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P and CP solution of the strong CP puzzle
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We use parity (P) to set Ogcp to zero in the minimal left-right symmetric model with a bidoublet
Higgs, add a heavy vectorlike quark family, and obtain in a novel manner the Nelson-Barr (NB)
form associated so far only with spontaneous CP solution to the strong CP puzzle. Our solution
does not have the “coincidence of scales problem”, that typically plagues NB models. P protects @, if it
breaks at a scale vz below the mass M of the heavy quarks, and 6 ~ 10=°(vg/M)? is radiatively
generated, which can be acceptably small. On the other hand, if M < vy, the @ ~ 10~ generated by the
NB mechanism is too large, but if §cky is obtained without the NB form, surprisingly a lower irreducible
6 ~ (10713 to 1071%) In(vg /M), testable by neutron electric dipole moment experiments is generated. No
leptonic CP violation is generated (Dirac phase 6.p = 0 orz in Pontecorvo-Maki-Nakagawa-Sakata
matrix) which makes the minimal model testable by neutrino experiments. We also discuss some
challenges in a nonminimal model that generates leptonic CP violation. Lastly but importantly, we find
with doublet rather than bidoublet Higgses, that there is an automatic NB solution on imposing CP [the
NB form is accidental due to SU(2),], which does not require generalized parity and needs just one

mirror generation.
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I. INTRODUCTION

Before the discovery of parity violation by weak inter-
actions, it was thought that discrete spacetime symmetries
of spatial reflection or parity (P) and time reversal (7 or
equivalently CP due to CPT theorem) are respected by all
the forces of nature.

After parity violation and the Standard Model (SM) were
established, an idea emerged [1] that symmetries like P (or
left-right symmetry), C or other global symmetries are
accidental symmetries of the strong and electromagnetic
interactions, and there is no deep reason why they should
be exactly conserved in nature in its higher-energy theory.

A problem with this idea is that then the strong CP phase 8
should have been ~1 like Scky, as there is no accidental
symmetry of the SM that makes it vanish. However, neutron
electric dipole moment (EDM) experiments [2] have estab-
lished 6 < 1070 radians (in its magnitude, or mod 7).

It is therefore possible that either P or CP or both are
symmetries of nature in a high-energy theory above the
SM. Since @ is odd under P as well as CP, it would vanish
and be radiatively generated by small quantum loop effects

“raviparity @ gmail.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023/108(9)/095023(13)

095023-1

when they are broken at lower energies. This is the
approach we take to address the puzzling smallness of 6,
or the strong CP problem as it is called.

The other approach is the well-known anomalous
U(1)po symmetry [3] whose spontaneous breaking gives
rise to the axion [4,5]. Quoting from Ref. [6]: “The axion
is a missing link to confirm the idea that “symmetries are
only there to the extent that they are required by gauge
symmetry.””

Since axions have not so far been discovered, and the
idea is not confirmed, we take seriously the possibility that
the strong CP problem points towards P and CP symmetric
laws of nature [7-10].

A. Parity (P)

The Pati-Salam model [11,12] based on SU(4). x
SU(2), x SU(2)g not only unified quarks and leptons
into the same SU(4). multiplet, but also it showed the
way to achieve parity between the left- and right-handed
weak interactions, without duplication of fermion families
by mirror generations, and with the usual fermions acquir-
ing masses from an SU(2), x SU(2), bidoublet Higgs.
However the path to SO(10) unification is through its
subgroup SU(4)-xSU(2); xSU(2)gxC which involves
charge conjugation rather than SU(4). x SU(2), x
SU(2)g x P that has parity.

The popular left-right symmetric model [11-13] based
on SUQ3)-xSU22);, xSU(2)g x U(1)g_, x P undoes
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the quark-lepton unification aspect of the Pati-Salam group
while promoting the idea of parity, and can be viewed as
being in the different direction of restoring discrete space-
time symmetries, and therefore in this work we do not
expect that the CP phases in the lepton and quark sectors
will necessarily be similar.

An early attempt was made to solve the strong CP
problem in the left-right symmetric model [14] by imposing
more symmetries, and more scalars to break them, but did
not work as 6 ~ Sk are either both or neither generated.

The strong CP problem was later solved in the left-right
symmetric model with the bidoublet Higgs and P, by
adding one vectorlike heavy quark family [10] (rather than
more scalars), whose dimension-3 mass terms with the
usual light quarks break CP softly. We will recall this
solution in Sec. IT A before adding an extra symmetry to
bring it to the Nelson-Barr form that has so far only been
associated with spontaneous CP violation, introduced later
in this section.

B. Mirror parity

There are solutions using P as a mirror symmetry
[9,15,16], which as envisaged by Lee and Yang [17]
requires duplication of the existing three fermion families
by their mirror counterparts which form three heavy
families of quarks and leptons. While the fermions are
duplicated, the SU(3). group may [18] or may not
[9,15,16] be.

Surprisingly, we find in Sec. VI that there is an automatic
Nelson-Barr solution on imposing CP, in models with
SU(2), x SU(2)g group containing respective Higgs dou-
blets (and no bidoublet), where mirror parity is generally
imposed. This opens a new approach with this group,
where CP by itself solves the strong CP problem without
needing any other symmetries, and also without requiring
all three mirror generations.

Mirror parity (which uses doublet Higgses rather than the
bidoublet Higgs), like the SM, does not necessarily
anticipate that neutrinos have masses, while v masses
can be radiatively generated from bare mass terms involv-
ing exotic charged leptons [19]; these terms can be set to
zero using symmetries.

That neutrinos have masses however is a prediction of
the minimal left-right symmetric model with bidoublet
Higgs (introduced in Sec. I A), that is now borne out by
experiments. The Dirac mass term for the v, generated on
one-loop renormalization group equation (RGE) running
from the 77, top and bottom Yukawa couplings is many
orders of magnitude too large [20] in this model, and
therefore the neutrinos must have Majorana masses via the
seesaw mechanism. These predictions provide the motiva-
tion for our work with bidoublet Higgs and parity.

Note that in literature the same words parity and left-
right symmetry are often used even for mirror parity. Also
the words generalized parity are sometimes used.

C. CP (or equivalently T)

We now turn to the solutions of the strong CP problem
using CP. Arguably next only to axions in popularity, is the
Nelson-Barr solution [7,8,21-23], that requires a heavy
vectorlike quark(s) which has (have) Yukawa couplings
with the usual quarks via scalars whose vacuum expect-
ation values (VEVs) break CP spontaneously. To prevent 6
from being generated at the tree level, an additional global
symmetry is also imposed (which we find in Sec. VI can be
accidental or automatic).

Obtained in the above way, NB mechanism splits the mass
terms involving the heavy quark into dimension-3 terms that
conserve CP and terms that are generated by Yukawa
couplings and CP breaking VEVs, and requires these two
types of terms to be at more or less the same scale. This
requirement of coincidence of unrelated scales is considered
the most unsatisfying feature of NB models [24,25].

Moreover NB mechanism that involves SU(2), doublet
vectorlike heavy quarks obtained in the usual manner is
almost ruled out [26] as the radiatively generated two-loop
strong CP phase is larger than the bounds from neutron
edm experiments. Therefore, most NB models only involve
SU(2), singlet up- and down-type heavy vectorlike quarks.

D. This work

In this work we arrive at the Nelson-Barr mechanism in a
completely novel way. We begin with the left-right sym-
metric model containing the bidoublet Higgs, and use P to
set @ = 0 (instead of CP that is used in NB models). The
strong CP problem is solved by breaking CP softly by
dimension-3 mass terms following Ref. [10]. An additional
symmetry brings the quark mass matrices to the Nelson-Barr
form. The Cabibbo-Kobayashi-Maskawa (CKM) phase is
generated through the Nelson-Barr mechanism. Since CP
conserving and violating terms can be of the same type
(whether CP is broken softly, or as discussed in Sec. V
spontaneously), the problem of coincidence of scales does
not in occur the NB solution we obtain in Sec. II.

The critical nondecoupling type radiative corrections to 6
vanish in one loop, as is expected due to the NB form, and are
generated in two loops. Further if P breaks at the scale vp
below the soft CP breaking scale M, it protects & between vy
and M and the two-loop corrections are suppressed by the
factor (vg/M)?. Therefore, a heavy vectorlike SU(2),
doublet, that is ruled out through the traditional CP based
NB solution, can be present in our P based NB mechanism,
if its mass M > vy due to the suppression of radiative
corrections. The two-loop corrections to 6 ~ 107 (vg/M)?
are discussed in Sec. IIT A.

Interestingly if M < vz while the NB mechanism gen-

erates an irreducible @ ~ 10~ that is now not suppressed,
we do not need to impose the NB form, while still retaining
the strong CP solution due to P. In this case we can
generate dciy Without the NB mechanism, and surprisingly
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we find that a much lower irreducible contribution @ ~
10710®© =13 1n(px/M) is generated in one-loop (and the
two-loop corrections are equally small). This region of
parameter space is entirely testable by current and future
neutron EDM experiments. The irreducible contribution is
discussed in Sec. III B.

Leptonic CP violation is not generated in the minimal
model of this work (nor in [10]), providing a way to test the
restoration of discrete spacetime symmetries, even if v and
M are at very high scales from multi-Tev to 10'> GeV, or
more. The global fit to data from neutrino oscillation
experiments is currently consistent with this prediction,
discussed in Sec. IV A.

While the absence of leptonic §-p has been discussed
before [27,28] in the context of Ref. [10], and in [29], in
this work we also discuss the challenges in a nonminimal
model that can generate leptonic CP phases, in Sec. IV B.

The rest of the paper is organized as follows. Section V
shows how to introduce real or complex scalar singlets
without spoiling the strong CP solution, so as to have
spontaneous CP violation. Section VI is a new approach to
the strong CP problem with SU(2), x SU(2), group and
respective Higgs doublets (rather than bidoublet), where we
find that there is an automatic Nelson-Barr solution without
requiring mirror parity. Section VII is the minimal way to
achieve the Nelson-Barr mechanism with softly broken CP
symmetry and a real scalar singlet. Section VIII is a brief
discussion on nonrenormalizable terms and in Sec. IX we
present the conclusions.

II. STRONG CP SOLUTION AND NELSON-BARR
MECHANISM WITH P

We first recall in Sec. I A, the solution to the strong CP
problem in the left-right symmetric model with parity [10].
We then impose in Sec. II B a softly broken symmetry to
bring the quark mass matrices to the Nelson-Barr form.

A. Strong CP solving left-right symmetric
model with bidoublet Higgs

We begin with the left-right symmetric model [11,12,13]
basedon SU(3),. x SU(2); x SU(2)x x U(1)p_,; x Pwith
the Higgs sector consisting of scalar triplets Ay and its parity
partner A; and a bidoublet ¢ (for the Higgs potential please
see for example [30,31]).

Following Ref. [10], in addition to the usual three quark
families Q;; and Q, which are doublets of SU(2), and
SU(2)g respectively, we add a fourth vector like quark
doublet family, whose left- and right-handed components
Q4 and Q% are both SU(2), doublets. Due to parity there
is also the corresponding SU(2), doublet vectorlike family
with components; Q4z, Q7. In the minimal version there
are the usual three generations of leptons L;; , L,z and there
is no vectorlike lepton family.

TABLE L. Scalar and fermion content of the minimal strong CP
solving LR model. Note thati = 1 to 4 for quarks andi = 1to 3
for leptons.

SUB)exSU2), x SUR)g x U(1)p_;

A, (13.12)
Ag (1,13.2)

¢ (1,2,2,0)

QL. Ok (3.2.1,1/3)
Qir, 0} (3.1,2,1/3)
Ly (1,2,1,-1)
Lix (1,1,2,-1)

Note that the usual SM right handed SU(2), singlet
quarks and leptons, are all in the corresponding SU(2),
doublets Q;p and Lz, and we automatically have the right-
handed neutrinos in L.

The scalar and fermion content is displayed in Table I
and here after we assume i runs from 1 to 4 for the quarks to
include the usual three light-chiral and the fourth normal-
chiral component of the vectorlike quark family. While for
the leptons, i runs from 1 to 3.

Parity reflects (x, ) — (—x, 1), sets Oocp = 0, exchanges
the SU(2), and SU(2); gauge bosons, and

Q; < Ok
¢— 9" (1)

LiL <> LiR’

QiL < O,
A < Ap,

SUR2)g xU(1)z_; x P — U(1)y, when the neutral com-
ponent of Ag picksup a VEV ~ vy > v, We do not make
any assumptions on the scale of v and it can be from multi-
TeV scale [20,32] to the canonical value of seesaw scale
~101 GeV to 10'* GeV set by neutrino’s Dirac-Yukawa
couplings being like that of the top quark, or even above.

The SM group is broken by the VEVs (¢!) =k, and
<¢(2)> =k, of the bidoublet ¢ (with the weak scale
v?, = [k;|* + |k2]*). ¢ has two SM Higgs doublets labeled
below by subscripts 1 and 2, and can be represented by the
matrix

0+
o= (s w) @

When ¢ picks up VEVs « ,, the Yukawa couplings in
Eq. (3) with ¢ = 7,¢*7,, generate the up- and down-sector
quark mass matrices M, and M. Since under P, ¢ — ¢, a
complex phase for (¢9) =k, (k; can always be chosen to
be real) breaks P as well as CP, and will generate 0=
ArgDet(M,M ) at the tree level. Therefore, we impose CP
on all dimensionless quartic couplings of the Higgs
potential and Yukawa couplings.
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CP ensures that the sole parameter a, of the Higgs
potential that could have been complex, stays real (note that
this P symmetric term azTr(qvqﬁA;AR +R,¢p— L,¢p") +
H.c. is automatically absent if there is supersymmetry
[33,34], but in this work we are considering nonsupersym-
metric models and therefore impose CP). There is a soft
mass term in the Higgs potential between the two SM
doublets of the bidoublet, 42¢’¢ -+ H.c. and we note that P
ensures that 4 is real, without needing CP. This parameter
stays real due to P even after we include dimension-3 mass
terms in Eq. (5) that break CP softly. There are therefore no
complex parameters in the scalar potential and conse-
quently the bidoublet VEVs, obtained by minimizing the
Higgs potential, are real (conserve P and CP) at the tree
level although P is broken by the VEV of Ag.

We note that the Yukawa terms can be written as

hijQidQir + EijQiLa’QjR + H.c., (3)
where h;;, ﬁ,-j are matrix elements of matrices /i, i which
are Hermitian due to P and real due to CP, and i, j run from
1 to 4. Note that one of the SM doublets in the bidoublet ¢
picks up a mass ~vp and decouples from low-energy

physics. And there is only one SM Higgs doublet below vp
whose Yukawa couplings

R = hijicy + hies,
hldjvwk = hjjKk; + ﬁiﬂﬁ, (4)

for the up and down sector are obtained from the above real
and Hermitian Yukawas and real Higgs VEVs «, k.

We use the convention of Ref. [10] of underlining the
real Yukawa couplings in the symmetry basis above the CP
breaking scale.

Soft CP breaking is introduced by the direct dimension-3
mass terms between the light and heavy quarks and
generates CP violation, while respecting parity.

M;0;10'r +M?Q_/LQ1-R + H.c. (5)

where the sum over repeated index i goes from 1 to 4 and
we have imposed P.

Note that the up- and down-quark mass matrices M,,, M,
obtained from Egs. (4) and (5) while CP violating, are
Hermitian (respect P) and therefore § = ArgDet(M,M ) =
0 at the tree level, thereby solving the strong CP problem.
Below the mass of the heavy vectorlike quarks, we
integrate them out by going to the heavy quark mass basis,
and the CP violation shows up as the CKM phase (Scgy) in
the effective SM Yukawa couplings #* and h?, which are
complex and Hermitian at the tree level. More details of this
solution can be found in Ref. [10].

Note that the Yukawa couplings in Eq. (3) do not have
the Nelson-Barr form. Moreover there are no scalar singlets
whose VEVs contribute to M; of Eq. (5). All the mass

parameters M; (with i = 1 to 4) are complex and are on an
equal footing, since they all break softly the accidental
discrete symmetry (Q} , Ok = —Q}, —Q%) of the rest of the
terms of the Lagrangian. Note that this symmetry argument
applies even with the Nelson-Barr form obtained in the next
subsection. Therefore the problem of needing the coinci-
dence of unrelated scales between CP-conserving dimen-
sion-3 mass terms and CP-violating terms generated by
scalar VEVs, that is generally present [24,25] in Nelson-
Barr solutions, is not there in our approach.

We now impose an additional softly broken symmetry to
obtain the Nelson-Barr form of the mass matrices.

B. Obtaining Nelson-Barr form

We impose a chiral symmetry under which Q4 —
Q. This sets hyj. hyj = 0 in Eq. (3), and

Byt = =0 (6)

for all j in Eq. (4), since the Yukawa matrices are

Hermitian. M, in Eq. (5) breaks this symmetry softly.
We can now make equal left- and right-chiral rotations

Qur4r — €?Qy4y 4r and choose f so that M, is made real.
Using the up and down components of the doublets

Qir = (j*) and Qp = (Z%:) (and likewise for R — L), the

Hermitian up (and similarly down) sector quark mass terms
can be written as (i, ity ) M, (!f), where up is shorthand
R

for u;p, and is a 4 x 1 column vector in family space and
contains the usual 3 light chiral generations as well as the
corresponding fourth chiral component of a heavy vector-
like generation (and likewise u;). Up- and down-quark
mass matrices M, and M, obtained from Egs. (3)—(6) now
have the Nelson-Barr form and can be written as

0 | M,
R 0 M,
M, = 0 M; (7)
o 0 0 o | M,
M* M: MY | MEo| O

with M, real and h“¢ now being the respective 3 x 3
Yukawa matrices of Eq. (4) with elements hﬁ‘/ and hfj
with i, j = 1 to 3. Without loss of generality, to ease the
calculations, the real Yukawa couplings of terms Q) ¢’ Q%
and Q) ¢ QY that contribute to the Sth row’s Sth column
have been set to zero by imposing a chiral symmetry Q% —
e'“Q’ broken softly by dimension-3 mass terms M;.
Note that the reason M,, matrix is 5 X 5 is because there
are two heavy vectorlike up quarks; one which is a heavy
SU(2), singlet [from the SU(2), doublet], and the other is
from the heavy SU(2), vectorlike doublet. If we remove
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the 4th row and 5th column from the above matrix, we will
recognize what remains as being the familiar Nelson-Barr
form with just the heavy-singlet up quark. On the other
hand if we remove the 4th column and Sth row what
remains is the form with the heavy-doublet up quark.
Likewise for the down sector.

There are two reasons now why the determinants of M,
and M, are real at the tree level. One reason is because
these matrices are Hermitian due to P. The other because
they are of the Nelson-Barr form and complex parameters
are multiplied by zeros while evaluating the determinant.

We have obtained the Nelson-Barr form by using P
rather than CP to set @ to zero at the tree level. The net
result is that there is no need to introduce isosinglet scalars
of the NB type that have Yukawa couplings with the heavy
quarks, and the model is free from the coincidence of scale
problem [24,25] between CP-violating terms (from scalar
singlet VEVs that break CP) and CP conserving mass
terms (that do not couple to the singlets).

Below the mass

4
M2 ="M, (8)
i=1

of the heavy quarks (which set the soft-CP breaking scale
M), we can go to their mass basis by a unitary transformation
so that the mass matrices M,, and M, become [10]

u,d
h VUywk

0 0 0 M

where h* and h? are complex 4 x 4 Hermitian-Yukawa
matrices, whose light (upper left) 3 x 3 sector are the SM
Yukawa couplings, and M is real.

Ockm 1s thus generated through the Nelson-Barr mecha-
nism. Note the important difference from the way it was
generated in the example given in the Appendix of
Ref. [10], where the Yukawa couplings (or quark mass
matrices) were not of the NB form. Specifically note the
critical role played by the Yukawa coupling Ay (that is,
h,) to generate dcky in that example, which is now zero in
the NB form of Eq. (7). Therefore the radiative corrections
to @ worked out in that example are also different, and we
now discuss the loop corrections within the NB framework.

III. RADIATIVE CORRECTIONS TO 6

A. Corrections with the Nelson-Barr mechanism

Radiative corrections in Nelson-Barr models have com-
prehensively been estimated in Ref. [26], building on the
work of Nelson [21].

There are generally two types of corrections, ones
that are suppressed by the mass scale of the heavy quarks
are of the decoupling type. However there are also
the more dangerous nondecoupling corrections that are
not suppressed.

We will first consider the case with M < vp with the
heavy quarks just below the parity breaking scale. Below
the scale M, we would like to integrate out the heavy quarks
and consider just the effective SM theory.

As noted by Nelson [21] in the mass basis of the heavy
quarks, the Yukawa couplings between the heavy and light
quarks can generate radiative corrections to the light quark
mass matrices on electroweak symmetry breaking. These
corrections can come from two-loop diagrams involving
the SM Higgs and at least one of the heavy quarks in the
internal lines. These two-loop diagrams are similar to the
diagrams that would renormalize the Yukawa couplings
(and involve the term h*h*'h?h?"), while the one-loop
contributions to @ vanish due to the Nelson-Barr form.

Naively, we may think that the corrections to 6 from
the heavy quarks would be suppressed by (H'H)/M>~
(v, /M)?, where H is the SM Higgs doublet field.
However, since the loop diagrams that renormalize
the Yukawa couplings, are logarithmically divergent in the
ultraviolet, when we pull out the factor l/M2 from the
internal fermion line that has the heavy quark (since we are
interested in loop momenta p? less than M? while evalu-
ating the Feynman integral), the remaining part of the
integrand (now with one p? factor less in the denominator)
is quadratically divergent. When we integrate up to a mass
scale say M’ < M this provides a contribution proportional
to (M'/M)?, so that

0~ (1/162%)>(M'/ M) ImTr[h* " h?h¥ )5, 5, (10)
where we have used square brackets and the subscript to
convey that the trace is over the light (upper left) 3 x 3
submatrix, while 7% and h? are the 4 x 4 Hermitian,
complex Yukawa matrices in the mass basis [Eq. (9)] of
the heavy quarks. Note that the reason the Trace is over the
light 3 x 3 submatrix is because the Yukawa couplings
involving the fourth (heavy) quark, h;ﬁd and h”;.d, multiply O
when the determinant of M, (and M) is evaluated in the
heavy quark mass basis of Eq. (9), and therefore radiative
corrections to /%" do not contribute to @ in the leading
order.

If M < vy then we have to integrate until the heavy-
quark mass scale and so M’ = M in Eq. (10). We substitute
the values of 4* and h? we obtain from A*“ in Eq. (7) by
using typical values of |M;/M,| ~0.5 (for i =2, 3) and
making a unitary transformation into the heavy quark mass
basis of Eq. (9). We find on substitution of typical values
that to obtain Scgy ~ 1 with the known light quarks’
masses and mixing angles,
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Opr<v, ~ (1/1622)2IMTr[h* R Ry 5 ~3 % 10710, (11)

This is in agreement with 0 ~ (1/42%)202Y?Y? ~ 5 x
10~° (where Y, are the top and bottom quarks’ Yukawa
couplings and Ac is the Cabibo angle), estimated in
Ref. [26] for NB mechanism via a vectorlike SU(2),
doublet quark, that our model contains.

As noted in Ref. [26] the contributions to  from the up
and down mass matrices do not cancel each other. Since the
placement of the internal heavy quark lines is in general
different for different combinations of Yukawa couplings in
the up and down sectors, we also do not expect cancellation
between their contributions.

On the other hand if v < M, then parity protects 6 from
radiative corrections above vg. The second Higgs doublet
in the bidoublet provides canceling contributions above its
mass ~a3v%. Therefore, M> = a;v% in Eq. (10) and

0,p<m ~ (1/162) ImTr[h*h"T h'h™ )5 305 (vg/ M )?
~ 10~ (vg/ M), (12)

where, as before, the trace is over the upper left 3 x 3
submatrix part of the product of the 4 x 4 Yukawa matrices.
Note that a3 ~ 0.1 to 1 is the real quartic coupling of the
Higgs potential term Tr(¢'pArAg + R = L, < ¢1).

The factor (vg/M)? is consistent with treating M
as a cutoff scale for new physics in the ultraviolet
of the minimal LR model with P (without the heavy
quarks), and including the effect of the scale of the
heavy quarks by nonrenormalizable terms. # can be
generated when Ay acquires the VEV v, by non-
Hermitian parameters of nonrenormalizable terms such
as 0;,¢Qr(AgAg/M?) + L <> R, ¢p — ¢, which decou-
ple as (vg/M)?. In our case, the prefactor to (vg/M)? that
depends on the Yukawa couplings, as we calculated
is ~10™%;.

Note that such decoupling does not happen with just the
SM because there is no symmetry in the SM that sets Ogcp
to zero. SM parameters (including 6) can get contributions
that are not suppressed by the scale of new physics.
Therefore, in just the SM without P, the radiative correc-
tions of the NB mechanism generate an unsuppressed 6,
which is also the case in Eq. (11), for M < vy,

Since 6 in Eq. (12) can be acceptably small if M is just a
factor of 10 or 100 larger than vg, the CP breaking scale
does not have to be much larger than the SU(2), x
U(1)z_, = U(1), breaking scale.

We have thus found an interesting resolution of the
strong CP problem which provides an ultraviolet comple-
tion of the minimal left-right symmetric model, with the
Nelson-Barr mechanism.

B. Corrections without Nelson-Barr

The radiative corrections from the NB mechanism are
too large if the heavy quarks are below the P breaking scale
(thatis, if M < vg). @ ~ 107 that is generated in Eq. (11) is
irreducible [26] since the very couplings that are respon-
sible for generating Ockym also generate the strong
CP phase.

Therefore we now remove the chiral symmetry that led to
the NB form and consider the more general case [10] of the
mass matrix for the case M < vgz. Now the dcxy can be
generated without the NB mechanism, from the phases in
M; and using Yukawa couplings hﬁj’.d = hﬁd between the
heavy and usual quarks as they no longer vanish.

What we find is that even in this case there is
an irreducible contribution, but surprisingly it is
smaller and has an experimentally interesting value
Ori<v, ~ (10719 to 10713) In(vg/M). Corrections of this
order were found in Ref. [10] in one-loop, but they were
not shown to be irreducible in the sense that depending on
the choice of the parameters they could also vanish.

We will now find an irreducible correction 6~
1073 In(vg/M) that does not vanish in one and two loops
(and more likely contributions that are 10-1000 times
higher), and therefore the entire parameter space of M < vp
can be tested in the future (earlier than later) by neutron
EDM experiments.

To obtain the above we work in a basis where the upper
left 4 x 4 submatrix of the Hermitian matrix M, given by
Egs. (4) and (5) is diagonal, and we set some of the
parameters to zero to obtain the smallest 6, for which we
choose M, and M, of the form

0 M,
R0 0
M, = 330, 0 ,
hijy Vi M,
Myt 0 0 M, 0
h v, 0 hy, 0 M,
0 hSowe M0 By
My = | hfsou h$30u h§v.u 0
0 h‘214 Vyk 0 0 My
M7t 0 0 My 0

(13)

Note that since the above matrices are Hermitian and
only M, is complex (M, can always be chosen to be real),
there are just as many nonzero Yukawa couplings as the
light quarks masses and mixing angles. The phase in
M,/M, generates Scxy (and the ratio with %14 the
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Cabibo angle) when we go to the mass basis of the heavy
quarks with a unitary transformation in the 1-4 plane.
Nonzero contributions we find for 6 with the above
minimal choice of nonzero parameters is irreducible.

We choose |M/M,| ~ 0.7 (much smaller values tend to
give a higher 0 as h¢, would have to be higher to get the
Cabibo angle). All the remaining nonzero terms in the
above two matrices are determined from the light quark
masses, mixing angles, and Jcky. We find below an
irreducible 6 ~ 1013 with this choice of parameters.

Before that, to understand the plausible physics that could
generate roughly the above form of the matrices, we note that
M, = M5z = 0 can be obtained by imposing the symmetry
under Qy; 41 = —Q11.41, O = —Q% on Yukawa couplings
and mass terms in (3), (4), and (5). The Yukawa couplings
involving the first and fourth generation break this symmetry
approximately due to the smallness of 2!/, 154 ~ 1075+ in
M, , of Eq. (13). Therefore, |M,|, | M| that also break this
symmetry approximately, can be smaller than M, by a
similarly small factor, which justifies our setting them to
zero in the leading order.

We now go into the mass basis of the heavy quarks by
bringing the mass matrices to the form in Eq. (9) and obtain
the complex Hermitian-Yukawa matrices 4" and h¢ (now
written without the underline).

Since M < vy, below the P breaking scale, h*“ obtain
non-Hermitian corrections Ah*¢ on RGE running and as
found in Ref. [10] generate,

0 ~ ImTr([A]5}5[AR7)5,5) (14)
with
[Ah9)33 ~ [H“R*Th%)5, 5 In(vp/M)/(167°),  (15)

where h* and h¢ inside the square brackets are the 4 x 4
complex Hermitian-Yukawa matrices, and having evalu-
ated the resultant matrix within any square brackets, we
drop its 4th row and 4th column to obtain the corresponding
3 x 3 matrices outside the square brackets. The inverse is
taken after obtaining the 3 x 3 submatrix, and therefore has
been indicated outside the square brackets.

Note that in the above equation, h*h"" is from the beta
function of the one loop RGE for h?. Therefore h*h*'h? is
the Yukawa factor contributing to Ah<.

There is also a contribution from RGE running of 4" that
is obtained with u <> d in Eqgs. (14) and (15).

Using the form of 2% and A" in Eq. (13), with their values
determined by masses and mixing of the usual light quarks
(with |M/M,| ~ 0.7), we find from Egs. (14) and (15) an
irreducible

éM<URined ~ 10_l3ln(UR/M). (16)

While the contribution from AA* vanishes.

Note that using Egs. (13)—(15) the above contribution
can be understood as (1/167%)Y24% ~ 10713 where Y, ~
2 x 107 is the Yukawa coupling of the SM up quark and
Ac is the Cabibo mixing angle.

This irreducible contribution was missed in the example
in the Appendix of Ref. [10] as only a single one-loop
contribution (which could have vanished) was evaluated,
by providing nonzero values for some of the Yukawa
couplings that could have been set to zero. Note that in that
example a h? diagonal basis was used, and so the
corresponding contribution worked out was from Ah¢ that
could have vanished.

We also find that contributions from the two-loop beta
function term h*h*"h?h?" in place of h*h"*" in Eq. (15),
with an additional loop factor of 1/16z2, are of a similar
order of magnitude as (16), while all other two-loop
corrections are several orders of magnitude smaller.

Interestingly, the one- and two-loop corrections under
RGE running evaluated using Eqgs. (14) and (15) vanish if
h* and h¢ are obtained from the Nelson-Barr form [Egs. (6)
and (7)]. This makes sense as it is easy to see from the
Yukawa and mass terms that the Nelson-Barr form is
invariant under RGE running at scales above the mass
M of the heavy quarks. Therefore, @ is not generated under
RGE running between vz and M. The radiative corrections
in the NB case arise at the scale M, since terms that would
cancel for RGE running above the scale M, no longer
cancel at and below the scale M, as the heavy mass cannot
now be taken to be zero.

The two-loop term in Eq. (11) is one such term
(occurring in ImTr([2*h*"h?h?Th?]5,5[h?)5);) when the
upper left 3 x 3 part of 2% and [29]5!; multiply each other)
that does not get canceled for the Nelson-Barr form at the
scale M (but is canceled by the remaining terms in the trace,
above the scale M, for RGE running).

We therefore need to also check that 2*h*"h?h¢" taken
by itself, generates from Eq. (11) only a negligibly small 8
for the Yukawa matrices obtained from the form in Eq. (13),
that we considered in this subsection, and this turns out to
be the case.

One-loop contributions that are 10-1000 times larger
than in Eq. (16) are generated (interestingly those from AA*
are more dominant), when we turn on the Yukawa
couplings and M, that we set to zero to obtain the form
in Eq. (13). Moreover the logarithmic factor could be order
1-10. Therefore we expect @ ~ 10713 to 107'%1In(vgz/M) is
generated and will be found sooner than later by the
neutron EDM experiments.

Since the problem of coincidence of scales is not there in
our model, and since there are no scalars that are usually
associated with NB mechanism, the heavy quarks can be
naturally light and well separated from the Planck scale,
and potentially also be at the current collider scales. The
form in Eq. (13) suggests that the heavy quarks couple very
weakly to the usual quarks. Therefore if a neutron EDM
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corresponding to @ > 10~'2 is found, it may be worthwhile
to look for such weakly coupled heavy quarks in the current
and future colliders.

For the case where vp < M, P protects 0 and the
radiative contributions are suppressed by the factor
(vg/M)? as in the previous subsection. The prefactor will
depend on the couplings in Eq. (13), where we no longer
need to restrict some Yukawa couplings and M; to be zero
or very small.

IV. LEPTONIC CP VIOLATION OR ABSENCE
THEREOF

A. Absence in minimal model

In the Nelson-Barr mechanism with the SM gauge group
and three right-handed neutrinos, the NB scalar singlets
whose VEVs generate dcky in the quark sector, would also
have Majorana type Yukawa couplings with vp (which is a
SM singlet) and generate the CP phase in the leptonic
sector. In that way, it has been argued that there is a
common origin of CP phases in both sectors [23].

However in the left-right model, since the right handed
neutrinos are SU(2), doublets, they get their Majorana
masses through Yukawa couplings with A, whose VEVs
do not violate CP. Also we imposed CP to ensure that the
VEVs of the bidoublet ¢ are real, which was needed to
solve the strong CP problem. Therefore the VEV of A;
which is generated from real Higgs potential terms and real
VEVs of Ay and ¢ is also real. The left- or right-handed
neutrinos cannot pick up any CP-violating Dirac or
Majorana masses with the minimal particle content of
Table I.

This is great for testing the model since, all leptonic CP
phases including the Dirac phase 6-p of the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix must be zero or 7.
Global fits to data from current neutrino experiments are
consistent with §-p = # to within one sigma [35,36] for
normal ordering of neutrino masses. Sindcp =0 is a
prediction that the next-generation neutrino experiments
such as DUNE and Hyper-Kamiokande will be testing with
much greater sensitivity.

Before we proceed to the nonminimal model, it was
noted in [28] while discussing the above absence, that even
in the case of Nelson-Barr solution in the SM and three
right-handed neutrinos, we can also assign the symmetry
required to obtain the NB form such that the NB scalars do
not couple to vg, and then no leptonic CP violation is
generated. In Ref. [23], it was assumed that leptonic CP is
violated, and its possible absence was not considered.

B. Challenges for nonminimal model

In order to generate CP phases in the leptonic sector, we
add to the particle content of Table I a heavy vectorlike
SU(2), doublet lepton family L,; and L% and its parity

counterpart Ly and L) which is an SU(2), doublet family
[and SU(2), singlets].

Unlike for the heavy quarks, note that there are two
physically distinct choices for the heavy leptons to trans-
form under P [28], Ly 4g. L} g = nLgar.nLy ; Withy =
1 or i with all other particles having intrinsic parity 1 as
shown in Eq. (1). If we choose 7 = i then P> = Z, is an
automatic symmetry (as P = P?) that is unbroken by the
scalar VEVs. Therefore the lightest P? odd heavy lepton is
stable and can potentially make up the dark matter. With
this choice, the leptonic CP phases will not be gener-
ated [28].

We will now proceed with the choice, n = 1. The
leptons have the usual Majorana and Dirac-Yukawa
couplings given by if;;(LT oA L + LixryAgL ) and
hLi pL g, hi;Li §L;r where h?, h” are Hermitian due to
P. The i, j now run from 1 to 4. While f,h’, h’ are
originally real due to CP, they acquire complex phases
when we integrate out the heavy leptons (with mass M?),
just like in the quark sector. Therefore, leptonic CP
violation can be generated.

If vg < M? the leptonic CP phases generated at the scale
M? can help with leptogenesis at the SU(2)z x U(1)5_,
breaking scale.

However the challenge is that, if vz < M?, then the
resulting complex Yukawa couplings can radiatively gen-
erate a strong CP phase in just one loop. As shown in
Ref. [29] the complex phases in the leptonic Yukawa matrices
can provide an imaginary contribution [~ImTr(ff h*h’)] to
the dimensionless quartic Higgs coupling @, of the term
o Tr(@' pAL AR + R — L. ¢ — ¢) in one loop. When Ag
picks up a VEV, so that both P and CP are now broken,
0 ~ (m,/m,)Im(a,) is generated.

Therefore the leptonic Yukawa couplings must satisfy
the severe constraint [29]

ImTr(f" fhR%)| < 10711, (17)

This implies that CP violation is immeasurably small (or
absent) in the leptonic sector, or if it is present some of the
Yukawa couplings such as the matrix elements of f must be
small, so that most of the parameter space where they are
larger is ruled out. Also note that Eq. (17) is almost as
constraining as @ < 10~'°, which we are trying to explain.
Therefore generating leptonic CP violation above the scale
vg comes with the above roadblock.

The case vg > M? has not been discussed before. Note
that in this case the neutrinos in SU(2), doublets L;z and
L, pick up Majorana masses above the soft CP breaking
scale M?. Therefore there is no CP violation generated in
the right handed Majorana neutrino masses. This is not
ideal for leptogenesis at this scale.

Below the scale vz we only have the usual SM particles
(without the three right-handed neutrinos) and a heavy
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SU(2), doublet family composed of L,; with L} and a
charged isosinglet-vectorlike heavy electron. There is now
an effective Weinberg type term of the L;HHL; with i, j
going from 1 to 4 with real CP-conserving coefficients.

Below the scale M? we integrate the heavy leptons by
going into their mass basis. This basis rotation leads to
CP-violating phases appear in the light 3 x 3 sector of the
Weinberg term (and hence in the light 3 x 3 neutrino mass
matrix) as well as in the usual charged lepton mass matrices.

Though CP violation observable in ongoing neutrino
experiments is generated in the PMNS matrix, this scenario
is not entirely satisfactory either as it is not generated in the
Majorana masses of the right handed neutrinos. Moreover
if for the quarks v < M so that the radiatively generated 6
is suppressed by the factor (vg/M)? [as in Eq. (12)], then
we’d have a skewed situation with CP violation generated
above the P breaking scale for quarks, and below for
leptons, which is also not very desirable.

V. SOFT TO SPONTANEOUS CP BREAKING

So far we have discussed soft CP breaking. As noted in
Ref. [10], the introduction of a CP-odd, P-even real scalar
singlet o does not spoil the strong CP solution. Therefore
we can impose both P and CP as exact symmetries and
break both of them spontaneously. Crucially the term
p,0Tr(¢*¢h) + H.c. that can generate the strong CP phase
on the breaking of CP, is absent as y, must be real due to P
and purely imaginary due to CP.

Since CP is imposed, M; (i = 1 to 4) in Eq. (5) are now
all real. The Yukawa couplings ih?6(Q;; Qk + L < R)
with h? real due to CP, generate CP violation on mixing
with M;, when o picks up a real VEV.

When we imposed the chiral symmetry to obtain the
Nelson-Barr form the symmetry also sets 4§ to zero. While
if NB form is not strictly required, then Aj can also be
present.

Regardless of the NB form, it appears as if introducing a
real scalar and breaking CP spontaneously generates a
coincidence of scale problem since the scale of the real M;
must be close to the scale of ih7(c). However, there is no
such coincidence of scale issue if we introduce a complex
scalar as below.

We now replace the real scalar singlet ¢ with the complex
scalar singlet S, such that under P, S — S and under CP
S — S§*. When S picks up a complex VEV spontaneously
this breaks CP (while respecting P), and therefore does not
generate the strong CP phase.

This is because terms in the Higgs potential such as
(8" + S*")Tr¢"¢p + H.c. with real coefficients (due to CP)
have the plus sign in the round brackets due to P, where 7 is
a positive integer. Due to the plus sign no complex phase is
generated in terms that involve the bidoublet ¢, even after S
picks a complex VEV, and therefore we continue to have
the strong CP solution.

The P invariant Yukawa couplings (h;S+ h,S*)x
(QiL O + Qir Q) +H.c. (with h;, h; real due to CP)
generate complex mass terms /;(S) + h}(S)* [that add
to the M; of Eq. (5)]. In fact we can set M; = O [in Eq. (5)]
using a Z, symmetry under which Q%, Q; and S are odd
while all other fields are even. This enables the heavy quark
mass terms to be generated entirely from the VEV of §,
thereby showing that there is no coincidence of scales
problem.

Note that the Z, symmetry is anyway automatically
present on the dimensionless parameters and would have
been softly broken by M;, and in absence of M; is now
spontaneously broken. Nonrenormalizable terms with soft
and/or spontaneously broken chiral symmetries are dis-
cussed in Sec. VIIL

It is also interesting that instead of Z, we can impose a
Z4 symmetry under which S — iS; Q;;, Qir = iQi1,i0ir
for subscripti = 1,2,3 and Q4;, Qur = —iQur, —iQ4r, SO
that S only has Yukawa terms such as SQ, Q% and
S*Q04 .0k + L <> R, S — S (where i =1, 2, 3). Terms
such as S*Q;; Q% (with i =1, 2, 3) and SQ,; Q% are
absent due to Z4. Moreover M;Q;; Q% in Eq. (5) are absent
due to Z, for i =1 to 4.

The only term in the scalar potential that depends on the
phase of S is the P, CP, and Z, invariant term A,(S* + §*%)
with 4, real due to CP. For A; > 0 this term is minimized
when Arg(S) = +z/4 and therefore the relative phase
between (S) and (S)* which is the relevant phase for
CP violation is determined to be +7/2.

Imposing Z, also helps reduce the contribution from a
nonrenormalizable term to 6 as we see in Sec. VIIL.

VI. AUTOMATIC NB SOLUTION WITH SU(2),

We now consider the gauge group SU(3), x SU(2), x
SU(2)g x U(1)y with doublet Higgses H; and Hpg, that
usually occur with mirror (or generalized) parity [9,16,19]."
The VEV of Hp breaks SU(2)x x U(1)y — U(1), with
hypercharge Y = I3, + X/2, and Q,, =13, +Y. The
scalar and fermion content is shown in Table II, where
we have allowed for any number m of mirror generations,
including just one. There is no bidoublet ¢ in this model.

Surprisingly we find that there is a strong CP solution
without requiring mirror parity, any additional scalars, or
needing all three mirror generations. As we will now see,
once CP is imposed to make Yukawa couplings real and set
Oqcp = 0, the quark mass matrices have an automatic
Nelson-Barr form in this model, and therefore the most
general soft-CP breaking dimension-3 mass parameters do

"The U(1)y group has sometimes been given the label of
U(1)g_, [37]. As noted in [19] since in mirror parity models the
subscript B — L is not actually the difference between the usual
baryon and lepton numbers for all the quarks and leptons, it
maybe more appropriate to use the subscript X or ¥ instead.
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TABLE II. Fermion content of NB solution featuring SU(2),
with scalars H; and Hy that are usually associated with mirror
parity (or Babu-Mohapatra) solution. Note that i = 1 to 3 for the
three usual generations, while the number of mirror generations
m need not be the same as the usual generations, as we don’t
necessarily impose mitror parity. Therefore o runs from 1 to m
where m is either 1,2, or 3. Note that the gauge singlet neutrinos
are not required by gauge symmetry, and therefore could be in
different numbers though we have taken them to be the same as
their corresponding charged fermions.

SU@3), x SU(2), x SUQ2)x x U(1)y

Hp 1, 1,2, 1)
H, 1,2,1, 1)
qiL (3,2,1,1/3)
Uir (3,1,1,4/3)
dir (3,1, —2/3)
lir (1.2,1,-1)
Vi 1, 1, ,0)
eir (1,1,1,-2)
Our (3.1.2,1/3)
UaL (3.1.1.4/3)
D, (3,1, 1 -2/3)
LaR ( )
N1 1, 1, 1, 0)
E, (1,1,1,-2)

not generate 6 at the tree-level. Thus, as we shall see, CP by
itself solves the strong CP problem without requiring any
other symmetries in this model.

This is interesting as CP itself can be a discrete gauge
symmetry [38], and since the Nelson-Barr form is auto-
matic due to the gauged SU(2), the smallness of & can be
entirely accidental.

We begin by noting that the Yukawa terms are given by

Vg Hpuwig + y&ai Hydjg
+ YU HyQpr + ¥2,D o Hy Qo + Hee.  (18)

with matrix elements of y“¢ yY'? real due to CP
and i, j having values 1 to 3, and «, f having values 1
to m where m can be 1, 2, or 3, depending on the
number of mirror families in the model we consider.
Note that I:IL,R = iTQHZ.R'

CP is softly broken by

M(lzjjl_]aLujR —+ M(lz)jDaLde + H.c. (19)

Crucially using an SU(2) rotation, the VEV(H%) ~ vy
of neutral component of H can always be chosen to be real
and positive, and so when SU(2); x U(1)y breaks to the
SM, the following real CP-conserving mass terms are
generated from Eq. (18)

VRYepUar Upr + VRYDar Dpr, (20)

where U and Dy are the up and down components of the
SU(2)g doublet Qs (shown as Q,r in Table II).

The neutral component of the SM Higgs H; obtains a
VEV ~ v, that can always be chosen to be real, and we
can see using Egs. (18)—(20) that the up- and down-quark
mass matrices automatically have the Nelson-Barr form,

Md:<yd”Wk 0 ) (21)

MP yDUR

where all parameters except those in M? (and M) are real.
By the usual NB mechanism [22] via u-mediation and d-
mediation (we have an equal number of heavy SU(2),
singlet up and down quarks) we can obtain dcky, in the light
3 x 3 sector, on going to the heavy quark mass basis.

Radiative corrections for u#-mediation and d-mediation
using several SU(2), singlet heavy quarks have been
studied in Ref. [25] and @ is well within experimental
bounds for two or fewer heavy ups and several heavy downs.
Though either several heavy ups, or several heavy downs,
have been considered in these studies, we have a mixed case
of m heavy ups and m heavy downs for m mirror generations.

For m = 1, we expect the radiative corrections to
will be well within experimental bounds for the
region of parameter space involving either u-mediation
or d-mediation, through just one heavy quark, that
generates dcxy, While the other heavy quark participates
trivially. Even in the overall parameter space, for m = 1,
the correction is expected to be generated in three loops
and would be small.?

m = 3 is a special case where we can also impose mirror
parity and obtain the Babu-Mohapatra model [9]. We
can replace the subscripts a by i in Table II and under
mirror parity, ¢;, <> Qig.Uig<> Ui, dig<>D;, H; < Hp,
and likewise for the leptons. This then makes MY-P
Hermitian and relates the Yukawa couplings y*? = yU-2"
P is softly broken by dimension-2 mass parameters of
terms ,uLHTHL + p% H] rH R so that VEVs of H; and Hy
can both be nonzero, while being unequal.

Since the Yukawa couplings in Eq. (18) are real, dckyy 1S
generated by the Nelson-Barr mechanism. Note that we can
obtain the usual seesaw form of the Babu-Mohapatra model
by interchanging the first and second columns of the NB
form of the matrix in Eq. (21).

With three heavy up quarks and three heavy down
quarks, the radiative corrections to 6 stemming from the
NB mechanism, can be interesting (even large) based on the
general analysis in Ref. [25].

%Private communication from Luca Vecchi. The mixed case
would be a three-loop effect similar to the case with either u- or d-
mediation, and can be better than u-mediation alone owing to the
alternate route of d-mediation.
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Radiative corrections have also been calculated in the
Babu-Mohapatra model recently (without the NB mecha-
nism/form) and they are also in general found to be in an
interesting [39] or large [40] range.

Since we now have mirror parity we can allow CP to be
broken by all the parameters of the model, as has been
usually considered with Babu-Mohapatra model. Also we
can go to the other extreme and set MY-? = 0 (or small) in
Eq. (19) by imposing a Z, symmetry (or approximate
symmetry). In this case we can obtain ocgy from the
complex Yukawa couplings, exactly as in the usual SM.
There would be a canceling contribution to the strong CP
phase at the tree level from the mirror sector, and the
radiative corrections will likely be negligible, like in
the SM.

For any m with CP imposed, note that we continue to
have an automatic Nelson-Barr solution even if we break
CP spontaneously (instead of softly) by including a scalar
singlet S so that the mass terms in (19) are now real.
Complex phases are generated by the Yukawa couplings of
terms such as SD ;. d ;g and $*D,; d;x when S picks a VEV,
thereby breaking CP spontaneously instead of softly. Note
that S can also be a CP-odd real scalar singlet.

Since the solution is automatic, there is no “required”
symmetry that needs to be imposed to obtain the NB form.
Therefore, unlike in the last paragraph of Sec. IV A where
the required symmetry could be imposed to either allow or
prevent leptonic CP violation, Svkvg (and with S*) are now
allowed and produce leptonic CP violation. Unless they are
specifically forbidden by imposing an additional symmetry
that is not required for the NB form.

Of course if CP is broken softly without the scalar S,
then whether to also impose soft CP breaking in the
leptonic sector is a matter of choice.

VII. SM WITH SOFT CP BREAKING

For completeness, motivated by mirror parity inspired
NB solution, we also consider just the SM with the addition
of a vectorlike singlet heavy quark with components D,
Dp (both with the same SM gauge quantum numbers as the
usual right handed down quarks d,z), and a real CP even
scalar singlet ¢ with Yukawa term 6D; Dg. In this case note
that imposing CP on dimensionless parameters (real
Yukawa couplings, and 0ycp = 0), and having a symmetry
under Dp — —Dpg, 0 — —o (broken spontaneously by real
VEV of ¢) generates the NB form, with CP broken softly
by dimension-3 mass terms MP D, d;, with complex MP.

This turns out to be a slightly more minimal way of
achieving NB solution than the minimal model of
Refs. [22,41].

VIII. NONRENORMALIZABLE TERMS

We will consider nonrenormalizable terms suppressed by
high-energy scale A (or the Plank scale). We will begin with

the particle content of Table I, that has the triplet and
bidoublet Higgses, and includes a heavy quark family.
Regardless of the strong CP phase, note that the term

Qi ORTr(AjAR) /A + 0ir Q) Tr(AJ AL) /A
~ (vk/7) Qi O (22)

contributes a mass ~v%/A ~ 10 GeV to the heavy quark
mass, where we have taken for example, vy ~ 1013 GeV
and A ~ 10'® GeV. Therefore if the coefficient of the above
term is O(1), then it would appear as if heavy fermions,
whose masses ~M are protected by chiral symmetries (such
as under Q% — ¢'®Q%) and therefore can be naturally light,
would require fine-tuning if they are lighter than 10® GeV.

Therefore we suppress the above term by a factor M /A,
so that it is protected by the same chiral symmetry, and
vanishes as M — 0 and the symmetry is restored. In other
words we consider nonrenormalizable terms that, like
renormalizable terms, are protected by approximate (or
softly broken) symmetries.

With this ansatz the above term can be rewritten as

Ci<M/A)QiLQlRTr<A-Ir€AR)/ANCiM(UR/A)zQiLQ;e’ (23)

where c¢; are complex. Since the above term is not
Hermitian [as (A;) < vg in Eq. (22)], it generates

éNon—Renorm ~ C,(M/A)(’U%/A)/M ~ Ci(”R/A)z (24)

when it is considered along with the Hermitian terms
of Eq. (5). This is acceptably small for vy < 10" Geyv,
which just about includes the canonical seesaw scale and
A~ 10" GeV.

It is interesting that this contribution to 6 does not
depend on M, or even whether M is larger or smaller than
vg. Nor does it vanish for the Nelson-Barr form in Eq. (5)
since ¢4 can be complex.

Instead of dealing with the soft-breaking of chiral
symmetry in the above manner, we can introduce the
complex scalar singlet S of Sec. V and consider non-
renormalizable terms that respect P, CP, and spontane-
ously broken Z, under which Q}, Q% and S are odd and
other fields are even.

Due to Z, the above term in Eqgs. (22) and (23) is absent,
and instead we have Z, invariant terms such as

riSQu QR Tr(ALAR) /A2 + L < R (25)

with real couplings r;, and |(S)| sets the mass scale of the
heavy quarks. Since (S) is complex and violates CP, 6 ~
(ri{(S)/1(S))(vr/A)* ~ (vg/A)?* is induced when P is
broken at the scale v, which is consistent with the previous
result [Eq. (24)] from soft breaking of chiral symmetry.
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Contribution of 6~ ({S)/A)? can be found by con-
sidering the Z, invariant nonrenormalizable term
S2Tr (¢t pARAR)/ A%, with the heavy-quark mass scale set
by |(S)|. This is because the VEV k, of the bidoublet ¢ picks
up a complex phase ~((S)/A)?. However, this Z, invariant
term is absent and the contribution is further suppressed so
that @ ~ ((S)/A)*if the Z, symmetry discussed at the end of
Sec. V is introduced. In this case the Z, symmetric non-
renormalizable term is S*Tr(¢'pALAg)/A*. Such a non-
renormalizable term is absent in the minimal model of
Table I without the singlet S.

While we have discussed generic nonrenormalizable
terms, we also note that without specific knowledge of
these terms and a consistent way of evaluating their loop
corrections, it may be better just to focus on the renorma-
lizable terms and the testable predictions, notably the
absence of leptonic CP violation for the minimal model
of Table 1.

Now for the mirror-parity inspired particle content of
Table II, with doublet Higgses (rather than the bidoublet),
and having the automatic Nelson Barr solution discussed in
Sec. VI, the zero in the matrix (21) will get a correction due
to the nonrenormalizable term g;; H LH}e Oqr/A which
generates (on evaluation of the determinant) § ~ MP /A ~
vg/ A for the case m = 1, that is with one mirror family and
no mirror parity. Thus, we would expect the heavy mirror
quarks to be at a scale vz < 108 GeV for @ < 10710, for the
particle content of Table II.

IX. CONCLUSIONS

While P and CP have historically been treated as two
different approaches to the strong CP problem, in this work
we find that in the popular left-right symmetric model
based on SU(2), x SU(2)g x U(1)p_, with bidoublet
Higgs, where P sets Ogcp to zero, the heavy quark family
needed to generate the CKM phase can have couplings of
the Nelson-Barr form which has so far only been seen in
solutions with spontaneous CP violation. The NB solution
we obtain does not have the problem of requiring a close
coincidence of scales between CP breaking VEVs and CP
conserving mass terms, which is the vexing issue that all
other NB solutions have. Moreover P protects 6 if it breaks
at a scale vy below the mass M of the heavy quarks. Thus,

in our model 6 ~ 107°(vg/M)? is generated which can be
sufficiently small even if M is only an order of magnitude
larger than vp.

If the heavy masses are below the P breaking scale, so
that M < wvg, to our surprise we find irreducible corrections
under RGE running to 6 ~ (10713 to 10719) In(vgx/M) that
are in the reach of ongoing neutron EDM experiments. If
experiments discover a neutron EDM consistent with 6 >
102 then it may be worth looking for these heavy quarks
that have very small Yukawa couplings with the usual
quarks in future colliders. §cky in this case is not generated
through the NB mechanism, as the latter gives a much
higher irreducible 6 ~ 107,

An exciting testable prediction is the absence of leptonic
CP violation in the minimal model we consider in Table I.
We predict sin(6cp) = 0 for the Dirac CP phase (6¢p) of
the PMNS matrix. Global fits to current neutrino experi-
ments’ data are consistent with this prediction and we look
forward to future experiments with greater sensitivity. The
absence of leptonic d-p has been discussed before [27,28]
in the context of Refs. [10,29]. We also discuss some
challenges in a nonminimal model that can generate
leptonic CP violation.

Last but not the least, we find that in models with mirror
(or generalized) parity, and containing doublet rather than
the bidoublet Higgses, there is an automatic Nelson-Barr
solution on imposing CP. This is a new and more
economical approach to addressing the strong CP problem
with SU(2), x SU(2)g group and respective doublet
Higgses (rather than the bidoublet), since we do not have
to impose mirror parity and can also have just one mirror
generation.

It is interesting that mirror parity inspired us to find a
solution to the strong CP puzzle where CP by itself solves
the strong CP problem, and P is not imposed, while the NB
form is accidental due to the gauged SU(2)g. If CP is a
discrete gauge symmetry and the Nelson-Barr form is
accidental due to a gauged SU(2)g, then the smallness
of @ can be entirely accidental.
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