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Abstract In this paper we shall focus on the effects of
concrete models such as the SM and 2HDM of type III on
the polarized and unpolarized forward–backward asymme-
tries of B → K

∗
0(1430)�+�− and B → K�+�− decays.

The obtained results of these decay modes are compared to
each other. Also, we obtain the minimum required number
of events for detecting each asymmetry and compare it with
the number of produced B B̄ pairs at the LHC or supposed to
be produced at the Super-LHC. At the end, we conclude that
the study of these asymmetries for B → K

∗
0(1430)�+�− and

B → K�+�− processes are very effective tools for establish-
ing new physics in the future B-physics experiments.

1 Introduction

The flavor-changing neutral current (FCNC) processes
induced by b → s�+�−(� = e, μ, τ) transitions provide
an important good testing ground for the Standard Model
(SM) at loop level, since they are forbidden in the SM at tree
level [1,2]. Therefore these decays are very sensitive to the
physics beyond the SM via the influence of new particles in
the loops.

Although the branching ratios of FCNC decays are small
in the SM, interesting results are yielded in developing exper-
iments. The inclusive b → Xs�

+�− decay is observed by
the BaBaR [3] and Belle [4] collaborations. These collabo-
rations also measured exclusive modes B → K�+�− [5–8]
and B → K ∗�+�− [8]. These experimental results have high
agreement with theoretical predictions [9–17].

There exists another group of rare decays induced by
b → s transition, such as B → K ∗

2 (1430)�+�− and
B → K ∗

0 (1430)�+�− in which the B-meson decays into
a tensor or scalar meson, respectively. These decays are thor-
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oughly investigated in the SM in [18,19] and the related tran-
sition form factors are formulated within the framework of
light front quark model [19–21] and QCD sum rules method
[22,23], respectively. Lately these rare decays have been the
matter of various physical discussions in the frame work of
some new physics models, such as models including univer-
sal extra dimension [24], supersymmetry particles [25], and
the fourth-generation fermions [26]. Generally, by studying
the physical observables of these decay modes there would
be a chance for testing SM or probing possible NP mod-
els. These physical quantities are for example the branching
ratio, the forward–backward asymmetry, the lepton polariza-
tion asymmetry, the isospin asymmetry, etc.

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 containing more scalars [27,28].

Two conditions which tightly constrain the extensions
of the SM Higgs sector are (1) the value of the parameter
ρ ≡ M2

W /M2
Z cos2 θW � 1 where MW (MZ ) is the W±

(Z ) boson mass and θW is the Weinberg mixing angle, (2)
the absence of large flavor-changing neutral currents. The
first condition is spontaneously fulfilled by Higgs sectors
that consist only SU(2) doublets (with the possibly additional
singlets). The simplest model that contains a charged Higgs
boson is a two-Higgs-doublet model (2HDM). The second
condition is satisfied in the models in which the masses of
fermions are produced through couplings to only one of the
Higgs doublets; this is known as natural flavor conservation
and forbids the tree-level flavor-changing neutral Higgs inter-
action phenomena.

Imposing natural flavor conservation by considering an
ad hoc discrete symmetry [29], there would be two different
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ways to couple the SM fermions to two Higgs doublets. The
2HDM of types I and II have been extensively studied in the
literature [29–32]. Without considering discrete symmetry
a more general form of 2HDM, namely, type III allows for
the presence of FCNC at tree level. Consistent with the low
energy constraints, the FCNC’s involving the first two gen-
erations 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 exist rich induced
CP-violating sources from a single CP phase of vacuum that
is absent in the SM, type I and type II. In order to consider
the flavor-conserving limit of the type III, we suppose two
Yukawa matrices for each fermion type to be diagonal in the
same fermion mixing basis [33,34]. All three structures of
2HDM generally contain two scalars h0, H0, one pseudo-
scalar A0 and one charged H± Higgs bosons.

The aim of the present paper is to perform a comprehen-
sive study regarding the polarized and unpolarized forward–
backward asymmetries of B → K

∗
0(1430)�+�− and B →

K�+�− decays in the SM and 2HDM of type III (2HDM-III).
We also study the sensitivity of the results to the scalar prop-
erty or the pseudo-scalar property of the produced mesons.

The paper is organized as follows. In Sect. 2, we describe
the content of the general 2HDM and write down the Yukawa
Lagrangian for type III. In Sect. 3, we define a general effec-
tive Hamiltonian of dimension-six operators of b → s�+�−
transitions, parameterize the hadronic B → K and B → K

∗
0

matrix elements, and derive the general expressions for the
polarized and unpolarized lepton forward–backward asym-
metries. In Sect. 4, the sensitivity of these polarizations and
the corresponding averages to the 2HDM-III parameters are
numerically analyzed.

2 The general two-Higgs-doublet model

In a general two-Higgs-doublet model, the two doublets can
both couple to the up-type and down-type quarks. Without
missing any thing, we use a basis such that the first doublet
produces the masses of all the gauge-bosons and fermions
[33]:

〈φ1〉 =
(

0
v√
2

)
, 〈φ2〉 = 0 (1)

where v is due to the W mass by MW = g
2 v. Based on this,

the first doublet φ1 is the same as the SM doublet, whereas
all the new Higgs fields originate from the second doublet
φ2. They are written as

φ1 = 1√
2

( √
2G+

v + χ0
1 + iG0

)
, φ2 = 1√

2

( √
2H+

χ0
2 + i A0

)
,

(2)

where G0 and G± are the Goldstone bosons that would be
absorbed in the Higgs mechanism to provide the longitudi-
nal components of the weak gauge bosons. The H± are the
physical charged-Higgs bosons and A0 is the physical CP-
odd neutral Higgs boson. The χ0

1 and χ0
2 are not physical

mass eigenstates but are written as linear combinations of
the CP-even neutral Higgs bosons:

χ0
1 = H0 cos α − h0 sin α (3)

χ0
2 = H0 sin α + h0 cos α, (4)

where α is the mixing angle. Using this basis, the couplings
of χ0

2 Z Z and χ0
2 W

+W− have disappeared. We can write the
Yukawa Lagrangian for type III as

− LY = ηUi j QiL φ̃1UjR + ηD
i j QiLφ1DjR + ξUi j QiL φ̃2UjR

+ ξ D
i j QiLφ2DjR + h.c., (5)

where i, j are generation indices, φ̃1,2 = iσ2φ1,2, η
U,D
i j ,

and ξ
U,D
i j are, in general, nondiagonal coupling matrices,

and QiL is the left-handed fermion doublet and UjR and
DjR are the right-handed singlets [29]. Note that these QiL ,
UjR , and DjR are weak eigenstates, which can be rotated
to the mass eigenstates. As we have mentioned above, φ1

provides all the fermion masses and, therefore, v√
2
ηU,D will

become the up- and down-type quark-mass matrices after a
bi-unitary transformation. Applying the transformation the
Yukawa Lagrangian becomes

LY = −UMUU − DMDD − g

2MW
(H0 cos α − h0 sin α)

× (UMUU + DMDD)

+ ig

2MW
G0(UMUγ 5U − DMDγ 5D)

+ g√
2MW

G−DV †
CKM

[
MU

1

2
(1 + γ 5) − MD

1

2
(1 − γ 5)

]
U

− g√
2MW

G+UVCKM

[
MD

1

2
(1 + γ 5) − MU

1

2
(1 − γ 5)

]
D

− H0 sin α + h0 cos α√
2

[
U

(
ξ̂U

1

2
(1 + γ 5) + ξ̂U† 1

2
(1 − γ 5)

)
U

+ D

(
ξ̂ D 1

2
(1 + γ 5) + ξ̂ D† 1

2
(1 − γ 5)

)
D

]

+ i A0

√
2

[
U

(
ξ̂U

1

2
(1 + γ 5) − ξ̂U† 1

2
(1 − γ 5)

)
U

− D

(
ξ̂ D 1

2
(1 + γ 5) − ξ̂ D† 1

2
(1 − γ 5)

)
D

]

− H+U
[
VCKMξ̂ D 1

2
(1 + γ 5) − ξ̂U†VCKM

1

2
(1 − γ 5)

]
D

− H−D

[
ξ̂ D†V †

CKM
1

2
(1 − γ 5) − V †

CKMξ̂U
1

2
(1 + γ 5)

]
U, (6)

where U is a symbol for the mass eigenstates of u, c, t
quarks and D is a symbol for the mass eigenstates of d, s, b
quarks. The diagonal mass matrices are defined by MU,D =
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diag(mu,d ,mc,s,mt,b) = v√
2
(LU,D)†ηU,D(RU,D), ξ̂U,D =

(LU,D)†ξU,D(RU,D). The Cabibbo–Kobayashi–Maskawa
matrix [35] is given by VCKM = (LU )†(LD).

The matrices ξ̂U,D contain the FCNC couplings. These
matrices are given as [36,37]

ξ̂
U,D
i j = λi j

g
√
mim j√
2MW

, (7)

by which the quark-mass hierarchy is ensured, while the
FCNC for the first two generations are suppressed by the
small quark masses is allowed for the third generation.

3 Analytic formulas

3.1 The effective Hamiltonian for B → K�+�− and
B → K

∗
0(1430)�+�− transitions in SM and 2HDM

The exclusive decays B → K�+�− and B → K
∗
0(1430)

�+�− are described at quark level by b → s�+�− transition.
The effective Hamiltonian that is used to describe the b →
s�+�− transition in 2HDM models is

He f f (b → s�+�−)

= −4GF√
2
VtbV

∗
ts

{
10∑
i=1

Ci (μ)Oi (μ)+
10∑
i=1

CQi (μ)Qi (μ)

}
,

(8)

where the first part is related to the effective Hamiltonian
in the SM such that the respective Wilson coefficients get
extra terms due to the presence of charged Higgs bosons.
The second part which includes new operators is extracted
from contributing the massive neutral Higgs bosons to this
decay. All operators as well as the related Wilson coefficients
are given in [30–32,34,38]. Using the above effective Hamil-
tonian, the amplitude of b → s�+�− can be given as

M = 〈s�+�−|Heff |b〉
= − GFα

2
√

2π
VtbV

∗
ts

{
C̃eff

9 s̄γμ(1 − γ5)b �̄γ μ�

+ C̃10s̄γμ(1 − γ5)b �̄γ μγ5�

− 2Ceff
7

mb

q2 s̄iσμνq
ν(1 + γ5)b �̄γ μ�

− 2Ceff
7

ms

q2 s̄iσμνq
ν(1 − γ5)b �̄γ μ�

+CQ1 s̄(1 + γ5)b �̄� + CQ2 s̄(1 + γ5)b �̄γ5�

}
, (9)

where q2 is the dilepton invariant mass. The evolution of
the Wilson coefficients Ceff

7 , C̃eff
9 , C̃10 from the higher

scale μ = mW to the lower scale μ = mb is described
by the renormalization group equation. These coefficients

at the scale μ = mb are calculated in [38]. The operators
Oi (i = 1, . . . , 10) do not mix with Q1 and Q2 and there is
no mixing between Q1 and Q2. For this reason the evolu-
tions of the coefficients CQ1 and CQ2 are controlled by the
anomalous dimensions of Q1 and Q2, respectively [31,32]:

CQi (mb) = η−γQ/β0CQi (mW ), i = 1, 2, (10)

where γQ = −4 is the anomalous dimension of the operator
s̄LbR .

The coefficientsCi (mW ) (i = 7, 9, and 10) andCQ1(mW )

and CQ2(mW ) are given by

C7(mW ) = CSM
7 (mW ) + C2HDM

7 (mW )

= CSM
7 (mW ) + |λt t |2

(
y(7 − 5y − 8y2)

72(y − 1)3

+ y2(3y − 2)

12(y − 1)4 ln y

)
+ λt tλbb

×
(

y(3 − 5y)

12(y − 1)2 + y(3y − 2)

6(y − 1)3 ln y

)
, (11)

C9(mW ) = CSM
9 (mW ) + C2HDM

9 (mW )

= CSM
9 (mW ) + |λt t |2

[
1 − 4sin2θW

sin2θW

xy

8

×
(

1

y − 1
− 1

(y − 1)2 ln y

)

− y

(
47y2 − 79y + 38

108(y − 1)3

−3y3 − 6y3 + 4

18(y − 1)4 ln y

)]
, (12)

C10(mW ) = CSM
10 (mW ) + C2HDM

10 (mW )

= CSM
10 (mW ) + |λt t |2 1

sin2θW

xy

8

×
(

− 1

y − 1
+ 1

(y − 1)2 ln y

)
, (13)

CQ1(mW ) = mbm�

m2
h0

1

|λt t |2
1

sin2θW

x

4

×
{ (

sin2α + h cos2α
)
f1(x, y)

+
[
m2

h0

m2
W

+ (
sin2α + h cos2α

)
(1 − z)

]
f2(x, y)

+ sin22α

2m2
H±

[
m2

h0 − (m2
h0 + m2

H0 )
2

2m2
H0

]
f3(y)

}
,

(14)

CQ2(mW ) = −mbm�

m2
A0

1

|λt t |2

×
{
f1(x, y) +

[
1 + m2

H± − m2
A0

m2
W

]
f2(x, y)

}
,

(15)
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where

x = m2
t

m2
W

, y = m2
t

m2
H±

, z = x

y
, h = m2

h0

m2
H0

, (16)

B(x) = − x

4(x − 1)
+ x

4(x − 1)2 ln x, (17)

C(x) = x

4

(
x − 6

2(x − 1)
+ 3x + 2

2(x − 1)2 ln x

)
, (18)

f1(x, y) = x ln x

x − 1
− y ln y

y − 1
, (19)

f2(x, y) = x ln y

(z − x)(x − 1)
+ ln z

(z − 1)(x − 1)
, (20)

f3(y) = 1 − y + y ln y

(y − 1)2 . (21)

It should be noted that the coefficient C̃eff
9 (μ) can be decom-

posed into the following three parts:

C̃eff
9 (μ) = C̃9(μ) + YSD(m̂c, ŝ) + YLD(m̂c, ŝ) , (22)

where the parameters m̂c and ŝ are defined as m̂c = mc/mb,
ŝ = q2/m2

b. YSD(m̂c, ŝ) describes the short-distance con-
tributions from four-quark operators far away from the cc̄
resonance regions, which can be calculated reliably in the
perturbative theory. The function YSD(m̂c, ŝ) is given by

YSD = g(m̂c, ŝ)(3C1 + C2 + 3C3 + C4 + 3C5 + C6)

− 1

2
g(1, ŝ)(4C3 + 4C4 + 3C5 + C6)

− 1

2
g(0, ŝ)(C3+3C4)+ 2

9
(3C3+C4+3C5+C6),

(23)

where the explicit expressions for the g functions can be
found in [30,38]. The long-distance contributionsYLD(m̂c, ŝ)
from the four-quark operators near the cc̄ resonance can-
not be calculated from first principles of QCD and are usu-
ally parameterized in the form of a phenomenological Breit–
Wigner formula making use of the vacuum saturation approx-
imation and quark–hadron duality. The function YLD(m̂c, ŝ)
is given by [25,39]

YLD = 3π

α2 C
(0)

∑
Vi=ψ,ψ ′,...

ki
B(Vi → �+�−)mVi �Vi

m2
Vi

− q2 − imVi �Vi

, (24)

where α is the fine structure constant andC (0) = (3C1+C2+
3C3 + C4 + 3C5 + C6). The phenomenological parameters
ki for the B → K�+�− decay can be fixed from B(B →
J/ψK → K�+�−) = B(B → J/ψK )B(J/ψ →
�+�−). For the lowest resonances ψ and ψ ′ we will use
k1 = 2.70 and k2 = 3.51, respectively [40]. Also, for the
B → K

∗
0(1430)�+�− decay such parameters can be deter-

mined by B(B → J/ψK
∗
0(1430) → K

∗
0(1430)�+�−) =

B(B → J/ψK
∗
0(1430))B(J/ψ → �+�−). However,

since the branching ratio of B → J/ψK
∗
0(1430) decay has

not been measured yet, we assume that the values of ki are
of the order of one. Therefore, we use k1 = 1 and k2 = 1 in
the following numerical calculations [25].

3.2 Form factors for B → K�+�− transition

The exclusive B → K�+�− decay is described in terms of
the matrix elements of the quark operators in Eq. (9) over
the meson states, which can be parameterized in terms of the
form factors. The matrix elements needed for the calculation
of B → K�+�− decay are〈
K (pK )

∣∣s̄γμ(1 ± γ5)b
∣∣ B(pB)

〉
= [

f+(q2)(pB + pK )μ + f−(q2)qμ

]
,

= f+(q2)

[
(pB + pK )μ − (m2

B − m2
K )

q2 qμ

]

+ (m2
B − m2

K )

q2 f0(q
2)qμ, (25)〈

K (pK )
∣∣s̄iσμνq

ν(1 ± γ5)b
∣∣ B(pB)

〉
= − fT (q2)

mB + mK

[
(pB + pK )μq

2 − (m2
B − m2

K )qμ

]
, (26)

where q = pB − pK is the momentum transfer. In deriving
Eq. (25) we have used the relationship

f−(q2) = (m2
B − m2

K )

q2

[
f0(q

2) − f+(q2)
]
. (27)

Now, multiplying both sides of Eq. (25) with qμ and using
the equation of motion, the expression in terms of the form
factors for

〈
K |s̄(1 ± γ5)b| B

〉
is calculated as〈

K (pK ) |s̄(1 ± γ5)b| B(pB)
〉 = 〈

K (pK ) |s̄b| B(pB)
〉

= 1

mb − ms
[ f+(q2)(pBx + pK ).q + f−(q2)q2],

= f0(q2)

mb − ms
(m2

B − m2
K ) (28)〈

K (pK ) |s̄γ5b| B(pB)
〉 = 0. (29)

For the form factors we have used the light cone QCD sum
rules results [41] in which the q2 dependence of the semilep-
tonic form factors, f0 and f+, is given by

F(q2) = F(0)

1 − aF (q2/m2
B) + bF (q2/m2

B)2
, (30)

where the values of the parameters F(0), aF , and bF for
the B → K�+�− decay are listed in Table 1. Also, the q2

dependence of the penguin form factor, fT , is obtained by

fT (q2)

mB + mK
= 1

mb

[(
1 + m2

b − q2

q2

)
f+ − m2

b − q2

q2 f0

]
.

(31)

123
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Table 1 Form factors for B → K transition obtained in the LCQSR
calculation are fitted to the 3-parameter form

F F(0) aF bF

f B→K+ 0.341 ± 0.051 1.410 0.406

f B→K
0 0.341 ± 0.051 0.410 −0.361

3.3 Form factors for B → K
∗
0(1430)�+�− transition

Like the exclusive B → K�+�− decay, the matrix elements
needed for the calculation of B → K

∗
0(1430)�+�− decay

are〈
K

∗
0(1430)(pK ∗

0
)
∣∣s̄γμ(1 ± γ5)b

∣∣ B(pB)
〉

= ±[
f+(q2)(pB + pK ∗

0
)
μ

+ f−(q2)qμ

]
, (32)〈

K
∗
0(1430)(pK ∗

0
)
∣∣s̄iσμνq

ν(1 ± γ5)b
∣∣ B(pB)

〉
= ± fT (q2)

mB + mK ∗
0

[
(pB + pK ∗

0
)
μ
q2 − (m2

B − m2
K ∗

0
)qμ

]
,

(33)〈
K

∗
0(1430)(pK ∗

0
) |s̄(1 ± γ5)b| B(pB)

〉
= ±

〈
K

∗
0(1430)(pK ∗

0
) |s̄γ5b| B(pB)

〉
= ∓ 1

mb + ms
[ f+(q2)(pB + pK ∗

0
).q + f−(q2)q2]

= ∓ f0(q2)

mb + ms
(m2

B − m2
K ∗

0
), (34)〈

K
∗
0(1430)(pK ∗

0
) |s̄b| B(pB)

〉
= 0, (35)

where q = pB − pK ∗
0

and the function f0(q2) has been
extracted from the Eq. (27). For the form factors we have
used the results of three-point QCD sum rules method [42]
in which the q2 dependence of all form factors is given by

F(q2) = F(0)

1 − aF (q2/m2
B) + bF (q2/m2

B)2
, (36)

where the values of the parameters F(0), aF , and bF for the
B → K

∗
0(1430)�+�− decay are exhibited in Table 2.

Table 2 Form factors for B → K
∗
0(1430) transition obtained within

three-point QCD sum rules are fitted to the 3-parameter form

F F(0) aF bF

f
B→K

∗
0+ 0.31 ± 0.08 0.81 −0.21

f
B→K

∗
0− −0.31 ± 0.07 0.80 −0.36

f
B→K

∗
0

T −0.26 ± 0.07 0.41 −0.32

3.4 The differential decay rates and forward–backward
asymmetries of B → K

∗
0(1430)�+�−

Making use of Eq. (9) and the definitions of the form factors,
the matrix element of the B → K

∗
0(1430)�+�− decay can

be written as follows:

M = GFαem

4
√

2π
V ∗
tsVtbmB

×{[A (pB+ pK ∗
0
)μ+Bqμ]�̄γ μ�+[C (pB+ pK ∗

0
)μ

+Dqμ]�̄γ μγ5� + [Q]�̄� + [N ]�̄γ5�}, (37)

where the auxiliary functions A , . . . ,Q are listed in the fol-
lowing:

A = −2C̃eff
9 f+(q2) − 4(mb + ms)C

eff
7

fT (q2)

mB + mK ∗
0

, (38)

B = −2C̃eff
9 f−(q2) + 4(mb + ms)

×Ceff
7

fT (q2)

(mB + mK ∗
0
)q2 (m2

B − m2
K ∗

0
), (39)

C = −2C̃10 f+(q2), (40)

D = −2C̃10 f−(q2), (41)

Q = −2CQ1 f0(q
2)

(m2
B − m2

K ∗
0
)

mb + ms
, (42)

N = −2CQ2 f0(q
2)

(m2
B − m2

K ∗
0
)

mb + ms
, (43)

with q = pB − pK ∗
0

= p�+ + p�− .

The unpolarized differential decay rate for the B →
K

∗
0(1430)�+�− decay in the rest frame of the B meson is

given by

d�(B → K ∗
0 �+�−)

dŝ
= −G2

Fα2
emmB

214π5

∣∣VtbV ∗
ts

∣∣2 v
√

λ�,

(44)

with

� = 16m�m
2
B(1 − r̂K ∗

0
)Re[CN ∗] + 4ŝm2

Bv2|Q|2
+ 16ŝm2

�m
2
B |D |2 + 32m2

�m
2
B(1 − r̂K ∗

0
)Re[CD∗]

+ 16ŝm�m
2
BRe[DN ∗] + 2ŝm2

B |N |2

+ 4

3
m4

Bλ(3 − v2)|A |2

+ 4

3
m4

B |C |2{2λ − (1 − v2)(2λ − 3(1 − r̂K ∗
0
)2)},

(45)

where v =
√

1 − 4m2
�/q

2, ŝ = q2/m2
B , r̂K ∗

0
= m2

K ∗
0
/m2

B ,

and λ = 1 + r̂2
K ∗

0
+ ŝ2 − 2ŝ − 2r̂K ∗

0
(1 + ŝ).
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Table 3 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 Un polarized asymmetry AFB(q2) in the SM and three tested
scenarios of 2HDM-III (A, B, C) for B → K

∗
0(1430) μ+μ− decay for

the Higgs mass sets 1, 2, 3. For each mass set the left sub-figure shows

the general allowed region, varying the theoretical and experimental
input parameters; the right up (down) sub-figures represent the upper
(lower) limit of the corresponding asymmetry

The unpolarized and normalized differential forward–
backward asymmetry of the B → K

∗
0(1430�+�− decay in

the center of mass frame of leptons is defined by

AFB =

∫ 1

0

d2�

dŝdz
dz −

∫ 0

−1

d2�

dŝdz
dz∫ 1

0

d2�

dŝdz
dz +

∫ 0

−1

d2�

dŝdz
dz

, (46)

where z = cos θ and θ is the angle between three momenta
of the B meson and the negatively charged lepton (�−) in the
CM (center of mass) frame of leptons.

Using the above-mentioned definition, the result can be
written as follows:

AFB(ŝ) = 8m2
Bm�v

√
λ

�
Re[AQ∗]. (47)
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Fig. 2 Unpolarized asymmetry AFB(q2) in the SM and three tested scenarios of 2HDM-III (A, B, C) for B → K μ+μ− decay for the Higgs mass
sets 1, 2, 3

Having obtained the unpolarized and normalized differ-
ential forward–backward asymmetry, let us now consider
the normalized differential forward–backward asymmetries
associated with the polarized leptons. For this purpose, we
first define the following orthogonal unit vectors s±μ

i in the
rest frame of �±, where i = L , N or T are the abbreviations
of the longitudinal, normal and transversal spin projections,
respectively:

s−μ
L = (

0, �e−
L

) =
(

0,
�p�−

| �p�−|
)

, (48)

s−μ
N = (

0, �e−
N

) =
⎛
⎝0,

�pK ∗
0

× �p�−∣∣∣ �pK ∗
0

× �p�−
∣∣∣
⎞
⎠ , (49)

s−μ
T = (

0, �e−
T

) = (
0, �e−

N × �e−
L

)
, (50)

s+μ
L = (

0, �e+
L

) =
(

0,
�p�+

| �p�+|
)

, (51)

s+μ
N = (

0, �e+
N

) =
⎛
⎝0,

�pK ∗
0

× �p�+∣∣∣ �pK ∗
0

× �p�+
∣∣∣
⎞
⎠ , (52)

s+μ
T = (

0, �e+
T

) = (
0, �e+

N × �e+
L

)
, (53)

where �p�∓ and �pK ∗
0

are in the CM frame of �− �+ system,
respectively. A Lorentz transformation is used to boost the
components of the lepton polarization to the CM frame of
the lepton pair,

(
s∓μ
L

)
CM

=
( | �p�∓|

m�

,
E� �p�∓

m� | �p�∓|
)

, (54)(
s∓μ
N

)
CM

=
(
s∓μ
N

)
RF

, (55)
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Fig. 3 Polarized asymmetry A LN
FB (q2) in the SM and three tested sce-

narios of 2HDM-III (A, B, C) for B → K
∗
0(1430) μ+μ− decay for the

Higgs mass sets 1, 2, 3. For each mass set the left sub-figure shows the

general allowed region, varying the theoretical and experimental input
parameters; the right up (down) sub-figures represent the upper (lower)
limit of the corresponding asymmetry

(
s∓μ
T

)
CM

=
(
s∓μ
T

)
RF

, (56)

where RF refers to the rest frame of the corresponding lepton
as well as �p�+ = − �p�− and m� is the mass of leptons and E�

is the energy of leptons in the CM frame, respectively.
The polarized and normalized differential

forward–backward asymmetry can be defined as

A
i j
FB(ŝ) =

(
d�(ŝ)

dŝ

)−1{∫ 1

0
dz −

∫ 0

−1
dz

}

×
{[

d2�(ŝ, �s − = �i, �s + = �j)
dŝdz

− d2�(ŝ, �s − = �i, �s + = −�j)
dŝdz

]

−
[

d2�(ŝ, �s − = −�i, �s + = �j)
dŝdz

− d2�(ŝ, �s − = −�i, �s + = −�j)
dŝdz

]}

= AFB(�s − = �i, �s + = �j) − AFB(�s − = �i, �s + = −�j)
−AFB(�s − = −�i, �s + = �j)
+AFB(�s − = −�i, �s + = −�j), (57)

where d�(ŝ)
dŝ is calculated in the CM frame. Using these defini-

tions for the double polarized FB asymmetries, the following
explicit forms for A i j

FB’s are obtained:

A LL
FB = −A NN

FB = −A T T
FB = AFB, (58)
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Fig. 4 Polarized asymmetry A LN
FB (q2) in the SM and three tested scenarios of 2HDM-III (A, B, C) for B → K μ+μ− decay for the Higgs mass

sets 1, 2, 3

A LN
FB = −16vλm�m3

B

3
√
ŝ�

Im[A C ∗], (59)

A NL
FB = A LN

FB , (60)

A LT
FB = −16λm�m3

B

3
√
ŝ�

|A |2, (61)

A T L
FB = A LT

FB , (62)

A NT
FB = 8m2

Bm�

√
λ

�
Im

[
−2

m�

ŝ
(A C ∗)(1 − r̂K ∗

0
)

− (AN ∗) + 2m�(DA ∗)
]
, (63)

A T N
FB = −A NT

FB . (64)

3.5 The differential decay rates and forward–backward
asymmetries of B → K�+�−

Imposing ms = 0 in the whole afore-mentioned expressions
for B → K

∗
0(1430)�+�− we could obtain similar expres-

sions for B → K�+�− decay, such that all the above equa-
tions remain unchanged except the definitions of the auxiliary
functions (Eqs. (38)–(43)). One can see from the matrix ele-
ments of the above-said decays that, in order to obtain the
auxiliary functions of the latter decay, we should perform the
following substitutions:

f
K ∗

0+ → − f K+ , f
K ∗

0− → − f K− , f
K ∗

0
T → − f KT . (65)
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Fig. 5 Polarized asymmetry A NT
FB (q2) in the SM and three tested sce-

narios of 2HDM-III (A, B, C) for B → K
∗
0(1430) μ+μ− decay for the

Higgs mass sets 1, 2, 3. For each mass set the left sub-figure shows the

general allowed region, varying the theoretical and experimental input
parameters; the right up (down) sub-figures represent the upper (lower)
limit of the corresponding asymmetry

4 Numerical results and discussion

In this section we shall focus on the concrete models such as
the SM and 2HDM of type III. We study the effects of such
models on the polarized and unpolarized forward–backward
asymmetries and their averages for B → K

∗
0(1430)�+�−

and B → K�+�− decays. At the end, we compare the
results of different decay modes to each other. The corre-
sponding averages [43] are defined by the following equa-
tion:

〈A i j
FB〉 =

∫ (1−
√

r̂M )2

4m̂2
�

A
i j
FB

dB

dŝ
dŝ

∫ (1−
√

r̂M )2

4m̂2
�

dB

dŝ
dŝ

, (66)

where the subscript M refers to the K
∗
0(1430) and K mesons.

The full kinematical interval of the dilepton invariant mass q2

is 4m2
� ≤ q2 ≤ (mB−mM )2 for which the long-distance con-

tributions (the charmonium resonances) can give substantial
effects by considering the two low lying resonances J/ψ and
ψ ′, in the interval of 8 GeV2 ≤ q2 ≤ 14 GeV2. Because of
the hadronic uncertainties, first we introduce the kinematical
region of q2 for the muon [25]:

I 4m2
� ≤ q2 ≤ (mJ/ψ − 0.02 GeV)2,

II (mJ/ψ + 0.02 GeV)2 ≤ q2 ≤ (mψ ′ − 0.02 GeV)2,

(67)

III (mψ ′ + 0.02 GeV)2 ≤ q2 ≤ (mB − mM )2,
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Fig. 6 Polarized asymmetry A NT
FB (q2) in the SM and three tested scenarios of 2HDM-III (A, B, C) for B → K μ+μ− decay for the Higgs mass

sets 1, 2, 3

and for the tau:

I 4m2
� ≤ q2 ≤ (mψ ′ − 0.02 GeV)2,

II (mψ ′ + 0.02 GeV)2 ≤ q2 ≤ (mB − mM )2. (68)

In order to skip the strong overlap of two resonances for μ

channel, we use the kinematical region of q2:

I 4m2
� ≤ q2 ≤ (mJ/ψ − 0.02 GeV)2,

III (mψ ′ + 0.02 GeV)2 ≤ q2 ≤ (mB − mM )2. (69)

In 2HDM of type III, apart from the masses of Higgs
bosons, two vertex parameters, λt t and λbb, are appeared in
the calculations of the related Feynman diagrams [30–34].
Since these coefficients can be complex, we can rewrite our
expression:

λt tλbb = |λt tλbb| eiθ , (70)

in which the range of variations for |λt t |, |λbb|, and the phase
angle θ are given by the experimental limits of the electric
dipole moments of neutron (NEDM), B0–B̄0 mixing, ρ 0

(ρ 0 ≡ M2
W /ρM2

Z ) [33], Rb, andB(b → sγ ) [29,33,44,45].
The experimental bounds on NEDM and Br(b → sγ ) as
well as MH+ which are obtained at LEPII constrain λt tλbb
to be closely equal to 1 and the phase angle θ to be between
60◦−90◦. Another restriction which comes from the exper-
imental value of xd parameter, corresponding to the B0–
B̄0 mixing, controls |λt t | to be less than 0.3. Also, the
experimental value of the parameter Rb which is defined as

Rb ≡ �(Z→bb̄)
�(Z→hadrons) affects the magnitude of |λbb| in such

a way this coefficient could be around 50. Using these con-
straints and taking θ = π/2, we consider the following three
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Fig. 7 Unpolarized asymmetry AFB(q2) in the SM and three tested
scenarios of 2HDM-III (A, B, C) for B → K

∗
0(1430) τ+τ− decay for

the Higgs mass sets 1, 2, 3. For each mass set the left sub-figure shows

the general allowed region, varying the theoretical and experimental
input parameters; the right up (down) sub-figures represent the upper
(lower) limit of the corresponding asymmetry

typical parameter cases throughout the numerical analysis
[33]:

Case A : |λt t | = 0.03; |λbb| = 100, (71)

Case B : |λt t | = 0.15; |λbb| = 50, (72)

Case C : |λt t | = 0.3; |λbb| = 30. (73)

The other main input parameters are the form factors
which are listed in Tables 1 and 2. In addition, in this study
we have applied four sets of masses of Higgs bosons which
are displayed in Table 3 [33].

We investigate A
i j
FB(q2)’s and their averages in the SM

and 2HDM-III in a set of Figs. 1 2, 3, 4, 5, 6, 7, 8, 9 10, 11

and 12 and Tables 5, 6, 7, 8, 9, 10, 11 and 12, respectively.
In these figures and tables the theoretical and experimental
uncertainties for B → K

∗
0(1430)�+�− and B → K�+�−

decays have been taken into account. It should be men-
tioned that the theoretical uncertainties are extracted from
the hadronic uncertainties related to the form factors and the
mass of quarks (see Table 4). The experimental uncertain-
ties also originate from the mass of hadrons (mB , mK ∗

0
, mK ,

mJ/ψ , mψ ′) and the mass of leptons (mμ, mτ ) as well as
the decay width of J/ψ , ψ ′ (�J/ψ , �ψ ′ ) and the branching
ratio of J/ψ , ψ ′ (B(J/ψ → �+�−),B(ψ ′ → �+�−)) (see
Table 4).
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Fig. 8 Unpolarized asymmetry AFB(q2) in the SM and three tested scenarios of 2HDM-III (A, B, C) for B → K τ+τ− decay for the Higgs mass
sets 1, 2, 3

At this stage, let us see briefly whether the lepton polar-
ization asymmetries are testable or not. Experimentally, for
measuring an asymmetry

〈
Ai j

〉
of the decay with branching

ratio B at nσ level, the required number of events (i.e., the
number of B B̄) is given by the formula [43]

N = n2

Bs1s2〈Ai j 〉2 , (74)

where s1 and s2 are the efficiencies of the leptons. The val-
ues of the efficiencies of the τ -leptons differ from 50 % to
90 % for their various decay modes [46] and the error in
τ -lepton polarization is approximately (10–15) % [47,48].
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 asymmetries in
the μ and τ channels at 3σ level, the lowest limit of required
number of events are given by (the efficiency of the τ -lepton
is considered to be 0.5)

• for B → K
∗
0(1430)μ+μ− decay

N ∼

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1012 (for 〈AFB〉 ,
〈
A LL

FB

〉
,
〈
A T T

FB

〉
,
〈
A NN

FB

〉
),

1011 (for
〈
A LN

FB

〉
,
〈
ANL
FB

〉
),

109 (for
〈
A LT

FB

〉
,
〈
A T L

FB

〉
),

1012 (for
〈
A NT

FB

〉
,
〈
A T N

FB

〉
),
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Fig. 9 Polarized asymmetry A LN
FB (q2) in the SM and three tested sce-

narios of 2HDM-III (A, B, C) for B → K
∗
0(1430) τ+τ− decay for the

Higgs mass sets 1, 2, 3. For each mass set the left sub-figure shows

the general allowed region, varying theoretical and experimental input
parameters; the right up (down) sub-figures represent the upper (lower)
limit of the corresponding asymmetry

• for B → Kμ+μ− decay

N ∼

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1012 (for 〈AFB〉 ,
〈
A LL

FB

〉
,
〈
A T T

FB

〉
,
〈
A NN

FB

〉
),

1012 (for
〈
A LN

FB

〉
,
〈
A NL

FB

〉
),

1010 (for
〈
A LT

FB

〉
,
〈
A T L

FB

〉
),

1013 (for
〈
A NT

FB

〉
,
〈
A T N

FB

〉
),

• for B → K
∗
0(1430)τ+τ− decay

N ∼

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1012 (for 〈AFB〉 ,
〈
A LL

FB

〉
,
〈
A T T

FB

〉
,
〈
A NN

FB

〉
),

1014 (for
〈
A LN

FB

〉
,
〈
A NL

FB

〉
),

1011 (for
〈
A LT

FB

〉
,
〈
A T L

FB

〉
),

1012 (for
〈
A NT

FB

〉
,
〈
A T N

FB

〉
),

• for B → K τ+τ− decay

N ∼

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

109 (for 〈AFB〉 ,
〈
A LL

FB

〉
,
〈
A T T

FB

〉
,
〈
A NN

FB

〉
),

1011 (for
〈
A LN

FB

〉
,
〈
A NL

FB

〉
),

109 (for
〈
A LT

FB

〉
,
〈
A T L

FB

〉
),

1010 (for
〈
A NT

FB

〉
,
〈
A T N

FB

〉
).

Now that the minimum required number of events for measur-
ing each asymmetry has been obtained we can compare them
to the number produced at the LHC experiments, containing
ATLAS, CMS, and LHCb, (∼1012 per year) or expected to
be produced at the Super-LHC experiments (supposed to be
∼1013 per year) to find which asymmetry is testable at the
LHC or SLHC.
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Fig. 10 Polarized asymmetry A LN
FB (q2) in the SM and three tested scenarios of 2HDM-III (A, B, C) for B → K τ+τ− decay for the Higgs mass

sets 1, 2, 3

• Analysis of AFB asymmetries for B → K
∗
0μ

+μ− and
B → Kμ+μ− decays: One can see from Fig. 1, how-
ever, the predictions of AFB , in a consideration of the
theoretical and experimental uncertainties on the SM and
2HDM-III predictions, for B → K

∗
0μ

+μ− in cases B and
C for all mass sets are next to that of the SM which is
zero, such coincidence is not generally seen in case A. In
this case within the interval m2

ψ ′ < q2 < (mB − mK ∗
0
)2

a larger discrepancy between predictions of the SM and
2HDM is observed compared with those predictions in
the range 4m2

μ < q2 < m2
ψ ′ . Also it is understood from

these plots that whenever the mass of H± increases or the
mass of H0 decreases this asymmetry shows more sen-
sitivity to the existence of new Higgs bosons in such a
manner that the largest deviation from the SM prediction
happens for the mass set 3 of the afore-mentioned case
and range. In contrast, the magnitudes of averages, in a

consideration of the theoretical and experimental uncer-
tainties on the SM and 2HDM-III predictions, in Table 5
could not provide any signs for the presence of new Higgs
bosons. It is also explicit from Fig. 2 and Table 5 that we
can draw the same conclusions regarding B → Kμ+μ−
decay as those of B → K

∗
0μ

+μ− decay.
• Analysis of A LN

FB asymmetries for B → K
∗
0μ

+μ− and
B → Kμ+μ− decays: One can observe from Fig. 3 that
the predictions of the mass sets 1 (2) and 3 (4) seem to be
indistinguishable and the deviation from the SM value in
mass sets 2 (4) is larger than that of mass sets 1 (3). There-
fore, while this asymmetry is insensitive to the variation
of mass of H0, it is susceptible to the change of mass of
H±, here the reduction of mass of such boson. Also, the
relevant plots show that this quantity is quite sensitive
to the variation of the parameters λt t and λbb. For exam-
ple, by enhancing the magnitude of |λt tλbb| the deviation
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Fig. 11 Polarized asymmetry A NT
FB (q2) in the SM and three tested

scenarios of 2HDM-III (A, B, C) for B → K
∗
0(1430) τ+τ− decay for

the Higgs mass sets 1, 2, 3. For each mass set the left sub-figure shows

the general allowed region, varying the theoretical and experimental
input parameters; the right up (down) sub-figures represent the upper
(lower) limit of the corresponding asymmetry

from the SM value is increased. It can be seen from Fig. 3
and the corresponding table, Table 6, of average values
that the largest discrepancy between the SM and 2HDM
-III predictions arises in the case C of mass sets 2 and 4.
Also, it is found from Table 6 that, in a consideration of
the theoretical and experimental uncertainties on the SM
and 2HDM-III predictions, none of 2HDM-III expecta-
tions overlap with that of the SM. One can observe from
Fig. 4 that we can draw similar conclusions concerning
B → Kμ+μ− decay to those of B → K

∗
0μ

+μ− decay,
except that the two-Higgs-doublet scenario can flip the
sign of A LN

FB compared to the SM expectation in the lat-
ter decay in cases B and C of all mass sets. Besides, it is
understood from Table 6 that, in a consideration of the
theoretical and experimental uncertainties on the SM and
2HDM-III predictions, the SM prediction is not located in

the range of predictions of cases B and C but in the range
of that of case A. Also, one can see from that table that
the averages of this asymmetry for B → Kμ+μ− decay
are less sensitive to 2HDM-III parameters as compared
to those of B → K

∗
0μ

+μ− decay.
• Analysis of A NT

FB asymmetries for B → K
∗
0μ

+μ−
and B → Kμ+μ−: decays: One can note from Fig. 5
that, whereas the predictions of 2HDM in the domain
4m2

c < q2 < (mB − mK ∗
0
)2 for all mass sets and cases

conform with that of the SM, such conformity does not
happen in the range 4m2

μ < q2 < 4m2
c . In this range,

all discussions regarding A NT
FB are the same as those of

A LN
FB . It is also understood from Table 7 that, in a consid-

eration of the theoretical and experimental uncertainties
on the SM and 2HDM-III predictions, the behavior of
averages are similar to those of A LN

FB . In addition, one
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Fig. 12 Polarized asymmetry A LN
FB (q2) in the SM and three tested scenarios of 2HDM-III (A, B, C) for B → K τ+τ− decay for the Higgs mass

sets 1, 2, 3

can understand from Fig. 6 that we have the same behav-
iors for B → Kμ+μ− as those for B → K

∗
0μ

+μ−.
Also, one can see from Table 7, considering the the-
oretical and experimental uncertainties on the SM and
2HDM-III predictions, the averages of this asymmetry
for B → Kμ+μ− decay are less sensitive to 2HDM-
III parameters as compared to those of B → K

∗
0μ

+μ−
decay. Moreover, none of the 2HDM-III averages agree
with that of the SM for both decay modes.

• Analysis of A LT
FB asymmetries for B → K

∗
0μ

+μ− and
B → Kμ+μ−: decays: For each of the decays a high
overlap in the corresponding plots is seen, making them
indistinguishable, so we do not present them in this paper.
Also, one can see from Table 8 that there is a high overlap
among different averages for each decay mode

• Analysis of AFB asymmetries for B → K
∗
0τ

+τ− and
B → K τ+τ− decays: A comparison between Figs. 7

and 1 as well as Figs. 8 and 2 makes up the same conclu-
sions for this asymmetry as for the mu channel. However,
one can conclude from Tables 5 and 9 that the sensitivity
of 〈AFB〉 to the 2HDM-III parameters in τ channel is the
same as for the corresponding figure and is larger than
that asymmetry in the μ channel. Also, one can see from
Table 5 that, considering the theoretical and experimental
uncertainties on the SM and 2HDM-III predictions, the
averages of this asymmetry for B → K τ+τ− decay are
more sensitive to the 2HDM-III parameters as compared
to those of B → K

∗
0τ

+τ− decay.
• Analysis of A LN

FB asymmetries for B → K
∗
0τ

+τ−
and B → K τ+τ− decays: One can find from Figs. 9
and 10 and Table 10 that this asymmetry behavior is sim-
ilar to the one of the mu channel. Also, one can see from
Table 10 that, considering the theoretical and experimen-
tal uncertainties on the SM and 2HDM-III predictions,
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Table 4 List of the values for
the masses of hadrons and
quarks as well as the required
decay widthes and branching
ratios [49]

mB mK∗
0

mK

5.27955 ± 0.00026 Gev 1.425 ± 0.05 Gev 0.497611 ± 0.000013 Gev

mJ/ψ mψ ′

3.096916 ± 0.000011 Gev 3.686108 ± 0.000014 Gev

mc mb mt

1.275 ± 0.025 Gev 4.18 ± 0.03 Gev 173.21 ± 0.51 ± 0.71 Gev

mμ mτ

0.1056583715 ± 0.0000000035 Gev 1.77686 ± 0.00012 Gev

�J/ψ �ψ ′

(92.9 ± 2.8) × 10−6 Gev (286 ± 16) × 10−6 Gev

B(J/ψ → μ+μ−) B(ψ ′ → μ+μ−) B(ψ ′ → τ+τ−)

(5.961 ± 0.033) × 10−2 (7.9 ± 0.9) × 10−3 (3.1 ± 0.4) × 10−3

Table 5 The 〈AFB〉 asymmetry
for B → K

∗
0(1430) μ+μ− and

B → K μ+μ− decays in the
SM and 2HDM. The errors
shown are due to the theoretical
and experimental uncertainties.
The first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈AFB(B → K
∗
0(1430) μ+μ−)〉 × 103

SM 0

2HDM Case A Case B Case C

Set 1 1.391+0.139+0.003
−0.228−0.002 0.055+0.006+0.0001

−0.010−0.0001 0.013+0.002+0.00004
−0.003−0.00003

Set 2 0.775+0.081+0.002
−0.130−0.001 0.030+0.004+0.00008

−0.006−0.00006 0.007+0.0009+0.00002
−0.002−0.00002

Set 3 2.668+0.263+0.006
−0.434−0.004 0.105+0.011+0.003

−0.019−0.002 0.026+0.003+0.00007
−0.005−0.00005

Set 4 1.739+0.176+0.004
−0.288−0.003 0.068+0.008+0.0002

−0.013−0.0001 0.017+0.002+0.00005
−0.003−0.00004

〈AFB(B → K μ+μ−)〉 × 103

SM 0

2HDM Case A Case B Case C

Set 1 1.322+0.009+0.025
−0.010−0.028 0.052+0.0003+0.001

−0.0003−0.001 0.013+0.00008+0.0002
−0.00008−0.0003

Set 2 0.737+0.008+0.014
−0.008−0.016 0.029+0.0003+0.0005

−0.0003−0.0006 0.007+0.00006+0.0001
−0.00006−0.0001

Set 3 2.531+0.015+0.048
−0.015−0.054 0.099+0.0005+0.002

−0.0005−0.002 0.024+0.0001+0.0004
−0.0001−0.0005

Set 4 1.652+0.012+0.031
−0.012−0.035 0.064+0.0004+0.001

−0.0004−0.001 0.016+0.00009+0.0003
−0.00009−0.0003

the averages of this asymmetry for B → K τ+τ− decay
are more sensitive to the 2HDM-III parameters as com-
pared to those of B → K

∗
0τ

+τ− decay. Moreover, while
all 2HDM-III averages overlap with that of the SM in
the B → K

∗
0τ

+τ− decay to some extent, none of them
overlap with the SM prediction in B → K τ+τ− decay
at all.

• Analysis of A NT
FB asymmetries for B → K

∗
0τ

+τ− and
B → K τ+τ− decays: One can observe from Figs. 11
and 12 that there are the same analyses among this asym-
metry of mentioned decays and that of their μ channels.
Also, it is found from the Table 11 that in consideration
of theoretical and experimental uncertainties on the SM
and 2HDM-III predictions, the averages of this asymme-

123



Eur. Phys. J. C (2016) 76 :461 Page 19 of 23 461

Table 6 〈A LN
FB 〉 asymmetry for

B → K
∗
0(1430) μ+μ− and

B → K μ+μ− decays in the
SM and 2HDM. The errors
shown are due to the theoretical
and experimental uncertainties.
The first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈A LN
FB (B → K

∗
0(1430) μ+μ−)〉 × 103

SM 1.002+0.016+0.016
−0.034−0.015

2HDM Case A Case B Case C

Set 1 5.512+2.727+0.032
−1.809−0.030 12.121+6.277+0.051

−4.345−0.050 14.268+7.265+0.055
−5.145−0.055

Set 2 6.305+3.195+0.034
−2.121−0.033 13.997+7.136+0.055

−5.045−0.055 16.467+8.150+0.059
−5.946−0.059

Set 3 5.505+2.721+0.031
−1.807−0.030 12.120+6.276+0.051

−4.345−0.050 14.267+7.265+0.055
−5.145−0.055

Set 4 6.300+3.189+0.034
−2.119−0.033 13.996+7.137+0.055

−5.045−0.055 16.467+8.150+0.059
−5.945−0.059

〈A LN
FB (B → K μ+μ−)〉 × 103

SM 1.304+0.066+0.024
−0.064−0.027

2HDM Case A Case B Case C

Set 1 0.685+0.124+0.058
−0.122−0.052 −1.688+0.201+0.178

−0.199−0.160 −2.286+0.221+0.211
−0.220−0.190

Set 2 0.205+0.130+0.073
−0.128−0.065 −2.207+0.211+0.210

−0.209−0.189 −2.880+0.230+0.246
−0.229−0.221

Set 3 1.233+0.124+0.058
−0.122−0.052 −1.667+0.201+0.178

−0.199−0.160 −2.280+0.221+0.211
−0.220−0.190

Set 4 0.620+0.130+0.073
−0.128−0.065 −2.191+0.211+0.210

−0.209−0.189 −2.876+0.230+0.246
−0.229−0.221

Table 7 〈A NT
FB 〉 asymmetry for

B → K
∗
0(1430) μ+μ− and

B → K μ+μ− decays in the
SM and 2HDM. The errors
shown are due to the theoretical
and experimental uncertainties.
The first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈A ′NT
FB (B → K

∗
0(1430) μ+μ−)〉 × 103

SM −0.249+0.030+0.0002
−0.013−0.0004

2HDM Case A Case B Case C

Set 1 −1.791+0.567+0.005
−0.781−0.005 −4.017+1.387+0.001

−1.828−0.001 −4.744+1.645+0.002
−2.116−0.002

Set 2 −2.062+0.669+0.006
−0.922−0.006 −4.653+1.614+0.002

−2.079−0.002 −5.490+1.905+0.002
−2.370−0.002

Set 3 −1.788+0.567+0.005
−0.780−0.005 −4.017+1.387+0.001

−1.828−0.001 −4.744+1.65+0.002
−2.112−0.002

Set 4 −2.060+0.668+0.006
−0.920−0.006 −4.653+1.613+0.002

−2.079−0.002 −5.490+1.905+0.002
−2.370−0.002

〈A NT
FB (B → K μ+μ−)〉 × 103

SM −0.145+0.008+0.004
−0.008−0.004

2HDM Case A Case B Case C

Set 1 0.591+0.024+0.018
−0.024−0.020 0.221+0.045+0.048

−0.045−0.053 0.269+0.050+0.057
−0.050−0.063

Set 2 0.351+0.026+0.022
−0.026−0.024 0.269+0.047+0.056

−0.048−0.062 0.334+0.053+0.065
−0.053−0.072

Set 3 1.139+0.024+0.018
−0.024−0.020 0.243+0.045+0.048

−0.045−0.053 0.274+0.050+0.057
−0.050−0.063

Set 4 0.766+0.026+0.022
−0.026−0.024 0.285+0.047+0.056

−0.048−0.062 0.338+0.053+0.065
−0.053−0.072
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Table 8 〈A LT
FB 〉 asymmetry for

B → K
∗
0(1430) μ+μ− and

B → K μ+μ− decays in the
SM and 2HDM. The errors
shown are due to the theoretical
and experimental uncertainties.
The first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈A LT
FB (B → K

∗
0(1430) μ+μ−)〉 × 103

SM −76.097+2.609+0.595
−3.786−0.588

2HDM Case A Case B Case C

Set 1 −76.314+2.766+0.593
−4.127−0.585 −76.949+3.346+0.580

−5.515−0.573 −76.392+3.668+0.570
−6.232−0.562

Set 2 −76.374+2.799+0.592
−4.220−0.584 −77.324+3.610+0.575

−6.116−0.568 −76.784+4.041+0.562
−7.051−0.555

Set 3 −76.316+2.801+0.593
−4.173−0.586 −76.951+3.346+0.580

−5.516−0.573 −76.393+3.668+0.570
−6.232−0.562

Set 4 −76.390+2.820+0.592
−4.249−0.584 −77.326+3.611+0.575

−6.117−0.568 −76.785+4.041+0.562
−7.052−0.555

〈A LT
FB (B → K μ+μ−)〉 × 103

SM −23.518+0.528+0.553
−0.530−0.567

2HDM Case A Case B Case C

Set 1 −22.758+0.524+0.550
−0.526−0.564 −23.088+0.491+0.530

−0.493−0.518 −22.730+0.483+0.505
−0.486−0.517

Set 2 −23.016+0.520+0.547
−0.522−0.561 −23.038+0.481+0.503

−0.483−0.514 −22.622+0.471+0.486
−0.473−0.496

Set 3 −22.158+0.526+0.552
−0.528−0.566 −23.067+0.491+0.518

−0.493−0.530 −22.725+0.483+0.505
−0.486−0.517

Set 4 −22.575+0.522+0.548
−0.524−0.562 −23.022+0.481+0.503

−0.483−0.514 −22.618+0.471+0.486
−0.473−0.496

Table 9 〈AFB〉 asymmetry for
B → K

∗
0(1430) τ+τ− and

B → K τ+τ− decays in the SM
and 2HDM. The errors shown
are due to the theoretical and
experimental uncertainties. The
first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈AFB(B → K
∗
0(1430) τ+τ−)〉 × 103

SM 0

2HDM Case A Case B Case C

Set 1 47.759+0+6.957
−20.247−6.764 2.084+0+0.305

−1.044−0.298 0.508+0+0.074
−0.256−0.073

Set 2 26.806+0+3.965
−11.602−3.847 1.157+0+0.169

−0.593−0.165 0.280+0+0.041
−0.145−0.040

Set 3 87.597+0+12.041
−34.921−11.772 4.000+0+0.585

−2.001−0.572 0.974+0+0.143
−0.490−0.139

Set 4 58.893+0+8.472
−24.718−8.246 2.596+0+0.378

−1.327−0.370 0.630+0+0.092
−0.325−0.090

〈AFB(B → K τ+τ−)〉 × 103

SM 0

2HDM Case A Case B Case C

Set 1 110.360+0+0.820
−233.073−0.959 5.307+0+0.037

−10.834−0.044 1.296+0+0.009
−2.647−0.011

Set 2 65.358+0+0.475
−136.930−0.559 2.948+0+0.020

−6.019−0.024 0.716+0+0.005
−1.462−0.006

Set 3 170.193+0+1.350
−371.448−1.550 10.180+0+0.070

−20.770−0.084 2.486+0+0.017
−5.076−0.021

Set 4 130.812+0+0.990
−278.768−1.152 6.616+0+0.046

−13.487−0.055 1.606+0+0.011
−3.275−0.013
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Table 10 〈A LN
FB 〉 asymmetry

for B → K
∗
0(1430) τ+τ− and

B → K τ+τ− decays in the SM
and 2HDM. The errors shown
are due to the theoretical and
experimental uncertainties. The
first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈A LN
FB (B → K

∗
0(1430) τ+τ−)〉 × 103

SM 3.735+9.074+0.089
−1.835−0.082

2HDM Case A Case B Case C

Set 1 5.122+18.215+1.200
−2.921−1.112 8.559+29.355+2.007

−5.188−1.865 9.446+33.016+2.216
−5.815−2.058

Set 2 5.475+19.686+1.296
−3.158−1.198 9.387+32.147+2.196

−5.759−2.042 10.408+36.087+2.435
−6.480−2.264

Set 3 4.893+18.342+1.103
−2.810−1.030 8.559+29.353+2.007

−5.188−1.865 9.446+33.016+2.216
−5.815−2.058

Set 4 5.357+19.742+1.244
−3.100−1.155 9.387+32.146+2.196

−5.759−2.042 10.408+36.087+2.435
−6.480−2.264

〈A LN
FB (B → K τ+τ−)〉 × 103

SM 14.235+9.410+0.036
−7.403−0.043

2HDM Case A Case B Case C

Set 1 4.283+2.609+0.012
−2.331−0.013 −8.348+4.355+0.018

−7.626−0.013 −12.761+6.676+0.029
−10.996−0.022

Set 2 3.147+1.469+0.010
−1.699−0.011 −12.290+6.401+0.029

−10.517−0.022 −17.396+9.086+0.041
−14.361−0.032

Set 3 3.445+2.458+0.008
−1.938−0.009 −8.344+4.354+0.018

−7.626−0.013 −12.761+6.676+0.029
−10.996−0.022

Set 4 2.808+1.459+0.008
−1.547−0.009 −12.288+6.400+0.029

−10.517−0.022 −17.396+9.086+0.041
−14.361−0.032

Table 11 〈A NT
FB 〉 asymmetry

for B → K
∗
0(1430) τ+τ− and

B → K τ+τ− decays in the SM
and 2HDM. The errors shown
are due to the theoretical and
experimental uncertainties. The
first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈A NT
FB (B → K

∗
0(1430) τ+τ−)〉 × 103

SM −44.137+16.891+2.408
−0−2.059

2HDM Case A Case B Case C

Set 1 −64.369+23.345+3.359
−0−2.915 −101.639+42.310+5.357

−0−4.558 −111.984+48.188+5.900
−0−5.033

Set 2 −69.021+25.712+3.747
−0−3.267 −111.500+47.639+5.833

−0−4.953 −123.406+54.389+6.446
−0−5.489

Set 3 −61.484+22.663+2.717
−0−2.323 −101.629+42.307+5.355

−0−4.556 −111.984+48.188+5.900
−0−5.033

Set 4 −67.523+25.348+3.404
−0−2.947 −111.494+47.637+5.831

−0−4.952 −123.406+54.389+6.446
−0−5.489

〈A NT
FB (B → K τ+τ−)〉 × 103

SM −54.040+109.260+0.017
−0−0.015

2HDM Case A Case B Case C

Set 1 −17.198+33.553+0.059
−0−0.055 32.846+0+0.046

−73.146−0.066 49.742+0+0.082
−108.699−0.109

Set 2 −12.508+22.932+0.052
−0−0.049 48.050+0+0.080

−104.854−0.107 67.566+0+0.120
−145.789−0.155

Set 3 −13.834+27.842+0.041
−0−0.038 32.831+0+0.046

−73.121−0.066 49.740+0+0.082
−108.697−0.109

Set 4 −11.160+20.798+0.043
−0−0.041 48.041+0+0.080

−104.838−0.107 67.565+0+0.120
−145.788−0.155
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Table 12 〈A LT
FB 〉 asymmetry for

B → K
∗
0(1430) τ+τ− and

B → K τ+τ− decays in the SM
and 2HDM. The errors shown
are due to the theoretical and
experimental uncertainties. The
first errors are related to the
theoretical uncertainties and the
second ones are due to the
experimental uncertainties

〈A LT
FB (B → K

∗
0(1430) τ+τ−)〉 × 103

SM −159.520+81.201+10.253
−424.340−12.850

2HDM Case A Case B Case C

Set 1 −144.998+75.533+9.064
−434.362−11.502 −163.977+84.916+10.841

−425.664−13.362 −162.304+84.749+10.885
−427.476−13.363

Set 2 −146.432+76.176+9.487
−433.422−11.947 −165.369+86.009+11.002

−425.886−13.504 −163.623+85.974+11.073
−428.025−13.524

Set 3 −138.664+72.882+7.576
−439.222−9.930 −163.969+84.915+10.838

−425.674−13.359 −162.304+84.750+10.885
−427.476−13.363

Set 4 −143.382+74.928+8.743
−435.823−11.153 −165.367+86.010+11.001

−425.890−13.503 −163.624+85.974+11.073
−428.025−13.524

〈A LT
FB (B → K τ+τ−)〉 × 103

SM −178.160+93.779+0.095
−115.734−1.202

2HDM Case A Case B Case C

Set 1 −144.108+79.246+0.850
−110.487−1.074 −174.436+91.839+0.953

−115.922−1.206 −172.191+90.602+0.937
−115.812−1.185

Set 2 −152.292+83.210+0.884
−112.402−1.112 −175.360+92.028+0.949

−116.642−1.200 −173.314+90.780+0.928
−116.796−1.173

Set 3 −115.697+65.735+0.728
−101.896−0.919 −174.344+91.802+0.953

−115.912−1.206 −172.184+90.599+0.937
−115.811−1.185

Set 4 −136.251+75.642+0.819
−108.653−1.036 −175.318+92.010+0.948

−116.636−1.200 −173.310+90.778+0.9281
−116.795−1.173

try for B → K
∗
0τ

+τ− decay are as sensitive to 2HDM-III
parameters as those for B → K τ+τ− decay. Moreover,
while all 2HDM-III averages overlap with that of the
SM in B → K τ+τ− decay to some extent, only the
case A of averages overlap with the SM prediction in
B → K

∗
0τ

+τ− decay.
• Analysis of A LT

FB asymmetries for B → K
∗
0τ

+τ− and
B → K τ+τ−: decays: For each of the decays a high
overlap in the corresponding plots is seen, making them
indistinguishable, so we do not present them in this paper.
Also, one can see from Table 12 that there is a high over-
lap among different averages for each decay mode.
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