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Abstract

In light of a discrepancy of the direct CP violation in K → ππ decays, ε′/εK ,
we investigate gluino contributions to the electroweak penguin, where flavor viola-
tions are induced by squark trilinear couplings. Top-Yukawa contributions to ∆S = 2
observables are taken into account, and vacuum stability conditions are evaluated in
detail. It is found that this scenario can explain the discrepancy of ε′/εK for the squark
mass smaller than 5.6 TeV. We also show that the gluino contributions can amplify
B(K → πνν), B(KS → µ+µ−)eff and ∆ACP(b → sγ). Such large effects could be
measured in future experiments.
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1 Introduction

Flavor-changing neutral current (FCNC) processes are sensitive probes for new physics be-
yond 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 CP -violating ratio ε′/εK 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 pa-
rameters B

(1/2)
6 and B

(3/2)
8 by the RBC-UKQCD collaboration [1–4].#1 The next-to-leading

order (NLO) prediction for ε′/εK has been calculated in Ref. [9], and it has been confirmed
by an improved calculation in Ref. [10]. The latter result is given by

(ε′/εK)
SM

= (1.06± 5.07)× 10−4, (1.1)

#1 In contrast, the chiral perturbation theory predicts B
(1/2)
6 ≈ 1.5, which is a relatively larger value than

the lattice result, and a consistent value with the measured ε′/εK is predicted [5–8].
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which deviates from the experimental data [11–14]

Re (ε′/εK)
exp

= (16.6± 2.3)× 10−4, (1.2)

at the 2.8σ level. The theoretical result which is much smaller than the data is supported by
analyses in the large-Nc 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 ε′/εK .

In this paper, we study ε′/εK 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 ε′/εK via the I = 2 amplitude. Although such a scenario
has been studied in Ref. [17], top-Yukawa contributions to ∆F = 2 observables have not
been taken into account. In the scenario, εK receives those contributions from the Z pen-
guin 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 operators
at the EW scale [18, 19]. They can be comparable in size to ordinary gluino box contribu-
tions. 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 ε′/εK 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 KL → µ+µ−, B̄ → Xsγ and B̄ → Xdγ in addition to εK . 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 ε′/εK discrepancy in the MSSM has been proposed in Ref. [23,24].

The discrepancy in ε′/εK requires large CP -violating phases in the off-diagonal trilinear
couplings. They also contribute to the branching ratios of K+ → π+νν̄ and KL → π0νν̄,
the effective branching ratio of KS → µ+µ− [25, 26] and the CP asymmetry difference
∆ACP(b → sγ). 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.
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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

Leff = LSM +
∑

i

CiOi, (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 ∆F = 1
Z-boson penguin are given by

[O(1)
HQ]ij = (H†i

←→
DµH)(qiγ

µqj), (2.2)

[O(3)
HQ]ij = (H†i

←→
Da
µH)(qiτ

aγµqj), (2.3)

[OHD]ij = (H†i
←→
DµH)(diγ

µdj). (2.4)

Here, q is the (left-handed) SU(2) quark doublets and d is the (right-handed) down-type
quark singlets with quark-flavor indices, i, j, 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/

√
2)T , with v ' 246 GeV after the EW symmetry breaking (EWSB). The covariant

derivative is defined for the Higgs doublet as

Dµ = ∂µ + ig2
τa

2
W a
µ + i

gY
2
Bµ, (2.5)

and

H†
←→
Da
µH ≡ H†τaDµH − (DµH)† τaH. (2.6)

On the other hand, ∆F = 2 processes are described by the following four-Fermi operators,

[O(1)
QQ]ijkl = (qiγµqj)(qkγ

µql), (2.7)

[O(3)
QQ]ijkl = (qiτ

aγµqj)(qkτ
aγµql), (2.8)

[ODD]ijkl = (diγµdj)(dkγ
µdl), (2.9)

[O(1)
QD]ijkl = (qiγµqj)(dkγ

µdl), (2.10)

[O(8)
QD]ijkl = (qiγµTAqj)(dkγ

µTAdl). (2.11)

The Wilson coefficients develop from the SUSY scale down to the EW one. Let us define
their beta functions as

bi = (4π)2 d Ci
d lnµ

. (2.12)
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For the OHQ and OHD operators, the relevant terms are (cf., Refs. [28–30])

[b
(1)
HQ]12 = 6Y 2

t [C(1)
HQ]12,

[b
(3)
HQ]12 = 6Y 2

t [C(3)
HQ]12, (2.13)

[bHD]12 = 6Y 2
t [CHD]12,

where Yt is the top-quark Yukawa coupling. It is noticed that there are no O(αs) corrections
at the one-loop level. The operators also contribute to ∆S = 2 four-quark operators as

[b
(1)
QQ]1212 = λtY

2
t [C(1)

HQ]12 + . . . ,

[b
(3)
QQ]1212 = −λtY 2

t [C(3)
HQ]12 + . . . , (2.14)

[b
(1)
QD]1212 = λtY

2
t [CHD]12 + . . . ,

where [λt]ij = V ∗tiVtj and λt = [λt]12. In the first leading logarithm approximation, the
Wilson coefficients after the RG running from Λ to µ (Λ > µ) are estimated as

Ci(µ) = Ci(Λ)− 1

(4π)2
bi(Λ) ln

Λ

µ
. (2.15)

Irrelevant operator mixings and higher-order corrections during the evolutions are neglected.
In particular, C(1)

QQ, C(3)
QQ and C(1)

QD are generated by CHQ and CHD.
After the EWSB, OHQ and OHD are matched to the flavor-changing Z couplings through

the expansion,

H†i
←→
DµH =

gZ
2
v2Zµ +G−i

←→
∂µG

+ − g2v
(
W+
µ G

− +W−
µ G

+
)

+ . . . , (2.16)

H†i
←→
D3
µH = −gZ

2
v2Zµ +G−i

←→
∂µG

+ + . . . (2.17)

with gZ =
√
g2

2 + g2
Y , where the terms irrelevant for the matching onto the ∆S = 2 operators

are omitted.
The operators also contribute to ∆F = 2 observables through the effective Hamiltonian,

Heff =
5∑

i=1

CiOi +
3∑

i=1

C ′iO′i + H.c., (2.18)

where the effective operators are

[O1]ij = (d̄αi γµPLd
α
j )(d̄βi γ

µPLd
β
j ), (2.19)

[O2]ij = (d̄αi PLd
α
j )(d̄βi PLd

β
j ), (2.20)

[O3]ij = (d̄αi PLd
β
j )(d̄βi PLd

α
j ), (2.21)

[O4]ij = (d̄αi PLd
α
j )(d̄βi PRd

β
j ), (2.22)
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[O5]ij = (d̄αi PLd
β
j )(d̄βi PRd

α
j ), (2.23)

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

[C1]
(0)
ij = −

(
[C(1)
QQ]ijij + [C(3)

QQ]ijij

)
, [C ′1]

(0)
ij = −[CDD]ijij, (2.24)

[C4]
(0)
ij = [C(8)

QD]ijij, (2.25)

[C5]
(0)
ij = 2[C(1)

QD]ijij −
1

Nc

[C(8)
QD]ijij, (2.26)

where Nc = 3 is the number of colors. In addition, these low-energy ∆F = 2 operators are
generated by the ∆F = 1 ones in the SMEFT through the one-loop matchings at the weak
scale [31]. The conditions for CHQ and CHD at the scale µW are approximated as [18,19]

[C1]
(1)
ij =

α[λt]ij
πs2

W

[
[C(1)
HQ]ij I1(xt, µW )− [C(3)

HQ]ij I2(xt, µW )
]
, (2.27)

[C5]
(1)
ij = −2α[λt]ij

πs2
W

[CHD]ij I1(xt, µW ), (2.28)

with xt = m2
t/m

2
W . These results are gauge-independent. The loop functions are defined as

I1(x, µ) =
x

8

[
ln

µ

mW

− x− 7

4(x− 1)
− x2 − 2x+ 4

2(x− 1)2
lnx

]
, (2.29)

I2(x, µ) =
x

8

[
ln

µ

mW

+
7x− 25

4(x− 1)
− x2 − 14x+ 4

2(x− 1)2
lnx

]
. (2.30)

Here, we discarded box contributions which are suppressed by CKM factors or by m2
c,u/m

2
W

in the ∆S = 2 case (see Ref. [19]).
The RG equations in Eqs. (2.13) and (2.14) and the matching conditions in Eqs. (2.27)

and (2.28) are proportional to Y 2
t , and hence, we call them the top-Yukawa contributions.

3 SUSY contributions

At the one-loop level, OHQ and OHD 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 Fig. 1 as

[C(1)
HQ]12 = − αs

12π

cos2 β

m4
g̃

(TD)∗13(TD)23 Z(xL1, xL2, xR3), (3.1)

[C(3)
HQ]12 = − αs

12π

cos2 β

m4
g̃

(TD)∗13(TD)23 Z(xL1, xL2, xR3), (3.2)
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sR dR

hd hd

g̃

q̃L3

s̃R d̃R

(a)

sR dR

hd hd

g̃

q̃L3

s̃R d̃R× ×
×

× ×

× ×
B

(b)

sR dR

hd hd

g̃

q̃L3

s̃R d̃R

×× ×
W

(c)

sR dR

hd hd

g̃

q̃L3

s̃R d̃R× ×
×

×× ×

g

(d)

⊗

sR dR

h h

(e)

⊗

sR dR

h h
B

(f)

⊗

sR dR

h h

B

× ×

× ×

(g)

⊗

sR dR

h h
W

(h)

⊗

sR dR

h h

W

× ×

(i)

⊗

sR dR

h h

g

× ×

(j)

Figure 1. Feynman diagrams relevant for the matchings onto the operators [OHD]12, 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

[O(1,3)
HQ ]12 are similarly obtained.

[CHD]12 =
αs
6π

cos2 β

m4
g̃

(TD)31(TD)∗32 Z(xR1, xR2, xL3), (3.3)

with xi = m2
d̃i
/m2

g̃. Here, md̃L(R)i
is the left- (right-) handed squark soft mass for the i-th

generation, mg̃ is the gluino mass, and TD 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(x, y, z) = − x2 lnx

(x− 1)(x− y)(x− z)2
+

y2 ln y

(y − 1)(x− y)(y − z)2

− z

(z − 1)(x− z)(y − z)
+

(2xy − yz − xz − xyz + z3)z ln z

(z − 1)2(x− z)2(y − z)2
. (3.4)
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In the limit of y, z → x, it becomes

Z(x) =
2 + 3x− 6x2 + x3 + 6x lnx

6x(x− 1)4
. (3.5)

Other SUSY contributions are explained in the next section.

4 Observables

4.1 ε′/εK
The direct CP violation of the K → ππ decays, ε′/εK , includes the SM and SUSY Z-penguin
contributions,

(ε′/εK) = (ε′/εK)
SM

+ (ε′/εK)
SUSY

. (4.1)

The latter contribution is approximated to be (cf., Ref. [34])

(ε′/εK)
SUSY

= −B(3/2)
8 (mc)

[
5.91× 107 GeV2 Im

(
[C(1)
HQ]12 + [C(3)

HQ]12

)

+ 1.97× 108 GeV2 Im [CHD]12

]
, (4.2)

where the Wilson coefficients are estimated at the Z-boson mass scale, µ = mZ . By using
lattice simulations [2–4], B

(3/2)
8 (mc) = 0.76± 0.05 is obtained [9,35]. Here, εK in the denom-

inator is evaluated by the experimental value. The right-handed contribution is amplified
by c2

W/s
2
W ' 3.33 compared to the left-handed one.

Currently, the SM prediction deviates from the experimental result at the 2.8σ level. In
this paper, the discrepancy of ε′/εK is required to be explained within the 1σ range,

10.0× 10−4 < (ε′/εK)
SUSY

< 21.1× 10−4, (4.3)

where Ref. [10] is used for the SM prediction at the NLO level.

4.2 εK

Both the SM and SUSY affect to the indirect CP violation of the neutral kaon system,

εK = eiϕε
(
εSM
K + εSUSY

K

)
, (4.4)

where ϕε = (43.51± 0.05)◦. εSUSY
K is composed by gluino box diagrams as well as CHQ and

CHD. 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

7



our formalism, we separately calculate them in the broken phase, where the Higgs VEV is
involved.#2 At the one-loop level, they are obtained as [36]

[C1]ij =
α2
s

m2
g̃

Rd∗
riRd

rjRd∗
siRd

sj

[
1

9
B0(xr, xs) +

11

36
B2(xr, xs)

]
, (4.5)

[C2]ij =
α2
s

m2
g̃

Rd∗
r,i+3Rd

rjRd∗
s,i+3Rd

sj

[
17

18
B0(xr, xs)

]
, (4.6)

[C3]ij =
α2
s

m2
g̃

Rd∗
r,i+3Rd

rjRd∗
s,i+3Rd

sj

[
−1

6
B0(xr, xs)

]
, (4.7)

[C4]ij =
α2
s

m2
g̃

{
Rd∗
riRd

rjRd∗
s,i+3Rd

s,j+3

[
7

3
B0(xr, xs)−

1

3
B2(xr, xs)

]

+Rd∗
riRd

r,j+3Rd∗
s,i+3Rd

sj

[
−11

18
B2(xr, xs)

]}
, (4.8)

[C5]ij =
α2
s

m2
g̃

{
Rd∗
riRd

rjRd∗
s,i+3Rd

s,j+3

[
1

9
B0(xr, xs) +

5

9
B2(xr, xs)

]

+Rd∗
riRd

r,j+3Rd∗
s,i+3Rd

sj

[
−5

6
B2(xr, xs)

]}
, (4.9)

at the SUSY scale (µSUSY) with generation indices i 6= j and xr = m2
d̃r
/m2

g̃, where Rd
ri for

r = 1, 2, . . . , 6 is the squark rotation matrix defined in the SLHA notation [32,33]. C ′1,2,3 are

obtained by flipping the chirality of Rd(∗)
ri in C1,2,3. The loop functions are defined as

B0(x, y) =
x lnx

(x− y)(x− 1)2
+

y ln y

(y − x)(y − 1)2
+

1

(x− 1)(y − 1)
, (4.10)

B2(x, y) =
x2 lnx

(x− y)(x− 1)2
+

y2 ln y

(y − x)(y − 1)2
+

1

(x− 1)(y − 1)
. (4.11)

From µSUSY to the hadronic scale, we solve the RG equations at the NLO level [37] and use
the hadronic matrix elements in Ref. [38].

Additionally, [C1]ij and [C5]ij receive the top-Yukawa contributions depending on CHQ
and CHD as

[C1]ij =
α[λt]ij
πs2

W

[
[C(1)
HQ]ij I1(xt, µSUSY)− [C(3)

HQ]ij I2(xt, µSUSY)
]
, (4.12)

[C5]ij = −2α[λt]ij
πs2

W

[CHD]ij I1(xt, µSUSY), (4.13)

#2 Thus, Eqs. (2.24)–(2.26) are not used for evaluating the gluino box contributions to the ∆S = 2
observables.
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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 CHQ and CHD at the weak scale (see Ref. [19]).#3

Equivalently, the same results are reproduced by substituting µW → µSUSY in Eqs. (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 µSUSY cancels out

because of [C(1)
HQ]12 = [C(3)

HQ]12 in Eqs. (3.1) and (3.2). On the other hand, the scale dependence
in Eq. (4.13) remains, and thus, [C5]ij is sensitive to µSUSY.

The SM value is estimated to be

εSM
K = (2.12± 0.18)× 10−3, (4.14)

where the input SM parameters are found in Ref. [39] (cf., Ref. [40]). Especially, the Wolfen-
stein parameters are determined by the angle-only fit [41], and |Vcb| obtained from inclusive
semileptonic B decays (B̄ → Xc`

−ν̄) [42] is used.#4 We use lattice results for the ξ0 param-
eter [1], which parametrizes the absorptive part of long-distance effects, and refrain from
relying on the experimental result of ε′/εK , because we consider SUSY contributions to
ε′/εK . On the other hand, the experimental result is (cf., Ref. [14])

|εexp
K | = (2.228± 0.011)× 10−3. (4.15)

Therefore, the SUSY contributions are required to be within the range,

−0.25× 10−3 < εSUSY
K < 0.47× 10−3, (4.16)

at the 2σ level.#5

4.3 K → πνν̄

The Z-penguin contributions induce the decays, K+ → π+νν̄ and KL → π0νν̄. They are
expressed as [34,35]

B(K+ → π+νν̄) = κ+

[(
ImXeff

λ5

)2

+

(
Reλc
λ

Pc(X) +
ReXeff

λ5

)2
]
, (4.17)

#3 The results are independent of the matching scale µW by including the one-loop matching conditions.
Consequently, the logarithmic function becomes ln(µSUSY/mW ).
#4 Recently, there are debates about systematic uncertainties of the exclusive determinations of |Vcb|

[43–45].
#5 In our analysis, the gluino contributions are much less constrained by the mass difference of the neutral

kaons, ∆MK , because hadronic uncertainties are large.
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B(KL → π0νν̄) = κL

[
ImXeff

λ5

]2

, (4.18)

where λ = |Vus|, λc = V ∗cdVcs, κ+ = (5.157±0.025)×10−11(λ/0.225)8, κL = (2.231±0.013)×
10−10(λ/0.225)8, and the charm contribution gives Pc(X) = (9.39±0.31)×10−4/λ4 +(0.04±
0.02). In terms of CHQ and CHD, Xeff is approximated to be (cf., Ref. [18])

ReXeff = −4.83× 10−4 − 5.62× 106 GeV2 Re CH+, (4.19)

ImXeff = 2.12× 10−4 + 5.62× 106 GeV2 Im CH+, (4.20)

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

CH+ = [C(1)
HQ]12 + [C(3)

HQ]12 + [CHD]12. (4.21)

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

B(K+ → π+νν̄)SM = (8.5± 0.5)× 10−11, (4.22)

B(KL → π0νν̄)SM = (3.0± 0.2)× 10−11, (4.23)

while the experimental results are [46, 47]

B(K+ → π+νν̄)exp = (17.3+11.5
−10.5)× 10−11, (4.24)

B(KL → π0νν̄)exp < 2.6× 10−8. [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+ → π+νν̄) with a
precision of 10% relative to the SM prediction [48]. The KOTO experiment at J-PARC aims
to measure B(KL → π0νν̄) around the SM sensitivity by 2021 [49,50].

4.4 KL → µ+µ−

The decay rate of KL → µ+µ−, 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 (KL → γγ)
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 [34,51,52]

B(KL → µ+µ−)SD = κµ

(
Reλc
λ

Pc(Y ) +
ReYeff

λ5

)2

, (4.26)

where κµ = (2.01 ± 0.02) × 10−9(λ/0.225)8, and the charm-quark contribution is Pc(Y ) =
(0.115± 0.018)× (0.225/λ)4. Here, Yeff is approximately given as (cf., Ref. [18])

ReYeff = −3.07× 10−4 − 5.62× 106 GeV2 Re CH−, (4.27)
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where the first term in the right-hand side is the SM contribution, and

CH− = [C(1)
HQ]12 + [C(3)

HQ]12 − [CHD]12. (4.28)

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

B(KL → µ+µ−)SM
SD = (0.83± 0.10)× 10−9. (4.29)

It is challenging to extract the SD contribution from the experimental value. An upper
bound is estimated as [53]

B(KL → µ+µ−)exp
SD < 2.5× 10−9. (4.30)

Since the constraint is much weaker than the SM uncertainties, we simply impose a bound,

−1.81× 10−10 (GeV)−2 < Re CH− < 4.85× 10−11 (GeV)−2. (4.31)

4.5 KS → µ+µ−

The decay, KS → µ+µ−, 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 [53–55]. Interestingly, the SD contribution is enhanced through an interference
between the KL and KS states in the neutral kaon beam [26]. The effective branching ratio
of KS → µ+µ− after including the interference is expressed as (cf., Ref. [26])

B(KS → µ+µ−)eff = B(KS → µ+µ−) +D · B(KS → µ+µ−)int, (4.32)

where a dilution factor D is an initial asymmetry between the numbers of K0 and K0,

D =
(
K0 −K0

)
/
(
K0 +K0

)
. (4.33)

In the right-hand side, the branching ratio is approximated to be

B(KS → µ+µ−) = 4.99× 10−12 + 3.30× 108 GeV4
[
2.39× 10−11 GeV−2 + Im CH−

]2
,

(4.34)

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

B(KS → µ+µ−)int =





−7.69× 107 GeV4
[
2.39× 10−11 GeV−2 + Im CH−

]

×
[
1.73× 10−9 GeV−2 − Re CH−

]
, (ηA = +)

7.69× 107 GeV4
[
2.39× 10−11 GeV−2 + Im CH−

]

×
[
1.86× 10−9 GeV−2 + Re CH−

]
. (ηA = −)

(4.35)
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The Wilson coefficients are estimated at the Z-boson mass scale. The unknown relative
sign between the LD and SD contributions in KL → µ+µ− gives two different predictions of
B (KS → µ+µ−)int, which are expressed by ηA, (see Ref. [26,56])

ηA = sgn

[
A (KL → γγ)

A (KL → (π0)∗ → γγ)

]
. (4.36)

Here, scalar operator contributions are discarded in the above formulae: they can be signif-
icant especially when tan β is large and mA is small [25].

The SM prediction depends on D and ηA, which are determined by experiments. For
D = 0, it is obtained as [26,53,54]

B(KS → µ+µ−)SM = (5.18± 1.50)× 10−12, (4.37)

while for D = 1 and ηA = −1, the SM prediction becomes [26]

B(KS → µ+µ−)SM
eff = (8.59± 1.50)× 10−12. (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 [57]

B(KS → µ+µ−)exp < 0.8× 10−9. [90% C.L.] (4.39)

The experimental sensitivity is expected to reach B(KS → µ+µ−) = O(10−11) 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 [58].

4.6 b→ dγ and b→ sγ

In this paper, we consider flavor-violations in the scalar trilinear couplings. They contribute
to the decays of b → diγ (di = d, s) at the one-loop level. The decays are described by the
effective Hamiltonian,

Heff = −4GF√
2

[λt]i3

[
C7γO7γ + C8gO8g

]
+ (L↔ R), (4.40)

where the effective operators are defined as

O7γ =
e

16π2
mb d̄iσ

µνPRb Fµν , O8g =
g3

16π2
mb d̄iσ

µνT aPRbG
a
µν , (4.41)

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

C7γ =

√
2παs

4GF [λt]i3m2
g̃

[
Rd∗
riRd

r3

(
8

9
D1(xr)

)
− mg̃

mb

Rd∗
riRd

r6

(
8

9
D2(xr)

)]
, (4.42)
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C8g =

√
2παs

4GF [λt]i3m2
g̃

[
Rd∗
riRd

r3

(
1

3
D1(xr)− 3D3(xr)

)

− mg̃

mb

Rd∗
riRd

r6

(
1

3
D2(xr)− 3D4(xr)

)]
, (4.43)

where xr = m2
d̃r
/m2

g̃, and the loop functions are defined to be

D1(x) =
−x3 + 6x2 − 3x− 2− 6x lnx

6(1− x)4
, (4.44)

D2(x) =
x2 − 1− 2x lnx

(1− x)3
, (4.45)

D3(x) =
2x3 + 3x2 − 6x+ 1− 6x2 lnx

6(1− x)4
, (4.46)

D4(x) =
3x2 − 4x+ 1− 2x2 lnx

(1− x)3
. (4.47)

Also, C ′7γ and C ′8g are obtained by flipping the chirality of Rd(∗)
ri in C7γ and C8g, respectively.

In the analysis, an approximation formula in Ref. [59] is used to estimate the SUSY
contributions to the branching ratio of b → sγ, where the Wilson coefficients are set at
µb = 4.8 GeV. For B(B̄ → Xdγ), the formula in Refs. [60, 61] 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 [62]

B(B̄ → Xsγ)SM = (3.36± 0.23)× 10−4, (4.48)

B(B̄ → Xdγ)SM = (1.73+0.12
−0.22)× 10−5, (4.49)

for Eγ > 1.6 GeV. On the other hand, the experimental results are [42,63,64]

B(B̄ → Xsγ)exp = (3.32± 0.15)× 10−4, (4.50)

B(B̄ → Xdγ)exp = (1.41± 0.57)× 10−5, (4.51)

for Eγ > 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 2σ level.

CP violations of b → diγ are sensitive to the imaginary parts of flavor-violating scalar
trilinear couplings. Long-distance effects tend to spoil the sensitivity [65]. This could be
resolved by taking a difference of the CP asymmetries [65],

∆ACP(b→ sγ) = ACP(B̄+ → X+
s γ)− ACP(B̄0 → X0

sγ)

= 4π2αs(µb)
Λ̃78

mb

Im

[C∗7γC8g + C ′∗7γC ′8g
|C7γ|2 + |C ′7γ|2

]
, (4.52)

where the right-handed contributions are taken into account [66]. The hadronic parameter

Λ̃78 introduces an uncertainty to the analysis and is estimated to be 12 MeV < Λ̃78 <
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190 MeV [59]. We take an average value, Λ̃78 = 89 MeV, in the analysis. The Wilson
coefficients include both the SM and SUSY contributions, which are evaluated at the scale
µb = 2 GeV. The SM prediction is expected to be much suppressed, ∆ACP(b → sγ)SM ≈ 0
[65]. On the other hand, the experimental results are [67, 68]

∆ACP(b→ sγ)exp =

{
(5.0± 3.9stat ± 1.5syst)%, [BaBar]

(2.4± 2.8stat ± 0.5syst)%. [Belle]
(4.53)

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% [69] at Belle II with 50 ab−1.#6

5 Vacuum stability

The Wilson coefficients in Eqs. (3.1)–(3.3) are enhanced by large off-diagonal trilinear cou-
plings, (TD)i3 and (TD)3i (i = 1, 2). Such large trilinear couplings tend to generate dangerous
charge and color breaking (CCB) global minima in the scalar potential [70]. 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 (TD)i3 and (TD)3i.

The vacuum decay rate per unit volume is represented by Γ/V = A exp (−SE), where SE
is the Euclidean action of the bounce solution [71]. CosmoTransition 2.0.2 [72] is used to
estimate SE at the semiclassical level. The prefactor A cannot be determined unless radiative
corrections are taken into account [73, 74]. We adopt an order-of-magnitude estimation,
A ∼ (100 GeV)4. By requiring (Γ/V )1/4 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 SE & 400. In this paper, thermal effects and radiative corrections to the
vacuum transitions are discarded.

The bounce solution and SE are determined by the scalar potential. The potential
relevant for the vacuum decay generated by (TD)13 and/or (TD)31 is

V =
1

2
m2

11 h
2
d +

1

2
m2

22 h
2
u −m2

12 hdhu

+
1

2
m2
Q̃,1

d̃2
L +

1

2
m2
Q̃,3

b̃2
L +

1

2
m2
D̃,1

d̃2
R +

1

2
m2
D̃,3

b̃2
R

+
1√
2

[(TD)33 hd − ybµhu] b̃Lb̃R +
1√
2

(TD)13 hdd̃Lb̃R +
1√
2

(TD)31 hdb̃Ld̃R

+
1

4
y2
b (b̃

2
Lb̃

2
R + b̃2

Lh
2
d + b̃2

Rh
2
d)

#6 Although the experimental uncertainty of the direct CP asymmetry ACP(b → sγ) is also projected to
be sub-percent level [69], long-distance contributions spoil the SM prediction, whose uncertainty can be a
percent level [65].
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Figure 2. The upper bound on |(TD)i3| for i = 1, 2 from the vacuum stability condition as a function
of mQ̃. Here, tanβ = 5, 10, 30, 50 are taken. The solid lines are in the case of mA = mQ̃,i =
mD̃,3 ≡ mQ̃, while the dashed lines represent the decoupling limit of the heavy Higgs multiplets,
mA � mQ̃,i = mD̃,3 ≡ mQ̃.

+
1

24
g2

3(d̃2
L + b̃2

L − d̃2
R − b̃2

R)2 +
1

32
g2

2(h2
u − h2

d + d̃2
L + b̃2

L)2

+
1

32
g2
Y

(
h2
u − h2

d +
1

3
d̃2
L +

1

3
b̃2
L +

2

3
d̃2
R +

2

3
b̃2
R

)2

, (5.1)

where the coefficients are

m2
11 = m2

A sin2 β − 1

2
m2
Z cos 2β, (5.2)

m2
22 = m2

A cos2 β +
1

2
m2
Z cos 2β, (5.3)

m2
12 =

1

2
m2
A sin 2β. (5.4)

Here, hd, hu, d̃L, b̃L, d̃R, b̃R are real scalar fields with 〈hd〉 = v cos β and 〈hu〉 = v sin β 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 s̃L, s̃R is obtained by substituting d̃L,R
→ s̃L,R, (TD)13 → (TD)23, and (TD)31 → (TD)32.

Let us first consider the vacuum stability condition when only (TD)13 is large. The scalar
potential is simplified to be

V =
1

2
m2

11 h
2
d +

1

2
m2

22 h
2
u −m2

12 hdhu +
1

2
m2
Q̃,1

d̃2
L +

1

2
m2
D̃,3

b̃2
R +

1√
2

(TD)13 hdd̃Lb̃R (5.5)

+
1

4
y2
b b̃

2
Rh

2
d +

1

24
g2

3(d̃2
L − b̃2

R)2 +
1

32
g2

2(h2
u − h2

d + d̃2
L)2 +

1

32
g2
Y

(
h2
u − h2

d +
1

3
d̃2
L +

2

3
b̃2
R

)2

.
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Figure 3. The vacuum stability condition of |(TD)i3| for i = 1, 2 as a function of mA. Here,
mQ̃,i = mD̃,3 = 10 TeV, and tanβ = 5 and 30 are taken.

When mA ∼ mQ̃,1 ∼ mD̃,3, CCB vacua appear around a hd–d̃L–b̃R plane. In Fig. 2, the
solid lines show upper bounds on |(TD)13| for tan β = 5, 10, 30, and 50. We assumed
mA = mQ̃,1 = mD̃,3. It is shown that the upper bounds are proportional to mQ̃. Also, the
results depend on tan β slightly. This is because the scalar potential is stabilized by a quartic
coupling y2

b b̃
2
Rh

2
d ∼ (2m2

b/v
2) tan2 βb̃2

Rh
2
d, when tan β is large.

When mA is larger than mQ̃,1 ∼ mD̃,3, the position of the CCB vacuum approaches to a

H–d̃L–b̃R plane, where H includes the SM-like Higgs boson, H = hSM + v. In Fig. 3, the mA

dependence of the upper bound is shown. Here, tan β = 5 and 30 are taken. We found that
the vacuum stability condition is relaxed for large mA.

In the decoupling limit of the heavy Higgs bosons (m2
A � m2

Z , α→ β − π/2), the scalar
potential can be expressed by H, d̃L, and b̃R as

V = −1

4
m2
Z cos2 2β H2 +

1

2
m2
Q̃,1

d̃2
L +

1

2
m2
D̃,3

b̃2
R +

1√
2

(TD)13 cos β Hd̃Lb̃R

+
1

4
y2
b b̃

2
RH

2 cos2 β +
1

24
g2

3(d̃2
L − b̃2

R)2 +
1

32
g2

2(H2 cos 2β − d̃2
L)2

+
1

32
g2
Y

(
H2 cos 2β − 1

3
d̃2
L −

2

3
b̃2
R

)2

. (5.6)

The upper bounds on |(TD)13| are shown by the dashed lines in Fig. 2.#7 Again, they are
proportional to mQ̃. In contrast to the case of mA ∼ mQ̃, the result is almost proportional

#7 In this scalar potential, the SM-like Higgs boson is lighter than 125 GeV. The vacuum stability condi-

tion can be evaluated naively by adding top-stop radiative corrections,
(
g22 + g2Y

)
δ
(t)
H sin4 βH4/8, [75–78] 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. [74]).
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to tan β. This is understood by cos β associated to (TD)13. A fitting formula of the vacuum
stability condition in the large mA limit with mQ̃,1 = mD̃,3 ≡ mQ̃ is derived as

|(TD)13|
tan β

. −0.186 TeV + 1.675mQ̃, (5.7)

where the phase of (TD)i3 is taken into account. This formula works well for mQ̃ > 1 TeV.
Let us next turn on (TD)23 in addition to (TD)13. The scalar trilinear term becomes

V ⊃ 1√
2

[
(TD)13 d̃L + (TD)23 s̃L

]
b̃Rhd. (5.8)

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

V ⊃ 1√
2

[
(TD)2

13 + (TD)2
23

]1/2
d̃′Lb̃Rhd, (5.9)

where d̃L = d̃′L cos θ− s̃′L sin θ and s̃L = d̃′L sin θ+ s̃′L cos θ with tan θ = (TD)23 / (TD)13. When

m2
Q̃,1

= m2
Q̃,2
≡ m2

Q̃
, the scalar potential of d̃′L is obtained from that of d̃L by substituting

(TD)13 →
[
(TD)2

13 + (TD)2
23

]1/2
as well as d̃L → d̃′L. Therefore, the vacuum stability condition

(5.7) is extended to be

√
| (TD)13 |2 + | (TD)23 |2

tan β
. −0.186 TeV + 1.675mQ̃, (5.10)

where the phases of (TD)13,23 are taken into account appropriately. The formula is valid

when mQ̃ ≡ mQ̃,1 = mQ̃,2 = mD̃,3 > 1 TeV and mA is decoupled.#8

When only (TD)31 is large, the potential becomes

V =
1

2
m2

11 h
2
d +

1

2
m2

22 h
2
u −m2

12 hdhu +
1

2
m2
Q̃,3

b̃2
L +

1

2
m2
D̃,1

d̃2
R +

1√
2

(TD)31 hdb̃Ld̃R (5.11)

+
1

4
y2
b b̃

2
Lh

2
d +

1

24
g2

3(b̃2
L − d̃2

R)2 +
1

32
g2

2(h2
u − h2

d + b̃2
L)2 +

1

32
g2
Y

(
h2
u − h2

d +
1

3
b̃2
L +

2

3
d̃2
R

)2

.

By repeating the above procedure, one can obtain quantitatively the same fitting formula
for (TD)3i as Eq. (5.10),

√
| (TD)31 |2 + | (TD)32 |2

tan β
. −0.186 TeV + 1.675mQ̃, (5.12)

where mQ̃ ≡ mQ̃,3 = mD̃,1 = mD̃,2 > 1 TeV and mA is decoupled.

#8 We have validated the formula (5.10) explicitly by analyzing the bounce action of the scalar potential
of H, d̃L, s̃L, and b̃R.
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6 Numerical analysis

In this section, we study gluino contributions to ε′/εK via the Z penguin. They are enhanced
by large scalar trilinear couplings as shown in Sec. 3. Since (TD)13,23,31,32 are complex vari-
ables, there are 8 degrees of freedom. For simplicity, we restrict the parameter space such
that two of (TD)13,23,31,32 are real. When (TD)23,32 are real, we checked that wide parameter
regions to explain the discrepancy of ε′/εK are tightly excluded by B(B̄ → Xd,sγ). Therefore,
we consider the cases when (TD)13,31 are real. The scalar trilinear coupling are parameterized
as

[(TD)13, (TD)23, (TD)31, (TD)32] = [γL, αL + iβL, γR, αR + iβR], (6.1)

where αi, βi and γi are real parameters. Then, one obtains (see Sec. 3)

Im [C(1,3)
HQ ]12 ∝ −Im [(TD)∗13(TD)23] = −βLγL, (6.2)

Im [CHD]12 ∝ +Im [(TD)31(TD)∗32] = −βRγR. (6.3)

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 αi, βi, and γi where the vacuum stability conditions are satisfied.#9

When βLγL > 0 and βRγR > 0, the SUSY contribution to ε′/εK is maximized, because
the left-handed contribution, CHQ, constructively interferes with the right-handed one, CHD.
In this case, B(KL → π0νν̄) cannot exceed the SM prediction, because positive βLγL and
βRγR tends to decrease the branching ratio, as can be seen from Eq. (4.20). We consider
this case in Sec. 6.1. In contrast, ε′/εK cannot be accommodated with the result (4.3) for
βLγL < 0 and βRγR < 0. When either βLγL or βRγR is negative, the discrepancy of ε′/εK
can also be explained. Because the right-handed contribution to ε′/εK is larger than the
left-handed one, βRγR > 0 is favored to amplify ε′/εK . At the same time, B(KL → π0νν̄)
can be enhanced and may exceed the SM value. Hence, we consider the case when βLγL < 0
and βRγR > 0 in Sec. 6.2.

Before proceeding to the analysis, let us summarize assumptions on model parameters.
Since the vacuum stability condition is relaxed by large mA, the heavy Higgs bosons are
supposed to be decoupled. The squark masses are set to be degenerate, mQ̃ ≡ mQ̃,1 =
mQ̃,2 = mQ̃,3 = mD̃,1 = mD̃,2 = mD̃,3, for simplicity. The Higgsino mass parameter is also
equal to mQ̃, though dependences of the observables on it are weak. We take tan β = 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 TD cos β.

6.1 βLγL > 0 and βRγR > 0

In Fig. 4, the maximal values of the SUSY contributions to ε′/εK are shown for βLγL > 0
and βRγR > 0 as a function of mQ̃. There is a peak structure for each line. In smaller

#9 It can be checked that the constraint from B(KL → µ+µ−) is weaker than the other constraints in the
parameter region of our interest.
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Figure 4. The maximal gluino contributions to ε′/εK as a function of mQ̃. The parameters are
γR/βR = γL/βL = 1 and mg̃/mQ̃ = 1 on the black line. In the left plot, γR/βR = γL/βL =
0.6, 0.8, 1.2 with mg̃/mQ̃ = 1 from left to right of the red lines. In the right plot, mg̃/mQ̃ =
1.8, 1.4, 0.8 with γR/βR = γL/βL = 1 from left to right of the green lines.

squark mass regions, the maximal value is determined by B(B̄ → Xdγ). Defining the squark
mixing parameter, δD = (TD)ijv cos β/m2

Q̃
, the SUSY contributions to ε′/εK depend on it as

(ε′/εK)SUSY ∼ δ2
D, whereas those to B(B̄ → Xdγ) is ∼ δD/mQ̃, where mg̃ ∼ mQ̃ is supposed.

Thus, the maximal value of ε′/εK increases as mQ̃ becomes larger. In larger squark mass

regions, the maximal value is determined by εK , B(B̄ → Xsγ) and the vacuum stability
condition as well as B(B̄ → Xdγ). In particular, the gluino box contribution to εK depends
on δD as ∼ δ4

D/m
2
Q̃

, whereas the SUSY contributions via CHQ and CHD are not suppressed by

mQ̃, i.e., behaves as ∼ λtδ
2
D/m

2
Z . When mQ̃ is small, the latter contribution can be canceled

enough by the former one. However, as mQ̃ 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 εK . Consequently, the maximal value
of ε′/εK decreases.

In the figures, γi/βi or mg̃/mQ̃ is also varied. On the black line, γR/βR = γL/βL = 1 and
mg̃/mQ̃ = 1 are chosen. In the left plot, γR/βR = γL/βL = 0.6, 0.8, 1.2 with mg̃/mQ̃ = 1
from left to right of the red lines. On the other hand, mg̃/mQ̃ = 1.8, 1.4, 0.8 with γR/βR =
γL/βL = 1 from left to right of the green lines in the right plot. The maximum value increases
when γi/βi is small and mg̃/mQ̃ is large. It is found that the current discrepancy of ε′/εK can
be explained if the squark mass is smaller than 5.6 TeV.

6.2 βLγL < 0 and βRγR > 0

We study other observables with keeping the SUSY contribution to ε′/εK sizable for βLγL < 0
and βRγR > 0. The SUSY parameters are determined to achieve (ε′/εK)SUSY = 10.0× 10−4,
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Figure 5. The maximum value of B(KL → π0νν̄) normalized by the SM prediction as a function
of mQ̃. Here, (ε′/εK)SUSY = 10.0 × 10−4 is fixed. The parameters are γR/βR = −γL/βL = 1 and
mg̃/mQ̃ = 1 on the black line. In the left plot, γR/βR = −γL/βL = 0.6, 0.8, 1.2 with mg̃/mQ̃ = 1
from left to right of the red lines. In the right plot, mg̃/mQ̃ = 1.8, 1.4, 0.8 with γR/βR = −γL/βL = 1
from left to right of the green lines.

where the current discrepancy between the experimental and SM values is explained at the
1σ level.

In Fig. 5, B(KL → π0νν̄) is maximized for given mQ̃. One finds a peak structure for each

line. On the left side of the peak, the parameters are constrained by B(B̄ → Xdγ). If the soft
masses are too small, ε′/εK cannot be large sufficiently. On the right side, the constraints
from εK and B(B̄ → Xsγ) become relevant. When SUSY particles are very heavy, the SUSY
contribution to εK via CHQ and CHD 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(KL → π0νν̄) can be larger than the SM value. This result is
contrasted with the case when βLγL > 0 and βRγR > 0.

In the figures, γi/βi or mg̃/mQ̃ is also varied. On the black line, γR/βR = −γL/βL = 1 and
mg̃/mQ̃ = 1 are chosen. In the left plot, γR/βR = −γL/βL = 0.6, 0.8, 1.2 with mg̃/mQ̃ = 1
from left to right of the red lines. On the other hand, mg̃/mQ̃ = 1.8, 1.4, 0.8 with γR/βR =
−γL/βL = 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 |γi/βi| is small and
mg̃/mQ̃ is large. It is found that B(KL → π0νν̄) can be about 1.5 times larger than the SM
prediction. Such a branching ratio could be discovered in future KOTO experiment.

Next, B(K+ → π+νν̄) is maximized for given mQ̃ in Fig. 6. The branching ratio depends
on CHQ and CHD similarly to the case of B(KL → π0νν̄). Hence, it can be larger than
the SM prediction when either βLγL or βRγR is negative. The real component of CHQ
and CHD contributes to the ratio, which is different from the case of B(KL → π0νν̄) and
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Figure 6. The maximum value of B(K+ → π+νν̄) normalized by the SM prediction as a function
of mQ̃. Here, (ε′/εK)SUSY = 10.0 × 10−4 is fixed. The parameters are γR/βR = −γL/βL = 1 and
mg̃/mQ̃ = 1 on the black line. In the left plot, γR/βR = −γL/βL = 0.6, 0.8, 1.2 with mg̃/mQ̃ = 1
from left to right of the red lines. In the right plot, mg̃/mQ̃ = 1.8, 1.4, 0.8 with γR/βR = −γL/βL = 1
from left to right of the green lines.

ε′/εK . Consequently, the peak structure in Fig. 5 disappears. The maximal value tends to
decrease as mQ̃ increases. They are enhanced when |γi/βi| is small and mg̃/mQ̃ 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.

Let us also mention about the CP -violating observable, ∆ACP(b→ sγ). In the analysis,
since the CP -violating phases arise in (TD)23 and (TD)32, the asymmetry can be sizable.
In Fig. 7, the maximum value of ∆ACP(b → sγ) is shown as a function of mQ̃. Here,

(ε′/εK)SUSY = 10.0 × 10−4 and mg̃/mQ̃ = 1 are fixed. The trilinear coupling is varied:
γR/βR = −γL/βL = 1 on the black line, while it is 0.6, 0.8, 1.2 from left to right of the
red lines. It is found that the asymmetry is enhanced when |γi/βi| is small, because smaller
ratios require larger (TD)23 and (TD)32 to achieve (ε′/εK)SUSY = 10.0×10−4. The asymmetry
can be as large as 1.6% for γR/βR = −γL/βL = 0.6. This seems to be large enough to be
measured at Belle II with 50 ab−1. On the other hand, the asymmetry is not enhanced even
if mg̃/mQ̃ is varied: it is smaller than 1% except around mg̃/mQ̃ = 1.

Finally, we study the SUSY contribution to KS → µ+µ− as a function of mQ̃. 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 Fig. 8, the effective branching
ratio of KS → µ+µ− is shown. Here, the dilution factor D = 1 and the relative sign ηA = −1
are chosen as a reference case.#10 Since the interference term is almost independent of a real

#10 In the case of D = 0, we find that the branching ratio B(KS → µ+µ−) in Eq. (4.34) is not deviated
from the SM value (4.37) sizably.
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Figure 7. The maximum value of ∆ACP(b → sγ) as a function of mQ̃. Here, (ε′/εK)SUSY =

10.0× 10−4 is fixed. The trilinear coupling satisfies γR/βR = −γL/βL = 1 on the black line, while
it is 0.6, 0.8, 1.2 from left to right of the red lines.

component of CH− in the parameter regions of our interest, B (KS → µ+µ−)eff is determined
once (ε′/εK)SUSY and B(KL → π0νν̄) are given. Therefore, in Fig. 8, we take the same αi, βi
and γi as those in Fig. 5, which maximize B(KL → π0νν̄). It is found that B (KS → µ+µ−)eff

is enhanced especially when |γi/βi| is small. The effective branching ratio can be 1.9×10−11,
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 [58].

7 Conclusions

In this paper, we studied CP 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 ∆S = 2 observables into account.
Considering constraints from the vacuum stability and the measurements of εK , B(KL →
µ+µ−), B(B̄ → Xsγ) and B(B̄ → Xdγ), we searched for the allowed parameter regions of
the trilinear coupling parameters and investigated possible effects on ε′/εK , B(KL → π0 ν ν̄),
B(K+ → π+ ν ν̄), B(KS → µ+ µ−)eff and ∆ACP(b→ s γ).

We found that the difference between the measured value and the SM prediction of
ε′/εK 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(KL → π0 ν ν̄) and
B(K+ → π+ ν ν̄) can be enhanced by about 50 % and 70 % of the SM values, respectively.
It is also shown that B(KS → µ+ µ−)eff and ∆ACP(b→ s γ) are significantly enhanced.

The deviations from the SM predictions of these observables can be probed in near-
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Figure 8. The effective branching ratio of KS → µ+µ− is shown. Here, D = 1 and ηA = −1 are
chosen. The model parameters are the same as those in Fig. 5. Here, (ε′/εK)SUSY = 10.0× 10−4.
The parameters are γR/βR = −γL/βL = 1 and mg̃/mQ̃ = 1 on the black line. In the left plot,
γR/βR = −γL/βL = 0.6, 0.8, 1.2 with mg̃/mQ̃ = 1 from left to right of the red lines. In the right
plot, mg̃/mQ̃ = 1.8, 1.4, 0.8 with γR/βR = −γL/βL = 1 from left to right of the green lines.

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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