.0058; 0.2427� 0.0006; 0.0005� 0.0002,

0.0060� 0.0001;−0.0017� 0.0000;−0.0037� 0.0003;−0.0426� 0.0010,
0.4052� 0.0028; 0.0253� 0.0025;−0.0023� 0.0007; 0.0004� 0.0002,
0.0071� 0.0001;−0.0052� 0.0008; 0.0105� 0.0008; 0.1224� 0.0015,
−0.0246� 0.0001; 0.0054� 0.0000;−0.0020� 0.0000; 0.0010� 0.0003,
−0.0112� 0.0003;−0.0139� 0.0001; 0.0086� 0.0001;−0.0017� 0.0000�

Ξ0;−
b 5.809� 0.004

5791.9� 0.5
5797.0� 0.6

½0.0069� 0.0008; 0.0293� 0.0012; 0.0543� 0.0016;−0.0002� 0.0003,
0.0014� 0.0001;−0.0004� 0.0000; 0.0231� 0.0013; 0.0397� 0.0003,
0.0278� 0.0018; 0.0114� 0.0003;−0.0037� 0.0000; 0.0009� 0.0000,
−0.0093� 0.0003; 0.2285� 0.0053; 0.2601� 0.0007;−0.0165� 0.0004,
0.0100� 0.0000;−0.0026� 0.0000;−0.0043� 0.0005;−0.0094� 0.0001,
0.3992� 0.0037; 0.0525� 0.0026;−0.0092� 0.0006; 0.0019� 0.0001,
0.0048� 0.0001;−0.0108� 0.0005; 0.0095� 0.0005; 0.0813� 0.0015,
−0.0145� 0.0002; 0.0033� 0.0000;−0.0011� 0.0000; 0.0011� 0.0002,
−0.0052� 0.0002;−0.0070� 0.0001; 0.0034� 0.0001;−0.0007� 0.0000�

Λþ
c ð2625Þ 2.623� 0.007 2628.11� 0.19

½0.0012� 0.0001; 0.0148� 0.0007; 0.0760� 0.0021; 0.0359� 0.0004,
−0.0044� 0.0001; 0.0010� 0.0000; 0.0066� 0.0003; 0.0059� 0.0002,
0.0376� 0.0018; 0.0183� 0.0015;−0.0034� 0.0002; 0.0008� 0.0000,
−0.0027� 0.0000; 0.0767� 0.0022; 0.2861� 0.0039; 0.1060� 0.0001,
−0.0126� 0.0001; 0.0027� 0.0000; 0.0031� 0.0002;−0.0383� 0.0002,
0.2926� 0.0013; 0.2054� 0.0037;−0.0346� 0.0004; 0.0082� 0.0001,
0.0028� 0.0001;−0.0030� 0.0001;−0.0008� 0.0012; 0.1395� 0.0009,
−0.0074� 0.0003; 0.0018� 0.0001;−0.0010� 0.0000; 0.0017� 0.0000,
−0.0077� 0.0004;−0.0222� 0.0001; 0.0072� 0.0000;−0.0013� 0.0000�

Ξ0;þ
c ð2815Þ 2.811� 0.006

2819.79� 0.30
2816.51� 0.25

½0.0012� 0.0001; 0.0100� 0.0005; 0.0553� 0.0020; 0.0231� 0.0005,
−0.0029� 0.0001; 0.0006� 0.0000; 0.0065� 0.0003; 0.0119� 0.0001,
0.0432� 0.0013; 0.0252� 0.0011;−0.0043� 0.0001; 0.0010� 0.0000,
−0.0017� 0.0000; 0.0715� 0.0018; 0.2859� 0.0038; 0.0892� 0.0000,
−0.0110� 0.0000; 0.0023� 0.0000; 0.0042� 0.0001;−0.0307� 0.0000,
0.3138� 0.0014; 0.2328� 0.0038;−0.0377� 0.0004; 0.0089� 0.0001,
0.0017� 0.0000;−0.0036� 0.0001;−0.0046� 0.0008; 0.1014� 0.0011,
−0.0049� 0.0002; 0.0012� 0.0000;−0.0005� 0.0000; 0.0011� 0.0000,
−0.0032� 0.0002;−0.0122� 0.0000; 0.0031� 0.0000;−0.0006� 0.0000�
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transitions numerically. The masses of baryons are quoted
from the Particle Data Group (PDG) [78], and the spatial
wave functions illustrated in Sec. III are shown in Table II.
Equations (2.14) and (2.20) are worked in spacelike

region (q2 < 0), since we have set the qþ ¼ 0 condition.
We need to extrapolate the obtained form factors to the
timelike region (q2 > 0). To do the extrapolation, we take
advantage of the z-series parametrization as

fðq2Þ ¼ 1

1 − q2=ðmf
poleÞ2

½a0 þ a1zfðq2Þ�; ð4:1Þ

where af0 and af1 are free parameters needed to be fitted in
spacelike region, and we have [79–84]

zfðq2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tfþ − q2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tfþ − t0

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tfþ − q2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tfþ − t0

q ; ð4:2Þ

with tf� ¼ ðM �M0Þ2. The parameter t0 is chosen as
[82,84]

0 ≤ t0 ¼ tþ

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

t−
tþ

r �
≤ t−: ð4:3Þ

The pole masses are chosen as mBc
¼ 6.275 GeV [78]

for gVð1;3;4Þ, mB�
c
¼ 6.338 GeV [85] for gV2 , mBc0

¼
6.706 GeV [85] for fAð1;3;4Þ, and mBc1

¼ 6.741 GeV [85]

for fA2 . In order to fix the free parameters af0 and af1 , we
numerically compute 24 points for each form factors
from q2 ¼ −q2max to q2 ¼ −0.01 GeV2 in the spacelike
region, and then fit them with the MINUIT program. The
fitted parameters are collected in Table III, and the q2

dependence of the form factors of Λb → Λcð2625Þ and
Ξb → Ξcð2815Þ transitions are displayed in Fig. 2.
In Table III, we also present the χ2 values, which is

defined by

χ2 ¼ 1

nðn − 1Þ
Xn
i¼1

�
fcalðq2i Þ − fanaðq2i Þ

δfcalðq2i Þ
�

2

; ð4:4Þ

to characterize the analytical continuation, where n ¼ 24,
the fcal and fana represent the calculated value by quark

FIG. 2. The q2 dependent form factors of the Λb → Λcð2625Þ (top panels) and Ξb → Ξcð2815Þ (bottom panels) transitions. Here, the
uncertainties are also added. However, they are not obvious when we present the corresponding results.
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model and the value of analytical continuation. The δfcal is
the error of fcal. Considering that the z-series parametriza-
tion have been widely used to perform the analytical
continuation, and the χ2 value in our fitting is suitable,
in this work we take the z-series form to deal with the
parametrization.
In Table IV, we compare our results of the form factors

gVð1;2;3;4Þðq2Þ and fAð1;2;3;4Þðq2Þ at the q2 ¼ 0 and q2 ¼ q2max

end points of the Λb → Λcð2625Þ transition with the other
theoretical predictions by LFQM [28] and LQCD [35]. The
results of LQCD are reproduced with Table IX in Ref. [35].
In particular, the central value O and the corresponding
statistical uncertainty σO;stat are reproduced by the so-called
nominal-order fitting, i.e.,

fðq2Þ ¼ Ff þ Afðωðq2Þ − 1Þ;

ωðq2Þ ¼ M2 þM02 − q2

2MM0 ; ð4:5Þ

and the systematic uncertainty can be obtained by

σO;syst ¼ max
�
jOHO −Oj;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jσ2O;HO;stat − σ2O;statj

q �
; ð4:6Þ

where OHO and σO;HO;stat are the central value and the
corresponding statistical uncertainty in the “higher-order”
fitting:

fHOðq2Þ ¼ Ff
HO þ Af

HOðωðq2Þ − 1Þ: ð4:7Þ

Finally, the total uncertainty can be obtained by adding the
systematic and statistical uncertainties in quadrature as

σO;total ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2O;syst − σ2O;stat

q
: ð4:8Þ

TABLE IV. The theoretical predictions for the form factors gVð1;2;3;4Þðq2Þ and fAð1;2;3;4Þðq2Þ at q2 ¼ 0 and q2 ¼ q2max end points of the
Λb → Λcð2625Þ transition using different approaches.

gV1 ð0Þ gV2 ð0Þ gV3 ð0Þ gV4 ð0Þ
This Work 0.0352� 0.0002 0.9023� 0.0018 −0.0621� 0.0002 −0.1909� 0.0005
LFQM [28] −0.007þ0.037

−0.026 0.509þ0.184
−0.173 0.088þ0.039

−0.043 0.004þ0.058
−0.053

fA1 ð0Þ fA2 ð0Þ fA3 ð0Þ fA4 ð0Þ
This Work −0.0469� 0.0003 0.6003� 0.0006 0.0876� 0.0003 −0.2202� 0.0007
LFQM [28] 0.028þ0.065

−0.032 0.545þ0.111
−0.104 0.022þ0.033

−0.091 −0.005þ0.104
−0.068

gV1 ðq2maxÞ gV2 ðq2maxÞ gV3 ðq2maxÞ gV4 ðq2maxÞ
This Work 0.0603� 0.0003 1.6412� 0.0023 −0.1171� 0.0003 −0.3639� 0.0006
LFQM [28] −0.009þ0.046

−0.033 0.737þ0.267
−0.251 0.115þ0.051

−0.056 0.005þ0.072
−0.066

LQCD [35] 0.0692� 0.0045 1.1340� 0.1556 −0.7977� 0.3646 0.2117� 0.2795

fA1 ðq2maxÞ fA2 ðq2maxÞ fA3 ðq2maxÞ fA4 ðq2maxÞ
This Work −0.0800� 0.0004 1.0470� 0.0007 0.1636� 0.0004 −0.4115� 0.0008
LFQM [28] 0.035þ0.082

−0.040 0.756þ0.154
−0.144 0.027þ0.041

−0.114 −0.006þ0.131
−0.086

LQCD [35] −0.0660� 0.0280 0.8310� 0.0978 1.3386� 3.4803 0.1795� 2.9081

TABLE III. The fitted parameters for the form factors of the Λb → Λcð2625Þ and Ξb → Ξcð2815Þ transitions in Eq. (4.1).

f a0 a1 χ2 f a0 a1 χ2

Λb → Λcð2625Þ
gV1 0.0409� 0.0002 −0.3224� 0.0053 0.015 fA1 −0.0555� 0.0003 0.4855� 0.0074 0.026
gV2 1.0889� 0.0016 −10.5808� 0.0459 0.460 fA2 0.7205� 0.0005 −6.8173� 0.0168 1.240
gV3 −0.0763� 0.0002 0.8045� 0.0046 0.310 fA3 0.1093� 0.0003 −1.2327� 0.0075 0.363
gV4 −0.2360� 0.0004 2.5599� 0.0127 0.473 fA4 −0.2749� 0.0006 3.1018� 0.0169 0.455

Ξb → Ξcð2815Þ
gV1 0.0397� 0.0002 −0.3688� 0.0065 0.016 fA1 −0.0549� 0.0003 0.5577� 0.0091 0.028
gV2 1.1750� 0.0016 −13.1039� 0.0538 0.564 fA2 0.7629� 0.0006 −8.3589� 0.0203 1.403
gV3 −0.0884� 0.0002 1.0549� 0.0064 0.297 fA3 0.1281� 0.0003 −1.6232� 0.0103 0.361
gV4 −0.2719� 0.0004 3.3205� 0.0139 0.710 fA4 −0.3167� 0.0006 3.9975� 0.0189 0.625
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The definitions of the form factors used in LQCD
[34,35] can be converted into the present forms by the
relations in Appendix 2 of Ref. [34] combined with

gV1 ¼FV
1 ; gV2 ¼FV

2 ; gV3 ¼FV
3 −M0=MFV

4 ; gV4 ¼FV
4 ;

fA1 ¼FA
1 ; fA2 ¼FA

2 ; fA3 ¼FA
3 −M0=MFA

4 ; fA4 ¼FA
4 :

ð4:9Þ

We emphasize that only the q2max end point values are
presented, since the LQCD’s results are limited to small
kinematic region near q2max. Our results of gV1;2ðq2maxÞ and
fA1;2ðq2maxÞ are comparable with the LQCD’s results, while
others show some deviations. We expect more theoretical
works on these form factors to further enrich our knowl-
edge on these weak decays.
Besides, with the heavy quark effective theory (HQET),

one can rewrite the weak transition matrix element of the
concerned Bbð3̄f; 1=2þÞ → Bcð3̄f; 3=2−Þ transition as [28]

hBcðv0ÞjjμV−AjBbðvÞi ¼ −σðωÞūαðv0Þvαγμð1 − γ5ÞuðvÞ;
ð4:10Þ

where v ¼ P=M and v0 ¼ P0=M0 are the velocities of the
initial and the final baryons, respectively. Thus, the form
factors have simpler behavior [28]

gV2 ¼ fA2 ¼ σðωÞ; gV1;2;3 ¼ fA1;2;3 ¼ 0: ð4:11Þ

As shown in Fig. 2, obviously our results of gV2 and fA2 are
apparently larger than those of gVð1;3;4Þ and fAð1;3;4Þ, which is

consistent with the expectation from HQET.

B. The semileptonic decays

In this section, we further calculate the semileptonic
decays Λ0

b → Λþ
c ð2625Þl−νl and Ξ0;−

b →Ξcð2815Þþ;0l−νl

ðl− ¼ e−; μ−; τ−Þ. The differential decay width of the
semileptonic decay can be obtained by

d2Γ
dq2d cos θl

¼
����GFffiffiffi

2
p Vcb

����2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
QþQ−

p
q2ð1 − m̂l

2Þ2
512π3M3

× ðL1 þ L2 cos θl þ L3 cos 2θlÞ; ð4:12Þ

whereQ� ¼ ðM �M0Þ2 − q2, m̂l
2 ¼ m2

l=q
2 and the angu-

lar coefficients L1, L2, and L3 are given as

L1¼
1

2
ð3þm̂2

lÞðH2
−3=2;−1þH2

−1=2;−1þH2
þ1=2;þ1þH2

þ3=2;þ1Þ
þð1þm̂2

lÞðH2
þ1=2;0þH2

−1=2;0Þ
þ2m̂2

lðH2
þ1=2;tþH2

−1=2;tÞ; ð4:13Þ

L2 ¼ 2ðH2
−3=2;−1 þH2

−1=2;−1 −H2
þ1=2;þ1 −H2

þ3=2;þ1Þ
− 2m̂2

lðRe½H†
þ1=2;0Hþ1=2;t� þ Re½H†

−1=2;0H−1=2;t�
þ Re½Hþ1=2;0H

†
þ1=2;t� þ Re½H−1=2;0H

†
−1=2;t�Þ; ð4:14Þ

L3 ¼ −ð1 − m̂2
lÞðH2

þ1=2;0 þH2
−1=2;0Þ

þ 1 − m̂2
l

2
ðH2

−3=2;−1 þH2
−1=2;−1 þH2

þ1=2;þ1

þH2
þ3=2;þ1Þ: ð4:15Þ

The helicity amplitude Hλ0;λW is defined as

HλBc ;λW
¼ ϵ�μðλWÞhBcðP0; λBc

ÞjVμ − AμjBbðP; λBb
Þi ð4:16Þ

with λ, λ0, and λW denoting the helicities of the initial state
Bb, the final state Bc, and the off-shell W boson, respec-
tively. We have the relation λ ¼ λ0 − λW . Their concerned
expressions are [86]

HV
1=2;t ¼

ffiffiffiffiffiffiffiffiffiffi
2

3

Q−

q2

s
Qþ

2MM0

�
gV1 ðq2ÞM þ gV2 ðq2ÞM− þ gV3 ðq2Þ

MþM− − q2

2M0 þ gV4 ðq2Þ
MþM− þ q2

2M

�
;

HV
1=2;0 ¼

ffiffiffiffiffiffiffiffiffiffi
2

3

Qþ
q2

s �
gV1 ðq2Þ

MþM− − q2

2M0 þ gV2 ðq2Þ
Q−Mþ
2MM0 þ gV3 ðq2Þ

QþQ−

4MM02 þ gV4 ðq2Þ
QþQ−

4M2M0

�
;

HV
1=2;1 ¼

ffiffiffiffiffiffiffi
Qþ
3

r �
gV1 ðq2Þ − gV2 ðq2Þ

Q−

MM0

�
;

HV
3=2;1 ¼

ffiffiffiffiffiffiffi
Qþ

p
gV1 ðq2Þ; ð4:17Þ
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HA
1=2;t ¼ −

ffiffiffiffiffiffiffiffiffiffi
2

3

Qþ
q2

s
Q−

2MM0

�
fA1 ðq2ÞM − fA2 ðq2ÞMþ þ fA3 ðq2Þ

MþM− − q2

2M0 þ fA4 ðq2Þ
MþM− þ q2

2M

�
;

HA
1=2;0 ¼ −

ffiffiffiffiffiffiffiffiffiffi
2

3

Q−

q2

s �
fA1 ðq2Þ

MþM− − q2

2M0 − fA2 ðq2Þ
QþM−

2MM0 þ fA3 ðq2Þ
QþQ−

4MM02 þ fA4 ðq2Þ
QþQ−

4M2M0

�
;

HA
1=2;1 ¼

ffiffiffiffiffiffiffi
Q−

3

r �
fA1 ðq2Þ − fA2 ðq2Þ

Qþ
MM0

�
;

HA
3=2;1 ¼ −

ffiffiffiffiffiffiffi
Q−

p
fA1 ðq2Þ; ð4:18Þ

for the vector current and the axial-vector current, respec-
tively, with M� ¼ M �M0. The negative terms can be
obtained by the relations

HV
−λ0;−λW

¼ þHV
λ0;λW

; HA
−λ0;−λW

¼ −HA
λ0;λW

; ð4:19Þ

and the total helicity amplitudes can be obtained by

Hλ0;λW ¼ HV
λ0;λW

−HA
λ0;λW

: ð4:20Þ

After performing the integral of the angle θl, the
differential decay width can be obtained by

dΓ
dq2

¼
����GFffiffiffi

2
p Vcb

����2
ffiffiffiffiffiffiffiffiffiffi
sþs−

p
q2ð1−m̂2

lÞ2
512π3M3

�
2L1−

2

3
L3

�
: ð4:21Þ

And then, the decay width can be obtained by carrying out
the integral of q2 in the range m2

l to q2max.
Taking the form factors obtained by the light-front quark

model as input, we calculate the semileptonic decays of the
Λb → Λcð2625Þ and Ξb → Ξcð2815Þ processes. The
masses of baryons and leptons are taken from the PDG
[78], and the lifetimes of Λ0

b and Ξ−;0
b are fixed to be

τΛ0
b
¼ ð1.471� 0.009Þ fs;

τΞ−
b
¼ ð1.572� 0.040Þ fs;

τΞ0
b
¼ ð1.480� 0.030Þ fs;

respectively, averaged by the PDG [78]. Besides, the
involved Cabibbo-Kobayashi-Maskawa (CKM) matrix
element is Vcb ¼ ð40.8� 1.4Þ × 10−3 [78].
The q2 dependence of the differential branching ratios

are shown in Fig. 3. Since the ones of Ξ−
b → Ξ0

cð2815Þl−νl
act similar with the neutral one, we would not display them
here. In the meantime, we also present the branching ratios,
and compare our results with the experimental data and
other theoretical results, including the CCQM [29], the
HQSS [33], and the constituent quark model (CQM) [20],
in Table V.
Obviously, our result BðΛ0

b → Λþ
c ð2625Þμ−νμÞ ¼

ð1.617� 0.003Þ% is consistent with the current experi-
mental data ð1.3þ0.6

−0.5Þ% [78]. Moreover, the predicted
branching ratios of the electron and muon channels can
reach up to the magnitude of 1%, which are accessible at
LHCb. From Table V, we notice that our results of Λb →
Λcð2625Þl−νl are consistent with the estimate from the
HQSS [33] and the CQM [20] but are larger than the
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FIG. 3. The differential branching ratios of Λ0
b → Λþ

c ð2625Þl−νl and Ξ0
b → Ξþ

c ð2815Þl−νl with l− ¼ e−; μ−; or τ−.
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CCQM results [29]. Besides, we also find that there exists
difference of our result of BðΞb → Ξcð2815Þl−νlÞ and that
given by Ref. [38], where the Ξcð2815Þ resonance is
assumed as the dynamically effect [38]. It shows that the
branching ratios of these discussed transitions are depen-
dent on the different structure assignments to the Λcð2625Þ
and Ξcð2815Þ. We expect more theoretical studies and the
ongoing experiment to explore them, which will be a
crucial test to our result. What is more important is that
different structure assignments to the Λcð2625Þ and
Ξcð2815Þ can be further distinguished.
Additionally, other important physical observables,

including the leptonic forward-backward asymmetry
(AFB), the final hadron polarization (PB), and the
lepton polarization (Pl) are also investigated in this work.
The leptonic forward-backward asymmetry AFB can be
obtained by

AFBðq2Þ¼
ðR 1

0 −
R
0
−1Þdcosθl d2Γ

dq2dcosθl

ðR 1
0 þ

R
0
−1Þdcosθl d2Γ

dq2dcosθl

¼ 3L2

6L1−2L3

: ð4:22Þ

The final hadron polarization PB is defined as

PBðq2Þ ¼
dΓλ0¼ðþ3=2;þ1=2Þ=dq2 − dΓλ0¼ð−3=2;−1=2Þ=dq2

dΓ=dq2
;

ð4:23Þ

with λ0 representing the polarization of the final charmed
hadron, and

dΓλ0¼ðþ3=2;þ1=2Þ

dq2
¼ 4

3
ðð2þ m̂2

lÞðH2
1=2;0 þH2

1=2;1 þH2
3=2;1Þ

þ 3m̂2
lH

2
1=2;tÞ; ð4:24Þ

dΓλ0¼ð−3=2;−1=2Þ

dq2
¼ 4

3
ðð2þ m̂2

lÞðH2
−1=2;0 þH2

−1=2;−1

þH2
−3=2;−1Þ þ 3m̂2

lH
2
−1=2;tÞ: ð4:25Þ

And the lepton polarization Pl can be obtained by

Plðq2Þ ¼
dΓλl¼þ1=2=dq2 − dΓλl¼−1=2=dq2

dΓ=dq2
; ð4:26Þ

with λl denoting the polarization of the lepton l−, and

dΓλl¼þ1=2

dq2
¼ 4

3
m̂2

lðH2
þ1=2;0 þH2

−1=2;0 þH2
1=2;1 þH2

3=2;1

þH2
−1=2;−1 þH2

−3=2;−1 þ 3H2
1=2;t þ 3H2

−1=2;tÞ;
ð4:27Þ

dΓλl¼−1=2

dq2
¼ 8

3
ðH2

1=2;0 þH2
−1=2;0 þH2

1=2;1 þH2
3=2;1

þH2
−1=2;−1 þH2

−3=2;−1Þ: ð4:28Þ

Here, we neglect the common term

����GFffiffiffi
2

p Vcb

����2
ffiffiffiffiffiffiffiffiffiffi
sþs−

p
q2ð1 − m̂2

lÞ2
512π3M3

ð4:29Þ

for abbreviation.
The q2 dependence of the leptonic forward-backward

asymmetries (AFB), the final hadron polarizations (PB), and
the lepton polarizations (Pl) of the concerned semileptonic
decays is displayed in Figs. 4–6, respectively. The future
experimental measurement of these physical observables
may provide valuable information to these discussed weak
decays.
Moreover, we are also interested in the ratios of branching

fractions

RΛcð2625Þ ¼
BðΛb → Λcð2625Þτ−ντÞ
BðΛb → Λcð2625Þl−νlÞ

≈ 0.10;

RΞcð2815Þ ¼
BðΞb → Ξcð2815Þτ−ντÞ
BðΞb → Ξcð2815Þl−νlÞ

≈ 0.10;

TABLE V. The comparison of our numerical results and the experimental measurement, as well as other theoretical results of the
absolute branching ratios of Λ0

b → Λþ
c ð2625Þl−νl and Ξ0;−

b → Ξþ;0
c ð2815Þl−νl with l ¼ e, μ, τ, where the branching ratios out of or in

brackets in the second column correspond to the Ξ0
b → Ξcð2815Þþ and Ξ−

b → Ξcð2815Þ0 transitions, respectively. Here, all values are
given as a percent (%).

Mode This work Experiment [78] CCQM [29] HQSS [33] CQM [20]

Λ0
b → Λþ

c ð2625Þe−νe 1.653� 0.114 � � � 0.17� 0.03 � � � (0.88–1.40)
Λ0
b → Λþ

c ð2625Þμ−νμ 1.641� 0.113 1.3þ0.6
−0.5 0.17� 0.03 3.5þ1.3

−1.2 (0.88–1.40)
Λ0
b → Λþ

c ð2625Þτ−ντ 0.1688� 0.0116 � � � 0.018� 0.004 0.38þ0.09
−0.08 (0.18–0.22)

Ξ0ð−Þ
b → Ξþð0Þ

c ð2815Þe−νe 1.698� 0.122ð1.803� 0.132Þ � � � � � � � � � � � �
Ξ0ð−Þ
b → Ξþð0Þ

c ð2815Þμ−νμ 1.685� 0.121ð1.789� 0.131Þ � � � � � � � � � � � �
Ξ0ð−Þ
b → Ξþð0Þ

c ð2815Þτ−ντ 0.1758� 0.0126ð0.1868� 0.0137Þ � � � � � � � � � � � �
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FIG. 4. The leptonic forward-backward asymmetries (AFB) of Λ0
b → Λþ

c ð2625Þl−νl and Ξ0
b → Ξþ

c ð2815Þl−νl with l− ¼ e−; μ−; or
τ−. Here, the uncertainties are also added. However, they are not obvious when we present the corresponding results.
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FIG. 5. The final hadron polarizations (PB) of Λ0
b → Λþ

c ð2625Þl−νl and Ξ0
b → Ξþ

c ð2815Þl−νl with l− ¼ e−; μ−; or τ−. Here, the
uncertainties are also added. However, they are not obvious when we present the corresponding results.

FIG. 6. The lepton polarizations (Pl) of Λ0
b → Λþ

c ð2625Þl−νl and Ξ0
b → Ξþ

c ð2815Þl−νl with l− ¼ e−; μ−; or τ−. Here, the
uncertainties are also added. However, they are not obvious when we present the corresponding results.
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with l− ¼ e− or μ−, which reflect the LFU. Our result of
RΛcð2625Þ is also consistent with 0.11� 0.02 estimated by the
CCQM [29].

C. The color-allowed two-body nonleptonic decays

In this subsection, we further evaluate the color-allowed
two-body nonleptonic decays Λ0

b → Λþ
c ð2625ÞM− and

Ξ0;−
b → Ξþ;0

c ð2815ÞM− with M− being a pseudoscalar
meson (π−, K−, D−, or D−

s ) or a vector meson (ρ−, K�−,
D�−, or D�−

s ). Based on the naïve factorization assumption,
the hadronic transition matrix element can be factorized
into a product of two independent matrix elements

hBcðP0; J0zÞM−jHeff jBbðP; JzÞi

¼ GFffiffiffi
2

p VcbV�
qq0 hM−jq̄0γμð1 − γ5Þqj0i

× hBcðP0; J0zÞjc̄γμð1 − γ5ÞbjBbðP; JzÞi; ð4:30Þ

where the meson part is determined by a decay parameter as

hMjq0γμð1−γ5Þqj0i¼
�
ifPqμ; M∈pseudoscalarmeson

fVϵ�μmV; M∈vectormeson
:

ð4:31Þ

Frankly speaking, the naïve factorization assumption
works well for the color-allowed dominated decays.
However, there exists the case, where the color-suppressed

and penguin dominated processes cannot be explained by
the naïve factorization, which may show important non-
factorizable contribution to nonleptonic decays [53]. As
shown in Refs. [26,28,87], the nonfactorizable contribu-
tions in bottom baryon decays are considerable comparing
with the factorized ones. But the precise study of non-
factorizable contributions is beyond the scope of the
present work, we still take the approximation of using
the naïve factorization assumption.
In our calculation, the decay constants of these involved

pseudoscalar and vector mesons include [28,32,88]

fπ ¼ 130.2; fK ¼ 155.6; fD ¼ 211.9; fDs
¼ 249.0;

fρ ¼ 216; fK� ¼ 210; fD� ¼ 220; fD�
s
¼ 230;

in the unit of MeV.
On the other hand, the decay amplitudes of the Bb →

BcP and Bb → BcV processes can be parametrized as

A½Bb → BcP� ¼ iqμūμðCþDγ5Þu; ð4:32Þ

A½Bb → BcV� ¼ ϵ�μūν½gνμðC1 þD1γ5Þ þ qνγμðC2 þD2γ5Þ
þ qνPμðC3 þD3γ5Þ�u; ð4:33Þ

respectively, with PðVÞ denoting the pseudoscalar (vector)
meson, where the parity-violated and parity-conserved
amplitudes are written as

C¼ GFffiffiffi
2

p VcbVqq0a1fP

�
gV1 ðm2

PÞ þ ðM −M0Þg
V
2 ðm2

PÞ
M

þ 1

2
ðM2 −M02 −m2

PÞ
�
gV3 ðm2

PÞ
MM0 þ gV4 ðm2

PÞ
M2

�
−m2

P
gV3 ðm2

PÞ
MM0

�
;

D¼ −
GFffiffiffi
2

p VcbVqq0a1fP

�
fA1 ðm2

PÞ− ðMþM0Þf
A
2 ðm2

PÞ
M

þ 1

2
ðM2 −M02 −m2

PÞ
�
fA3 ðm2

PÞ
MM0 þ fA4 ðm2

PÞ
M2

�
−m2

P
gV3 ðm2

PÞ
MM0

�
; ð4:34Þ

C1 ¼
GFffiffiffi
2

p VcbVqq0a1fVgV1 ðm2
VÞ;

D1 ¼ −
GFffiffiffi
2

p VcbVqq0a1fVfA1 ðm2
VÞ;

C2 ¼
GFffiffiffi
2

p VcbVqq0a1fV
gV2 ðm2

VÞ
M

;

D2 ¼ −
GFffiffiffi
2

p VcbVqq0a1fV
fA2 ðm2

VÞ
M

;

C3 ¼
GFffiffiffi
2

p VcbVqq0a1fV

�
gV3 ðm2

VÞ
MM0 þ gV4 ðm2

VÞ
M2

�
;

D3 ¼ −
GFffiffiffi
2

p VcbVqq0a1fV

�
fA3 ðm2

VÞ
MM0 þ fA4 ðm2

VÞ
M2

�
: ð4:35Þ

The mPðmVÞ is the mass of the emitted pseudoscalar
(vector) meson, and a1 ¼ c1 þ c2=N ≈ 1.018 [28].
Besides, the CKM matrix elements are [78]

Vcb ¼ ð40.8� 1.4Þ× 10−3; Vud ¼ 0.97373� 0.00031;

Vus ¼ 0.2243� 0.0008; Vcd ¼ 0.221� 0.004;

Vcs ¼ 0.975� 0.006:

Finally, the decay width and asymmetry parameter can
be evaluated by

Γ¼ jp⃗cj3
12π

�ðMþM0Þ2 −m2
P

M02 jCj2 þ ðM −M0Þ2 −m2
P

M02 jDj2
�
;

α¼ −
2κRe½C�D�
jCj2 þ κ2jDj2 ; ð4:36Þ

with κ ¼ jp⃗cj=ðE0 þM0Þ, and
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Γ ¼ jp⃗cj
32πM2

X
λV

ðjhPVλVþ1=2;λV ;1=2
j2 þ jhPCλVþ1=2;λV ;1=2

j2Þ;

α ¼
P

λV
2hPVλVþ1=2;λV ;1=2

hPCλVþ1=2;λV ;1=2P
λV
ðjhPVλVþ1=2;λV ;1=2

j2 þ jhPCλVþ1=2;λV ;1=2
j2Þ ð4:37Þ

with

hPVðPCÞ3=2;1;1=2 ¼∓ ffiffiffiffiffiffiffiffi
2s�

p
C1ðD1Þ;

hPVðPCÞ−1=2;−1;1=2 ¼∓
ffiffiffiffiffiffiffiffi
2s�
3

r �
C1ðD1Þ −

s∓
M0 C2ðD2Þ

�
;

hPVðPCÞ1=2;0;1=2 ¼∓
ffiffiffiffiffi
s�

p
2

ffiffiffi
3

p
M0mV

½2ðM2 −M02 −m2
VÞC1ðD1Þ

� 2s∓ðM �M0ÞC2ðD2Þ þ sþs−C3ðD3Þ�;
ð4:38Þ

for the cases associated with the pseudoscalar and the vector
meson emitted processes, respectively. The p⃗c is the three-
momentum of the daughter baryon (or meson) in the rest

frame of the parent baryon, while theMðM0Þ is the mass of
parent (daughter) baryon and E0 denotes the energy of the
daughter baryon.
By substituting our numerical results of the form factors

and the decay parameters into Eqs. (4.36) and (4.37), the
branching ratios and asymmetry parameters can be further
obtained, which are collected in Tables VI and VII for the
Λ0
b → Λcð2625ÞþM− and Ξ0;−

b → Ξþ;0
c ð2815ÞM− decays,

respectively, with emitting a pseudoscalar meson (π−, K−,
D−, and D−

s ) or a vector meson (ρ−, K�−, D�−, and D�−
s ).

Our results show that the process emitting a π−, ρ−, orDð�Þ−
s

meson has a considerable branching ratio, which is possible
to be explored in the future experiment, like LHCb. As for
other processes, the branching ratios are suppressed by an
order of magnitude due to the smaller values of CKM
matrix element.
In experiment, the LHCb Collaboration measured

[78,89]

BðΛb → Λcð2625Þπ−;Λcð2625Þ → Λcπ
þπ−Þ

¼ ð3.3� 1.3Þ × 10−4:

TABLE VI. The absolute branching ratios and up-down asymmetry parameters of the Λ0
b → Λþ

c ð2625ÞM− decays
with M denoting a pseudoscalar or vector meson. We also compare the branching ratios (in the unit of 10−3) with
those given by Ref. [28] in the fourth column.

Mode Bð×10−3Þ α Reference [28]

Λ0
b → Λcð2625Þþπ− 3.12� 0.15 −0.99� 0.07 2.40þ4.09

−1.82
Λ0
b → Λcð2625Þþρ− 4.25� 0.23 −0.88� 0.07 4.38þ6.78

−3.17
Λ0
b → Λcð2625ÞþK− 0.232� 0.012 −0.99� 0.07 0.17þ0.30

−0.13
Λ0
b → Λcð2625ÞþK�− 0.212� 0.011 −0.85� 0.07 0.22þ0.33

−0.16
Λ0
b → Λcð2625ÞþD− 0.266� 0.016 −0.92� 0.07 0.13þ0.22

−0.10
Λ0
b → Λcð2625ÞþD�− 0.161� 0.007 −0.45� 0.05 0.13þ0.17

−0.08
Λ0
b → Λcð2625ÞþD−

s 6.60� 0.40 −0.90� 0.07 2.88þ4.92
−2.16

Λ0
b → Λcð2625ÞþD�−

s 3.15� 0.13 −0.41� 0.04 2.41þ2.98
−1.52

TABLE VII. The absolute branching ratios and up-down asymmetry parameters of the Ξ0;−
b → Ξþ;0

c ð2815ÞM−

decays withM denoting a pseudoscalar or vector meson, where the branching ratios out of or in brackets correspond
to the Ξ0

b → Ξcð2815Þþ and Ξ−
b → Ξcð2815Þ0 transitions, respectively. We also compare the branching ratios (in the

unit of 10−3) with those given by Ref. [28] in the fourth column.

Mode Bð×10−3Þ α Reference [28]

Ξ0;−
b → Ξcð2815Þþ;0π− 3.13� 0.17ð3.33� 0.18Þ −0.99� 0.07 3.32þ6.08

−2.63 ð3.53þ6.46
−2.80 Þ

Ξ0;−
b → Ξcð2815Þþ;0ρ− 4.29� 0.25ð4.55� 0.27Þ −0.88� 0.07 6.10þ9.95

−4.55 ð6.49þ10.58
−4.84 Þ

Ξ0;−
b → Ξcð2815Þþ;0K− 0.233� 0.012ð0.248� 0.014Þ −0.99� 0.07 0.24þ0.44

−0.19 ð0.26þ0.47
−0.20 Þ

Ξ0;−
b → Ξcð2815Þþ;0K�− 0.214� 0.012ð0.227� 0.013Þ −0.85� 0.07 0.30þ0.48

−0.22 ð0.32þ0.51
−0.24 Þ

Ξ0;−
b → Ξcð2815Þþ;0D− 0.275� 0.017ð0.292� 0.019Þ −0.92� 0.07 0.19þ0.33

−0.14 ð0.20þ0.35
−0.15 Þ

Ξ0;−
b → Ξcð2815Þþ;0D�− 0.167� 0.008ð0.177� 0.009Þ −0.45� 0.05 0.19þ0.24

−0.12 ð0.20þ0.26
−0.13 Þ

Ξ0;−
b → Ξcð2815Þþ;0D−

s 6.80� 0.40ð7.30� 0.40Þ −0.90� 0.07 4.34þ7.54
−3.25 ð4.65þ8.08

−3.48 Þ
Ξ0;−
b → Ξcð2815Þþ;0D�−

s 3.27� 0.015ð3.47� 0.017Þ −0.41� 0.04 3.51þ4.30
−2.18 ð3.74þ4.58

−2.32 Þ

YU-SHUAI LI and XIANG LIU PHYS. REV. D 107, 033005 (2023)

033005-16



Based on the narrow-width approximation and
BðΛcð2625Þ → Λπþπ−Þ ≈ 67% [78], we have BðΛb →
Λcð2625Þπ−Þ ¼ ð4.9� 1.9Þ × 10−4, which is apparently
smaller than our result. It should be clarified by more
precise measurement in future.
In addition, we also compare our results with that in

Ref. [28] as shown in the fourth column of Tables VI and
VII for the BðΛ0

b → Λþ
c ð2625ÞM−Þ and BðΞ0;−

b →
Ξþ;0
c ð2815ÞM−Þ decays, respectively. Our results are con-

sistent with the results in Ref. [28], but have smaller
uncertainties. It benefits from our improved treatment of
the baryon wave function. By hypothesizing the Λcð2625Þ
and Ξcð2815Þ as the dynamically generated resonances
from the vector meson-baryon interactions, the authors of
Refs. [36,38] calculated the Λb → Λcð2625ÞD−

s and Ξb →
Ξcð2815Þπ− channels. Their results show apparently
smaller widths compared with the results from the present
work and Ref. [28] based on the udc scheme of the
Λcð2625Þ and Ξcð2815Þ states. So we also expect the
LHCb Collaboration to measure the corresponding π− and
D−

s channels, which not only is useful to reveal the inner
structures of the Λcð2625Þ and Ξcð2815Þ but also can
enrich the observed modes of b decay.

V. DISCUSSION AND CONCLUSION

With the update of High Luminosity Large Hadron
Collider and the accumulation of experimental data, the
exploration of the bottom baryon decays into the P-wave
excited charmed baryon becomes highlight. In this work,
we study the form factors of the Λb → Λcð2625Þ and Ξb →
Ξcð2815Þ transitions, and further discuss the corresponding
semileptonic decays and color-allowed two-body nonlep-
tonic decays.
As the first step, the weak transition form factors are

obtained via three-body LFQM, where the important
inputs, the spatial wave functions of these concerned
baryons, are extracted by solving the Schrödinger equation
with the support of GEM [74–76] and by adopting a
semirelativistic three-body potential model [31,32,43,73].
By fitting the mass spectrum of the single bottom and
single charmed baryons, the parameters in semirelativistic
potential model can be fixed. This treatment is different
from taking a simple harmonic oscillator wave function
with a phenomenal parameter β. Thus, we can avoid the β
dependence of the result, where the present work is
supported by the baryon spectroscopy. Additionally, these

calculated form factors in this work are comparable with
the result from LQCD and consistent with the expectation
from HQET.
With the obtained form factors, we further evaluate the

weak decays. For the semileptonic processes, our result of
BðΛ0

b → Λþ
c ð2625Þμ−νμÞ ¼ ð1.641� 0.113Þ% is consis-

tent with current experimental data, and the branching
ratios of electron and muon channels can reach up to the
magnitude of 1%, which are accessible at the LHCb
experiment in future. Besides, other important physical
observables, including the leptonic forward-backward
asymmetry (AFB), the final hadron polarization (PB), and
the lepton polarization (Pl) are also investigated. As for the

nonleptonic processes, the π−-, ρ−-, and Dð�Þ−
s -emitted

channels have considerable widths, and they are worthy
to be focused on by the LHCb.
In this work, our study shows that the Λb → Λcð2625Þ

and Ξb → Ξcð2815Þ weak transitions have sizable branch-
ing ratios, which can be accessible with experimentation.
Especially, we notice that different theoretical groups gave
different results of these discussed transitions by different
theoretical frameworks and different structure assignments
to the Λcð2625Þ and Ξcð2815Þ [20,28,29,33,36,38], which
can be tested by future experimental measurement. At
present, only the Λ0

b → Λþ
c ð2625Þμ−νμ was measured [78].

Considering the high-luminosity upgrade to LHC, the
LHCb experiment will have enough interest and potential
to carry out the measurement to these discussed weak
transitions in this work. Taking this opportunity, we suggest
LHCb to measure these discussed channels, where these
measurements no doubt can be useful to enrich the b-decay
modes and can of course be applied to distinguish different
structure assignments to the Λcð2625Þ and Ξcð2815Þ states.
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