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Kaon & CP violation:1

®  Precise measurement for Kaon decay discovered the two type of CP
violations: Indirect (mixing) (£x) & Direct CP violation (£7«)

[Christenson, Cronin, Fitch, Turlay, 64" with Nobel prize]
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Kaon & CP violation:2
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General remarks

®m This formula is modified by my, # mgy [Cirigliano,Pich,Ecker,Neufeld,PRL 03’]

. / .
®  Theoretical value of € /€x is real number

s |ex|, Redp, and Redz have been measured by experiments very precisely

» Theorist calculates ImAg, and ImA, for € /ex

® Experiments can precisely probe €} /cx by the following combination

Br(Kp—n'7?)
Re i N 1\77+—|2 — \7700\2 _ 1 1 _ Br(Kg—m0n0)
€5 6 ‘77_|__‘2 6 Br(Kp—rtr™)
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Kaon & CP violation:3

/

€K B \/§|€K|exp (ReAO)eXP

1
(—ImAO —|— ImA2>

Wexp

= 22.46 (exp.)

® Numerical Remarks

®  /mAo (I=0, Al=1/2) term is dominated by gluon-penguin, while
ImA2 (I=2, Al=3/2) term is dominated by EW-penguins ( o< m; ),
and they have opposite sign contributions

®  Since ImAz2 is proportional to a but enhanced by 7/w, its
contribution is comparable to ImAo

O(as) & ~Ofa)

®  Two terms contribute destructively each other. Actually, € /€x is
canceled out at mt ~ 0(220) GeV [ Buchalla,Buras, Harlander,90: LO result]

®  The LO QCD contribution does not contribute to ImA2. Thus
NLO QED corrections are leading order to ImA2 term
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Kaon & CP violation:4

®  The lsospin amplitude can be decomposed into Wilson coefficients (Ci)
and hadronic matrix elements (<Qi>)

Ar—op = ((77) 102 Hlg T KO)

= Cil(nm) 1=02|Qi|K°) =) " Ci(Qi)1=0.2 Qi are four-fermi operators
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[TK, Nierste, Tremper 16’]
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The first lattice result for <Qi>

®  The calculation of the hadronic matrix elements (<Qi>), being non-

perturbative quantities, is a major challenge, and have been estimated
by the effective theories (e.g. chiPT, dual QCD model, NJL model, ...)

®  But their results have a tension among each other (next slide)

®m  Recently, a determination of all hadronic matrix elements by lattice

QCD is obtained with controlled errors (first lattice result)
[RBC-UKQCD, PRL115 (2015)]

Ap = KO '*'.T—— (7T7T)1 0,2

oile /><>M

[Figure in RBC-UKQCD, PRL115 (2015)]

®  Now, one can estimate ¢ /¢ without using the effective theories
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ImAO

Current situation of €« - "~

RGAQ

x ImAy — (RGAO) ImA,
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Fabbrichesi,Lashin 97/ . | | | |
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pers Rafacl oy| | XPTithminimal hackonic app.  ———e———
Buras,Gerard 15'L  eereenens — dual QCD approach
. §— I + Lattice (l 2)
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B{'? ~ 1.6, B ~ 0.9
B{"* ~ 1.6, B ~ 0.9
B{'? ~3, B{** ~ 35

B/ < BB/ <4
BY{'? < BB < 0.76
1/2 3/2

Bi"? =057, B®? =0.76

Observed values

-5 0 5 10 15 20 25 30
large N limit (convention) Re €' x/ex X 104
Bél/z) _ Bé3/2) 1
dual QCD prediction ReA, Exp. XPT dual QCD Lattice (1=0,2)
B{'? < B®? <1, B*? =08 (ReAz) 2245 +005 ~ 14 16.0+1.5 31.0+11.1
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Singularity

B % 2;’30 2,‘")’0 ‘

~(0)T By A (0T ~ ()T
/ M1)s /s
° 230

J: NLO-RG evolution matrix  J. - [J

®  Go on the diagonalized basis of ys©T, the equation becomes

(V lj”v) g ()T OT) \’
7 2By F ((%,n )i — (7"5,1) )n')

®  Unfortunately, when f=3, 28, = 18, &é%T D +2,—16 , then the denominator

vanishes with a generally non-zero numerator -> Singularity

®  The other / matrices also have similar singularity when f=3,4,5,6

Ut (1, o) = K (p1)Uo(p, p2) K' (2,
A . o A by .
with K(p) = (1 + 4’;' J) (1 +

" apM -
1 — Je
( as(ﬂ?) )

&) ; Singularities

47 Js

K'(p2)
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Removing the Singularities:1

® In order to eliminate the singularities, we generalize the Roma group's
ansatz by adding a logarithmic scale dependence to the / matrices

Our singularityjfree Uf(l-tlv/-l‘i?) _ R’(NI)UO(HI,#'2)1%’(#-2),
analytic solution

with Rmn=(ﬂ+ﬁfiAmwnO(f+§$”im«m»)
N2
X i+““KMmmm+(““J)AmmM».
ars (1) as (1)
2
' - _ _QEM ) — OEM B . 2
A(#ﬁ—-<1 2 o) — (22 ) () — (et »)))
x(}—“fﬁu%wm)ﬁ—fﬁuumwm)
where ) . . .
Js — s(a's(ﬂ)) — Js,O“'Jsllnas(,u)a
']e. — e(as(/")) — Je.O + Je 1 Ina (lLl’)’
jse. — Ase(as(/l)) — j 0 + Jse 1 In as(/l) + jse,? IDQ as(,U)-
jee(as(ﬂ)) — Aee,O + Jee 1 In Q’s(/—’«)-

[TK, Nierste, Tremper 16’]
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Removing the Singularities:2

m Then, /s matrices are the solution of the following equations

ﬁéO)T' - ﬁ%_ﬁéO)T‘ ()T

Ioo— | Js.0 = — _ —Js1
’ B " 260 | Bo 280 20 >
i ~(0)T ]
A N ’}/8
JS _ JS 9 — 07
1 _,1 m%_

®  Overview of our solution
®  All singularity terms are regulated into logarithmic terms
®  Some logarithmic terms are consistent with literature

®  Our solution does not rely on a specific basis and permits a much
faster, easier and, in particular, more stable computational algorithm

®  Our next-to-leading order RG evolution matrix has an additional
new correction of O(2/xg2), which appears only at this order

numerically o2/as?2 ~ &, but we find this contribution is small
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£’k Discrepancy

® Inthe SM, €} /ex is significantly suppressed by the GIM suppression
AND by the accidental cancellation between QCD and EW penguin
contributions

®  SM expectation value at NLO (without effective theory) [TK, Nierste, Tremper 16/]

(€K> — (0.96 4 4.68 & 1.52 + 0.60 + 0.24) x 10~
SM-NLO

€K Lattice ~ NNLO  isospin
violating

®  We have calculated €« /€ in the Standard Model at the next-to-leading
order. The result is 2.9 sigma below the experimental measured value. It
highlights a tension between the Standard-Model prediction and

experiment.
=290
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Preliminary for NP part

®  The SM prediction of ¢ /€Kis 2.9 sigma below the experimental values, which
give strong motivation for searching for NP contributions

m ¢y /ex is highly sensitive to CP violation of NP

loop suppression *GIM suppression* accidental cancelation
P supp PP

VS.

NP (loop suppression) *(large coupling) * NP scale suppression

® One should also consider the other flavour constraints

®  Actually, some models can explain this discrepancy, e.g. Littlest Higgs
model, 331 model, generic Z" models, 750GeV model (dead?), and SUSY

[ Buras,Fazio,Girrbach 14/, Buras,Buttazzo,Knegjens 15, Buras 15’, Buras,Fazio 15’, 16, Goertz,Kamenik,Katz,Nardecchia 15’,
Blanke,Buras,Recksiegel 16’, TK,Nierste, Tremper 16’, Tanimoto, Yamamoto 16’,Endo,Mishima,Ueda,Yamamoto 16’]
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Our calculation strategy for MSSM

®  Ourwork

® (P violating phase in the MSSM

' Included

take to be Real

in light of severe constraint
from EDM experiments

® CKM matrix

®  squark mass matrix
®  u (Higgsino mass)
®  gaugino mass

B Aterm

®  We calculate SUSY QCD (gluino) corrections and chargino/neutralino-Z
penguin contribution in light of strong coupling and Isospin symmetry
breaking

®  TeV scale SUSY & SUSY scale matching, mass eigenbasis calc., NLO-
QCD and QED RGE corrections
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Gluino box (“Trojan penguin”)
[Kagan, Neubert, PRL83(1999)

Grossman, Kagan, Neubert, JHEP10(1999)]

® In spite of QCD correction, gluino box diagram can break isospin
symmetry through mass difference between right-handed squark
masses

®  “Itis neither (pure) penguins nor of electroweak origin.
Nevertheless, at low energies their effects are parameterized by an
extension of the usual basis of electroweak penguin operators.”

dlL > —o0O E SRV > UR dL > ,L)Umm > dR
+ U + >:( +D — QCD penguin(Qs)

St < OO0 &0 < UR St < OO0 &0 < dr

di —> 6B —>—UK dL —> m > dR
+ U - ):( +D — EW penguin(Qs)
| l |

St < VAVA.AVAY <— UR St «— 5 R—<—dR

mg # mp — contribute to ImAs,

Siop|

Movie:Penguins of Madagascar
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Sub leading contributions

®  Gluino chromomagnetic penguin operator can give subleading

contribution, but there is no reliable results for hadronic matrix element
[Buras,Colangero,Ishidori,Romanino,Silvestrini, 00" |

®  Gluino photon-penguin breaks isospin sym. explicitly, but is suppressed

by a/ois | | -
[Langacker,Sathiapalan,84',Grossman,Worah,97',Abel, Cottingham, Whittingham,98']
: g , ) VP
®  Z-penguin contribution needs to break the EW sym. like Ler = 175 |HId: D d;.

Hence, chargino Z-penguin contribution is always larger than gluino Z-

penguin [Colangelo,Isidori,98' @ K—zvv |
g X*
dt dt
<« —X - < «d- -3 -
U/J
%
isospin breaking isospin breaking
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Overview for calculation of SUSY &%

®  We calculated the following six-type one-loop SUSY contributions

®  SUSY matching scale is given as the input parameter

SUSY matching

scale Top quark
threshold

gluino box (Trojan PG)

bottom

®
?D quark CharrE
gluino gluon PG = quar
) 1w =13GeV
: ol MO
gluino photon PG S8 (2 loop) /
evolution € €
o H o
~—
chargino/neutralino ?r
Z PG =
QQ

gluino neutralino box

gluino W PG/gluino chargino box could be
omitted numerically: ©(107?)
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Main Constraint: €« (AS=2, ID-CPV)

®  Although €k (AS=1, D-CPV) is sensitive to NP, once & (AS=2, ID-
CPV) constraint is taken into account, NP effects in AS=T is highly
suppressed

® NP hierarchy in |AS| =1 vs. |AS| = 2 transitions;

2

SM Im(7%) ¢ SM Im_T __ Vi

K VE K VE T V. V*
W W lL(l .8

~ (1.5 —i0.6) - 10~°

If the NP contribution comes with the AS = 1 parameter d and is mediated by
heavy particles of mass M, one finds

Im(52) 'NP Im5
611\1(P X 2 € X W
NP With M > 1 TeV, NP effects can
GEP NP Rer only be relevant for |0| >> |T| and
/SM < G/IQM — Rod this equation seemingly forbids
K T €I§M detectable NP contributions to €K
K
GII\I(P < E%—M
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Loophole of constraint from &«

® The leading contribution is given by drs;drsp

> dRr

SL—>— 850
I | 9
):( ):( ~ ( MK ) this contribution is suppressed
' |

®  The next contribution is given by drsrdr sy

5L —>—F559H 00 T—> dL > —>> ' '
| | | | Crossed diagram gives
X X X X relatively negative
' | | | contributions
dL—= o6&60 <«— 5| < <

m  m; 2 1.5 mg , these contributions almost cancel out [Crivellin, Davidkov, PRD81(2010)
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Constraint from &x

SUSY ; exp
€K /61(

e exclusive Vg,
047 :
N ¢ (¢ 100\ 77
0.2
00!
—412: __________
_0.4:- A i A A A A A i A A A A A i A i i A A
0.5 1.0 1.5 2.0 2.5 3.0

MS = 10TeV

mg/MS

Actually, there are several expected values of &« depending on the input
CKM parameters

|Vcb|; measured in inclusive b = clv decays..... & is consistent with exp. value

|Vcb|; measured in exclusive B = D(x)lv decays..... & is 30 below the exp. value
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mij[TeV ]

SUSY contributions to €«

®  We take universal SUSY mass spectrum without gauginos and right-
handed up-type squark mass

'SUSY
5
fex : : £’K discrepancy
. M 1 5]\15 can be solved at
i 3 — 1. S
| AQ,12,13,23 = 0.1exp(—in/4) 20
0 -
e |mo/Ms =08 2.0 0.5
7 128 S e
2 \
e
]l |
X |
; | 5§ —
J S g —— GZ
f —— 99 —— X /,_
108 . \\\ , G e X — |
N | 1.5 2 3 5 7 10
10. 20. MS [TCV]

[TK, Nierste, Tremper, PRL(2016)]
nEDM, AMk, DDbar mixing are weaker constraints than &«
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Conc

TK, Nierste, Tremper, Endo, Mishima, Yamamoto(K) STAY TUNED

Supersymmetric
Teppei Kitahara:

lusions

€ /€K is a good measure of the CP violation from new physics

The lattice group and the SM calculations have revealed that the SM
expected value deviates significantly from exp. data (~30)

In the MSSM, gluino box diagram with mass different of the right-
handed squark contributes ¢’ /e, significantly

Heavy gluino can relax the constraint from &€k

Prospects

Correlation with other hadronic channels

Higher order corrections:e.g. 2-loop gluino box

mi[TeV]

UV model, GUT?

Large A scenario, vacuum stability

20.
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Numerical results

: . C (1) = 2 VisVid
®  Wilson coefficients @u = 1.3 Gev ~ CGilw ==l = 25 mwiw) - pew results

! zi (1) Yi (1) O(1)  O(apm/as) Olas) Olapm) Olagpy/as)
1 —0.3903 0 0 0 0 0 0

2 1.200 0 0 0 0 0 0

3 0.0044 0.0274 0.0254 0.0001 0.0007 0.0012 0

4 —0.0131 | —0.0566 —0.0485 —-0.0003 —0.0069 —0.0009 0

5 0.0039 0.0068 0.0124 0.0001 —0.0059  0.0001 0

6 —0.0128 | —0.0847 —0.0736 —0.0003 —0.0099 —0.0008 0
T/apm 0.0042 | —0.0344 0 —0.1120 0 0.0757 0.0019
8/apm 0.0020 0.1158 0 —0.0222 0 0.1373 0.0007
9/apm 0.0053 | —1.3834 0 —0.1269 0 —1.2582 0.0017
10/agy | —0.0013 | 0.4877 0 0.0214 0 0.4668 —0.0004

® Hadronic matrix elements @u = 1.3 GeV

(Qi (1))§™ NPR(GeV)” (Q; (1)) Y5 VDR (GeV)?

i ; . . L
1 R T 0046 o oto0s 00000 — Lattice simulation is calculated at
P 0.105 + 0.015 2 0.01006+000002 p=1.5 GeV (I=0) and p=3.0 GeV
3 —0.041 + 0.066 3 _ :

p 0900 - 0.066 ) B (1=2) with 2+1 flavour

5 —0.180 + 0.068 5 . .

6 ~0.342 +0.122 6 — We exploit CP-conserving

7 0.160 + 0.065 7 0.135 + 0.012 : _ :

8 L Er 0,276 8 0874 £ 0051 data (Wl.th .z,) to reduce hadronic
9 —0.197 + 0.069 9 0.01509 + 0.00003 uncertainties

10 0.053 + 0.037 10 0.01509 + 0.00003

[TK, Nierste, Tremper 16’]
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Overview of effective models

®  Chiral perturbation theory
\/gﬂo—l—\/gn T K+t
T —\/gwo—i— %77 K

®m  Effective theory of the QCD Goldstone bosons: @ =

K~ K° — %n
Gp * 4 i 4 1 2 !
L= _ﬁvudvug gSf tr (AL/JL ) + 927f L,u23L11 + gL,u21L13 + O(gEW)
20
with L,=—iU'D,U U = exp <z\/]: )

[l dual QCD method [Bardeen, Buras, Gerard 87/, 14]

®m  Effective theory of the truncated pseudo-scalar and vector mesons:

9 2
L= fztr (0, U0 U1 — itr (Vi VH) = f;“’ (9u61¢ + 0,867 = 2igV,)"  wih U = €¢

®  Chiral quark model
®  Mean-field approximation of the full extended NJL model
L=_Locp — M (GrUqr + LU qR)
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