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Why Kaon?

Kaon observables are sensitive to NP at a very high scale, which is not accessible at
the LHC

- FCNC and CP violation in Kaon system are suppressed in the SM

c.f. meson mixing
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Several on-going experiments for Kaon observables
( KOTO/NA62/LHCb + KLOE-2/TREK...)

Using recent result of lattice calculation, there is discrepancy in €’/ between SM
value and data (discuss in detail later)
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€ and €’
1964 K - 2mt was observed Discovery of CP violation
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Highly suppressed and sensitive to NP
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Indirect CP violation € gives severe constraint on NP A VAVAVAV

SM prediction of € is sensitive to | Vcb|
Ni = ViiVig, Sp : Inami-Lim function
7); : QCD correction NNLO : Brod and Gorbahn 1108.2036

e(SD) o ImA; [Re)\cnccSo(xC) — ReAnSo(w:) — (Rede — ReAy)net So(ze, :Ut)}
= |‘/cb’2)‘277|:‘vcb|2<1 - :5>77tt50<$t) + Uct50($c,$t) — nccSO(xc)}

€ evaluated from inclusive | Vcb| is consistent with the measured value

On the other hand there is 40 tension with exclusive | Vcb| (still tension in averaged)
See e.g. Bailey, Lee, Lee, Leem 1808.09657

Vcb exclusive vs. inclusive problem

[€|exp = 2.228(11) x 107°

inclusive 1Vl

—_— exclusive 1V

O(10%) NP room on ¢ is still allowed

measured value =

10 12 14 16 18 20 22 24
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&€ . Vcb exclusive vs. inclusive

. Inclusive
Exclusive 1)CLN  2)BGL /
O SE—ssonv LT T T T T
— = B—-Dlv 7] . H
= Boly | 1 2 different methods for functional form
>= 4.5 - APy Inclusivc—-l— ~
Z TF o Aveseesor . ou ]  of form factors:
4 :_ B Average Ay'=1 IVZ:I: global fit in KS _:
: { 1. Model-dependent method : CLN
C Caprini, Lellouch, and Neubert (CLN) hep-ph/9712417
35 —
. 1 2. Model-independent method : BGL
3 - Boyd, Grinstein, and Lebed (BGL) hep-ph/9705252
N HFLAV
B Summer 2016 |
25 N TR \A ok [ | P(.XZ) 7"."%1_
34 36 38 40 42 44
IV, [107]

B — D*/v untagged Belle ICHEP2018

Recent discussions on exclusive Vcb :
Bigi, Gambino and Schacht 1703.06124/1707.09509

The gap might be explained in part with BGL method Grinstein and Kobach 1703.08170

Large deviation from heavy quark symmetry ?  Bernlochner, Ligeti, Papucci and Robinson 1708.07134

The situation of exclusive Vcb is still unclear See talk WG2
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— = ImAO A ImAQ
QCD penguin operator EW penguin operator
4 ud ) 4 ud )
g §<u,cé v, Z05'<uad
S S
d d d d
N\ . \_ 4
RGAO 1
- = — =22.46 (exp.)
Al=1/2 rule Red, = &

In the SM, there is accidental cancellation between ImA, and ImA,
due to the enhancement factor 1/w

EW penguin is comparable to QCD penguin due to the enhancement factor
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e’ [ discrepancy

Decay amplitude Short distance Matrix element

(mm) 1 HIE®) =) C,

Short distance

- NLO result has been available since early 90’s
- NNLO QCD calculation is in progress  Cerda-Sevilla, Gorbahn, Jager, Kokulu 1611.08276

Long distance (Matrix elements)
- First lattice result by RBC-UKQCD in 2015  1502.00263 1505.07863

From the lattice result, €’/€ has been calculated in SM using data for ReA,,

/

€ 4
) hs:jll . (—> = (1 06 + 507) X 10 Kitahara, Nierste and Tremper, 1607.06727
L 2ol | € /sl c.f. RBC-UKQCD / Buras, Gorbahn, Jager and Jamin 1507.06345

/
<€_> — (166 + 23) X 10_4 average of NA48 and KTeV
€

exp

2.80 difference O(1) NPing'/e?
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SM with Lattice 2 86

) .
E /E d ISCre pa ncy (%)SM = (1.06 £ 5.07) x 10~* difference (6—/> = (16.6 £2.3) x 107*

€

O & Og4 have dominant effects on €’/e due to chiral enhancement

1/2 in O = (Sadg)v— 150
<(7T7T)0|06’K> X B((s - Non-perturbative QCD penguin U5 = (Sadls)v AZ(ng Jv+a

3 . 3. e
(77| O8| ) o Bé‘ /2) parameter EW penguin Og = _ (5ads)v -2 zq:eq(qﬁqa)v+A

Values extracted from the Iattlce result Buras, Buttazzo, Girrbach-Noe and Knegjens 1503.02693

BM?P = 057+£0.19 B =0.76+0.05
Error for €'/¢ is dominated by B¢(1/?)

Two ways of analytic approaches

Buras and Gérard Ch PT (FS|) Gisbert and Pich 1712.06147
/ 1507.06326 hep-ph/0007208

/2 :
BA/Y < gl < (E—> < (6.0+24)x 1074 Fo' I~ 1 (6_> — (15+7) x 10~
€ ~
SM 1805.11096 | s 0.9 X €/sm

Large N. Dual QCD approach

Result in DQCD approach gives a strong support to lattice result. On the other hand,
result in ChPT is consistent with data See J.Aebischer talk (WG3, Wed)

Wait for improved lattice results  See C. Kelly talk (next)
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Interpretation of €’/< discrepancy

Motivated by €’/ discrepancy, several new physics models have been studied

Little Higgs Model with T-parity Blanke, Buras and Recksiegel 1507.06316
Modified Z scenario Buras, Buttazzo and Knegjens1507.08672/Buras, 1601.00005
Endo, Kitahara, Mishima and KY 1612.08839/Bobeth, Buras, Celis and Jung 1703.04753

Z’ models Buras, Buttazzo, Knegjens 1507.08672 /Buras 1601.00005
331 model Buras and De Fazio 1512.02869/1604.02344
MSSM Chargino Z penguin Endo, Mishima, Ueda and KY 1608.01444
Gluino Z penguin Tanimoto and KY 1603.07960
Endo, Goto, Kitahara, Mishima, Ueda and KY 1712.04959
Gluino Box Kitahara, Nierste and Tremper 1604.07400,1703.05786

Crivellin, D'’Ambrosio, Kitahara, Nierste 1712.04959
Chobanova, D’Ambrosio,Kitahara, Martinez, Santos, Ferndndez and KY 1711.11030

Vector-like quarks Bobeth, Buras, Celis and Jung 1609.04783
Right handed current Cirigliano, Dekens, Vries and Mereghetti 1612.03914
Alioli, Cirigliano, Dekens, de Vries and Mereghetti 1703.04751
Leptoquark Bobeth and Buras 1712.01295
LR symmetric model Haba,Umeeda and Yamada 1802.09903/1806.0342
Type-lll 2HDM Chen and Nomura 1805.07522/1808.04097
Chiral-flavorful vectors Matsuzaki, Nishiwaki and KY 1806.02312
Diquark model Chen and Nomura 1808.04097

Different implications (correlations & predictions) for other observables appear
depending on models = Possibility of model discriminations

Clean signal : K mvv
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K,>n°vv and K*>n*vv

- Highly suppressed in the SM : BRSM"‘]_()'11 Buras, Buttazzo, Girrbach-Noe and Knegjens 1503.02693

BR(Kp — m°vp)em = (3.00 £ 0.30) x 10~ 11
BR(K" — 7t vd)gm = (9.11 £0.72) x 10~}

- Theoretically clean (Hadronic matrix element can be estimated using isospin symmetry)

- Neutral decay K, m®vv is purely CP violating mode

n K-—>nw

p
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K,>n°vv and K*>n*vv

d v

BR(Ky — n"vi)ey, MOPK(# KOTO@I-PARC

- KOTO at J-PARC reported new result from the 2015 data this summer

BR(Kp — n°vi)gum = (3.00 +0.30) x 1071
BR(Kp, — TU0)exp < 2.6 x 107° (90%C.L.) £391a
< 30x 10_9(9O%C.L.) New 2018 KOTO@ICHEP2018

- KOTO-phase2 aims to measure at 10% accuracy

BR(K' = 1) exy Wﬂﬁz& NA62@CERN

- NA62 at CERN observed one event in 2016 data
BR(K" — 7t vp)gm = (9.11 £ 0.72) x 10~}
BR(K' — T u0)exp = (1.7377°02) x 10710 BNL949/E787
< 14 x 10719(95%C.L.) New2018 NA62@FPCP2018

- Expected about 20 SM events from the 2017-2018 data sample

See M. Koval talk (WG3, Wed)
12/19



E'/ £ & K->nvv - Examples -

Z scenario Buras, Buttazzo and Knegjens 1507.08672 / Buras 1601.00005 / Bobeth, Buras, Celis and Jung 1703.04753

There are interesting correlations between Kaon observables A, and/or A,
depending on the chiral structure of coupling (LH and/or RH) $ d
e p 4 ) A
Re<:> x —ImAJ* —3ImAY +--- CPV = Strong correlation
Q7V 675

BR(KT = 7tvd) o< | X 4 -+ |2

2 vv
T A7

X = X(x
(z¢)sm + 2MZ, G2 V}’ZVidMé

ASd ASd
BR(K — 7°vi) o (Im X)? (AL + AR)

lexc| o Tm[(A5%)? + (A5)? — 240437 A7

Modified Z, LH scenario Modified Z, Ay’ = -0.5 A}
[T T T T T T T T T T T T T [ T T T T T T T T T T

L T om0 ] (o 5% o577 o7 AT
LH scenario 1 =i : LH+RH s e o
12; B(6|/2):1‘B§3/2):1 ; Scenarlo 12; 821/2)21‘823/2):1
:'9 10} ?2 10}
S 2 ol
< { 8:
1 T
2 g °f
/M E‘;, 4k
2f
ol

€le [1074]




E’/ £ & K->nvv - Examples -

Endo, Mishima, Ueda and KY

Chargino Z penguin 1608 01444
Large trilinear couplings bring enhancement of €’/¢

LH Z scenario = negative correlation btwn €/¢
and KL->mOvv

3 [SM

PN
i
o 8
SH
B(K>mvv) [10-11]

SH
ISH

104 1073 102

(e'7e)susy

g’ /e & SUSY scale < 4-6 TeV

BR(Kp — 7T01/z7) <0.6 SM

BR(K™ — nvp) 0(10~100%) effect

Gluino box Crivellin, D'Ambrosio, Kitahara and Nierste
1703.05786
Large isospin breaking ( mg # mp ) gives effect
on ImA2
di —>— o656 —>—UR di —>—— B —>—drR
* g AT = * +D
S| —~—TEEED W S| — < EEEET L dk
mg, = 1.5TeV, mp = 300 GeV
2.5 T T T
200 E/Kdiscrepancy ‘
N can be solved at |
§ 1.5F o :1,1—:}
0k 1
110*0 0.0005 — 0.0001 A
§ : (i,n,l()lrF
0.001
0.5F | ¢ 20— 0.91
(: -~--().lJUl}
00— LR

0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
B(K* — ntvp)/SM

<1.45M =) KOTO
<1.25M =) NA62

Different correlations between €’/e and K->1vv may allow to distinguish among

models
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Recent other progress for €'/« See J.Aebischer talk (WG3, Wed)

Chromomagnetic operator

- ETM collaboration has reported the first Lattice result for the K-> matrix element of
the chrome magnetic operator ETM collaboration, 1712.09824
- DQCD gives a similar result Buras and Gérard 1803.08052

CMO contribution is not significant in the SM, but it could be important in some NP models

BSM Operato IS Aebischer, Buras and Gérard 1807.01709 / Aebischer, Bobeth, Buras, Gérard and Straub 1807.02520

Matrix elements of BSM operator are calculated in DQCD
Master formula including BSM operators is derived with DQCD
Scalar & tensor operators, which have chiral enhancement, are important

SMEFT study : (SM effective field theory) [SU(2) X U(1) inv.] (g < 1 < Unp)
L=Lsm+ ZQO?ZS Due to the RG effect, observables have correlation

-Model independent approach Acbischer, Bobeth, Buras and Straub 1508.00466
The constraints from K°® and D° mixing as well as EDM are potentially important

- Z penguin Scenario Bobeth, Buras, Celis and Jung 1703.04753
Endo, Kitahara, Mishima and KY 1612.08839/ Endo, Goto, Kitahara, Mishima, Ueda and KY 1712.04959

AS=1 operators generate AS=2 contributions, through top-Yukawa enhanced RG evolution
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K-> uu

It could be used to probe NP contributions. K

However, there are LD contributions (K->yy) in SM: _

Kg — pp
K->vyy is evaluated in ChPT at O(p”4)

- @

B(Ks — ptp )sm

= (4.99 (LD) + 0.19 (SD)) x 1012

= (5.18 4 1.50 & 0.02) x 10~

Ecker and Pich Nucl.Phys. B366 (1991) 189-20
Isidori and Unterdorfer hep-ph/0311084

v

B(Ks — pT 7 oxp < 0.8 x 1079 LHCh Runi
SM sensitivity at LHCb Run3 (2021-)

Kp — pp

Leading O(p”4) contributions for K-»yy vanish

K 7, n, 0

L — A(KL — ,UJ,UJ)LD

Note: CP|#%) = —|=°%)

Determined from B(KrL — ¥7Y)exp
= Sign ambiguity in A(KL — pp)Lp
B(Kp — pu™)sm
~ [(6.85 4 0.80 +0.06) x 10~°
(811 £1.4940.13) x 10~°

Isidori and Unterdorfer hep-ph/0311084
Gorbahn and Haisch hep-ph/0605203

B(Kr — u i Jexp = (6.84 4 0.11) x 1077

PDG
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Kse LML - Interference contribution -

A state of K° (or K°) at t=0 evolves into mixture of K and K, states

If # of KO & K° in beam are different from each other, interference contribution
btwn K¢ and K exists

The decay intensity of neutral Kaon beam into f: N(K°) : # of KO

0 0
N | KO 0)

I(t) = ‘2 MK )
N(K°) + N(K")

Ho s K00
+wa+mﬁﬂm HIE )

Lg+T

- %|A(KS)|26_FSt + %|A(KL)‘2€_FLt + D Re|e  AMELA(K ) A(K L) [e™ 7 1 4 O(9)
_ Interference contribution
N(K°) - N(K°)

Dilution factor D = N(KO) n N([_(O)

»<¢Nonzero D can be achieved by an accompanying charged kaon tagging pp — K°K~—X

Decay length of the interference contribution is around 2t

= decay inside of LHCb detector
O(1m) : LHCb detector size

K. :T,
Primary

i

1 1

l lInterf: 1T 2 _
vertex E q lInterference: t ~ 2t } B(KS ,UJ+,U )eﬂ?

-

17/19



Kse LML - Interference contribution -
B(Ks — p*u” e = B(Kg = p ™)+ D B(K — 117 )ing

B(K — ,UJ+,U_)int X .A(KS — /L+M_)*A(KL — ,LL+,UJ_) D) ImASDA(KL — ,LL,LL)LD
O ImAsp o A(Kp — pp)rp
SD effect becomes comparable in size to LD, due to large A(K. — pu)ip in interference
effect
The sign of LD AKXz — ui)rp can be determined by a measurement of the interference

Chobanova, D’Ambrosio,Kitahara, Martinez,
1% 1011 D'Ambrosio and Kitahara 1707.06999 x10-11 Santos, Ferndndez and KY 1711.11030
i 1 3L/R ut

5 8x10712 B | <
| ® Sp/L
3 i
T, 6X1072 | .
T axiom |
0 E
i gray: Ks = uu (CPC) in the SM
m 2% 10712 F Blue: Ks —uu with the interference in the SM \ 3'(\91tructive
. Green: Z scenario (LH) with £’k anomaly -
ob— . ] MSSM scenario
1.0 05 0.0 0.5 1.0 N1 L ) NN B o o O D My
D -1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
: opposite direction D

The interference changes Br. at 0(60%) level in SM [more significant in MSSM]
and the sign of the LD in K->y can be determined if D=0(1) w=s» LHCb
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Summary

Many recent progresses in Kaon physics

O(10%)NP €

A

Vcb

A

: / :
Discrepancy ? € /6 Lattice

heck _ s
NP studies K; - 7vp - O%e

KT > atvp —— NABZ

Kg — np %

Many other interesting topics (not covered in this talk)

e.g. (LFUtest(Keo/K,2)
LFV ( K7 — pe )
K — bl  seeA. Juettner talk (WG3 Wed)

kcorrelation with B physics ( RD(*) , RK(*)7 - ) see M. Bordone talk (WG3 Wed)

clean obs.
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Current situation of £’k/ex

BEFL "97

PPS "01

HPR "03

BG 15

BG "15+Lat.(/=2)
GP I8

RBC-UKQCD '15
BGIJ °15
KNT '16

E371(FNAL) '93
NA31(CERN) '93
NA4§(CERN) '02

KTeV(FNAL) '11
PDG average

~ B(1/2)< ReA,

Kitahra talk

)

Re A 0

B e e LS e o e e s e o -
' . 32 1.6, BYY? ~ 0.9
o ¥ : : 1 1/2 (3/2)
ChQM s ' 1 ! Bg '~ ~16, By ~ 09
ChPT ' : - 1 B2 3 pB2) Las
ChPT with minimal hadronic app. # < 1 6 ~ 0 T8 e
' ’ (1/2) . pi3/2)
dual QCD approach e o s . By < By <1
b Lattice (1=2) e —t ' ‘ B* < BP < 0.76
cher e ' ' BV 15
1 1
. ) 3/2
v = 4 Lattice (1=0,2) BM® =057, B*? =0.76
5 o 4+ proper matching with ReA0,2 and SD ] __
’ ‘ + proper RG evolution dual QCD predictions

BM* < B <1, B =08

Observed values

Lattice

- L
el
v | ——
] I3
-5 0 5 10 15 20 25 30
Re &) /e x 10
Exp. ChPT dual QCD
ReA,
AI'=1/2 rule (R(?Az) 2945+ 0.05 ~ 14 16.0+1.5

31.0£11.1



Mishima talk @ FPCP2018

RBC-UKQCD lattice result f:yl S e

[15] RBC-UKQCD, 1502.00263

Amplitude Lattice QCD Exp. data

ReAg [1077 GeV] 4.66 +1.00 +1.26 |3
ImAg [107 GeV] —1.904+1.23 £1.08 [3
[
[

[
RGAQ [
[

1078 GeV] 1.50 £ 0.04 4 0.14
ImA, [10713 GeV] —6.99 4 0.20 4 0.84

3.322 £ 0.001 [1]

)

]

5] 1.479 £0.003 [1]
5] —

—_ =

® The real parts are consistent with those extracted from

the data.

® Scattering phase-shifts are determined from the two-pion
energy levels in a finite Euclidean volume on the lattice.

[Lellouch & Liischer]

® Caveat: The calculated I = 0 =« phase-shift is smaller
than the data:

8o = 23.8(4.9)(1.2) ° 4 (0)exp = 38.3(1.3) °



