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The form factors of semileptonic BðsÞ → a1ðK1Þlþl−, l ¼ τ, μ, e transitions are investigated in the
framework of the light-cone sum rules with B-meson distribution amplitudes, which play an important role
in exclusive B decays. The B-meson distribution amplitudes, φ�ðωÞ are a model-dependent form, so we
consider four different parametrizations which can provide a reasonable description of φ�ðωÞ from QCD
corrections. The branching fractions of these transitions are calculated. For a better analysis, a comparison
of our results with the prediction of other models is provided.
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I. INTRODUCTION

Inclusive and exclusive decays of the B meson play a
perfect role in determination of fundamental parameters
used in the standard model (SM) and improve our studies
in understanding the dynamics of quantum chromody-
namics (QCD). Among all B decays, the semileptonic
decays occupy a special place since their theoretical
description is relatively simple. In this field, reliable
calculations of heavy-to-light transition form factors of
semileptonic B decays are very important in particle
physics. These form factors are also used to determine
the amplitude of nonleptonic B decays applied to evaluate
the CKM parameters as well as to test various properties
of the SM.
In the region of large momentum transfer squared, (q2)

heavy-to-light form factors are successfully investigated via
the Lattice QCD. But in small q2, other approaches are used
such as the light-cone sum rules (LCSR) [1–3]. In the usual
LCSR method, the correlation function is inserted between
the vacuum and light meson. As a result of this calculation,
the long distance dynamics is described by light-cone
distribution amplitudes (LCDAs) of light meson [4–12].
Still, there is very limited knowledge of the nonperturbative
parameters determining these LCDAs. Therefore, the main
uncertainty in estimating the form factors comes from the
limited accuracy of the LCDA parameters.
As the direct analogue of the LCDAs of light mesons, the

B-meson distribution amplitudes (DAs) were introduced to
describe generic exclusive B decays with the contribution
of the hard gluon exchange [13]. Based on the local OPE
and condensate expansion, the classical two-point sum
rules was used for the B-meson DAs already in the original
study [14]. The B-meson DAs emerge as universal non-
perturbative objects in many studies of exclusive B-meson
decays (for instance see [15]). An estimate of the inverse

moment of two-particle DA, φþ was also obtained by
matching the factorization formula to the LCSR for B →
γlν [16]. The shapes of the B-meson DA, φþ depends on
the model and our knowledge of the behaviors of φþ is still
rather limited due to the poor understanding of nonpertur-
bative QCD dynamics.
Using the LCSR technique and relating the B-meson

DAs to the B → π form factor, a new approach was
suggested in [17]. In this new LCSR, correlation function
was taken between the vacuum and B meson and it was
expanded in terms of B-meson DAs near the light-cone
region. Therefore, the link was established between the
B-meson DAs and transition form factors, which provide
an independent dynamical information on the B-meson
DAs. The new LCSR has been derived for B → π; K and
B → ρ; K� form factors in the leading order including
the contributions of two- and three-particle DAs in [18].
Moreover, in this reference, the B-meson three-particle
DAs have been investigated and their forms have been
established at small momenta of light-quark and gluon.
In this paper, the heavy-to-light decays, BðsÞ →

a1ðK1Þlþl−;l ¼ e, μ, τ, are described by the flavor-
changing neutral current (FCNC) processes via a b →
dlþl− transition at the quark level which proceeds through
the electroweak penguin and box diagrams. The exclusive
FCNC B decays are important for development of new
physics and flavor physics beyond the SM. The main
purpose of this paper is to consider the form factors of the
FCNC BðsÞ → a1ðK1Þ transition with LCSR approach,
using the B-meson DAs, and comparing these form factors
with those of other approaches, especially the usual LCSR.
Comparing form factor results between two independent
methods establishes input parameters and assumptions as
well as predictions of the conventional LCSR.
It should be noted that the physical state of the K1ð1270Þ

meson is considered as a mixture of two j3P1i and j1P1i
states and can be parametrized in terms of a mixing angle
θK as follows [19],
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jK1ð1270Þi ¼ sin θKj3P1i þ cos θKj1P1i; ð1Þ

where j3P1i≡ jK1Ai and j1P1i≡ jK1Bi with different
masses and decay constants. Also, θK is the mixing
angle and can be determined by the experimental data.
There are various approaches to estimate the mixing angle.
In [20], the result 35° < jθKj < 55° was found, while in
[21], two possible solutions with jθKj ≈ 33° and 57° were
obtained.
The contents of this paper are as follows: In Sec. II, the

effective weak Hamiltonian of the b → dlþl− transition is
presented. In Sec. III, we derive the BðsÞ → a1ðK1Þlþl−

form factors with the LCSR method using the B-meson
DAs. To achieve a better analysis, we consider four
different parametrizations for the shapes of the B-meson

DAs, φ�. The form factors of the BðsÞ → a1ðK1Þlþl−

decays are basic parameters in studying the exclusive
nonleptonic two-body decays and semileptonic decays.
Our numerical analysis of the form factors as well as
branching ratio values and their comparison with the
prediction of other approaches is provided in Sec. IV.

II. THE EFFECTIVE WEAK HAMILTONIAN
OF THE b → dl+l− TRANSITION

In the SM, the BðsÞ→a1ðK1Þlþl− decay amplitude
is reduced to the matrix element defined as
ha1ðK1Þlþl−jHb→d

eff jBðsÞi. The effective weak Hamiltonian
of the b → dlþl− transition has the following form in
the SM,

Hb→d
eff ¼ −

GFffiffiffi
2

p
�
VubV�

ud

X2
i¼1

CiðμÞOu
i ðμÞ þ VcbV�

cd

X2
i¼1

CiðμÞOc
i ðμÞ − VtbV�

td

X10
i¼3

CiðμÞOiðμÞ
�
; ð2Þ

where Vjk and CiðμÞ are the CKM matrix elements and Wilson coefficients, respectively. The local operators are current-
current operators Ou;c

1;2, QCD penguin operators O3–6, magnetic penguin operators O7;8, and semileptonic electroweak
penguin operators O9;10. The explicit expressions of these operators for the b → dlþl− transition are written as [22]

O1 ¼ ðd̄icjÞV−A; ðc̄jbiÞV−A; O2 ¼ ðd̄cÞV−Aðc̄bÞV−A;
O3 ¼ ðd̄bÞV−A

X
q

ðq̄qÞV−A; O4 ¼ ðd̄ibjÞV−A
X
q

ðq̄jqiÞV−A;

O5 ¼ ðd̄bÞV−A
X
q

ðq̄qÞVþA; O6 ¼ ðd̄ibjÞV−A
X
q

ðq̄jqiÞVþA;

O7 ¼
e
8π2

mbðd̄σμνð1þ γ5ÞbÞFμν; O8 ¼
g
8π2

mbðd̄iσμνð1þ γ5ÞTijbjÞGμν;

O9 ¼
e
8π2

ðd̄bÞV−Aðl̄lÞV; O10 ¼
e
8π2

ðd̄bÞV−Aðl̄lÞA; ð3Þ

where Gμν and Fμν are the gluon and photon field strengths,
respectively; Tij are the generators of the SUð3Þ color group;
and i and j denote color indices. Labels ðV � AÞ stand for
γμð1� γ5Þ. The magnetic and electroweak penguin oper-
ators O7, and O9;10 are responsible for the short distance
(SD) effects in the FCNC b → d transition, but the operators

O1−6 involve both SD and long distance (LD) contributions
in this transition. In the naive factorization approximation,
contributions of the O1–6 operators have the same form
factor dependence as C9 which can be absorbed into an
effective Wilson coefficient Ceff

9 . Therefore, the matrix
element for the b → dlþl− transition can be written as

M ¼ GFα

2
ffiffiffi
2

p
π
VtbV�

td

�
Ceff
9 d̄γμð1 − γ5Þbl̄γμlþ C10d̄γμð1 − γ5Þbl̄γμγ5l − 2Ceff

7

mb

q2
d̄iσμνqνð1þ γ5Þbl̄γμl

�
; ð4Þ

where d̄γμð1 − γ5Þb and d̄iσμνqνð1þ γ5Þb are the transition
currents denoted with JV−Aμ and JTμ , respectively, in this
work. Equation (4) also contains two effective Wilson

coefficients Ceff
7 and Ceff

9 , where Ceff
7 ¼ C7 − C5=3 − C6.

The effective Wilson coefficient Ceff
9 includes both the SD

and LD effects as
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Ceff
9 ¼ C9 þ YSDðq2Þ þ YLDðq2Þ; ð5Þ

where YSDðq2Þ describes the SD contributions from four-quark operators far away from the resonance regions, which can be
calculated reliably in perturbative theory as [22,23]

YSDðq2Þ ¼ 0.138ωðsÞ þ hðm̂c; sÞC0 −
1

2
hð1; sÞð4C3 þ 4C4 þ 3C5 þ C6Þ

−
1

2
hð0; sÞð2λu½3C1 þ C2� þ C3 þ 4C4Þ þ

2

9
ð3C3 þ C4 þ 3C5 þ C6Þ; ð6Þ

where s ¼ q2=m2
b, m̂c ¼ mc=mb, C0 ¼ −λcð3C1 þ C2Þ þ 3C3 þ C4 þ 3C5 þ C6, λc ¼ VcbV�

cd
VtbV�

td
, λu ¼ VubV�

ud
VtbV�

td
, and

ωðsÞ ¼ −
2

9
π2 −

4

3
Li2ðsÞ −

2

3
lnðsÞ lnð1 − sÞ − 5þ 4s

3ð1þ 2sÞ lnð1 − sÞ − 2sð1þ sÞð1 − 2sÞ
3ð1 − sÞ2ð1þ 2sÞ lnðsÞ

þ 5þ 9s − 6s2

3ð1 − sÞð1þ 2sÞ ð7Þ

represents the OðαsÞ correction coming from one gluon exchange in the matrix element of the operator O9 [24], while
hðm̂c; sÞ and hð0; sÞ represent one-loop corrections to the four-quark operators O1−6 [25]. The functional form of the
hðm̂c; sÞ and hð0; sÞ are as

hðm̂c; sÞ ¼ −
8

9
ln
mb

μ
−
8

9
ln m̂c þ

8

27
þ 4

9
x

−
2

9
ð2þ xÞj1 − xj1=2

8<
:

�
ln
��� ffiffiffiffiffiffi

1−x
p þ1ffiffiffiffiffiffi
1−x

p
−1

��� − iπ
	
; for x≡ 4m̂2

c
s < 1

2 arctan 1ffiffiffiffiffiffi
x−1

p ; for x≡ 4m̂2
c

s > 1;

hð0; sÞ ¼ 8

27
−
8

9
ln
mb

μ
−
4

9
ln sþ 4

9
iπ: ð8Þ

The LD contributions, YLDðq2Þ, from four-quark operators near the uū, dd̄, and cc̄ resonances cannot be calculated from the
first principles of QCD and are usually parametrized in the form of a phenomenological Breit-Wigner formula as [22,23]

YLDðq2Þ ¼
3π

α2


 X
Vi¼ψð1sÞ;ψð2sÞ

ΓðVi → lþl−ÞmVi

m2
Vi
− q2 − imVi

ΓVi

− λuhð0; sÞð3C1 þ C2Þ
X

Vi¼ρ;ω

ΓðVi → lþl−ÞmVi

m2
Vi
− q2 − imVi

ΓVi

�
: ð9Þ

III. BðsÞ → a1ðK1Þl+l− FORM FACTORS
WITH THE LCSR

First, we start with the two-point correlation function to
compute the form factors of the B → a1lþl− via the LCSR
and then explain how to extract the B → K1 transition form
factors. The correlation function is constructed from the
transition currents JV−Aν and JTν as follows:

ΠV−AðTÞ
μν ðp; qÞ

¼ i
Z

d4xeip:xh0jTfJa1μ ðxÞJV−AðTÞν ð0ÞgjBðPÞi: ð10Þ

In this definition for the correlation function, T is the
time-ordering operator, j0i is an appropriate ground state

(usually vacuum), and Ja1μ ¼ ūγμγ5d is the interpolating
current of the axial-vector meson a1. The external momenta

of the interpolating and transition currents, Ja1μ and JV−AðTÞν ,
are p and q, respectively, and P2 ¼ ðpþ qÞ2 ¼ m2

B. The
leading-order diagram for B → a1lþl− decays is depicted
in Fig. 1.

b

u

d

q

p

B(P)

FIG. 1. Leading-order diagram for B → a1lþl− decays.
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According to the general philosophy of the QCD sum
rules and its extension (light-cone sum rules), the above
correlation function should be calculated in two different
ways. In phenomenological or physical representation, it is
calculated in terms of hadronic parameters. On the QCD
side, it is obtained in terms of DAs and QCD degrees of
freedom. The LCSR for the physical quantities like form
factors are acquired equating coefficient of the sufficient
structures from both representations of the same correlation
function through the dispersion relation and applying Borel
transformation and continuum subtraction to suppress the
contributions of the higher states and continuum.
To obtain the phenomenological representation of the

correlation function, a complete set of intermediate states
with the same quantum number as the current Ja1μ is inserted
in Eq. (10). Isolating the pole term of the lowest axial vector
a1 meson and applying Fourier transformation, we get

ΠV−AðTÞ
μν ðp; qÞ

¼ 1

p2 −m2
a1

h0jJa1μ ðpÞja1ðpÞiha1ðpÞjJV−AðTÞν jBðPÞi

þ higher states: ð11Þ

The matrix element, h0jJa1μ ðpÞja1ðpÞi, is defined as

h0jJa1μ ð0Þja1ðpÞi ¼ fa1ma1εμ; ð12Þ

where fa1 and εμ are the leptonic decay constant and
polarization vector of the axial vector meson a1, respectively.

The transitionmatrix element, ha1ðpÞjJV−AðTÞν jBðPÞi, can be
parametrized via Lorentz invariance and parity considera-
tions as [26]

ha1ðpÞjJV−Aμ jBðPÞi ¼ ϵμναβε
�νPαpβ 2Aðq2Þ

mB −ma1

− iε�μðmB −ma1ÞV1ðq2Þ

þ i
ε� · P

mB −ma1

ðPþ pÞμV2ðq2Þ þ 2ima1

ε� · P
q2

qμ½V3ðq2Þ − V0ðq2Þ�;

ha1ðpÞjJTμ jBðPÞi ¼ 2iϵμναβε�νPαpβT1ðq2Þ þ ½ε�μðm2
B −m2

a1Þ − ðε� · PÞðPþ pÞμ�T2ðq2Þ

þ ðε� · PÞ
�
qμ −

q2

m2
B −m2

a1

ðPþ pÞμ
�
T3ðq2Þ; ð13Þ

q2 is the momentum transfer squared of the Z boson
(photon). It should be noted that V0ð0Þ ¼ V3ð0Þ and
the identity σμνγ5 ¼ −i

2
ϵμναβσ

αβðϵ0123 ¼ 1Þ implies that
T1ð0Þ ¼ T2ð0Þ [26]. Moreover, V3 can be written as a
linear combination of V1 and V2:

V3ðq2Þ ¼
mB −ma1

2ma1

V1ðq2Þ −
mB þma1

2ma1

V2ðq2Þ: ð14Þ

Using Eqs. (12) and (13) in Eq. (11), and performing
summation over the polarization of a1 meson, we obtain

ΠV−A
μν ¼ fa1ma1

p2 −m2
a1

×

�
2A

mB −ma1

ðq2ÞϵμναβPαpβ − iV1ðq2ÞðmB −ma1Þgμν

þ i
V2ðq2Þ

mB −ma1

ðPþ pÞμPν − i
2ma1V0ðq2Þ

q2
qμPν

�
þ higher states;

ΠT
μν ¼

fa1ma1

p2 −m2
a1

× ½2T1ðq2ÞϵμναβPαpβ − iT2ðq2Þðm2
B −m2

a1Þgμν

− iT3ðq2ÞqμPν� þ higher states: ð15Þ

To calculate the form factors A, Viði ¼ 0; 1; 2Þ and Tjðj ¼ 1; 2; 3Þ, we will choose the structures ϵμναβPαpβ, gμν,
ðPþ pÞμPν, qμPν, from ΠV−A

μν and ϵμναβPαpβ, gμν, and qμPν from ΠT
μν, respectively. For simplicity, the correlations are

written as

ΠV−A
μν ðp; qÞ ¼ Π1gμν þ Π2ϵμναβPαpβ þ Π3ðPþ pÞμPν þ Π4qμPν þ � � � · ·;

ΠT
μνðp; qÞ ¼ Π0

1gμν þ Π0
2ϵμναβP

αpβ þ Π0
3qμPν þ � � � · ð16Þ
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Now, we consider the QCD part of the correlation
functions in Eq. (10) based on light-cone OPE in the
heavy quark effective theory (HQET). After the transition
to HQET, the correlation functions are written as [18]

ΠV−AðTÞ
μν ðp; qÞ ¼ ~ΠV−AðTÞ

μν ðp; q̃Þ þOð1=mbÞ; ð17Þ

where q̃ ¼ q −mbv, and v is the four-velocity of the B
meson. Also, up to 1=mb corrections in HQET, the state of
the B-meson jBðPÞi, and the b-quark field bðxÞ are
substituted by the state jBðvÞi and the effective field
e−imbvxhvðxÞ, respectively. Therefore, the correlation func-
tions in the heavy quark limit, (mb → ∞), become

~ΠV−A
μν ðp; q̃Þ ¼ i

Z
d4xeip:xh0jT fūðxÞγμγ5iSdðxÞγνð1 − γ5Þhvð0ÞgjBðvÞi;

~ΠT
μνðp; q̃Þ ¼ i

Z
d4xeip:xh0jT fūðxÞγμγ5iSdðxÞσνηqηð1þ γ5Þhvð0ÞgjBðvÞi: ð18Þ

From Eq. (18) a convolution of a short-distance part with the matrix element of the bilocal operator is obtained between the
vacuum and BðvÞ-state as:

~ΠV−A
μν ðp; q̃Þ ¼ i

Z
d4xeip:x × fγμγ5iSdðxÞγνð1 − γ5Þgαβh0jūαðxÞhvβð0ÞjBðvÞi;

~ΠT
μνðp; q̃Þ ¼ i

Z
d4xeip:x × fγμγ5iSdðxÞσνηqηð1þ γ5Þgαβh0jūαðxÞhvβð0ÞjBðvÞi: ð19Þ

The full-quark propagator, SdðxÞ, of a massless quark in the external gluon field in the Fock-Schwinger gauge is as follows:

SdðxÞ ¼ i
Z

d4k
ð2πÞ4 e

−ik:x


k
k2

−
Z

1

0

dvGμνðvxÞ
�
1

2k4
kσμν −

1

k2
vxμγν

��
: ð20Þ

In addition, the DAs of the B meson are as [27]:

h0jūαðxÞhvβð0ÞjBðvÞi ¼ −
ifBmB

4

Z
∞

0

dωe−iωv:x


ð1þ vÞφþ −

xγ5
2vx

ðφþ − φ−Þ
�

βα

;

h0jūαðxÞGλρðuxÞhvβð0ÞjBðvÞi ¼
fBmB

4

Z
∞

0

dω
Z

∞

0

dξe−iðωþuξÞv:x

�

ðvλγρ − vργλÞðΨA −ΨVÞ

−iσλρΨV −
xλvρ − xρvλ

vx
XA þ xλγρ − xργλ

vx
YA

�
ð1þ vÞγ5

�
βα

; ð21Þ

where [18]

ΨAðω; ξÞ ¼ ΨVðω; ξÞ ¼
λ2E
6ω4

0

ξ2e−
ωþξ
ω0 ; XAðω; ξÞ ¼

λ2E
6ω4

0

ξð2ω − ξÞe−ωþξ
ω0 ;

YAðω; ξÞ ¼ −
λ2E

24ω4
0

ξð7ω0 − 13ωþ 3ξÞe−ωþξ
ω0 : ð22Þ

Our knowledge of the behaviors of φ�ðωÞ at small ω is still rather limited due to the poor understanding of nonperturbative
QCD dynamics. To achieve a better understanding of the model dependence of φ�ðωÞ in the sum rule analysis, we consider
the following four different parametrizations for the shapes of the B-meson DA φþ [14,28–30]:

φþ;IðωÞ ¼
ω

ω2
0

e−ω=ω0 ;

φþ;IIðωÞ ¼
1

4πω0

k
k2 þ 1

�
1

k2 þ 1
−
2ðσB − 1Þ

π2
ln k

�
; k ¼ ω

1 GeV
;

φþ;IIIðωÞ ¼
2ω2

ω0ω
2
1

e−ðω=ω1Þ2 ; ω1 ¼
2ω0ffiffiffi
π

p ;

φþ;IVðωÞ ¼
ω

ω0ω2

ω2 − ωffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωð2ω2 − ωÞp θðω2 − ωÞ; ω2 ¼

4ω0

4 − π
: ð23Þ
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The determination of coefficient ω0, which constitutes the
most important theory uncertainty in the B-meson LCSR
approach, will be discussed for each of the four models in the
next section.
The corresponding expression of φ−ðωÞ for each model

is determined by

φ−ðωÞ ¼
Z

1

0

dξ
ξ
φþðω=ξÞ: ð24Þ

These parametrizations can provide a reasonable descrip-
tion of φ�ðωÞ at small ω due to the radiative tail developed
from QCD corrections.
Inserting the full propagator and B-meson DAs pre-

sented in Eqs. (20) and (21), respectively, in the
correlation functions [Eq. (19)], traces and then integrals
should be calculated. To estimate these calculations, we
have used xμ → i ∂

∂kμ. In addition to this, for terms

containing a factor of vx in the denominator, we have
used the following trick: in order not to have any
singularity at v:x ¼ 0, the integral of these wave

functions in the absence of the exponential should cancel.
Hence, for these terms only, one can write

eiαv:x → eiαv:x − 1 ¼ iv:x
Z

α

0

dkeikv:x; ð25Þ

and the rest of the calculation is similar to the presented
one. Note that the subtracted 1 does not contribute.
After completing the integrals and matching them

with the hadronic representation below the continuum
threshold s0, through the dispersion relation and apply-
ing Borel transform with respect to the variable p2 as

Bp2ðM2Þ
�

1

p2 −m2

�
n
¼ ð−1Þn

ΓðnÞ
e−

m2

M2

ðM2Þn ; ð26Þ

in order to suppress the contributions of the higher
states, the form factors are obtained via the LCSR. For
instance, the form factor V1 is presented here:

V1ðq2Þ ¼ −
fBmB

fama1ðmB −ma1Þ
e
m2
a1

M2


Z
σ0

0

dσ

�
M2

2
φþðω0Þ d

dσ
e−

s
M2

�
þL̂

�
ð1 − uÞΨV

d
dσ

e−
s

M2

−
2u − 1

2M2
ðΨA −ΨVÞ

d
dσ

e−
s

M2 þm2
Bð1 − 2uÞ
σ̄2M2

ð3X̃A − ỸAÞe−
s

M2 þ 1

σ̄3M2
X̃Ae

− s
M2

×

�
m2

Bð1þ 3σÞ − 2 ~m2
B þ M4

2M2

���
: ð27Þ

The explicit expressions for the other form factors are
presented in the Appendix.
Finally, with a little bit of change in the previous steps,

such as the change in the quark spectator (u → s), we can
easily find similar results for the form factors of the Bs →
K1A and Bs → K1B decays.
The form factors of the Bs → K1ð1270Þlþl− transitions

with the mixing angle θK are defined as [31]

fK1ð1270Þ ¼ C1 sin θKfK1A þ C2 cos θKfK1B ; ð28Þ

where fK1ð1270Þ; fK1A and fK1B stand for the form factors
A; Viði ¼ 0; 1; 2Þ; Tjðj ¼ 1; 2; 3Þ of Bs→K1ð1270Þ;
Bs→K1A and Bs → K1B decays, respectively. The coef-
ficients C1 and C2 related to each form factor of the Bs →
K1ð1270Þ decay are given in Table I.

IV. NUMERICAL ANALYSIS

In this section, our numerical analysis of the form factors
A, Vi and Tj are presented for the BðsÞ → a1ðK1Þlþl−

decays. The values are chosen for masses in GeV as
mB ¼ ð5.27� 0.01Þ,ma1 ¼ ð1.23� 0.04Þ,mK1

¼ ð1.27�
0.01Þ, mμ ¼ 0.11 and mτ ¼ 1.77 [32], mK1A

¼ ð1.31�
0.06Þ, mK1B

¼ ð1.34� 0.08Þ [33]. The leptonic decayTABLE I. The coefficients C1 and C2 for each form factor of
Bs → K1ð1270Þ.
Form factors C1 C2

A; V1; V2
mBs−mK1

mBs−mK1A

mBs−mK1

mBs−mK1B

V0
mK1A
mK1

mK1B
mK1

T1, T3 1 1
T2

m2
Bs
−m2

K1A
m2

Bs
−m2

K1

m2
Bs
−m2

K1B
m2

Bs
−m2

K1

TABLE II. The values of ω0 for each model in MeV.

Model I II III IV

ω0 (for B → a1) 235þ25
−19 246þ28

−21 259þ29
−22 217þ20

−16
ω0 (for Bs → K1A) 254þ27

−20 267þ29
−22 281þ33

−25 234þ23
−17

ω0 (for Bs → K1B) 282þ33
−22 298þ34

−26 313þ37
−28 259þ23

−20
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constants are taken as: fa1 ¼ ð0.24� 0.01Þ GeV, fK1A
¼

ð0.25� 0.01Þ GeV, fK1B
¼ ð0.19� 0.01Þ GeV [33],

fB¼ð0.18�0.02ÞGeV [34], and fBs
¼ð0.23�0.03ÞGeV

[35]. Moreover, s0 ¼ ð2.55� 0.15Þ GeV2 is used for the
continuum threshold [33]. The values of the parameters λ2E
and σB of the B-meson DAs are chosen as λ2E ¼ ð0.11�
0.06Þ GeV2 [14] and σB ¼ 1.4� 0.4 [28]. The Borel
parameter in this article is taken as 1.5 GeV2 ≤ M2 ≤
4 GeV2. In this region, the values of the form factors A, Vi
and Tj are stable enough. The uncertainties which origi-
nated from the Borel parameter M2 in this interval are
about 1%.
Having all these input values and parameters at hand, we

proceed to carry out numerical calculations. As can be seen
in Eq. (23), the B-meson DAs, φ�, in the four cases are
related to the parameter ω0 whose value is dependent on the

model. In order to determine the parameter ω0 for the B →
a1lþl− decay, we match the values of the form factor
AB→a1 in q2 ¼ 0, estimated with the four models of the B-
meson DAs φ�, with AB→a1ð0Þ ¼ 0.26� 0.09 computed
from the PQCD as a different method [35], and derive the
values of the coefficient ω0 for each model. Also, taking
ABs→K1Að0Þ ¼ 0.25� 0.10 and ABs→K1Bð0Þ ¼ 0.18� 0.08
evaluated via the PQCD [35], and performing the same
procedure as the B → a1 decay for Bs → K1A and Bs →
K1B transitions, the values of the parameter ω0 are
calculated for these decays. The values of the parameter
ω0 for three aforementioned decays are given in Table II.
Figure 2 shows the form factors AB→a1 , ABs→K1A , and
ABs→K1B with the four models of the B-meson DAs φ�
whose values at zero momentum transfer have been fixed to

FIG. 2. Dotted, dot-dashed, dashed, solid (black) curves show the form factors A, calculated with the B-meson DAs, whose values at
q2 ¼ 0 have been fixed to the prediction from the PQCD (blue).

TABLE III. The BðsÞ → a1ðK1A; K1BÞ form factors at zero momentum transfer in the four models of the B-meson DAs, φ�.

Model AB→a1 VB→a1
1 VB→a1

2 VB→a1
0 TB→a1

1 ¼ TB→a1
2 TB→a1

3

I 0.26� 0.09 0.42� 0.13 0.22� 0.07 0.11� 0.03 0.25� 0.08 0.22� 0.06
II 0.26� 0.09 0.51� 0.16 0.25� 0.08 0.13� 0.04 0.30� 0.09 0.25� 0.07
III 0.26� 0.09 0.54� 0.17 0.28� 0.09 0.27� 0.08 0.34� 0.11 0.29� 0.09
VI 0.26� 0.09 0.40� 0.13 0.20� 0.06 0.11� 0.03 0.24� 0.07 0.21� 0.06

Model ABs→K1A VBs→K1A
1 VBs→K1A

2 VBs→K1A
0 TBs→K1A

1 ¼ TBs→K1A
2 TBs→K1A

3

I 0.25� 0.10 0.35� 0.12 0.15� 0.05 0.12� 0.04 0.27� 0.09 0.24� 0.08
II 0.25� 0.10 0.37� 0.13 0.18� 0.05 0.11� 0.03 0.32� 0.11 0.27� 0.09
III 0.25� 0.10 0.45� 0.15 0.22� 0.07 0.12� 0.04 0.39� 0.13 0.33� 0.12
VI 0.25� 0.10 0.33� 0.11 0.13� 0.04 0.11� 0.03 0.25� 0.09 0.21� 0.07

Model ABs→K1B VBs→K1B
1 VBs→K1B

2 VBs→K1B
0 TBs→K1B

1 ¼ TBs→K1B
2 TBs→K1B

3

I 0.18� 0.08 0.28� 0.10 0.12� 0.04 0.07� 0.02 0.22� 0.08 0.19� 0.07
II 0.18� 0.08 0.33� 0.12 0.15� 0.05 0.10� 0.03 0.28� 0.10 0.25� 0.09
III 0.18� 0.08 0.38� 0.14 0.20� 0.07 0.12� 0.03 0.33� 0.11 0.30� 0.11
VI 0.18� 0.08 0.27� 0.08 0.11� 0.03 0.09� 0.02 0.21� 0.07 0.18� 0.05
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the predictions from the PQCD. In this figure, blue lines
show the form factors predicted by the PQCD method.
Now, by inserting the values of the masses, leptonic

decay constants, continuum threshold, Borel mass, the
parameters of the B-meson DAs such as ω0 and other
quantities that appear in the form factors, we can calculate
the form factors of BðsÞ → a1ðK1A; K1BÞ decays at zero
momentum transfer. Taking into account all the uncertain-
ties, the numerical values of the form factors A, Vi and Tj

for aforementioned decays in q2 ¼ 0 are presented in
Table III for the four models of the B-meson DAs, φ�.
The main uncertainty comes from ω0, the decay constant
fa1 (fK1A

; fK1B
), and B-meson mass.

So far, several authors have calculated the form factors of
the BðsÞ → a1ðK1A; K1BÞlþl− decays via differen frame-
works. To compare the results, we should rescale them
according to the form factor definitions in Eq. (13).
Table IV shows the values of the rescaled form factors
at q2 ¼ 0 from different approaches. Considering the
uncertainties, our results for the form factors of these
decays are in a good agreement with those of the PQCD in
most cases (except V2 and V0). However, there is not
good agreement between our results with the LCSR with
a1-meson DAs [36].
The LCSR calculations for the form factors are trun-

cated at about 0 ≤ q2 ≤ 8 GeV2. To extend the q2

TABLE IV. Transition form factors of the BðsÞ → a1ðK1A; K1BÞlþl− at q2 ¼ 0 in various methods.

Approaches AB→a1 VB→a1
1 VB→a1

2 VB→a1
0 TB→a1

1 ¼ TB→a1
2 TB→a1

3

PQCD [35] 0.26� 0.09 0.43� 0.16 0.13� 0.04 0.34� 0.16 0.34� 0.13 0.30� 0.17
LCSR [36] 0.42� 0.16 0.68� 0.13 0.31� 0.16 0.30� 0.18 0.44� 0.28 0.41� 0.18
3PSR [37] 0.51 0.52 0.25 0.76 0.37 0.41

ABs→K1A VBs→K1A
1 VBs→K1A

2 VBs→K1A
0 TBs→K1A

1 ¼ TBs→K1A
2 TBs→K1A

3

PQCD [35] 0.25� 0.10 0.43� 0.19 0.11� 0.05 0.36� 0.18 0.34� 0.15 0.30� 0.13

ABs→K1B VBs→K1B
1 VBs→K1B

2 VBs→K1B
0 TBs→K1B

1 ¼ TBs→K1B
2 TBs→K1B

3

PQCD [35] 0.18� 0.08 0.33� 0.14 0.03� 0.03 0.42� 0.16 0.26� 0.11 0.17� 0.08

TABLE VI. The same as Table V but for Bs → K1A transition.

Model Aðq2Þ V1ðq2Þ V2ðq2Þ V0ðq2Þ T1ðq2Þ T2ðq2Þ T3ðq2Þ
I [1.16, 0.53] [0.98, 0.24] [1.14, 0.39] [0.96, 0.34] [1.30, 0.17] [1.09, 0.46] [0.95, 1.17]
II [1.44, 0.56] [1.31, 0.32] [1.20, 0.49] [1.25, 0.34] [1.34, 0.28] [1.33, 0.35] [1.08, 0.91]
III [1.56, 0.72] [1.52, 0.31] [1.37, 0.76] [1.32, 0.43] [1.46, 0.50] [1.38, 0.39] [1.12, 0.98]
VI [1.18, 0.42] [1.01, 0.45] [1.15, 0.31] [0.99, 0.27] [1.33, 0.13] [1.11, 0.36] [0.96, 1.03]

TABLE VII. The same as Table V but for Bs → K1B transition.

Model Aðq2Þ V1ðq2Þ V2ðq2Þ V0ðq2Þ T1ðq2Þ T2ðq2Þ T3ðq2Þ
I [0.83, 0.48] [0.62, 0.29] [0.75, 0.49] [0.77, 0.37] [0.96, 0.31] [0.78, 0.37] [0.63, 1.47]
II [1.03, 0.50] [0.81, 0.35] [0.81, 0.41] [0.93, 0.40] [0.99, 0.28] [0.99, 0.28] [0.71, 1.14]
III [1.08, 0.63] [0.90, 0.28] [0.80, 0.77] [0.96, 0.42] [1.01, 0.56] [0.91, 0.24] [0.38, 1.04]
VI [0.87, 0.37] [0.66, 0.22] [0.81, 0.39] [0.82, 0.29] [0.98, 0.23] [0.84, 0.28] [0.66, 1.18]

TABLE V. The parameters ½α; β� obtained for the form factors of the B → a1 transition in the four models.

Model Aðq2Þ V1ðq2Þ V2ðq2Þ V0ðq2Þ T1ðq2Þ T2ðq2Þ T3ðq2Þ
I [1.33, 0.57] [0.87, 0.38] [1.01, 0.53] [1.04, 0.29] [1.11, 0.21] [1.25, 0.48] [1.13, 1.10]
II [1.51, 0.50] [1.15, 0.36] [1.38, 0.54] [1.28, 0.26] [1.29, 0.47] [1.23, 0.29] [1.29, 0.94]
III [1.70, 0.64] [1.20, 0.46] [1.28, 0.73] [1.15, 0.31] [1.36, 0.52] [1.30, 0.35] [1.62, 0.87]
IV [1.34, 0.46] [0.88, 0.30] [1.03, 0.42] [1.08, 0.22] [1.41, 0.17] [1.31, 0.38] [1.14, 0.88]
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dependence of the form factors to the full physical region,
where the LCSR results are not valid, we find that the sum
rules predictions for the form factors are well fitted to the
following function,

Fiðq2Þ ¼
Fið0Þ

1 − αðq2=m2
BðsÞ Þ þ βðq2=m2

BðsÞ Þ2
; ð29Þ

where Fið0Þ, α, and β are the constant fitted parameters.
The values of the parameters ½α; β� are presented in
Tables V, VI, and VII for B → a1, Bs → K1A, and
Bs → K1B, respectively. The values of parameter Fið0Þ
expressed the form factor results at q2 ¼ 0 were listed in
Table III before.
By averaging the values of the form factors derived from

the four models of the B-meson DAs φ� at some points of
q2, and then extrapolating to the fit function in Eq. (29), we
can investigate average form factors. The parameters Fið0Þ,
α, and β for the average form factors of BðsÞ → a1ðK1Þ are
given in Table VIII. For the Bs → K1lþl− transition, the
average form factors are calculated at θK ¼ 45°. Figure 3
shows the form factors with the four models, for instance
V0ðq2Þ and T1ðq2Þ with respect to q2, on which blue lines
display the average form factors. Considering the uncer-
tainties, the average form factors V0ðq2Þ and T1ðq2Þ of the
BðsÞ → a1ðK1Þ decays with their uncertainty regions are
displayed on q2 in Fig. 4.
Now, we are ready to evaluate the branching

ratio values for the BðsÞ → a1ðK1Þlþl− decays. The

FIG. 3. The form factors V0 and T1 of BðsÞ → a1ðK1Þ on q2 with the four models (black color). Blue lines show the average form
factors.

TABLE VIII. The parameters Fið0Þ; α, and β obtained for the
average form factors of the BðsÞ → a1ðK1Þ transitions.

Form factor Fið0Þ α β

½AB→a1 ; ABs→K1 � [0.26, 0.30] [1.51, 1.17] [0.53, 0.45]
½VB→a1

1 ; VBs→K1

1 � [0.46, 0.48] [1.05, 1.43] [0.36, 0.16]

½VB→a1
2 ; VBs→K1

2 � [0.23, 0.23] [1.18, 1.08] [0.55, 0.43]

½VB→a1
0 ; VBs→K1

0 � [0.25, 0.15] [1.17, 1.01] [0.28, 0.30]

½TB→a1
1 ; TBs→K1

1 � [0.28, 0.40] [1.32, 1.18] [0.36, 0.25]

½TB→a1
2 ; TBs→K1

2 � [0.28, 0.40] [1.29, 1.08] [0.38, 0.27]

½TB→a1
3 ; TBs→K1

3 � [0.24, 0.34] [1.32, 0.86] [0.83, 1.02]
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expression of the double differential decay rate
d2Γ=dq2d cos θl for the BðsÞ → a1ðK1Þ transitions can
be found in [26,38]. This expression contains the
Wilson coefficients, the CKM matrix elements, the
form factors related to the fit functions, series of
functions, and constants. The numerical values of the
Wilson coefficients are taken from Ref. [39]. The
corresponding values are listed in Table IX in
the scale μ ¼ mb. The other parameters can be found
in [26]. After numerical analysis, the dependency
of the differential branching ratios for B → a1lþl−

on q2 using the average form factors, with and without
LD effects, is shown in Fig. 5 for the charged
lepton case.

In Table X, we present the branching ratio values for
the muon and tau without and with LD effects using the
form factors derived in the four models of φ�. We also
estimate the branching ratio values with the average form
factors (AFF). For Bs → K1 transitions, we have calcu-
lated the average value of branching ratios in the region
35° < jθKj < 55°. Here, we should also stress that the
results obtained for the electron are very close to those of
the muon; and for this reason, we only present the
branching ratios for the muon in our table. In Ref. [36]
via the LCSR with a1-meson DAs, the branching ratio
values of B → a1μþμ− and B → a1τþτ− decays by
considering SDþ LD effects are predicted ð2.52�
0.62Þ × 10−8 and ð0.31� 0.06Þ × 10−9, respectively.

TABLE IX. Central values of the Wilson coefficients used in the numerical calculations.

C1 C2 C3 C4 C5 C6 Ceff
7

C9 C10

−0.248 1.107 0.011 −0.026 0.007 −0.031 −0.313 4.344 −4.669

FIG. 4. The average form factors V0 and T1 of BðsÞ → a1ðK1Þ decays with their uncertainty regions.
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Our results are in good agreement with its prediction for
tau case.
In summary, we calculated the transition form factors

of the BðsÞ → a1ðK1Þlþl− decays via the LCSR with the
B-meson DAs, φ� in four models. The main uncertainty
comes from the ω0 as a parameter of the B-meson DAs.
We estimated the branching ratio values for these decays.

The dependence of the differential branching ratios on q2

were investigated. The results for the branching fraction
of B → a1τþτ− are in good agreement with the usual
LCSR method in Ref. [36]. However, there is not good
agreement between our results for the form factors of the
B → a1 decays in q2 ¼ 0 with those of the LCSR
method.

FIG. 5. The differential branching ratios of the semileptonic B → a1ðK1Þlþl− for l ¼ μ, τ decays on q2 with and without LD effects
using the average form factors.

TABLE X. Branching ratio values of the semileptonic BðsÞ → a1ðK1Þlþl− decays without and with LD effects using the form factors
in the four models as well as the average form factors (AFF).

Only SD effects model-I model-II model-III model-VI AFF

BRðB → a1μþμ−Þ × 108 2.46� 0.54 2.77� 0.58 2.96� 0.62 2.43� 0.50 2.82� 0.62
BRðB → K1μ

þμ−Þ × 108 3.12� 0.58 3.41� 0.82 3.64� 0.94 3.09� 0.57 3.45� 0.90
BRðB → a1τþτ−Þ × 109 0.23� 0.05 0.25� 0.05 0.29� 0.06 0.22� 0.04 0.27� 0.06
BRðB → K1τ

þτ−Þ × 109 0.40� 0.09 0.44� 0.10 0.49� 0.11 0.39� 0.08 0.43� 0.10

SDþ LD effects model-I model-II model-III model-VI AFF

BRðB → a1μþμ−Þ × 108 2.82� 0.65 3.18� 0.74 3.40� 0.81 2.79� 0.64 3.26� 0.81
BRðB → K1μ

þμ−Þ × 108 3.80� 0.83 4.16� 0.91 4.44� 0.97 3.76� 0.82 4.24� 0.95
BRðB → a1τþτ−Þ × 109 0.24� 0.05 0.26� 0.05 0.31� 0.06 0.23� 0.04 0.29� 0.06
BRðB → K1τ

þτ−Þ × 109 0.45� 0.10 0.50� 0.11 0.54� 0.12 0.44� 0.09 0.49� 0.11
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APPENDIX: EXPLICIT EXPRESSIONS FOR THE FORM FACTORS

In this appendix, the explicit expressions for the form factors of B → a1lþl− decays are given.
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M2 þ ð4u − 3ÞΨV
d
dσ

e−
s

M2 þ ð4u − 2Þ
�
3

σ̄2
þ M02

σ̄2M2
−

M4

2σ̄2M4

�
ðX̃A − ỸAÞe−

s
M2

þ ð4u − 2Þ M2

σ̄2M2
ỸAe

− s
M2

��
;
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T3ðq2Þ ¼
fBmB

fama1

e
m2
a1

M2


Z
σ0

0

dσ

�
σ

σ̄
φþðω0Þe− s

M2 −
�

4

M2
−
4σM2

σ̄M4
−
2σ2ðM2 þM02Þ

σ̄M4

�
ðφ̃þðω0Þ − φ̃−ðω0ÞÞ e

− s
M2

σ̄

�

þ L̂
�
ð1 − 2uÞ

�
1

M2
þM2

M4
−
m2

B

M4

�
ðΨA −ΨVÞe−

s
M2 þ σðu − 1Þ

σ̄2M2
ΨVe

− s
M2

þ ð1 − 2uÞ
�

1

σ̄2M2
þ 2σ

σ̄3M2
−
σM2

σ̄3M4

�
ðX̃A − 2ỸAÞe−

s
M2

��
;

where

L̂≡
Z

σ0

0

dσ
Z

ω0

0

dω
Z

∞

ω0−ω

dξ
ξ
;

ω0 ¼ σmB and ~m2
B ¼ m2

Bð1þ σÞ − q2=σ̄, also

s ¼ σm2
B −

σ

σ̄
q2; σ̄ ¼ 1 − σ; u ¼ ω0 − ω

ξ
;

~ϕ� ¼
Z

ω

0

dτϕ�ðτÞ; X̃A ¼
Z

ω

0

dτXAðτ; ξÞ; ỸA ¼
Z

ω

0

dτYAðτ; ξÞ;

M2 ¼ ~mB − 2σm2
B; M4 ¼ ~m4

B − 4sm2
B; M02 ¼ 2m2

B − ~m2
B;

σ0 ¼
s0 þm2

B − q2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs0 þm2

B − q2Þ2 − 4s0m2
B

p
2m2

B
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