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Introduction
・       : CP violating observable in ✏0/✏K

(✏0/✏K)SM = (1.06± 5.07)⇥ 10�4 [T.Kitahara, U.Nierste and P.Tremper]

c.f. [RBC-UKQCD], [A.J.Buras, M.Gorbahn, S.Jager and M.Jamin]

(✏0/✏K)EXP = (16.6± 2.3)⇥ 10�4 [NA48, KTeV]

(✏0/✏K)EXP > (✏0/✏k)SM

・SM prediction based on LQCD:

・experiment: 

・discrepancy b/w SM and experiment: 
at 2.9σ level 

Can we explain this discrepancy by SUSY? 

KL ! ⇡⇡



Outline
・Scenario: 
-MSSM

-CP phase in trilinear couplings

・We evaluate maximum SUSY contributions to 

-gluino contributions with large trilinear couplings

✏0/✏K

・SUSY can explain the discrepancy 

・SUSY contributions to                 B(KL ! ⇡0⌫⌫̄)
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・CP violating observable in KL ! ⇡⇡ :

・mass eigenstates and CP eigenstates :  

CP violation in KL→ππ 

|K+i |K�i: CP even : CP odd
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・NP in ImA2 is favored because of �I = 1/2

1/!EXP = 22.46�I = 1/2・              rule:

CP violation in KL→ππ 
✏0

✏K
/

✓
ImA0 �

1

!EXP
ImA2

◆
A0, A2 : decay amplitude



NP contribution to Z penguin

�L(s̄�
µPLd)Zµ

Zµ

q̄R,i

qR,i

・Z penguin contribution:

Zµ

q̄L,i

qL,i

�R(s̄�
µPRd)Zµ

・NP contributions to         :✏0/✏K

・NP contributions to right-handed Z-penguin is favored
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Gluino contribution to Z penguin
・we treat the gluino contribution in SMEFT(SU(2)×U(1)) 

L = LSM +
X

i

CiOd>4
i Od>4

i : SU(2)×U(1) inv

-squark and gluino are much heavier than EW scale

-SUSY particles are decoupled at SUSY scale

・SMEFT b/w SUSY scale and EW scale is suitable

Energy scale
SUSY scaleEW scale

SMEFT



Gluino contribution to Z penguin

Z

H H

dL,R sL,R

=[C(1)
HQ]12(H

†i
 !
D µH)(d̄�µPLs)

+[C(3)
HQ]12(H

†i⌧a
 !
D µH)(d̄⌧a�µPLs)

+[CHD]12(H
†i⌧a
 !
D µH)(d̄⌧a�µPRs)

・gluino contributions to SMEFT:

・gluino contributions to Z penguin after EW breaking:

L = �L(s̄�
µPLd)Zµ +�R(s̄�

µPRd)Zµ

�L / (T ⇤
D)13(TD)23v

2/m4
Q̃

�R / (T ⇤
D)32(TD)31v

2/m4
Q̃

・large trilinear couplings can amplify ε’/εK 

d̃L,R
b̃L,R

s̃L,R



Constraint from εK  

・constraint from     is severe✏K

・right-handed Z-penguin is chiral-enhanced inεK    

・L � �R(s̄�
µPRd)Zµ generates (d̄�µPLs)(d̄�

µPRs)
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Figure 1. The NP contributions to �S = 2 process. The black bubble denotes the ver-
tices in Eq. (2.4) originating from the dimension-6 e↵ective operators: OL and OR. The
white bubble with “SM” denotes the SM flavor-changing Z interaction. Subfigures (b)–(e)
correspond to the interference contributions between the NP and SM. A contribution from
G

0-exchange diagram is negligible because it receives a suppression factor by the external
momentum, so that we omit it here.

where the right-hand side is [15]

(✏K)
Z
1

= �4.26 ⇥ 107 Im�L Re�L, (✏K)
Z
2

= �4.26 ⇥ 107 Im�R Re�R,

(✏K)
Z
3

= 2.07 ⇥ 109 Im�L Re�R, (✏K)
Z
4

= 2.07 ⇥ 109 Im�R Re�L. (2.7)

In these expressions, renormalization group corrections and long-distance contribu-
tions are included [25]. In addition, one must take account of the interference terms
between the SM and NP contributions (Figs. 1 (b)–(e)),

(✏K)
Z
5

= �4.26 ⇥ 107 Im�SM

L Re�L, (✏K)
Z
6

= �4.26 ⇥ 107 Im�L Re�
SM

L ,

(✏K)
Z
7

= 2.07 ⇥ 109 Im�SM

L Re�R, (✏K)
Z
8

= 2.07 ⇥ 109 Im�R Re�SM

L . (2.8)

Here, the SM contribution, �SM

L , is generated by radiative corrections. At the one-loop
level, it is calculated as

�SM

L =
g3�t

8⇡2cW
eC
✓

m2

t

m2

W

, µ
NP

◆
, �SM

R = 0, (2.9)

where cW = cos ✓W , �i ⌘ V ⇤
isVid with the CKM matrix Vij, and µ

NP

corresponds to the
NP scale.#4 In this letter, the CKMfitter result [24] is used for the CKM elements,
unless otherwise mentioned. The loop function is#5

eC(x, µ
NP

) = C(x) +�C(x, µ
NP

). (2.10)

#4 In order to introduce how significant the interference contributions are, we ignore the renormal-
ization group corrections to the dimension-6 operators above the electroweak scale except for a first
leading logarithmic contribution ln(µNP/mW ) which comes from Fig. 1 (e). This approximation is
valid when the NP scale is not so far from the electroweak scale.
#5 The loop function e

C(x, µNP) is consistent with the result in Ref. [26].
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Other constraints  
・Vacuum stability:

・B(b ! d�), B(b ! s�):

Vscalar � 1p
2

(TD)ij cos�H ˜dL,i
˜dR,j

�

bL,R

b̃L,R

dR,L, sR,L

d̃R,L, s̃R,L

(TD)⇤31, (TD)⇤32

g̃

EW Vacuum

Color Charged Breaking  
Vacuum



Parameter scan(1)
・maximum SUSY contributions to ✏0/✏K
-εK :2σ level　

-vacuum stability:  
-B(b→dγ), B(b→sγ): 2σ level

lifetime of EW vacuum > age of the universe
・trilinear couplings:
[(TD)13, (TD)23, (TD)31, (TD)32]

= [Re(TD)13,Re(TD)23 + iIm(TD)23,Re(TD)31,Re(TD)32 + iIm(TD)32]

: fixed・

・mg̃/mQ̃ : fixed

Re(TD)13/Im(TD)23 = Re(TD)31/Im(TD)32



Maximum SUSY 

contributions to ε’/εK

・gluino contributions can explain the discrepancy 
if the SUSY masses are smaller than   5.6 TeV
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Figure 4. The maximal gluino contributions to "0/"K as a function of m
˜Q. The parameters are

�R/�R = �L/�L = 1 and mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = �L/�L =
0.6, 0.8, 1.2 with mg̃/m ˜Q = 1 from left to right of the red lines. In the right plot, mg̃/m ˜Q =
1.8, 1.4, 0.8 with �R/�R = �L/�L = 1 from left to right of the green lines.

Figure 5. The maximum value of B(KL ! ⇡0⌫⌫̄) normalized by the SM prediction as a function
of m

˜Q. Here, ("0/"K)SUSY = 10.0 ⇥ 10�4 is fixed. The parameters are �R/�R = ��L/�L = 1 and
mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1
from left to right of the red lines. In the right plot,mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1
from left to right of the green lines.

One can see that B(KL ! ⇡0⌫⌫̄) can be larger than the SM value. This result is
contrasted with the case when �L�L > 0 and �R�R > 0.

20

mg̃/mQ̃ = 1.8

1.4

1
0.8

allowed

5.6 TeV

・

1�

12

Re(TD)13/Im(TD)23

= Re(TD)31/Im(TD)32 = 1



Gluino contributions to B
�
KL ! ⇡0⌫⌫̄
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・SUSY also contribute to B(KL ! ⇡0⌫⌫̄)

B(KL ! ⇡0⌫⌫̄) /
�
2.12⇥ 10�4 � 2.51⇥ 102(Im[�L]12 + Im[�R]12)
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Parameter scan(2)
・maximum SUSY contributions to
-εK :2σ level　

-vacuum stability:  
-B(b→dγ), B(b→sγ): 2σ level

・trilinear couplings:
[(TD)13, (TD)23, (TD)31, (TD)32]

= [Re(TD)13,Re(TD)23 + iIm(TD)23,Re(TD)31,Re(TD)32 + iIm(TD)32]

: fixed 

B(KL ! ⇡0⌫⌫̄)

Re(TD)13/Im(TD)23 = �Re(TD)31/Im(TD)32・
・mg̃/mQ̃ : fixed
・(✏0/✏K)SUSY = 10.0⇥ 10�4 : fixed



Maximum SUSY 

contribution to B(KL→π0νν)              

・(✏0/✏K)SUSY = 10.0⇥ 10�4 is fixed

・B(KL ! ⇡0⌫⌫̄) can be about 1.5 times lager than the SM

Figure 4. The maximal gluino contributions to "0/"K as a function of m
˜Q. The parameters are

�R/�R = �L/�L = 1 and mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = �L/�L =
0.6, 0.8, 1.2 with mg̃/m ˜Q = 1 from left to right of the red lines. In the right plot, mg̃/m ˜Q =
1.8, 1.4, 0.8 with �R/�R = �L/�L = 1 from left to right of the green lines.
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Figure 5. The maximum value of B(KL ! ⇡0⌫⌫̄) normalized by the SM prediction as a function
of m

˜Q. Here, ("0/"K)SUSY = 10.0 ⇥ 10�4 is fixed. The parameters are �R/�R = ��L/�L = 1 and
mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1
from left to right of the red lines. In the right plot,mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1
from left to right of the green lines.

One can see that B(KL ! ⇡0⌫⌫̄) can be larger than the SM value. This result is
contrasted with the case when �L�L > 0 and �R�R > 0.

20

1.8

1.4 1
mg̃/mQ̃ = 0.8

Re(TD)13/Im(TD)23

=�Re(TD)31/Im(TD)32 = 1

・

・This branching ratio can be discovered in KOTO 



Conclusion

・B(KL ! ⇡0⌫⌫̄) can be about 1.5 times lager than the SM

・SUSY contributions to  
B(K+ ! ⇡+⌫⌫̄) �ACP (b ! s�) B(KS ! µ+µ�)e↵

can be also amplified

・This branching ratio can be discovered in future 
KOTO experiment

・gluino contributions can explain the discrepancy of  
           if the SUSY masses are smaller than   5.6 TeV✏0/✏K



B(K+ ! ⇡+⌫⌫̄)
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Figure 6. The maximum value of B(K+ ! ⇡+⌫⌫̄) normalized by the SM prediction as a function
of m

˜Q. Here, ("0/"K)SUSY = 10.0 ⇥ 10�4 is fixed. The parameters are �R/�R = ��L/�L = 1 and
mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1
from left to right of the red lines. In the right plot,mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1
from left to right of the green lines.

In the figures, �i/�i ormg̃/m ˜Q is also varied. On the black line, �R/�R = ��L/�L = 1 and
mg̃/m ˜Q = 1 are chosen. In the left plot, �R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1
from left to right of the red lines. On the other hand, mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R =
��L/�L = 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 |�i/�i| is small and/or
mg̃/m ˜Q is large. It is found that B(KL ! ⇡0⌫⌫̄) 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+ ! ⇡+⌫⌫̄) is maximized for given m
˜Q in Fig. 6. The branching ratio depends

on CHQ and CHD similarly to the case of B(KL ! ⇡0⌫⌫̄). Hence, it can be larger than
the SM prediction when either �L�L or �R�R is negative. The real component of CHQ

and CHD contributes to the ratio, which is di↵erent from the case of B(KL ! ⇡0⌫⌫̄) and
"0/"K . Consequently, the peak structure in Fig. 5 disappears. The maximal value tends to
decrease as m

˜Q increases. They are enhanced when |�i/�i| is small and mg̃/m ˜Q 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, �A
CP

(b ! s�). 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 �A

CP

(b ! s�) is shown as a function of m
˜Q. Here,

("0/"K)SUSY = 10.0⇥10�4 is fixed. On the black line, �R/�R = ��L/�L = 1 and mg̃/m ˜Q = 1
are chosen. In the left plot, the trilinear coupling is varied as �R/�R = ��L/�L = 0.6, 0.8, 1.2
with mg̃/m ˜Q = 1 from left to right of the red lines. In the right plot, the gluino mass is set

21

・mg̃/mQ̃ = 1 : fixed

・(✏0/✏K)SUSY = 10.0⇥ 10�4 is fixed

Re(TD)13/Im(TD)23

=� Re(TD)31/Im(TD)32

=0.6, 0.8, 1, 1.2

・

B(K+ ! ⇡+⌫⌫̄)can be about 1.6-1.7 times later than the SM

Maximum SUSY contributions to



�ACP (b ! s�)
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Figure 7. The maximum value of �A
CP

(b ! s�) as a function of m
˜Q. Here, ("0/"K)SUSY =

10.0⇥ 10�4 is fixed. The parameters are �R/�R = ��L/�L = 1 and mg̃/m ˜Q = 1 on the black line.
In the left plot, �R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1 from left to right of the red lines.
In the right plot, mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1 from left to right of the green
lines.

as mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1 from left to right of the green lines. It
is found that the asymmetry is enhanced especially when |�i/�i| is small, because smaller
ratios lead to larger (TD)23 and (TD)32 to achieve ("0/"K)SUSY = 10.0 ⇥ 10�4. Also, when
mg̃/m ˜Q is small, the asymmetry becomes large. The CP asymmetry can be as large as 14%
for �R/�R = ��L/�L = 0.6. We also find that �A

CP

(b ! s�) 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 50 ab�1.#11

Finally, we study the SUSY contribution to KS ! µ+µ� as a function of m
˜Q. 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 e↵ective branching
ratio of KS ! µ+µ� is shown. Here, the dilution factor D = 1 and the relative sign ⌘A = �1
are chosen as a reference case.#12 Since the interference term is almost independent of a real
component of CH� in the parameter regions of our interest, B (KS ! µ+µ�)

e↵

is determined
once ("0/"K)SUSY and B(KL ! ⇡0⌫⌫̄) are given. Therefore, in Fig. 8, we take the same ↵i, �i

and �i as those in Fig. 5, which maximize B(KL ! ⇡0⌫⌫̄). It is found that B (KS ! µ+µ�)
e↵

is enhanced especially when |�i/�i| is small. The e↵ective 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

#11 Although a part of the parameter regions seems to be constrained by the current experimental result
(4.53), the theoretical uncertainty is large, and thus, we have not employed this limit.
#12 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.

22

・mg̃/mQ̃ = 1 : fixed

・(✏0/✏K)SUSY = 10.0⇥ 10�4 is fixed

Re(TD)13/Im(TD)23

=� Re(TD)31/Im(TD)32

=0.6, 0.8, 1, 1.2

・

・�ACP (b ! s�) can be as large as 14%
・This asymmetry can be measured at Belle II with 50  ab�1

Maximum SUSY contributions to



B(KS ! µ+µ�)e↵
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Figure 8. The e↵ective branching ratio of KS ! µ+µ� is shown. Here, D = 1 and ⌘A = �1 are
chosen. The model parameters are the same as those in Fig. 5. Here, ("0/"K)SUSY = 10.0⇥ 10�4.
The parameters are �R/�R = ��L/�L = 1 and mg̃/m ˜Q = 1 on the black line. In the left plot,
�R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1 from left to right of the red lines. In the right
plot, mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1 from left to right of the green lines.

the end of the LHCb Run-2, and it is large enough to be detected at the LHCb Run-3 [65].

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 e↵ects 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 "K , B(KL !
µ+µ�), B(B̄ ! Xs�) and B(B̄ ! Xd�), we searched for the allowed parameter regions of
the trilinear coupling parameters and investigated possible e↵ects on "0/"K , B(KL ! ⇡0 ⌫ ⌫̄),
B(K+ ! ⇡+ ⌫ ⌫̄), B(KS ! µ+ µ�)

e↵

and �A
CP

(b ! s �).
We found that the di↵erence between the measured value and the SM prediction of

"0/"K can be explained by the gluino-mediated Z-penguin contribution to the s ! d transi-
tion amplitude for the squark mass smaller than 5.6TeV. In addition, B(KL ! ⇡0 ⌫ ⌫̄) and
B(K+ ! ⇡+ ⌫ ⌫̄) can be enhanced by about 50% and 70% of the SM values, respectively.
It is also shown that B(KS ! µ+ µ�)

e↵

and �A
CP

(b ! s �) 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,

23

・mg̃/mQ̃ = 1 : fixed

・(✏0/✏K)SUSY = 10.0⇥ 10�4 is fixed
Re(TD)13/Im(TD)23

=� Re(TD)31/Im(TD)32

=0.6, 0.8, 1, 1.2

・

・branching ratio is evaluated in parameter space  
B(KL ! ⇡0⌫⌫̄) is maximized

・D=1,ηA=-1

・effective branching ratio can be larger than SM
・this branching ratio might be measured by the end of 
the LHCb Run-2



Maximum SUSY 

contributions to ε’/εK
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Figure 4. The maximal gluino contributions to "0/"K as a function of m
˜Q. The parameters are

�R/�R = �L/�L = 1 and mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = �L/�L =
0.6, 0.8, 1.2 with mg̃/m ˜Q = 1 from left to right of the red lines. In the right plot, mg̃/m ˜Q =
1.8, 1.4, 0.8 with �R/�R = �L/�L = 1 from left to right of the green lines.

Figure 5. The maximum value of B(KL ! ⇡0⌫⌫̄) normalized by the SM prediction as a function
of m

˜Q. Here, ("0/"K)SUSY = 10.0 ⇥ 10�4 is fixed. The parameters are �R/�R = ��L/�L = 1 and
mg̃/m ˜Q = 1 on the black line. In the left plot, �R/�R = ��L/�L = 0.6, 0.8, 1.2 with mg̃/m ˜Q = 1
from left to right of the red lines. In the right plot,mg̃/m ˜Q = 1.8, 1.4, 0.8 with �R/�R = ��L/�L = 1
from left to right of the green lines.

One can see that B(KL ! ⇡0⌫⌫̄) can be larger than the SM value. This result is
contrasted with the case when �L�L > 0 and �R�R > 0.
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mg̃/mQ̃ = 1.8

1.4

1
0.8

allowed

5.6 TeV

1�

�D ⌘ (TD)ijv cos�/m
2
Q̃

(✏0/✏)SUSY ⇠ �2D

B(B̄ ! Xd�) ⇠ �D/mQ̃

・maximal value of ✏0/✏ increases as mQ̃ becomes larger



Leading RG effects in SMEFT 
・RG equation:

(4⇡)2µ
dCa
dµ

= �abCb �ab :  anomalous dimension

・first leading logarithm:

Ca(µew) =


�ab �

�ab
(4⇡)2

ln
µsusy

µew

�
C(µsusy)

(4⇡)2
d[C(1,3)

HQ ]12

d lnµ
= 6Y 2

t [C
(1,3)
HQ ]12e.g.



Maximum SUSY 

contributions to ε’/εK
(✏0/✏K)SUSY /�


5.91⇥ 107GeV2Im

⇣
[C(1)

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

⌘

+1.97⇥ 108GeV2Im[CHD]12

�

Im[C(1,3)
HQ ]12 / �Im [(TD)⇤13(TD)23] = �Im(TD)23Re(TD)13

Im[CHD]12 / +Im [(TD)31(TD)⇤32] = �Im(TD)32Re(TD)31

Re(TD)13/Im(TD)23 = Re(TD)31/Im(TD)32

・maximum SUSY contribution: 



Maximum SUSY 

contribution to B(KL→π0νν)              
B(KL ! ⇡0⌫⌫̄) /

✓
�4.83⇥ 10�4

�5.62⇥ 106GeV2Re
⇣
[C(1)

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

⌘◆2

Im[C(1,3)
HQ ]12 / �Im [(TD)⇤13(TD)23] = �Im(TD)23Re(TD)13

Im[CHD]12 / +Im [(TD)31(TD)⇤32] = �Im(TD)32Re(TD)31

・maximum SUSY contribution: 
Re(TD)13/Im(TD)23 = �Re(TD)31/Im(TD)32

・right-handed contribution can amplify B(KL→π0νν) 


