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to the strong CP problem

Lawrence J. Hall®,%? Keisuke Harigaya©%%¢ and Yogev Shpilman®/
@Department of Physics, University of California,
866 Physics North, Berkeley, California 94720, U.S.A.
YTheoretical Physics Group, Lawrence Berkeley National Laboratory,
1 Cyclotron Rd, Berkeley, California 94720, U.S.A.
¢Department of Physics, University of Chicago,
5720 South Ellis Avenue, Chicago, IL 60637, U.S.A.
dEnrico Fermi Institute and Kavli Institute for Cosmological Physics, University of Chicago,
933 East 56th Street, Chicago, IL 60637, U.S.A.
¢Kavli Institute for the Physics and Mathematics of the Universe (WPI),
The University of Tokyo Institutes for Advanced Study, The University of Tokyo,
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8583, Japan

f Department of Particle Physics and Astrophysics, Weizmann Institute of Science,
234 Herzl Street, Rehovot 7610001, Israel
E-mail: 1jh@berkeley.edu, kharigaya®@uchicago.edu,
yogev.shpilman@weizmann.ac.il

ABSTRACT: The strong CP problem is solved in Parity symmetric theories, with the elec-
troweak gauge group containing SU(2);, x SU(2)r broken by the minimal set of Higgs fields.
Neutrino masses may be explained by adding the same number of gauge singlet fermions as
the number of generations. The neutrino masses vanish at tree-level and are only radiatively
generated, leading to larger couplings of right-handed neutrinos to Standard Model particles
than with the tree-level seesaw mechanism. We compute these radiative corrections and the
mixing angles between left- and right-handed neutrinos. We discuss sensitivities to these
right-handed neutrinos from a variety of future experiments that search for heavy neutral
leptons with masses from tens of MeV to the multi-TeV scale.
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1 Introduction

The only known neutral fundamental fermions are the three active neutrinos, and a large
and diverse experimental program aims to measure their masses and mixing matrix to high
accuracy. However, the detailed mechanism underlying the origin of these masses is unknown
and likely involves new heavy neutral leptons, so part of the neutrino program is focused
on the discovery of such states [1]. A variety of techniques have been used in the past and
are planned for the future, depending on the masses of these new fermions. For example, for
masses below about 100 MeV, they could be seen in precision measurements of the e/u ratio
in 7 decays, such as PIONEER at PSI; for masses up to the kaon mass they could be seen in
K decays in experiments designed for the rare mode Kj — wiv, such as NA62 at CERN.
Alternatively, they could be discovered in future experiments with beam dumps: for masses
up to 0.5 GeV at HyperKamiokande, up to 2 GeV at DUNE at Fermilab, and up to 5 GeV
at SHiP at CERN. Future electron, muon, and hadron colliders will extend the searches of
ATLAS and CMS for masses from the GeV scale to well over a TeV.

The seesaw mechanism is a minimal extension of the Standard Model that accounts for
the observed neutrino masses, m,,, and mixings [2-5]. Three gauge singlet fermions, S, are
added with Yukawa interactions to the active neutrinos and Majorana masses Mg, larger
than the Dirac terms arising from electroweak symmetry breaking. These new heavy neutral
leptons mix with the active neutrinos with angle 6 where

62 ~ ¥ (1.1)

However, none of the proposed experiments have sufficient sensitivity to reach this pre-
diction [1]. Non-minimal neutrino mass models with larger mixing between gauge singlet



fermions and the active neutrinos have been discussed in the literature, including inverse [6-§]
and linear [9-11] seesaw models. In this paper, we study an alternative simple scheme for
neutrino masses based on extensions of the Standard Model that restore spacetime parity,
thereby solving the strong CP problem with the minimal Higgs content.

The strong CP problem can be elegantly solved in theories containing two SU(2) gauge
groups that are interchanged by a spacetime parity symmetry: SU(2); < SU(2)g [12-
16]. We focus on the theory where this electroweak sector is spontaneously broken by the
simplest possible Higgs sector containing two scalar fields, Hy(2,1) and Hg(1,2), that are
doublets under one SU(2) and singlets under the other. The parity symmetry may be
approximate [14, 15] or exact [16]. The left-handed leptons are in doublets ¢(2,1) and parity
requires right-handed neutrinos that live in £(1,2). As in the Standard Model, gauge symmetry
forbids any interactions up to dimension 4 that lead to neutrino masses, so, in analogy with
the seesaw mechanism, we introduce three gauge singlet fermions .S, with Majorana masses,
that have Yukawa interactions to the neutrinos: S(¢Hy, + ¢Hpg). Thus, with parity solving
the strong CP problem, the seesaw mechanism of the Standard Model is extended by

ySCH;, — xS(HL +(Hg), (1.2)

where y and x are 3 x 3 Yukawa coupling matrices in flavor space. The minimal Higgs
structure of this theory implies there are no Yukawa couplings for the charged fermions; their
masses also arise from integrating out heavy fermions via a seesaw mechanism.

One consequence of this extension is that each generation has three neutral leptons, v, v
and S, rather than two. When H g acquire vacuum values, vy, g, only one combination
of the neutrinos of each generation, which we call NV and is mainly v, couples to S and
becomes heavy, with mass M. The orthogonal combination, mainly v, remains massless at
tree-level and acquires mass via 1-loop corrections. We call this theory of neutrino masses
the “Radiative Singlet Model”. It is the minimal origin for Majorana neutrino masses in
theories where parity solves the strong CP problem.

In this paper, we compute the light neutrino masses and the mixing angles between the
heavy and light neutrinos in this theory. We discover that the mixing angle between v and
N involves an enhancement factor £ compared to the SM seesaw result

m
0>=F —Z2.
My

(1.3)

E is always proportional to the inverse of the small loop factor arising from the radiative
neutrino mass computation. In addition, the neutral fermion mass matrix involves the mass
scales (Mg, zvg,vr) and, in certain regions of parameter space, E is enhanced by ratios of
these scales. Consequently, we show that there are viable regions of parameter space for each
of the above experiments to discover a heavy neutral lepton signal via these mixing angles.
This would provide indirect evidence for the parity solution of the strong CP problem and
determine the scale vy of spontaneous parity breaking.

There is an alternative option for neutrino masses in this model: without adding singlet
fermions, the lepton number is unbroken by interactions up to dimension 5, and the neutrinos
acquire Dirac masses at 2-loop order [17, 18]. In this case, there are no signals of heavy
neutral leptons, but the theory can be completely probed by future searches for a cosmological



Hy|Hr|a| @ | & |6 | U | Ui | Di | D | E; | E;
su@.| 1|1 |33 |1 [1[3|3|3]|3|1]|1
su2),| 2 |1 |21 |2 1111|111
SU2r| 1 | 2 |12 |1 |2|1|1|1[1]|1]1

1 1 1 1 1 1 2 2 1 1
Ux | 3 | =36 | 6| 2|25 |-35|-5|3 |11

Table 1. The gauge charges of Higgses and fermions in the LR theory.

dark radiation signal. However, if SU(2)r, <> SU(2)g is unified into an SO(10) grand unified
theory, the interactions that generate the seesaw for charged fermions are also expected to
generate a seesaw for neutrinos, leading to the heavy neutral lepton signals of this paper.

In the next section, we describe how the strong CP problem is solved by parity in the
LR model, and also mention the case of the mirror model. In section 3 we discuss the general
form of the neutrino mass matrix in the Radiative Singlet Model, and then compute the
1-loop radiative corrections to the light neutrino masses, in cases where Mg is larger and
smaller than zvg, with detailed results presented in the appendix. In section 4 we present
our results for the v/N mixing angle as a function of My and compare with the reaches of
proposed experiments. Conclusions are drawn in section 5.

2 Parity solution to the strong CP problem

In this section, we review a parity solution to the strong CP problem that has minimal Higgs
content. To restore Parity, the SM gauge group is extended to SU(3). x SU(2) x SU(2)r X
U(1)x, and SU(2)r x U(1)x is broken down to U(1)y. The minimal way to achieve this is
to introduce Hg(1,1,2,1/2) that is a parity partner of the SM Higgs Hy(1,2,1,1/2). The
minimal fermion content around the parity breaking scale vg is ¢;, @, £i, and ; (i=1,2,3),
whose gauge charges are shown in table 1. ¢ and ¢ are SM quark and lepton doublets
respectively. The right-handed quarks and leptons are embedded into ¢ and .
Renormalizable yukawa couplings of fermions to Hy, are forbidden by the gauge symmetry.
At the effective theory level, yukawa couplings are generated from dimension-5 operators,

L= C% quJHLHR + ng qijHzHE + ij &ZJHZH;, (21)

where ¢4

¢ are hermitian matrices. These operators may be UV-completed by introducing
Dirac fermions in the similar manner as the universal seesaw model [19]. For example, the
up yukawa couplings may be UV-completed by introducing U and U whose gauge charges

are shown in table 1. The UV-completed Lagrangian is

where M" is hermitian. Assuming M" > z%wvg, we may integrate out the Dirac fermions to
obtain the effective operators in eq. (2.1). It is also possible that M < xvg, for which the
SM right-handed up-type quarks are dominantly U and the effective theory description in
eq. (2.1) is not valid. For the top yukawa, which is as large as 0.5 even at energy scales much



above the weak scale, M should be around or below vg, so the effective theory description
is valid at the best as an order-of-magnitude estimation. The down and electron yukawa
couplings can be UV-completed in the same way by introducing D, D, E, and E whose
charges are shown in table 1.

The theory readily solves the strong CP problem. The parity transformation on fermions is

q(t,x) = ic’q (t,—x), U(t,x) — ic’U*(t,—x), ---. (2.3)

The theta term is parity odd and is forbidden. In the effective theory in eq. (2.1), Parity
requires that the matrices ¢;; are hermitian, and corrections to the strong CP phase from
quark masses are also absent at tree-level. Non-zero threshold corrections arise at loop
level [16, 20, 21], but they are safely below the experimental upper bound. The RGE
correction between vg and the electroweak symmetry breaking scale is even smaller [22].
This is in contrast to models with SU(2)g breaking by a triplet scalar, where a tree-level
strong CP phase arises from physical phases in the Higgs potential; extra symmetry, such
as supersymmetry [23, 24], is needed to forbid these phases.
The scalar potential of this model is given by

V (Hy, Hy) = —m? (|Ho + [HeP) + 5 (1P + [Ha®)” + N o | Haf + Am?|Hy
(2.4)
where the last term softly breaks parity and may come from spontaneous breaking in another
sector [14]. When m? > 0, Hg acquires a large VEV of (Hg) = vg = /mZ/\. After
integrating out Hpg, the low-energy effective potential of H; becomes

N
Vig (Hp) = ()\/U% + Am2) ’HL|2 Y <1 + 2)\) |HL‘4 . (2.5)

v, < vgr may be obtained by X' < 0 and Am? > 0. Alternatively, we may use the Higgs Parity
mechanism, where Am? = 0 and X ~ 0 and the quantum correction from the top yukawa
coupling achieve v;, < vg within the theory that contains only Hj, and Hp scalars [16]. In
this theory, the SM Higgs quartic coupling is predicted to vanish at vg. If the running of
the quartic coupling is given by the SM one, vg = 1019713 GeV is predicted. If the SM Higgs
has extra yukawa coupling, vg may be lower.

The model with minimal Higgs content is also advantageous in avoiding extra hierarchy
problems [16]. The smallness of the SU(2) symmetry breaking scale, vg, in general requires
fine-tuning of m? of O(A?/v%), where A is the cutoff scale. Because of the parity symmetry,
the fine-tuning automatically fine-tunes the mass scale of Hy, down to vg, and the electroweak
hierarchy is O(v%/v?). The total fine-tuning is O(A?/v?), which is the same as the SM. The
mechanism to obtain vy < vg, however, may introduce extra fine-tuning. If it is achieved by
Am? # 0 from the coupling of Hy, g to a fundamental Parity-odd scalar field that obtains a
non-zero VEV [14], the smallness of the mass of this additional scalar needs extra fine-tuning.
If the Parity-odd field is composite, the extra fine-tuning is avoided. In the Higgs Parity
mechanism, there is no scalar beyond Hj, and Hg, so no extra hierarchy problem is introduced.

SU(3). x SU(2)1, x SU(2)g x U(1) is a subgroup of the Pati-Salam gauge group SU(4) x
SU(2);, x SU(2)g [25]. Indeed, (¢,¢) and (q,¢) can be unified into (4,2,1) and (4,1,2)



respectively. Hyp and Hp form (4,2,1) and (4,1,2) together with colored Higgses. The
embedding of Dirac fermions can be found in ref. [16]. The VEV of Hp breaks SU(4) x
SU(2)r x SU(2)r directly to the SM gauge group without an intermediate SU(3). x SU(2) 1, x
SU(2)r x U(1) symmetry. The discussion in this paper applies directly to this theory as
long as the singlet S is embedded into (1,1,1) or (15,1,1) of the Pati-Salam gauge group,*
except that the running of the gauge couplings, which can affect the quantum corrections
to the neutrino mass, may need to be modified, at least above vg. Also, if the running
of the gauge couplings between vy, and vg is the same as the SM running, the Pati-Salam
unification requires vp ~ 1014 GeV. As we will see, the mixings between the right-handed
neutrinos and SM neutrinos are proportional to vy /vg, so the right-handed neutrinos are
hard to detect for vg ~ 104 GeV. Extra charged particles below vg can change the running
so that lower values of vg, required for observable mixing signals discussed in this paper,
are consistent with the Pati-Salam unification. In these theories, quark and charge lepton
masses arise from integrating out heavy Dirac states. We find that simple choices for these
heavy states yield sufficient proton stability that vz can be as low as 10° GeV, the limit
from the rare kaon decay Kj — pe [26-28].

The strong CP problem may be solved in other theories with SU(3). x SU(2), x SU(2) g X
U(1) that differ from the minimal one described above in the parity transformation law [16], or
have a mirror electroweak gauge extension SU(3). x SU(2), x SU(2)} x U(1)y x U(1)} [29, 30].
In these theories, some or all of the SM fermions have Parity partners that are not SM
fermions. The structure of the neutrino sector discussed in the next section in those models
is the same as that in the LR model, and the analysis in this paper is applicable to all
models. However, those models predict a parity partner of the up quark that is colored
and whose mass is y,vgr. As we will see, in the parameter region that can be probed by
the right-handed neutrino searches, vg < 10® GeV, and such a region is already excluded
by new colored particle searches at hadron colliders.

3 Neutrino masses from the Radiative Singlet Model

In both the LR and Mirror theories with Higgs Parity, neutrino masses may arise from
operators of dimension 5
1

Lv="5m

* 7 7 1 7
(&Cijfj HpH; + &'Cijfj HRHR) ~ fibijﬁj H;iHpr + h.c., (3.1)

where M is real, ¢;; is symmetric and b;; is Hermitian. This leads to a 6 x 6 neutrino

(Vi 171‘) (MZ} vi /v, y]z\Z)L) <Vj>’ (3.2)

YjivL Vj

mass matrix,

where M;; = cijv%/M and y;; = bjjur/M. Without loss of generality, we can work in a
basis where ¢;; is diagonal such that

Mij = M,; 5ij7 (3'3>

!For other choices, the exchange of non-singlet fermions can generate non-zero tree-level neutrino masses.



with all M; real and positive and no summation over indices. On integrating out the three
heavy states assuming cv% > bvpvg, we obtain a mass matrix for the three light neutrinos:

2
v 1 .
_ L T .2 __ dir sS
mi; = 51']'?2 M; — yix M Y VL = 51’]’ my — My (3'4)
R k

We call the first term the “direct” contribution and the second the “seesaw” contribution.
Perhaps the simplest UV completion for the operators in eq. (3.1) results from introducing
three gauge-singlet Weyl fermions S;, that are parity even, S; <> SZ-T . Remarkably, this leads
to correlations between c;; and b;; so that the light neutrinos are massless at tree-level. We
call this the Radiative Singlet Model and it has Lagrangian
ﬁ(Sz) =-5; (iL';k] EjHL + x5 EjHR) — % S; S;S; + h.c. (3.5)
with Mg, real.

We graphically illustrate the relation between the scales of the parameter space in the
upper panel of figure 1. The pattern of radiative neutrino masses depends on whether the
singlet masses are larger or smaller than the xvr mass terms. In the unshaded region, where
Mg > xvg, we may integrate out S to obtain the mass matrix in eq. (3.2) with relations
among the parameters, up to quantum corrections. The right-handed neutrinos are Majorana
fermions. In the gray-shaded region, where Mg < zvr, we obtain a qualitatively different
theory that cannot be described by the effective theory of eq. (3.1) with the mass matrix
in eq. (3.2). The right-handed neutrinos form pseudo-Dirac fermions paired with S. We
explore these cases in the next two subsections.

3.1 Heavy Majorana singlets

Taking
MS¢ > |$”| VR, all 4, § (36)

S; may be integrated out, giving the dimension-5 operators of eq. (3.1). The light neutrinos
are massless at tree-level because each S; couples to only one combination of right-handed
neutrinos and active neutrinos, leaving the three orthogonal combinations massless. For
example, in a 1-generation version of the theory, the right-handed neutrino mass is My =
:UQU%E/MS and the neutrino Yukawa coupling is y = x?vr/Mg, giving the correlation y =
My /vg. The direct and seesaw neutrino masses are equal,

. y2v2 .CC2”U2

v T My Mg’

mdr = m (3.7)
so that the light active neutrino is massless at tree-level.

In the three-generation theory, we seek a convenient mass eigenstate basis for the right-
handed neutrinos. Since the S; are integrated out, we find it convenient to first go to a
non-canonical basis by rescaling S; — Sj\/Mg/Msg,, where Mg is any convenient mass scale,

so that the S mass matrix is proportional to the unit matrix. In this basis, the dimension-5
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Figure 1. Projections on the |9|2 — My plane in the one-generation picture. Top: the hierarchies
between the different scales in the parameter space. In the shaded area, S and N form a pseudo-Dirac
state, while in the non-shaded area, they each obtain a Majorana mass separately. Bottom: curves
for specific constraints in the parameter space, as indicated by the labels above them. In the upper
Pseudo-Dirac region, where Mg < zvg, two lines of constant x are shown, with z = 1 (green)
and z = 1073 (blue). In the lower Majorana region, where Mg > xvg, we show a curve where
Mg = 10 zvg (orange) and a line with a constant x = 1 (red).



operators of the EFT are

1

EVZQMS

_ _ 1 _
(EZ (:L’TIL‘);‘j gj HLHL + EZ (ZL‘T:L')ij Ej HRHR) + ﬁs fl (:ET:L')ij fj HLHR + h.c..
(3.8)

Comparing with (3.1), the previously independent coupling matrices b and ¢ are now correlated,

T

with b = 2z, ¢ = 272 and M = Mg. Thus the right-handed neutrino mass matrix and

the Yukawa coupling matrix are also correlated
2
My = —aTa 2 y=—atox - (3.9)

Neutrino masses and laboratory signals of right-handed neutrino decay thus depend on a
single flavor matrix z. It is a general complex matrix that can be made diagonal by a bi-unitary
transformation x = UxpV where zp is diagonal with entries 1 < zo < x3. The unitary
matrix V' can be eliminated by a transformation on the lepton doublets. The unitary matrix U
contains three rotation angles and three phases, since three other phases can also be removed
by transforming lepton doublet fields. A convenient form [31] for the resulting x matrix is

xTr = ReiA Irp, Aij = eijkﬁk (310)

where the matrix A is real and anti-symmetric and R is a rotation matrix, R7 = R~!. This
parameterization is a mass basis for the right-handed neutrinos, with

2 v,
i =it i = (), 2
i YR
vij = — (zp); (e? A)ij (xD)j Mg’
QA 1 Z,smhﬂ(Zﬁ)A B COSh(Zf) — 1A2 =1+id, B=\/B2+62+62 (3.11)

Remarkably, the three rotation angles of the R matrix do not appear in either My, or y;;
and hence do not affect neutrino physics.

The direct and seesaw masses for the active neutrinos at tree-level are also diagonal
in this basis,

2“2

dirss)
m;'" = 0 Ty —.
( ij 7T Mg

v

(3.12)

Since the active neutrino mass matrix is the difference between the direct and seesaw masses,

eq. (3.4), the light active neutrinos are massless at tree-level. The full 1-loop expressions

for the active neutrino masses, which we used to draw the figures of this paper, appear in

appendix A. However, we can find a few simple approximations in certain limits.
For now, we consider one generation. The mixing between N and v is

_ YL _ YL

p=2L - "L 3.13
My~ on (3.13)

Remarkably, we may determined the parity symmetry breaking scale vy by measuring 6. We
may express 0 as a function of My and other parameters for various cases. Before showing



the results including logarithmic enhancement by the renormalization group (RG) effect, we
show simple estimations based on symmetry considerations and dimensional analysis. For
Mg > My, we may integrate out S above the weak scale. The one-loop corrections to the
neutrino mass arise from the momentum integration above the weak scale and hence are not
suppressed by the weak scale. For Mg < My, we may not integrate out S above the weak
scale. Rather, one-loop corrections arise via the momentum integration between the weak
scale and Mg, with an insertion of Mg, and are suppressed by the weak scale. We obtain

N eEmaE = L 02 My : Ms > My
my ~ g%a? Msv% 9 ] (3.14)
o i ~ & 92 My ( W) : Mg < My .
Using this, we may express 6 in favor of other parameters,
8m2 - M
=5 Mg > MW
0 ~ ]”\; R AN (3.15)
N (WVSV) : Mg < My .

Compared to the mixing angle for the tree-level seesaw \955\2 = m, /My, we notice a loop
enhancement in our model. In addition, for My, > Mg we obtain a power enhancement
of M3,/M%. The first line in eq. (3.15) determines the boundary between the shaded and
unshaded regions at My > my and the dashed line in the upper panel of figure 1. The
second line with Mg = My determines the boundary between the shaded and unshaded
regions at My < My in the upper panel of figure 1.

For Mg < v, it may be possible to search for S via its mixing with the light neutrino
with angle

» My
Mg

Vg, 2

0> = |=~
’l/5| MS

= 10| (3.16)

However, this is smaller than the N-v mixing |6 |2, so typically the search for S is not the
most sensitive probe of the model; we just note that its mixing angle is predicted once 6,
My, and Mg are fixed.

We now present the full results, including the logarithmic enhancements and O(1) factors.
The calculation of m,, is based on a fixed order computation that has a large log. The log
term depends on the domain in the parameter space in which we are looking. When including
it, the neutrino masses in different limits in the parameter space are given by

m, = 68*My /E, (3.17)
where
2 M?2
3& log (ﬁ) + ZL log (]\J/\f—f) My < v < vp < Mg
M
E*lz% L (logM ) (logMS +log ) v LK My < vp < Mg
8 Zlog + hL log My < v € Mg < vp
L
(310g ) My <€ Mg < vy, .
(3.18)



The large log may be understood as an RG correction from the Higgs quartic coupling and
the gauge coupling. As M ,%L x A, we treat this by replacing outside the log

Mg, — M, (My), (3.19)
where
log(M2/Mz)
A TAT AR OV o TeyATy A (10g MLZ) dlogp vy $ My < Mo
Th = log(M1 /Mz) (3.20)

1 2M1<M2§1)L,

with M being the larger scale in the log, and M; being the smaller scale. The running of A
needs to be calculated separately. Due to the large logs and the fast roll of A\ between the
different scales, this correction is important and changes the final results considerably. To be
more precise, the running of M also needs to be considered. However, as Mz o< /g3 + g3
which is dominated by the slowly rolled go, this correction is expected to be small. Nevertheless,
we added it to the numeric calculation by replacing outside the log

M2 — rzM%(Mz), (3.21)
where
log(M2/Mz)
1 2 12 .
= Mz (log s ) dlogu :vp S My < M.
ry = { Mz(og(n/Mz)=0)log(Mz/M) log(M{/Mz) z ( MZ) 8 1 T (322)
1 : My < My 5 VL.

The exact relation between m,,, My and 6 can be numerically calculated by inserting eq. (A.5)—
(A.7) into eq. (A.4) and performing the RGE improvement described above. In the lower
panel of figure 1 we show the signal strength \9]2 as a function of the heavy neutrino mass
M according to this numerical calculation in the one flavor picture. The two lower contours
live in the heavy Majorana singlet region.
In the three-neutrino picture, for A = 0, where A is presented in eq. (3.10), the mixing

angle is given by
2 My,

My’

3

where U is the standard PMNS matrix [32]. Here Mg and z in the formula for E should
be taken to be physical ones, rather than rescaled ones.

|9ai’2 =F |Uai| (323)

Non-zero A changes the prediction on the mixing. If § is much larger than O(1),
the mixing angle can be exponentially enhanced. That, however, corresponds to the case
where the contributions from the exchanges of different S; cancel with each other, which
generically requires fine-tuning. We thus focus on the case where |§;] < 1. As explained in
appendix A.1.2, the mixing angle can be approximated via
2

My,
M—Ni :

My,

J

M,

0ai> = E (3.24)

Uai + 1 Z UajAij
J
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Here the active neutrino mass basis is aligned with the right-handed neutrino mass basis, and
the label ¢ = 1, 2, 3 follows the convention used in the PDG [32]. It might seem that even O(1)
values of [ can significantly enhance the mixing angle. For example, |U.s| ~ 0.1 gives a strong
suppression for 0.3 for A = 0, but A13 = O(1) gives O3 < U1 A13. This, however, also requires
tuning. Indeed, A;3 = O(1) means that x13 is comparable to x1; or 33, and the small (m, )13
results from the cancellation between contributions from difference S;. In section 4, we discuss
the sensitivity of future experiments to the right-handed neutrinos, simply by taking A = 0.

3.2 Light singlets and radiative inverse seesaw

In the previous subsection, we assumed that the largest mass scale in eq. (3.5) is Mg. We may
take another limit where Mg < xvg. The effective theory below the scale of Parity breaking is

1 X
[, = —l‘iURSiVi - §M5ij SzS] —Z; SZ'EZ'HL, (325)

where we take the basis with diagonal x. In the limit Mg = 0, lepton number is conserved.
Three linear combinations of v and ©, which we call N and are predominantly v, obtain
Dirac masses paired with S;. The orthogonal three linear combinations remain massless. For
non-zero Mg, lepton number is violated so that each S/N pair becomes pseudo-Dirac. In
the EFT after integrating out these pseudo-Dirac states, there is no symmetry to prevent
v from having non-zero Majorana masses. Still, such Majorana masses vanish at tree-level,
and are generated by one-loop corrections. We found that the corrections from the heavy
SU(2)r gauge bosons Wg are subdominant in comparison with the electroweak corrections,
so the setup is reduced to the radiative inverse seesaw model [8].

Let us first consider the one-generation case. We find that the resultant neutrino mass is?
My, M3
2 —14 tlog—L—Z . gup < My
My ~ 2 Mg X angzangz  O0F) (3.26)
Y 8n2 s 3MZ+MhL '

txvRp > My .

2,2
4;1cvR

Here we took the limits xvp < My or xvg > Myy. The result without these limits is
shown in appendix A. The mass of the right-handed neutrino and mixing with the SM

neutrino are given by

T VR

MN = TVR = 100 GeV10_3 m, (327)
2 5 2
62 = <”L> =3x10° <1OGeV> . (3.28)
UR VR

2For the second case, ref. [8] finds a log-enhancement factor of log (xvr/Mz), which we do not. Indeed,
from the EFT point of view, there should not be log enhancement at the one-loop level. For zvr > Mw, the
EFT of the SM with the dimension-5 operator (¢H,)? results from integrating out S and . In order for the
coefficient of the dimension-5 operator to be log-enhanced at the one-loop level, the dimension-5 operator
must be present in the EFT at tree-level; however, the tree-level term is absent because the light neutrinos are
massless at tree-level. There can be log-enhanced corrections from dimension-7 operators such as (9¢H)?
and the dimension-2 operator |H L\Q to the dimension-5 operator, but that is suppressed by more powers of

vr/(zvR).
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The enhancement factor E compared to the seesaw model, which is shown in eq. (1.3),
is given by

My, M%
(zvgr)*

zvprMg

—1
2
) L (—1 + %log ) s xvp < My
B e 7\ (3.29)
ng L LUVR > MW .

The requirement of this subsection that Mg < zvg translates into the 82 — My plane as
the constraints

872m,v2 _ 3
Tomyvp 10 10 % M (100 GeV) ZJJ’UR<<MW

02 = QM?V 50 meV My (3.30)
T =107 e R e > My,

which can be seen as the shaded area in the upper panel in figure 1. The first line in eq. (3.30)
gives the boundary between the shaded and unshaded regions for My < My, and the second
one gives that when My > Myy. In the lower panel in figure 1, the two upper contours
live in this light singlet region.

We next discuss the three-generation case. Generically Mg, is not diagonal, so the SM
neutrino mass matrix is not diagonal in the basis where the right-handed neutrino mass
matrix is diagonal. For simplicity, we assume that Mg, is diagonal. We then obtain

2
0L Uqi

My

i

10il® = (3.31)

The signal strength in this scenario is shown in figure 2.

4 Projected sensitivities for right-handed neutrino searches

Right-handed neutrinos with MeV < My < TeV are being probed via a plethora of experi-
mental methods. These methods include right-handed neutrino production at high-energy
colliders, unique features in beta decay, atmospheric and solar searches, and cosmological
and astrophysical searches [1]. In figure 2 we show with color-shaded regions the expected
sensitivities of various experiments to probe right-handed neutrinos in the Muy-62 plane [1, 34—
42, 45], while the current bounds are shown in the gray-shaded region [1, 33]. On top of
that, the four bold-colored contours show predictions of our model for specific constraints
on the parameter space, as indicated by their labels. The red and orange contours are in
regions of parameter space where N is Majorana, while the blue and green contours are in
regions where N forms a pseudo-Dirac state with S. The full expression for m,,, derived in
appendix A, was used to obtain these contours. With in the approximation we employed,
the active neutrino mass basis is aligned with the right-handed neutrino mass basis, and the
label i = 1,2, 3 follows the convention used in the PDG [32]. The light neutrino masses were
chosen to saturate the cosmological bound Y23, m,, < 0.13 ¢V [46] in the normal ordering,
that is, mq = 0.034eV, mo = 0.035¢eV, and mz = 0.061 eV. Here we used the PDG central
values [32]. For the inverted ordering, m; = 0.054eV, my = 0.054€eV, and mg = 0.022¢V,
and the prediction changes accordingly. For example, the red line in the upper panel goes
up by a factor of 1.6, and that in the lower panel goes down by a factor of 2.8. The model
results in an enhanced mixing angle compared to the standard seesaw line.

— 12 —
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Figure 2. Projection on the |(9|2 — M parameter space in the three-neutrino picture for the mixing
angle of v, (top) and v, (bottom). The chosen mass index ¢ in 6,; is the one with the largest mixing
angle. The four bold-colored contours show predictions for specific constraints in the parameter space,
as indicated by the labels above them. Each point in the parameter space is valid within our model,
and the contours are presented for illustration purposes. Notice that there are two lines of x = 1 that
are distinct due to their opposite hierarchy between Mg and zvg. For the upper-right pseudo-Dirac
region, we used Mg, = Mg for simplicity. The lower gray-shaded area corresponds to the region below
the seesaw line, and the upper gray-shaded area corresponds to the current limits in the parameter
space [1, 33]. The color-shaded areas correspond to projected sensitivities of various experiments to
detect the heavy neutrino [1, 34-42]. The bound from BBN [43] may be avoided, e.g., with entropy
production [44]. The light neutrino masses are chosen to saturate the bound Z?Zl m,, < 0.13 eV,
that is, m; = 0.034eV, mo = 0.035¢eV, and m3 = 0.06eV. For the numeric calculation, we used
My, = BMp, and Mz = {EMyz. Also, we set A;; =0 (see eq. (3.10) and appendix A).
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5 Summary and discussion

The strong CP problem may be solved by spontaneously broken Parity symmetry. In the
realization with minimal Higgs content, the Higgs potential has no complex parameter and
the strong CP problem is indeed straightforwardly solved without introducing additional
Symmetry.

The charged fermion masses arise by the so-called universal see-saw mechanisms, where
the exchange of heavy Dirac fermions generates dimension-five operators that become yukawa
couplings. In this paper, we analyzed the minimal seesaw setup for neutrino masses. Specifi-
cally, the same number of gauge-singlet fermions as the number of generations, three, are
introduced, and they couple to the Higgses and lepton doublets. The SM neutrinos, v, have
masses that vanish at tree-level and are generated radiatively.

There are three distinct parameter regions of the theory. In the first and second regions,
the Majorana masses of the singlet fermions Mg are the largest masses in the neutrino sector.
After integrating them out, the right-handed neutrinos N obtain Majorana masses. Masses
for the SM neutrinos, m,,, are generated at one-loop level. In the first region, the singlet mass
is above the weak scale, and m,, is suppressed only by the loop factor. The mixings squared
of N with v are larger than in the standard tree-level seesaw mechanism by the inverse of
the loop and logarithmic-enhancement factor. As a result, the right-handed neutrinos may
be detectable for My = O(0.1 — 100) GeV if the logarithmic enhancement factor is minimal,
and for My = O(0.1) GeV even if the enhancement factor is maximal. In the second region,
the singlet mass is below the weak scale and the quantum correction to the SM neutrino
masses is further suppressed by (Mg/My,)?, and the mixings squared of N with v are even
larger. Most of the parameter space can be probed by future experiments.

In the third region, the Majorana masses of the singlet fermions are small, and the
right-handed neutrinos obtain a pseudo-Dirac mass paired with the singlet fermions. Masses
for the SM neutrinos are generated at one-loop level with further suppression by the Majorana
mass of the singlet fermions, which is reduced to the radiative inverse see-saw mechanism.
Because of these suppressions, the mixing of the right-handed neutrinos with the SM ones are
much larger than in the standard tree-level seesaw mechanism. Almost all of the parameter
space with My below the weak scale can be probed by future experiments. For My around
the weak to TeV scales, future colliders can probe the parameter region with #2 = 107> —107".

In both parameter regions, the mixing of right-handed neutrinos with SM neutrinos
is O(vp/vg), and we may indirectly measure the Parity breaking scale by measuring the
coupling strength of the right-handed neutrinos. Interestingly, in some of the parameter space,
the right-handed neutrinos can be discovered by heavy neutral lepton searches even if vg is
as high as 108 GeV. The right-handed neutrino may be the first signal of Parity symmetry.

We comment on the possibility of generating the cosmological baryon asymmetry in
this theory via leptogenesis [47]. For Mg > zvp, leptogenesis from the decay of right-
handed neutrinos was studied in [48]. To explain the observed baryon asymmetry required
My > 10 GeV and vg > 10'3 GeV. All of the experiments proposed to search for heavy
neutral leptons via mixings with SM neutrinos are very far from probing such large v and
My . It will be interesting to investigate leptogenesis induced by the decay of S to see how
low vg and My can be while generating enough amount of baryon asymmetry.
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A Radiative neutrino mass calculation
In this appendix, we present details of the computation of the neutrino masses.

A.1 Heavy Majorana singlets

We first discuss the case with Mg > zvpg, for which we may integrate out .S to obtain the mass
matrix of ¥ and N. In the 1-loop approximation, the active neutrino masses have two origins:

1. Direct loop corrections to m,, shown in figure 3.

2. Loop corrections to My and m,y, shown in figures 4 and 5, that break the tree-level
cancellation of m,,.

We neglect corrections suppressed by gx /g2, where gx is the U(1)x gauge coupling constant.
Notice that more diagrams can be drawn via Z exchange between v and Hp, but these only
change the effective value x, which still results in tree-level cancellation.

A.1.1 One generation

Working for simplicity in one generation, we write

My— VR M, (A1)
N M '
$ VRVL 1
myN = Me ml?;\),p. (A.2)

Considering the above, the active neutrino mass can be written as

2 2,2
myn o vy, loop A3

The first two terms on the right-hand side vanish at the tree level, but in the 1-loop

my, = —

approximation we obtain
m, = 02 loop + 29m100p +m loop (A4)

where 6 = vy /vg. The exact expressions for the l—loop terms are given by:

M
22 Mg | MEM, log 7L + M M7 log Mg . +3M2EMZ log 122

loop _ (A 5)
m .
B (M§ - M7, )(MS )
M2 M3 i MZlog M3 i T 3M3 M2 log 2z
Ms (M%V - MZ,) (M3 — 22)
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Figure 3. Feynman diagrams of one-loop correction to m,. Here hy, is the physical SM Higgs and
¢, is the neutral would-be Nambu-Goldstone boson. The arrows show the direction of the chirality
and the crosses show chirality flip.

Figure 4. Feynman diagrams of one-loop correction to My . Here hp is the physical SU(2)g-breaking
Higgs and ¢p is the neutral would-be Nambu-Goldstone boson.

Figure 5. Feynman diagram of one-loop correction to m, . The insertion of the mixing between Ay,
and hpg is given by Aprvrvg.

2 h 2 2 2 M
Mloop . 1‘2MS M M log R + M MZ’ log M3 + 3M MZ' IOg MZS (A 6)
N - 2 .
S (M3 - p2,) (M3 - M%)
M,
oop 22 Mg Mg, M log —M:; + MZM;; log Ms + Mj M3
MmN = T em ALRVLVR 7

(M2, — ME,) (ME - ME,) (M,%R - Ms)
(A7)
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where AR is a possible quartic coupling constant of |Hy|?|Hg|*. Notice that for both figure 1
and figure 2 we assumed Ar,r = 0. The RG improvement process for M}, and M is described
in eq. (3.19)—(3.22). Combining the above equations with eq. (A.4) gives the most general
expression for m, in the 1-loop approximation.

A.1.2 Three generations

For the case of heavy Majorana singlets discussed in section 3.1, we use a non-canonical basis
for the S fields, so that Mg, = Mg, and parameterize = by [31]

x = xpe'R, (A.8)

where xp is a real diagonal matrix, R is real orthogonal matrix, and A is a real antisymmetric
matrix, such that

ele = oTa* =22 (A.9)

eTa* = zpe®uxp. (A.10)

In the neutrino mass basis i, j = 1,2, 3, the mixing angles are defined by

(MNV)ij
My,

J
VLVR * .
Mg Dk TiThj

v2

]\/}2 2k TiTL;
2iA )
x
D),
2
UR (xD)jj

UL ( 2iA My,
== A1l
VR (e )’L] [uNj ( )

91']‘ =

VL ($D€

In the neutrino interaction basis (a = e, u, 7) the mixing angles become

_ (MuN)a;
9041 - MNi
Z U.. (ml/N)]z

= : aj MNi

_ L o 2iA My;

- VR ;Uaﬂ (6 )ji MNZ

- M.

_ % > Vs [5”- + iAi]} MZ{ : (A.12)

j 3

where A is given in eq. (3.11).
For one neutrino, by combining (3.13) and (3.17), we may readily replace v, /vg via

2

V7, my
—=F A3
U2 MN ( )
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Figure 6. Same as figure 2, but with all the possibilities for 6,; where & = e, and i = 1,2, 3.

When Mg > My, the relation can be approximately extended to the three-generation case.
To this, note that (I/z'l/j)T and v;v; are charged under the same spurious symmetry, and for
Mg > My, they are proportional to 27 M g 2. This makes m, o My, up to the dependence
on Mg through logMg. Still, if Mg, are of the same order, in the leading-log approximation,
the deviation from m, «x My by the logarithmic terms is suppressed by the large log. We
adopt this approximation and take

2
vy my,
Y= =F A.14
1112% M, ( )

For Mg < My, this relation in general does not hold, but we take Mg, to be nearly
degenerate and take this relation. We then obtain

(A.15)

100il® = E|Us; + > UajAij
J
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We show the signal strength for mixing of v, with each N; in figure 6 for A = 0. For
real U, introducing small values of A will increase 6. For generic complex values of U it
is uncertain whether A will increase or decrease 6, but without fine-tuning, the change in
the prediction for 6 is O(1).

A.2 Light singlets and radiative inverse seesaw

We next discuss Mg < zvg, for which S forms a pseudo-Dirac fermion with N. In the mass
matrix of S, N, and v, corrections to m,, m,y, and myy can give non-zero SM neutrino
masses. We found that the correction to m,, in figure 3 dominates and other corrections are

suppressed by extra factors of  and/or vy /vg.? In the one-generation case, we find

z2 MN My,
where
(3 4 aj)aRy — daj) p 2
TN, TR) = log (x
o, za) 4@} - 1) (@} —23) 4 (2% —a})? g( h)
a:N(xh+3)—2(mh—i;3)x;lx12v+4xhlg( ) (A7)
4 (l‘N - 1) (z — %)
For the three-generation case, we find
o =Ti13jMSz’j (MNl MN2 M)
(mV)l] - 8772 MZ ’ MZ ) MZ (Alg)
where
f(xn;, zN;,Th) = ( ) ( ) log (:L'%L)
_ x
:c?\, ( 3+xh a:N *45%)
Z 2 2 log (x%\@)
T ) () (B a)
a: 3+ a2) 2% —4x
+ al ( 5 ) ]; 2h) — log (a:%\,]) : (A.19)
4 ($Nj N 1) (mNJ‘ N xNi) (mNj N xh)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

30ne should carefully derive the Feynman rule for this diagram for zvr > Ms. In particular, we found
that the fermion propagator is sandwiched by Pr and Pg, so the chirality flip in the propagator does not
contribute to the loop integrand.
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