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Inspired by the recent anomalies on the lepton flavor universalities, we present an investigation of
baryonic form factors induced by heavy-to-light tensor currents. With the light-front quark model, we
calculate the tensor form factors, and the momentum distributions are accessed with two parametrization
forms. Numerical results for the form factors at q2 ¼ 0 are derived and parameters in q2 distributions are
obtained through extrapolation. Our results are helpful for the analysis of new physics contributions in the
heavy-to-light transition.
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I. INTRODUCTION

Nowadays testing the standard model (SM) of particle
physics and hunting for new physics (NP) beyond the SM is
a foremost task in particle physics. In recent years, heavy
flavor physics has received remarkable attentions and quite
interestingly some anomalies are found in weak decays of
heavy mesons and baryons. Hints for the lepton flavor
universality (LFU) deviating from the standard model were
found recently in ratios of branching fractions such as
RðDð�ÞÞ [1–9], RðJ=ψÞ [10], and RðΛcÞ [11]. A collection
of the latest experimental measurement is given as [12]

RexpðDÞ ¼ 0.441� 0.060� 0.066;

RexpðD�Þ ¼ 0.247� 0.015� 0.015� 0.012;

RexpðJ=ψÞ ¼ 0.71� 0.17� 0.18;

RexpðΛcÞ ¼ 0.242� 0.026� 0.040� 0.059; ð1Þ

while the recent average of SM predictions on RðDð�ÞÞ is
given as [12]

RSMðDÞ ¼ 0.298� 0.004;

RSMðD�Þ ¼ 0.254� 0.005: ð2Þ

One can see that the latest experimental measurement on
RðDð�ÞÞ shows about a 2σ standard deviation from SM
prediction. While the most precise SM predictions on
RðJ=ψÞ and RðΛcÞ are generally consistent with exper-
imental measurements [13–15],

RSMðJ=ψÞ ¼ 0.258� 0.004;

RSMðΛcÞ ¼ 0.324� 0.004; ð3Þ
there are also noticeable discrepancies in the central values
between the SM predictions and experimental results.
Thereby, more theoretical and experimental investigations
are needed to clarify this obscure situation.
Many interesting theoretical explanations have emerged

to explain these deviations, including contributions from
new physics. For a recent review on the topic, please refer
to Ref. [16]. In some of these analyses, new effective NP
Hamiltonians have been introduced [17–26]. Unlike the
SM, some of these Hamiltonians introduce a new structure
of b → c current in the hadron matrix element: the tensor
current. While the tensor current contribution resolves the
current discrepancies, it should be noticed that this con-
tribution can also affect baryonic decay processes induced
by the b → clν. Though the explicit contributions of
the tensor current depend on the details of NP models,
the low-energy nonperturbative matrix elements, namely
form factors, are universal and mandatory. Therefore for a
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comprehensive NP model-independent analysis, the results
on baryonic tensor form factors are called for.
In this work, we aim to present an exploration of these

new form factors, and in the calculation employ the light-
front quark model (LFQM) [27–32]. The baryon system
can be treated in a similar manner with a meson under the
quark-diquark assumption [33–35]. It is noteworthy that a
three-quark vertex function has been explored in LFQM,
and the investigations in Refs. [36] and [37] have shown
consistent results with the two approaches using a three-
quark and diquark vertex. This also validates the diquark
approach that will be adopted in this work.
The rest of this paper is arranged as follows. We give the

definition of tensor form factors and the theoretical frame-
work of LFQM in Sec. II. The tensor form factors are
explicitly calculated in Sec. III, and the analytical expres-
sions are given. Numerical analysis and discussions are
given in Sec. IV. In the end, we give a brief summary.

II. THEORETICAL FRAMEWORK

To account for the anomalies in heavy quark physics, NP
contributions are typically needed. In a general analysis, the
Hamiltonian after integrating out the degree of freedoms
over the mb scale can be expressed as

Heff ∼
X
Γ;Γ0

CΓ;Γ0 × ½c̄Γb�½l̄Γ0ν�; ð4Þ

where theCΓ;Γ0 are theWilson coefficients and theΓð0Þ denote
all the possible Lorentz structures f1; γμ; γ5; γμγ5; σμνg. The
tensor current does not exist in the SM, and as a result
the corresponding form factors are not well understood in
previous theoretical analyses [21,22,24,38,39].
This work will focus on the antitriplet b-baryon to

antitriplet c-baryon and sextet b-baryon to sextet c-baryon
processes:

3̄ → 3̄∶ Λ0
b → Λþ

c ; Ξ0
b → Ξþ

c ; Ξ−
b → Ξ0

c

6 → 6∶ Σþ
b → Σþþ

c ; Σ−
b → Σ0

c; Σ0
b → Σþ

c ;

Ξ00
b → Ξ0þ

c ; Ξ0−
b → Ξ00

c ; Ω−
b → Ω0

c: ð5Þ

Inserting the Dirac Gamma matrices in a bilinear local
quark current sandwiched between the b-baryons and
c-baryons, one can define the pertinent form factors:

hB0ðP0; S0Þjc̄iσμνbjBðP; SÞi

¼ ūðP0; S0Þ
�
f1ðq2Þiσμν þ Σμν

σρ

�
f2ðq2Þ
M

γσPρ

þ f3ðq2Þ
M0 γσP0ρ þ f4ðq2Þ

MM0 P
σP0ρ

��
uðP; SÞ; ð6Þ

where Dirac operator σμν ¼ i
2
ðγμγν− γνγμÞ and Σμν

σρ ¼ gμσgνρ−
gνσg

μ
ρ. The form factors in the hB0ðP0; S0Þjc̄σμνγ5bjBðP; SÞi

matrix element can be straightforwardly obtained from
Eq. (6) by making use of σμνγ5 ¼ − i

2
ϵμνλρσλρ.

The form factors defined in a hadronic matrix element
are nonperturbative. To evaluate the form factors a rela-
tivistic quark model, namely light-front quark model, will
be employed. In this framework, it is convenient to use the
light-front frame:

pμ ¼ ðpþ; p−; p⊥Þ; pþ ¼ p0 þ p3;

p− ¼ p0 − p3; p⊥ ¼ ðp1; p2Þ: ð7Þ

With the help of the diquark picture, the baryon state
containing three quarks can be treated as a meson state
which is widely studied in the LFQM [40]. In this picture,
the two spectator quarks played a similar role with an
antiquark.
For the JP ¼ 1=2þ baryon state, its wave function is

jBðP; S; SzÞi

¼
Z

fd3p1gfd3p2g2ð2πÞ3δ3ðP̃ − p̃1 − p̃2Þ

×
X
λ1;λ2

ΨSSzðp̃1; p̃2; λ1; λ2ÞjQðp1; λ1ÞðdiÞðp2; λ2Þi; ð8Þ

where Q donates the heavy quark which is b=c in our work
and “(di)” presents the diquark. The λ1 and λ2 are the
helicity of quark and diquark respectively. The momentum
of them are p1 and p2 and the P is the baryon momentum.
Both of them are on their mass shell. However, since the
baryon states are constructed by a quark and diquark, their
momenta cannot be on-shell simultaneously. Thus in the
wave function of LFQM the three momentum fP̃; p̃1; p̃2g
are used. They are defined as p̃ ¼ ðpþ; p⊥Þ. The distri-
bution function Ψ in Eq. (8) is

ΨSSzðp̃1; p̃2; λ1; λ2Þ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðp1 · P̄þm1M0Þ
p
× ūðp1; λ1ÞΓSðAÞuðP̄; SzÞϕðx; k⊥Þ:

ð9Þ

Here Γ is the coupling vertex which embodies the spin of
the diquark. For the spin-0 scalar diquark the vertex is ΓS
and for the spin-1 axis-vector diquark the vertex becomes
ΓA. The coupling vertices are shown as

ΓS ¼ 1;

ΓA ¼ γ5ffiffiffi
3

p
�
=ϵ� −

M0 þm1 þm2

P̄ · p2 þm2M0

ϵ� · P̄
�
; ð10Þ

where the P̄ is the sum of on-shell momenta p1 and p2.
Though the momentum P̄ is not onshell, one can still define
an effective mass as M2

0 ¼ P̄2 where M2 ≠ M2
0.
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The ϕðx; k⊥Þ in Eq. (9) is a Gaussian-type momentum
distribution function which is constructed as

ϕðx; k⊥Þ ¼ 4

�
π

β2

�
3=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1e2

x1x2M0

r
exp

�
−k⃗2

2β2

�
; ð11Þ

where e1 and e2 represent the energy of heavy quark Q
and diquark in the rest frame of P̄. The β is a phenom-
enological parameter which is shown in Table I. In
Ref. [41], a Gaussian expansion method with a semi-
relativistic potential model is applied to determine the
momentum distribution wave function and in Ref. [42], the
parameters β are extracted by the pole residue. In this work
the parameters β are used from Ref. [40].
The x1 and x2 in Eq. (11) are the light-front momentum

fractions which satisfy the requirements 0 < x2 < 1 and
x1 þ x2 ¼ 1. The k is the internal momentum which
represents the interaction between quark and diquark. So
the k and the quark and diquark momenta are

ki ¼ ðk−i ; kþi ; ki⊥Þ ¼ ðei − kiz; ei þ kiz; ki⊥Þ

¼
�
m2

i þ k2i⊥
xiM0

; xiM0; ki⊥
�
;

pþ
1 ¼ x1P̄þ; pþ

2 ¼ x2P̄þ; p1⊥ ¼ x1P̄⊥ þ k1⊥;
p2⊥ ¼ x2P̄⊥ þ k2⊥; k⊥ ¼ −k1⊥ ¼ k2⊥: ð12Þ

With the help of the internal momentum k, the invariant
mass square M2

0 is expressed as

M2
0 ¼

k21⊥ þm2
1

x1
þ k22⊥ þm2

2

x2
: ð13Þ

The expression of ei and kz can also be presented in terms
of the internal variables ðxi; ki⊥Þ as

ei ¼
xiM0

2
þm2

i þ k2i⊥
2xiM0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ k2i⊥ þ k2iz

q
;

kiz ¼
xiM0

2
−
m2

i þ k2i⊥
2xiM0

: ð14Þ

In the following, we use the notation x ¼ x2 and
x1 ¼ 1 − x.

III. FORM FACTORS

The hadronic matrix element in Eq. (6) can be expressed
by the LFQM as�
Bc

�
P0;

1

2
; S0z

�
jc̄iσμνbjBb

�
P;

1

2
; Sz

��

¼
Z

fd3p2g
ϕ0ðx0; k0⊥Þϕðx; k⊥Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pþ
1 p

0þ
1 ðp1 · P̄þm1M0Þðp0

1 · P̄
0 þm0

1M
0
0Þ

p
×
X
λ2

ūðP̄0; S0zÞ½Γ̄0ð=p0
1 þmcÞiσμνð=p1 þmbÞΓ�uðP̄; SzÞ;

ð15Þ

with

P̄0 ¼ p0
1 þ p2; M2

0 ¼ P̄2; M02
0 ¼ P̄02: ð16Þ

Since the matrix element can be expressed both at the quark
and hadron levels respectively, the form factors can be
extracted by solving four equations which are constructed
by multiplying the different tensor ūðP; SÞfΓigμνuðP0; S0Þ
to the matrix element in the light-front approach. The
Lorentz structure in these tensor is

fΓigμν ¼ fγμP0
ν; γμPν; PμP0

ν; γμγνg: ð17Þ

Then these form factors are calculated as

f1 ¼
1

4QþQ−
½4MH1 − 4M0H2 − 4H3 þH4Q−�;

f2 ¼ −
1

2Q2
−Qþ

½MðQþ þ 2MM0ÞH1

− 6MM02H2 − 6MM0H3 þMM0H4Q−�;

f3 ¼
1

2Q2
−Qþ

½6M2M0H1 −M0ðQþ þ 2MM0ÞH2

− 6MM0H3 þMM0H4Q−�;

f4 ¼ −
1

2Q2
−Q2þ

½6M2M0H1Qþ − 6MM02H2Qþ

− 24M2M02H3 þMM0H4Q−Qþ�; ð18Þ

where Q� ¼ ðM �M0Þ2 − q2 and the function Hi is
defined as

TABLE I. Masses of charm and bottom baryons and input
parameters in the momentum distribution wave functions [40].

Baryons Λ0
b Σþ

b Σ−
b Σ0

b Ξ0
b Ξ−

b

MassðGeVÞ 5.620 5.811 5.816 5.814 5.792 5.797
Baryons Ξ00

b Ξ0−
b Ω−

b Λþ
c Σþþ

c Σ0
c

MassðGeVÞ 5.935 5.935 6.045 2.286 2.454 2.454
Baryons Σþ

c Ξþ
c Ξ0

c Ξ0þ
c Ξ00

c Ω0
c

MassðGeVÞ 2.453 2.468 2.470 2.578 2.579 2.695
Shape parameter(GeV) βc½uq� ¼ 0.470 βc½sq� ¼ 0.535

βb½uq� ¼ 0.562 βb½sq� ¼ 0.623
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Hi ¼
Z

dxd2k⊥
2ð2πÞ3 ϕ0ðx0; k0⊥Þϕðx; k⊥Þ × Tr½ðP̄0 þM0

0ÞΓ0
SðAÞ

× ð=p0
1 þmcÞiσμνð=p1 þmbÞΓSðAÞðP̄þM0ÞfΓigμν�

×
�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x01x1ðp0

1 · P̄
0 þm0

1M
0
0Þðp1 · P̄þm1M0Þ

q �
−1
:

ð19Þ

In our analysis of the diquark picture, the diquark made
of two quarks can be a scalar or an axial vector. Thus the
physical form factors estimated by the LFQM should be
expressed as the combination of the form factors with scalar
and axis vector diquark:

F½phy� ¼ cS × FS þ cA × FA: ð20Þ

The coefficients cS and cA can be extracted in the flavor-
spin wave function of initial and final baryon states.
Using the scalar and axial-vector diquark wave function

[43], ½q;q0�A ¼ ðqq0 þq0qÞ= ffiffiffi
2

p
, ½q; q0�S ¼ ðqq0 − q0qÞ= ffiffiffi

2
p

,
one can write the flavor-spin wave function of the baryon.
Since the baryons fΛ0

b;Ξ0
b;Ξ−

bg and fΛþ
c ;Ξþ

c ;Ξ0
cg are the

antitriplet in SUð3Þ flavor symmetry, their flavor-spin wave
function is

				BQqq0 ;Sz ¼
1

2

�
¼ 1ffiffiffi

2
p ðqq0−q0qÞQ×

�
1ffiffiffi
2

p ð↑↓↑−↓↑↑Þ
�

≡ ½q;q0�SQ: ð21Þ

For the sextet baryons, their flavor-spin wave function can be
written as

				BQqq0 ; Sz ¼
1

2

�
¼ 1ffiffiffi

2
p ðqq0 þ q0qÞQ

×

�
1ffiffiffi
6

p ð↑↓↑þ ↓↑↑ − 2↑↑↓Þ
�

≡ −½q; q0�AQ;				BQqq; Sz ¼
1

2

�
¼ qqQ ×

�
1ffiffiffi
6

p ð↑↓↑þ ↓↑↑ − 2↑↑↓Þ
�

≡ −½q; q�AQ; ð22Þ

where q; q0 ¼ u, d, s and Q ¼ b, c. For a scalar diquark,
namely the baryon triplet, cS ¼ 1 and cA ¼ 0. For the sextet
baryonswith an axial-vector diquark, cS ¼ 0 and cA ¼ 1. It is
worth noting that several studies have suggested that the flavor
eigenstatesΞc andΞ0

c maymixwith each other to generate the
mass eigenstates [44–49]. But the recent latticeQCD indicates
a very small mixing angle [50] which is consistent with
previous lattice QCD simulation [51]. As a consequence the
mixing effect is not taken into account in our analysis.

IV. NUMERICAL ANALYSIS

A. Form factors

Numerical results of tensor form factors will be given
in this section. In our calculation, the masses and other
parameters of these baryons are shown in Table I.
For the calculation, we use the constituent quark masses

from Refs. [52–54]:

mu ¼ md ¼ 0.25 GeV; ms ¼ 0.37 GeV;

mc ¼ 1.4 GeV; mb ¼ 4.8 GeV: ð23Þ

The masses of the diquarks can be approximated as

m½qq0� ¼ mq þmq0 ; q=q0 ¼ u; d; s: ð24Þ

For extrapolating the form factors to the full q2 region,
we use the Bourrely-Caprini-Lellouch (BCL) parametriza-
tion [55–58] in which the form factors are expanded in
powers of a conformal mapping variable. The BCL para-
metrization is shown as

fðtÞ ¼ 1

1 − t=m2
R

Xkmax

k¼0

akzkðt; t0Þ;

zðt; t0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p ;

t0 ¼ tþ

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

t−
tþ

r �
;

t� ¼ ðmBb
�mBc

Þ2: ð25Þ

The mR are the masses of the low-lying Bc resonance.
Additionally, the q2 dependence of form factors can also be
described by the pole model,

Fðq2Þ ¼ Fð0Þ
1 − q2

m2
fit
þ δð q2m2

fit
Þ2
; ð26Þ

where Fð0Þ is the numerical results of form factor at
q2 ¼ 0. Using this formula, one can fit the two para-
meters mfit and δ by the numerical results of form factors
with different q2. When the fitting results of mfit are
imaginary results, we need to modify the parametrization
scheme as

Fðq2Þ ¼ Fð0Þ
1þ q2

m2
fit
þ δð q2m2

fit
Þ2
: ð27Þ

In this work, we analyze the q2 dependence of the
form factors using both models in Eqs. (25)–(27), res-
pectively. Our strategy is to calculate the form factors at
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q2 ¼ f0;−0.1;−0.5;−0.7;−1;−1.5g GeV2 and fit the
parameters in Eqs. (25)–(27). Then we extend the form
factors to the physical region with the fitted parameters in
these two models. Table II shows the form factors with
q2 ¼ 0 and the corresponding fit parameters.
Except the tensor form factor, the form factors defined by

the vector and axial-vector current are also calculated for
completeness, which are defined as

hB0ðP0;S0Þjc̄γμð1− γ5ÞbjBðP;SÞi

¼ ūðP0;S0Þ
�
F1ðq2ÞγμþF2ðq2Þ

iσμνqν
MB

þF3ðq2Þ
qμ

MB

−
�
G1ðq2ÞγμþG2ðq2Þ

iσμνqν
MB

þG3ðq2Þ
qμ

MB

�
γ5

�
uðP;SÞ:

ð28Þ

TABLE II. Numerical results for the tensor form factors of b-baryon to c-baryon transitions induced by b → c
decays are presented. Results for the parameters δ and mfit are obtained by fitting the form factors with the pole
model as in Eq. (26), and the � indicates that mfit is fitted using Eq. (27). The a0 and a1 are the parameters in the
BCL model in Eq. (25). For the form factors with q2 ¼ 0, i.e., Fð0Þ, we estimated their uncertainties caused by the
parameters in LFQM, namely, βb½qq�, βc½qq�, and mdi, which are varied by 10%.

Pole model BCL model

Channel Form factor F(0) δ mfit a0 a1

Λ0
b → Λþ

c f1 0.649� 0.019� 0.079� 0.014 1.30 6.15 0.66 −0.37
f2 −0.167� 0.039� 0.159� 0.071 5.12 4.07* −0.10 −2.61
f3 0.105� 0.024� 0.149� 0.072 2.80 3.17* 0.05 2.47
f4 −0.042� 0.037� 0.144� 0.065 0.92 1.79* 0.03 −3.01

Σþ
b → Σþþ

c f1 −0.196� 0.006� 0.019� 0.005 0.78 5.68 −0.20 0.34
f2 0.057� 0.046� 0.037� 0.010 2105 21.96* 0.05 0.22
f3 −0.056� 0.039� 0.032� 0.012 16.19 6.83 −0.06 0.10
f4 0.401� 0.027� 0.047� 0.009 0.80 4.49 0.46 −2.78

Σ−
b → Σ0

c f1 −0.197� 0.006� 0.019� 0.005 0.72 5.63 −0.21 0.37
f2 0.062� 0.046� 0.037� 0.010 38.34 8.57 0.06 0.02
f3 −0.061� 0.039� 0.032� 0.012 4.77 5.30 −0.07 0.30
f4 0.404� 0.027� 0.047� 0.009 0.71 4.43 0.47 −2.94

Σ0
b → Σþ

c f1 −0.197� 0.006� 0.019� 0.005 0.73 5.64 −0.20 0.37
f2 0.060� 0.046� 0.037� 0.010 73.49 9.94 0.06 0.07
f3 −0.060� 0.039� 0.032� 0.012 6.01 5.55 −0.07 0.25
f4 0.404� 0.027� 0.047� 0.009 0.73 4.44 0.47 −2.90

Ξ0
b → Ξþ

c f1 0.651� 0.022� 0.085� 0.021 1.80 6.44 0.65 −0.04
f2 −0.214� 0.050� 0.195� 0.100 4.86 3.99* −0.13 −3.76
f3 0.140� 0.031� 0.184� 0.102 2.91 3.21* 0.06 3.49
f4 −0.069� 0.048� 0.179� 0.093 1.14 2.03* 0.02 −4.12

Ξ−
b → Ξ0

c f1 0.650� 0.022� 0.084� 0.021 1.73 6.41 0.65 −0.07
f2 −0.214� 0.049� 0.195� 0.100 5.21 4.10* −0.14 −3.63
f3 0.141� 0.031� 0.183� 0.102 3.10 3.30* 0.07 3.35
f4 −0.070� 0.048� 0.179� 0.093 1.20 2.08* 0.02 −3.97

Ξ00
b → Ξ0þ

c f1 −0.203� 0.006� 0.021� 0.005 0.88 5.68 −0.21 0.38
f2 0.070� 0.058� 0.046� 0.012 171.79 11.97 0.07 0.12
f3 −0.066� 0.049� 0.040� 0.015 7.33 5.63 −0.07 −0.31
f4 0.434� 0.035� 0.056� 0.010 0.86 4.52 0.50 −3.13

Ξ0−
b → Ξ00

c f1 −0.202� 0.006� 0.021� 0.005 0.89 5.69 −0.21 −0.38
f2 0.069� 0.058� 0.046� 0.012 407.74 14.72 0.07 0.16
f3 −0.065� 0.049� 0.040� 0.016 8.76 5.84 −0.07 0.27
f4 0.433� 0.035� 0.056� 0.010 0.87 4.53 0.50 −3.10

Ω−
b → Ω0

c f1 −0.190� 0.005� 0.021� 0.006 0.78 5.27 −0.203 0.67
f2 0.074� 0.061� 0.048� 0.015 19.08 7.05 0.077 −0.13
f3 −0.066� 0.052� 0.042� 0.019 4.19 4.87 −0.076 0.521
f4 0.427� 0.035� 0.061� 0.015 0.78 4.30 0.504 −3.88

BARYONIC FORM FACTORS INDUCED BY TENSOR CURRENTS … PHYS. REV. D 108, 035008 (2023)

035008-5



Numerical results of these form factors are given in
Table III and our results are generally consistent with
the previous work [36,59]. The q2 dependence of these
form factors are also fitted with the pole model in Eqs. (26)
and (27) since the validity of the pole model with the vector
and axial-vector form factors in LFQM has been verified in
many studies [36,60–62].
To analyze the q2 dependence of the form factors, we

also plot the results of the form factors as functions of q2

in Figs. 1 and 2. Since the main focus is the tensor form
factors for two types of processes, 3̄ → 3̄ and 6 → 6, we
use Λb → Λc and Σþ

b → Σþþ
c as examples. From Figs. 1

and 2, one can see that the fit results with two different
models are broadly consistent with each other. However,
the q2-dependent form factor f4 exhibits a large dis-
crepancy with q2 ∼ ðmBb

−mBc
Þ2 for both models. In the

analysis presented in Ref. [63], the form factor has a pole

structure corresponding to the specific current. In our
work, the pole mass mpole should be set to mpole ¼ mBc

,
which is consistent with the BCL model in Eq. (25).
However, the fit result of f4 with the pole model is
different from our conclusion, especially for the Λb → Λc
process. Therefore, it is likely that the BCL model
describes the q2 dependence of the form factor better.
Nonetheless, we will still present the results obtained
using the pole model since this model is widely used in the
light-front approach analysis [40,64].

B. Phenomenological analysis
with scalar leptoquarks

Since the form factors induced by SM and BSM
currents have been calculated above, we also give a brief
phenomenological analysis that includes the tensor
current. Specifically, we investigate the NP effect in the

TABLE III. Numerical results for the SM form factors of b-baryon to c-baryon transitions induced by b → c decays are presented. The
parameters δ andmfit are the results of fitting the pole model in Eq. (26), and the � indicates thatmfit is fitted using Eq. (27). For the form
factors with q2 ¼ 0, i.e., Fð0Þ, we estimated their uncertainties caused by the parameters in LFQM, namely, βb½qq�, βc½qq�, andmdi, which
are varied by 10%.

Pole model parameter Pole model parameter

Channel
Form
factor F(0) δ mfit

Form
factor F(0) δ mfit

Λ0
b → Λþ

c F1 0.637� 0.026� 0.036� 0.008 0.72 5.50 G1 0.625� 0.027� 0.022� 0.014 0.05 5.13
F2 −0.134� 0.015� 0.001� 0.000 0.26 3.35 G2 0.005� 0.010� 0.040� 0.017 0.48 1.18*
F3 0.026� 0.015� 0.010� 0.008 0.51 2.27 G3 −0.112� 0.050� 0.118� 0.040 2.53 3.22*

Σþ
b → Σþþ

c F1 0.549� 0.020� 0.029� 0.003 0.40 4.00 G1 −0.197� 0.009� 0.007� 0.005 0.07 4.60
F2 0.551� 0.011� 0.021� 0.010 0.32 4.06 G2 0.040� 0.006� 0.010� 0.009 0.11 2.86
F3 −0.269� 0.007� 0.005� 0.011 0.31 3.99 G3 −0.060� 0.023� 0.032� 0.022 0.37 2.27

Σ−
b → Σ0

c F1 0.548� 0.017� 0.026� 0.006 0.41 4.00 G1 −0.196� 0.006� 0.004� 0.009 0.09 4.63
F2 0.550� 0.006� 0.014� 0.018 0.32 4.06 G2 0.038� 0.006� 0.018� 0.018 0.10 2.90
F3 −0.268� 0.014� 0.010� 0.020 0.31 4.00 G3 −0.057� 0.023� 0.051� 0.043 0.37 2.28

Σ0
b → Σþ

c F1 0.548� 0.020� 0.029� 0.003 0.41 4.00 G1 −0.196� 0.008� 0.007� 0.004 0.09 4.63
F2 0.551� 0.012� 0.022� 0.011 0.32 4.06 G2 0.039� 0.006� 0.011� 0.009 0.10 2.90
F3 −0.268� 0.007� 0.005� 0.011 0.31 4.00 G3 −0.057� 0.023� 0.032� 0.023 0.37 2.28

Ξ0
b → Ξþ

c F1 0.635� 0.030� 0.036� 0.006 0.75 5.56 G1 0.620� 0.031� 0.020� 0.014 0.03 5.23
F2 −0.155� 0.019� 0.001� 0.001 0.27 3.45 G2 0.012� 0.011� 0.046� 0.021 0.09 2.10*
F3 0.028� 0.017� 0.13� 0.011 0.49 2.40 G3 −0.154� 0.061� 0.141� 0.054 4.56 4.05*

Ξ−
b → Ξ0

c F1 0.633� 0.030� 0.036� 0.006 0.74 5.55 G1 0.618� 0.031� 0.020� 0.014 0.01 5.21
F2 −0.154� 0.019� 0.001� 0.001 0.27 3.45 G2 0.013� 0.011� 0.046� 0.021 0.96 1.86*
F3 0.028� 0.017� 0.013� 0.011 0.50 2.29 G3 −0.157� 0.061� 0.141� 0.054 3.84 3.79

Ξ00
b → Ξ0þ

c F1 0.565� 0.019� 0.023� 0.001 0.44 4.11 G1 −0.197� 0.010� 0.006� 0.004 0.13 4.84
F2 0.555� 0.007� 0.012� 0.010 0.38 4.20 G2 0.026� 0.006� 0.012� 0.010 −0.01 2.89
F3 −0.252� 0.008� 0.008� 0.013 0.46 4.29 G3 −0.022� 0.025� 0.040� 0.025 1.04 1.71*

Ξ0−
b → Ξ00

c F1 0.565� 0.019� 0.023� 0.001 0.44 4.11 G1 −0.197� 0.010� 0.006� 0.004 0.13 4.84
F2 0.555� 0.007� 0.012� 0.010 0.38 4.20 G2 0.025� 0.006� 0.012� 0.010 −0.01 2.89
F3 −0.252� 0.008� 0.008� 0.013 0.46 4.29 G3 −0.021� 0.025� 0.040� 0.025 1.04 1.71*

Ω−
b → Ω0

c F1 0.532� 0.021� 0.026� 0.004 0.44 3.95 G1 −0.184� 0.011� 0.007� 0.006 0.17 4.60
F2 0.529� 0.010� 0.015� 0.016 0.37 4.00 G2 0.021� 0.007� 0.011� 0.011 0.11 2.58
F3 −0.245� 0.005� 0.017� 0.019 0.40 4.00 G3 −0.009� 0.026� 0.041� 0.028 −0.07 0.26
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FIG. 1. The q2 dependence form factors of Λb → Λc process with BCL model (blue line) and pole model (orange line).

FIG. 2. The q2-dependent form factors of Σþ
b → Σþþ

c process with BCL model (bule line) and pole model (orange line).
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scalar leptoquarks model, which has been proposed as a
possible scenario to explain the anomaly in RðDð�ÞÞ [65].
In our work, the scalar leptoquark S1 ¼ ð3̄; 1; 1=3Þ: an
SUð2ÞL singlet scalar is used and the pertinent effective
Hamiltonian is given as

Heff ¼ 2
ffiffiffi
2

p
GFVcb½ð1þ Cl

VL
ÞOl

VL
þ Cl

SL
Ol

SL
þ Cl

TO
l
T �;

Ol
VL

¼ ½c̄γμPLb�½lγμPLνl�; Ol
SL

¼ ½c̄PLb�½lPLνl�;
Ol

T ¼ ½c̄σμνPLb�½lσμνPLνl�; ð29Þ

where the Wilson coefficient Cl
i vanishes in the SM and

reflects the NP contributions. In our work, we consider the
NP effect in b → cτν processes. To evaluate the branching
ratios BðΛb → Λclν̄Þ and the ratio RðΛcÞ ¼ BðΛb→Λcτν̄Þ

BðΛb→Λclν̄Þ,
baryonic matrix elements are required. The matrix elements
with tensor and (V − A) currents are parametrized by the
form factors in Eqs. (6) and (28). The (S − P) type matrix
element can be expressed by the form factors in a matrix
element with (V − A) current by multiplying the qμ as

hB0ðP0; S0Þjc̄ð1 − γ5ÞbjBðP; SÞi

¼ ūðP0; S0Þ
�
F1ðq2Þ

mB −mB0

mb −mc
þ F3ðq2Þ

q2

MBðmb −mcÞ

−
�
G1ðq2Þ

mB þmB0

mb þmc
þ G3ðq2Þ

q2

MBðmb þmcÞ
�
γ5

�
× uðP; SÞ: ð30Þ

Then the decay width can be expressed as

dΓ
dq2

¼ G2
FjV2

CKMj
2

ffiffiffiffiffiffiffiffiffiffi
s−sþ

p ð1− m̂l
2Þ

512π3M3

× ðjCl
SL
j2LS þ j1þCl

VL
j2LV þ jCl

T j2LT

þReðCl�
SL
ð1þCl

VL
ÞÞLSV þReðð1þCl�

VL
ÞCl

TÞLVTÞ;
ð31Þ

where the coefficient Li is given in the Appendix. For
the Λb → Λclν;l ¼ e, μ processes, only LV contributions
exist, and the Wilson coefficients Cl

i are zero. As a result,
the SM prediction for the branching ratio of Λb → Λclν;
l ¼ e, μ processes is BðΛb → ΛclνÞ ¼ ð8.84� 0.85Þ%,
which is consistent with the experimental observation
BðΛb → ΛclνÞ ¼ ð6.4þ1.4

−1.3Þ% listed in the PDG within
2σ. Using the aforementioned branching ratio, the SM
prediction for the ratio of branching fractions is
RðΛcÞ ¼ 0.28� 0.05, which is larger than the experimental
resultRexpðΛcÞ ¼ 0.242� 0.026� 0.040� 0.059 inEq. (1).
Using the form factors, the ratio of branching fractions

RðΛcÞ can be represented as the function of three NP
Wilson coefficients as

RðΛcÞ ¼ MSjCτ
SL
j2 þMV j1þ Cτ

VL
j2 þMT jCτ

T j2
þMSVReðCτ�

SL
ð1þ Cτ

VL
ÞÞ

þMVTReðð1þ Cτ�
VL
ÞCτ

TÞ;
MS ¼ 0.063� 0.008; MV ¼ 0.283� 0.027;

MT ¼ 2.54� 0.66; MSV ¼ 0.071� 0.013;

MVT ¼ −0.88� 0.14: ð32Þ

In the scale μ ¼ mb, the Wilson coefficients Cτ
SL

and Cτ
T

have the relation Cτ
SL
ðμÞ ≃ −7.8Cτ

TðμÞ [65] by integrating
out the SUð2ÞL singlet scalar leptoquark. In the assumption
that all the NP Wilson coefficients are real, we can give the
constraint on the Cτ

VL
and Cτ

T based on the RexpðΛcÞ ¼
0.242� 0.026� 0.040� 0.059 in Fig. 3. We also note that
the Wilson coefficients Cτ

T and Cτ
VL

are constrained by the
LHC data in Ref. [66] as jCτ

VL
j < 0.42; jCτ

T j < 0.052which
are also given in Fig. 3. This figure shows that the NP
Hamiltonian in Eq. (29) can explain the Rexp in the region
constrained by LHC.

V. SUMMARY

In our work, we presented an exploration of the form
factors in the hadronic matrix element with a tensor current.
With the help of the LFQM, hadron states can be expressed
in terms of relativistic quark-diquark configurations, from
which the form factors are extracted. In our calculation, we
have calculated the form factors in the q2 < 0 region and
accessed their q2 dependence using both the Bourrely-
Caprini-Lellouch parametrization model and the pole

FIG. 3. The constraint on Cτ
VL

and Cτ
T from the RexpðΛcÞ ¼

0.242� 0.026� 0.040� 0.059 (red) and B → D�lν data in
LHC (blue).
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model. The difference between the two models is shown
in Figs. 1 and 2 and the results with two different models
are generally consistent with each other.
Using the obtained form factors, we give a brief analysis

of the scalar leptoquark model S1 ¼ ð3; 1; 1=3Þ to explain
the experiment data RexpðΛcÞ ¼ 0.242� 0.026� 0.040�
0.059. Our results show the NP Hamiltonian in Eq. (29) can
explain the Rexp in the region constrained by LHC.
Our work provides the ingredients for further research on

the tensor current and its contribution in NP analysis. The
phenomenological analysis of new physics contributions
made on these form factors can serve as a useful reference
for future experimental and theoretical studies.
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APPENDIX: HELICITY AMPLITUDES

In this section, we collect all helicity amplitudes used in
the main text.

LS ¼ 4ð1 − m̂l
2Þq2ðjH−1

2

−1
2

j2 þ jH1
2
1
2

j2Þ;

LV ¼ 4

3
ð1 − m̂l

2Þq2
�
ð2þ m̂l

2Þ
�
jH−1

2

0;−1
2

j2 þ jH−1
2

1;1
2

j2 þ jH1
2

0;1
2

j2 þ jH1
2

−1;−1
2

j2
�
þ 3m̂l

2

�
jH1

2

t;1
2

j2 þ jH−1
2

t;−1
2

j2
��

;

LT ¼ 8

3
ð1 − m̂l

2Þð1þ 2m̂l
2Þq2

�
jH1

2

t;0;1
2

þH
1
2

−1;1;1
2

j2 þ jH−1
2

t;0;−1
2

þH
−1
2

−1;1;−1
2

j2 þ jH−1
2

0;1;1
2

þH
−1
2

3;1;1
2

j2 þ jH1
2

−1;0;−1
2

þH
1
2

3;−1;−1
2

j2
�
;

LSV ¼ 8ð1 − m̂l
2Þm̂lq2Re

�
H

1
2
�
1
2

H
1
2

t;1
2

þH
−1
2
�

−1
2

H
−1
2

t;−1
2

�
;

LVT ¼ 16ð1 − m̂l
2Þm̂lq2Re

�
H

1
2
�
0;1

2

�
H

1
2

−1;1;1
2

þH
1
2

t;0;1
2

�
þH

1
2
�
−1;−1

2

�
H

1
2

−1;0;−1
2

þH
1
2

t;−1;−1
2

�
þH

−1
2
�

0;−1
2

�
H

−1
2

−1;1;−1
2

þH
−1
2

t;0;−1
2

�

þH
−1
2
�

1;1
2

�
H

−1
2

0;1;1
2

þH
−1
2

t;1;1
2

��
:

where

HS
S0 ¼ HSSS0 −HPS

S0 ¼ hB0ðP0; S0Þjcð1 − γ5ÞbjBðP; SÞi;
HS

Sw;S0
¼ HVS

Sw;S0
−HAS

Sw;S0
¼ hB0ðP0; S0Þjc̄γμð1 − γ5ÞbjBðP; SÞiϵ�μðSwÞ;

HS
Sw1;Sw2;S0

¼ HTS
Sw1;Sw2;S0

−HT5SSw1;Sw2;S0 ¼ hB0ðP0; S0Þjc̄iσμνð1 − γ5ÞbjBðP; SÞiϵ�μðSw1Þϵ�νðSw2Þ:

TheHSSS0 ,HVS
Sw;S0

,HTS
Sw1;Sw2;S0

are helicity amplitudes which can be expressed by form factors defined in Eqs. (6), (28), and
(30). Based on the same convention, the helicity amplitude with (S − P) and (V − A) can be expressed as

HS
1
2
1
2

¼ ffiffiffiffiffiffiffi
Qþ

p �
F1

M −M0

mb −mc
þ F3

q2

ðmb −mcÞM
�

HP
1
2
1
2

¼
ffiffiffiffiffiffiffi
Q−

p �
−G1

M þM0

mb þmc
−G3

q2

ðmb þmcÞM
�
;

HV
1
2

0;1
2

¼
ffiffiffiffiffiffiffi
Q−

q2

s �
F1ðM þM0Þ − F2

q2

M

�
; HA

1
2

0;1
2

¼
ffiffiffiffiffiffiffi
Qþ
q2

s �
G1ðM −M0Þ þ G2

q2

M

�
;

HV
1
2

t;1
2

¼
ffiffiffiffiffiffiffi
Qþ
q2

s �
F1ðM −M0Þ þ F3

q2

M

�
; HA

1
2

t;1
2

¼
ffiffiffiffiffiffiffi
Q−

q2

s �
G1ðM þM0Þ −G3

q2

M

�
;

HV
−1
2

1;1
2

¼
ffiffiffiffiffiffiffiffiffi
2Q−

p �
F1 − F2

M þM0

M

�
; HA

−1
2

1;1
2

¼ ffiffiffiffiffiffiffiffiffi
2Qþ

p �
G1 þ G2

M −M0

M

�
;

HS
−1
2

−1
2

¼ HS
1
2
1
2

; HP
−1
2

−1
2

¼ −HP
1
2
1
2

; HV−S
−Sw;−S0

¼ HVS
Sw;S0

; HA−S
−Sw;−S0

¼ −HAS
Sw;S0

:
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The helicity amplitudes with tensor current are

HT
1
2

t;0;1
2

¼
ffiffiffiffiffiffiffi
Q−

p �
f1−f2þf3þf4

Qþ
2MM0

�
; HT5

1
2

t;0;1
2

¼−
ffiffiffiffiffiffiffi
Qþ

p
f1; HT

1
2

1;−1;1
2

¼−f1
ffiffiffiffiffiffiffi
Qþ

p
; HT5

1
2

1;−1;1
2

¼−HT
1
2

t;0;1
2

HT
−1
2

1;t;1
2

¼
ffiffiffiffiffiffiffiffiffi
2Q−

q2

s �
−f1ðMþM0Þþf2

M2−M02þq2

2M
þf3

M2−M02−q2

2M0

�
;

HT5
−1
2

1;t;1
2

¼−

ffiffiffiffiffiffiffiffiffi
2Qþ
q2

s �
−f1ðM−M0Þþf2

Q−

2M
þf3

Q−

2M0

�
HT

−1
2

1;0;1
2

¼−HT5
−1
2

1;t;1
2

; HT5
−1
2

1;0;1
2

¼−HT
−1
2

1;t;1
2

;

HT−S
−Sw1;−Sw2;−S0

¼HTS
Sw1;Sw2;S0

; HT5−S−Sw1;−Sw2;−S0 ¼−HT5SSw1;Sw2;S0 ; HS
Sw2;Sw1;S0

¼−HS
Sw1;Sw2;S0

;

where Q� ¼ ðM �M0Þ2 − q2. The other helicity amplitudes are zero.
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