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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
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2
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)
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where the isospin amplitudes AI in K → ππ decays are introduced through
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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)

148

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)

148

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)

148

Direct CP violation (K->ππ	decay)	: ε’/ε
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

[NA48, KTeV]
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EW penguinQCD penguin
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In SM, there is accidental cancellation between ImA0 and ImA2 due to
the enhancement	factor	1/ω

ε’/ε

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 penguin
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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

– 26 –

First	Lattice	results	
in	2015	!

See	C.	Sachrajda Talk

ε’/ε

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
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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.
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1

2.9σ difference

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

[NA48, KTeV]

ε’/ε anomaly

New physics in ε’/ε ?

SM

Exp

� NNLO	QCD	in	progress [M.Cerda-Sevilla,	M.Gorbahn,	S.Jager,	A.Kokulu]	
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ε’/ε beyond	SM
l Recall	:	

NP	in	ImA2 (O8)	is	favored	because	of	ΔI=1/2	enhancement	factor	:	1/ωª22

(ImA2)NP

l The	type	of	(ImA2)NP :

:
s u

uR dRs d

q q

Z 0
Z

s d

q q

Z	scenario Z’	scenario Others

� O6	&	O8g	(chromomagnetic operator)	is	not	included	in	this	talk	

Let	us	discuss	the	model-independent	features	firstly,	and	then	model-dependent	ones.

RH	scenario
Gluino box

VLQ
331

Chargino Z	penguin
gluino Z	penguin
VLQ
LHT
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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

Kaon	observables	in	Z	&	Z’	scenario

Zµ, Z 0
µ

ΔL,	ΔRs d

Correlations	between	Kaon	observables

Only	RH	(or	LH)	scenario	� KL	→ π0νν	is	suppressed
RH	+	LH	scenario													 � KL	→ π0νν		can	be	enhanced

KL	→ π0νν

K+→ π+νν

Z

s d

⌫ ⌫

[A.J.Buras,	D.Buttazzo and	R.Knegjens,	JHEP1511(2015)166

A.J.Buras,	JHEP1604(2016)071

C.Bobeth,	A.J.Buras,	A.Celis and	M.Jung,	1703.04753]

:	Direct	CPV	and	depends	on	only	Im part		� Strong	correlation	with	ε’/	ε

See	R.	Marchevski Talk

← KOTO@ J-PARC

← NA62 @ CERN

:	depends	on	Im &	Re	parts	� no	strong	correlation	with	ε’/	ε

can	be	enhanced	by	up	to	a	factor	of	2	(LH)	and	5.7	(RH)
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Notes	on	Z	scenario

[C.Bobeth,	A.J.Buras,	A.Celis and	M.Jung,	JHEP	1704	(2017)	079	&	1703.04753]

[M.Endo,	T.Kitahara,	S.Mishima and	KY,	PLB771(2017)37]

Z

b s

µ µ (1	– 4	sw2)	

CNP
9 < 0 O9 = (s̄L�µbL)(µ̄�

µµ)

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

negative	C9NP

In	Z	model,	it	is	hard	to	produce	large	C9NP due	to	smallness	

of	the	vector	coupling	to	charged	lepton		

SMEFT

Anomaly	in	B	sector

RG	evolution

ΔF=2	operator	

l RH	Z	NP	scenario	gets	strong	constraint	from	KKbar mixing	(ΔF=2)	through	RG	effects	

(s̄R�
µdR)Zµ

⇣
H† i
 !
D µH

⌘
(s̄R�

µdR)

new

(s̄L�µdL) (s̄R�
µdR)

l Recently,	the	Z	scenarios	have	been	studied	in	the	framework	of	SMEFT	(μEW <	μ <	μNP)

[C.Bobeth,	A.J.Buras,	A.Celis and	M.Jung,	1703.04753]
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Models	solving	ε’/ε anomaly
l Several	new	physics	models	have	been	studied	to	explain	ε’/ε anomaly

MSSM			-- chargino Z	penguin

-- gluino Z	penguin

-- gluino box	

Vector-like	quarks

Little	Higgs	Model	with	T-parity

331	model

Right	handed	current

[M.	Endo,	S.	Mishima,	D.	Ueda and	KY,	 PLB762(2016)493]

[M.	Tanimoto and	KY,	 PTEP(2016)no.12,123B02]

[T.Kitahara,	U.Nierste and	P.Tremper,	PRL117(2016)no.9,	091802

A.Crivellin,	G.D'Ambrosio,	T.Kitahara and	U.Nierste,	1703.05786]

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

[A.J.Buras and	F.De Fazio,	JHEP1603(2016)010

&	JHEP1608	(2016)	115]

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

[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]

l Different	implications	(correlations	&	predictions)	for	other	observables	appear	

depending	on	models		� Possibility	of	model	discriminations
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MSSM
l Flavor	violating	effects	come	from	off	diagonal	elements	of	squark mass	matrix

Model

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

Scalar	trilinear coupling
(ε’/	ε)NP in	MSSM

<H>

TU

l Large	trilinear	coupling	(A-term)	bring	enhancement	of	(ε’/	ε)

l with	large	isospin	breaking	(																							)	gives	effect	on	ImA2

TU TD

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

mŨ 6= mD̃

Chargino Z	penguin Gluino Z	penguin

Gluino box

Z	model	(LH) Z	model	(RH	+	LH)

[Endo,	Mishima,	Ueda and	KY	’16] [Tanimoto and	KY,	’16]

[Kitahara,	Nierste and	Tremper,’17]
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Implications	of	(ε’/	ε)NP in	MSSM

l SUSY	scale	is	O(TeV)	
l Different	correlations	between		(ε’/	ε) and																					appear	depending	on	scenariosK→ πνν

Chargino Z	penguin

2000 6000 10000 14000
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S
Y

m     [GeV]q~

10-210-310-4

SUSY
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1

1

0
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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.

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

LH	Z	scenario	� negative	correlation
Gluino box Chargino box	->	K→πνν

Gluino Z	penguin

Figure 5: The predicted BR(KL → π0νν̄)
versus ϵ′K/ϵK , where the Zsd coupling sat-
isfies the condition of eq.(18). The vertical
solid red line denotes the central value of the
experimental data, and the dashed ones de-
note the experimental bounds with 3σ for
ϵ′K/ϵK . The pink denotes the SM prediction.

Figure 6: The predicted region for BR(KL →
π0νν̄) versus BR(K+ → π+νν̄), where
the Zsd coupling satisfies the condition of
eq.(18). Notations are same as in Figure 1.

can be enhanced simultaneously once the condition Eq.(18) is imposed. In fig.5, we show the
correlation between BR(KL → π0νν̄) and ϵ′K/ϵK , where Zsd coupling satisfies the condition of
eq.(18). The constraint from ϵK is also imposed. It is remarkable that the Z-penguin mediated
by the gluino enhances simultaneously ϵ′K/ϵK and the branching ratio for KL → π0νν̄. While
the estimated ϵ′K/ϵK fits the observed value, the branching ratio of KL → π0νν̄ increases
up to 1.0 × 10−10. In this region, the phase of Im∆sd

L and Im∆sd
R becomes opposite, so the

enhanced region of BR(KL → π0νν̄) is somewhat reduced by the cancellation between the
left-handed coupling of Z and the right-handed one partially, compared with the result in
fig.4.

The real part of ∆sd
L and ∆sd

R are small sufficiently since φdL,dR
13 − φdL,dR

23 ≃ ±π/2 are
taken. Therefore, the SUSY contribution does not spoil the agreement of the real part of the
K → ππ amplitude in the SM with the experimental data.

In fig.6, we show the correlation between BR(KL → π0νν̄) and BR(K+ → π+νν̄). In the
parameter region where BR(KL → π0νν̄) and ϵ′K/ϵK are enhanced, the branching ratio of
K+ → π+νν̄ is not deviated from the SM. It is understandable because φdL,dR

13 − φdL,dR
23 ≃

±π/2 is taken in order to enhance BR(KL → π0νν̄) with the ϵK constraint. On the other
hand, BR(K+ → π+νν̄) is dominated by the considerably sizable real part of the SM. The
addition of the imaginary part of the SUSY contribution does not change the SM prediction
significantly.

The Z-penguin process also contributes to another kaon rare decay KL → µ+µ−, and
the B meson rare decays, B0 → µ+µ− and Bs → µ+µ−. Therefore, we expect them to
correlate with the K → πνν̄ decays. In the KL → µ+µ− process, the long-distance effect
is estimated to be large in ref. [65]. Therefore, we only discuss the short-distance effect,
which is dominated by the Z-penguin. We show BR(KL → π0νν̄) versus BR(KL → µ+µ−) in
fig.7, where the constraint from ϵK is imposed. It is noticed that the predicted value almost
satisfies the bound for the short-distance contribution in Eq.(23), presented as the red line.

12

�: SM+SUSY

�:	SM

Exp.	3σ

LH	&	RH	Z	scenario	� positive	correlation

� need	more	study	including	
vacuum	stability	&	RG	effect
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O(10~100%)	effect

O(10~100%)	effect?
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Vector-Like	Quarks (VLQ)	

Z	model

1 Introduction 2

1 Introduction

Among the simplest renormalisable extensions of the Standard Model (SM) that do not
introduce any additional fine tunings of parameters are models in which the only new
particles are vector-like fermions. Such fermions can be much heavier than the SM ones
as they can acquire masses in the absence of electroweak symmetry breaking. If in the
process of this breaking mixing with the SM fermions occurs, the generation of flavour-
changing neutral currents (FCNC) mediated by the SM Z boson is a generic implication.
If in addition the gauge group is extended by a second U(1) factor, a new heavy gauge
boson Z 0 is present and additional heavy scalars are necessary to provide mass for the Z 0

and to break the extended gauge-symmetry group down to the SM gauge group. There
is a rich literature on FCNCs implied by the presence of vector-like quarks (VLQs), see
in particular [1–12].

The goal of the present paper is an extensive study of patterns of flavour violation in
models with VLQs that are based on the following gauge groups:

GSM ⌘ SU(3)c ⌦ SU(2)L ⌦ U(1)Y, (1)

G0
SM ⌘ GSM ⌦ U(1)Lµ�L⌧ . (2)

The choice of the particular symmetry group U(1)Lµ�L⌧ [13, 14] is phenomenologically
motivated by the fact that it allows in a simple manner to address successfully the LHCb
anomalies [9, 15], while being anomaly-free and containing less parameters than general
Z 0 models [16].

In our paper we will be guided by the analyses in Refs. [3, 11, 17] which identified all
renormalisable models with additional fermions residing in a single vector-like complex
representation of the SM gauge group with a mass M . It turns out that there are 11
models where new fermions have the proper quantum numbers so that they can couple
in a renormalisable manner to the SM Higgs and SM fermions, thereby implying new
sources of flavour violation. Our analysis will concentrate on FCNCs in the K, Bd and
Bs systems, therefore only the five models with couplings to down quarks are relevant for
us, as specified in Section 2. We call this class of models GSM-models.

Consequently the models based on the gauge group G0
SM are called G0

SM-models. The
VLQs in these models belong to the same representations under GSM as in GSM-models,
but are additionally charged under U(1)Lµ�L⌧ . These models also contain new heavy
scalars.

As we will discuss in detail in Section 2 and Section 5, the patterns of flavour violation
in GSM-models and G0

SM-models di↵er significantly from each other:

• In GSM-models Yukawa interactions of the SM scalar doublet H involving ordinary
quarks and VLQs imply flavour-violating Z couplings to ordinary quarks, which
then dominate |�F | = 1 FCNC transitions. However, the situation in |�F | = 2
transitions is much more involved and depends on whether right-handed (RH) or
left-handed (LH) flavour-violating quark couplings to the Z are present. If they are
RH the e↵ects of renormalisation group (RG) evolution from M (the common VLQ
mass) down to the electroweak scale, µEW, generate left-right operators [18] via
top-Yukawa induced mixing. These operators are strongly enhanced through QCD

Z	&	Z’	model

G0
SM(S)

G0
SM(�)

new	gauge	:	Z’

2 The VLQ Models 5

Here L2
L = (⌫µ, µL) and L3

L = (⌫⌧ , ⌧L) are left-handed SU(2)L doublets and µR and ⌧R
right-handed singlets. We normalize the (Lµ � L⌧ ) charges of the leptons without loss of
generality by setting Q0

` = 1. The SM quarks do not couple directly to the U(1)Lµ�L⌧

gauge boson Z 0. However, such couplings are generated in G0
SM models through Yukawa

interactions of SM quarks with VLQs that couple directly to Z 0.

2.1 VLQ Representations

As we are mainly interested in the phenomenology of down-quark physics, we will restrict
our analysis to SU(3)c triplets and consider the following five models with SU(2)L singlets,
doublets and triplets:

singlets : D(1,�1/3,�X), (V)

doublets : QV (2,+1/6,+X), Qd(2,�5/6,�X), (IX,XI)

triplets : Td(3,�1/3,�X), Tu(3,+2/3,+X), (VII,VIII)

(5)

where the transformation properties are indicated as (SU(2)L,U(1)Y,U(1)Lµ�L⌧ ), i.e. X
denotes the charge under U(1)Lµ�L⌧ . It is implied that in GSM-models the U(1)Lµ�L⌧

charge should be omitted. The representations D, QV , Qd, Td, Tu correspond to the
models V, IX, XI, VII, VIII introduced in Ref. [11], where a complete list of renormalisable
models with vector-like fermions under GSM can be found, see also [3, 17]. Concerning
G0

SM, the combination of representations D, QV and additionally U(1,+2/3,�X) has
been studied first in [9].

The kinetic and gauge interactions of the new VLQs are given by

Lkin = D(iD/�MD)D +
X

a=V,d

Qa(iD/�MQa)Qa +
X

a=d,u

Tr
⇥

T a(iD/�MTa)Ta

⇤

, (6)

with appropriate covariant derivatives Dµ and we follow [11] for the triplet representations
as given in (2.13) and (2.14) of that paper. The masses M of the VLQs introduce a new
scale, which we will assume to be significantly larger than all other scales. The covariant
derivative is, omitting the SU(3)c part,

Dµ = @µ � ig1
�a

2
W a

µ � ig2Y Bµ � ig0Q0Ẑ 0
µ (7)

with the gauge couplings g2,1 and g0 of SU(2)L, U(1)Y and U(1)Lµ�L⌧ , respectively, and
charges Y and Q0 of U(1)Y and U(1)Lµ�L⌧ . The Pauli-matrices are denoted by �a. The

“hat” on Ẑ 0
µ indicates that we deal here with the gauge eigenstate and not mass eigenstate,

see (100).

Z’	model	

Model

(No	Z	contribution	because																		
is	absent)	( ̄i�µ j)(S

†DµS)

Zµ, Z 0
µ

NP

l FCNC	is	occurred	through	yukawa couplings	

l 11	VLQ	models	under	single-VLQ	scenario

GSM

G0
SM(S)

G0
SM(�)

3 Decoupling of VLQs 10
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Figure 1: Tree-level graphs (a) and (b) of the decoupling of a VLQ Fm that give rise to
 2'2D operators. They proceed via their Yukawa interactions with scalars ' = (H,S,�) and
SM quarks  = (qL, uR, dR). The gauge boson Gµ depends on the representation. Tree-level
graph (c) requires two representations Fm,n with a Yukawa coupling via 'c and give rise to  2'3

operators.

which holds as long as the second term remains small compared to the first. The anoma-
lous dimension matrices (ADM) �ab depend in general on couplings of the gauge, Yukawa
and scalar sectors and are known for the GSM-EFT [27–29]. Largest contributions might
be expected for the case of �ab / Y †

uYu ⇠ y2t mixing due to the top-quark Yukawa coupling
yt ⇠ 1 of the order of a few percent in the case of self-mixing (a = b) and from the mixing
due to QCD under ↵s. On the other hand, for a 6= b non-zero Wilson coe�cients can be
generated at 1stLLA order.3 In particular, as we will see below, in the case of models
with right-handed neutral currents left-right operators can be generated in this manner
with profound direct impact on |�F | = 2 transitions, thereby a↵ecting the predictions
for |�F | = 1 observables.

The VLQs have a very limited set of couplings to light fields, which are either via gauge
interactions (6) to the gauge bosons or via Yukawa interactions (8)–(10) to light — w.r.t.
to VLQ mass M — SM quarks and scalars ' = H,S or �, depending on the model. At
tree-level, this particular structure of interactions can give rise only to flavour-changing
Z and Z 0 couplings, whereas all other decoupling e↵ects are loop-suppressed [30].

The decoupling of the VLQs proceeds in the unbroken phase of SU(2)L⌦U(1)Y, hence
quark fields are flavour-eigenstates and neutral components of scalar fields are without
VEV at this stage. After the RG evolution from µM to µEW, spontaneous symmetry
breaking will take place within the G(0)

SM-EFTs and the transformation from flavour- to
mass-eigenstates for fermions and gauge bosons can be performed, accounting for the
dimension six part in Eq. (15).

3.1 Tree-level decoupling and Z and Z0 e↵ects

The couplings of the VLQs permit at tree level only a dimension six contribution from the
generic 4-point diagram in Fig. 1a. Since its dimension-five contribution vanishes [3], it is
equivalent to consider the 5-point diagram Fig. 1b, where either SU(2)L or U(1)Y gauge
bosons in GSM-models or in addition a Ẑ 0 in G0

SM-models is radiated o↵ the VLQ [3,

3 Note that the 1stLLA neglects “secondary mixing” e↵ects that are present in LLA, i.e. summing
all large logarithms, because although operator OA might not have ADM entry with operator OB (no
“direct mixing”), it can still contribute to the Wilson coe�cient CB(µEW), if it mixes directly with some
operator OC that in turn mixes directly into OB .
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graph (c) requires two representations Fm,n with a Yukawa coupling via 'c and give rise to  2'3
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which holds as long as the second term remains small compared to the first. The anoma-
lous dimension matrices (ADM) �ab depend in general on couplings of the gauge, Yukawa
and scalar sectors and are known for the GSM-EFT [27–29]. Largest contributions might
be expected for the case of �ab / Y †

uYu ⇠ y2t mixing due to the top-quark Yukawa coupling
yt ⇠ 1 of the order of a few percent in the case of self-mixing (a = b) and from the mixing
due to QCD under ↵s. On the other hand, for a 6= b non-zero Wilson coe�cients can be
generated at 1stLLA order.3 In particular, as we will see below, in the case of models
with right-handed neutral currents left-right operators can be generated in this manner
with profound direct impact on |�F | = 2 transitions, thereby a↵ecting the predictions
for |�F | = 1 observables.

The VLQs have a very limited set of couplings to light fields, which are either via gauge
interactions (6) to the gauge bosons or via Yukawa interactions (8)–(10) to light — w.r.t.
to VLQ mass M — SM quarks and scalars ' = H,S or �, depending on the model. At
tree-level, this particular structure of interactions can give rise only to flavour-changing
Z and Z 0 couplings, whereas all other decoupling e↵ects are loop-suppressed [30].

The decoupling of the VLQs proceeds in the unbroken phase of SU(2)L⌦U(1)Y, hence
quark fields are flavour-eigenstates and neutral components of scalar fields are without
VEV at this stage. After the RG evolution from µM to µEW, spontaneous symmetry
breaking will take place within the G(0)

SM-EFTs and the transformation from flavour- to
mass-eigenstates for fermions and gauge bosons can be performed, accounting for the
dimension six part in Eq. (15).

3.1 Tree-level decoupling and Z and Z0 e↵ects

The couplings of the VLQs permit at tree level only a dimension six contribution from the
generic 4-point diagram in Fig. 1a. Since its dimension-five contribution vanishes [3], it is
equivalent to consider the 5-point diagram Fig. 1b, where either SU(2)L or U(1)Y gauge
bosons in GSM-models or in addition a Ẑ 0 in G0

SM-models is radiated o↵ the VLQ [3,

3 Note that the 1stLLA neglects “secondary mixing” e↵ects that are present in LLA, i.e. summing
all large logarithms, because although operator OA might not have ADM entry with operator OB (no
“direct mixing”), it can still contribute to the Wilson coe�cient CB(µEW), if it mixes directly with some
operator OC that in turn mixes directly into OB .

Zµ, Z 0
µ

�VLQ
i�VLQ

j

VLQs

3 Decoupling of VLQs 10

'a 'b

Fm

 i j

(a)

'a 'b

Fm

 i j Gµ

(b)

'a 'b

Fm

 i j 'c

Fn

(c)

Figure 1: Tree-level graphs (a) and (b) of the decoupling of a VLQ Fm that give rise to
 2'2D operators. They proceed via their Yukawa interactions with scalars ' = (H,S,�) and
SM quarks  = (qL, uR, dR). The gauge boson Gµ depends on the representation. Tree-level
graph (c) requires two representations Fm,n with a Yukawa coupling via 'c and give rise to  2'3

operators.

which holds as long as the second term remains small compared to the first. The anoma-
lous dimension matrices (ADM) �ab depend in general on couplings of the gauge, Yukawa
and scalar sectors and are known for the GSM-EFT [27–29]. Largest contributions might
be expected for the case of �ab / Y †

uYu ⇠ y2t mixing due to the top-quark Yukawa coupling
yt ⇠ 1 of the order of a few percent in the case of self-mixing (a = b) and from the mixing
due to QCD under ↵s. On the other hand, for a 6= b non-zero Wilson coe�cients can be
generated at 1stLLA order.3 In particular, as we will see below, in the case of models
with right-handed neutral currents left-right operators can be generated in this manner
with profound direct impact on |�F | = 2 transitions, thereby a↵ecting the predictions
for |�F | = 1 observables.

The VLQs have a very limited set of couplings to light fields, which are either via gauge
interactions (6) to the gauge bosons or via Yukawa interactions (8)–(10) to light — w.r.t.
to VLQ mass M — SM quarks and scalars ' = H,S or �, depending on the model. At
tree-level, this particular structure of interactions can give rise only to flavour-changing
Z and Z 0 couplings, whereas all other decoupling e↵ects are loop-suppressed [30].

The decoupling of the VLQs proceeds in the unbroken phase of SU(2)L⌦U(1)Y, hence
quark fields are flavour-eigenstates and neutral components of scalar fields are without
VEV at this stage. After the RG evolution from µM to µEW, spontaneous symmetry
breaking will take place within the G(0)

SM-EFTs and the transformation from flavour- to
mass-eigenstates for fermions and gauge bosons can be performed, accounting for the
dimension six part in Eq. (15).

3.1 Tree-level decoupling and Z and Z0 e↵ects

The couplings of the VLQs permit at tree level only a dimension six contribution from the
generic 4-point diagram in Fig. 1a. Since its dimension-five contribution vanishes [3], it is
equivalent to consider the 5-point diagram Fig. 1b, where either SU(2)L or U(1)Y gauge
bosons in GSM-models or in addition a Ẑ 0 in G0

SM-models is radiated o↵ the VLQ [3,

3 Note that the 1stLLA neglects “secondary mixing” e↵ects that are present in LLA, i.e. summing
all large logarithms, because although operator OA might not have ADM entry with operator OB (no
“direct mixing”), it can still contribute to the Wilson coe�cient CB(µEW), if it mixes directly with some
operator OC that in turn mixes directly into OB .

(S	:	SU(2)L singlet)
(Φ :	SU(2)L doublet)

(D,	Td,	Tu,	QV,	Qd)			3LH,	2RH

(D,	QV)																						1LH,	1RH

(D,	Td,	Tu,	Qd)									3LH,	1RH

�VLQ
j

GSM

G0
SM(S)

G0
SM(�)
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Z 0
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q q

Z 0

Z�

Z

s d

q q

R

� (ε’/ ε)NP can	be	realized	in	GSM :	Z	(LH,	RH)	model
and	G’SM(Φ)	:	Z	(LH,	RH)	model

((		GSM	,G’SM(Φ)	))	

((G’SM(Φ)	))

((	G’SM(S)	,	G’SM(Φ)	))

But	Z-Z’	mixing	is	constrained	by	
EW	precision	test	

(ε’/	ε)NP in	VLQs
[C.Bobeth,	A.J.Buras,	A.Celis and	M.Jung ‘17]
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NO
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q
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Implications	of	(ε’/	ε)NP in	VLQs	

(ε’/	ε)NP vs.	KL	→ π0νν

QV VLQ	(RH)
D	VLQ	(LH)

SM

GSM
MVLQ	=	10TeV(Dark)		1TeV(Light)

In	GSM scenario,	KL	→ π0νν	is	
suppressed.	
This	suppression	is	significantly	
weaker	for	QV	and	Qd models	
(RH)	than	for	D,	Td	and	Tu (LH).

GSM

G’SM	(Φ) Br(K+→π+νν)	<	5	SM	(RH)
<	2	SM	(LH)

Br(K+→π+νν)	<	1.5 SM	(RH)
<	SM	(LH)

K+→ π+νν

G’SM	(Φ) Similar	to	GSM
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SM	quarks	(L,R)	+	T+

Little	Higgs	Model	with	T-parity	(LHT)

l Idea	:	Higgs	as	a	pseudo-Goldstone	boson	of	a	spontaneously	broken	global	symmetry	

l New	heavy	gauge	bosons	WH�,	ZH,	AH	&	heavy	scalar	triplet	Φ are	introduced		

l Consider	T-parity	to	avoid	the	constraint	from	EW	precision test

T-even		SM	sector	:		 T-odd	mirror	sector	:

� new	CKM-like	mixing	matrices	VHu,	VHd

Model

� CKM

Cancelle quadratic	
divergence

l FCNC	structure	:	New	sources	of	flavor	&	CP	violation	are	introduced	in	T-odd	sector	
Operators	are	same	as	SM	

ZL

ui
Hui

H

WH

νν

s d

ZL

di
Hdi

H

ZH , AH

νν

s d

ZL

WHWH

ui
H

νν

s d

ZL

WH

ui
H

νν

s
d

ZL

ZH , AH

di
H

νν

s
d

Figure 1: ZL-penguin diagrams contributing in the T-odd sector.

There are two additional features with respect to the SM calculation and the box

diagram calculation presented in [33] and below:

• The diagrams in Fig. 1 appear first to be O(1), that is they are not suppressed by

v2/f 2.

• The couplings of mirror fermions to ZL are vectorial (γµ) in contrast to the SM

couplings that have both γµ and γµγ5 components.

Clearly the O(1) contributions have to vanish as otherwise it would not be possible to

decouple the mirror fermions in the limit f → ∞. This is assured by the vectorial

coupling of ZL to the mirror fermions. The missing of diagrams with triple gauge bo-

son vertices in the neutral gauge boson case is compensated by the difference between

d̄iHZ
µ
Ld

i
H and ūi

HZ
µ
Lu

i
H couplings, so that the charged (W±

H ) and neutral (ZH , AH) gauge

boson contributions of O(1) to the ZL-penguin vanish independently of each other in the

unitary gauge.

As the inclusion of v2/f 2 corrections to the neutral gauge boson interactions leads

only to an overall factor multiplying the ZH and AH contributions, which vanish inde-

pendently of each other, we find that there is no contribution from mirror fermions to

ZL-penguin diagrams in the unitary gauge. The inclusion of v2/f 2 corrections to the

relations between the masses of ui
H and diH and to the gauge boson masses does not

change this result.

17

Z’	penguin	does	not	
appear	due	to	T-parity/Z	penguin	: V ⇤is

Hd V
id
Hd

Z

s d

(ε’/	ε)NP in	LHT

l Z	model	with	LH	scenario

ordinary top quark. The even sector and also the model without T-parity belong to the CMFV
class if only flavour violation in the down-quark sector is considered [42,43].

More interesting from the point of view of FCNC processes in the quark sector is the T-odd
sector. It contains three doublets of mirror quarks

✓
u1H
d1H

◆
,

✓
u2H
d2H

◆
,

✓
u3H
d3H

◆
. (3)

To first order in v/f , with f = O(1TeV), the mirror quarks have vectorial couplings under
SU(2)L ⇥ U(1)Y and their masses satisfy

mu
H1 = md

H1 , mu
H2 = md

H2 , mu
H3 = md

H3 . (4)

Mirror quarks communicate with the SM quarks by means of heavy gauge bosons

W±
H , ZH , AH , (5)

which can be considered as “partners” of the SM gauge bosons. They are T-odd particles with
masses given to lowest order in v/f by

MWH
= MZH

= gf , MAH
=

g0fp
5
=

tan ✓Wp
5

MWH
' MWH

4.1
, (6)

where g and g0 are the usual couplings of SU(2)L and U(1)Y , respectively.

2.3 Flavour structure of the LHT model

The interactions between ordinary down quarks and mirror quarks, mediated by gauge bosons
W±

H , ZH , AH , are governed by the new mixing matrix VHd. The corresponding matrix VHu in
the up sector is obtained by means of the relation [22,44]

V †
HuVHd = VCKM . (7)

Thus we have new flavour and CP-violating contributions to decay amplitudes in this model.
These new interactions can have a structure that is very di↵erent from the CKM matrix.

The di↵erence between the CMFV models and the LHT model can be transparently seen in
the formulation of FCNC processes in terms of the master one-loop functions that multiply the

CKM factors �(i)
t

�
(K)
t = V ⇤

ts Vtd , �
(d)
t = V ⇤

tb Vtd , �
(s)
t = V ⇤

tb Vts , (8)

for K, Bd and Bs systems respectively. This formulation can be used straightforwardly here
because the LHT model has the same operator structure as the SM and the models with CMFV,
except that the real and universal master functions of the latter models become complex quan-
tities and the property of the flavour universality of these functions is lost. Consequently the
usual CMFV relations between K, Bd and Bs systems are generally broken.

5

T�
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Implications	of	(ε’/	ε)NP in	LHT

(ε’/	ε)NP vs.	KL	→ π0νν

KL	→ π0νν	is	suppressedFigure 6: Correlation between B(KL ! ⇡0⌫⌫̄) and Re("0/") in the LHT model for f = 1TeV for

di↵erent values of (B(1/2)
6 , B(3/2)

8 ): (1.0, 1.0) (red), (0.76, 0.76) (blue), (0.57, 0.76) (green), (1.0, 0.76)
(magenta). The black dots show the corresponding central SM values. The experimental 1� range for
Re("0/") is displayed by the grey band [81–84].

to be roughly by 2� lower than the data.

In our analysis we will consider first of all three choices for the pair (B(1/2)
6 , B

(3/2)
8 ):

B
(1/2)
6 = B

(3/2)
8 = 1.0, (red), (90)

corresponding to the upper bound in (61),

B
(1/2)
6 = B

(3/2)
8 = 0.76, (blue), (91)

corresponding to the central lattice value for B(3/2)
8 and the largest value for B(1/2)

6 consistent
with the bound in (61) and

B
(1/2)
6 = 0.57, B

(3/2)
8 = 0.76 (green) (92)

corresponding to the central lattice values.
In Fig. 6 we show the correlation between KL ! ⇡0⌫⌫̄ and "0/" for these three scenarios.

We observe that in the second and third case the SM prediction is significantly below the data.
Requiring the LHT model to obtain agreement with the data suppresses strongly the branching
ratio B(KL ! ⇡0⌫⌫̄) below its SM value. At the bound in (90) taking all the uncertainties into
account the suppression is moderate. This is in particular the case if we allow to violate the

inequality between B
(1/2)
6 and B

(3/2)
8 and choose

B
(1/2)
6 = 1.0, B

(3/2)
8 = 0.76 (magenta) . (93)

But this case is very unlikely in view of the bound in (61).
Fig. 7 shows the analogous correlation between B(K+ ! ⇡+⌫⌫̄) and Re("0/"). The two

branches of Fig. 2 also manifest themselves in the present figure. The horizontal branch with
large enhancements of B(K+ ! ⇡+⌫⌫̄) is disfavoured by "0/". Fitting the data on "0/" is
possible within the LHT model without any suppression of B(K+ ! ⇡+⌫⌫̄). However significant
modifications of this branching ratio with respect to the SM are then not allowed.

24

Figure 7: Correlation between B(K+ ! ⇡+⌫⌫̄) and Re("0/") in the LHT model for f = 1TeV for

di↵erent values of (B(1/2)
6 , B(3/2)

8 ): (1.0, 1.0) (red), (0.76, 0.76) (blue), (0.57, 0.76) (green), (1.0, 0.76)
(magenta). The black dots show the corresponding central SM values. The experimental 1� ranges
are displayed by the grey band [70,81–84].

5.2.5 Problems with Bs,d ! µ+µ� and Bd ! K(⇤)`+`�

While until now the LHT model passed all experimental tests related to �F = 2 transitions and
rare K decays, the situation changes when Bs,d ! µ+µ� and Bd ! K(⇤)`+`� are considered.

In Fig. 8 we show the correlation between the ratios Rµµ
s,d in the LHT model. While the

MFV prediction, represented by the straight black line, can be modified, this modification is
not su�cient to bring the theory in full agreement with the data. While the data would favour a
suppression of B(Bs ! µ+µ�) relative to its SM value, the LHT model favours its enhancement.
The contribution from the T-even sector provides a flavour universal enhancement by 15%, and
particular values of model parameters in the T-odd sector are required to change this pattern.
We find that while the mirror quarks can enhance B(Bd ! µ+µ�) by up to a factor of 2, such
large values appear impossible together with a suppression of B(Bs ! µ+µ�). Consequently
finding future data to confirm the present ranges of B(Bs,d ! µ+µ�) will be problematic for
the LHT model.

The di�culty to suppress B(Bs ! µ+µ�) below its SM value is also seen in Fig. 9. Addi-
tionally we observe that for the lowest values of B(Bs ! µ+µ�) favoured by the data, large
enhancements of B(K+ ! ⇡+⌫⌫̄) are not allowed.

Even more problematic for the LHT model appear at present the data on Bd ! K(K⇤)`+`�

as we discussed already in section 3.9.

5.3 B ! K(⇤)⌫⌫̄

In Fig. 10 we show the correlation between B̄(Bs ! µ+µ�) and B(B ! K(⇤)⌫⌫̄) in the LHT
model. We observe a very strong linear correlation characteristic for models with left-handed
flavour changing currents in which the Z penguin dominates. We also note as in Fig. 9 that the
T-even sector by itself would be in conflict with experiment but the presence of mirror quarks
allows still to save the LHT model. Yet, as already seen in Fig. 9, it is di�cult to obtain results

25

(ε’/	ε)NP vs.	K+→ π+νν

K+ →	π+νν	has	small	modification
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331	model

l Requirement	of	anomaly	cancelation	+	asymptotic	freedom	of	QCD	implies	number	of	
generations	=	number	of	colors	

Model

l FCNC structure

l 24	models	characterized	by	different	β,	tanβbar	and	fermion	representations	

s d

q q

Z 0 s̃13s̃23

2 Z � Z 0 Mixing in 331 Models 6

M

2

Z0/M
2

Z stronger than in the case of Z at the amplitude level. Therefore we should
make a closer look at the values of sin ⇠ and Z

0 couplings to leptons as functions of �
and tan �̄ and compare them with the known Z couplings to fermions in order to decide
whether Z boson contributions to FCNC processes can be neglected or not. However
first we have to elaborate on the choice of fermion representations.

2.2 Choice of Fermion Representations

As already emphasized in [8, 14] the choice of � does not uniquely specify the phe-
nomenology of the 331 model considered which further depends on the choice of fermion
representations under SU(3)L. Here we discuss some aspects of this dependence that
are relevant for our study.

Our choice of representations in [3, 4] under SU(3)L can be summarized as follows.
The first two generations of quarks are put into triplets (3) while the third one into the
antitriplet (3⇤):

0

@
u

d

D

1

A

L

0

@
c

s

S

1

A

L

0

@
b

�t

T

1

A

L

. (15)

The corresponding right handed quarks are singlets. The anomaly cancellation then
requires that leptons are put into antitriplets:

0

@
e

�⌫e

Ee

1

A

L

0

@
µ

�⌫µ

Eµ

1

A

L

0

@
⌧

�⌫⌧

E⌧

1

A

L

. (16)

We refer to this choice as F
1

.
On the other hand in [8, 14] the triplets and antitriplets are interchanged relative to

our choice. That is the first two quark generations are in antitriplets while the third one
in a triplet. Therefore leptons are also in triplets. We call this fermion assignment F

2

3.
The important two features to be remembered for our discussion below is that for a

given �:

• The expression for sin ⇠ in (10) is independent of whether F
1

or F
2

is used.

• On the other hand as evident from the comparison of our compendium for Z

0

couplings to fermions in [4] with Table 4 of [14] the signs in front of � in these
couplings are changed when going from F

1

to F

2

. This property can be derived
from the action of the relevant operator Q̂W on triplet and antitriplet. See formulae
in Section 2 of [3].

These observations have the following important phenomenological implications given
here first without FCNCs due to Z boson:

• In F

1

scenario the models with � = �2/
p
3 and � = �1/

p
3 are useful for the

explanation of the anomalies in Bd ! K

⇤
µ

+

µ

� because with F

1

representations
the coupling �µµ̄

V (Z 0) is large. On the other hand the models with � = 2/
p
3 and

� = 1/
p
3 having significant �µµ̄

A (Z 0) coupling provide interesting NP e↵ects in
Bs,d ! µ

+

µ

�.

3In [8,14] still two other quark assignments are discussed in which the first or the second quark generation
transforms di↵erently under SU(3)L than the remaining two. But we find the ones listed above more natural
due to large top quark mass and we do not discuss these two additional possibilities.

New	heavy	quark

SU(3)L	triplet SU(3)L	antitriplet

3 Implications of Enhanced "0/" in 331 Models 8

MI scen. � tan �̄ B(Bs ! µ+µ�) C
9

sin(�
2

� �
1

)

M3 F
1

�1/
p
3 1 ± ± �1

M6 F
1

1/
p
3 5 ± 0 +1

M8 F
1

2/
p
3 5 ± ⌥ +1

M9 F
2

�2/
p
3 1 ± ⌥ +1

M11 F
2

�1/
p
3 1 ± 0 +1

M14 F
2

1/
p
3 5 ± ± �1

M16 F
2

2/
p
3 5 ± ± �1

Table 2: Definition of the favourite 331 models. See text for explanation of the columns for
Bs ! µ+µ� and C

9

. In the last column we list the values of sin(�
2

��
1

) for which the maximal
positive shifts of "0/" in a given model can be obtained.

fermion representation. It turns out that the strongest suppression of the rate for
Bs ! µ+µ� can be achieved in M8 and M9. In fact these two models are the two
leaders on the list of favourites in (28). But in these models C

9

is enhanced and not
suppressed as presently observed in the data. The suppression of the Bs ! µ+µ�

rate is smaller in M6 and M11 but there the shift in C
9

can be neglected.

We conclude that when the data for B(Bs ! µ+µ�) and C
9

improve we will be able
to reduce the number of favourite models. But if both will be significantly suppressed
none of the models considered here will be able to describe the data. In fact model
M2 with F

1

, � = �2/
p
3 and tan �̄ = 5 could in principle do this work here but it is

disfavoured through electroweak precision tests.
Concerning these tests the ranking is given as follows

M9, M8, M6, M11, M3, M16, M14, (favoured) (28)

with the first five performing better than the SM while the last two basically as the SM.
The models with odd index I correspond to tan �̄ = 1.0 and the ones with even one to
tan �̄ = 5.0. None of the models with tan �̄ = 0.2 made this list implying reduced impact
of Z�Z 0 mixing on "0/" and small NP e↵ects in decays with neutrinos in the final state.

3.2 Predictions for "0/" in Favourite Models

After the recollection of the correlations among B physics observables in the seven mod-
els in questions we are in the position to investigate which of these models allows for
significant enhancement of "0/".

To this end we set the CKM parameters to

|Vub| = 3.6⇥ 10�3, |Vcb| = 42.0⇥ 10�3, � = 70�. (29)

This choice is in the ballpark of present best values for these three parameters but is
also motivated by the fact that NP contributions to "K in 331 models are rather small

The	different	treatment	of	the	3rd generation	LH	quarks	generates	FCNCs	at	tree	level	
through	Z’

/

SU(3)C ⇥ SU(3)L ⇥ U(1)X ) SU(3)C ⇥ SU(2)L ⇥ U(1)Y ) SU(3)C ⇥ U(1)em

24	→ 7	(by	EWPT)	
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�MZ’ =	3TeV

Implications	of	(ε’/	ε)NP in	331	model

KL	→ π0νν	
&	K+→ π+νν

M8

M9

M16

Bs	→	μμ	 C9 (P5’	anomaly)

Very	small	effect

Small	effect

Can	be	up	to	20%

Can	be	up	to	20%

no	impact

no	impact

no	impact

δC9	<	0	can	realize4 Z 0 Outside the Reach of the LHC 14

Figure 4: Correlations of �("0/") with various observables for M9 at MZ0 = 3TeV . Colour
coding as in Fig 1.

allowed ranges for s
23

and �
2

. In this manner for a given MZ0 the allowed ranges of
the four parameters entering the K meson system are determined. But, can be further
constrained by "K and in particular by �MK for su�ciently large MZ0 as explained
below. We refer to the plots in [14].

In order to proceed we would like to point out that with increasing MZ0 the RG
analysis leading to (18) has to be improved modifying this formula to

✓
"0

"

◆

Z0
= ±r"01.1 [�f(�)] s̃13s̃23 sin(�2 � �

1

)

"
B(3/2)

8

0.76

# 
3TeV

MZ0

�
2

(39)

with the upper sign for F
1

and the lower for F
2

. The parameter r"0 takes into account
additional RG evolution above µ = MZ0 = 3TeV into account and reaches r"0 = 1.45
for MZ0 = 100TeV. This could turn out to be useful in models in which the �F = 2
constraints could be eliminated, for instance in the presence of other operators. But in
331 models this is not possible and as we will see for MZ0 � 50TeV NP e↵ects in "0/"
are suppressed in all 331 models. In Table 4 we give the values of r"0 for di↵erent MZ0 .

MZ0 3TeV 6TeV 10TeV 20TeV 50TeV 100TeV
r"0 1.00 1.08 1.15 1.24 1.36 1.45

Table 4: The MZ0 dependence of r"0 .

4 Z 0 Outside the Reach of the LHC 15

Figure 5: Correlations of �("0/") with various observables for M16 at MZ0 = 3TeV . Colour
coding as in Fig 1.

In order to analyze NP e↵ects beyond the LHC scales we recall the formulae for the
shifts due to NP in �F = 2 observables.

In the K meson system we have

(�"K)Z
0
= 1.76⇥ 104 r"


3TeV

MZ0

�
2

Im
h
�sd

L (Z 0)⇤
i
2

. (40)

(�MK)Z
0

(�MK)
exp

= 5.29⇥ 104 r"


3TeV

MZ0

�
2

Re
h
�sd

L (Z 0)⇤
i
2

, (41)

where r" describes RG e↵ects above MZ0 = 3TeV. These e↵ects are much smaller
than in the case of "0/" and in fact suppress slightly NP contribution to "K , �MK and
also �Ms,d. But even for MZ0 = 100TeV this factor amounts to r" ⇡ 0.95 in the NP
contributions to these observables and forMZ0  50TeV this e↵ect can be fully neglected.
But we keep this factor in formulae below for the future in case various uncertainties
decrease.

From (39) and (40) we find
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(ε’/	ε)NP in	331	model

l Three	models	M8,	M9,	M16 can	explain	(ε’/	ε)

l Z’	model	with	LH	scenario

Very	small	effect
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Right	handed	model
l Consider	new	right-handed	dim.6	operator

1 Introduction

At the turn of the century the KTeV [1, 2] and NA48 [3] collaborations reported rather precise
measurements of ✏0/✏ – quantifying direct CP violation in KL ! ⇡⇡ decays relative to CP
violation in K0-K̄0 mixing [1–3] – with world average (✏0/✏)exp = (16.6± 2.3)⇥ 10�4. A precise
Standard Model (SM) prediction for ✏0/✏ is a formidable task, requiring perturbative input on
the Wilson coe�cients in the weak Hamiltonian [4–7] and non-perturbative calculations of the
relevant matrix elements (see Refs. [8–11] and references therein).

Thanks to advances in lattice QCD (LQCD) calculations of the hadronic matrix elements,
the long-known experimental result can be confronted more and more confidently with the SM
predictions. The state-of-the-art analysis of Ref. [12] leads to (✏0/✏)SM = (1.4 ± 6.9) ⇥ 10�4.
Taken at face value, this result suggests a 2� discrepancy between the SM prediction and the
observed value of ✏0/✏. While this is in qualitative agreement with the finding of Ref. [13, 14]
((✏0/✏)SM = (1.8±4.5)⇥10�4) and of Ref. [15] ((✏0/✏)SM = (1±5)⇥10�4) one should keep in mind
that several analytic approaches to ✏0/✏ find results consistent with the measurements [16–18].

Assuming that the lattice result survives upcoming improved evaluations of the matrix el-
ements that will address all the lattice systematics, it is interesting and timely to investigate
(i) possible origins of the ✏0/✏ enhancement in beyond-the-Standard-Model (BSM) scenarios;
(ii) within such scenarios what correlations might emerge between ✏0/✏ and other CP-violating
(CPV) and flavor observables. While the topic of BSM contributions to ✏0/✏ has a long history
(see for example [19–27]), it has attracted renewed attention in the recent literature within 331
models, non-standard Z and Z 0, as well as supersymmetric models [28–33]. Here we discuss
the possibility that the enhancement in ✏0/✏ originates from right-handed charged-current (CC)
interactions, parameterized by a single gauge-invariant dimension-six operator, and study the
correlation with hadronic and atomic electric dipole moments (EDMs). While both ✏0/✏ [26,27]
and EDMs [34–37] have been studied in the context of left-right symmetric models [38,39], which
induce the right-handed CC operator of interest here, as far as we know the enhancement of ✏0/✏
and its correlation with EDMs has not been discussed in the recent literature.

We consider a setup in which right-handed CC interactions manifest themselves at low-energy
through a single SU(3)⇥ SU(2)⇥ U(1)-invariant dimension-6 operator [40, 41], namely

Le↵ = LSM+
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µ ⇠ijd
j
R+h.c., ! LSM+

gp
2


⇠ij ū
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where Dµ is the covariant derivative, ' is the Higgs doublet, i and j are generation indices, and g
is the SU(2) gauge coupling. The second form in the above equation is obtained after electroweak
symmetry breaking in the unitary gauge. The matrix ⇠ij (not necessarily unitary) scales as
⇠ij ⇠ O(v2/⇤2), where ⇤ is the scale of new physics. Note that this operator arises as the single
dominant low-energy manifestation of CP violation within P -symmetric left-right symmetric
models1, but we study its phenomenological impact without reference to any underlying model.

In our analysis we focus on the couplings ⇠ud and ⇠us, assuming that they have complex phases.
At the weak scale we integrate out theW boson and discuss the implications of the resulting CPV
four-quark operators, both with �S = 1 (contributing to ✏0/✏) and with �S = 0 (contributing

1While this is correct for EDMs, left-right models also generate operators of the form (s̄R�µuR) (ūR�
µdR)

that contribute to ✏0. However, the matrix elements of these operators are chirally suppressed, such that their
contributions can be neglected with respect to those from the operator under consideration here [26, 42].

1

to hadronic EDMs). Since the induced four-quark operators belong to the irreducible (8L, 8R)
representation of the chiral group SU(3)L ⇥ SU(3)R, a number of implications emerges:

• One is able to relate the matrix elements required to evaluate the new contribution to ✏0/✏
to the matrix elements of the electroweak penguin operators Q7,8 [42,43]. Here we update
previous analyses using the recent LQCD input [44,45].

• At leading order in chiral perturbation theory (ChPT), we are able to relate the K ! ⇡⇡
matrix elements to CPV meson-baryon couplings, which provide a leading contribution to
hadronic and nuclear EDMs. Within O(1) hadronic uncertainties, this enforces a correla-
tion between ✏0/✏ and EDMs, which we explore phenomenologically. Anticipating the main
results, we find that for ranges of ⇠ud and ⇠us that lead to the desired ✏0/✏ enhancement,
EDMs of the neutron, deuteron, 129Xe, 199Hg, and 225Ra are predicted within reach of
next generation searches and with a definite pattern.

In Sec. 2 we derive the low-energy interactions resulting from the right-handed current opera-
tor in Eq. (1), both at the quark level and hadronic level in ChPT. We subsequently discuss the
contributions to ✏0/✏ and ✏K in Sec. 3, the contributions to hadronic / nuclear EDMs in Sec. 4,
and the resulting phenomenology in Sec. 5, before concluding in Sec. 6.

2 Low-energy Lagrangian induced by right-handed currents

At the weak scale, after integrating out the W boson at tree-level, the e↵ective Lagrangian in
Eq. (1) induces both semi-leptonic and four-quark operators,

L̃e↵ = L̃e↵,SM�4GFp
2
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where L̃e↵,SM is the SM e↵ective Lagrangian below the weak scale, PL,R = (1 ⌥ �5)/2, i-m are
flavor indices, and the four-quark operators are defined as
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2LR = d̄m↵ �µPLu
l
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where ↵, � are color indices. Tree-level matching at the W boson mass scale gives

Cij lm
1LR (mW ) =

4GFp
2
V ⇤
lm⇠ij , Cij lm

2LR (mW ) = 0 . (4)

The couplings of the four-fermion operators in L̃e↵,SM scale as two inverse powers of the elec-
troweak scale, ⇠ 1/v2, while the ‘left-right’ operators induced by the right-handed currents scale
as two inverse powers of the scale of new physics, Ci LR ⇠ ⇠/v2 ⇠ 1/⇤2. We neglect operators
that are quadratic in ⇠ and are suppressed by v2/⇤2 with respect to the linear terms.

As evident from Eq. (2), the leading low-energy implications of the new couplings ⇠ij are
expected in semi-leptonic transitions and non-leptonic transitions with both�F = 0 and�F = 1
(�F = 2 four-quark operators arise at loop level and will be briefly discussed in Sec. 3). Here
we focus on CPV e↵ects and note that the operators Oi LR lead to CP violation even if all
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(ε’/	ε)NP in	RH	model

(ε’/	ε) anomaly �

10�7 e fm [90], well within the range implied by the chiral scale variation. Finally, we have
also estimated the size of the contributions to d̄n,p induced by strange particles in the loop
contributing to dn,p in SU(3) ChPT [91], finding them to be comparable to �n,p [55].

We thus conclude that a conservative assessment of the uncertainties in dn,p is obtained by
varying the couplings ḡ0,1 according to (31) and (32) and independently varying the chiral loop
scale between mK and mN , while setting d̄n,p(µ = mN ) = 0.

5 ✏0/✏ versus EDMs

Region of interest: We first investigate what ranges of ⇠ud and/or ⇠us would align the theoret-
ical predictions of ✏0/✏ with the experimental measurements. By combining the results in Sec. 2
and 3 we draw the theoretical prediction of Re ✏0/✏ as a function of Im ⇠ud (Im ⇠us) in the upper-
left (-right) panel of Fig. 1. Here we assume that only one right-handed coupling is active at a
time. The solid blue lines apply the LQCD-based prediction, (✏0/✏)SM = (1.4± 6.9)⇥ 10�4 [12],
whereas the dashed lines apply the value (✏0/✏)SM = (1.8 ± 4.5) ⇥ 10�4 from Ref. [13]. From
these figures we read o↵ that ✏0 tension would be resolved for couplings in the ranges

Im ⇠ud 2 [0.7, 3] · 10�6 , Im ⇠us 2 [1, 7] · 10�7 . (35)

We can estimate the scale ⇤ where right-handed currents of this size would originate by writing
Im ⇠ud,us ⇠ (v2/⇤2) sin�ud,us in terms of CPV phases sin�ud,us. Assuming these phases to be
sin�ud,us = O(1), we obtain ⇤ ' {100, 300} TeV, a rather high scale. In the context of left-right
symmetric models this scale would roughly correspond to masses of WR bosons. Of course, the
right-handed scale can be lowered if the phases are taken to be small.
Constraints from ✏K and other experiments: ✏K probes values of Im ⇠ud,us that are two to
three orders of magnitude away from the region of interest (35), as represented by the vertical
lines in the upper panels of Fig. 1. In obtaining this constraint we use the SM input for ✏K
from Refs. [6, 86, 92, 93], which is a↵ected by O(20%) theoretical uncertainties. In order to rule
out the region of interest, theoretical/parametric uncertainties on ✏K need to be reduced below
the percent level, an extremely challenging goal. In a forthcoming paper [55] we perform a
global study of right-handed currents including a wide range of experiments. We find that LHC
searches probe |⇠ud,us| at the percent level and are thus orders of magnitude away from the above
identified region of interest. Leptonic and semi-leptonic pion and kaon decays as well as �-decays
probe Re ⇠ud,us at the 10�3,�4 level [54]. Measurements of the triple correlation h ~Ji · (~pe ⇥ ~p⌫)
(the so-called D coe�cient) in �-decays are sensitive to Im ⇠ud. For the neutron one has [94,95]

Dn =
4gA

1 + 3g2A
Im

⇠ud
Vud

' 0.87 Im
⇠ud
Vud

, (36)

which combined with the experimental input D = (�1 ± 2.1) ⇥ 10�4 [96] results in Im ⇠ud =
(�1.1± 4.0) · 10�4, several orders of magnitude away from the region of interest (35).
EDM constraints: As discussed in Sec. 4, nuclear and diamagnetic EDMs are very sensitive
to CPV right-handed currents. The most precise EDM measurement, dHg, su↵ers from large
nuclear uncertainties, see Eq. (31), in addition to significant hadronic uncertainties, see Eq. (26).
To handle these uncertainties we apply the Range-fit (R-fit) procedure defined in Ref. [97]. This
strategy provides the most conservative constraints as it allows for cancellations between di↵erent
contributions. Unfortunately, the theoretical uncertainties of dHg are so large that within the
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Correspond	to	mWR ~	[100,	300]	TeV for	O(1)	phase
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l New	Left-Right	operator	become	O8	&	O6
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l Right	handed	currents	are	constrained	by	EDMs

Implications	of	(ε’/	ε)NP in	RH	model

l Other	constraints	are	weaker

Collider	search		>	1	TeV
Beta	decay		>	1~10	TeV

future
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Model	discrimination

Simultaneous	consideration	of	various	flavor	observables (K→πνν,	P5’,	Bs→μμ,	
EDM,,,)	may	allow	to	distinguish	between	these	models.	
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B(Bs→μμ)	>	SM,											C9NP NO

MSSM	chargino Z	pen.

MSSM	gluino Z	pen.

MSSM	gluino box

VLQ	GSM

VLQ	G’SM(Φ)	

LHT

331	model	M8

331	model	M9

331	model	M16

Right	handed	model

KL	→ π0νν	

negative

negative

negative

negative

<	O(1%)	effect

<	O(1%)	effect

<	20%	effect

no	effect

Z (LH)

Z (LH	+	RH)

box

Z (LH	or	RH)

Z (LH	or	RH)	

Z’ (LH)

Z’ (LH)

Z’ (LH)

Z’ (LH)

WR

K+→π+νν

positive	(<	3	SM)	?
negative

positive	(<	2	SM)
negative

<	5	SM	(RH)	
<	2	SM	(LH)

<	1.5	SM	(RH)
<	SM	(LH)

<	O(1%)	effect

<	O(1%)	effect

<	5%	effect

no	effect

<	10%	effect

O(10~100%)	effect

O(10~100%)	effect?

<	1.4	SM

Others

δB(Bs→μμ)<	0.2 SM,		C9NP	[-0.2,	0.2]

δB(Bs→μμ)	<	0.07	SM,	C9NP [-0.6, -0.6]

δB(Bs→μμ)	<	0.2	SM,			C9NP	[-0.2,	0.2]

EDM

C9NP	by	Z’	(only	partly	solved	)						

C9NP						NO

C9NP						NO

C9NP						NO



Summary
l New	2.9	σ anomaly	in	ε’/ ε.

l The	ε'/ε anomaly	has	been	explained	in	several	NP	models	(MSSM,	VLQs,	LHT,	

331,	RH	current).	

l In	most	of	the	models,	NP	contributions	to	ε’/	ε are	dominated	by	Z	or	Z'	

exchanges.

l KL→ π0νν	has	strong	correlation	with	ε’/	ε.

l The	measurements	of	K+→ π+νν &	KL→ π0νν will	be	important	test	of	these	

models.

l Moreover,	simultaneous	consideration	of	various	flavor	observables	(K→πνν,	P5’,	

Bs→μμ,	EDM,,,)	will	allow	further	to	discriminate	among	the	models.	
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