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We study the semileptonic decays of Λþ
c → ΛðnÞlþνl in two relativistic dynamical approaches

of the light-front constituent quark model (LFCQM) and MIT bag model (MBM). By considering the
Fermi statistic between quarks and determining spin-flavor structures in baryons along with the
helicity formalism in the two different dynamical models, we calculate the branching ratios (Bs)
and averaged asymmetry parameters (αs) in the decays. Explicitly, we find that BðΛþ

c → ΛeþνeÞ ¼
ð3.36� 0.87; 3.48Þ% and αðΛþ

c → ΛeþνeÞ ¼ ð−0.97� 0.03;−0.83Þ in (LFCQM, MBM), in comparison
with the data of BðΛþ

c → ΛeþνeÞ ¼ ð3.6� 0.4Þ% and αðΛþ
c → ΛeþνeÞ ¼ −0.86� 0.04 given by the

Particle Data Group, respectively. We also predict that BðΛþ
c → neþνeÞ ¼ ð0.57� 0.15; 3.6� 1.5Þ ×

10−3 and αðΛþ
c → neþνeÞ ¼ ð−0.98� 0.02;−0.96� 0.04Þ in LFCQM with two different scenarios

for the momentum distributions of quarks in the neutron and BðΛþ
c → neþνeÞ ¼ 0.279 × 10−2 and

αðΛþ
c → neþνeÞ ¼ −0.87 in MBM, which could be tested by the ongoing experiments at BESIII, LHCb,

and BELLEII.

DOI: 10.1103/PhysRevD.101.094017

I. INTRODUCTION

Recently, the LHCb Collaboration has published the
newest precision measurements on the antitriplet charmed
baryon lifetimes [1], given by

τΛþ
c
¼ 203.5� 1.0� 1.3� 1.4 fs;

τΞþ
c
¼ 456.8� 3.5� 2.9� 3.1 fs;

τΞ0
c
¼ 154.5� 1.7� 1.6� 1.0 fs: ð1Þ

Surprisingly, the lifetime of Ξ0
c given by LHCb magnifi-

cently deviates from the previous value of τΞ0
c
¼ 112þ13

−10 fs
in the work by the Particle Data Group (PDG) [2].
Meanwhile, the Belle Collaboration has measured the
absolute branching ratios of BðΞ0

c→Ξ−πþÞ¼ð1.8�0.5Þ%
[3] and BðΞþ

c → Ξ−πþπþÞ ¼ ð2.86� 1.21� 0.38Þ% [4],
which are the golden modes to determine other Ξ0;þ

c decay
channels, respectively. It is clear that we are now witnessing
a new era of charm physics. One can expect that therewill be

more and more new experimental data and precision
measurements in the near future, which are also the guiding
light for people to explore new physics beyond the stan-
dard model.
There have recently been many works discussing the

antitriplet charm baryon decays. Because of the compli-
cated baryon structures, particularly the large nonpertur-
bative effects in the QCD, it is very hard to calculate the
baryonic decay amplitudes from first principles. In the
literature, people use the flavor symmetry of SUð3Þf to
analyze various charmed baryon decay processes, such as
semileptonic and two-body and three-body nonleptonic
decays, to obtain reliable results [5–25]. However, the
SUð3Þf symmetry is an approximate symmetry, resulting in
about 10% of errors for the predictions naturally. To have
more precise calculations, we need a dynamical QCD
model to understand each process. For simplicity, we only
discuss the semileptonic processes, which involve purely
the factorizable effects without the nonfactorizable ones. In
particular, we focus on the Λþ

c semileptonic decays in this
work. There are several theoretical analyses and lattice
QCD (LQCD) calculations on the charmed baryon semi-
leptonic decays with different dynamical models in the
literature [26–33]. In this paper, we will mainly use the
light-front (LF) formalism to study the decays and check
the results in the MIT bag model (MBM) as comparisons.
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The LF formalism is considered as a consistent relativ-
istic approach, which has been very successful in the
mesonic sectors [34,35]. Because of this success, it has
been extended to other systems, such as those involving the
heavy mesons, pentaquarks, and so on [36–47]. In addition,
the bottom baryon to charmed baryon nonleptonic decays
in the LF approach have been done in Refs. [48,49]. For a
review on the nonperturbative nature in the equation of
motion and QCD vacuum structure for the LF constituent
quark model (LFCQM), one can refer to the article of
Ref. [34]. The advantage of LFCQM is that the commu-
tativity of the LF Hamiltonian and boost generators provide
us with good convenience to calculate the wave function in
different inertial frames because of the recoil effect.
The MBM is a QCD-inspired phenomenological model.

In the MBM, a baryon is described as three free quarks with
current masses confined in a spherical bag with a bag size
R. This simple and intuitive picture helps people to deal
with the interactions between hadrons as well as their mass
spectra. The authors in Ref. [33] calculated all c → s=d
baryonic transition form factors at zero-recoiled points and

discussed both the monopole and dipole behaviors, and
others in Refs. [50–52] have further combined the MBM
with the pole model and current algebra to predict various
charmed baryon nonleptonic decays.
This paper is organized as follows. We present our

formal calculations of the baryonic transition form factors
for LFCQM and MBM in Secs. II and III, respectively. We
show our numerical results of the form factors, branching
ratios, and averaged asymmetry parameters in Sec. IV. We
also compare our results with those in the literature. In
Sec. V, we give our conclusions.

II. BARYONIC TRANSITION FORM
FACTORS IN LFCQM

A. Vertex function of baryon

In LFCQM, a baryon with its momentum P and spin S as
well as the z-direction projection of spin Sz are considered
as a bound state of three constitute quarks. As a result, the
baryon state can be expressed by [34,35,42,53–55]

jB; P; S; Szi ¼
Z

fd3p̃1gfd3p̃2gfd3p̃3g2ð2πÞ3
1ffiffiffiffiffiffi
Pþp δ3ðP̃ − p̃1 − p̃2 − p̃3Þ

×
X

λ1;λ2;λ3

ΨSSzðp̃1; p̃2; p̃3; λ1; λ2; λ3ÞCαβγFabcjqaαðp̃1; λ1Þqbβðp̃2; λ2Þqaαðp̃3; λ3Þi; ð2Þ

whereΨSSzðp̃1; p̃2; p̃3; λ1; λ2; λ3Þ is the vertex function, which can be formally solved from the Bethe-Salpeter equations by
the Faddeev decomposition method; Cαβγ and Fabc are the color and flavor factors; and λi and p̃i with i ¼ 1, 2, 3 are the LF
helicities and 3-momenta of the on-mass-shell constituent quarks, defined as

p̃i ¼ ðpþ
i ; pi⊥Þ; pi⊥ ¼ ðp1

i ; p
2
i Þ; p−

i ¼ m2
i þ p2

i⊥
pþ
i

; ð3Þ
and

d3p̃i ≡ dpþ
i d

2pi⊥
2ð2πÞ3 ; δ3ðp̃Þ ¼ δðpþÞδ2ðp⊥Þ;

jqaαðp̃; λÞi ¼ d†aα ðp̃; λÞj0i; fda0α0 ðp̃0; λ0Þ; d†aα ðp̃; λÞg ¼ 2ð2πÞ3δ3ðp̃0 − p̃Þδλ0λδα0αδa0a; ð4Þ

respectively. To describe the internal motions of the constituent quarks, we introduce the kinematic variables of ðq⊥; ξÞ,
ðQ⊥; ηÞ, and Ptot, given by

Ptot ¼ P̃1 þ P̃2 þ P̃3; ξ ¼ pþ
1

pþ
1 þ pþ

2

; η ¼ pþ
1 þ pþ

2

Pþ
tot

;

q⊥ ¼ ð1 − ξÞp1⊥ − ξp2⊥; Q⊥ ¼ ð1 − ηÞðp1⊥ þ p2⊥Þ − ηp3⊥; ð5Þ

where ðq⊥; ξÞ characterize the relative motion between the first and second quarks, while ðQ⊥; ηÞ characterize the third and
other two quarks. The invariant masses of ðq⊥; ξÞ and ðQ⊥; ηÞ systems are represented by [35]

M2
3 ¼

q2⊥
ξð1 − ξÞ þ

m2
1

ξ
þ m2

2

1 − ξ
;

M2 ¼ Q2⊥
ηð1 − ηÞ þ

M2
3

η
þ m2

3

1 − η
; ð6Þ
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respectively. Unlike Refs. [53–55], which treat the diquark as a pointlike object or spectator, we consider the three
constituent quarks in the baryon independently with suitable quantum numbers satisfying the Fermi statistics to have a
correct baryon bound state system. The vertex function of ΨSSzðp̃1; p̃2; p̃3; λ1; λ2; λ3Þ in Eq. (2) can be written as [34,35,56]

ΨSSzðp̃1; p̃2; p̃3; λ1; λ2; λ3Þ ¼ Φðq⊥; ξ; Q⊥; ηÞΞSSzðλ1; λ2; λ3Þ; ð7Þ

where Φðq⊥; ξ; Q⊥; ηÞ is the momentum distribution of constituent quarks and ΞSSzðλ1; λ2; λ3Þ represents the momentum-
dependent spin wave function, given by

ΞSSzðλ1; λ2; λ3Þ ¼
X

s1;s2;s3

hλ1jR†
1js1ihλ2jR†

2js2ihλ3jR†
3js3i

�
1

2
s1;

1

2
s2;

1

2
s3

����SSz
�
; ð8Þ

with h1
2
s1;

1
2
s2;

1
2
s3jSSzi the usual SUð2Þ Clebsch-

Gordan coefficient and Ri the well-known Melosh trans-
formation, which corresponds to the ith constituent quark,
expressed by

R1 ¼ RMðη; Q⊥;M3;MÞRMðξ; q⊥; m1;M3Þ;
R2 ¼ RMðη; Q⊥;M3;MÞRMð1 − ξ;−q⊥; m2;M3Þ;
R3 ¼ RMð1 − η;−Q⊥; m3;MÞ; ð9Þ
with

RMðx; p⊥; m;MÞ ¼ mþ xM − iσ⃗ · ðn⃗ × q⃗Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmþ xMÞ2 þ q2⊥

p ; ð10Þ

where σ⃗ stands for the Pauli matrix and n⃗ ¼ ð0; 0; 1Þ. This
is the generalization of the Melosh transformation from
two-particle systems, which can be derived from the
transformation property of angular momentum operators
[35,57]. We further represent the LF kinematic variables
ðξ; q⊥Þ and ðη; Q⊥Þ in the forms of the ordinary 3-momenta
q and Q,

E1ð2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þm2

1ð2Þ
q

; E12 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þM2

3

q
;

E3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þm2

3

q
; qz ¼

ξM3

2
−
m2

1 þ q2⊥
2M3ξ

;

Qz ¼
ηM
2

−
M2

3 þQ2⊥
2Mη

; ð11Þ

to get more clear physical pictures of the momentum
distribution wave functions.
It is known that the exact momentum wave function

cannot be solved from the first principle currently due to the
lack of knowledge about the effective potential in the three-
body system in QCD. Hence, we choose the phenomeno-
logical Gaussian-type wave function with suitable shape
parameters to include the diquark clustering effects in Λþ

c
and Λ baryons [35,53]. The baryon spin-flavor-momentum
wave function FabcΨSSzðp̃1; p̃2; p̃3; λ1; λ2; λ3Þ should be
totally symmetric under any permutations of quarks to
keep the Fermi statistics. The spin-flavor-momentum wave
functions of Λþ

c , Λ, and n are given by

jΛci ¼
1ffiffiffi
6

p ½ϕ3χ
ρ3ðjduci − judciÞ þ ϕ2χ

ρ2ðjdcui − jucdiÞ

þ ϕ1χ
ρ1ðjcdui − jcudiÞ�;

jΛi ¼ 1ffiffiffi
6

p ½ϕ3χ
ρ3ðjduci − judsiÞ þ ϕ2χ

ρ2ðjdsui − jusdiÞ

þ ϕ1χ
ρ1ðjsdui − jsudiÞ�;

jni ¼ 1ffiffiffi
3

p ϕ½χλ3 jddui þ χλ2 jdudi þ χλ1 juddi�; ð12Þ

respectively, where

χρ3↑ ¼ 1ffiffiffi
2

p ðj↑↓↑i − j↓↑↑iÞ;

χλ3↑ ¼ 1ffiffiffi
6

p ðj↑↓↑i þ j↓↑↑i − 2j↑↑↓iÞ;

ϕ3 ¼ N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂qz
∂ξ

∂Qz

∂η
s

e
−Q2

2β2
Q

− q2

2β2q ; ð13Þ

andϕ1ð2Þ has the formby replacing ðq;QÞwith ðq1ð2Þ;Q1ð2ÞÞ
in ϕ3, with N ¼ 2ð2πÞ3ðβqβQπÞ−3=2 and βq;Q being the
normalized constant and shape parameters, respectively.
Explicitly, q1ð2Þ and Q1ð2Þ are given by

ξ1ð2Þ ¼
pþ
2ð3Þ

pþ
2ð3Þ þ pþ

ð1Þ
; η1ð2Þ ¼ 1 −

pþ
1ð2Þ
Pþ
tot

;

q1ð2Þ⊥ ¼ ð1 − ξ1ð2ÞÞp2ð3Þ⊥ − ξ1ð2Þp3ð1Þ⊥;
Q1ð2Þ⊥ ¼ ð1 − η1ð2ÞÞðp2ð3Þ⊥ þ p3ð1Þ⊥Þ − η1ð2Þp1ð2Þ⊥: ð14Þ
Here, the baryon state is normalized as

hB;P0;S0;S0zjB;P;S;Szi¼ 2ð2πÞ3Pþδ3ðP̃0− P̃ÞδS0zSz ; ð15Þ
resulting in the normalization of the momentum wave
function, given by

1

22ð2πÞ6
Z

dξð1;2Þdηð1;2Þd2qð1;2Þ⊥d2Qð1;2Þ⊥jϕ3ð1;2Þj2¼ 1:

ð16Þ
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We emphasize that the momentum wave functions of
ϕi with the different shape parameters of βq and βQ describe
the scalar diquark effects in ΛðcÞ. For the neutron, the
momentum distribution functions are the same, i.e.,
ϕ ¼ ϕ3ðβq ¼ βQÞ, for any spin-flavor state due to the
isospin symmetry. Note that there is no SUð6Þ spin-flavor
symmetry in ΛðcÞ even though the forms of these states are
similar to those with SUð6Þ.

B. Transition form factors

The baryonic transition form factors of the V − A weak
current are defined by

hBf; P0; S0; S0zjq̄γμð1 − γ5ÞcjBi; P; S; Szi

¼ ūBf
ðP0; S0zÞ

�
γμf1ðk2Þ − iσμν

kν
MBi

f2ðk2Þ

þ kμ

MBi

f3ðk2Þ
�
uBi

ðP; SzÞ − ūBf
ðP0; S0zÞ

�
γμg1ðk2Þ

− iσμν
kν
MBi

g2ðk2Þ þ
kμ

MBi

g3ðk2Þ
�
γ5uBi

ðP; SzÞ; ð17Þ

where σμν ¼ i
2
½γμ; γν� and P0 − P ¼ k. We choose the frame

such that Pþ is conserved (kþ ¼ 0; k2 ¼ −k2⊥) to calculate
the form factors to avoid other xþ-ordered diagrams in the
LF formalism [35]. The matrix elements of the vector and

axial-vector currents at quark level correspond to three
different lowest-order Feynman diagrams as shown in
Fig. 1. Since the spin-flavor-momentum wave functions
of baryons are totally symmetric under the permutation of
quarks, we have that ðaÞþðbÞþðcÞ¼ 3ðaÞ¼ 3ðbÞ¼ 3ðcÞ
[35]. For an illustration, we only present the calculation for
the diagram (c), which contains simpler and cleaner forms
with the notation ðq⊥; Q⊥; ξ; ηÞ. We can extract the form
factors from the matrix elements through the relations

f1ðk2Þ ¼
1

2Pþ hBf; P0;↑jq̄γþcjBi; P;↑i;

f2ðk2Þ ¼
1

2Pþ
MBi

k⊥
hBf; P0;↑jq̄γþcjBi; P;↓i;

g1ðk2Þ ¼
1

2Pþ hBf; P0;↑jq̄γþγ5cjBi; P;↑i;

g2ðk2Þ ¼
1

2Pþ
MBi

k⊥
hBf; P0;↑jq̄γþγ5jBi; P;↓i: ð18Þ

Note that f3 and g3 cannot be obtained when kþ ¼ 0, but
they are negligible because of the suppressions of the k2

factors. In addition, the terms associated with f3 and g3 do
not contribute to the semileptonic decays [22]. As a result,
we set bothf3 and g3 to be 0 in this study.With the help of the
momentum distribution functions and the Melosh trans-
formation matrix, the transition matrix elements can be
expressed as

hBf; P0; S0; S0zjq̄γþcjBi; P; S; Szi ¼
1

22ð2πÞ6
Z

dξdηd2q⊥d2Q⊥Φðq0⊥; ξ; Q0⊥; ηÞΦðq⊥; ξ; Q⊥; ηÞFdefFabcδ
a
dδ

b
e

×
X

s1;s2;s3

X
s0
1
;s0
2
;s0
3

hS0; S0zjs01; s02; s03ihs1; s2; s3jS; Szihs01jR0
1R

†
1js1ihs02jR0

2R
†
2js2i

× 2PþX
λ0
3
λ3

hs03jR0
3jλ03iðδqfq3δλ03λ3δcqcÞhλ3jR

†
3js3i; ð19Þ

hBf; P0; S0; S0zjq̄γþγ5cjBi; P; S; Szi ¼
1

22ð2πÞ6
Z

dξdηd2q⊥d2Q⊥Φðq0⊥; ξ; Q0⊥; ηÞΦðq⊥; ξ; Q⊥; ηÞFdefFabcδ
a
dδ

b
e

×
X

s1;s2;s3

X
s0
1
;s0
2
;s0
3

hS0; S0zjs01; s02; s03ihs1; s2; s3jS; Szihs01jR0
1R

†
1js1ihs02jR0

2R
†
2js2i

× 2PþX
λ0
3
λ3

hs03jR0
3jλ03iðδqfq3ðσzÞλ03λ3δcqcÞhλ3jR

†
3js3i: ð20Þ

(a) (b) (c)

FIG. 1. Feynman diagrams for the baryonic weak transitions at the lowest order, where the sign of “Bullet symbol” denotes the V-A
current vertex, with (a) p0

1 − p1 ¼ k, (b) p0
2 − p2 ¼ k, and (c) p0

3 − p3 ¼ k.
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Using Eqs. (18), (19), and (20), we find that

f1ðk2Þ ¼
3

22ð2πÞ6
Z

dξdηd2q⊥d2Q⊥Φðq0⊥; ξ; Q0⊥; ηÞΦðq⊥; ξ; Q⊥; ηÞðFdefFabcδqfqδcqcδ
a
dδ

b
eÞ

×
X

s1;s2;s3

X
s0
1
;s0
2
;s0
3

hS0;↑js01; s02; s03ihs1; s2; s3jS;↑i
Y

i¼1;2;3

hs0ijR0
iR

†
i jsii; ð21Þ

g1ðk2Þ ¼
3

22ð2πÞ6
Z

dξdηd2q⊥d2Q⊥Φðq0⊥; ξ; Q0⊥; ηÞΦðq⊥; ξ; Q⊥; ηÞðFdefFabcδqfqδcqcδ
a
dδ

b
eÞ

×
X

s1;s2;s3

X
s0
1
;s0
2
;s0
3

hS0;↑js01; s02; s03ihs1; s2; s3jS;↑i
Y
i¼1;2

hs0ijR0
iR

†
i jsiihs03jR0

3σzR
†
3js3i; ð22Þ

f2ðk2Þ ¼
3

22ð2πÞ6
MBi

k⊥

Z
dξdηd2q⊥d2Q⊥Φðq0⊥; ξ; Q0⊥; ηÞΦðq⊥; ξ; Q⊥; ηÞðFdefFabcδqfqδcqcδ

a
dδ

b
eÞ

×
X

s1;s2;s3

X
s0
1
;s0
2
;s0
3

hS0;↑js01; s02; s03ihs1; s2; s3jS;↓i
Y

i¼1;2;3

hs0ijR0
iR

†
i jsii; ð23Þ

g2ðk2Þ ¼
3

22ð2πÞ6
MBi

k⊥

Z
dξdηd2q⊥d2Q⊥Φðq0⊥; ξ; Q0⊥; ηÞΦðq⊥; ξ; Q⊥; ηÞðFdefFabcδqfqδcqcδ

a
dδ

b
eÞ

×
X

s1;s2;s3

X
s0
1
;s0
2
;s0
3

hS0;↑js01; s02; s03ihs1; s2; s3jS;↓i
Y
i¼1;2

hs0ijR0
iR

†
i jsiihs03jR0

3σzR
†
3js3i: ð24Þ

III. BARYONIC TRANSITION
FORM FACTORS IN MBM

The formalism for MBM can be found in Ref. [33]. In
the calculation of MBM, we take the same notations as
those in Ref. [33]. In this approach, the current quark
masses are used, given by

mu;d ¼ 0.005 GeV; ms ¼ 0.28 GeV;

mc ¼ 1.5 GeV; R ¼ 5 GeV−1; ð25Þ

where R corresponds to the bag size, which is valid at least
for the charmed baryons [58–61]. Note that the form factors
can only be evaluated at k⃗ ¼ 0 (k2 ¼ ðM1 −M2Þ2). For
k⃗ ≠ 0, the bag is not at the rest frame of the initial baryon,
and we will face the problem of how to boost the state in
MBM, which is very subtle and beyond the study of this
work [62]. The form factors are decomposed as

f1¼V0−VMΔM2=M12−VVΔM;

f2¼ð−V0þVMM12þVVΔMÞM1=M12;

g1¼ð1−ΔM2=2M2
12ÞAsþðATΔM−A0Þ4M1M2ΔM=M2

12;

g2¼ðATΔM−AsΔM=8M1M2−A0Þ4M2
1M2=M2

12; ð26Þ

with ΔM ¼ M1 −M2, M12 ¼ M1 þM2, and

V0 ¼ AR3ðWiþW
f
þI00 þWi

−Wf
−I11Þ;

V ¼ AR3ðWi
−W

f
þI10 −WiþWf

−I01ÞðR=3Þ;
VM ¼ AR3ðWi

−W
f
þI10 þWiþWf

−I01ÞðR=3Þ;
A0 ¼ AR3ðWi

−W
f
þI10 −WiþWf

−I01ÞðR=3Þ;
As ¼ AR3ðWiþW

f
þ −Wi

−Wf
−I11=3Þ;

AT ¼ AR3Wi
−Wf

−J11ð−2R2=15Þ; ð27Þ

where A is the normalized factor for the baryon, corre-
sponding to the baryon spin-flavor structures in Table II of
Ref. [33]; Wq

� are associated with the normalized factors
for quarks, given by

Wq
� ≡

�
ωq �mq

ωq

	
1=2

ð28Þ

with q ¼ i or f the quark flavor and ωq the quark energy;
and I and J stand for the overlap factors for the quark wave
functions, defined by

Inn ≡
Z

1

0

dtt2jnðtxi0Þjnðtxf0Þ; n ¼ 0; 1

Inm ≡
Z

1

0

dtt3jnðtxi0Þjmðtxf0Þ; n; m ¼ 0; 1 ðn ≠ mÞ

J11 ≡
Z

1

0

dtt4j1ðtxi0Þj1ðtxf0Þ; ð29Þ
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with jn the Bessel function and xq0 the lowest root of the
transcendental equation of

tanðxqÞ ¼ xq

1 −mqR − ½ðxqÞ2 þ ðmqRÞ2�1=2
: ð30Þ

IV. NUMERICAL RESULTS

As shown in Sec. II, the baryonic transition form factors
in LFCQM can be evaluated only in the spacelike region
(k2 ¼ −k2⊥) because of the condition kþ ¼ 0. Thus, we
follow the standard procedures in Refs. [41,42,54] to
extract the information of the form factors in the timelike
region. These procedures have widely been tested and
discussed in the mesonic sector [63,64]. We fit f1ð2Þðk2Þ
and g1ð2Þðk2Þ with some analytic functions in the spacelike
region, which are analytically continued to the physical
timelike region ðk2 > 0Þ.We employ the numerical values of
the constituent quarkmasses and shape parameters in Table I.
The values of the shape parameters can be determined
approximately by the calculations in the mesonic sectors
[53,65]. Since the strength of the quark-quark (qq0) potential
is a half of the quark-antiquark qq̄0 one, the shape parameters
of the quark pairs βqB should be

ffiffiffi
2

p
smaller than those in the

mesonic sectors [53]. Meanwhile, the reciprocals of the
shape parameters are related to the sizes of systems.
Consequently, we adopt βqΛðcÞ ≃ 2ðβud̄=

ffiffiffi
2

p Þ, where the
factor of 2 is used to parametrize the effects of the diquark
clusterings, resulting in the light quark pairs to be more
compact. For the quark-diquark shape parameters βQΛðcÞ , we
choose thevalues ofβsðcÞs̄without any additional factors. The
diquark cluster effectively forms a color antitriplet and hence
shares the same potential strength as the qq̄0 one. Finally,
because of the isospin symmetry, all constitute quarks in the
neutron are expected to have the same momentum distribu-
tion, so that the shape parameters are βQn ¼ βqn ¼ β.We use
two scenarios for β to describe the quarks in the neutron.
The first one is from the harmonic oscillator picture, which
leads to βI ¼ βud̄=

ffiffiffi
2

p
≃ 0.22 GeV through the quark-quark

interaction, in which the value of 0.22 GeV is consistent
with R ¼ 5 GeV−1 in the MIT bag model. The other one
is to maintain the shape parameters of βqΛðcÞ to be the
same, i.e., βII ¼βQn¼βqn¼βqΛc

¼0.44GeV. By using
Eqs. (21)–(24), we compute totally 32 points for all form
factors from k2 ¼ 0 to k2 ¼ −9.7 GeV2. With the MATLAB

curve fitting toolbox, we present our results of Λþ
c → Λ in

Figs. 2 and 3 and Λþ
c → n in Figs. 4 and 5 based on

95% confidence bounds given in Appendix, respectively. To
fit the k2 dependences of the form factors in the spacelike
region, we use the form

Fðk2Þ ¼ Fð0Þ
1 − q1k2 þ q2k4

: ð31Þ

We present our fitting results in Table II.
For thr MBM, we assume the k2 dependence of the form

factors as

fiðk2Þ ¼
ð1þ dfÞfið0Þ
ð1 − k2

M2
V
Þ2 þ df

giðk2Þ ¼
ð1þ dgÞgið0Þ
ð1 − k2

M2
A
Þ2 þ dg

ð32Þ

-10 -8 -6 -4 -2 0 2 4 6 8 10

k2 (GeV2)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

f 1

f1  v.s. k2

f1
95% conf. bnds.

-10 -8 -6 -4 -2 0 2 4 6 8 10

k2 (GeV2)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

f 2

f2  v.s. k2

f2
95% conf. bnds.

FIG. 2. Vector form factors of f1;2 with respect to the transfer
momentum k2 in unit of GeV2 for Λþ

c → Λ.

TABLE I. Values of the constituent quark masses (mi) and
shape parameters (βqB and βQB) in units of GeV, where βI;II ¼
βQn ¼ βqn.

mc ms md mc βqΛc
βQΛc

βqΛ βQΛ βI;II

1.3 0.4 0.26 0.26 0.44 0.54 0.44 0.37 0.22,0.44
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whereMV¼2.112ð2.010ÞGeV andMA¼2.556ð2.423ÞGeV,
while df and dg are fitted to be 0.2 and dg ¼ 0.1, respec-
tively. We will call the k2-dependent forms in Eq. (32)
the Lorentzian type. We list fið0Þ ¼ fi and gið0Þ ¼ gi in
Table III.
To calculate the decay branching ratios and

other physical quantities, we introduce the helicity

amplitudes of HVðAÞ
λ2λW

, which give more intuitive physical
pictures and simpler expressions when discussing
the asymmetries of the decay processes, such as the
integrated (averaged) asymmetry, also known as the
longitudinal polarization of the daughter baryon.
Relations between the helicity amplitudes and form
factors are given by

HV
1
2
1
¼

ffiffiffiffiffiffiffiffiffi
2K−

p �
−f1 −

MBi
þMBf

MBi

f2

	
;

HV
1
2
0
¼

ffiffiffiffiffiffiffi
K−

p ffiffiffiffiffi
k2

p
�
ðMBi

þMBf
Þf1 þ

k2

MBi

f2

	
;

HV
1
2
t
¼

ffiffiffiffiffiffiffi
Kþ

p ffiffiffiffiffi
k2

p
�
ðMBi

þMBf
Þf1 þ

k2

MBi

f3

	
;

HA
1
2
1
¼ ffiffiffiffiffiffiffiffiffi

2Kþ
p �

g1 −
MBi

−MBf

MBi

g2

	
;

HA
1
2
0
¼

ffiffiffiffiffiffiffi
Kþ

p ffiffiffiffiffi
k2

p
�
−ðMBi

−MBf
Þg1 þ

k2

MBi

g2

	
;

HA
1
2
t
¼

ffiffiffiffiffiffiffi
K−

p ffiffiffiffiffi
k2

p
�
−ðMBi

−MBf
Þg1 þ

k2

MBi

g3

	
; ð33Þ

where K� ¼ ðMBi
−MBf

Þ2 − k2.
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FIG. 3. Axial-vector form factors of g1;2 with respect to the
transfer momentum k2 in unit of GeV2 in Λþ

c → Λ.
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FIG. 4. Legend is the same as Fig. 2 but for Λþ
c → n.
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The differential decay widths and asymmetries can be
expressed in the analytic forms in terms of the helicity
amplitudes, which can be found in Ref. [22]. In our
numerical calculations, we use the center value of τΛþ

c
¼

203.5 × 10−15 s in Eq. (1) [1]. Our predictions of the
decay branching ratios (Bs) and asymmetries (αs) are
listed in Table IV. In Table V, we compare our results with
the experimental data and various other calculations in the
literature.
In LF [32] and the heavy effective theory (HQET)

[26], the authors use a specific spin-flavor structure of
cðud − duÞχρ3sz for the charmed baryon state, in which only
the permutation relation is considered between light quarks.
In addition, they assume that the diquarks from the light
quark pairs are spectators and structureless. These simpli-
fications make the results in Refs. [26,32] be not good
compared with the experimental data as shown in Table V.
Based on the Fermi statistics, the overall spin-flavor-
momentum structures are determined, from which the
parameters like quark masses, baryon masses, and shape
parameters can recover the spin-flavor symmetry. It is
interesting to see that when we consider scenario II in the
neutron the same shape parameters of βQB and βqB in our
study imply the totally symmetric momentum distribution
of three constituent quarks in the baryon. In addition, the
flavor symmetry breaking effect due to the quark masses
seems to get canceled due to the clustering effect of the
shape parameters in the momentum distribution functions.
Our numerical results indicate that the form factors follow
the Lorentzian functions of Fðk2Þ¼Fð0Þ=ð1−q1k2þq2k4Þ
in both Λþ

c → ΛðnÞ processes. Our results of fiðk2Þ ≠
giðk2Þ show that the heavy quark symmetry is broken
because the constituent charm quark mass is not heavy
enough.

-10 -8 -6 -4 -2 0 2 4 6 8 10
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0.4
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1
g

1
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g1 , =0.44 GeV
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k2 (GeV2)
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-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

g
2

g2  , =0.22 GeV

g2 , =0.44 GeV

FIG. 5. Legend is the same as Fig. 3 but for Λþ
c → n.

TABLE II. Fitting results of the form factors in LFCQM, where (I) and (II) represent the two scenarios of βI ¼ 0.22 and βII ¼ 0.44 for
Λþ
c → n, respectively.

Λþ
c → Λ

f1 f2 g1 g2

Fð0Þ 0.67� 0.01 0.76� 0.02 0.59� 0.01 −ð1.59� 0.05Þ × 10−3

q1 (GeV−2) 1.45� 0.29 1.42� 0.29 1.198� 0.26 0.53� 0.24
q2 (GeV−4) 2.39� 0.45 2.34� 0.44 1.904� 0.36 1.03� 0.23

Λþ
c → n

(I) f1 f2 g1 g2

Fð0Þ 0.34� 0.01 0.40� 0.01 0.30� 0.01 −0.14� 0.01
q1 (GeV−2) 1.79� 0.36 1.83� 0.37 1.56� 0.33 2.08� 0.41
q2 (GeV−4) 3.59� 0.68 3.65� 0.69 3.03� 0.56 4.24� 0.83
(II) f1 f2 g1 g2
Fð0Þ 0.83� 0.02 1.05� 0.02 0.71� 0.02 0.27� 0.01
q1 (GeV−2) 1.25� 0.26 1.20� 0.25 0.94� 0.22 1.37� 0.27
q2 (GeV−4) 1.85� 0.34 1.77� 0.33 1.36� 0.25 2.08� 0.28
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As shown in Table IV, we predict that BðΛþ
c →ΛeþνeÞ¼

ð3.36�0.87Þ×10−2 and αðΛþ
c →ΛeþνeÞ¼−0.96�0.03,

and BðΛþ
c → neþνeÞ ¼ ð0.57� 0.15; 3.6� 1.5Þ × 10−3,

and αðΛþ
c → neþνeÞ¼ ð−0.98�0.02;−0.96�0.04Þ with

the two scenarios of (I) and (II) in LFCQM, in which
the value of BðαÞ for the mode of Λþ

c → Λeþνe is lower
(higher) than but acceptable by the experimental one
ð3.6� 0.4Þ × 10−2ð−0.86� 0.04Þ in PDG [2]. The errors
in our results mainly come from the numerical fits of the
MATLAB curve fitting toolbox given in Appendix, in which
the 95% confidence bounds are broadened and tightened
in the timelike and spacelike regions, respectively. Our

results are also consistent with those in LQCD [27,28], the
relativistic quark model (RQM) [29], and the covariant
confinement quark model (CCQM) [30,31]. For the MBM,
although the semileptonic processes have been fully stud-
ied in Ref. [33], their results are mismatched with the
current data. By using the same formalism with the same
input parameters, we are able to get the same values of the
form factors at the zero recoil point. By taking the
Lorentzian k2 dependences for the form factors, inspired
from our LF calculations, we obtain much better results as
shown in Table V. It is interesting to see that our results for
Λþ
c → neþνe in LFCQM with scenario II is consistent with

most of models. One the other hand, the prediction of
scenario I is much smaller than those in the other
calculations. This suppression comes from the wave func-
tion mismatching between the diquark in the charmed
baryon and ordinary quark pairs in the neutron.

V. CONCLUSIONS

We have studied the semileptonic decays of Λþ
c →

ΛðnÞlþνl in the two dynamical approaches of the
LFCQM and MBM. We have used the Fermi statistics
to determine the overall spin-flavor-momentum structures
and recover the spin-flavor symmetry with the quark and
baryon masses and shape parameters. We have found that
BðΛþ

c → ΛeþνeÞ ¼ ð3.36� 0.87Þ% and 3.48% in the
LFCQM and MBM, respectively, which are consistent
with the experimental data of ð3.6� 0.4Þ × 10−2 [2] as
well as the values predicted by SUð3ÞF [22], LQCD
[27,28], RQM [29], and CCQM [30,31] but about a factor
of 2 larger than those in HQET [26] and LF [32]. We have
also obtained that αðΛþ

c → ΛeþνeÞ ¼ ð−0.97� 0.03Þ and
−0.83 in the LFCQM and MBM, which are lower and
higher than the experimental data of −0.86� 0.04 [2],

TABLE V. Our results in comparisons with the experimental data and those in various calculations in the literature.

Λþ
c → Λeþνe Λþ

c → neþνe
Bð%Þ α Bð%Þ α

LFCQM 3.36� 0.87 −0.97� 0.03 0.057� 0.015 (I) −0.98� 0.01 (I)
0.36� 0.15 (II) −0.96� 0.04 (II)

MBM 3.48 −0.83 0.279 −0.87
Data [2] 3.6� 0.4 −0.86� 0.04 � � � � � �
SUð3Þ [22] 3.2� 0.3 −0.86� 0.04 0.51� 0.04 −0.89� 0.04
HQET [26] 1.42 � � � � � � � � �
LF [32] 1.63 � � � 0.201 � � �
MBMa [33] 2.6 � � � 0.20 � � �
NRQM [33] 3.2 � � � 0.30 � � �
LQCD [27,28] 3.80� 0.22 � � � 0.410� 0.029 � � �
RQM [29] 3.25 � � � 0.268 � � �
CCQM [30,31] 2.78 −0.87 0.202 � � �

aAlthough the values of fi and gi are the same at the zero recoil point (q⃗ ¼ 0), we use the Lorentzian type of the k2 dependences for
the form factors instead of the dipole ones in this work.

TABLE III. Fitting results of the form factors in MBM.

f1 f2 g1 g2

Λþ
c → Λ 0.54 0.22 0.52 −0.06

Λþ
c → n 0.40 0.22 0.43 −0.07

TABLE IV. Predictions of the decay branching ratios and
asymmetry parameters in the LFCQM and MBM, where (I)
and (II) represent the two scenarios of β ¼ 0.22 and 0.44 for
Λþ
c → n, respectively.

LFCQM MBM

Bð%Þ α Bð%Þ α

Λþ
c →Λeþνe 3.36�0.87 −0.97�0.03 3.48 −0.83

Λþ
c →Λμþνμ 3.21�0.85 −0.97�0.03 3.38 −0.82

Λþ
c →neþνe 0.057�0.015 (I) −0.98�0.02 (I) 0.279 −0.87

0.36� 0.15 (II) −0.96�0.04 (II)
Λþ
c →nμþνμ 0.054�0.015 (I) −0.98�0.01 (I) 0.273 −0.87

0.34�0.14 (II) −0.96�0.04 (II)
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respectively. We have predicted that BðΛþ
c → neþνeÞ ¼

ð0.57 � 0.15; 3.6 � 1.5Þ × 10−3 and αðΛþ
c → neþνeÞ¼

ð−0.98�0.02;−0.96�0.04Þ with the two different scenar-
ios of (I, II) in the LFCQM and BðΛþ

c →neþνeÞ¼
0.279×10−2 and αðΛþ

c →neþνeÞ¼−0.87 in the MBM,
in which our results of BðΛþ

c → neþνeÞ in the MBM
and LFCQM (II) are consistent with those in the RQM [29]
and CCQM [31] but about two times smaller than the
values in SUð3ÞF [22] and LQCD [27,28]. On the other
hand, our results of BðΛþ

c → neþνeÞ in the LFCQM (I) is
much smaller than other calculations. This additional
suppression could be understood by the wave function
mismatching between the diquark and ordinary quark pairs.
It is clear that our predicted values for the decay branching
ratio and asymmetry in Λþ

c → neþνe could be tested in the
ongoing experiments at BESIII, LHCb, and BELLEII.
Finally, we remark that our calculations in LFCQM and
MBM can be also extended to the other charmed baryons,
such as Ξþ;0

c , and even b-baryons.
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APPENDIX: FORM FACTORS IN THE LFCQM

We now show our numerical results for the form factors
in Eqs. (21)–(24) in the LFCQM. In Fig. 2, we plot the
vector form factors of f1;2 with respect to the transfer
momentum k2 in the unit of GeV2 for Λþ

c → Λ, where
the symbol of • denotes the value calculated by Eqs. (21)
and (23) from k2 ¼ 0 to −9.7 GeV2 with Mathematica,
while the blue line corresponds to the fitted function
by the MATLAB curve fitting toolbox, and the dashed line
represents the 95% confidence bounds (conf. bnds.) of the
fit. Similarly, we depict the axial-vector form factors of g1;2
in Fig. 3. The corresponding results for Λþ

c → n are given
in Figs. 4 and 5.
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