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New physics contributions to FCNC

New physics   —   FCNC

SM

SM w/. EWSB

observable

>~1TeV

100GeV

~1GeV

Higher dimensional
operators



Higher dimensional operators

EFT below EWSB, i.e., top, W, Z and H are decoupled

New physics scale > O(100)GeV — SM effective field theory

Are SMEFT effects be negligible?

Conventional FCNC calculation

H
�F=2
e↵ = C1(dL,i�

µdL,j)(dL,i�µdL,j)

+ C2(dR,idL,j)(d̄R,idL,j) + C3(d
↵
R,id

�
L,j)(d

�
R,id

↵
L,j)

+ C4(dR,idL,j)(dL,idR,j) + C5(d
↵
R,id

�
L,j)(d

�
L,id

↵
R,j)

<latexit sha1_base64="uUgsixTuXDVWNnxbKcGcvX3SArA="></latexit><latexit sha1_base64="uUgsixTuXDVWNnxbKcGcvX3SArA="></latexit><latexit sha1_base64="uUgsixTuXDVWNnxbKcGcvX3SArA="></latexit><latexit sha1_base64="uUgsixTuXDVWNnxbKcGcvX3SArA="></latexit>

Le↵ = LSM +
P

i CiO
d>4
i

<latexit sha1_base64="7gp03LcvHMH0IThoYqOVIjl8bTw="></latexit><latexit sha1_base64="rjrIXoSpmt62OKkWsUXaHSLJZE8="></latexit><latexit sha1_base64="rjrIXoSpmt62OKkWsUXaHSLJZE8="></latexit><latexit sha1_base64="UF/YHl6WppJFjioD68PEGlRsOpo="></latexit>

(SMEFT)



Introduction:  “Are SMEFT effects be negligible?”

SMEFT in ΔF=2 FCNC

Two models:

• Flavor-changing Z penguin

• Left-right model

Summary

Outline



Flavor-changing Z penguin: Motivation

FC Z-penguin

Sensitive to physics beyond SM — cleanest probe
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Z
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Flavor-changing Z penguin: Motivation

Sensitive to physics beyond SM — cleanest probe

Less constrained by experiments — ε’/ε

✏0/✏
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2.8σ anomaly KOTO LHCb



First lattice computation of hadron matrix element

SM prediction (lattice + NLO)

Experimental result

(Near) future prospects
increase statistics, improve systematics, resolve δ0, …

[RBC-UKQCD’15]

Direct CP violation of Kaon

[NA48,KTeV’90-99]

[Kitahara et.al.’16]

New 2.8σ discrepancy

(✏0/✏)SM = (1.1± 5.1)⇥ 10�4

(✏0/✏)exp = (16.6± 2.3)⇥ 10�4



Flavor-changing Z penguin

Not gauge invariant under SU(2)xU(1)

— lose correlations among NP cont. in ``low-scale’’ EFT

New physics interpretation
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SM gauge symmetric, SU(2)xU(1)
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Z penguin in SMEFT
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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 effective 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]

(ϵK)
Z
1 = −4.26× 107 Im∆L Re∆L, (ϵK)

Z
2 = −4.26× 107 Im∆R Re∆R,

(ϵK)
Z
3 = 2.07× 109 Im∆L Re∆R, (ϵK)

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)),
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Z
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Here, the SM contribution, ∆SM
L , is generated by radiative corrections. At the one-loop

level, it is calculated as

∆SM
L =

g3λt

8π2cW
C̃

(
m2

t

m2
W

, µ

)
, ∆SM

R = 0, (2.9)

where cW = cos θW , λi ≡ V ∗
isVid with the CKMmatrix Vij, and µ is the renormalization

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

C̃(x, µ) = C(x) +∆C(x, µ). (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, which is out of
scope of this letter.
#5 The loop function C̃(x, µ) is consistent with the result in Ref. [26].
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Indirect CP violation of Kaon
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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
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Left-handed contribution by Wino mediation

Flavor and CP violation in squark trilinear couplings

[ME,Mishima,Ueda,Yamamoto]

SM SUSY

SUSY scenario
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Introduction:  “Are SMEFT effects be negligible?”

SMEFT in ΔF=2 FCNC

Two models:

• Flavor-changing Z penguin — tight constraint on RH coupling

• Left-right model

Summary

Outline



Scale uncertainty

New (heavy) and SM (light) particle contributions

SM
(W)

SM (t)
NP (heavy)

SM (t)
“low-scale” EFT

(t, W, … decoupled)

Q. In which scale operators should be matched?

conventional



Left-right symmetric model

SU(3)CxSU(2)LxSU(2)RxU(1)B-L          SU(3)CxSU(2)LxU(1)Y

Lint =
gLp
2
(VL)ij ūi�µPLdjW

µ
L +

gRp
2
(VR)ij ūi�µPRdjW

µ
R
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Flavor-changing interactions

Left- and right-handed W bosons

Higgs fields:  Φ~(Hu, Hd) & ΔR (ΔL)
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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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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=2 transitions: one-loop level

Charged Higgs ~ neutral Higgs at one-loop

WL

t

tVL YtVR

H± = heavy

Take account in SMEFT analysis



Matching on SMEFT at LR scale

ΔF=1 operators at tree level

WL

t

t
VL VR

WR

ΔF=2 operators at one-loop level
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VL YtVR
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Figure 2. Schematic figure for the SMEFT framework in the left-right symmetric model.

In this letter, we focus on the top quark contribution as mentioned in Sec. 1. First of all,
let us summarize the analysis procedure in Fig. 2. At the decoupling scale of the left-right
symmetry (µLR), the Wilson coefficients in the SMEFT are evaluated. In addition to the
∆F = 2 operators (the red colored diagrams in Fig. 2), there are∆F = 1 top-quark operators
which eventually contribute to the ∆F = 2 transitions (the blue colored diagrams). After
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
EWSB scale, we follow the standard procedure for the ∆F = 2 observables.

First, let us consider the matching condition of the SMEFT at µ = µLR (the first line in
the Fig. 2). At the tree level, one obtains the following ∆F = 1 SMEFT operators at the
dimension six after integrating out WR,

(C(8)
ud )

tree
33ij = −

g2R
M2

WR

(V †
R)i3(VR)3j, (3.11)

(C(1)
ud )

tree
33ij =

1

2Nc
(C(8)

ud )33ij. (3.12)

In addition, by exchanging the heavy neutral and charged Higgs bosons, we obtain the
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In this letter, we focus on the top quark contribution as mentioned in Sec. 1. First of all,
let us summarize the analysis procedure in Fig. 2. At the decoupling scale of the left-right
symmetry (µLR), the Wilson coefficients in the SMEFT are evaluated. In addition to the
∆F = 2 operators (the red colored diagrams in Fig. 2), there are∆F = 1 top-quark operators
which eventually contribute to the ∆F = 2 transitions (the blue colored diagrams). After
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
EWSB scale, we follow the standard procedure for the ∆F = 2 observables.
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where the parameters are defined as

xt ≡
m2

t

M2
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
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(
1− 2 ln x

x− 1
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, (2.30)

K(x, µ) =
x
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[
ln
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+
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2(x− 1)2
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]
, (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.
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Result: B meson mass difference
one-loop top contribution
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SMEFT effects becomes important in LHC era.

In Z-penguin models, we obtain correlations, providing tight 

constraint on RH flavor-changing Z coupling.

In left-right symmetric model, SMEFT is necessary for 

reducing scale uncertainty.

Summary


