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In this work, we study the exclusive channel of flavor changing neutral current transition, i.e.,

B ! K�‘þ‘� in the framework of a family of nonuniversal Z0 model. In this model, the Z0 boson

couplings to the fermions could lead to flavor changing neutral current transition (in standard model, this

transition is forbidden at tree level and occur via loop) at tree level. In addition, the off-diagonal elements

of these effective chiral Z0 couplings can contain new weak phases that provide a new source of CP

violation and, therefore, could explain the CP asymmetries in the current high energy colliders. In this

context, we have studied the polarized and unpolarized CP violation asymmetries for said decay. These

asymmetries are highly suppressed in the standard model but significantly enhanced in Z0 model. In

addition to the CP violation asymmetries, the single lepton polarization asymmetries are also studied and

found to be sensitive to the couplings of the Z0 boson. Finally, it is analyzed that all of these asymmetries,

which will hopefully be tested at LHC, can serve to probe nonuniversal Z0 model; particularly, the

accurate measurements of these asymmetries may play a crucial role in extracting the precise values of the

coupling parameters of the Z0 boson.
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I. INTRODUCTION

The study of rare B meson decays which are induced
by the flavor changing neutral currents (FCNC) is a highly
interesting research area in flavor physics due to many
characteristics. First of all, FCNC transitions are rare due
to two reasons: (1) In these transitions the off-diagonal
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements are
involved, which are very small. (2) These transitions are
forbidden at tree level in the standard model (SM) but can
occur through the Glashow-Iliopoulos-Maiani mechanism
at loop level. FCNC transition is not only helpful to deter-
mine the precise values of CKM matrix elements [1,2], but
also to provide a stringent testing ground for the SM at
loop level. Above all, because of loop structure, the FCNC
transitions provide a fertile ground to probe new physics
(NP), i.e., the physics beyond the SM. This is because
many proposed new physics scenarios predict new parti-
cles which are heavy in nature, and as such, their direct
detection requires very high energy; but these heavy par-
ticles can leave their imprints at low energy by manifesting
themselves virtually in the FCNC loop and clearly chang-
ing the values of observables from their SM values.

On the other hand, it is a fact that the SM is well tested
experimentally and proved to be a successful theory of the
twentieth century. Despite many hallmarks of the SM, one
cannot consider it as a fundamental theory due to some
basic shortcomings such as absence of gravity; 22 free
parameters appear in the Yukawa sector of the SM includ-
ing the masses and mixing angles of particles. Further, why
is the CKMmatrix hierarchical? Why are the quark masses

(except for the top mass) so small compared to the elec-
troweak vacuum expectation value? Why do we have three
families? Why is there no CP violation in flavor-diagonal
processes? etc. These shortcomings impede the SM be-
coming a fundamental theory. In addition, during the last
few years some mismatches between the SM predictions
and experimental measurements have been found [3–7],
which is a clear indication of new physics.
To overcome the fundamental shortcomings in the SM

and accommodate the experimental measurements with
the theory, many models are cooked [8–13]. As mentioned
earlier, these models can be checked at low energies in the
current hadron colliders through FCNC transitions. In this
context, the rare semileptonic FCNC transitions are rela-
tively clean compared to the pure hadronic transition. In
particular, B ! K�‘þ‘�, where ‘ ¼ �, � has a great
interest due to the fact that it has the largest branching
ratio among many radiative and other semileptonic rare B
meson decays. On the other hand, among the new physics
scenarios which are mentioned above, nonuniversal Z0
model looks like an attractive extension of the SM (for a
detailed review, see Ref. [12]). Like the behavior of the
off-diagonal couplings of the nonuniversal Z0 boson with
the fermions, the FCNC transitions can occur at tree level;
this model also helps to resolve the puzzles in the data of
rare B meson decays such as the anomaly in the Bs � �Bs

mixing phase [14,15], �-K puzzle [16], etc.
Regarding probing the new physics, the semileptonic

decay channels based on the b ! s transitions provide a
number of observables such as forward-backward asymme-
try, helicity fractions, single and double lepton polarization
asymmetries, etc. The measurements of these observables at
current colliders may provide useful information to sketch*ishtiaq@ncp.edu.pk
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out the structure of proposed theories beyond the SM.
Therefore, to explore the physics beyond the SM, various
inclusive B meson decays like B ! Xs;d‘

þ‘� and their

corresponding exclusive processes, like B ! M‘þ‘� with
M ¼ K, K�, K1, �, etc. have been investigated in the
literature [17–31]. In these studies a large number of ob-
servables are examined which showed that the aforemen-
tioned inclusive and exclusive decays of B meson are very
sensitive to the flavor structure of the standard model and
provide a windowpane for any NP model.

Further, the investigation of nonuniversal family cou-
pling of Z0 bosons leading to FCNC transitions have also
been studied by considering different observables such as
branching ratios and forward-backward asymmetry
[32,33]. In this context, the behavior of the other observ-
ables in the presence of the Z0 boson may play a crucial
role in refining our knowledge about the family of nonun-
iversal Z0 model. With this motivation we have studied
single lepton polarization asymmetries, as well as both
polarized and unpolarized CP violation asymmetries,
within the SM and in Z0 model. In the context of CP
asymmetry, it is important to emphasize here that the
FCNC transitions are proportional to three CKM matrix
elements, namely, VtbV

�
ts, VcbV

�
cs, and VubV

�
us; however,

due to the unitarity condition, and neglecting VubV
�
us in

comparison of VcbV
�
cs and VtbV

�
ts, the CP asymmetry is

highly suppressed in the SM. Therefore, the measurement
of CP violation asymmetries in FCNC processes could
provide a key evidence for new physics.

The scheme of this manuscript is as follows. Section II
contains the basic theoretical formulation which is neces-
sary to calculate the different physical observables for
B ! K�‘þ‘�. In Sec. III, we give the formulas and
explicit expressions of observables which are under con-
sideration in this manuscript. In Sec. IV we present the
numerical analysis to show how the lepton polarization
asymmetries and CP violation asymmetries are influenced
due to the contribution of the Z0 boson. In the last section,
we give our conclusions.

II. THEORETICAL FORMULATION

The decay channel which we are interested in
(B ! K�lþl�, l ¼ �, �) is the FCNC transition and
originates from the quark level transition b ! slþl�. The
QCD corrected effective Hamiltonian responsible for the
b ! slþl� transition can be written as follows:

Heff ¼ � 4GFffiffiffi
2

p V�
tbVts

X10
i¼1

Cið�ÞOið�Þ; (1)

where Oið�Þ ði ¼ 1; . . . ; 10Þ are the four-quark operators
and Cið�Þ are the corresponding Wilson coefficients at
the energy scale � and the explicit expressions of these
Wilson coefficients at next-to-leading order and next-to-
next-to-leading order are given in Refs. [34–44]. We have

neglected the terms proportional to VubV
�
us because of

VubV
�
us

VtbV
�
ts
< 0:02. The operators responsible for B ! K�‘þ‘�

are O7, O9, and O10 and their form is given by

O7 ¼ e2

16�2
mbð �s���PRbÞF��;

O9 ¼ e2

16�2
ð �s��PLbÞð�l��lÞ;

O10 ¼ e2

16�2
ð�s��PLbÞð�l���5lÞ;

(2)

with PL;R ¼ ð1� �5Þ=2.
Neglecting the mass of the s quark, the above effective

Hamiltonian gives the following matrix element:

MðB ! K�lþl�Þ
¼ �emGF

2
ffiffiffi
2

p
�

V�
tbVts

�
hK�ðk; 	Þj�s��ð1� �5ÞbjBðpÞi

� fCeff
9 ð�l��lÞ þ C10ð�l���5lÞg

� 2Ceff
7 mbhK�ðk; 	Þj �si���

q�

s
ð1þ �5ÞbjBðpÞið�l��lÞ

�
;

(3)

where q is the momentum transfer to the final lepton pair;
i.e., q ¼ p1 þ p2, where p1 and p2 are the momentum of
l� and lþ, respectively, and s is the square of the momenta
transfer. V�

tbVts are the CKM matrix elements.

The Wilson coefficient Ceff
9 in Eq. (3) contains a pertur-

bative partC
per
9 which includes the indirect contributions of

operators Oi, where i ¼ 1 to 6 to b ! s and a nonpertur-
bative part Cres

9 which contains the long-distance resonance

effects due to conversion of the real c �c into the lepton pair
lþl�. Therefore, Ceff

9 can be written as

Ceff
9 ¼ Cper

9 þ Cres
9 ; (4)

where the Cper
9 is read as [45]

C
per
9 ¼ C9ðmbÞ þ gðmc; sÞ

�
4

3
C1 þ C2 þ 6C3 þ 60C5

�

� 2

2
gðmb; sÞ

�
7C3 þ 4

3
C4 þ 76C5 þ 64

3
C6

�

� 1

2
gð0; sÞ

�
C3 þ 4

3
C4 þ 16C5 þ 64

3

�

þ 4

3
C3 þ 64

9
C5 þ 64

27
C6: (5)

Here the functions gðmi; sÞ include the one-loop correction
to the four-quark operators O1; . . . ; O6 and have the form
[35,45]
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gðmi; sÞ ¼ 8

27
� 8

9
lnðmiÞ þ 4

9
yi � 2

9
ð2þ yiÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j1� yij

q

�

8>>><
>>>:

�
ln

��������
ffiffiffiffiffiffiffiffi
1�yi

p
þ1ffiffiffiffiffiffiffiffi

1�yi
p

�1

���������i�

�
; for yi � 1

2 arctan 1ffiffiffiffiffiffiffiffi
yi�1

p ; for yi > 1;

where y � 4m2
i =s. The nonperturbative part Cres

9 arises

from the intermediate states of the real c �c states and can
be parametrized by using the Breit-Wigner formula in the
following way:

Cres
9 ¼ � 3�

�2

½3C1 þ C2 þ 3C3 þ C4 þ 3C5 þ C6�

� X
V¼c

mVBrðV ! lþl�Þ�V
total

s�m2
V þ imV�totalV

: (6)

It is worth mentioning here that in the present study, we
do not include the long-distance effects in our calculation.
As stated in the introduction, due to the presence of off-
diagonal couplings in Z0 model, FCNC transitions can
occur at tree level. In this regard, to reduce the number
of parameters, the Z-Z0 mixing and the interaction of right-
handed quarks with Z0 are usually ignored [32]. Therefore,
the Z0 boson contribution is only to modify the Wilson
coefficients C9 and C10. With these assumptions, the addi-
tional part of the effective Hamiltonian due to the Z0
contribution can be written as follows [33,46–48]:

H Z0
eff ¼ � 2GFffiffiffi

2
p �s��ð1� �5ÞbBsb½SL

‘‘
�‘��ð1� �5Þ‘

� SR
‘‘
�‘��ð1þ �5Þ‘� þ H:c:; (7)

where Bsb is the off-diagonal left-handed coupling of the
Z0 boson with quarks, and SL

‘‘ and SR
‘‘ represent the left-

and right-handed couplings of the Z0 boson with leptons,
respectively. It is noted here that if a new weak phase �sb

is introduced in the off-diagonal coupling Bsb, then
this coupling could be read as Bsb ¼ ReðBsbÞe�i�sb .
Therefore, one can also write the above equation in the
following way:

H Z0
eff ¼ � 4GFffiffiffi

2
p VtbV

�
ts½�sbC

Z0
9 O9 þ�sbC

Z0
10O10� þ H:c:;

(8)

where

�sb ¼ 4�e�i�sb

�V�
tsVtb

; CZ0
9 ¼ ReðBsbÞSLL;

CZ0
10 ¼ ReðBsbÞDLL; SLL ¼ SL

‘‘ þ SR
‘‘;

DLL ¼ SL
‘‘ � SR

‘‘:

(9)

Thus, to include the Z0 effects in the problem under con-
sideration, one has to make the following replacements in
the Wilson coefficients C9 and C10, while C7 remains
unchanged:

Ctot
9 ¼ Ceff

9 þ�sbC
Z0
9 ; Ctot

10 ¼ C10 þ�sbC
Z0
10: (10)

The matrix elements in the B ! K�lþl� decay amplitude
in Eq. (3) can be parametrized in terms of the form factors
as follows [29,35,42,49–52]:

hK�ðk; 	Þj �s��ð1� �5ÞbjBðpÞi
¼ �iq�

2mK�

s
	� 	 q½A3ðsÞ � A0ðsÞ� � i	��ðmB þmK� Þ

� A1ðsÞ � iðpþ kÞ�	� 	 q A2ðsÞ
ðmB þmK� Þ

� 	����p
�q�

2VðsÞ
ðmB þmK� Þ : (11)

Contracting above equation by q� and using the equation

of motion, the form factors A3ðsÞ can be expressed in terms
of the A1ðsÞ and A2ðsÞ form factors as follows:

A3ðsÞ ¼ mB þmK�

2mK� A1ðsÞ �mB �mK�

2mK� A2ðsÞ (12)

and

hK�ðk; 	Þj�si���q
�ð1� �5ÞbjBðpÞi

¼ 2	����p
�q�F1ðsÞ � if	��ðm2

B �m2
K� Þ

� ðpþ kÞ�	� 	 qgF2ðsÞ � i	�

	 q
�
q� � ðpþ kÞ�

ðm2
B �m2

K� Þ
�
F3ðsÞ: (13)

These seven independent form factors [VðsÞ, A1ðsÞ,
A2ðsÞ, A0ðsÞ,F1ðsÞ, F2ðsÞ, andF3ðsÞ] are the scalar function
of the square of the momentum transfer s ¼ q2 ¼ ðp� kÞ2
and are nonperturbative quantities. These form factors are
the main source of hadronic uncertainties and are calcu-
lated by different nonperturbative schemes such as lattice
QCD, quark model [53], perturbative QCD, light cone-
QCD sum rules [44,54], etc.
By using the matrix elements which are parametrized in

terms of the form factors [Eqs. (11) and (13)] with the
expression (3), the decay amplitude for B ! K�lþl� can
be written as

M ¼ �GF

4
ffiffiffi
2

p
�
V�
tbVts½l��ð1� �5Þl� ð�2A	����	

�k�q�

� iB1	
�
� þ iB2	

� 	 qðpþ kÞ� þ iB0	
� 	 qq�Þ

þ l��ð1þ �5Þl� ð�2C	����	
�k�q� � iD1	

�
�

þ iD2	
� 	 qðpþ kÞ� þ iD0	

� 	 qq�Þ�: (14)

Here the last term in the first line of the above equation
will survive only for �l���5l due to the fact that
q�ð�l���5lÞ ¼ 2mlð�l�5lÞ and will vanish for �l��l because

of q�ð�l��lÞ ¼ 0. However, the auxiliary functions A, C,
B1,D1,B2,D2,B0, andD0 contain both long- and short-
distance physics which are encapsulated in the form factors
and in the Wilson coefficients, respectively, and can be
written in the following form:
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A ¼ 2CLLH 1 þ 4mbC
eff
7

F1ðsÞ
s

; B1 ¼ 2CLLH 3 þ 4mb

s
Ceff
7 H 4; B2 ¼ 2CLLH 6 þ 4

mbC
eff
7

s
�H 5;

B0 ¼ 2mk�

s
H 7 � 4mb

s
Ceff
7 F3ðsÞ; C ¼ AðCLL ! CLRÞ; D1 ¼ B1ðCLL ! CLRÞ;

D2 ¼ B2ðCLL ! CLRÞ; D0 ¼ B0ðCLL ! CLRÞ;
(15)

where

CLL ¼ Ctot
9 � Ctot

10 ; CLR ¼ Ctot
9 þ Ctot

10 ; H 1 ¼ VðsÞ
ðmB þmK� Þ ; H 3 ¼ ðmB þmK� ÞA1ðsÞ;

H 4 ¼ ðm2
B �m2

K� ÞF2ðsÞ; H 6 ¼ A2ðsÞ
ðmB þmK� Þ ; H 5 ¼

�
F2ðsÞ þ s

ðm2
B �m2

K� ÞF3ðsÞ
�
; H 7 ¼ ðA3 � A0Þ:

(16)

III. PHYSICAL OBSERVABLES

Now, we have all the ingredients to calculate the physical observables. The double differential decay rate is given in
Ref. [28]

d2�ðB ! K�lþl�Þ
d cosds

¼ 1

2m3
B

2�
ffiffiffiffi
�

p
ð8�Þ3 jMj2; (17)

where � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

l

s

q
and � � m4

B þm4
k� þ s2 � 2m2

Bm
2
k� � 2m2

Bs� 2m2
k�s. By using the expression of the decay ampli-

tude given in Eq. (14), one can get the expression of the dilepton invariant mass spectrum as

d�ðB ! K�lþl�Þ
ds

¼ G2
F�

2�
ffiffiffiffi
�

p
mB

214�5
jVtbV

�
tsj2�; (18)

where

� ¼ 4ð2m2
l þ sÞ

�
8�

3
RejAj2 þ 12m2

K�sþ �

3m2
K�s

RejB1j2 �
ðm2

B �m2
K� � sÞ

3m2
K�s

ReðB1B�
2Þ þ

�

3m2
K�s

RejB2j2
�

þ 32�

3
ðs� 4m2

l ÞRejCj2 þ
�
4�ð2m2

l þ sÞ
3m2

K�s
þ 16ðs� 4m2

l Þ
�
�RejD1j2 � 4�

3m2
K�s

f½ð2m2
l þ sÞðm2

B �m2
K� Þ

þ sðs� 4m2
l Þ�ReðD1D�

2Þ þ ½6m2
l sð2m2

B þ 2m2
K� � sÞ þ �ð2m2

l þ sÞ�RejD2j2

þ 8m2
l �

m2
K�

ðm2
B �m2

K� ÞReðD2D�
0Þ �

8m2
l �

m2
K�

RejD0j2: (19)

A. Single lepton polarization asymmetries

In this section we will compute the single lepton polarization asymmetries in the B ! K�lþl�, i.e., the asymmetries
where only one of the final state leptons is polarized. For this purpose we first define the six orthogonal vectors belonging
to the polarization of l� and lþ, which we denote here by Si andWi, respectively, where i ¼ L, N, and T, corresponding to
the longitudinally, normally, and transversally polarized lepton l�, respectively [37,55].

S�L � ð0; e�L Þ ¼
�
0;

p�
jp�j

�
; S�N � ð0; e�N Þ ¼

�
0;

k� p�
jk� p�j

�
; S�T � ð0; e�T Þ ¼ ð0; eN � eLÞ; (20)

W
�
L � ð0; eþL Þ ¼

�
0;

pþ
jpþj

�
; W

�
N � ð0; eþN Þ ¼

�
0;

k� pþ
jk� pþj

�
; W

�
T � ð0; eþT Þ ¼ ð0;wN � wLÞ; (21)

where pþ, p�, and k denote the three momenta vectors of the final particles lþ, l�, and k, respectively. These polarization
vectors S

�
i ðW�

i Þ in Eqs. (20) and (21) are defined in the rest frame of l�ðlþÞ. When we apply a Lorentz boost to bring these
polarization vectors from the rest frame of l�ðlþÞ to the center of mass frame of final leptons, only the longitudinal
polarization four-vector is changed while the other two polarization vectors remain unchanged. After this operation the
longitudinal four-vector reads as
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S�L ¼
�jp�j
ml

;
Elp�
mljp�j

�
; W�

L ¼
�jpþj
ml

;� Elpþ
mljpþj

�
: (22)

To achieve the polarization asymmetries one can use the
spin projectors 1

2 ð1þ �5SÞ and 1
2 ð1þ �5WÞ for ‘� and ‘þ,

respectively. The single lepton polarization asymmetries
formula is given in Refs. [55,56]:

P�
i ¼

d�ðS�¼e�i Þ
ds � d�ðS�¼�e�i Þ

ds
d�ðS�¼e�i Þ

ds þ d�ðS�¼�e�i Þ
ds

; (23)

where i denotes the L, N and T and S� is the spin direction
of l�. The relation between the polarized and unpolarized
invariant dilepton mass spectrum for the B ! K�lþl�
reads as

d�ðS�Þ
ds

¼ 1

2

�
d�

ds

�
½1þ ðPLe

�
L þ PNe

�
N þ PTe

�
T Þ 	 S��:

(24)

By using the decay rate which is given in Eq. (18) with
the polarization vectors defined in Eqs. (20)–(22), we get
the following expressions for the single lepton polarization
asymmetries:

PLðsÞ¼16�

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs�4m2

l Þ
q

ReðAC�Þþ4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s�4m2

l

q
3m2

K�
ffiffiffi
s

p

�fð12m2
K�sþ�Þ�ReðB1D�

1Þ
��ðm2

B�m2
K� �sÞ½ReðB1D�

2Þ
þReðB2D�

1Þ�þ�2ReðB2D�
2ÞRejB1j2g; (25)

PNðsÞ¼4�ml

ffiffiffiffi
�

p
ffiffiffi
s

p
�
sReðAB�

1Þþ
ðm2

B�m2
K� �sÞ

4m2
K�

�½ReðB1D�
1Þ�ðm2

B�m2
K� ÞReðB1D�

2Þ
þsReðB1D�

0Þ�
�
� �

m2
K�
fReðB2D�

1Þ

þðm2
B�m2

K� ÞReðB2D�
2ÞþsReðB2D�

0Þg; (26)

PTðsÞ ¼ 4�ml

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ðs� 4m2

l Þ
q �

ImðAD�
1Þ þ ImðB1C�Þ

þ ðm2
B þ 3m2

K� � sÞ
4m2

K�
ImðD1D�

2Þ

þ ðm2
B �m2

K� � sÞ
4m2

K�
ImðD1D�

0Þ

� �

m2
K�

ImðD2D�
0Þ
�
: (27)

B. Polarized and unpolarized CP asymmetries

The normalized CP violation asymmetries can be
defined through the difference of the differential decay

rates of particle and antiparticle decay modes as follows
[57,58]:

ACPðS� ¼ e�i Þ ¼
d�ðS�Þ

ds � d ��ðSþÞ
ds

d�
ds �

��
ds

; (28)

where

d�

ds
¼ d�ðB ! K�‘þ‘�ðS�ÞÞ

ds
;

d ��

ds
¼ d ��ðB ! K�‘þðSþÞÞ‘�

ds
:

The differential decay rate of b ! s‘þ‘� is given in
Eq. (22); analogously, the CP conjugated differential
decay width can be written as

d ��ðS�Þ
ds

¼ 1

2

�
d ��

ds

�
½1þ ðPLe

�
L þ PNe

�
N þ PTe

�
T Þ 	 S��:

(29)

It is noted here that d ��
ds belongs to the transition

�b ! �s‘þ‘�, which can be obtained by replacing �sb

with ��
sb in Eq. (7). Furthermore, by using the fact that

Sþ ¼ �S� for L, N and Sþ ¼ S� for T, we get

ACPðS� ¼ e�i Þ

¼ 1

2

2
4ðd�dsÞ � ðd ��dsÞ
ðd�dsÞ þ ðd ��dsÞ

� ðd�dsÞPi � fðd�dsÞPig�sb!��
sb

ðd�dsÞ þ ðd ��dsÞ

3
5;

(30)

where i denotes the L, N, or T polarizations of the final
state leptons. By using Eq. (16) in the above equation, the
CP violation expression becomes

ACPðS� ¼ e�i Þ ¼
1

2

�
�� ��

�þ ��
��i � ��i

�i þ ��i

�
; (31)

where �� ¼ ð�Þ�sb!��
sb
, ��i ¼ ð�iÞ�sb!��

sb
and

ACPðsÞ ¼ �� ��

�þ ��
; Ai

CPðsÞ ¼
�i � ��i

�i þ ��i

; (32)

so by using these definitions, normalized CP violation
asymmetry can be written as follows:

ACPðS� ¼ e�i Þ ¼
1

2
½ACPðsÞ �Ai

CPðsÞ�; (33)

where the plus sign in the second term of the above
expression corresponds to L and N polarizations, whereas
the negative sign is for the T polarization.
The first term in ACPðsÞ in Eq. (31) is the unpolarized

CP violation asymmetry, while the second termAi
CPðsÞ is

called the polarized CP violation asymmetry, which pro-
vides the modifications to the unpolarized CP violation.
After some calculation, we have found the following re-
sults for ACPðsÞ and Ai

CPðsÞ:
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ACPðsÞ ¼ �4Imð�sbÞ�ðsÞ
2�þ 4Imð�sbÞ�ðsÞ ;

Ai
CPðsÞ ¼

�4Imð�sbÞ�ðsÞ
2�þ 4Imð�sbÞ�iðsÞ ;

(34)

where i ¼ L, N, or T, and the explicit expressions of�ðsÞ,
the �iðsÞ, are given below.

�ðsÞ ¼ A1ImðC7C
�
9Z0 Þ þA2ImðC�

9C9Z0 Þ;
�LðsÞ ¼ A3fImðC10Z0C�

9Þ þ ImðC�
9Z0C10Þg;

�NðsÞ ¼ A4ImðC7C
�
9Z0 Þ

þA5fImðC10C
�
9Z0 Þg;þA6ImðC�

9C9Z0 Þ
�TðsÞ ¼ �

2
A6fReðC10C

�
9Z0 Þ þReðC10Z0C�

9Þg;
with

A1 ¼ 64

3m2
K�s2

mb½ðH 3H 5 þH 6H 4Þ�ðm2
K� �m2

B þ sÞ

þ ðH 3H 4 þH 5H 6Þ�
þ ð3H 3H 4 þ 2H 1F1ðsÞ�Þ�;

A2 ¼ 32ð2ml þ sÞ
3m2

K�s
½2H 3H 6�ðm2

K� �m2
B þ sÞ

þ 8H 2
1m

2
K�s�þH 2

3ð12m2
K�sþ �Þ þH 2

6�
2�;

A3 ¼ 32�

3m2
K�

½2�ðm2
B �m2

K� � sÞH 3H 6

�H 2
3ð12m2

K�sþ �Þ � �ð8m2
K�sH 2

1 þ �H 2
6Þ�;

A4 ¼ 128�ffiffiffi
s

p mlmb

ffiffiffiffi
�

p ½F1ðsÞH 3 þH 1H 4�;

A5 ¼ 8�ml

ffiffiffiffi
�

p
m2

K�
ffiffiffi
s

p ðH 6ðm2
K� �m2

BÞ þH 3 � 2H 7Þ

� ðH 3ðm2
K� �m2

B þ sÞ þH 6�Þ;
A6 ¼ 128ml�

ffiffiffiffiffiffi
�s

p
H 1H 3:

IV. PHENOMENOLOGICAL ANALYSIS

In this section we describe the numerical analysis for the
aforementioned observables, i.e., the polarized, unpolar-
ized direct CP violation asymmetries and the single lepton
polarization asymmetries. The input parameters which we
have used in the numerical calculations, such as masses of
particles, lifetimes, CKM matrix elements, etc., are given
in Table II, while the Wilson coefficients are displayed in

Table III. For the form factors, we rely on the updated
results of light cone–QCD sum rule approach [60]. The
values of these form factors and all relevant fitting parame-
ters and their related fit formulas for the decay under
consideration B ! K�‘þ‘� are recollected in Ref. [48].
As far as the numerical values of the Z0 couplings are

concerned, there are several severe constraints from differ-
ent inclusive and exclusive B decays [15,48]. These nu-
merical values of coupling parameters of Z0 model are
recollected in Table I, where S1 and S2 correspond to
two different fittings values for Bs- �Bs mixing data by the
UTfit Collaboration [61].
Before starting the numerical analysis, it is better to

mention again that SLL and DLL represent the combination
of left- and right-handed couplings of Z0 with the leptons
and Bsb denotes the left-handed coupling of Z0 with the
quarks [see Eq. (9)], and in our numerical analysis SLL ¼ 0
and DLL � 0 depict the situation when the new physics
comes only from the modification in the Wilson coefficient
C10. The opposite case, SLL � 0 and DLL ¼ 0, indicates
that the new physics is present in the process under con-
sideration due to the change in the Wilson coefficient C9

[see Eq. (10)]. In Figs. 1–5 we have displayed the results of
single lepton polarization asymmetries as a function of the
square of the momentum s within the SM and in Z0 model.
It is important to note here that in all the graphs the solid
line corresponds to the SM values of observables, while the
other curves correspond to the values of observables when
we include the Z0 boson effects. With the help of these
graphs our findings are in order.
(i) In Figs. 1(a) and 1(b), the longitudinal PL and the

normal polarization PN asymmetries, respectively,
as a function of s, are displayed in the SM and in
Z0 model for the case of muons as final sate leptons.
To see the influence of the Z0 boson, we have drawn
these asymmetries with different values of chiral
couplings of Z0 for S1 and S2 which are listed in
Table I. These figures show that both the longitudinal
and normal polarization asymmetries’ values are
sensitive to the choice of the values of Z0 couplings.
It can also be noticed from these figures that the

TABLE I. The numerical values of the Z0 parameters [15,61].

ReðBsbÞ � 10�3 �sb (in degrees) SLL � 10�2 DLL � 10�2

S1 1:09� 0:22 �72� 7 �2:8� 3:9 �6:7� 2:6
S2 2:20� 0:15 �82� 4 �1:2� 1:4 �2:5� 0:9

TABLE II. Default values of input parameters used in the
calculations [59].

mB ¼ 5:28 GeV, mb ¼ 4:28 GeV, m� ¼ 0:105 GeV,
m� ¼ 1:77 GeV, fB ¼ 0:25 GeV, jVtbV

�
tsj ¼ 45� 10�3,

��1 ¼ 137, GF ¼ 1:17� 10�5 GeV�2,

�B ¼ 1:54� 10�12 sec, mK� ¼ 0:892 GeV.

TABLE III. The Wilson coefficients C�
i at the scale �
mb in

the SM [44].

C1 C2 C3 C4 C5 C6 C7 C9 C10

1.107 �0:248 �0:011 �0:026 �0:007 �0:031 �0:313 4.344 �4:669
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values of the longitudinal polarization asymmetries
are sensitive throughout the s region, while for the
normal polarization asymmetry the Z0 effects are
only prominent in the low s region and vanish for
high s region. It is noted here that the transverse
polarization asymmetry PT is too tiny both in the SM
and the Z0 new physics.

It is important to mention here that in order to show the
uncertain nonperturbative kinematical region (7 GeV2 �
s � 12 GeV2), we have also plotted PL with charmed
resonances in Fig. 1(a). It is clear from Fig. 1(a) that in
the resonance region we cannot rely on the predictions
obtained just by taking into account perturbative contribu-
tions; however, one can also see from Fig. 1(a) that the
effects are also well prominent and distinguished from the
SM in the regions which are below (1 GeV2 � s �
6 GeV2) and above (s � 14:4 GeV2) the resonance region.

(i) We have also plotted three-dimensional graphs of PL

and PN at s ¼ 3 GeV2 (which is well below the
resonance region) against the DLL and SLL in
Figs. 2 and 3 for S1 and S2, respectively, for B !
K��þ��. From these graphs, one can clearly see the
variation in the values of PL upon varying the values

of Z0 couplings. For instance, from Fig. 2(a) one can
extract that the SM value of PL at s ¼ 3 GeV2 is
0.76, which can be reduced by up to� 60%when we
set Bsb ¼ 1:31� 10�3, DLL ¼ �9:3, and SLL¼1:1.
It is important to mention here that the values of PL

and PN are insensitive to the value of the new weak
phase �sb.

(ii) In Fig. 4, the longitudinal polarization of B !
K��þ�� is portrayed against s. Similar to the case
of muons, the effects of Z0 are also prominent,
particularly at high values of s which are far above
the resonance region. From this graph it can be seen
that the maximum value of PL which lies at smax

can be increased or decreased when we change the
values of coupling parameters of the Z0 boson. As
for the previous case of muons, the value of this
asymmetry is also not sensitive to the value of new
weak phase �sb.

(iii) The normal polarization asymmetry PN as a func-
tion of s for the case of tauons is shown in Figs. 5(a)
and 5(b) for SLL ¼ 0 and DLL ¼ 0, respectively,
with different values of Bsb and new weak phase
�sb. We have found that PN is an interesting
observable because the Z0 effects are comparatively

FIG. 1 (color online). (a) Longitudinal and (b) normal polarization asymmetries vs s with different values of Z0 couplings in S1 and
S2. The dashed line corresponds to Bsb ¼ 1:31, �sb ¼ �79, SLL ¼ �6:7, DLL ¼ �9:3. The dashed dotted line corresponds to
Bsb ¼ 0:87, �sb ¼ �65, SLL ¼ 1:1, DLL ¼ �4:1. The dashed double-dotted line corresponds to Bsb ¼ 1:09, �sb ¼ �72,
SLL ¼ �2:8, DLL ¼ �6:7. The dashed triple-dotted line corresponds to Bsb ¼ 2:05, �sb ¼ �78, SLL ¼ �2:6, DLL ¼ �2:34.

FIG. 2 (color online). Longitudinal and normal polarization asymmetries in S1 at s ¼ 3 GeV2. Here the flat curves correspond to the
SM values of PL and PN .
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well prominent from the muon case [see Fig. 1(b)]
throughout the available kinematical space and
its value depends on the new weak phase �sb.
Figure 5(a) depicts that due to the Z0 effects, the
zero crossing of the asymmetry, which lies approxi-
mately at 16 GeV2, is shifted towards lower values
of s for both S1 and S2 when we decrease the value
of new weak phase �sb. Furthermore, the maxi-
mum value of PN ¼ 0:14 that lies at smin is reduced
by up to 43%when we set the value of�sb¼�65.
Similarly, due to the change in the value of �sb on
setting SLL ¼ 0, the zero crossing of PN is shifted
left (right) for S1 (S2), as depicted in Fig. 5(b),
while for the maximum value�0:14 it is increased
(decreased) for S1 (S2).

The average values of asymmetries are also a very
important tool for probing new physics and can be obtained
by the following formula:

hPii ¼
Rðm2

B�m2
k� Þ

4m2
l

Pi
d�
ds ds

Rðm2
B�m2

k� Þ
4m2

l

d�
ds ds

: (35)

Now we discuss the variation in the average values of

single lepton polarization asymmetries hPii, where i ¼ L,
N, or T, due to the influence of the Z0 boson effect. To
achieve this purpose, we have displayed hPLi, hPNi, and
hPTi in Figs. 6–11 against the different coupling parame-
ters of Z0 models. From these graphs we have found the
following results:
(i) In Figs. 6 and 7 we have plotted hPLi for the case of

muons and tauons as final state leptons, respectively,
as a function of SLL with the different values of Z0
parameters, where (a) and (b) correspond to S1 and
S2. It is important to note here that the average value
of PL is not much affected due to the variation in
the DLL values. For this reason, we have not plotted
hPLi against DLL. However, one can easily see from
Figs. 6 and 7 that for the small values of SLL the
variation in the hPLi is not very significant, but when
we increase the value of SLL, the value of hPLi is
decreased accordingly for both muon and tauons in
both the scenarios S1 and S2.
On the other hand, to see the dependence of hPLi on
newweak phase�sb, we have listed its values with the
different Z0 parameters in Table IVand V for S1 (S2).
From these tables, one can extract the variation in the
values of hPLi due to the change in the values of �sb

by keeping the other parameters of Z0 fixed.
(ii) For hPNi, it should be noted here that the SM value

of hPNi is þ0:01 and due to the influence of the Z0
boson, it will become too suppressed to be mea-
sured. On the other hand, the case of tauons hPNi is
displayed vs SLL in Figs. 8(a) and 8(b) for S1 and
S2, respectively. It is also worthwhile to mention
here that similar to the case of hPLi, we have found
that the value of hPNi is mildly dependent on the
value of DLL. However, Figs. 8(a) and 8(b) depict
that for both S1 and S2 the hPNi crosses zero and
becomes positive at a particular value of SLL which
shifts towards the lower value of SLL when we
increase the value of Bsb. One can also find from
Figs. 8(a) and 8(b) that on setting the maximum
values of Z0 boson couplings, the SM value �0:021
of hPNi is reached up toþ0:1 (þ 0:06) for S1 (S2).

FIG. 3 (color online). Legends are the same as in Fig. 2 but for S2.

FIG. 4 (color online). Legends are the same as in Fig. 1 but for
the case of �þ��.

ISHTIAQ AHMED PHYSICAL REVIEW D 86, 095022 (2012)

095022-8



FIG. 5 (color online). Normal polarization asymmetry as a function of s (a) for S1 and (b) for S2 with different values of Z0
parameters.

FIG. 6 (color online). Average value of the longitudinal polarization asymmetries hPLi as a function of SLL (a) in S1 and (b) in S2.

FIG. 7 (color online). Legends are the same as Fig. 6 but for B ! K��þ��.
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FIG. 8 (color online). The average value of normal polarization asymmetry PN as a function of SLL for B ! K��þ�� (a) for S1 and
(b) for S2.

FIG. 9 (color online). Legends are the same as in Fig. 8 but as a function of �sb.

FIG. 10 (color online). Legends are the same as in Fig. 8 but for hPTi.
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Therefore, the measurement of magnitude and sign

of hPNi is valuable to determine the exact values of

Z0 couplings.
(iii) In the same way, we have also drawn the explicit

dependence of hPNi (when tauons are the final state
leptons) on�sb for S1 and S2 in Figs. 9(a) and 9(b),

respectively, where SLL ¼ 0 and DLL is fixed to be

its central value�6:7 for S1 and�2:5 for S2. It can

be easily seen from these figures that in S1 (S2) the

value of hPNi is increased (decreased) when we

decrease (increase) the value of new weak phase

�sb. For instance at �sb ¼ �65 (� 86) and

Bsb ¼ 1:31� 10�3 (2:35� 10�3), the deviation

in hPNi from its SM value is about 62% (67%)

for S1 (S2), while the deviation in the value of

hPNi is not significant from its SM value when

we take �sb ¼ �79 (� 78). One last comment

on hPNi is that if we put DLL ¼ 0 and set SLL to be

nonzero then hPNi is not very sensitive to the value
of new weak phase �sb. Thus, the normal polariza-

tion asymmetry when the tauons are the final

state lepton is an interesting observable to constrain

the Z0 boson couplings as well as to determine the

accurate value of new weak phase �sb.

(iv) Average transverse polarization asymmetry hPTi is
depicted in Figs. 10 and 11 only for B ! K��þ��
since for the case of muons, its SM value is too tiny
to be measured and does not become large enough
to reach the visible range due to the influence of Z0
boson contribution. In contrast to the cases of hPLi
and hPNi, which are mildly effected by the variation
in the value of DLL, we have found that the value
of hPTi is sensitive to DLL. Therefore, we have also
shown the explicit dependence of hPTi on DLL in
Fig. 11 along with the SLL dependence, which is
shown in Fig. 10. One immediate look at these
figures tells us that although the dependence of
hPTi on DLL is not as strong as on SLL, it is
significant enough to be observed. Furthermore,
hPTi is an increasing function of DLL throughout
the allowed region of DLL for both S1 and S2.
On the other hand for SLL, the hPTi behavior is
approximately similar to the hPNi case but with the
opposite sign which we have discussed above.
However, hPTi is insensitive to the new weak
phase �sb.

Now we turn our attention to analysis of another inter-
esting observable, i.e., CP violation. As we have men-
tioned earlier in the introduction, for the b ! s‘þ‘�

FIG. 11 (color online). The average value of transverse polarization asymmetry hPTi as a function of DLL for B ! K��þ�� (a) for
S1 and (b) for S2.

TABLE IV. Numerical values of hPLi in Z0 model for scenario I

hPLi at DLL ¼ 0 hPLi at SLL ¼ 0
SLL SLL DLL DLL

�6:7 1.1 �9:3 �4:1
�sb in degrees Decay channel Bsb ¼ 0:87 1.31 0.87 1.31 0.87 1.31 0.87 1.31

�65 B ! K��þ�� �0:785 �0:715 �0:774 �0:757 �0:597 �0:485 �0:731 �0:679
B ! K��þ�� �0:423 �0:347 �0:526 �0:519 �0:515 �0:476 �0:538 �0:532

�79 B ! K��þ�� �0:741 �0:651 �0:782 �0:772 �0:573 �0:442 �0:728 �0:669
B ! K��þ�� �0:443 �0:354 �0:517 �0:506 �0:454 �0:394 �0:509 �0:490
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transition, the value of CP violation is negligible and any
measurement of this observable is a clear sign of new
physics. However, we have found that both the polarized
and unpolarized CP violation asymmetries for B !
K��þ�� are suppressed in the SM and in Z0 model.
Similarly, CP violation when one of the final state tauons
is transversely polarized is also found to be suppressed and,
therefore, we do not include these asymmetries in our

numerical discussion. The other CP asymmetries ACP

and Ai
CP (where i ¼ L, N) for B ! K��þ�� are dis-

played in Figs. 12–15, and their analysis is given in the
following points.
(i) We have found that the value of direct unpolarized

CP violation asymmetry ACP is not significantly
changed when we change the values of new weak
phase �sb and DLL but strongly depend on the value

TABLE V. Numerical values of hPLi in Z0 model for scenario II.

hPLi at DLL ¼ 0 hPLi at SLL ¼ 0
SLL SLL DLL DLL

�2:6 0.2 �2:34 �1:6
�sb in degrees Decay channel Bsb ¼ 2:05 2.35 2.05 2.35 2.05 2.35 2.05 2.35

�65 B ! K��þ�� �0:795 �0:780 �0:790 �0:788 �0:696 �0:675 �0:539 �0:537
B ! K��þ�� �0:437 �0:451 �0:531 �0:531 �0:535 �0:532 �0:539 �0:537

�79 B ! K��þ�� �0:754 �0:733 �0:793 �0:792 �0:689 �0:665 �0:736 �0:722
B ! K��þ�� �0:458 �0:434 �0:527 �0:526 �0:496 �0:488 �0:511 �0:507

FIG. 13 (color online). Longitudinally polarized CP violation asymmetryAL
CP as a function ofDLL for B ! K��þ�� (a) for S1 and

(b) for S2.

FIG. 12 (color online). Unpolarized CP violation asymmetry ACP as function of SLL for B ! K��þ�� (a) for S1 and (b) for S2.
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of SLL and mildly depend on Bsb, as can be seen
from Figs. 12(a) and 12(b) for S1 and S2, respec-
tively. It is also noted from these figures that for both
S1 and S2 theACP is an increasing function of SLL.

(ii) The longitudinally polarized CP asymmetry AL
CP

is drawn in Figs. 13(a) and 13(b) for S1 and S2,
respectively. In contrast to theACP, it is found that
theAL

CP is almost insensitive to the value of SLL but
sensitive to the values of DLL and Bsb. It is also
important to point out here that similar to the case of
ACP, the value ofAL

CP is very mildly affected due

to change in the value of �sb. Furthermore, the
value of AL

CP is increased with the increment in

the values of DLL and Bsb. For instance, from a
closer look at Fig. 13(a) one can extract that at
Bsb ¼ 0:87� 10�3 and DLL ¼ �4:1 the value of
AL

CP is approximately 0.035, which is enhanced up

to 0.09 when we set Bsb ¼ 1:31� 10�3 and DLL to
be �9:3.

(iii) In contrast toACP andAL
CP, theA

N
CP is sensitive

for both SLL and DLL. The behavior of AN
CP as a

function of SLL and DLL is depicted in Figs. 14(a),
14(b), 15(a), and 15(b), respectively, for S1 and S2.
These figures show that the value of AN

CP is posi-

tive when we put SLL ¼ 0 and negative when we
put DLL ¼ 0; however, in both cases, the AN

CP is

an increasing function of SLL and DLL.

V. SUMMARYAND CONCLUSION

In this manuscript we have analyzed the influence of
nonuniversal Z0 model to the B ! K�‘þ‘� decay. For this
purpose we have calculated CP violation and single lepton
polarization asymmetries. To calculate the numerical val-
ues of these observables, we rely on the light cone-QCD
sum rules form factors which are given in Ref. [60]. As we
have mentioned in the introduction, the CP asymmetries
for b ! s‘þ‘� are very tiny to be measurable experimen-
tally, so, their measurements at current colliders would be a
clear indication of NP. In this context, the unpolarized and
polarized CP violation asymmetries are calculated for the
aforementioned decay channel in Z0 model. It is found that

FIG. 14 (color online). Normally polarized CP violation asymmetry for B ! K��þ�� in S1 (a) as a function ofDLL (b) as a function
of SLL.

FIG. 15 (color online). Legends are the same as in Fig. 14 but for S2.
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in this model the CP violation asymmetries ACP, AL
CP,

and AN
CP are considerably enhanced for the case when

tauons are the final state leptons, while for the case of
muons, CP asymmetries remain suppressed. It is also
found that the unpolarized CP violation is not sensitive
to the DLL while its value is decreased when we increase
the value of SLL coupling of Z0. In contrast to the unpo-
larized CP violation, the longitudinally polarized CP
violation AL

CP is not very sensitive to the SLL but it is

sensitive to other couplings and, similar to the case of
unpolarized CP violation asymmetry, its value is also
increased when we increase the values of the couplings.
On the other hand, the value of AN

CP is sensitive for all

the couplings present in Z0 model. However, the depen-
dence of these CP asymmetries on the value of new weak
phase �sb is very mild.

Apart from the CP violation asymmetries, the single
lepton polarization asymmetries are also analyzed in the
presence of the Z0 boson. It is shown in this study that the

values of Pi and hPii significantly deviate from their SM
values where one can fix the parameters of Z0 model. It is
also shown that the longitudinal polarization asymmetry
for both muons and tauons and the normal polarization
only for tauons are sensitive to the new weak phase �sb.
Therefore, the behavior of single lepton polarization asym-
metries under the presence of the Z0 boson depicts that
precise measurements of these asymmetries may help to
yield the accurate values of new weak phase �sb and its
coupling with the fermions.
Finally, to measure the asymmetries of order 0.01 rela-

tive to the branching ratio of order 10�6 at 3� level needs
approximately 1010 to 1011 B �B pairs (see last reference of
Ref. [58]) and in LHC 108 to 1012 B �B pairs are expected to
be produced. Henceforth, the precise measurements of
both the CP violation and lepton polarization asymmetries
for B ! K�‘þ‘� would seem to be possible at LHC,
which is a very promising and handy tool to extract out
the imprints of the Z0 boson at low energy level.
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