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It was recently shown that domain walls from the spontaneous breaking of CP symmetry are exactly
stable, and must be inflated away to recover a viable cosmology. We investigate the phenomenological
implications of this result in Nelson-Barr solutions of the strong CP problem. Combined with the upper
bound on the scale of spontaneous CP breaking necessary to suppress contributions from dangerous,

nonrenormalizable operators to @, this puts an upper bound on the scale of inflation and the reheating
temperature after inflation. Minimal Nelson-Barr models are therefore in tension with thermal leptogenesis,
models of large-field inflation, or potential future observations of signals from topological remnants
of an unrelated, subsequent phase transition. We study how extending Nelson-Barr models with a new,
continuous chiral gauge symmetry can ameliorate this tension by forbidding the dangerous dimension-five
operators. In particular, we show that gauging a linear combination of baryon number and hypercharge
allows for an economic, anomaly-free extension of the minimal Nelson-Barr model, and discuss the

phenomenological implications.
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I. INTRODUCTION

A significant milestone in our understanding of quantum
field theory was the realization that the 6-term in Yang-
Mills theory,

@ d4x tr(GWG"”), (1)

has physical consequences that depend on the coefficient
0 € [0,2x) [1-4]. In the presence of fermions, this topo-
logical term is related to the chiral anomaly, and the
invariant angle is

0 = 0 + arg det(m,,) + arg det(m,), (2)

where @ is the “bare” Yang-Mills parameter and m,,, m, are
the mass matrices of the up and down-type quarks,
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respectively. The QCD Lagrangian violates CP for
0#0,x.

When matched onto the chiral Lagrangian at low
energies, 6 parametrizes effects such as CP-violating
pion-nucleon couplings and an electric dipole moment
(EDM) for the neutron. Experimentally, however, the
neutron EDM is constrained to be <1072 ecm [5,6],
which translates to

6 <1079, (3)

This is in sharp contrast to the observed CP-violating phase
in the CKM matrix of the Standard Model (SM), which is
O(1). This apparent fine-tuning is known as the strong CP
problem.

The topological nature of the 6 term in the QCD
Lagrangian makes the strong CP problem particularly
interesting from a UV perspective, despite being an IR
observable. Moreover, there are essentially two well-known,
viable' classes of solutions to the strong CP problem: the
existence of an anomalous U (I)PQ symmetry [7,8], or the
spontaneous breaking of an exact spacetime symmetry, such
as parity [9-12] or CP [13-16]. While each of these
solutions treats CP on a very different footing, both require

'From Eq. (2) one can see that if any of the SM quarks were
massless, 6 could be shifted away to zero, solving the strong CP
problem. Lattice studies have firmly established nonzero masses
for the SM quarks [6], ruling out this solution.
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that the SM be extended by a new, nearly exact symmetry.
The strong CP problem is thus a particularly interesting
testing ground for understanding physics at the highest
energy scales.

Such setups can naturally give rise to many interesting
dynamics and observables in the early universe. While
there has been a recent resurgence in study of such effects
in U(1)pq solutions (for recent reviews, see Ref. [17] and
references therein), the parity and CP solutions have only
begun to receive their due attention.

Unlike CP violation in the SM, which is accompanied by
suppressed flavor mixing or neutrino masses, the SM
violates parity maximally. Therefore parity solutions to
the strong CP problem, which need to generate a large
parity violation in the SM while keeping 6 suppressed,
require a significant amount of additional structure. For
recent work on the parity solution, see, e.g., Refs. [18-22].

In this paper we will focus on solutions in which CP is
assumed to be an exact symmetry of nature, spontaneously
broken at a high scale. This solution has many guises—see,
e.g., [23-34] for a collection of classic and recent papers
but the general setup is referred to as the Nelson-Barr
solution. In a UV-complete, holographic quantum gravity
theory, if CP is to be a good symmetry at high scales it must
be a gauge symmetry and not a global one [35]. This is an
instance of the more general absence of exact global
symmetries in quantum gravity [35-38]. It was recently
shown in Ref. [39] that when a gauged, orientation-
reversing spacetime symmetry like CP is spontaneously
broken, the associated domain walls are exactly stable
because they carry a type of gauge charge. This fact about
quantum gravity has dramatic, physical consequences for
the cosmology of spontaneous CP violation.

In the absence of a mechanism to destroy them, these
domain walls must have their energy density diluted via
inflation, implying that inflation must occur after the
spontaneous breaking of CP. As we will discuss in detail,
this condition is in opposition to the requirement that the
scale of CP breaking should be small enough to maintain
0 ~ 0 to good approximation, i.e., the Nelson-Barr quality
problem. This implies an upper bound on the scale of
inflation, which in turn imposes an upper bound on the
subsequent tensor-to-scalar ratio. We will discuss how
many of the simplest models of inflation are incompatible
with this setup. We also study the gravitational wave
signals from topological defects that arise from breaking
of unspecified internal symmetries after such a low reheat-
ing temperature; we find that detection of gravitational
waves from a string network rules out minimal Nelson-Barr
constructions. We also investigate the compatibility of such
constructions with a few popular baryogenesis mecha-
nisms; in particular, we will show that minimal Nelson-
Barr constructions are at odds with thermal leptogenesis.

Finally, we will show that this tension can be alleviated
in simple modifications of the Nelson-Barr constructions

where the new heavy quarks transform chirally under a new
continuous gauge symmetry. This solves the quality prob-
lem by postponing dangerous operators to dimension Six,
and allows inflation to happen at higher scales. Such chiral
Nelson-Barr models were previously studied, in a
composite setting, in Ref. [32]. Compositeness leads to a
number of predictions about mass scales that are quite
different from the simple elementary model that we
propose. We study the implications of the higher inflation
scale for models of inflation, gravitational wave signals,
and the thermal leptogenesis setups.

In the next section, we review how an ultraviolet CP
symmetry can solve the strong CP problem, and recap the
arguments of Ref. [39]. In Sec. III we review the simplest
models with spontaneous CP breaking and show that the
scale at which CP is broken cannot be arbitrarily large
while keeping 6 adequately small—the Nelson-Barr “qual-
ity problem.” Section IV is devoted to a detailed discussion
of the consequences of these arguments in cosmology,
particularly as it pertains to models of inflation and
attempts to dynamically generate the baryon asymmetry.
In Sec. V, we discuss a model in which the bound on the
scale of CP breaking is alleviated and baryon asymmetry
can be generated via thermal leptogenesis. We conclude in
Sec. VI and discuss interesting directions for future work.

II. CP AS A GAUGE SYMMETRY

While CP is not a symmetry of the Standard Model
[40-42], it is noteworthy that CP-violating effects are only
observed along with flavor violation in the quark mass-
mixing matrix. As a consequence, the running of the 6
parameter appears only at seven loops in the SM [43], so
that if @ is fixed to zero at a high scale, it remains small in
the IR. (While the running of @ appears at seven loops,
Khriplovich found that there is a finite contribution at four
loops from the “Cheburashka diagram” [44].) These facts,
along with the strong bound on @ from neutron EDM [6]
experiments, lend credence to the idea that CP might be an
exact (or extremely good) symmetry of nature which is
spontaneously broken at high scales.

If CP is assumed to be an exact symmetry, there exists a
basis in which all the Lagrangian parameters are real and
6 =0 in the UV. The challenge in constructing viable
models is to generate a CKM phase that is not suppressed
by factors of v/Acp, where v = 246 GeV is the weak scale
and Acp is the scale at which CP is spontaneously broken,
while still maintaining 6 < 10710,

Models which do this successfully, first developed by
Nelson [13,14] and generalized by Barr [15,16], are known
as the Nelson-Barr solution to the strong CP problem.
(Earlier proposals relying on spontaneous CP breaking
could not accommodate the large CP-violating angle in the
CKM matrix without generating large @ [45-52].) The idea
of spontaneous CP violation can be naturally embedded in
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more sophisticated models. Notable examples include
Hiller-Schmaltz models [23,24], which use supersymmetry
to protect against corrections to € via nonrenormalization
theorems, and models of twisted split fermions, which
embed a similar idea in extra dimensions [53,54].
Motivated by the connection to the CKM phase and
flavor-violation, Nir and Rattazzi constructed a model of
flavor [55] in which CP is spontaneously broken by the
flavon fields of a Froggatt-Nielsen setup [56]. This idea was
recently extended to the lepton sector in Refs. [57,58].

The common thread in all of these proposals is that CP is
assumed to be an exact symmetry of nature. If CP is not an
exact symmetry, there is no principled reason to believe it is
not violated by renormalizable operators in the theory, in
addition to nonrenormalizable ones. Indeed, in a theory of
quantum gravity, it is well understood that global sym-
metries are badly broken in the UV [59,60], and any good
symmetry observed at low energies must be an emergent
consequence of gauge symmetries and locality in the
underlying theory. This reasoning applies to discrete
spacetime symmetries as well as internal symmetries.
From this perspective, it does not make sense to consider
models in which CP is an approximate symmetry that is
broken only through higher-dimension Planck-suppressed
operators.

It is therefore vital to consider the physical consequences
of demanding CP to be an exact (gauge) symmetry in the
UV. This possibility was first considered in Refs. [61-63],
but has otherwise received relatively little attention until
recently [39]. As with any discrete symmetry, the sponta-
neous breaking of CP gives rise to domain walls separating
different vacua. Assuming that the early universe went
through a phase transition to the spontaneously broken CP
phase, a network of such domain walls will form [64—66].
The energy density in a domain wall network scales as the
inverse of the scale factor, and they therefore quickly
dominate the energy density of the universe. If these
domain walls are stable, they therefore pose a serious
problem for cosmology. (For pedagogical reviews on this
topic, see Refs. [67-69].)

The key result of Ref. [39] is that if CP is a gauge
symmetry, there is no local dynamical process by which CP
domain walls can be destroyed, i.e., they are exactly stable.
This contrasts with discrete internal gauge symmetries, for
which the corresponding domain wall networks can poten-
tially be destroyed by cosmic strings [70-74] (see also
Ref. [75] for a review of these ideas). Reference [39]
demonstrated that the analogous process is topologically
forbidden in the case of orientation-reversing spacetime
symmetries like CP.

The only way to reconcile a spontaneously broken, exact
CP symmetry with cosmology is if the energy density
carried by the CP domain wall network is extremely
suppressed. This can be achieved if inflation occurs after
the spontaneous breaking of CP. Combined with the fact

that the scale of spontaneous CP breaking cannot be
arbitrarily high (see Sec. III C), this puts an upper bound
on the scale of inflation (H;,;) and the reheating temper-
ature (7T,) after inflation. This imposes a nontrivial
constraint on inflation and the subsequent cosmological
evolution of the universe; we will discuss these conse-
quences in Sec. IV.

III. NELSON-BARR MODELS AND THE SCALE
OF SPONTANEOUS CP BREAKING

In this section we review the basics of Nelson-Barr
solutions to the strong CP problem. We will mostly focus
on a nearly minimal model, which illustrates the basic ideas
and serves as a basis for the extension introduced in Sec. V.
As we will see in Sec. III C, the scale at which CP is
spontaneously broken cannot be arbitrarily large, without
spoiling the solution to the strong CP problem.

A. A minimal model

We consider a modest extension to the “minimal” model
proposed by Bento, Branco, and Parada (BBP) [76]. We
introduce a set of vectorlike, SU(2), singlet quarks D and
D with charge £1/3, as well as a set of N complex scalars
1, that are singlets under the SM.” We further impose a Zy
gauge symmetry under which

Ny — ez”ik/Nna, D— e—27rik/ND’ D N eZJrik/ND’ (4)

with the SM fields neutral. The allowed, renormalizable
mass and Yukawa couplings for the down-type quarks are
therefore given by

L2 upDD + (2)";Q:H°d’ — fn,Dd’ + H.c., (5)

where Q and d refer to left-handed (LH) and right-handed
(RH) SM quarks, H is the Higgs field, 4, and f are Yukawa
couplings, i, j = 1, 2, 3 are flavor indices,and a = 1, ...N,,
labels the complex scalars. Assuming CP invariance, we
can take yp and all the components of f and 4, to be real.
We will further assume (without loss of generality) that we
are in the flavor basis in which the up quark mass matrix is
real diagonal.
The scalar sector of the Lagrangian includes

E ) labﬂur]ml—”z + Yabcd”a”h’ﬁ”; (6)

For general parameters in the potential, some subset of the
1, can acquire vacuum expectation values (vevs) that will in
general be complex.3 We write

The original BBP model used only one complex scalar, with a
Z, symmetry. The straightforward extension to N scalars was
discussed in, e.g., Ref. [27].

See Ref. [77] for a detailed discussion on the conditions for
spontaneous CP violation.
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> filng = Fi. (7)

where i is a down-type flavor index and (,) ~ Acpe'®,
where Acp is the scale of spontaneous CP breaking and «a is
a phase, assumed to be order one.

At tree level, the mass matrix for the down-type quarks in
Eq. (5) can be written in block form,

Mo = (”;d /23)’ ®)

where (m,)"; = (4,)';v/+/2 and F should be viewed as a
row vector with entries F;. Note that because the upper-
right block is zero and all the entries of m, and yp, are real,
det M, is real. Since CP is a symmetry of the theory, the
bare @ parameter vanishes, so 0 = 0 in the renormalizable
theory at tree level.

The mass matrix M, can be diagonalized with the

L>(Q D)M()(g),

usual biunitary transformation, U} MUy = diag(im, mp,),
where m is the diagonal matrix of real, SM quark masses
and mp, the physical mass of the vectorlike quarks. For
heavy new D quarks, the upper-left 3 x 3 block of U; can
be identified as the usual CKM matrix, V. Noting that

Ui M{M,U, = diag(m?, m3), we find

(V2 V)i = (mgnih)

L (ma)iFLFy(mD)!, <5m n ()] )
F Fh+ i3 F,Fy+u3
= (mg)} + O(v*/ Agp), )

where we have defined the effective 3 x 3 mass mixing
matrix for the SM quarks,

FiF,
i 2>(m5)§- (10)
F,Fp+up

(= (mal (38 +
This is the desired result: the effective mixing matrix is
approximately diagonalized by the CKM matrix, V. We see
that while the matrix m, is real, the effective mixing matrix
is generally complex, due to the complex vevs in F;, with
no ratios of v/Acp. We want this diagonalizing matrix to
have an O(1) phase, which requires F,F » 2 Wb, so that the
second term in parentheses has entries of order unity. Note
also that for V to be approximately unitary, we must
assume F,up > my.

B. Radiative corrections to 0

We now turn to radiative corrections to € which, in the
models we consider, can all be packaged as corrections to

the down-quark mass matrix M ;. We are interested in the
quantity

A6 = argdet M. (11)

We expand Mp = M, + M, where M, is the tree-level
mass matrix [Eq. (8)], and M, characterizes one-loop
corrections that are assumed to be small (so that the entries
of Mg'M, are < 1). We then write

det Mp, = det M det(T + Myt M)
ﬁdetMo(l +tr(MalM1)). (12)

Thus,
AD = arg(1 + r(My' M) = Im(r(MG'M,)).  (13)

Taking M, to have the block form

M) 0
S O B
My Mpps
we find
_ 1
Ahlm(m;l/\/lgg—m)(Fm;lM‘ng+MS,)3)>, (15)

where all the SM flavor indices are suppressed to avoid

notation clutter. Note that corrections to the Mg% mass
term do not appear in this expression.

There are a number of possible diagrams that contribute
to the various self-energies in M in this model, but the
majority of them add up to give contributions that are
manifestly real, and hence do not contribute to #. The
exceptions are the classes of diagrams shown in Fig. 1,

. . 1) (1)
which contribute to M 0d and M 0D’

can be evaluated straightforwardly in the small momentum
limit, and we find, for instance,

respectively. These

1 (1) i 1 1}2 k fcfa T
l(MQ3>ij ~ @;Wlog (ATCP> (myq) ifkfj/lab<’1b><’7c'>’

(16)

where we have assumed all 5 fields have comparable
masses, denoted by m,. Plugging into Eq. (14), this leads

to a contribution to @ that is schematically
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The contrlbutlon from the second set of diagrams
contributing to ./\/l ~ is essentially the same.’ The sum
of all these COIItI‘lbuthIlS must be <1070 to preserve the
solution to the strong CP problem. Absent any surprising
cancellations, this requires the Yukawa couplings, f and/or
the quartic couplings A to be very small. As noted in
Ref. [76], the quartic couplings A also shift the mass term
for the SM Higgs doublet at tree level once the 7, acquire a
vacuum expectation value. This leads to a significant fine-
tuning in the Higgs potential if the scale of spontaneous CP
breaking is assumed to be far above the TeV scale. As in
Ref. [76], we will assume that whatever physics is
responsible for solving the electroweak hierarchy problem
also suppresses these contributions,” and that A is small
enough so that the f can be assumed to be O(1), with no
other tuning necessary in the model. There is a one-loop
correction to the quartic A of order

2

G a) g NS (18)

b~
K 162 Azp

Estimating the maximal contribution from the b-quark
Yukawa, this combined with Eq. (17) is consistent with
f~107" and A,, ~ 10”7 without tuning to reduce 6.

The new, color-charged fermions D and D must be at
least heavy enough to evade direct searches at the LHC,
implying up Z TeV. The condition that up < fAcp to
obtain an O(1) CKM phase then requires [for f ~ O(1)]
that Acp = 103 GeV.

At two-loop order, new diagrams proportional to y .4 correct
the 6 parameter [13,27]. For y,5cq ~ Aap» this contribution will
be subdominant to the one-loop corrections above by a few
orders of magnitude.

In supersymmetry, for instance, these quartic couplings
only arise from couphng to supersymmetry breaking, and are
of order |F|>/ M4, where \/F is the mass scale of supersymmetry
breaking.

Y

Diagrams leading to corrections to A@ at one loop.

The new heavy quarks also contribute electric and
chromoelectric dipole moments for the down-type quarks,
which are stringently constrained by searches for the
mercury and neutron EDMs [78-80]. In the minimal
models we are considering, the nonvanishing contributions
come from diagrams similar to Fig. 1, left, with an
additional gluon or photon attached to the internal quark
line. As a result, these contributions are proportional to the
same combination of couplings that appears in Eq. (17).
Assuming this combination is small enough to obtain
0 < 1070, the resulting bounds on Acp from the mercury
and neutron EDMs are several orders of magnitude weaker
than the direct search constraints from the LHC.

Parenthetically, we note that these Nelson-Barr con-
structions naively have all the ingredients for a viable
model of electroweak baryogenesis [81-84]. This includes
anew source of CP violation ({5)) and a modification of the
Higgs potential (via the new scalars) that could potentially
give rise to a strong first order electroweak phase transition.
The arguments above, however, suggest that these new
scalars appear at much higher scales, and would therefore
have minimal effects on the order of the electroweak phase
transition. Thus, a Nelson-Barr extension of SM alone is
not enough for a viable electroweak baryogenesis.

C. The Nelson-Barr “quality problem”

Beyond the radiative corrections, Nelson-Barr models
suffer from a potential “quality problem,” first discussed in
Ref. [63] and more recently emphasized by Ref. [27]. In the
setup discussed above, there are contributions from dimen-
sion-five operators

£l i ph + "
— iy
AEFT ¢ AEFT

neQ;HeD, (19)

where h and 4’ are dimensionless couplings and Aggy is the
cutoff of the theory. A naive estimate is that these operators
give contributions to @ ~ Acp/Ager. Even assuming the
cutoff is as large as the Planck scale, Mp, this would
require Acp < 108 GeV. A lower scale for the cutoff would
make this bound even stronger.
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A more careful estimate of the contributions from these
operators can change this naive constraint. The first
operator from Eq. (19) gives rise to a nonzero contribution
to 6 of

AD~ 0] (20)
UpAgFT

If up ~ \/ (nimp,) ~ Acp, demanding that 6 < 10710 leads to

the naive constraint of A-p < 10 GeV. Note that getting a
nonzero phase in the CKM matrix requires pup < Acp
(assuming f ~ 1), which further suggests Acp could be
at an even lower scale.

The second operator from Eq. (19) gives

20~ ) oyl

where 4, is the SM Yukawa couplings of the down-type
quarks to the Higgs. This contribution depends on the
particular pattern of entries in 4’} and f¢, and can change
substantially depending on the underlying model of flavor.
Treating the f¢ and /') as spurions under the approximate
SM flavor symmetry, we see that their product transforms
in the same way as the down-type Yukawa matrix. In a
minimal flavor violation scenario [85,86], we therefore
expect this product to be proportional to (Ad)j», and the
resulting contribution is of the same order as the one
in Eq. (20).

It is also possible that the underlying model of flavor is
more complex, and there may be additional flavor spurions
with different patterns of couplings than in the SM
Yukawas. For instance, in models with spontaneous flavor
violation—which are all in the Nelson-Barr class—new
flavor spurions can exist at intermediate scales, without
introducing dangerous contributions to flavor-changing
processes [87,88]. In the most extreme case, we can
imagine that the /7 are O(1). Then, the most problematic
entry is the 11 component of 17!, which is ~1/y,, where
y4~ 107 is the down quark Yukawa. In this case, we
would require Acp to be near the TeV scale in order to
avoid dangerous contributions to &—a much more stringent
constraint than in minimal flavor violating models.

We have seen that, absent a way of avoiding dangerous
dimension-five operators, the scale at which CP is sponta-
neously broken in Nelson-Barr models cannot be arbitrarily
large, and in some cases must be less than 108 GeV. This
bound has momentous consequences for cosmology, to
which we now turn.

IV. IMPLICATIONS FOR COSMOLOGY

The stability of CP domain walls implies that the scale of
inflation should be below the CP breaking scale, which

itself is bounded from above thanks to the Nelson-Barr
quality problem. As argued above, depending on details of
the flavor texture, this bound could be as severe as
Acp < 10° GeV; we will, however, focus on the minimal
flavor violating scenario, which suggests Acp < 108 GeV.
For completeness, we also remind the reader that existing
bounds from LHC suggest Acp = 103 GeV, leaving a
relatively narrow range of viable Acp for minimal
Nelson-Barr models discussed above.

Since Hubble throughout inflation (H;,;) only changes
mildly, we take the H,y; < Acp < 10% GeV constraint to
apply for the entire duration of inflation, including the time
when CMB-scale curvature perturbations left the horizon
and when inflation ended. This has a wide range of
implications for cosmology, because it not only affects
inflationary observables and model building, but also
constrains the temperature that the thermal plasma could
have had after inflation, i.e., the reheating temperature 7' ,.

For simplicity, we will assume single-field inflation in
the following discussions. Reheating is complete when
(i) the equation of state of the total fluid of the universe is
radiationlike, or w = 1/3, and (ii) the system reaches local
thermal equilibrium. Generically, after a transient period of
kination or inflaton oscillations in a steeper power-law
potential, the inflaton settles into a quadratic minimum after
the end of inflation. The inflaton fluid therefore has a
matterlike equation of state after inflation, and reheating
cannot be complete unless the matterlike inflaton energy
density is completely converted into radiationlike species.
One mechanism of reheating is through the perturbative
decay of the inflaton [89-91].

In a perturbative decay, the energy of the daughter
particles cannot be higher than the mass of the parent,
so we expect the resulting thermal bath to have a temper-
ature Ty, < my. (This assumes the particles do not
undergo rapid number-changing interactions to heat up;
if they do, then a backreaction effect would tend to shut the
process off [92]. This is not a strict no-go theorem, but a
strong expectation.) Observations of the CMB indicate that
the scalar curvature perturbation is nearly scale invariant,
with ng; = 0.9649 +0.0042. Since n, — 1> MI%IV¢¢/V,
near scale invariance of the curvature perturbation implies
that the curvature scale of the inflaton potential is slightly
smaller than Hubble. Assuming the potential behaves
reasonably smoothly, we expect the same to be true for
the inflaton mass around the minimum. Therefore, if
reheating happened perturbatively, even if the daughter
particle bath thermalized quickly at the decay time, the
resulting temperature is expected to be lower than Hubble
at the end of inflation: T\, < Hypr < 108 GeV.

A potential loophole in the above argument is preheat-
ing: a period of resonant, nonperturbative particle produc-
tion driven by the coherent oscillation of the inflaton after
inflation, where daughter particles are produced with
energies much higher than the inflaton mass [93-100].
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However, the momentum distribution of the daughter
particles peaks at the instability bands of their classical
equations of motion, far away from a thermal distribution.
In the limited number of cases where the system is
simulated with sufficiently long time, thermalization is
found to be a time-consuming process, resulting in a
thermal plasma with energy density much lower than the
energy density of the system at the end of infla-
tion [101,102]. It is doubtful that preheating will be able
to result in a thermal plasma with a temperature higher
than Trch ,S Hinf s 108 GeV.

In what follows, we will investigate the implications of
this bound on models of inflation, gravitational waves
signals from topological defects (from an unrelated phase
transition below Acp), and some mechanisms for baryo-
genesis. In particular, we find that minimal Nelson-Barr
models:

(i) require a very suppressed tensor-to-scalar ratio,

incompatible with large-field inflation;

(i) could be compatible with detectable gravitational
wave signals from networks of domain walls, but not
from cosmic strings; and

(iii) are incompatible with thermal leptogenesis, but
could be compatible with a few other baryogenesis
mechanisms, given further model-building.

These conclusions motivate building more sophisticated
Nelson-Barr models where Acp and, subsequently, the
scale of inflation can be pushed higher. We will present
such a model in Sec. V.

A. Implications for models of inflation

From the terrestrial side, the constraint H;,; < 10® GeV
is interesting because it implies new physics related to
inflation is within a few orders of magnitude of collider
scales. However, this upper bound can suppress other early
universe observables. For single-field inflation, the tensor-
to-scalar ratio is a direct measurement of Hubble during
inflation,

H?
r:&z9.65x107—“2‘f, (22)
Pé My,

where we have plugged in the Planck 2018 observation for
the scalar power spectrum, P, = 2.0989 x 107 [103]. The
current CMB constraint on the tensor-to-scalar ratio of
r < 0.036 by the BICEP/Keck experiment [104] translates
to a constraint on Hubble of H; <5 x 10'* GeV. The
constraint H;,; < Acp means r is bounded from above by

£> ’ (23)

r<17x107%( o
10° GeV

Aside from the tremendous experimental challenges to
observe such a small value of , this also imposes a stringent
constraint on inflationary model building. In single-field

inflation, r is related to the slow-roll parameter € = MT‘Z" (VV/)2
by a simple multiplicative factor, r = 16e. The constraint
r <1071 therefore means € <1074, an extremely flat
inflaton potential during inflation. The small tensor-to-
scalar ratio also limits the total inflaton field evolution
during inflation through the Lyth bound [105],

Ag r
—=A — 24
My, News \/; ) (24)

where ANcyp is the number of e-folds that the universe
expanded between when the fluctuations of the CMB scale
left the horizon and when inflation ended. With the conven-
tional approximation of ANcyp =~ 50, we see that the
constraint 7 < 10713 implies a total inflation field evolution
far below the Planck scale,

A
AP < 1o, (25)
Pl

i.e., inflation is driven by a small-field model.

A small € and small inflaton field excursion to satisfy the
above constraints can in principle be achieved, for example,
in D-brane inflation [106—108] where the inflaton potential
has a stationary inflection point or in a-attractor mod-
els [109-111] where the inflaton potential has an exponen-
tially flat “wing.” However, these small-field inflation
models in general suffer from initial condition problems:
not only does the mean inflaton value need to sit at the flat
region in the potential to initiate inflation, the initial
inhomogeneity in the inflaton has to be contained around
the flat region to avoid prematurely terminating infla-
tion [112-115].

The fact that the minimal Nelson-Barr model described
in Sec. IIT A requires small-field (and low-scale) inflation
motivates study of physical mechanisms that could natu-
rally give rise to the specific inflaton initial conditions
needed to sustain inflation. On the other hand, if a tensor-
to-scalar ratio greater than 10~'3 is observed in the future
and the inflation scale is proven to be greater than 10% GeV,
minimal Nelson-Barr models will be ruled out. Further
model-building is then needed to make the Nelson-Barr
solution to the strong CP problem compatible with higher-
scale inflation. We discuss one such example of a
nonminimal Nelson-Barr model that supports high-scale
inflation in Sec. V.

B. Implications for topological defects

It is possible that after inflation the universe went
through other phase transitions (unrelated to CP breaking)
that gave rise to new topological defects. Without speci-
fying the dynamics of the phase transition (but assuming it
has no impact on 6), we will investigate the implications of
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the upper bound on T, on the gravitational wave signal
produced by such defects.

We first consider a network of cosmic strings created
after spontaneous breaking of some internal symmetry in
the early universe. Such a network can even persist until
today. Many experiments are proposed for probing gravi-
tational wave signals from such a network. However, to get
a detectable signal in these experiments, the string tension,
which is on the same order as the temperature at which the
network forms, should be >10!° GeV [116]. However, the
Nelson-Barr quality problem mandates much lower values
for Acp, which in turn suggests lower T, values as
discussed above. Thus, any detection of gravitational wave
signals from a string network at these experiments would
rule out minimal Nelson-Barr models.

Another possible topological defect emerging from
certain symmetry breaking patterns are domain walls.
We emphasize again that here we have in mind a phase
transition associated with the breaking of an internal
symmetry, not of CP itself, so this assumes new dynamics
beyond those of the minimal Nelson-Barr model. A domain
wall network energy density redshifts slower than matter,
thus, unlike a string network, it will dominate the universe
at some time ¢, ~ (Gopyw)~!, where opy is the energy per
unit area of the domain wall. As a result, stable domain wall
networks are already ruled out. Nonetheless, unstable
domain wall networks decaying before big bang nucleo-
synthesis (BBN) are still compatible with other observa-
tional bounds. This instability can be achieved via bias
terms or nucleation of other defects on domain walls (for
nonspacetime symmetries [39]). Unstable domain wall
networks can still generate a detectable gravitational wave
signal. The strength and the frequency range of the signal is
determined by the domain walls’ surface tension, opyw, and
their lifetime, 74..; see Refs. [117,118] for further details
about the calculation of the signal from such networks.

In Fig. 2 we show the reach of two future gravitational
wave detectors as a function of domain wall network
lifetime and their surface tension (i.e., their scale of
symmetry breaking). We consider network lifetimes
tiee S tgpn ~ 0.1 sec, such that the domain walls disappear
before BBN, as many other bounds rule out the possibility
of such long-lived defects. The figure clearly shows that
BBO can potentially detect gravitational wave signals from
domain walls with 0113/\,3\, > 10% GeV (the purple region
above the red line); detection of such a signal would rule
out the minimal Nelson-Barr models under study.
Nevertheless, if the quality problem could be circumvented
via further model-building, i.e., Acp = 103 GeV was avail-
able, BBO could search a large fraction of the newly
opened parameter space.

The figure also shows that, if such domain wall networks
form after inflation, even with the 0]13/\,3, < Acp S 108 GeV
bound, their gravitational wave signal could still be
detected in a large part of the parameter space. Such

Domain Wall Gravitational Waves
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FIG. 2. The gravitational wave signal from an unstable domain
wall network (unrelated to CP breaking) and the reach of various
experiments in probing the parameter space. The Ty, < 108 GeV
bound puts an upper bound on the surface tension opy (red line).
The purple (green) region can be probed by BBO (SKA), see
Ref. [119]. We find that a substantial part of the parameter space
is going to be probed by future gravitational wave detectors. For
tiee S 107 sec, BBO gives the best reach in the parameter space,
while for higher values of #4.. SKA dominates. For every point in
the orange region we have ¢, < t4., i.e., the universe enters an
early domain-wall-dominant epoch, which changes the gravita-
tional wave signal calculation. In the gray region the domain wall
network lifetime is shorter than the Hubble time when the
temperature of the universe is 0]])/\,3\,, so it promptly decays before
it can give rise to a detectable gravitational wave signal.

gravitational wave detectors are potentially the only direct
probe of physics at such high energy scales.

For large enough lifetimes, the domain walls take over
the energy budget of the universe before they decay, giving
rise to an early domain-wall-dominant epoch, see the
orange region in Fig. 2. This changes the gravitational
wave signal calculation. We leave a detailed study of the
reach of each experiment in this region for future works.

There have also been some studies on gravitational wave
signals from hybrid defects in the early universe, e.g., see
Ref. [120] for a recent study. Metastable string networks
that annihilate after domain walls are formed between them
have less visible signals compared to a stable network.
Nucleation of strings on domain walls can let the domain
walls disappear; but this will not affect our conclusions
above as they did not depend on the source of finite domain
wall lifetime. Thus, we can safely assert that hybrid defects
of strings or domain walls do not affect our previous
conclusions.

C. Implications for models of baryogenesis

With T, < Acp, the CP violation in a minimal Nelson-
Barr model is effectively similar to that of the SM after
inflation. This can be potentially problematic for various
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models of baryogenesis that require sources of CP viola-
tion beyond the SM below T ..

One such model is thermal leptogenesis [121]. If the SM
field content is extended by heavy right-handed neutrinos,
the Nelson-Barr scenario leaves room for CP-violating
interactions between them and the SM. These interactions
can in particular be used for generating a CP-violating
phase in the PMNS matrix as well. As a result, thermal
leptogenesis seems to be a natural candidate for baryo-
genesis in Nelson-Barr setups. Below we investigate this
mechanism further.

The amount of CP breaking in decays of the right-
handed neutrinos N is quantified by

e = FN—)HI/ - IﬂN—»HD ’ (26)

Pnomy + Unens

where I'y_ y, (Cy_py) is the N decay rate to the SM Higgs
and neutrinos (see Ref. [122] for further details). The
eventual baryon asymmetry generated in these models is
directly proportional to ¢, i.e., i, ~ €.

Via inspection of the CP violation in this decay
[assuming O(1) phases in the Yukawa couplings of RH
neutrinos to LH neutrinos and Higgs], Ref. [123] found an
upper bound on the CP breaking factor ¢ of

27)

where My (m,) is the new sterile neutrino (SM neutrino)
mass. Given the relationship between the asymmetry #;, and
€ [123], this upper bound can turn into a lower bound on
M . In thermal leptogenesis models, where N particles start
in equilibrium with the SM, we should have T, > My.
Putting these together, and using the measured value of SM
Higgs vev and SM neutrino masses, we find

T = 10510 GeV, (28)

known as the Davidson-Ibarra bound on thermal lepto-
genesis models.’

This is in contradiction with the T\, < Acp < 108 GeV
bound from results of Ref. [39]. Thus, minimal Nelson-
Barr models are not compatible with thermal leptogenesis
proposals. In the upcoming section, we study a particular
extension that is originally motivated by solving the quality
problem of Sec. IIIC but also ameliorates the tension
between the thermal leptogenesis mechanism and Nelson-
Barr constructions.

Another popular model of baryogenesis is electroweak
baryogenesis [81-84]. Electroweak baryogenesis also

®Proposals exist for other ways of generating an asymmetry via
leptogenesis that do not rely on the CP violation in the decay of
the heavy neutrino, thus circumventing Davidson-Ibarra bound.
See, e.g., Ref. [124] for a recent study.

requires a first order electroweak phase transition, which
requires new dynamics beyond minimal Nelson-Barr mod-
els as discussed in Sec. III B.

Baryogenesis via the topological defects (see
Refs. [125-127] for classical examples) that originate from
the spontaneous CP breaking is not viable either since
these defects are inflated away. However, it is indeed
possible to have topological defects from an unspecified
symmetry breaking after inflation; these defects could give
rise to gravitational waves, as discussed in the previous
section, and could also play a role in generating a baryon
asymmetry. Yet, since Nelson-Barr models are designed to
constrain any new source of CP violation that interacts with
the SM, it will be challenging to give rise to enough baryon
asymmetry in these scenarios as well. We leave a detailed
study of these mechanisms for future work.

On the other hand, models of baryogenesis where the
asymmetry is generated at temperatures higher than 7',
e.g., spontaneous baryogenesis [128,129] are not affected
by the constraint on 7';,. It will be interesting to investigate
potential relationships between the field responsible for
generating a nonzero baryon number chemical potential in
spontaneous baryogenesis and the 7, fields in the Nelson-
Barr setup. We will leave a detailed study of this proposal
for future work.

V. CHIRAL NELSON-BARR MODELS

As discussed in Sec. III C, nonrenormalizable, dimen-
sion-five operators (even if Planck suppressed) can under-
mine the Nelson-Barr solution to the strong CP problem if
Acp is too large. One way to avoid such dangerous
operators is to assume the pair of quarks D, D transform
chirally under a new symmetry, which we will take to be an
Abelian symmetry denoted U(1)y, that forbids the oper-
ators in Eq. (19). This strategy was first implemented in
Ref. [32] in a model with strong dynamics. We refer to such
models generally as chiral Nelson-Barr models.

The field content for a simple realization of such a model
is shown in Table I. Compared to the minimal model in
Sec. III, we introduce a U(1)-charged complex scalar, p,
and an additional set of chiral fermions B and B to cancel
anomalies. The scalar p has Yukawa couplings,

LD —yppDD — ygp"BB + H.c. (29)

and is assumed to acquire a vev to give masses to the chiral
fermions, pp = yp{p). The U(1)y supersedes the discrete
Zy symmetry required in the minimal models, but we now
require at least N, > 2 complex scalars, 7,, in order to
generate a complex vev in the scalar potential. For the
Standard Model fields, the U(1)y charges correspond to a
linear combination of hypercharge, baryon, and lepton
numbers, namely —4Y — (B —L). The details of the
anomaly cancellation are discussed more in Sec. VA
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TABLE 1. Charge assignments for the “chiral” Nelson-Barr
model, with one choice of charges for the U(1), symmetry. The
D, D, and y,, fields provide the necessary structure for the Nelson-
Barr mechanism, while B, B are introduced to make U (D)y
anomaly free. The scalar p condenses to give masses to
D, D and B, B, and the SM-like leptons (including singlet
neutrinos) are included for generating a phase in the PMNS matrix.
Similar to the vectorlike Nelson-Barr model of Sec. I1I, we need
multiple generations of 7 fields to generate a nonzero phase in the
CKM matrix. All SM fermions and N come in three generations.

SU@3). SU(2), U(l)y U()x
Q; 3 2 +1/6 -1
i 3 1 -2/3 +3
d; 3 1 +1/3 -1
H 1 2 +1/2 -2
D 3 1 -1/3 -1
D 3 1 +1/3 -5
B 3 1 +1/3 +1
B 3 1 -1/3 +5
p 1 1 0 +6
Na 1 1 0 +2
e 1 1 +1 -5
L; 1 2 -1/2 3
N 1 1 0 -1

below, and more possibilities are discussed in the
Appendix.

Most of the analysis of how this model solves the strong
CP problem carries over from the minimal model presented
in Sec. III. The charge assignments in Table I allow for the
same operators as in Eq. (5), but forbid any additional
renormalizable couplings between p, B, B and the SM
fermions, other than the Yukawa couplings in Eq. (29).
Crucially, the quark mass matrix in Eq. (8) is unchanged,
other than an additional diagonal mass term for B, B,
ug = yg{p), which can be taken to be real, and therefore
does not affect the computation of 6. Obtaining a large
CKM phase requires

tp = Yp(p) < fAcp. (30)

The one-loop contributions to 6 are also identical to those
discussed in Sec. III.

By construction, the dangerous dimension-five opera-
tors in Eq. (19) are forbidden by the U(1), symmetry.
The charge assignments in Table I also forbid any addi-
tional dimension-five operators involving p, B, or B.
Nonrenormalizable operators that enter the fermion mass

matrix appear only at dimension six. These operators are

nanoneDd;. (31)

(1)
~ Dd’
therefore does not affect 6, see Eq. (15). The other

nanypDD,  nhpQHD,

The last operator in Eq. (31) contributes to M and

operators, however, do lead to contributions suppressed
by a cutoff, Ag;. The size of these contributions depend on
the same assumptions about flavor and the size of the
dimensionless parameters in the theory as discussed in the
dimension-five case in Sec. III C, but a naive estimate
(assuming minimal flavor violation) yields an effect of
order

AO ~ i AZCP .
Yp A%FT

(32)

If the cutoff Agpr is taken to be the Planck scale
(and assuming yp ~ 1), the current bound on @ forces
Acp <10'3 GeV, which significantly alleviates the quality
problem compared to the vectorlike minimal Nelson-Barr
constructions.

A. Anomaly cancellation

Our strategy for relaxing the quality problem relies
crucially on introducing a new symmetry that is chirally
realized on the heavy quark fields. In general, this strategy
results in anomalies, due to the chiral nature of D and D
under the new symmetry, but consistency demands that this
symmetry be good up to very high scales. These anomalies
must be removed, either by introducing additional
U(1)x-chiral fermions, or by appealing to the Green-
Schwarz mechanism [130].

In Table I, we have presented a specific realization of a
chiral extension to the minimal Nelson-Barr model, where a
single set of additional quarks, B and B, are sufficient to
cancel all of the mixed gauge and gravitational anomalies
involving U(1)y and the SM gauge group. The key
observation is that D, D and B, B form vectorlike pairs
under the SM gauge group, and while the pairs are chiral
under U(1)y, D/D, and B/B have opposite X charges, so
that many of the potential anomalies vanish automatically.
The charge assignments in Table I are a specific choice
from eight separate, two-parameter families of possible
assignments that cancel all of the mixed anomalies while
allowing the renormalizable operators necessary for the
Nelson-Barr mechanism and forbidding all of the danger-
ous dimension-five operators in Eq. (19). More details on
alternative charge assignments, as well as other possibilities
for constructing a viable chiral Nelson-Barr model, are
presented in the Appendix.

B. Phenomenological implications

In Sec. II we argued that to solve the CP domain-wall
problem in Nelson-Barr setups, we should have T, < Acp,
i.e., the epoch of inflation occurs after spontaneous CP
breaking in the early universe. Combined with the Nelson-
Barr quality problem, Acp < 10® GeV in minimal flavor
violation constructions (or even more stringent bounds in
models with nonminimal flavor), this suggests that the
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minimal, vectorlike Nelson-Barr models have specific
implications for early universe cosmology as discussed
in Sec. IV. Our chiral setup, on the other hand, pushes this
bound to Tyep,, Hing < Acp < 10'2 GeV. (The same bound
was obtained in a rather different chiral model, but for
parametrically the same reason, in Ref. [32].) In this section
we discuss how this new upper bound changes the
cosmology of our chiral Nelson-Barr construction com-
pared to the minimal vectorlike setup of Sec. III.

Since in our chiral setup the universe can reach higher
T'en, we also expect a larger tensor-to-scalar ratio r, see
Eq. (23), even up to the boundary of future experiments’
reach [131]. Larger values of r are also compatible with a
broader set of inflation models as surveyed in Ref [103].
With H;,; < 103 GeV, the bound on the inflaton potential
flatness is relaxed to ¢ < 10~ as well. All in all, our chiral
Nelson-Barr construction is compatible with a larger set of
inflation models, which can potentially give rise to detect-
able signals in upcoming experiments.

Furthermore, in these models, topological defects from
breaking of an unspecified internal symmetry, can arise at
higher energies and give rise to stronger gravitational wave
signals. In particular, it is now possible to have string
networks whose gravitational wave signal are detectable
(provided the associated phase transition takes place at
T > 10'° GeV [116]). Detection of such signals would
imply a lower bound on H;,; of inflation which would, in
turn, put a lower bound on the tensor-to-scalar ratio for
single-field inflation models, as well as on Acp.

In Sec. IV B we also showed that if T, > 10% GeV is
viable, a large parameter space of domain wall networks
(from the breaking of internal symmetries, not CP) with
detectable gravitational wave signals will open up, provid-
ing a well-motivated target for future detectors such as
BBO, see Fig. 2. Given the large scale of Aqp required to
allow for such gravitational wave signals (either from
domain walls or strings), the upcoming gravitational wave
detectors are the prime candidate for probing this part of
our chiral model parameter space.

Finally, unlike the minimal vectorlike setup, our chiral
model is now compatible with the Davidson-Ibarra bound
T,n = 108719 GeV. Hence, in a chiral Nelson-Barr con-
struction, the observed baryon asymmetry can be generated
via thermal leptogenesis.

Let us elaborate more on this mechanism. The sterile
neutrinos N and U(1)y charge assignments in Table I allow
the Lagrangian terms

L5 (4,) ,LiH@ - (3,) ,LHN - fan,N'N,.  (33)

The first term is the SM Yukawa that leads to a mass for the
charged leptons; the second term is the SM Higgs coupling
to SM neutrinos and the new sterile ones, while the last
term generates a Majorana mass for the new sterile
neutrinos after spontaneous CP breaking. This mass will

be complex and will also break lepton number. Since the
leptons do not interact with gluons, they do not contribute
to @ through higher loop corrections or nonrenormalizable
operators.

These interactions generate a mass for the SM neutrinos
via the type-I seesaw mechanism [132]. It can also give rise
to the observed baryon asymmetry of the universe via
thermal leptogenesis. This requires the N particles to be in
thermal equilibrium with the rest of the SM bath, which in
turn suggests that their Majorana mass is below T';,. The
existence of CP violation and lepton number violation (via
their Majorana mass term) in the sterile neutrino decay
gives rise to a net lepton number in the universe; see
Sec. IV C. The generated lepton asymmetry will then
partially convert to a baryon asymmetry, explaining the
observed 7, today [6].

Exact N masses that give rise to the observed asymmetry
today depend on their abundance before they decay. CP
violation is also expected to appear in the neutrino mass-
mixing matrix, but measurements of the phase dpyng from
T2K and NOvA are currently in some tension [133,134].
Similar to the quark sector, our setup can be used to explain
any CP phase in the PMNS matrix. Once the dust settles
on the measurement of this phase, it will be interesting to
see if our setup can simultaneously accommodate neutrino
masses, the observed baryon asymmetry, and this phase.

VI. CONCLUSIONS

We reiterated the results of Ref. [39] arguing that the
domain walls arising from spontaneous CP breaking are
stable and cannot disappear via string nucleation. This
suggests that in such theories the reheating temperature
after inflation should be below the spontaneous CP break-
ing scale, so that these domain walls are inflated away. We
focused on the case of CP broken by fields that directly
interact with SM particles (as opposed to in a hidden sector)
and discussed its phenomenological implications in the
early universe.

We argued that the bound on the scale of inflation
translates into an upper bound on the tensor-to-scalar ratio,
suppressing it below reach of any experiment in the
foreseeable future. This, in turn, rules out many possible
models of inflation. Furthermore, we argued that detection
of gravitational wave signals from any string network
would rule out the minimal Nelson-Barr constructions; a
substantial part of the parameter space of models that gives
rise to unstable domain walls (from breaking of an internal
discrete symmetry) with a detectable gravitational wave
signal is also ruled out (in minimal Nelson-Barr models)
thanks to the upper bound on the reheating temperature
after inflation.

Nelson-Barr models, by construction, constrain the
possible origin of CP breaking terms. We thus expect that
in such models, the amount of CP violation after inflation is
the same as predicted in the SM. This puts constraints on
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many well-motivated models of baryogenesis including
electroweak baryogenesis or baryogenesis via defects,
while models of spontaneous baryogenesis remain viable.
We also argued that the minimal Nelson-Barr constructions
with new vectorlike heavy quarks are in tension with the
thermal leptogenesis mechanism, owing to the Davidson-
Ibarra bound.

We also proposed a simple extension of this setup where
the new fermions are chiral under a new U(1)y symmetry
and showed that this setup alleviates the Nelson-Barr
quality problem to Acp < 10'3 GeV, which in turn makes
it compatible with the thermal leptogenesis mechanism.
This setup can simultaneously solve the strong CP prob-
lem, explain the observed baryon asymmetry of the uni-
verse, accommodate the nonzero neutrino masses, and
explain the origin of the CP-violating phases in CKM
and PMNS matrices. Furthermore, unlike the minimal
vectorlike models, our setup is compatible with the exist-
ence of detectable string network gravitational wave
signals.

There are many clear directions for future work. For
example, it would be interesting to investigate the compat-
ibility of Nelson-Barr setups with other proposed mecha-
nisms for baryogenesis (which generally require an
additional source of CP violation) in more detail.
Furthermore, while we showed that thermal leptogenesis
can be consistently embedded in a chiral Nelson-Barr
model, a detailed study of its experimental signatures
would be useful. Given the numerous interesting signals
of such setups in the early universe, a more detailed study
of the existing terrestrial bounds on a scale of spontaneous
CP breaking is in order.

It should be emphasized that we have focused on a
particularly simple model that implements the Nelson-
Barr mechanism, in order to make our discussion of the
quality problem—and its resolution by means of a chiral
symmetry—as explicit as possible. As is clear from the
discussion in Sec. III B, however, this model is not natural
from the standpoint of the electroweak hierarchy. We have
also taken the mixed quartic 1, to be very small [~1077;
see discussion around (17) and (18)], which may seem to
undermine the goal of explaining the small parameter 6.
However, we expect that the small quartic could naturally
be explained in a supersymmetric completion, which could
also ameliorate the hierarchy problem. (An alternative
approach, using compositeness to suppress Yukawa cou-
plings, was discussed in Ref. [32].) It would be of
great interest to examine some of our conclusions in the
context of a more sophisticated model that includes a
mechanism for solving the electroweak hierarchy problem
and suppressing the radiative corrections, along the lines
of Ref. [27].

Finally, we note that Ref. [39] pointed out that an
alternative cosmic history, in which CP breaking occurs
in a hidden sector before inflation, and is communicated to

the SM through very weak interactions, could also solve the
domain wall issue in Nelson-Barr constructions. In this
setup CP can be spontaneously broken for a second time
in the visible sector below T, but interactions with the
hidden sector give rise to an explicit source of CP violation
that destabilizes the domain wall network formed at a lower
scale. A study of the early universe cosmology in this setup,
such as the compatibility with various mechanisms for
baryogenesis mechanisms, or the gravitational wave signals
from low-scale CP domain walls, is an interesting avenue
of research.

ACKNOWLEDGMENTS

We are grateful to Patrick Draper and Graham Kribs for
useful discussions, and to Alessandro Valenti and Luca
Vecchi for useful feedback and for pointing us to their
relevant work on chiral models. P. A. is supported in part by
the U.S. Department of Energy under Grant No. DE-
SC0011640. The work of S.H., Q.L., and M.R. is
supported in part by the DOE Grant DE-SC0013607 and
by the Alfred P. Sloan Foundation Grant No. G-2019-
12504. Q.L. and M. R. are also supported by the NASA
Grant No. 8ONSSC20K0506.

APPENDIX: ALTERNATIVES FOR CHIRAL
NELSON-BARR MODEL BUILDING

In this appendix we discuss alternative implementations
of the chiral Nelson-Barr model presented in Table I,
including some general comments on model building in
this direction.

1. Alternative charge assignments

We first present the most general set of charge assign-
ments for the U(1), symmetry for the chiral extension of
the “minimal” BBP model described in Secs. III and V.

Without loss of generality, we take the scalars 7, to have
U(1)y charge +2. Extending the U(1), symmetry to act on
both the SM fermions (including the singlet neutrino fields,
N) and Higgs, the required Yukawa couplings permit us to
fix the X charges of all the SM fermions such that all
anomalies—including the mixed gauge and gravitational
anomalies—cancel exactly amongst the SM fields. This is
accomplished by taking the U(1)y charges of the SM fields
to be a linear combination of hypercharge Y and baryon
minus lepton number B — L. As a result, a net contribution
to the anomalies can arise only from the charges of D, D
and B, B. Up to a re-scaling, there exist several two-
parameter families of charge assignments that fulfil this
requirement, which we have (arbitrarily) parametrized in
terms of the U(1)y charges of the Higgs and p fields,
respectively denoted by x and y. There is one ambiguity
arising from whether the “Majorana”-like mass term for N
comes from a Yukawa coupling to 5 or 5', which fixes
[N] = %1, and affects the appropriate choice of charge for

115012-12



CHIRAL NELSON-BARR MODELS: QUALITY AND COSMOLOGY

PHYS. REV. D 107, 115012 (2023)

L and e, but otherwise has no impact. Because we are
gauging the product U(1)y x U(1)y of two U(1l) sym-
metries, we can redefine X charges by multiples of Y
without changing the underlying charge lattice. As a result,
the parameter x ultimately has no physical effect, except
specifying the basis in which our gauge fields are defined.

The key to canceling the net contribution from the new
fermions fields is the “pair-wise” vectorlike nature of the two
pairs D, D and B, B. Each pair of fermions separately
transforms as a vectorlike pair under the SM gauge group,
which immediately cancels all potential anomalies involving
only the SM gauge group and gravity. The hypercharge of
D, D is fixed by the renormalizable Yukawa couplings
necessary for the Nelson-Barr mechanism, and the hyper-
charge of B and B is then fixed by requiring the U(1)y X
U(1)? to cancel. This leaves a sign ambiguity on the
hypercharge of B, B. The U(1)y charges of D, D and
B, B are then fixed to be opposite in sign, so that the U(1)3
and mixed anomalies involving only one factor of U(1)y all
cancel immediately. The only remaining, nontrivial condi-
tion is the U(1)% x U(1)y anomaly, which fixes the differ-
ence in the charges of D and D (or B and B) in terms of x.

The resulting families of solutions we have identified
are summarized in Table II. A binary choice of generating
mass for N, B, and D from either 5 and p or their conjugates
gives rise to eight different families. Avoiding dangerous
dimension-five operators, e.g., 7p)DD, requires
ly| # 0, 4. The choice of x = —2 leads to integer values
of all the charges with the smallest magnitude; we have
presented the fourth column solution of Table II with this
choice (and with y = 6) in Sec. V.

TABLE II.

2. More general possibilities

In Sec. V we presented an economical extension of the
“minimal” Nelson-Barr solution with an anomaly-free
chiral symmetry, involving only two additional fermions,
B and B. While it may be possible to introduce enough
chiral matter to remove any anomalies in more complicated
Nelson-Barr constructions, it may be challenging to do so
without introducing new renormalizable (or dimension-
five) operators that spoil the delicate Nelson-Barr solution,
and these constructions may not be the most economical.

A massless gauge theory with anomalous matter content
is simply inconsistent, but a massive gauge theory with
anomalous matter content is a valid effective theory up to a
UV cutoff scale that is proportional to the gauge boson
mass. Such an effective theory can either be completed by
introducing massive, anomaly-canceling fermions [135]
(see also [136]); or via the 4d Green-Schwarz mecha-
nism [130,137], in which the gauge field eats an axion 6
that also has a @FF coupling. In some cases the Green-
Schwarz EFT is simply a low-energy description below the
scale at which charged fermions have been integrated out,
but it can also be fundamental. Such theories commonly
arise from compactification of higher-dimensional gauge
theories with Chern-Simons terms.

Let us consider a chiral Nelson-Barr model with an
anomalous U(1)y gauge symmetry that forbids all of the
dimension-five operators that pose a quality problem. We
assume that new physics responsible for canceling the
anomaly arises at the cutoff, Aggpr. Focusing first on the
U(1)y anomaly, this effective theory is consistent as long
as [135]

U(1)y charges of different fields in our chiral model for four different anomaly-free solutions with

+1/3 hypercharge for the B field. If we set y = —3x = 6 in the fourth column, we get the charge assignment in
Table I. We can swap the [U(1), and U(1)] charges of B and B to get four further solutions. After canceling all of
the anomalies, we still find two degrees of freedom that parametrize all the charges in each solution; here these
degrees of freedom are the Higgs charge (x) and p charge (y). The Standard Model fields have U(1)y charge given
by 2xY + (B — L) in the first two columns and 2xY — (B — L) in the last two columns.

Solution 1 Solution 2 Solution 3 Solution 4
o La+) S+ F(x=1) 3(r=1)
7 —1(4x+1) —1(4x+1) 1(-4x+1) I(—4x+1)
d; 1(2x—1) 12x-1) 1(2x+1) 1(2x+1)
H by X X X
D -1(2x+5) -1(2x+5) -12x+7) -1(2x+7)
D 1(2x+3y+5) 1(2x=3y+5) 1(2x+3y+7) 1(2x=3y+7)
B 1(2x+5) 1(2x+5) 1(2x+7) 1(2x+7)
B —1(2x+3y+5) -1(2x-3y+5) —1(2x+3y+7) —1(2x=3y+7)
P y y y y
Na 2 2 2 2
e; 2x+ 1 2x + 1 2x —1 2x -1
L; —x—1 —x—1 —x+1 —x+1
N, 1 1 -1 -1
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Agpr S 5 My, (A1)
g?(AU(l %

where gy is the gauge coupling of the U(1), symmetry,
my ~ gx(p) is the mass of the gauge boson, and AU(I); is

coefficient of the anomaly. We see that it is difficult to push
the cutoff arbitrarily far above the scale of spontaneous CP
breaking to suppress the contributions from dimension-six
operators unless the gauge coupling is relatively small, or if
(p) > Acp, which lifts the tree-level mass for the gauge
boson, relaxing the bound on the cutoff.

A similar, more problematic constraint arises from the
mixed anomalies, since the SM couplings are not free
parameters. For instance, the mixed SU(3)2 x U(1)y
mixed anomaly leads to a bound similar to Eq. (A1) with
two factors of gy in the denominator replaced by the strong
coupling, g,, and AUU)?( replaced by the mixed-anomaly

coefficient, A;. Plugging the bound into Eq. (32), the
contribution to @ scales as

a 2 1AL
W| 3]

AO ~ — .
Ybp <P>2

(A2)

The a?/(4r)* prefactor is O(1077), so we need (p) > Acp
to adequately suppress these contributions. This requirement

is somewhat exacerbated by the requirement in Eq. (30),
which competes with the factor of y, in the denominator, and
this suppression therefore requires some amount of tuning.
The construction of UV-complete models where the chiral
symmetry that mitigates the Nelson-Barr quality problem
arises naturally is therefore a particularly interesting direction
for future study.

The case where the 4d Green-Schwarz mechanism
cancels the anomaly through a fundamental axion has
mostly been studied in the context of supersymmetric
theories. In these cases, the axion is part of a complex
scalar field 7 = 7 + ﬁ@, and certain forbidden dimension-
five operators could be resurrected using factors of e=*"
in the superpotential. Because (r) = 4x/g%, these are
exponentially small instanton effects, and thus are expected
to be safe despite arising at dimension five. In such models,
a D-term constraint will generally enforce that some other
U(1)y-charged scalar gets a high-scale VEV to compensate
for the VEV of the modulus. This could be the scalar p in
our scenario. Thus, dimension-five operators could natu-
rally contribute at an exponentially small level, but at the
same time the U(1)y breaking scale and hence the scale
of CP breaking would be tied to UV physics near the
compactification scale. Such a scenario might be of interest
if one supersymmetrizes the Nelson-Barr scenario to
ameliorate the electroweak hierarchy problem.
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