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Introduction
・FCNCの計算における標準的な有効理論

ℋΔF=2
eff = C1(d̄L,iγμdL,j)(d̄L,iγμdL,j) + C2(d̄R,idL,j)(d̄R,idL,j) + ⋯

-NP粒子, top, W, Z, Higgsはdecouple (NP scale > O(100)GeV) 

-ゲージ不変性が明白ではない 

・Standard Model Effective Theory(SMEFT): 

Le↵ = LSM +
X

i

CiOi
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(NP粒子だけdecouple) 

-operatorを評価するスケール不定性なし 

-ゲージ不変性が明白 

e.g. LRのΔB=2の観測量

e.g. KaonにおけるΔS=2の観測量
ゲージ不変
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Outline
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•  SMEFTによるゲージ不変な扱い

•  SMEFTにおけるトップクォークの量子補正

On-going work with Motoi Endo(KEK) and Teppei Kitahara(KIT, TTP) 

•  Introduction

-Left-right symmetric modelにおけるSMEFT

-Kaon系におけるゲージ不変な扱い

-標準的な有効理論における問題点

[Endo, Kitahara, Mishima and Yamamoto]
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Flavor-changing Z penguin
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・ε’/ε: KL->ππにおけるCPを破る観測量

・SMと実験値が合っていない: 

・SM:

・実験:

(ε’/εK)SM = (1.1±5.1) × 10-4   [T.Kitahara, U.Nierste and P.Tremper]

(ε’/εK)EXP = (16.6±2.3) × 10-4   [NA48, KTeV]

(ε’/εK)EXP > (ε’/εK)SM  at 2.8σ level
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KaonにおけるSMEFT
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decay amplitude

1/!EXP = 22.46ϵ′�/ϵK ∝ (ImA0 − ImA2/ωEXP)
・ε’/εへのNPの寄与:

s

d

d

d

t
W�

ū, d̄

u, d

�, Z0

A2 ∼ EW-penguin

・Z-penguinへのNPの寄与は魅力的なシナリオ



/18

KaonにおけるSMEFT
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(✏0/✏K)NP /
�
s2W Im�L + c2W Im�R

�

・Z-penguinへのNPの寄与:

Zµ
ΔL,R(s̄γμPL,Rd)Zμ

u/d

s̄L,R dL,R

ℒ = ΔL(s̄γμPLd)Zμ + ΔR(s̄γμPRd)Zμ (ゲージ不変ではない)
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KaonにおけるSMEFT
・SMEFT:

Le↵ = LSM +
X

i

CiOi
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[𝒪(1)
HQ] = (H†iDμH)(q̄2γμq1)

[𝒪(3)
HQ] = (H†iDa

μH)(q̄2τaγμq1)

[𝒪HD] = (H†iDμH)(s̄γμd)

}
EWSB

ΔL(s̄γμPLd)Zμ

ΔR(s̄γμPRd)Zμ

ℒeff = ΔL [Zμ −
g

MZ
(W−

μ G+ + W+
μ G−) + ⋯](s̄LγμdL)

ΔS = 2の観測量に寄与
�7
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KaonにおけるSMEFT
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・ΔS=2の観測量
sL/R

dL/R

dL/R

sL/R

Z

(a)

sL

dL/R

dL

sL/R

Z

SM

(b)

tsL

dL/R

G
�

dL

sL/R

W

(c)

tsL

dL/R

W

dL

sL/R

G
�

(d)

tsL

dL/R

G
�

dL

sL/R

G
�

(e)

Figure 1. The NP contributions to �S = 2 process. The black bubble denotes the ver-
tices in Eq. (2.4) originating from the dimension-6 e↵ective operators: OL and OR. The
white bubble with “SM” denotes the SM flavor-changing Z interaction. Subfigures (b)–(e)
correspond to the interference contributions between the NP and SM. A contribution from
G0-exchange diagram is negligible because it receives a suppression factor by the external
momentum, so that we omit it here.

where the right-hand side is [15]

(✏K)
Z

1 = �4.26 ⇥ 107 Im�L Re�L, (✏K)
Z

2 = �4.26 ⇥ 107 Im�R Re�R,

(✏K)
Z

3 = 2.07 ⇥ 109 Im�L Re�R, (✏K)
Z

4 = 2.07 ⇥ 109 Im�R Re�L. (2.7)

In these expressions, renormalization group corrections and long-distance contribu-
tions are included [25]. In addition, one must take account of the interference terms
between the SM and NP contributions (Figs. 1 (b)–(e)),

(✏K)
Z

5 = �4.26 ⇥ 107 Im�SM
L

Re�L, (✏K)
Z

6 = �4.26 ⇥ 107 Im�L Re�
SM
L

,

(✏K)
Z

7 = 2.07 ⇥ 109 Im�SM
L

Re�R, (✏K)
Z

8 = 2.07 ⇥ 109 Im�R Re�SM
L

. (2.8)

Here, the SM contribution, �SM
L

, is generated by radiative corrections. At the one-loop
level, it is calculated as

�SM
L

=
g
3
�t

8⇡2cW

eC
✓

m
2
t

m
2
W

, µNP

◆
, �SM

R
= 0, (2.9)

where cW = cos ✓W , �i ⌘ V
⇤
is
Vid with the CKM matrix Vij, and µNP corresponds to the

NP scale.#4 In this letter, the CKMfitter result [24] is used for the CKM elements,
unless otherwise mentioned. The loop function is#5

eC(x, µNP) = C(x) +�C(x, µNP). (2.10)

#4 In order to introduce how significant the interference contributions are, we ignore the renormal-
ization group corrections to the dimension-6 operators above the electroweak scale except for a first
leading logarithmic contribution ln(µNP/mW ) which comes from Fig. 1 (e). This approximation is
valid when the NP scale is not so far from the electroweak scale.
#5 The loop function eC(x, µNP) is consistent with the result in Ref. [26].

3

…

ℒeff = ΔL,R [Zμ −
g

MZ
(W−

μ G+ + W+
μ G−) + ⋯](s̄L,RγμdL,R)

・SMEFTによってゲージ不変な扱いが可能

⇠
⌦
K

0
�� Ĥ

��K̄0
↵
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KaonにおけるSMEFT
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・KaonのIndirect CP violation:
-実験値: |ϵexp | = (2.228 ± 0.011) × 10−3

-SM: ϵSM = (2.12 ± 0.18) × 10−3

-4×10-6

-2×10-6

2×10-6

4×10-6

-4 ×10-6 -2 ×10-6 0 2 ×10-6 4 ×10-6

0

Im
∆ L

Re ∆ L

-4×10-6

-2×10-6

2×10-6

4×10-6

-4 ×10-6 -2 ×10-6 0 2 ×10-6 4 ×10-6

0

Im
∆ R

Re ∆ R

εK

ε’/ε
1σ
2σ

KL→μμ εK

ΔL ΔR

chiral enhancement

Experimental value

SM ✏SM = (2.12± 0.18)⇥ 10�3

|✏exp| = (2.228± 0.011)⇥ 10�3

[ME,Kitahara,Mishima,Yamamoto]

Indirect CP violation of Kaon

L = �L(d̄L�
µsL)Zµ +�R(d̄R�

µsR)Zµ

ℒ = ΔL(d̄LγμsL)Zμ + ΔR(d̄RγμsR)Zμ [Endo, Kitahara, Mishima, Yamamoto]
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•  SMEFTによるゲージ不変な扱い

•  SMEFTにおけるトップクォークの量子補正

On-going work with Motoi Endo(KEK) and Teppei Kitahara(KIT, TTP) 

•  Introduction

-具体例としてLeft-right symmetric model

-Kaon系におけるゲージ不変な扱い

-標準的な有効理論における問題点
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スケールの不定性
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・NP粒子とSM粒子が寄与する: 
e.g. LR model 

WL
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・operatorをどのscaleで評価すべきかが決まらない

重い粒子を積分
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Left-right symmetric model

�12

SU(3)C×SU(2)L×SU(2)R×U(1)B-L SU(3)C×SU(2)L×U(1)Y
vR

・Flavor-changing相互作用:

ℒint =
gL

2
(VL)ijūiγμPLdjW

μ
L +

gR

2
(VR)ijūiγμPRdjW

μ
R

ℒint ≃ −
2

v cos 2β [d̄(V†
LMuVR)PRdH0 + d̄(V†

RMuVL)PLd(H0)*]

-WL, WR(heavy)

-H0(heavy neutral higgs)
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SMEFTへのmatching

�13

・SMEFTでの扱い:

ΔF=2 transitions: one-loop level

Left- and right-handed W bosons (mH > mWR)

WL WR

t

t

2

q

q0 q

q0

WL WR

q q0

q0 qq0 q

q q0q q0

q0 q

WL WR WL WR
H

A B C D

H

FIG. 1. The four classes of leading LR diagrams contributing to the neutral meson mixings. A,B,C,D identify the box diagrams,
the H-mediated tree-level amplitude, the one-loop self-energy and vertex renormalizations, respectively. The diagrams drawn
are just representatives of each class and all allowed contractions among external and internal states are understood. In classes
C and D all diagrams which do not contain the HWLWR vertex (with the longitudinal components of the gauge bosons) are
subleading for large MH , analogously to H exchange in the box A.

role in the LR model. The destructive interference be-
tween the cc and ct amplitudes, achieved by a given con-
figuration of the relevant LR phases, is in fact more effi-
cient than estimated in the past. As a consequence, given
present data and the the related uncertainties, �B = 2

mixing and related CP violation play now a leading role
in constraining low scale LR symmetry. We expect this
feature to become even more prominent in the future with
more data coming from LHCb and B-factories, while only
a substantial theoretical improvement on the calculation
of the long-distance contributions to the KL-KS mass
difference may make this observable prevail over B data.

In minimal LR models a discrete symmetry is often
assumed that relates the couplings in the left and right
sectors, the only two realistic implementations being gen-
eralized parity (P) and generalized charge-conjugation
(C) [21, 41, 42]. The latter arises naturally in a grand
unified SO(10) embedding as a generator of the alge-
bra [43, 44]. We analyze the impact of meson oscillations
in both cases of low scale symmetry restoration.

A first outcome of our analysis is that, in the case of
P-parity, after considering the improved renormalization
and the new contributions to CP violation in the K sector
(" and "0) we can strongly rule out the regime of hierarchi-
cal VEVs of the bidoublet, v2/v1 < mb/mt ' 0.02. For
not so hierarchical VEVs, the predictivity of the model
and the strict correlation among the LR phases requires
a fully numerical analysis with constraints from K and
B oscillations.

The numerical analysis leads to a reassessment of the
absolute lower bounds on the LR scales. We find the FC
Higgs to be bounded by B oscillations to be always above
20 TeV. Thus, as it is well known [45], in order to obtain
TeV scale LR symmetry the WR gauge boson has to be
substantially lighter than the second Higgs doublet, pos-
ing the concern of perturbativity of the scalar coupling
to the longitudinal gauge boson components [22, 23, 33].
Our result is that, keeping MH at the limit of the pertur-
bative regime, a fit of the present Bd and Bs mixing data
allows for WR as light as 2.9 (3.2)TeV at the 95% CL in
the C (P) case.

The possibility of such a low scales of LR symmetry,
favourable to LHC direct detection, is achieved in both

frameworks for quite specific patterns of the model CP
phases, which we discuss in detail.

We discuss finally the foreseen improvements follow-
ing from the constraints on �B = 2 observables in the
upgraded stages of LHCb and Super-B factories, and con-
clude that they will raise the sensitivity to the LR scale
beyond 6 TeV, thus setting a challenging benchmark for
the direct search (the latter being sensitively dependent
on the decay channels and the mass scale of the right-
handed neutrinos, for a discussion see [21, 46]).

II. LR MODEL AND MESON OSCILLATIONS

In the minimal LR model additional �F = 2 transi-
tions are mediated by the right-handed gauge boson WR

and the neutral flavor changing Higgs (FCH) H. We re-
view the model and the relevant lagrangian interactions
in Appendix A. Here we just recall that the WR charged-
current interactions are characterized by a flavor mixing
matrix VR , that is the analogue of the standard Cabibbo-
Kobayashi-Maskawa (CKM) matrix VL.

While the WR gauge bosons appear in loop diagrams,
the FCH mediates �F = 2 transitions at the tree level.
Both WR and H exhibit the same fermion mixing struc-
ture, proportional to V ⇤

LVR (see App. A). The phe-
nomenological analysis of Ref. [21] shows that the mixing
angles in VR are very close to VL, thus making the model
very predictive. To the detail, the precise form VR de-
pends on the discrete LR symmetry realization, denoted
by P parity and C conjugation,

P : VR ' KuVLKd , C : VR = KuV ⇤
LKd . (1)

Ku,d are diagonal matrices of phases, namely Ku =

diag{e
i✓u , ei✓c , ei✓t}, Kd = diag{e

i✓d , ei✓s , ei✓b}. For a de-
tailed discussion see [21]. It is enough to recall that in
the case of C, the additional CP phases are independent
parameters, while in the case of P they are related since
the theory has just one free parametric phase beyond the
CKM one. In the latter case an analytic solution was pro-
vided in Ref. [20] which holds however in a specific limit
of the model lagrangian parameters (see also App. A).

+

gauge invariance

Which matching scale ~ WR? EWSB??

— Match LR onto SMEFT operators

VL VR

-ΔF=1のoperatorにtree-level matcing 

-ΔF=2のoperatorにtree-level matcing 

ΔF=2 transitions: tree level

H
0
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Heavy Higgs exchange

Input at a scale of heavy Higgs boson mass
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・EW scaleでのmatching:
ΔF=1 → ΔF=2 in SMEFT

W, G

tt
VCKM

+ λmj
t

(
(C(1)

qq )imij + (C(1)
qq )ijim + (C(3)

qq )imij + (C(3)
qq )ijim

)]
K(xt, µW )

− αλij
t

πs2W
(C(3)

Hq)ijI2 (xt, µW ) +
αλij

t

4πs2W

3∑

m=1

[
λim
t (C(3)

Hq)mj + (C(3)
Hq)imλ

mj
t

]
S0 (xt), (2.24)

(C4 )
1–loop
ij =

αλij
t

πs2W
(C(8)

ud )33ijI1(xt, µW ) +
2αλij

t

πs2W
(C(8)

qd )33ijJ(xt)

− α

2πs2W

3∑

m=1

[
λim
t (C(8)

qd )mjij + λmj
t (C(8)

qd )imij

]
K(xt, µW ), (2.25)

(C5 )
1–loop
ij =

2αλij
t

πs2W

[
(C(1)

ud )33ij −
1

2Nc
(C(8)

ud )33ij − (CHd)ij

]
I1(xt, µW )

+
4αλij

t

πs2W

[
(C(1)

qd )33ij −
1

2Nc
(C(8)

qd )33ij

]
J(xt)

− α

πs2W

3∑

m=1

[
λim
t

(
(C(1)

qd )mjij −
1

2Nc
(C(8)

qd )mjij

)

+ λmj
t

(
(C(1)

qd )imij −
1

2Nc
(C(8)

qd )imij

)]
K(xt, µW ), (2.26)

where the parameters are defined as

xt ≡
m2

t

M 2
W

, λij
t ≡ V ∗

tiVtj. (2.27)

Here, Vij is the CKM matrix, and sW = sin θW with the Weinberg angle θW . The loop
functions are given as

I1(x, µ) =
x

8

[
ln

µ

MW
− x− 7

4(x− 1)
− x2 − 2x+ 4

2(x− 1)2
ln x

]
, (2.28)

I2 (x, µ) =
x

8

[
ln

µ

MW
+

7x− 25

4(x− 1)
− x2 − 14x+ 4

2(x− 1)2
ln x

]
, (2.29)

J(x) =
x

16

(
1− 2 ln x

x− 1

)
, (2.30)

K(x, µ) =
x

8

[
ln

µ

MW
+

3(x+ 1)

4(x− 1)
− x(x+ 2)

2(x− 1)2
ln x

]
, (2.31)

S0 (x) =
x

4

[
x2 − 11x+ 4

(x− 1)2
+

6x2

(x− 1)3
ln x

]
. (2.32)

In the result, the Wilson coefficients in the left-handed side are in the low-scale basis, and
those in the right-handed side are in the SMEFT. Both of them are evaluated at the weak
scale, µ = µW . The other low-scale ∆F = 2 operators do not receive one-loop corrections
through the top quark decoupling.

5

one-loop matching

cf. scale(μ) dependence — RGE

[ME,Kitahara,Ueda, preliminary]

SMEFTへのmatching

・SMEFTとconventionalな方法でどの程度違いがあるか?
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Result(1)

�16

・BSのWilson係数(μ=MWL):

δC4 = (C4(MWL
)SMEFT − C4,con(MWL

)input=top,WR)/C4(MWL
)SMEFT
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one-loop top contribution

μ = mt

conventional

μ = mWR

μ = mt

μ = mWR

SMEFT

[ME,Kitahara,Ueda, preliminary]

mH = 6mWR
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Result(2)

�17

Result: B meson mass difference
one-loop top contribution

[ME,Kitahara,Ueda, preliminary]
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mH = 6mWR
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μ = mWR

δ(ΔMBq
) = (ΔMBq

)SMEFT − (ΔMBq
)input=top,WR)/(ΔMBq

)SMEFT

・B中間子のmass difference:
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Summary

�18

・SMEFTによってゲージ不変に物理量を扱える

・SMEFTによってスケールの不定性を改善できる
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ゲージ不変なmatchingΔF=2 transitions: one-loop level
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FIG. 1. The four classes of leading LR diagrams contributing to the neutral meson mixings. A,B,C,D identify the box diagrams,
the H-mediated tree-level amplitude, the one-loop self-energy and vertex renormalizations, respectively. The diagrams drawn
are just representatives of each class and all allowed contractions among external and internal states are understood. In classes
C and D all diagrams which do not contain the HWLWR vertex (with the longitudinal components of the gauge bosons) are
subleading for large MH , analogously to H exchange in the box A.

role in the LR model. The destructive interference be-
tween the cc and ct amplitudes, achieved by a given con-
figuration of the relevant LR phases, is in fact more effi-
cient than estimated in the past. As a consequence, given
present data and the the related uncertainties, �B = 2

mixing and related CP violation play now a leading role
in constraining low scale LR symmetry. We expect this
feature to become even more prominent in the future with
more data coming from LHCb and B-factories, while only
a substantial theoretical improvement on the calculation
of the long-distance contributions to the KL-KS mass
difference may make this observable prevail over B data.

In minimal LR models a discrete symmetry is often
assumed that relates the couplings in the left and right
sectors, the only two realistic implementations being gen-
eralized parity (P) and generalized charge-conjugation
(C) [21, 41, 42]. The latter arises naturally in a grand
unified SO(10) embedding as a generator of the alge-
bra [43, 44]. We analyze the impact of meson oscillations
in both cases of low scale symmetry restoration.

A first outcome of our analysis is that, in the case of
P-parity, after considering the improved renormalization
and the new contributions to CP violation in the K sector
(" and "0) we can strongly rule out the regime of hierarchi-
cal VEVs of the bidoublet, v2/v1 < mb/mt ' 0.02. For
not so hierarchical VEVs, the predictivity of the model
and the strict correlation among the LR phases requires
a fully numerical analysis with constraints from K and
B oscillations.

The numerical analysis leads to a reassessment of the
absolute lower bounds on the LR scales. We find the FC
Higgs to be bounded by B oscillations to be always above
20 TeV. Thus, as it is well known [45], in order to obtain
TeV scale LR symmetry the WR gauge boson has to be
substantially lighter than the second Higgs doublet, pos-
ing the concern of perturbativity of the scalar coupling
to the longitudinal gauge boson components [22, 23, 33].
Our result is that, keeping MH at the limit of the pertur-
bative regime, a fit of the present Bd and Bs mixing data
allows for WR as light as 2.9 (3.2)TeV at the 95% CL in
the C (P) case.

The possibility of such a low scales of LR symmetry,
favourable to LHC direct detection, is achieved in both

frameworks for quite specific patterns of the model CP
phases, which we discuss in detail.

We discuss finally the foreseen improvements follow-
ing from the constraints on �B = 2 observables in the
upgraded stages of LHCb and Super-B factories, and con-
clude that they will raise the sensitivity to the LR scale
beyond 6 TeV, thus setting a challenging benchmark for
the direct search (the latter being sensitively dependent
on the decay channels and the mass scale of the right-
handed neutrinos, for a discussion see [21, 46]).

II. LR MODEL AND MESON OSCILLATIONS

In the minimal LR model additional �F = 2 transi-
tions are mediated by the right-handed gauge boson WR

and the neutral flavor changing Higgs (FCH) H. We re-
view the model and the relevant lagrangian interactions
in Appendix A. Here we just recall that the WR charged-
current interactions are characterized by a flavor mixing
matrix VR , that is the analogue of the standard Cabibbo-
Kobayashi-Maskawa (CKM) matrix VL.

While the WR gauge bosons appear in loop diagrams,
the FCH mediates �F = 2 transitions at the tree level.
Both WR and H exhibit the same fermion mixing struc-
ture, proportional to V ⇤

LVR (see App. A). The phe-
nomenological analysis of Ref. [21] shows that the mixing
angles in VR are very close to VL, thus making the model
very predictive. To the detail, the precise form VR de-
pends on the discrete LR symmetry realization, denoted
by P parity and C conjugation,

P : VR ' KuVLKd , C : VR = KuV ⇤
LKd . (1)

Ku,d are diagonal matrices of phases, namely Ku =

diag{e
i✓u , ei✓c , ei✓t}, Kd = diag{e

i✓d , ei✓s , ei✓b}. For a de-
tailed discussion see [21]. It is enough to recall that in
the case of C, the additional CP phases are independent
parameters, while in the case of P they are related since
the theory has just one free parametric phase beyond the
CKM one. In the latter case an analytic solution was pro-
vided in Ref. [20] which holds however in a specific limit
of the model lagrangian parameters (see also App. A).
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symmetry (µLR), the Wilson coefficients in the SMEFT are evaluated. In addition to the
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solving the SMEFT RGEs, they are matched onto the low-scale operators at the EWSB
scale, where we need to take account of the one-loop level matching condition. Below the
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Direct CP violation
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CP を破る相互作用
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KaonのCPの破れ



この量を測ることができる 
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acidental cancellation 
が起きる

以下の量を評価する
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✏0K/✏KThe SM prediction of
RBC-UKQCD
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They determine ImA0, ImA2 by lattice QCD calculation.
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✏0K/✏KThe SM prediction of
Buras et al.
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A.J. Buras, M. Gorbahn, S. J ̈ager and M. Jamin, JHEP 11 (2015)  
202 [arXiv:1507.06345] 
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✏0K/✏KThe SM prediction of
Kitahara et al.

✏0K
✏K

' 1p
2|✏K |

!exp

(ReA0)exp

✓
ImA0 �

1

!exp
ImA2

◆

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

hQ3i0 , hQ5i0 , hQ7i0
by using lattice QCD result.

 28



Models solving         anomaly✏0/✏
Several new physics models have been studied to explain         anomaly✏0/✏

MSSM
chargino Z penguin [M.Endo, S.Mishima, D.Ueda and K.Yamamoto, PLB762(2016)493]

gluino Z penguin [M.Tanimoto and K.Yamamoto, PTEP(2016)no.12,123B02]

gluino box [T.Kitahara, U.Nierste and P.Tremper, PRL117(2016)no.9, 091802 A.Crivellin, 
G.D’Ambrosio, T.Kitahara and U.Nierste, 1703.05786]

Vector-like quarks [C.Bobeth, A.J.Buras, A.Celis and M.Jung, JHEP1704(2017)079]

Little Higgs Model with T-parity

331 model

Right handed current

[M.Blanke, A.J.Buras and S.Recksiegel,  
EPJ.C76 (2016)no.4,182]

[A.J.Buras and F.De Fazio, JHEP 1603(2016)010 & JHEP1608 (2016) 115]

[V.Cirigliano, W.Dekens, J.de Vries and E.Mereghetti, PLB  
767 (2017)1 S.Alioli, V.Cirigliano, W.Dekens, J.de Vries and E.Mereghetti, JHEP1705 (2017)086] 29
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