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Abstract

We have studied the contribution of the high-scale SUSY to the K; — 7'vv and K+ —
7T v processes by correlating with the CP violating parameter ex. Taking account of the
recent LHC results for the Higgs discovery and the SUSY searches, we consider the high-
scale SUSY at the 10 —50TeV scale in the framework of the non-minimal squark (slepton)
flavor mixing. The Z penguin mediated the chargino dominates the SUSY contribution
for these decays. At the 10TeV scale of the SUSY, the chargino contribution can enhance
the branching ratio of K; — 7%vp in eight times compared with the SM predictions
whereas the predicted branching ratio BR(K+ — m7vi) increases up to three times of
the SM one. The gluino box diagram dominates the SUSY contribution of ex up to
30%. If the down-squark mixing is neglected compared with the up-squark mixing, the Z
penguin mediated the chargino dominates both SUSY contributions of BR(K} — n%up)
and ex. Then, it is found a correlation between them, but the chargino contribution to
€x is at most 3%. Even if the SUSY scale is 50TeV, the chargino process still enhances
the branching ratio of K — 7w from the SM prediction in the factor two, and e is
deviated from the SM prediction in O(10%). We also discuss the chargino contribution
to K1, — nVete™ process.
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1 Introduction

The K meson physics have provided important informations in the indirect search for New
Physics (NP). Especially, the rare decay processes K+ — ntvv and Ky — 7°vi are known
as the clean one theoretically [II, 2]. Therefore, these both processes have been considered to
be one of the powerful probes of NP [3]-[14] whereas these decay widths are bounded by so
called the Grossman-Nir bound for the NP [15] [16].

The K; — 7% process is the CP violating one and provides the direct measurement
of the CP violating phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, I§]. In
addition, the CP conserving process K™ — ©tvr is also the physical quantity related with
the unitarity triangle (UT). On the other hand, the CP violating parameter ey, which is
induced by the K° — K° mixing, also constrains the height of the UT. Hence these measured
variables give us the information of the UT fit as well as the CP violating quantity sin 2¢,
induced by the B® — B® mixing. Furthermore, the K — mvi processes are expected to open
the NP window in the CP violating flavor structure.

The K+ — ntvi and K, — 7% decay processes are governed by the Z penguin diagram
in the Standard Model (SM) [19], which predicts

BR(K} — 7°vp)gy = (2.437039 4 0.06) x 107,
BR(K' — ntvp)gy = (7.817059 4 0.29) x 1071 . (1)

In the estimation of the branching ratio of K — wvv, the hadronic matrix elements can be
extracted with the isospin symmetry relation [20, 21]. These processes are theoretically clean
because the long-distance contributions are small [12], and then the theoretical uncertainty
is estimated below several percent. On the other hand, e€x has the different flavor mixing
structure from these processes since it is induced by the box diagram of K° — K° mixing.
Therefore, the NP is expected to appear in both K — 7wvv and ex with different magnitudes.

On the experimental side, the upper bound of the branching ratio of K; — 7%vv is given
by the KEK E391a experiment [22]. The branching ratio of K™ — n"v measured by the
BNL E787 and E949 experiments is consistent with the SM prediction [23];

BR(K — T00) e < 2.6 x 1078 (90%C.L.),
BR(KY = 1T00) e = (1.7371:83) x 10710, (2)

At present, the J-PARC KOTO experiment is an in-flight measurement of K; — wvi
approaching to the SM predicted precision [24] 25], while the CERN NA62 experiment [20]
studies the K+ — v process.

On the theoretical side, the supersymmetry (SUSY) is one of the most attractive candi-
dates for the NP. However, the SUSY signals have not been observed yet, and then the recent
searches for new particles at the LHC give us important constraints for the SUSY. Since the
lower bounds of masses of the SUSY particles increase gradually, the squark and the gluino
masses are supposed to be at the higher scale than 1 TeV [27], 28, 29]. Moreover, the SUSY
models have been seriously constrained by the Higgs discovery, in which the Higgs mass is
126 GeV [30, [31].

These facts suggest a class of SUSY models with heavy sfermions. If the squark and
slepton masses are expected to be O(10 — 100) TeV, the lightest Higgs mass can be pushed
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up to 126 GeV, whereas all SUSY particles can be out of the reach of the LHC experiment.
Therefore, the indirect search of the SUSY particles becomes important in the low energy
flavor physics [32], B3], 34].

So far, the effects of SUSY on the K™ — ntvi and K; — 7w processes have been
studied in the framework of the Minimal Supersymmetric Standard Model (MSSM) with the
minimal flavor violation (MFV) scenario intensively [, [I0]. Since the SUSY mass scale is
pushed up more than 1 TeV region at present, the effect of the MSSM with MFV is expected
to be very small. These processes are also discusses in the framework of the general SUSY
model [9] 35 [36, 37, 38, 39, [40] at the O(500) GeV scale.

We have studied the SUSY contribution to the CP violation of the B meson and ex
induced by the K° — K° mixing under the relevant SUSY particle spectrum constrained by
the observed Higgs mass [34]. Then, it is found that the SUSY contribution could be up to
40% in the observed €y, on the other hand, it is minor in the CP violation of the B meson at
the high scale of 10 — 50 TeV. Therefore, in this paper, we investigate the high-scale SUSY
contribution to K™ — 7tvi and K — 7w by correlating with ex in the framework of the
mass eigenstate of the SUSY particles, which is consistent with the updated experimental
situations like the direct SUSY searches and the Higgs discovery, with the non-minimal squark
(slepton) flavor mixing.

Our paper is organized as follows. Sec.2 gives the basic framework of KT — wvw,
K; — 7 and e in the SM and the MSSM. In Sec.3, we present the setup of the high-
scale SUSY. In Sec.4, we discuss our numerical results. Sec.4 is devoted to the summary.
The SUSY mass spectra and the Z penguin amplitude mediated the chargino are given in
Appendices A and B, respectively.

2 Basic framework

In this section, we present the basic formulae for the K — mvv decay and the CP violating
parameter €y, which correspond to |AS| = 1 and |AS| = 2 processes, respectively. The
K* — mtvw and K — 7w processes are clean ones theoretically since the hadronic matrix
elements can be extracted including isospin breaking corrections by taking the ratio to the
leading semileptonic decay of K™ — 7%*v. Moreover, the long-distance contributions to
these rare decays are negligibly small. Therefore, the accurate measurements of these decay
processes provide the crucial tests of the SM. Especially, the K; — 7vi process is purely
the CP violating one, which can reveal the source of the CP violating phase.

On the other hand, the CP violating parameter ex is measured with enough accuracy.
The major theoretical ambiguity comes from the hadronic matrix element factor By. The
recent lattice calculations give us the reliable value for By [41l, [42]. The more accurate
estimate of the SM contribution enables us to search the NP such a SUSY because we know
the accurate observed value of ex. Actually, the non-negligible SUSY contribution has been
expected in €x at the scale of O(100) TeV [32, 33, B34]. Consequently, it is required to examine
the high-scale SUSY contribution in K — mv by correlating with eg.



2.1 Basic framework : KT — 77vv and K; — 7lvw
2.1.1 KT — 7tvv and K; — 7%v> in the SM

Let us start with discussing the framework of the K™ — 77vi and K; — 7’vi processes in
the SM [I]. The effective Hamiltonian for K" — mvv in the SM is given:

GF 2c % * _ —i i
Hip' = /3 meinZly Z [ViVeaXe + ViiVia Xy (5.9"d) (v yv1) + Hee, (3)

i=e,u,T

which is induced by the box and the Z penguin mediated the W boson. The dominant
box contrition is derived by the top-quark exchange, on the other hand, the charm-quark
exchange contributes to the Z penguin process as well as the top-quark one. The up-quark
contribution is negligible due to its small mass. So, the loop function X, denotes the charm-
quark contribution of the Z penguin, and X, is the sum of the top-quark exchanges of the
box diagram and the Z penguin in Eq.(3]).

Let us define the function F' as follows:

F =V VeaXe + ViViaXi . (4)

The branching ratio of K+ — wfvi is given in terms of F. Taking the ratio of it to the
branching ratio of KT — 7%% &, which is the tree level process, we obtain a simple form:

BR(Kt — ntvp) 2 ( @ )2 > IFP (5)

BR(K+ — nletp) - |Vis|? \ 27sin®Gy,

i=e,u,T

The K+ — 7% *v decay is precisely measured as BR(K T — 70" D)oy, = (5.0740.04) x 1072
[43], and its hadronic matrix element is related to the one of K — 7"vy with the isospin
symmetry:

(7’| (JL’VuSL) |K°) = (7°| (5p7"up) |[K™T), (6)
(7| (5pytde) [KT) = V2(r°] (509" ur) |KT), (7)
where the coefficients are determined by the Clebsch-Gordan coefficient. By using this rela-

tion, the hadronic matrix element has been removed in Eq.([).
Now the branching ratio for K — 7wTvi is expressed as follows:

BR(K" — ntvp) = 3k - 1+ | F|?, (8)
P o Y BR(K* — n'%*7) 9)
| Vis|? \ 27sin®0y ’

where 7+ is the isospin breaking correction between K+ — 7% v and K+ — 7le*v [20, 21],
and the factor 3 comes from the sum of three neutrino flavors. It is noticed that the branching
ratio for K+ — 7w depends on both the real and imaginary part of F.



For the K; — m°vi decay, the K° — K° mixing should be taken account, and one obtains

_ G 20 —i i . %7
AL = 7v) = ZE e (7o) () [F(Suds) + P (@) 1K)
Gr 2« —i iy 1 /. 0((= 0 % /017 0
/3 msinly (ZLyvary) 7 [F(1+&)(m°|(507udn) [ K°) + F*(1 = &)(n°|(dryuse) | K°)]
G 200 oy 1 _ . _ -
= TZM (ZLyvavy) NG [F(L+8) = F*(1 = ) (n’|(dryuse) | K°)
G 2a IR | -
=~ TZM (ZLyvurr) 7 2ImF (m°|(dyusL) | K°). (10)
In the step of the first line going to the second line in (I0) , we use
1
[Kp) = —= [1+ K% + (1 - |K)] (11)

V2

and then, after using the CP transition relation in the second line,

CPIK") = —|K?),  C|K") =|K"), (12)

(ml(drys)IK”) = = (7] (507,dr) | K°), (13)

we obtain the equation in the third line. In the final line, we neglect the CP violation in
K% — K% mixing, €, due to its smallness |¢] ~ 1072

Taking the ratio between the branching ratio of K+ — 7% "o and K; — 7%, we have
the simple form:

BR(K — nvp) 2 < o )QT(KL) > (ImF)*. (14)

BR(K+ — 7%*t0)  |Vi|? \27sin®0y ) 7(K+) it
Therefore, the branching ratio of K; — 7'vi is given as follows:
_ i, T(KL) 2
BR(K Oup) = 3Kk - —~ ImF 15
( L — VV) R TK+ T(K+)( m ) ? ( )

where 7, and rx+ denote the isospin breaking effect [20, 2I]. It is remarked that the
branching ratio of K — m°v depends on the imaginary part of F. Since the charm-quark
contribution is negligible due to the small imaginary part of VV,4, it is enough to consider
only the top-quark exchange in this decay.

In the SM, KT — 7tvi and K — 7% are related to the UT fit. We write down the
branching ratio in terms of the Wolfenstein parameters. Since ReF' and ImF' are given as

ReF = —\X. — A°X°(1 — p) X, , ImF = A*X°nX, | (16)
we can express the branching ratio of these decays as
BR(K' — ntvp) = 3k - 1+ [(ReF)? + (ImF)?]
=3y - ANOXE] (= ) 4 7], (17)



where

po=1+ m , (18)
and
0 v _ . Ty T(KL) 2
BR(K[ — m'vv) = 3K — 7_(KJF)(ImF)
_ rr, T(KL) 4410 2 2
= 3K s TUE) AN X ()" n”. (19)

It is noticed that BR(K' — n"vw) in Eq(I7) is approximately a circle centered at p = pgy ~
1.2, 7 = 0 on the p-7 plane. On the other hand, BR(K} — n°vv) in Eq(IJ) just depends on
n and it can determine the height of the UT directly. In this way, the precise measurements
of Kt — ntvw and K; — 7vi become crucial tests for the SM.

Before going to discuss the SUSY formulation, we present the general bound between
Kt — 7tvw and K, — 7%, so called the Grossman-Nir bound [I5]. As seen from above
formulations, since the two processes are determined by the imaginary part and the absolute
value of the same coupling, the model independent bound is obtained:

rry T(KL)
ri+ T(KT)

BR(K; — 7'vi) < -BR(Kt — ntvp) <44 x BRIKT — 7tvp) ,  (20)

where we use the isospin symmetry A(K+ — 77vp) = /2A(K® — 7%w). This bound must
be satisfied for any NP [15] [16].

2.1.2 K* — nfviv and K; — 7°vi in the MSSM

The effective Hamiltonian in Eq.(3]) is modified due to new box diagrams and penguin dia-
grams induced by SUSY particles. Then, the effective Lagrangian is given as

Leg = Z (O (329"dr) + Cipe, (5rVdR)] (Ph,v)) + Hee. (21)

27.7:67#77—

where ¢ and j are the index of the flavor of the neutrino final state. Here, C{fLL,VRL is the
sum of the box contribution and the Z penguin one:

ij 2145 Qg (v iq
C\;LL = _BVLJL - EQ(Zzpzzﬁéj )
ij 2145 Qg (v id
O\;RL = _BVRJL - EQ(Z[),PZQ%{(; ’ (22)

where the weak neutral-current coupling Q(ZV% =1/2, and B@lﬁjR)L and Pzzﬁ(R) denote the box
contribution and the Z penguin contribution, respectively. The V', L and R denote the vector

coupling, the left-handed one and the right-handed one, respectively. In addition to the W



boson contribution, there are the gluino g, the chargino y* and the neutralino x° mediated
ones [I. We write each contribution as follows:

Byt = Byt (W) + Byt (x) + Byt (X°)
Byt = Bust, () + Bt () -
P = Pi(W) + Pi(H) + Pyi(9) + Por(x™) + Pr(x")
Pj = Py (9) + Pir(x*) + P (x") | (23)
where (7, 7) denotes the neutrinos of final state. Explicit expressions are given in Ref.[44].
It is well known that the most dominant contribution comes from the Z penguin mediated

chargino for the K™ — vy and K — 7vi decays [12].
The branching ratio of K+ — 7ntvi and K; — 7% are obtained by replacing internal

effect Fin Eqs. ®) and [I3) to CY;, + Cny as follows:

BRIEY = ntvn) =k -rie Y Oy + Cdpul® (24)
iz@v/%’f
_ rr, T(KL) ij i
BR(KL — 7'(‘0]/]/) =K - TKJLr T(K+) ig};‘r |Im(CVJLL + C\;RL)F . (25)

2.2 ¢g in the MSSM

It is well known that the CP violating parameter ez induced by the K° — K° oscillation gives
us one of the most serious constraint to the NP. The general expression for ey is given as

Im(ME) +€) | ‘= ImAg

(26)

— i¢€ o Z g
€k =€ smgbg< AN, ReAy’

where Ay is the O-isospin amplitude in the K — 77 decay, and M is the dispersive part
of the K° — K° oscillations, and AM is the mass difference of the neutral K meson. The
effects of £ # 0 and ¢, < 7/4 were estimated by Buras and Guadagnoli [45]. In the SM, the
off-diagonal mixing amplitude M{S is obtained as

Mg = (K°[Has—| K°)

4 (Gp\° | o -
=3 (55 M B PR M VeV ) 4 (VR S@) (o)

(Ve Vi) (Vi Vi) S s )

where S(z) denotes the SM one-loop functions [46], and 7. s are the QCD corrections [45].

Recent lattice calculations give us the precise determination of the By parameter [41} 42].
Once taking account of the NP effect, the expression of M is modified. In the case of

the SUSY, new contributions to the box diagrams are given by the gluino g, the charged

!The wino-higgsino mixing is tiny in our mass spectrum.



Higgs H™*, the chargino x* and the neutralino y° exchanges:

K _ 1,K.SM K,SUSY
M5 = M7 + My,

= M{S(W) + M{5(H") + M5 (x™) + M{5(X°) + M5(3) + M{5(x"9).

The explicit formula has been presented in Ref. [44].

3 Setup of the squark flavor mixing

We present the setup of our calculation in the framework of the high-scale SUSY. Recent
LHC results for the SUSY search may suggest the high-scale SUSY, O(10 — 1000) TeV
[32, 33], B4], [47] since the lower bounds of the gluino mass and squark masses exceed 1 TeV.
Taking account of these recent results, we consider the possibility of the high-scale SUSY at
10, 50 TeV, in which the K — mwrv decays and €x are discussed..

Another important experimental result should be mentioned is the Higgs discovery. The
Higgs mass my ~ 126 GeV gives effect to the SUSY mass spectrum. In general, there are
two possibility to get Higgs mass value, one is the heavy stop around 10 TeV, and the another
is the large X; = Ay — pcot B given by the A-term. In the case that the SUSY scale is 10
to 50 TeV, we have already obtained the SUSY mass spectra which realize the Higgs mass
at the electroweak scale with Renormalization Group Equation (RGE) running in previous
work [34]. We use this numerical result for the SUSY particle mass spectrum. In this study,
the 1st and 2nd squark are almost degenerated due to the assumption of the universal soft
masses. On the other hand, the 3rd squark mass obtains the large contribution from the
RGE running due to the large Yukawa coupling of the top-quark. Therefore, the mixing
between 1st and 2nd is negligible, and it is taken account in the subsequent discussion for
squark flavor mixing. The SUSY spectra at 10 and 50 TeV are given in Appendix A.

Once the SUSY mass spectrum is fixed, we can calculate the left-right mixing angle 69,
which is defined as

0 ~ my(Ap — ptan )
- m2 —m? ’
by br

e meldo = picot )
T omZ2 —m? ’
tr, tr

(28)

In the case of the SUSY scale to be 10 and 50TeV, the left-right mixing angles of squarks
and sleptons are very small as (¢ ~ 0.0062, 6% ~ 0.0024, #¢ ~ 0.014) and (9% ~ 0.0009,
0" ~ 0.0007, 6° ~ 0.005), respectively.

The SUSY brings the new flavor mixing through the quark-squark-gaugino couplings and
the lepton-slepton-gaugino ones. The 6 x 6 squark mass matrix qu in the super-CKM basis

turns to the mass eigenstate basis by diagonalizing with rotation matrix I'9 as
mé = F(q)quF(q)T ’ (29)

where T'@ is the 6 x 6 unitary matrix, and we decompose it into the 3 x 6 matrices as



@ — (F(Lq), Fg)))T in the following expressions:

L qL —; qL qL —; qL .
s 0 siye i1 Con 00 —siye s sgac’ it
q L gL L L L
F(L) = | —sd3sls i@ —05) 0‘53 sibcile 9% cge 0 0 —3330‘136 1933 590610" |
qL qL It L ik qL gL qL ipd
R o qR o R R o qR
0 0 siyspe e " ety 0 stle i1 Con
q R _gR R R _qR _ R R
r'Y=10 o0 sagcly seqe —iohs emio? IR iR pi(ols~o%) cg3 IR AR =it ¢,
qR —ig9 R R ar qR
O O 013 C23 89q€ Z¢ _533 Cq 62¢13 _523 Z¢23 013 023 ng
(30)
LgR LgR _qLqR LgR
where we use abbreviations ¢;""" = cos 07", s17"" = sin0];77"", cpa = cos0? and sp0 =

sin 6. It is remarked that we take sqL’qR = 0 due to the degenerate squark masses of the

1st and the 2nd families as noted in Appendix A. The angle 07 is the left-right mixing angle
between ¢;, and ¢r, and they are calculable as mentioned above. Then, there are free mixing
parameters 67 Lalt and ngqL’q For simplicity, we assume sij = s?f . On the other hand, we

scatter qbij and ¢ij in the 0 ~ 27 range independently. It should be noted that the mixing

angles sgf ) have not been constrained by the experimental data of B, D and K mesons in
the framework of the high-scale SUSY [34].

For the lepton sector, the mixing matrices F(L( R) have the same structure as the quark

one in the charged-lepton flavors, however, there is only the left-handed I’ (L in neutrinos.
As well known, the charged Higgs and the chargino contributions dominate the K — wvw
processes [12]. Since the SUSY scale is high in our scheme, the charged Higgs are heavy,
O(10TeV), so the charged Higgs contribution is suppressed in our framework. On the other
hand, the dominant SUSY contribution to ex comes from the gluino box diagram if the
flavor mixing angles of the down-squark and the up-squark are comparable. In addition, the
chargino box diagram is also non-negligible. Consequently, we will discuss the both cases in
which the down-squark mixing angles de(R) are negligible small and are comparable to the

up-squark mixing angles s . We scan the phases of Eq.(B0]) for up-squarks, down-squarks,
charged-sleptons and sneutrmos in the region of 0 ~ 27 independently.

In our framework, the K — mwvr processes are dominated by the Z penguin mediated
the chargino exchange, P (x*) in Eq.(23) , which are occurred through the ;s (dz)x* and
trsp(d)x* interactions, respectively. In our basis, the relevant mixing is given by

(D5 = (T Vern) SV )R + (0 Ve 1V )3 @1
where ¢ = s,d, I = 1 — 6 for up-squarks, and a = 1,2 for charginos. The Voky is
the CKM matrix, and U, is the 2 x 2 unitary matrix which diagonalize MéMC, where
Mg is the 2 x 2 chargino mass matrix. The fU denotes the yukawa coupling defined by
va sin 8 = diag(mu,mc, mt). Therefore, the combinations of mixing angles and phases in
Eq.(30), c‘{gs‘{ésqLe( 15-¢%) and c‘{?s‘{?nge’(‘b ¢%) are important for our numerical analy-
ses in the next section. We show the formula for Pj¢(x*) in Appendix B.
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Figure 1: The predicted BR(K} — 7°vi) versus BR(KT — wTvi) at the SUSY scale of 10
TeV with the mixing angle of s* = s¢ = 0.1. The pink cross denotes the SM predictions. The
red dashed lines are the 1o experimental bounds for BR(K™ — ntvw). The green slanting
line shows the Grossman-Nir bound.

4 Numerical analysis

Let us discuss the high-scale SUSY contribution to the K — mwvv processes by correlating
with ex [13]. At present, we cannot confirm whether the SM prediction €2 is in agreement
with the experimental value €%" because there remains the theoretical uncertainty with an
order of a few ten percent. However, the theoretical uncertainties of ex are expected to
be reduced significantly in the near future. Actually, the lattice calculations of By will be
improved significantly [41], [42], whereas |V,| and the CKM phase v will be measured more
precisely in Belle-II. Therefore, we will be able to test the correlation between K — mviv and
€K.

In our previous work, we have examined the sensitivity of the high-scale SUSY with 10
and 50 TeV to ex. It is found that the SUSY contribution to e is allowed up to 40%. We
begin to discuss the SUSY contribution at the 10 TeV scale. The present uncertainties in
the SM prediction for ex are due to the CKM elements V,;,, p and 7, and the Byc parameter.
We take the CKM parameters V,;, p and 7 at the 90 % C.L. of the experimental data:

V| = (41.1+£13)x 107%,  p=0.117+£0.021, 7=03534+0013.  (32)
For the By parameter, the recent result of the lattice calculations is given as [41] [42];
By = 0.766 + 0.010 , (33)

which is used with the error-bar of 90% C.L. in our calculation.

In the beginning, we show the numerical results at the SUSY scale of 10 TeV. Figlllshows
the predictions on the BR(K — 7°vi) vs. BR(K™ — mTv) plane, where phase parameters
are constrained by the observed |ex| with the experimental error-bar of 90%C.L. Here, we fix
the mixing parameters in Eq.(B0) by taking the common value s = s = s* = 0.1 (i = 1,2)
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Figure 2: The predicted BR(K — 7°v) versus the SUSY contribution ratio of ex at the
SUSY scale of 10 TeV in the case of (a) s* = s¢ = 0.1 and (b) s* = 0.1, s = 0. The pink
short line denotes the SM prediction with the error-bar of 90%C.L.
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Figure 3: The predicted s* dependence of (a) BR(K; — nvi) and (b) BR(KT — 7vi)
at the SUSY scale of 10 TeV, where s is scanned in the region of 0 ~ 0.3 independent of s*.
The red dashed lines denote the 1o experimental bounds for BR(K* — ntvw). The black
line corresponds to the Grossman-Nir bound together with the experimental upper bound of
BR(K*™ — nvw) with 30.

and s = sif = s¢ = (.1 (i = 1, 2) for the up-quark and the down-quark sectors, respectively.
The Z penguin mediated chargino dominates the SUSY contribution to these branching ratios.

The SUSY contributions can enhance the branching ratio of K; — 7% in eight times
compared with the SM predictions in Eq.(d), 1.8 x 1071° although it is much smaller than
the Grossman-Nir bound. On the other hand, the predicted BR(K+ — mTvi) increases up
to three times, 2.1 x 107!, Tt is also noticed that the predicted region of BR(K; — w°vis)
is reduced to much smaller than 10~ due to the cancellation between the SM and SUSY
contributions. The BR(K+ — 7vi) could be reduced to 1.3 x 1071,

We discuss the correlation between e and BR(K; — 7°vv) in Fig. B in which (a)
st =54 =0.1and (b) s* = 0.1, s = 0. The transverse axis denotes the SUSY contribution
in |ex|. If the down-squark mixing s? is comparable to the up-squark mixing s, there is
no correlation between them as seen in Fig. 2l(a), where the Z penguin mediated chargino
dominates the SUSY contribution of K; — 7%, and the gluino box diagram dominates the
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Figure 4: The predicted BR(K} — 7v) versus BR(K T — mvv) at the SUSY scale of 50
TeV with the mixing angle of s* = s¢ = 0.3. The pink cross denotes the SM predictions. The
red dashed lines are the 1o experimental values for BR(K* — n"vw). The green slanting
line shows the Grossman-Nir bound [15].

SUSY contribution of €x. The gluino contribution of 30% is possible in €.

On the other hand, if the down-squark mixing s¢ is tiny compared with the up-squark
mixing s*, the Z penguin mediated chargino dominates both SUSY contributions of K; —
7ovi and ex. Then, it is found a correlation between them as seen in Fig. Bi(b), where the
chargino contribution to ey is at most 3%. This correlation is due to the difference of the
phase structure between the penguin diagram and the box diagram of the chargino.

In conclusion, ex could be deviated from the SM prediction in O(10%) due to the gluino
box diagram, whereas the Z penguin mediated chargino could enhance the branching ratio
of K;, — 7w from the SM prediction.

Next, in order to see the mixing angle s* dependence of the branching ratios, we plot the
predicted regions on BR(K — 7vi) vs. s* and BR(K™ — mvi) vs. s* planes taking
s* =0 ~ 0.3 in Fighl (a) and (b). We scan s? in the region of 0 ~ 0.3 independent of s“
although the gluino contribution is much suppressed compared with the chargino one. In
this plot, the SUSY contribution to e is free (0 — 40%), but the experimental constraint of
lexc| with the error-bar of 90%C.L. is taken account. We show the upper bound given by the
Grossman-Nir bound together with the experimental upper bound of BR(K*™ — ntvw) with
30 by the black line, at which the predicted BR(K; — 7°vv) should be cut. Namely, the
observed upper bound of BR(K* — n"vi) gives the constraint for the predicted BR(K —
7ovi) at s* larger than 0.2. The precise experimental measurement of BR(K+ — 7 vi) will
lower the predicted upper bound of BR(K — 7°vr).

Let us discuss the case of the SUSY scale of 50 TeV. Fig. M shows the predictions on
the BR(Ky — n%vi) and BR(KT™ — ntvr) plane at the SUSY scale of 50 TeV, where the
mixing angle is fixed at s* = s = 0.3. Although the predicted region is reduced considerably
comparing to the case of the 10 TeV scale in Fig. [Il the predicted branching ratio of K —
7Ov1 is enhanced in two times from the SM prediction, and the branching ratio of K+ — 7tvi

could be enhanced from the SM prediction in three times.

11
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Figure 5: The predicted BR(K} — 7’vi) versus the SUSY contribution ratio of €x at the
SUSY scale of 50 TeV in the case of (a) s* = s? = 0.3 and (b) s* = 0.3, s = 0. The pink
short line denotes the SM prediction with the error-bar of 90%C.L.
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Figure 6: The predicted s* dependence of (a) BR(K; — n%w) and (b) BR(KT — 7 i)
at the SUSY scale of 50 TeV, where s is scanned in the region of 0 ~ 0.3 independent of s*.

To see the correlation between ey and the predicted K; — 7°v branching ratio, we show
the branching ratio of K; — 7v& versus the SUSY contribution of ex in Fig. [ in which
(a) s¥ = s? = 0.3 and (b) s* = 0.3, s? = 0. We do not find any correlation between them
in the Fig. Bl(a), where the gluino contribution to ey is still possible up to 10%. However,
it is found a correlation between them as seen in Fig. Bl(b), where the Z penguin mediated
chargino dominates both SUSY contributions of K; — 7w and ek since the down-squark
mixing sy vanishes with keeping s, = 0.3. The chargino contribution to ey is at most 2%.
This correlation is understandable from the difference of the phase structure between the
penguin diagram and the box diagram of the chargino.

Thus, even if the SUSY scale is 50 TeV, ex could be deviated from the SM prediction in
O(10%) due to the gluino box diagram, whereas the chargino process deviates the branching
ratio of K, — 7w from the SM prediction in the factor two.

Figlfl shows the s* dependence of BR(K} — 7v) and BR(K+ — ntvw) taking s* =
0 ~ 0.5 in Figldl (a) and (b). We also scan s? in the region of 0 ~ 0.3 independent of s*. In
this plot, the SUSY contribution to e is free (0 — 40%), but the experimental constraint of
ex with the error-bar of 90%C.L. is taken account. The predicted BR(K} — 7°vi) could be
large up to 8 x 107", and BR(K™ — ntvw) is up to 1.5 x 107!, Thus, the enhancement
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Figure 7: The predicted BR(K} — n%Te™) versus BR(K}, — n°vi) with s* =0 ~ 0.3 and
5% =0~ 0.3 at the SUSY scale of 10 TeV. The red solid line denotes the upper-bound of the
branching ratio BR(Kj, — w’ete™).

from the SM prediction could be detectable even if the SUSY scale is 50TeV.

Before closing our numerical study, we would like to discuss correlations to other quantities
which are sensitive to the NP. They are K; — w’eTe™ process and the neutron electric
dipole moment d,. The K; — w%*e™ process is induced in similar way to K — 7lvi.
The distinguish feature of K; — 7’¢Te™ mode is the contribution of the photon penguin.
Moreover, one cannot neglect the long-distance effect from the photon exchange process
[48]. Thus, the decay amplitude of K; — 7’eTe™ has both the short-distance effect and
the long-distance effect, and the SM prediction of the branching ratio is around 3 x 1071,
which is comparable to the SM prediction of K; — w’vi. Since our interest here is to check
whether the SUSY effect does not exceed the experimental bound of K; — 7% Te~, we only
consider the short distance contribution in our analysis. The experimental bound of the
branching ratio K, — 7’e*e™ is BR(K — 7l¢te™ )oxp < 2.8 x 1071 [43]. In the Figll the
predlcted BR(K; — w%%e™) vs. BR(K — 7'vi) plane are plotted with s* = 0 ~ 0.3
and s = 0 ~ 0.3 at the 10TeV scale of the SUSY. There are two predicted lines in this
figure. Because the decay amplitude A(K; — 7eTe™) is described by the sum of the SM
and the SUSY contributions, there are two ways of taking the relative phase of £+ such
as A(Kp — 7lete™) = A(KL — mlete™ @ SM) + A(K; — nlTe™ : SUSY), which has
two solutions giving the same absolute value of the decay amplitude. Then, we have two
predicted values of BR(K — w’e*e™) for the certain BR(K} — 7°vi). The both decay
processes are dominated by the Z penguin mediated charginos, then, the branching ratios
are determined by the final state couplings of Zvv and ZeTe™, that is, the weak charges
Q(ZV% and Q(Ze)L Moreover, three flavors of neutrinos are summed for K; — 7°vis. Therefore,
BR(K; — 7°vp) is significantly larger than BR(Kj — meTe™). On the other hand, in the
SM, there are some contributions to K; — mete™ such as the photon exchange processes.
So, BR(K} — w%ete™) is comparable to BR(K} — 7°vi) in the SM. In conclusion, the
experimental upper bound of BR(K} — w’e¢Te™) excludes the region larger than BR(K} —

mvr) = 1.7 x 107°. However, if the long-distance effect is properly included [48], this
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constraint becomes somewhat tight or loose depending on the relative sign between the
SUSY contribution and the long-distance one.

The neutron electric dipole moment (EDM) d,, is well known as the sensitive probe for
the NP, and so we have studied the correlation between the neutron EDM and the K — 7'vi
branching ratio. It is found that our predicted K — 7v does not correlate with d,,. Suppose
the SUSY contribution to the chromo-EDM of quarks through the gluon penguin mediated
gluino [49]-[53], where the left-right mixing term of the down-squark is dominant. In our
SUSY mass spectra, the left-right mixing is suppressed as discussed in section 3. Moreover,
the CP violating phase dependence of d,, comes from the down-squark mixing matrix whereas
the phase of K — 7% comes from the up-squark mixing matrix. Namely, those phase
dependences are completely different each other. Therefore, we do not take account of the
constraint from the experimental upper bound of the neutron EDM in our analyses.

5 Summary

We have studied the contribution of the high-scale SUSY to the K; — 7%# and KT —
7w v processes by correlating with the CP violating parameter ex. These rare decays have
important role of the decision of the CP phase in the CKM matrix, furthermore, they are
also sensitive to the flavor structure of the NP.

Taking account of the recent LHC results for the Higgs discovery and the SUSY searches,
we consider the hight-scale SUSY at the 10 — 50TeV scale. Then, we have discussed the
SUSY effects to KT — 7w, K — m'viv and ex in the framework of the mass eigenstate
basis of the SUSY particles assuming the non-minimal squark (slepton) flavor mixing.

We have calculated the SUSY contribution to the branching ratios of K; — 7vi and
K* — wtvi, where phase parameters are constrained by the observed ex. The Z penguin
mediated chargino dominates the SUSY contribution for these decays. At the 10 TeV scale
of the SUSY, its contribution can enhance the branching ratio of K — 7°v# in eight times
compared with the SM predictions whereas the predicted branching ratio BR(K* — ntvi)
increases up to three times of the SM prediction in the case of the up-squark mixing s* = 0.1.

We have investigated the correlation between ex and the K; — 7w branching ratio.
Since the gluino box diagram dominates the SUSY contribution of €x up to 30%, there is no
correlation between them. However, if the down-squark mixing is neglected compared with
the up-squark mixing, the chargino process dominates both SUSY contributions of K; —
7% and ex. Then, it is found a correlation between them, but the chargino contribution
to €x is at most 3%. It is concluded that ex could be deviated significantly from the SM
prediction in O(10%) due to the gluino box process, whereas the chargino process could
enhance the branching ratio of K; — 7% in several times from the SM prediction.

Our predicted branching ratios depend on the mixing angle s* significantly. The observed
upper bound of BR(K* — ntvi) gives the constraint for the predicted BR(K; — n%vi) at
s* larger than 0.2.

Even if the SUSY scale is 50 TeV, the chargino process still enhances the branching ratio
of K; — 7%vi from the SM prediction in the factor two, and the e is deviated from the SM
prediction in O(10%) unless the down-squark mixing s? is suppressed.

14



We also discuss correlations to the K — m’eTe™ process and the neutron electric dipole
moment d,, which are sensitive to the NP.

We expect the measurement of these processes will be improved by the J-PARC KOTO
experiment and CERN NAG62 experiment in the near future.
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Appendix A : SUSY Spectrum

In the framework of the MSSM, one obtains the SUSY particle spectrum which is consistent
with the observed Higgs mass. The numerical analyses have been given in Refs. [54] [55]. At
the SUSY breaking scale A, the quadratic terms in the MSSM potential is given as

Vo = mi|Hy|* + m3|Ho|> + m3(H, - Hy + h.c.) . (34)

The mass eigenvalues at the H; and Hy = el system are given

2 2 2 2\ 2
mi=7m1;m2¢\/<7m12m2) +mj . (35)

Suppose that the MSSM matches with the SM at the SUSY mass scale Qg = mg. Then, the
smaller one m? is identified to be the mass squared of the SM Higgs H with the tachyonic
mass. The larger one m? is the mass squared of the orthogonal combination H, which is
decoupled from the SM at @, that is, my =~ @)y . Therefore, we have

m? =—m*(Qo) ,  mi =m3(Qo) =mi+mi+m?, (36)

with
my = (mi +m?)(m3 +m?) , (37)
which leads to the mixing angle between H; and H,, 3 as follows:

) mi +m? - ‘ _
tan” f = —— | H = cos fH, + sin S Hy H = —sinfBH; +cosBHy . (38)
ms+m
Thus, the Higgs mass parameter m? is expressed in terms of m?, m3 and tan 3:
222
Ll L5 tan” (3
tan? 3 — 1

(39)

Below the Qg scale, in which the SM emerges, the scalar potential is the SM one as follows:
207712, N

Vsu = —m”|H| +§|H| : (40)

Here, the Higgs coupling A is given in terms of the SUSY parameters at the leading order as

ANQo) = 3(92 + g cos® 283 + :_:thtz (1 B X_f) ’ X, = Ay(Qo) —CSLO(QO) cot 3 |

12
and h; is the top Yukawa coupling of the SM. The parameters msy and A run with the SM
Renormalization Group Equation down to the electroweak scale Q) gy = mpy, and then give

(41)

m3, = 2m*(my) = Mmg)v? . (42)
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It is easily seen that the VEV of Higgs, (H) is v, and (H) = 0, taking account of (H,) = v cos /3
and (Hy) = vsin 3, where v = 246GeV.

Let us fix my = 126GeV, which gives A(Qy) and m?(Q,). This experimental input
constrains the SUSY mass spectrum of the MSSM. We consider the some universal soft
breaking parameters at the SUSY breaking scale A as follows:

mg,(A) = mge(A) = mpe(A) = mp (A) = mp(A) =mg (i =1,2,3),
Mi(A) = My(A) = Ma(A) =myjs,  mi(A) =m5(A) =mg ,
( ) AoyU(A) ) AD(A) = AoyD(A) ) AE(A) = AoyE(A) . (43)

Therefore, there is no flavor mixing at A in the MSSM. However, in order to consider the
non-minimal flavor mixing framework, we allow the off diagonal components of the squark
mass matrices at the 10% level, which leads to the flavor mixing of order 0.1. We take these
flavor mixing angles as free parameters at low energies.

Now, we have the SUSY five parameters, A, tan 3, mq, my/, Ao, where Qo = mg. In
addition to these parameters, we take ;1 = Q. By fixing A, @y and tan 3, we tune m;/» and
Ag in order to obtain m?(Qp) and Ag(Qo) which realize the correct electroweak vacuum with
mpy = 126GeV. Then, we obtain the SUSY particle spectrum. We consider the two case of
Qo = 10 TeV and 50 TeV. The input parameter set and the obtained SUSY mass spectra at
() are summarized in Table 1, where we use m;(m;) = 163.5 £ 2 GeV [43, [50].

Input at A and Q) Output at Qg
at A = 10" GeV, mg = 12.8 TeV, my, = 5.2 TeV, mpz = 2.9 TeV
mgy = 10 TeV, my, =my, =122 TeV

myje = 6.2 TeV, my, = 14.1 TeV, mg, = 8.4 TeV

Ao =25.803 TeV; | my, 5 =me a, = 15.1 TeV
at Qo = 10 TeV, mg g, ™ Megay, = 14.6 TeV, my = 13.7 TeV
w =10 TeV, mz, = my, = 104 TeV, m;, = 9.3 TeV
tan 5 = 10 Mg, &, = M, v, = 10.8 TeV, my, 2, = 10.3 TeV

X, =-022 Ay =0.126

m? = 1.84857 x 10%GeV?, m2 = 1.83996 x 105GeV? m? = 8691GeV?

at A = 10' GeV, mg = 115.6 TeV, my;, = 55.4 TeV, mp = 33.45 TeV
mg = 50 TeV, my, = mg, = 100.9 TeV
mysp = 63.5 TeV, my, = 104.0 TeV, m;, = 83.2 TeV
Ap =109.993 TeV; | mg, ;5 = me,a, = 110.7 TeV, mg_ ;. = 110.7 TeV
at Qo = 50 TeV, Mepap = 105.0 TeV, my = 83.1 TeV
u =50 TeV, mz, = my, , = 63.6 TeV, mz, = 54.6 TeV
tan 8 = 4 Mgy &, = M, v, = 63.8 TeV, my, 2, = 55.0 TeV

X, =—0.65, Ay =0.1007

m? = 6.49990 x 10°GeV?, m3 = 4.06235 x 103GeV?, m? = 8840GeV?

Table 1: Input parameters at A and the obtained SUSY spectra at ()g = 10 and 50TeV.
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Appendix B : Z penguin amplitude mediated charginos

We present the expression for the Z penguin amplitude mediated the chargino, Psé(x*) in
our basis [44] as follows:

2
S g S « 0
Pit(*) = 7%= > L) {6/ WDHULT logal® + hlal,ah)]  (44)

dmy, W51
20 UL ) faab e oh) — o5 (P2 pate o)} (45)
where
(T3 = (O Ve § U] + (T Ve §U)5 (46)
and

~ J J
(1) "= (rerh) (47)

with ¢ = s,d, I = 1 — 6 for up-squarks, and a = 1,2 for charginos. The Vky is the CKM
matrix, and UL are the 2 x 2 unitary matrices which diagonalize the chargino mass matrix
Mci

U' MU, = —diagMs ,  (a=1,2). (48)

The fU denotes the yukawa coupling defined by fUU sin § = diag(m,,, m.,m;). The loop
integral functions are given as:

1 x™ogxr  y"logy
n\d, = - ) 49
o) = (R (19)
with
m?2 72
=2, af =] (50)
1 Ho

where g = (g is taken in our framework.
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