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1 Introduction

The current upper bound on the size of the neutron electric dipole moment (EDM) is
|dn| < 1.8 · 10−26 e · cm [1].1 In turn, this severely constrains the size of the QCD vacuum
angle, which is required to be

θ̄ = θs + θq . 10−10 , (1.1)
1Here we quote the direct limit; the inferred bound |dn| < 1.6 ·10−26 e ·cm from the 199Hg EDM limit [2]

is comparable assuming no additional contributions to the atomic EDM.
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where θq is the argument of the determinant of the quark mass matrix, and θs the coefficient
of the GG̃ operator,

L ⊃ θsαs
4π tr

(
GaG̃a

)
. (1.2)

In the Standard Model (SM), θq = arg det(yuyd), with yu,d the Yukawa matrices in the
up- and down-quark sectors. θ̄ provides a physical, basis-independent measurement of
CP -violation in the strong sector of the SM.

That θ̄ is constrained to be so tiny is one of the most puzzling features of the SM, and it
is known as the strong CP problem. It stands alongside the electroweak hierarchy problem
and the cosmological constant problem as one of the three great naturalness puzzles that
remain unsolved. Although numerically the strong CP problem is orders of magnitude
less severe than either of its siblings, it is considerably more robust against anthropic
arguments.2 As such, it has drawn renewed attention during an era in which LHC null
results are challenging naturalness-based approaches to the electroweak hierarchy.

Although one could argue that θs = 0 on the basis that QCD interactions otherwise
preserve CP , a similar argument cannot be made for a vanishing θq. For example, if CP
were a good symmetry of the Yukawa sector then the Yukawa matrices would need to
be real. However, real Yukawas would lead to a vanishing phase in the CKM matrix, in
direct conflict with the O(1) CP -violation observed in the electroweak sector of the SM.
Besides CP , a non-zero θ̄ also violates P . Again, the fact that the strong sector preserves
parity may allow us to impose θs = 0. P invariance in the Yukawa sector would require
the Yukawa matrices to be hermitian, in which case θq = 0 too, while still allowing for a
non-zero CKM phase. However, the fact that P is maximally violated by the electroweak
interactions severely weakens this line of reasoning as an attempt to argue for a small θ̄.

So although θ̄ is a measurement of both P and CP violation by strong dynamics, the
above discussion highlights how the origin of the strong CP problem in the SM ultimately
lies in the features of the electroweak sector. It is the fact that electroweak interactions
maximally violate both P and CP that precludes an understanding of the bound in eq. (1.1)
based on the underlying symmetries of the SM.

With this in mind, it is natural to attempt an understanding of the smallness of θ̄ in
the context of theories with an extended electroweak sector. If either P or CP are good
symmetries of the extended theory, then θ̄ will be forced to vanish. Of course, to account for
the P and CP violation we observe in nature, they must eventually be broken, and a non-
zero θ̄ will be radiatively generated. If the induced θ̄ is small enough, this class of theories
offer a symmetry-based solution to the strong CP problem. Concrete implementations of
this idea based on spontaneously broken P and CP were first proposed in [4–6] (building
on [7]) and [8, 9] respectively. It is the former that will be the focus of this work.3

There is another good reason to consider solutions to strong CP based on the restora-
tion of spacetime symmetries, namely that these may be realized as gauge symmetries in
the context of string theory [13, 14]. As such, they can only be broken spontaneously and
not explicitly. Depending on the scale of spontaneous symmetry breaking, the apparent

2See, however, [3] for arguments to the contrary.
3For recent exploration along these lines, see also [10–12].
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lack of P and CP violation in the strong sector could therefore be fully, or partially, ex-
plained in this context. Clearly, a resolution to the strong CP problem along these lines
would be especially attractive: it would allow us to understand the smallness of θ̄ as an
accident resulting from the underlying structure of the UV-completion, as opposed to being
the result of a model-building effort specially designed to address eq. (1.1).

From the bottom-up, there are a number of ways the SM can be extended to accom-
modate spontaneously broken P . However, in order to address the strong CP problem, a
necessary feature of all of them is the presence of an SU(2)R gauge factor, as well as an
extended matter content that mirrors that of the SM. Crucially, the SU(3) quantum num-
bers of SM fermions and their mirror counterparts must be the same, making the presence
of additional colored particles an irreducible feature of these models. With this extended
field content, parity enforces the Yukawa couplings in the two sectors to be identical. To
be phenomenologically acceptable, parity must be broken at some scale v′ above the weak
scale, with the additional gauge bosons and mirror quarks being sufficiently heavy to evade
experimental constraints. Naïvely, bounds on the mass of colored particles would seemingly
require yuv′ & 1 TeV [15, 16], in turn setting a lower bound v′ & 108 GeV. But a para-
metric separation of scales between v and v′ entails an irreducible amount of fine-tuning
∆−1 ' 2v2/v′2, which would become ∆−1 . 10−12 for such a stringent bound on v′. Con-
sidering that the goal is to naturally explain a number of O(10−10), parity would hardly
seem to remain an attractive solution to strong CP.

In this paper, we show that the conclusion of the previous paragraph is premature,
and that a parity-breaking scale as low as 18 TeV is consistent with all experimental con-
straints. This significantly improves the level of fine-tuning, and leaves an open window
for symmetry-based solutions to strong CP that are based on spontaneously broken parity.
The leading constraint on the low-tuning version of these models comes not from bounds
on colored particles, but from direct searches for Z ′ andW ′ resonances at the LHC [17, 18].
Future searches for heavy gauge bosons at current and future colliders are the most promis-
ing probes of this class of theories, with a 100 TeV proton collider guaranteed to make a
discovery if the level of fine-tuning is better than ∆−1 ∼ 10−5 [19, 20]. Overall, the via-
bility of these parity-based models makes collider experiments a central testing ground for
solutions to strong CP.

Another attractive feature of this class of solutions to the strong CP problem is that
they are robust against the effects of symmetry-breaking higher dimensional operators
(HDOs) that may arise from short-distance physics associated with a gravitational UV
completion. If parity is a gauge symmetry of the underlying theory, we are led to con-
sider only those HDOs proportional to the source of spontaneous symmetry breaking. On
the other hand, if parity were global, the expectation that quantum gravity violates all
global symmetries [21–33] suggests we should include all HDOs that explicitly violate P .
Although the nature of the operators is different in the gauge and global implementations,
the conclusion will be the same: in both cases, the leading HDOs with O(1) coefficients
may be present without destabilizing the solution to strong CP.
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This stands in stark contrast with the reality of what has traditionally been the most
popular solution to the strong CP problem: the QCD axion [34–40]. In this case, the
parameter θ̄ is promoted to the status of dynamical field, the axion, which is a pseudo-
Nambu-Goldstone boson of a spontaneously broken U(1)PQ global symmetry. A potential
for the axion is induced non-perturbatively by QCD dynamics, and its vacuum expectation
value (vev) adjusts such that θ̄ = 0, thereby solving strong CP. To work, the QCD axion
potential must dominate to 1 part in 1010, overwhelming any other contributions that
may arise from additional degrees of freedom. New dynamics responsible for, say, dark
matter, baryogenesis, or addressing the hierarchy problem, cannot significantly contribute
to the axion potential. Similarly, Planck-suppressed HDOs that break U(1)PQ must be
exceptionally suppressed [41–44]. The mechanism is not robust. The need for U(1)PQ
to be a high quality global symmetry has become known as the “axion quality problem”.
Attempts to turn the QCD axion into a high quality axion are valuable [45–52], but hardly
helpful in making a small θ̄ appear natural.

The goal of this work is to identify the most natural parity-based solution to the
strong CP problem, and highlight its experimental consequences. We do so by following
a strategy that combines the traditional notion of naturalness with the expectation that
gravity violates all global symmetries. The former singles out a specific implementation
of the spectrum of parity-symmetric models, and underscores the central role of collider
experiments in exploring solutions to strong CP. The latter opens up an entirely new
avenue of exploration for parity solutions to the strong CP problem, ranging from EDM
experiments to gravitational wave observatories, depending on the degree to which the
symmetry remains approximate.

To this end, this article is organized as follows. In section 2 we review the main
features of parity-based solutions to strong CP, and discuss how a low symmetry breaking
scale can be realized while complying with experimental constraints. We focus on the
main phenomenological signatures of these models that are relevant for collider and flavor
experiments in section 3. In section 4, we discuss the size of radiative corrections to both θ̄
and the EDM of elementary fermions, including charged leptons, depending on the details
of the parity-breaking sector. We explore the effect of Planck-suppressed HDOs on this
class of models in section 5, paying special attention to a potential gravitational wave signal
from the spontaneous breaking of parity. Section 6 contains our conclusions. Finally, a
series of appendices contain results that have been crucial in our analysis, but may be
skipped on a first reading of the manuscript.

2 P to solve strong CP

In this section, we introduce the main features of symmetry-based solutions to the strong
CP problem based on parity. In 2.1 we review the basic idea, as first introduced in [4–6].
We focus on the scalar potential in 2.2, with an emphasis on the implications for fine-tuning
of the weak scale that arise as a result of the breaking of parity. In 2.3 we discuss how
the scale of additional colored particles can be decoupled from the parity-breaking scale,
in turn minimizing the level of fine-tuning.
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Q =
(
u

d

)
U † D† H Q′† =

(
u′†

d′†

)
U ′ D′ H ′∗

SU(3) 3 3 3 · 3 3 3 ·
SU(2)L 2 · · 2 · · · ·
SU(2)R · · · · 2 · · 2
U(1)Ŷ

1
6

2
3 −1

3
1
2

1
6

2
3 −1

3
1
2

Table 1. Quantum numbers in the quark and Higgs sectors. Mirror sector fields are distinguished
with a prime. We use notation such that all of Q, U , and D (as well as their mirror counterparts
Q′, U ′, and D′) are left-handed, two-component Weyl fermions, whereas daggered fields are always
right-handed.

2.1 Parity as a solution to the strong CP problem

A symmetry-based solution to the strong CP problem based on parity requires extending
the SM both in terms of matter content and gauge interactions. The minimal implemen-
tation of this idea is based on the gauge group

SU(3)× SU(2)L × SU(2)R ×U(1)Ŷ , (2.1)

as well as a doubling of the matter content of the SM into a ‘mirror’ sector with identical
quantum numbers, except that SU(2)L doublets are now doublets of SU(2)R. Table 1
summarizes the gauge charges in the quark and Higgs sectors of the theory. (Analogous
charge assignments apply in the lepton sector, which we don’t make explicit.) Crucially,
the Higgs sector of the theory does not introduce additional sources of CP -violation —
indeed, the freedom to perform both SU(2)L and SU(2)R gauge transformations allows us
to expand around a vacuum where both vevs are real.4

With this additional field content, the theory admits an alternative definition of parity
that combines the action of the ‘ordinary’ parity transformation with an internal symmetry
that exchanges the fields of the SM and mirror sectors. Explicitly, in the gauge, quark,
and Higgs sectors:

Wµ
L ↔WRµ, (2.2)

Q,U,D ↔ Q′†, U ′†, D′†, (2.3)
H ↔ H ′∗, (2.4)

and similarly for leptons. Since SU(3) and U(1)Ŷ interactions are not mirrored, the corre-
sponding gauge fields transform as usual under parity. Unlike ordinary parity in the SM,

4The model we have just introduced is not the minimal parity-symmetric extension of the SM, but
rather the minimal extension that solves the strong CP problem. The most minimal extension of the SM
that admits a generalized parity symmetry was introduced in [53], and does not require a doubling of the
fermion sector. The scalar sector, however, requires the addition of an additional Higgs field transforming as
a bifundamental of the two SU(2) factors, in order to write Yukawa couplings in a gauge invariant fashion.
As discussed in [6], the vev of this field will in general be complex, precluding a vanishing θq.
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this ‘generalized’ parity transformation is now a good symmetry of the gauge sector of the
theory, thanks to the extended electroweak sector and matter content.

In this context, the strong CP problem is solved as follows. On the one hand, parity
requires that θs = 0, just as one may argue in the SM based on the properties of the strong
sector alone. On the other hand, the presence of additional colored particles results in an
extended quark mass matrix. In particular, Yukawa terms can be written for both the SM
and mirror sectors, of the form

L ⊃ −
{

(yu)ijQiHUj + (y′u)ijQ′†i H
′∗U ′†j

}
+ h.c., (2.5)

and similarly for down-type quarks and leptons. As a result, the tree-level value of θq in
these models is given by

θq = arg det(yuyd) + arg det(y′∗u y′∗d ). (2.6)

Crucially, demanding that Yukawa interactions preserve parity, which is now a good sym-
metry of the extended electroweak sector, enforces the Yukawa couplings in the two sectors
to be identical, i.e.

y′f = yf . (2.7)

In turn, this implies θq = 0, as per eq. (2.6), forcing θ̄ to vanish at tree-level in parity-
symmetric models.

With the field content outlined in table 1, the theory admits an additional fermion
mass term involving only the SU(2)-singlets, of the form

L ⊃ −(Mu)ijUiU ′j + h.c. (2.8)

(with analogous terms for down-type quarks and leptons), where invariance under gener-
alized parity requires that the vector-like mass matrix be hermitian, i.e. M†f = Mf .5 In
general, the expression for θq can be conveniently written as

θq = arg det(MuMd), (2.9)

where Mu and Md are 6× 6 matrices, of the form

Mf =

 0 v′√
2y
′∗
f

v√
2y

T
f Mf

 , for f = u, d. (2.10)

Due to the zero in the upper-left block of the overall 6× 6 mass matrix, the expression for
θq remains as in eq. (2.6). As we will discuss in 2.3, the presence of vector-like masses is
crucial in implementing a version of the model with low fine-tuning.6

5Note that a non-hermitian mass matrix is compatible with softly broken parity; we will explore the
consequences of such soft breaking in section 4.1.

6A variation on the model we have so far discussed entails extending the gauge group in eq. (2.1) with an
additional U(1), as first discussed in [6]. In this case, SM and mirror fields are charged under different U(1)
factors, which transform into each other under parity. Although this seems like a minimal modification of
the model presented here, this two-U(1) version does not allow for the vector-like mass terms of eq. (2.8),
in turn precluding the implementation of a low parity-breaking scale.

– 6 –
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To obtain a phenomenologically viable model, parity must be broken, with different
vevs in the mirror and SM Higgs sectors. This will induce a non-vanishing θ̄ beyond tree-
level, which must be small enough if the theory is to remain a bona-fide solution to strong
CP. The size of radiative corrections depends on the details of how parity is spontaneously
broken. If P is broken without breaking CP , then the radiatively induced θ̄ will be no larger
than in the SM [6], where θ̄ < 10−19 [54]. On the other hand, if CP is also spontaneously
broken (e.g. through the vev of a pseudo-scalar) then a larger θ̄, as well as a neutron
EDM independent of θ̄, may be radiatively generated. Even in this latter case, we will see
that radiative corrections can be small enough to remain compatible with experimental
constraints. Given that the final size of θ̄ is a somewhat model-dependent feature of this
class of models, we defer a more detailed discussion of this issue to section 4.

More generally, discussing the leading effect of broken parity on the fine-tuning of the
electroweak sector does not require committing to a specific implementation of spontaneous
symmetry breaking. For this purpose, it will be enough to focus on the features of the Higgs
sector, to which we now turn.

2.2 Scalar sector and fine-tuning

For the time being, we will parametrize the necessary breaking of parity through an explicit
soft term in the scalar potential. Of course, such soft breaking should ultimately be the
result of some spontaneous symmetry breaking dynamics, as we will make more explicit in
section 4. In this spirit, the most general scalar potential involving the SU(2)L and SU(2)R
Higgs doublets takes the form

V (H,H ′) = −m2
H(|H|2 + |H ′|2) + λ(|H|2 + |H ′|2)2 + κ(|H|4 + |H ′|4) + µ2|H|2. (2.11)

At this level, eq. (2.11) is identical to the scalar potential of theories of Neutral Natural-
ness, such as Twin Higgs [55, 56]. The first two terms respect both parity and a larger
accidental SU(4) (really, O(8)) symmetry, while κ respects the former but not the latter.
The parameter µ2 softly breaks parity. In the interest of a non-trivial vacuum structure,
we take m2

H > 0. Depending on the relative signs and sizes of the quartic couplings, the
tree-level vacua for µ2 = 0 either preserve parity (with v′ = v) or spontaneously break
parity (with v 6= 0, v′ = 0 or v = 0, v′ 6= 0). A vacuum with v′ � v 6= 0 may be obtained
by deforming the theory away from the parity-symmetric vacuum with nonzero µ2 and
λ, κ > 0. At tree-level, the vevs in the SM and mirror Higgs sectors are then given by

v2 = m2
H − µ2(1 + λ/κ)

2λ+ κ
, and v′2 = m2

H + µ2λ/κ

2λ+ κ
, (2.12)

where v2 � v′2 is necessary in order to obtain a phenomenologically viable model. After
spontaneous symmetry breaking, the spectrum of the theory contains two scalar fields, h
and h′, with masses mh ' 2

√
κv and mh′ '

√
2λv′ respectively, as well as six Goldstones

that become the longitudinal components of the gauge bosons of our extended electroweak
sector. The physical gauge boson spectrum contains Z ′ and W ′ resonances, which are
heavier than their SM counterparts by a factor of v′/v. We defer further details of the
scalar and gauge sectors to appendix A.1.

– 7 –
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It is clear from eq. (2.12) that to obtain a hierarchy of scales between v and v′ we
need to introduce a tree-level tuning between the parity-preserving and parity-breaking
mass-squared terms. Heuristically, the necessary fine-tuning is given by

∆−1 ≡ m2
H − µ2(1 + λ/κ)

m2
H

' (2λ+ κ)v2

(λ+ κ)v′2 '
2v2

v′2
. (2.13)

This is an irreducible contribution to the fine-tuning in this class of models. Insofar as it
involves the sensitivity of the weak scale v to underlying parameters, it may be classified as
a tuning associated with the electroweak hierarchy problem, although it is not necessarily
the only such contribution. For example, a hierarchy of scales v′2 �M2

Pl would constitute
an additional source of fine-tuning in the absence of a stabilizing mechanism. Similarly,
additional hierarchies of scales or couplings in the sector responsible for spontaneously
breaking P might necessitate similar accurate cancellations. However, these are issues
that could, at least in principle, be addressed at some higher scale above v′, provided the
necessary dynamics do not spoil the smallness of θ̄ [57]. In contrast, eq. (2.13) is forced on
us independently of the UV-completion. Although it is tempting to attach the tuning in
eq. (2.13) to the electroweak hierarchy problem and attribute it to anthropic selection (the
perspective advocated in e.g. [11, 12]), this necessarily entails some favorable assumptions
about the properties of an anthropic landscape. Here we prefer to render unto strong CP
the things that are strong CP’s, and take the irreducible tuning in eq. (2.13) at face value
as a measure of the degree to which a parity model naturally explains the small value of θ̄
without reintroducing tuning elsewhere.

With this in mind, in this paper we focus on implementations of parity solutions to
strong CP where the level of fine-tuning, as parametrized in eq. (2.13), is as mild as possible.
This will concentrate our attention on a specific mechanism to generate fermion masses
that in turn endows these models with characteristic phenomenology, as we discuss next.

2.3 Fermion masses and a low parity-breaking scale

Fermion mass terms arise from the Yukawa couplings of eq. (2.5), as well as from the
vector-like mass involving the SU(2)-singlets. In total:

L ⊃ −
{
v√
2

(yu)ijuiUj + v′√
2

(yu)∗iju′iU ′j + (Mu)ijUiU ′j
}

+ h.c., (2.14)

where we have already set y′u = yu, as mandated by generalized parity, and analogous mass
terms are present both for down-type quarks and leptons.

The structure of eq. (2.14) allows for two limiting realizations of the fermion spectrum.
If the overall scale of the vector-like mass matrix is M � v, v′, then fermion masses are
generated mainly through the Yukawa terms, as in the SM. In this case, mirror fermions
would be an exact copy of the SM, just heavier by a factor of v′/v. Demanding that the
lightest mirror quark is heavy enough to comply with current experimental constraints
requires mu × v′/v & 1 TeV [15, 16], in turn setting a lower bound v′ & 108 GeV. As
advertised in the Introduction, this sets the level of fine-tuning in the electroweak sector
to ∆−1 . 10−12. The phenomenology of parity solutions to strong CP in this regime was
discussed recently in [11].

– 8 –



J
H
E
P
0
9
(
2
0
2
1
)
1
3
0

On the other hand, the limit M � v, v′, allows for a see-saw realization of the fermion
spectrum, consisting of three light (SM-like) fermions, and three heavy fermions with mass
of orderM . A sufficiently high scale for the mass of additional colored particles can now be
achieved by increasing M , not v′. This allows for a much lower parity-breaking scale, and
therefore a much better level of fine-tuning. See-saw implementations of fermion masses,
for both quarks and leptons, are discussed in [58–61], and it was in fact in this context
that a parity-based solution to the strong CP problem was first proposed [4, 5]. It is this
second realization of the fermion spectrum that we concentrate on in this work.7

The up-quark sector requires special consideration, since the see-saw mechanism cannot
be applied to the top quark while maintaining perturbative Yukawas. So let us discuss the
down-quark and lepton sectors first. (We will use notation appropriate to the down-quark
sector, but emphasize that the same results apply for leptons.) To leading order in both
v/M and v′/M , the masses of the light and heavy fermions are obtained by diagonalizing
the 3× 3 hermitian matrices

vv′

2 y∗dM−1
d yTd , and Md, (2.15)

respectively. We make the simplifying assumption that there are no significant hierarchies
in the eigenvalues ofMd, and therefore the heavy quarks appear at a common scale ∼M .
Parametrically, light quark masses are then of the form mdi ∼ |y|2vv′/M . The see-saw
mechanism generates fermion masses mdi � v while allowing for much larger Yukawa
couplings than in the SM, which is obviously one of the main attractions of this class of
models. Generating the b quark mass through the see-saw mechanism while maintaining
perturbativity sets an upper bound on the ratio M/v′, parametrically:

mb ∼ |y|2
vv′

M
.
vv′

M
⇒ M

v′
.

v

mb
∼ 102. (2.16)

Rotating from the flavor to the mass eigenbasis in the fermion sector can be conve-
niently performed step by step at each order in perturbation theory, and we present a
detailed discussion of this procedure in appendix A.2. At zeroth order in v(′)/M , it is
necessary to perform unitary transformations acting separately on the SU(2)-singlet and
doublet fields, of the form:

d→ O†dd , d
′ → OTd d′ , and D′ → O†D′D

′ , D → OTD′D . (2.17)

Od and OD′ are 3× 3 unitary matrices acting on flavor space that diagonalize the first and
second matrices of eq. (2.15), respectively. At first order in v(′)/M , a further rotation is
required that mixes the SU(2)-singlet and doublet fields as follows:(

d

D′

)
→
(

13 ε†d
−εd 13

)(
d

D′

)
, and

(
d′

D

)
→
(

13 ε′†d
−ε′d 13

)(
d′

D

)
, (2.18)

7The vector-like masses of eq. (2.14) provide a soft breaking of generalized parity, precluding the existence
of degrees of freedom that would be stabilized by the internal part of this symmetry. As a result, these
models do not feature a natural dark matter candidate whose presence is linked to the resolution of the
strong CP problem, unlike some of the viable parameter space of the QCD axion.
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where εd and ε′d are 3× 3 matrices with entries of O(v/M) and O(v′/M) respectively, and
whose explicit expressions are given in eq. (A.13).

Using Dirac notation, the left- and right-handed components of the light and heavy
mass eigenstates are then given by

diL =
(
di
0

)
, diR =

(
0
d′†i

)
, and DiL =

(
D′i
0

)
, DiR =

(
0
D†i

)
. (2.19)

In particular, notice that the right-handed components of the light (SM-like) fermions con-
sist of the corresponding component of the SU(2)R-doublets, up to corrections of O(v′/M).
This feature plays a crucial role in the phenomenology of these models. In particular, it
leads to unsuppressed couplings between SU(2)R gauge bosons, and the right-handed cur-
rents of the SM-like fermions. As we will discuss in 3.1, this leads to the most stringent
bound on the parity-breaking scale.

As far as the up-quark sector is concerned, the see-saw mechanism can be implemented
for the u and c quarks, with the corresponding heavy partners appearing at the scale ∼M .
The mass eigenstates for the first two generations are as in eq. (2.19). The top sector, on
the other hand, cannot be significantly “see-sawed”. Instead, it consists of light and heavy
top partners with tree-level masses mt ' ytv/

√
2 and mt′ ' mt × v′/v, respectively. In

Dirac notation, and at zeroth order in v(′)/M , the mass eigenstates are now purely made
of SM and mirror sector fields, i.e.

tL =
(
u3
0

)
, tR =

(
0
U †3

)
, and t′L =

(
U ′3
0

)
, t′R =

(
0
u′†3

)
. (2.20)

As usual, rotation matrices in the quark sector are constrained by the requirement that
the CKM matrix is reproduced appropriately, which in this case implies V = OuO†d, up to
corrections of O(v2/M2). Further details concerning the mass diagonalization procedure
in the fermion sector can be found in appendix A.2.

This finalizes our discussion of the main characteristics of parity solutions to strong
CP that feature low fine-tuning in the electroweak sector. Before moving on, we include in
figure 1 a schematic representation of the typical spectrum of these models. Amusingly, the
combination of parity and the see-saw mechanism leads to a spectrum of partner particles
strikingly reminiscent of a “natural” left-right Twin Higgs model [56, 62] with light top and
W/Z partners.

3 Dial P for phenomenology

We now turn to the phenomenology of natural parity solutions to strong CP, beginning
with direct bounds from the LHC in section 3.1 before turning to indirect flavor constraints
in 3.2. The collider and flavor phenomenology of similar left-right models has been the topic
of previous work [4, 5, 61–65], and our focus here will be on those “irreducible” signatures
that are mandated by the structure of the theory in its capacity as a solution to strong
CP. A more in depth study of collider and flavor signatures in light of forthcoming data
can illuminate the additional structure of these models, and it is a worthwhile direction for
continued study.
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u0
<latexit sha1_base64="MRdtwVFyGI0Dj1eDcFub9XLl0dU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpIb3ol8pu1Z2DrBIvJ2XI0eiXvnqDmKURSsME1brruYnxM6oMZwKnxV6qMaFsTIfYtVTSCLWfzS+dknOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HCKNgRv+eVV0rqserXqzX2tXK/kcRTgFM6gAh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDz4/jRw=</latexit>

d0
<latexit sha1_base64="+WEefu2a/a9kAHkEvtFBjf8UP3k=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWw2m3bpZhN2J0Ip/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcMkmmGW+yRCa6E1DDpVC8iQIl76Sa0ziQvB2Mbmd++4lrIxL1iOOU+zEdKBEJRtFKD+FFv1R2q+4cZJV4OSlDjka/9NULE5bFXCGT1Jiu56boT6hGwSSfFnuZ4SllIzrgXUsVjbnxJ/NLp+TcKiGJEm1LIZmrvycmNDZmHAe2M6Y4NMveTPzP62YYXfsTodIMuWKLRVEmCSZk9jYJheYM5dgSyrSwtxI2pJoytOEUbQje8surpHVZ9WrVm/tauV7J4yjAKZxBBTy4gjrcQQOawCCCZ3iFN2fkvDjvzseidc3JZ07gD5zPHyRqjQs=</latexit>

c0
<latexit sha1_base64="pqx4IUtqd+Y7RrH0eEF4NckNA60=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpgV30S2W36s5BVomXkzLkaPRLX71BzNIIpWGCat313MT4GVWGM4HTYi/VmFA2pkPsWipphNrP5pdOyblVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDhFG4K3/PIqaV1WvVr15r5WrlfyOApwCmdQAQ+uoA530IAmMAjhGV7hzRk7L86787FoXXPymRP4A+fzByLljQo=</latexit>

s0
<latexit sha1_base64="7E+YbDpL/pLfL7nMCIojUsvVMyE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpQV/0S2W36s5BVomXkzLkaPRLX71BzNIIpWGCat313MT4GVWGM4HTYi/VmFA2pkPsWipphNrP5pdOyblVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDhFG4K3/PIqaV1WvVr15r5WrlfyOApwCmdQAQ+uoA530IAmMAjhGV7hzRk7L86787FoXXPymRP4A+fzBzs1jRo=</latexit>

b0
<latexit sha1_base64="Nt8tkpylMfdIAfPN6sC8i59Gdwo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpIbjol8pu1Z2DrBIvJ2XI0eiXvnqDmKURSsME1brruYnxM6oMZwKnxV6qMaFsTIfYtVTSCLWfzS+dknOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjM3iYDrpAZMbGEMsXtrYSNqKLM2HCKNgRv+eVV0rqserXqzX2tXK/kcRTgFM6gAh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyFgjQk=</latexit>

108
<latexit sha1_base64="Ue3TRamYpvYzMVSWE0CFNv/tQaY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahp7IrhdZbwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZreZ33uiSrNIPph5TH2BJ5KFjGCTSZ772ByVK27NXQJtEi8nFcjRHpW/huOIJIJKQzjWeuC5sfFTrAwjnC5Kw0TTGJMZntCBpRILqv10eesCXVlljMJI2ZIGLdXfEykWWs9FYDsFNlO97mXif94gMWHTT5mME0MlWS0KE45MhLLH0ZgpSgyfW4KJYvZWRKZYYWJsPCUbgrf+8ibpXte8eu3mvl5pVfM4inABl1AFDxrQgjtoQwcITOEZXuHNEc6L8+58rFoLTj5zDn/gfP4AEuSNiw==</latexit>

102
<latexit sha1_base64="Uzk3SCmsnQn6BlTVSVXhxK1USgc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahp7JbCtVbwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZreZ33uiSrNIPph5TH2BJ5KFjGCTSZ77WB+VK27NXQJtEi8nFcjRHpW/huOIJIJKQzjWeuC5sfFTrAwjnC5Kw0TTGJMZntCBpRILqv10eesCXVlljMJI2ZIGLdXfEykWWs9FYDsFNlO97mXif94gMeG1nzIZJ4ZKsloUJhyZCGWPozFTlBg+twQTxeytiEyxwsTYeEo2BG/95U3Srde8Ru3mvlFpVfM4inABl1AFD5rQgjtoQwcITOEZXuHNEc6L8+58rFoLTj5zDn/gfP4ACcyNhQ==</latexit>

104
<latexit sha1_base64="f6VRveEhpKMKif0vamjyayef0ds=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisYD+gjWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2W3m956o0iySD2YeU1/giWQhI9hkkuc+NkfVmttwc6B14hWkBgXao+rXcByRRFBpCMdaDzw3Nn6KlWGE00VlmGgaYzLDEzqwVGJBtZ/mty7QhVXGKIyULWlQrv6eSLHQei4C2ymwmepVLxP/8waJCa/9lMk4MVSS5aIw4chEKHscjZmixPC5JZgoZm9FZIoVJsbGU7EheKsvr5PuZcNrNm7um7VWvYijDGdwDnXw4ApacAdt6ACBKTzDK7w5wnlx3p2PZWvJKWZO4Q+czx8M1I2H</latexit>

106
<latexit sha1_base64="Ont0P2ef0eibwxgTrddwwZrYLGM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahp7Irpeqt4MVjBfsB7VqyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH8wspr7AY8lCRrDJJM99bAzLFbfmLoDWiZeTCuRoDctfg1FEEkGlIRxr3ffc2PgpVoYRTuelQaJpjMkUj2nfUokF1X66uHWOLqwyQmGkbEmDFurviRQLrWcisJ0Cm4le9TLxP6+fmPDaT5mME0MlWS4KE45MhLLH0YgpSgyfWYKJYvZWRCZYYWJsPCUbgrf68jrpXNa8eu3mvl5pVvM4inAG51AFD66gCXfQgjYQmMAzvMKbI5wX5935WLYWnHzmFP7A+fwBD9yNiQ==</latexit>

⇤ (GeV)
<latexit sha1_base64="gkoyEtT2xgHYVjp7Se/QyOkRBPA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMSKai7ggtduKhgH9CEMplM26GTSZiZCCUU/BU3LhRx63e482+ctllo64GBwznncu+cIOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywup767UcqFYvFgx4n1I/wQLA+I1gbqWcfeXcmHGLkocyTEarc0NbZpGeXnaozA1ombk7KkKPRs7+8MCZpRIUmHCvVdZ1E+xmWmhFOJyUvVTTBZIQHtGuowBFVfjY7f4JOjRKifizNExrN1N8TGY6UGkeBSUZYD9WiNxX/87qp7l/6GRNJqqkg80X9lCMdo2kXKGSSEs3HhmAimbkVkSGWmGjTWMmU4C5+eZm0zqturXp1XyvXK3kdRTiGE6iACxdQh1toQBMIZPAMr/BmPVkv1rv1MY8WrHzmEP7A+vwBOaqUTg==</latexit>

W 0, Z 0
<latexit sha1_base64="NhZYyzTYNgb59RHRInqSvfi0fnY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZpD1J2paDeCl48VrAf2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NIyUYQ2ieRSdQKsKWeCNg0znHZiRXEUcNoOxjczv/1ElWZS3JtJTP0IDwULGcHGSq12+Rw9lPvFklt150CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxIRXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJ66Lq1arXd7VSvZLFkYcTOIUKeHAJdbiFBjSBwCM8wyu8OdJ5cd6dj0VrzslmjuEPnM8f3iaN8w==</latexit>

t0
<latexit sha1_base64="H7bGefDSTxos+Pk6LIf9/kl0cBc=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD3jRL5XdqjsHWSVeTsqQo9EvffUGMUsjrpBJakzXcxP0M6pRMMmnxV5qeELZmA5511JFI278bH7plJxbZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpyiDcFbfnmVtC6rXq16c18r1yt5HAU4hTOogAdXUIc7aEATGITwDK/w5oydF+fd+Vi0rjn5zAn8gfP5Azy6jRs=</latexit>

h0
<latexit sha1_base64="a1flJVEkQtdfoLRnz46aOZ6dEj0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpYXTRL5XdqjsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpHVZ9WrVm/tauV7J4yjAKZxBBTy4gjrcQQOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPHyp+jQ8=</latexit>

U,D,C, S,B
<latexit sha1_base64="OQ9+gnfFUXQNXrFvDd2+GpTLUAE=">AAAB9HicbVBNT8JAEJ36ifiFevSykZhwaEhrSNQbEQ8eMVoggYZsly1s2G7r7paEEH6HFw8a49Uf481/4wI9KPiSSV7em8nMvCDhTGnH+bbW1jc2t7ZzO/ndvf2Dw8LRcUPFqSTUIzGPZSvAinImqKeZ5rSVSIqjgNNmMKzN/OaISsVi8ajHCfUj3BcsZARrI/mejW5tVLPRg41uuoWiU3bmQKvEzUgRMtS7ha9OLyZpRIUmHCvVdp1E+xMsNSOcTvOdVNEEkyHu07ahAkdU+ZP50VN0bpQeCmNpSmg0V39PTHCk1DgKTGeE9UAtezPxP6+d6vDKnzCRpJoKslgUphzpGM0SQD0mKdF8bAgmkplbERlgiYk2OeVNCO7yy6ukcVF2K+Xr+0qxWsriyMEpnEEJXLiEKtxBHTwg8ATP8Apv1sh6sd6tj0XrmpXNnMAfWJ8/9A2Pjw==</latexit>

108
<latexit sha1_base64="Ue3TRamYpvYzMVSWE0CFNv/tQaY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahp7IrhdZbwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZreZ33uiSrNIPph5TH2BJ5KFjGCTSZ772ByVK27NXQJtEi8nFcjRHpW/huOIJIJKQzjWeuC5sfFTrA wjnC5Kw0TTGJMZntCBpRILqv10eesCXVlljMJI2ZIGLdXfEykWWs9FYDsFNlO97mXif94gMWHTT5mME0MlWS0KE45MhLLH0ZgpSgyfW4KJYvZWRKZYYWJsPCUbgrf+8ibpXte8eu3mvl5pVfM4inABl1AFDxrQgjtoQwcITOEZXuHNEc6L8+58rFoLTj5zDn/gfP4AEuSNiw==</latexit>

102
<latexit sha1_base64="Uzk3SCmsnQn6BlTVSVXhxK1USgc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahp7JbCtVbwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZreZ33uiSrNIPph5TH2BJ5KFjGCTSZ77WB+VK27NXQJtEi8nFcjRHpW/huOIJIJKQzjWeuC5sfFTrA wjnC5Kw0TTGJMZntCBpRILqv10eesCXVlljMJI2ZIGLdXfEykWWs9FYDsFNlO97mXif94gMeG1nzIZJ4ZKsloUJhyZCGWPozFTlBg+twQTxeytiEyxwsTYeEo2BG/95U3Srde8Ru3mvlFpVfM4inABl1AFD5rQgjtoQwcITOEZXuHNEc6L8+58rFoLTj5zDn/gfP4ACcyNhQ==</latexit>

104
<latexit sha1_base64="f6VRveEhpKMKif0vamjyayef0ds=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisYD+gjWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btIctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2W3m956o0iySD2YeU1/giWQhI9hkkuc+NkfVmttwc6B14hWkBgXao+rXcByRRFBpCMdaDzw3Nn6KlW GE00VlmGgaYzLDEzqwVGJBtZ/mty7QhVXGKIyULWlQrv6eSLHQei4C2ymwmepVLxP/8waJCa/9lMk4MVSS5aIw4chEKHscjZmixPC5JZgoZm9FZIoVJsbGU7EheKsvr5PuZcNrNm7um7VWvYijDGdwDnXw4ApacAdt6ACBKTzDK7w5wnlx3p2PZWvJKWZO4Q+czx8M1I2H</latexit>

106
<latexit sha1_base64="Ont0P2ef0eibwxgTrddwwZrYLGM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahp7Irpeqt4MVjBfsB7VqyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH8wspr7AY8lCRrDJJM99bAzLFbfmLoDWiZeTCuRoDctfg1FEEkGlIRxr3ffc2PgpVo YRTuelQaJpjMkUj2nfUokF1X66uHWOLqwyQmGkbEmDFurviRQLrWcisJ0Cm4le9TLxP6+fmPDaT5mME0MlWS4KE45MhLLH0YgpSgyfWYKJYvZWRCZYYWJsPCUbgrf68jrpXNa8eu3mvl5pVvM4inAG51AFD66gCXfQgjYQmMAzvMKbI5wX5935WLYWnHzmFP7A+fwBD9yNiQ==</latexit>

⇤ (GeV)
<latexit sha1_base64="gkoyEtT2xgHYVjp7Se/QyOkRBPA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMSKai7ggtduKhgH9CEMplM26GTSZiZCCUU/BU3LhRx63e482+ctllo64GBwznncu+cIOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywup767UcqFYvFgx4n1I/wQLA+I1gbqWcfeXcmHGLkocyTEarc0NbZpGeXnaozA1ombk7KkKPRs7+8MCZpRIUmHCvVdZ1E+xmWmhFOJyUvVTTBZIQHtGuowBFVfjY7f4JOjRKifizNExrN1N8TGY6UGkeBSUZYD9WiNxX/87qp7l/6GRNJqqkg80X9lCMdo2kXKGSSEs3HhmAimbkVkSGWmGjTWMmU4C5+eZm0zqturXp1XyvXK3kdRTiGE6iACxdQh1toQBMIZPAMr/BmPVkv1rv1MY8WrHzmEP7A+vwBOaqUTg==</latexit>

W 0, Z 0
<latexit sha1_base64="NhZYyzTYNgb59RHRInqSvfi0fnY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZpD1J2paDeCl48VrAf2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NIyUYQ2ieRSdQKsKWeCNg0znHZiRXEUcNoOxjczv/1ElWZS3JtJTP0IDwULGcHGSq12+Rw9lPvFklt150CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxIRXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJ66Lq1arXd7VSvZLFkYcTOIUKeHAJdbiFBjSBwCM8wyu8OdJ5cd6dj0VrzslmjuEPnM8f3iaN8w==</latexit>
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Figure 1. Schematic illustration of the particle spectrum of parity solutions to the strong CP
problem in their least tuned version. The lightest exotic particles are W ′ and Z ′ resonances,
followed by a top partner appearing at a scale of order v′. A mirror Higgs is also part of the low-
lying spectrum, with mh′ '

√
2λv′. (For illustration, we have chosen λ = O(1), but note that h′

could be much lighter if λ � 1.) Additional mirror quarks have masses of order the see-saw scale,
M � v′. The lepton sector must also be “see-sawed”, with mirror leptons similarly appearing well
above v′ (although we emphasize that the see-saw scales in the quark and lepton sectors need not
coincide).

3.1 Collider bounds

The doubling of the electroweak sector gives rise to a plethora of experimental signatures at
colliders, ranging from additional vector bosons (the W ′ and Z ′ of spontaneously broken
SU(2)R) to vector-like quarks (the SU(2)-singlet fermions) to additional Higgs bosons.
Ultimately, given that the Z ′ andW ′ gauge bosons acquire masses exclusively from SU(2)R
breaking, and inherit couplings to the SM-like quarks and leptons, collider searches for these
additional vectors place the most solid and strongest direct bounds on the models under
consideration.

Neutral currents. The Z ′ resonance inherits couplings to both the left- and right-
handed currents of SM-like fermions. In the down-type quark and lepton sectors, these
are both flavor diagonal and generation universal. After rotating to the mass eigenbasis in
both the gauge and fermion sectors, as outlined in appendix A, we find:

L ⊃ gZ ′µ
3∑
i=1

(
z′dR d̄iRγ

µdiR + z′eR ēiRγ
µeiR + z′νR ν̄iRγ

µνiR
)

+ {R→ L} . (3.1)

As discussed in section 2.3, the see-saw implementation of fermion masses leads to un-
suppressed couplings between the SU(2)R gauge bosons and right-handed fermions. Up
to corrections of O(sin2 θw), these are identical to the couplings between the SM Z and
left-handed currents. Specifically:

z′dR ' −
g

2
(
1 +O(s2

w)
)
, z′eR ' −

g

2
(
1 +O(s2

w)
)
, and z′νR '

g

2
(
1 +O(s2

w)
)
, (3.2)
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where sw ≡ sin θw, and we have ignored corrections of O(v2/v′2). On the other hand,
couplings of the Z ′ to left-handed currents are now suppressed:

z′dL ' −
g

6
swtw√
cos 2θw

= O(s2
w), and z′eL = z′νL = −3z′dL . (3.3)

The situation in the up-quark sector is somewhat different. Now, couplings between the
Z ′ and the right-handed fermion currents are no longer universal. Instead, we have:

L ⊃ gZ ′µ

( 3∑
i=1

z′uL ūiLγ
µuiL +

2∑
i=1

z′uR ūiRγ
µuiR + z′tR t̄Rγ

µtR

)
. (3.4)

As before, Z ′ couplings to first and second generation right-handed currents are unsup-
pressed, and are given by

z′uR '
g

2
(
1 +O(s2

w)
)
, (3.5)

whereas those to left-handed fermions, as well as to the right-handed top, now read

z′uL =
z′tR
4 ' −

g

6
swtw√
cos 2θw

= O(s2
w) . (3.6)

Bounds on the Z ′ mass from its production at the LHC will therefore be similar to
those found in the so-called Sequential Standard Model, which features a Z ′ resonance that
is just a heavy copy of the SM Z. In the present model, couplings of the Z ′ to SM fermions
are similar to those of the Z after the replacement L↔ R — a replacement that does not
affect either the production cross section or the decay rates into light fermions. The most
constraining limits thus come from [17], where a search focused on leptonic final states sets
a lower bound mZ′ & 5TeV. In turn, this translates into a lower limit on the scale of parity
breaking of order v′ & 13TeV.

Charged currents. W ′ gauge bosons interact with the right-handed SM fermions in a
way that mirrors the interactions between their left-handed counterparts and SM W . In
the lepton sector:

L ⊃ g√
2

3∑
i,j=1

(
BijW

+
µ ν̄iLγ

µejL +B′ijW
′+
µ ν̄iRγ

µejR

)
+ h.c., (3.7)

where B = B′ = OνO†e, up to corrections of order v(′)2
/M2. As far as the quark sector is

concerned, the up-type sector again requires special consideration. We find:

L ⊃ g√
2

3∑
i,j=1

W+
µ Vij ūiLγ

µdjL + h.c., (3.8)

with V = OuO†d +O(v2/M2), whereas

L ⊃ g√
2
W ′+µ

3∑
j=1

( 2∑
i=1

V ′ij ūiRγ
µdjR + ∆V ′3j t̄RγµdjR

)
+ h.c. (3.9)
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Up to corrections of O(v′2/M2), we have V ′ = V , and ∆V ′3j = (ε′∗u V )3j . The 3× 3 matrix
ε′u, whose entries are suppressed by a factor of v′/M � 1, is given explicitly in eq. (A.19).

As with the Z ′, we expect bounds on theW ′ to be comparable to those in the Sequential
Standard Model. Current direct searches set stringent constraints on such W ′ resonances,
of order mW ′ & 6TeV [18]. In turn, this sets the strongest limit on the scale of parity
breaking: v′ & 18TeV. Although direct searches for vector-like quarks and additional
Higgs bosons are also germane, they lead to significantly weaker bounds on the scale of
parity breaking compared to W ′ and Z ′ searches. For example, null results in searches for
vector-like top partners [15, 16] lead to v′ & 2TeV, with comparable bounds coming from
searches for SM-singlet scalars.

Looking to the future, a 100TeV pp collider such as the proposed FCC-hh should be
sensitive toW ′ and Z ′ bosons as heavy as ∼ 40TeV [19, 20], corresponding to v′ & 120TeV.
This would comprehensively cover the most natural parameter space consistent with current
data, and the non-observation of heavy vectors at such a collider would suggest that parity
solutions are tuned at the ∆−1 ∼ 10−5 level. In this respect, future colliders provide a
decisive test of parity solutions to the strong CP problem.

3.2 Flavor constraints

In the SM, flavor-changing neutral currents (FCNCs) are absent at tree-level, appearing
only at one-loop, and being additionally suppressed by the GIM mechanism. As a result,
precision measurements of flavor-violating processes often imply stringent constraints on
extensions of the SM. In the class of models under consideration, FCNCs arise already at
tree-level, mediated by the Z and Z ′ gauge bosons, as well as the scalars h and h′. However,
their size is suppressed by factors of the Yukawa couplings of the relevant fermions, making
their effect negligible. At one-loop, FCNCs proceeding via box diagrams involvingW ′ gauge
bosons and mirror up-type quarks can lead to deviations in kaon properties, in turn setting
the leading constraints on the flavor structure of these models.

Tree-level FCNCs. Rotating from the gauge to the mass eigenbasis in the fermion and
gauge boson sectors, as specified in appendix A, leads to the presence of flavor-changing
interactions between the Z and the SM-like fermions. For example, in the down-quark
sector there are new interactions of the form

L ⊃ g

2cw
(ε†dεd)ijZµd̄iLγ

µdjL, (3.10)

where εd is a 3× 3 matrix acting on flavor space whose explicit form is given in eq. (A.13).
Integrating out the Z, the effective hamiltonian relevant to describe |∆F | = 1 processes,
such as the leptonic decay of B mesons, now contains additional terms, of the form

∆Heff ' −
√

2GF (ε†dεd)32 cos(2θw)(b̄LγµsL)(µ̄LγµµL) + h.c. (3.11)

(An analogous term involving right-handed muons is also present, but suppressed by a
factor of s2

w, so we neglect it in the subsequent discussion.)
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The deviation with respect to the SM prediction for the branching fraction of the
process B0

s → µ+µ− as a result of the operator in eq. (3.11) can be written as

rµµ ≡
BR(B0

s → µ+µ−)BSM
BR(B0

s → µ+µ−)SM
− 1 ' |C

(SM)
10 + C

(BSM)
10 |2

|C(SM)
10 |2

− 1, (3.12)

where C(SM)
10 and C(BSM)

10 are the SM and BSM contributions to the Wilson coefficient of
the four-fermion operator (b̄LγµsL)(µ̄γµγ5µ). In the SM

C
(SM)
10 = GF

2
√

2
α

4π (V ∗tbVts)C̃
(SM)
10 , (3.13)

with C̃(SM)
10 ' 4.41 [66], whereas from eq. (3.11) we have

C
(BSM)
10 ' GF√

2
cos(2θw)(ε†dεd)32. (3.14)

A stringent upper bound on the size of the (ε†dεd)32 coefficient arises from the requirement
that the masses of the down-type quarks are correctly reproduced in this model. From
eq. (A.13), we have

(ε†dεd)32 = v2

2
∑
i

(ỹd)3i(ỹd)∗2i
m2
Di

∼ v2

M2

∑
i

(ỹd)3i(ỹd)∗2i .
v

M

√
mbms

v′
� 1, (3.15)

where in the last step we have made use of the upper bound in eq. (A.12). We then have,
parametrically

rµµ ∼
2|C(BSM)

10 |
|C(SM)

10 |
. 10−3

(18 TeV
v′

)2 ( v′
M

)
. (3.16)

This effect is much smaller than the theoretical and experimental errors on BR(B0
s →

µ+µ−), which are both on the order of 10% [67].8

The effects of Z-mediated FCNCs on other processes are even more suppressed. For
example, |∆F | = 2 processes such as kaon mixing require two insertions of the (tiny) flavor-
violating coefficient. In the lepton sector, even |∆F | = 1 decays are virtually unobservable,
as the effect is now suppressed by the masses of the relevant leptons. FCNCs mediated by
the SM Higgs are similarly negligible, since the correspondingWilson coefficients feature the
same suppression as those from Z exchange, on top the smaller coupling between the Higgs
and light fermions. Flavor-changing interactions mediated by the Z ′ and h′ are further
suppressed by an additional factor of m2

Z/m
2
Z′ and m2

h/m
2
h′ respectively, making them

irrelevant. Overall, the strong suppression of the tree-level FCNCs that occurs naturally
in these models makes their effects negligible.

8The effective operator (b̄RγµsR)(µ̄γµγ5µ) is also generated after integrating out the Z, with a Wilson
coefficient C′(BSM)

10 ∼ C(BSM)
10 that enters into eq. (3.12) in a similar manner. The presence of this operator

does not quantitatively affect our analysis.
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<latexit sha1_base64="a1flJVEkQtdfoLRnz46aOZ6dEj0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpYXTRL5XdqjsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpHVZ9WrVm/tauV7J4yjAKZxBBTy4gjrcQQOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPHyp+jQ8=</latexit>

U,D,C, S,B
<latexit sha1_base64="OQ9+gnfFUXQNXrFvDd2+GpTLUAE=">AAAB9HicbVBNT8JAEJ36ifiFevSykZhwaEhrSNQbEQ8eMVoggYZsly1s2G7r7paEEH6HFw8a49Uf481/4wI9KPiSSV7em8nMvCDhTGnH+bbW1jc2t7ZzO/ndvf2Dw8LRcUPFqSTUIzGPZSvAinImqKeZ5rSVSIqjgNNmMKzN/OaISsVi8ajHCfUj3BcsZARrI/mejW5tVLPRg41uuoWiU3bmQKvEzUgRMtS7ha9OLyZpRIUmHCvVdp1E+xMsNSOcTvOdVNEEkyHu07ahAkdU+ZP50VN0bpQeCmNpSmg0V39PTHCk1DgKTGeE9UAtezPxP6+d6vDKnzCRpJoKslgUphzpGM0SQD0mKdF8bAgmkplbERlgiYk2OeVNCO7yy6ukcVF2K+Xr+0qxWsriyMEpnEEJXLiEKtxBHTwg8ATP8Apv1sh6sd6tj0XrmpXNnMAfWJ8/9A2Pjw==</latexit>

⇤
<latexit sha1_base64="sjuz+/aTmqNpn7KJQ/Jk2BqdlYc=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0FIFXYloHYBGwuLCOYByRJmZyfJkNnZZeauEJZ8hI2FIrZ+j51/4yTZQhMPDBzOOZe59wSJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI79ztPXBsRq0ecJtyP6EiJoWAUrdTp39toSAfliltzFyDrxMtJBXI0B+WvfhizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W687IhVVCMoy1fQrJQv09kdHImGkU2GREcWxWvbn4n9dLcXjtZ0IlKXLFlh8NU0kwJvPbSSg0ZyinllCmhd2VsDHVlKFtqGRL8FZPXifty5pXr9081CuNal5HEc7gHKrgwRU04A6a0AIGE3iGV3hzEufFeXc+ltGCk8+cwh84nz8Hs49P</latexit>

M � v0
<latexit sha1_base64="cAIF048JWu4zYja0qTNda0VKxjg=">AAAB73icbVBNSwMxEJ34WetX1aOXYBF7KrtSUG8FL16ECvYD2qVk0+w2NJtdk2yhLP0TXjwo4tW/481/Y9ruQVsfDDzem2Fmnp8Iro3jfKO19Y3Nre3CTnF3b//gsHR03NJxqihr0ljEquMTzQSXrGm4EayTKEYiX7C2P7qd+e0xU5rH8tFMEuZFJJQ84JQYK3XucS8M8fiiXyo7VWcOvErcnJQhR6Nf+uoNYppGTBoqiNZd10mMlxFlOBVsWuylmiWEjkjIupZKEjHtZfN7p/jcKgMcxMqWNHiu/p7ISKT1JPJtZ0TMUC97M/E/r5ua4NrLuExSwyRdLApSgU2MZ8/jAVeMGjGxhFDF7a2YDoki1NiIijYEd/nlVdK6rLq16s1DrVyv5HEU4BTOoAIuXEEd7qABTaAg4Ble4Q09oRf0jj4WrWsonzmBP0CfP76HjxA=</latexit>

v0
<latexit sha1_base64="VtlpefNFqk8HuqUNZPj8fmojYOQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOYU9iVgHoLePEYxTwgCWF20psMmZ1dZmYDYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6PiscnTR0limGDRSJSbZ9qFFxiw3AjsB0rpKEvsOWP7+Z+a4JK80g+mWmMvZAOJQ84o8ZKj5PLfrHkVtwFyDrxMlKCDPV+8as7iFgSojRMUK07nhubXkqV4U zgrNBNNMaUjekQO5ZKGqLupYtLZ+TCKgMSRMqWNGSh/p5Iaaj1NPRtZ0jNSK96c/E/r5OY4KaXchknBiVbLgoSQUxE5m+TAVfIjJhaQpni9lbCRlRRZmw4BRuCt/ryOmleVbxq5fahWqqVszjycAbnUAYPrqEG91CHBjAI4Ble4c0ZOy/Ou/OxbM052cwp/IHz+QM/xI0d</latexit>

v
<latexit sha1_base64="tWiGXJozviEA+L5MYbuoh3AZTho=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9iVgHoLePGYgHlAsoTZSScZMzu7zMwGwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3tb2zu5ffLxwcHh2fFE/PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3C/89hSV5pF8NLMY/ZCOJB9yRo2VGtN+seRW3CXIJvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJn Be6CUaY8omdIRdSyUNUfvp8tA5ubLKgAwjZUsaslR/T6Q01HoWBrYzpGas172F+J/XTczw1k+5jBODkq0WDRNBTEQWX5MBV8iMmFlCmeL2VsLGVFFmbDYFG4K3/vImaV1XvGrlrlEt1cpZHHm4gEsogwc3UIMHqEMTGCA8wyu8OU/Oi/PufKxac042cw5/4Hz+AN8/jOw=</latexit>

��

h, h0
<latexit sha1_base64="XnTt7vIQWIsDU94VwtOz9GFuNlE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSL2ICWRgnorePFYwbSFNpTNdtMs3d2E3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6acaeO6387a+sbm1nZpp7y7t39wWDk6buskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E47uZ33miSrNEPppJSgOBR5JFjGBjJT++RPHFoFJ16+4caJV4BalCgdag8tUfJiQTVBrCsdY9z01NkGNlGOF0Wu5nmqaYjPGI9iyVWFAd5PNjp+jcKkMUJcqWNGiu/p7IsdB6IkLbKbCJ9bI3E//zepmJboKcyTQzVJLFoijjyCRo9jkaMkWJ4RNLMFHM3opIjBUmxuZTtiF4yy+vkvZV3WvUbx8a1WatiKMEp3AGNfDgGppwDy3wgQCDZ3iFN0c6L86787FoXXOKmRP4A+fzB6x5jeE=</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

Z,Z 0
<latexit sha1_base64="FwEZPWoImB0SOBHe+aDbtXkiRlc=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBF7kLIrBfVW8OKxgtuWtkvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvtHa+sbm1nZhp7i7t39wWDo6buo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKxnczv/XElOaxfDSThPkRGUoeckqMlbzOJe5c9Etlp+rMgVeJm5My5Gj0S1+9QUzTiElDBdG66zqJ8TOiDKeCTYu9VLOE0DEZsq6lkkRM+9n82Ck+t8oAh7GyJQ2eq78nMhJpPYkC2xkRM9LL3kz8z+umJrzxMy6T1DBJF4vCVGAT49nneMAVo0ZMLCFUcXsrpiOiCDU2n6INwV1+eZU0r6purXr7UCvXK3kcBTiFM6iAC9dQh3togAcUODzDK7whiV7QO/pYtK6hfOYE/gB9/gCBw43F</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

Dj , dj
<latexit sha1_base64="swTvbMsZHly8Uknb9mx4+/fUCeY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahBymJFNRbQQ8eK9gPaEPYbDbttptN3N0IJfRPePGgiFf/jjf/jds2B219MPB4b4aZeX7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqSS0RWIey66PFeVM0JZmmtNuIimOfE47/vhm5neeqFQsFg96klA3wgPBQkawNlL31hudo8AbeeWKXbPnQKvEyUkFcjS98lc/iEkaUaEJx0r1HDvRboalZoTTaamfKppgMsYD2jNU4IgqN5vfO0VnRglQGEtTQqO5+nsiw5FSk8g3nRHWQ7XszcT/vF6qwys3YyJJNRVksShMOdIxmj2PAiYp0XxiCCaSmVsRGWKJiTYRlUwIzvLLq6R9UXPqtev7eqVRzeMowgmcQhUcuIQG3EETWkCAwzO8wpv1aL1Y79bHorVg5TPH8AfW5w8Kj49C</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

Dj , dj
<latexit sha1_base64="swTvbMsZHly8Uknb9mx4+/fUCeY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahBymJFNRbQQ8eK9gPaEPYbDbttptN3N0IJfRPePGgiFf/jjf/jds2B219MPB4b4aZeX7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqSS0RWIey66PFeVM0JZmmtNuIimOfE47/vhm5neeqFQsFg96klA3wgPBQkawNlL31hudo8AbeeWKXbPnQKvEyUkFcjS98lc/iEkaUaEJx0r1HDvRboalZoTTaamfKppgMsYD2jNU4IgqN5vfO0VnRglQGEtTQqO5+nsiw5FSk8g3nRHWQ7XszcT/vF6qwys3YyJJNRVksShMOdIxmj2PAiYp0XxiCCaSmVsRGWKJiTYRlUwIzvLLq6R9UXPqtev7eqVRzeMowgmcQhUcuIQG3EETWkCAwzO8wpv1aL1Y79bHorVg5TPH8AfW5w8Kj49C</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

s
<latexit sha1_base64="+Cfk3PwdQUZ1dobr2lw7LqUkKfc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlph6UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5V7Xb5lWlXs3jKMIZnEMVPLiGOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH2rOM6Q==</latexit>

s̄
<latexit sha1_base64="WVV0QR3pB15Bh7JVydFsNiN3Z1s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvQU9mVgnorePFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jQobm1vbO8Xd0t7+weFR+fikbVSqKWtRJZTuhsQwwSVrWW4F6yaakTgUrBNObud+54lpw5V8sNOEBTEZSR5xSqyT2v2QaGwG5YpX8xbA68TPSQVyNAflr/5Q0TRm0lJBjOn5XmKDjGjLqWCzUj81LCF0Qkas56gkMTNBtrh2hi+cMsSR0q6kxQv190RGYmOmceg6Y2LHZtWbi/95vdRG10HGZZJaJulyUZQKbBWev46HXDNqxdQRQjV3t2I6JppQ6wIquRD81ZfXSfuy5tdrN/f1SqOax1GEMziHKvhwBQ24gya0gMIjPMMrvCGFXtA7+li2FlA+cwp/gD5/ACk2jsw=</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

d̄
<latexit sha1_base64="LQbsIlDbH0Fa933H82j8U6V+UCw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisYD+gDWWz2bRrN7thdyOU0P/gxYMiXv0/3vw3btMctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXS1TRWiHSC5VP8CaciZoxzDDaT9RFMcBp71gervwe09UaSbFg5kl1I/xWLCIEWys1B0GWKFwVK25DTcHWideQWpQoD2qfg1DSdKYCkM41nrguYnxM6wMI5zOK8NU0wSTKR7TgaUCx1T7WX7tHF1YJUSRVLaEQbn6eyLDsdazOLCdMTYTveotxP+8QWqiaz9jIkkNFWS5KEo5MhItXkchU5QYPrMEE8XsrYhMsMLE2IAqNgRv9eV10r1seM3GzX2z1qoXcZThDM6hDh5cQQvuoA0dIPAIz/AKb450Xpx352PZWnKKmVP4A+fzBxJ6jr0=</latexit>

ui, Ui
<latexit sha1_base64="DHKkZNrjiKlGI/favvxcEU2NgBE=">AAAB73icbVBNS8NAEJ34WetX1aOXxSL0ICWRgnorePFYwbSFNoTNdtMu3Wzifggl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcaZ0q777aytb2xubZd2yrt7+weHlaPjtkqNJNQnKU9lN8KKciaor5nmtJtJipOI0040vp35nScqFUvFg55kNEjwULCYEayt1DUhu0B+yMJK1a27c6BV4hWkCgVaYeWrP0iJSajQhGOlep6b6SDHUjPC6bTcN4pmmIzxkPYsFTihKsjn907RuVUGKE6lLaHRXP09keNEqUkS2c4E65Fa9mbif17P6Pg6yJnIjKaCLBbFhiOdotnzaMAkJZpPLMFEMnsrIiMsMdE2orINwVt+eZW0L+teo35z36g2a0UcJTiFM6iBB1fQhDtogQ8EODzDK7w5j86L8+58LFrXnGLmBP7A+fwBPEOPYg==</latexit>

ūj , Ūj
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Figure 2. Additional box diagrams contributing to kaon mixing in the models under consideration
include any of the up-type quarks propagating inside the loop, as well as (left) two W bosons,
(center) one W and one W ′, and (right) two W ′s. Quantitatively, it is diagrams with one W and
one W ′ that are the most relevant.

One-loop FCNCs. Another source of FCNCs beyond those present in the SM arises at
one loop. In these models, the familiar box diagram that describes meson mixing in the
SM is now accompanied by similar diagrams that include W ′s as well as the additional
(heavy) up-type quarks running inside the loop, as we show in figure 2. Given the level of
experimental precision in measurements of kaon mixing parameters, even a modification
to this process at the loop level can be a significant source of constraints.

The relevant interactions are those involving the SM-like down-type quarks and both
the W and W ′ gauge bosons. They are given by

L ⊃ g√
2
W+
µ

3∑
j,i=1

(
Vij ūiLγ

µdjL + ∆VijŪiLγµdjL
)

+ h.c., (3.17)

where U3L = t′L here and ∆V = εuV , as well as

L ⊃ g√
2
W ′+µ

3∑
j=1

( 2∑
i=1

Vij ūiRγ
µdjR + V3j t̄

′
Rγ

µdjR

+
2∑
i=1

∆V ′ijŪiRγµdjR + ∆V ′3j t̄RγµdjR

)
,

(3.18)

with ∆V ′ = ε′∗u V . The entries of the 3 × 3 matrices εu and ε′u are O(v/M) and O(v′/M)
respectively, and explicit expressions can be found in eq. (A.19).

The detailed expressions, including loop functions, relevant to estimate the contribu-
tions to the kaon mixing parameters ∆mK and |εK | can be found in appendix C. Additional
box diagrams including two W s or two W ′s always lead to a contribution which is much
smaller than that of the SM, and can therefore be neglected. The leading contribution
arises from diagrams including one W and one W ′. In this case, there is an “irreducible”
contribution to both parameters (irreducible in the sense that it can only be “turned-off”
by increasing v′), which comes from the u and c quarks, whose couplings to the W ′ gauge
boson are set to be equal to those of the CKM matrix as a result of generalized parity. The
size of this correction reads

(∆mK)u,c ≈ −6 · 10−16 GeV
(6 TeV
mW ′

)2
, and |εK |u,c ≈ 7 · 10−5

(6 TeV
mW ′

)2
, (3.19)

which in both cases is an order of magnitude below the theoretical error in the corresponding
SM prediction, for values of mW ′ consistent with the direct bounds discussed in 3.1.
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Contributions from box diagrams that involve additional members of the up-quark
sector additionally depend on the see-saw scale M , as well as the size of both diagonal
and off-diagonal entries in the up-type Yukawa matrices. As far as ∆mK is concerned,
the leading contribution comes from diagrams where the u and c quarks propagate inside
the loop, and so it is roughly equal to the result in eq. (3.19), even for a see-saw scale
M that sits only slightly above v′. In contrast, the contribution to |εK | can be large, and
it is dominated by diagrams where the t quark propagates inside the loop. Choosing the
individual entries in the Yukawa couplings to saturate the upper bound given in eq. (A.18),
|εK | sets a lower bound on M than can range between 750TeV and 1000TeV (depending
on whether the leading contribution interferes destructively or constructively with the
SM result) for v′ ∼ 18TeV. This value of M sits comfortably within the upper bound
M . 102v′, which follows from the requirement of perturbative Yukawas, as discussed
around eq. (2.16). Alternatively, even for v′ = 18TeV and M = 40TeV, an additional
suppression by a factor of O(0.1) in the off-diagonal elements of the up-type Yukawas with
respect to their upper bound is enough to bring the predicted value of |εK | within the
allowed range.

Overall, the class of parity solutions to the strong CP problem that we focus on in
this work can comfortably satisfy existing constraints from flavor physics. Flavor-changing
processes are, nevertheless, an interesting probe of the structure of these models, and a
more in-depth investigation is a promising avenue for future work.

4 Broken parity and the neutron EDM

As we discussed in section 2, parity-symmetric theories predict a vanishing θ̄, therefore
offering a potential solution to the strong CP problem. However, the breaking of parity
that is necessary for phenomenological reasons implies that, although zero at tree-level, a
non-zero θ̄ may be generated radiatively. In this section, we investigate in detail the size
of radiative corrections to both θ̄, and the EDM of elementary fermions. We focus on the
effect of non-gravitational interactions, and leave gravitational considerations to section 5.

The size of radiative corrections to the θ̄ parameter is a somewhat model-dependent
question, as it depends on the details of how parity is broken. For instance, we could
regard generalized parity to be a global symmetry that is only broken softly by dimensionful
parameters, as in eq. (2.11). More realistically, we might expect that the breaking of parity
is spontaneous, and not explicit. This must certainly be the case if, for example, parity
were a gauge symmetry of the UV theory. Even in this case, there are two qualitatively
different options: either parity is broken without breaking CP (e.g. through a symmetry-
breaking sector with two scalar fields that obtain asymmetric vevs); or both parity and CP
are broken simultaneously (e.g. through the vev of a pseudo-scalar). The former situation
is quantitatively similar to the global case. In the latter, however, the symmetry-breaking
sector can introduce an additional source of CP -violation beyond that present in the SM,
and a non-vanishing θ̄ can arise already at one loop.

In the remainder of this section, we discuss the three qualitatively different possibil-
ities for the breaking of parity, with a focus on the implications for the size of radiative
corrections to the neutron EDM.
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W 0, Z 0
<latexit sha1_base64="NhZYyzTYNgb59RHRInqSvfi0fnY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZpD1J2paDeCl48VrAf2C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NIyUYQ2ieRSdQKsKWeCNg0znHZiRXEUcNoOxjczv/1ElWZS3JtJTP0IDwULGcHGSq12+Rw9lPvFklt150CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxIRXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJ66Lq1arXd7VSvZLFkYcTOIUKeHAJdbiFBjSBwCM8wyu8OdJ5cd6dj0VrzslmjuEPnM8f3iaN8w==</latexit>

t0
<latexit sha1_base64="H7bGefDSTxos+Pk6LIf9/kl0cBc=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD3jRL5XdqjsHWSVeTsqQo9EvffUGMUsjrpBJakzXcxP0M6pRMMmnxV5qeELZmA5511JFI278bH7plJxbZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpyiDcFbfnmVtC6rXq16c18r1yt5HAU4hTOogAdXUIc7aEATGITwDK/w5oydF+fd+Vi0rjn5zAn8gfP5Azy6jRs=</latexit>

h0
<latexit sha1_base64="a1flJVEkQtdfoLRnz46aOZ6dEj0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSL2VBIpqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpYXTRL5XdqjsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpHVZ9WrVm/tauV7J4yjAKZxBBTy4gjrcQQOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPHyp+jQ8=</latexit>

U,D,C, S,B
<latexit sha1_base64="OQ9+gnfFUXQNXrFvDd2+GpTLUAE=">AAAB9HicbVBNT8JAEJ36ifiFevSykZhwaEhrSNQbEQ8eMVoggYZsly1s2G7r7paEEH6HFw8a49Uf481/4wI9KPiSSV7em8nMvCDhTGnH+bbW1jc2t7ZzO/ndvf2Dw8LRcUPFqSTUIzGPZSvAinImqKeZ5rSVSIqjgNNmMKzN/OaISsVi8ajHCfUj3BcsZARrI/mejW5tVLPRg41uuoWiU3bmQKvEzUgRMtS7ha9OLyZpRIUmHC vVdp1E+xMsNSOcTvOdVNEEkyHu07ahAkdU+ZP50VN0bpQeCmNpSmg0V39PTHCk1DgKTGeE9UAtezPxP6+d6vDKnzCRpJoKslgUphzpGM0SQD0mKdF8bAgmkplbERlgiYk2OeVNCO7yy6ukcVF2K+Xr+0qxWsriyMEpnEEJXLiEKtxBHTwg8ATP8Apv1sh6sd6tj0XrmpXNnMAfWJ8/9A2Pjw==</latexit>

⇤
<latexit sha1_base64="sjuz+/aTmqNpn7KJQ/Jk2BqdlYc=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0FIFXYloHYBGwuLCOYByRJmZyfJkNnZZeauEJZ8hI2FIrZ+j51/4yTZQhMPDBzOOZe59wSJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI79ztPXBsRq0ecJtyP6EiJoWAUrdTp39toSAfliltzFyDrxMtJBXI0B+WvfhizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W687IhVVCMoy1fQrJQv09kdHImGkU2GREcWxWvbn4n9dLcXjtZ0IlKXLFlh8NU0kwJvPbSSg0ZyinllCmhd2VsDHVlKFtqGRL8FZPXifty5pXr9081CuNal5HEc7gHKrgwRU04A6a0AIGE3iGV3hzEufFeXc+ltGCk8+cwh84nz8Hs49P</latexit>

M � v0
<latexit sha1_base64="cAIF048JWu4zYja0qTNda0VKxjg=">AAAB73icbVBNSwMxEJ34WetX1aOXYBF7KrtSUG8FL16ECvYD2qVk0+w2NJtdk2yhLP0TXjwo4tW/481/Y9ruQVsfDDzem2Fmnp8Iro3jfKO19Y3Nre3CTnF3b//gsHR03NJxqihr0ljEquMTzQSXrGm4EayTKEYiX7C2P7qd+e0xU5rH8tFMEuZFJJQ84JQYK3XucS8M8fiiXyo7VWcOvErcnJQhR6Nf+uoNYppGTBoqiNZd10mMlxFlOBVsWuylmiWEjkjIupZKEjHtZfN7p/jcKgMcxMqWNHiu/p7ISKT1JPJtZ0TMUC97M/E/r5ua4NrLuExSwyRdLApSgU2MZ8/jAVeMGjGxhFDF7a2YDoki1NiIijYEd/nlVdK6rLq16s1DrVyv5HEU4BTOoAIuXEEd7qABTaAg4Ble4Q09oRf0jj4WrWsonzmBP0CfP76HjxA=</latexit>

v0
<latexit sha1_base64="VtlpefNFqk8HuqUNZPj8fmojYOQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoOYU9iVgHoLePEYxTwgCWF20psMmZ1dZmYDYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6PiscnTR0limGDRSJSbZ9qFFxiw3AjsB0rpKEvsOWP7+Z+a4JK80g+mWmMvZAOJQ84o8ZKj5PLfrHkVtwFyDrxMlKCDPV+8as7iFgSojRMUK07nhubXkqV4UzgrNBNNMaUjekQO5ZKGqLupYtLZ+TCKgMSRMqWNGSh/p5Iaaj1NPRtZ0jNSK96c/E/r5OY4KaXchknBiVbLgoSQUxE5m+TAVfIjJhaQpni9lbCRlRRZmw4BRuCt/ryOmleVbxq5fahWqqVszjycAbnUAYPrqEG91CHBjAI4Ble4c0ZOy/Ou/OxbM052cwp/IHz+QM/xI0d</latexit>

v
<latexit sha1_base64="tWiGXJozviEA+L5MYbuoh3AZTho=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9iVgHoLePGYgHlAsoTZSScZMzu7zMwGwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3tb2zu5ffLxwcHh2fFE/PWjpKFMMmi0SkOgHVKLjEpuFGYCdWSMNAYDuY3C/89hSV5pF8NLMY/ZCOJB9yRo2VGtN+seRW3CXIJvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBe6CUaY8omdIRdSyUNUfvp8tA5ubLKgAwjZUsaslR/T6Q01HoWBrYzpGas172F+J/XTczw1k+5jBODkq0WDRNBTEQWX5MBV8iMmFlCmeL2VsLGVFFmbDYFG4K3/vImaV1XvGrlrlEt1cpZHHm4gEsogwc3UIMHqEMTGCA8wyu8OU/Oi/PufKxac042cw5/4Hz+AN8/jOw=</latexit>

��

h, h0
<latexit sha1_base64="XnTt7vIQWIsDU94VwtOz9GFuNlE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSL2ICWRgnorePFYwbSFNpTNdtMs3d2E3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6acaeO6387a+sbm1nZpp7y7t39wWDk6buskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E47uZ33miSrNEPppJSgOBR5JFjGBjJT++RPHFoFJ16+4caJV4BalCgdag8tUfJiQTVBrCsdY9z01NkGNlGOF0Wu5nmqaYjPGI9iyVWFAd5PNjp+jcKkMUJcqWNGiu/p7IsdB6IkLbKbCJ9bI3E//zepmJboKcyTQzVJLFoijjyCRo9jkaMkWJ4RNLMFHM3opIjBUmxuZTtiF4yy+vkvZV3WvUbx8a1WatiKMEp3AGNfDgGppwDy3wgQCDZ3iFN0c6L86787FoXXOKmRP4A+fzB6x5jeE=</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

f
<latexit sha1_base64="kfeWzpXXMQPCfOzPuL1ekbHC+Gk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjgoV9yauwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVnzrmq3zatKvZrHUYQzOIcqeHANdbiHBrSAAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPxv+M3A==</latexit>

f
<latexit sha1_base64="kfeWzpXXMQPCfOzPuL1ekbHC+Gk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjgoV9yauwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVnzrmq3zatKvZrHUYQzOIcqeHANdbiHBrSAAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPxv+M3A==</latexit>

F
<latexit sha1_base64="1ls4gIrgmADDq1uJ/F13JuM89As=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9iVgHoLCOIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38799hMqzWP5YCYJ+hEdSh5yRo2VGnf9YsmtuAuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCa3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVZ8aqVm0a1VCtnceThDM6hDB5cQQ3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A5Z/jLw=</latexit>

Z,Z 0
<latexit sha1_base64="FwEZPWoImB0SOBHe+aDbtXkiRlc=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBF7kLIrBfVW8OKxgtuWtkvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvtHa+sbm1nZhp7i7t39wWDo6buo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKxnczv/XElOaxfDSThPkRGUoeckqMlbzOJe5c9Etlp+rMgVeJm5My5Gj0S1+9QUzTiElDBdG66zqJ8TOiDKeCTYu9VLOE0DEZsq6lkkRM+9n82Ck+t8oAh7GyJQ2eq78nMhJpPYkC2xkRM9LL3kz8z+umJrzxMy6T1DBJF4vCVGAT49nneMAVo0ZMLCFUcXsrpiOiCDU2n6INwV1+eZU0r6purXr7UCvXK3kcBTiFM6iAC9dQh3togAcUODzDK7whiV7QO/pYtK6hfOYE/gB9/gCBw43F</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

f
<latexit sha1_base64="kfeWzpXXMQPCfOzPuL1ekbHC+Gk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjgoV9yauwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVnzrmq3zatKvZrHUYQzOIcqeHANdbiHBrSAAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPxv+M3A==</latexit>

f
<latexit sha1_base64="kfeWzpXXMQPCfOzPuL1ekbHC+Gk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjgoV9yauwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVnzrmq3zatKvZrHUYQzOIcqeHANdbiHBrSAAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPxv+M3A==</latexit>

F
<latexit sha1_base64="1ls4gIrgmADDq1uJ/F13JuM89As=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9iVgHoLCOIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38799hMqzWP5YCYJ+hEdSh5yRo2VGnf9YsmtuAuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCa3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVZ8aqVm0a1VCtnceThDM6hDB5cQQ3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A5Z/jLw=</latexit>

fi
<latexit sha1_base64="3cULxToVSZgOt7LG+RA4ks3pWwg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHsK+6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVa9Wvb6vVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFJBI3S</latexit>

h, h0
<latexit sha1_base64="XnTt7vIQWIsDU94VwtOz9GFuNlE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSL2ICWRgnorePFYwbSFNpTNdtMs3d2E3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6acaeO6387a+sbm1nZpp7y7t39wWDk6buskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E47uZ33miSrNEPppJSgOBR5JFjGBjJT++RPHFoFJ16+4caJV4BalCgdag8tUfJiQTVBrCsdY9z01NkGNlGOF0Wu5nmqaYjPGI9iyVWFAd5PNjp+jcKkMUJcqWNGiu/p7IsdB6IkLbKbCJ9bI3E//zepmJboKcyTQzVJLFoijjyCRo9jkaMkWJ4RNLMFHM3opIjBUmxuZTtiF4yy+vkvZV3WvUbx8a1WatiKMEp3AGNfDgGppwDy3wgQCDZ3iFN0c6L86787FoXXOKmRP4A+fzB6x5jeE=</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

Z,Z 0
<latexit sha1_base64="FwEZPWoImB0SOBHe+aDbtXkiRlc=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBF7kLIrBfVW8OKxgtuWtkvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvtHa+sbm1nZhp7i7t39wWDo6buo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKxnczv/XElOaxfDSThPkRGUoeckqMlbzOJe5c9Etlp+rMgVeJm5My5Gj0S1+9QUzTiElDBdG66zqJ8TOiDKeCTYu9VLOE0DEZsq6lkkRM+9n82Ck+t8oAh7GyJQ2eq78nMhJpPYkC2xkRM9LL3kz8z+umJrzxMy6T1DBJF4vCVGAT49nneMAVo0ZMLCFUcXsrpiOiCDU2n6INwV1+eZU0r6purXr7UCvXK3kcBTiFM6iAC9dQh3togAcUODzDK7whiV7QO/pYtK6hfOYE/gB9/gCBw43F</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

fi
<latexit sha1_base64="3TMLZtzKOnbAqtfaVb/Y5ZSjt9w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh3DAB+WKW3MXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbQva169dnNfrzSqeRxFOINzqIIHV9CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBBMo24</latexit>

Fj , fj
<latexit sha1_base64="piB9CjQAQDMB8TAPhcC9gVxCkE0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahBymJFNRbQRCPFewHtCFstpt2280m7m6EEvonvHhQxKt/x5v/xm2ag7Y+GHi8N8PMPD/mTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK2iRBLaIhGPZNfHinImaEszzWk3lhSHPqcdf3Iz9ztPVCoWiQc9jakb4qFgASNYG6l7643PUeCNvXLFrtkZ0CpxclKBHE2v/NUfRCQJqdCEY6V6jh1rN8VSM8LprNRPFI0xmeAh7RkqcEiVm2b3ztCZUQYoiKQpoVGm/p5IcajUNPRNZ4j1SC17c/E/r5fo4MpNmYgTTQVZLAoSjnSE5s+jAZOUaD41BBPJzK2IjLDERJuISiYEZ/nlVdK+qDn12vV9vdKo5nEU4QROoQoOXEID7qAJLSDA4Rle4c16tF6sd+tj0Vqw8plj+APr8wcQsY9G</latexit>

fi
<latexit sha1_base64="3TMLZtzKOnbAqtfaVb/Y5ZSjt9w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh3DAB+WKW3MXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbQva169dnNfrzSqeRxFOINzqIIHV9CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBBMo24</latexit>

fi
<latexit sha1_base64="3TMLZtzKOnbAqtfaVb/Y5ZSjt9w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh3DAB+WKW3MXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbQva169dnNfrzSqeRxFOINzqIIHV9CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBBMo24</latexit>

Fj , fj
<latexit sha1_base64="piB9CjQAQDMB8TAPhcC9gVxCkE0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahBymJFNRbQRCPFewHtCFstpt2280m7m6EEvonvHhQxKt/x5v/xm2ag7Y+GHi8N8PMPD/mTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK2iRBLaIhGPZNfHinImaEszzWk3lhSHPqcdf3Iz9ztPVCoWiQc9jakb4qFgASNYG6l7643PUeCNvXLFrtkZ0CpxclKBHE2v/NUfRCQJqdCEY6V6jh1rN8VSM8LprNRPFI0xmeAh7RkqcEiVm2b3ztCZUQYoiKQpoVGm/p5IcajUNPRNZ4j1SC17c/E/r5fo4MpNmYgTTQVZLAoSjnSE5s+jAZOUaD41BBPJzK2IjLDERJuISiYEZ/nlVdK+qDn12vV9vdKo5nEU4QROoQoOXEID7qAJLSDA4Rle4c16tF6sd+tj0Vqw8plj+APr8wcQsY9G</latexit>

fi
<latexit sha1_base64="3TMLZtzKOnbAqtfaVb/Y5ZSjt9w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQb0VvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh3DAB+WKW3MXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NrPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbQva169dnNfrzSqeRxFOINzqIIHV9CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gBBMo24</latexit>

h, h0
<latexit sha1_base64="XnTt7vIQWIsDU94VwtOz9GFuNlE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSL2ICWRgnorePFYwbSFNpTNdtMs3d2E3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6acaeO6387a+sbm1nZpp7y7t39wWDk6buskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E47uZ33miSrNEPppJSgOBR5JFjGBjJT++RPHFoFJ16+4caJV4BalCgdag8tUfJiQTVBrCsdY9z01NkGNlGOF0Wu5nmqaYjPGI9iyVWFAd5PNjp+jcKkMUJcqWNGiu/p7IsdB6IkLbKbCJ9bI3E//zepmJboKcyTQzVJLFoijjyCRo9jkaMkWJ4RNLMFHM3opIjBUmxuZTtiF4yy+vkvZV3WvUbx8a1WatiKMEp3AGNfDgGppwDy3wgQCDZ3iFN0c6L86787FoXXOKmRP4A+fzB6x5jeE=</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

Z,Z 0
<latexit sha1_base64="FwEZPWoImB0SOBHe+aDbtXkiRlc=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBF7kLIrBfVW8OKxgtuWtkvJptk2NJtdkqxQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0gE18ZxvtHa+sbm1nZhp7i7t39wWDo6buo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKxnczv/XElOaxfDSThPkRGUoeckqMlbzOJe5c9Etlp+rMgVeJm5My5Gj0S1+9QUzTiElDBdG66zqJ8TOiDKeCTYu9VLOE0DEZsq6lkkRM+9n82Ck+t8oAh7GyJQ2eq78nMhJpPYkC2xkRM9LL3kz8z+umJrzxMy6T1DBJF4vCVGAT49nneMAVo0ZMLCFUcXsrpiOiCDU2n6INwV1+eZU0r6purXr7UCvXK3kcBTiFM6iAC9dQh3togAcUODzDK7whiV7QO/pYtK6hfOYE/gB9/gCBw43F</latexit>

�
<latexit sha1_base64="Xzx2lb/podJ1UQhBbO0zDCCZBJg=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoOQU9iVgHoLePEYwTwgWULvZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaW7ERjKmaQtyyyn3URTEBGnnWhyO/c7T1QbpuSDnSY0FDCSLGYErJPa/REIAYNyxa/5C+B1EuSkgnI0B+Wv/lCRVFBpCQdjeoGf2DADbRnhdFbqp4YmQCYwoj1HJQhqwmxx7QxfOGWIY6VdSYsX6u+JDIQxUxG5TgF2bFa9ufif10ttfB1mTCappZIsF8Upx1bh+et4yDQllk8dAaKZuxWTMWgg1gVUciEEqy+vk/ZlLajXbu7rlUY1j6OIztA5qqIAXaEGukNN1EIEPaJn9IrePOW9eO/ex7K14OUzp+gPvM8fgvmPBw==</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

Dj , dj
<latexit sha1_base64="swTvbMsZHly8Uknb9mx4+/fUCeY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahBymJFNRbQQ8eK9gPaEPYbDbttptN3N0IJfRPePGgiFf/jjf/jds2B219MPB4b4aZeX7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqSS0RWIey66PFeVM0JZmmtNuIimOfE47/vhm5neeqFQsFg96klA3wgPBQkawNlL31hudo8AbeeWKXbPnQKvEyUkFcjS98lc/iEkaUaEJx0r1HDvRboalZoTTaamfKppgMsYD2jNU4IgqN5vfO0VnRglQGEtTQqO5+nsiw5FSk8g3nRHWQ7XszcT/vF6qwys3YyJJNRVksShMOdIxmj2PAiYp0XxiCCaSmVsRGWKJiTYRlUwIzvLLq6R9UXPqtev7eqVRzeMowgmcQhUcuIQG3EETWkCAwzO8wpv1aL1Y79bHorVg5TPH8AfW5w8Kj49C</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

Dj , dj
<latexit sha1_base64="swTvbMsZHly8Uknb9mx4+/fUCeY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahBymJFNRbQQ8eK9gPaEPYbDbttptN3N0IJfRPePGgiFf/jjf/jds2B219MPB4b4aZeX7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqSS0RWIey66PFeVM0JZmmtNuIimOfE47/vhm5neeqFQsFg96klA3wgPBQkawNlL31hudo8AbeeWKXbPnQKvEyUkFcjS98lc/iEkaUaEJx0r1HDvRboalZoTTaamfKppgMsYD2jNU4IgqN5vfO0VnRglQGEtTQqO5+nsiw5FSk8g3nRHWQ7XszcT/vF6qwys3YyJJNRVksShMOdIxmj2PAiYp0XxiCCaSmVsRGWKJiTYRlUwIzvLLq6R9UXPqtev7eqVRzeMowgmcQhUcuIQG3EETWkCAwzO8wpv1aL1Y79bHorVg5TPH8AfW5w8Kj49C</latexit>

d
<latexit sha1_base64="9wVXLtflsmbbIzYcufFkmT6z+x4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YD+gDWWzmbRrN5uwuxFK6S/w4kERr/4kb/4bt20O2vpg4PHeDDPzglRwbVz32ylsbG5t7xR3S3v7B4dH5eOTtk4yxbDFEpGobkA1Ci6xZbgR2E0V0jgQ2AnGd3O/84RK80Q+mEmKfkyHkkecUWOlZjgoV9yauwBZJ15OKpCjMSh/9cOEZTFKwwTVuue5qfGnVBnOBM5K/UxjStmYDrFnqaQxan+6OHRGLqwSkihRtqQhC/X3xJTGWk/iwHbG1Iz0qjcX//N6mYlu/CmXaWZQsuWiKBPEJGT+NQm5QmbExBLKFLe3EjaiijJjsynZELzVl9dJ+7LmXdVum1eVejWPowhncA5V8OAa6nAPDWgBA4RneIU359F5cd6dj2VrwclnTuEPnM8fw/eM2g==</latexit>

Figure 3. One-loop diagrams generating a non-zero EDM for the d quark in the presence of
soft breaking of generalized parity through non-hermitian vector-like mass matrices for the SU(2)-
singlets. The leading contribution arises from the diagram where h′, and the heavy mirror quarks,
Dj , propagate inside the loop. Analogous diagrams are present in both the up-quark and lepton
sectors.

4.1 Softly broken parity

We will first discuss the possibility of parity being broken softly, only as a result of dimen-
sionful parameters. Performing this analysis will give us an understanding of the irreducible
effects that will be present in any theory where the breaking of parity happens dynamically.

There are two potential sources of soft breaking. One corresponds to the µ2 term in
the scalar potential of eq. (2.11), which splits the Higgs vevs in the SM and mirror sectors.
As anticipated in the introduction, if this was the only source of parity-violation, radiative
corrections to θ̄ would be no larger than in the SM [6]. Another potential source of soft
breaking are the vector-like mass matrices of eq. (2.8). Relaxing the requirement that these
be hermitian introduces a soft breaking of both generalized parity and CP . In this case, a
correction to the EDMs of elementary charged fermions (both quarks and leptons) arises
already at one loop, whereas θ̄ remains zero both at the tree- and one-loop levels. In turn,
this translates into a contribution to the neutron EDM independent of θ̄.

Taking the vector-like mass matrices of the SU(2)-singlets to be general complex ma-
trices, WLOG we may write them as

M′f =Mf + i∆Mf , (4.1)

where both M†f = Mf and ∆M†f = ∆Mf . If ∆Mf is non-vanishing, M′f is no longer
hermitian, therefore (softly) breaking both generalized parity and CP . At one-loop, a non-
zero ∆Mf leads to a non-vanishing contribution to the EDM of elementary fermions, with
the relevant diagrams depicted in figure 3. The result is dominated by diagrams where the
mirror Higgs, h′, and the heavy mirror fermions propagate inside the loop. We present a
detailed calculation in appendix B.1. For any of the light SM fermions, we find

df
e
' nfQfmf

32π2M2 ×O
( |∆M|

M

)
. (4.2)

where nf is the number of mirror fermions appearing at the see-saw scale in each fermion
sector (i.e. nd = ne = 3, and nu = 2), and |∆M| refers to the typical size of the entries in
the ∆M matrix.
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Taking the soft-breaking through ∆M to be O(1), we find, parametrically,

du, dd ∼ 10−28
(40 TeV

M

)2
e · cm. (4.3)

In turn, this will translate into an EDM for the neutron of approximately the same size.
For illustration, we have normalized the above expression to a value of M that is roughly a
factor of two larger than the current lower bound on v′. The corresponding result lies two
orders of magnitude below the current experimental bound on dn, and could fall within
reach of future experiments depending on the value of the see-saw scale (see e.g. [68] for a
survey of prospective molecule-based searches promising orders-of-magnitude improvement
in sensitivity to hadronic CPV).

The see-saw mechanism must also be implemented in the charged lepton sector. If it
were not, the mirror partner of the SM electron would appear at a scale me′ ' me × v′/v,
which would be as low as ∼ 40MeV for the least fine-tuned version of the model where
v′ ' 18TeV. Since mirror fermions carry the same electromagnetic charge as their SM
counterparts, this possibility is obviously ruled out. As a result, a non-zero electron EDM
is also a generic prediction of this class of theories. Parametrically

de ∼ 10−29
(90 TeV

M

)2
e · cm, (4.4)

where we have chosen the see-saw scale in the lepton sector so as to saturate the current
upper bound on the electron EDM, which is |de| < 1.1 · 10−29 e · cm [69].

Although an EDM is generated at one loop for the various elementary fermions, θ̄
remains zero at this order. At tree-level, it is easy to see that θ̄ = 0, even in the presence
of non-hermitian vector-like mass matrices. Working in the flavor basis, the full 6 × 6
mass matrices in both the up- and down-quark sectors are only modified with respect to
eq. (2.10) by replacingMf withM′f in the bottom-right block. We then have

det Mf = det

 03
v′√

2y
′∗
f

v√
2y

T
f M′f

 ∝ det
(
y′∗f y

T
f

)
for f = u, d, (4.5)

which is real regardless of M′f , since y′f = yf . This is clearly an accidental consequence
of the zero appearing in the upper-left corner of the quark mass matrix — the gauge
structure of the theory does not allow for relevant operators with the appropriate quantum
numbers to fill that block. The vanishing of θ̄ at one-loop is less immediately obvious. The
relevant calculation was performed in [5], and it is also apparent as a byproduct of our
EDM calculation in appendix B.1. As already emphasized in [5], a non-zero correction to
θ̄ could appear at the two-loop order, and would lead to an additional contribution to the
neutron EDM that could be comparable in size to the one discussed here.

4.2 Spontaneously broken parity and CP

Perhaps more compellingly — and necessarily, if parity is a gauge symmetry — the breaking
of parity can be accomplished through the vacuum expectation value of an additional field.
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The most minimal realization actually entails the breaking of both parity and CP through
the vev of a pseudo-scalar field φ. The soft term in eq. (2.11) is generated by pseudo-scalar
couplings to the Higgs sector, of the form

V ⊃ µφφ(|H|2 − |H ′|2) + λφφ
2(|H|2 + |H ′|2) . (4.6)

The first term above splits the two vevs, and to obtain v′ � v entails

µφvφ ∼ κv′2 . (4.7)

A natural possibility is to take vφ ∼ µφ ∼ v′, with κ = O(1). However, κ � 1 is
also possible, especially since this coupling breaks the otherwise accidental SU(4) global
symmetry of the scalar potential in eq. (2.11). Indeed, the quartic coupling of the SM-like
Higgs is λSM ∼ 2κ, suggesting κ . 0.1 and thus a pseudo-scalar vev vφ that is numerically
somewhat smaller than v′.

Crucially, there is an additional operator consistent with all symmetries that involves
φ and the SU(2)-singlet fermions, of the form [57]:

L ⊃ i(ȳd)ijφDiD
′
j + h.c., (4.8)

and similarly for up-type quarks and leptons. The ȳf matrices must be hermitian in order
to respect generalized parity. When φ gets a vev, this term breaks both parity and CP . In
the notation of section 4.1, a non-hermitian contribution to the vector-like masses in the
fermion sector is generated, of the form ∆Mf = ȳfvφ. More importantly, new interactions
involving the pseudo-scalar lead to a non-zero contribution to θ̄ already at one loop, which
sets stringent constraints on the size of these couplings. The relevant diagrams are those
on the left of figure 3, minus the external photon line, and allowing for φ to propagate
inside the loop. In appendix B.2, we present a detailed calculation, performed in the mass
eigenbasis, of the one-loop correction to the quark mass matrix, and the corresponding
correction to θ̄, in the context of left-right models with a see-saw fermion structure. In
the remainder of this section, we will reproduce the parametric contribution to θ̄ from the
down-quark sector using a spurion analysis that the reader might find more instructive.

If we parametrize the one-loop correction to the 6× 6 mass matrix in the down-quark
sector in terms of 3× 3 blocks, as follows

∆Md ≡
(

∆d′d ∆d′D′

∆Dd ∆DD′

)
, (4.9)

then the corresponding contribution to θ̄ from the down-quark sector can be written as

θd ≡ arg det (Md + ∆Md)

' Im tr
(
M−1
d ∆Md

)
= Im tr

{
−
(
vv′

2 y′∗dM−1
d yTd

)−1
∆d′d +

(
v√
2
yTd

)−1
∆Dd +

(
v′√

2
y′∗d

)−1
∆d′D′

}
.

(4.10)
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Notice that the ∆DD′ block does not contribute to θd at this order, which again is a
consequence of the zero in the upper-left corner of Md.

We will now estimate the size of the ∆ matrices appearing in eq. (4.10) through a
spurion analysis, as follows. The lagrangian will remain invariant under SU(3) flavor trans-
formations on the various quark fields, of the form

d→ RQd, d′ → RQ′d′, and D → RDD, D′ → RD′D′, (4.11)

provided the various Yukawa couplings, as well as the vector-like mass matrix, similarly
transform in an appropriate manner. The correct transformation rules for these objects
are given by

yTd → R∗DyTdR
†
Q , y′∗d → R∗Q′y′∗d R

†
D′ ,

Md → R∗DMdR†D′ , ȳd → R∗DȳdR
†
D′ .

(4.12)

On the other hand, the ∆ matrices of eq. (4.10) must similarly transform as follows:

∆d′d → R∗Q′∆d′dR†Q , ∆d′D′ → R∗Q′∆d′D′R†D′ , and ∆Dd → R∗D∆DdR†Q . (4.13)

It is now straightforward to identify the leading objects that transform as in eq. (4.13)
and contain a single insertion of ȳd. These are of the form

∆d′d ∼
vv′vφ
16π2

(
y′∗dM−1

d ȳdM−1
d yTd

)
, (4.14)

whereas

∆d′D′ ∼
v′vφ
16π2

(
y′∗dM−1

d ȳd
)
, and ∆Dd ∼

vvφ
16π2

(
ȳdM−1

d yTd

)
. (4.15)

We have also included numerical factors to account for the loop suppression, as well as to
take into account that the contribution to θ̄ must not diverge in the limits where either v or
v′ vanish. Plugging this back into eq. (4.10), we find that all three terms give a contribution
of the same size. Parametrically:

θd ∼
vφ

16π2 tr
(
M−1

d ȳd
)
∼ |ȳd|vφ16π2M

. (4.16)

This result is consistent with the more detailed calculation of the contribution to θ̄ from
the quark sector presented in appendix B.2.

Requiring that θ̄ . 10−10 sets an upper bound on the typical size of the entries of the
ȳ matrices in the quark sector, of the form

ȳ . 10−8M

vφ
. 10−6, (4.17)

where in the last step we have assumed that vφ ∼ v′, and have taken into account the
upper bound on the see-saw scale M as given in eq. (2.16).

This result bring us to the following conclusion: if the spontaneous breaking of parity
also implies breaking CP , then any interaction between the quark and symmetry breaking
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sectors must be extremely weak. Fortunately, if ȳ = 0 at tree-level, a non-zero value of ȳ
will not be generated radiatively. Indeed, ȳ and the vector-like mass matrices M are the
only two parameters that violate the Z2 symmetry acting on the matter fields of the mirror
sector. The breaking through M, however, is soft, and therefore will not translate into a
non-zero ȳ at the loop order. In this sense, a vanishing ȳ is technically natural.

4.3 Spontaneously broken parity alone

A less minimal possibility is to spontaneously break parity while preserving CP through
the addition of two scalar fields, σ and σ′, whose vevs differ. This can be achieved if this
symmetry breaking sector has a scalar potential of the form

Vσ = −m
2
σ

2 (σ2 + σ′2) + λ1
4 (σ2 + σ′2)2 + λ2

4 σ
2σ′2 . (4.18)

where for simplicity we have forbidden cubic terms by imposing an additional Z2 symmetry.
If λ2 > 0, the vacua lie at 〈σ〉 = 0, 〈σ′〉 = ±

√
m2
σ/λ1 and viceversa. This option is not

viable for the Higgs potential itself, which requires both v and v′ to be nonzero, but is
perfectly adequate for an additional scalar sector.

Parity breaking can then be translated into the Higgs sector by writing appropriate
couplings of the form

V ⊃ λσ
(
σ2|H|2 + σ′2|H ′|2

)
+ λ′σ(σ′2|H|2 + σ2|H ′|2) . (4.19)

These terms are compatible with the generalized parity introduced in section 2, acting
additionally as σ ↔ σ′. Provided λσ 6= λ′σ, this will generate the soft term in eq. (2.11)
proportional to λσ − λ′σ. For example, in the vacuum with 〈σ′〉 6= 0, v′ � v corresponds to

(λ′σ − λσ)〈σ′〉2 ∼ κv′2. (4.20)

As this scenario breaks P without breaking CP (and the additional Z2 symmetry acting
on the σs forbids marginal couplings between σ, σ′ and fermion bilinears), there are no
significant additional contributions to the neutron EDM. There is, of course, the possibility
of collider signatures coming from the Higgs portal coupling in eq. (4.19), most notably
mixing between the Higgs and the scalar that acquires a vev, as well as invisible decays
of the Higgs if kinematically allowed. The two scalars acquire masses of order

√
2λ1〈σ′〉 ∼√

λ1v
′ and

√
λ2/2〈σ′〉 ∼

√
λ2v
′, respectively, and it is certainly possible for one to be lighter

than half the Higgs mass depending on the values of λ1,2.

5 Strong CP and quantum gravity

As we discussed in the Introduction, the strong CP problem arises out of the difficulty
of reconciling the smallness of θ̄ with the O(1) violation of both parity and CP by the
electroweak sector. In turn, all attempts to address this puzzle are themselves based on
the introduction of an additional symmetry beyond those of the SM. However, there is
strong evidence that within a theory of quantum gravity, global symmetries cannot be
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exact — they must be either broken, or gauged. The origin of this statement goes back
a long way [21–29], and to some extent it has recently been established [30, 31]. Of
course, the single most pressing issue for phenomenology is to establish a lower bound on
the amount of global symmetry violation that must be present in the IR. Attempts at
finding such a “universal” lower bound have been made [32, 33], but a fully satisfactory
answer remains elusive. Absent a full understanding of how quantum gravity affects global
symmetries at low energies, we can at least attempt to assess the robustness of an EFT
against global symmetry violation by considering the impact of HDOs suppressed by the
appropriate power of MPl. This both constrains the viable parameter space of parity
solutions to strong CP and illustrates the sense in which P , rather than U(1)PQ, provides a
solution to the strong CP problem that is robust against the expected intrusion of quantum
gravity. Beyond imposing constraints, these higher-dimensional operators also lead to
new experimental signatures associated with the spontaneous breaking of parity, which we
explore in section 5.2.

5.1 Constraints from Planck-suppressed operators

The observation that the breaking of global symmetries by quantum gravity can have a
profound impact on the validity of the QCD axion solution to strong CP was first made
in [41–44]. Planck-suppressed HDOs that violate the U(1)PQ symmetry carried by the field
Φ, the phase of which is the axion, are of the form

L ⊃ η

Md−4
Pl
|Φ|d−nΦn + h.c. (5.1)

Here, d is the operator dimension, n its units of U(1)PQ charge (so n ≥ 1 in order to break
the symmetry), and η a coupling that will in general feature arbitrary real and imaginary
parts. HDOs of this form contribute to the axion potential, and, in general, will displace
the axion vev away from the value leading to a small θ̄. Following [42], requiring that the
shift in the axion vev is small enough so as not to spoil the solution to strong CP translates
into the following upper bound

|η|
(

fa√
2MPl

)d
. 10−81θ̄ . 10−91, (5.2)

where fa is the scale of U(1)PQ spontaneous symmetry breaking (alternatively, the axion
decay constant), which is experimentally constrained to be between 108 and 1017 GeV [67].
Focusing on operators of dimension d = 5, this translates into an upper bound on the size
of η, of the form

|η| . 10−55
(

1012 GeV
fa

)5(
θ̄

10−10

)
. (5.3)

In other words, for all experimentally allowed values of the axion decay constant, the
U(1)PQ symmetry must remain an approximate global symmetry to an exceptional degree.
This is clearly one of the most significant drawbacks of the axion solution to strong CP.

In the remainder of this section we study the effect of Planck-suppressed HDOs on
parity solutions to the strong CP problem. We consider separately the cases where parity
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is global or gauged. The nature of the HDOs under consideration will be different, but in
both cases we will see that even O(1) coefficients are compatible with solving strong CP.

Parity as a global symmetry. If we regard parity as a global symmetry, then we must
consider the effect of HDOs that explicitly violate P . The relevant dimension-5 HDOs were
already identified in [70], and they are of the form

L ⊃ 1
MPl

[
(αu)ij(H ′Q′i)(HQj) + (αd)ij(H ′†Q′i)(H†Qj)

]
+ h.c. (5.4)

Notice that if αf = α†f then the above terms would be parity-symmetric. In general,
however, the αf ’s will not be hermitian, and it is under this assumption that we proceed.

Setting the Higgs to their vevs, eq. (5.4) leads to a correction to the quark mass matrix
that, for arbitrary αf ’s, does not respect generalized parity. The leading contribution to θ̄
will come from the contributions to the up- and down-quark masses, which are of the form

δmu '
vv′(αu)11

2MPl
, and δmd '

vv′(αd)11
2MPl

. (5.5)

In turn,

θq '
Im(δmu)
mu

+ Im(δmd)
md

∼ 105 |α|v′

2MPl
, (5.6)

where in the last step we have used mu/v ∼ md/v ∼ 10−5. Requiring that the above
contribution is smaller than the current bound on θ̄ translates into an upper bound on the
parity breaking scale:

v′ .
20 TeV
|α|

(
θ̄

10−10

)
. (5.7)

Notice this upper bound is (just) compatible with the lower bound v′ & 18TeV from direct
searches of W ′ gauge bosons, as discussed in section 3.1. As a result, if global generalized
parity is responsible for solving strong CP, an O(1) violation of the symmetry due to
gravitational effects would imply a contribution to θ̄ accessible in near-future experiments.

Parity as a gauge symmetry. If parity is instead a gauge symmetry of the underly-
ing theory, HDOs that explicitly violate P are therefore not allowed. Planck-suppressed
operators such as those in eq. (5.4) might still be generated, but only with αf = α†f , and
therefore will not contribute to θ̄. Instead, the operators of interest must be proportional
to the source of spontaneous symmetry breaking. If the latter takes place via the vev of
a pseudo-scalar, as discussed in section 4.2, then there are two dimension-5 HDOs that
satisfy this requirement, namely:

L ⊃ ηs
φαs

4πMPl
tr
(
GaG̃a

)
, (5.8)

and

L ⊃ iφ

MPl

{
(ζu)ijQiHUj + (ζ ′u)ijQ′iH ′U ′j + (ζd)ijH†QiDj + (ζ ′d)ijH ′†Q′iU ′j

}
+ h.c., (5.9)

with ηs ∈ R, and ζ ′f = ζ∗f so as to satisfy generalized parity.
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The operator of eq. (5.8) will generate a contribution to θs after spontaneous symmetry
breaking, of the form

θs '
ηsvφ
MPl

. (5.10)

Assuming that vφ ∼ v′, demanding that this contribution is smaller than the current bound
on θ̄ leads to an upper bound on the parity breaking scale

vφ ∼ v′ .
109 GeV
ηs

(
θ̄

10−10

)
, (5.11)

which is clearly well above current bounds on v′.
At the same time, once φ gets its vev, the operator of eq. (5.9) leads to an extra

contribution to the Yukawa couplings of the up- and down-type quarks in the SM and
mirror sectors that are not parity-symmetric. In turn, this will lead to an additional
contribution to the mass eigenvalues of the light quarks which will in general contain an
imaginary component. For example, in the down quark sector

Im(δmdi) ' vv′ Im

 ivφ
MPl

∑
j

(yd)∗ij(ζd)ij
mDj

 ∼ vv′

M

|ζd|vφ
MPl

|(yd)i?|, (5.12)

where |(yd)i?| refers to the typical size of the entries in the i-th row of the yd matrix. The
leading contribution to θq will come from the up and down quarks. In total:

θq '
Im(δmu)
mu

+ Im(δmd)
md

' vφ
MPl

vv′

M

{ |ζu|(yu)1?
mu

+ |ζd|(yd)1?
md

}
. (5.13)

Taking into account the upper bound on the entries of the Yukawa couplings necessary to
reproduce the light quark masses (see eq. (A.12)), as well as the requirement that v′ .M

in order to implement the see-saw mechanism, the previous equation implies

θq . 102 |ζ|vφ
MPl

, (5.14)

where we have set mu/v ∼ md/v ∼ 10−5, and have assumed that |ζu| ∼ |ζd|. In turn,
taking vφ ∼ v′, this sets an upper bound on the scale of spontaneous symmetry breaking:

vφ ∼ v′ .
107 GeV
|ζ|

(
θ̄

10−10

)
. (5.15)

As before, this is fully compatible with current experimental bounds on the parity-breaking
scale, even for O(1) coefficients of the corresponding HDOs.

5.2 Gravitational waves from the spontaneous breaking of parity

Beyond providing additional constraints on the parameter space of parity solutions to
strong CP, the expected effects of gravity also introduce new experimental signatures.
Here we highlight one possibility, namely the impact of HDOs when parity is a sponta-
neously broken global symmetry. The spontaneous breaking of discrete symmetries can
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lead to the formation of a network of domain walls in the early universe, provided the
reheating temperature after inflation is above the scale of spontaneous symmetry break-
ing [71].9 If the spontaneously broken symmetry is global, but otherwise exact, a domain
wall configuration interpolates between two distinct vacua that are degenerate, making
these defects topologically stable objects. The formation of such networks can be fatal on
two grounds. On the one hand, the energy density in domain walls redshifts slower than
that of matter or radiation, and would eventually dominate the universe’s energy budget.
If this happened before the current epoch, the rapid expansion of the subsequent domain-
wall-dominated era would be at odds with observation. On the other hand, even if only
a subdominant component of the total energy density was in the form of domain walls
today, their effect on large-scale density fluctuations rules out defects with characteristic
scales above ∼ 1 MeV [74]. These considerations are often referred to as the “domain wall
problem” of theories with spontaneously broken discrete symmetries.

These problems are largely solved when we take into consideration that, within a theory
of quantum gravity, we expect all symmetries to be either broken or gauged [21–31] — an
expectation that includes spacetime symmetries [30, 31]. In this context, the domain wall
network is unstable, rendering its earlier formation largely unproblematic (see e.g. [75],
and also [72, 73]). Moreover, the significant amount of gravitational radiation emitted in
the process results in a stochastic gravitational wave background that may be within reach
of current and future observatories. We discuss this possibility in the remainder of this
section.

We will focus first on the scenario where parity is a global symmetry that is only
explicitly broken by gravitational effects. At low energies, the symmetry-breaking dynamics
will enter the effective potential for φ through HDOs that violate parity. One such operator
is of the form

V ⊃ ε φ
5

MPl
. (5.16)

This breaks the degeneracy between the two previously degenerate vacua, corresponding
to 〈φ〉 = ±vφ. Parametrically, the energy difference now reads

δV ∼
εv5
φ

MPl
. (5.17)

If the reheating temperature is above the scale of spontaneous symmetry breaking,
then we expect that a network of domain walls will be formed once the temperature of
the universe drops bellow T ∼ vφ [71]. Numerical [76–80] and analytical [81, 82] studies
suggest that, shortly after formation, the network evolves according to a scaling solution,
with ρDW(t) ' σ/t, and typical domain wall size comparable to the Hubble scale H(t)−1.
σ corresponds to the tension of the domain walls, which in our model is of the form σ ∼
√
κφv

3
φ, where κφ refers to the quartic coupling in the φ potential. Two competing effects

determine the network’s subsequent evolution. On the one hand, the pressure difference
9This statement relies on the restoration of the spontaneously broken symmetry at high temperatures.

Scenarios where symmetry restoration does not take place have been explored in [72, 73]. In these cases,
topological defects would not form via the mechanism of [71].
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Figure 4. Constraints on the size of the coefficient of the Planck-suppressed HDO of eq. (5.16),
as a function of the scale of spontaneous symmetry breaking, vφ. The region vφ . 18TeV (green)
is in conflict with direct bounds on the mass of W ′ and Z ′ resonances, under the assumption
that vφ ∼ v′, as discussed in section 3.1. Values of ε that are too small (blue) do not destabilize
the domain wall network early enough to either avoid a domain-wall-dominated era, or to ensure
collapse before the onset of BBN, and are therefore ruled out. The region of parameter space in
pink is experimentally allowed, but the level of fine-tuning in the electroweak sector worsens as vφ
is increased (corresponding to a darker shade). The dashed line at vφ ' 3.5 · 104 TeV corresponds
to a fine-tuning of O(10−10) in the electroweak sector. (For illustration, we have set the quartic
coupling in the pseudo-scalar potential to be κφ = 1 in this plot.)

between the two vacua exerts a force per unit area of order ∼ δV . On the other, the tension
per unit area acting on a wall with curvature radius R is ∼ σ/R. In the scaling regime,
R(t) ∼ H(t)−1 ∼ t (assuming the universe is radiation dominated), and therefore the effect
of tension decreases with time. Eventually, the pressure difference between the two vacua
dominates, causing the network to collapse at a time of order

tcoll. ∼
σ

δV
∼
√
κφMPl

εv2
φ

. (5.18)

Clearly, the domain wall network could be very long-lived if ε ≪ 1. The requirement
that collapse takes place either before the universe becomes domain wall dominated, or
before the start of BBN (so as to avoid energy injection into the SM plasma that would
disrupt light element formation), sets a lower bound on ε as a function of the spontaneous
symmetry breaking scale. This is depicted in figure 4, where the BBN and domain-wall-
domination restrictions dominate for values of vφ below and above ∼ 73TeV respectively.
As can be appreciated in the figure, in the region of parameter space where the fine-tuning
is better than 10−10 (that is, vφ ∼ v′ . 3.5 · 104 TeV), ε may be as small as O(10−13).

The collapse of a domain wall network leads to the production of gravitational
waves [83, 84]. On dimensional grounds, one would expect the energy density in gravi-
tational radiation to be of the form ρgw ∼ GNσ

2 (the mandatory power of GN times the
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necessary factors of σ to make up dimensions), an expectation that is largely upheld by
numerical analysis [85–88]. The resulting gravitational wave spectrum has an extended
shape, peaking at a frequency corresponding to the Hubble size at the time of collapse
(corresponding to the typical size of the domain walls), and falling off as 1/f for larger
frequencies. At the present epoch, the peak frequency of the gravitational wave signal is
given by

f∗ ' 10−9 Hz
(

Tcoll.
10−2 GeV

)(
g∗(Tcoll.)

10

)1/6

∼ 10−9 Hz
(

vφ
18 TeV

)(
ε

10−12

)1/2
(

1
κφ

)1/4

,

(5.19)

and the energy density in gravitational radiation at frequency peak reads [89]

Ωgwh
2(f∗) ' 2 · 10−10

(
σ

(20 TeV)3

)2
(

10−2 GeV
Tcoll.

)4 ( 10
g∗(Tcoll.)

)4/3

∼ 10−10
(

vφ
18 TeV

)2
(

10−12

ε

)2 (
κφ
1

)2
,

(5.20)

where Tcoll. refers to the temperature of the SM plasma at a time tcoll., and we have assumed
that network collapse takes place during radiation domination.10

Figure 5 shows the region that can be spanned by the peak of the stochastic gravita-
tional wave background in the f∗ vs. Ωgwh

2(f∗) plane, together with the sensitivity curves
of a number of gravitational wave experiments. The lower bound on ε depicted in fig-
ure 4 translates into a lower bound on f∗ for each value of the symmetry breaking scale
(e.g. f∗ & 10−9 Hz for vφ ' 18TeV). As can be seen in figure 5, a region of parameter space
with low v′ falls within reach of gravitational wave observatories probing the low frequency
regime such as SKA [90], NANOGrav [91], and the EPTA [92]. As ε is increased, the
collapse of the domain wall network occurs earlier, further suppressing the current value
of the energy density in gravitational radiation by the corresponding redshift factor.

Our discussion so far applies in the context of global discrete symmetries provided
that they either do not descend from a continuous symmetry, or that, if they do, the
symmetry breaking scale of the continuous factor is above the reheating temperature, so
that a network of cosmic strings is not formed in the early universe. On the other hand, if
the reheating temperature is larger than the scale set by the tension of the strings, µ, then
a string network will be formed first, with the strings later joined by domain walls. The
entire string-wall network now evolves together, and the problem features an additional
time scale, given by

t∗ ∼
µ

σ
. (5.21)

At t ∼ t∗, the force per unit length on a string of radius R(t) ∼ t, given by ∼ µ/t, becomes
comparable to the wall tension. The system then becomes dominated by the tension of the

10In the second steps of eq. (5.19) and (5.20), we have substituted Tcoll. by the corresponding expression
in terms of the model’s fundamental parameters, while ignoring a weak dependence on g∗.
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Figure 5. In blue, region of parameter space where the frequency peak of the stochastic gravi-
tational wave signal, f∗, as well as the corresponding energy density, Ωgwh

2(f∗), can fall in light
of the experimental constraints on the various model parameters summarized in figure 4. Dot-
ted lines correspond to constant ε. The region to the right of the dashed line corresponding to
vφ = 3.5 · 104 TeV features a level of fine-tuning worse than 1 part in 1010, and it is therefore less
attractive. Sensitivity curves for a variety of gravitational wave experiments are shown, including
the pulsar timing arrays EPTA [92], NANOGrav [91], SKA [90] (observation time of 5, 10 and
20 years as indicated), as well as the space-based interferometers LISA [93], and DECIGO [94].
(For illustration, we have set the quartic coupling in the pseudo-scalar potential to be κφ = 1 in
this plot.)

domain walls, causing the network to shrink, and break down into pieces that will further
decay into gravitational waves (or, potentially, also massive particles, depending on their
size and the relevant particle spectrum) [83, 84]. If this timescale is shorter than tcoll., the
earlier destruction of the network of defects could move any potential gravitational wave
signal into an unobservable regime.

The discussion of the previous paragraph is especially relevant if parity is instead
realized as a gauge symmetry, for which explicit breaking is no longer allowed. Naïvely,
one would hope that the gauge case would be cosmologically more benign: the gauge
equivalence of the two vacua makes them no longer distinct, eliminating the topological
stability of the domain walls. Indeed, domain walls can be destroyed by a process in
which a string loop is nucleated on the wall, further growing to destroy the entire defect.
However, the corresponding nucleation probability is proportional to e−µ3/σ2 [95], which
will be exceedingly small for any reasonable separation of scales between the string and
wall tensions, therefore rendering gauge domain walls effectively stable. It is therefore
crucial that the reheating temperature is above the string tension scale, so that a string
network is formed that can later result in the entire collapse of the subsequent string-wall
network. The cosmological implications, as well as potential gravitational wave signatures,
of a discrete parity symmetry that is gauged will be further explored in future work.
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6 Conclusions

The strong CP problem remains one of the great naturalness problems of the Standard
Model, and is perhaps the most compelling in light of its resistance to straightforward
anthropic explanations. Fully satisfying solutions to the problem remain elusive given the
expected violation of global symmetries in a theory of quantum gravity, which demands
extensive effort to protect the Peccei-Quinn symmetry underlying axion-based approaches.
In this work we have pursued a possibility that is more transparently robust against the
effects of quantum gravity, revisiting parity-based solutions to the strong CP problem. Our
approach highlights the experimental signatures associated with the most natural regions
of parameter space in these models, as well as ancillary signatures that are dependent upon
the detailed mechanism of parity breaking.

The notion of naturalness within this parameter space is governed by the tuning as-
sociated with the separation of scales of SU(2)L and SU(2)R breaking, which are related
by generalized parity. Given this tuning, “see-saw” vector-like masses for the SU(2)-singlet
fermions play a key role in allowing the scale of SU(2)R breaking to be lowered toward its
most natural value consistent with experimental constraints. Within this framework, the
LHC provides the strongest test of natural parity-based solutions to the strong CP problem,
probing the scale of SU(2)R breaking through searches for W ′ and Z ′ vector bosons as well
as vector-like quarks and additional Higgs bosons. This leaves parity solutions tuned at the
∼ 10−3 level, which while not fully natural remains a significant improvement in explain-
ing the observed θ̄ . 10−10. The extended reach for heavy resonances at future colliders
such as FCC-hh will decisively test these parity solutions at the level of ∼ 10−5 tuning.
Constraints on new sources of flavor violation play a complementary role, with additional
sensitivity to the scale of vector-like fermions and the underlying model of flavor.

The detailed mechanism of parity breaking gives rise to additional signatures within
reach of near-future tabletop experiments and gravitational wave observatories. Soft par-
ity and CP -violating terms give rise to EDMs for elementary fermions at one-loop, both
quarks and charged leptons, which provide a pathway to discovery in precision searches for
CP -violation in molecular systems. Spontaneous violation of parity and CP through the
vev of a pseudo-scalar gives rise to additional one-loop contributions to θ̄, which provides
an additional pathway to discovery and already requires the source of parity violation
to be sequestered from the quark sector (albeit in a technically natural way). The ex-
pected violation of global symmetries in a theory of quantum gravity further shapes the
viable parameter space and potential experimental signatures through the impact of var-
ious Planck-suppressed operators whose form depends on the underlying parity-breaking
mechanism. If parity is a global symmetry that is broken both spontaneously (by a pseudo-
scalar vev) and explicitly (by gravitational effects), collapse of the domain wall network
associated with the spontaneous breaking of parity can generate a gravity wave signal ac-
cessible at low-frequency gravitational wave observatories. In this respect, the violation
of global symmetries by gravitational effects is a feature of parity-based solutions to the
strong CP problem, rather than a bug. Taken together, these experimental opportunities
warrant further exploration of generalized parity as a solution to strong CP.
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A Mass eigenstates

A.1 Gauge and Higgs sectors

With the gauge group of eq. (2.1), and the Higgs sector specified in table 1, spontaneous
symmetry breaking takes place in two steps, as follows

SU(2)L × SU(2)R ×U(1)Ŷ
v′ 6=0−−−→ SU(2)L ×U(1)Y

v 6=0−−→ U(1)EM . (A.1)

The physical spectrum contains SM-like Z, W±, and γ gauge bosons, as well as exotic Z ′

and W ′± excitations. At tree-level, no mixing occurs in the charged gauge boson sector,
and the mass eigenstates are given in terms of the gauge eigenbasis by the usual expression:

W± = 1√
2

(W 1 ∓ iW 2) , (A.2)

and similarly in the W ′ sector. Tree-level masses are of the form mW = gv/2 and mW ′ =
gv′/2, where we have assumed that g′ = g, as mandated by generalized parity. By contrast,
in the neutral gauge boson sector mixing between SM and mirror fields takes place already
at tree-level. At zeroth order in a v/v′ expansion, the gauge eigenstates can be written in
the mass eigenbasis as followsW

′3
µ

W 3
µ

B̂µ

 =


√

cos 2θw
cos θw − sin θw tan θw sin θw

0 cos θw sin θw
− tan θw − tan θw

√
cos 2θw

√
cos 2θw


Z

′
µ

Zµ
Aµ

 , (A.3)

where sin2 θw ' 0.231 as usual. Corrections to the above expression arise at O(v2/v′2).
Masses for the SM-like Z and mirror Z ′ are given by

mZ = gv

2 cos θw
+O

(
v2

v′2

)
, and mZ′ = gv′ cos θw

2
√

cos 2θw
+O

(
v2

v′2

)
. (A.4)

After electroweak symmetry breaking, the Higgs sector consists of two real scalar fields,
h and h′, with masses given by mh ' 2

√
κv and mh′ '

√
2λv′. Rotating from the gauge to

the mass eigenbasis can be performed as follows(
h

h′

)
→
(

cosα sinα
− sinα cosα

)(
h

h′

)
, (A.5)

with mixing angle α ∼ v/v′.
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A.2 Fermion sector

Rotating from the flavor to the mass eigenbasis in the fermion sector requires solving the
eigenvalue problem for the 6× 6 matrices M†fMf , and MfM

†
f , with Mf as given in eq. (2.10).

This can be conveniently done as a perturbation expansion in v/M, v′/M � 1. In this
section, we summarize the relevant results of this procedure. We focus first on the down-
quark and lepton sectors (although we will use notation appropriate to the down-quark
sector, we emphasize that identical results apply for leptons). The singularities of the up
sector as related to the top quark merit a separate discussion that we present later.

Down-type quarks and leptons. The mass eigenvalues in the down-quark sector can
be found by diagonalizing the two 3× 3 matrices

v′v

2 y′∗dM−1
d yTd , and Md. (A.6)

In full generality, i.e. without yet imposing generalized parity, the above matrices are not
necessarily hermitian, and two unitary matrices are needed in order to bring them into real
diagonal form. This corresponds to the unitary transformations

d→ O†dd, d
′ → O†d′d

′, and D → O†DD, D
′ → O†D′D

′. (A.7)

By definition, the rotation matrices are such that

md ≡ O∗d′
(
v′v

2 y′∗dM−1
d yTd

)
O†d = diag(mdi) , (A.8)

and
mD ≡ O∗DMdO†D′ = diag(mDi) , (A.9)

where mdi and mDi are the masses of the SM and exotic heavy quarks respectively. As
advertised in section 2.3, we will make the simplifying assumption that all three mirror
quarks appear at a common scale mDi ∼ M � v, v′. Imposing generalized parity makes
both matrices in eq. (A.6) hermitian. In this case, a single unitary matrix suffices to make
them diagonal, and we have Od′ = O∗d and OD = O∗D′ .

It is convenient to define two new matrices corresponding to the Yukawa couplings in
this new basis

ỹd ≡ O∗dydO
†
D, and ỹ′d ≡ Od′y′dOTD′ . (A.10)

With this definition, the tree-level masses of the SM-like fermions read

mdi = vv′

2
∑
j

(ỹ′∗d )ij(ỹd)ij
mDj

= vv′

2
∑
j

|(ỹd)ij |2

mDj

, (A.11)

where the last step holds provided we impose generalized parity. From this expression, we
can find an upper bound on the individual entries in the Yukawa matrix, of the form

|(ỹd)ij | .
(2mdimDj

vv′

)1/2
∼
(
mdiM

vv′

)1/2
. (A.12)
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As advertised in section 2.3, bringing the full 6× 6 matrix of eq. (2.10) into diagonal
form requires a further transformation that mixes the SU(2)-doublet and singlet fields, as
specified in eq. (2.18). In terms of the ỹd and ỹ′d couplings defined earlier, the 3× 3 blocks
appearing in eq. (2.18) can be written as

εd = v√
2
m−1
D ỹTd , and ε′d = v′√

2
m−1
D ỹ′†d , (A.13)

whose entries are of O(v/M) and O(v′/M) respectively. When generalized parity is only
broken by the different vev’s in the SM and mirror sectors, we have ε′d = (v′/v)ε∗d.

Up-type quarks. The diagonalization procedure in the up-quark sector is analogous to
that for down-type quarks and leptons, although this time accommodating for the singu-
larities of the third generation for which the see-saw mechanism cannot be implemented.

As before, at zeroth order in v(′)/M , we perform transformations of the form

u→ O†uu, u′ → O
†
u′u
′, and U → O†UU, U

′ → O†U ′U
′. (A.14)

On the one hand, the matrices OU and OU ′ must be chosen such that the vector-like mass
matrixMu is brought into diagonal form. In this case, we make the assumption that two
of the eigenvalues of Mu are mU1 ,mU2 ∼ M , whereas the third one is much smaller, and
for simplicity we will take it to vanish in what follows. On the other hand, the matrices
Ou and Ou′ must now be such that

(ỹ′∗u m̂−1
U ỹTu )ij = δij(ỹ′∗u m̂−1

U ỹTu )ii, and (ỹu)i3 = (ỹ′u)i3 = 0 (A.15)

for i, j = 1, 2, and where m̂−1
U ≡ diag(m−1

U1
,m−1

U2
, 0), and the ỹu and ỹ′u matrices are defined

as in eq. (A.10). Moreover, we define yt ≡ ỹ33, and yt′ ≡ ỹ′∗33, which we may choose to be
real and positive.

With this preliminaries, the tree-level mass eigenvalues in the top sector read

mt = yt√
2
v , and mt′ = yt′√

2
v′, (A.16)

with yt′ = yt if we impose generalized parity. For the first and second generation, we have
instead

mui = vv′

2

2∑
j=1

(ỹ′∗u )ij(ỹu)ij
mUj

= vv′

2

2∑
j=1

|(ỹu)ij |2

mUj

, (A.17)

where the last step holds provided we impose generalized parity. As before, we can now
obtain an upper bound on the individual Yukawa entries, of the form

|(ỹu)ij | .
(2muimUj

vv′

)1/2
∼
(
muiM

vv′

)1/2
for i, j = 1, 2. (A.18)

A further transformation mixing the SU(2)-singlet and doublet components is again
necessary in order to diagonalize the full 6 × 6 mass matrix, which can be written as in
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eq. (2.18). The corresponding εu and ε′u blocks are now given by

(εu)ij = v√
2

(m̂−1
U ỹT )ij , (εu)3j = −vv

′

2
mt′(ỹ′∗m̂−1

U ỹT )3j
m2
t′ − δj3m2

t

,

(ε′u)ij = v′√
2

(m̂−1
U ỹ′T )∗ij , (ε′u)3j = −vv

′

2
mt(ỹ∗m̂−1

U ỹ′T )∗3j
m2
t − δj3m2

t′
.

(A.19)

for i = 1, 2 and j = 1, 2, 3. Just as in the down-quark sector, if generalized parity is only
broken by the difference between v and v′, we have ε′u = (v′/v)ε∗u.

B Radiatively induced EDM

B.1 One-loop EDM

We will now present a calculation of the one-loop correction to the EDM of elementary
charged fermions that arises under the assumption that parity is only broken softly, both
in the scalar potential and through the presence of non-hermitian vector-like masses for the
SU(2)-singlets. The relevant diagrams are those featured in figure 3. We will concentrate
first on diagrams where either h or h′ propagate inside the loop.

In full generality, a Dirac fermion f that interacts with another fermion ψ, and a
neutral scalar φ through Yukawa couplings of the form

L ⊃ L(f̄RψL)φ+R(f̄LψR)φ+ h.c., (B.1)

will receive a one-loop EDM given by

df
e

= Qψ
16π2

mψ

m2
φ

A(r) Im (LR∗) , (B.2)

where r = m2
ψ/m

2
φ, and the loop function A is given by

A(r) = 1
2(1− r)2

(
3− r + 2 log r

1− r

)
. (B.3)

In the model we are considering, the Yukawa interactions involving both light and heavy
fermions can be written as

L ⊃ −
∑
s=h,h′

s
(
d̄Rη̂

sdL + d̄Rβ̂
sDL + D̄Rγ̂

sdL + D̄Rδ̂
sDL

)
+ h.c., (B.4)

where we are using notation specific to the down-quark sector, but analogous expressions
apply for up-quarks and leptons (although the specific form of the Yukawa matrices will
differ). It will be convenient to write the above matrices as ω̂s = R1sω

h + R2sω
h′ (for

ω = η, β, γ, δ), where R11 = R22 = cosα and R12 = −R21 = sinα, with α ∼ v/v′

the mixing angle the Higgs sector. For the down-quark sector, the ω matrices can be
conveniently written as follows

ηh = −md

v
, βh = − 1√

2

(
mdỹ

∗m−1
D

)
, γh = ỹT√

2
, δh = v

2
(
ỹT ỹ∗m−1

D

)
, (B.5)
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and

ηh
′ = −md

v′
, βh

′ = ỹ′∗√
2
, γh

′ = − 1√
2
m−1
D ỹ′Tmd, δh

′ = v′

2
(
m−1
D ỹ′T ỹ′∗

)
. (B.6)

The one-loop correction to the EDM of one of the SM-like quarks, di, is dominated by
diagrams where the heavy mirror quarks propagate inside the loop. Since mDj ∼ M �
mh,mh′ , we can expand the loop function A(r) in the limit r � 1. Keeping the first two
terms, we find

ddi
e
' −

∑
j,s

Qd
32π2mDj

(
1− m2

s

m2
Dj

)
Im
(
β̂sij γ̂

s
ji

)
. (B.7)

The last factor in the previous expression can be written as

Im(β̂sij γ̂sji) = R1sR2s Im(βhijγh
′
ji + βh

′
ij γ

h
ji), (B.8)

where we have taken into account that βhijγhji, βh
′
ij γ

h′
ji ∈ R, so those combinations don’t

appear on the right-hand-side. When summing over s in eq. (B.7), the contribution from
the leading term in the m2

s/m
2
Dj
� 1 expansion vanishes since

∑
sR1sR2s = 0. The leading

contribution to ddi then reads

ddi
e
'
∑
j,s

Qd
32π2

m2
s

m3
Dj

R1sR2s Im
(
βhijγ

h′
ji + βh

′
ij γ

h
ji

)
'
∑
j

Qd
32π2

m2
h′

m3
Dj

sinα Im
(
βh
′
ij γ

h
ji

)
,

(B.9)

where in the last step we have neglected the first term in parenthesis since it is suppressed by
a factor of O((vv′/M2)2) with respect to the second, and we have only kept the contribution
from h′, since the contribution from h is suppressed by an additional factor of m2

h/m
2
h′ .

From eq. (B.5) and (B.6), we find

βh
′
ij γ

h
ji = 1

2 ỹ
′∗
ij ỹij . (B.10)

When generalized parity is a good symmetry, we have ỹ′ = ỹ, and therefore the above
term is real, in turn leading to a vanishing EDM. In the presence of soft breaking through
non-hermitian vector-like masses, the relationship ỹ′ = ỹ no longer holds, even if the
Yukawa couplings in the flavor basis remain identical since the breaking is soft. To see
that the equality of the Yukawa couplings in the SM and mirror sectors no longer holds
in the mass basis, it is useful to remind ourselves of the fermion mass diagonalization
procedure discussed in appendix A.2. When generalized parity remains unbroken, the
unitary matrices of eq. (A.7) are such that OF = O∗F ′ and Of ′ = O∗f . However, the non-
hermiticity of the vector-like mass matrix means the unitary matrices needed to bring the
3×3 matrices of eq. (A.6) into real diagonal form will no longer satisfy this simple relation.
Instead, writing the new vector-like mass matrices as Mf + i∆Mf , with both Mf and
∆Mf hermitian, the new unitary matrices are modified as follows

OF ′ → ÕF ′ = OF ′ + ∆F ′ , OF → ÕF = O∗F ′ −∆∗F ′ ,
Of → Õf = Of + ∆f , Of ′ → Õf ′ = O∗f −∆∗f .

(B.11)
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The ∆ matrices arise at O (|∆M|/M), and are given by

(∆F ′)ij = i
∑
k 6=i

[∆M̃,mF ]ik
m2
Fi
−m2

Fk

(OF ′)kj , and (∆f )ij = i
∑
k 6=i

[∆m̃,mf ]ik
m2
fi
−m2

fk

(Of )kj , (B.12)

where
∆M̃ ≡ OF ′∆MO†F ′ and ∆m̃ ≡ vv′

2 ỹ∗m−1
F ∆M̃m−1

F ỹT . (B.13)

Using the above expressions in the definition of ỹ, it is possible to write

ỹ′∗ = ỹ∗(1 + ξ), (B.14)

where ξ is a matrix with entries of O(|∆M|/M). Explicitly, after some massaging,

ỹ′∗ij =
∑
l

ỹ∗il

δlj + i
∆M̃lj

mFl +mFj

(1− δlj) + i
vv′

2
∑
n,k 6=i

ỹ∗kj ỹkn

mfi +mfk

∆M̃ln

mFlmFn

 . (B.15)

In total:
Im(ỹ′∗ij ỹij) = |ỹij |2 ×O

(∆M
M

)
. (B.16)

Plugging this back into eq. (B.9), we have

ddi
e
'
∑
j

Qd
32π2

m2
h′

m3
Dj

sinα1
2 Im(ỹ′∗ij ỹij) '

ndQd
32π2

mdi

M2 ×O
(∆M
M

)
, (B.17)

with nd = 3 the number of mirror fermions appearing at the see-saw scale in the down-
quark sector. The above expression also applies to the lepton sector, after making the
obvious substitutions. In the up-quark sector, the expressions for the Yukawa couplings
are somewhat different to those in eq. (B.5) and (B.6), but can be similarly found by
following the flavor-to-mass-basis rotation procedure outlined in section A.2. In the end,
diagrams where h′ and the mirror partners of the u and c quarks propagate inside the loop
give the leading contribution to the one-loop EDM. Thus, the above expression also applies
for the up-quark sector, this time with nu = 2 instead.

Additional contributions arise from diagrams where Z and Z ′ propagate inside the
loop (see figure 3). In this case, the leading contribution arises from diagrams involving
Z ′ as well as heavy mirror fermions. In total, the final result is parametrically the same as
that in eq. (B.17), except for an additional suppression by a factor of g2 sin2 θw.

Although the potential one-loop correction to θ̄ that could arise as a result of the
soft breaking through non-hermitian vector-like masses was already shown to vanish in [5],
this can also be seen from the calculation we have just performed. The relevant diagrams
contributing to the quark mass matrix, and therefore to θ̄, are those of figure 3, minus
the external photon line. So although the appropriate loop function will be different, the
overall correction will be similarly proportional to eq. (B.10). Using eq. (A.8) to rewrite ỹ′

in terms of ỹ, and the diagonal mass matrices, we find

Im(δmdi) ∝ Im(ỹ′∗ij ỹij) ∝ mdi Im((ỹ−1)jiỹij). (B.18)
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As a result, the corresponding contribution to θ̄ from the down-quark sector reads

∑
i

Im(δmdi)
mdi

∝ Im
(∑

i

(ỹ−1)jiỹij

)
= 0. (B.19)

Notice the sum over quark flavors is crucial in the above cancellation.

B.2 One-loop θ̄

The calculation of the one-loop correction to the quark mass matrix, and, in turn, to θ̄,
proceeds along similar lines to the EDM calculation we have just discussed. The leading
contribution to θ̄ comes from corrections to the light quark masses, and it is due to diagrams
where either h′ or φ propagate inside the loop.

Rotating from the gauge to the mass basis in the scalar sector requires performing a
transformation si → Rijsj , with si = {h, h′, φ}, and R is a 3 × 3 orthogonal matrix that
we parametrize in terms of the various mixing angles as

R =

 cαcβ cαsβsγ + sαcγ −cαsβcγ + sαsγ
−sαcβ −sαsβsγ + cαcγ sαsβcγ + cαsγ

sβ −cβsγ cβcγ

 (B.20)

where cα = cosα, sα = sinα, etc. Parametrically, we expect cα ∼ cβ ∼ cγ = O(1), whereas
sα ∼ v/v′, sβ ∼ v/vφ, and sγ ∼ vφ/v

′. In the down-quark sector, the Yukawa interactions
of eq. (B.4) need to be extended to include φ in the sum, and the ω̂s matrices are now
given by

ω̂s = R1sω
h +R2sω

h′ +R3sω
φ for ω = η, β, γ, δ. (B.21)

The expressions for ωh and ωh′ are as in eq. (B.5) and (B.6), whereas for φ we have

ηφ = −ivv
′

2
(
ỹ′∗m−1

D
˜̄ym−1

D ỹT
)
, βφ = iv′√

2

(
ỹ′∗m−1

D
˜̄y
)
,

γφ = iv√
2

(
˜̄ym−1

D ỹT
)
, δφ = −i˜̄y,

(B.22)

where ˜̄y ≡ OF ′ ȳO†F ′ , as usual.
In the notation of eq. (B.1), the one-loop correction to Im(δmf ) is given by

Im(δmf ) = mψ

16π2F(mψ,mφ) Im(LR∗), (B.23)

where the loop function F now reads

F(mψ,mφ) = 1
m2
ψ −m2

φ

[
m2
ψ

(
log

m2
ψ

µ2 − 1
)
−m2

φ

(
log

m2
φ

µ2 − 1
)]

. (B.24)

For the case at hand, the leading one-loop correction to the mass of the SM-like fermions
involves diagrams where the heavy mirror partners appearing at scale M propagate inside
the loop. Specifically, in the down-quark sector, we have

Im(δmdi) =
∑
s,j

mDj

16π2F(mDj ,ms) Im(β̂sij γ̂sji). (B.25)
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In analogy to the discussion in the previous section, the leading term in F in the limit
mDj � ms is independent of ms, and its contribution to Im(δmf ) vanishes as a result
of the orthogonality of the mixing matrix in the scalar sector. The leading correction to
Im(δmdi) then reads

Im(δmdi) '
∑
j,s

m2
s

16π2mDj

log
m2
Dj

m2
s

Im(β̂sij γ̂sji)

'
∑

j,s=h′,φ

m2
s

16π2mDj

log
m2
Dj

m2
s

Im(sγβh
′
ij γ

φ
ji + sγsαβφijγ

h
ji),

(B.26)

where in the last step we have neglected the contribution from h, which is suppressed by
a factor of m2

h/m
2
s compared to that from h′ and φ. The two terms inside the parenthesis

are given by

sγ Im(βh′ij γ
φ
ji) = sγ

v

2
ỹ′∗ij ˜̄yjkỹik
mDk

∼ sγ
mdi ȳ

v′
∼ vφmdi ȳ

v′2
, (B.27)

where in the last step we have substituted sγ ∼ vφ/v′, as we expect when vφ . v′, and

sγsα Im(βφijγ
h
ji) = sγsα

v′

2
ỹ′∗ik ˜̄ykj ỹij
mDk

∼ sγsα
mdi ȳ

v
∼ vφmdi ȳ

v′2
. (B.28)

Both terms are therefore of the same order. When vφ . v′, the contribution from φ to
Im(δmdi) is subleading to that from h′. Setting mh′ '

√
2λv′ ∼ v′, we then have

Im(δmdi) ∼
mdi

16π2
ȳvφ
M

log M
2

m2
h′
, (B.29)

and the contribution to θ̄ from the down-quark sector reads

θ̄ '
∑
i

Im(δmdi)
mdi

∼ 1
16π2

ȳvφ
M

log M
2

m2
h′
. (B.30)

The above expression agrees with the parametric estimate presented in section 4.2, except
for the log factor that is not captured in our spurion analysis.

C Kaon mixing

The ∆mK and |εK | parameters characterizing the kaon sector can be written as

∆mK = 2Re(mK
12), and |εK | =

κε| Im(mK
12)|√

2∆mK

, (C.1)

where mK
12 ≡ 1

2mK 〈K
0|Heff |K̄0〉, and Heff refers to the effective hamiltonian appropriate to

describe kaon mixing.
In the SM, Heff is generated at one-loop through box diagrams involving two W gauge

bosons. The corresponding contribution reads

Heff ⊃ −
G2
Fm

2
W

4π2 (d̄LγµsL)(d̄LγµsL)
∑
α,β

λαλβF (xα, xβ) + h.c., (C.2)
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where the loop function F is given by [96]

F (xα, xβ) = x2
α log xα

(xβ − xα)(1− xα)2

(
1− 2xβ + xαxβ

4

)
+ {xα ↔ xβ}

+ 1
(1− xα)(1− xβ)

(7xαxβ
4 − 1

)
,

(C.3)

and λα = V ∗αdVαs for α = u, c, t. In the present model, the sum over α and β in eq. (C.2)
must be extended to include the additional members of the up-quark sector. The corre-
sponding couplings can be read off from eq. (3.17), and are given by

λα = ∆V ∗αd∆Vαs for α = U,C, T. (C.4)

An additional contribution to Heff arises from diagrams involving one W and one W ′.
In this case:

Heff ⊃ −
G2
Fm

2
W

4π2 β(d̄RsL)(d̄LsR)
∑
α,β

λLRα λRLβ F̃ (β, xα, xβ) + h.c., (C.5)

where β ≡ m2
W /m

2
W ′ = v2/v′2, and the loop function now reads [97]

F̃ (β, xα, xβ) = √xαxβ {(1 + β)I2(xα, xβ , β)− (4 + βxαxβ)I1(xα, xβ , β)} , (C.6)

with

I1(β, xα, xβ) = xα log xα
(1− xα)(1− βxα)(xα − xβ) + {xα ↔ xβ} −

β log β
(1− β)(1− βxα)(1− βxβ) ,

I2(β, xα, xβ) = x2
α log xα

(1− xα)(1− βxα)(xα − xβ) + {xα ↔ xβ} −
log β

(1− β)(1− βxα)(1− βxβ) .

(C.7)
The relevant couplings follow from the interactions in eq. (3.17) and (3.18). For the u and
c quarks, we have λLRα = λRLα = λα, whereas for their heavy partners

λLRα = ∆V ∗αd∆V ′αs, and λRLα = ∆V ′∗αd∆Vαs, for α = U,C. (C.8)

In the top sector, on the other hand, we have

λLRt = V ∗td∆V ′3s, λRLt = ∆V ′∗3dVts, and λLRT = ∆V ∗3dVts, λRLT = V ∗td∆V3s. (C.9)

Open Access. This article is distributed under the terms of the Creative Commons
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any medium, provided the original author(s) and source are credited.
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