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Physics	beyond	the	Standard	model	(SM)

On	4	July	2012, the	Higgs	boson (=last	missing	peace	of	the	SM)	has	

been	found	at	LHC	(Large	Hadron	Collider)	experiment	at	CERN

The	SM	of	particle	physics	is	the	successful	theory	which	

explain	many	experimental	results	and	phenomena

• Structure	of	matter	

Quarks and	Leptons	:	
fundamental	constituents	of	matter

• Mechanism of	force	propagation

Force	particles :		carry	forces

• Mechanism	of	getting	mass

Higgs	boson :	gives	mass	to	matter



However,	the	SM	is	not	satisfactory:	

l Neutrino	mass

l Cosmological	problems	(Dark	matter,	Dark	energy,	Baryon	

asymmetry,,,)

l Hierarchy	problem

l Origin	of	the	flavor	structure

…

We	need	to	search	for	New	physics	beyond	the	SM

Physics	beyond	the	Standard	model	(SM)



How	to	search	for	new	physics
Direct	search

Indirect	search

Generate	new	particles	directly	with	high	energy	collider

High	energy	frontier ATLAS/CMS	(LHC)

High	luminosity	frontier e.g.)	Belle/Belle	II	

Search	for	NP	through	the	virtual	effects	of	new	particles

SM	particles NP	particles



How	to	search	for	new	physics
Direct	search

Indirect	search

Generate	new	particles	directly	with	high	energy	collider

High	energy	frontier ATLAS/CMS	(LHC)

High	luminosity	frontier e.g.)	Belle/Belle	II	

Search	for	NP	through	the	virtual	effects	of	new	particles

SM	particles NP	particlesNew	particles	have	not	been	observed	yet	(~1TeV)
The	NP	scale	might	be	higher	than	the	TeV scale

Indirect	searches	for	NP	can	explore	above	TeV scale	
� Flavor	physics



Flavor	physics
Flavor physics: flavor	(type	of	quarks	(leptons))	transition	processes

Typical	example)

Decay	processes	and	CP	asymmetries	in	Kaon	and	B	mesons		
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◇ Measurement of φ1 (Bd → J/ψKs)

　 φ1の決定では、Bd → J/ψKsの崩壊モードが用いられる。クォークレベルでは
b→ ccsの崩壊モードである。これは (図 9)にある、tree-level decay が dominant

である。penguin dyagram の寄与は小さく、無視してよい。

図 9: Bd → J/ψKStree-level decay

・ amplitude

|A(J/ψKs)| = |A(J/ψKs)| ; |ρ| = 1 (2.131)

　ここで、Bmesonの場合
∣∣∣ qp
∣∣∣ ≃ 1であるので、

・master equation

GJ/ψKS
(t)

GJ/ψKS
(t)

d

dt

GJ/ψKS
(t)

GJ/ψKS
(t)
̸= 0

(2.132)

　 q
p と ρ(J/ψKS)の相対位相があれば CP violationが起こる。

・ λ = q
pρ(J/ψKS)

　Bd , Bd はそれぞれ K0 , K
0に崩壊するが、観測ではK0 , K

0が混合した
KS ,KLとして観測される。今は、寿命の短いKS のみ捕まえている実験を考
えている。よって amplitudeを計算するときに、Bd , BdからKS への遷移の
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Kaon

Bd meson

Bs meson

K0(s̄d) K̄0(sd̄)

B0(b̄d) B̄0(bd̄)

Bs(b̄s) B̄s(bs̄)

Mesons	:	

e.g.)
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Φ1	:	CP	asymmetry	in

decay	

(2.82)を代入すると、

ϵ =
1

2

(
1− q

p

A0

A0

)

ϵ′ = − 1

2
√
2
ωi(δ2−δ0) (∆0 −∆2)

=
1

2
√
2
ωi(δ2−δ0) q

p

(
A0

A0
− A2

A2

)
(2.94)

2.4 CKM matrix

CKM(カピボ・小林・益川)行列は次のように書き表せる。

VCKM =

⎛

⎜⎝
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞

⎟⎠

=
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−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

⎞

⎟⎠

(PDG表記 , cij = cosφij , sij = sinφij , δ: CP位相)

=

⎛
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(2.95)

１、２世代の混合の大きさを表す λcをカピボ角と呼ぶ。Wolfenstein表記は λc = s12で展開した
もので、O(λ3c)までの近似式がよく用いられる。小林・益川の階層性をよく表しているため、便利
である。
CKM行列要素で作られる量に Jarlskog invariant J というものがあり、

Im[VijVklV
∗
ilV

∗
kj ] ≡ J

∑

m,n

ϵikmϵjln (2.96)

と定義され、これはクォークの位相変換に対して不変である。PDGやWolfensteinの表記では、

J = c12c23c
2
13s12s23s13sinδ

′ = A2λ6cη +O(λ8c) (2.97)

となる。
CKM 行列はユニタリ行列であるので、確立保存によって VCKMV †

CKM = 1。ゆえに

V∗
udVus +V∗

cdVcs +V∗
tdVts = δds = 0 (2.98)

このような条件を６つ得ることが出来る。CKM 行列要素は複素数であるので、３つの項それぞ
れを複素平面上にベクトルとして書くことが出来、また和が０であることから ()図のような三角
形を描くことが出来る。これを unitarity triangleと呼ぶ。三角形の面積は

area =
ηA2λ6

2
=

|J |
2

(2.99)
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In	the	SM,	flavor	transition	processes	are	governed	by Cabibbo-

Kobayashi-Maskawa (CKM)	matrix

Unitarity�

The unitarity triangle

Kobayashi	and	
Maskawa won	the	2008	

Nobel	prize!
Measured	by	B	factory

Flavor	physics



Hints	of	New	Physics	?

FCNC	is	strongly	suppressed	in	the	SM	� high	sensitivity	to	NP

Flavor	Changing	Neutral	Current	

l Loop	factors

l GIM	mechanism	(CKM	unitarity)

l CKM	hierarchy	:

[G.Isidori,	1507.00867]

Sensitive	to	high	scale	NP beyond	the	energy	range accessible	at	
the	LHC

O(105TeV) : K0

O(103TeV) : Bd,s

V ⇤
tsVtd ⇠ 5 · 10�4 ⌧ V ⇤

tbVtd ⇠ 10�2 < V ⇤
tbVts ⇠ 4 · 10�2

K	system Bd system Bs system
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Current	status	of	flavor	physics
SM	works	very	well

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed
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Hints	of	New	Physics	?

Current	status	of	flavor	physics
SM	works	very	well

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed

Some	discrepancies	from	the	SM	are	reported	

l angular distributions in :

l lepton flavor non-universality	:

l leptonic decay	rates	:

l Direct CP violation in Kaon	: ~2.9σ

~3σ

~2.6σ

~3.9σ



SM	works	very	well

Some	discrepancies	from	the	SM	are	reported	

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed

3
φ

3
φ

Kε

Kε

2
φ

2
φ

dm∆

sm∆ & dm∆

ubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

excluded at CL > 0.95

2
φ

1
φ

3
φ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

ICHEP 16

CKM
f i t t e r

Current	status	of	flavor	physics

l angular distributions in :

l lepton flavor non-universality	:

l leptonic decay	rates	:

l Direct CP violation in Kaon	: ~2.9σ

~3σ

~2.6σ

~3.9σ

Belle	1612.05014LHCb(3	fb^-1)	1512.04442	
Anomaly? LHCb, 1512.04442

DHMV = Descotes-Genon, Hofer, Matias & Virto (2014)
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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2.8� 3.0�

In the �

2 fit, the correlations between the di↵erent observables are taken into account.
The floating parameters are Re(C9) and a number of nuisance parameters associated with
the form factors, CKM elements and possible sub-leading corrections to the amplitudes.
The sub-leading corrections to the amplitudes are expected to be suppressed by the size of
the b-quark mass relative to the typical energy scale of QCD. The nuisance parameters are
treated according to the prescription of Ref. [11] and are included in the fit with Gaussian
constraints. In the �

2 minimisation procedure, the value of each observable (as derived
from a particular choice of the theory parameters) is compared to the measured value.
Depending on the sign of the di↵erence between these values, either the lower or upper
(asymmetric) uncertainty on the measurement is used to compute the �

2.
The minimum �

2 corresponds to a value of Re(C9) shifted by �Re(C9) = �1.04± 0.25
from the SM central value of Re(C9) = 4.27 [11] (see Fig. 14). From the di↵erence in �

2

between the SM point and this best-fit point, the significance of this shift corresponds to
3.4 standard deviations. As discussed in the literature [9–12,14–21], a shift in C9 could be
caused by a contribution from a new vector particle or could result from an unexpectedly
large hadronic e↵ect.

If a fit is instead performed to the CP -averaged observables from the moment analysis
in the same q

2 ranges, then �Re(C9) = �0.68 ± 0.35 is obtained. As expected, the
uncertainty on �Re(C9) is larger than that from the likelihood fit. Taking into account the
correlations between the two methods, the values of �Re(C9) are statistically compatible.

)9C(Re
3 3.5 4 4.5

2
χ

∆
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LHCb
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Figure 14: The ��2 distribution for the real part of the generalised vector-coupling strength, C9.
This is determined from a fit to the results of the maximum likelihood fit of the CP -averaged
observables. The SM central value is Re(CSM

9 ) = 4.27 [11]. The best fit point is found to be at
�Re(C9) = �1.04± 0.25.

30O9 = (s̄�µPLb)(¯̀�
µ`)

CNP
9 < 0 ��CNP

9 /CSM
9

�� ⇠ 25%

59/69 Satoshi Mishima (KEK)

2.6	σ
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Current	status	of	flavor	physics
SM	works	very	well

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed

Some	discrepancies	from	the	SM	are	reported	

l angular distributions in :

l lepton flavor non-universality	:

l leptonic decay	rates	:

l Direct CP violation in Kaon	: ~2.9σ

~3σ

~2.6σ

~3.9σ

Lepton universality in B+ � K+l+l� (l = e, µ) (1406.6482)

observable

(Hiller, Schmaltz1408.1627;LHCb, 1406.6482)・B→K ee looks consistent

2.6σ deviation

B0 � K�
0µ+µ�Lepton universality in

(Talk by Bifani@CERN, 2017.4.18)

・smaller b→sμμ is suggested. 

2.2-2.5σdeviation
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Current	status	of	flavor	physics
SM	works	very	well

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed

Some	discrepancies	from	the	SM	are	reported	

l angular distributions in :

l lepton flavor non-universality	:

l leptonic decay	rates	:

l Direct CP violation in Kaon	: ~2.9σ

~3σ

~2.6σ

~3.9σ

R(D(*)) status 

06/06/17 A. Romero Vidal 14 

R(D)
0.2 0.3 0.4 0.5 0.6

R(
D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, arXiv:1612.00529
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFAG

Moriond 2017

) = 67.4%2χP(

HFAG
Moriond EW 2017

•  R(D*) in tension with SM at 3.4σ level. 

•  R(D) and R(D*) combination in tension with SM at the level of  3.9σ. 

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.02± 0.02 ±0.33 

Belle had. tag
 0.01± 0.04 ±0.29 

LHCb
 0.03± 0.03 ±0.34 

Belle sl.tag
 0.01± 0.03 ±0.30 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

Average 
 0.008± 0.015 ±0.310 

S.Fajfer et al. (2012) 
 0.003±0.252 

HFAG
MoriondEW 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

NP? 

R(D⇤) =
BR(B0 ! D⇤⌧⌫)

BR(B0 ! D⇤`⌫)
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Current	status	of	flavor	physics
SM	works	very	well

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed

Some	discrepancies	from	the	SM	are	reported	

l angular distributions in :

l lepton flavor non-universality	:

l leptonic decay	rates	:

l Direct CP violation in Kaon	: ~2.9σ

~3σ

~2.6σ

~3.9σ

->	discuss	later	in	detail	
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Hints	of	New	Physics	?

Current	status	of	flavor	physics
SM	works	very	well

there	is	still	room	for	NP

e.g.)	O(10-20%)	NP	contributions	to	

B-Bbar mixing	are	still	allowed

Some	discrepancies	from	the	SM	are	reported	

It	may	be	a	hint	of	new	physics	beyond	the	SM

l angular distributions in :

l lepton flavor non-universality	:

l leptonic decay	rates	:

l Direct CP violation in Kaon	: ~2.9σ

~3σ

~2.6σ

~3.9σ

�
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What is ε’/ε ?

l Correlations	with	other	observables:	K→πνν

l Supersymmetric	scenario

l CP	violation	in	Kaon

l Current	status	of	ε’/ε
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For the KL → π0νν̄ decay, the K0− K̄0 mixing should be taken account, and one obtains

A(KL → π0νν̄) =
GF√
2

2α

πsin2θW

(
ν̄i
Lγµν

i
L

)
⟨π0|

[
F (s̄LγµdL) + F ∗(d̄LγµsL)

]
|KL⟩

=
GF√
2

2α

πsin2θW

(
ν̄i
Lγµν

i
L

) 1√
2

[
F (1 + ϵ̄)⟨π0|(s̄LγµdL)|K0⟩+ F ∗(1− ϵ̄)⟨π0|(d̄LγµsL)|K̄0⟩

]

=
GF√
2

2α

πsin2θW

(
ν̄i
Lγµν

i
L

) 1√
2
[F (1 + ϵ̄)− F ∗(1− ϵ̄)] ⟨π0|(d̄LγµsL)|K0⟩

≃ GF√
2

2α

πsin2θW

(
ν̄i
Lγµν

i
L

) 1√
2
2ImF ⟨π0|(d̄LγµsL)|K0⟩. (10)

In the step of the first line going to the second line in (10) , we use

|KL⟩ =
1√
2

[
(1 + ϵ̄)|K0⟩+ (1− ϵ̄)|K0⟩

]
, (11)

and then, after using the CP transition relation in the second line,

CP|K0⟩ = −|K̄0⟩, C|K0⟩ = |K̄0⟩, (12)

⟨π0|(d̄LγµsL)|K̄0⟩ = −⟨π0|(s̄LγµdL)|K0⟩, (13)

we obtain the equation in the third line. In the final line, we neglect the CP violation in
K0 − K̄0 mixing, ϵ̄, due to its smallness |ϵ̄| ∼ 10−3.

Taking the ratio between the branching ratio of K+ → π0e+ν̄ and KL → π0νν̄, we have
the simple form:

BR(KL → π0νν̄)

BR(K+ → π0e+ν̄)
=

2

|Vus|2

(
α

2πsin2θW

)2 τ(KL)

τ(K+)

∑

i=e,µ,τ

(ImF )2. (14)

Therefore, the branching ratio of KL → π0νν̄ is given as follows:

BR(KL → π0νν̄) = 3κ · rKL

rK+

τ(KL)

τ(K+)
(ImF )2, (15)

where rKL and rK+ denote the isospin breaking effect [20, 21]. It is remarked that the
branching ratio of KL → π0νν̄ depends on the imaginary part of F . Since the charm-quark
contribution is negligible due to the small imaginary part of V ∗

csVcd, it is enough to consider
only the top-quark exchange in this decay.

In the SM, K+ → π+νν̄ and KL → π0νν̄ are related to the UT fit. We write down the
branching ratio in terms of the Wolfenstein parameters. Since ReF and ImF are given as

ReF = −λXc − A2λ5(1− ρ)Xt , ImF = A2λ5ηXt , (16)

we can express the branching ratio of these decays as

BR(K+ → π+νν̄) = 3κ · rK+ [(ReF )2 + (ImF )2]

= 3κ · rK+ · A4λ10X2
t

[ (
ρ̄− ρ0

)2
+ η̄2

]
, (17)

4

where

Ĥ = M̂ − i
Γ̂

2
=

⎛

⎝ M11 − iΓ11
2 M12 − iΓ12
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M21 − iΓ21
2 M22 − iΓ22

2

⎞

⎠ (10.4)

with M̂ and Γ̂ being hermitian matrices having positive (real) eigenvalues in analogy with M

and Γ. Mij and Γij are the transition matrix elements from virtual and physical intermediate

states respectively. Using

M21 = M∗
12 , Γ21 = Γ∗

12 , (hermiticity) (10.5)

M11 = M22 ≡ M , Γ11 = Γ22 ≡ Γ , (CPT) (10.6)

we have

Ĥ =

⎛

⎝ M − iΓ
2 M12 − iΓ12

2

M∗
12 − i

Γ∗
12
2 M − iΓ

2

⎞

⎠ . (10.7)

We can next diagonalize the system to find:

Eigenstates:

KL,S =
(1 + ε̄)K0 ± (1 − ε̄)K̄0

√
2(1+ | ε̄ |2)

(10.8)

where ε̄ is a small complex parameter given by

1 − ε̄

1 + ε̄
=

√√√√M∗
12 − i1

2Γ∗
12

M12 − i1
2Γ12

. (10.9)

Eigenvalues:

ML,S = M ± ReQ ΓL,S = Γ ∓ 2ImQ (10.10)

where

Q =

√

(M12 − i
1

2
Γ12)(M∗

12 − i
1

2
Γ∗

12). (10.11)

Consequently we have

∆M = ML − MS = 2ReQ ∆Γ = ΓL − ΓS = −4ImQ. (10.12)

It should be noted that the mass eigenstates KS and KL differ from CP eigenstates

K1 =
1√
2
(K0 − K̄0), CP |K1⟩ = |K1⟩ , (10.13)

K2 =
1√
2
(K0 + K̄0), CP |K2⟩ = −|K2⟩ , (10.14)

by a small admixture of the other CP eigenstate:

KS =
K1 + ε̄K2√

1+ | ε̄ |2
, KL =

K2 + ε̄K1√
1+ | ε̄ |2

(10.15)
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It should be noted that the mass eigenstates KS and KL differ from CP eigenstates

K1 =
1√
2
(K0 − K̄0), CP |K1⟩ = |K1⟩ , (10.13)

K2 =
1√
2
(K0 + K̄0), CP |K2⟩ = −|K2⟩ , (10.14)

by a small admixture of the other CP eigenstate:

KS =
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Figure 29: Indirect versus direct CP violation in KL → ππ.

even state or vice versa (see fig. 29). A measure of such a direct CP violation in KL → ππ is

characterized by a complex parameter ε′ defined as

ε′ =
1√
2
Im
(

A2

A0

)
eiΦ, Φ = π/2 + δ2 − δ0, (10.27)

where the isospin amplitudes AI in K → ππ decays are introduced through

A(K+ → π+π0) =

√
3

2
A2e

iδ2 (10.28)

A(K0 → π+π−) =

√
2

3
A0e

iδ0 +

√
1

3
A2e

iδ2 (10.29)

A(K0 → π0π0) =

√
2

3
A0e

iδ0 − 2

√
1

3
A2e

iδ2 . (10.30)

Here the subscript I = 0, 2 denotes states with isospin 0, 2 equivalent to ∆I = 1/2 and

∆I = 3/2 transitions, respectively, and δ0,2 are the corresponding strong phases. The weak

CKM phases are contained in A0 and A2. The strong phases δ0,2 cannot be calculated, at

least, at present. They can be extracted from ππ scattering. Then Φ ≈ π/4.

The isospin amplitudes AI are complex quantities which depend on phase conventions.

On the other hand, ε′ measures the difference between the phases of A2 and A0 and is a

physical quantity.

Experimentally ε and ε′ can be found by measuring the ratios

η00 =
A(KL → π0π0)

A(KS → π0π0)
, η+− =

A(KL → π+π−)

A(KS → π+π−)
. (10.31)

Indeed, assuming ε and ε′ to be small numbers one finds

η00 = ε−
2ε′

1 −
√
ω

≃ ε− 2ε′, η+− = ε+
ε′

1 + ω/
√

2
≃ ε+ ε′ (10.32)

where experimentally ω = ReA2/ReA0 = 0.045.

In the absence of direct CP violation η00 = η+−. The ratio ε′/ε can then be measured

through ∣∣∣∣
η00

η+−

∣∣∣∣
2

≃ 1 − 6 Re(
ε′

ε
) . (10.33)
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Indeed, assuming ε and ε′ to be small numbers one finds

η00 = ε−
2ε′

1 −
√
ω

≃ ε− 2ε′, η+− = ε+
ε′

1 + ω/
√
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where experimentally ω = ReA2/ReA0 = 0.045.

In the absence of direct CP violation η00 = η+−. The ratio ε′/ε can then be measured
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In 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 A
0,2. 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 A

0,2

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

ReA
0

= 33.22(1)⇥ 10�8 GeV , ReA
2

= 1.479(3)⇥ 10�8 GeV , (47)

which display the �I = 1/2 rule

ReA
0

ReA
2

⌘ 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 ReA

0

, the ensuing estimate can be considered a plausible one. In the large-N

ΔI=1/2	rule

EW penguinQCD penguinDominated	by

Direct CP violation : ε’/ε



EW penguinQCD penguin

l <O6>	and	<O8>	have	chiral	enhancement	factor	
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Figure 8. Left: renormalisation scale dependence of the quantity X̃(µ). The dashed lines show the
uncertainty due to the error on the measured pole top mass Mt, while the dotted lines correspond
to the theoretical error on the MS top Yukawa coupling yt due to higher orders in the matching at
the weak scale. Right: different sources of error affecting Xt.

C More details on ε′/ε

The basic one-loop functions entering (5.6) are given by (A.2) and

Y0(xt) =
xt
8

[
xt − 4

xt − 1
+

3xt
(xt − 1)2

lnxt

]
, (C.1)

Z0(xt) =− 1

9
lnxt +

18x4t − 163x3t + 259x2t − 108xt
144(xt − 1)3

+

+
32x4t − 38x3t − 15x2t + 18xt

72(xt − 1)4
lnxt (C.2)

E0(xt) =− 2

3
lnxt +

x2t (15− 16xt + 4x2t )

6(1− xt)4
lnxt +

xt(18− 11xt − x2t )

12(1− xt)3
, (C.3)

where xt = m2
t /M

2
W .

The coefficients r(0)i , r(6)i and r(8)i entering (5.7) are given in the NDR renormalisation

scheme for µ = mc and three values of αs(MZ) in table 4.

The parameters B(1/2)
6 and B3/2

8 are related to the hadronic matrix elements Q6 and

Q8 as follows

⟨Q6(µ)⟩0 = − 4

[
m2

K

ms(µ) +md(µ)

]2
(FK − Fπ)B

(1/2)
6 , (C.4)

⟨Q8(µ)⟩2 =
√
2

[
m2

K

ms(µ) +md(µ)

]2
Fπ B

(3/2)
8 . (C.5)

It should be emphasised that the overall factor in these expressions depends on the normal-

isation of the amplitudes A0,2. The matrix elements given above correspond to the normal-

isation used in [23, 46, 93]. On the other hand the RBC-UKQCD collaboration [82, 94] uses
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2.9σ difference

Using	the	first	lattice	result,	ε’/	ε has	been	calculated	in	the	SM	as	

[NA48, KTeV]

ε’/ε anomaly

SM

Exp

New physics providing	enhancement	of	ε’/ε ?

3 Prediction for "0/" in the SM 14

the precision on mt increased by much in the last two decades. a
(3/2)
0

contributes
positively to "0/".

iv) The contribution of the (V �A)⌦(V +A) electroweak penguin operators Q
7

and Q
8

to P (3/2) is represented by the second term in (55). This contribution is dominated
by Q

8

and depends sensitively on mt and ↵s. It contributes negatively to "0/".

The competition between these four contributions is the reason why it is di�cult to
predict "0/" precisely. In this context, one should appreciate the virtue of our approach:
the contributions i) and iii) can be determined rather precisely by CP-conserving data so
that the dominant uncertainty in our approach in predicting "0/" resides in the values of

B
(1/2)
6

and B
(3/2)
8

.

3 Prediction for "0/" in the SM

3.1 Prediction for "0/" and discussion

We begin our analysis by employing the lattice values in (2) and (3). Varying all parame-
ters within their input ranges and combining the resulting variations in "0/" in quadrature,
we obtain:

("0/")
SM

= (1.9± 4.5)⇥ 10�4. (61)

Comparing to the experimental result ("0/")
exp

= (16.6±2.3)⇥10�4 (average of NA48 [26]
and KTeV [27,28]), we observe a discrepancy of 2.9 � significance.

quantity error on "0/" quantity error on "0/"

B
(1/2)
6

4.1 md(mc) 0.2
NNLO 1.6 q 0.2

⌦̂
e↵

0.7 B
(1/2)
8

0.1
p
3

0.6 Im�t 0.1

B
(3/2)
8

0.5 p
72

0.1
p
5

0.4 p
70

0.1
ms(mc) 0.3 ↵s(MZ) 0.1
mt(mt) 0.3

Table 4: Error budget, ordered from most important to least important. Each line shows
the variation from the central value of our "0/" prediction, in units of 10�4, as the cor-
responding parameter is varied within its input range, all others held at central values.

A detailed error budget is given in Table 4. It is evident that the error is dominated
by the hadronic parameter B

(1/2)
6

. Uncertainties from higher-order corrections are still
significant yet small if compared to the deviation from the experimental value. All other
individual errors are below 10�4, with the third most important uncertainty coming from
the isospin breaking parameter ⌦̂

e↵

, at a level of 0.7 ⇥ 10�4 and about six times smaller
than the error due to B

(1/2)
6

. If matrix elements are taken from a lattice calculation, the

[Buras	et.al ‘15]
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l Current	status	of	ε’/ε
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• Theoretically	clean	: hadronic matrix element can be removed

Kaon rare decay : KL → π0νν and K+ → π+νν

• Rare	decay		:	BRSM	�10-11

l Features	of	K	→	πνν decay

• Experiments	are	in	progress

KOTO @ J-PARC,

running
aim	to	measure	BR(KL →	π0νν)	around	the	

SM	sensitivity

NA62 @ CERN

running
aim to measure O(100)	events(	~10%	precision)

BR(K+ →	π+νν)	by 2018



ρ

η
KL→ π0νν

K+→ π+ννDetermination	of	CPV	phase ( η )

directly

Kaon rare decay : KL → π0νν and K+ → π+νν
l K→πνν and	Unitarity triangle

7

FIG. 4. Impact of a future measurement of BR(K
L

! ⇡0⌫⌫̄)
assuming SM central values with a 10% uncertainty [38, 39].

⌘̄, the �2 minimized over every other parameter is not
a symmetric function of ⌘̄). If the future ImA

0

central
value does not shift, the "0/" allowed region is ⌘̄ & 1.6
(see Fig. 3b) implying a very strong tension with the
standard fit.

In Fig. 3 we present the Kaon unitarity triangle fits
(KUT) in various scenarios. In this fit we use only
inputs from Kaon physics with the exception of tree–
level determinations of |Vcb| from inclusive and exclusive
b ! c`⌫ decays. The red contours are obtained including
BR(K+ ! ⇡+⌫⌫̄), "0/", ", and |Vcb| (from an average of
inclusive and exclusive decays). The small black contour
is the current standard unitarity triangle fit from B/K
physics.

In figure 3a we present the current status of this fit.
The yellow area is allowed by "0/" and the region below
the blue curves is allowed by BR(K+ ! ⇡+⌫⌫̄).

In figures 3b–3d we show the impact of future improve-
ments on the experimental determination of BR(K+ !
⇡+⌫⌫̄) and on the theoretical calculation of the quan-
tities ImA

0

and ImA
2

. In particular, in panel (b) we
assume that future central values for these quantities re-
main unchanged and that experimental and theoretical
uncertainties on BR(K+ ! ⇡+⌫⌫̄) and Im(A

0,2) reduce
as discussed above. In panel (c) we consider a scenario in
which ImA

0

shifts to the value expected from "0
exp

/"
exp

and the standard unitarity triangle fit. In panel (d) we
assume, in addition, that the future experimental deter-
mination of BR(K+ ! ⇡+⌫⌫̄) will shift to the central
value of the SM prediction.

Finally in figure 4 we show the impact of a future mea-
surement of BR(KL ! ⇡0⌫⌫̄) at the SM level with 10%
uncertainty.

In figures 5 and 6 we present the very same fits but
display the "0

th

/"
th

rather than "0
th

/"
exp

. The theoretical
ratio "0

th

/"
th

is CP-conserving and, therefore, the linear

dependence on ⌘̄ cancels.

CONCLUSIONS AND OUTLOOK

In this work we have tried to draw attention to the sig-
nificant progress that lattice methods have recently made
for quantitatively addressing non-perturbative e↵ects in
several K-decays such as K ! ⇡⇡ and the direct CP-
violation parameter Re ("0/"), �mK , the long-distance
contribution to ✏K , and rare K-decays.
This means in the near future we will be able make

better use of experimental data, existing and forthcom-
ing, to better constrain the SM and search for new ef-
fects. In particular, it appears that we can start to con-
struct a unitarity triangle based primarily on K-physics.
With improvements in the lattice calculations that are
on the horizon and with results from forthcoming K-
experiments a tighter K-UT should soon become avail-
able. It would be very valuable to compare the solution
of such an improved K-UT with the Standard Unitarity
Triangle (SUT) coming primarily from B-physics.
In particular it now seems realistic that lattice calcu-

lations can reduce the errors on Re (✏0/✏) to around 20%
in about 5-years time. It may therefore be timely for the
experimental community to plan an improved determina-
tion of Re (✏0/✏), the current experimental errors on that
quantity being around 15%.
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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

Correlations	b/w	Kaon	observables	in
Z	scenario

3 Strategy 11

we will still vary " while keeping the values in (20) as NP contributions do not depend
on them but are sensitive functions of ".

Step 4: Having fixed the flavour violating couplings of Z or Z

0 in this manner, we
will express NP contributions to the branching ratios for K+ ! ⇡

+
⌫⌫̄, KL ! ⇡

0
⌫⌫̄ and

KL ! µ

+
µ and to �MK in terms of "0 and ". This will allow us to study directly

the impact of "0/" and "K anomalies in Z and Z

0 scenarios on these four observables. In
Table 2 we indicate the dependence of a given observable on the real and/or the imaginary
Z or Z 0 flavour violating coupling to quarks. In our strategy imaginary parts depend only
on "0 , while the real parts on both "0 and ". The pattern of flavour violation depends
in a given NP scenario on the relative size of real and imaginary parts of couplings and
we will see this explicitly later on.

"

0
/" "K KL ! ⇡

0
⌫⌫̄ K

+ ! ⇡

+
⌫⌫̄ KL ! µ

+
µ

� �MK

Im� ⇤ ⇤ ⇤ ⇤ ⇤
Re� ⇤ ⇤ ⇤ ⇤

Table 2: The dependence of various observables on the imaginary and/or real parts of Z
and Z

0 flavour-violating couplings.

In the context of our presentation we will see that in Z scenarios with only left-handed
or right-handed flavour violating couplings the most important constraint on the real parts
of new couplings comes not from "K or �MK but from KL ! µ

+
µ. On the other hand,

in all Z 0 scenarios and in the case of Z scenarios with left-right operators contributing to
"K , these are always "K and �MK and not KL ! µ

+
µ

� that are most important for the
determination of the real parts of the new couplings after the "

0
/" constraint has been

imposed.

3.2 Future

The present strategy above assumes that the progress in the evaluation of "0/" in the SM
will be faster than experimental information on K

+ ! ⇡

+
⌫⌫̄. If in 2018 the situation will

be reverse, it will be better to choose as variables " and R

⌫⌫̄
+ defined in (42). In the next

sections we will provide R

⌫⌫̄
+ as a function of "0 for fixed " using the present strategy.

But knowing R

⌫⌫̄
+ better than "

0
/" in the SM will allow us to read o↵ from our plots the

favourite range for "0 in a given NP scenario for given " and the diagonal couplings of
Z

0. As these plots will be given for B

(1/2)
6 = 0.70 and B

(3/2)
8 = 0.76, the shift in "

0
/"

represented by "0 will be given for other values of B(1/2)
6 and B

(3/2)
8 simply by

"0(B
(1/2)
6 ) = "0

"
B

(1/2)
6

0.70

#
, "0(B

(3/2)
8 ) = "0

"
B

(3/2)
8

0.76

#
, (21)

where "0 without the argument is the one found in the plots. Even if going backwards
will require resolution of some sign ambiguities, they should be easily resolved. Note
that knowing R

⌫⌫̄
+ will allow to obtain R

⌫⌫̄
0 , defined in (41) directly from our plots, using

the value of "0 extracted from R

⌫⌫̄
+ and ". The formulae in (21) are only relevant for

ΔL,	ΔRs d

Only	RH	(or	LH)	scenario	� KL	→ π0νν	is	suppressed

RH	+	LH	scenario													 � KL	→ π0νν		can	be	enhanced

KL	→ π0νν

Z

s d

⌫ ⌫
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A.J.Buras,	JHEP1604(2016)071
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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	scenario LH+RH
scenario

Z
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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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we will still vary " while keeping the values in (20) as NP contributions do not depend
on them but are sensitive functions of ".

Step 4: Having fixed the flavour violating couplings of Z or Z

0 in this manner, we
will express NP contributions to the branching ratios for K+ ! ⇡

+
⌫⌫̄, KL ! ⇡

0
⌫⌫̄ and

KL ! µ

+
µ and to �MK in terms of "0 and ". This will allow us to study directly

the impact of "0/" and "K anomalies in Z and Z

0 scenarios on these four observables. In
Table 2 we indicate the dependence of a given observable on the real and/or the imaginary
Z or Z 0 flavour violating coupling to quarks. In our strategy imaginary parts depend only
on "0 , while the real parts on both "0 and ". The pattern of flavour violation depends
in a given NP scenario on the relative size of real and imaginary parts of couplings and
we will see this explicitly later on.

"

0
/" "K KL ! ⇡

0
⌫⌫̄ K

+ ! ⇡

+
⌫⌫̄ KL ! µ

+
µ

� �MK

Im� ⇤ ⇤ ⇤ ⇤ ⇤
Re� ⇤ ⇤ ⇤ ⇤

Table 2: The dependence of various observables on the imaginary and/or real parts of Z
and Z

0 flavour-violating couplings.

In the context of our presentation we will see that in Z scenarios with only left-handed
or right-handed flavour violating couplings the most important constraint on the real parts
of new couplings comes not from "K or �MK but from KL ! µ

+
µ. On the other hand,

in all Z 0 scenarios and in the case of Z scenarios with left-right operators contributing to
"K , these are always "K and �MK and not KL ! µ

+
µ

� that are most important for the
determination of the real parts of the new couplings after the "

0
/" constraint has been

imposed.

3.2 Future

The present strategy above assumes that the progress in the evaluation of "0/" in the SM
will be faster than experimental information on K

+ ! ⇡

+
⌫⌫̄. If in 2018 the situation will

be reverse, it will be better to choose as variables " and R

⌫⌫̄
+ defined in (42). In the next

sections we will provide R

⌫⌫̄
+ as a function of "0 for fixed " using the present strategy.

But knowing R

⌫⌫̄
+ better than "

0
/" in the SM will allow us to read o↵ from our plots the

favourite range for "0 in a given NP scenario for given " and the diagonal couplings of
Z

0. As these plots will be given for B

(1/2)
6 = 0.70 and B

(3/2)
8 = 0.76, the shift in "

0
/"

represented by "0 will be given for other values of B(1/2)
6 and B

(3/2)
8 simply by

"0(B
(1/2)
6 ) = "0

"
B

(1/2)
6

0.70

#
, "0(B

(3/2)
8 ) = "0

"
B

(3/2)
8

0.76

#
, (21)

where "0 without the argument is the one found in the plots. Even if going backwards
will require resolution of some sign ambiguities, they should be easily resolved. Note
that knowing R

⌫⌫̄
+ will allow to obtain R

⌫⌫̄
0 , defined in (41) directly from our plots, using

the value of "0 extracted from R

⌫⌫̄
+ and ". The formulae in (21) are only relevant for

ΔL,	ΔRs d

Only	RH	(or	LH)	scenario	� KL	→ π0νν	is	suppressed

RH	+	LH	scenario													 � KL	→ π0νν		can	be	enhanced

KL	→ π0νν

Z
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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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Supersymmetry
2 Signals and constraints

2.1 Notations

We basically follow the definition of SUSY Les Houches accord (SLHA) to describe the SUSY
Lagrangian [19,20]. The up-type squarks and charginos appear in the chargino contributions
to the flavor-violating Z-boson couplings of the down-type quarks. In terms of the squark
fields, Φu = (ũL, c̃L, t̃L, ũR, c̃R, t̃R)T , the up-type squark mass matrix is described as

M2
ũ =

(
m2

Q̃
+m2

u + cos 2βm2
Z

(
1
2 −

2
3 sin

2 θW
)

v2√
2
T ∗
U − µmu cot β

v2√
2
T T
U − µ∗mu cot β m2T

Ũ
+m2

u +
2
3 cos 2βm2

Z sin2 θW

)
. (2.1)

It is diagonalized by a unitary matrix Ru,

RuM2
ũRu† = diag(m2

ũi
). (2.2)

In this letter, the soft mass parameters are set in the superCKM basis, where the Yukawa
matrices are diagonalized. Although the soft SUSY-breaking masses, m2

Q̃
and m2

Ũ
, generally

have flavor off-diagonal components, they are irrelevant for the current discrepancy of ϵ′/ϵ,
because SUSY contributions to the Z penguin are enhanced when the SU(2)L symmetry
is broken, as will be mentioned in the next section. A significant contribution is provided
by flavor mixings in the trilinear scalar coupling TU , which is also expressed by the MI
parameters,

(δuLR)ij =
v2√
2
(TU)∗ij

m2
q̃

, (δuRL)ij =
v2√
2
(TU)ji

m2
q̃

. (2.3)

Here, mq̃ is a squark mass. It is noted that (TU)ij and (δuLR)ij are complex parameters, and
(δuLR)ij = (δuRL)

∗
ji is satisfied.

The chargino mass matrix is given by

Mψ̃+ =

(
M2

√
2mW sin β√

2mW cos β µ

)
, (2.4)

which is diagonalized by two unitary matrices U and V as

U∗Mψ̃+V† = diag(mχ̃+
i
). (2.5)

2.2 K meson observables

Chargino contributions to the Z-penguin diagrams are studied in this letter. They are
described by the flavor-violating Z-boson vertex,

Leff =
−g3

8π2 cos θW
Zds s̄LγµdLZ

µ + h.c. . (2.6)

2

l quark	&	squark mass	matrices	cannot	be diagonalized simultaneously

l after	diagonalizing quark	mass	matrix,	off	diagonal	elements	of squark mass	matrix	

give	flavor	violating	effects			

LR	mixing

l squark interactions	depend on	mixing	matrix which is different from VCKM
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SM-like Higgs boson H, and t̃L does not contribute to the vacuum decay rate. Then, the
scalar potential is expressed by H, ũiL and t̃R as

V =− 1

4
m2

Z cos2 2βH2 +
1

2
m2

Q̃i
ũ2
iL +

1

2
m2

Ũ3
t̃2R +

1√
2
(TU)i3 sin βHũiLt̃R +

1

4
y2t sin

2 βH2t̃2R

+
1

24
g23(ũ

2
iL − t̃2R)

2 +
1

32
g2(H2 cos 2β + ũ2

iL)
2 +

1

32
g2Y

(
H2 cos 2β − 1

3
ũ2
iL +

4

3
t̃2R

)2

.

(2.27)

In the potential, the mass of the SM-like Higgs boson is lower than 125GeV, which is cured
by radiative corrections to the Higgs potential. Including such corrections to the vacuum
decay rate is beyond the scope of the analysis in this letter.

3 Results

We discuss whether the current discrepancy of ϵ′/ϵ is explained by the chargino Z-penguin
contributions with satisfying the constraints especially from the vacuum stability condition.
First, the vacuum decay rate is estimated to derive an upper bound on the size of (TU)i3
by requiring SE ! 400. In the left plot of Fig. 2, the bound is shown as a function of
mq̃ ≡ mQ̃i

= mŨ3
. Here and hereafter, it is assumed that the heavy Higgs bosons are

decoupled and the left-right mixing of stops is neglected. The result is insensitive to tan β
as long as it is large. In the right plot, the result is interpreted into the bound of (δuLR)i3.
Due to the relation (2.3), the limit becomes severer as the SUSY scale increases. Therefore,
the SUSY contributions to ϵ′/ϵ decrease according to Eq. (2.13).

In the left plot of Fig. 3, the SUSY contributions to ϵ′/ϵ are shown as a function of mq̃.
Here, |(TU)i3| is set at SE = 400, and |(TU)13| = |(TU)23| is assumed. The CP-violating phase
is taken to be maximal. In addition to the model parameters that determine the vacuum
decay rate, there is a degree of freedom in choosing mW̃ (see Eq. (2.9)). In the figure, mW̃ is
set to be 1, 2, 3TeV and mq̃ as reference cases. The result is insensitive to the other model
parameters. It is found that the current discrepancy of ϵ′/ϵ can be explained; the SUSY
scale can be as large as 4–6TeV, depending on the choice of mW̃ .

So far, mQ̃i
= mŨ3

and |(TU)13| = |(TU)23| are supposed. If we set mQ̃i
̸= mŨ3

and/or
|(TU)13| ̸= |(TU)23|, the SUSY contributions to ϵ′/ϵ become smaller at SE = 400.

In the right plot of Fig. 3, correlation between B(KL → π0νν̄) and (ϵ′/ϵ)SUSY is displayed.
As mentioned in the previous section, B(KL → π0νν̄) decreases as ϵ′/ϵ increases unless ϵ′/ϵ
is very large. (When ϵ′/ϵ is huge, the SUSY contribution is larger than the SM one for
KL → π0νν̄.) The current discrepancy implies that B(KL → π0νν̄) is predicted to be less
than 60% of the SM prediction. In future, the KOTO experiment may measure the branching
ratio at the 10% level of the SM value [31,32].

Some parameter regions are constrained by other observables. Those in mq̃ " 1–2TeV
are excluded by ϵK . The constraint is given by the chargino box contribution [15] and
relaxed as mq̃ increases. Double penguin contributions using the flavor-changing Z-boson
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Figure 2: Vacuum stability constraint on |(TU)i3| (left) and |(δuLR)i3| (right) for i = 1, 2 as a
function of mq̃. Here, mq̃ ≡ mQ̃i

= mŨ3
and tan β = 50. It is assumed that the heavy Higgs

bosons are decoupled and the stop left-right mixing is neglected.

coupling [11] are weaker. A weaker bound is obtained from ∆md. It changes mainly through
box diagrams with (δuLR)13 [15], which decouple as SUSY particles become heavier. The MI
parameter (δuLR)23 generates contributions to B(b → sγ). Since the dominant contribution
is from Higgsino-like chargino diagrams, its effect is sufficiently small if Higgsinos are heavy
without suppressing the contribution to ϵ′/ϵ. Electric dipole moments are sensitive probes
of the CP violations. However, contributions with (TU)13 or (TU)23 (see e.g., Ref. [33]) are
smaller than the current experimental limits if the squarks are heavier than 1TeV. Finally,
one might obtain a stringent constraint from RG analyses [16]. However, they depend on
models, and we simply neglect them to keep the discussion as model-independent as possible.

4 Conclusion

The recent analyses of the SM prediction of ϵ′/ϵ have reported a discrepancy from the
experimental value. The significance is about the 2.9σ level. We studied whether it is
explained by the chargino Z-penguin contributions. They are constrained by the vacuum
stability condition, and it is found that the SUSY contributions can bridge the discrepancy
if the SUSY masses are smaller than 4–6TeV.

The chargino Z penguin also contributes to B(KL → π0νν̄). The current discrepancy of
ϵ′/ϵ implies that B(KL → π0νν̄) is about less than 60% of the SM prediction. In future, the
KOTO experiment may measure the branching ratio at the 10% level of the SM value [31,32].
On the other hand, other experimental constraints exclude models only when the SUSY
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2.1 Notations

We basically follow the definition of SUSY Les Houches accord (SLHA) to describe the SUSY
Lagrangian [19,20]. The up-type squarks and charginos appear in the chargino contributions
to the flavor-violating Z-boson couplings of the down-type quarks. In terms of the squark
fields, Φu = (ũL, c̃L, t̃L, ũR, c̃R, t̃R)T , the up-type squark mass matrix is described as
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In this letter, the soft mass parameters are set in the superCKM basis, where the Yukawa
matrices are diagonalized. Although the soft SUSY-breaking masses, m2

Q̃
and m2

Ũ
, generally

have flavor off-diagonal components, they are irrelevant for the current discrepancy of ϵ′/ϵ,
because SUSY contributions to the Z penguin are enhanced when the SU(2)L symmetry
is broken, as will be mentioned in the next section. A significant contribution is provided
by flavor mixings in the trilinear scalar coupling TU , which is also expressed by the MI
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Here, mq̃ is a squark mass. It is noted that (TU)ij and (δuLR)ij are complex parameters, and
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ji is satisfied.

The chargino mass matrix is given by
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)
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which is diagonalized by two unitary matrices U and V as
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2.2 K meson observables

Chargino contributions to the Z-penguin diagrams are studied in this letter. They are
described by the flavor-violating Z-boson vertex,
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Zds s̄LγµdLZ
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ũ2
iL +

4

3
t̃2R

)2

.

(2.27)

In the potential, the mass of the SM-like Higgs boson is lower than 125GeV, which is cured
by radiative corrections to the Higgs potential. Including such corrections to the vacuum
decay rate is beyond the scope of the analysis in this letter.

3 Results

We discuss whether the current discrepancy of ϵ′/ϵ is explained by the chargino Z-penguin
contributions with satisfying the constraints especially from the vacuum stability condition.
First, the vacuum decay rate is estimated to derive an upper bound on the size of (TU)i3
by requiring SE ! 400. In the left plot of Fig. 2, the bound is shown as a function of
mq̃ ≡ mQ̃i

= mŨ3
. Here and hereafter, it is assumed that the heavy Higgs bosons are
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. Here and hereafter, it is assumed that the heavy Higgs bosons are

decoupled and the left-right mixing of stops is neglected. The result is insensitive to tan β
as long as it is large. In the right plot, the result is interpreted into the bound of (δuLR)i3.
Due to the relation (2.3), the limit becomes severer as the SUSY scale increases. Therefore,
the SUSY contributions to ϵ′/ϵ decrease according to Eq. (2.13).

In the left plot of Fig. 3, the SUSY contributions to ϵ′/ϵ are shown as a function of mq̃.
Here, |(TU)i3| is set at SE = 400, and |(TU)13| = |(TU)23| is assumed. The CP-violating phase
is taken to be maximal. In addition to the model parameters that determine the vacuum
decay rate, there is a degree of freedom in choosing mW̃ (see Eq. (2.9)). In the figure, mW̃ is
set to be 1, 2, 3TeV and mq̃ as reference cases. The result is insensitive to the other model
parameters. It is found that the current discrepancy of ϵ′/ϵ can be explained; the SUSY
scale can be as large as 4–6TeV, depending on the choice of mW̃ .

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

, tan β = 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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, 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.

Acknowledgements: We thank Toru Goto for helpful discussions. This work is supported by
JSPS KAKENHI No. 16K17681 (M.E.) and 16H03991 (M.E.).

References

[1] T. Blum et al., Phys. Rev. D 91, no. 7, 074502 (2015) doi:10.1103/PhysRevD.91.074502
[arXiv:1502.00263 [hep-lat]].
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SM

ε’/ε vs. KL →	π0νν

Recall :

Chargino is Left handed scenario

� negative correlation



Comments	on	anomaly	in	B	sector

CNP
9 < 0 O9 = (s̄L�µbL)(µ̄�

µµ)

Z	model	is	not	favored	by	anomalies	in	b	→ s	transitions	(P5’,	R(K),	R(K*),,,),	

which	suggest	negative	C9
NP

In	Z	model,	it	is	hard	to	produce	large	C9
NP due	to	smallness	of	the	vector	coupling	

to	charged	lepton		

Z

b s

µ µ (1	– 4	sw2)	
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Summary
� Flavor	physics	offers	a	powerful	probe	of	NP	beyond	the	SM	

� There	is	2.9σ	anomaly	in	direct CP violation in	Kaon	ε’/ε

�We	study	SUSY	model	with	large	trilinear	coupling	

ε’/ε � SUSY scale < 4-6 TeV

� BR(KL->πνν)		<	0.6	*	SM

l chargino Z	penguin	contribution

� The	measurements	of	KL →	π0νν	will	be	important	test	of	this	model


