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1 Introduction

Flavor-changing neutral current (FCNC) processes are sensitive probes for new physics
beyond the Standard Model (SM), since in the SM there are no FCNC processes at the tree
level, and they are suppressed further by the Glashow-Iliopoulos-Maiani (GIM) mechanism.
One of the FCNC observables, the C'P-violating ratio €’ /e g in neutral kaon decays into two
pions, has attracted attentions recently because of a discrepancy between the experimental
data and the theoretical predictions based on the first lattice calculation of the hadronic
parameters Bél/ 2 and Bég/ 2) by the RBC-UKQCD collaboration [1-4].! The next-to-
leading order (NLO) prediction for &’/ek has been calculated in ref. [9], and it has been
confirmed by an improved calculation in ref. [10]. The latter result is given by

(¢'/ex)™ = (1.06 +5.07) x 1074, (1.1)

(1/2)
6

In contrast, the chiral perturbation theory predicts B ~ 1.5, which is a relatively larger value than

the lattice result, and a consistent value with the measured &' /e is predicted [5-8].



which deviates from the experimental data [11-14]
Re (¢'/er )P = (16.6 £2.3) x 107%, (1.2)

at the 2.8 o level. The theoretical result which is much smaller than the data is supported by
analyses in the large- N, dual QCD approach [15, 16]. Note that improvements of the lattice
calculation and independent confirmations of the result by other lattice collaborations are
highly important to establish the presence of new physics in &' /e k.

In this paper, we study &’/ in the minimal supersymmetric standard model (MSSM)
with introducing large off-diagonal entries in the trilinear couplings of the down-type
squarks to the Higgs boson. The off-diagonal couplings generate gluino contributions to
the flavor-changing Z penguin which affects ¢’/ej via the I = 2 amplitude. Although such
a scenario has been studied in ref. [17], top-Yukawa contributions to AF = 2 observables
have not been taken into account. In the scenario, € g receives those contributions from the
Z penguin through the renormalization group (RG) running from the new physics scale
to the electroweak (EW) scale, and through the matching onto the low-energy FCNC op-
erators at the EW scale [18, 19]. They can be comparable in size to ordinary gluino box
contributions. Moreover, since the LHC experiment is pushing up the lower bounds on
the squark and gluino masses [20, 21], the situation changes: larger trilinear couplings are
required to explain the &’/ discrepancy.

The large off-diagonal trilinear couplings also affect other FCNC observables. We
consider constraints on the couplings as well as on other MSSM parameters from the
branching ratios of K;, — uTu~, B — X,y and B — Xgv in addition to . Furthermore,
such large trilinear couplings can make the EW vacuum unstable. Although the vacuum
instability was overlooked in ref. [17], we investigate the vacuum (meta-)stability condition
in detail and show that the constraint is significant. In ref. [22], the vacuum condition has
been studied in another scenario with large off-diagonal trilinear couplings of the up-type
squarks, which bring chargino contributions to the Z penguin. An alternative scenario for
the explanation of the &’/ discrepancy in the MSSM has been proposed in refs. [23, 24].

The discrepancy in ' /e x requires large C'P-violating phases in the off-diagonal trilinear
couplings. They also contribute to the branching ratios of K+ — ntvo and K — 70w,
the effective branching ratio of Kg — putu™ [25, 26] and the CP asymmetry difference
AAcp(b — sv). We investigate SUSY effects on these observables in our scenario, and
examine if the effects can be observed at current and/or near-future experiments.

This paper is organized as follows. In section 2 we summarize the effective Lagrangian
together with the RG equations and the one-loop matching conditions that are relevant
to our analysis. Top-Yukawa contributions are also explained. In section 3 we present
the gluino contributions associated with the Z penguin. In section 4 we explain how each
FCNC observable receive gluino contributions. In section 5 we discuss the constraints
from the vacuum stability condition. In section 6 we present our numerical analysis. Our
conclusions are drawn in section 7.



2 Effective Lagrangian and top-Yukawa contributions

In this paper, we study flavor-changing processes via the gluino one-loop contributions and
the Z-boson exchanges. The latter is described by higher dimensional operators in the SM
effective field theory (SMEFT), where the gauge invariance is guaranteed. The effective
Lagrangian is defined as

Leg = Lsm+ Y _CiO;, (2.1)

where the first term in the right-hand side is the SM Lagrangian, and the second one is
composed by higher dimensional operators [27]. In particular, those relevant to the AF =1
Z-boson penguin are given by

(O4L)s; = (HiD,H) @@n"a), (2.2)
08)),; = (H'iDEH) @ y), (2.3)
(Oupli; = (HIiDLH) (" dy). (2.4)

Here, ¢ is the (left-handed) SU(2) quark doublets and d is the (right-handed) down-type
quark singlets with quark-flavor indices, 4,7, and an SU(2) index, a. The Higgs doublet
carries a hypercharge +1/2, and thus, has a vacuum-expectation value (VEV), (H) =
(0,v/v2)7, with v ~ 246 GeV after the EW symmetry breaking (EWSB). The covariant
derivative is defined for the Higgs doublet as

D, =0, + z‘gQ%awg + i%/BM, (2.5)
and
H'DiH = H'7 D, H — (D, H) 7. (2.6)
On the other hand, AF = 2 processes are described by the following four-Fermi operators,
[OSC)Q]ijkl = (@) @Y @), (2.7)
[Ogc)g]zykl = (@;7"vu9) (@7 @), (2.8)
[Obpliji = (divud;)(diy"dy), (2.9)
[(981)7]%1 = (@ug5) (diy"dy), (2.10)
(OS5 Diin = @vuTag) (" TAdy). (2.11)

The Wilson coefficients develop from the SUSY scale down to the EW one. Let us

define their beta functions as

bi = (4m)* (2.12)
For the Opg and O p operators, the relevant terms are (cf., refs. [28-30])
1 1
bipha = 6V2[Clrb Lo,
higha = 6Y7 (Cizphe. (2.13)



where Y} is the top-quark Yukawa coupling. It is noticed that there are no O(«y) corrections
at the one-loop level. The operators also contribute to AS = 2 four-quark operators as

BObliziz = AY2CH bl + - ..

B lizi2 = —AY;? [c;,ghz +. (2.14)

[56213;)]1212 = MY2[Cupliz + -

—

where [A];; = ViV and Ay = [A¢]12. In the first leading logarithm approximation, the
Wilson coefficients after the RG running from A to p (A > u) are estimated as

1 A

() =Ci(A) — —=bi(A)In —. 2.1
i) = Cil) ~ (M) In (2.15)
Irrelevant operator mixings and higher-order corrections during the evolutions are ne-
glected. In particular, C((ng, C(s) and 681)7 are generated by Cyg and Cyp.

After the EWSB, Opqg and Opp are matched to the flavor-changing Z couplings
through the expansion,

HUDH = 22022, + Gi0,G — oo (WG + W, G+, (216)

H%’Fiﬂ = —fqﬂz +G~ z?éﬁ +. (2.17)
with gz = /g3 + g3, where the terms irrelevant for the matching onto the AS = 2
operators are omitted.

The operators also contribute to AF = 2 observables through the effective Hamilto-
nian,

5 3
Heg = Y _CiOi+ Y _CjO} + He, (2.18)

where the effective operators are

01]ij = (dy, Prds ) (d] " Prd)), (2.19)
(O] = (A Ppd$)(d] Prdy), (2.20)
(0s]ij = (d' Prdj)(d] PLdS), (2.21)
[O4]ij = (df PLdS)(d] Prdy)), (2.22)
(Oslsj = (d Prd})(d] Prds), (2.23)

with color indices «, 8. In this paper, chirality-flipped operators and their Wilson coeffi-
cients are denoted with a prime. At the tree level, the SMEFT operators are matched at
the weak scale to these operators as [31]

) = - ([ngg]z'jz‘j + [CS’QQ]W) . [eY = ~[Coplijis. (2.24)
[64]52) = [Cg%]ijija (2.25)
[C5]§?) = Q[Cgl))ka'j [Cé%]w, (2.26)
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Figure 1. Feynman diagrams relevant for the matchings onto the operators [Ogpli2, where the
external gauge bosons are attached to each of the cross marks. Diagrams (a)—(d) are the one-loop
gluino contributions, and (e)—(j) are the diagrams in the SMEFT. The diagrams contributing to

() (2)

[028)]12 are similarly obtained.

where N, = 3 is the number of colors. In addition, these low-energy AF = 2 operators are
generated by the AF = 1 ones in the SMEFT through the one-loop matchings at the weak
scale [31]. The conditions for Cyg and Cyp at the scale py are approximated as [18, 19]

alAtlis
[Cl]g‘) = iséjj [[Cgég]z‘j I (e, pw ) — [CS)Q]Z‘]’ L(zt, pw)| (2.27)
20 Al
Cs)f) = - o gt] 2[Cuplij T (e, pw), (2.28)
J TSty

with 2, = m?/m?,. These results are gauge-independent. The loop functions are defined as

T U r—7 22 -2x+4
I =—|1 — — 1 2.29
1(1},,[1,) ) |:an 4(.%'—1) 2(%-1)2 nrf, ( )

T I Tx —25 22— 14z +4
In Inz

mw Az —1) 20z 1)

Iz, p) = 3 (2.30)

Here, we discarded box contributions which are suppressed by CKM factors or by mgu Jmé,
in the AS = 2 case (see ref. [19]).

The RG equations in egs. (2.13) and (2.14) and the matching conditions in egs. (2.27)
and (2.28) are proportional to Y;2, and hence, we call them the top-Yukawa contributions.

3 SUSY contributions

At the one-loop level, Opg and Oy p are generated by gluino loops in the MSSM. When the
squark (quark) flavor is violated by scalar trilinear soft-breaking parameters, the dominant



contributions are calculated from figure 1 as

2
Qg COS %
[0222]12 = " Tom m;(TD)m(TDhS Z(xr1,%r2,TR3), (3.1)
Ciopliz = —=* M(TD)* (Tp)2s Z(xr1,TL2, TR3) (3.2)
HQ 1277 mg 13 ) ) )
2
Qg COS .
[Crpliz = 45(TD)31(TD)32 Z(zR1,TR2,71L3), (3.3)
us mg

with x; = mi / mg. Here, m Aoy is the left- (right-) handed squark soft mass for the i-th
generation, my is the gluino mass, and Tp is the scalar trilinear coupling of the down-type
squarks. In this paper, the SUSY Les Houches Accord (SLHA) notation [32, 33| is used,
and flavor violations are discussed in the basis where the Yukawa matrix of the down-
type quark is diagonalized. The Wilson coefficients are set at the SUSY scale.? The loop
function is defined as

z?Inz y*Iny
Z(x,y,2) = — +
e IR LR TV e [T
B z n (2zy — yz —2 xz — xgz + 23); Inz (3.4)
(z =1z —2)(y —=2) (z=1)*(x = 2)*(y — 2)
In the limit of y, z — x, it becomes
2 — 622 + 23 1
Z(z) = +3r — 62" +2° + 6rlnw (3.5)

6z (x —1)%

Other SUSY contributions are explained in the next section.

Note that, in literature, e.g., ref. [34], it has been argued that gluino-mediated con-
tributions to EW penguin are suppressed compared to the other penguins, by assuming
that the gluino contributions to the EW penguin are proportional to those to the photon
penguin. However, this is not the case in our scenario, where the SU(2)xU(1) symmetry
is broken by large scalar trilinear couplings. Such couplings can generate the Z penguin
significantly via double-mass insertion contributions, as was pointed out in ref. [35] and
explicitly shown in this section.

4 Observables

4.1 €'/ek

The direct CP violation of the K — 7r decays, €' /ek, includes the SM and SUSY Z-
penguin contributions,

(¢'/2x) = (£//ex)™ + (¢ fex) ™Y . (4.1)

2If the trilinear couplings (T'p)13,23,31,32 are set in a scale higher than the SUSY scale, the flavor-violating

squark soft masses (mJL(R) )12,21 are generated via RG corrections. They can be sizable and contribute to
the kaon FCNCs when the input scale is much higher than the SUSY scale.



The latter contribution is approximated to be (cf., ref. [36])?
(' /ex)*"%Y = =B (m,) 5.91 x 107 GeV2 Im ([c“) iz + [CED): )
+1.97 x 108 GeV? Im [CHD}H], (4.2)

where the Wilson coefficients are estimated at the Z-boson mass scale, p = mz. By using
lattice simulations [2-4], B§3/2)(mc) = 0.76 + 0.05 is obtained [9, 44]. Here, ek in the
denominator is evaluated by the experimental value. The right-handed contribution is
amplified by C%/V / S%/V ~ 3.33 compared to the left-handed one.

Currently, the SM prediction deviates from the experimental result at the 2.8 o level.
In this paper, the discrepancy of €’ /e is required to be explained within the 1o range,

10.0 x 1074 < ('/ex)®Y <211 x 1074, (4.3)
where ref. [10] is used for the SM prediction at the NLO level.

4.2 ek
Both the SM and SUSY affect to the indirect C'P violation of the neutral kaon system,

cx = e'¥e ( + 6§(USY) , (4.4)

where . = (43.51 £0.05)°. £35Y is composed by gluino box diagrams as well as Cq and
Cxp- In our scenario, although the gluino box contributions are sizable, their dominant
contributions arise as dimension-ten operators in the SMEFT. In order to include them in
our formalism, we separately calculate them in the broken phase, where the Higgs VEV is
involved.? At the one-loop level, they are obtained as [45]

2 11
C1lij = S RERERERL [ Bo(y, xs) + Bz(xr,xs)] , (4.5)
m; 36
[CQ]U = mg Rdz+3Rd Rdz+3jo |:1830(:E7.,IE5):| s (46)
g
as * * ]'
[CS]ij = ﬁthz+3Rd Rgz+37€gj |:_6BO(xr7xs):| ’ (47)
g
g dxpd god* 7 1
[Calsj = m2 Ryi Ry Rs H—SRS J+3 gBO(xth) - §B2(xr>333)
g
11
+ Rd*Rd]+3RS H_g’Rd [ ISBQ(LUT’ xs)] }, (4.8)

3 Another SUSY contribution is produced from chromomagnetic-dipole diagrams [25, 37-43]. The Wilson
coeflicient is obtained by replacing b — s and d; — d in eq. (4.43). In our analyses, such a contribution is
negligible because the squark mixings between the fist two generations are assumed to be suppressed.

4Equations (2.24)—(2.26) are not used for evaluating the gluino box contributions to the AS = 2 observ-
ables.



a? | as s 1 5
[C5]ij = m2 {Rgz joRg,i+3Rg,j+3 [930(33“ xs) + 932(%,905)}
g
* £3 5
+RERL SRE SR [_632(%’%)} }, (4.9)

at the SUSY scale (usysy) with generation indices i # j and x, = mi / mg, where R, for
r=1,2,...,6 is the squark rotation matrix defined in the SLHA notation [32, 33]. Cj 3

are obtained by flipping the chirality of Rf(*)

;  in Cy12,3. The loop functions are defined as

rlnz n ylny 4 1
(@-—y-1? F-2)y-1? @-1F-1)

2?Inz y?Iny . 1
(@-y(z-1? F-2)y-1? @-1F-1)

From pgusy to the hadronic scale, we solve the RG equations at the NLO level [46] and

By(z,y) = (4.10)

By(x,y) = (4.11)

use the hadronic matrix elements in ref. [47].
Additionally, [C1];; and [Cs);; receive the top-Yukawa contributions depending on Cgq

and Cyp as
C!P\t}i' 1 3
(Cilij = ﬂs%,vj [Cl(ng]lj I (w4, psusy) — [Cérég]m Iz(xt,MSUSY)] ; (4.12)
2c| A i
[Cslij = — 7r[52t] L Cuplij I (2, psusy), (4.13)

w

at the Z-boson mass scale. These results are derived as follows: the Wilson coefficients
are evolved by solving the RG equations with the beta function (2.14) in the first leading
logarithm approximation (2.15), and then, matched onto the low-scale operators at the
weak scale (2.24)—(2.26). Also, the one-loop matchings, (2.27) and (2.28), are taken into
account to include the additional contributions of Crg and Cyxp at the weak scale (see
ref. [19]).5 Equivalently, the same results are reproduced by substituting uy — psysy in
egs. (2.27) and (2.28). This is because the logarithmic scale dependence of the one-loop
matching conditions has the same origin as the one-loop beta functions (see ref. [18]).

It is also noticed that, in eq. (4.12), the logarithmic dependence of ugysy cancels
out because of [Cgé]lg = [CS)Q]U in egs. (3.1) and (3.2). On the other hand, the scale
dependence in eq. (4.13) remains, and thus, [Cs];; is sensitive to psusy.

The SM value is estimated to be

M = (2,12 4£0.18) x 1073, (4.14)

where the input SM parameters are found in ref. [48] (cf., ref. [49]). Especially, the Wolfen-
stein parameters are determined by the angle-only fit [50], and | V| obtained from inclusive
semileptonic B decays (B — X~ 7) [51] is used.® We use lattice results for the &, param-
eter [1], which parametrizes the absorptive part of long-distance effects, and refrain from

5The results are independent of the matching scale uw by including the one-loop matching conditions.
Consequently, the logarithmic function becomes In(ususy/mw ).

SRecently, there are debates about systematic uncertainties of the exclusive determinations of
|[Ves| [52-54].



relying on the experimental result of ¢’/ek, because we consider SUSY contributions to
¢’ [ek. On the other hand, the experimental result is (cf., ref. [14])

€9P| = (2.228 +0.011) x 1072, (4.15)
Therefore, the SUSY contributions are required to be within the range,
—0.25 x 1073 < 595Y < 0.47 x 1073, (4.16)
at the 20 level.”

4.3 K — wvi

The Z-penguin contributions induce the decays, KT — ntvo and K; — n°vp. They are
expressed as [36, 44]

_ ImXeg\2  /Re Re Xof \ 2

+ _l,_ _ € C (S}

s o = [0 (enen s B ]
Im X 12

B(Kp — 7vp) =k, [ m)\5 H] , (4.18)

where A = |Vis|, Ae = Vi Ves, i = (5.157£0.025) x 1071 (1 /0.225)8, kf, = (2.231£0.013) x
10719(1/0.225)8, and the charm contribution gives P.(X) = (9.3940.31) x 10~% /A% 4(0.04=+
0.02). In terms of Cyg and Cyp, Xeg is approximated to be (cf., ref. [18])

Re Xog = —4.83 x 107 — 5.62 x 10° GeV? Re Cpr4, (4.19)
Im Xeg = 2.12 x 1074 4 5.62 x 10° GeV? Im Cy ., (4.20)

where the first terms in the right-hand sides are the SM contributions in each equation,
and

Cuy = [C%hz + [CS)Q]H + [Capli2. (4.21)

The Wilson coefficients are estimated at the Z-boson mass scale.
The SM predictions are known to be [18]

B(Kt — 7Tvp)™ = (8.5 +£0.5) x 10711, (4.22)
B(Kp — %vp)S™M = (3.0 £0.2) x 10711, (4.23)

while the experimental results are [55, 56]

B(K' — ntvp)®™ = (17.3152) x 10711, (4.24)
B(Kp — mv0)®™P < 2.6 x 1075, [90% C.L.] (4.25)

These experimental values will be improved in the near future. The NA62 experiment at
CERN has already started the physics run and aims to measure B(K+ — nTvr) with a
precision of 10% relative to the SM prediction [57]. The KOTO experiment at J-PARC
aims to measure B(K — nv) around the SM sensitivity by 2021 [58, 59].

"In our analysis, the gluino contributions are much less constrained by the mass difference of the neutral
kaons, AMp, because hadronic uncertainties are large.



44 K; —ptp™

The decay rate of K — u™p~, which is a CP-conserving process, is sensitive to a real
component of the flavor-changing Z couplings. There are large theoretical uncertainties
from a long-distance (LD) contribution. In addition, an unknown sign of A (K — vv)
conceals a relative sign between the LD and a short-distance (SD) amplitudes. One can,
therefore, estimate only the SD branching ratio, which is expressed as [36, 60, 61]

Re A¢

3 Pe(Y) +

2
Re Yeff) , (4.26)

B(KL — M+M_)SD = Ky < 5

where x, = (2.01 £0.02) x 1072(1/0.225)%, and the charm-quark contribution is P.(Y) =
(0.115 4 0.018) x (0.225/\)*. Here, Yeg is approximately given as (cf., ref. [18])

ReYeq = —3.07 x 107 — 5.62 x 10° GeV?ReCy_, (4.27)
where the first term in the right-hand side is the SM contribution, and
Cu-= [Cgé]u + [6%]12 — [Cupli2- (4.28)

The Wilson coefficients are estimated at the Z-boson mass scale.
The SM value is obtained as [18]

B(Kp — ptp™)sM = (0.83+£0.10) x 107°. (4.29)

It is challenging to extract the SD contribution from the experimental value. An upper
bound is estimated as [62]

B(Ky — ptpm)ey < 2.5 x 1077, (4.30)
Since the constraint is much weaker than the SM uncertainties, we simply impose a bound,
—1.81 x 10719 (GeV)™? < ReCx_ < 4.85 x 107! (GeV) ™2 (4.31)

4.5 Kg— ptp~

The decay, Kg — up~, proceeds via LD CP-conserving P-wave and SD CP-violating S-
wave processes. Since the decay rate is dominated by the former, whose uncertainty is
large, the sensitivity to the imaginary component of the flavor-changing Z couplings is
diminished [62-64]. Interestingly, the SD contribution is enhanced through an interference
between the K, and K states in the neutral kaon beam [26]. The effective branching ratio
of Kg — p"u~ after including the interference is expressed as (cf., ref. [26])

B(Ks = p p™ e = B(Ks = ' p7) + D - B(Ks = p p17 )it (4.32)
where a dilution factor D is an initial asymmetry between the numbers of K? and K,

D= (K"-K"/(K°+K"). (4.33)

~10 -



In the right-hand side, the branching ratio is approximated to be
B(Ks — pu™) = 4.99%x107243.30x10° GeV* [2.39 x 10711 GeV™2 + ImCpr_]|*, (4.34)

where the first and second terms in the right-hand side come from the LD and SD con-
tributions, respectively. Here, the Wilson coefficients are estimated at the Z-boson mass
scale. On the other hand, the interference contribution is given as

—7.69 x 107 GeV* [2.39 x 1071 GeV ™2 + Im Cpy_ ]|
x [1.73x 1079 GeV 2 —ReCx_], (na=+)
7.69 x 107 GeV? [2.39 x 1071 GeV ™2 + Im Cpy_|
x [1.86 x 1079 GeV~2 + ReCy_] . (na = —)
(4.35)
The Wilson coeflicients are estimated at the Z-boson mass scale. The unknown relative

B(Ks — p i )ine =

sign between the LD and SD contributions in K — p*u~ gives two different predictions

of B(Kg — upu™);, which are expressed by 74, (see refs. [26, 65])

int>

A(Kr = vy)
A(KL = (70 = 97) |

nA = sgn (4.36)

Here, scalar operator contributions are discarded in the above formulae: they can be sig-
nificant especially when tan g is large and m4 is small [25].

The SM prediction depends on D and 74, which are determined by experiments. For
D =0, it is obtained as [26, 62, 63]

B(Kg — ptp™ )™ = (5.18 + 1.50) x 10712, (4.37)
while for D =1 and 74 = —1, the SM prediction becomes [26]
B(Ks — ptp™ )3 = (8.59 £1.50) x 10712, (4.38)

On the other hand, the current experimental bound based on the LHCb Run-1 result using
the integrated luminosity 3 fb~1 is [66]

B(Ks — p p™)®P <0.8x107%. [90% C.L. (4.39)

The experimental sensitivity is expected to reach B(Ks — pu™p~) = O(10711) by the end
of the LHCb Run-2, and the Run-3 project is aiming to achieve the sensitivity as precise
as the SM level [67].

4.6 b — dv and b — sv

In this paper, we consider flavor-violations in the scalar trilinear couplings. They contribute
to the decays of b — d;y (d; = d, s) at the one-loop level.® The decays are described by

8They also contribute to the (CP-violating) Bg,s mixings. In the parameter regions of our interest,
gluino box contributions to them are smaller than the current experimental and theoretical uncertainties.
Also, the CP-violating scalar trilinear couplings can contribute to the electric dipole moments (EDMs)
e.g., of the neutron. Since the C'P phases are introduced in the flavor off-diagonal components, the gluino
contributions to the EDMs satisfy the experimental limits.

- 11 -



the effective Hamiltonian,

e:
Mg — \/f i [CH(’)H +Csy0sy| + (L ¢ R), (4.40)

where the effective operators are defined as

— o my dio" Prb Fyuy,  Ogy = —22my dio™ T Prb G%,, (4.41)

Oy = 167

162

where e > 0 and g3 > 0, and the covariant derivatives for the quark and squark follow
the same sign convention as eq. (2.5). At the one-loop level, the gluino contributions are
obtained as

Cry = 7 G;f;:]o;m [Rfmfg (SDl(xr)> - —Rd*R (SDQ(;ET)) ] (4.42)

\fﬂ—as

C
89 = AGp[Nism?

1
s (R (30a(er) - 3D3<zr>>
G 1
- PIRERY (3 Datar) - 3Dl ) | (4.43)
mp 3

where z, = mfz / mg, and the loop functions are defined to be

—23+622—3x—2—6xlnz

Dy(x) = 601 — 21 , (4.44)
Dfa) = & _( 11__5)”;1”, (4.45)
Dg(ac):2963+33826—(163:i—ia;;1—6;172lnm7 (4.46)
Da(z) = 3% — 49(v1—i—_1$;32x2 Inz (4.47)

d(x)

Also, C§7 and C§ , are obtained by flipping the chirality of R,;"" in C7y and Cgy, respectively.

In the analysis, an approximation formula in ref. [68] is used to estimate the SUSY
contributions to the branching ratio of b — s7v, where the Wilson coefficients are set
at pp = 4.8GeV. For B(B — Xg7), the formula in refs. [69, 70] is used, where the SUSY
contributions to the Wilson coefficients at the top-mass scale are needed. The latest results
of the SM values are [71]

B(B — X,v)°™ = (3.36 £ 0.23) x 1074, (4.48)
B(B — Xgv)%M = (1.7375:12) x 1075, (4.49)

for E, > 1.6 GeV. On the other hand, the experimental results are [51, 72, 73]

B(B — Xy)™P = (3.32 +0.15) x 1074, (4.50)
B(B — Xqv)®P = (1.41 £ 0.57) x 1075, (4.51)
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for E, > 1.6 GeV. In the analysis, the theoretical prediction including the SM and SUSY
contributions is required to be consistent with the experimental result at the 2o level.

CP violations of b — d;7y are sensitive to the imaginary parts of flavor-violating scalar
trilinear couplings. Long-distance effects tend to spoil the sensitivity [74]. This could be
resolved by taking a difference of the C'P asymmetries [74],

AAcp(b— sv) = Acp(B™ — X, ) — Acp(BO — ngy)
Azs | C3,Csg +CFCy

= 47’ —Im 7 v =d ,
s (1) m [ Cry |2 + |C§7\2

(4.52)
b

where the right-handed contributions are taken into account [75]. The hadronic parameter
/~\78 introduces an uncertainty to the analysis and is estimated to be 12MeV < K7g <
190 MeV [68]. We take an average value, A7zg = 89MeV, in the analysis. The Wilson
coeflicients include both the SM and SUSY contributions, which are evaluated at the scale
ty = 2GeV. The SM prediction is expected to be much suppressed, AAcp (b — s7)M ~
0 [74]. On the other hand, the experimental result is [76]

AAcp(b— 57)%P = (5.0 £ 3.95at & 1.5gyst)% (4.53)

from the BaBar experiment. The Belle experiment also published a result on AAcp(B —
K*y) [77],
AAcp(B — K*)%P = (2.4 £ 2.84tat  0.55yst) %. (4.54)

The asymmetry of the inclusive decay is expected to be comparable to that of the exclu-
sive mode [78]. Both results are consistent with a null asymmetry difference. Since the
uncertainties are large, the SUSY parameters will not be constrained in the region of our
interest. In future, the uncertainty is projected to achieve 0.37% for AAcp(b — sv) at
Belle IT with 50ab™! [79].7

5 Vacuum stability

The Wilson coefficients in egs. (3.1)—(3.3) are enhanced by large off-diagonal trilinear cou-
plings, (Tp);3 and (Tp)s; (¢ = 1,2). Such large trilinear couplings tend to generate dan-
gerous charge and color breaking (CCB) global minima in the scalar potential [80]. Hence,
they are limited by the vacuum (meta-)stability condition: the lifetime of the EW vacuum
must be longer than the age of the Universe. In this section, we will investigate the vacuum
stability conditions of (Tp);; and (Tp)s;.

The vacuum decay rate per unit volume is represented by I'/V = Aexp (—SEg), where
Sg is the Euclidean action of the bounce solution [81]. CosmoTransition 2.0.2 [82] is used
to estimate Sg at the semiclassical level. The prefactor A cannot be determined unless
radiative corrections are taken into account [83, 84]. We adopt an order-of-magnitude

9Although the experimental uncertainty of the direct CP asymmetry Acp(b — sv) is also projected
to be sub-percent level [79], long-distance contributions as well as hadronic uncertainties spoil the SM
prediction [74].
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estimation, A ~ (100 GeV)*. By requiring (I'/V)*/* to be smaller than the current Hubble
parameter, the lifetime of the EW vacuum becomes longer than the age of the Universe.
The condition corresponds to Sg = 400. In this paper, thermal effects and radiative
corrections to the vacuum transitions are discarded.

The bounce solution and Sg are determined by the scalar potential. The potential
relevant for the vacuum decay generated by (Tp),5 and/or (Tp)4; is

V= %m%l hi+ %m§2 ha — miy hahy

+%m%71d%+ ; mg 4 bF, + ; my, | di + ; % 5 Ok

+ \2 (Tp)s3 ha — Yoiha) brbr + \1[ (Tp)y3 hadrbr + \1[ (Tp)sy habrdr

+ U OB+ DG + Bl

+ i 2(d2 4+ 02 —dh— %)%+ %gQ(h —hi4+d? +1%)?

+?}29§<hi—h+ “d2 4 b + d + bz)z, (5.1)

where the coefficients are

m3, = m? sin? f — %m% cos 23, (5.2)
m3, = m? cos® B+ %mQZ cos 23, (5.3)
mi, = %mi sin 243. (5.4)

Here, hg, hy, dr,, br, dg, bg are real scalar fields with (hg) = vcos 8 and (h,) = vsin 3 at
the EW vacuum. In this potential, all coefficients can be rotated to be real by rephasing
the fields. The terms proportional to light flavor Yukawas are discarded, because those
contributions are negligible. The scalar potential for §r, S§g is obtained by substituting
dr.r = 3L,R, (Ip)1s = (Tp)ys, and (Tp)y; — (Ip)sy.

Let us first consider the vacuum stability condition when only (Tp),5 is large. The
scalar potential is simplified to be

1 1 1 1 1 -
vzimf1 h3+§m§2h3—m%2hdhu+2mmd 3 ng ﬂ(TD)whddLbR (5.5)
1 . - 1 2
202 h> 2d2 —b%)2+ —g2(h2 —h3+d2)? + h%—h2 d b2 .

When my ~ mgy ~ Mp s, CCB vacua appear around a ha-dr—br plane. In figure 2,
the solid lines show upper bounds on |(Tp),4| for tan 3 = 5, 10, 30, and 50. We assumed
mA = mg, = Mp . It is shown that the upper bounds are proportional to meg. Also,
the results depend on tan 3 slightly. This is because the scalar potential is stabilized by a
quartic coupling y; 2b Rh2 (2mg / 112) tan? 6l~%hfl, when tan § is large.
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Figure 2. The upper bound on |(7p),5| for i = 1,2 from the vacuum stability condition as
a function of meg- Here, tan = 5, 10, 30, 50 are taken. The solid lines are in the case of

maA =meg,; =Mmp 3 =My, while the dashed lines represent the decoupling limit of the heavy Higgs
multiplets, ma > mg ; = mp 3 = mg.
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Figure 3. The vacuum stability condition of |(Tp),;| for i = 1,2 as a function of m,4. Here,
meg,; =mp s =10 TeV, and tan 8 = 5 and 30 are taken.

When m 4 is larger than meq ~ Mp 3, the position of the CCB vacuum approaches to
a H-d;—bg plane, where H includes the SM-like Higgs boson, H = hgy + v. In figure 3,
the my4 dependence of the upper bound is shown. Here, tan 8 = 5 and 30 are taken. We
found that the vacuum stability condition is relaxed for large m4.

In the decoupling limit of the heavy Higgs bosons (m% > m%,a — B—7/2), the scalar
potential can be expressed by H, d L, and br as

1 1 1 1 v >
V:—EWLQZCOSQ2ﬁH2 3 Qld 3 ng ﬂ(TD)mCOSﬂHdLbR

1 = 1 ~
+ ybb H200825+—49§(d%—b%)2+32g2( 2cos283 — d3)?

1 2 72 -\
329Y <H cos 2/ d 3b ) . (5.6)
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The upper bounds on |(Tp);5| are shown by the dashed lines in figure 2.1 Again, they are
proportional to meg. In contrast to the case of my4 ~ me, the result is almost proportional
to tan #. This is understood by cos 3 associated to (Tp),5. A fitting formula of the vacuum
stability condition in the large ma limit with My, =Mp g = Mg is derived as

(Tp)us|

—0.186 TeV + 1. . .
anp S OAS6TeV + L6T5mg, (5.7)

where the phase of (Tp),5 is taken into account. This formula works well for mg5 > 1TeV.
Let us next turn on (Tp),s in addition to (Tp),3. The scalar trilinear term becomes

Vo \}5 [(TD)13 d, + (Tp) s gL] brha. (5.8)

Here, (TD)13’23 are taken to be real by rephasing the scalar fields. By mixing dy, and 3y,
one can obtain

1 2 2 1/2 I T
Vo5 (To)s + (Tp)3| ™ dibaha, (5.9)
where dy, = d, cos — &, sinf and 5, = d sinf + §IL~C089 with tanf = (TD)23/(Z:D)13.
When m% L= m%Q = m%, the scalar potential of d} is obtained from that of dj by

1/2 - -
substituting (Tp),5 — [(TD)%3 + (TD)gg} as well as d;, — d. Therefore, the vacuum
stability condition (5.7) is extended to be

\/‘ (TD)13 ‘2 + ‘ (TD)23 ‘2
tan 3

< —0.186 TeV + 1.675myg, (5.10)

where the phases of (TD)13723 are taken into account appropriately. The formula is valid
when my =Mg = MGo = Mp 3 > 1TeV and my is decoupled.!!
When only (7p)4, is large, the potential becomes

1 1 1 - 1 5 1 -
V = —m?2, b3+ —m3y hZ —m3y hahy, + imag b2+ imgl d%h+—=(Tp)s habrdr ~ (5.11)

2 2 V2

1, | 1 - 1 1oy 25 \7
RIS B a0 - o (2 T D)

By repeating the above procedure, one can obtain quantitatively the same fitting formula
for (Tp)s; as eq. (5.10),

\/‘ (TD)31 ‘2 + ‘ (TD)32 ‘2
tan 3

< —0.186 TeV + 1.675my, (5.12)

where My = Mgy =Mpy =Mp o > 1TeV and m4 is decoupled.

107 this scalar potential, the SM-like Higgs boson is lighter than 125 GeV. The vacuum stability condition
can be evaluated naively by adding top-stop radiative corrections, (gg +g%) (5%) sin* BH4/8, [85-88] to
eq. (5.6) in order to achieve the 125 GeV SM-like Higgs boson at the EW vacuum. We found that eq. (5.7)
is barely changed. Dedicated studies are needed to fully include the radiative corrections (see ref. [84]).

1YWe have validated the formula (5.10) explicitly by analyzing the bounce action of the scalar potential
of H, JL, =§L, and ER.
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6 Numerical analysis

In this section, we study gluino contributions to ¢’/ej via the Z penguin. They are en-
hanced by large scalar trilinear couplings as shown in section 3. Since (Tp)13,23,31,32 are
complex variables, there are 8 degrees of freedom. For simplicity, we restrict the param-
eter space such that two of (Tp)132331,32 are real. When (Tp)23 32 are real, we checked
that wide parameter regions to explain the discrepancy of €’/ej are tightly excluded by
B(B — X4s7). Therefore, we consider the cases when (7p)i331 are real. The scalar
trilinear coupling are parameterized as

[(Tp)13, (Tp)23, (Tp)s1, (Tp)s2] = [vL, L +iBL, YR, R + iBR], (6.1)

where a;, B; and ~; are real parameters. Then, one obtains (see section 3)

m €4 12 o —Im [(Tp)is(Tp)2s] = —Bre, (6.2)
Im [CHD]]_Q x +Im [(Tp)gl(TD)gﬂ = _/BR’YR- (63)

The L variables contribute to the left-handed Wilson coefficients, and the R variables to
the right-handed ones. In order to evaluate the observables, we scan the whole parameter
region of ay, B;, and 7; where the vacuum stability conditions are satisfied.'?

When 8rvyr > 0 and SBgyr > 0, the SUSY contribution to &’/ is maximized, because
the left-handed contribution, Crg, constructively interferes with the right-handed one,
Crp. In this case, B(K; — 7°
Bryr and Bryr tends to decrease the branching ratio, as can be seen from eq. (4.20).

vv) cannot exceed the SM prediction, because positive

We consider this case in section 6.1. In contrast, £ /ex cannot be accommodated with
the result (4.3) for Sy < 0 and Bryr < 0. When either 51y or Sryr is negative,
the discrepancy of ¢’ /e can also be explained. Because the right-handed contribution to
¢’ /e is larger than the left-handed one, Sryr > 0 is favored to amplify &'/ex. At the
same time, B(K; — 7'vi) can be enhanced and may exceed the SM value. Hence, we
consider the case when v, < 0 and Bryr > 0 in section 6.2.

Before proceeding to the analysis, let us summarize assumptions on model parameters.
Since the vacuum stability condition is relaxed by large m 4, the heavy Higgs bosons are
supposed to be decoupled. The squark masses are set to be degenerate, my = mg, =
MGo=MG3=Mp 1 =Mpo=Mp s, for simplicity. The Higgsino mass parameter is also
equal to me, though dependences of the observables on it are weak. We take tan 8 = 5,
though the following results are insensitive to the choice, because the observables as well
as the vacuum stability condition depend on it dominantly in a combination of T cos 5.

6.1 Brvyr >0 and Bryr >0

In figure 4, the maximal values of the SUSY contributions to &’/ are shown for 81y, > 0
and Bryr > 0 as a function of meg-. There is a peak structure for each line. In smaller
squark mass regions, the maximal value is determined by B(B — X4v). Defining the squark

12We checked that the constraint from B(Kp — uTp™) is weaker than the other constraints in the
parameter region of our interest.
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Figure 4. The maximal gluino contributions to &’/ek as a function of meg. The parameters are
Yr/Br = vr/Br = 1 and mg/mQ = 1 on the black line. In the left plot, vyr/Br = v/0L
0.6,0.8,1.2 with mg/mé2 = 1 from left to right of the red lines. In the right plot, mg/mQ =
1.8,1.4,0.8 with v /8r = v1/8r = 1 from left to right of the green lines.

mixing parameter, 0p = (Tp);;v cos B/m%, the SUSY contributions to €’/e depend on it
as (¢//ex)SYSY ~ 62, whereas those to B(B — Xgy) is ~ dp/mg, where mg ~ mg
is supposed. Thus, the maximal value of &’/ increases as meg becomes larger. In larger
squark mass regions, the maximal value is determined by e, B(B — Xv) and the vacuum
stability condition as well as B(B — Xg4v). In particular, the gluino box contribution
to ex depends on dp as ~ 6%) / m%, whereas the SUSY contributions via Cyg and Cyxp
are not suppressed by me, i.e., behaves as ~ /\té% /m2Z When meg is small, the latter
contribution can be canceled enough by the former one. However, as meg increases, the
cancellation becomes weaker in the parameter region allowed by the other constraints.
Hence, the bounds on the trilinear couplings become severer to satisfy the constraint of
ex. Consequently, the maximal value of &' /e decreases.

In the figures, v;/5; or mg/mQ is also varied. On the black line, yr/Br = vr/PL = 1
and mg/mé2 = 1 are chosen. In the left plot, yr/B8r = v1/Br = 0.6,0.8,1.2 with mg/mQ =
1 from left to right of the red lines. On the other hand, mg/mQ = 1.8,1.4,0.8 with
Yr/Br = v1/Br = 1 from left to right of the green lines in the right plot. The maximum
value increases when ~;/3; is small and mg/ me is large. Also, it is found that the current
discrepancy of '/ can be explained if the squark mass is smaller than 5.6 TeV.

6.2 PBrvyr <0 and Bryr >0

We study other observables with keeping the SUSY contribution to &’ /e i sizable for 81y, <
0 and Bryg > 0. The SUSY parameters are determined to achieve (¢//ex)SYSY = 10.0 x
10~4, where the current discrepancy between the experimental and SM values is explained
at the 1o level.
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Figure 5. The maximum value of B(K; — 7’v#) normalized by the SM prediction as a function
of mg. Here, (¢'/er)3YSY = 10.0 x 1074 is fixed. The parameters are yg/Br = —7r/Br = 1 and
m_;]/m(2 = 1 on the black line. In the left plot, yr/Br = —v1/Br = 0.6,0.8,1.2 with mg/mQ =1
from left to right of the red lines. In the right plot, mg/mQ =1.8,1.4,0.8 withygr/Br = —v./BL =1
from left to right of the green lines.

In figure 5, B(Kp — n%vp) is maximized for given mg- One finds a peak structure for
each line. On the left side of the peak, the parameters are constrained by B(B — Xy7v).
If the soft masses are too small, '/ cannot be large sufficiently. On the right side, the
constraints from ex and B(B — X,7v) become relevant. When SUSY particles are very
heavy, the SUSY contribution to ex via Cyg and Cyp cannot be canceled enough by that
via the gluino box contribution in the parameter region allowed by the other constraints.

One can see that B(K; — n°
contrasted with the case when Srvr > 0 and Bryr > 0.

vv) can be larger than the SM value. This result is

In the figures, 7;/f3; or mg/mQ is also varied. On the black line, yr/fr = —v5./Br = 1
and mg/mQ = 1 are chosen. In the left plot, yr/6r = —7v5/6r = 0.6,0.8,1.2 with
mg/mé2 = 1 from left to right of the red lines. On the other hand, mg/mé2 =1.8,14,0.8
with yr/Br = —v1/Br = 1 from left to right of the green lines in the right plot. In both
plots, the peak positions depend on the setup. The maximum value increases when |v; /3]
is small and/or mg/my is large. It is found that B(Kp — 7Ou) can be about 1.5 times
larger than the SM prediction. Such a branching ratio could be discovered in future KOTO
experiment.

Next, B(KT — nvr) is maximized for given mg in figure 6. The branching ratio
depends on Cyg and Cyp similarly to the case of B(Kp — 7r01/17). Hence, it can be larger
than the SM prediction when either S7vr or Bryr is negative. The real component of
Crq and Cyp contributes to the ratio, which is different from the case of B(Kj — 7TOI/17)
and &'/e. Consequently, the peak structure in figure 5 disappears. The maximal value
tends to decrease as m increases. They are enhanced when |v;/f;| is small and mg/m is
large. The maximal value can be about 1.6-1.7 times larger than the SM prediction. The
deviation could be measured in the current NA62 experiment.
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Figure 6. The maximum value of B(Kt — ntvv) normalized by the SM prediction as a function
of mg. Here, (¢//ex)SUSY =10.0 x 107* is fixed. The parameters are yr/Sr = —y1 /B = 1 and
mg/mQ = 1 on the black line. In the left plot, yr/Br = —v1/Br = 0.6,0.8,1.2 with mg/mQ =1
from left to right of the red lines. In the right plot, mg/mQ =1.8,1.4,0.8 withyg/Br = —v/Br =1
from left to right of the green lines.
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Figure 7. The maximum value of AAcp(b — sv) as a function of mg. Here, (¢' [er)SVSY =
10.0x 1074 is fixed. The parameters are ygr/Br = —v1,/Br = 1 and mg/mQ = 1 on the black line. In
the left plot, yr/Br = —v1/Br = 0.6,0.8,1.2 with mé/mcé =1 from left to right of the red lines. In
the right plot, mg/mQ =1.8,1.4,0.8 withyg/Br = —v1 /81 = 1 from left to right of the green lines.
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Figure 8. The effective branching ratio of Kg — p*u™ is shown. Here, D = 1 and n4q = —1 are

chosen. The model parameters are the same as those in figure 5. Here, (¢//ex)SVSY = 10.0 x 1074
The parameters are yg/Br = —71/fr = 1 and mg/mQ = 1 on the black line. In the left plot,
Yr/Br = —y1/Br = 0.6,0.8,1.2 with mg/mQ =1 from left to right of the red lines. In the right
plot, mz/meg = 1.8,1.4,0.8 with yr/Br = —y/Br = 1 from left to right of the green lines.

Let us also mention about the C'P-violating observable, AAcp(b — s7v). In the anal-
ysis, since the C'P-violating phases arise in (Tp)23 and (Tp)s2, the asymmetry can be
sizable. In figure 7, the maximum value of AAcp(b — s7v) is shown as a function of meg-
Here, (¢//ex)5YSY = 10.0 x 10~ is fixed. On the black line, yg/Br = —71/8 = 1 and
mg/m(2 = 1 are chosen. In the left plot, the trilinear coupling is varied as yr/fBr =
—v/Br = 0.6,0.8,1.2 with mg/mQ = 1 from left to right of the red lines. In the right
plot, the gluino mass is set as mg/mQ = 1.8,1.4,0.8 with yvg/Br = —yr/fr = 1 from
left to right of the green lines. It is found that the asymmetry is enhanced especially
when |v;/8;| is small, because smaller ratios lead to larger (Tp)23 and (Tp)se to achieve
(' /e )SUSY = 10.0 x 104, Also, when mg/mg is small, the asymmetry becomes large.
The CP asymmetry can be as large as 14% for yg/Br = —v1/fr = 0.6. We also find
that AAcp(b — s7v) is likely to be positive when it is enhanced in our scenario. Such an
asymmetry seems to be large enough to be measured at Belle II with 50ab~!.13

Finally, we study the SUSY contribution to Kg — p*u~ as a function of meg- They
are enhanced when the sign of the left-handed contribution is opposite to that of the right-
handed one. Such a setup is realized in this subsection. In figure 8, the effective branching
ratio of Kg — p'pu~ is shown. Here, the dilution factor D = 1 and the relative sign
n4 = —1 are chosen as a reference case.'* Since the interference term is almost independent
of a real component of Cyy_ in the parameter regions of our interest, B(Kg — ptp™) g
is determined once (¢//ex)SUSY and B(Kj — 7'vp) are given. Therefore, in figure 8, we

13 Although a part of the parameter regions seems to be constrained by the current experimental re-
sult (4.53), the theoretical uncertainty is large, and thus, we have not employed this limit.

1n the case of D = 0, we find that the branching ratio B(Ks — uTu™) in eq. (4.34) is not deviated
from the SM value (4.37) sizably.
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take the same «;, 3; and 7; as those in figure 5, which maximize B(K; — 7vp). It is
found that B (Kg — utu™ ).z is enhanced especially when |v;/8;] is small. The effective
branching ratio can be 1.9 x 107!, which is larger than the SM prediction (4.38). Such a
branching ratio might be measured by the end of the LHCb Run-2, and it is large enough
to be detected at the LHCb Run-3 [67].

7 Conclusions

In this paper, we studied C'P violations in the neutral kaon decay in the MSSM scenario
where non-minimal flavor mixings and CP-violating phases reside in the trilinear scalar
couplings of the down-type squarks. We calculated SUSY contributions that are induced
by one-loop diagrams involving gluino and squarks, and evaluated their effects on flavor
observables. We took the top-Yukawa contributions to AS = 2 observables into account.
Considering constraints from the vacuum stability and the measurements of ex, B(K —
ptu™), B(B — Xgy) and B(B — Xg7), we searched for the allowed parameter regions
of the trilinear coupling parameters and investigated possible effects on &'/ex, B(Kp —
movo), BIKT = 7t vi), B(Ks — pt ™ )er and AAcp(b — 57).

We found that the difference between the measured value and the SM prediction of
¢’ [ek can be explained by the gluino-mediated Z-penguin contribution to the s — d transi-
tion amplitude for the squark mass smaller than 5.6 TeV. In addition, B(K} — 7° v ) and
B(K* — 7t v ) can be enhanced by about 50 % and 70 % of the SM values, respectively.
It is also shown that B(Kg — u™ p™ )egr and AAcp(b — s7) are significantly enhanced.

The deviations from the SM predictions of these observables can be probed in near-
future experiments such as KOTO, NA62, LHCb and Belle II. Since the pattern of the
deviations is closely related to the structure of the trilinear coupling matrix in the model,
the measurements would provide us with important clues to explore flavor structures in
physics beyond the SM.
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