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INtroauction

6//6 : Direct CP-violating observable in K — 7m

K7 — mm : CP-violating process

In CP symmetric system

CP|\Kp)=—|Kp) CP|rm) =+ |mm)



INtroauction

The standard model prediction
(¢'/€)sm = (1.06 £+ 5.07) x 10~ [T.Kitahara, U.Nierste

and P.Tremper]

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

exper

Imental result

(€'/€)exp = (16.6 =

-2.3) x 1074 [NA48, KTeV]

(€'/€) ey > (€/6)srr at 2.90 level

Can we explain this discrepancy by SUSY?
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dominated by QCD pen%uin dominated by EW pengcli]in
u, u,
. g’§< Z’ d 8 - ZO§< 37 d
W= W=
: d d :
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Al =1/2 rule : 1/weqyp, = 22.46
NP in ImA, is favored4because of AI =1/2
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Chargino contributions to Z penguin

/Z penguin in the SM Chardino contribution
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Chargino contributions to Z penguin

0 (5?,3)@)

squark mass matrix: Mz = diag(mz) + m? ( .
(Orr)i; 0

OZr)is tp  (6¥R)23

Leff — stgL’VludLZ’u +h.c. Z,;, = Z(SM) |- Z(SUSY)
U2(TU)1 (TU)23

SUSY
Z8SUSY) o (88 )53 (6% p)2s ~

m
(€ /e)SUSY x Im (Z(SUSY)>



Vacuum stability

(T )4

arge destabilizes electroweak vacuum(EWV)

scalar potential come from soft SUSY breaking terms

N 0~ =
Vscalafr D (TU)iBHQ uz’LtR

WYV can decay to Color-Charge Breaking vacuum(CCBV

EWV,
CBV



Vacuum stablility

(Lifetime of EW vacuum) > (Age of the universe)

Decay rate of the vacuum per unite volume
F/V — Aexp (—SE)
T

decay rate is sensitive to Sg

at semiclassical level
A ~ (100GeV)* — (10TeV)*

from dimensional analysis
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Vacuum stability

(Lifetime of EW vacuum) > (Age of the universe)

!

Using current Hubble constant Hy ~ 1.5 x 10~ *2GeV

S > 400

We can get the upper bound of trilinear coupling



Vacuum stability

upper limit of trilinear coupling

- excluded
= 20000 F
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(e'/¢)susy

104 3

2000 6000 10000
mg [GeV]

14000

SUSY contributions can
explain the discrepancy
If the SUSY masses are
smaller than 4 — 6TeV

Other constraints is satisfied

For example, € |,

DM, Amyg, B(b — sv)



c

In € contribution from (57, Prd)(57v" Prd) is enhanced

chiral enhancement

b hy
dR A WANY WA W R dr
\VARVARV/ \VARVARV
CR H - tr

u
(03 R)2s @ ® (0%r)2s
tr 0 CR
5L < VAV VA Zavanvi < SR
23 hy

But chargino contribution is]zsuppressed by small yukawa



Correlation with B (K, — 7°vp)

K; — v : CP-violating process

CP|vv) =—|vp) CP|n’)=—|x") CP|r'vi) = |n"vv)

In CP symmetric system
CP|Kr)=—|Kp)
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Correlation with B (K, — 7°vp)

K; — nm KL%T('OVﬂ

7 ’:/ ~N
/ \
S R [ u \ \\ d

, _d ) :
U 7
E&?’i %;Ki; /V

-~
\a only difference R

2 2
B (KL —> WOVE) X (Im (X(SM)) + Im (ZC({EUSY))) X (Y(SM) + (e’/e)SUSy>
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Result(2)

B (KL — WOVD) X (Y(SM> — (e’/e)SUSY)2

[10-11]

}— SM prediction

B(K>mvv)
N

00% of the SM prediction

\ chargino prediction

104 103 102

(e'/e)susy

The current discrepancy implies that B (K, — n'vi)
Is about less than 60% %f the SM prediction



Conclusion

® SUSY contributions can explain
the discrepancy It the SUSY
masses are smaller than 4 — 6TeV

® The current discrepancy implies
that B (K — 7 vr) is about less than
00% of the SM prediction.

® Other SUSY contributions are future
WOrKs.
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Kaon

Neutral kaon
Flavour eigenstate KO [_(O

I I quark level

(d,5) (d,s)

KO is antiparticle of KO CP}KO> — ‘[_(O>



Kaon

CP eigenstate

K =3 (K% +|KY) OP|K%) = |K°)

(J5°) = |K7))

K_

N)Ir—\ wlr—\

CP|Ky) =+|K4)
CP|K-)=—|K-)
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Kaon

If system is CP invariant |[CP, H| =0

i% (1)) = H (1)) (1) =al(t)|K) +b(t) |K)

|Ky), |K_) are also mass eigenstates.

1

V2

1
V2

Ks) =K, (|K°) +|K®) |KL)=K_ (|K") —|K7))

Ks), |Kr) :mass eigenstate
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CP violation in Kaon

If system is CP invariant
Ks) = |K4) = |mm)
Kp) = |K_) = |7m)

CP|nm) = |7m)

K — 7 is observed from experiment.

CP is violated.



CP violation in Kaon

If CP is violated [CP, H|#0
mass eigenstates are not CP eigenstates.

mass eigenstates K, Kgare linear combination of K, K_

Ks) = |Ky) + ex |[K-) Kp) = |K_) +ex | K1)

!
~ 1073
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CP violation in Kaon
Ks) = |K4) +exc |[K2) Kp) = |K_) +ex | K4)

CP Invariant interaction

¥ v

Im7):CP even T YCP even

CP violation originate from mixing

Indirect CP violation
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CP violation in Kaon

Ks) = |Ky) +ex |[K-)

77::

v

Kp) = |K-) +ex |[Ky)

CP Invariant interaction

i7mm):CP even

(r*

T

~IH|K L)

(¥

T

_HK5>

<7TO7TO

v

T CP even

H

Kp)

oo = <7TO7TO

H

Kgs)

If CP violation is only indirect 7o = N+ = €k

_2n-

= _|_7700

CEK =

23
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CP violation in Kaon

Ko) =Ky +ex [K)  |Kp) = |K_) +exc [Ky)
iTmm):CP even ITmCP even
Direct CP violation
 (rtr MK L) ("7 H|K L)
= (= |H|Kg) 100 = (mOmO|H| K g)
T+ # 1100
T+ — T)oo
€ —




/
Measurement of € /e

B(K —>7TO7TO)
€’ N 1 \Uﬂt\Q — \”'700\2 _ 1 (1 B(Kg—mOwO) )

Rez T 6 ‘77__|2 B(KL—>7T‘|‘7T_)
o B(Kg—mTn—)

We can measure this value.

B <7T_L7T_7'[KL> B <7TO7TOHKL>
= (mtn=|H|Kg) 100 = (mOO\H|Kg)

NA48 and KTeV measured It

(€% /€K ) opp = (16.6 £2.3) x 107*  [PDG]
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/
€ /€K

r T+ —T)o0o (77K vy = (T IHIK)

€ = 100 =Ky T (e [HIKs)

()1 [HIK") = Age™™ ((mm) | H|K") = Aje™

Isospin: 1 =0,2

iy 1 o (ImAO — élm%b) exp (2 (g =g — 50))

Y = RGAQ
- BeAo




€ /€K

1 W 1 it
[~ s ImA ImA | — +00— 0
K \/i (ReAO)exp ( HHA0 Wexp H 2) = (Z <2 e O)exp>

A

«—

acldental cancellation occurs

€Ex = |ex|exp (iTan N

We evaluate below quantity

1

€ 1 Wezp (
£~ ImA
ek V2|ex| (Redo)eap !
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The SM prediction of €% /€x

he standard model prediction

(Re (€5 /€x)) qny = (1.38 £6.90) x 10~* [RBC-UKQCD)]
(Re(er/ex))an = (1.9+4.5) x 10 © [Buras et al ]

(Re (€% /€x)) qay = (1.06 £5.07) x 10~* [Kitahara et al.]
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The SM prediction of €% /€x

RBC-UKQCD
i ~ L Yezp (ImA ! ImA >
€K N \/i GK‘ (R6A0>eazp : Wexp 5

They determine ImAg, ImAs by lattice QCD calculation.
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The SM prediction of €% /€x

Buras et al. AJ. Buras, M. Gorbahn, S. J'ager and M. Jamin, JHEP 11 (2015)
202 [arXiv:1507.06345]

1

€ 1 W
K cxp (Im 5

~ ImA
ek V2lex| (Redg)eap >

Wexp

H —@ZC( Qi) Ar = (w1 |Has | KO

(ReAg)exp, (RGAQ)e:vp
| determine
(Q2(1)) g » (Q2(1))4

l by using suitable relation

<Q4,10(M)>o ; <Q1,9,10(N)>2
66Q:(1)); = () 1|Qi ()| K°)



The SM prediction of €% /€x

Kitahara et al.

1

€ 1 Wezp (I 5
— m
CEK \/i EK‘ (ReAO>e:Bp :

In addition to Buras’'s result they estimate subleading
hadron matrix elements

<Q3>O ) <Q5>O ) <Q7>O

by using lattice QCD result.

IIIlA2>

Wexp
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- /
Models solving €' /€ anomaly

Several new physics models have been studied to explain e//e anomaly

MSSM
chargino Z penguin [M.Endo, S.Mishima, D.Ueda and K.Yamamoto, PLB762(2016)493]
gluino Z penguin [M.Tanimoto and K.Yamamoto, PTEP(2016)no.12,123B02]

gluino box [T.Kitahara, U.Nierste and P.Tremper, PRL117(2016)n0.9, 091802 A.Crivellin,
G.D’Ambrosio, T.Kitahara and U.Nierste, 1703.05786]
Vector-like quarks [C.Bobeth, A.J.Buras, A.Celis and M.Jung, JHEP1704(2017)079]

Little Higgs Model with T-parity [M.Blanke, A.J.Buras and S.Recksiegel,
EPJ.C76 (2016)no.4,182]
331 modellA.JBuras and F.De Fazio, JHEP 1603(2016)010 & JHEP1608 (2016) 115]

Right handed current [v.Cirigliano, W.Dekens, J.de Vries and E.Mereghetti, PLB
)17)1 S.Alioli, V.Cirigliano, W.Dekens, J.de Vrigs and E.Mereghetti, JHEP1705 (201 7)0806]


http://J.de
http://J.de

Chargino contributions to Z penguin
soft SUSY breaking terms

_LSOftD(m@)?ja:LajR (13 )i R UG R ((TU)ingﬁiLﬂjR h-C-)

T

trilinear term

EW symmetry breaking: H) — -+ H) —

, 7 %

| 0 o\, _"

;H <H>—$ i VZT )
S
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Vacuum stabpllity

SE <4OOE

% 0.1 (511, ) B UQ(TU)ZJ
3@ LR/)vy —
- | ﬂm%
 allowe
SE>4OO
001 by,
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small yukawa and heavy higgsino suppress charging
contribution.
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hy ho
br > O | > d;
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(51 r)15@ ® (0ir)i
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Heavy higsino suppress chargino contribution.
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Heavy higgsino suppress charging contribution.
(€'/€)susy is sensitive to wino mass.



