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Abstract In recent years, the experimental results about
the ratio of the branching ratios RD(∗) and RK (∗) , which are
in the semileptonic b → clν̄l and b → sl+l− decays, have
been observed to deviate from the Standard Model predic-
tion by 1.4σ , 2.5σ , 2.4σ and 2.2σ respectively. Motivated
by these anomalies and by the abundant B∗ data samples,
we investigate possible New Physics effects of the vector
leptoquark in the semileptonic decay B̄∗

u,d,s,c → V τ−ν̄τ

(V = D∗
u,d,s, J/ψ). which is induced by b → cτ−ν̄τ at

the quark level. Using the best fit solutions for the new
operator Wilson coefficients and the relevant form fac-
tors which are obtained in the light-front quark model, we
find that (i) the contributions of the vector leptoquark to
dΓ (L)/dq2(B̄∗

u,d,s,c → V τ−ν̄τ ) and R∗(L)
V (q2) to be sig-

nificant; (ii) the two best fit solutions in the vector lepto-
quark are indistinguishable from each other and give similar
amounts of enhancements to these two observables; (iii) both
two cases of the vector leptoquark give nearly same results
as those of the Standard Model for Aτ

FB(q2) , Pτ (q2) and
F∗V
L (q2). We hope that the numerical results in this work

will be tested in the future high energy experiments.

1 Introduction

The imprints of New Physics (NP) beyond the standard model
(SM) can be tested via both the direct approach and the indi-
rect approach. Though no direct evidences about NP beyond
the SM have been found in the high-energy collider experi-
ments, there are some interesting indirect hints of NP in the
semileptonic B meson decays via both the neutral current pro-
cess b → sl+l− and charged current process b → clν̄l . Over
the past few decades, many intriguing hints of NP have been
observed in the form of lepton flavour universality (LFU)
observables for semileptonic B decays and some anomalies
in these decay processes have also been observed, which
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indicate (1 − 3σ) deviations from the SM predictions. The
SM predictions and the corresponding experimental values
of various lepton nonuniversality (LNU) observables with
their deviations are listed in the Table 1.

Unlike the branching fractions which are largely affected
by the uncertainties that originate from the Cabibbo Kobayashi
Maskawa (CKM) matrix element and the hadronic from fac-
tors, all the observables which are presented in the Table 1
are ratio of the branching fraction and the reliance of these
observables on the CKM matrix element exactly cancels each
other out.

The uncertainties due to the form factors can also be
largely reduced in these ratios, resulting the prediction with
high accuracy. Hence, the clear disagreements between the
experimental measurements and the SM predictions strongly
indicate possible NP. Therefore, the lepton flavor universality
violation (LFUV) will be considered to be the most powerful
tools to probe NP beyond the SM. The observed RD(∗) and
RK (∗) anomalies, if confirmed by future more precise data,
will be clear signs for NP beyond the SM, and have already
attracted lots of many theoretical studies [24–49]. For a recent
review, the readers are referred to Refs. [50–52] and relevant
references. In this paper we will pay our attention to the
possible NP solutions with a single vector leptoquark (LQ)
scenario [53]. As discussed in the Ref. [53], the RK (∗) , RD(∗)

and the angular observable P ′
5 of B̄ → K̄ ∗μ+μ− decay pro-

cess have been addressed by one vector LQ transforming
as (3, 3, 2

3 ) under the SM gauge group. At the same time
those anomalies can also be explained by adding to the SM
one TeV-scale scalar LQ transforming as (3, 1,− 1

3 ) under
the SM gauge group [54]. After considering the constraints
from both the experimental results of RD(∗) anomalies and the
contributions of a vector LQ to the B → D(∗)τ ν̄τ process,
two best-fit solutions which are denoted as RA and RB are
found for the operator coefficients and given in the Ref. [55].
Furthermore, many theoretical works have been done based
about the NP effects of RD(∗) anomalies on the �b →
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Table 1 List of the measured LNU observables

LNU observables Experimental data SM prediction Deviation

RK |q2∈[1,6]GeV2 0.846+0.060+0.016
−0.054−0.014 [1] 1.003 ± 0.0001 [2,3] 2.5σ

RK ∗ |q2∈[0.045,1.1]GeV2 0.66+0.11
−0.07 ± 0.03 [4] 0.92 ± 0.02 [5] 2.2σ

RK ∗ |q2∈[1.1,6]GeV2 0.69+0.11
−0.07 ± 0.05 [4] 1.00 ± 0.01 [6] 2.4σ

RD 0.340 ± 0.027 ± 0.013 [11–15] 0.299 ± 0.003 [7–11] 1.4σ

RD∗ 0.295 ± 0.011 ± 0.008 [11] 0.258 ± 0.005 [11,16–19] 2.5σ

RJ/� 0.71 ± 0.17 ± 0.18 [20] [0.28–0.28] [21,22] 2σ

FD∗
L 0.60 ± 0.08 ± 0.04 [23] 0.441 ± 0.006 [24] (0.46 ± 0.04 [25]) 1.8σ(1.4σ)

�cτ ν̄τ [30,56,58–62], Bs → D(∗)
s (K (∗))τ ν̄τ [27,28,63,64],

	b → 	cτ ν̄τ [32,33,57] Bc → ηc(J/ψ)τ ν̄τ [65,66],
B̄∗ → Pτ ν̄τ [67–69].

In addition to B meson, the B∗ meson with the vector
ground state of bq̄ system and with quantum number of
n2s+1L J = 13S1 and J P = 1−1 [70–73] can decay B̄∗ →
Vlν̄l(V = D∗

u,d,s, J/�) which are induced by the b → clν̄l
transitions at quark level. Therefore, in this case, the corre-
sponding NP effects might also contribute to the semileptonic
B∗ decays as well. In addition, because the B∗ meson is an
unstable particle and mB∗

q
−mBq ≤ 50MeV < mπ , so it can-

not decay via strong interaction [74]. The B∗ meson decay
is mainly dominated by the radiative process B̄∗ → B̄γ and
the B∗ semileptonic decay modes B̄∗ → Vlν̄l which are
considered in this work are very rare. Though there is no
corresponding experimental information about B∗ due to the
limited center of mass energy, we hope that the running LHC
and upcoming SuperKEKB/Belle-II experiment will make it
possible for the B∗ weak decays in the future.

Recently, some interesting theoretical research for the B∗
weak decays have been done within the SM and the NP sce-
narios [65,75–80]. Motivated by these facts that a vector LQ
can explain the anomalies in the b → c(u)lν̄l and b → sl+l−
processes , in this work we will pay our attention to the contri-
butions of the vector LQ for B̄∗ → Vlν̄l(V = D∗

u,d,s, J/�).
Using the best fit solutions for the Wilson coefficients of
the new operator by the current data of meson decays and
the relevant form factors resulted in the light-front quark
model, we will investigate the contribution of vector LQ
to some q2 dependent observables, such as the differential
branching fraction dBr (L)/dq2, the ratio of the branching
fraction R∗(L)

V (q2), the lepton forward-backward asymmetry
Al
FB(q2), the longitudinal polarization fraction of the daugh-

ter meson F∗V
L (q2) and the lepton spin asymmetry Pτ (q2).

The layout of the paper is as follows. In Sect. 2, we
briefly introduce the SM extended by adding a vector LQ
U3(3, 3, 2/3) that generate left handed current with quarks
and leptons and the contribution to the B̄∗ → V τ ν̄τ pro-
cesses. Theoretical framework for B̄∗ → Vlν̄l are presented
in Sect. 3. The helicity amplitudes and all definitions of phys-

ical observables for the semileptonic B̄∗ → V τ ν̄τ are also
shown in the section. Section 4 is devoted to the numerical
results and discussions about the NP effects of the vector LQ
to some observable. Finally, we will present a brief summary
of our results and main conclusions in Sect. 5.

2 Review of the vector Leptoquark model

We start with the most relevant effective Hamiltonian for the
quark level transition b → cτ ν̄τ containing both the SM and
the possible NP operators [81–84]

He f f = 4GF√
2
Vcb

[
(1 + VL)OVL + VROVR + SLOSL

+SROSR + TOT

]
+ h.c.,

where GF is the Fermi coupling constant, Vcb is the CKM
matrix element. We note that the NP coupling parameters VL ,
VR , SL , SR and T characterizing the NP contributions com-
ing from the new vector, scalar and tensor NP operators are
associated with left handed neutrino and these NP coupling
parameters are all zero in the SM. In our paper, we mainly
focus on a study of the vector type interaction with the NP
coupling parameter VL . The Fermionic operators OVL , OVR ,
OSL , OSR and OT are defined as,

OVL = (
c̄γ μbL

) (
τ̄Lγμντ L

)
, OVR = (

c̄γμbR
) (

τ̄Lγμνl L
)
,

OSL = (c̄bL) (τ̄Rντ L) , OSR = (c̄bR) (τ̄Rντ L) ,

OT = (
c̄σμνbL

) (
τ̄Rσμνντ L

)
.

Here, σμν = i[γμ, γν]/2. (b, τ, ντ )L ,R = PL ,R(b, τ, ντ ) are
the chiral quark (lepton) field with PL ,R = (1 ∓ γ5)/2 as the
projection operators.

One simple way to obtain a new physics contribution to
b → clνl is to use a LQ which couples to the second- and
third-generation fermions.

In the Ref. [53], the SM was extended by a vector SU (2)L
triplet LQ generating purely left handed currents with quarks
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and leptons. The vector triplet U3, which transforms under
the SM gauge group (3, 3, 2

3 ), couples to a leptoquark current
with V − A structure and the coupling can be written as

LU = gi j Ōiγμτ AU A
3μL j + H.c., (1)

where i, j = 1, 2, 3 are generation indices; the Qi (Li ) is
the left handed quark and lepton doublets, respectively. The
τ A(A = 1, 2, 3) are the Pauli matrices in the SU (2)L space.
For simplicity, we take the constraint that couplings gi j are
real and it is defined as the couplings of the Q = 2/3 com-
ponent of the triplet U 2/3

3μ to d̄Li and lL j . Expending other

SU (2)L components U 5/3
3μ and U−1/3

3μ and with the CKM
matrix V from the left or Pontecorvo Maki Nakagawa Sakata
(PMNS) matrix U from the right [85,86], the Lagrangian in
the Eq. (1) can be written as

LU3 = U (2/3)
3μ

[
(VgU )i j ūiγ

μPLν j − gi j d̄iγ
μPL
 j

]
+U (5/3)

3μ (
√

2Vg)i j ūiγ
μPL
 j

+U (−1/3)
3μ (

√
2gU )i j d̄iγ

μPLν j + H.c., (2)

here we will assume that the neutrinos is massless and the
PMNS matrix can be rotated away via field redefinitions.

The semileptonic decay b → cτ ν̄τ can also be mediated
via exchange of the vector multiplet Uμ

3 at tree level. The
resulting effective weak Hamiltonian including the SM con-
tribution and LQ correction can be written as [53]

Hef f = GFVcb√
2

(1 + VL)c̄γμ(1 − γ5)bτ̄ γ μ(1 − γ5)ντ , (3)

we can find that the vector LQ only generates (V-A) cou-
plings and the corresponding NP coupling parameter from
the vector LQ model can be written as

VL =
√

2

4GFVcb

g∗
bτ (Vg)cτ

M2
U

. (4)

The lower limits on the masses of the LQs in the model
independent have been pushed to a TeV scale by the direct
searches about the LQs. In our numerical results, after tak-
ing into account the constraints on the vector LQ mass by
CMS collaboration [87,88], the mass of the vector LQ MU is
hypothesized to be 1TeV. It should be noted that in this model
the vector LQ could explain the RD(∗) and RK (∗) simultane-
ously, as shown in Ref. [53]. From the results of χ2 fits to
the measured ratios RD(∗) and acceptable q2 spectra done in
Ref. [55], we learn that at 1σ we have the following two best
fit solution

g∗
bτ (Vg)cτ =

{
0.18 ± 0.04 RA

−2.88 ± 0.04 RB
, (5)

and for the two best fit solution cases, the coefficients 1+VL

can be got and rewritten as

1 + VL =
{

1.133 ± 0.030 forRA

−1.135 ± 0.030 forRB
, (6)

although the fit results RA and RB are quite different, the
coefficients 1 + VL they induced have nearly same abso-
lute values for two solutions. Currently, it is very hard for
us to differentiate these two solutions, and this is the key
to explaining the phenomenon that NP contributions in RA

and RB overlap each other in our figure which are shown in
Sect. 4.

3 Theoretical framework for B̄∗ → Vl ν̄l

From Eq. (3), we can get the amplitude of B̄∗ → Vlν̄l and it
can be expressed as the product of the hadronic matrix ele-
ment and leptonic current. The square of the matrix element
can be written as the product of leptonic (Lμν) and hadronic
(Hμν) tensors. So the square amplitude can be written as

|M(B̄∗ → Vlν̄l)|2 = G2
F

2
|Vcb|2LμνH

μν

= G2
F

2
|Vcb|2

∑
m,m′,n,n′

L(m, n)H(m′, n′)gmm′gnn′ . (7)

It should be noted that the polarization vector of the off-
shell particle W ∗(ε̄μ(m)) satisfies the orthonormality and
completeness relations

ε̄∗μ(m)ε̄μ(m′) = gmm′ (8)∑
mm′

ε̄∗μ(m)ε̄ν(m′)gmm′ = gμν (9)

where gmm′ = diag(+,−,−,−) and m,m′ = ±, 0, t rep-
resent the transverse, longitudinal and time-like polarization
components. So it is noted that L(m, n) = Lμνε̄μ(m)ε̄∗

ν (n)

and H(m, n) = Hμνε̄∗
μ(m)ε̄ν(n) are both lorentz invari-

ant and can be evaluated independent in specific reference
frames. For convenience, we will calculate H(m, n) and
L(m,n) in the B∗ meson rest frame and the virtual W ∗ rest
frame, respectively [79].

3.1 The helicity amplitudes of B̄∗ → Vlν̄l decays

For hadronic part, the helicity amplitudes HλW∗λB∗λV of
B̄∗ → Vlν̄l decays are defined as [80]

HλW∗λB∗λV (q2) = 〈V (pV , λV )|c̄γμ(1 − γ5)b|B̄∗(pB∗ , λB∗ )〉ε̄∗μ(λW∗ )
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which can describe the decay of B∗ meson into a vector V
meson and a virtual W ∗. Both parent meson B∗ and daughter
mesonV have three helicity states λB∗(V ) = 0,±, butW ∗ has
four helicity states λW ∗ = t, 0,±. Then the hadronic matrix
elements 〈V (pV , λV )|c̄γμ(1 − γ5)b|B̄∗(pB∗ , λB∗)〉 can be
parameterized in terms of various form factors [89,90].

〈V (ε2, pV )|c̄γμb|B̄∗(ε1, pB∗)〉
= (ε1 · ε∗

2)
[
−Pμ V1(q

2) + qμ V2(q
2)

]

+ (ε1 · q)(ε∗
2 · q)

m2
B∗ − m2

V

[
Pμ V3(q

2) − qμ V4(q
2)

]

− (ε1 · q) ε∗
2μ V5(q

2) + (ε∗
2 · q) ε1μ V6(q

2),

〈V (ε2, pV )|c̄γ5γμb|B̄∗(ε1, pB∗)〉
= −iεμναβεα

1 ε
∗β
2

[
Pν A1(q

2) − qν A2(q
2)

]

− iε∗
2 · q

m2
B∗ − m2

V

εμναβεν
1 P

αqβ A3(q
2)

+ iε1 · q
m2

B∗ − m2
V

εμναβε∗ν
2 Pαqβ A4(q

2) (10)

here we will use sign convention ε0123=−1.
In the rest frame of B∗ meson, we will consider the daugh-

ter vector meson V to move along +z direction. The momenta
of the mesons B∗, V and virtual W ∗ are written as

pμ
B∗ = (mB∗ , 0, 0, 0),

pμ
V = (EV , 0, 0, |p|),

qμ = (q0, 0, 0,−|p|), (11)

where q0 and p are the energy and momentum of the virtual
W ∗. Besides, q0 = mB∗ −EV = (m2

B∗ −m2
V +q2)/(2mB∗),

|p| = λ1/2(m2
B∗ ,m2

V , q2)/2mB∗ , with λ(a, b, c) ≡ a2+b2+
c2 − 2(ab + bc + ca) and m2

l ≤ q2 ≤ (mB∗ − mV )2. The
polarization vectors of the mesons B∗ and V can be written
as

ε
μ
1 (0) = (0, 0, 0, 1),

ε
μ
1 (±) = 1√

2
(0,∓1,−i, 0);

ε
μ
2 (0) = 1

mV
(|p|, 0, 0, EV ),

ε
μ
2 (±) = 1√

2
(0,∓1,−i, 0). (12)

The polarization vectors of W ∗ boson, are conveniently cho-
sen as following

ε̄μ(t) = 1√
q2

(q0, 0, 0,−|p|),

ε̄μ(0) = 1√
q2

(|p|, 0, 0,−q0),

ε̄μ(±) = 1√
2
(0,±1,−i, 0), (13)

In the l − ν̄l center of mass frame (virtual W ∗ rest frame),
the four-momenta of l and ν̄l pair can be expressed as

pμ
l = (El , |pl | sin θl , 0, |pl | cos θl),

pμ
νl

= (|pl |,−|pl | sin θl , 0,−|pl | cos θl), (14)

with El = (q2 + m2
l )/2

√
q2, |pl | = (q2 − m2

l )/2
√
q2, and

θl is the angle between V and l three-momenta. At the same
time, in this frame, the polarization vectors of W ∗ boson are
written in the form

ε̄μ(t) = (1, 0, 0, 0),

ε̄μ(0) = (0, 0, 0, 1),

ε̄μ(±) = 1√
2
(0,∓1,−i, 0). (15)

In the B∗ meson rest frame, after contracting above
hadronic matrix elements with the polarization vectors, the
non-vanishing helicity amplitudes can obtained and written
as

H0++(q2) = −m2
B∗ − m2

V√
q2

A1(q
2) +

√
q2A2(q

2) + 2mB∗ |p|√
q2

V1(q
2),

Ht++(q2) = − 2mB∗ |p|√
q2

A1(q
2) + m2

B∗ − m2
V√

q2
V1(q

2) −
√
q2V2(q

2),

H−+0(q
2) = −m2

B∗ + 3m2
V − q2

2mV
A1(q

2) + (m2
B∗ − m2

V − q2)

2mV
A2(q

2)

− 2m2
B∗ |p|2

mV (m2
B∗ − m2

V )
A3(q

2) − mB∗ |p|
mV

V6(q
2),

H0−−(q2) = m2
B∗ − m2

V√
q2

A1(q
2) −

√
q2A2(q

2) + 2mB∗ |p|√
q2

V1(q
2),

Ht−−(q2) = 2mB∗ |p|√
q2

A1(q
2) + m2

B∗ − m2
V√

q2
V1(q

2) −
√
q2V2(q

2),

H+−0(q
2) = m2

B∗ + 3m2
V − q2

2mV
A1(q

2) − (m2
B∗ − m2

V − q2)

2mV
A2(q

2)

+ 2m2
B∗ |p|2

mV (m2
B∗ − m2

V )
A3(q

2) − mB∗ |p|
mV

V6(q
2),

H+0+(q2) = 3m2
B∗ + m2

V − q2

2mB∗
A1(q

2) − (m2
B∗ − m2

V + q2)

2mB∗
A2(q

2)

+ 2mB∗ |p|2
m2

B∗ − m2
V

A4(q
2) − |p|V5(q

2),

H−0−(q2) = − 3m2
B∗ + m2

V − q2

2mB∗
A1(q

2) + (m2
B∗ − m2

V + q2)

2mB∗
A2(q

2)

− 2mB∗ |p|2
m2

B∗ − m2
V

A4(q
2) − |p|V5(q

2),

H000(q
2) = |p|(m2

B∗ + m2
V − q2)√

q2mV
V1(q

2) + 2m2
B∗ |p|3√

q2mV (m2
B∗ − m2

V )
V3(q

2)

−|p|(m2
B∗ − m2

V − q2)

2
√
q2mV

V5(q
2) + |p|(m2

B∗ − m2
V + q2)

2
√
q2mV

V6(q
2),

Ht00(q
2) = (m2

B∗ − m2
V )(m2

B∗ + m2
V − q2)

2
√
q2mB∗mV

V1(q
2)

−
√
q2(m2

B∗ + m2
V − q2)

2mB∗mV
V2(q

2)
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+mB∗ |p|2√
q2mV

V3(q
2) − mB∗ |p|2√q2

mV (m2
B∗ − m2

V )
V4(q

2)

−mB∗ |p|2√
q2mV

V5(q
2) + mB∗ |p|2√

q2mV
V6(q

2). (16)

Moreover, the leptonic helicity amplitudes hλl ,λν̄l
=

1
2 ūl(λl)γ

μ(1 − γ5)νν̄l ε̄μ(λW ∗) with λW ∗ = λl − λν̄l After
considering exact expressions of the spinors and polarization
vectors of W ∗ listed in Eq. (15), one can obtain the following
non-vanishing results

|h− 1
2 , 1

2
|2 = 8(q2 − m2


),

|h 1
2 , 1

2
|2 = 8

m2



2q2 (q2 − m2

),

(17)

with the cases λl = −1/2 and 1/2 are referred to as the
non-flip and flip transitions, respectively.

3.2 Decay distribution and other observables of
B̄∗ → Vlν̄ldecays

In the presence of NP, the differential angular decay distri-
bution for B̄∗ → Vlν̄l decay can be expressed as

d2Γ

dq2d cos θl
= G2

F |Vcb|2
(2π)3

|p|
8m2

B∗

1

3
(1 − m2




q2 )LμνH
μν, (18)

furthermore, we can obtain the differential angular decay
distribution for leptonic helicity state λl = 1

2 and λl = − 1
2

d2Γ λ
=−1/2

dq2d cos θl
= G2

F |Vcb|2|p|
256π3m2

B∗

1

3
q2(1 − m2




q2 )2

×|1 + VL |2
[
(1 − cos θl)

2(H2+0+ + H2+−0)

+(1 + cos θl)
2(H2−0− + H2−+0)

+2sin2 θl(H
2
0++ + H2

0−− + H2
000)

]
;

d2Γ λ
=1/2

dq2d cos θl
= G2

F |Vcb|2|p|
256π3m2

B∗

1

3
q2(1 − m2




q2 )2 m2



q2 |1 + VL |2

×
[
sin2 θl(H

2+0+ + H2+−0 + H2−0− + H2−+0)

+2(Ht++ − cos θl H0++)2

+2(Ht−− − cos θl H0−−)2

+2(Ht00 − cos θl H000)
2
]
. (19)

We can determine the differential decay rate dΓ/dq2 by
performing the cosθl integration and summing over the lep-
ton helicity

dΓ

dq2 = G2
F |Vcb|2|p|

288π3m2
B∗

q2 (1 − m2



q2 )2 |1 + VL |

×
[

3m2



2q2 (H2
t++ + H2

t−− + H2
t00)

+(H2+0+ + H2+−0 + H2−0− + H2−+0

+H2
000 + H2

0−− + H2
0++)(1 + m2




2q2 )

]
, (20)

After picking out H2
t00, H2+−0,H2−+0, and H2

000 from Eq. (20).
one can get the longitudinal differential decay rate dΓ L/dq2.

Besides the differential decay branching fractiondBr/dq2,
other interesting observables are also investigated in this
work and they are R∗(L)

V (q2), Al
FB(q2), Pl(q2) and F∗V

L (q2)

R∗(L)
V (q2) ≡ dΓ (L)(B̄∗ → V τ−ν̄τ )/dq2

dΓ (L)(B̄∗ → V 
′−ν̄
′)/dq2
, (
 = e, μ) (21)

Al
FB(q2) =

( ∫ 0

−1
d cos θl

d2Γ

dq2d cos θl

−
∫ 1

0
d cos θl

d2Γ

dq2d cos θl

)/ dΓ

dq2 . (22)

Pl(q
2) = dΓ λ
=−1/2/dq2 − dΓ λ
=1/2/dq2

dΓ /dq2 , (23)

F∗V
L (q2) = dΓ L(B̄∗ → V τ−ν̄τ )/dq2

dΓ /dq2 , (24)

and before taking the ratio we integrate the numerator and
denominator over q2 separately to obtain the average values
of these observables 〈R∗(L)

V 〉, 〈Al
FB〉, 〈Pl〉, and 〈F∗V

L 〉.

4 Numerical results and discussion

4.1 Input parameters

In this section, we shall present the numerical results of the
SM prediction and NP contribution of vector LQ on the afore-
mentioned observables, to see if the effects are large enough
to cause obvious deviations from the SM predictions. Firstly,
we collect all the input parameters relative to the numerical
calculations in the Table 2.

When we evaluate the branching fractions of the B̄∗ →
Vlν̄l , in addition to aforementioned input parameters, the
lifetimes of B∗

u,d,s,c are also indispensable. However, there
is no references about theoretical or experimental informa-
tion on these lifetime until now. We impose the fact that the
electromagnetic process B∗ → Bγ dominates the decays of
B∗ meson. So in our calculation, we will take the approx-
imation Γtot(B∗) � Γ (B∗ → Bγ ). The decay width of
Γ (B∗ → Bγ ) in the light front quark model is given by Ref.
[80] and the result is in agreement with the ones obtained
based on different theoretical models [92–97]. And we use
the following results,

Γtot(B
∗+) � Γ (B∗+ → B+γ ) = (349 ± 18) eV,

Γtot(B
∗0) � Γ (B∗0 → B0γ ) = (116 ± 6) eV,

Γtot(B
∗0
s ) � Γ (B∗0

s → B0
s γ ) = (84+11

−9 ) eV,
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Table 2 Input parameters used in our numerical analyses

Parameter Value References

GF 1.166378 × 10−5 GeV−2 [91]

mB∗ 5.3247 GeV [91]

mB∗
s

5.4254 GeV [91]

mB∗
c

6.3320 GeV [91]

mD∗
u

2.0068 GeV [91]

mD∗
d

2.0103 GeV [91]

mD∗
s

2.1122 GeV [91]

mJ/ψ 3.0969 GeV [91]

mτ 1.7768 GeV [91]

mμ 105.7 MeV [91]

|Vcb| (41.0 ± 1.4) × 10−3 [91]

Γtot(B
∗+
c ) � Γ (B∗+

c → B+
c γ ) = (49+28

−21) eV. (25)

From Eq. (25), it is clear to find that Γtot(B∗+) �
3Γtot(B∗0),Γtot(B∗+) � 4Γtot(B∗0

s ),Γtot(B∗+) � 7Γtot(B∗+
c ).

Besides, it is universally acknowledged that the form fac-
tors are indispensable input parameters for the branching
fraction. And they are calculated in Refs. [80,98] in the
covariant light-front quark model (CLFQM) [99–101]. We
will use the values evaluated in the CLFQM and the q2

dependence of the form factors can be parameterized and
reproduced by three parameters and have the following form

F(q2) = F(0)

1 − a q2

m2
B∗

+ b

(
q2

m2
B∗

)2 , (26)

where F = V1−6 and A1−4 listed in Eq. (10), the values of
the parameters F(0), a and b can be found in Table 3. In our
numerical calculations, the 1σ level range of the CKM Vcb
is considered.

4.2 SM prediction for B̄∗ → Vlν̄l

Employing the framework displayed in Sects. 2 and 3, we
now give the SM predictions for the branching fraction
B(B̄∗ → Vlν̄l) and other interesting observables. And we
present the SM values of above observables in the Table 4.
From the table, it is clear to find that the decay branching frac-
tions are observed to be larger for the lighter lepton modes as
compared to the result at l = τ , and same phenomenon arises
in Pl and F∗V

L . Especially, for Pl , the result for lighter lepton
modes are much larger than the ones of τ mode. The forward-
backward asymmetries Al

FB for light leptons are negative,
but one of the τ mode is positive.

The values of various observables for both B̄∗− → D∗0lν̄l
and B̄∗0 → D∗+lν̄l are very close except decay branch-
ing fractions B(L). One can found that for B̄∗ → V τ ν̄τ

processes, the F
D∗(D∗+

s ,J/�)

L is in the range 20–25%. And
this implies that the transverse polarization dominate B̄∗ →
V τ ν̄τ decay. It is obviously different from B̄ → V τ ν̄τ decay
that is dominated by the longitudinal polarization state.

The Figs. 1, 2, 3, 4, and 5 present the SM prediction for q2

variation of various observables in the reasonable kinematic
range for B̄∗ → Vl−ν̄l(V = D∗, D∗

s , J/�).
In these figures, we have compare the distributions of the

each observable and the red (dot dash), blue (solid) and green
(solid) lines indicate the e, μ and τ mode, respectively. Noted
that for above four decay processes the variation of these
observables are similar to each other, and in order to avoid
repetition we will only illustrate B̄∗− → D∗0l−ν̄l in detail,
and the same analyses can be made for the following text.

As seen from the first two-dimensional plots of these fig-
ures, it is easy to distinct the distribution for both lighter
leptons and τ lepton final state. However, we have observed
the feature that the e mode and μ mode overlap completely
except at a large recoil range. One can see that for μ mode,
the dΓ (L)/dq2 changes to zero quickly at the largest recoil
range. Besides, the dΓ (L)/dq2 for e and μ is maximum
when q2 ≈ 4 GeV2, whereas, for τmode, the dΓ (L)/dq2

is maximum when q2 ≈ 8 GeV2 and approaches zero at
q2

min and q2
max. At the same time, one can find for e mode, at

the largest recoil range, the results of dΓ (L)/dq2(B̄∗0
s →

D∗+
s e−ν̄e) and dΓ (L)/dq2(B̄∗−

c → J/�e−ν̄e) are both
smaller than the result of dΓ (L)/dq2(B̄∗− → D∗0

s e−ν̄e).
For the forward-backward asymmetry shown in Fig. 2, at zero
recoil q2

max = (mB̄∗ − mV)2, all the AFB are 0. Ae
FB is neg-

ative over the all q2 region and Aμ
FB changes to 0.5 quickly

when q2 = m2
μ. Furthermore, there is a zero-crossing point

when q2 ≈ 0.5 GeV2 for μ mode and q2 ≈ 9 GeV2τ mode,
respectively.

For the lepton polarization fraction Pl displayed in Fig. 3,
we observe that all the Pe is +1 in the whole q2 region,
besides, the Pμ changes to -0.3 quickly when q2 = m2

μ.
The result of the τ mode that is quite different from lighter
lepton modes and Pτ is great increasing with q2 over the all
q2 region. Besides, there is a zero-crossing point when q2 ≈
5GeV2. From the Fig. 4, one can see that all the FV

L are great
increasing with q2 over the entire q2 range and around 0.335
at zero recoil q2

max = (mB∗ − mV )2 for B̄∗ → Vl−ν̄l(V =
D∗, D∗

s , J/�). Especially, for τ mode, FV
L shows an almost

positive slope over the entire q2 region. It is clear to find that

at qmin for the lighter lepton modes, FD∗0(D∗+)
L is around 0.22

and F
D∗+
s (J/�)

L is around 0.17. However, for τ mode, when

at qmin = m2
τ , FD∗0(D∗+)

L → 0.25 and F
D∗+
s (J/�)

L → 0.23,
respectively.

For the ratio of branching fraction R∗(L)
V presented in

Fig. 5, it is also increasing with q2 over the all q2 region
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Table 3 The input parameters of the form factors for B̄∗ → D∗, B̄∗
s → D∗

s and B̄∗
c → J/ψ transitions within the CLFQM used in our numerical

analysis [80,98]

A1 A2 A3 A4 V1 V2 V3 V4 V5 V6

F(0) 0.66 0.36 0.07 0.08 0.67 0.36 0.13 0.00 1.17 0.48

B̄∗
d(u) → D∗ a 1.31 1.32 1.79 1.81 1.30 1.32 1.72 −0.09 1.30 1.29

b 0.42 0.42 1.10 1.15 0.43 0.42 1.01 1.27 0.41 0.40

F(0) 0.65 0.38 0.10 0.09 0.66 0.38 0.15 −0.02 1.19 0.53

B̄∗
s → D∗

s a 1.42 1.47 1.89 1.88 1.43 1.48 1.79 2.22 1.41 1.35

b 0.64 0.67 1.33 1.36 0.64 0.67 1.20 1.92 0.61 0.56

F(0) 0.55 0.35 0.14 0.15 0.57 0.35 0.21 −0.01 1.19 0.64

B̄∗
c → J/ψ a 2.48 2.65 2.88 2.88 2.48 2.56 2.75 3.58 2.42 2.32

b 2.71 2.87 3.88 3.90 2.73 2.88 3.51 6.37 2.54 2.33

Table 4 The SM central values prediction for branching fractions Br ,
the lepton polarization fraction 〈Pl 〉, the hadron polarization fraction
〈F∗V

L 〉, the forward-backward asymmetry 〈Al
FB〉 and the ratio of branch-

ing ratio 〈R∗(L)
V 〉 for B̄∗ → Vl ν̄ldecays, and previous bounds are listed

for comparison

B̄∗− → D∗0l−ν B̄∗0 → D∗+l−ν B̄∗0
s → D∗+

s l−ν B̄∗−
c → J/�l−ν


 mode τ mode 
 mode τ mode 
 mode τ mode 
 mode τ mode

Br(×10−8) 8.42 2.26 25.20 6.76 31.76 8.46 36.43 9.73

Br L (×10−8) 2.40 0.69 7.17 2.04 8.77 2.52 8.44 8.44

〈Al
FB〉 −0.177 0.086 −0.176 0.086 −0.183 0.080 −0.167 0.083

〈Pl 〉 1.088 0.135 1.086 0.134 1.079 0.140 1.034 0.118

〈F∗V
L 〉 0.319 0.233 0.318 0.232 0.307 0.225 0.288 0.209

〈R∗
V〉 R∗

D∗0 = 0.269 R∗
D∗+ = 0.268 R∗

D∗+
s

= 0.266 R∗
J/� = 0.267

〈R∗L
V 〉 R∗L

D∗0 = 0.286 R∗L
D∗+ = 0.285 R∗L

D∗+
s

= 0.288 R∗L
J/� = 0.289

Fig. 1 The dΓ (L)/dq2 as a function of q2 for B̄∗ → Vl−ν̄l in the SM. The red (dot dash ), blue (solid), and green (solid) lines indicate the e, μ

and τ mode, respectively. The corresponding undertint represent the longitudinal differential decay rate dΓ L/dq2. And the same in Figs. 2, 3, 4, 5

Fig. 2 The forward-backward asymmetry Al
FB(q2) as a function of q2 for B̄∗ → Vl−ν̄l in the SM
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Fig. 3 The lepton polarization fraction Pl (q2) as a function of q2 for B̄∗ → Vl−ν̄l in the SM

Fig. 4 The hadron polarization fraction F∗V
L (q2) as a function of q2 for B̄∗ → Vl−ν̄l in the SM

Fig. 5 The ratio of branching ratio R∗(L)
V (q2) as a function of q2 for B̄∗ → Vl−ν̄l in the SM and the corresponding undertint represent the

longitudinal observable R∗L
V (q2)

and the longitudinal observable R∗L
V has a slightly smaller

result than R∗
V for B̄∗ → Vl−ν̄l .

Then using the limits of the RD(∗) anomalies experimental
measurements to the parameter space of the coupling, we
will present the discussions about the NP contributions of
the vector LQ on the aforementioned observables. We have
considered the uncertainty of NP parameters displayed in
Eq. (5) and Vcb, and the mass of LQ is taken as MU = 1Tev
when we calculate all the observables for B̄∗ → V τ−ν̄τ .

For simplicity, we only present the predictions for the
observables of B̄∗− → D∗0τ−ν̄τ both in SM and vector
LQ scenarios and the results are displayed in Fig. 6. In this
figure, the gray bands represent the SM predictions for vari-
ous observables, whereas the red and green bands represent
the contributions of the vector LQ in RA and RB scenar-
ios, respectively. From the figure, one can see that the NP
contribution to dΓ (L)/dq2(B̄∗− → D∗0τ−ν̄τ ) and R∗(L)

D∗0 is
prominent and have large deviations from the corresponding
SM prediction. After comparing to the SM prediction, we

can find that the result of the dΓ (L)/dq2(B̄∗− → D∗0τ−ν̄τ )

is enhanced by about 30% both in RA and RB scenarios in
the reasonable q2 range. From the figure, we can also find
that the another obvious feature that it is hard to differentiate
RA and RB scenarios. In order to explain this phenomenon,
from Eq. (3) we have noted that vector LQ contributions only
generates V-A couplings. Though the results RA and RB are
quite different, the coefficient |1+VL | has nearly same result
for two scenarios. Different from the contribution of vector
LQ to dΓ (L)/dq2, the result of R∗(L)

D∗0 (q2) is the rising trend

with the increasingq2. The red and green band are overlapped
due to the same reason for RA and RB scenarios. Besides,
the deviation of R∗(L)

D∗0 (q2) from relevant SM prediction is

very significant, especially at zero recoil q2
max. These two

observables have been hoped to detected on the high energy
collider in the future. Especially, the ratio of branching frac-
tion R∗(L)

V (q2) will support the NP signal of RD(∗) anomalies
once it is detected.
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Fig. 6 The q2 dependence of various observables for the B̄∗− → D∗0τ−ν̄τ decay mode in the SM and vector LQ scenarios. The band widths
represent the uncertainties from the decay widths of B∗, Vcb and NP parameters in the vector LQ scenario

Finally, we show the contributions of SM and vector LQ
to AFB(q2) and Pτ (q2) as well as FD∗0

L (q2) of B̄∗− →
D∗0τ−ν̄τ decay. From the Fig. 6, one can find there is one
obvious feature, i.e., the LQ contribution is indistinguishable
from the SM prediction. The every only line in AFB(q2)

and Pτ (q2) as well as FD∗0

L (q2) dedicates the contributions
coming from either SM prediction or vector LQ scenario.
Since the factor (1 + VL)2 appears both in the numerator
and denominator of the expressions which describe these
observables simultaneously and the NP dependency cancels
in the ratios. One can see that the results of Pτ and FD∗0

L are
both great increasing with q2 and achieve the maximum at
zero recoil q2

max. Besides, the FD∗0

L rises in a straight line
with a slope of about 1. However, Aτ

FB descendent tendency
with the increasing of q2. As a consequence, all the three
observables are insensitive to the contribution of the vector
LQ scenarios and have nearly same behaviour as that in the
SM. Similar conclusions can be made for B̄∗0 → D∗+τ−ν̄τ ,
B̄∗0
s → D∗+

s τ−ν̄τ and B̄∗−
c → J/�τ−ν̄τ decay processes

as well.

5 Summary

The deviations of RD(∗)(K (∗)), RJ/� and FD∗
L between the

experimental measurements and relevant SM predictions
imply that NP may appear in the B meson decay processes.

In this paper, motivated by above anomalies as well as the
abundant B∗ data samples at high-luminosity heavy-flavor
experiments in the future, we have investigated the effect in
the semileptonic B̄∗

u,d,s,c → V τ−ν̄τ decays which is induced

by the b → cτ ν̄τ quark level transition as B → D(∗)τ ν̄τ

decays in vector LQ model.
In this work, the helicity amplitudes are studied in detail

by using the form factors of B̄∗ → V transitions in the
covariant light front quark model. Besides the SM prediction
of different observables such as branching fraction Br (L),
ratio 〈R∗(L)

V 〉, forward-backward asymmetry 〈AFB〉, lepton
polarization fraction 〈Pl〉 and hadron polarization fraction
〈F∗V

L 〉 are presented in Table 4.
We have also discussed the q2 distributions of these

observables in SM as well as RA and RB cases of the vector
LQ model. Using the best-fit solutions for the NP coupling
parameters from RD(∗) anomalies in the experimental mea-
surements, the results of those observables for SM and vector
LQ model are displayed in Fig. 6.

It is clear to find that all the dΓ (L)/dq2 and R∗(L)
V are

both sensitive to the NP effects of the vector LQ and they
have significant deviations from the relevant SM predictions.
Besides, one can see that the red and green band are over-
lapped for RA and RB cases due to the coefficient |1 + VL |
has nearly same result for two scenarios. In the reasonable
q2 range, the result of the dΓ (L)/dq2 is enhanced by about
30% both in two cases. Furthermore, the deviation of R∗(L)

V
from corresponding SM prediction ia very significant, espe-
cially at zero recoil. So the contributions of vector LQ to this
two observables are prominent and they are hoped to be mea-
sured on high energy collider in the future. Nevertheless, for
AFB(q2), Pτ (q2) and FV

L (q2) we do not see any deviation
from the SM prediction, and the NP effects of the vector LQ
on these three observables are cancelled.

Unlike B meson decays that have been investigated both
experimentally and theoretically in the last few years, B∗
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meson is an unstable particle, it can not decay by strong
interaction, decays which has similar quark level transition
are less studied.

In the near future, more data about B∗ will be obtained by
the running LHC and upcoming SuperKEKB/Belle-II exper-
iment, and we hope the results in this paper will play an
important role in probing the hints of possible NP.
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37. A. Angelescu, D. Bečirević, D.A. Faroughy, O. Sumensari, JHEP

10, 183 (2018). arXiv:1808.08179 [hep-ph]
38. R. Watanabe, Phys. Lett. B 776, 5–9 (2018). arXiv:1709.08644

[hep-ph]
39. M. Wei, Y. Chong-Xing, Phys. Rev. D 95(3), 035040 (2017).

arXiv:1702.01255 [hep-ph]
40. S. Iguro, K. Tobe, Nucl. Phys. B 925, 560–606 (2017).

arXiv:1708.06176 [hep-ph]
41. S. Bhattacharya, S. Nandi, S .K. Patra, Phys. Rev. D 95(7), 075012

(2017). arXiv:1611.04605 [hep-ph]
42. R. Alonso, A. Kobach, J. Martin Camalich, Phys. Rev. D 94(9),

094021 (2016). arXiv:1602.07671 [hep-ph]
43. X.Q. Li, Y.D. Yang, X. Zhang, JHEP 08, 054 (2016).

arXiv:1605.09308 [hep-ph]
44. S. Shivashankara, W. Wu, A. Datta, Phys. Rev. D 91(11), 115003

(2015). arXiv:1502.07230 [hep-ph]
45. R. Alonso, B. Grinstein, J. Martin Camalich, JHEP 10, 184 (2015).

arXiv:1505.05164 [hep-ph]
46. Y. Sakaki, M. Tanaka, A. Tayduganov, R. Watanabe, Phys. Rev.

D 91(11), 114028 (2015). arXiv:1412.3761 [hep-ph]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1903.09252
http://arxiv.org/abs/1605.07633
http://arxiv.org/abs/hep-ph/0310219
http://arxiv.org/abs/1705.05802
http://arxiv.org/abs/1605.03156
http://arxiv.org/abs/1610.08761
http://arxiv.org/abs/1503.07237
http://arxiv.org/abs/1505.03925
http://arxiv.org/abs/1607.00299
http://arxiv.org/abs/1606.08030
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
http://arxiv.org/abs/1303.0571
http://arxiv.org/abs/1205.5442
http://arxiv.org/abs/1507.03233
http://arxiv.org/abs/1904.08794
http://arxiv.org/abs/1703.05330
http://arxiv.org/abs/1707.09977
http://arxiv.org/abs/1203.2654
http://arxiv.org/abs/1707.09509
http://arxiv.org/abs/1711.05623
http://arxiv.org/abs/1701.08598
http://arxiv.org/abs/1212.5903
http://arxiv.org/abs/1903.03102
http://arxiv.org/abs/1808.03565
http://arxiv.org/abs/1606.03164
http://arxiv.org/abs/1703.09226
http://arxiv.org/abs/2005.12630
http://arxiv.org/abs/2007.06587
http://arxiv.org/abs/1909.10769
http://arxiv.org/abs/1905.13468
http://arxiv.org/abs/1905.01795
http://arxiv.org/abs/1806.10155
http://arxiv.org/abs/1801.01112
http://arxiv.org/abs/1808.08179
http://arxiv.org/abs/1709.08644
http://arxiv.org/abs/1702.01255
http://arxiv.org/abs/1708.06176
http://arxiv.org/abs/1611.04605
http://arxiv.org/abs/1602.07671
http://arxiv.org/abs/1605.09308
http://arxiv.org/abs/1502.07230
http://arxiv.org/abs/1505.05164
http://arxiv.org/abs/1412.3761


Eur. Phys. J. C (2021) 81 :524 Page 11 of 11 524

47. B. Bhattacharya, A. Datta, D. London, S. Shivashankara, Phys.
Lett. B 742, 370–374 (2015). arXiv:1412.7164 [hep-ph]

48. A. Crivellin, C. Greub, A. Kokulu, Phys. Rev. D 86, 054014
(2012). arXiv:1206.2634 [hep-ph]

49. Y. Sakaki, H. Tanaka, Phys. Rev. D 87(5), 054002 (2013).
arXiv:1205.4908 [hep-ph]

50. A. Crivellin, arXiv:1605.02934 [hep-ph]
51. Z. Ligeti, arXiv:1606.02756 [hep-ph]
52. G. Ricciardi, arXiv:1610.04387 [hep-ph]
53. S. Fajfer, N. Košnik, Phys. Lett. B 755, 270–274 (2016).

arXiv:1511.06024 [hep-ph]
54. M. Bauer, M. Neubert, Phys. Rev. Lett. 116(14), 141802 (2016).

arXiv:1511.01900 [hep-ph]
55. M. Freytsis, Z. Ligeti, J .T. Ruderman, Phys. Rev. D 92(5), 054018

(2015). arXiv:1506.08896 [hep-ph]
56. X.Q. Li, Y.D. Yang, X. Zhang, JHEP 02, 068 (2017).

arXiv:1611.01635 [hep-ph]
57. R. Dutta, Phys. Rev. D 97(7), 073004 (2018). arXiv:1801.02007

[hep-ph]
58. W. Detmold, C. Lehner, S. Meinel, Phys. Rev. D 92(3), 034503

(2015). arXiv:1503.01421 [hep-lat]
59. R .N. Faustov, V .O. Galkin, Phys. Rev. D 94(7), 073008 (2016).

arXiv:1609.00199 [hep-ph]
60. T. Gutsche, M.A. Ivanov, J.G. Körner, V.E. Lyubovitskij,

P. Santorelli, N. Habyl, Phys. Rev. D 91(7), 074001 (2015).
arXiv:1502.04864 [hep-ph]

61. B. Chauhan, B. Kindra, arXiv:1709.09989 [hep-ph]
62. J. Zhu, B. Wei, J.H. Sheng, R.M. Wang, Y. Gao, G.R. Lu, Nucl.

Phys. B 934, 380–395 (2018). arXiv:1801.00917 [hep-ph]
63. N. Das, R. Dutta, J. Phys. G 47(11), 115001 (2020).

arXiv:1912.06811 [hep-ph]
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