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We scrutinize the penguin dominated Bs → KþK− decay mode involving b → s quark level transition in
family nonuniversal Z0 and vectorlike down quark model. There is discrepancy in the standard model
branching ratio value of this mode with the experimental results reported by Belle, CDF, and LHCb
Collaborations. Additionally, the measured values of CP-violating asymmetries CKþK− and SKþK− deviate
from the SM predictions. We constrain the new parameter space by using the existing experimental limits
on leptonic Bs → ll (l ¼ e; μ; τ) processes. We then check the effects of new physics on the branching
ratio and CP-violating parameters of the Bs → KþK− process.
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I. INTRODUCTION

The in-depth search for physics beyond the standard
model (SM) plays an important role in the area of
particle physics. It is known that the CP asymmetry, the
symmetry violation of combination of charge conjuga-
tion (C) and parity (P), is the main source for matter-
antimatter asymmetry that is observed in our present
universe. In the sector of quarks, the Cabbibo-Kobayasi-
Maskawa (CKM) matrix indicates a message for an
insight to the gateway of CP violation, particularly in B
and K meson decays in the SM. However, it is not
sufficient to understand the observed baryon asymmetry.
Recently, various experimental hunts are going on to
probe the physics beyond the SM. In this regard, B
meson system provides an important role to study
prominent observables like branching ratio and CP-
violating parameters such as direct and mixing-induced
CP asymmetry to probe new physics.
We would like to study the b → s penguin dominated

Bs → KþK− decay mode which appears to have discrep-
ancies in standard model values of CP-averaged branching
ratio and CP-violating parameters with the corresponding
observed values. The theoretical result for the observables
is given in Table I. Additionally, Table II shows the
results from Belle, CDF, and LHCb Collaborations along
with world averages. Thus, these discrepancies between
observed and predicted results could lead to probe the
physics beyond the SM.

In addition to this, the leptonic decays of pseudoscalarBs
meson sector plays a vital role and enthusiastically makes
more attention to explore the physics beyond the SM. In
particular, we study Bs → μþμ− decay mode because of
careful observation of decay constant of neutral B0

s meson
from lattice. On the other side, the study of Bs → l0l0
(where l0 ¼ e; τ) puts a less mark on the board as they have
upper bounds. The former one has branching ratio with an
upper limit of 2.8 × 10−7 (90% C.L.) [12], reported by
LHCb where < 6.8 × 10−3 (95% C.L.) reported by CDF
Collaboration [13] for later decay mode. The SM values
of branching ratio of Bs → τþτ− and Bs → eþe− decays
have Oð10−7Þ and Oð10−14Þ, respectively, where as for
Bs → μþμ−, it is of the order of 10−9 [14]. Thus, there is a
possibility of contribution to both decays along with Bs →
μþμ− mode in the new physics scenario.
Inspired by these discrepancies of the Bs → KþK−

decay mode, we would like to investigate, in QCD
factorization approach, the new physics (NP) effect on
CP-averaged branching ratio as well as the CP violation
parameters arising due to Z0 model where an extra Uð1Þ0
gauge boson Z0 takes part in the play. Several studies

TABLE I. The theoretical predictions of CP-averaged branch-
ing ratio (B) (in the units of 10−6), CP-violating asymmetries
such as direct (CKK in %) and mixing-induced CP asymmetry
(SKK).

Bs → KþK− QCDF [1] PQCD [2,3] SCET [4]

BR 25.2 þ12.7þ12.5
−7.2−9.1 13.6 18.2

19.7 þ6.6
−5.7

CKK −7.7 þ1.6þ4.0
−1.2−5.1 −23.3 −6

−16.4
SKK 0.22þ0.04þ0.05

−0.05−0.03 28 19
20.6
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[15–18] have been done in the scenario of FCNC mediated
by Z0 boson. In addition to this, we study the new physics
impact due to vectorlike down quark (VLDQ) model
[18–21] where an extra SUð2ÞL singlet down type quark
has been added to SM quark sector which includes a CP
and flavor-violating FCNC mediated by Z boson at tree
level. The new coupling Z0 − b − s (Z − b − s) associated
with Z0 (VLDQ) model can be constrained by using the
experimental limit for all leptonic modes, and using the
allowed parameter space, we examine the new physics
impact on Bs → KþK− decay mode observables.
The layout of this paper is structured as follows. In

Sec. II, we discuss the effective Hamiltonian responsible
for the nonleptonic b → sqq̄ processes. We have also
presented the framework for Bs → KþK− observables such
as branching ratio and CP-violating parameters in the
standard model. We constrain the new parameter space
arising due to Z0 model from the branching ratios of
leptonic Bs modes in Sec. III and address the footprint
of this model on Bs → KþK− process by using the new
couplings. In Sec. IV, we draw an attention to the
interactions of the VLDQ model and check the impact
on the aforementioned observables for Bs → KþK− decay
mode. Section V summarizes our results.

II. Bs → K +K − PROCESS IN THE
STANDARD MODEL

In the standard model, the penguin dominated Bs →
KþK− decay mode receives contribution from quark level
transition b → s where the weak effective Hamiltonian
describing the decay b → sqq̄ is given as [22]

Heff ¼
GFffiffiffi
2

p
�
VubV�

us½C1ðμÞOu
1ðμÞ þ C2ðμÞOu

2ðμÞ�

− VtbV�
ts

�X10
i¼3

CiðμÞOiðμÞ
��

þ H:c:; ð1Þ

where GF ¼ 1.16639 × 10−5 GeV−2 is the Fermi coupling
constant, Vαβ’s are the CKM matrix element (α; β ¼ u; b;
s; t). Here O1;2 are the current-current operators, O3;…6 are
QCD penguin operators, O7;…10 are electroweak penguin
operators, and CiðμÞ (i ¼ 1;…10) are the corresponding

Wilson coefficients evaluated at the renormalization
scale μ ¼ mb.
Using the framework of QCD factorization approach

[23], the decay amplitude can be written in the form as

hKþK−jOijB0
si ¼ hKþK−jOijB0

sifact
×

�
1þ

X
rnαns þO

�
ΛQCD

mb

��
; ð2Þ

where hKþK−jOijB0
sifact represents the hadronic factorized

matrix element, the second and third terms in the square
bracket are higher order corrections. The coupling constant
αs arises due to strong interaction effect, ΛQCD is the
QCD scale.
In the heavy quark limit, the amplitude of this decay

mode can be represented as [23]

AB0
s→KþK− ¼ AKK̄½δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4

−
1

2
βp3;EW −

1

2
βp4;EW �

þ BK̄K½δpub1 þ bp4 þ bp4;EW �; ð3Þ
where

AKK̄ ¼ i
GFffiffiffi
2

p m2
BF

Bs→K
0 ð0ÞfK;

BK̄K ¼ i
GFffiffiffi
2

p fBs
fKfK; ð4Þ

which includes the form factor FBs→K
0 ð0Þ at zero recoil

momentum and decay constants fBs
and fK. The detailed

expressions of coefficients αi and βi ðbiÞ are given in the
Appendix, which include factorizable along with non-
factorizable contributions to the above decay amplitude.
The CP-averaged branching ratio can be obtained using

the following formula:

BRðBs → KþK−Þ

¼ τBs

pc

8πm2
Bs

�jABs→KþK− j2 þ jAB̄s→KþK− j2
2

�
; ð5Þ

where τBs
(mBs

) is the lifetime (mass) of Bs meson and the
center of mass momentum in the rest frame of B meson is
given as

TABLE II. Measured values of branching ratio (B) (in the units of 10−6), CP-violating asymmetries such as direct
(CKK) and mixing-induced (SKK) reported by Belle, CDF, and LHCb Collaborations and world averages.

B̄s → KþK− Belle [5] CDF [6] LHCb [7–9] HFLAV [10] PDG [11]

BR 38 þ10
−09 � 7 23.9� 1.4� 3.6 23.0� 0.7� 2.3 24.8� 1.7 25.9� 1.7

CKK … … 0.14� 0.11� 0.03 … 0.14� 0.11
0.20� 0.06� 0.02

SKK … … 0.30� 0.12� 0.04 … 0.30� 0.13
0.18� 0.06� 0.02
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pc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

Bs
− ðmKþ þmK−Þ2Þðm2

Bs
− ðmKþ −mK−Þ2Þ

q
:

ð6Þ

The amplitudes correspond to Bs and B̄s are CP conjugate
to each other. The time-dependent CP asymmetry of Bs
meson decaying to final CP eigenstate KþK− can be
written as [24]

AKþK−ðtÞ ¼ CKK cosðΔMB0
s
tÞ þ SKK sinðΔMB0

s
tÞ; ð7Þ

where CKK ¼ jλj2−1
1þjλj2 and SKK ¼ 2

ImðλÞ
1þjλj2 are the direct and the

mixing-induced CP asymmetries, respectively [1]. The
parameter λ is given as

λ ¼ q
p

AB̄0
s→KþK−

AB0
s→KþK−

; ð8Þ

where q and p are mixing parameters which are connected
to the standard model CKM elements as

q
p
¼ V�

tbVts

VtbV�
ts
: ð9Þ

Symbolically, the amplitude of the Bs → KþK− decay
mode can be written as

AB0
s→KþK− ¼ ζuAu þ ζcAc

¼ ζcAc½1þ ℘aeiðδ1−γÞ�; ð10Þ

where ζq ¼ VqbV�
qsðq ¼ u; cÞ, a ¼ j ζuζc j, ℘ ¼ j Au

Ac
j, γ is the

weak phase of CKM element Vub, and δ1 ¼ ArgðAu
Ac
Þ. From

the amplitude given in Eq. (10), the parameters BR, CKK ,
and SKK can be obtained, respectively, as

BR ¼ τBs
pc

8πm2
Bs

jζcAcj2f1þ ð℘aÞ2 þ 2℘a cos δ1 cos γg;

ð11Þ

CKK ¼ −
2℘a sin δ1 sin γ

1þ ð℘aÞ2 þ 2℘a cos δ1 cos γ
; ð12Þ

SKK

¼ sin 2β þ 2℘a cos δ1 sinð2β − γÞ þ ð℘aÞ2 sinð2β − 2γÞ
1þ ð℘aÞ2 þ 2℘a cos δ1 cos γ

:

ð13Þ

For numerical computation of these observables in the SM,
the CKM matrix elements along with the weak angle γ and
the lifetime of Bs meson are taken from [11] and we use
the value of βs angle from [25]. The Wilson coefficients
in NDR scheme at NLO correspond to flavor (αi) and

annihilation (βi) contributions are considered from [26]. In
addition to this, we use the values of other parameters
which are given as follows:

(i) QCD scale and running quark masses

Λð5Þ
M̄S

¼ 0.225 ½23�; mbðmbÞ ¼ 4.2 ½23�;
mcðmbÞ ¼ 1.3� 0.2 ½23�;

muð2 GeVÞ ¼ 2.15� 0.15 ðMeVÞ ½41�;
mdð2 GeVÞ ¼ 4.70� 0.20 ðMeVÞ ½41�;
msð2 GeVÞ ¼ 93.8� 1.3� 1.9 ðMeVÞ ½41�; ð14Þ
where the superscript (5) in the parameter ΛM̄S
corresponds to number of active flavor.

(ii) CKM parameters and Bs meson lifetime

Vub ¼ 0.00365� 0.00012 ½11�;
γ ¼ ð73.5 þ4.2

−5.1Þ° ½11�
Vcb ¼ 0.04214� 0.00076 ½11�;
τBs

¼ ð1.509� 0.004Þ × 10−12 s ½11�: ð15Þ

(iii) Gegenbauer moments

αK1 ¼ 0.06� 0.03 ½1�;
αK2 ¼ 0.25� 0.15 ½1�;
λBs

¼ 300� 100 ðMeVÞ ½1�: ð16Þ

(iv) Form factor (at q2 ¼ 0) and decay constants

FBs→K
0 ¼ 0.323� 0.063 ½42�;
fBs

¼ 0.228� 0.010 ½43�;
fK ¼ 0.156� 0.007 ½44�: ð17Þ

(v) Annihilation and hard spectator parameters

ρA ¼ 1� 0.1 ½1�; ϕA ¼ ð−55� 20Þ° ½1�;
XH ¼ 2.4� 0.024 ½23�: ð18Þ

By using the above input parameters, we get the predicted
values of the prominent observables as

BR ¼ ð38.22þ1.41þ9.58þ1.193þ2.884
−1.41−9.58−1.193−2.884 Þ × 10−6;

CKK ¼ ð−10.87þ0.34þ1.10þþ0.20þ0.37
−0.34−1.10−0.20−0.37 Þ × 10−2;

SKK ¼ ð26.09þ0.817þ2.50þ0.36þ0.8
−0.817−2.50−0.36−0.8 Þ × 10−2: ð19Þ

The sequence of the parameters to the uncertainties of the
above observables (19) include as follows:

(i) First: CKM parameters-jVcbj; jVubj, and γ,
(ii) Second: quark masses, form factor, and decay

constants,
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(iii) Third: Gegenbauer moments in the expansion of
distribution amplitude,

(iv) Fourth: power corrections to hard spectator and
annihilation contribution.

III. Z0 MODEL

In this section, we discuss the effects of new physics
associated with Z0 model on the observables of Bs →
KþK− decay process. We constrain the Z0 new cou-
plings by using the experimental limits on Bs → ll
(where l is any charged leptons), mediated by the
FCNC transitions b → sll. These are the theoretically
cleanest B decays as the only nonperturbative quantity
involved in the description of these processes is the Bs
meson decay constant.

A. Bs → l+l− (l= e; μ; τ) processes

In the SM, the effective Hamiltonian for quark level
transitions b → slþl− is given by [27,28]

Heff ¼ −
GFffiffiffi
2

p ½λðqÞt HðtÞ
eff þ λðqÞu HðuÞ

eff � þ H:c:; ð20Þ

where

HðuÞ
eff ¼ C1ðOc

1 −Ou
1Þ þ C2ðOc

2 −Ou
2Þ;

HðtÞ
eff ¼ C1Oc

1 þ C2Ou
1Þ þ

X10
i¼3

CiOi: ð21Þ

Here λðq¼sÞ
k ¼ VkbV�

kq¼sðk ¼ u; c; tÞ is the CKM parameter
and Ci’s (i ¼ 1;…; 10) are the Wilson coefficients. Using
effective Hamiltonian (20), the transition amplitude for this
process is given as

MðBs → lþl−Þ ¼ i
GFαffiffiffi
2

p
π
VtbV�

tsfBs
C10mlðl̄γ5lÞ; ð22Þ

where α is the fine structure constant. Here, we have used
the vacuum insertion method to define the decay constant in
the matrix element as

h0js̄γμγ5bjB0
si ¼ ifBs

pμ
B; ð23Þ

where pμ
B ¼ pμ

lþ þ pμ
l−. In general, from Eq. (22), the

associated branching ratio is given as [29]

BRðBs → lþl−Þ ¼ G2
FτBs

16π3
α2f2Bs

mBs
m2

ljVtbV�
tsj2jC10j2

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

m2
Bs

s
: ð24Þ

Using the Bs decay constant from [43] and remaining input
parameters from PDG [11], the branching ratio predictions
are presented below. The errors in the SM results are
coming mainly from decay constant and CKM matrix
elements. Here we also show the corresponding experi-
mental limits for all leptonic decay modes [11].

BRSM
Bs→μþμ− ¼ ð3.56� 0.33Þ × 10−9; BRExp

Bs→μþμ− ¼ ð2.7þ0.6
−0.5Þ × 10−9;

BRSM
Bs→τþτ− ¼ ð7.64� 0.72Þ × 10−7; BRExp

Bs→τþτ− < 6.8 × 10−3;

BRSM
Bs→eþe− ¼ ð8.40� 0.79Þ × 10−14; BRExp

Bs→eþe− < 2.8 × 10−7: ð25Þ

Though Bs → lþl− decays occur only at one-loop level in the SM, these processes can occur at tree level in the presence
of new Z0 gauge boson arising due to the Uð1Þ0 gauge extension of the SM. The effective Hamiltonian corresponding to the
transition b → slþl− process is given by [31,32]

HZ0
eff ¼ −

2GFffiffiffi
2

p VtbV�
ts

�
g0MZ

g1MZ0

�
2
�
UL

bsU
L
ll

VtbV�
ts
ðs̄bÞV−Aðl̄lÞV−A

�

−
UL

bsU
R
ll

VtbV�
ts
ðs̄bÞV−Aðl̄lÞVþA þ H:c:; ð26Þ

where g1ðg0Þ is the coupling constant of ZðZ0Þ boson. According to the SM effective Hamiltonian (20), the Hamiltonian in
Z0 can be written as

HZ0
eff ¼ −

GFffiffiffi
2

p VtbV�
ts½CZ0

9 O9 þ CZ0
10O10� þ H:c:; ð27Þ

where the new Wilson coefficients are given as
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CZ0
9 ¼ −2

�
g0MZ

g1MZ0

�
2 UL

bs

VtbV�
ts
ðUL

ll þ UR
llÞ ¼ −2

�
g0MZ

g1MZ0

�
2 jUL

bsjeiϕs

VtbV�
ts

ðUL
ll þ UR

llÞ;

CZ0
10 ¼ 2

�
g0MZ

g1MZ0

�
2 UL

bs

VtbV�
ts
ðUL

ll −UR
llÞ ¼ 2

�
g0MZ

g1MZ0

�
2 jUL

bsjeiϕs

VtbV�
ts

ðUL
ll −UR

llÞ; ð28Þ

with ϕs is the associated weak phase of Ubs. We consider
g0
g1
∼ 1 with the assumption that both the Uð1Þ groups have

same origin from some grand unified theory. For a TeV-
scale Z0 boson, their ratio of masses MZ=MZ0 will be
∼10−1. In this analysis, the coupling of Z0 boson to leptons

ULðRÞ
ll are considered to be SM-like. Now, comparing the

theoretical values of Bs → ll branching ratios with their
corresponding 1σ range of experimental data, we constrain
the new Z0 − b − s coupling (Ubs) and weak phase ðϕsÞ as
shown in Fig. 1. From this figure, the allowed range of Ubs
and ϕs parameters of Z0 model is given as

0.675≲ jUbsj≲ 0.99;

for 0° ≤ ϕs ≤
5π

18
and

7π

4
≤ ϕs ≤ 2π: ð29Þ

B. Impact on nonleptonic Bs → KK decay mode

Now, we will discuss the impact of family nonuniversal
Z0 gauge boson on the Bs → KþK− decay mode. The
effective Hamiltonian describing the b → sqq̄ (q ¼ u; d)
transition for Bs → KþK− decay mode is given as [16]

HZ0
eff ¼

2GFffiffiffi
2

p
�
g0MZ

g1MZ0

�
2

UL
bsðs̄bÞV−A

×
X
q

½UL
qqðq̄qÞV−A þ UR

qqðq̄qÞVþA� þ H:c: ð30Þ

Due to hermiticity of effective Hamiltonian, the diagonal

elements of ULðRÞ
qq are real where the nondiagonal elements

of ULðRÞ
bs might be complex along with a phase ϕs. Now,

comparing the effective Hamiltonian of Z0 model of
Eq. (30) with the general effective Hamiltonian

Heff ¼ −
GFffiffiffi
2

p VtbV�
ts

X
q

½C0
9O9 þ C0

7O7�; ð31Þ

we obtain

C0
9ð7Þ ¼ −

4

3

�
g0MZ

g1MZ0

�
2

UL
bsðULðRÞ

uu − ULðRÞ
dd Þ; ð32Þ

where C0
9; C

0
7 are the new Wilson coefficients arising

due to Z0 gauge boson. Many studies have been done in
[16,33–37] with the manifestation of electroweak contri-

bution assuming ULðRÞ
uu ≃ −2ULðRÞ

dd . Thus,

C0
9ð7Þ ¼ 4

�
g0MZ

g1MZ0

�
2 UL

bsU
LðRÞ
dd

VtbV�
ts

: ð33Þ

Now, for convenience, these coefficients can be written in
the following parametric form as

C0
9ð7Þ ¼ 4

�
g0MZ

g1MZ0

�
2

UL
bs ¼ 4

�
g0MZ

g1MZ0

�
2 jUL

bsjeiϕs

VtbV�
ts

; ð34Þ

where the assumption ofULðRÞ
qq ∼ 1 has been taken out from

experimental data of Bs meson [15]. The decay amplitude
in the presence of additional Z0 boson can be written as

AB0
s→KþK− ¼ AKK̄

�
δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4

−
1

2
βp3;EW −

1

2
βp4;EW

�
þ BK̄K½δpub1 þ bp4 þ bp4;EW �

− ζt

�
AKK̄

�
α̃p4 þ α̃p4;EW þ β̃p3 −

1

2
β̃p3;EW

��
;

ð35Þ

where terms α̃ and β̃ arise due to new physics contributions.
We can represent the above transition amplitude in the
parametrized form as

0 50 100 150 200 250 300 350

0.70

0.75

0.80

0.85

0.90

0.95

1.00

FIG. 1. The allowed region in the new coupling parameter
space obtained from the branching ratios of leptonic Bs →
lþl−ðl ¼ e; μ; τÞ processes in Z0 model.
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A ¼ ASM − ζtANP ¼ ζcAc½1þ ℘aeiðδ1−γÞ − ℘0beðδ2þϕsÞ�:
ð36Þ

In addition to ℘ and a, given in the previous section, the
new parameters in the above amplitude are defined as
b ¼ j ζtζc j, ℘0 ¼ j ANP

Ac
j. δ2 is the relative strong phase and is

given by δ2 ¼ ArgðANP
Ac

Þ.

The CP-averaged branching ratio can be written as

BR ¼ τBs
pc

8πm2
Bs

jζcAcj2½Gþ 2℘a cos δ1 cos γ

− 2℘0b cos δ2 cosϕs

− 2℘℘0ab cosðδ1 − δ2Þ cosðγ þ ϕsÞ�: ð37Þ
The direct CP asymmetry is given as

CKK ¼ −
2½ra sin δ1 sin γ þ ℘0b sin δ2 sinϕs þ ℘℘0ab sinðδ2 − δ1Þ sinðγ þ ϕsÞ�

½Gþ 2ð℘a cos δ1 cos γ − 2℘0b cosϕsδ2 − 2℘℘0bb0 cosðγ þ ϕsÞ cosðδ2 − δ1ÞÞ�
: ð38Þ

The mixing-induced CP asymmetry can be represented as

SKK ¼ M
Gþ 2℘a cos δ1 cos γ − 2℘0b cos δ2 cosϕs − 2℘℘0ab cosðδ1 − δ2Þ cosðγ þ ϕsÞ

; ð39Þ

where G ¼ 1þ ð℘aÞ2 þ ð℘0bÞ2 and

M ¼ sin 2β þ 2℘a cos δ1 sinð2β þ γÞ − 2℘0b cos δ2 sinð2β − ϕsÞ þ ð℘aÞ2 sinð2β þ 2γÞ ð40Þ
þð℘0bÞ2 sinð2β − 2ϕsÞ − 2℘℘0ab cosðδ1 − δ2Þ sinð2β þ γ − ϕsÞ: ð41Þ

FIG. 2. Variation of CP-averaged branching ratio (in the units of 10−5) (top-left panel), direct CP asymmetry (top-right panel), and
mixing-induced CP asymmetry (bottom panel) (in %) with the new weak phase ϕs for different jUbsj entries. The black color horizontal
dotted line represents the central experimental value, whereas the magenta dotted lines along with cyan colored region denote its 1σ
error limit.
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After collecting the detailed expression for CP-averaged
branching ratio and the CP-violating parameters in the
presence of new Z0 gauge boson, we now proceed for
numerical analysis for these observables. Using the allowed
parameter space from Eq. (29), we display the variation of
CP-averaged branching ratio (top-left panel), direct CP
violation (top-right panel), and mixing-induced CP asym-
metry (bottom panel) with respect to mixing weak phase ϕs
with some benchmark entries of UbsðcolorÞ as 0.7 (green),
0.85 (blue), and 0.98 (orange) in Fig. 2. As we notice from
the top-left one, for all entries of Ubs values along with the
value of ϕs below 20° and after 320°, the NP effects on
branching ratios do contribute within 1σ range of exper-
imental data. On the other side, if we observe the CP-
violating parameters in the new physics scenario, both CKK
and SKK are accommodating within 1σ limit. Figure 3
depicts the correlations among all the discussed observ-
ables. In this figure, the top-left (right) panel displays BR −
CKKðSKKÞ correlations and the plot in the bottom panel
shows a relationship between CKK and SKK . If we observe
carefully to the correlation plots for both top-left and top-
right panels, with the benchmark value of Ubs ¼ 0.98, the
observables accommodate the experimental data com-
pletely within 1σ error limit whereas in the bottom panel,

FIG. 3. Correlation plots of CP-averaged branching ratio (in the units of 10−5) with direct CP asymmetry (top-left panel) and mixing-
induced CP asymmetry (top-right panel) (in %), and direct CP asymmetry with mixing induced CP asymmetry (bottom panel). The
shaded cyan colored region signifies 1σ range of experimental data in each plot.

TABLE III. Predicted values of CP-averaged branching ratio
and CP-violating observables for different benchmark values of
UbsðQbsÞ and ϕs parameters in the Z0 (VLDQ) model.

Model UbsðQbsÞ ϕs BR CKK SKK

Z0 model 0.85 0° 22.69 × 10−6 −0.10 0.14
50° 39.5 × 10−6 −0.82 0.26

315° 28.03 × 10−6 0.86 0.06
0.9 0° 22.90 × 10−6 −0.11 0.12

50° 40.69 × 10−6 −0.84 0.23
315° 28.55 × 10−6 0.89 0.08

0.98 0° 23.55 × 10−6 −0.10 0.10
50° 42.93 × 10−5 −0.86 0.17

315° 29.71 × 10−6 0.95 0.12

VLDQ model 2 × 10−4 0° 21.23 × 10−6 −0.21 0.33
75° 38.28 × 10−6 −0.20 0.69

285° 33.27 × 10−6 −0.02 −0.25
5 × 10−4 0° 5.63 × 10−6 −0.79 0.50

75° 48.26 × 10−6 −0.25 0.96
285° 35.73 × 10−6 0.13 −0.87

8 × 10−4 0° 3.02 × 10−6 −2.91 −0.59
75° 70.40 × 10−6 −0.26 0.86

285° 50.34 × 10−6 0.18 −0.96
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no observables are accommodating within 1σ. We
have shown the predicted results of branching ratios,
CP-violating observables for different values of Ubs and
ϕs in the top section of Table III.

IV. VECTORLIKE DOWN QUARK
(VLDQ) MODEL

Here we study the minimal extension of SM where the
quark sector is expanded by an extra vectorlike down
quark. Because of this, we obtain a 4 × 4 matrix Viα
(i ¼ u; c; t; t0 and α ¼ d; s; b; b0) from which the interac-
tion of this extra down-type quark with the SM quarks
could be obtainable and scrutinize the deviations of the
unitarity relation of the CKM matrix. This mixing provides
a remarkable study of flavor changing neutral current
(FCNC) interaction where Z particle is mediated through
tree level contribution. In general, this model includes the
following Lagrangian [21]:

LZ ¼ g
2 cos θW

½ūLiγμuLi − d̄LαQαβγ
μdLα − 2sin2θWJ

μ
em�Zμ;

where L denotes the left-handed chiral particles, i and α; β
denote the generation indices for up-type and down-type
quarks, respectively. The second term in the above
Lagrangian corresponds to the mixing in the down-type
quark sector and the matrix Qαβ can be represented as

Qαβ ¼
X
i¼u;c;t

V†
αiViβ ¼ δαβ − V�

4αV4β: ð42Þ

Here V is not unitary as an extra down-type vector
like quark of charge (− 1

3
) has been added to the SM. It

provides a new signal to probe the physics beyond the SM
and modify the CP asymmetries and branching ratio
predictions. We constrain the new parameters from the
Br(Bs → lþl−) to be presented in the subsequent section.

A. Bs → l+l− (l= e; μ; τ) processes

Though Bs → lþl− process are suppressed in the SM,
but can be significant in the presence of extra vectorlike
down quark particle where Z is mediated at tree level whose
contribution provides the physics beyond the SM. The
branching ratio of Bs → lþl− in Z mediated VLDQmodel
is given by [38]

BRðBs → lþl−Þ ¼ G2
Fα

2mBs
m2

lf
2
Bs
τBs

16π3
jVtbV�

tsj2

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

�
m2

l

m2
Bs

�s
jCtot

10j2; ð43Þ

where

Ctot
10 ¼ C10 −

π

α

Qbs

VtbV�
ts
: ð44Þ

Here the second term provides the NP contribution to the
decay amplitude where the parameter Qbs defines the
coupling of b to s quark at tree level. Using the theoretical
and experimental values of Bs → ll (25) ), the constraint
on Qbs − ϕs parameters is presented in Fig 4. The ranges
obtained from the constrained plots are given as

1.69 × 10−5 ≲ jQbsj ≲ 8.4 × 10−4;

for 0° ≤ ϕs ≤
5π

12
and

19π

12
≤ ϕs ≤ 2π: ð45Þ

B. Impact on Bs → KK mode

The effective Hamiltonian corresponding to new inter-
action describing b → sqq̄ can be represented as

HZ
eff ¼ −

GFffiffiffi
2

p VtbV�
ts½C̃3O3 þ C̃7O7 þ C̃9O9�;

where the newWilson coefficients at theMZ scale are given
as [20,39]

C̃3ðMZÞ ¼
1

6

Qbs

VtbV�
ts
;

C̃7ðMZÞ ¼
2

3

Qbs

VtbV�
ts
sin2θW;

C̃9ðMZÞ ¼ −
2

3

Qbs

VtbV�
ts
ð1 − sin2θWÞ: ð46Þ

Here Qbs ¼ jQbsjeiϕs and sin2 θW ¼ 0.231. As the new
couplings are in MZ scale, so these can be evolved to mb
scale employing renormalization group equation [22]. By
using RGE, these three couplings can be generated and we
consider the above values from Ref. [40].

FIG. 4. The allowed region in the new coupling parameter
space obtained from all the branching ratios of leptonic Bs →
lþl−ðl ¼ e; μ; τÞ processes in VLDQ model.
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Now, using the unitarity condition from Eq. (42),
we get

ξu þ ξc þ ξt ¼ Qbs: ð47Þ
To this relation, we can express the decay amplitude along
with the new physics contributions as

AB0
s→KþK− ¼ AKK̄

�
δpuα1 þ αp4 þ αp4;EW þ βp3 þ βp4

−
1

2
βp3;EW −

1

2
βp4;EW

�
þ BK̄K½δpub1 þ bp4 þ bp4;EW �

−Qbs

�
AKK̄

�
α̃p4 þ α̃p4;EW þ β̃p3 −

1

2
β̃p3;EW

��
:

ð48Þ
Here, α̃p and β̃p provide the dominant contributions to
NP amplitude which contains all the new couplings as
given in Eq. (43). Symbolically, the full amplitude can be
written as

A ¼ ξuAu þ ξcAc −QbsANP

¼ ξcAc½1þ ϱa0eiðδ01−γÞ − ϱ0b0eiðδ02þϕsÞ�; ð49Þ

where

a0 ¼
				 ξuξc

				; b0 ¼
				Qbs

ξc

				; ϱ ¼
				Au

Ac

				; ϱ0 ¼
				ANP

Ac

				: ð50Þ

Here, γ is the weak phase of Vub;ϕs is the weak phase of
Qbs, and δ01ðδ02Þ is the relative strong phase between Au and
AcðANP and AcÞ. From the parametrized amplitude, the
CP-averaged branching ratio can be written as

BR ¼ τBs
pc

8πm2
Bs

jξcAcj2½G0 þ 2ϱa0 cos δ01 cos γ

− 2ϱ0b0 cos δ02 cosϕs

− 2ϱϱ0a0b0 cosðδ1 − δ02Þ cosðγ þ ϕsÞ�: ð51Þ

On the other hand, the direct CP asymmetry can be
written as

FIG. 5. Variation of CP-averaged branching ratio (in the units of 10−5) (top-left panel), direct CP asymmetry (top-right panel), and
mixing-induced CP asymmetry (bottom panel) with the new weak phase ϕs for different jUbsj entries. The horizontal line (dotted black
color) represents the central experimental value, whereas the dot-dashed lines (magenta color) along with brown colored shaded region
denote the 1σ error limit of experimental values.
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CKK ¼ −
2½ϱa0 sin δ01 sin γ þ ϱ0b0 sin δ02 sinϕs þ ϱϱ0a0b0 sinðδ02 − δ1Þ sinðγ þ ϕsÞ�

½G0 þ 2ðϱa0 cos δ01 cos γ − 2ϱ0b0 cosϕsδ
0
2 − 2ϱϱ0a0b0 cosðγ þ ϕsÞ cosðδ02 − δ01ÞÞ�

: ð52Þ

One can obtain the mixing-induced CP asymmetry parameter as

SKK ¼ M0

G0 þ 2ϱa0 cos δ01 cos γ − 2ϱ2b0 cos δ02 cosϕs − 2ϱ1ϱ2a0b0 cosðδ01 − δ02Þ cosðγ þ ϕsÞ
; ð53Þ

where G0 ¼ 1þ ðϱa0Þ2 þ ðϱ0b0Þ2 and

M ¼ sin 2βs þ 2ra0 cos δ1 sinð2βs þ γÞ − 2r0b0 cos δ2 sinð2βs − ϕsÞ þ ðra0Þ2 sinð2βs þ 2γÞ ð54Þ

þðr0b0Þ2 sinð2βs − 2ϕsÞ − 2rr0a0b0 cosðδ1 − δ2Þ sinð2βs þ γ − ϕsÞ: ð55Þ

In Fig. 5, we present the variation of CP-averaged
branching ratios (top-left panel), direct (top-right panel),
and mixing induced (bottom panel) CP asymmetries with
respect to the weak phase ϕs for three benchmark Qbs
values. Here the colors green, blue, and orange solid lines
represent the predictions obtained by using Qbs¼2×10−4,
5 × 10−4, and 8 × 10−4, respectively. For the entries of ϕs

below 50° and above 290°, and with all the discussed
benchmark points of Qbs, the predicted branching of Bs →
KK is accommodating within 1σ range of experimental
central value. We also notice that the CP-violating param-
eters are also explained within 1σ data, but in CKK the value
Qbs ¼ 2 × 10−4 could not accommodate. The correlation
plots among all the observables are shown in Fig. 6 for the

FIG. 6. Correlation plots of CP-averaged branching ratio (in the units of 10−5) with direct CP asymmetry (top-left panel) and mixing-
induced CP asymmetry (top-right panel) (in %), and direct CP asymmetry with mixing-induced CP asymmetry (bottom panel). The
brown shaded region addresses 1σ range of experimental value.
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same inputs of Qbs. With the careful observation, we bring
to the notice in the top-left panel that for all entries ofQbs, it
does not accommodate the experimental data within 1σ
limit. In the top-right and bottom panel, with the value of
Qbs ¼ 2 × 10−4, the observables lie within 1σ limit
whereas for Qbs ¼ 5 × 10−4 and 8 × 10−4 values the
correlations among the observables could not accommo-
date within 1σ. The predicted results of branching ratio,
CP-violating observables for different values of Qbs and ϕs
are shown in the bottom section of Table III.

V. CONCLUSION

To conclude, we have investigated the prominent observ-
ables of Bs → KþK−, a penguin-dominated decay mode
occurring at quark level transition b → s, both in standard
model and beyond the SM scenarios. In the new physics
scenario, we consider both the Z0 and vectorlike down
quark model, where the consequence of the former one is
nothing but the minimal extension of SM having Uð1Þ0
gauge group added to it and the later one provides the
interaction of Z mediated FCNC at the tree level. We have
constrained the NP parameter associated with “Zð0Þ−b−s”
interactions from the branching ratios of all leptonic Bs
decay modes and mainly checked whether the new physics

coupling has impact on the physical observables of non-
leptonic Bs → KþK− decay mode. We have found that
the CP-averaged branching ratio could accommodate the
experimental data within 1σ range in Z0 model. On the other
hand, it has deviated significantly from the SM results for
sizable new physics coupling parameters Qbs of VLDQ
model. Furthermore, in both models, the CP-violating
parameters such as direct and mixing induced have pro-
found deviation in the presence of new physics and
accommodate the experimental data.
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APPENDIX: DETAILS OF THE PARAMETERS
REQUIRED FOR Bs → KK DECAY

The relevant factorized matrix elements for the decay
B → M1M2 are given by

AM1M2
¼ i

GFffiffiffi
2

p

8>><
>>:

m2
BF

B→M1

0 ð0ÞfM2
; for M1 ¼ M2 ¼ P;

−2mVϵ
�
M1
:pBA

B→M1

0 ð0ÞfM2
; for M1 ¼ V;M2 ¼ P;

−2mVϵ
�
M1
:pBF

B→M1þ ð0ÞfM2
; for M1 ¼ P;M2 ¼ V:

ðA1Þ

Here the form factor Fþ;0 stand for pseudoscalar meson, A0 denotes vector meson where as fPðVÞ signify the decay constant
for pseudoscalar (vector) meson. The useful explicit expressions of flavor operators in QCDF (QCD Factorization) read as
follows [23]:

α1ðM1M2Þ ¼ a1ðM1M2Þ;
α2ðM1M2Þ ¼ a2ðM1M2Þ;

αp3 ðM1M2Þ ¼
�
a3ðM1M2Þ − a5ðM1M2Þ; for M1M2 ¼ PP; VP;

a3ðM1M2Þ þ a5ðM1M2Þ; for M1M2 ¼ VV; PV;

αp4 ðM1M2Þ ¼
�
ap4 ðM1M2Þ þ rM2

χ ap6 ðM1M2Þ; for M1M2 ¼ PP;PV;

ap4 ðM1M2Þ − rM2
χ ap6 ðM1M2Þ; for M1M2 ¼ VV;VP;

αp3;EWðM1M2Þ ¼
�
a9ðM1M2Þ − a7ðM1M2Þ; for M1M2 ¼ PP; VP;

a9ðM1M2Þ þ a7ðM1M2Þ; for M1M2 ¼ VV; PV;

αp4;EWðM1M2Þ ¼
�
ap10ðM1M2Þ þ rM2

χ ap8 ðM1M2Þ; for M1M2 ¼ PP;PV;

ap10ðM1M2Þ − rM2
χ ap8 ðM1M2Þ; for M1M2 ¼ VV; VP;

ðA2Þ

where

api ðM1M2Þ ¼
�
Ci þ

Ci�1

Nc

�
NiðM2Þ þ

Ci�1

Nc

CFαs
4π

�
ViðM2Þ þ

4π2

Nc
HiðM1M2Þ

�
þ Pp

i ðM2Þ; ðA3Þ
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with the superscript p ¼ u; c. Here the quantity NiðM2Þ also reads as

NiðM2Þ ¼
�
0; i ¼ 6; 8;

1; otherwise;
ðA4Þ

moreover in the above expressions, i runs from 1 to 10. The lower (upper) sign in the expression of flavor operator is
validate only when i is even (odd), Ci’s are the Wilson coefficients, CF is the color factor having Nc ¼ 3. The contributions
such as ViðM2Þ and HiðM1M2Þ account for vertex corrections, hard spectator interactor interactions which include
nonfactorizable short distance corrections, whereas Pp

i ðM1M2Þ represents as penguin contractions. The explicit expressions
of above corrections are given below.

(i) Vertex corrections [23]

ViðM2Þ ¼

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

R
1
0 dxΦM2

ðxÞ
h
12 ln mb

μ − 18þ gðx

�

; for i ¼ 1 − 4; 9; 10;

R
1
0 dxΦM2

ðxÞ
h
−12 ln mb

μ þ 6 − gð1 − xÞ
i
; for i ¼ 5; 7;R

1
0 dxΦm2

ðxÞ½−6þ hðxÞ�; for i ¼ 6; 8;

where

gðxÞ ¼ 3

�
1 − 2x
1 − x

ln x − iπ

�

þ
�
2Li2ðxÞ − ln2xþ 2 ln x

1 − x
− ð3þ 2πiÞ ln x − ðx ↔ 1 − xÞ

�
;

hðxÞ ¼ 2Li2ðxÞ − ln2x − ð1þ 2πiÞ ln x − ðx ↔ 1 − xÞ: ðA5Þ

The inputs ΦP;VðxÞ and Φp;vðxÞ to the above expressions called the leading twist and twist-3 light cone distribution
amplitudes are given in [23] depending upon the pseudoscalar (JP ¼ 0−) or vector meson (JP ¼ 1−).

(ii) Hard spectator interactions [23]

HiðM1M2Þ ¼
BM1M2

AM1M2

mB

λB

Z
1

0

dx
Z

1

0

dy
�
ΦM2

ðxÞΦM1
ðyÞ

x̄ ȳ
þ rM1

χ
ΦM2

ðxÞΦm1
ðyÞ

xȳ

�
; ðA6Þ

for i ¼ 1 − 4; 9; 10,

HiðM1M2Þ ¼ −
BM1M2

AM1M2

mB

λB

Z
1

0

dx
Z

1

0

dy

�
ΦM2

ðxÞΦM1
ðyÞ

xȳ
þ rM1

χ
ΦM2

ðxÞΦm1
ðyÞ

x̄ ȳ

�
; ðA7Þ

for i ¼ 5; 7 and HiðM1M2Þ ¼ 0 for i ¼ 6; 8 where we consider λB ¼ ð300� 100Þ MeV.
(iii) Penguin contractions [23]

The penguin contraction terms at the order of αs can be written as

Pp
4 ðM2Þ ¼

CFαs
4πNc

�
C1

�
4

3
ln
mb

μ
þ 2

3
−GM2

ðspÞ
�
þ C3

�
8

3
ln
mb

μ
þ 4

3
−GM2

ð0Þ −GM2
ð1Þ

��

þ ðC4 þ C6Þ
�
4nf
3

ln
mb

μ
− ðnf − 2ÞGM2

ð0Þ −GM2
ðscÞ −GM2

ð1Þ
�

− 2C8geff

Z
1

0

dx
1 − x

ΦM2
ðxÞ; ðA8Þ
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Pp
6 ðM2 ¼ PÞ ¼ CFαs

4πNc

�
C1

�
4

3
ln
mb

μ
þ 2

3
− ĜM2

ðspÞ
�
þ C3

�
8

3
ln
mb

μ
þ 4

3
− ĜM2

ð0Þ − ĜM2
ð1Þ

�

þ ðC4 þ C6Þ
�
4nf
3

ln
mb

μ
− ðnf − 2ÞĜM2

ð0Þ − ĜM2
ðscÞ − ĜM2

ð1Þ
�
− 2Ceff

8g

�
;

Pp
6 ðM2 ¼ VÞ ¼ −

CFαs
4πNc

�
C1½ĜM2

ðspÞ� þ C3½ĜM2
ð0Þ − ĜM2

ð1Þ�

þ ðC4 þ C6Þ½ðnf − 2ÞĜM2
ð0Þ þ ĜM2

ðscÞ þ ĜM2
ð1Þ�

�
;

Pp
8 ðM2 ¼ PÞ ¼ α

9πNc

�
ðC1 þ NcC2Þ

�
4

3
ln
mb

μ
þ 2

3
− ĜM2

ðspÞ
�
− 3Ceff

7γ

�
;

Pp
8 ðM2 ¼ VÞ ¼ −

α

9πNc
ðC1 þ NcC2ÞĜM2

ðspÞ; ðA9Þ

Pp
10 ¼

α

9πNc

�
ðC1 þ NcC2Þ

�
4

3
ln
mb

μ
þ 2

3
− GM2

ðspÞ
�
− 3Ceff

7γ

Z
1

0

dx
1 − x

ΦM2
ðxÞ

�
; ðA10Þ

where nf the so-called number of active flavor = 5, su ¼ ðmu
mb
Þ2 ≈ 0, and sc ¼ ðmc

mb
Þ2. α and αs are EM and strong

coupling constants, respectively. The functions GM2
ðsÞ and ĜM2

ðsÞ are defined in [23].
Alongside, QCDF contain power suppressed weak annihilation contributions and the expressions are given by
(i) Annihilation contribution [23]

The annihilation contributions have the following expressions:

βpi ðM1M2Þ ¼
ifBfM1

fM2

AM1M2

bpi ; ðA11Þ

where

b1 ¼
CF

N2
c
C1Ai

1; b3 ¼
CF

N2
c
½C3Ai

1 þ C5ðAi
3 þ Af

3Þ þ NcC6A3
3�;

b2 ¼
CF

N2
c
C2Ai

1; b4 ¼
CF

N2
c
½C4Ai

1 þ C6A
f
2 �;

bp3;EW ¼ CF

N2
c
½C9Ai

1 þ C7ðAi
3 þ Af

3Þ þ NcC8Ai
3�;

bp4;EW ¼ CF

N2
c
½C10Ai

1 þ C8ðAi
2�: ðA12Þ

The coefficients ðb1; b2Þ; ðb3; b4Þ, and ðbEW3 ; bEW4 Þ correspond to current-current, QCD penguin, and electroweak penguin
annihilation contributions, respectively. Here the expressions of Ai;f

n are given as
Case I (M1 ¼ M2 ¼ P):

Ai
1 ≈ Ai

2 ≈ 2παs

�
9

�
XA − 4þ π2

3

�
þ rM1

χ rM2
χ X2

A

�
;

Ai
3 ≈ 6παsðrM1

χ − rM
2

χ Þ
�
X2
A − 2XA þ π2

3

�
;

Af
3 ≈ 6παsðrM1

χ þ rM
2

χ Þð2X2
A − XAÞ;

Af
1 ¼ Af

2 ¼ 0: ðA13Þ
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Case II (M1 ¼ V, M2 ¼ P):

Ai
1 ≈ −Ai

2 ≈ 6παs

�
3

�
XA − 4þ π2

3

�
þ rM1

χ rM2
χ ðX2

A − 2XAÞ
�
;

Ai
3 ≈ 6παs

�
−3rM1

χ

�
X2
A − 2XA þ π2

3
þ 4

�
þ rM2

χ

�
X2
A − 2XA þ π2

3

��
;

Af
3 ≈ 6παs½3rM1

χ ð2XA − 1Þð2 − XAÞ − rM2
χ ð2X1

A − XAÞ�;
Af
1 ¼ Af

2 ¼ 0: ðA14Þ

Case III (M1 ¼ P;M2 ¼ V):

Ai
1 ≈ −Ai

2 ≈ 6παs

�
3

�
XA − 4þ π2

3

�
þ rM2

χ rM1
χ ðX2

A − 2XAÞ
�
;

Ai
3 ≈ 6παs

�
−3rM2

χ

�
X2
A − 2XA þ π2

3
þ 4

�
þ rM1

χ

�
X2
A − 2XA þ π2

3

��
;

Af
3 ≈ −6παs½3rM2

χ ð2XA − 1Þð2 − XAÞ − rM1
χ ð2X1

A − XAÞ�;
Af
1 ¼ Af

2 ¼ 0; ðA15Þ

where the subscripts (n ¼ 1, 2, 3) and superscripts (i; f) of
Ai;f
n denote the amplitude induced from ðV − AÞðV − AÞ;

ðV − AÞðV þ AÞ, and ðS − PÞðSþ PÞ operators for former,
and the gluon emission from initial and final states for later
case, respectively. The chiral factor rχ is given by

rPχ ðμÞ ¼
2m2

P

mbðμÞðm1 þm2ÞðμÞ
; rVχ ðμÞ ¼

2mV

mbðμÞ
f⊥V ðμÞ
fV

:

ðA16Þ

The end point divergence that has been used can be given as

XA ¼ ln
mB

ΛQCD
ð1þ ρAexpiϕAÞ; ðA17Þ

where ρA and ϕA can be found from [1] which is given in
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