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Why Kaon?

Indirect searches are important probes of new physics.
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Kaon observables are sensitive to NP at a very high scale, which is not accessible
at the LHC.



Kaon observables

SM
€K (1.90 £ 0.26) x 103 U.Brod and M.Gorbahn, ‘10] (2.228 £ 0.011) x 103 (poc]

gives strong constraint on NP

K+ — 7T+17V (911 :l: 072) X 10_11 [A.J.Buras, M.Gorbahn, (1731_%(1)2) X 10_10 [E949]
Ky — n’vv (3.00 4+ 0.30) x 1071 FrEErEAMEIR <96 x 1075(90%C L) [F3912]

theoretically clean (extracted hadronic matrix element from bruncning ratio)
dominant errors come from CKM elements
NA62 & KOTO experiments are searching

¢ /e (1.38£6.90) X 10~* rac.ukacp'1s] .2.1-2.90
(1.9£4.5) x 107 (guras etal'15] discrepancy (16,6 +2.3) x 10~ “\nadg, KTev)
(0.96 + 4.96) x 10™* [Kitahara et.al ‘16] —

recently, non-perturbative matrix elements (B6 & B8) have been calculated by RBC-
UKQCD lattice collaboration



Kaon observables

SM
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6//6 (138 :I: 690) X 10_4 [RBC-UKQCD']_S] 21'290
(1.9£4.5) x 107 (guras etal'15] discrepancy (16,6 +2.3) x 10~ “\nadg, KTev)
(0.96 + 4.96) x 10™* [Kitahara et.al ‘16] —

recently, non-perturbative matrix elements (B6 & B8) have been calculated by RBC-
UKQCD lattice collaboration

may be suggestion of NP
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Supersymmetry

» supersymmetry : one of the most attractive candidates of new physics

Standard particles . WSUS: particles Sq uark 'qv
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» Bounds from direct searches have been pushed up beyond 1 TeV.
mg, Mg 2, 1TeV \

» Higgs mass can be realized due to heavy stop. ~# suggestion of high scale susy



Supersymmetry

P soft SUSY breaking terms

—Lsofy D (m%)w(ﬂ(]g + (m%)ijdggj + (m%])ijﬂ;rﬂj Scalar mass terms

+ ( ”uquh + T Jququ + h.c. ) Trilinear scalar terms

EW breaking *

U2 1) ~T ~
—T U; q;

Tp,y : Trilinear scalar
coupling



Supersymmetry

» squark mass matrix EW symmetry breaking + SUSY breaking

guark & squark mass matrices cannot be diagonalized simultaneously

M2 m% + m2 + cos268m3, (5 — 2sin® Oy ) 2T — imy, cot 8
u %T(j — p*my, cot B m2T +m?2 + 2 5 cos 23 m2 sin® Oy

squark interactions depend on mixing matrix which is different from V
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after diagonalizing quark mass matrix, off diagonal elements of squark mass matrix
give flavor violating effects

LR mixing %(TU);}
u (OLr)i = =5
Mz = diag(m )+m ( LL 5R) J
RL ORR (07R)13

IR —ooosm--- G



we consider Z penguin contribution

KT —ntov z§<d €//6
S

K; — 7’bv et

because if we allow large trilinear couplings, this contribution does
not decouple even if susy particle masses are heavy



Z coupling

[A.J.Buras, A.Romanino, L.Silvestrini, ‘98]

gauge invariant operator

(H' D, H)(57,d)

EW breaking

two SU(2) breakings

SU(2) breakings in SUSY LR mixing of quark
LR mixing of squark
Wino-higgsino mixing



Z coupling in MSSM | ;.o

LR mixing of squark
How to derive two SU(2) breaking Wino-higgsino mixing

______ : 5_ bl el
S M

Wino-higgsino mixing single LR mixing effect double LR mixing effect
[A.J.Buras, A.Romanino, L.Silvestrini, ‘98] [G.Collangero, G.Isidori, ‘98]

double LR mixing effect

SUSY .
ngd ) X (5%3)13(5%1%)23

They do not decouple even if SUSY particles are heavy as long as a product of
the mass insertion (MI) parameters (6,39 ) (6,z9) is fixed.

not assume trilinear coupling ©C yukawa
large trilinear coupling -> large contribution



Z coupling in MSSM

Chargino Z penguin

L-L-Wino coupling : (5%R)>{3 (5%}3)23
large trilinear couplings bring large contribution
R-R-higgsino coupling : get 15t & 2"9yukawa = insensitive

L-L-gluino coupling + R-R-gluino coupling : (5%R)>{3(5%R)23

large trilinear term gives large contribution

Neutralino Z penguin  through U(1) gauge coupling = insensitive



Z coupling in MSSM

Chargino Z penguin

L-L-Wino coupling : (5%}3) T3 (5%}3)23

large trilinear couplings bring large contribution
= vacuum stability

R-R-higgsino coupling : get 15t & 2"9yukawa = insensitive

L-L-gluino coupling + R-R-gluino coupling : (5%R)>{3(5%R)23

large trilinear term gives large contribution

Neutralino Z penguin  through U(1) gauge coupling = insensitive



chargino contribution

M. Endo, S. Mishima, D. Ueda and KY, arXiv:1608.01444



Vacuum stability

large trilinear couplings make the vacuum unstable
scalar potential : |/ DO (TU)huELER

The chargino Z-penguin contributions are constrained by requiring the meta
stability of the electroweak (EW) vacuum

I : vacuum decay rate

— _ V :volume
\//\J F/V A eXp( SE) SE : bounce action
EW vacuum

A : typical energy scale

charge-color breaking (CCB) vacua A ~ (100 GeV)* or (10 TeV)*

The lifetime of the EW vacuum is longer than the age of the universe if the bounce
action satisfies

Sk > 400



Vacuum stability

M. Endo, S. Mishima, D. Ueda and KY, ‘16
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Vacuum stability

M. Endo, S. Mishima, D. Ueda and KY, ‘16
|(TU)_13\ = |(TU)23\ mg = Mg, = Mg, tan [ = 50

2X¢ The CP-violating phase of Zsd coupling is taken to be maximal
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The current discrepancy of €'/e can be The current discrepancy implies that

explained; the SUSY scale can be as large as 4-6  B(KL - nOwv) is predicted to be less than
TeV, depending on the choice of wino mass. 60% of the SM prediction.



gluino contribution

M. Tanimoto and KY, arXiv:1603.07960



Squark mass matrix

M2 —

Setup

M. Tanimoto and KY, ‘16
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Input parameters

my = 10 TeV
mz = 15 TeV
2
L, R mixings SE%L, S

i —0~03(i=1,2),

my ((Ip)33 — ptanf)
m2 — m?
br, br

gluino mass = 10TeV =10 TeV

tanf = 3

wino mass = 3.3TeV
bino mass = 1.6TeV

st st =0~ 0.3 (i=1,2)



gluino contribution to K - nvv

M. Tanimoto and KY, ‘16
Left- Right mixing BLR dependence (without €K constraint)
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Can we enhance K - ntvv with satisfying €’ /€ data?

Correlation between €’/ and K = mnvv in modified Z model [Buras,Buttazzo,knegjens’15]

7 The correlation between € and K -> ntvv depends
5 on the relative size of ImA_ and ImA,

> SM+ JAY

To get NP contribution with same sign for €’/e and K ->ntvv, we need both A
and Ag, and

TmASH(Z)| < ImA3(Z) < 3ImA(Z)|

gluino contribution can realize this condition because it has both left & right
couplings!



Simultaneous enhancement of K - mtvv and €’/€ in MSSM

M. Tanimoto and KY, ‘16
regions where Zsd couplings satisfy the condition of [ImA¥(2)| < ImA3$Y(Z) < 3[ImA3(Z)]
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BR(K*->mtvv)
The Z-penguin mediated by the gluino enhances simultaneously €'/€ and the branching
ratio for KL - mOwv .
BR(K,->mtwv) < 1x101° &  ¢€'/e

The phase of ImAs¢, and ImAsd; becomes opposite, so the enhanced region of BR(KL -
nOvv ) is somewhat reduced by the cancellation between the left-handed coupling of Z and
the right-handed one partially.



Summary

Kaon physics offers a powerful probe of NP beyond the SM.

Rare Kaon decays K - mvv and direct CP violation €’/e are sensitive to NP at
a very high scale, which is not accessible at the LHC.

We have presented correlations in a high scale supersymmetric model with

large trilinear coupling.
Even if at high scale, large contributions to K = mvv and €’/€ are derived.

chargino : The chargino Z-penguin contributions are constrained by requiring the
meta stability of the electroweak (EW) vacuum.

g'fe <& SUSY scale<4-6TeV

The Z-penguin mediated by the gluino enhances simultaneously /€ and
the branching ratio for KL - nOvv .

BR(K,->mtwv) < 1x101° &  ¢€'/e

gluino :

we are studying the vacuum stability for gluino contribution currently.






Vacuum stability

M. Endo, S. Mishima, D. Ueda and KY, ‘16
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input parameters

CKM elements  M,Blanke, AJ.Buras, 1602.04020

S1: AM, strategy in which the experimental value of AM; is used to determine |V
as a function of S(v), and ek is then a derived quantity.

Si | Vil Vid] 123 2 Im )\, Re)
Sy | 39.0(13) | 8.00(29) | 39.7(13) | 3.43(15) | 1.21(8) | —2.88(19)




LR mixing

2 2 2 q3  _: a3 _igp?
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X | Ci3813523¢€ (923 R13) C13C13 S23 S93 € 722 323 C13C1g Sg3Co3 €723
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C13513Co3€ 718 C13C13 Co3 So3€ 723 C13C13 Co3 Cog



Can we enhance K - nivv with satisfying €’/¢ data?

[Buras,Buttazzo,Knegjens’15]

Correlation between €’/ and K - mvv in modified Z model

The correlation between €’ and K -> rtvv depends on the relative size of ImA and ImAg

€K €K AN LAY
€K €K J sMm €K /) z €K /) z
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(€—K> - <€—K) — —2.64 x 10°B{? lImAid(Z) + LA 2) STSM+A, ;. d
€K/ 7z €K /) z Sw
A(Ky — 7vi)z ~ [ImAS(Z) + ImAY(Z)]
To get same sign for €'/e and K ->mtvy, ex.) ASRd(Z) — 0.5A3(2)
ImA(Z)| < InA3(Z) < 3[ImA(Z)] /

8

6,
gluino contribution can realize this condition!
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e’le and K — 1TVV
€'/

/
(€'/¢€)
114.54 MeV 114.54MeV 17

(6//6)2 = (PX + Py -+ PZ) Im st Bt = Bél/Q)(mc) mg(me) +mg(me) | By = B§3/2)(mc) ms(me) + ma(m.)

B (m) = 057+0.19,  BY? (m.) = 0.76 £ 0.05

(€/)sm + (€/)susy Pyt Pyt Py=1.52+0.12Rs — 13.65Rs

%K - nvv

2
Im( A X (M) ZC(EUSY))

)\5

B(Kp — 7'vi) = Ky,



