PHYSICAL REVIEW D 87, 056004 (2013)

Supersymmetry contributions to CP violations in b — s and b — d transitions
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We study the contribution of the gluino-squark mediated flavor changing process for the CP violation
in b— s and b — d transitions taking account of recent experimental data. The mass insertion
parameters of squarks are constrained by the branching ratios of b — sy and b — dy decays. In
addition, the time-dependent CP asymmetries of B — ¢K and B® — 1/K° decays severely restrict the
allowed region of the mass insertion parameter for the b — s transition. By using these constraints with
squark and gluino masses of 1.5 TeV, we predict the CP asymmetries of B, — ¢ ¢, B, — n'¢, and
BY — K%KV decays, as well as the CP asymmetries in b — sy and b — dy decays. The CP violation in
the B, — ¢ ¢ decay is expected to be large owing to the squark flavor mixing, which will be tested at

LHCb soon.
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I. INTRODUCTION

The LHC experiments are now going on to discover new
physics, for which supersymmetry (SUSY) is one of the
most attractive candidates. SUSY signals have not yet been
observed, although Higgs-like events are almost confirmed
[1]. The lower bounds of the superparticle masses increase
gradually. The squark and the gluino masses are expected
to be larger than 1 TeV [2].

On the other hand, the LHCb Collaboration has reported
new data of the CP violation of B mesons and the branching
ratios of rare B decays [3-5]. The new physics is also
expected to be indirectly found in the B meson decays.
For many years, CP violation in the K and B° mesons has
been successfully understood within the framework of the
standard model (SM), the so-called Kobayashi-Maskawa
model [6], where the source of the CP violation is the
Kobayashi-Maskawa phase in the quark sector with three
families, while there are new sources of CP violation if the
SM is extended to the SUSY models. The soft squark mass
matrices contain the CP-violating phases, which contribute
to the flavor changing neutral current with the CP violation.
Therefore, we expect the effect of the SUSY contribution in
the CP-violating phenomena. However, clear deviation
from the prediction of the SM has not been observed yet
in the LHCb experiment [3-5].

In our previous works [7,8], we studied the SUSY con-
tribution, which comes from the gluino-squark mediated
flavor changing process [9-21]. We used the only experi-
mental data of the b — sy decay to constrain the mass
insertion (MI) parameters of squarks. Then, we predicted
the CP violations of a few b — s transition processes. In
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the present paper, we give the systematic studies for the
effect of the gluino-squark mediated flavor changing
process in the CP violation of the b— s and b — d
transitions. In order to obtain more precise numerical
results, we take account of the QCD corrections for the
SUSY contribution. Moreover, in order to constrain the MI
parameters, we also input the recent experimental data,
the time-dependent CP asymmetries of B’ nonleptonic
decays, in addition to the experimental data of the b — sy
decay.

The LHCb Collaboration reported the time-dependent
CP asymmetry S;,, 4 in the nonleptonic B, decay, which
gives a constraint of the SUSY contribution on the b — s
transition. The CP asymmetry of B; — ¢ ¢ is expected to
be observed in the near future at LHCDb [5]. If there is a
contribution of the squark flavor mixing in the flavor
changing neutral current, we expect to observe the sizable
time-dependent CP asymmetry in this process, in which
the SM prediction is very small.

The typical process of the b — s transition is the
b — sy decay, in which the experimental data of the
branching ratio, the direct CP violation, and the time-
dependent CP asymmetry Sk-, have been reported. The
SUSY contribution is also constrained by the data of
the time-dependent CP asymmetries in B — ¢K and
BY — 1/K° decays [22,23].

On the other hand, the b — d transition also becomes
available to investigate the SUSY contribution quantita-
tively taking account of the recent experimental branching
ratio of the b — dvy decay [24,25]. In this transition, the
time-dependent CP asymmetry of the B® — K°K? decay is
an attractive one to search for the SUSY effect, because the
penguin amplitude dominates this process. We also predict
the time-dependent CP asymmetry of B — pv, S oy

The dominant contribution of the SUSY is the
gluino-squark mediated flavor changing process for
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the B meson decays discussed in this work. We present the
constraint for the MI parameters (858),; and (85%);5 by
putting the experimental data, where squarks and the
gluino masses are at the TeV scale. By using these MI
parameters, we predict the CP violation of the B meson
decays, in which the interesting one is the B, — ¢ ¢ decay.
The CP violation in this decay will be measured at LHCb
in the near future.

In Sec. II, we present the formulation of the gluino-
squark contribution on the CP violation of B mesons in
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II. SQUARK FLAVOR MIXING IN CP
VIOLATION OF B MESONS

Let us present the framework of the calculations for the
contribution of the squark flavor mixing, which is the
coupling among down-type quarks, down-type squarks,
and the gluino. The effective Hamiltonian for the AB = 1
process is given as

our framework. In Sec. III, we discuss the b — s transition H. = _4Gr [ Z ViV Z Ciog‘/')
and present numerical predictions for the direct CP viola- q'=uc 150
tion and time-dependent CP asymmetries in B® — K*7y, o
B, — ¢ ¢, and B, — 1'¢ decays. In Sec. IV, we discuss =V Viy Z (CiO; + CiOi)], (1)
the b — d transition and present numerical predictions for =3-67y8G
the direct CP violation and time-dependent CP asymme-
tries in B — py and B — K°K° decays. Section V is
devoted to the summary. where g = s, d. The local operators are given as
|
O = (@uyuPrap)@py*Piba). 05 = (@uyuPrd)@sy" Prbp).
0; = (qa’yl.LPLba)Z(Q_B'yMPLQB): O4 = (éaY#PLbﬁ)Z(Q_BYMPLQa),
Qo Qo
05 = (C?aY/LPLba)Z(Q_ﬁ'y#PRQB)) O¢ = (‘?a'y#PLbB)Z(Q,B’yMPRQa):
Qo Q
07, = —— mMyGao* Prb o F Oy = S YPRT b G 2
7 = om0 9a " PrOCE v 86 = Jo.r 5 Mo 0" PRrT 430Gy, ()

where P = (1+ vy5)/2, P, = (1 — v5)/2, a and B are color indices, and Q is taken to be u, d, s, ¢ quarks.
Here, C;s and C,’s are the Wilson coefficients, and O,’s are the operators by replacing L(R) with R(L) in O;.
In this paper, C; includes both the SM contribution and the gluino one, such as C; = CSM + Cg where CSMs are given
in Ref. [26].

In order to estimate the SUSY contribution for Cf, we take the most popular ansatz, a degenerate SUSY breaking mass
spectrum for the flavor structure of squarks. In the super—Cabibbo-Kobayashi-Maskawa basis, we can parametrize the soft

scalar masses squared of the down-type squarks, M2 MCZIRR M%LR, and M(ZIRL, as follows:
(1 + (851 (8512 (8513
M%,LL =mz| (85, 1+ 6F)n  (8F)s |
(84")7 (853 1+ (85)3
(1 + (8551 (858)1 (658)13
ML%RR =mz|l (850, 1+ 65)n (85 |
(6§R)T3 (6§R);3 1+ (6§R)33
(851 071 (851
MZLR (M dRL)’r =mz| (8552 (85F)n (852 |, 3)
(65531 (85F)3  (85%)s5
where m; is the average squark mass and (65%);;, (65%),;, (65%),;, and (85%),; are called MI parameters.

The Wilson coefficients of the gluino contribution C¢ are given as follows [27]:
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where k = 2, 1 correspond to b — ¢ (¢ = s, d) transitions,
respectlvely Here the double mass insertion is included in

(m ) and CgG(m ). The Wilson coefficients Cg (mg)’s
are obtamed by replacing L(R) with R(L) in Cg (mg )s
The loop functions in Eq. (4) are presented in our previous
work [7]. In our calculations, Cy, and Cg; give dominant
contributions to the CP violations in » — s and b — d
transitions. The effective Wilson coefficients of C;,,(m,)
and Cgg(m,) are given at the leading order of QCD as
follows [26]:

3 (my) = {C

C§G (mb) =

where

i 8 i
£ (mg) + 3 (= OCEglme), 5
77C§G (mg),

- (e
s(m,) s(my)
_ (as(mg))%(as(mt)>%
T \agm)) \agmy))
Let us discuss the time-dependent CP asymmetries of

B° and B, decaying into the final state f, which are defined
as [28]

(6)

2ImA; _ 1= nP
AR WE N PWEL

q. q_ M5 __AB)—=f)
p=dp daMb ;8BS
rp \Mj, A(By— f)

Here M{,(q = s, d) are the dispersive parts of the B,-B,
mixing, in which the quark-squark-gluino interaction contrib-
utes in addition to the SM one. The MI parameters (85%);;
and (68R),3 (k = 2, 1) are constrained by CP violations in the

(7)

where

s (65 (5M00 + M) = ptan 825 (3M,00 + 30,0 )|

“4)

AB = 2 transition as discussed in our previous works [7,8].
On the other hand, (85%);; and (8%%),; (k = 2, 1) are con-
strained in the AB = 1 transition.

In the B — J/ /K and B, — J/ s ¢ decays, we write
Ayspkg and Ay g4 in terms of phase factors, respectively:

Ajpg = =€ P Ay = e ©)
The recent experimental data of these phases are [23,29]
1 = +
sin ¢4 = 0.679 = 0.020, (10)

$, = —0.002 =+ 0.083 = 0.027.

We expect the SUSY contribution to be included in these
observed values.

Since the B’ — J/yKg process occurs at the tree
level in the SM, the CP asymmetry mainly originates
from M¢,. Although the B® — @K and B® — n'K° de-
cays are penguin dominant ones, their CP asymmetries
also come from Mfz in the SM. Then, the CP asymmetries
of B — J/yK, B — ¢Ks, and B® — ’'K° decays are
expected to be the same magnitude.

On the other hand, if the squark flavor mixing contrib-
utes to the decay at the one-loop level, its magnitude could
be comparable to the SM penguin one in B — ¢K and
B? — 7'K° decays, but the squark flavor mixing contribu-
tion is tiny in the B® — J/ ¢ K decay, because this process
is at the tree level in the SM. Therefore, there is a possi-
bility to find the SUSY contribution by observing the
different CP asymmetries among those processes [30].

The time-dependent CP asymmetry S;,,g, has been
precisely measured. On the other hand, Particle Data
Group [22] and the Heavy Flavor Averaging Group
(HFAG) [23] presented considerably different values for
S4k, while almost the same one for §,/x. Each of the
observed ones in HFAG is consistent with the SM
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prediction. In order to get conservative constraints, we
take the data of these time-dependent CP asymmetries in
HFAG [23], which are

Sy/pk, = 0.679 = 0.020, Sek, = 0.74%51,

Syxo = 0.59 £ 0.07. an
These values may be regarded to be the same within the
experimental error bar. Thus, the experimental values are
consistent with the prediction of the SM. In other words,

these data severely constrain the MI parameters (85%),;
and (8%%),; in our following analyses.

= —e_i(ﬁd

Zi=376,7y,SG(CiSM<Oi> + X0,y + CX0y)
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III. THE b — s TRANSITION

At first, we discuss the contributions of the squark flavor
mixing for the b — s transition, which are given in terms of
the MI parameters (855),3, (88R),3, (85F),3, and (88L),;.
These MI parameters are constrained by the experimental
data of B meson decays.

Let us show the formulation of the » — s transition. The
CP asymmetries Sy of Eq. (7) in the b — 553 transition are
one of the most important processes when we investigate
the new physics. The CP asymmetries S for B’ — ¢K,
and B — 7'K° are given in terms of A, in Eq. (8):

A(ﬁKS»n/KO

where (0;) is the abbreviation of (f|0;|B°). It is noticed
that (¢Ks|0;|B%) = (¢Ks|O;|B°) and (n'K°|0;|B%) =
—(n'K°|0;|B®), because these final states have different
parities [30,31]. Since the dominant term comes from the
gluon penguin C§, the decay amplitudes of f = ¢ K and
f = 1'K° are given as follows:

A(B® — ¢Ks) x Cyg(my) + Cyg(my),

A(B® — 9'K®) = Cyg(my,) — Cyg(my). (13)
|

_i(bs

Zi=376,7y,86(clsM*<0i> + C§*<Oi> + é§*<0i>)’

Yi—3-67y86 CiV(0) + C0,) + €0y

(12)

Since Cygg(my) is suppressed compared to Cgg(m,) in the
SM, the magnitudes of the time-dependent CP asymme-
tries Sy (f = J/ ¥, ¢Ks, n'K®) are almost the same in
the SM prediction. However, the squark flavor mixing
gives the unsuppressed Cgi(m,); then, the CP asymme-
tries in those decays are expected to be deviated among
them. Therefore, those experimental data give us the tight
constraint for Cygg(m,,) and Cgg(my).

We have also A, for B;— ¢¢ and B, — ¢n' as
follows:

Apppn = €

with (p¢|0;|B,) = —(p¢l0;|B,) and ($7'|0;|B,) =
(¢7'|O;|B;). The decay amplitudes of f = ¢¢ and
f = ¢n' are given as follows:

A(B; — ¢ p) = Cyg(my) — CSG(mh);
A(B; — ¢m') o« Cyg(my) + Cyg(my).

Since Cg;(0ss) and Cyg(Os;) dominate these ampli-
tudes, our numerical results are insensitive to the had-
ronic matrix elements. In order to obtain precise
results, we also take account of the small contributions
from other Wilson coefficients C;(i = 3,4,5,6) and
C;(i=13,4,5,6) in our calculations. We estimate each
hadronic matrix element by using the factorization re-
lations in Ref. [32]:

(15)

(05) = (04) = (1 " Nic)<05>,

s

< (00 + (09 = 5-(0) + 0N (6

(09) = 3-(05)

(Os6) =

Yi—3-67y56 CTV (0 + C¥(0,) + C¥(0,)’

(14)

|

where (g?) = 6.3 GeV? and N, = 3 is the number of
colors. One may worry about the reliability of these
naive factorization relations. However, this approxima-
tion has been justified numerically in the relevant b — s
transition as seen in the calculation of perturbative
QCD [33].

Let us discuss the contribution of the MI parameters to
C§G in Eq. (4). Since the loop functions are of the same
order and m; = my, the ratio of the LL component and the
LR one is (65%)y; X ptan B/my to (85%)y; X my/my,. If
O(u tan B) =~ O(m;) and m; = 1 TeV, the LR component
may contribute significantly to CgG due to the enhance-
ment factor m;/m;, = O(10%). For example, in the case of
(85E)y; = 1072 and (85%),3 = 1073, the LR component
dominates C§G, while it is minor in M¢, [7,8]. Actually, the
magnitude of (64%),3 is at most 1072, which was estimated
in our previous works [7,8]. In our following calculations,
we take [(85L)3] =< 1072,

We can also constrain the SUSY contribution from the
b — sy decay. Here we discuss three observable values;
those are the branching ratio BR(b — sv), the direct CP
asymmetry A7>*”, and the time-dependent CP asymmetry
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of B — K"y, Sk-,. The branching ratio BR(b — g7)
(g = s, d) is a typical process to investigate the new
physics. It is given as [34]
BR(b— qy) _ IViVal* 6a
= C.,(m)|?
BR(b — cep,)  |V.,[° wf(z)(l gy
+ Gy (my) ), (17)

where

2
mc,pole

2
mb,pole

(18)

flz)=1-8z+82 —z* — 12z%Inz, 7=

Here C;,(m,) and C~'7y(m,,) include both contributions
from the SM and the gluino-squark mediated flavor
changing process at the m,, scale. As seen in Eq. (4), MI
parameters (85%);; dominate both ng and C% . Therefore,
we should discuss the contribution from (85%);; in our
numerical calculations.

We can also estimate the direct CP violation A2 in
the b — gy decay (¢ = s, d), which is given as [35]

I'(B— X,y) —T'(B— X;v)

AL =
L TB—X,y) +TB— X7 | g>0-ses
a(mp) [40 y 8z
=—— — | —Im|C,(C;, | — —|v(z
|C7,y|2+ |C7,y|2 81 [ 2 7~y:| 9[ ()
Vo Vb
+ b(z, 6)]1 1+ ”q”)CC*]
R e
4

- 6 Im[CgcC;/ + C‘ggé;y]

8z ViaVup
+ —=b(z, 8)1 1+M)CC* ]] 19
77 (z, 6) m[( VE Vi 2Cg6 (19)

where v(z) and b(z, ) are explicitly given in Ref. [35]
and C; and C; (i = 7y, 8G) include both the SM and
SUSY contributions at the m,, scale.

The time-dependent CP asymmetry Sg-, in the

BY — K*vy decay is also an important measure of the CP
violation:

_ 2Im(_e_i¢dé7'y(mb)/c7y(mb))
|C7,(my)/ Coyy(my)* + 1

SK*y (20)

This CP violation comes from the interference between
Cy,(my) and C7,(m;) [27,36]. In the SM, C5)(m,)/
C(my,) =my /m,, for this process. Therefore, Sk, is sup-
pressed [36]. However, Sk-, could be enhanced owing to
the squark flavor mixing.

Our setup in our calculations is shown as follows. We

take utan B to be 1 TeV and set [(855)3] = [(88R),;5] <
1072 following from our previous works [7,8]. Then, the

PHYSICAL REVIEW D 87, 056004 (2013)

contribution of these MI parameters to ng and C‘gG are
minor. On the other hand, (85F),; and (8%%),; are severely
constrained by magnitudes of Cy, and Cg. In addition, we
suppose [(858)13] = [(88E),3]. Then, we can parametrize
the MI parameters as follows:

igLR iQRL
(85%)23 = |(‘<55R)23|€2l023 o (85 = |(‘<5§R)23|€2'023 .

2D

Now we show numerical analysis in our setup. In our
following numerical calculations, we fix the squark mass
and the gluino mass as

mg = 1.5 TeV, m; = 1.5 TeV, (22)

which are consistent with the recent lower bound of these
masses at LHC [2].

In our analysis, the present experimental data of
BR(b — sv), Sy/uks» Spkg> and S, o give tight constraints
for MI parameters. Here we put the experimental data [22]

BR(b — sy)(exp) = (3.53 £ 0.24) X 1074; (23)
on the other hand, the SM has predicted [37]
BR(h — 5sy)(SM) = (3.15 = 0.23) X 1074, (24)

Therefore, there is room for the contribution of the
gluino-squark mediated flavor changing process.! For
Si/ykg Seks» and S,go, we put the data in Eq. (11). In
the SM, these magnitudes of S agree among them.

At first, in Fig. 1(a), we show the allowed region
in the plane of the absolute value |(85%),;| and the
phase 64K, where the only experimental constraint of
BR(b — s7v) is put. The magnitude of the MI parameter
(85R)y; is allowed as [(85F),3l =9 X 1072, We note
that the SUSY contribution to BR(» — s7) becomes supe-
rior compared with the SM in the region of |(85%),;| =
4 X 1072 It is also noted that the (85F),; is almost real
around the upper bound 9 X 1072, that is, at 2058 = 0 or
27. The experimental constraints of S e S¢KS, and
S,,/ xo give the severe cut as seen in Fig. 1(b), where these
experimental data are put in addition to BR(b — s7y). In
this figure, any value of the phase is allowed in [(85%),;3] <
5 X 1073. On the other hand, the larger region of [(85R),;|
is allowed until 2 X 1072 around the specific 65X, /4,
and 37/4.> The obtained bound [(85R) 3] =2 x 1072
depends on the gluino and the squark masses. If they

'In our analysis, we do not take account of the contribution of
the charged Higgs and chargino in b — s7.

There still remains a very small allowed region around
[(858),3] = 9 X 1072, where (85F),; is almost real, since this
region cannot be excluded by the time-dependent CP asymme-
tries. In our work, we omit this region hereafter. This region is
uninteresting, because the SUSY contribution is much larger
than the SM one in b — svy.
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(b)

1.0 1.5 2.0 2.5
[(65R)231x 10

FIG. 1 (color online). The predicted region of (551‘)23. In both (a) and (b), the horizontal and vertical axes denote the absolute value
and the phase of (6§R)23, respectively. In (a), the only experimental constraint of BR(b — sv) is taken into account. In (b), the
experimental constraints of BR(b — s7y), Sy, and S k0 are taken into account.

increase, the upper bound is rescaled approximately as
[(65%) 03] X m;/(1.5 TeV).

By using this allowed region of (85F),;, we predict
ALY, Skeys Sgg, and Sg,. In Fig. 2, we show the
predicted direct CP asymmetry AY*7 versus |(858),].
Here the value at [(85F),3] = 0 is the SM one,
AV (SM) = 4 X 1073 [35]. We predict —3 X 1072 <
Alé;'” =<3 X 1072 owing to the squark flavor mixing.
Recent experimental data are still consistent with
our prediction due to the large error as seen in
AZ_P"W(exp) = —0.008 = 0.029 [22]. The precise data
will give us an additional constraint of the MI parameters
in the future.

In Fig. 3, we show the predicted CP asymmetry
Sk+y. The predicted value in the SM is Sg-,(SM) =
(2mg/my) sin ¢, =4 X 1072 [36], while the experimental
resultis Sg-, (exp) = —0.15 * 0.22 [22]. Our prediction is
—0.4 = Sk+,, = 0.2, which is still consistent with the ex-
perimental data. We also expect the precise data in the near
future to test our prediction.

Although the experimental data of the time-dependent
CP asymmetries Syx, and S,k are taken as the input

00 05 10 15 20 25
(65%)231% 10

FIG. 2 (color online). The predicted direct CP asymmetry
A2 of b— sy versus [(85R),;]. The red solid and two red
dotted lines denote the best fit value and upper and lower bounds
of the experimental data with 90% C.L., respectively.

in our analysis, these calculated values do not always
cover all experimental allowed regions due to the con-
straint from BR(b — sy). Those allowed regions are
shown in Fig. 4. The SM prediction is S,/ (SM) =
Syk (SM) = S,k (SM), while the present data of these

00 05 10 15 20 25
1(65%)231%102

FIG. 3 (color online). The predicted CP asymmetry Sk, of
B® — K*vy versus |(65F),3], where the red solid and two red
dotted lines denote the best fit value and upper and lower bounds
of the experimental data with 90% C.L., respectively.

0.8F

0.71

FIG. 4 (color online). The allowed region of the time-
dependent CP asymmetries on the Sy, — S,/x0 plane. The
SM prediction S;/yx, = Sk, = Sygo is plotted by the green
slanted line. The experimental data with error bar is plotted by
the red solid lines at 90% C.L.
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By

-0.2
-0.4
-0.6

-04 -02 00 0.2 04 0.6
Spo

FIG. 5 (color online). The predicted time-dependent CP
asymmetries on the S44-S4, plane. The small green line
denotes the SM prediction from the experimental data of S,/ 4.

time-dependent CP asymmetries are given in Eq. (11). The
region of the lower right corner in the figure is excluded. It
will be testable in future experiments.

In Fig. 5, we predict the time-dependent CP asymme-
tries Sy 4 and Sy, . These CP asymmetries must be equal
to S;/4¢ in the SM. We use the experimental result of
S;/pe for the phase ¢, which is given in Eq. (10), in
our calculations. We denote the small green line as the
SM  value S;,,4(SM) = 0.03637051¢ [38] in the
figure. In conclusion, we predict —0.2 < S44 =< 0.4 and
—0.5 = S,, = 0.4, respectively. Since the phase ¢, has
still a large experimental error bar, our prediction will be
improved if the precise experimental data of S;/,4 are
given in the near future at LHCb. Since the time-dependent
CP asymmetry S, will be measured at LHCb, our pre-
diction will be tested soon.

IV. THE b — d TRANSITION

In this section, we discuss the b — d transition in
the same way as the b — s one. The SUSY contribution
is given in terms of the MI parameters (85%)3, (88F) 3,
(8%R),3, and (88F) 5. The typical b — d transition is the
b — dvy decay. The experimental data of its branching
ratio give the constraint for these MI parameters. By using
these MI parameters, we calculate SUSY contributions
to the direct CP violation of the » — dvy decay and the
time-dependent CP asymmetry in the B — py decay. We
also predict the time-dependent CP asymmetry of the
BY — K°KY decay.

In order to constrain the MI parameters, we input the
experimental data of the branching ratio of b — dy
[24,25],

BR(b — dy)(exp) = (1.41 £ 0.57) X 1073; (25)
on the other hand, the SM has predicted [25]
BR(b — dy)(SM) = (1.54702¢) X 1075, (26)

Next we present the formulations of the time-dependent
CP asymmetries and direct CP violation including SUSY
contributions. The branching ratio and direct CP violation
in the b — dy decay are given in Egs. (17) and (19),
respectively. The time-dependent CP asymmetry S, in
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the B — pvy decay is an important observable to search
for the new physics and is given as

_ 2Im(—e_i¢dC~'7y(mb)/C7y(mb))
" |C7y(mb)/c7y(mb)|2 +1

(27)

Since C5)!(m,,)/C5M(my,) o my/my, in the SM, S, may be
expected to be quite suppressed [36]. However, S, could
be also enhanced owing to the gluino-squark mediated
flavor changing process.

The time-dependent CP asymmetries S gogo and Cgogo in
the B — K°K" decay are also interesting ones to search
for the new physics, since there is no tree process of the SM
in the B — K°K° decay [39,40]. These CP asymmetries
are given in Eq. (7) as

Seor = 2MAgge o L= el o0
KK 1+ |/\K0K0|2, K°K 1+|/\K0K0|2’
where

rop =15 T ME _AB KK
DA 7T A(B" — K°K)’

(29)

The amplitude A(B° — K°K°) is given in Ref. [39], in
which the QCD corrections are important for the hadronic
matrix elements [41], as

- ov 4G \
A(B® — KR =~ —= 3" v,V [ad(m))
\/Z qg=u,c

+ ryad(mp)]X. (30)
Here X is the factorized matrix element (see Ref. [39]) as
X = —ifFo(m3)(m} — m}), (31)

where fx and Fy(m%) denote the decay coupling con-
stant of the K meson and the form factor, respectively,
and r, = 2m%/((m, — m)(m; + my)) denotes the chiral
enhancement factor. The coefficients af’s are given as
[39.41]

*The A(B° — K°K®) amplitude is explicitly presented in
Refs. [39,41]. In our calculation, we neglect C; (i = 8-10) since
these Wilson coefficients are too small to contribute to the
amplitude of B® — K°K? in our model.
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FIG. 6 (color online). The predicted region on the
[(85%)131-BR(b — dy) plane. The red solid and two red dotted
lines denote the best fit value and upper and lower bounds of the
experimental data with 90% C.L., respectively.

I65®)131x 107

FIG. 7 (color online). The predicted region on the (84%)3-04F
plane. The experimental constraint of BR(b — dv) is taken into
account.

(C; — Cy)

Ne
C ~
ain;b) FI:I:(C3 — GlFk + Gklsa)

+ Gg(sp)] + CrGk(s,) +[(Cy — Cy)

ag(my) = (Cy = Cy) +

b
+(Cs = Ce)1 D Glsp) + (Cyg — égG)GK,g],
f=u

(Cs — Cs)

NC
al(:b) %[(Q = G3)[Gi(sa) + G(sp)]

+ C,Gi(s,) + [(Cy — Cy)

ag(my) = (Cs — Co) +

b
+(C5 = €13, Ghlsy) + (Cu — Gl |
f=u

(32)

where ¢ takes u and ¢ quarks, Cp = (N2> — 1)/(2N,), and
the loop functions Fg, Gk, Gk, GY.and G ¢ are given in
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00 05 10 15 20 25
I(65R)131x10?

FIG. 8 (color online).
ALY versus |(85F) ).

The predicted direct CP asymmetry

|(65%)131x 10

FIG. 9 (color online). The predicted time-dependent CP asym-
metry S, versus [(65%),].

1.0

05¢

S 0 50

165%)131% 107

FIG. 10 (color online). The predicted time-dependent CP
asymmetry Sgogo versus [(85%);3]. The red solid and red dotted
lines denote the best fit value and the experimental data with
90% C.L., respectively.

Refs. [39,41]. The internal quark mass in the penguin
diagrams enters as s, = m7/ m?.* The minus sign in front

of C;(i = 3-6, 8G) comes from the parity of the final state
as discussed in the previous section.

“The C;g(i = 3-6,8G) in Eq. (32) should be taken as the
replacement C¥ — [(V,, V) /(V,p V;d)]C? in Eq. (4).
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FIG. 11 (color online). The predicted time-dependent CP
asymmetry Cgogo versus |(85%)3]. The red solid and two red
dotted lines denote the best fit value and upper and lower bounds
of the experimental data with 90% C.L., respectively.

By using the above formulations, we estimate the SUSY
contributions in the b — d transition. In our calculations,
we take w tan 8 to be 1 TeV, and we set the MI parameters
[(855) 131 = 1(855)13] = 1072 from our previous works
[7,8]. We also assume that the magnitudes of the MI
parameters (85%);; and (6%F),; are the same but each
phase is different. Thus, we parameterize the MI parame-
ters as follows:

ALR :nRL
(5{2R)13 = |(5{2R)13|€2’013, (551“)13 = |(5§R)13|6’210”-

(33)

Let us discuss the numerical analysis. In our calcula-
tions, we use the squark mass and the gluino mass as given
in Eq. (22). The present experimental data of BR(b — dvy)
in Eq. (25) gives a constraint for the MI parameters as
seen in Fig. 6. The SM contribution is larger than the
SUSY one until [(85F);5] =7 X 1073, while the SUSY

PHYSICAL REVIEW D 87, 056004 (2013)

contribution dominates the b — dy decay in the region
of [(85R)31 = 7 X 1073, It is remarked that there is a
lower bound of the branching ratio around 5 X 107°.

In Fig. 7, we show the allowed region of (85%),3 within
90% C.L. of BR(b — dy). It is found that any value of the
phase is allowed in [(85R);3] =5 X 1073, The upper
bound of the MI parameter is at [(65F) 3] =2 X 1072
around the specific 848, 7/2.

By using this allowed region of (65%),3, we can predict

the direct CP asymmetry A7, and time-dependent CP

asymmetries S, Sxogo, and Cgogo. In Fig. 8, we show the

predicted direct CP asymmetry A2, versus |(85%)5].
Here the value at [(65%);3/ =0 is the SM one,
ALY (SM) = —0.09. Our prediction is —0.16 < AY,%7 <
0.06. If A}Z;dy is measured in the future, we will obtain an
additional constraint of the MI parameters.

In Fig. 9, we show the prediction of §,, depending on
[(65%)13]. The SM prediction is S, (SM) = (2m,/m,,) X
sin ¢, = 2.0 X 1073 [36], while the experimental data are
S,y(exp) = —0.8 = 0.7 [22]. In our prediction, the §,,,
reaches *1 at |(85%),3] = 7 X 1073. Therefore, the S, is
expected to be much larger than the SM prediction in the
case of [(85F),3] = O(1073). We expect the precise data to
test our prediction in the future.

In Figs. 10 and 11, we show the predictions of the time-
dependent CP asymmetries Sgogo and Cgogo depending
on [(85%);;5], respectively. In the SM, one predicts
0.02 = Sgogo(SM) = 0.13 and —0.17 = Cgopo(SM) =
—0.15 [39], while the experimental data are given as
Sxogo(exp) = —0.8 £ 0.5 and Crogo(exp) = 0.0 =04
[22], respectively. The present experimental bounds do
not give any additional constraints to Fig. 7. However,
more precise experimental data provide intensive con-
straints for MI parameters.

TABLE I. Summary of the SM predictions, experimental values, and our predictions.
Exp. SM Our prediction

BR(b — s7) (3.53 £ 0.24) X 1074 [22] (3.15 £ 0.23) X 1074 [37] Constraint
BR(b — dv) (1.41 = 0.57) X 1073 [24,25] (1.54722%) x 1075 [25] Constraint
Ag” —0.008 = 0.029 [22] 4 %1073 [35] —0.03-0.03
AL e -0.09 —0.16-0.06
Sr/uks 0.679 = 0.020 [23] Input Constraint
S pky 0.747%:11 [23] = S)/uks Constraint
N 0.59 = 0.07 [23] = S0k Constraint
&5(Sy/pp = —siny) —0.004 = 0.166 = 0.054 [29] —0.036370:901¢ [38] Constraint
Soe s =S80 —-0.2-0.4
Sy =S80 —0.5-0.4
Skey —0.15 = 0.22 [22] 0.04 [36] —0.4-0.2
Spy —0.8 £0.7 [22] 0.002 [36] —1-1
Sxogo —0.8 £ 0.5 [22] 0.02-0.13 [39] —1-1
Cyogo —0.0 £ 0.4 [22] —0.17 to —0.15 [39] —1-1
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V. SUMMARY

We have discussed the contribution of the gluino-squark
mediated flavor changing process to the CP violation in b —
s and b — d transitions taking account of recent experimen-
tal data. We have presented the allowed region of the MI
parameters (8%5%),; and (85F) 5, which are constrained by
the branching ratios of b — sy and b — dy decays. In
addition, the time-dependent CP asymmetries of BY —
J/ YK, B — ¢Kg, and B® — n'K° decays severely re-
strict the allowed region of the MI parameter, (85%),;.
These MI parameters (55%),; and (85F),; are still allowed
up to 2 X 1072 for the squark and gluino masses of 1.5 TeV.
If m; = m; increase, the bound of (85%),; (k =2, 1) is
approximately rescaled as (85%); X m;/(1.5 TeV).

PHYSICAL REVIEW D 87, 056004 (2013)

By using these constraints, we predict the CP asymme-
tries of B, — ¢ ¢, B, — n'¢, and B — KK decays, as
well as the CP asymmetries in b — sy and b — dy de-
cays. We have summarized our results in Table I. It is
remarked that the CP violation of the B, — ¢ ¢ decay is
expected to be large owing to the squark flavor mixing.
This prediction will be tested soon at LHCb.
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