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We scrutinize the penguin dominated B, — K+ K~ decay mode involving b — s quark level transition in
family nonuniversal Z’' 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 Cg+x- and Sg+g- deviate
from the SM predictions. We constrain the new parameter space by using the existing experimental limits
on leptonic B; — 7 (£ = e, u, 7) processes. We then check the effects of new physics on the branching
ratio and CP-violating parameters of the B, — K™K~ 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
B, —» K"K~ 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 pseudoscalar B,
meson sector plays a vital role and enthusiastically makes
more attention to explore the physics beyond the SM. In
particular, we study B, — utu~ decay mode because of
careful observation of decay constant of neutral B meson
from lattice. On the other side, the study of B, — £'¢’
(where £/ = e, 7) 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 x 1077 (90% C.L.) [12], reported by
LHCb where < 6.8 x 107 (95% C.L.) reported by CDF
Collaboration [13] for later decay mode. The SM values
of branching ratio of B, — vt~ and B, — eTe~ decays
have O(1077) and O(107'*), respectively, where as for
B, — ptu~, itis of the order of 107 [14]. Thus, there is a
possibility of contribution to both decays along with B, —
uTu~ mode in the new physics scenario.

Inspired by these discrepancies of the B, - K™K~
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 Z’' model where an extra U(1)’
gauge boson Z' takes part in the play. Several studies

TABLE I. The theoretical predictions of CP-averaged branch-
ing ratio (B) (in the units of 107°), CP-violating asymmetries
such as direct (Cgg in %) and mixing-induced CP asymmetry
(Skx)-

B, > KtK~ QCDF [1] PQCD [2,3] SCET [4]
p +12.7+12.5
manasmohapatral 2@ gmail.com BR 25.2 755005 13.6 18.2
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TABLEIL. Measured values of branching ratio (8) (in the units of 107°), CP-violating asymmetries such as direct

(Ckk) and mixing-induced (Skg) reported by Belle, CDF, and LHCb Collaborations and world averages.

B, - KK~ Belle [5] CDF [6] LHCb [7-9] HFLAV [10] PDG [11]

BR 38 f(')gzt7 239+14+3.6 23.0£0.7+23 248+ 1.7 259+ 1.7

Cxk 0.14 £0.11 £0.03 0.14 +£0.11
0.20 + 0.06 £ 0.02

Sk 0.30 £ 0.12 £ 0.04 0.30+0.13

0.18 £ 0.06 £ 0.02

[15—-18] have been done in the scenario of FCNC mediated
by Z’ boson. In addition to this, we study the new physics
impact due to vectorlike down quark (VLDQ) model
[18-21] where an extra SU(2), 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 Z' — b — s (Z — b — s) associated
with Z' (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 B, — KT K~ 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 — sqgq processes. We have also
presented the framework for B, — K™K~ observables such
as branching ratio and CP-violating parameters in the
standard model. We constrain the new parameter space
arising due to Z' model from the branching ratios of
leptonic B; modes in Sec. III and address the footprint
of this model on B, — K*K~ 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 B, — K™K~ decay
mode. Section V summarizes our results.

II. B, - K* K~ PROCESS IN THE
STANDARD MODEL

In the standard model, the penguin dominated B; —
Kt K~ decay mode receives contribution from quark level
transition b — s where the weak effective Hamiltonian
describing the decay b — sqgq is given as [22]

O {Vavialc ot + 00080

—V,bV,S[ZC ]}+Hc (1)

where Gy = 1.16639 x 107> GeV~2 is the Fermi coupling
constant, V,4’s are the CKM matrix element (a, = u, b,
s, 1). Here O, , are the current-current operators, O ¢ are
QCD penguin operators, O; o are electroweak penguin
operators, and C;(u) (i = 1,...10) are the corresponding

Hegr =

Wilson coefficients evaluated at the renormalization
scale p = my,.

Using the framework of QCD factorization approach
[23], the decay amplitude can be written in the form as

(K*K~|0;|BY) = (K*K™|Oi] BY) tac

{1 +Y ral+ 0( ;f’)] . ()

where (K" K~|0;|BY),. represents the hadronic factorized
matrix element, the second and third terms in the square
bracket are higher order corrections. The coupling constant
a, arises due to strong interaction effect, Agcp is the
QCD scale.

In the heavy quark limit, the amplitude of this decay
mode can be represented as [23]

Apo k- = Agg[Opuar + af +af gy + 5 + B
Eﬁg,EW - EﬂiEW]
+ Bgk[6,.b1 + by + bg,EW]’ (3)

where

G -
_Fm% B K( )va

Agg =i NG
G
By = i7ngSfoK, (4)

which includes the form factor F| o _)K(O) at zero recoil
momentum and decay constants f and fg. The detailed
expressions of coefficients @; and f; (b;) 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:

BR(B; - KTK™)

De |A3ﬁ1<+k-|2 + ‘AB.‘aK*K‘P
= TpR. ’ (5)

*8wm3, 2
s

where 7z (mp ) is the lifetime (mass) of B; meson and the
center of mass momentum in the rest frame of B meson is
given as
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pe =/ (mh, = (mge +my- ) (mh, = (mg = mg- ).
(6)

The amplitudes correspond to B, and B, are CP conjugate
to each other. The time-dependent CP asymmetry of Bj

meson decaying to final CP eigenstate K™K~ can be
written as [24]

AK*K“ (l) = CKK COS(AMB?[) —+ SKK Sin(AMB?t), (7)

_ -1 A Im(2) .
where Cgr = T and Sgx =2 TP are the direct and the

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

g Ap_kik-

/1 - ’
p -AB?—>K+K’

(8)

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

Vi,V
9_Ztb'ts, (9)
P thvls

Symbolically, the amplitude of the B, - K"K~ decay
mode can be written as

AB?—>K+K' = K:WAM + é:cAc
=LAl + pae®n), (10)

where {, =V, Vi(g =u.c),a = g—‘c L= |:% , 7 is the

weak phase of CKM element V;,, and §; = Arg(%). From

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

BR = % |§CAC|2{1 + (pa)z + 2pacos§; cosy},
8wmy
(11)
2pasin 0y siny
Cov = — , 12
KK 1 + (pa)?* + 2pacos 8, cosy (12)

Skk
_ sin2f + 2pacos 8 sin(2f — ) + (pa)? sin(2f — 2y)
N 1 + (pa)? + 2pacos 8, cosy

(13)

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

annihilation (3;) 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

) _
Ay = 0.225 23],
m.(my) = 1.3 +£0.2 [23],
m, (2 GeV) = 2.15 £ 0.15 (MeV) [41],

)
my(2 GeV) = 4.70 +0.20 (MeV) [41],
my(2 GeV) =938+ 1.3+ 1.9 (MeV) [41], (14)

my,(my,) = 4.2 [23],

where the superscript (5) in the parameter Ay
corresponds to number of active flavor.
(ii)) CKM parameters and B, meson lifetime
V., = 0.00365 £ 0.00012 [11],
y = (73.5143)° [11]
Ve, = 0.04214 + 0.00076 [11],
7p, = (1.509 £ 0.004) x 10712 s [11]. (15)

(iii) Gegenbauer moments

ak = 0.06 + 0.03 [1],
ok =025+0.15 [1],
Ap =300+ 100 (MeV) [1]. (16)

(iv) Form factor (at g> = 0) and decay constants

Fi~% = 0323 +0.063 [42],
fp, = 0228 +0.010 [43],
fx = 0.156 £ 0.007 [44]. (17)

(v) Annihilation and hard spectator parameters

pa=1£0111], ¢, =(=55+£20) 1],
Xy =24 40024 [23)]. (18)

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

_ +1.41+9.58+1.193+2.884 -6
BR = (382271 "9355 11032884 ) X 107°,

_ 40.34+1.10++0.2040.37 )
Ckx = (=10.87034 1 10-020-037" ) X 1077,

Se = QOOTIEYEE) x 07 (19

The sequence of the parameters to the uncertainties of the
above observables (19) include as follows:
(i) First: CKM parameters-|V |, |V, and 7,
(i) 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. Z MODEL

In this section, we discuss the effects of new physics
associated with Z’ model on the observables of B, —
K"K~ decay process. We constrain the Z’' new cou-
plings by using the experimental limits on B; — 7
(where 7 is any charged leptons), mediated by the
FCNC transitions b — s£¢. These are the theoretically
cleanest B decays as the only nonperturbative quantity
involved in the description of these processes is the B
meson decay constant.

A. B, - ¢* ¢~ (¢ =e,pu,7) processes

In the SM, the effective Hamiltonian for quark level
transitions b — s£ ¢~ is given by [27,28]

G
Hup = — 7; POHY 4 OHY) + He.,  (20)
where
Hi = C1(OF = OF) + Co(05 - %),
10
Hip = 05+ G0N + > GO, (21)
i=3
|
BR3M, .- = (3.56 £0.33) x 1077,
—utp
BRI, .- = (7.64£0.72) x 1077,
BRIM, .- = (840+0.79) x 10714,

Here /15:’: ) = VioVigs(k = u, c,t) is the CKM parameter
and C;’s (i =1, ..., 10) are the Wilson coefficients. Using
effective Hamiltonian (20), the transition amplitude for this
process is given as

Gpa
v

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

M(B, = ¢7¢7) = thtsz Clombﬂ(f}’sf) (22)

(Osy*ysb|BY) = ifp_ply. (23)

where ply = pi, + pl_. In general, from Eq. (22), the
associated branching ratio is given as [29]

Gz
BR(BS - f+f—) g iv o? %mBsm§|Vsz§”s|2|C10|2
4 2
Xy [1="2F, (24)
mp

Using the B 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].

BR?(I_),” . ( 7+06) x 10~ 9
BR];XE) .- <68x107,
BRG? ., <28x107. (25)

Though B, — £ ¢~ decays occur only at one-loop level in the SM, these processes can occur at tree level in the presence
of new Z' gauge boson arising due to the U(1)’ gauge extension of the SM. The effective Hamiltonian corresponding to the

transition b — s£ £~ process is given by [31,32]

ZGF g

Heff

(5b)y_a(£€)y_4

Vo Vi
\/i tb [S<
UZL,SU

VisVis

giMy

’Mz>2 {U%SU%
thV;Fs

£(3b)y_a(¢€)ysa +He, (26)

where g, (¢') is the coupling constant of Z(Z") boson. According to the SM effective Hamiltonian (20), the Hamiltonian in

Z' can be written as

Gy
V2

where the new Wilson coefficients are given as

Heff

Vi Vis [CZ Oy + C% 010] +H.c., (27)
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, ‘M, \? UL M, \2|UL |eis
o5 =2(LHE) ot v us) = -2 LEEY DR w1 0,

gMz) VuVi

, gdMz\? Ut dM;\2|UE |e'?s
Cf0:2( h‘* (Us, - U%,) =2 > — (U, = UZ,),
gMz ) VuVi gMz VinVis

with ¢, is the associated weak phase of U,,. We consider

gi ~ 1 with the assumption that both the U(1) groups have

1
same origin from some grand unified theory. For a TeV-

scale Z' boson, their ratio of masses M,/M, will be
~107". In this analysis, the coupling of Z’ boson to leptons

U I;;R) are considered to be SM-like. Now, comparing the
theoretical values of B, — £¢ branching ratios with their
corresponding 1o range of experimental data, we constrain
the new Z' — b — s coupling (U,,) and weak phase (¢,) as
shown in Fig. 1. From this figure, the allowed range of U,
and ¢, parameters of Z’' model is given as

0.675 < |Up,| < 0.99,

5 7
for 0° < b, < l—g and Tﬂ <py <27 (29)

B. Impact on nonleptonic B, — KK decay mode

Now, we will discuss the impact of family nonuniversal
7' gauge boson on the B, - K"K~ decay mode. The
effective Hamiltonian describing the b — sqq (¢ = u, d)
transition for B, - K™K~ decay mode is given as [16]

. 2Gp (gMy
Hesz = <

2
S UL (5b),_
\/i 91M2’> 17.3( )V A
X Z[qu(qCI)V—A + U (qq)y.4] +H.c.
q

O S T S H S SR SR R
0 50 100 150 200 250 300 350

®s

FIG. 1. The allowed region in the new coupling parameter
space obtained from the branching ratios of leptonic B, —
£T¢ (¢ = e, pu, 7) processes in Z' model.

gMz Vi Vi

(28)

|
Due to hermiticity of effective Hamiltonian, the diagonal

elements of U C%R) are real where the nondiagonal elements
of Ulfs(m might be complex along with a phase ¢,. Now,

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

G
Hetr = —75‘/:17‘/?}2[6”909 +C;0,],  (31)
2 q
we obtain
4 (gdM;\? L(R L(R
Cyoy =5 (2) U Wl0 - U,

where Cgy, C} are the new Wilson coefficients arising
due to Z' gauge boson. Many studies have been done in
[16,33-37] with the manifestation of electroweak contri-

bution assuming UﬁL(,R) ~ —2U§£,R). Thus,

L(R)
C/ :4<glMZ>2UII;sUdd
0 N\gMy ) Vi

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

) o :4(9’Mz>2|va|ef¢s

c - 4< | ,
°07) gMz bs gMzy )  VaVi
L(R)
q

where the assumption of Uy * ~ 1 has been taken out from
experimental data of B; meson [15]. The decay amplitude
in the presence of additional Z’ boson can be written as

(33)

(34)

Apo_ ki k- = Agk [5pu051 +a + (lff.EW +pL+ By
- %ﬂil‘:,EW - % ﬂf,Ew}
+ Bgk[6,.b1 + b + bﬁllj,EW]
-4 {AKT( <5’Z + aZ.EW + Bg - ;ﬁgEW>:| )
(35)
where terms @& and /3 arise due to new physics contributions.

We can represent the above transition amplitude in the
parametrized form as
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A=AM ¢ ANP = ¢ A [1 + pae'® 1) — o/ bel2+9.)], The CP-averaged branching ratio can be written as

T

(36) BR = B"—pzc |C.A|?[G + 2pacos 8, cosy

8wmy,
In addition to g zfmd a, given in the .previous section, the —20/b c0s 8, cos
new parameters in the above amplitude are defined as

/

b=l¢] ¢ = |% |. 8, is the relative strong phase and is = 2pp'abcos(8) — &) cos(y + ¢5)].  (37)
given by &, = Arg(%). The direct CP asymmetry is given as

2[rasin &, siny + @'bsin, sin ¢, + pg'ab sin(5, — ;) sin(y + ¢;)]
[G + 2(pacos ) cosy —2¢'bcos ¢S5, — 200 b’ cos(y + ¢) cos(5, — 81))]

CKK =

The mixing-induced CP asymmetry can be represented as

M
G+ 2pacos§; cosy — 2¢'b cos 5, cos ¢y — 20 ab cos(8; — 5,) cos(y + ¢y)

where G = 1 + (pa)? + (¢'b)? and

SKK =

M = sin2f + 2pacos 8, sin(23 +y) — 2¢'b cos 5, sin(2 — ¢;) + (pa)?* sin(2p + 2y)

+(g'b)? sin(28 = 2¢b;) — 2/ ab cos(5) — 6) sin(28 + 7 — ¢,).

(38)

(39)

(40)
(41)

— Us=0.7 —— Ups=0.85 —— Uhs=0.98 ] —— Ups=0.7 —— Ups=0.85 —— Ups=0.98
0 | T SR SRR TN SRR AN ST TN TN NN NN SR ST SN S NN SN SR TR T SN SN AN SN S NN SN S SN S S S S S S| .- _1.5 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
¢s &s

1.0r———r——— 71— 7T T T T

0.5

& 0.0-
-0.5
—— Ups=0.7 —— Ups=0.85 —— Ups=0.98
_10 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
®s

FIG. 2. Variation of CP-averaged branching ratio (in the units of 10™) (top-left panel), direct CP asymmetry (top-right panel), and
mixing-induced CP asymmetry (bottom panel) (in %) with the new weak phase ¢, for different |U | entries. The black color horizontal
dotted line represents the central experimental value, whereas the magenta dotted lines along with cyan colored region denote its 1o

error limit.
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3.0

3.0
o Ups=0.7
2.8F o Ups=0.85 28}
* Us=0.98
26| 26
o o«
o a
2.4 2.4
22} 22F ° Us=07
* Ubs=0.85
o Ups=0.98
20 . . . . . 20 . . .
-0.4 -0.2 0.0 0.2 0.4 0.0 0.1 0.2 0.3 0.4
Ckk Skk
0.4
0.2
g oor
02 * Uns=0.7
* Ups=0.85
* Ups=0.98
_04 . , , . .
-0.2 0.0 0.2 0.4 0.6 0.8

FIG. 3.

Sk

0.5

Correlation plots of CP-averaged branching ratio (in the units of 107>) 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 1o range of experimental data in each plot.

After collecting the detailed expression for CP-averaged
branching ratio and the CP-violating parameters in the
presence of new Z' 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 ¢,
with some benchmark entries of U, (color) 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 U, values along with the
value of ¢, below 20° and after 320°, the NP effects on
branching ratios do contribute within 1o range of exper-
imental data. On the other side, if we observe the CP-
violating parameters in the new physics scenario, both Cg g
and Sggx are accommodating within 1o limit. Figure 3
depicts the correlations among all the discussed observ-
ables. In this figure, the top-left (right) panel displays BR —
Ckx(Skk) correlations and the plot in the bottom panel
shows a relationship between Cg and Sgg. If we observe
carefully to the correlation plots for both top-left and top-
right panels, with the benchmark value of U,, = 0.98, the
observables accommodate the experimental data com-
pletely within 1o error limit whereas in the bottom panel,

TABLE III.

Predicted values of CP-averaged branching ratio

and CP-violating observables for different benchmark values of
U,s(Qps) and ¢ parameters in the Z’' (VLDQ) model.

Model Ups(Qps) s BR Cki Skk
Z' model 0.85 0° 22.69x10° —0.10 0.14
50° 39.5x10°° —0.82 0.26

315° 28.03x10¢ 0.86 0.06

0.9 0° 2290x 10 —0.11 0.12

50° 40.69 x 10 —0.84 0.23

315° 28.55x10°° 0.89 0.08

0.98 0° 23.55x10° -0.10 0.10

50° 4293 x 10> -0.836 0.17

315° 2971 x 107 095 0.12

VLDQ model 2 x 1074 0° 2123x10°% -0.21 0.33
75° 3828 x 107 —0.20  0.69

285° 3327 x10°° -0.02 -0.25

5x 1074 0° 5.63x10° —0.79 0.50

75° 4826 x107° —-0.25 0.96

285° 3573 x10°° 0.13 —0.87

8 x 10~ 0° 3.02x10° —291 —0.59

75° 7040 x 10°® —-0.26  0.86

285° 50.34 x 10°®  0.18 -0.96
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no observables are accommodating within lo. We
have shown the predicted results of branching ratios,
CP-violating observables for different values of U, and
¢, in the top section of Table IIL.

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 x4 matrix V,,
(i=u,c,t,f and a = d, s, b,b") 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]:

2= 3 Cos Oy [y ur; — doQapr"dro — 2500y Jen] Z,,

where L denotes the left-handed chiral particles, i and a,
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 Qs can be represented as

Qa/} = Z ijivii = 5(1/)’ - VZaV4ﬁ' (42)

i=u,c,t

Here V is not unitary as an extra down-type vector
like quark of charge (— %) 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(B; — £7¢7) to be presented in the subsequent section.

A. B, - ¢*¢~ (¢ =e,u,7) processes

Though B, — #"¢~ 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 B, — £ ¢~ in Z mediated VLDQ model
is given by [38]

2 2 242
Gra~mp myfg Tp,
167°

2

m
x /1 —4—£ ot
(i)

s

BR(B; — £7¢7) = Vi Visl?

2

, (43)

where

— T T T T T

0.0008 | £

0.0006

S

o

G 0.0004

0.0002

L
0.0000 AR PR R
0 50 100 150 200 250

@s

FIG. 4. The allowed region in the new coupling parameter
space obtained from all the branching ratios of leptonic B; —
£T¢=(¢ = e, pu, 7) processes in VLDQ model.

10 = Cio— z_On
0 aVyVi

(44)

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

1.69 x 1075 < |Qp] < 8.4 x 1074,

1
T and DT < p <om (45)

for 0° < <
or 07.< ¢ 2=

12

B. Impact on B, — KK mode

The effective Hamiltonian corresponding to new inter-
action describing b — sgg can be represented as

G ~ - -
Hi = —7gvtbvr*s[C303 + C707 + Cy0q],

where the new Wilson coefficients at the M, scale are given
as [20,39]

pd 1 Qbs
Cs(Mz) = EV WV
1 ts
> 2 Qpy
C7(My) §7th1;/; 51029Wa
~ 2 Qs .
Co(My) = _ngl;/ — (1 —sin%Gy,). (46)
t ts

Here Q,, = |Qp,|e’® and sin?6@y, = 0.231. As the new
couplings are in M, scale, so these can be evolved to m;,
scale employing renormalization group equation [22]. By
using RGE, these three couplings can be generated and we
consider the above values from Ref. [40].
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Now, using the unitarity condition from Eq. (42),
we get
gu + gc + 51 = Qbs‘ (47)

To this relation, we can express the decay amplitude along
with the new physics contributions as

Ap_ k- = Ak [‘%u“l +af +af gy + 5+ B

1 1
- Eﬂg,Ew - Qﬁf,gw}

+ Bgg[8,ub1 + b} + b 1y]
o Y
= Ops |:AK1_( (0‘4]: + &y gy + P — Eﬁg,EW>:| .
(48)

Here, &@” and j” 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

—— Qus=2x107*

—— Qps=5%x107*

—— Qbs=8x107

A=A, +EA — O Anp

=E AL+ 0d' e — o'b %)) (49)
where
&, Ops A, Anp
il I — = — | 2L
Slel P Tl a0

Here, y is the weak phase of V;,, ¢, is the weak phase of
O, and &, (8,) is the relative strong phase between A, and
A.(Ayp and A.). From the parametrized amplitude, the
CP-averaged branching ratio can be written as

TBspc
2
8wmy

BR = |EAN?[G + 204’ cos & cosy

—20'b' cos ) cos

— 200’V cos(8; — &) cos(y + ). (51)

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

1-0I""I""I""I""I""I'"'I""I'_

—— Qps=2x107*

— Qus=5x107"

—— Qus=8x107*
250 300

150 200 350

s

50 100

101 B
[ang
m
5. -
0 P NN (ST S TR SN TN NN TN SN TN SN (NN SN NN TN SN N SN SN ST SN NN SN ST SO s S
0 50 100 150 200 250 300 350
&s
150 . .
1.0F
osf! _~— / T~
< 9ok /
@ i —— Qus=2x107
_05; —_— Oos:5x10_4
-1.0f —— Qps=8x107*
_1.5-| PR R S SR N SR
0 50 100
FIG. 5.

150

200 250 300 350

®s

Variation of CP-averaged branching ratio (in the units of 107>) (top-left panel), direct CP asymmetry (top-right panel), and

mixing-induced CP asymmetry (bottom panel) with the new weak phase ¢, for different |U,,| 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 1o error limit of experimental values.
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2[ed’ sin &) siny + ¢'b' sin &, sin ¢ + o'a’b’ sin(8, — &) sin(y + ¢y)]

SKK

where G’ = 1 + (¢a')* + (¢'b')? and

Cxx = — : 52
KK (G + 2(0d’ cos &) cosy —20'b' cos ¢p8y — 200’ d'b’ cos(y + ¢) cos(8, — 8)))] (52)
One can obtain the mixing-induced CP asymmetry parameter as
- M (53)
G+ 20d cos &, cosy — 20,b' cos 8 cos ¢, — 20,0,a' b’ cos (8, — &) cos(y + )’
M = sin2p, + 2rd’ cos §; sin(2f; +y) — 2r'b' cos &, sin(2f3, — ) + (ra’)? sin(2, + 2y) (54)
+(¥b')?sin(2p, — 2¢p5) — 2rr’a’'b’ cos(8; — 8,) sin(2B, + v — o). (55)

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 ¢, for three benchmark Q,,
values. Here the colors green, blue, and orange solid lines
represent the predictions obtained by using Q,,, =2 x 1074,
5x 107, and 8 x 107*, respectively. For the entries of ¢,

|

below 50° and above 290° and with all the discussed
benchmark points of Q,,, the predicted branching of B, —
KK is accommodating within 1o range of experimental
central value. We also notice that the CP-violating param-
eters are also explained within 1o data, but in Cgg the value
Qs =2 x 107 could not accommodate. The correlation
plots among all the observables are shown in Fig. 6 for the

3
°
2+ oL oD
1r 1+
oc ¢ o Y
o o® e oo ame® ©° aQ -
oF of
4k © Qus=24107* 4l o Qps=2+410"*
o Qhe=5+10"* o Qus=5+107*
o Qhs=8+107* o Ohs=8+107*
-2 L -2 L L L
-3 2 ] 0 1 .0 05 0.0 0.5 1.0
Ckk Skk
2
1k
0
-
£ L
o
2 /
o Qus=2+10"*
Sl ]
o (Qus=5+10"*
o Qus=8+10"
-4

L
2 -1

L L
0 1 2
Sk

FIG. 6. Correlation plots of CP-averaged branching ratio (in the units of 10~>) 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 1o range of experimental value.
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same inputs of Q,,. With the careful observation, we bring ~ coupling has impact on the physical observables of non-
to the notice in the top-left panel that for all entries of Q,,,it  leptonic B, - K"K~ decay mode. We have found that
does not accommodate the experimental data within 16  the CP-averaged branching ratio could accommodate the
limit. In the top-right and bottom panel, with the value of  experimental data within 1o range in Z’ model. On the other
Qps =2 x 107, the observables lie within 1o limit  hand, it has deviated significantly from the SM results for
whereas for Q,, =5 x 10~ and 8 x 10™* values the  sizable new physics coupling parameters Q,, of VLDQ

correlations among the observables could not accommo-  model. Furthermore, in both models, the CP-violating
date within 1o. The predicted results of branching ratio,  parameters such as direct and mixing induced have pro-
CP-violating observables for different values of Q,, and ¢,  found deviation in the presence of new physics and
are shown in the bottom section of Table III. accommodate the experimental data.

V. CONCLUSION

To conclude, we have investigated the prominent observ-
ables of B; > K*K~, 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 Z’ and vectorlike down
quark model, where the consequence of the former one is
nothing but the minimal extension of SM having U(1)’
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 “Z() — b — 5"
interactions from the branching ratios of all leptonic By The relevant factorized matrix elements for the decay
decay modes and mainly checked whether the new physics B — MM, are given by

|
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APPENDIX: DETAILS OF THE PARAMETERS
REQUIRED FOR B, - KK DECAY

myFy " (0) f for M, = M, = P,
—2myey; .pAs " (0)fu,; for My =V, M, =P, (A1)
—2mV6M1.pBF+_’M‘(O)fMZ; for M| = P,M, =V.

14]‘/1111,12 — 175

Here the form factor F | stand for pseudoscalar meson, A, denotes vector meson where as fp(y) signify the decay constant
for pseudoscalar (vector) meson. The useful explicit expressions of flavor operators in QCDF (QCD Factorization) read as
follows [23]:
a;(M\M) = a;(M M),
(M M) = a)(M M),

MM {(13MM2)—05(MM2) fOI'MMQZPP VP
2) = as(M\M,) + a5(M M,); for M\M, =VV,PV,
o1, {ag (M\M5) + ri>a? (M\M,); for M;M, = PP, PV,
2 p—
af M M2 — rZ aé(M Mz) for M1M2 = VV, VP,

a3EW M M2

{agMMz)—a7(MM2) fOI'MlMZZPP,VP,
(19 M Mz) + Cl7(M M2) for M1M2 = VV,PV,

o (MM,) = {a{’o (M M) + ryal (M\M,); for M\M, = PP, PV, (A2)
e aly (M M) — r2al (M\My); for M\M, = VV, VP,
where
C Ciy Cra 4n?
o 001) = (€ S i)+ L o)+ 010 |+ PEOM), (A3)
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with the superscript p = u, c. Here the quantity N,;(M,) also reads as

0, i=6,8,

1; otherwise,

Ni(M,) = { (A4)

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), C;’s are the Wilson coefficients, Cy is the color factor having N. = 3. The contributions
such as V;(M,) and H;(MM,) account for vertex corrections, hard spectator interactor interactions which include
nonfactorizable short distance corrections, whereas P? (M M,) represents as penguin contractions. The explicit expressions
of above corrections are given below.

(i) Vertex corrections [23]

fol dxd>M2(x) [121n%— 18 + g(x)}, fori=1-4,9,10,

VilM,) = [ dx®yy, (x) [—12ln%+ 6 —g(1 —X)}, for i =35,7,

Jo dx®,, (x)[—6 + h(x)]. for i = 6,8,

where

1-2
g(x) :3<1 xlnx—in‘)

- X

21
+ [2Li2(x) —In%x + 7 Sl

3+ 2zi)Inx— (x <> 1 —x)|,
—x

h(x) = 2Liy(x) —In?x — (1 + 2zi) Inx — (x <> 1 — x). (A5)
The inputs ®p y, (x) and @, ,(x) to the above expressions called the leading twist and twist-3 light cone distribution

amplitudes are given in [23] depending upon the pseudoscalar (J¥ = 07) or vector meson (J¥ = 17).
(i1) Hard spectator interactions [23]

H;(M\M,) BMMZmB/ dx/ dyrDMz )i ‘()+ f'w} (A6)

Apm, 2B Xy Xy

fori=1-4,9,10,

Hi(Mle) =

D, (x)D Dy (x)D,,
/ / |: Mz M]( )+r;/[] MZ(_)_ ](y):|’ (A7)
AM M, /IB Xy
for i =5,7 and H;(MM,) =0 for i = 6,8 where we consider 1z = (300 £ 100) MeV.
(iii) Penguin contractions [23]
The penguin contraction terms at the order of @, can be written as

Cra; 4 my, 2 8 my, 4
Pff(Mz):4;N { Ll —b—l—g—GMz( )] —|—C3[—ln—b—|———GM2(0)—GMZ(I)}}

+ (Cy + Cy) {%1117}7 = (ny =2)Gp, (0) = Gy, (5c) = GMz(l)]

— X

I d
—2Cygen / 1—X®M2(x), (A8)
0
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Crag 4. m 8 my 4 . A
Pg(MZ:P):4FN {c [31 —b+§—GM2( )] +C3[§ln7b+§—GM2(O)—GM2(1)]

#(Cort €[ 5™ (1 = 2, 0) = G (5 = G, (1) ~ 265}

Py(as = V) = = 5 { € G (5] + G, (0) = G (1)

+ (Cy + Co)[(ny — 2)GM2 (0) + GMZ (sc) + GM2<1)]}7

(04
Pl (M, = P) Z%NC{(CI +N Cz){ ln—+§ G, (s )] —3c$§f},
a
P{(M, =V) = _971'N.(Cl +NL'C2)GM2(SP)’ (A9)
a 4 m 2 I dx
PP = —1 b = — eff () Al
= g { (€1 N Co) 30242 G (5| =367 [ o, (A10)

where n the so-called number of active flavor = 5, 5, = (:'nib)2 ~0, and s, = (2—[))2 a and a, are EM and strong
coupling constants, respectively. The functions Gy, (s) and GM2<S) are defined in [23].
Alongside, QCDF contain power suppressed weak annihilation contributions and the expressions are given by

(1) Annihilation contribution [23]
The annihilation contributions have the following expressions:

B (M\M,) = R b, (A11)
Apym,
where
Cr i Cr i i f 3
b =-5CiAL by =5 [CAY + Cs(A) + A3) + NoCoj],
CF i CF i
b2 - N_% C2A 5 b4 N% [C4A + C6A ]
C . , )
DY gy = 5 [CoAl + C7 (AL + A}) + N CsAl],
P Cr
bypw = ﬁ[cloA + Cy(A3]. (A12)

c

The coefficients (b, by), (b3, by), and (b5Y, b5V correspond to current-current, QCD penguin, and electroweak penguin

annihilation contributions, respectively. Here the expressions of AL are given as
Case I (M| = M, = P):

2
AizA§z2ﬂa3{9(XA—4+%>+r){1r}{zxz]
M 2 7
Al~6ﬂ.’a( l—r)};’l) Xi_zxA_‘_? ’

AL~ 6ray ()" + ) (2X3 - X,),
Al =al =o. (A13)
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Case I My =V, M, = P):

3

4 . n’
A z—A‘zz6ﬂas[3(XA—4+—

) e - 2x,)|

2 2
Al ~ 6ra [—351}4‘ (Xf1 —2X4 + % + 4) + rjyz (X% —-2X, + %)],

Al ~ 6ra,[3r) (2X, — 1)(2 - X))

Al =al =o.

Case Ill (M =P,M, =V):

. . IT2
Al r —A! w67rax[3<XA—4+?

- 122X = Xa)l,

2 2
Al ~ 67a [—34@”2 <x§ —2XA + % + 4) 4 <x§ —2X, + %)] ,

AL m —6ma,[3r)7 (2X, = 1)(2 = X,) — " (2X} = X)),

Al =A] =0,

where the subscripts (n = 1, 2, 3) and superscripts (i, f) of

AL/ denote the amplitude induced from (V —A)(V — A),
(V—A)(V+A),and (S — P)(S + P) operators for former,
and the gluon emission from initial and final states for later
case, respectively. The chiral factor r, is given by

rP(,u) _ 2m%’ 1% _ 2my f&(ﬂ) .
“ my,(p) (my +my)(u)” “ my,(u) fv
(A16)

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

(Al14)
) -2x)|
(A15)
Xy =In-B (14 paexp®), (A17)
Aqcp

where p, and ¢4 can be found from [1] which is given in
the below table.

Modes 2N da

B, — PP 1.10 —55°
B, -» PV 0.85 -30°
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