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New	physics	implication	
from	Kaon	physics



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

SM NP
If

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

c.f.	meson	mixing

Why	Kaon? &	What’s	new?

Several	on-going	experiments	for	Kaon	observables	(KOTO/NA62…	)

Using	recent	result	of	lattice	calculation,		there	is	discrepancy	in	ε’/ε
between	SM	value	and	data
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In the	SM, there is accidental cancellation between ImA0 and ImA2
due to the enhancement	factor	1/ω

2 Basic formulae 10

with [31, 32]

B
(1/2)
6 = B

(3/2)
8 = 1 (43)

in the large-N limit. As had been demonstrated in [10], B
(1/2)
6 and B

(3/2)
8 exhibit a

very weak scale dependence. The dimensionful parameters entering (41), (42) are given
by [33,34]

mK = 497.614MeV, F⇡ = 130.41(20)MeV,
FK

F⇡
= 1.194(5) , (44)

ms(mc) = 109.1(2.8)MeV, md(mc) = 5.44(19)MeV . (45)

In [34], the light quark masses are presented at a scale of 2GeV, and we have evolved
them to µ = mc = 1.3GeV with the help of the renormalisation group equation. For the
comparison with lattice results below, we also need their values at µ = 1.53GeV, which
are found to be

ms(1.53GeV) = 102.3(2.7)MeV, md(1.53GeV) = 5.10(17)MeV . (46)

Below, we will neglect the tiny errors on mK , FK , and F⇡.
It should be emphasised that the overall factor h in (41), (42) depends on the nor-

malisation of the amplitudes A0,2. In [10] and recent papers of the RBC-UKQCD col-
laboration [23, 35] h =

p
3/2 is used whereas in most recent phenomenological pa-

pers [4, 17, 20, 21], h = 1. Correspondingly, the experimental values quoted for A0,2

di↵er by this factor. To facilitate comparison with [10] and the RBC-UKQCD collabora-
tion results [23, 25, 35], we will set h =

p
3/2 in the present paper and consequently the

experimental numbers to be used are

ReA0 = 33.22(1)⇥ 10�8 GeV , ReA2 = 1.479(3)⇥ 10�8 GeV , (47)

which display the �I = 1/2 rule

ReA0

ReA2
⌘ 1

!
= 22.46 . (48)

We also note that while equation (41) is identical to (5.10) in [10], the definition of B(3/2)
8

in the present paper di↵ers from [10] [cf (5.18) there]. This is to ensure that B(1/2)
6 = 1

and B
(3/2)
8 = 1 both correctly reproduce the large-N limit of QCD. In contrast, (5.18)

in [10] was based on the so-called vacuum insertion approximation, in which additional

terms appear in the normalisation of B(3/2)
8 . Such terms misrepresent the large-N limit

of QCD. With our conventions, 1/N corrections in (41) and (42) are represented by the

departure of B(1/2)
6 and B

(3/2)
8 from unity. They have been investigated in [22] and very

recently in [24] with the result summarised in (4). We refer to this paper for further
details.

We now turn to the parameter q which enters (36). We first note that, like B(1/2)
6 and

B
(3/2)
8 , it is nearly renormalisation-scale independent. Its value can be estimated in the

large-N approach [17]; as this approach correctly accounts for the bulk of the experimental
value of ReA0, the ensuing estimate can be considered a plausible one. In the large-N

ΔI=1/2	rule

EW penguin	operatorQCD penguin	operator

(exp.)

�, Z0

EW	penguin	is	comparable	to	QCD	penguin	due	to	the	enhancement	factor

ε’/ε
A(K0 ! (⇡⇡)I=0,2) = A0,2e

i�0,2
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Short	distance

Short	distance

Long	distance	(Matrix	elements)

Matrix	element

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

- First	lattice	result	by	RBC-UKQCD in	2015 1502.00263	1505.07863

ε’/ε discrepancy

1 Introduction

A deviation of the standard model (SM) prediction from the experimental result is
recently reported in the direct CP violation of the K ! ⇡⇡ decays, which is called
✏
0. The latest lattice calculations of the hadron matrix elements significantly reduced
the theoretical uncertainty [1–4] and yield [5, 6]

✓
✏
0

✏

◆

SM

=

8
<

:

(1.38 ± 6.90) ⇥ 10�4
, [RBC-UKQCD]

(1.9 ± 4.5) ⇥ 10�4
, [Buras et al.]

(1.06 ± 5.07) ⇥ 10�4
. [Kitahara et al.]

(1.1)

They are lower than the experimental result [7–10],
✓

✏
0

✏

◆

exp

= (16.6 ± 2.3) ⇥ 10�4
. (1.2)

The deviations correspond to the 2.8–2.9� level.
Several new physics (NP) models have been explored to explain the discrep-

ancy [11–21]. In the literature, electroweak penguin contributions to ✏
0
/✏ have been

studied.#1 In particular, the Z penguin contributions have been studied in de-
tail [11, 13, 15, 22]. The decay, s ! dqq̄ (q = u, d), proceeds by intermediating the Z

boson, and its flavor-changing (s–d) interaction is enhanced by NP. Then, the branch-
ing ratios of K ! ⇡⌫⌫̄ are likely to be deviated from the SM predictions once the
✏
0
/✏ discrepancy is explained. This is because the Z boson couples to the neutrinos

as well as the up and down quarks. They could be a signal to test the scenario.
Such a signal is constrained by the indirect CP violation of the K mesons. The

flavor-changing Z couplings a↵ect the indirect CP violation via the so-called double
penguin diagrams; the Z boson intermediates the transition, both of whose couplings
are provided by the flavor-changing Z couplings. Such a contribution is enhanced
when there are both the left- and right-handed couplings because of the chiral en-
hancement of the hadron matrix elements. This is stressed by Ref. [15] in the context
of the Z

0-exchange scenario. In the Z-boson case, since the left-handed coupling is
installed by the SM, the right-handed coupling must be constrained even without
NP contributions to the left-handed one. Such interference contributions between the
NP and the SM are overlooked in Refs. [11, 13, 15, 22] [23]. Therefore, the parameter
regions allowed by the indirect CP violation will change significantly. In this letter,
we revisit the Z-boson scenario.#2 It will be shown that the NP contributions to the
right-handed s–d coupling are tightly constrained due to the interference, and thus,
the branching ratio of KL ! ⇡

0
⌫⌫̄ is likely to be smaller than the SM predictions if

the ✏
0
/✏ discrepancy is explained. We will discuss that NP parameters are necessarily

tuned to enhance the ratio. A degree of the parameter tuning will be investigated to
estimate how large B(KL ! ⇡

0
⌫⌫̄) and B(K+

! ⇡
+
⌫⌫̄) can become.

#1 QCD penguin contributions, e.g., through Kaluza-Klein gluons, have also been considered [11].
#2 In this letter, we focus on the s–d transitions. The �F = 2 transitions such as �mB generally

involve the interference contributions.

1

From	the	lattice	result,	ε’/ε has	been	calculated	in	SM	using	data	for	ReA0,2

average	of	NA48 and KTeV

SM	
with	Lattice

Exp

⇣✏0

✏

⌘

SM
= (1.06± 5.07)⇥ 10�4

Kitahara,	Nierste and	Tremper,	1607.06727

c.f.	RBC-UKQCD	/ Buras,	Gorbahn,	Jager and Jamin 1507.06345

2.8σ difference NP	in	ε’/ε ?

h(⇡⇡)I |H|K0
i =

X

n

h(⇡⇡)I |On|K
0
iCn
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- Wait	for	improved	lattice	results

ε’/ε discrepancy

Result	in	DQCD	approach	gives	support	to	lattice	result.	On	the	other	hand,		
result	in	ChPT is	consistent	with	data

- O6 &	O8 have	dominant	effects	on	ε’/ε due	to	chiral	enhancement				
O6 = (s̄↵d�)V�A

X

q

(q̄�q↵)V+A

O8 =
3

2
(s̄↵d�)V�A

X

q

eq(q̄�q↵)V+A

Non-perturbative
parameter

h(⇡⇡)0|O6|Ki /

h(⇡⇡)2|O8|Ki /

B(1/2)
6

B(3/2)
8

EW penguin

QCD penguin

Buras,	Buttazzo,	Girrbach-Noe and Knegjens 1503.02693
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Abstract

We present a new analysis of the ratio "0/" within the Standard Model (SM) using a

formalism that is manifestly independent of the values of leading (V �A)⌦ (V �A)

QCD penguin, and EW penguin hadronic matrix elements of the operators Q4,

Q9, and Q10, and applies to the SM as well as extensions with the same operator

structure. It is valid under the assumption that the SM exactly describes the data

on CP-conserving K ! ⇡⇡ amplitudes. As a result of this and the high precision

now available for CKM and quark mass parameters, to high accuracy "0/" depends

only on two non-perturbative parameters, B(1/2)
6 and B(3/2)

8 , and perturbatively

calculable Wilson coe�cients. Within the SM, we are separately able to determine

the hadronic matrix element hQ4i0 from CP-conserving data, significantly more pre-

cisely than presently possible with lattice QCD. Employing B(1/2)
6 = 0.57±0.19 and

B(3/2)
8 = 0.76± 0.05, extracted from recent results by the RBC-UKQCD collabora-

tion, we obtain "0/" = (1.9± 4.5)⇥ 10
�4

, substantially more precise than the recent

RBC-UKQCD prediction and 2.9� below the experimental value (16.6±2.3)⇥10
�4

,

with the error being fully dominated by that on B(1/2)
6 . Even discarding lattice input

completely, but employing the recently obtained bound B(1/2)
6  B(3/2)

8  1 from

the large-N approach, the SM value is found more than 2� below the experimental

value. At B(1/2)
6 = B(3/2)

8 = 1, varying all other parameters within one sigma, we

find "0/" = (8.6 ± 3.2) ⇥ 10
�4

. We present a detailed anatomy of the various SM

uncertainties, including all sub-leading hadronic matrix elements, briefly comment-

ing on the possibility of underestimated SM contributions as well as on the impact

of our results on new physics models.
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- Error	for	ε’/ε is	dominated	by	B6(1/2)

- Two	ways	of	analytic	approaches

1 Introduction

A deviation of the standard model (SM) prediction from the experimental result is
recently reported in the direct CP violation of the K ! ⇡⇡ decays, which is called
✏
0. The latest lattice calculations of the hadron matrix elements significantly reduced
the theoretical uncertainty [1–4] and yield [5, 6]

✓
✏
0

✏

◆

SM

=

8
<

:

(1.38 ± 6.90) ⇥ 10�4
, [RBC-UKQCD]

(1.9 ± 4.5) ⇥ 10�4
, [Buras et al.]

(1.06 ± 5.07) ⇥ 10�4
. [Kitahara et al.]

(1.1)

They are lower than the experimental result [7–10],
✓

✏
0

✏

◆

exp

= (16.6 ± 2.3) ⇥ 10�4
. (1.2)

The deviations correspond to the 2.8–2.9� level.
Several new physics (NP) models have been explored to explain the discrep-

ancy [11–21]. In the literature, electroweak penguin contributions to ✏
0
/✏ have been

studied.#1 In particular, the Z penguin contributions have been studied in de-
tail [11, 13, 15, 22]. The decay, s ! dqq̄ (q = u, d), proceeds by intermediating the Z

boson, and its flavor-changing (s–d) interaction is enhanced by NP. Then, the branch-
ing ratios of K ! ⇡⌫⌫̄ are likely to be deviated from the SM predictions once the
✏
0
/✏ discrepancy is explained. This is because the Z boson couples to the neutrinos

as well as the up and down quarks. They could be a signal to test the scenario.
Such a signal is constrained by the indirect CP violation of the K mesons. The

flavor-changing Z couplings a↵ect the indirect CP violation via the so-called double
penguin diagrams; the Z boson intermediates the transition, both of whose couplings
are provided by the flavor-changing Z couplings. Such a contribution is enhanced
when there are both the left- and right-handed couplings because of the chiral en-
hancement of the hadron matrix elements. This is stressed by Ref. [15] in the context
of the Z

0-exchange scenario. In the Z-boson case, since the left-handed coupling is
installed by the SM, the right-handed coupling must be constrained even without
NP contributions to the left-handed one. Such interference contributions between the
NP and the SM are overlooked in Refs. [11, 13, 15, 22] [23]. Therefore, the parameter
regions allowed by the indirect CP violation will change significantly. In this letter,
we revisit the Z-boson scenario.#2 It will be shown that the NP contributions to the
right-handed s–d coupling are tightly constrained due to the interference, and thus,
the branching ratio of KL ! ⇡

0
⌫⌫̄ is likely to be smaller than the SM predictions if

the ✏
0
/✏ discrepancy is explained. We will discuss that NP parameters are necessarily

tuned to enhance the ratio. A degree of the parameter tuning will be investigated to
estimate how large B(KL ! ⇡

0
⌫⌫̄) and B(K+

! ⇡
+
⌫⌫̄) can become.

#1 QCD penguin contributions, e.g., through Kaluza-Klein gluons, have also been considered [11].
#2 In this letter, we focus on the s–d transitions. The �F = 2 transitions such as �mB generally

involve the interference contributions.

1

SM	with	Lattice Exp
⇣✏0

✏

⌘

SM
= (1.06± 5.07)⇥ 10�4

Values	extracted	from	the	lattice	result

2.8σ
difference

Large	NC Dual	QCD approach ChPT (FSI)
✓
✏0

✏

◆

SM

= (15± 7)⇥ 10�4

References 14

in (11) appears from present perspective to be final in our approach, significant
improvement on the lattice result is expected in the coming years. This will
allow to find out whether at some level of 20% new physics could still be
responsible for the �I = 1/2 rule. An analysis anticipating such possibility
has been presented in [33].

• As the upper bound on B(3/2)
8 in (35) has been already indicated in [41], one

of the most important results of our paper is the upper bound on B(1/2)
6 . Our

estimate suggests that B(1/2)
6  B(3/2)

8 < 1, but the precise values can only be
obtained by lattice methods.

• Among other results of our approach supported by recent results from RBC-

UKQCD is the strong suppression of hQ3,5(µ)i and B(1/2)
8 ⇡ 1.

If indeed the emerging pattern B(1/2)
6  B(3/2)

8 < 1 and B(3/2)
8 = 0.8 ± 0.1 will

be confirmed by more precise calculations one day, the very recent analysis in [40]
and our paper show that "0/" within the SM will be found roughly by a factor
of two below the data. For a detailed phenomenological discussion of the state of
"0/" including all errors and future theoretical and experimental prospects we refer
to [40].
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RH	scenario

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
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Leptoquark				 																									Bobeth	and	Buras	1712.01295		
LR	symmetric	model 						Haba,Umeeda	and	Yamada	1802.09903/1806.0342
Type-III	2HDM	 						Chen	and	Nomura		1804.06017/	1805.07522
Flavorful	composite	vectors																		Matsuzaki,	Nishiwaki	and	KY	1806.02312
Diquark	model 						Chen	and	Nomura		1808.04097
3HDM 													Marzola	and	Raidal	1901.08290
General	2HDM 												Iguro	and	Omura,	1905.11778

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

ε’/ε beyond	the	SM
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- CPV	effect
- ImA2	is	enhanced	by	enhancement	factor	1/ω
- SM	effect	is	small	due	to	this	accidental	cancellation

NP	in	ImA0 or	(and)	ImA2

ImA2 … have enhancement	factor	1/ω

ImA0 … likely	to	result	in	huge	contribution	to	 ✏K

→NP	in	ImA2 is	likely	

22.4

ε’/ε beyond	the	SM
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ε’/ε beyond	the	SM
Master	formulae	for	ε’/ε Aebischer,	Bobeth,	Buras,	Gérard	and	Straub	1807.02520

Master	formula	including	BSM	operators	is	derived	with	DQCD

O
u
V LR = (s̄↵�µPLd

↵)(ū�
�
µ
PRd

�)

Õ
u
V LR = (s̄↵�µPLd

�)(ū�
�
µ
PRd

↵)

O
d
V LR = (s̄↵�µPLd

↵)(d̄��µ
PRd

�)

Õ
d
V LR = (s̄↵�µPLd

�)(d̄��µ
PRd

↵)

O
u
TLL = (s̄↵�µ⌫PLd

↵)(ū�
�
µ⌫
PLd

�)

Õ
u
TLL = (s̄↵�µ⌫PLd

�)(ū�
�
µ⌫
PLd

�)

O
d
TLL = (s̄↵�µ⌫PLd

↵)(d̄��µ⌫
PLd

�)

O
u
SLR = (s̄↵PLd

↵)(ū�
PRu

�)

Most	efficient	operators	explaining	ɛ	/́ɛ	anomaly	

New	scalar	&	tensor	Operators
HME	calculated	by	only	DQCD

SM	type	operators
HME	calculated	by	Lattice	&	DQCD

Generate	O6(ImA0)	&	O8(ImA2)

NP	scenario

New	heavy	vectors
Modified	Z	penguin
(MSSM,VLQ,LHT,,,)

Heavy	scalars

ETM	collaboration,	1712.09824
Buras	and	Gérard	1803.08052

�Chrome	magnetic	operator	<O8g> (calculated	by	Lattice	&	DQCD)
would	be	suppressed

Pi :	Hadronic	matrix	elements	+	RG	effects
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ε’/ε beyond	the	SM
SMEFT	study	: (SM	effective	field	theory)	[SU(2)×U(1)	inv.]	(μEW <	μ <	μNP)

- Z	penguin	scenario

-Model	independent	approach

ΔS=1	operators	generate	ΔS=2	contributions,	through	top-Yukawa	enhanced	
RG	evolution

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

Aebischer,	Bobeth,	Buras	and	Straub	1808.00466

The	constraints	from	K0 and	D0 mixing	as	well	as	EDM	are	potentially	important

RG	evolution

ΔF=2	operator	

(s̄R�
µdR)Zµ

⇣
H

†
i
 !
D µH

⌘
(s̄R�

µ
dR)

(s̄L�µdL) (s̄R�
µdR)
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- Kaon	rare	decay																											and																														could	be	good	probe

- ΔS=2	process												and																give	severe	constraint	

KL ! ⇡0⌫⌫̄ K+ ! ⇡+⌫⌫̄

✏K �MK

NP	in	ε’/ε also	affect	other	observables				

Some	model	need	tuning	to	avoid		this	constraint

Pure	imaginary.		Strong	correlation	with	ε’/ε
- B	observables	have	correlation	(and	become	constraint)	in	some	models	

- Other	observables	(EDM)

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

Correlation	with	B	anomaliesK ! ⇡⌫⌫̄

ε’/ε beyond	the	SM
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KL→π0νν and	K+→π+νν- -

Highly	suppressed	in	SM	:	BRSM~10-11

Theoretically	clean		(Hadronic	matrix	element	can	be	estimated	using	isospin	sym.)
KL→	π0νν is	purely	CP	violating	mode

KL ! ⇡0⌫⌫̄

K+ ! ⇡+⌫⌫̄ NA62@CERN

- NA62	at	CERN	observed	one	event	in	2016	data	

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

< 14⇥ 10�10(95%C.L.) New	2018

BNL	949/E787

BR(K+ ! ⇡+⌫⌫̄)SM = (9.11± 0.72)⇥ 10�11

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

KOTO@J-PARC

- KOTO-phase2	aims	to	measure	at	10%	accuracy	

< 3.0⇥ 10�9(90%C.L.) New	2018

E391a

BR(KL ! ⇡0⌫⌫̄)SM = (3.00± 0.30)⇥ 10�11
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 Kaon observables have the following dependences on 
the LH and RH couplings: 
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There	are	interesting	correlations	between	Kaon	observables
depending	on	the	chiral	structure	of	coupling	(LH	and/or	RH)

ΔL and/or	ΔR

Z

s d

q, ⌫ q̄, ⌫̄
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Figure 2: 95% C.L. allowed regions for "0/" and KL ! ⇡0⌫⌫̄. Left: model with flavour-

changing Z boson couplings �
sd
R = �0.5�

sd
L . Center: modified Z, LH scenario �

sd
R = 0. Right:

5 TeV Z’ with �
qq
R = 1 and �

⌫⌫
L = 0.5. The plots are for B6 = 1 (blue), B6 = 0.76 (green),

and B6 = 0.57 (red). The hatched regions are the SM predictions at 2�. The gray band shows

the experimental result for "0/".

In the left panel of figure 2 we show the correlation between "0/" and KL ! ⇡0⌫⌫̄
in the case of �sd

L (Z) = �2�sd
R (Z), and compare it with the opposite correlation that is

present in the LH scenario (central panel). The di↵erent colours correspond to di↵erent

choices of the parameters B(1/2)
6

and B(3/2)
8

:

B(1/2)
6

= 1.0, B(3/2)
8

= 1.0 (blue), (55)

B(1/2)
6

= 0.76, B(3/2)
8

= 0.76 (green), (56)

B(1/2)
6

= 0.55, B(3/2)
8

= 0.76 (red) . (57)

The first choice is motivated by the upper bound from large N approach [42], B(1/2)
6


B(3/2)

8
< 1. The second choice uses the central value for B(3/2)

8
from the RBC-UKQCD

collaboration [60] extracted in [18], and assumes that B(1/2)
6

= B(3/2)
8

saturating the

previous bound. Finally, the third choice uses the central values for both B(1/2)
6

and

B(3/2)
8

from the RBC-UKQCD collaboration, with B(1/2)
6

extracted in [40] from the lattice
results in [41].

As expected, in our simple model the requirement of satisfying the data on "0/" auto-
matically implies enhanced values of B(KL ! ⇡0⌫⌫̄), while in the LH model suppressed
B(KL ! ⇡0⌫⌫̄) is predicted.

4.6.2 Simplified Z0 model

Another example of a model in which B(KL ! ⇡0⌫⌫̄) and "0/" can be simultaneously
enhanced has been already considered in [39]. In this model, not the electroweak penguin
operator Q8, but the QCD penguin operator Q6 is a↵ected by NP. A tree-level exchange
of Z 0 with left-handed flavour violating quark couplings and flavour universal structure
of diagonal RH quark couplings generates the Q5 operator, and through renormalisation
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Figure 2: 95% C.L. allowed regions for "0/" and KL ! ⇡0⌫⌫̄. Left: model with flavour-

changing Z boson couplings �
sd
R = �0.5�

sd
L . Center: modified Z, LH scenario �

sd
R = 0. Right:

5 TeV Z’ with �
qq
R = 1 and �

⌫⌫
L = 0.5. The plots are for B6 = 1 (blue), B6 = 0.76 (green),

and B6 = 0.57 (red). The hatched regions are the SM predictions at 2�. The gray band shows

the experimental result for "0/".

In the left panel of figure 2 we show the correlation between "0/" and KL ! ⇡0⌫⌫̄
in the case of �sd

L (Z) = �2�sd
R (Z), and compare it with the opposite correlation that is

present in the LH scenario (central panel). The di↵erent colours correspond to di↵erent

choices of the parameters B(1/2)
6

and B(3/2)
8

:

B(1/2)
6

= 1.0, B(3/2)
8

= 1.0 (blue), (55)

B(1/2)
6

= 0.76, B(3/2)
8

= 0.76 (green), (56)

B(1/2)
6

= 0.55, B(3/2)
8

= 0.76 (red) . (57)

The first choice is motivated by the upper bound from large N approach [42], B(1/2)
6


B(3/2)

8
< 1. The second choice uses the central value for B(3/2)

8
from the RBC-UKQCD

collaboration [60] extracted in [18], and assumes that B(1/2)
6

= B(3/2)
8

saturating the

previous bound. Finally, the third choice uses the central values for both B(1/2)
6

and

B(3/2)
8

from the RBC-UKQCD collaboration, with B(1/2)
6

extracted in [40] from the lattice
results in [41].

As expected, in our simple model the requirement of satisfying the data on "0/" auto-
matically implies enhanced values of B(KL ! ⇡0⌫⌫̄), while in the LH model suppressed
B(KL ! ⇡0⌫⌫̄) is predicted.

4.6.2 Simplified Z0 model

Another example of a model in which B(KL ! ⇡0⌫⌫̄) and "0/" can be simultaneously
enhanced has been already considered in [39]. In this model, not the electroweak penguin
operator Q8, but the QCD penguin operator Q6 is a↵ected by NP. A tree-level exchange
of Z 0 with left-handed flavour violating quark couplings and flavour universal structure
of diagonal RH quark couplings generates the Q5 operator, and through renormalisation

LH+RH
Scenario
� positive	
correlation

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

LH	Scenario
� negative	
correlation

14/19



2000 6000 10000 14000

10-4

10-3

10-2

S
U

S
Y

m     [GeV]q~

10-210-310-4

SUSY

L
-1

1

1

0

2

3

4

5

Figure 3: (ϵ′/ϵ)SUSY is shown as a function of mq̃ (left). Here, mq̃ ≡ mQ̃i
= mŨ3

, tanβ = 50
and |(TU)13| = |(TU)23| at SE = 400. The CP-violating phase is maximal. The Wino mass
mW̃ is 1, 2, 3TeV for the blue solid, dashed and dotted lines, respectively, while it is equal to
mq̃ on the black line. On the red (orange) region, ∆ (ϵ′/ϵ) is saturated at the 1σ (2σ) level.
The SM value follows Ref. [2]. Right: correlation between B(KL → π0νν̄) and (ϵ′/ϵ)SUSY is
shown.

particles are lighter than 1–2TeV.
The SM predictions of ϵ′/ϵ are expected to be improved in the near future. If the

discrepancy would be confirmed, the chargino contributions could provide an attractive
solution.
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SM

Different	correlations	between	ε’/ε and	K→πνν may	allow	to	distinguish	among	
models	

Crivellin,	D'Ambrosio,	Kitahara and	Nierste
1703.05786

Large	trilinear	couplings	bring	enhancement	of	ε’/ε

ε’/ε� K→πνν - Examples -
Gluino box

Teppei Kitahara: Karlsruhe Institute of Technology (KIT), KEK-PH 2016, February 10, 2016 KEK 

Interpretations of ε’K/εK in the MSSM
/18

Gluino box (“Trojan penguin”)

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

“It is 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.”

I am gluino box... thus I cannot 
break  isospin symmetry...

Doubt!
You can do it!

You become EW penguin operator 
in the low energy effective theory

http://www.clipartlord.com/

[Kagan, Neubert, PRL83(1999),
Grossman, Kagan, Neubert, JHEP10(1999)]

SL

dL

x
uR

uR

Ū

SL

dL

x
dR

dR

D̄- 6= 0
contribute to
 ΔI=3/2 process

g
~

14

Large	isospin	breaking	(																							)	gives	effect	
on	ImA2

mŨ 6= mD̃

NA62
BR(KL ! ⇡0⌫⌫̄)

BR(K+ ! ⇡+⌫⌫̄)

KOTO

<	1.2	SM

<	1.4	SM

TU

Chargino Z	penguin Endo,	Mishima,	Ueda and	KY	
1608.01444

<	0.6		SM

O(10~100%)	effect

ε’/ε � SUSY	scale	<	4-6	TeV

LH	Z	scenario	� negative	correlation		btwn ε’/ε
and	KL→π0νν
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B	anomalies

Correlation	with ε’/ε ?		

Lepton	flavor	universality	Violation	(LFUV)	in	semi-leptonic B decays

RD(⇤) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
RK(⇤) =

B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)

b ! s``b ! c⌧⌫

~ 3σ excess over the SM ~ 2.5σ less over the SM
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Z

b s

µ µ(1	– 4sw
2)	

O9 = (s̄L�µbL)(µ̄�
µ
µ)

l Z	model	is	not	favored	by	anomalies	in	b	→ s	transitions,	which	suggest	large	C9NP

In	Z	model,	it	is	hard	to	produce	large	C9NP due	to	smallness	
of	the	vector	coupling	to	charged	lepton		

l In	Leptoquark model,	which	is	one	of	strong	candidate	of	NP	model	realizing	B	anomalies	,		

it	is	difficult	to	explain	ε’/ε because	of	bounds	from	rare	Kaon	decays

l 2HDM + νR can	address		RK(*) and ε’/ε 

l Composite	model	can	access	RK(*) and	ε’/ε

Possibility	of	simultaneous	explanation	of	them		are	discussed	in	several	models

ε’/ε� B	anomalies

Christoph	and	Buras
1712.01295	

3HDM + νR can	access	RD(�),RK(*)	and ε’/ε Marzo,	Marzola and	Raidal 1901.08290

Iguro and	Omura,	1905.11778

Matsuzaki,	Nishiwaki and	KY	1806.02312
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Flavor	texture:	Assume	pure	imaginary
(to	avoid	εK constraint)

ε’/ε� B	anomalies	- Example	-
Flavorful	composite	vectors Matsuzaki,	Nishiwaki and	KY	1806.02312

New	vector	particles	:	G’,	Z’,	W’,		Leptoquark(LQ)
are	included	as	composite	vectors	
b→sμμ μ

μ

b

s Z’ μ μ

b s

LQ

ε’/ε (K→π π)

B	anomaly

ε’/ε

gij⇢L =

0

@
0 ig12⇢L 0

i(g12⇢L)
⇤ 0 0

0 0 g33⇢L

1

A
ij

×
G’(Z’) u

u

s

d

G(Z)

×W’
d

u

s

u

W

R(K*)	&	ε’/ε (2σ)
� 1.5	<	BR(K+→π+νν)/SM
� 10	<	BR(KL→π0νν)/SM	

Br[K+→π+νν]/SM

R(K(*))
(2σ)

ε’/ε
(1σ)

(1.5σ) (2σ)

θD=1.5π*10-3

θD=2π*10-3

K→πνν

The	correlation	b/w	ε’/ε and	B	obs.	appear	in	K→πνν

g33⇢Lg12⇢L

ν

ν

s

d
Z’

K→πνν
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NP	in																		?

Summary

2.8σ discrepancy	in	direct	CPV	of	Kaon	ε’/ε

Many	experiments	are	on-going,	and	could	allow	us	to	discriminate	NP	models	

Kaon	physics	will	continue	to	offer	a	powerful	probe	for	NP!

KL ! ⇡0⌫⌫̄

K+ ! ⇡+⌫⌫̄

✏0/✏
Lattice
New	result	coming	soon

B	anomalies

RD(⇤)

RK(⇤)

Kaon	physics	is	highly	suppressed	and	sensitive	to	NP

Different	implications
(correlations	&	predictions)	Kaon	rare	decays
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