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The form factors of the semileptonic B, Bs, and Bc meson decays are calculated in the framework of the
relativistic quark model based on the quasipotential approach in QCD. They are expressed through the
overlap integrals of the meson wave function. All relativistic effects are consistently taken into account.
The momentum transfer q2 behavior of form factors is determined in the whole accessible kinematical
range. We do not use any extrapolations, heavy quark 1=mQ expansion, or model assumptions about the
shape of form factors. Convenient analytic expressions of the form factors are given, which very accurately
reproduce the numerical results of our calculation. On the basis of these form factors and helicity
formalism, the differential and total branching fractions of various semileptonic decays of bottom meson
are calculated. The mean values of the forward-backward asymmetry hAFBi, lepton-side convexity
parameter hCl

Fi, longitudinal hPl
Li and transverse hPl

Ti polarization of the charged lepton, and the
longitudinal polarization fraction hFLi for final-state vector meson are also evaluated. We present a detailed
comparison of the obtained predictions with the calculations based on the covariant light-front quark model
and confront them to available lattice QCD and experimental data. It is found that although both models
predict close values of the total branching fractions, the differential distributions and forward-backward
asymmetry and polarization parameters differ significantly, especially for the heavy-to-light semileptonic
decays. We identify observables which measurement can help to discriminate between models.
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I. INTRODUCTION

The semileptonic decays are the main source of the
determination of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements which are the fundamental parameters of
the Standard Model (SM). The important feature of SM is
the universality of the electroweak coupling to all the three
generations of fermions, which leads to a lepton flavor
universality. As a result the lepton flavor symmetry
between semileptonic decay rates involving different lepton
flavors arise when the charged lepton mass contributions to
decay amplitudes and phase space are taken into account.
Thus investigation of semileptonic decays can be used to
test SM. Any deviations from the CKM matrix unitarity

constraints and lepton flavor universality will be a signal of
the so-called new physics. There is a longstanding tension
between the values of jVcbj and jVubj extracted from
experimental data [1] on exclusive and inclusive semi-
leptonic decays (for a recent review see Ref. [2]). Some
hints of the possible lepton flavor violation, due to the
anomalously high rates for semileptonic b → cτντ com-
pared to SM predictions, were also reported (see, e.g.,
Ref. [3] for a recent review). However, the most recent
experimental data tend to decrease these deviations.
The experimental and theoretical studies of semileptonic

decays of bottom mesons, which are governed by b → c
and b → u quark transitions, are important for the deter-
mination of the CKM matrix elements jVcbj and jVubj. The
semileptonic decays of Bc meson to Bs and B mesons
proceed through c → s and c → d quark transitions, and
thus are proportional to the CKMmatrix elements jVcsj and
jVcdj. The main theoretical difficulty in considering exclu-
sive semileptonic decays of bottom mesons is related to the
calculation of the form factors, which parametrize the
hadronic matrix elements, since the lepton part can be
easily calculated by the standard methods. It is important to
reliably determine the momentum transfer squared q2
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behavior of these form factors in the whole accessible
kinematical range, since differential distributions are very
sensitive to it. This is especially important for heavy-to-
light decays since they have a very broad q2 range. Most of
the theoretical approaches determine these form factors at
some particular kinematical points or in the limited q2

range and then extrapolate them using some model para-
metrizations. For example, light cone sum rules [4]
calculate form factors at the maximum recoil point of
the final meson q2 ¼ 0 (the small electron mass is
neglected), while in lattice QCD calculations the high q2

region is investigated (for a review see, e.g., Ref. [5] and
references therein). And also in most considerations of
heavy-to-heavy (B → Dð�Þ) semileptonic decays the heavy
quark 1=mQ expansion is employed. Some very recent
works on the semileptonic bottom meson decay are in,
e.g., [6–8], where it is interesting that in Ref. [6] both
the space- and timelike momentum transfer regions are
considered.
In the present paper we use the relativistic quark model

based on the quasipotential approach in QCD for the
calculations of the bottom meson transition form factors
in the whole accessible kinematical range. The compre-
hensive account of the relativistic effects allows us to
achieve this goal without any expansions and extrapola-
tions. On this basis we calculated semileptonic decay
branching fractions of bottommesons as well as differential
distributions, forward-backward (FB) asymmetry and
polarization parameters. A similar approach was recently
used by us for consideration of the D meson semileptonic
decays [9]. We present also the detailed comparison of our
predictions with the results of the other popular quark
model—the covariant light-front quark model (CLFQM)
[10,11] and identify observables which measurement can
help to discriminate between models. Model predictions are
also compared with available data from the experiment and
lattice QCD.

II. RELATIVISTIC QUARK MODEL

We use the relativistic quark model (RQM) based on the
quasipotential approach to calculate the form factors para-
metrizing the matrix elements of the weak B, Bs, and Bc
meson decays. In this model a meson M is considered as a
quark-antiquark bound state described by the wave function
ΨM, which satisfies the three-dimensional relativistically
invariant Schrödinger-type quasipotential equation [12]

�
b2ðMÞ
2μR

−
p2

2μR

�
ΨMðpÞ¼

Z
d3q
ð2πÞ3Vðp;q;MÞΨMðqÞ; ð1Þ

where

b2ðMÞ ¼ ½M2 − ðm1 þm2Þ2�½M2 − ðm1 −m2Þ2�
4M2

ð2Þ

and

μR ¼ M4 − ðm2
1 −m2

2Þ2
4M3

ð3Þ

are the relative momentum squared on mass shell in the
center of mass system and the relativistic reduced mass,
respectively. Here M is the meson mass, m1;2 are the quark
masses, and p is their relative momentum.
The kernel of this equation Vðp;q;MÞ is the quark-

antiquark interaction quasipotential. In RQM it is con-
structed [12] with the help of the QCD-motivated off-mass-
shell scattering amplitude projected on the positive energy
states. The effective quark-antiquark interaction is chosen
as the sum of the one-gluon exchange potential, which
dominates at short distances, and the long range confining
interaction linearly increasing with a quark separation,
which dominates at large distances. The Lorentz-structure
of the confining interaction is assumed to be the mixture of
the vector and scalar terms with the mixing coefficient ϵ.
It is also assumed that the vertex of the vector confining
interaction ΓμðkÞ with k ¼ p − q contains both Dirac and
Pauli terms

ΓμðkÞ ¼ γμ þ
iκ
2m

σμνkν; ð4Þ

thus, introducing the long-range anomalous chromomag-
netic quark moment κ. In the nonrelativistic limit this
quasipotential reduces to the standard Cornell potential

VðrÞ ¼ −
4

3

αs
r
þ Arþ B; ð5Þ

where αs is the QCD coupling constant. Therefore, our
quasipotential can be considered as its relativistic gener-
alization, which takes into account both spin-independent
and spin-dependent contributions. Its explicit form can be
found in Ref. [13].
All parameters of the model were fixed from previous

considerations of meson properties [12–15]. The constitu-
ent quark masses mu ¼ md ¼ 0.33 GeV, ms ¼ 0.5 GeV,
mc ¼ 1.55 GeV and mb ¼ 4.88 GeV and parameters of
confining potential A ¼ 0.18 GeV2 and B ¼ −0.30 GeV
have values standard for the quark models. Our extra
parameters: the mixing coefficient of vector and scalar
confining potentials is ϵ ¼ −1 and the long-range anoma-
lous chromomagnetic moment is κ ¼ −1. For the chosen
value of κ, the long range chromomagnetic interaction,
which is proportional to (1þ κ), vanishes in accord with
the flux tube model.
The spectroscopy of the heavy [15], heavy-light [14] and

light [13] mesons was considered previously. The quasi-
potential equation (1) with the complete relativistic quasi-
potential was solved numerically. Masses of ground and
excited mesons were found in good agreement with
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available experimental data. The numerical wave functions
of the meson states were obtained. Here we apply these
wave functions for the calculations of the weak decay form
factors of B, Bs, and Bc mesons.
In the quasipotential approach the matrix element of the

weak current JWμ ¼ q̄γμð1 − γ5Þb (q ¼ u, c) between initial

(B ¼ B;Bs; Bc) and final (F ¼ Dð�Þ; Dð�Þ
s ; π; ρ; η; η0;ω;

Kð�Þ; ηc; J=ψ) meson states is expressed as [16–18]

hFðpFÞjJWμ jBðpBÞi¼
Z

d3pd3q
ð2πÞ6 Ψ̄FpF

ðpÞΓμðp;qÞΨBpB
ðqÞ;

ð6Þ
where pB and pF are the initial and final meson momenta,
respectively. The wave functions ΨMpM

of the initial
(M ¼ B) and final (M ¼ F) mesons are projected on the
positive energy states and boosted to the moving reference
frame with the three-momentum pM. The wave function of
themovingmesonΨMpM

is connectedwith thewave function
in the rest reference frame ΨM0 by the transformation [16]

ΨMpM
ðpÞ ¼ D1=2

q ðRW
LpM

ÞD1=2
q̄s ðRW

LpM
ÞΨM0ðpÞ; ð7Þ

where q and q̄s are the active quark and spectator antiquark,
respectively. RW is the Wigner rotation, LpM

is the Lorentz
boost from the meson rest frame to a moving one, and
D1=2ðRÞ is the spin rotation matrix

�
1 0

0 1

�
D1=2

q ðRW
LpM

Þ ¼ S−1ðpqÞSðpMÞSðpÞ;

with

SðpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵðpÞ þm

2m

r �
1þ α · p

ϵðpÞ þm

�
;

with α ¼ γ0γ being the product of the Dirac matrices, andm
is the corresponding quark or meson mass.
The vertex function of the W-boson interaction consists

of two terms Γμðp;qÞ ¼ Γð1Þ
μ ðp;qÞ þ Γð2Þ

μ ðp;qÞ. The first
term corresponds to the impulse approximation, where
there is no interaction between the active quark and
spectator antiquark. Thus it contains the δðps − qsÞ func-
tion which is responsible for the momentum conservation

on the spectator q̄s line. The second term is the conse-
quence of the projection on the positive energy states and
takes into account interaction of the negative energy part of
the active quark with the spectator antiquark, so-called Z-
diagrams. Thus, this term includes the qq̄ interaction
quasipotentials Vðp;q;MÞ and the negative-energy parts
of the quark propagators. The corresponding diagrams and

explicit expressions for the vertex functions Γð1Þ;ð2Þ
μ ðp;qÞ

are given in Ref. [16].
It is convenient to express the weak decaymatrix element,

Eq. (6), in the form of the overlap integral of the mesonwave
functions. It can be easily done for the leading contribution

Γð1Þ
μ ðp;qÞ, since it contains the δ-function, which allows one

to take one of the integrations in Eq. (6). The second

contribution Γð2Þ
μ ðp;qÞ is more complicated. Instead of the

δ-function it contains the quasipotential Vðp;q;MÞ with the
nontrivial Lorentz-structure. However, it is possible to use
the quasipotential equation to take off one of the integrations
in Eq. (6) and thus to get the desired form of the matrix
elements (for details see Ref. [16]). As a result this con-
tribution is proportional to the ratio of the meson binding
energy to the energy of the active quark. Therefore, it is
indeed the subleading contribution. It turns out to be rather
small for all heavy-to-heavy meson weak decays. For the
heavy-to-light decays its contribution is suppressed for large
recoils of the final meson due to the large energy of the final
active quark but becomes important at small recoils.

III. FORM FACTORS OF
SEMILEPTONIC DECAYS

The hadronic matrix element of the weak current JWμ
between meson states is usually parametrized by the
following set of invariant form factors.

(i) For B transition to the pseudoscalar P meson (where
B symbolically denotes either B; Bs, or Bc)

hPðpPÞjq̄γμbjBðpBÞi

¼ fþðq2Þ
�
pμ
B þ pμ

P −
M2

B −M2
P

q2
qμ
�

þ f0ðq2Þ
M2

B −M2
P

q2
qμ;

hPðpPÞjq̄γμγ5bjBðpBÞi ¼ 0; ð8Þ

(ii) For B transition to the vector V meson

hVðpVÞjq̄γμbjBðpBÞi ¼
2iVðq2Þ
MB þMV

ϵμνρσϵ�νpBρpVσ;

hVðpVÞjq̄γμγ5bjBðpBÞi ¼ 2MVA0ðq2Þ
ϵ� · q
q2

qμ þ ðMB þMVÞA1ðq2Þ
�
ϵ�μ −

ϵ� · q
q2

qμ
�

− A2ðq2Þ
ϵ� · q

MB þMV

�
pμ
B þ pμ

V −
M2

B −M2
V

q2
qμ
�
; ð9Þ
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here q ¼ pB − pF (F ¼ P, V). At the maximum recoil
point (q2 ¼ 0) these form factors satisfy the following
conditions:

fþð0Þ ¼ f0ð0Þ;

A0ð0Þ ¼
MB þMV

2MV
A1ð0Þ −

MB −MV

2MV
A2ð0Þ:

These form factors are calculated in RQM with the
systematic consideration of all relativistic effects as
described in the previous section. Relativistic transforma-
tions of the meson wave functions from the rest reference
frame to the moving one, cf. Eq. (7), as well as relativistic
contributions from the intermediate negative-energy states
are consistently taken into account. The explicit expres-
sions for these form factors in terms of the overlap integrals
of initial and final meson wave functions can be found in
Ref. [19]. It was shown previously [16,20], that applying
the heavy quark expansion to these expressions for the case
of heavy-to-heavy meson transitions, it is possible to
reproduce the model independent expressions of heavy
quark effective theory at leading, first and second order in
1=mQ and obtain expressions for the corresponding Isgur-
Wise functions. In the present paper we do not use the
heavy quark expansion and calculate all form factors
nonperturbatively employing relativistic meson wave func-
tions. Such approach allows us to reliably determine the
momentum transfer squared (q2) dependence of these form
factors in the whole accessible kinematic range [16–18].
The obtained numerical results can be approximated with
high accuracy by the following expressions:

(i) for the form factors fþðq2Þ; Vðq2Þ; A0ðq2Þ

Fðq2Þ ¼ Fð0Þ
ð1 − q2

M2Þð1 − σ1
q2

M2
1

þ σ2
q4

M4
1

Þ
; ð10Þ

(ii) for the form factors f0ðq2Þ; A1ðq2Þ; A2ðq2Þ

Fðq2Þ ¼ Fð0Þ
ð1 − σ1

q2

M2
1

þ σ2
q4

M4
1

Þ
; ð11Þ

where the masses M and M1 are given in Table I. For the
decays governed by the CKM favored b → c transitions,
for pole masses M we use the masses of the intermediate
vector B�

c mesons for the form factors fþðq2Þ; Vðq2Þ and of
the pseudoscalar Bc for the form factor A0ðq2Þ. While for
the decays governed by the CKM suppressed b → u
transitions, masses of the intermediate B� and B mesons
are used, respectively. For Bc → Bs decays governed by the
CKM favored c → s transitions and Bc → B decays gov-
erned by the CKM suppressed c → d transitions, for pole
masses M we use the respective masses of vector D�

s and
D� mesons and pseudoscalar Ds andD mesons. The values
of form factors Fð0Þ, Fðq2maxÞ and fitted parameters σ1;2 for

TABLE I. Masses in parametrizations of the weak decay form
factors of B, Bs, and Bc mesons, cf. Eqs. (10) and (11).

Quark
transition Decay M1 (GeV)

M (GeV)

fþðq2Þ; Vðq2Þ A0ðq2Þ
b → c B → DðD�Þ 6.332 6.332 6.277

Bs → DsðD�
sÞ

Bc → ηcðJ=ψÞ
b → u B → πðρÞ 5.325 5.325 5.280

B → ηð0ÞðωÞ
Bs → KðK�Þ
Bc → DðD�Þ

c → s Bc → BsðB�
sÞ 6.332 2.112 1.968

c → d Bc → BðB�Þ 6.332 2.010 1.870

TABLE II. Form factors of the weak B and Bs meson transitions
in RQM.

Transition Form factor Fð0Þ Fðq2maxÞ σ1 σ2

B → D fþ 0.696 1.24 1.288 1.943
f0 0.696 0.82 0.731 0.736

B → D� V 0.915 1.38 0.647 1.100
A0 0.814 1.21 0.645 1.300
A1 0.730 0.83 0.571 0.457
A2 0.627 1.02 0.719 −2.690

B → π fþ 0.217 10.9 0.378 −0.410
f0 0.217 1.32 −0.501 −1.50

B → ρ V 0.295 2.80 0.875 0
A0 0.231 2.19 0.796 −0.055
A1 0.269 0.439 0.540 0
A2 0.282 1.92 1.34 0.210

B → η fþ 0.194 2.75 0.181 −0.835
f0 0.194 0.52 0.458 −0.424

B → η0 fþ 0.187 1.34 0.637 −0.396
f0 0.187 0.32 0.996 0.565

B → ω V 0.263 2.47 0.894 0.021
A0 0.244 1.96 0.826 0.084
A1 0.232 0.46 0.676 −0.032
A2 0.229 0.96 1.453 0.539

Bs → Ds fþ 0.663 1.23 1.375 1.877
f0 0.663 0.87 1.018 0.705

Bs → D�
s V 0.925 1.48 0.965 1.534

A0 0.625 1.03 0.457 −0.710
A1 0.668 0.82 0.913 0.766
A2 0.723 1.09 1.349 0.230

Bs → K fþ 0.284 5.42 −0.370 −1.41
f0 0.284 0.459 −0.072 −0.651

Bs → K� V 0.291 3.06 −0.516 −2.10
A0 0.289 2.10 −0.383 −1.58
A1 0.287 0.581 0 −1.06
A2 0.286 0.953 1.05 0.074
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the weak decays of B and Bs mesons are given in Table II
and of the Bc meson in Table III. We estimate the
uncertainties of the calculated form factors to be less
than 5%.

IV. SEMILEPTONIC DECAYS
OF BOTTOM MESONS

The differential distribution of the Bmeson semileptonic
decay to the final ground state pseudoscalar or vector
meson (F ¼ P, V) has the following expression in terms of
the helicity components [11,21]:

dΓðB→FlþνlÞ
dq2dðcosθÞ

¼ G2
F

ð2πÞ3 jVq1q2 j2
λ1=2q2

64M3
B

�
1−

m2
l

q2

�
2

×

�
ð1þcos2θÞHUþ2sin2θHLþ2cosθHP

þm2
l

q2
ðsin2θHUþ2cos2θHLþ2HS−4cosθHSLÞ

�
; ð12Þ

where Vq1q2 is the corresponding CKM matrix element,
λ≡ λðM2

B;M
2
F;q

2Þ ¼M4
BþM4

Fþq4−2ðM2
BM

2
FþM2

Fq
2þ

M2
Bq

2Þ, ml is the lepton mass (l ¼ e, μ, τ), and the
polar angle θ is the angle between the momentum of the
charged lepton in the rest frame of the intermediate
W-boson and the direction opposite to the final F meson
momentum in the rest frame of the initial B meson. HI
(I ¼ U;L; P; S; SL) are the bilinear combinations of the
helicity components of the hadronic tensor [11,21]:

HU¼jHþj2þjH−j2; HL¼jH0j2; HP¼jHþj2− jH−j2;
HS¼jHtj2; HSL¼ℜðH0H

†
t Þ; ð13Þ

where the helicity amplitudes Hi (i ¼ þ;−; 0; t) are the
following combinations of invariant form factors consid-
ered in the previous section.

(i) For B to the pseudoscalar P meson transitions, the
helicity amplitudes are given by

H� ¼ 0; H0 ¼
λ1=2ffiffiffiffiffi
q2

p fþðq2Þ;

Ht ¼
1ffiffiffiffiffi
q2

p ðM2
B −M2

PÞf0ðq2Þ: ð14Þ

(ii) For B to the vector V meson transitions, the helicity
amplitudes are the following

H�ðq2Þ ¼ ðMB þMVÞA1ðq2Þ ∓ λ1=2

MB þMV
Vðq2Þ;

H0ðq2Þ ¼
1

2MV

ffiffiffiffiffi
q2

p
�
ðMB þMVÞðM2

B −M2
V

− q2ÞA1ðq2Þ −
λ

MB þMV
A2ðq2Þ

�
;

Ht ¼
λ1=2ffiffiffiffiffi
q2

p A0ðq2Þ: ð15Þ

The expression (12), normalized by the differential
decay distribution integrated over cos θ

dΓ=dq2 ≡ dΓðB → FlþνlÞ
dq2

¼ G2
F

ð2πÞ3 jVq1q2 j2
λ1=2q2

24M3
B

�
1 −

m2
l

q2

�
2

Htotal; ð16Þ

can be rewritten as

TABLE III. Form factors of the weak Bc meson transitions in
RQM.

Transition Form factor Fð0Þ Fðq2maxÞ σ1 σ2

Bc → ηc fþ 0.431 1.09 2.103 1.510
f0 0.431 0.93 2.448 1.700

Bc → J=ψ V 0.513 1.32 1.815 −0.320
A0 0.360 0.93 2.335 1.721
A1 0.459 0.89 2.415 1.929
A2 0.653 1.33 2.765 2.939

Bc → D fþ 0.081 3.21 2.167 1.203
f0 0.081 0.63 2.455 1.729

Bc → D� V 0.125 3.11 2.247 1.346
A0 0.035 0.99 1.511 0.175
A1 0.054 0.78 2.595 1.784
A2 0.071 1.25 2.800 2.073

Bc → Bs fþ 0.524 0.990 10.91 −292.1
f0 0.524 0.822 19.47 92.36

Bc → B�
s V 2.08 4.78 18.88 −372.8

A0 0.431 0.736 12.23 −141.5
A1 0.518 0.850 19.11 −103.6
A2 1.62 2.02 17.47 366.5

Bc → B fþ 0.394 0.969 4.970 −550.2
f0 0.394 0.680 19.92 117.7

Bc → B� V 1.84 4.79 11.48 −477.1
A0 0.380 0.906 11.32 −349.7
A1 0.457 0.822 19.55 −2.685
A2 1.33 1.92 22.82 407.6
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1

dΓ=dq2
dΓðB → FlþνlÞ
dq2dðcos θÞ

¼ 1

2

�
1 −

1

3
Cl
Fðq2Þ

�
þ AFBðq2Þ cos θ

þ 1

2
Cl
Fðq2Þcos2θ: ð17Þ

Here Htotal is the total helicity structure

Htotal ¼ ðHU þHLÞ
�
1þ m2

l

2q2

�
þ 3m2

l

2q2
HS: ð18Þ

In the differential decay distribution, Eq. (17), AFBðq2Þ is
the FB asymmetry defined by

AFBðq2Þ ¼
3

4

HP − 2
m2

l
q2 HSL

Htotal
; ð19Þ

andCl
Fðq2Þ is the lepton-side convexity parameter, which is

the second derivative of the distribution (17) over cos θ,
given by

Cl
Fðq2Þ ¼

3

4

�
1 −

m2
l

q2

�
HU − 2HL

Htotal
: ð20Þ

The longitudinal polarization of the final charged lepton
l is defined as the ratio of the longitudinally polarized

decay distribution to the unpolarized decay distribution,
Eq. (16) [11,21]:

Pl
Lðq2Þ¼

1

dΓ=dq2
dΓðsLÞ
dq2

¼
ðHUþHLÞ

�
1− m2

l
2q2

�
− 3m2

l
2q2 HS

Htotal
;

ð21Þ

and its transverse polarization is given by [11,21]

Pl
Tðq2Þ ¼

1

dΓ=dq2
dΓðsTÞ
dq2

¼ −
3πml

8
ffiffiffiffiffi
q2

p HP þ 2HSL

Htotal
; ð22Þ

where sLðTÞ is the longitudinal (transverse) polarization
vector of the final lepton l, which is parallel (perpendicular)
to the lepton momentum.
For the B decays to the vector V meson, which then

decays to two pseudoscalar mesons V → P1P2, the differ-
ential distribution in the angle θ�, defined as the polar angle
between the vector meson V momentum in the B meson
rest frame and the pseudoscalar meson P1 momentum in
the rest frame of the vector meson V, is given by [11,21]

1

dΓ=dq2
dΓðB → Vð→ P1P2ÞlþνlÞ

dq2dðcos θ�Þ
¼ 3

4
½2FLðq2Þ cos2 θ� þ FTðq2Þ sin2 θ��: ð23Þ

TABLE IV. The branching ratios, FB asymmetry and polarization parameters of semileptonic B decays in RQM.

Decay Br hAFBi hCl
Fi hPl

Li hPl
Ti hFLi

Bþ → D̄0eþνe 2.53 × 10−2 −0.98 × 10−6 −1.50 1.00 −1.01 × 10−3

Bþ → D̄0μþνμ 2.52 × 10−2 −0.013 −1.46 0.96 −0.19
Bþ → D̄0τþντ 0.68 × 10−2 −0.37 −0.30 −0.24 −0.85
Bþ → D̄�0eþνe 6.81 × 10−2 −0.22 −0.48 1.00 −0.34 × 10−3 0.55
Bþ → D̄�0μþνμ 6.77 × 10−2 −0.23 −0.47 0.98 −0.061 0.55
Bþ → D̄�0τþντ 1.56 × 10−2 −0.32 −0.060 0.48 −0.12 0.47
Bþ → π0eþνe 7.20 × 10−5 −0.28 × 10−6 −1.50 1.00 −0.46 × 10−3

Bþ → π0μþνμ 0.72 × 10−4 −0.004 −1.49 0.99 −0.09
Bþ → π0τþντ 0.45 × 10−4 −0.22 −0.82 0.42 −0.72
Bþ → ρeþνe 1.74 × 10−4 −0.50 0.042 1.00 −0.07 × 10−3 0.31
Bþ → ρ0μþνμ 1.73 × 10−4 −0.51 0.047 0.99 −0.011 0.31
Bþ → ρ0τþντ 0.97 × 10−4 −0.54 0.14 0.60 0.095 0.31
Bþ → ηeþνe 4.24 × 10−5 −0.37 × 10−6 −1.50 1.00 −0.60 × 10−3

Bþ → ημþνμ 0.42 × 10−4 −0.006 −1.48 0.98 −0.12
Bþ → ητþντ 0.26 × 10−4 −0.27 −0.67 0.21 −0.83
Bþ → η0eþνe 3.17 × 10−5 −0.43 × 10−6 −1.50 1.00 −0.66 × 10−3

Bþ → η0μþνμ 0.31 × 10−4 −0.007 −1.48 0.98 −0.13
Bþ → η0τþντ 0.17 × 10−4 −0.30 −0.59 0.14 −0.84
Bþ → ωeþνe 1.71 × 10−4 −0.43 −0.17 1.00 −0.12 × 10−3 0.41
Bþ → ωμþνμ 1.71 × 10−4 −0.43 −0.16 0.99 −0.02 0.41
Bþ → ωτþντ 0.97 × 10−4 −0.49 0.009 0.59 −0.007 0.40
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Here the longitudinal polarization fraction of the final
vector meson has the following form in terms of the
helicity structures [11,21]:

FLðq2Þ ¼
HLð1þ m2

l
2q2Þ þ

3m2
l

2q2 HS

Htotal
; ð24Þ

and its transverse polarization fraction FTðq2Þ¼1−FLðq2Þ.
For B̄ → Fl−ν̄l decays the charge of the lepton is

negative, and thus expressions for the FB asymmetry,
leptonic longitudinal and transverse polarization change
due to the different sign in the leptonic tensor. They are the
following

AFBðq2Þ ¼ −
3

4

HP þ 2
m2

l
q2 HSL

Htotal
; ð25Þ

Pl
Lðq2Þ ¼ −

ðHU þHLÞð1 − m2
l

2q2Þ −
3m2

l
2q2 HS

Htotal
; ð26Þ

Pl
Tðq2Þ ¼ −

3πml

8
ffiffiffiffiffi
q2

p HP − 2HSL

Htotal
: ð27Þ

The expressions for Cl
Fðq2Þ and FLðTÞðq2Þ do not change.

The mean values of the FB asymmetry hAFBi and
polarization hCl

Fi, hPl
L;Ti, hFLi parameters are calculated

TABLE V. The branching ratios, FB asymmetry and polarization parameters of semileptonic Bs decays in RQM.

Decay Br hAFBi hCl
Fi hPl

Li hPl
Ti hFLi

Bs → D−
s eþνe 2.12 × 10−2 −0.97 × 10−6 −1.50 1.00 −1.02 × 10−3

Bs → D−
s μ

þνμ 2.12 × 10−2 −0.013 −1.46 0.96 −0.19
Bs → D−

s τ
þντ 0.61 × 10−2 −0.36 −0.30 −0.27 −0.85

Bs → D�−
s eþνe 5.06 × 10−2 −0.26 −0.35 1.00 −0.23 × 10−3 0.49

Bs → D�−
s μþνμ 5.05 × 10−2 −0.27 −0.33 0.99 −0.040 0.49

Bs → D�−
s τþντ 1.23 × 10−2 −0.32 −0.040 0.53 −0.035 0.42

Bs → K−eþνe 15.6 × 10−5 −0.39 × 10−6 −1.50 1.00 −0.56 × 10−3

Bs → K−μþνμ 1.55 × 10−4 −0.006 −1.48 0.98 −0.11
Bs → K−τþντ 0.91 × 10−4 −0.24 −0.77 0.35 −0.75
Bs → K�−eþνe 3.29 × 10−4 −0.37 −0.23 1.00 −0.14 × 10−3 0.44
Bs → K�−μþνμ 3.29 × 10−4 −0.38 −0.22 0.99 −0.025 0.44
Bs → K�−τþντ 1.82 × 10−4 −0.44 −0.032 0.63 −0.025 0.42

TABLE VI. The branching ratios, FB asymmetry and polarization parameters of semileptonic Bc decays in RQM.

Decay Br hAFBi hCl
Fi hPl

Li hPl
Ti hFLi

Bþ
c → ηceþνe 0.42 × 10−2 −8.6 × 10−7 −1.5 1.0 −1.03 × 10−3

Bþ
c → ηcμ

þνμ 0.42 × 10−2 −0.012 −1.46 0.96 −0.20
Bþ
c → ηcτ

þντ 0.16 × 10−2 −0.35 −0.24 −0.39 −0.82
Bþ
c → J=ψeþνe 1.31 × 10−2 −0.19 −0.23 1.0 −0.15 × 10−3 0.44

Bþ
c → J=ψμþνμ 1.30 × 10−2 −0.19 −0.23 0.99 −0.028 0.44

Bþ
c → J=ψτþντ 0.37 × 10−2 −0.23 −0.032 0.56 −0.069 0.40

Bþ
c → D̄0eþνe 0.33 × 10−4 −1.0 × 10−7 −1.5 1.0 −0.43 × 10−3

Bþ
c → D̄0μþνμ 0.33 × 10−4 −0.002 −1.49 0.99 −0.088

Bþ
c → D̄0τþντ 0.28 × 10−4 −0.257 −0.72 0.25 −0.83

Bþ
c → D̄�0eþνe 0.84 × 10−4 −0.45 0.10 1.0 6.7 × 10−5 0.29

Bþ
c → D̄�0μþνμ 0.84 × 10−4 −0.45 0.10 1.0 0.014 0.29

Bþ
c → D̄�0τþντ 0.55 × 10−4 −0.42 0.072 0.78 0.22 0.29

Bþ
c → Bseþνe 0.92 × 10−2 −1.1 × 10−5 −1.5 1 −0.004

Bþ
c → Bsμ

þνμ 0.90 × 10−2 −0.093 −1.21 0.73 −0.57
Bþ
c → B�

seþνe 2.30 × 10−2 −0.15 −0.29 1 −7.3 × 10−4 0.46
Bþ
c → B�

sμ
þνμ 2.20 × 10−2 −0.17 −0.23 0.93 −0.09 0.46

Bþ
c → Beþνe 4.94 × 10−4 −9.0 × 10−6 −1.5 1 −0.004

Bþ
c → Bμþνμ 4.79 × 10−4 −0.080 −1.25 0.76 −0.53

Bþ
c → B�eþνe 17.9 × 10−4 −0.17 −0.27 1 −6.2 × 10−4 0.45

Bþ
c → B�μþνμ 17.2 × 10−4 −0.18 −0.22 0.94 −0.09 0.45
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by separately integrating their corresponding numerators
and denominators with inclusion of the common kinemati-
cal factor λ1=2q2ð1 −m2

l=q
2Þ2.

We give predictions for the branching fractions, FB
asymmetry and polarization parameters of semileptonic
B;Bs, and Bc meson decays calculated with the form
factors of RQM in Tables IV–VI. The branching fractions
are calculated using the following values of CKM matrix
elements: jVcbj ¼ 0.039, jVubj ¼ 0.0040, jVcsj ¼ 0.987,
jVcdj ¼ 0.221. All meson and lepton masses are taken from
PDG [1]. We roughly estimate the uncertainties of our
predictions for the branching fraction values given in
Tables IV–VI, which arise from the model to be about
10%, and if we also include uncertainties of the CKM
matrix elements the estimate of the total uncertainty is
about 15%.

V. COMPARISON OF RQM
AND CLFQM PREDICTIONS

In this section we compare predictions for semileptonic
decay form factors, decay rates and FB asymmetries in
RQM and the other popular quark model CLFQM [10] and
confront them with available experimental data and lattice
calculations. The form factors of semileptonic B meson
decays in CLFQM are given in Refs. [10,11]. In the
following tables, the results in CLFQM are mainly
from Ref. [11].
In Table VII we present predictions for the form factors

of the weak B and Bs meson transitions at q2 ¼ 0 and q2 ¼
q2max in RQM and CLFQM. We find that the form factor
values at q2 ¼ 0 are close in both models for all considered
decays. The values of form factors at q2 ¼ q2max are also

close for B and Bs decays to heavy Dð�Þ and Dð�Þ
s mesons.

They are consistent with the recent lattice QCD calcula-
tions [22–26]. On the other hand, the values of form factors
for heavy-to-light transitions at q2 ¼ q2max significantly
differ in the considered models. The values of form factors
at this kinematic point in RQM are substantially higher than
the ones in CLFQM.
In Fig. 1 we plot the form factors fþðq2Þ and f0ðq2Þ of

the B → π semileptonic transitions in the whole kinematic
range. Predictions of RQM are plotted by solid blue lines
and those of CLFQM are given by dashed orange lines.
From this plot we see that the form factor fþðq2Þ in RQM
rapidly grows for q2 > 15 GeV2 up to the value
fþðq2maxÞ ¼ 10.9, while this form factor in CLFQM
reaches only the value fþðq2maxÞ ¼ 1.27 which is almost
an order of magnitude lower. In the same figure we also
give lattice QCD results [27–32] which are available in the
high q2 > 15 GeV2 region. The form factors of the
Bs → K semileptonic transitions in RQM and CLFQM
in comparison with lattice QCD data [30,32–34] are plotted
in Fig. 2. The model predictions are again significantly
different for the form factor fþðq2Þ. It rapidly grows in

RQM, contrary in CLFQM it slowly increases reaching the
maximum value at q2 of about 15 GeV2 and then slowly
decreases. Note that in CLFQM the value of fþðq2maxÞ is
even smaller than the value of f0ðq2maxÞ. From these plots
we see that predictions of RQM for the form factor fþ are
in much better agreement with lattice data, which also favor
its rapid growth with q2.
The main reason for the discrepancy between the q2

dependence of the heavy-to-light form factors in Figs. 1 and
2 in RQM and CLFQM is the following. In RQM the form
factors are directly calculated in the whole 0 ≤ q2 ≤ q2max
region without any extrapolations. As the result the pole
structure of the form factors fþðq2Þ, Vðq2Þ and A0ðq2Þ in

TABLE VII. Comparison of form factors of the weak B and Bs
meson transitions in RQM and CLFQM.

Transition Form factor

Fð0Þ Fðq2maxÞ
RQM CLFQM RQM CLFQM

B → D fþ 0.696 0.67 1.24 1.21
f0 0.696 0.67 0.82 0.91

B → D� V 0.915 0.77 1.38 1.34
A0 0.814 0.68 1.21 1.15
A1 0.730 0.65 0.83 0.84
A2 0.627 0.62 1.02 0.99

B → π fþ 0.217 0.25 10.9 1.27
f0 0.217 0.25 1.32 0.82

B → ρ V 0.295 0.29 2.80 1.06
A0 0.231 0.32 2.19 1.00
A1 0.269 0.24 0.439 0.53
A2 0.282 0.22 1.92 0.70

B → η fþ 0.194 0.22 2.75 1.31
f0 0.194 0.22 0.52 0.52

B → η0 fþ 0.187 0.18 1.34 0.75
f0 0.187 0.18 0.32 0.35

B → ω V 0.263 0.27 2.47 0.88
A0 0.244 0.28 1.96 0.60
A1 0.232 0.23 0.46 0.53
A2 0.229 0.21 0.96 0.63

Bs → Ds fþ 0.663 0.67 1.23 1.20
f0 0.663 0.67 0.87 0.92

Bs → D�
s V 0.925 0.75 1.48 1.30

A0 0.625 0.66 1.03 1.13
A1 0.668 0.62 0.82 0.84
A2 0.723 0.57 1.09 0.94

Bs → K fþ 0.284 0.23 5.42 0.42
f0 0.284 0.23 0.459 0.64

Bs → K� V 0.291 0.23 3.06 0.32
A0 0.289 0.25 2.10 0.34
A1 0.287 0.19 0.581 0.36
A2 0.286 0.16 0.953 0.25
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Eq. (10) is explicitly obtained already in the impulse
approximation. The inclusion of the negative-energy con-
tributions (Z-diagrams) enhances the growth of these form
factors for the heavy-to-light decays in the high q2 region,
bringing results in a better agreement with lattice data.
Contrary, in CLFQM the qþ ¼ 0 frame (light-cone gauge)
is used, resulting in the determination of the form factors
for q2 < 0, and then they are extrapolated to the q2 > 0
region. As has been shown in Refs. [35,36], for the qþ ¼ 0

case, the nonvalence contributions (Z- diagrams) are highly
suppressed, leading to a relativistic picture of a meson as
only the valence qq̄ structure. Such extrapolation works
well for the heavy-to-heavy transitions with a rather small
q2 range, but fails to reproduce the pole structure of the
form factors fþðq2Þ, Vðq2Þ and A0ðq2Þ for the heavy-to-
light transitions which have a very broad q2 range. One

FIG. 1. Comparison of theoretical predictions for the form
factors of the weak B → π transitions. Model results: the RQM
form factors are given by solid blue lines, and the CLFQM form
factors are plotted by orange dashed lines. Upper curves
correspond to fþðq2Þ and the lower ones to f0ðq2Þ. Lattice
results are plotted: HPQCD [27] by triangles [blue fþðq2Þ, green
f0ðq2Þ] with error bars, FNAL/MILC [28,29] by squares [red
fþðq2Þ, magenta f0ðq2Þ] with error bars, RBC/UKQCD [30] by
filled circles [cyan fþðq2Þ, orange f0ðq2Þ] with error bars, and
JLQCD [31] by diamonds [purple fþðq2Þ, yellow f0ðq2Þ].

FIG. 2. Same as in Fig. 1, but for the form factors of the
weak Bs → K transitions. For the orange dashed lines, the upper
one below q2 < 15 GeV2 corresponds to fþðq2Þ, and the lower
one f0ðq2Þ. HPQCD, MILC and UKQCD data are from
Refs. [27,30,34], respectively.

TABLE VIII. Comparison of theoretical predictions for the
semileptonic decay branching ratios with available experimental
data [1].

Decay

Theory

ExperimentRQM CLFQM

Bþ→D̄0lþνl 2.52% 2.22% ð2.35�0.09Þ%
Bþ→D̄0τþντ 6.8×10−3 6.7×10−3 ð7.7�2.5Þ×10−3

Bþ→D̄�0lþνl 6.77% 5.70% ð5.66�0.22Þ%
Bþ→D̄�0τþντ 1.56% 1.40% ð1.88�0.20Þ%
Bþ→π0lþνl 7.2×10−5 7.8×10−5 ð7.80�0.27Þ×10−5

Bþ→ηlþνl 4.2×10−5 5.4×10−5 ð3.9�0.5Þ×10−5

Bþ→η0lþνl 3.1×10−5 2.6×10−5 ð2.3�0.8Þ×10−5

Bþ→ρ0lþνl 1.73×10−4 2.19×10−4 ð1.58�0.11Þ×10−4

Bþ→ωlþνl 1.71×10−4 2.07×10−4 ð1.19�0.09Þ×10−5

B0→D−lþνl 2.33% 2.05% ð2.31�0.10Þ%
B0→D−τþντ 0.63% 0.62% ð1.08�0.23Þ%
B0→D�−lþνl 6.28% 5.28% ð5.06�0.12Þ%
B0→D�−τþντ 1.45% 1.30% ð1.57�0.09Þ%
B0→π−lþνl 1.33×10−4 1.44×10−4 ð1.50�0.06Þ×10−4

B0→π−τþντ 0.84×10−4 0.98×10−4 <2.5×10−4

B0→ρ−lþνl 3.2×10−4 4.1×10−4 ð2.94�0.21Þ×10−4

Bs→D−
s μ

þνμ 2.12% 2.05% ð2.52�0.24Þ%
Bs→D�−

s μþνμ 5.05% 5.05% ð5.4�0.5Þ%
Bs→K−μþνμ 1.55×10−4 1.01×10−4 ð1.06�0.10Þ×10−4

FIG. 3. Differential branching fractions of the semileptonic
B → πμνμ decay. Comparison of theoretical predictions (RQM—
solid blue line, CLFQM—orange dashed line) with available
experimental data [37–39].
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may indeed work in the qþ ≠ 0 frame, as a more realistic
case for the timelike region, then Z- diagrams will be
inevitable, and moreover for a larger q2 region the con-
tribution of Z- diagrams becomes more important. This
should be the main origin for the inconsistency between
RQM and CLFQM for the heavy-to-light decays, for which
we used the B → π and Bs → K transitions as examples.
In Table VIII we present the comparison of the RQM and

CLFQM model predictions for the semileptonic B and Bs
decay branching ratios with available experimental data [1].
We see that the branching ratios, which are integrated

quantities, are consistent with each other and experimental
data. However, the differential distributions can differ
substantially due to the difference in the q2 dependence
of the form factors. As an example, in Figs. 3 and 4 we plot
the differential branching fractions in both models for B →
πμνμ and B → πτντ decays, respectively. From these plots
we see that differential distributions, which are plotted by
solid blue line for RQM and orange dashed lines for
CLFQM, differ significantly. In Fig. 3 we also show the
available experimental data from Belle [37,38] and BABAR
[39] Collaborations. It is not possible to unambiguously
distinguish between models since the data have large
uncertainties, but the shape of the differential distribution
predicted by RQM is in better agreement with the aver-
aged data.
In Table IX we give the ratios of the decay rates with τ

and μ leptons, RðFÞ ¼ ΓðB → FτντÞ=ΓðB → FμνμÞ, pre-
dicted by RQM, CLFQM and lattice in comparison with
available experimental data. Such comparison provides the
test of the lepton universality and deviations of the standard
model predictions from experimental data can indicate the
possible contributions of new physics. We see that theo-
retical predictions are consistent with each other and are
lower than experimental data by about 1 ∼ 3σ.
For the semileptonic B̄ → D�τ−ν̄τ decay the τ-lepton

polarization and longitudinal polarization fraction of the
final vector D� meson were recently measured experimen-
tally [41,42]. We compare RQM, CLFQM and lattice
predictions with these data in Table X. The theoretical

FIG. 4. Differential branching fractions of the semileptonic
B → πτντ decay. Comparison of theoretical predictions (RQM—
solid blue lines, CLFQM—orange dashed lines).

TABLE IX. Ratios of the decay rates with τ and μ leptons RðFÞ ¼ ΓðB → FτντÞ=ΓðB → FμνμÞ in comparison
with available lattice or experimental data, cf. Ref. [3] and references therein.

Transition

Theory Experiment

RQM CLFQM Lattice/SM analysis [3] PDG [1] HFLAV [40] [3]

B → D 0.271 0.302 0.298(3) 0.429(82)(52)(Bþ) 0.339(26)(14) 0.337(30)
0.469(84)(53)(B0)

B → D� 0.231 0.246 0.250(3) 0.335(34)(Bþ) 0.295(10)(10) 0.298(14)
0.309(16)(B0)

B → π 0.631 0.680 0.641(16) 1.05(51)
B → ρ 0.561 0.543 0.535(8)

B → η 0.629 0.611
B → η0 0.544 0.538
B → ω 0.566 0.531 0.546(15)

Bs → Ds 0.287 0.298 0.297(3)
Bs → D�

s 0.244 0.248 0.247(8)

Bs → K 0.588 0.673
Bs → K� 0.553 0.520

Bc → ηc 0.373
Bc → J=ψ 0.284 0.2582(38) 0.71(17)(18)

Bc → D 0.833
Bc → D� 0.656
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predictions for the τ-lepton longitudinal polarization hPτ
Li

agree with each other and experimental data within large
error bars. The experimental value for the longitudinal
polarization fraction of the final vector D� meson hFLi is
about 2σ higher than theoretical predictions.

In Table XI we compare RQM and CLFQM predictions
with lattice data for the FB asymmetry and lepton polari-
zation for the heavy-to-light semileptonic B and Bs decays
to light pseudoscalar mesons. Such comparison is impor-
tant since RQM and CLFQM have significantly different

TABLE X. Comparison of theoretical predictions for the τ-lepton polarization and longitudinal polarization
fraction of the final vector meson with experimental data [41,42].

Decay

hPτ
Li hFLi

RQM CLFQM Lattice [32] Experiment RQM CLFQM Lattice [32] Experiment

B̄ → D�τ−ν̄τ −0.48 −0.51 −0.529ð7Þ −0.38ð51Þð2110Þ 0.47 0.45 0.414(12) 0.60(8)(4)
B̄s → D�

sτ
−ν̄τ −0.53 −0.51 −0.520ð12Þ 0.42 0.45 0.404(16)

FIG. 5. Comparison of theoretical predictions for the differential FB asymmetry AFB and polarization Cl
F, P

l
L;T parameters for the

semileptonic B → πτþντ decay. RQM result are given by blue solid lines and CLFQM results are given by orange dashed lines.

TABLE XI. Comparison of RQM and CLFQM predictions with lattice data for FB asymmetry and lepton
polarization for B decays to light pseudoscalar mesons.

Decay

hAFBi hPl
Li

RQM CLFQM Lattice [32] RQM CLFQM Lattice [32]

B → πμþνμ −0.004 −0.005 −0.0034ð31Þ 0.99 0.98 0.988(9)
B̄ → πτþντ −0.22 −0.28 −0.220ð24Þ 0.42 0.087 0.301(86)
B̄s → Kμþνμ −0.006 −0.007 −0.0046ð28Þ 0.98 0.98 0.986(7)
B̄s → Kτþντ −0.24 −0.29 −0.262ð23Þ 0.35 −0.10 0.172(91)
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TABLE XII. The branching ratios, FB asymmetry, and polarization parameters of the semileptonic B decays. For
each channel, the result for RQM is shown in the upper line and the one for CLFQM in the lower line.

Decay Br hAFBi hCl
Fi hPl

Li hPl
Ti hFLi

Bþ → D̄0eþνe 2.53 × 10−2 −0.98 × 10−6 −1.50 1.00 −1.01 × 10−3

2.23 × 10−2 −1.04 × 10−6 −1.50 1.00 −1.07 × 10−3

Bþ → D̄0μþνμ 2.52 × 10−2 −0.013 −1.46 0.96 −0.19
2.22 × 10−2 −0.014 −1.46 0.96 −0.20

Bþ → D̄0τþντ 0.68 × 10−2 −0.37 −0.30 −0.24 −0.85
0.67 × 10−2 −0.36 −0.27 −0.32 −0.84

Bþ → D̄�0eþνe 6.81 × 10−2 −0.22 −0.48 1.00 −0.34 × 10−3 0.55
5.43 × 10−2 −0.22 −0.42 1.00 −0.29 × 10−3 0.52

Bþ → D̄�0μþνμ 6.77 × 10−2 −0.23 −0.47 0.98 −0.061 0.55
5.70 × 10−2 −0.23 −0.41 0.98 −0.052 0.52

Bþ → D̄�0τþντ 1.56 × 10−2 −0.32 −0.060 0.48 −0.12 0.47
1.40 × 10−2 −0.30 −0.056 0.51 −0.10 0.45

Bþ → π0eþνe 7.20 × 10−5 −0.28 × 10−6 −1.50 1.00 −0.46 × 10−3

7.89 × 10−5 −0.35 × 10−6 −1.50 1.00 −0.62 × 10−3

Bþ → π0μþνμ 0.72 × 10−4 −0.004 −1.49 0.99 −0.09
0.78 × 10−4 −0.005 −1.48 0.98 −0.12

Bþ → π0τþντ 4.5 × 10−5 −0.22 −0.82 0.42 −0.72
5.3 × 10−5 −0.28 −0.59 0.087 −0.85

Bþ → ρ0eþνe 1.74 × 10−4 −0.50 0.042 1.00 −0.07 × 10−3 0.31
2.19 × 10−4 −0.32 −0.39 1.00 −0.18 × 10−3 0.51

Bþ → ρ0μþνμ 1.73 × 10−4 −0.51 0.047 0.99 −0.011 0.31
2.19 × 10−4 −0.32 −0.39 0.99 −0.03 0.51

Bþ → ρ0τþντ 0.97 × 10−4 −0.54 0.14 0.60 0.095 0.31
1.19 × 10−4 −0.39 −0.12 0.60 −0.10 0.49

Bþ → ηeþνe 4.24 × 10−5 −0.37 × 10−6 −1.50 1.00 −0.60 × 10−3

5.44 × 10−5 −0.39 × 10−6 −1.50 1.00 −0.64 × 10−3

Bþ → ημþνμ 0.42 × 10−4 −0.006 −1.48 0.98 −0.12
0.54 × 10−4 −0.006 −1.48 0.98 −0.12

Bþ → ητþντ 2.6 × 10−5 −0.27 −0.67 0.21 −0.83
3.3 × 10−5 −0.29 −0.60 0.11 −0.86

Bþ → η0eþνe 3.17 × 10−5 −0.43 × 10−6 −1.50 1.00 −0.66 × 10−3

2.64 × 10−5 −0.49 × 10−6 −1.50 1.00 −0.72 × 10−3

Bþ → η0μþνμ 0.31 × 10−4 −0.007 −1.48 0.98 −0.13
0.26 × 10−4 −0.007 −1.47 0.98 −0.14

Bþ → η0τþντ 1.7 × 10−5 −0.30 −0.59 0.14 −0.84
1.4 × 10−5 −0.31 −0.52 0.026 −0.87

Bþ → ωeþνe 1.71 × 10−4 −0.43 −0.17 1.00 −0.12 × 10−3 0.41
2.08 × 10−4 −0.30 −0.42 1.00 −0.15 × 10−3 0.51

Bþ → ωμþνμ 1.71 × 10−4 −0.43 −0.16 0.99 −0.02 0.41
2.07 × 10−4 −0.30 −0.41 0.99 −0.027 0.52

Bþ → ωτþντ 0.97 × 10−4 −0.49 0.009 0.59 −0.007 0.40
1.10 × 10−4 −0.36 −0.15 0.65 −0.06 0.49
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dependence of the form factor fþðq2Þ for large values of
q2. From this table we see that the lepton polarization hPτ

Li
is very sensitive to the employed model. Its values are
substantially smaller in CLFQM, and for Bs → Kτþντ
they have even opposite signs. In general RQM results
for these observables agree better with the combined lattice
values.
In Fig. 5 we, as an example, present comparison of RQM

and CLFQM predictions for the quantities AFBðq2Þ,
Cl
Fðq2Þ, Pl

L;Tðq2Þ for the semileptonic B → πτþντ decay.
The RQM results are plotted by the blue solid lines and
CLFQM ones by orange dashed line. The q2 dependence of
these FB asymmetry and polarization parameters is deter-
mined by the corresponding dependence of the form factors
and thus is significantly different.
Finally, we present a detailed comparison of the branch-

ing ratios, FB asymmetry and polarization parameters
of the semileptonic B and Bs decays in RQM and
CLFQM in Tables XII and XIII. The branching fractions
are close for all decay modes. The predictions for FB

asymmetry and polarization parameters for the heavy-to-

heavy (B → Dð�Þlνl and Bs → Dð�Þ
s lνl) semileptonic

decays are also compatible in considered models. This is
expected, since the heavy-to-heavy form factors have
similar q2 behavior in both models. The main differences
are found in these parameters for the heavy-to-light
transitions. Therefore the measurement of those observ-
ables can help to discriminate between theoretical models.

(i) For decays to light pseudoscalar mesons, the most
sensitive observables are in the τ sector.

As was already noted (see Table XI), it is the
longitudinal polarization fraction of τ-lepton hPτ

Li,
which values in models differ substantially and even
have the opposite signs for the Bs → K−τþντ decay;
the other observable is the FB asymmetry hAFBi,
whose values are higher in CLFQM. On the other
hand, the absolute values of hCτ

Fi are systematically
higher in RQM and for the Bs → K−τþντ decay its
value in RQM is about 1.7 times larger than the one
in CLFQM.

TABLE XIII. The branching ratios, FB asymmetry and polarization parameters of the semileptonic Bs decays. For
each channel, the result for RQM is shown in the upper line and the one for CLFQM in the lower line.

Decay Br hAFBi hCl
Fi hPl

Li hPl
Ti hFLi

Bs → D−
s eþνe 2.12 × 10−2 −0.97 × 10−6 −1.50 1.00 −1.02 × 10−3

2.06 × 10−2 −1.05 × 10−6 −1.50 1.00 −1.07 × 10−3

Bs → D−
s μ

þνμ 2.12 × 10−2 −0.013 −1.46 0.96 −0.19
2.05 × 10−2 −0.014 −1.46 0.96 −0.20

Bs → D−
s τ

þντ 0.61 × 10−2 −0.36 −0.30 −0.27 −0.85
0.61 × 10−2 −0.36 −0.26 −0.33 −0.84

Bs → D�−
s eþνe 5.06 × 10−2 −0.26 −0.35 1.00 −0.23 × 10−3 0.49

5.07 × 10−2 −0.22 −0.43 1.00 −0.29 × 10−3 0.52

Bs → D�−
s μþνμ 5.05 × 10−2 −0.27 −0.33 0.99 −0.040 0.49

5.05 × 10−2 −0.22 −0.41 0.98 −0.052 0.52

Bs → D�−
s τþντ 1.23 × 10−2 −0.32 −0.040 0.53 −0.035 0.42

1.25 × 10−2 −0.29 −0.058 0.51 −0.10 0.45

Bs → K−eþνe 15.6 × 10−5 −0.39 × 10−6 −1.50 1.00 −0.56 × 10−3

10.1 × 10−5 −0.43 × 10−6 −1.50 1.00 −0.72 × 10−3

Bs → K−μþνμ 1.55 × 10−4 −0.006 −1.48 0.98 −0.11
1.01 × 10−4 −0.007 −1.48 0.98 −0.14

Bs → K−τþντ 9.1 × 10−5 −0.24 −0.77 0.35 −0.75
6.8 × 10−5 −0.29 −0.46 −0.10 −0.86

Bs → K�−eþνe 3.29 × 10−4 −0.37 −0.23 1.00 −0.14 × 10−3 0.44
3.30 × 10−4 −0.21 −0.59 1.00 −0.17 × 10−3 0.59

Bs → K�−μþνμ 3.29 × 10−4 −0.38 −0.22 0.99 −0.025 0.44
3.29 × 10−4 −0.21 −0.59 0.99 −0.032 0.59

Bs → K�−τþντ 1.82 × 10−4 −0.44 −0.032 0.63 −0.025 0.42
1.71 × 10−4 −0.28 −0.26 0.65 −0.13 0.56
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(ii) For decays to light vector mesons:
the main differences are in the lepton-side con-

vexity parameter hCl
Fi which values differ signifi-

cantly for all decay modes and for Bþ → ρ0lþνl
and Bþ → ωτþντ they even have different signs; the
values of the FB asymmetry hAFBi predicted by
RQM are about a factor of 1.5 higher than the ones
of CLFQM for all decay modes, while the values of
the longitudinal polarization hFLi in RQM are about
the same factor smaller than the ones in CLFQM.

VI. CONCLUSIONS

The form factors of the semileptonic B, Bs and Bc decays
are calculated in the framework of the relativistic quark
model (RQM) based on the quasipotential approach in
QCD. These form factors are expressed trough the overlap
integrals of the meson wave functions. The wave functions
of the initial and final mesons are taken from previous
calculations of the meson spectroscopy. All relativistic
effects including the wave function transformations from
the rest to moving reference frame as well as contributions
of the intermediate negative energy states are consistently
taken into account. It is important to emphasize that we
have not used the heavy quark expansion for description of
the heavy-to-heavy meson decays and treated all decays
nonperturbatively in the inverse heavy quark mass. Such
approach allows us to obtain the values of all form factors
in the whole kinematical q2 range without extrapolations
and additional model assumptions. The very accurate and
convenient analytic parametrizations, Eqs. (10) and(11), of
these form factors were obtained with parameters given in
Table I. These form factors can be used for the calculations
of various weak decays of bottom mesons.
We use the calculated form factors for the evaluation of

the semileptonic branching fractions and differential dis-
tributions. In particular we calculate mean values of the
forward -backward asymmetry hAFBi, lepton-side convex-
ity parameter hCl

Fi, longitudinal hPl
Li and transverse hPl

Ti
polarization of the charged lepton, and the longitudinal
polarization fraction hFLi for the final-state vector meson.
These predictions are presented in Tables IV–VI.
Then we compare the results of our calculations with the

covariant light-front quark model (CLFQM). The compari-
son of the form factors shows that both models give

consistent values of all form factors at the maximum recoil
point of the final meson, q2 ¼ 0. The predicted values of
the form factors of the heavy-to-heavy weak transitions at
zero recoil point of the final meson, q2 ¼ q2max, are also
compatible. On the other hand, for the heavy-to-light weak
transitions, where kinematical range is substantially
broader, the values of form factors at q2 ¼ q2max differ
significantly. The RQM form factors of these transitions
grow rapidly with q2, while CLFQM form factors increase
moderately. Such difference in the form factor q2 depend-
ence results in significantly different differential distribu-
tions for bottom meson decays to light mesons. We present
a comprehensive comparison of RQM and CLFQM pre-
dictions with results of lattice QCD calculations and
available experimental data. It was found that the q2

behavior of the form factor fþðq2Þ for heavy-to-light B →
π and Bs → K transitions as well as forward-backward
asymmetry and polarization parameters obtained in RQM
agree better with lattice data than CLFQM ones. The
differential distribution dBrðB → πμνμÞ=dq2 in RQM is
also in better agreement with averaged experimental data,
however the present experimental accuracy is not enough to
distinguish between models. It is found that some forward-
backward asymmetry and polarization parameters substan-
tially differ in considered models and some of them have
even opposite signs. Such phenomenon also occurs fre-
quently in nuclear physics—results of spin observables can
be quite different in different models while the total cross
sections agree rather well. The most sensitive observables
were identified. Thus their measurement can help to
discriminate between models and determine the q2 depend-
ence of the form factors. From a more recent and realistic
perspective, one could measure AFBðq2Þ and Cl

Fðq2Þ as a
first step, which is feasible through an analysis to the two-
dimensional ðq2; cos θÞ distribution of event number with a
large-statistics data. Actually we need to go beyond the
measurement of an absolute branching fraction.
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