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In this paper, we analyze the dilepton mass square q2 dependency of single lepton polarization
asymmetries and CP violation for B̄ → K̄�

0ð1430Þℓþℓ−;ℓ ¼ μ; τ in the two Higgs doublet model context.
Also, we study the averages of these asymmetries in the domain 4m2

ℓ < q2 < ðmB −mK�
0
Þ2. Our study

manifests that the investigation of the above-mentioned asymmetries for B̄ → K̄�
0ð1430Þℓþℓ− processes

could provide useful information for probing new Higgs bosons in the future B-physics experiments.
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I. INTRODUCTION

Now that the lastmissing ingredient of the StandardModel
(SM) (SM Higgs particle) has been experimentally discov-
ered at the LHC by the ATLAS [1] and CMS [2,3]
collaborations, with a mass mH ≃ 125 GeV, the possibility
of the discovery of an enlarged scalar sector becomes very
plausible. On the other hand, between the spectrum of
extensions of the SM, there are predictions that anticipate
more than one scalar Higgs doublet; for instance, the case of
the minimal supersymmetric StandardModel. Based on this,
we can consider a prototype of extensions of the SM which
include a larger scalar sector, called generically the two
Higgs doublet model (2HDM). There are different types of
such 2HDM models. In the model called type I, one Higgs
doublet generates masses for the up and down quarks,
simultaneously. In model type II, one Higgs doublet gives
masses to the up-type quarks, and the other one gives masses
to thedown-type quarks. These twomodels include a discrete
symmetry to prevent flavor-changing neutral currents
(FCNC) at tree level. However, the addition of these discrete
symmetries is not required, and in this case, both doublets are
contributing to provide themasses to up-type and down-type
quarks. In the literature, such amodel is known as the 2HDM
type III. It has been used to search for physics beyond the SM
and specifically for FCNC at tree level. In general, both
doublets can acquire a vacuum expectation value (VEV), but
one of them can be absorbed redefining the Higgs boson
fields properly. Nevertheless, other studies on 2HDM-III
using a different basis have been done, and there is a case in
which both doublets get VEVs that allow one to studymodel
types I and II in a specific limit [4,5].
In the 2HDM models, the two complex Higgs doublets

include eighth scalar states. A spontaneous symmetry break-
ing procedure generates five Higgs fields: two neutral CP-
even scalars h0 andH0, a neutral CP-odd scalar A0, and two
charged scalars H. While the neutral Higgs bosons may be

difficult to distinguish from the one of the SM, the charged
Higgs bosons would have a distinctive signal for physics
beyond the SM. Therefore, the direct or indirect effect of a
charged Higgs boson would play an important role in the
discovery of an extended Higgs model. The limitations
which come from the experimental results of B−B̄ mixing,
Γðb→sγÞ, Γðb→cτν̄τÞ, ρ0, Rb and the electric dipole
moments of the electron and neutron [5–8] could constrain
the range of variation of masses of Higgs bosons and that of
the other related parameters such as vertex parameters, λtt
and λbb.
FCNC and CP violation are indeed the most sensitive

probes of new physics (NP) contributions to penguin
operators. Rare decays, induced by the FCNC of b →
sℓþℓ−ðℓ ¼ e; μ; τÞ transitions are at the forefront of our
quest to understand flavor and the origins of CP-violation
asymmetry, offering one of the best probes for NP beyond
the SM, in particular to explore 2HDM.
Although the branching ratios of FCNC decays are small

in the SM, interesting results are yielded in developing
experiments. The inclusive b → Xsℓ

þℓ− decay is observed
by the BABAR [9] and Belle collaborations. These collab-
orations also measured exclusive modes B → Kℓþℓ−

[10–12] and B → K�ℓþℓ− [13]. These experimental results
show high agreement with theoretical predictions [14–16].
There exists another group of rare decays induced by

b → s transition, such as B → K�
2ð1430Þℓþℓ− and B →

K�
0ð1430Þℓþℓ− in which a B meson decays into a tensor or

scalar meson, respectively. These decays are deeply inves-
tigated in the SM in Refs. [17,18], and the related transition
form factors are formulated within the framework of light
front quark model [18–20] and QCD sum rules method
[21,22], respectively.
In this paper, we will investigate the exclusive decay

B̄ → K̄�
0ð1430Þℓþℓ−ðℓ ¼ μ; τÞ, where K̄�

0ð1430Þ is a scalar
meson, both in the SM and 2HDM. We evaluate the single
lepton polarization asymmetries and CP-violating effects
with special emphasis on model III of the 2HDM.
The paper is organized as follows. In Sec. II, we describe

the content of the general 2HDM and write down the*falahati@shirazu.ac.ir
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Yukawa Lagrangian for model III. In Sec. III, the effective
Hamiltonian and matrix elements of B̄ → K̄�

0ð1430Þℓþℓ−

transition in the SM and 2HDM are presented. Then, the
general expressions for single lepton polarization asymme-
tries and CP violation have been extracted out. Section IV
is devoted to discussion and our conclusions. In the final
section, a brief summery of our results is presented.

II. GENERAL TWO HIGGS DOUBLET MODEL

In a general two Higgs doublet model, both the doublets
can couple to the up-type and down-type quarks. Without
missing anything, we use a basis such that the first doublet
produces themasses of all thegaugebosons and fermions [5],

hϕ1i ¼
�

0
vffiffi
2

p

�
; hϕ2i ¼ 0; ð1Þ

wherev is due to theWmass byMW ¼ g
2
v. Based on this, the

first doubletϕ1 is the same as the SMdoublet, whereas all the
newHiggs fields originate from the second doublet ϕ2. They
are written as

ϕ1 ¼
1ffiffiffi
2

p
� ffiffiffi

2
p

Gþ

vþ χ01 þ iG0

�
; ϕ2 ¼

1ffiffiffi
2

p
� ffiffiffi

2
p

Hþ

χ02 þ iA0

�
;

ð2Þ
where G0 and G� are the Goldstone bosons that would be
absorbed in theHiggsmechanism to provide the longitudinal

components of the weak gauge bosons. The H� are the
physical charged-Higgs bosons, and A0 is the physical CP-
odd neutralHiggs boson. The χ01 and χ

0
2 are not physicalmass

eigenstates but are written as linear combinations of theCP-
even neutral Higgs bosons,

χ01 ¼ H0 cosα − h0 sin α ð3Þ
χ02 ¼ H0 sin αþ h0 cos α; ð4Þ

whereα is themixing angle.Using this basis, the couplings of
χ02ZZ and χ02W

þW− disappear. We can present [23] the
Yukawa Lagrangian for model III as

−LY ¼ ηUijQiL
~ϕ1UjR þ ηDijQiLϕ1DjR

þ ξUijQiL
~ϕ2UjR þ ξDijQiLϕ2DjR þ H:c:; ð5Þ

where i, j are generation indices; ~ϕ1;2 ¼ iσ2ϕ1;2; η
U;D
ij and

ξU;D
ij are, in general, nondiagonal couplingmatrices;QiL is the
left-handed fermion doublet; and UjR and DjR are the right-
handed singlets. Note that these QiL, UjR and DjR are weak
eigenstates, which can be expanded by mass eigenstates.
As we have mentioned above, ϕ1 provides all the fermion
masses, and, therefore, vffiffi

2
p ηU;Dwill become theup- anddown-

type quark-mass matrices after a biunitary transformation.
Applying the transformation, the Yukawa Lagrangian
becomes

LY ¼ −ŪMUU − D̄MDD −
g

2MW
ðH0 cos α − h0 sin αÞðŪMUU þ D̄MDDÞ þ ig

2MW
G0ðŪMUγ

5U − D̄MDγ
5DÞ

þ gffiffiffi
2

p
MW

G−D̄V†
CKM

�
MU

1

2
ð1þ γ5Þ −MD

1

2
ð1 − γ5Þ

�
U −

gffiffiffi
2

p
MW

GþŪVCKM

�
MD

1

2
ð1þ γ5Þ −MU

1

2
ð1 − γ5Þ

�
D

−
H0 sin αþ h0 cos αffiffiffi

2
p

�
Ū

�
ξ̂U

1

2
ð1þ γ5Þ þ ξ̂U† 1

2
ð1 − γ5Þ

�
U þ D̄

�
ξ̂D

1

2
ð1þ γ5Þ þ ξ̂D† 1

2
ð1 − γ5Þ

�
D

�

þ iA0ffiffiffi
2

p
�
Ū

�
ξ̂U

1

2
ð1þ γ5Þ − ξ̂U† 1

2
ð1 − γ5Þ

�
U − D̄

�
ξ̂D

1

2
ð1þ γ5Þ − ξ̂D† 1

2
ð1 − γ5Þ

�
D

�

−HþŪ
�
VCKMξ̂

D 1

2
ð1þ γ5Þ − ξ̂U†VCKM

1

2
ð1 − γ5Þ

�
D −H−D̄

�
ξ̂D†V†

CKM
1

2
ð1 − γ5Þ − V†

CKMξ̂
U 1

2
ð1þ γ5Þ

�
U; ð6Þ

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 ¼ diagðmu;d; mc;s; mt;bÞ ¼ vffiffi

2
p ðLU;DÞ†ηU;DðRU;DÞ,

ξ̂U;D ¼ ðLU;DÞ†ξU;DðRU;DÞ. The Cabibbo-Kobayashi-
Maskawa matrix [24] is given by VCKM ¼ ðLUÞ†ðLDÞ.
The matrices ξ̂U;D contain the FCNC couplings. These

matrices would be given as [25]

ξ̂U;D
ij ¼ λij

g ffiffiffiffiffiffiffiffiffiffiffimimj
p
ffiffiffi
2

p
MW

ð7Þ

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

III. ANALYTIC FORMULAS

A. Effective Hamiltonian for B̄ → K̄�
0ð1430Þℓþℓ−

transition in SM and 2HDM

The exclusive decay B̄ → K̄�
0ð1430Þℓþℓ− is described at

the quark level by the b → sℓþℓ− transition. Taking into
account the additional Higgs boson exchange diagrams, the
effective Hamiltonian is calculated in the 2HDM as
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Heffðb → sℓþℓ−Þ ¼ −
4GFffiffiffi

2
p VtbV�

ts

�X10
i¼1

CiðμÞOiðμÞ þ
X10
i¼1

CQi
ðμÞQiðμÞ

�
; ð8Þ

where the first set of operators in the brackets is due to the SM effective Hamiltonian. Also note that the contributions of
charged Higgs diagrams are taken into account in the aforementioned set of operators by modifying the corresponding
Wilson coefficients. The second part which includes new operators is extracted from the contribution of the massive neutral
Higgs bosons to this decay. All operators as well as the related Wilson coefficients are given in Refs. [23,26,27]. Now, using
the above effective Hamiltonian, 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 − γ5Þbℓ̄γμℓþ CQ1

s̄ð1þ γ5Þbℓ̄ℓþ CQ2
s̄ð1þ γ5Þbℓ̄γ5ℓ

�
: ð9Þ

The Wilson coefficients Ceff
7 , ~Ceff

9 , ~C10 are obtained from their SM values by adding the contributions due to the charged
Higgs bosons exchange diagrams. Note that this addition is performed at the high mW scale, and then using the
renormalization group equations, the coefficients are calculated at the lowermb scale. CoefficientsCQ1

andCQ2
describe the

neutral Higgs boson exchange diagrams’ contributions. The operators Oiði ¼ 1;…; 10Þ do not mix with Q1 and Q2, and
there is no mixing between Q1 and Q2. For this reason, the evolutions of the coefficients CQ1

and CQ2
are controlled by the

anomalous dimensions of Q1 and Q2, respectively [27],

CQi
ðmbÞ ¼ η−γQ=β0CQi

ðmWÞ; i ¼ 1; 2;

where γQ ¼ −4 is the anomalous dimension of the operator s̄LbR.
The coefficients CiðmWÞ (i ¼ 7, 9, and 10) and CQ1

ðmWÞ and CQ2
ðmWÞ are given by

C7ðmWÞ ¼ x
ð7 − 5x − 8x2Þ
24ðx − 1Þ3 þ x2ð3x − 2Þ

4ðx − 1Þ4 ln xþ jλttj2
�
yð7 − 5y − 8y2Þ

72ðy − 1Þ3 þ y2ð3y − 2Þ
12ðy − 1Þ4 ln y

�

þ λttλbb

�
yð3 − 5yÞ
12ðy − 1Þ2 þ

yð3y − 2Þ
6ðy − 1Þ3 ln y

�
; ð10Þ

C9ðmWÞ ¼ −
1

sin2θW
BðmWÞ þ

1 − 4sin2θW
sin2θW

CðmWÞ þ
x2ð25 − 19xÞ
36ðx − 1Þ3 þ −3x4 þ 30x3 − 54x2 þ 32x − 8

18ðx − 1Þ4 ln xþ 4

9

þ jλttj2
�
1 − 4sin2θW

sin2θW

xy
8

�
1

y − 1
−

1

ðy − 1Þ2 ln y
�
− y

�
47y2 − 79yþ 38

108ðy − 1Þ3 −
3y3 − 6y3 þ 4

18ðy − 1Þ4 ln y

��
; ð11Þ

C10ðmWÞ ¼
1

sin2θW
ðBðmWÞ − CðmWÞÞ þ jλttj2

1

sin2θW

xy
8

�
−

1

y − 1
þ 1

ðy − 1Þ2 ln y
�
; ð12Þ

CQ1
ðmWÞ ¼

mbmℓ

m2
h0

1

jλttj2
1

sin2θW

x
4

�
ðsin2αþ hcos2αÞf1ðx; yÞ þ

�
m2

h0

m2
W
þ ðsin2αþ hcos2αÞð1 − zÞ

�
f2ðx; yÞ

þ sin22α
2m2

H�

�
m2

h0 −
ðm2

h0 þm2
H0Þ2

2m2
H0

�
f3ðyÞ

�
; ð13Þ

CQ2
ðmWÞ ¼ −

mbmℓ

m2
A0

1

jλttj2
�
f1ðx; yÞ þ

�
1þm2

H� −m2
A0

m2
W

�
f2ðx; yÞ

�
; ð14Þ

where
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x ¼ m2
t

m2
W
; y ¼ m2

t

m2
H�

; z ¼ x
y
; h ¼ m2

h0

m2
H0

;

BðxÞ ¼ −
x

4ðx − 1Þ þ
x

4ðx − 1Þ2 ln x; CðxÞ ¼
x
4

�
x − 6

2ðx − 1Þ þ
3xþ 2

2ðx − 1Þ2 ln x
�
;

f1ðx; yÞ ¼
x ln x
x − 1

−
y ln y
y − 1

;

f2ðx; yÞ ¼
x ln y

ðz − xÞðx − 1Þ þ
ln z

ðz − 1Þðx − 1Þ ;

f3ðyÞ ¼
1 − yþ y ln y

ðy − 1Þ2 : ð15Þ

It should be noted that the coefficient ~Ceff
9 ðμÞ can be written by three parts,

~Ceff
9 ðμÞ ¼ ~C9ðμÞ þ YSDðm̂c; ŝÞ þ YLDðm̂c; ŝÞ; ð16Þ

where the parameters m̂c and ŝ are defined as m̂c ¼ mc=mb, ŝ ¼ q2=m2
b. YSDðm̂c; ŝÞ describes the short-distance con-

tributions from four-quark operators which can be calculated in the perturbative theory. The function YSDðm̂c; ŝÞ is given by

YSD ¼ gðm̂c; ŝÞð3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6Þ −
1

2
gð1; ŝÞð4C3 þ 4C4 þ 3C5 þ C6Þ

−
1

2
gð0; ŝÞðC3 þ 3C4Þ þ

2

9
ð3C3 þ C4 þ 3C5 þ C6Þ; ð17Þ

where the explicit expressions for the g functions can be found in Ref. [26]. The long-distance contributions YLDðm̂c; ŝÞ
originate from the real cc̄ intermediate states, i.e., J=ψ ;ψ 0…. The J=ψ family is introduced by the Breit-Wigner distribution
for the resonances through the function [28,29]

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 andCð0Þ¼ð3C1þC2þ3C3þC4þ3C5þC6Þ. The phenomenological parameters ki for
the B̄→ K̄�

0ð1430Þℓþℓ− decay can be fixed from BrðB̄→J=ψK̄�
0ð1430Þ→ K̄�

0ð1430Þℓþℓ−Þ¼BrðB̄→J=ψK̄�
0ð1430ÞÞ×

BrðJ=ψ→ℓþℓ−Þ. However, since the branching ratio of the B̄ → J=ψK̄�
0ð1430Þ decay has not beenmeasured yet, we assume

that the values of ki are in the order of 1. Therefore, we use k1 ¼ k2 ¼ 1 in the following numerical calculations [29].

B. Form factors for B̄ → K̄�
0ð1430Þℓþℓ− transition

The exclusive B̄ → K̄�
0ð1430Þℓþℓ− decay is described in terms of the matrix elements of the quark operators in Eq. (9)

over meson states, which can be parametrized in terms of the form factors. The needed matrix elements for the calculation of
the B̄ → K̄�

0ð1430Þℓþℓ− decay are

hK̄�
0ð1430ÞðpK�

0
Þjs̄γμð1� γ5ÞbjB̄ðpBÞi ¼ �½fþðq2ÞðpB þ pK�

0
Þ
μ
þ f−ðq2Þqμ�; ð18Þ

hK̄�
0ð1430ÞðpK�

0
Þjs̄iσμνqνð1� γ5ÞbjB̄ðpBÞi ¼

�fTðq2Þ
mB þmK�

0

½ðpB þ pK�
0
Þ
μ
q2 − ðm2

B −m2
K�

0
Þqμ�; ð19Þ

hK̄�
0ð1430ÞðpK�

0
Þjs̄ð1� γ5ÞbjB̄ðpBÞi ¼ �hK̄�

0ð1430ÞðpK�
0
Þjs̄γ5bjB̄ðpBÞi ¼ ∓ 1

mb þms
½fþðq2ÞðpB þ pK�

0
Þ:qþ f−ðq2Þq2�

¼ ∓ f0ðq2Þ
mb þms

ðm2
B −m2

K�
0
Þ; ð20Þ

hK̄�
0ð1430ÞðpK�

0
Þjs̄bjB̄ðpBÞi ¼ 0; ð21Þ

where q ¼ pB − pK�
0
and the function f0ðq2Þ has been extracted from
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f−ðq2Þ ¼
ðm2

B −m2
K�

0
Þ

q2
½f0ðq2Þ − fþðq2Þ�: ð22Þ

For the form factors, we have used the results of three-point
QCD sum rules method [21] in which the q2 dependence of
all form factors is given by

Fðq2Þ ¼ Fð0Þ
1 − aFðq2=m2

BÞ þ bFðq2=m2
BÞ2

; ð23Þ

where the values of parameters Fð0Þ, aF, and bF for the
B̄ → K̄�

0ð1430Þℓþℓ− decay are exhibited in Table I.

C. Lepton polarization asymmetries
and the CP-violating asymmetry

of B̄ → K̄�
0ð1430Þℓþℓ−

Making use of Eq. (9) and the definitions of form factors,
the matrix element of the B̄ → K̄�

0ð1430Þℓþℓ− decay can
be written as

M ¼ GFαem
4

ffiffiffi
2

p
π
V�
tsVtbmBf½AðpB þ pK�

0
þ BqÞμ�ℓ̄γμℓ

þ ½CðpB þ pK�
0
þDqÞμ�ℓ̄γμγ5ℓ

þ ½Q�ℓ̄ℓþ ½N �ℓ̄γ5ℓg; ð24Þ

where the auxiliary functions A;…;Q are listed in the
following:

A ¼ −2 ~Ceff
9 fþðq2Þ − 4ðmb þmsÞCeff

7

fTðq2Þ
mB þmK�

0

; ð25Þ

B ¼ −2 ~Ceff
9 f−ðq2Þ

þ 4ðmb þmsÞCeff
7

fTðq2Þ
ðmB þmK�

0
Þq2 ðm

2
B −m2

K�
0
Þ; ð26Þ

C ¼ −2 ~C10fþðq2Þ; ð27Þ

D ¼ −2 ~C10f−ðq2Þ; ð28Þ

Q ¼ −2CQ1
f0ðq2Þ

ðm2
B −m2

K�
0
Þ

mb þms
; ð29Þ

N ¼ −2CQ2
f0ðq2Þ

ðm2
B −m2

K�
0
Þ

mb þms
; ð30Þ

with q ¼ pB − pK�
0
¼ pℓþ þ pℓ− .

The unpolarized differential decay rate for the B̄ →
K̄�

0ð1430Þℓþℓ− decay in the rest frame of the B meson is
given by

dΓðB̄ → K�
0ℓ

þℓ−Þ
dŝ

¼ −
G2

Fα
2
emmB

214π5
jVtbV�

tsj2v
ffiffiffi
λ

p
Δ; ð31Þ

with

Δ ¼ 16mℓm2
Bð1 − r̂K�

0
ÞRe½CN �� þ 4ŝm2

Bv
2jQj2

þ 16ŝm2
ℓm

2
BjDj2 þ 32m2

ℓm
2
Bð1 − r̂K�

0
ÞRe½CD��

þ 16ŝmℓm2
BRe½DN �� þ 2ŝm2

BjN j2

þ 4

3
m4

Bλð3 − v2ÞjAj2

þ 4

3
m4

BjCj2f2λ − ð1 − v2Þð2λ − 3ð1 − r̂K�
0
Þ2Þg; ð32Þ

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

ℓ=q
2

q
, ŝ ¼ q2=m2

B, r̂K�
0
¼ m2

K�
0
=m2

B,

and λ ¼ 1þ r̂2K�
0
þ ŝ2 − 2ŝ − 2r̂K�

0
ð1þ ŝÞ.

The CP-violating asymmetry of the B̄ →
K̄�

0ð1430Þℓþℓ− decay is defined by

ACPðŝÞ ¼
dΓ
dŝ −

dΓ̄
dŝ

dΓ
dŝ þ dΓ̄

dŝ

; ð33Þ

where dΓ
dŝ is the unpolarized differential decay rate given by

Eq. (31) and dΓ̄
dŝ is the unpolarized differential decay rate for

the antiparticle channel. To obtain the latter one, we should
change the parameters V�

tsVtb, λtt, and λtt of the former one
into VtsV�

tb, λ
�
tt, and λ�tt.

Having obtained the CP-violation asymmetry, let us now
consider the single lepton polarization asymmetries asso-
ciated with the polarized leptons. For this purpose, we first
define the following orthogonal unit vectors s�μ

i in the rest
frame of ℓ�, where i ¼ L, N, or T are the abbreviations of
the longitudinal, normal, and transversal spin projections,
respectively,

TABLE I. Form factors for B̄ → K̄�
0ð1430Þ transition obtained

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

F Fð0Þ aF bF

f
B̄→K̄�

0þ
0.31� 0.08 0.81 −0.21

f
B̄→K̄�

0− −0.31� 0.07 0.80 −0.36

f
B̄→K̄�

0

T
−0.26� 0.07 0.41 −0.32
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s−μL ¼ ð0; ~e−LÞ ¼
�
0;

~pℓ−

j~pℓ− j
�
;

s−μN ¼ ð0; ~e−NÞ ¼
�
0;

~pK�
0
× ~pℓ−

j~pK�
0
× ~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;

~pK�
0
× ~pℓþ

j~pK�
0
× ~pℓþj

�
;

sþμ
T ¼ ð0; ~eþT Þ ¼ ð0; ~eþN × ~eþL Þ; ð34Þ

where ~pℓ∓ and ~pK�
0
are in the c.m. frame of the ℓ−ℓþ

system. Lorentz transformation is used to boost the

components of the lepton polarization to the c.m. frame
of the lepton pair as

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; ð35Þ

where RF refers to the rest frame of the corresponding
lepton as well as ~pℓþ ¼ −~pℓ− and Eℓ and mℓ are the
energy and mass of leptons in the c.m. frame,
respectively.
The single lepton polarization asymmetries can be

defined as

P−
i ðŝÞ ¼

ðdΓdŝ ðs−i ; sþi Þ þ dΓ
dŝ ðs−i ;−sþi ÞÞ − ðdΓdŝ ð−s−i ; sþi Þ þ dΓ

dŝ ð−s−i ;−sþi ÞÞ
ðdΓdŝ ðs−i ; sþi Þ þ dΓ

dŝ ðs−i ;−sþi ÞÞ þ ðdΓdŝ ð−s−i ; sþi Þ þ dΓ
dŝ ð−s−i ;−sþi ÞÞ

; ð36Þ

Pþ
i ðŝÞ ¼

ðdΓdŝ ðs−i ; sþi Þ þ dΓ
dŝ ð−s−i ; sþi ÞÞ − ðdΓdŝ ðs−i ;−sþi Þ þ dΓ

dŝ ð−s−i ;−sþi ÞÞ
ðdΓdŝ ðs−i ; sþi Þ þ dΓ

dŝ ðs−i ;−sþi ÞÞ þ ðdΓdŝ ð−s−i ; sþi Þ þ dΓ
dŝ ð−s−i ;−sþi ÞÞ

; ð37Þ

where dΓðŝÞ
dŝ ’s are calculated in the c.m. frame. Using these definitions for the single lepton polarization asymmetries, the

following explicit forms for Pi’s are obtained:

P∓
L ¼ 4vm2

B

Δ

�
� 4

3
λm2

BRe½AC�� − 4mℓð1 − r̂K�
0
ÞRe½CQ�� − 4mℓŝRe½DQ�� − 2ŝRe½NQ��

�
; ð38Þ

P∓
N ¼ 2πv

ffiffiffiffiffi
λŝ

p
m3

B

Δ
fþ2mℓIm½DC�� þ Im½NC��∓Im½AQ��g; ð39Þ

P∓
T ¼ π

ffiffiffiffiffi
λŝ

p
m3

B

Δ

�
�2Re½AN �� � 4mℓ

ŝ
ð1 − r̂K�

0
ÞRe½AC�� � 4mℓRe½AD�� þ 2v2Re½CQ��

�
: ð40Þ

IV. NUMERICAL ANALYSIS

In this section, we would like to study the asymmetries
ACP and P�

i ’s and their averages for the exclusive decay
B̄ → K̄�

0ð1430Þℓþℓ− in the SM and model III of the
2HDM. The constraints on 2HDM parameters come from
the experimental limits of the electric dipole moments of
the neutron, B0 − B̄0 mixing, ρ0, Rb, and Brðb → sγÞ [5–8].
A simple ansatz for λttλbb would be

λttλbb ¼ jλttλbbjeiθ: ð41Þ

Considering the restrictions of the above references on the
parameters of model III of the 2HDM and taking θ ¼ π=2,

we use the following three classes of parameters throughout
the numerical analysis [5]:

CaseA∶ jλttj ¼ 0.03; jλbbj ¼ 100;

CaseB∶ jλttj ¼ 0.15; jλbbj ¼ 50;

CaseC∶ jλttj ¼ 0.3; jλbbj ¼ 30: ð42Þ

In addition, in this study, we have applied four sets
of masses of Higgs bosons which are displayed in
Table II [5].
The corresponding averages are defined by the equation

[30]
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hAi ¼
R ð1−

ffiffiffiffi
r̂M

p
Þ2

4m̂2
ℓ

A dB
dŝ dŝR ð1−

ffiffiffiffi
r̂M

p
Þ2

4m̂2
ℓ

dB
dŝ dŝ

; ð43Þ

where the subscript M refers to the K̄�
0ð1430Þ meson and

the subscript A refers to the asymmetries ACP and P�
i ’s.

The full kinematical interval of the dilepton invariant mass
q2 is 4m2

ℓ ≤ q2 ≤ ðmB −mMÞ2, for which the long-distance

contributions (the charmonium resonances) can give sub-
stantial effects by considering the two low-lying resonances
J=ψ and ψ 0, in the interval of 8 GeV2 ≤ q2 ≤ 14 GeV2. To
decrease the hadronic uncertainties, we use the kinematical
region of q2 for the muon as [29]

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:

We continue our analysis regarding the A’s and
their averages by plotting a set of Figs. 1–11 and the

TABLE II. 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

FIG. 1. The dependence of theACP polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for
the μ channel of B̄ → K̄�

0 transition for mass sets 1, 2, 3, and 4.
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presentation of a class of Tables III–VI. In these
tables, the theoretical and experimental uncertainties
corresponding to the SM averages have been evaluated.
In such a manner, the theoretical uncertainties are
extracted from the hadronic uncertainties related to the
form factors, and the experimental uncertainties originate
from the mass of quarks and hadrons and Wolfenstein
parameters.

(i) Analysis of ACP asymmetry for B̄ → K̄�
0μ

þμ−
decay: The relevant plots in Fig. 1 show that,
while the SM prediction of this asymmetry is zero,
it is quite sensitive to the variation of the param-
eters λtt and λbb. For example, by enhancing the
magnitude of jλttλbbj, the deviation from the SM
value is increased. Also, this asymmetry is quite
sensitive to the variation of mass of H�; this
happens due to the reduction of mass of H�, such
that the deviations from the SM value in mass sets

2 and 4 are more than those in mass sets 1 and 3.
By combining the above analyses, it is understood
that the most deviations from the SM prediction
occur in the case C of mass sets 2 and 4. Next to
q2 ¼ m2

ψ 0 in the aforementioned case and mass
sets, a deviation around þ0.05 is possible as
compared to the zero expectation of the SM. In
addition, it is found out through the corresponding
Tables III and IV that the values of averages show
ignorable sensitivities to the presence of new
Higgs bosons.

(ii) Analysis of P∓
L asymmetries for B̄ → K̄�

0μ
þμ−

decay: As it is obvious from Fig. 2, the predictions
of all of mass sets throughout the domain 4m2

μ ≤
q2 < ðmB −mK�

0
Þ2 apart from q2 ¼ ðmB −mK�

0
Þ2

are the same and highly coincide with the SM
prediction. At q2 ¼ ðmB −mK�

0
Þ2, the deviation

FIG. 2. The dependence of the P−
L polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the μ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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from the SM value in case A of mass set 3 is more
than the others, which isþ1. At such a point, the SM
prediction is zero. Moreover, it is seen from
Tables III and IV that the most deviations of hP−

Li
from the calculated SM value happen in case C of
mass sets 2 and 4 and are very small compared to the
SM prediction (−3.2% SM). Also, it is clear from
Eq. (38) that, while by ignoring the signs of P−

L and
Pþ

L in SM the magnitudes of them are the same
(Pþ

L ¼ −P−
L in the SM), those asymmetries do not

have any symmetrical relationship with each other in
the 2HDM. As it is obvious from Fig. 3 as well as
Tables III and IV the predictions of all of mass sets
and cases throughout the interval 4m2

μ ≤ q2 ≤
ðmB −mK�

0
Þ2 coincide with that of the SM very

much. The most deviations of hPþ
L i from the

calculated SM value happen in case C of mass sets

2 and 4 and are −3.2% SM. Ignoring q2 ¼
ðmB −mK�

0
Þ2 and using the mentioned parameter

space for the 2HDM, it is found out that Pþ
L ¼ −P−

L
in both the SM and 2HDM.

(iii) Analysis of P∓
N asymmetries for B̄ → K̄�

0μ
þμ−

decay: The relevant plots in Fig. 4 show that this
asymmetry is quite sensitive to the variation of the
parameters λtt and λbb. For example, by decreasing
the magnitude of jλttλbbj, the deviation from the
SM value is increased. Also, this asymmetry is
quite sensitive to the variation of the masses of H0

and H�; this happens due to the reduction of the
mass of H0 and the increment of the mass of H�,
such that the deviations from the SM value in
mass sets 3 and 4 are more than those in mass sets
1 and 2. By combining the above analyses, it is
understood that the most deviation from the SM

FIG. 3. The dependence of the Pþ
L polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the μ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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prediction occurs in case A of mass set 3. Next to
q2 ¼ ðmB −mK�

0
Þ2 in the aforementioned case and

mass set, a deviation around -0.09 is possible as
compared to the SM expectation of zero asymme-
try. In addition, it is found out through the
corresponding tables that the values of averages
show ignorable dependencies to the existence of
new Higgs bosons. Moreover, it is clear from
Eq. (39) that in the SM Pþ

N ¼ P−
N ¼ 0, and in the

2HDM Pþ
N ¼ −P−

N .
(iv) Analysis of P∓

T asymmetries for B̄ → K̄�
0μ

þμ−
decay: It is found out from Figs. 4–6 that the
asymmetries P∓

T and P∓
N show similar sensitivities

to the variations of mass sets and cases. For example,
in these asymmetries, by decreasing the magnitude
of jλttλbbj or the mass of H0 and increasing the of
mass of H�, the deviations from the SM predictions
increase. According to this, the largest deviations
from the SM predictions arise in case A of mass set

3. Next to q2 ¼ ðmB −mK�
0
Þ2 in the mentioned case

and mass set, deviations around þ50% SM and
−100% SM are possible for P−

T and Pþ
T , respec-

tively. In addition, it is found out through the
corresponding tables that the most deviations of
hP−

T i and hPþ
T i from the calculated SM values which

happen in case A of mass set 3 are þ24% SM and
−22% SM, respectively. Moreover, it is clear from
Eq. (40) while in SM there exists a symmetrical
relationship between P−

T and Pþ
T ðP−

T ¼ −Pþ
T Þ,

there not exist any symmetrical relationship between
them in 2HDM. Nevertheless, it is evident from the
relevant figures and tables that in cases B and C to a
large extent Pþ

T ¼ −P−
T .

(v) Analysis ofACP asymmetry for B̄ → K̄�
0τ

þτ− decay:
The relevant plots in Fig. 7 show that, while the SM
prediction of this asymmetry is zero, it is quite
sensitive to the variation of the parameters λtt and
λbb. For example, by enhancing the magnitude of

FIG. 4. The dependence of the P−
N polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the μ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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jλttλbbj, the deviation from the SM value is in-
creased. Also, this asymmetry is quite sensitive to
the variation of the mass of H�; this happens due to
the reduction of the mass of H� such that the
deviations from the SM value in mass sets 2 and
4 are more than those in mass sets 1 and 3. By
combining the above analyses, it is understood that
the most deviations from the SM prediction occur in
case C of mass sets 2 and 4. Next to q2 ¼ m2

ψ 0 in the
aforementioned case and mass sets, deviations
around þ0.016 are possible as compared to the
zero expectation of the SM. In addition, it is found
out through the corresponding Tables V and VI that
the values of averages show ignorable sensitivities to
the presence of new Higgs bosons.

(vi) Analysis of P∓
L asymmetries for B̄ → K̄�

0τ
þτ− de-

cay: The relevant plots in Fig. 8 show that this

asymmetry is quite sensitive to the variation of the
parameters λtt and λbb. For example, by decreasing
the magnitude of jλttλbbj, the deviation from the SM
value is increased. Also, this asymmetry is quite
sensitive to the variation of the masses of H0 and
H�; this happens due to the decrease of the mass of
H0 and the increase of the mass of H� such that the
deviations from the SM value in mass sets 3 and 4
are more than those in mass sets 1 and 2. By
gathering the above analyses, it is understood that
the most deviation from the SM prediction occurs in
case A of mass set 3. Whereas the SM prediction is
zero at q2 ¼ ðmB −mK�

0
Þ2, a deviation around þ0.7

is possible at that point. Besides, it is found out
through the corresponding tables that a deviation
around −4.9 times of that of SM arises in case A of
mass set 3 at most. Also, it is clear from Eq. (38)

FIG. 5. The dependence of the P−
T polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the μ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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while by ignoring the signs of P−
L and Pþ

L in the SM
the magnitudes of them are the same (Pþ

L ¼ −P−
L in

the SM), those asymmetries do not have any
symmetrical relationship with each other in the
2HDM. Nevertheless, it is evident from the corre-
sponding Figs. 8 and 9 and tables that in cases B and
C to a large extent Pþ

L ¼ −P−
L. The maximum

deviations of Pþ
L relative to the SM predictions

which are observed in the respective diagrams and
tables take place in case A of mass set 3 and are
around þ0.7 as compared to the SM expectation of
zero asymmetry at q2 ¼ ðmB −mK�

0
Þ2 and þ6.6

times the calculated SM prediction for the related
averages.

(vii) Analysis of P∓
N asymmetries for B̄ → K̄�

0τ
þτ− de-

cay: It is clear from Figs. 8 and 10 that the
asymmetries P−

N and P−
L show the same sensitivities

to the variations of mass sets and cases. For instance,
in these asymmetries, by reducing the magnitude
of jλttλbbj or the mass of H0 and enhancing the mass
of H�, the deviations from the SM predictions
increase. According to this, the largest deviation
of P−

N from the SM prediction arises in case A of
mass set 3. Next to q2 ¼ m2

ψ 0 in the aforementioned
case and mass set, a deviation around −0.04 com-
pared to the zero prediction of the SM is possible for
P−

N . In addition, it is obvious through the respective
tables that the most deviation of hP−

Ni from the
calculated SM value is −0.024, which happens in
case A of mass set 3. Moreover, it is clear from
Eq. (39) that in the SM Pþ

N ¼ P−
N ¼ 0 and in the

2HDM Pþ
N ¼ −P−

N .
(viii) Analysis of P∓

T asymmetries for B̄ → K̄�
0τ

þτ− de-
cay: Since our analyses for all the aforementioned

FIG. 6. The dependence of the Pþ
T polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the μ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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mass sets show that P−
T 2HDM ¼ P−

T SM in all cases
and Pþ

T 2HDM ¼ Pþ
T SM in cases B and C, we have

only presented the plots of mass set 3 for P∓
T in

Fig. 11. In this mass set, the most deviation from the
SM value for Pþ

T arises somehow in case A of the
range m2

ψ 0 < q2 < ðmB −mK�
0
Þ2, and a discrepancy

of about −25% SM is seen. Also, it is clear from the
corresponding tables that the largest deviation from
the calculated SM anticipation for hPþ

T i is −15%
SM and occurs in the mentioned case and mass set.
Moreover, it is clear from Eq. (40) that Pþ

T ¼ −P−
T

in the SM.
Finally, let us see briefly whether the lepton polariza-
tion asymmetries are visitable or not. To measure
an asymmetry hAi of the decay with branching ratio
B at the nσ level in experiment, the required number
of events (i.e., the number of BB̄) is given by the relation

N ¼ n2

Bs1s2hAi2 ;

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 different decay modes [31],
and the error in τ-lepton polarization is nearly 10%–
15% [32]. So, the error in the 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%.
According to the above expression for N, in order to

measure the single lepton polarization asymmetries in
the μ and τ channels at 3σ level, the lowest limit of the
required number of events is given by (the efficiency of
the τ lepton is considered 0.5)

FIG. 7. The dependence of theACP polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for
the τ channel of B̄ → K̄�

0 transition for mass sets 1, 2, 3, and 4.

LEPTON POLARIZATION AND CP-VIOLATING … PHYSICAL REVIEW D 93, 015007 (2016)

015007-13



(i) for B̄ → K̄�
0ð1430Þμþμ− decay

N ∼

8>>><
>>>:

1024 ðfor hACPiÞ;
107 ðfor hP−

Li; hPþ
L iÞ;

108 ðfor hP−
T i; hPþ

T iÞ;
1012 ðfor hP−

Ni; hPþ
NiÞ;

(ii) for B̄ → K̄�
0ð1430Þτþτ− decay

N ∼

8>>><
>>>:

1027 ðfor hACPiÞ;
1010 ðfor hP−

Li; hPþ
L iÞ;

1010 ðfor hP−
T i; hPþ

T iÞ;
1013 ðfor hP−

Ni; hPþ
NiÞ;

V. SUMMARY

In short, in this paper, by considering the theoretical and
experimental uncertainties in the SM, we have presented a
full analysis related to the CP-violating effects and single
lepton polarization asymmetries for B̄ → K̄�

0ð1430Þℓþℓ−

decay in model III of the 2HDM. At the same time, we have
compared the results of both the μ and τ channels to each
other. Also, the minimum required number of events for
measuring each asymmetry has been obtained and com-
pared with those in 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). In conclusion, the following results have
been obtained:

(i) For the μ channel of single lepton polarization
asymmetries [P∓

i ðq2Þi ¼ L;N; T], only the results
obtained from case A differ from the SM

FIG. 8. The dependence of the P−
L polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the τ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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expectations. This fact indicates that these asymme-
tries are quite sensitive to the reduction of jλttλbbj.
Also, the decrease of the mass of H0 and simulta-
neously the increase of the mass of H� can enhance
the deviations from the SM predictions. Based on the
above explanations in all single lepton polarization
asymmetries, themost deviations from the SMvalues
happen in case A of mass set 3. On the other hand, for
the μ channel ofCP-violating asymmetry [ACPðq2Þ],
the results obtained from all cases are different from
that of the SM, and somehow the biggest deviation
from the SM anticipation occurs in case C. This fact
indicates that this asymmetry is quite sensitive to the
enhancement of jλttλbbj. Also, while this asymmetry
is quite insensitive to the variation of the mass ofH0,
the deviations from the SM prediction increase by
decreasing the mass of H�. Based on the above

explanations in CP-violating asymmetry, the most
deviations from the SM value happen in case C of
mass sets 2 and 4. Paying attention to the minimum
required number of events for detecting each asym-
metry, it is inferred that, while all single lepton
polarization asymmetries are detectable at the LHC,
CP-violating asymmetry is not measurable in either
the LHC nor Super Large Hadron Collider (SLHC).

(ii) For the τ channel of P−
T ðq2Þ, any sensitivity to the

2HDM parameters is not seen, and for the τ channel
of other single lepton polarization asymmetries
[Pþ

T ðq2Þ;P∓
i ðq2Þi ¼ L;N], only the results ob-

tained from case A differ from the SM expectations.
This fact indicates that these asymmetries are quite
sensitive to the reduction of jλttλbbj. Also, the
decrease of the mass of H0 and simultaneously
the increase of the mass of H� can enhance the

FIG. 9. The dependence of the Pþ
L polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the τ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.
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FIG. 10. The dependence of the P−
N polarization on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM for

the τ channel of B̄ → K̄�
0 transition for mass sets 1, 2, 3, and 4.

FIG. 11. The dependence of the P∓
T polarizations on q2 and the three typical cases of the 2HDM, i.e., cases A, B, and C, and the SM

for the τ channel of B̄ → K̄�
0 transition for mass set 3.
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TABLE III. The averaged CP-violation and single lepton polarization asymmetries for B̄ → K̄�
0ð1430Þμþμ− in the SM and 2HDM for

mass sets 1 and 2 of the 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)

hACPi 0.000þ0.000þ0.000
−0.000−0.000 þ0.001 þ0.004 þ0.004 þ0.002 þ0.004 þ0.005

hP−
Li −0.952þ0.002þ0.001

−0.002−0.001 −0.945 −0.934 −0.929 −0.945 −0.928 −0.922

hP−
T i −0.158þ0.009þ0.002

−0.012−0.002 −0.179 −0.156 −0.154 −0.170 −0.154 −0.153

hP−
Ni 0.000þ0.000þ0.000

−0.000−0.000 −0.002 −0.000 −0.000 −0.001 −0.000 −0.000

hPþ
L i þ0.952þ0.002þ0.001

−0.002−0.001 þ0.950 þ0.934 þ0.930 þ0.948 þ0.929 þ0.922

hPþ
T i þ0.158þ0.009þ0.002

−0.012−0.002 þ0.140 þ0.154 þ0.154 þ0.149 þ0.154 þ0.153

hPþ
Ni 0.000þ0.000þ0.000

−0.000−0.000 þ0.002 þ0.000 þ0.000 þ0.001 þ0.000 þ0.000

TABLE IV. The same as Table III but for mass sets 3 and 4 of the 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)

hACPi 0.000þ0.000þ0.000
−0.000−0.000 þ0.001 þ0.004 þ0.004 þ0.002 þ0.004 þ0.005

hP−
Li −0.952þ0.002þ0.001

−0.002−0.001 −0.942 −0.934 −0.929 −0.943 −0.928 −0.922

hP−
T i −0.158þ0.009þ0.002

−0.012−0.002 −0.196 −0.156 −0.155 −0.183 −0.155 −0.153

hP−
Ni 0.000þ0.000þ0.000

−0.000−0.000 −0.004 −0.000 −0.000 −0.003 −0.000 −0.000

hPþ
L i þ0.952þ0.002þ0.001

−0.002−0.001 þ0.952 þ0.935 þ0.930 þ0.950 þ0.929 þ0.922

hPþ
T i þ0.158þ0.009þ0.002

−0.012−0.002 þ0.123 þ0.154 þ0.154 þ0.136 þ0.153 þ0.153

hPþ
Ni 0.000þ0.000þ0.000

−0.000−0.000 þ0.004 þ0.000 þ0.000 þ0.003 þ0.000 þ0.000

TABLE V. The same as Table III except for B̄ → K̄�
0ð1430Þτþτ−.

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)

hACPi 0.000þ0.000þ0.000
−0.000−0.000 þ0.001 þ0.003 þ0.003 þ0.001 þ0.003 þ0.004

hP−
Li −0.066þ0.030þ0.011

−0.077−0.013 þ0.147 −0.056 −0.066 þ0.057 −0.060 −0.063

hP−
T i −0.628þ0.123þ0.010

−0.127−0.017 −0.619 −0.619 −0.612 −0.616 −0.617 −0.609

hP−
Ni 0.000þ0.000þ0.000

−0.000−0.000 −0.013 −0.001 −0.000 −0.008 −0.001 −0.000

hPþ
L i þ0.066þ0.030þ0.011

−0.077−0.013 þ0.266 þ0.073 þ0.066 þ0.176 þ0.069 þ0.065

hPþ
T i þ0.628þ0.123þ0.010

−0.127−0.017 þ0.579 þ0.617 þ0.612 þ0.593 þ0.616 þ0.609

hPþ
Ni 0.000þ0.000þ0.000

−0.000−0.000 þ0.013 þ0.001 þ0.000 þ0.008 þ0.001 þ0.000
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deviations from the SM predictions. Based on the
above explanations, in all single lepton polarization
asymmetries except P−

T , the most deviations from
the SM values happen in case A of mass set 3. On
the other hand, for the τ channel of CP-violating
asymmetry [ACPðq2Þ], the results obtained from all
cases are different from that of the SM, and some-
how the biggest deviation from the SM anticipation
occurs in case C. This fact indicates that this
asymmetry is quite sensitive to the enhancement
of jλttλbbj. Also, while this asymmetry is quite
insensitive to the variation of the mass of H0, the
deviations from the SM prediction increase by
decreasing the mass of H�. Paying attention to
the minimum required number of events for
detecting each asymmetry, it is inferred that P∓

L
and P∓

T are detectable at the LHC, P∓
N is measurable

at the SLHC, and CP-violating asymmetry is not
detectable in the LHC nor SLHC.

(iii) For the μ channel, in hP∓
L i, the results of cases B and

C for all mass sets do not lie between the limits of the
SM prediction. The maximum deviations of these
asymmetries from the calculated values of the SM
happen in case C of mass sets 2 and 4 and are −3.2%
SM. In hP∓

N i, the results of case A for all mass sets
do not lie between the limits of calculated SM
prediction. The most deviations from the zero
predictions of the SM happen in case A of mass
set 3 and are ∓0.004. In hP∓

T i, the results of case A
for mass sets 1, 3, and 4 do not lie between the limits
of the SM prediction. The most deviations of hP−

T i
and hPþ

T i from the calculated values of the SM
happen in case A of mass set 3 and are þ24% SM
and −22% SM, respectively. In hACPi, the results of
all cases for all mass sets do not lie between the
limits of the SM prediction. The most deviations
from the zero prediction of the SM happen in case C
of mass sets 2 and 4 and are þ0.005.

(iv) For the τ channel, in hP∓
L i, the results of case A for

all mass sets do not lie between the limits of the SM
prediction. The most deviations of hP−

Li and hPþ
L i

from the obtained values in the SM happen in case A
of mass set 3 and are −4.9 times that of the SM and
þ6.6 times that of the SM, respectively. In hP∓

N i, the
results of cases A and B for all mass sets do not lie
between the limits of the SM prediction. The most
deviations from the zero predictions of the SM
happen in case A of mass set 3 and are ∓0.024.
In hP∓

T i, the results of all cases and mass sets lie
between the limits of SM predictions although the
most deviation of hPþ

T i from the calculated value of
SM is −15% SM. In hACPi, the results of all cases
and mass sets do not lie between the limits of the SM
prediction. The most deviations from the zero
prediction of the SM happen in case C of mass sets
2 and 4 and are þ0.004.

(v) By comparing the asymmetries of two channels, it is
understood that, first, the hACPi and hP∓

T i of the μ
channel are more sensitive to the presence of new
Higgs bosons than those of the τ channel and,
second, the hP∓

L i and hP∓
N i of the τ channel show

more dependency on the existence of new Higgs
bosons than those of the μ channel.

Finally, it is worth mentioning that, although the
muon polarization is measured for stationary muons, such
experiments will be 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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TABLE VI. The same as Table V but for mass sets 3 and 4 of the 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)

hACPi 0.000þ0.000þ0.000
−0.000−0.000 þ0.001 þ0.003 þ0.003 þ0.001 þ0.003 þ0.004

hP−
Li −0.066þ0.030þ0.011

−0.077−0.013 þ0.322 −0.049 −0.060 þ0.197 −0.054 −0.061

hP−
T i −0.628þ0.123þ0.010

−0.127−0.017 −0.611 −0.620 −0.613 −0.617 −0.617 −0.609

hP−
Ni 0.000þ0.000þ0.000

−0.000−0.000 −0.024 −0.002 −0.000 −0.017 −0.001 −0.000

hPþ
L i þ0.066þ0.030þ0.011

−0.077−0.013 þ0.436 þ0.081 þ0.068 þ0.314 þ0.075 þ0.067

hPþ
T i þ0.628þ0.123þ0.010

−0.127−0.017 þ0.537 þ0.617 þ0.612 þ0.567 þ0.615 þ0.609

hPþ
Ni 0.000þ0.000þ0.000

−0.000−0.000 þ0.024 þ0.002 þ0.000 þ0.017 þ0.001 þ0.000
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