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In this paper the polarized and unpolarized lepton pair forward-backward asymmetries and their
averages in B̄ → K̄1ð1270Þℓþℓ− and B̄ → K̄�ℓþℓ− decays using model III of the two Higgs doublet model
are investigated. The obtained results of both decay modes are compared to each other and to those of SM.
In addition, by obtaining the minimum required number of events for detecting each asymmetry and
comparing them with the number of produced BB̄ pairs at the LHC or supposed to be produced at the
Super-LHC, we present a comprehensive discussion regarding the polarized and unpolarized forward-
backward asymmetries of B̄ → K̄1ð1270Þℓþℓ− and B̄ → K̄�ℓþℓ− decays. We discover that the study of
these asymmetries and the corresponding averages in B̄ → K̄1ð1270Þℓþℓ− and B̄ → K̄�ℓþℓ− decays can
provide good signals for probing new physics beyond the SM in the future B-physics experiments.
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I. INTRODUCTION

The flavor-changing neutral currents (FCNC)
b → sℓþℓ−ðℓ ¼ e; μ; τÞ, forbidden in the standard model
(SM) at the tree level, are very sensitive to the flavor
structure of the SM and to the new physics (NP) beyond the
SM. Lately, the rare decays B̄ → K̄1ℓ

þℓ− involving axial-
vector strange mesons have been the matter of many
theoretical discussions either in the framework of the
SM [1–4] or in the framework of some new physics
models, such as models including a universal extra dimen-
sion [5], supersymmetry particles [6], the fourth-generation
fermions [7], and the nonuniversal Z0 model [8]. Generally,
by studying these semileptonic decays, a number of
physical observables such as branching ratio, the forward-
backward asymmetry, and lepton polarization asymmetry,
which have important roles in testing SM and in probing
possible NP models, could be investigated.
In the quark model, the two lowest nonets of JP ¼ 1þ

axial-vector mesons are usually the orbitally excited qq0
states. In the context of the spectroscopic notation, these
nonets correspond to two types of lowest p-wave mesons,
specifically, 13P1 and 11P1. The two nonets have distinc-
tive C quantum numbers, C ¼ þ or C ¼ −, respectively.
Experimentally, while the JPC ¼ 1þþ nonet contains
a1ð1260Þ, f1ð1285Þ, f1ð1420Þ, and K1A, the 1þ− nonet
consists of b1ð1235Þ, h1ð1170Þ, h1ð1380Þ, and K1B. The
physical states K1ð1270Þ and K1ð1400Þ are the mixtures of
13P1 (K1A) and 11P1 (K1B) states. K1A and K1B are not
mass eigenstates and they can be mixed together due to the
strange and nonstrange light quark mass difference.
Considering the convention given in Ref. [1], their relations
can be written as

� jK̄1ð1270Þi
jK̄1ð1400Þi

�
¼ M

� jK̄1Ai
jK̄1Bi

�
;

with M ¼
�
sin θ cos θ

cos θ − sin θ

�
: ð1Þ

The SM of electroweak interactions has been strictly
tested over the past 20 years and shows an excellent
compatibility with all collider data. The dynamics of
electroweak symmetry breaking, however, is not exactly
known. While the simplest possibility is the minimal Higgs
mechanism which suggests a single scalar SU(2) doublet,
many extensions of the SM predict a large Higgs sector to
contain more scalars [9,10].
Two conditions which tightly constrain the extensions of

the SM Higgs sector are first the value of the rho parameter,
ρ≡M2

W=M
2
Zcos

2θW ≃ 1, where MW (MZ) is the W� (Z)
boson mass and θW is the weak mixing angle; and second
the absence of large flavor-changing neutral currents. The
first of these conditions is spontaneously fulfilled by Higgs
sectors that consist only of SU(2) doublets (with the
possibly additional singlets). The simplest such model that
contains a charged Higgs boson is a two Higgs doublet
model (2HDM). The second of these conditions is sponta-
neously satisfied by models in which the masses of
fermions are produced through couplings to exactly one
Higgs doublet; this is known as natural flavor conservation
and forbids the tree-level flavor-changing neutral Higgs
interactions phenomena.
If we impose natural flavor conservation by considering

an ad hoc discrete symmetry [11], there would be two
different ways to couple the SM fermions to two Higgs
doublets. The type-I and type-II 2HDMs, which have been
studied extensively in the literature, are such models [10].
Without considering discrete symmetry, a more general*falahati@shirazu.ac.ir
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form of 2HDM, namely, model III, has been obtained
which allows for the presence of FCNC at tree level.
Consistent with the low energy constraints, the FCNC
involving the first two generations are highly suppressed,
and those involving the third generation are not as severely
suppressed as the first two generations. Also, in such a
model there exists rich induced CP-violating sources from
a single CP phase of vacuum that is absent in the SM,
model I and model II. In order to consider the flavor-
conserving limit of type III, we suppose that the two
Yukawa matrices for each fermion type are diagonal in the
same fermion mixing basis [12]. All three structures of
2HDM generally contain two scalar Higgs bosons h0, H0,
one pseudoscalar Higgs boson A0, and one charged Higgs
boson H�.
Motivated by the above paragraphs, we shall address the

effects of model III of 2HDM in the rare decays
B̄ → K̄1ð1270Þℓþℓ−. Also, we consider the influences
of such model on the B̄ → K̄�ℓþℓ− decays. In such a
way, we present a comprehensive analysis for the polarized
and unpolarized forward-backward asymmetries of B̄ →
K̄1ð1270Þℓþℓ− and B̄ → K̄�ℓþℓ− decays and study the
sensitivity of results to the vector property or the axial-
vector property of produced mesons.
The remainder of this paper is organized as follows. In

Sec. II, we first present the expressions for the matrix
elements of B to an axial-vector meson and B to a vector
meson, here B̄ → K̄1ð1270Þℓþℓ− and B̄ → K̄�ℓþℓ−,

respectively, in SM and 2HDM. Then the general expres-
sions for the polarized and unpolarized lepton pair forward-
backward asymmetries have been extracted out. The
sensitivity of these polarizations and the corresponding
averages to the model III 2HDM parameters have been
numerically analyzed in Sec. III. In the final section, a
summary of concluding remarks is presented.

II. ANALYTIC FORMULAS

A. The effective Hamiltonian for B̄ → K̄�ℓþℓ−

and B̄ → K̄1ℓ
þℓ− transitions in SM and 2HDM

By integrating out the heavy degrees of freedom con-
taining top quark, W� and Z bosons above scale
μ ¼ OðmbÞ, the governing effective Hamiltonian for B̄ →
K̄�ℓþℓ− and B̄ → K̄1ℓ

þℓ− transitions, described by
b → sℓþℓ−, in SM is represented as [13,14]

Heffðb → sℓþℓ−Þ ¼ −
GF

2
ffiffiffi
2

p VtbV�
ts

X10
i¼1

CiðμÞOiðμÞ; ð2Þ

where we have omitted the terms proportional to VubV�
us

because of jVubV�
us=VtbV�

tsj < 0.02. The local operators
are introduced in [13,14]. Also, considering the same
division in 2HDM, the effective Hamiltonian of the
above-mentioned decays could be obtained as [15]

Heffðb → sℓþℓ−Þ ¼ −
4GFffiffiffi

2
p VtbV�

ts

�X10
i¼1

CiðμÞOiðμÞ þ
X10
i¼1

CQi
ðμÞQiðμÞ

�
; ð3Þ

where the first part is related to the effective Hamiltonian in the SM such that the respective Wilson coefficients get
additional contributions because of charged Higgs diagrams. The second part involving new operators originates from
integrating out the effects of massive neutral Higgs bosons; these new operators as well as the corresponding Wilson
coefficients are given in [13,15]. Now, using the aforementioned effective Hamiltonian in 2HDM, the one-loop matrix
elements of b → sℓþℓ− can be given as

M ¼ hsℓþℓ−jHeff jbi

¼ −
GFα

2
ffiffiffi
2

p
π
VtbV�

ts

�
~Ceff
9 s̄γμð1 − γ5Þbℓ̄γμℓþ ~C10s̄γμð1 − γ5Þbℓ̄γμγ5ℓ

− 2Ceff
7

mb

q2
s̄iσμνqνð1þ γ5Þbℓ̄γμℓ − 2Ceff

7

ms

q2
s̄iσμνqνð1 − γ5Þbℓ̄γμℓ

þ CQ1
s̄ð1þ γ5Þbℓ̄ℓþ CQ2

s̄ð1þ γ5Þbℓ̄γ5ℓ
�
; ð4Þ

where the Wilson coefficients Ceff
7 , ~Ceff

9 , ~C10, CQ1
, and CQ2

are calculated at the scale mb. For obtaining the effective
coefficients Ceff

7 , ~Ceff
9 , and ~C10 at the scale mb, the values of coefficients C7, ~C9, and ~C10 at the scale mW are needed. These

coefficients which get additional terms compared to those of in SM, by adding the contributions due to the charged
Higgs bosons’ exchange diagrams, are given in [13,15]. Also, the evolution of coefficients CQ1

and CQ2
are taken into

account in [15].
It should be noted that the coefficient ~Ceff

9 ðμ; q2Þ≡ ~C9ðμÞ þ Yðμ; q2Þ, where the function Y contains the short distance
contributions from the one-loop matrix elements of the four-quark operators, Yperðq2Þ, as well as the long distance effects
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associated with real cc̄ in the intermediate states, YLDðq2Þ. Therefore, Yðq2Þ ¼ Yperðq2Þ þ YLDðq2Þ. The function Yperðq2Þ
is given by

Yperðq2Þ ¼ g

�
mc

mb
; s

�
ð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ

−
1

2
gð1; sÞð4C3 þ 4C4 þ 3C5 þ C6Þ

−
1

2
gð0; sÞðC3 þ 3C4Þ þ

2

9
ð3C3 þ C4 þ 3C5 þ C6Þ; ð5Þ

where the explicit expressions for the g functions can be
found in [13]. On the contrary, the long-distance contri-
butions YLDðz; ŝÞ cannot be calculated and are usually
parametrized in the form of a phenomenological Breit-
Wigner formula:

YLD ¼ 3π

α2
Cð0Þ X

Vi¼ψ ;ψ 0;…

ki
ΓðVi → ℓþℓ−ÞmVi

m2
Vi
− q2 − imVi

ΓVi

;

where α is the fine structure constant and
Cð0Þ ¼ ð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ. The phe-
nomenological parameters ki for the B̄ → K̄�ℓþℓ−

decay can be fixed from BrðB̄→J=ψK̄�→K̄�ℓþℓ−Þ¼
BrðB̄→J=ψK̄�ÞBrðJ=ψ→ℓþℓ−Þ. For the lowest resonan-
cesψ andψ 0wewill use k ¼ 1.65 and k ¼ 2.36, respectively
[16]. Also, for the B̄ → K̄1ℓ

þℓ− decay such param-
eters can be determined by BrðB̄ → J=ψK̄1 → K̄1ℓ

þℓ−Þ ¼
BrðB̄ → J=ψK̄1ÞBrðJ=ψ → ℓþℓ−Þ. However, since the

branching ratio of B̄ → J=ψK̄1 decay has not beenmeasured
yet, we assume that the values of ki are of the order of 1.
Therefore, we use k1 ¼ 1 and k2 ¼ 1 in the following
numerical calculations.

B. Form factors for B̄ → K̄�ℓþℓ− transition

The exclusive B̄ → K̄�ℓþℓ− decay is described in terms
of the matrix elements of the quark operators in Eq. (4) over
meson states, which can be parametrized in terms of the
form factors. Obviously, the following matrix elements,

hK̄�js̄γμð1 − γ5ÞbjB̄i;
hK̄�js̄iσμνqνð1� γ5ÞbjB̄i;
hK̄�js̄ð1þ γ5ÞbjB̄i; ð6Þ

are needed for the calculation of the B̄ → K̄�ℓþℓ− decay.
These matrix elements are defined as follows:

hK̄�ðpK� ; λÞjs̄γμð1� γ5ÞbjB̄ðpBÞi ¼ −εμνλσε�νðλÞp
λ
K�qσ

2VK� ðq2Þ
mB þmK�

� iεðλÞ�μ ðmB þmK�ÞAK�
1 ðq2Þ

∓ iðpB þ pK� Þμðε�ðλÞ:qÞ
AK�
2 ðq2Þ

mB þmK�
∓ iqμ

2mK�

q2
ðε�ðλÞ:qÞ½AK�

3 ðq2Þ − AK�
0 ðq2Þ�; ð7Þ

hK̄�ðpK� ; λÞjs̄iσμνqνð1� γ5ÞbjB̄ðpBÞi ¼ 2εμνλσε
�ν
ðλÞp

λ
K�qσTK�

1 ðq2Þ � i½εðλÞ�μ ðm2
B −m2

K� Þ − ðpB þ pK� Þμðε�ðλÞ:qÞ�TK�
2 ðq2Þ

� iðε�ðλÞ:qÞ
�
qμ − ðpB þ pK� Þμ

q2

m2
B −m2

K�

�
TK�
3 ðq2Þ; ð8Þ

where q ¼ pB − pK� is the momentum transfer and ε is the polarization vector of the K̄� meson. Also, we assume that
AK�
3 ðq2 ¼ 0Þ ¼ AK�

0 ðq2 ¼ 0Þ and TK�
1 ðq2 ¼ 0Þ ¼ TK�

2 ðq2 ¼ 0Þ. Now, contracting both sides of Eq. (7) with qμ and using the
equation of motion, the matrix element hK̄�js̄ð1� γ5ÞbjB̄i is calculated as

hK̄�ðpK� ; λÞjs̄ð1� γ5ÞbjB̄ðpBÞi ¼ �hK̄�ðpK� ; λÞjs̄γ5bjB̄ðpBÞi ¼
1

mb þms
½∓ 2imK� ðε�ðλÞ:qÞAK�

0 ðq2Þ�; ð9Þ

hK̄�ðpK� ; λÞjs̄bjB̄ðpBÞi ¼ 0: ð10Þ
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In deriving Eq. (9) we have used the relationship

2mK�AK�
3 ðq2Þ ¼ ðmB þmK�ÞAK�

1 ðq2Þ
− ðmB −mK�ÞAK�

2 ðq2Þ;

which follows from the equations of motion. For the form
factors we have used the light cone QCD sum rules results
[17] in which the q2 dependence of the form factors is
represented by

Fðq2Þ ¼ Fð0Þ
1 − aFðq2=m2

BÞ þ bFðq2=m2
BÞ2

: ð11Þ

The values of parameters Fð0Þ, aF, and bF for the
B̄ → K̄�ℓþℓ− decay are listed in Table I.

C. Form factors for B̄ → K̄1ℓ
þℓ− transition

Similar to the exclusive B̄ → K̄�ℓþℓ− decay, the B̄ →
K̄1ℓ

þℓ− transition is explained by the expressions that
appear in Eq. (6), exceptK� is replaced byK1. These matrix
elements could be parametrized as

hK̄1ðpK1
; λÞjs̄γμð1� γ5ÞbjB̄ðpBÞi ¼ �i

2

mB þmK1

εμνρσε
�ν
ðλÞp

ρ
Bp

σ
K1
AK1ðq2Þ þ 2mK1

ε�ðλÞ · pB

q2
qμ½VK1

3 ðq2Þ − VK1

0 ðq2Þ�

−
�
ðmB þmK1

ÞεðλÞ�μ VK1

1 ðq2Þ − ðpB þ pK1
Þμðε�ðλÞ · pBÞ

VK1

2 ðq2Þ
mB þmK1

�
; ð12Þ

hK̄1ðpK1
; λÞjs̄σμνqνð1� γ5ÞbjB̄ðpBÞi ¼ �2TK1

1 ðq2Þεμνρσε�νðλÞpρ
Bp

σ
K1

− iTK1

3 ðq2Þðε�ðλÞ · qÞ
�
qμ −

q2

m2
B −m2

K1

ðpK1
þ pBÞμ

�

− iTK1

2 ðq2Þ½ðm2
B −m2

K1
ÞεðλÞ�μ − ðε�ðλÞ · qÞðpB þ pK1

Þμ�; ð13Þ

hK̄1ðpK1
; λÞjs̄ð1� γ5ÞbjB̄ðpBÞi ¼ hK̄1ðpK1

; λÞjs̄bjB̄ðpBÞi ¼
1

mb −ms
½−2mK1

ðε�ðλÞ:qÞVK1

0 ðq2Þ�; ð14Þ

hK̄1ðpK1
; λÞjs̄γ5bjB̄ðpBÞi ¼ 0; ð15Þ

with q≡ pB − pK1
, γ5 ≡ iγ0γ1γ2γ3, and ε0123 ¼ −1. Considering the equation of motion, the form factors satisfy the

following relations:

VK1

3 ð0Þ ¼ VK1

0 ð0Þ; TK1

1 ð0Þ ¼ TK1

2 ð0Þ;
VK1

3 ðq2Þ ¼ mB þmK1

2mK1

VK1

1 ðq2Þ −mB −mK1

2mK1

VK1

2 ðq2Þ: ð16Þ

Because the K̄1ð1270Þ and K̄1ð1400Þ are the mixing states of the K̄1A and K̄1B, the B̄ → K̄1 form factors can be
parametrized as

 
hK̄1ð1270Þjs̄γμð1� γ5ÞbjB̄i
hK̄1ð1400Þjs̄γμð1� γ5ÞbjB̄i

!
¼ M

 
hK̄1Ajs̄γμð1� γ5ÞbjB̄i
hK̄1Bjs̄γμð1� γ5ÞbjB̄i

!
; ð17Þ

 
hK̄1ð1270Þjs̄σμνqνð1� γ5ÞbjB̄i
hK̄1ð1400Þjs̄σμνqνð1� γ5ÞbjB̄i

!
¼ M

 
hK̄1Ajs̄σμνqνð1� γ5ÞbjB̄i
hK̄1Bjs̄σμνqνð1� γ5ÞbjB̄i

!
; ð18Þ

TABLE I. B meson decay form factors in a three-parameter fit,
where the radiative corrections to the leading twist contribution
and SU(3) breaking effects are taken into account.

F Fð0Þ aF bF

AB→K�
1 0.34� 0.05 0.60 −0.023

AB→K�
2 0.28� 0.04 1.18 0.281

AB→K�
0 0.47� 0.07 1.55 0.680

VB→K�
0.46� 0.07 1.55 0.575

TB→K�
1 0.38� 0.06 1.59 0.615

TB→K�
2 0.38� 0.06 0.49 −0.241

TB→K�
3 0.26� 0.04 1.20 0.098
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with the mixing matrix M being given in Eq. (1). Then the form factors AK1 , VK1

0;1;2, and TK1

1;2;3 satisfy the following
expressions:  

AK1ð1270Þ=ðmB þmK1ð1270ÞÞ
AK1ð1400Þ=ðmB þmK1ð1400ÞÞ

!
¼ M

 
AK1A=ðmB þmK1A

Þ
AK1B=ðmB þmK1B

Þ

!
; ð19Þ

 ðmB þmK1ð1270ÞÞVK1ð1270Þ
1

ðmB þmK1ð1400ÞÞVK1ð1400Þ
1

!
¼ M

 
ðmB þmK1A

ÞVK1A
1

ðmB þmK1B
ÞVK1B

1

!
; ð20Þ

 
VK1ð1270Þ
2 =ðmB þmK1ð1270ÞÞ

VK1ð1400Þ
2 =ðmB þmK1ð1400ÞÞ

!
¼ M

 
VK1A
2 =ðmB þmK1A

Þ
VK1B
2 =ðmB þmK1B

Þ

!
; ð21Þ

 
mK1ð1270ÞV

K1ð1270Þ
0

mK1ð1400ÞV
K1ð1400Þ
0

!
¼ M

 
mK1A

VK1A
0

mK1B
VK1B
0

!
; ð22Þ

 
TK1ð1270Þ
1

TK1ð1400Þ
1

!
¼ M

 
TK1A
1

TK1B
1

!
; ð23Þ

 ðm2
B −m2

K1ð1270ÞÞT
K1ð1270Þ
2

ðm2
B −m2

K1ð1400ÞÞT
K1ð1400Þ
2

!
¼ M

 ðm2
B −m2

K1A
ÞTK1A

2

ðm2
B −m2

K1B
ÞTK1B

2

!
; ð24Þ

 
TK1ð1270Þ
3

TK1ð1400Þ
3

!
¼ M

 
TK1A
3

TK1B
3

!
; ð25Þ

where we have assumed pμ
K1ð1270Þ;K1ð1400Þ ≃ pμ

K1A
≃ pμ

K1B

[1] for simplicity. For the form factors, we will use results
calculated with light cone sum rules (LCSRs) [18], which
are exhibited in Table II. In the whole kinematical region,
the dependence of each form factor on momentum transfer
q2 is parametrized in the double-pole form:

Fðq2Þ ¼ Fð0Þ
1 − aFðq2=m2

BÞ þ bFðq2=m2
BÞ2

: ð26Þ

And the nonperturbative parameters aF and bF can be fitted
by the magnitudes of form factors corresponding to the
small momentum transfer calculated in the LCSRs
approach.

D. Formulas of observables for B̄ → K̄1ℓ
þℓ−

Using Eq. (4) and the definitions of form factors, the
decay amplitude for B̄ → K̄1ℓ

þℓ− can be written as
follows:

M ¼ GFαem
2
ffiffiffi
2

p
π
V�
tsVtbmB · ð−iÞfT ðK1Þ;1

μ ℓ̄γμℓþ T ðK1Þ;2
μ ℓ̄γμγ5ℓþ T ðK1Þ;3ℓ̄ℓþ T ðK1Þ;4ℓ̄γ5ℓg; ð27Þ

where

T ðK1Þ;1
μ ¼AK1ðŝÞεμνρσε�νp̂ρ

Bp̂
σ
K1
− iBK1ðŝÞε�μ

þ iCK1ðŝÞðε� · p̂BÞp̂μþ iDK1ðŝÞðε� · p̂BÞq̂μ; ð28Þ

T ðK1Þ;2
μ ¼ EK1ðŝÞεμνρσε�νp̂ρ

Bp̂
σ
K1

− iFK1ðŝÞε�μ
þ iGK1ðŝÞðε� · p̂BÞp̂μþ iHK1ðŝÞðε� · p̂BÞq̂μ; ð29Þ

T ðK1Þ;3 ¼ iIK1

1 ðŝÞ ðε
ðλÞ�:q̂Þ

1þ m̂s
þ iJ K1

1 ðŝÞ ðε
ðλÞ�:p̂BÞ
1þ m̂s

ð30Þ

T ðK1Þ;4 ¼ iIK1

2 ðŝÞ ðε
ðλÞ�:q̂Þ

1þ m̂s
þ iJ K1

2 ðŝÞ ðε
ðλÞ�:p̂BÞ
1þ m̂s

; ð31Þ

with ŝ ¼ q2=m2
B, p̂ ¼ p=mB, p̂B ¼ pB=mB, q̂ ¼ q=mB,

m̂s ¼ ms=mB, m̂ℓ ¼ mℓ=mB, and p ¼ pB þ pK1
,
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q ¼ pB − pK1
¼ pℓþ þ pℓ− . The auxiliary functions

AK1ðŝÞ;…;HK1ðŝÞ are listed in the Appendix for
convenience.
The dilepton invariant mass spectrum of the lepton pair

for the B̄ → K̄1ℓ
þℓ− decay in the rest frame of theBmeson

is given by

dΓðB̄ → K̄1ℓ
þℓ−Þ

dŝ
¼ G2

Fα
2
emm5

B

212π5
jVtbV�

tsj2v
ffiffiffi
λ

p
ΔðŝÞ; ð32Þ

where v¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4m̂2

ℓ=ŝ
q

, λ¼1þ r̂2K1
þ ŝ2−2ŝ−2r̂K1

ð1þ ŝÞ
and the definition of ΔðŝÞ is presented in the Appendix.
The unpolarized and normalized differential forward-

backward asymmetry of the B̄ → K̄1ℓ
þℓ− decay is

defined by

AFB ¼
R
1
0

d2Γ
dŝdz −

R
0
−1

d2Γ
dŝdzR

1
0

d2Γ
dŝdz þ

R
0
−1

d2Γ
dŝdz

; ð33Þ

where z ¼ cos θ and θ is the angle between B meson and
ℓ− in the center of mass frame of leptons.
Using the definition mentioned above, the result can be

written as follows:

AFBðŝÞ ¼
−2v

ffiffiffi
λ

p

r̂K1
Δ

f2ðRe½AF �� þ Re½BE��Þr̂K1
ŝ

þ m̂ℓRe½BðI1 þ J 1Þ��ð−1þ r̂K1
þ ŝÞ

þ m̂ℓRe½CðI1 þ J 1Þ��λg: ð34Þ
At the end of this section, we place our attention on

obtaining the normalized differential forward-backward
asymmetries associated with the polarized leptons. For
this purpose, we define the following orthogonal unit

vectors s�μ
i in the rest frame of ℓ�, where i ¼ L, N,

and T are related to the longitudinal, normal, and trans-
versal spin projections, respectively:

s−μL ¼ ð0; ~e−LÞ ¼
�
0;

~pℓ−

j~pℓ− j
�
;

s−μN ¼ ð0; ~e−NÞ ¼
�
0;

~pK1
× ~pℓ−

j~pK1
× ~pℓ− j

�
;

s−μT ¼ ð0; ~e−T Þ ¼ ð0; ~e−N × ~e−LÞ;

sþμ
L ¼ ð0; ~eþL Þ ¼

�
0;

~pℓþ

j~pℓþj
�
;

sþμ
N ¼ ð0; ~eþNÞ ¼

�
0;

~pK1
× ~pℓþ

j~pK1
× ~pℓþj

�
;

sþμ
T ¼ ð0; ~eþT Þ ¼ ð0; ~eþN × ~eþL Þ; ð35Þ

where ~pℓ∓ and ~pK1
are the three-momenta of the leptons ℓ∓

and K̄1 meson in the center of mass frame (CM) of
the ℓ−ℓþ system, respectively. Using the Lorentz boost,
the transformation of unit vectors from the rest frame of the
leptons to the CM frame of leptons yields

ðs∓μ
L ÞCM ¼

�j~pℓ∓ j
mℓ

;
Eℓ ~pℓ∓

mℓj~pℓ∓ j
�
;

ðs∓μ
N ÞCM ¼ ðs∓μ

N ÞRF;
ðs∓μ

T ÞCM ¼ ðs∓μ
T ÞRF; ð36Þ

where RF refers to the rest frame of the corresponding
lepton as well as ~pℓþ ¼ −~pℓ− and Eℓ andmℓ are the energy
and mass of leptons in the CM frame, respectively.
The definition of the polarized and normalized differ-

ential forward-backward asymmetry is

Aij
FBðŝÞ ¼

�
dΓðŝÞ
dŝ

�
−1
�Z

1

0

dz −
Z

0

−1
dz

���
d2Γðŝ; ~s− ¼ ~i; ~sþ ¼ ~jÞ

dŝdz
−
d2Γðŝ; ~s− ¼ ~i; ~sþ ¼ −~jÞ

dŝdz

�

−
�
d2Γðŝ; ~s− ¼ −~i; ~sþ ¼ ~jÞ

dŝdz
−
d2Γðŝ; ~s− ¼ −~i; ~sþ ¼ −~jÞ

dŝdz

��
;

¼ AFBð~s− ¼ ~i; ~sþ ¼ ~jÞ −AFBð~s− ¼ ~i; ~sþ ¼ −~jÞ −AFBð~s− ¼ −~i; ~sþ ¼ ~jÞ þAFBð~s− ¼ −~i; ~sþ ¼ −~jÞ; ð37Þ

TABLE II. Form factors for B → K1A, K1B transitions obtained in the LCQSR calculation are fitted to the three-parameter form (26).

F Fð0Þ a b F Fð0Þ a b

VBK1A
1 0.34� 0.07 0.635 0.211 VBK1B

1 −0.29þ0.08
−0.05 0.729 0.074

VBK1A
2 0.41� 0.08 1.51 1.18 VBK1B

2 −0.17þ0.05
−0.03 0.919 0.855

VBK1A
0 0.22� 0.04 2.40 1.78 VBK1B

0 −0.45þ0.12
−0.08 1.34 0.690

ABK1A 0.45� 0.09 1.60 0.974 ABK1B −0.37þ0.10
−0.06 1.72 0.912

TBK1A
1 0.31þ0.09

−0.05 2.01 1.50 TBK1B
1 −0.25þ0.06

−0.07 1.59 0.790

TBK1A
2 0.31þ0.09

−0.05 0.629 0.387 TBK1B
2 −0.25þ0.06

−0.07 0.378 −0.755
TBK1A
3 0.28þ0.08

−0.05 1.36 0.720 TBK1B
3 −0.11� 0.02 −1.61 10.2
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where dΓðŝÞ
dŝ is calculated in the CM frame. Using these definitions for the double polarized FB asymmetries, we get the

following results:

ALL
FB ¼ −2v

ffiffiffi
λ

p

r̂K1
Δ

f−2ðRe½AF �� þ Re½BE��Þr̂K1
ŝþ m̂ℓRe½BðI1 þ J 1Þ��ð−1þ r̂K1

þ ŝÞ

þ m̂ℓRe½CðI1 þ J 1Þ��λg; ð38Þ

ALN
FB ¼ 4vλ

3r̂K1

ffiffiffî
s

p
Δ
Im½m̂ℓλðCG�Þ þ m̂ℓðCF �Þð−1þ r̂K1

þ ŝÞ þ m̂ℓðBG�Þð−1þ r̂K1
þ ŝÞ

þ m̂ℓðBF �Þ − m̂ℓŝr̂K1
ðAE�Þ�; ð39Þ

ANL
FB ¼ ALN

FB ; ð40Þ

ALT
FB ¼ 4λ

3r̂K1

ffiffiffî
s

p
Δ
½m̂ℓλjCj2 þ 2m̂ℓRe½BC��ð−1þ r̂K1

þ ŝÞ þ m̂ℓjBj2 − m̂ℓŝr̂K1
jAj2�; ð41Þ

ATL
FB ¼ ALT

FB ; ð42Þ

ANT
FB ¼ 2

ffiffiffi
λ

p

r̂K1
ŝΔ

Im½−2m̂2
ℓλðCG�Þð1 − r̂K1

Þ þ 2m̂2
ℓλðCF �Þ þ 2m̂2

ℓðBG�Þð1 − r̂K1
Þð1 − r̂K1

− ŝÞ

− 2m̂2
ℓðBF �Þð1 − r̂K1

− ŝÞ − 2m̂2
ℓŝλðCH�Þ þ 2m̂2

ℓŝðBH�Þð1 − r̂K1
− ŝÞ

þ m̂ℓŝðBI�
2Þð1 − 3r̂K1

− ŝÞ þ m̂ℓŝðBJ �
2Þð1 − r̂K1

− ŝÞ − m̂ℓŝλðCI�
2Þ − m̂ℓŝλðCJ �

2Þ�; ð43Þ

ATN
FB ¼ −ANT

FB ; ð44Þ

ANN
FB ¼ 2v

ffiffiffi
λ

p

r̂K1
Δ

Re½m̂ℓλCðI�
1 þ J �

1Þ þ m̂ℓBðI�
1 þ J �

1Þð−1þ r̂K1
þ ŝÞ�; ð45Þ

ATT
FB ¼ ANN

FB : ð46Þ

E. Formulas of observables for B̄ → K̄�ℓþℓ−

Assuming ms ¼ 0 in the definitions of the form factors
for B̄ → K̄1ℓ

þℓ− and B̄ → K̄�ℓþℓ−, we could derive the
similar expressions for B̄ → K̄�ℓþℓ− decay, such that all

the above equations remain unchanged except the
definitions of the auxiliary functions [Eqs. (A1)–(A11)].
These definitions generally change by the following
replacements:

−iAK1 → VK�
; VK1

1 → iAK�
1 ; VK1

2 → iAK�
2 ; ðVK1

3 − VK1

0 Þ → iðAK�
3 − AK�

0 Þ;
VK1

0 → iAK�
0 ; TK1

1 → iTK�
1 ; −iTK1

2 → TK�
2 ; −iTK1

3 → TK�
3 : ð47Þ

III. NUMERICAL RESULTS AND DISCUSSION

In this section we shall calculate the SM predictions and
the sensitivities to the new physics due to model III of
2HDM for the polarized and unpolarized forward-backward
asymmetries and their averages for B̄→K̄1ℓ

þℓ− and B̄→
K̄�ℓþℓ− decays. At the end, we compare the results of
different decay modes to each other. The corresponding
averages are defined by the following formula:

hAiji ¼
R ð1− ffiffiffiffi

r̂M
p

Þ2
4m̂2

ℓ

Aij
dB
dŝ dŝR ð1− ffiffiffiffi

r̂M
p

Þ2
4m̂2

ℓ

dB
dŝ dŝ

; ð48Þ

where the subscriptM stands for K̄1 and K̄�mesons. The full
kinematical interval of the dilepton invariant mass q2 is
4m2

ℓ ≤ q2 ≤ ðmB −mMÞ2 for which the long distance
effects (the charmonium resonances) can give significant
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contribution by including the first and the second
resonances J=ψ and ψ 0, in the interval of 8 GeV2 ≤
q2 ≤ 14 GeV2. In order to reduce the hadronic uncertainties
we divide the kinematical region of q2 for the muon as

I 4m2
ℓ ≤ q2 ≤ ðmJψ − 0.02 GeVÞ2;

II ðmJψ þ 0.02 GeVÞ2 ≤ q2 ≤ ðmψ 0 − 0.02 GeVÞ2;
III ðmψ 0 þ 0.02 GeVÞ2 ≤ q2 ≤ ðmB −mMÞ2;

and for tau as

I 4m2
ℓ ≤ q2 ≤ ðmψ 0 − 0.02 GeVÞ2;

II ðmψ 0 þ 0.02 GeVÞ2 ≤ q2 ≤ ðmB −mMÞ2:

Since in model III of 2HDM, λtt and λbb can be complex
parameters, we can rewrite the following product as

λttλbb ≡ jλttλbbjeiθ; ð49Þ

where jλttj, jλbbj, and the phase angle θ are restricted by the
experimental results of the electric dipole moments of the
neutron (NEDM), B0 − B̄0 mixing, ρ0, Rb, and Brðb → sγÞ
[10,12,19,20]. The experimental limits on NEDM and
Brðb → sγÞ, plus MHþ which is obtained at LEPII, put
constraints on λttλbb to be nearly 1 and the phase angle θ to
be in the interval 60°–90°. The experimental value of xd

TABLE III. List of the values for the masses of the Higgs
particles.

mH� (GeV) mA0 (GeV) mh0 (GeV) mH0 (GeV)

Mass set-1 200 125 125 160
Mass set-2 160 125 125 160
Mass set-3 200 125 125 125
Mass set-4 160 125 125 125
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FIG. 1. The dependence of the AFB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B, and C, and SM for the μ
channel of B̄ → K̄1 and B̄ → K̄� transitions for the two typical mass sets 1 and 2.
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parameter, relating to B0 − B̄0 mixing, imposes the follow-
ing restriction on jλttj which is jλttj ≤ 0.3. Also, the

parameter Rb, which is defined as Rb ≡ ΓðZ→bb̄Þ
ΓðZ→hadronsÞ, keeps

jλbbj approximately fixed, jλbbj≃ 50. Using these restric-
tions and taking θ ¼ π=2, we consider the following
three typical parameter cases throughout the numerical
analysis:

A∶ jλttj ¼ 0.03; jλbbj ¼ 100;

B∶ jλttj ¼ 0.15; jλbbj ¼ 50;

C∶ jλttj ¼ 0.3; jλbbj ¼ 30: ð50Þ

The other main input parameters are the form factors
which are listed in Tables IV–XI. Also the magnitude of the
mixing angle θK1

was estimated to be jθK1
j ≈ 34°∨57° in

Ref. [21], 35° ≤ jθK1
j ≤ 55° in Ref. [22], jθK1

j ¼ 37°∨58°
in Ref. [23], and θK1

¼ −ð34� 13Þ° in [1,24]. In this study,
we use the results of Refs. [1,24] for numerical calcula-
tions, where we take θK1

¼ −34°. In addition, in our
numerical analysis we have used four sets of masses of
Higgs bosons which are displayed in Table III.
We have presented our analysis for the dependency of

Aij’s and their averages on the parameters of model III of
2HDM in a series of Figures 1–11 and Tables IV–XI,
respectively. In addition, in the aforementioned tables the
theoretical and experimental uncertainties due to the SM
averages of polarized and unpolarized forward-backward
asymmetries in B̄ → K̄1ℓ

þℓ− and B̄ → K̄�ℓþℓ− decays are
considered. It should also be mentioned finally that the
theoretical uncertainties come from the hadronic uncer-
tainties related to the form factors and the experimental
uncertainties originate from the mass of quarks and hadrons
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FIG. 2. The dependence of the ALT
FB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B, and C, and SM for the μ

channel of B̄ → K̄1 and B̄ → K̄� transitions for the two typical mass sets 1 and 2.
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and Wolfenstein parameters. In the following analyses we
have just talked about the asymmetries whose estimations
are larger than 0.005 in 2HDM.

(i) Analysis of AFB and ALL
FB asymmetries for B̄ →

K̄1μ
þμ− and B̄ → K̄�μþμ− decays: It is obvious

from Tables IV and V that the predictions of both
mass sets 1 and 3 and both mass sets 2 and 4 are
separately the same for the unpolarized forward-
backward asymmetry, AFB, of B̄ → K̄1μ

þμ− decay.
Based on this, in Fig. 1 we have only presented the
plots related to the mass sets 1 and 2. Also it is
understood from the above discussion that the
unpolarized AFB for the mentioned decay shows
an ignorable sensitivity to the change of mass ofH0.
In addition it is evident from these tables that the
predictions of cases B and C have not lain on the SM
interval such that the maximum deviation from the
SM prediction is −63%SM, which arises in case C.

Moreover, these tables show that the values of ALL

and the quality of their variations in SM and 2HDM
are similar to those of AFB. Considering this sim-
ilarity, the plots related to ALL have not been shown.
Besides it is obvious from Fig. 1 and Tables VI
and VII that the predictions of AFB and ALL for B̄ →
K̄�μþμ− are to a large extent the same as those of
B̄ → K̄1μ

þμ− decay. Therefore, experimental study
of this observable for the μ channel of B̄ → K̄1 and
B̄ → K̄� transitions can be useful in looking for new
Higgs bosons.

(ii) Analysis of ALT
FB asymmetries for B̄ → K̄1μ

þμ− and
B̄ → K̄�μþμ− decays: Using Tables IV and V, it is
apparent for the ALT asymmetry of B̄ → K̄1μ

þμ−
decay that the expectation values of both mass sets 1
and 3 and both mass sets 2 and 4 are independently
the same. Based on this, in Fig. 2 we have only
presented the plots corresponding to mass sets 1 and
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FIG. 3. The dependence of the AFB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B, and C, and SM for the τ
channel of the B̄ → K̄1 transition for the mass sets 1, 2, 3, and 4.
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2. Also it is understood from the above discussion
that this asymmetry is insensitive to the variation of
mass of H0 for the mentioned decay. Furthermore, it
is found out from the relevant tables that the
anticipations of all mass sets and cases except for
case A of mass sets 1 and 3 have extended in the
range of the SM prediction. The maximum deviation
relative to the SM prediction happens in case C
which is closely −7 times of the SM prediction. In
addition, the two Higgs doublet scenario may flip
the sign of ALT compared to the SM expectation.
Moreover, it is clear from Fig. 2 and Tables VI and
VII that the predictions of ALT for B̄ → K̄�μþμ−
look extremely similar to those of B̄ → K̄1μ

þμ−
decay, except that case A of mass sets 1 and 3 has not
lain on the SM range. Therefore, it seems that the
measurements of the sign and the magnitude of ALT

for both mentioned decays could provide an appro-
priate way to discover new Higgs bosons.

(iii) Analysis of AFB and ALL
FB asymmetries for

B̄ → K̄1τ
þτ− and B̄ → K̄�τþτ− decays: For the

unpolarized forward-backward asymmetry, AFB,
the values of Tables VIII and IX indicate that only
for cases B and C the predictions of mass set 1
resemble those of mass set 3 and likewise the
predictions of mass set 2 resemble those of mass
set 4. For case A, this claim is not valid anymore and
the predictions of different mass sets are different
from each other, such that a comparison between
mass sets 1 and 3 and a comparison between mass
sets 2 and 4 express that case A shows sensitivity to
the change of mass of H0. For example, having
decreased the mass of H0, the divination from the
SM has been increased. Based on this, in Fig. 3 we
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FIG. 4. The dependence of the AFB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B, and C, and SM for the τ
channel of the B̄ → K̄� transition for mass sets 1, 2, 3, and 4.
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have presented the plots corresponding to whole
mass sets. It is also found out through the above-
mentioned tables that while there exist the expect-
ations of cases B and C for all the mass sets in the
SM interval, the predictions of case A for mass sets
1, 3, and 4 do not exist in the SM range. These
predictions are smaller than the low limit of the SM
anticipation; the maximum possible reduction is
−100% of the SM value. Generally it is seen from
Tables VIII and IX and Figs. 3 and 5 whereas both
asymmetries AFB and ALL overlap each other to a
large extent in the SM and in cases B and C, they
differ from each other in case A. It is also found out
from the mentioned tables that the predictions of
ALL in case A for mass sets 1, 3, and 4 are larger than
the upper limit of the SM anticipation; the maximum
possible enhancement is almost 2 times that of the
SM amount. Also, it is evident from Tables X and XI

that there are similar explanations to the above
expressions for the AFB as well as ALL asymmetries
of the τ channel of the B̄ → K̄� transition. With
regard to this point in Fig. 4 we have presented the
plots corresponding to all mass sets. It is also
understood from the corresponding tables that the
same as before, the predictions of AFB in case A for
mass sets 1, 3, and 4 are smaller than the lower limit
of the SM anticipation such that the maximum
possible decrease is −140% of the SM value. In
spite of this similarity, a comparison between the
tabular data related to B̄ → K̄� and B̄ → K̄1 tran-
sitions indicates that while a sign change could
happen for the AFB of B̄ → K̄�τþτ− decay, it does
not occur for B̄ → K̄1τ

þτ− decay. This asymmetry
could only come down next to zero in the latter
decay. Furthermore it is found out from the relevant
tables that the same as before, the predictions of ALL
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FIG. 5. The dependence of the ALL
FB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B and C, and SM for the τ

channel of the B̄ → K̄1 transition for the mass sets 1, 2, 3, and 4.
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in case A for mass sets 1, 3, and 4 are larger than the
upper limit of the SM anticipation such that the
maximum possible enhancement is nearly 2 times
that of the SM amount. Also, any sign change is not
observed for ALL. Therefore, our results show that
the sign and magnitude of AFB and ALL, for the τ
channel of B̄ → K̄1 and B̄ → K̄� transitions, could
give testable evidence in establishing new Higgs
bosons indirectly.

(iv) Analysis of ANN
FB asymmetries for B̄ → K̄1τ

þτ− and
B̄ → K̄�τþτ− decays: It is revealed from formula
(45) and Tables VIII and IX for B̄ → K̄1τ

þτ− decay
that whereas the SM anticipation for ANN is exactly
zero, the order of data in cases B and C for all mass
sets is of the order of 10−3 and in case A varies from
the order of 10−2 to 10−1 for various mass sets. The
largest deviation from the SM value is seen in case A
of mass set 3, in which the smallest mass of H0 and

the biggest mass of H� are considered. It is also
obvious from the corresponding tables that the
predictions of case A do not lie on the SM expect-
ation. Since there exist some large discrepancies
between the predictions of different mass sets in case
A, we have presented the related entire plots in
Fig. 7. Moreover it is found out from Tables X and
XI that there are similar findings regarding the latter
decay and the former decay. In this regard the
relevant plots are given in Fig. 8. The mere exception
is that while the orders of cases A and C remain
unchanged compared to those of the former decay,
the order of case B changes such that this order
becomes between 10−3 and 10−2. Therefore, study
of this observable in the experiments, for the τ
channel of B̄ → K̄1 and B̄ → K̄� transitions, can
give promising information about the existence of
new Higgs bosons.
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FB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B, and C, and SM for the τ

channel of the B̄ → K̄� transition for the mass sets 1, 2, 3, and 4.
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(v) Analysis of ALN
FB asymmetries for B̄ → K̄1τ

þτ− and
B̄ → K̄�τþτ− decays: From Tables VIII and IX, it
becomes apparent that the predictions of ALN in the
SM and 2HDM for the τ channel of B̄ → K̄1

transition are insignificant. So, they have been
canceled from our discussion. In contrast, it is seen
from Tables X and XI that except for the prediction
of case A for mass sets 1 and 3, all the other
predictions have not been placed in the SM range.
Also, it is understood from the corresponding tables
that while the predictions of cases B and C for all
mass sets are identical and of the order of 10−3, those
of case A are different in various mass sets and their
order varies from 10−3 to 10−2. Therefore, inves-
tigation of this asymmetry in the experiments, for the
latter decay, can provide a useful tool in establishing
the presence of new Higgs bosons. The related
diagrams are shown in Fig. 9.

(vi) Analysis of ALT
FB asymmetries for B̄ → K̄1τ

þτ− and
B̄ → K̄�τþτ− decays: Using Tables VIII and IX as
well as X and XI, it is apparent for the ALT

asymmetry of each decay that the expectation values
of mass set 1 look like those of mass set 3 and the
expectation amounts of mass set 2 look like those of
mass set 4. Moreover, these tabular data show that the
anticipations of 2HDM for each of mass sets and
cases are situated in the SM interval. The relevant
diagrams are also drawn in Fig. 10. Based on the
above discussion, the measurement of this asymmetry
could not have any signs for finding new Higgs
bosons.

(vii) Analysis of ANT
FB asymmetries for B̄ → K̄1τ

þτ−
and B̄ → K̄�τþτ− decays: It is evident through
Tables VIII and IX that for the former decay the
predictions of mass set 1 resemble those of mass set
3 and likewise the predictions of mass set 2 resemble
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those of mass set 4. It is also revealed from the tables
that the predictions of each of mass sets have not lain
on the SM range. The maximum deviation from the
SM prediction takes place in case C of mass sets 2
and 4 which is −3 times the SM prediction. In
addition, while the anticipation of SM is entirely
negative in its allowed region, those of 2HDM are
completely positive in whole mass sets. It is also
obvious from Tables X and XI that there are the
same conditions regarding the latter decay. So, the
measurements of the sign and magnitude of ANT for
the latter and the former decays can serve as good
tests for discovering new Higgs bosons. The corre-
sponding diagrams are depicted in Fig. 11.

Finally, let us discuss briefly whether the lepton polariza-
tion asymmetries are measurable in experiments or not.
Experimentally, for measuring an asymmetry hAiji of the
decay with branching ratio B at nσ level, the required

number of events (i.e., the number of BB̄) is given by the
formula

N ¼ n2

Bs1s2hAiji2
;

where s1 and s2 are the efficiencies of the leptons. The
values of the efficiencies of the τ leptons differ from 50% to
90% for their various decay modes [25] and the error in τ-
lepton polarization is approximately 10%–15% [26]. So,
the error in measurements of the τ-lepton asymmetries is
estimated to be about 20%–30%, and the error in obtaining
the number of events is about 50%.
Based on the above expression for N, in order to detect

the polarized and unpolarized forward-backward asymme-
tries in the μ and τ channels at 3σ level, the minimum
number of required events are given by (the efficiency of
the τ lepton is considered to be 0.5)
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(i) for B̄ → K̄1μ
þμ− decay

N ∼

8>>>>>>>>><
>>>>>>>>>:

108 for hAFBi;
108 for hALL

FBi;
1011 ðfor hANN

FB i; hATT
FBiÞ;

1011 ðfor hALN
FB i; hANL

FB iÞ;
108 ðfor hALT

FBi; hATL
FBiÞ;

1012 ðfor hANT
FB i; hATN

FB iÞ;

(ii) for B̄ → K̄�μþμ− decay

N ∼

8>>>>>>>>><
>>>>>>>>>:

108 for hAFBi;
108 for hALL

FBi;
1012 ðfor hANN

FB i; hATT
FBiÞ;

1012 ðfor hALN
FB i; hANL

FB iÞ;
109 ðfor hALT

FBi; hATL
FBiÞ;

1012 ðfor hANT
FB i; hATN

FB iÞ;
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FIG. 11. The dependence of the ANT
FB polarization on q2 and the three typical cases of 2HDM, i.e., cases A, B, and C, and SM for the τ

channel of B̄ → K̄1 and B̄ → K̄� transitions for the two typical mass sets 1 and 2.
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TABLE V. The same as Table IV but for the mass sets 3 and 4 of Higgs bosons.

Case A Case B Case C Case A Case B Case C
SM (Set 3) (Set 3) (Set 3) (Set 4) (Set 4) (Set 4)

hAFBi þ0.196þ0.071þ0.002
−0.051−0.003 þ0.166 þ0.104 þ0.087 þ0.161 þ0.088 þ0.071

hALL
FBi þ0.196þ0.071þ0.002

−0.051−0.003 þ0.172 þ0.104 þ0.087 þ0.165 þ0.088 þ0.071
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.003 −0.000 −0.000 −0.002 −0.000 −0.000

hALN
FB i þ0.000þ0.000þ0.000

−0.000−0.000 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002
hALT

FBi −0.011þ0.017þ0.002
−0.012−0.002 þ0.007 þ0.056 þ0.069 þ0.013 þ0.068 þ0.080

hANT
FB i −0.000þ0.000þ0.000

−0.000−0.000 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001

TABLE IV. The averaged unpolarized and polarized forward-backward asymmetries for B̄ → K̄1ð1270Þμþμ− in SM and 2HDM for
the mass sets 1 and 2 of Higgs bosons and the three cases A (θ ¼ π=2, jλttj ¼ 0.03, and jλbbj ¼ 100), B (θ ¼ π=2, jλttj ¼ 0.15, and
jλbbj ¼ 50), and C (θ ¼ π=2, jλttj ¼ 0.3, and jλbbj ¼ 30). The errors shown for each asymmetry are due to the theoretical and
experimental uncertainties. The first ones are related to the theoretical uncertainties and the second ones are due to experimental
uncertainties. The theoretical uncertainties come from the hadronic uncertainties related to the form factors and the experimental
uncertainties originate from the mass of quarks and hadrons and Wolfenstein parameters.

Case A Case B Case C Case A Case B Case C
SM (Set 1) (Set 1) (Set 1) (Set 2) (Set 2) (Set 2)

hAFBi þ0.196þ0.071þ0.002
−0.051−0.003 þ0.170 þ0.104 þ0.087 þ0.164 þ0.088 þ0.071

hALL
FBi þ0.196þ0.071þ0.002

−0.051−0.003 þ0.173 þ0.104 þ0.087 þ0.165 þ0.088 þ0.071
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.002 −0.000 −0.000 −0.001 −0.000 −0.000

hALN
FB i þ0.000þ0.000þ0.000

−0.000−0.000 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002
hALT

FBi −0.011þ0.017þ0.002
−0.012−0.002 þ0.007 þ0.056 þ0.069 þ0.013 þ0.068 þ0.080

hANT
FB i −0.000þ0.000þ0.000

−0.000−0.000 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001

TABLE VI. The same as Table IV but for the B̄ → K̄�μþμ−.

Case A Case B Case C Case A Case B Case C
SM (Set 1) (Set 1) (Set 1) (Set 2) (Set 2) (Set 2)

hAFBi þ0.192þ0.055þ0.012
−0.061−0.003 þ0.165 þ0.102 þ0.084 þ0.160 þ0.086 þ0.069

hALL
FBi þ0.192þ0.055þ0.012

−0.061−0.003 þ0.169 þ0.102 þ0.084 þ0.162 þ0.086 þ0.069
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.002 −0.000 −0.000 −0.001 −0.000 −0.000

hALN
FB i þ0.001þ0.000þ0.000

−0.000−0.000 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002
hALT

FBi −0.011þ0.013þ0.003
−0.017−0.004 þ0.007 þ0.055 þ0.067 þ0.013 þ0.066 þ0.078

hANT
FB i −0.000þ0.000þ0.000

−0.000−0.000 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001

TABLE VII. The same as Table VI except for the mass sets 3 and 4 of Higgs bosons.

Case A Case B Case C Case A Case B Case C
SM (Set 3) (Set 3) (Set 3) (Set 4) (Set 4) (Set 4)

hAFBi þ0.192þ0.055þ0.012
−0.061−0.003 þ0.161 þ0.101 þ0.084 þ0.157 þ0.086 þ0.069

hALL
FBi þ0.192þ0.055þ0.012

−0.061−0.003 þ0.168 þ0.102 þ0.084 þ0.161 þ0.086 þ0.069
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.004 −0.000 −0.000 −0.002 −0.000 −0.000

hALN
FB i þ0.001þ0.000þ0.000

−0.000−0.000 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002 þ0.002
hALT

FBi −0.011þ0.013þ0.003
−0.017−0.004 þ0.008 þ0.055 þ0.067 þ0.013 þ0.066 þ0.078

hANT
FB i −0.000þ0.000þ0.000

−0.000−0.000 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001 þ0.001
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TABLE VIII. The same as Table IV except for B̄ → K̄1τ
þτ−.

Case A Case B Case C Case A Case B Case C
SM (Set 1) (Set 1) (Set 1) (Set 2) (Set 2) (Set 2)

hAFBi þ0.120þ0.039þ0.017
−0.025−0.014 þ0.061 þ0.104 þ0.099 þ0.088 þ0.098 þ0.091

hALL
FBi þ0.120þ0.039þ0.017

−0.025−0.014 þ0.182 þ0.109 þ0.100 þ0.156 þ0.101 þ0.091
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.061 −0.002 −0.000 −0.034 −0.001 −0.000

hALN
FB i þ0.001þ0.001þ0.000

−0.000−0.000 þ0.002 þ0.003 þ0.003 þ0.002 þ0.003 þ0.003
hALT

FBi −0.036þ0.023þ0.006
−0.015−0.007 −0.035 −0.021 −0.014 −0.034 −0.015 −0.008

hANT
FB i −0.013þ0.005þ0.001

−0.003−0.001 þ0.004 þ0.028 þ0.034 þ0.007 þ0.033 þ0.038

TABLE IX. The same as Table VIII but for the mass sets 3 and 4 of Higgs bosons.

Case A Case B Case C Case A Case B Case C
SM (Set 3) (Set 3) (Set 3) (Set 4) (Set 4) (Set 4)

hAFBi þ0.120þ0.039þ0.017
−0.025−0.014 þ0.005 þ0.103 þ0.100 þ0.045 þ0.097 þ0.090

hALL
FBi þ0.120þ0.039þ0.017

−0.025−0.014 þ0.229 þ0.111 þ0.101 þ0.195 þ0.102 þ0.091
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.112 −0.004 −0.001 −0.075 −0.003 −0.001

hALN
FB i þ0.001þ0.001þ0.000

−0.000−0.000 þ0.002 þ0.003 þ0.003 þ0.002 þ0.003 þ0.003
hALT

FBi −0.036þ0.023þ0.006
−0.015−0.007 −0.034 −0.021 −0.014 −0.034 −0.015 −0.008

hANT
FB i −0.013þ0.005þ0.001

−0.003−0.001 þ0.004 þ0.028 þ0.034 þ0.007 þ0.033 þ0.038

TABLE X. The same as Table VI except for B̄ → K̄�τþτ−.

Case A Case B Case C Case A Case B Case C
SM (Set 1) (Set 1) (Set 1) (Set 2) (Set 2) (Set 2)

hAFBi þ0.177þ0.031þ0.058
−0.034−0.035 þ0.027 þ0.150 þ0.142 þ0.100 þ0.142 þ0.130

hALL
FBi þ0.177þ0.031þ0.058

−0.034−0.035 þ0.308 þ0.160 þ0.145 þ0.267 þ0.147 þ0.131
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.141 −0.005 −0.001 −0.085 −0.003 −0.001

hALN
FB i þ0.002þ0.002þ0.001

−0.002−0.003 þ0.005 þ0.010 þ0.011 þ0.010 þ0.011 þ0.011
hALT

FBi −0.050þ0.032þ0.014
−0.037−0.029 −0.050 −0.021 −0.010 −0.047 −0.011 þ0.003

hANT
FB i −0.028þ0.004þ0.002

−0.004−0.000 þ0.005 þ0.052 þ0.062 þ0.011 þ0.061 þ0.070

TABLE XI. The same as Table X but for the mass sets 3 and 4 of Higgs bosons.

Case A Case B Case C Case A Case B Case C
SM (Set 3) (Set 3) (Set 3) (Set 4) (Set 4) (Set 4)

hAFBi þ0.177þ0.031þ0.058
−0.034−0.035 −0.077 þ0.145 þ0.141 −0.008 þ0.138 þ0.129

hALL
FBi þ0.177þ0.031þ0.058

−0.034−0.035 þ0.330 þ0.165 þ0.146 þ0.320 þ0.150 þ0.132
hANN

FB i �0.000þ0.000þ0.000
−0.000−0.000 −0.204 −0.010 −0.002 −0.164 −0.006 −0.001

hALN
FB i þ0.002þ0.002þ0.001

−0.002−0.003 þ0.004 þ0.010 þ0.011 þ0.006 þ0.011 þ0.011
hALT

FBi −0.050þ0.032þ0.014
−0.037−0.029 −0.034 −0.021 −0.010 −0.041 −0.011 þ0.003

hANT
FB i −0.028þ0.004þ0.002

−0.004−0.000 þ0.004 þ0.052 þ0.062 þ0.010 þ0.061 þ0.070
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(iii) for B̄ → K̄1τ
þτ− decay

N ∼

8>>>>>>>>><
>>>>>>>>>:

1010 for hAFBi;
1010 for hALL

FBi;
1011 ðfor hANN

FB i; hATT
FBiÞ;

1013 ðfor hALN
FB i; hANL

FB iÞ;
1011 ðfor hALT

FBi; hATL
FBiÞ;

1011 ðfor hANT
FB i; hATN

FB iÞ;

(iv) for B̄ → K̄�τþτ− decay

N ∼

8>>>>>>>>><
>>>>>>>>>:

109 for hAFBi;
109 for hALL

FBi;
109 ðfor hANN

FB i; hATT
FBiÞ;

1012 ðfor hALN
FB i; hANL

FB iÞ;
1010 ðfor hALT

FBi; hATL
FBiÞ;

1010 ðfor hANT
FB i; hATN

FB iÞ:

IV. SUMMARY

To sum up, in this paper by considering the theoretical and
experimental uncertainties in the SM we have presented a
comprehensive analysis of the polarized and unpolarized
forward-backward asymmetries for B̄ → K̄1ℓ

þℓ− and B̄ →
K̄�ℓþℓ− decays using model III of 2HDM. At the same time
we have compared the results of both decay modes to each
other. Also, the minimum required number of events for
detecting each asymmetry has been taken into account and
compared with the number produced at the LHC experi-
ments, including ATLAS, CMS, and LHCb (∼1012 per year)
or expected to be produced at the Super-LHC experiments
(supposed to be ∼1013 per year). In conclusion, the follow-
ing results have been obtained:

(i) In the μ channel, no sensitivity has been observed to
the nature of produced mesons. Having the vector
property or axial-vector property of products does
not have any effect on the SM and 2HDM predic-
tions. Since the influences of 2HDM merely on the
quantities AFB, ALL, and ALT could be large and the
minimum required number of BB̄ pairs for the
measurement of those asymmetries at the LHC is
smaller than 1012, experimental studies of all men-
tioned asymmetries can be suitable for searching in
model III of 2HDM.

(ii) In the τ channel, while the vector property or the
axial-vector property of products could have some
effects on the SM and 2HDM predictions, there is
the probability that these characteristics do not
impose any influence on the deviations from the
SM predictions. For instance, the predictions of ALL,
ALT , and ANT for all cases and the predictions of AFB
for cases B and C, as well as the predictions of ANN

for cases A and C, are invariant under the exchange
of the axial-vector meson to the vector meson and
vice versa. In contrast, the predictions of ALN for all
cases and the predictions of AFB only for case A, as
well as the predictions of ANN only for case B, are
different under the transformation of the axial-vector
meson to the vector meson and vice versa. On the
other hand, except for the anticipations of ALN for
the B̄ → K̄1 transition and the predictions of ALT for
both transitions B̄ → K̄1 and B̄ → K̄�, which are
completely in the SM intervals, the upper limit, the
lower limit, or both of them in the other asymmetries
are not in the range of the SM predictions. Also,
according to the calculated minimum required num-
ber of BB̄ pairs for detecting each asymmetry at the
LHC, all asymmetries of both transitions except ALN

for the B̄ → K̄1 transition are measurable at the
LHC. The ALN asymmetry of B̄ → K̄1τ

þτ− is
detectable at the SLHC. Therefore, based on the
above discussion, experimental studies of all of these
asymmetries except ALN for B̄ → K̄1 and ALT for
B̄ → K̄1 and B̄ → K̄� can be invaluable for explor-
ing model III of 2HDM.

Finally, it is worthwhile to mention that although the
muon polarization is measured for stationary muons, such
experiments are very hard to perform in the near future. The
tau polarization can be studied by investigating the decay
products of tau. The measurement of tau polarization in this
respect is easier than the polarization of the muon.
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APPENDIX

The auxiliary functions AK1ðŝÞ;…;HK1ðŝÞ are
defined as

AK1ðŝÞ ¼ 2

1þ ffiffiffiffiffiffiffi
r̂K1

p ceff9 ðŝÞAK1ðŝÞ þ 4ðm̂b − m̂sÞ
ŝ

ceff7 TK1

1 ðŝÞ; ðA1Þ

BK1ðŝÞ ¼
�
1þ

ffiffiffiffiffiffiffi
r̂K1

q ��
ceff9 ðŝÞVK1

1 ðŝÞ þ 2ðm̂b þ m̂sÞ
ŝ

�
1 −

ffiffiffiffiffiffiffi
r̂K1

q �
ceff7 TK1

2 ðŝÞ
�
; ðA2Þ
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CK1ðŝÞ ¼ 1

1 − r̂K1

��
1 −

ffiffiffiffiffiffiffi
r̂K1

q �
ceff9 ðŝÞVK1

2 ðŝÞ þ 2ðm̂b þ m̂sÞceff7

�
TK1

3 ðŝÞ þ 1 − r̂K1

ŝ
TK1

2 ðŝÞ
��

; ðA3Þ

DK1ðŝÞ ¼ 1

ŝ

�
ceff9 ðŝÞ

��
1þ

ffiffiffiffiffiffiffi
r̂K1

q �
VK1

1 ðŝÞ −
�
1 −

ffiffiffiffiffiffiffi
r̂K1

q �
VK1

2 ðŝÞ − 2
ffiffiffiffiffiffiffi
r̂K1

q
VK1

0 ðŝÞ
�
− 2ðm̂b þ m̂sÞceff7 TK1

3 ðŝÞ
�
; ðA4Þ

EK1ðŝÞ ¼ 2

1þ ffiffiffiffiffiffiffi
r̂K1

p c10AK1ðŝÞ; ðA5Þ

FK1ðŝÞ ¼
�
1þ

ffiffiffiffiffiffiffi
r̂K1

q �
c10V

K1

1 ðŝÞ; ðA6Þ

GK1ðŝÞ ¼ 1

1þ ffiffiffiffiffiffiffi
r̂K1

p c10V
K1

2 ðŝÞ; ðA7Þ

HK1ðŝÞ ¼ 1

ŝ
c10

��
1þ

ffiffiffiffiffiffiffi
r̂K1

q �
VK1

1 ðŝÞ −
�
1 −

ffiffiffiffiffiffiffi
r̂K1

q �
VK1

2 ðŝÞ − 2
ffiffiffiffiffiffiffi
r̂K1

q
VK1

0 ðŝÞ
�
; ðA8Þ

IK1

1 ðŝÞ ¼ −
ð1þ m̂sÞ
m̂b þ m̂s

�
CQ1

�
1þ

ffiffiffiffiffiffiffi
r̂K1

q �
VK1

1 ðŝÞ
�
; ðA9Þ

J K1

1 ðŝÞ ¼ ð1þ m̂sÞ
m̂b þ m̂s

�
CQ1

�
−
�
1 −

ffiffiffiffiffiffiffi
r̂K1

q �
VK1

2 ðŝÞ þ 2
ffiffiffiffiffiffiffi
r̂K1

q
½VK1

3 ðŝÞ − VK1

0 ðŝÞ�
��

; ðA10Þ

IK1

2 ðŝÞ ¼ IK1

1 ðŝÞðCQ1
→ CQ2

Þ; J K1

2 ðŝÞ ¼ J K1

1 ðŝÞðCQ1
→ CQ2

Þ; ðA11Þ

with r̂K1
¼ m2

K1
=m2

B. The ΔðŝÞ function is obtained as

ΔðŝÞ ¼ 8Re½FH��m̂2
ℓλ

r̂K1

þ 8Re½GH��m̂2
ℓð−1þ r̂K1

Þλ
r̂K1

−
4jHj2m̂2

ℓŝλ
r̂K1

−
jCj2λð3þ 3r̂2K1

− 6ŝþ 3ŝ2 − 6r̂K1
ð1þ ŝÞ − v2λÞ

3r̂K1

−
jGj2λð3þ 3r̂2K1

þ 12m̂2
ℓð2þ 2r̂K1

− ŝÞ − 6ŝþ 3ŝ2 − 6r̂K1
ð1þ ŝÞ − v2λÞ

3r̂K1

þ jF j2ð−3 − 3r̂2K1
þ 6r̂K1

ð1þ 16m̂2
ℓ − 3ŝÞ þ 6ŝ − 3ŝ2 þ v2λÞ

3r̂K1

þ jBj2ð−3 − 3r̂2K1
þ 6r̂K1

ð1 − 8m̂2
ℓ − 3ŝÞ þ 6ŝ − 3ŝ2 þ v2λÞ

3r̂K1

−
4

3
jAj2ð2m̂2

ℓ þ ŝÞλþ jEj2
�
4m̂2

ℓλ −
ŝ
3
ð3þ 3r̂2K1

− 6ŝþ 3ŝ2 − 6r̂K1
ð1þ ŝÞ þ v2λÞ

�

þ λ

�ð4m̂2
ℓ − ŝÞjI1j2
r̂K1

þ jJ 1j2ð4m̂2
ℓ − ŝÞ

r̂K1

þ 2Re½I1J �
1�ð4m̂2

ℓ − ŝÞ
r̂K1

−
jI2j2ŝ
r̂K1

−
jJ 2j2ŝ
r̂K1

−
2Re½I2J �

2�ŝ
r̂K1

þ 4Re½HI�
2�m̂ℓŝ

r̂K1

þ 4Re½HJ �
2�m̂ℓŝ

r̂K1

−
4Re½FI�

2�m̂ℓŝ
r̂K1

−
4Re½FJ �

2�m̂ℓŝ
r̂K1

−
4Re½GI�

2�m̂ℓðr̂K1
− 1Þ

r̂K1

−
4Re½GJ �

2�m̂ℓðr̂K1
− 1Þ

r̂K1

�

−
2Re½BC��ð−1þ r̂K1

þ ŝÞð3þ 3r̂2K1
− 6ŝþ 3ŝ2 − 6r̂K1

ð1þ ŝÞ − v2λÞ
3r̂K1

þ 2Re½FG��ð12m̂2
ℓλ − ð−1þ r̂K1

þ ŝÞð3þ 3r̂2K1
− 6ŝþ 3ŝ2 − 6r̂K1

ð1þ ŝÞ − v2λÞÞ
3r̂K1

: ðA12Þ
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