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ABSTRACT: Hot axions are produced in the early Universe via their interactions with Standard
Model particles, contributing to dark radiation commonly parameterized as ANqg. In standard
QCD axion benchmark models, this contribution to A N.g is negligible after taking into account
astrophysical limits such as the SN1987A bound. We therefore compute the axion contribution
to ANeg in so-called astrophobic axion models characterized by strongly suppressed axion
couplings to nucleons and electrons, in which astrophysical constraints are relaxed and A Neg
may be sizable. We also construct new astrophobic models in which axion couplings to
photons and/or muons are suppressed as well, allowing for axion masses as large as few
eV. Most astrophobic models are within the reach of CMB-S4, while some allow for ANqg
as large as the current upper bound from Planck and thus will be probed by the Simons
Observatory. The majority of astrophobic axion models predicting large ANeg is also within
the reach of TAXO or even BabylAXO.

KEYWORDS: Axions and ALPs, Cosmology of Theories BSM

ARX1v EPRINT: 2403.05621

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP09(2024)136


https://orcid.org/0000-0001-8641-3372
https://orcid.org/0000-0001-6516-3386
https://orcid.org/0000-0002-5454-8683
https://orcid.org/0000-0003-2653-7327
mailto:mbadziak@fuw.edu.pl
mailto:kharigaya@uchicago.edu
mailto:mlukawski@fuw.edu.pl
mailto:robert.ziegler@kit.edu
https://doi.org/10.48550/arXiv.2403.05621
https://doi.org/10.1007/JHEP09(2024)136

Contents

1

2

Introduction

QCD axion couplings
2.1 Axion effective Lagrangian
2.2 Constraints on axion couplings

Model-independent analysis of A Ngg
A Neg in astrophobic 2HDMs

A Neggr in astrophobic 3SHDMs

5.1 Models with |C,| < 1

5.2 Models with |C,| <« 1

5.3 Models with |C,,| < 1 and |C,| < 1 and LFV

A Ngg from the naturally astrophobic QCD axion

Conclusions

Axion couplings to pions and kaons
A.1 Coupling to pions
A.2 Coupling to kaons

Axion production rates

B.1 Equilibrium number densities

B.2 Collision operators and production rates
B.3 Pion and kaon scatterings

B.4 Lepton flavor-conserving scatterings

B.5 Lepton flavor-violating decays

Boltzmann equation

C.1 Approximate solution to Boltzmann equation
C.2 Thermal freeze-out

C.3 Thermal freeze-in

C.4 Transition region

Astrophobic DFSZ models
D.1 Quark Yukawa sector
D.2 Axion couplings

D.3 Scalar potential

D.4 Nucleophobic models
D.5 Lepton Yukawa sector

10

15
16
17
19

20

23

25
26
27

27
27
28
30
31
32

32
34
35
36
36

37
37
38
40
41
43




1 Introduction

Among the most compelling solutions to the strong CP problem is the Peccei-Quinn (PQ)
mechanism [1, 2] that predicts the existence of a new light pseudoscalar particle called the
QCD axion [3, 4], which is also an excellent candidate for cold dark matter (DM). Most of
the parameter space in which the axion can explain the observed DM abundance has not
been probed experimentally, but several experiments targeting the most interesting axion
region are in preparation, see ref. [5] for a review.

To successfully account for cold dark matter, QCD axions have to be produced non-
thermally in the early universe [6-8]. However, QCD axions could also be thermally produced
via their interactions with the Standard Model (SM) bath, and contribute to the energy density
of relativistic degrees of freedom, usually parametrized as the effective number of neutrinos
Neg. This axion contribution, dubbed in the following A Neg, is constrained by observations
of the cosmic microwave background (CMB) and low-redshift baryon acoustic oscillations
(BAO) data. The most recent (2018) analysis from the Planck collaboration provides the
combined constraint ANeg < 0.3 at the 95% confidence level (CL) [9]. In the near future this
bound may be further improved by a factor of few with the help of the Simons Observatory,
down to about 0.1 [10], and eventually by the CMB-S4 experiments down to about 0.05 [11].

The axion couples to the SM particles with strength inversely proportional to the axion
decay constant f,. For sufficiently small f,, the axion is in thermal equilibrium with the
SM bath for some range of temperatures. As the temperature drops, axion interactions
become suppressed, and eventually freeze out at a temperature Ty. Smaller f, leads to
later axion decoupling from the SM bath and hence larger ANeg, since ANeg X gxs (Td)_4/ 3
(assuming instantaneous decoupling), where g.s(7y) is the effective number of SM entropy
degrees of freedom at 7Ty. On the other hand, for sufficiently large f,, the axion is never
in thermal equilibrium and only produced via its interactions with the SM bath through
thermal freeze-in [12]. In this case the late-time abundance is proportional to the production
rates scaling as oc 1/f2, so that ANeg o fa_s/?).

Using the current constraint! on AN.g, it is therefore possible to set a lower bound on f,,
which can be further improved in the near future. The lower bound on f, obtained from A Neg
depends on the nature of the axion interactions, and thus is model-dependent. For example, in
the KSVZ model [14, 15] the current bound is f, > 2x 107 GeV and is expected to be improved
up to fu = 6 x 107 GeV with CMB-S4 data [16] (see also refs. [17, 18]). However, smaller f,
also leads to more efficient axion emission in various stellar environments, and the resulting
bounds are typically much stronger than those from ANgg. In the KSVZ model, the cooling
rate of neutron stars (NS) [19] and the duration of the neutrino burst from SN1987A [20] lead,
independently, to a lower bound on f, of about 4 x 108 GeV. For such large f,, the KSVZ
model predicts AN.g < 0.03 so it is difficult to probe the KSVZ axion with cosmological
data in the foreseeable future. The same conclusion is valid for simple DFSZ models [21, 22],
which have been studied in the context of thermal axion production in e.g. refs. [17, 23-27].

'For sufficiently small f, the axion is no longer ultra-relativistic at the time of recombination, and its
contribution to the total energy density is constrained rather by limits on warm/hot DM, although one can
still formulate this bound in terms of ANeg [13].



For this reason future experimental probes of ANcg are only sensitive to QCD axion
models in which either astrophysical bounds are absent for some reason or the relevant axion
couplings are suppressed.? For example, in order to relax the constraints on f, from NS
cooling and SN1987A, it is necessary to suppress simultaneously the axion couplings to
protons and neutrons. This may be possible if the axion couples to up- and down-quarks in
such a way that the model-independent contribution to axion-nucleon couplings from the
QCD anomaly is cancelled to good approximation. Also axion couplings to electrons need to
be suppressed, in order to avoid stringent constraints from white dwarfs [28]. Such models,
dubbed “astrophobic” axion models, have been discussed in refs. [29-35]. The goal of the
present paper is to systematically compute ANeg in these kind of models, which allow to
satisfy astrophysical constraints with rather low f,, and assess their prospects for discovery
through AN.g by the Simons Observatory [10] and CMB-S4 [11], laboratory searches such
as IAXO [36], and the James Webb Space Telescope (JWST) [37].

In common QCD axion benchmark models the dominant contribution to A Neg comes from
axion scatterings with pions (77 <> ma) [38]. However, this production mode is necessarily
suppressed in astrophobic axion models, because the suppression of axion-nucleon couplings
also leads to the suppression of axion-pion couplings. We will show, in a model-independent
way, that other contributions to AN.g can still be sizeable, even after taking into account
all astrophysical constraints. We will first discuss the original astrophobic models [29],
which are two-Higgs-doublet models (2HDM) that generalize common DFSZ scenarios. By
allowing for flavor non-universal PQ charges, axion couplings to nucleons and electrons can be
suppressed, so that in these scenarios axions are mainly produced from lepton flavor-violating
(LFV) decays 7 — ea, which are unavoidable in this class of models in order to suppress
the axion-electron coupling. This leads to a sharp prediction for AN.g that only depends
on f,, which is however limited by astrophysical constraints on the axion-photon coupling
and axion-muon coupling.

For this reason we consider “proper” astrophobic models, in which not only axion
couplings to nucleons and electrons, but also to muons and/or photons are suppressed.
Examples of such models have been recently proposed in ref. [34], in which the coupling of
the axion with SM particles are controlled by the PQ charges of SM fermions and astrophobia
is naturally obtained without any tuning. See ref. [39] for earlier attempts. We also construct
new “proper” astrophobic models and show that the required suppression of couplings can be
realized in generalized DFSZ models with three Higgs doublets (3HDMs), and systematically
classify such models, which not only allow for axion decay constants f, < 107 GeV compatible
with all constraints, but also to suppress the axion-electron coupling without tuning (in
contrast to 2HDMs).

The rest of the article is organized as follows. In section 2 we discuss the general
QCD axion effective Lagrangian and summarise laboratory and astrophysical constraints
on the axion decay constant. In section 3 we analyse dominant channels for thermal axion
production in a model independent way. In section 4 we compute the thermal axion abundance

2Note however that the calculation of the thermal axion abundance in minimal axion models is subject to
large QCD uncertainties at finite temperature. If these non-perturbative effects turn out to be large, future
CMB probes may well be competitive to astrophysical limits, see ref. [16] for a recent discussion on this issue.



in astrophobic 2HDMs, while in section 5 we present a similar analysis for 3BHDMs. In section 6
we discuss cosmological constraints on the naturally astrophobic axion. We conclude our
work in section 7, which is followed by several appendices, in which we present the details
of the computations of axion couplings to pions and kaons in Chiral Perturbation Theory
(appendix A), thermal axion production rates (appendix B), approximate solutions to the
Boltzmann equation (appendix C) and the explicit construction of astrophobic models
(appendix D).

2 QCD axion couplings

In this section we define the general effective Lagrangian and review the laboratory and
astrophysical constraints on axion couplings relevant for our analysis.

2.1 Axion effective Lagrangian

At energies much below the PQ breaking scale, the effective axion couplings to gauge fields
and fermions are given by

a asGé+ Ea emFF M f M(CV—FC]’%) fj, (21)

=T Nf, 8 2f,

where f, is the axion decay constant, FE = 1 /2 € pe F*Y FP? with the electromagnetic
(EM) field strengths F*¥ and similar for gluons, E/N is the ratio of EM and color anomaly

0123 _

coefficients and we use the convention € —1. For later convenience we define C;; =

]C{;‘- 2 \Cl‘]/ |2 for the flavor-violating couplings, as thermal axion production typically does
not depend on the chiral structure of axion couplings.
The first term in eq. (2.1) gives rise to the axion mass, which can be conveniently
calculated in chiral perturbation theory, giving [40]

(2.2)

1 7
mg = 0.5691(51) eV <0Gcﬂ/> .

Ja

Below the scale of the QCD phase transition the relevant couplings are those to photons,
nucleons, leptons and pions,

a Qem 7  Oua oua
— FF NAF~ye N
L= C’yfa 8 * 2fa CN 7 2fa fafw

where N = n,p and O[n7n], = 20, momym_ — w0y — mom4O0pm—. Matching to the UV

0y (CF + Cls) 4 + O, (2.3)

coefficients in the Lagrangian of eq. (2.1) gives [34]

1+ 2
n = 0.40(4 . u . I — —25, 2.4
C,+C 00()<095(C +Cy) +0.05 1+z—|—w> (2.4)
1—2z
—C,=12132) (Cy—Cy— ——2 ), 2.
c,—C 73()(0 o) 1+Z+w> (2.5)
1—=2
= SR 2.
¢ (C —Ca 1—|—z+w> (2:6)
O,y = 27 fagary = E/N — 2.07(4) | 2.7)



where C, = C’;}J(u = fa), 2 = my/mg = 0.48(2), w = my/ms = 0.023(1), and ¢ =~
> izs.ent 0iCi. The coefficients &; for i = s, ¢, b are O(107?), arising from QCD renormalization
group (RG) effects, and their exact values can be found in ref. [34]. On the other hand,
9t ~ O0(0.1) is much larger due to RG effects induced by the large top Yukawa coupling [41-44],
and its exact value is sensitive to f, and the details of the UV model. We also note that
Cr x (Cp, — Cp), so that pion couplings are suppressed whenever couplings to nucleons are
suppressed. In the above result for C,, we quote the value 2.07(4) obtained in ref. [34] using
the results from ref. [45], which include the effects of the strange quark within three-flavor
ChPT at NLO. This value is different from the usually quoted value 1.92(4) from ref. [46].
Nevertheless, this difference does not have important impact on our results.

2.2 Constraints on axion couplings

There are several constraints on axion couplings from astrophysics and laboratory searches.
In the following we collect the limits on axion couplings to nucleons, pions, electrons, muons,
photons and LFV couplings, which are most relevant for our analysis.

2.2.1 Nucleon couplings

Since the axion-gluon coupling is crucial in solving the strong CP problem with the PQ
mechanism, axion-nucleon couplings are generically present and mainly constrained by
astrophysical observations, prominently the duration of the neutrino burst observed in
SN1987A and the cooling rate of neutron stars. The constraints obtained from SN1987A [20]
and neutron stars [19] are roughly comparable, but for concreteness we only use the SN1987A
bound from ref. [20], which provides a formula for the general case when the axion couples
differently to neutrons and protons:

0.61g2, + gon + 0.53gangap < 8.26 x 1079, (2.8)
where gq; = Cym;/ f, with i = n,p. For C,, = 0 this leads to the lower bound
Ja > 8 x 10° GeV, (2.9)
|Cyl

while varying C), in the range |Cy,| < |C)| can strengthen the above bound by at most a factor
of 2. In the KSVZ model, C}, ~ —0.47, which implies f, > 4 x 10 GeV. As we will see in
the next section, large values of ANgg typically require much smaller values of f,, and thus
suppressed nucleon couplings |Cp|,|Cy| < O(1072). Indeed axion-nucleon couplings can be
suppressed if there is an approximate cancellation between the axion-gluon and axion-quark
contributions [29]. This happens if C,, ~ 2/3 and C; ~ 1/3, as can be seen from egs. (2.4)
and (2.5). We refer to axions satisfying these criteria as “nucleophobic” axions. Due to higher
order corrections to the axion-nucleon couplings, the values of f, satisfying the bounds from
SN1987A and neutron stars cannot be arbitrary low, but values as small as 107 GeV (or even
10% GeV if z is very close to 0.49) may be allowed [34].

2.2.2 Pion couplings

Suppressed couplings to nucleons imply suppressed pion couplings. The maximal pion coupling
consistent with the constraints on the nucleon couplings is obtained for C, ~ —C),. Using



egs. (2.5) and (2.6) one can relate pion couplings to nucleon couplings

Oy~ _i(cp _C)~2e,. (2.10)

[\

Using the bound on the neutron coupling (2.9) one can derive an upper bound on the pion
coupling to the astrophobic axion:

C,<0.5 fa

S 05905 Gev © (2.11)

As we will see below, for an axion-pion coupling satisfying the above constraint, A Neg from
axion-pion scattering is below 0.01, and thus negligible given near future sensitivities.

2.2.3 Electron coupling

The axion-electron coupling is constrained by the observed shape of the white dwarf luminosity
function, giving the 95% CL lower bound [28]

>2x 109 GeV . (2.12)

This implies that the axion-electron coupling must also be suppressed, at least to the level
O(1072) in order to allow for sizeable contributions to A Neg.
2.2.4 Muon coupling

Also the axion-muon coupling is constrained by the energy-loss argument for SN1987A [47—
49], which lead to the conservative lower bound [49]

Ja >1.2x10"GeV. (2.13)
|Cll

For O(1) couplings the limit on f, from the axion-muon coupling is much weaker than the
bounds on nucleon and electron couplings. However, in nucleophobic and electrophobic axion
models, this becomes a relevant constraint and limits the maximal contribution to ANeg
from axion scatterings with muons.

2.2.5 Photon coupling

Observations of the evolution of horizontal branch stars in globular clusters constrain the
axion-photon coupling as [50]

fa
1e8Y

> 1.8 x 107 GeV . (2.14)

In order to satisfy the above bound, f, should be above O@(107) GeV, unless the axion-photon
coupling is suppressed. This is indeed the case for E/N = 2, as noted already in ref. [51],
and f, down to O(10%) GeV is allowed. Note also that within theoretical uncertainties even
C, = 0 is possible for E/N = 2.



2.2.6 Flavor-violating couplings

Flavor-violating axion couplings are constrained by high-intensity laboratory experiments
looking for missing energy in rare decays. The strongest constraint is set by the experiments
searching for p — ea decays at TRIUMF [52] or TWIST [53], depending on the chirality
structure of the axion couplings. For purely left-handed or right-handed couplings the upper
bounds at 95% CL read [54]

o > 5.0 x 108 GeV, for C, = —C}} (2.15)
f
!C:e\ > 2.5 x 10° GeV, for C, = Ci, . (2.16)

For values of f, where ANcg can be non-negligible, the above limits imply |C).e| < 1.

Constraints from flavor-violating 7-decays are much weaker. The strongest constraints
have been recently provided by the Belle-II [55] collabaration, which result in the following
lower bounds at 95% CL

|C;f“ | > 3.6 x 10°GeV, (2.17)
Ja > 4.6 x 105 GeV . (2.18)
’CTM

Rescaling the current expected bounds provided in ref. [55] for 62.8 fb~!, Belle-II with 50
ab™! can be expected to probe flavor-violating 7-couplings down to

Ja >1.6 x 10" GeV, (2.19)
|Cre|

Ja >1.7x 107 GeV . (2.20)
|Cw|

3 Model-independent analysis of ANgg

We first perform the calculation of AN.g in nucleophobic axion models in a model independent
way, allowing all lepton-axion couplings that are consistent with experimental and astrophys-
ical constraints.> This will allow us to understand which couplings are the most relevant for
thermal axion production in astrophobic models. We do not study the impact of axion-quark
couplings on A Ngg in this section, as they cannot be reliably computed due to non-perturbative
effects, but will discuss their potential impact in the following sections for specific models.

A crucial feature of nucleophobic models is that the axion-pion coupling is tiny, since
it is proportional to C}, — C),, which in turn must be strongly suppressed to avoid axion
couplings to nucleons. In contrast to common axion benchmark models, where 7m — ma
scattering is the dominant source of axion thermalization, nucleophobia implies that other
processes for axion production become relevant. In figure 1 we show the predicted value
of AN.g as a function of f,/C;, assuming the presence of a single axion coupling C; at a

3Model-independent analyses of thermal axion production in various channels without taking into account
astrophysical constraints were presented in refs. [56-58].



time. Details of the calculation are outlined in appendices B and C.* We restrict to leptonic
couplings Cr, C,,, Ce, Cpe, Cre (Cry, gives predictions essentially identical to Cr.), and also
include C; for comparison. The constraints on f,/C; discussed in section 2 are taken into
account by dashing the predicted curve ANgg for values of f,/C; below the respective limit,
while drawing it solid where the bound is respected.

Even for O(1) axion couplings sizeable ANg requires values of f, corresponding to
axion masses close to the recombination temperature, so that axions cannot be treated
as ultra-relativistic around recombination, and the Planck constraints on ANeg [9] cannot
be used to reliably constrain axions with small f,. We instead use the constraints on the
(mq, ANeg) plane from figure 1 in ref. [13], where the CMB and BAO constraints have been
obtained for general axion masses. We converted these limits to the (f,/C;, ANeg) plane
using the QCD axion mass relation and fixing C;. We show in red the region excluded for
C; = 1, and show the contours of the excluded regions for C; = 1/3 and C; = 1/10. While the
bounds on the axion couplings are essentially independent of C; for large f,, they drastically
strengthen for f, < O(107) GeV, corresponding to m, > O(0.6) eV, where the axion can no
longer be treated as ultra-relativistic around recombination. Such axions affect the CMB
in a different way than extra relativistic degrees of freedom and behave as hot (warm) dark
matter for m, between about 0.1 and 1eV (1 and 30eV) [13]. Note that for sufficiently
heavy axions (m, 2 0.1eV) AN no longer denotes extra relativistic degrees of freedom,
but remains a useful parametrization of the total energy density of thermally produced
axions. We should warn the reader that the bound on AN.g we use is only approximate,
because the number of sampled axion masses in ref. [13] is rather low and we have to rely
on interpolation in the particularly relevant range of axion masses between 0.1 and 1eV.
Nevertheless, this is still an improvement with respect to the previous literature on CMB
constraints on thermally produced axions, where the axion was assumed to be massless (with
the notable exception of refs. [16, 18], which however analysed only the KSVZ model). Similar
issues will be relevant also for the expected limits from the Simons Observatory and CMB-54.
However, in order to show the sensitivity of future experiments in figure 1, we conservatively
assume forecasted sensitivities to ANeg for massless axions AN (25) = (.1 [10] and
ANSGMB-S4(20) = 0.054 [11].

It is clear from figure 1 that for generic (flavor-universal) models, where all axion
couplings are of similar size, 7w — mwa scattering gives by far the largest contribution to
ANgg. In hadronic axion models, such as KSVZ with C,; = 0.1, this results in the so-
called hot dark matter bound f, > 2 x 107 GeV, which is expected to be improved up to
fa 2 6x107 GeV by CMB-S4 experiments [16]. However, the astrophysical constraints require
fa/Cr 2 2 x 107 GeV (the entire C curve is dashed), which implies that for values of f,
consistent with these constraints AN.g is much below 0.01. Therefore axion interactions
with leptons often lead to larger ANog than production from pion scattering, after taking
into account the astrophysical constraints on f,.

4For freeze-in production, where the axion does not reach thermal equilibrium, our computation underesti-
mates ANeg. The underestimation is most significant for muon scattering, where it is off by at most a factor 2
in the phenomenologically relevant parameter range. The sensitivity of future CMB observations on f, is
largely unaffected by this, due to the strong dependence of ANcg on f, for the freeze-in case. See appendix C
for details.
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Figure 1. Additional effective number of neutrinos A Neg as a function of f,/C;, fori = 7,7, u, e, pe, ve
(Cu gives predictions essentially identical to Cr.). The red region is excluded by BAO+CMB assuming
C; = 1, while dotted curves show the bound for the representative values C; = 1/3 and C; = 1/10.
These limits have been obtained from figure 1 in ref. [13], and include the effects of non-vanishing
axion masses. Dashed (solid) lines indicate ranges of excluded (viable) values of f,/C; for a given
type of coupling, as discussed in section 2.2.

We first consider the case in which flavor-violating axion couplings are absent. Axion
scatterings with electrons give non-negligible contribution to ANeg only for f,/C. below
few x 10° GeV (because the scattering cross-section is suppressed by the small electron mass, cf.
appendix B), but such small values of f,/C. are already excluded by astrophysical constraints.
The contribution to ANgg from axion-muon scatterings is less limited by astrophysics, but
after taking into account the bound from SN1987A, A Neg from axion production off muons
is at most about 0.1, which is at the verge of the future sensitivity of the Simons Observatory.
Axion-tau couplings instead are not constrained by astrophysics, but axion production off
taus leads to ANeg > 0.05 only for f,/C; < 107 GeV. Note that for large f, the curves indeed

follow the expected scaling ANeg < (myg/ ff)_‘l/ 3 cf. appendix C.3, in particular roughly the
same AN,g ~ 0.01 is obtained for constant values of my/f? for all three leptons.

Turning to lepton flavor-violating axion couplings, it is instead possible to produce sizable
values of ANg even for large f,/C;, as can be seen from figure 1. If all LF'V couplings are
of similar size, the largest contribution comes from p — ea axion production controlled by
Cle, but the strong laboratory constraints on these decays limit the resulting contribution
to ANeg to negligible values. Instead LFV decays 7 — fa with £ = u, e that are controlled
by C;; are much less constrained by experiments and can give sizable contributions to
ANg. If such couplings are present, CMB-S4 will be sensitive to values of f,/C., as large
as 2 x 108 GeV, which is an order magnitude stronger than the forecasted sensitivity of



Belle-11, cf. eq. (2.19). The current lower bound on f, from AN.g is about 8 x 10° GeV
for C-p = 1, but it is very sensitive to the actual value of C,, as in this regime the axion
ceases to be a relativistic particle at recombination. Accordingly the bound on AN.g gets
stronger for f, < O(107) GeV, and values of f, much below 107 GeV are excluded, even for
C; significantly below unity. Also axion production from decays roughly follow the expected
scaling for large fo, ANeg o (my/f2)~%3, cf. appendix C.3.

To summarize, figure 1 demonstrates that sizable contributions to ANeg from axion
production in the reach of near-future experiments are possible in models where 7) flavor-
violating axion-tau couplings are sizable and i) axion couplings to nucleons and electrons,
as well as all other flavor-violating axion couplings, are sufficiently suppressed in order to
< 108 GeV. The above requirements can be fulfilled in the “astrophobic” models

~

allow for f,
proposed in ref. [29], which we analyze in the next sections.

4 A Ncg in astrophobic 2HDMs

We now discuss explicit models that realize astrophobic axions, i.e., axions with suppressed
nucleon and electron couplings. In the previous section we have shown that a significant
contribution to ANeg can arise from sizable LFV axion couplings that are not in conflict
with astrophysical and rare-decay constraints. Interestingly, astrophobic axions obtained
in DFSZ-like models with two Higgs doublets necessarily imply PQ charges that are flavor
non-universal [29]. In the following we discuss the structure of these models and calculate
the resulting axion contribution to ANg.

There are four different models with two Higgs doublets (2HDM) that feature potentially
nucleophobic QCD axions [29, 32]. The definition and the details of these scenarios, dubbed
Q1-Q4, are given in appendix D and summarized in table 5. These models depend on the choice
of a single vacuum angle tg3 = tang (bounded by perturbativity), and the unitary rotations
describing the transition between interaction and mass basis. They can be conveniently
parametrized introducing

&r = (Vip)5i(Vip)s;, (4.1)

with f =u,d,e, P = L, R, which depend on the unitary rotations (Vyp);; that diagonalize
quark and charged lepton mass matrices. These parameters satisfy

0<er <1, SNelr=1, €lr| = Jefrelt (4.2)

so that there are only two independent parameters in each fermion sector fp (ignoring complex
phases). This also implies that there is no flavor violation if f{ip =1 for some i = 1,2, 3.
After imposing the condition for nucleophobia, C,, = 2/3 and Cy = 1/3, the resulting
predictions for the remaining axion-quark couplings differ between the scenarios and we show
representative models in tables 1 that have been selected as follows. While for models Q1
and Q4 nucleophobia fixes all couplings, there is still some freedom in models Q2 and Q3,
corresponding to the choice of quark flavor rotations. To avoid stringent bounds from flavor-
violating meson decays, we only consider the case that flavor-violation in the quark sector
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Model Eq/N C. C, Cy Cy

Q1 14/3 || 2/3 | —2/3 ] 2/3 | —2/3

Q2 8/3 || 2/3 | 1/3 || -1/3] —2/3

Q3 8/3 || —1/3 ] —2/31 2/3 | 1/3

Q4 2/3 || -1/3] 1/3 [ -1/3] 1/3
‘Q@EDM) | 2 [ o | o | o | o |

Table 1. Quark sectors in astrophobic 2HDM and 3HDM axion models after imposing conditions for
nucleophobia, C, = 2/3 and Cy = 1/3. For Q2 and Q3 additional choices has been made for quark
flavor rotations, as explained in the text. Q5 can be realized only in 3SHDMs.

Model || E,/N Cy C, Cre
El —2 | —2/3 ] =173 2/3
E2 0 1/3 | —1/3 || 2/3

Table 2. Lepton sectors in astrophobic 2HDM axion models after imposing conditions for nucleophobia,
C, = 2/3 and Cq = 1/3, electrophobia C. = 0 and requiring C},. = 0 in order to avoid stringent
constraints from p — ea decays.

is absent,” which leaves four models in each class (Q2 or Q3), only differing in predictions
for 2nd and 3rd generation quark couplings. As these choices do not have much impact
on our analysis, we simply choose two representative models for each class that we denote
as Q2 and Q3 in table 1 (this choice corresponds to &34 = g?f = 1 for model Q2, and
ur — ¢dr — 1 for model Q3).
In order to satisfy the astrophysical bounds on the axion-electron coupling for f, <
108 GeV as needed for sizable AN.g, the axion must also be electrophobic to good approx-
imation. As discussed in appendix D, within 2HDM there are essentially two potentially
electrophobic scenarios,% dubbed E1 and E2, which are summarized in table 7. Electropho-
bia (C. = 0) is achieved through a tuning of flavor rotations, &j% ~ c%(s%) for E1 (E2),
and since nucleophobia requires C% = 2/3, there is necessarily lepton-flavor violation since
1 #0,£0F # 1. In order to avoid strong constraints from u — ea decays, flavor violation
cannot be present in the pu — e sector, which implies £52 ~ 0 and thus large flavor-violating
coupling in the 7 — e sector, Cr. ~ 2/3. All non-zero axion-lepton couplings of the models
E1l and E2, after imposing C. = Cj,. = 0, are summarized in table 2. While both models
predict the same value of Cr, = 2/3 and C; = —1/3, the axion-muon coupling C,, can be
either —1/3 or 2/3 depending on the model.
An astrophobic model is then obtained by combining any model in table 1 with any model
in table 2, so in total there are eight such models, which we denote as e.g. Q1E1 with obvious
notation. In tables 1 and 2 we also list the contributions from each sector to the electromagnetic

5This is a conservative assumption as far as AN.g is concerned, since the presence of flavor-violating
couplings can only increase A Neg.

5There are four different models, but they differ only pairwise by the chiral structure of LFV couplings,
which is irrelevant for our analysis.
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Figure 2. Additional effective number of neutrinos A Neg as a function of f, for astrophobic 2HDMs.
Shown is total prediction for E1 (dark magenta) and E2 (light blue) models, without axion-kaon
scatterings (solid lines) and with axion-kaon scatterings for Cs = —2/3 for z = 0.49 (dash-dotted lines).
The difference in AN.g between E1 and E2 models is entirely due to the different axion coupling
to muons, which for E1 (E2) is C,, = —2/3 (1/3). Also shown are the predictions separately from
7 — e decays (blue), T-scatterings (violet) and p-scatterings, which differ between E1 (red) and E2
(orange). Vertical lines exclude the region to their left, and show constraints on the muon coupling
from SN1987A [48] (grey), the Belle-II limit on C;. [55] (cyan) and the bound on C., from Horizontal
Branch stars (HB) [50] (brown, dashed).

anomaly coefficient for each model, denoted by Eg/N and Er/N. The total contribution
to the electromagnetic anomaly coefficient is given by the sum E/N = Eqg/N + Er, /N, for
example model Q1E1 predicts F/N = 8/3. Simultaneous suppression of nucleon and electron
couplings in the eight astrophobic 2HDMs then essentially fixes the flavor-violating axion
coupling C;. ~ 2/3, which dominates the contribution to ANeg in all these models. We show
the resulting prediction for AN.g as a function of f, in figure 2, where we also display the
separate contributions to ANeg from flavor-violating 7-decays and flavor-diagonal 7- and
u-scattering. Note that these contributions differ only between the two possible choices for
the lepton sector, E1 and E2, giving the total lepton contribution to ANeg that is denoted by
solid lines (“total E1/E2”). There is also a small contribution from kaon scattering, giving
the total contribution to ANeg denoted by dash-dotted lines. Also shown is the Belle-II limit
on flavor-violating e couplings, which requires f, > 2 x 10° GeV.

Although constraints on axion couplings to nucleons and electrons are avoided in these
astrophobic models by construction, they are also subject to constraints on axion couplings
to muons (from SN1987A) and photons (from HB stars”), shown as vertical lines in figure 2.

"Note that the CAST bound [59] is significantly weakened below f, ~ 10% GeV.
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The SN1987A bound only depends on the chosen lepton scenario, and allows for f, as low as
about 8 x 106 GeV (4 x 10° GeV) in E1 (E2). The constraint from HB stars is more stringent,
and is controlled by the photon coupling, which can take only four different values (among the
eight models) determined by E/N € {14/3,8/3,2/3,—4/3}. In figure 2 we show the resulting
bound on f, for these four representative scenarios as vertical dashed brown lines, which
varies from about 107 GeV (e.g. Q1E1) to 6 x 107 GeV (Q4E1). These limits are even more
constraining than future Belle II searches for 7 — ea that will probe up to f, ~ 8 x 105 GeV.
This implies that current constraints on f, allow for AN.g as large as 0.20 (0.22) for E2 (E1)
models with £/N = 8/3, only considering leptonic production. However, for f, = O(107) GeV
contributions to ANg from axion-kaon scattering cannot be neglected, which arise from
non-zero axion couplings to strange quarks. The maximal contribution from such scatterings
is obtained for Cs = 2/3, which increases the total prediction for AN.g for E2 (E1) models
with E/N = 8/3 up to about 0.23 (0.25). For f, > 5 x 107 GeV all models give essentially
the same prediction for ANeg, because only T-decays are relevant for such large f,. CMB-54
will probe the parameter space up to f, ~ 108 GeV, which translates to m, ~ 0.06 €V, where
the axion can indeed be considered relativistic at recombination to good approximation.

It is interesting to compare these expectations with complementary probes by future
helioscopes such as BabylAXO and IAXO. In figure 3 we show these prospects in the usual
(M4, gary~y) Plane, for the relevant f,-window between 107 GeV and 10? GeV. The four scenarios
representing the predictions of astrophobic 2HDMs are denoted by black lines, and we show
in brown the excluded region from HB star cooling comstraints, the future projections for
BabyIAXO (red) and IAXO (green) lines, and the contour lines for AN.g in magenta (E1)
and cyan (E2). BabyIAXO will constrain only models with E/N = 14/3 or E/N = —4/3, up
to f, ~ 108 GeV, which roughly matches the reach expected from CMB-S4. IAXO instead
will probe the same models down to f, ~ 10° GeV, way below the Ng sensitivity. The other
two scenarios with E/N = 2/3 and E/N = 8/3 have smaller photon couplings, and will be
complementarily probed by IAXO and CMB-S4, reaching scales of f, ~ 2 x 108 GeV and

2~ 8 x 107 GeV, respectively. Note, however, that for mg > 0.2eV IAXO substantially loses
its sensitivity to models with E/N = 8/3, and a small range of m, up to about 0.5eV will
only be probed by future CMB surveys. Interestingly, also assuming that axions make up all
dark matter in the Universe (which is possible even for f, = 107 GeV in various cosmological
scenarios with non-trivial evolution of the axion field [60-71]), the region inaccessible to
IAXO will be covered by JWST [37] (see also refs. [72-74]).

We close this section with a more detailed discussion of the various contributions to A Neg
in figure 2. Even though in 2HDM 7-decays dominate thermal axion production, the total
AN,g exceeds the value predicted when considering only such decays below f, = 3 x 107 GeV.
Indeed there is a sub-leading contribution to axion production from p-scatterings, which
freeze-in axions after inverse 7-decays have frozen out. Axion production from 7-decays and
u-scatterings take place at different temperatures, affecting the abundance in a non-trivial
way. In the left panel of figure 4 we show the leptonic rates in E1 models compared to the
Hubble rate for a representative value of f, = 2 x 107 GeV. As anticipated, the 7-decay rate is
large enough to keep axions in thermal equilibrium for 1 < z < 10. The p-scatterings instead
are never effective enough to bring axions into thermal equilibrium, but still produce axions
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Figure 3. Predictions for the axion-photon coupling gq~ for the astrophobic models listed in tables 1
and 2, characterised by the four indicated values of E/N. Magenta and cyan vertical lines indicate
the total prediction for AN.g (including axion-kaon scattering for z = 0.49) for E1 and E2 models,
respectively. We denote in brown the region excluded by HB stars constraints, while the expected
sensitivities of BabyIAXO and TAXO [36] will extend this region down to the contours plotted in
dashed light red and green, respectively.

via freeze-in. On the right panel of figure 4 we show the evolution of the axion co-moving
number density for the same benchmark value of f, = 2 x 10" GeV. The rapid change in
Yeq is a result of the sudden changes in the number of relativistic degrees of freedom around
the QCD phase transition at zqcppr = 11. As expected, the equilibrium yield is reached
due to (inverse) 7-decays and ANeg is determined by the freeze-out temperature x ~ 15.
However, for z > 15 u-scatterings become the main production channel, adding on top of
the axion yield produced from 7-decays. Note however that the subsequent freeze-in is less
effective than without Te-couplings, because the collision term is proportional to Y1 — Y,
and thus reduced as compared to the pure p-scattering scenario due to the non-zero initial
axion abundance. Hence, while axion freeze-in production solely from pu-scattering gives
AY ~ 1.5 x 1073, the same production subsequent to freeze-out production from 7-decays
gives only AY ~ 0.5 x 1073,
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Figure 4. Left panel: axion production rates from p-scatterings (orange) and 7-decays (blue)
as a function of x = m,/T compared to the Hubble rate (red) for E1 models (C, = —2/3) at
fa =2 x 107 GeV. Right panel: axion yield obtained by numerically solving the Boltzmann equation
taking into account scattering and decays simultaneously (black) and separately (orange/green),
compared to the equilibrium yield (red).

5 ANcg in astrophobic 3HDMs

In the previous section we have discussed non-universal DFSZ models with two Higgs doublets,
which do not allow for suppressed axion couplings to muons or photons, in addition to nucleons
and electrons. This is the reason why in those models f, cannot be smaller than few times
107 GeV. As we will show now, this restriction can be avoided on the price of adding a third
Higgs doublet, which admits f, < 107 GeV without violating any astrophysical constraints.
Most of these models can be probed by improved measurements of AN.g, and require only a
mild tuning to simultaneously suppress axion couplings to nucleons, electron and photons,

in contrast to 2HDMs.

There are many 3HDMs giving astrophobic axions, and we refer for a detailed discussion
to appendix D. In this section we classify them according to the suppressed couplings relevant
for avoiding astrophysical constraints: i) |C,| < 1ii) |Cy| < 1, and iii) |Cy|,|C] < 1
with LFV. The case of |Cy|,|C,| < 1 without LF'V will be discussed in section 6 in the
context of the naturally astrophobic axion model. For each model we will compute the axion
contribution to ANeg as a function of f,. All models are obtained by combining a quark sector
model in table 6 with a lepton sector model in table 8, and require a single small PQ charge
Xop < 1 in order to be astrophobic. This can be achieved by choosing appropriate Higgs
vacuum angles, Xog = (1 — 3c?)c3 (cf. eq. (D.35) and the discussion below), and the possible
degree of suppression is only bounded by perturbativity of Yukawa couplings. Predictions
for axion couplings in lepton sectors of astrophobic 3HDMs after imposing conditions for
astrophobia are presented in table 3. Note that E1 and E2 models in the context of 3HDMs
give different predictions for axion couplings to leptons than E1 and E2 in the context of
2HDMs (cf. table 2). The predictions for axion couplings to quarks are given in table 1
and for Q1-Q4 are the same within 2HDMs and 3HDMs. There is a single new model in
the context of 3HDMs, dubbed Q5.
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Model || Er/N C, C; Cru
El —4/3 0 | —2/3] o
E2 2/3 0 13 | o
E3 0 0 0 0
E4 || -8/3 || —2/3 ] —2/3 o
E5 4/3 || 13 | 173 || o

] E6 H —2/3 H 0 \ 1/3 H 2/3\

Table 3. Lepton sectors in astrophobic SHDM axion models after imposing conditions for nucleophobia,
Cy =2/3 and C; = 1/3 and electrophobia C, = 0. In models E1 and E2, conditions for muonphobia
Cy = 0 were additionally imposed. In models E1-E5, the conditions for nucleophobia, electrophobia
and muonphobia (where possible) imply no LFV couplings. The E6 model is special as all three
leptons carry different PQ charges.

5.1 Models with |C,| < 1

We start with a discussion of models in which the axion coupling to muons is small, |C},| < 1,
but the axion-photon coupling is unsuppressed. In these models the PQ charges of leptons
can have a 2 4 1 flavor structure. There are 14 models of this type that are obtained by
combining any of the 5 potentially nucleophobic models in the quark sector, summarized in
table 6, with either model E1, E2 or E3 in the charged lepton sector,® defined in table 8, and
taking Xo < 1 and £54 = 1, so that there is no LFV. Models involving E3 are special because
all axion-lepton couplings vanish. The model Q5E3, in which also the axion-photon coupling
is suppressed, will be discussed separately in section 6. Nucleophobia and electrophobia
can thus be obtained without flavor-violation, upon making appropriate choices for quark
flavor rotations. Therefore the only leptonic contribution to ANeg comes from the axion-tau
coupling, which is fixed to be C = —2/3 in E1 and C; = 1/3 in E2 models, respectively,
and for E3 model even this contribution is absent.

The main difference between the five possible choices of quark sector models is the
value of the axion-photon coupling. Taking into account all possible combinations with
the three lepton sector models, this coupling is determined by seven representative values,
E/N € {16/3,14/3,10/3,8/3,4/3,2/3,—2/3}. These translate into a lower bound on f,
from HB constraints, which varies from about 107 GeV for the least constrained models with
E/N =8/3 (Q2E3, Q3E3, Q5E2) and E/N = 4/3 (Q2E1, Q3E1, Q4E2) to about 6 x 107 GeV
for the most constrained model (Q1E2) with F/N = 16/3.

Since electron, muon, and LFV couplings are suppressed, the only leptonic contribution
to AN.g arises from scattering processes of 7-leptons, differing only between models E1
(Cr =—2/3), E2 (C; = 1/3) and E3 (C; = 0), and the resulting predictions are shown in
figure 5. Taking into account the lower bounds on f, from HB constraints as discussed above,
this contribution is always below the sensitivity of CMB-S4. However, because there are no
LFV couplings, the largest contribution to AN.g in these models are actually due to kaon
scattering, which is controlled by the value of the axion couplings to s-quarks. The value of

8Model E6 instead has a 1+1+1 flavor structure and will be discussed below.
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Figure 5. Additional effective number of neutrinos AN.g as a function of f, for astrophobic 3HDMs
with |C},| < 1. These models are obtained by combining E1, E2 and E3 with any model of the quark
sector (Q1-Q5), and differ in their contributions to AN.g only through the different values of C; and
Cs. We only show the largest possible contribution represented by model Q3E1. The most important
lower bound on f, comes from HB star cooling bounds on the axion-photon coupling [50], which is
strongest (weakest) for E/N = 16/3(8/3).

this coupling can take just three different values, Cs = 1/3 or C5 = —2/3 in models Q1-Q4,
while it vanishes in Q5. In figure 5 we show separately the predictions for ANg from tau
and kaon scattering for two selected models in order to avoid clutter, which correspond to
the smallest (Cs = 0 in Q5E1) and largest contributions from kaon scattering (Cs = —2/3 in
e.g. Q3E1). The maximal contribution to ANeg in these models, after taking into account
the constraints on the axion-photon coupling, is 0.13 and within the reach of the Simons
Observatory. However, the potential for improvement of the lower bound on f, by future
CMB experiments is quite limited and CMB-S4 will improve it up to 2 x 107 GeV (for models
with maximal ANeg), which is better than the astrophysical bound only for models with
E/N =8/3 or 4/3. The other models will be probed more efficiently by IAXO or JWST
than by CMB observations.

5.2 Models with |C,| < 1

Assuming a 2 + 1 flavor structure of the (non-universal) PQ lepton charges, it is also possible
to suppress the axion-photon coupling in 3HDMs. Indeed there are two models with E/N = 2
(Q1E4 and Q4E5), which allow for f, ~ O(10%) GeV without being in conflict with HB
star cooling constraints. However, in these models axion-electron and axion-muon couplings
cannot be suppressed simultaneously, as electrophobia implies C,, = Cr = —2/3 (1/3) in
Q1E4 (Q4E5) model, which in turn requires f, 2> 8(4) x 10 GeV from the SN1987A constraint
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Figure 6. Additional effective number of neutrinos AN g as a function of f, for astrophobic 3HDMs
with |Cy| < 1, which is realized in Q1E4 and Q4E5 models. The vertical grey line denotes the limit
on the muon coupling from SN1987A [48], while red, brown and orange lines denote the contributions
from scattering off muons, kaons and taus, respectively.

on the axion-muon coupling. There is no LFV in these models, so that the only sizable
contribution to A Neg comes from axion-kaon, axion-muon, and axion-tau scatterings, and
we show these contributions and the total prediction for ANgg in figure 6. The predicted
value of ANgg in the Q1E4 model is larger than in the Q4E5 model, since the absolute values
of axion couplings to muon, tau, and strange are twice as large in Q1E4 as compared to
Q4E5. We see that the combined effect of these three channels leads to ANeg as large as
0.23 without violating the SN1987A constraint, which exceeds the maximal value that can
be obtained in the models with |C,| < 1 as discussed above, cf. figure 5. Interestingly, the
current cosmological data set lower bounds on f, in these models that are comparable to those
from astrophysics. In Q4E5 the lower bound on f, from thermal axion production is about
5 x 10° GeV so even slightly stronger than the SN1987A constraint. This is because for such
small f, the axion mass is around 1€V, so the axion is not relativistic around recombination,
which strenghens the upper bound on ANeg. Due to relatively weak astrophysical constraints
there are good prospects for testing both models in future CMB surveys. Model Q1E4 can be
within the reach of the Simons Observatory (CMB-S4) for values of f, up to 107 (2x 107) GeV,
while the reach for f, in Q4E5 is weaker by about a factor two. Both models cannot be
probed by IAXO due to the suppressed axion-photon coupling.

On the other hand, these models may still be probed by JWST, which for f, < 107 GeV
will be sensitive to the axion-photon couplings gayy = a(27f,)"1C, as small as O(10~11) [37].
However, whether JWST can really observe such axions depends on the contribution to Cy
from axion-pion mixing, which has rather large uncertainties. For the central value of this
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contribution geyy & 107! for f, = 8 x 105 GeV, which is on the verge of the JWST sensitivity,
but gu, could be a factor of two larger when taking into account theoretical errors. Still,
for E/N = 2 theoretical uncertainties allow for vanishing g, so definite conclusions cannot
be made until the theory prediction has improved.

5.3 Models with |C,| < 1 and |C,| < 1 and LFV

We finally discuss proper astrophobic models, where on top of nucleophobia and electrophobia
also axion couplings to muons and photons are suppressed, so that all stellar cooling constraints
are weakened. In such models, the dominant lower bound on f, originates from the usual
SN1987A constraint on axion-nucleon couplings, which are induced by higher-order corrections.
Taking into account these corrections, the resulting lower bound on f, can be as weak as
10 GeV, although the exact numerical value depends on the details of the axion model and
is also sensitive to the uncertainties in the lattice determination of the ratio m,/mg [34].

As discussed in appendix D, astrophobic models with |C,| < 1 and |Cy| < 1 can be
constructed within the framework of DFSZ-like models with 3 Higgs doublets. There are
three such models, depending on the PQ charge structure of charged leptons. Either the
charges are universal, so that there is no LFV, or they are different for each generation, i.e.,
have a 14+1+1 flavor structure, indicating possibly large LF'V. Here we focus first on the
two proper astrophobic axion models with LFV, which have the best prospects to be probed
by CMB observations in the near future, since flavor-violating 7-decays give the dominant
contribution to ANgg, in the absence of the axion-pion coupling. We will discuss the model
with universal lepton charges (Q5E3) in the next section.

The two models are obtained by combining E6 in table 8 with models Q2 or Q3 in
table 6 (dubbed Q2E6 and Q3EG, respectively), giving E/N = 2 and thus a suppressed axion
coupling to photons. Proper astrophobia is obtained for Xy < 1, giving for both models
Ce=C, =0, C; =1/3, and the LFV coupling C;, = 2/3. The largest contribution to ANeg
is due to axion production from 7-decays, but a sub-leading contribution is due to kaon
scattering, which depends on the value of Cs that is controlled by quark flavor rotations,
and can vary between —2/3 and 1/3. In figure 7 we show the minimal total prediction for
Cs = 1/3, as well as the contributions from kaon scattering and 7-decays alone. In contrast
to the models discussed above, the constraint on f, provided by cosmology, i.e., CMB and
BAO data, is much stronger than limits from astrophysics or direct searches for LFV decays.
Interestingly, despite the suppression of the axion-muon and axion-photon couplings, this
only excludes values f, < 8 x 10° GeV. This is mainly due to the rather large production rate
< 107 GeV axions act as

~

of thermal axions from 7 — ua decays, as well as the fact that for f,
a warm/hot dark matter and the upper bound on ANeg rapidly tightens when decreasing f,.

These models can be complementary probed by searches for 7 — pa at Belle-IT [55].
While current bounds are not competitive with the constraints from cosmology, future runs of
Belle-II are expected to probe f, up to the level of 107 GeV, which corresponds to ANgg ~ 0.2
for the models under consideration, and thus allow for complementarity to future CMB
searches. Similarly to the models Q1E4 and Q4E5 with |C,| < 1 and unsuppressed axion-
muon couplings discussed above (cf. figure 6), the JWST sensitivity strongly depends on the
uncertainty of the theoretical prediction for the axion-photon coupling.
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Figure 7. Additional effective number of neutrinos ANgg as a function of f, for proper astrophobic
3HDM with LFV, realized by the Q2E6 and Q3E6 models. The plot shows the prediction in the
model with the smallest kaon contribution (Cs = 1/3) and z = 0.49. The maximal contribution for
Cs = —2/3 to AN,g is slightly larger, but the resulting current bound on f, from cosmology is very
similar. The vertical cyan line marks the lower bound on f, from searches for flavor-violating 7 — pa
decays at Belle-II [55].

6 AN from the naturally astrophobic QCD axion

In this section, we discuss the naturally astrophobic axion model [34]. In this model, the SM
Higgs is a nearly PQ charge eigenstate with a vanishing PQ charge, and the axion coupling
to SM fermions is entirely controlled by their PQ charge assignments, so that no tuning of
the parameters of the theory is required to achieve astrophobia.

In particular, a proper astrophobic model without LFV can be achieved by assigning
the PQ charges of 2, 1, 0, and 0 to u, d, e, and pu, respectively, and assuming that the QCD
and electromagnetic anomaly comes only from u and d. In the minimal scenario, the PQ
charges of other SM fermions are zero. In the UV completion by 3HDM, this can be obtained
by combining the flavor-universal model E3 in the charged lepton sector (see table 8) with
model Q5 in the quark sector, (see table 6), upon taking Xo < 1 and &ff = ff = 1. This
model, dubbed Q5E3, has a very interesting feature that the axion couples exclusively to u-
and d-quarks, so that Xy < 1 can be realized by strongly suppressing the vevs of the two
non-SM Higgs fields consistent with perturbative unitarity, as these only give rise to up- and
down-quark masses. This is in contrast to all other 3HDM models, where perturbativity of
Yukawa couplings prevents this possibility, and instead require some (mild) tuning, see e.g.
ref. [31]. This model was proposed in ref. [34], and it was shown that it can be UV-completed
not only within the 3HDM scenarios but also by adding new vector-like quarks.
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Figure 8. Additional effective number of neutrinos ANgg as a function of f, for the naturally
astrophobic axion, realized e.g. by the E3Q5 model. Dotted lines indicate uncertainties due to the
non-perturbative freeze-in. Dashed part of the lines correspond to the range of f, for which axion never
reaches thermal equilibrium with the SM plasma. The axion-kaon scattering has been computed for z =
0.49 for which f, down to few x108 GeV is consistent with astrophysical constraints. Axion decoupling
temperatures T, assuming prior equilibrium above the QCDPT are shown on right vertical axis.

Both astrophysical constraints on f, and the predictions for AN.g somewhat depend on
the particular UV completion. We show the prediction of ANyg for the naturally astrophobic
axion in various scenarios in figure 8. In the minimal model only up- and down-quarks
couple to the axion and the corresponding couplings are C,, = 2/3 and Cy = 1/3. In the
minimal model the astrophysical constraints on the axion-nucleon couplings allow for f, as
small as 10% GeV if z ~ 0.49 [34]. In this scenario axion couplings to pions, leptons and
kaons are strongly suppressed, so the axion cannot be in thermal equilibrium below the
QCD phase transition. Therefore, non-negligible contribution to A N.g may only arise in the
deconfined phase when the axion may be kept in thermal equilibrium by scattering with up-
and down-quarks. The production rates of axions in these scattering processes with quarks are
proportional to temperature, so the dominant production of axions occurs at low temperatures
(since the Hubble scale scales as T?). Hence, we expect that axions will be mostly produced
for temperatures not far above the QCD phase transition. Unfortunately, the scattering rates
for these processes cannot be reliably computed for such temperatures using perturbative
methods [16] (see also refs. [75, 76]). On the other hand, we know that astrophobic axions
are not thermally produced in the regime when chiral perturbation theory correctly describes
axion interactions. Thus, it is possible to estimate the maximal contribution to AN.g that
occurs if the axion decouples from SM plasma for temperatures around 150 MeV. However,
if the production rate of axions is smooth it may well be that axions decouple at some
higher temperature. For this reason in figure 8 we also show the relation between A Ngg
and axion decoupling temperature using an instantaneous decoupling approximation. We
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see that if the strong interactions keep the axion in thermal equilibrium for temperatures
down to the QCD phase transition, AN.g can be as large as about 0.15, while if it decouples
around 1 GeV, AN is around 0.05.

In figure 8 we also show the maximal value of AN.g obtained by estimating the non-
perturbative effects on axion production using the leading order up- and down-quark scattering
rates above the QCD phase transition [17], setting the strong coupling gs to 47w. We see
that in the minimal scenario (corresponding to Cs = 0 in the plot), such scatterings are
not able to thermalize axion unless f, is below few x10° GeV. Nevertheless, freeze-in axion
production via such scatterings may give non-negligible contribution to ANeg resulting in
the current lower bound from Planck around 5 x 10% GeV, which should be considered as
an aggressive limit for the minimal model.

Given the uncertainty in the prediction of ANeg one cannot use future CMB data to
set robust bounds on the naturally astrophobic axion scenario. On the other hand, in case
some deviation from ACDM model is found it may still be explained by the minimal model
with f, = O(107) GeV, but to reliable extract information about the axion from such data
one would require a lattice determination of the axion temperature evolution.

The minimal model, where Cy = 1/3 and Cs = 0, requires additional model building (see
ref. [34]) to naturally suppress rare kaon decays induced by flavor-violating axion couplings
in the s-d sector. Instead such decays are naturally suppressed without model building if
Cs = Cy4. For Cs = 1/3, the axion contribution to ANeg is larger than in the minimal model
for two reasons. First, the axion-kaon scattering is no longer suppressed and results in a
lower bound on f, from Planck around 4 x 10% GeV, as seen from figure 8. Second, axion
production from strange-quark scattering is expected to be bigger than that from up- and
down-quark scattering due to much larger strange-quark mass. Using the same estimate
for the non-perturbative contribution as above, we found that strange-quark scattering can
keep the axion in thermal equilibrium for temperatures down to the QCD phase transition
for f, exceeding even 107 GeV. This results in a lower bound on f, from Planck about
7 x 105GeV, as seen in figure 8.

We have also checked that the lower bound of f, > 7x10° GeV from Planck is independent
of the choice for estimating the non-perturbative axion production. For example, the bound
stays the same if one takes gs = /4 instead of 4. Also the estimate proposed in ref. [16]
with the thermally averaged rate parameterized as I' = T3/ f2 for temperatures between
2 GeV and the QCD phase transition with k = 0.1 or 0.01 gives the same lower bound on
fa- In all these estimates the axion is thermalized down to the QCD phase transition for
fa = O(107) GeV, which is the reason why the exact value of the rate has no impact on
the predicted value of ANgg. On the other hand, the estimates for the sensitivity of future
experiments are much less robust. For example, the reach of the Simons Observatory for
f. varies between 107 and 10® GeV if one changes g5 from /47 to 47 in our estimate for
strange-quark scattering.

Let us also comment on the fact that for Cs = 1/3 the astrophysical bounds on the
axion-nucleon couplings can allow for f, much below 107 GeV only if axion couplings to
charm and/or bottom are also O(1) [34]. We have checked that turning on these couplings
does not affect the current lower bound on f,. This is because axion production from charm-
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and bottom-quark scattering is Boltzmann suppressed around the QCD phase transition,
and also because strange-quark scattering alone is sufficient to thermalize axions down to
the QCD phase transition.

We emphasize that the naturally astrophobic axion is the model that is least constrained
by the CMB, and f, much below 107 GeV may be consistent with all available data. Such
values of f, imply an axion mass O(1)eV, so it is not ultra-relativistic at recombination.
Thus, in this scenario A Ngg is just a useful parametrization of the energy density of thermal
axions and axions act like warm/hot dark matter rather than constituting extra relativistic
degree of freedom, which is yet another feature that could help to distinguish the naturally
astrophobic axion from other axion models using future CMB data.

Our results also have implications to minimal axiogenesis [77]. In the minimal axiogenesis
scenario, the PQ symmetry-breaking field rotates in field space in the early universe, which
corresponds to a non-zero PQ charge. The PQ charge is transferred to baryon asymmetry via
axion-SM couplings and electroweak sphaleron processes. For f, > 107 GeV, however, the
produced baryon asymmetry is smaller than the observed one after imposing the constraint
from overproduction of axion dark matter by the kinetic misalignment mechanism [68],
unless some of the axion-SM couplings are much larger than the 1/ f,-suppressed one. For
fa <107 GeV, on the other hand, the observed baryon asymmetry can be explained without
introducing large couplings. Even with the maximal possible scattering rate of the axion
with u- and d-quarks or Cy = 1/3, the current constraints from the CMB and BAO can be
satisfied. If the scattering rates with quarks become as large as those with g5 ~ 47 before
the QCD phase transition, CMB-S4 can probe the parameter space of the successful minimal
axiogenesis without large couplings.

Even though axion-photon coupling in this scenario is smaller by at least one order of
magnitude than in models with E/N # 2, it may be still possible for JWST to discover a
DM axion with mass of O(1)eV. Thus, using complementarity of future CMB and JWST
observations, it will be viable to pin down axions that are responsible both for DM and
baryogenesis.

7 Conclusions

We have investigated thermal production of QCD axions in so-called astrophobic models in
which astrophysical constraints on the axion decay constant are relaxed. A model-independent
feature of such models is that the axion-pion coupling is so small that the impact of axion-pion
scattering on the production of thermal axions is negligible. However, we found that a large
abundance of hot axions, parameterised by the extra effective number of neutrinos A Neg, can
be sizable in the presence of other axion couplings, such as couplings to muons, strange-quarks
or LFV couplings leading to axion production from 7 — fa decays, see figure 1.

The simplest astrophobic axion models are generalized DFSZ models with two Higgs
doublets with flavor non-universal PQ charges [29]. In this class of models, suppression of
axion couplings to nucleons and electrons fixes the size of LF'V couplings, which directly
control 7 — ea decays and give a sharp prediction for AN.g as a function of f,. However,
axion-photon couplings are unsuppressed and a lower bound on f, arises from HB star cooling
constraints, which varies between (1 + 6) x 10" GeV, depending on the model. This in turn
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limits the predicted ANeg to be below about (0.1 =+ 0.25) (see figure 2), which are within
the reach of the Simons Observatory. This is in sharp contrast to the predictions of the
minimal DFSZ and KSVZ axion models, where ANgg is at most 0.03 in the region of f,
consistent with astrophysical constraints, and it is difficult to observe such small ANqg in
the foreseeable future. The range of f, leading to large ANeg in astrophobic 2HDM will be
also probed by axion helioscopes. Two of the models are within the reach of BabyIAXO,
while the remaining ones can only be probed by IAXO. A small range of f, < 3 x 107 GeV
will not be covered by TAXO, but it is within reach of JWST, if one assumes that axions
make up all dark matter in the Universe.

We have also constructed generalized DFSZ models with three Higgs doublets. In such
models there is more flexibility in the structure of axion couplings as compared to 2HDMs. In
particular, it is possible to suppress nucleon and electron couplings without additional tuning.
In such models ANgg is typically much smaller than in 2HDMs, because flavor-conserving
axion-lepton scatterings are not as efficient in producing thermal axions. However, we found
that in such models axion-kaon scatterings may still lead to large ANeg. This effect is
particularly important in models with axion-photon couplings small enough to allow for
f. down to 107 GeV, and the resulting AN.g can even be above 0.1, within the reach of
the Simons Observatory (see figure 5).

In order to allow for f, below 107 GeV consistent with astrophysical constraints, it is
necessary to not only arrange for E/N = 2, which accidentally relaxes the lower bound on
f. from HB stars to about 10° GeV, but also to suppress the axion-muon coupling in order
to avoid constraints from SN1987A. In such models, AN.g sets a lower bound on f, much
stronger than the astrophysical constraints, if efficient axion production from flavor-violating
T-decays or axion-kaon scattering is possible. We constructed such models and found a lower
bound on f, given by 8 x 10°GeV (see figure 7).

We also have investigated the recently proposed naturally astrophobic QCD axion model.
We found that in the minimal model where the axion couples to the SM only via the up
and down quarks, the axion cannot be kept in thermal equilibrium with the SM plasma for
temperatures below the QCD phase transition, due to strongly suppressed axion couplings to
pions, kaons, and leptons. However, axions may still be produced thermally before the QCD
phase transition in scatterings with free quarks. The production rates for such processes
cannot be reliably computed using perturbative techniques, and the maximal value of ANgg
can only be estimated. If the axion decouples exactly at the QCD phase transition, current
cosmological constraints lead to a lower bound f, > 6 x 10° GeV, which can be even further
weakened using more conservative assumptions about the axion decoupling temperature. Thus,
in the naturally astrophobic axion model both astrophysical and cosmological constraints
allow minimal axiogenesis to explain both the observed DM and the baryon abundance.
Future CMB surveys may probe the parameter space relevant for this scenario, where the
axion mass can be as large as 1eV. The axion-photon coupling may be large enough to lead
to a discovery of axion DM by JWST, and future CMB data could be used to cross-check
such an interpretation.
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A Axion couplings to pions and kaons
An anomalous axial rotation of light quarks ¢ = (u,d,s)” parametrized by Q,
q— 2%y, (A.1)
which for TrQ, = 1 cancels the aGG term, induces an axion dependence in the quark masses
M, = eia(w)Qaﬂfaquia(r)Qaﬂfa’ (A.2)

where M, = diag (my, mq, ms). The relevant Lagrangian involving axion and u,d, s quarks
is given by

C — Q1
=% (quQa)(aua)qv“%q — Y qMag. (A.3)
q=u,d,s @ q

We can make the usual choice Q, = M, 1/ TrM 1 which avoids axion-pion mixing.
Explicitly, this results in the following form of the matrix

1
1+z24w 0 0
0 0 1+:U+w

with z = m, /mg and w = my/ms. On the other hand, the LO chiral lagrangian is given
by [5, 78]

2 )
L= ij (Tr(D“UTDMU) +2BTr (UM + MQUT)> LY Tr(’f’ua(UaﬂUT —~ UTa“U)),

2f, ¢ 2
(A.5)
where
™ +n/vV3  Vent V2K
U = exp -~ V2r— =1+ /3 V2K , (A.6)
"\ Vak-  VER® )3
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and
Cu— Q% 0 0
0 Cqg—Qf 0
0 0 Cs — Q% (A.7)

Cc

1 1 1
= gTr(c)l + §Tr(c)\3)>\3 + §Tr(c)\8))\8 = Cqa

is the shifted axial coupling matrix, which can be decomposed as a linear combination of
Gell-Mann matrices and the unit matrix. After choosing @, according to eq. (A.4), the
whole axion dependence is moved to the axial current and the mass terms. One can find
the axion mass in 3-flavor ChPT in leading order in w as

9 2m2(4z(1 + 2) + w(l — 2)?)

T T AP0+ (42t w) (A8)

A.1 Coupling to pions
One can show that the trace argument of axial current for pions, keeping up to 3 fields,

is given by

41
UHUT — UTorU = 3 (@ﬂrb(mr) - ﬂb(wﬁuw)>)\b, (A.9)

where now the index b is restricted to SU(3) generators contracted with pions, that is,
b=1,2,3. Using TrA?\* = 26, axion-pion couplings are given by
2 0,a
_2oa
3 fafx
Taking into account the Kronecker-d with restricted index b and eq. (A.7), we have ¢,043 = c3,

which can be further evaluated to Tr(cA3)/2 = (Cy, — Q% — Cq + QF)/2. Note that these
terms are independent of Cs. After further simplifications we end up with

G- Ca- Qi+ QS
3frfa

Identifying the prefactor rescaled by f:f, as the axion-pion coupling and using the explicit

Loxial = (@mb(mr) — 7Tb(773#7r)>5ab . (A.10)

Laxial = (O,a) (28u7ro7r+7r_ — MO T4 T — 7r07r+8u7r_) . (A1)

form of Q, from eq. (A.4), we obtain the known result [38]

CW:—;(cu—cd—Hiij). (A.12)
In astrophobic axion models C,, = 2/3, Cy = 1/3 and for approximate values z ~ 1/2 and
w = 0 the pion coupling vanishes. Since scatterings with pions are the leading contribution
to the abundance of thermal axions in generic models, z # 1/2 and w # 0 may play a role
in determination of AN.g. However, as we have checked for the parameter space consistent
with astrophysical constraints on the axion-nucleon, the production via scatterings with pions
always contributes to ANgg less than 0.01, far beyond the reach of future experiments.
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A.2 Coupling to kaons

In the physical basis, with the choice of @), given by eq. (A.4), we move the axion interaction
(up to order 1/f2 corrections) to the axial current. The only non-zero contribution to the
axion kaon coupling comes from the axial current in eq. (A.5) and for values z = 1/2,

w = 0 has the form
1 _ _
Lok = —35;? (— 3 (cu —Cy— 3) (3\f2K+w—aﬂK0 - 3V2K 7T o' K~ + KO0t K°

—3V2K %7 " Kt — 2K K 07 + 3V2K "t ot K? + K~ 70" K+

— 2K~ K+o'n + nOK°OMK° + n° K 9" K )

1 S(Cu 1O —1— 203) (K%Oaﬂf(o V2Kt 9" KO — KtnlorK-

+ V2K oK~ + K79 K° — V2Kn ot K+ — 2K K00+ n®

+2V2K Kot — V2K nto K + K r%9" K — 2K~ Kot n®

- 2\/§K_K06“7r+>> . (A.13)
For astrophobic axions with charges C,, = 2/3, Cy = 1/3, Cs # 0, for which the charge matrix
eq. (A.7) is ¢ = diag(0,0,Cs), only the contribution from strange quark coupling remains

Cs
6fafn

Lok = O <K0 (701 K° — 2K 070 — Vorm OM K + 2V2K P ) —

— K~ (V2 0r KO — 2v2K00" 7t 4 nP0 K — 2K T oMa") + (A.14)
+ K%K — V2Kt o' K~ — V2Kt oF R — K+7r08“K_> .
Note that those couplings are not suppressed in contrast to the axion-pion coupling. As a
result, the suppression of the kaon scattering rate comes solely from the Boltzmann factors
and is insufficient to completely remove the kaon contribution to axion thermalization. The
axion also couples to one 1 and two kaons, but the scattering rate is further suppressed
by Boltzmann factors.
B Axion production rates

In this appendix we collect useful expressions for calculating thermal axion production rates,
mainly following ref. [79].

B.1 Equilibrium number densities

The number density of particles in thermal equilibrium is given by

e d3k; e gz m;
niq — gz/ (271-3) fiq ~ 27T2m22TK2 <T) , (Bl)

where g; denotes the number of internal degrees of freedom and f{% = 1/(e”F/T £ 1)
denotes the phase space distributions with E; = (k% + m?)l/ 2. One can approximate the
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equilibrium distributions for both bosons and fermions by a Maxwell-Boltzmann distribution,
[i% ~ exp (—E;/T). This allows to approximate the number densities by the last equality,
where K3(m;/T) denotes the modified Bessel function of second kind with asymptotic
behaviour

.T2 X
Ko(z) = {2/ <l (B.2)

e T/m/2x x> 1

The axion mass is negligible while being thermally produced. We use the exact Bose-Einstein
distribution with equilibrium density
3
nea = B (B.3)

a 71—2

B.2 Collision operators and production rates

Axion production rates are related to the collision operator in the Boltzmann equation by
[i(T) = C;/nSl, where i collectively denotes scattering processes p1p2 <> psa and decays
p1 <> paa. For scatterings the collision operator given by (neglecting Pauli blocking)

CP1P2<—>P3G = /dHldH2dH3dHa fq (277)454(171 +p2 —p3— pa)‘MP1p2—>p3a| (B'4>

where p; denotes to the momentum of the ith particle, dIl; = d®p;/2E;(27)? is the Lorentz
invariant phase space measure, and | M, ,—psa|? denotes the squared matrix element of the
scattering process including sums over initial and final polarizations (no averaging). The
collision operator can be related to the cross section

1
9192 4291 P2v12

where g1, g2 are the internal degrees of freedom of the initial particles and vi9 is their Lorentz

[ AL, 2m) 54+ p2 — s~ ) Myl (B5)

Opipa—p3a —

invariant relative velocity, given by

D1 p2)? — m2m2
- \/( 1°D2) mz s \1/2 (W’Tng) (B.6)
2p1 - p2 2p1 - p2 NV
with A(z,y) = [1 — (v + y)?][1 — (z — y)?]. This gives
Coipaespsa = 2g1g2/dH1dH2ffq 2eq/\1/2(x17 2)S0p1pr—spsals) (B.7)

where x; = m;//s and the dependence on initial state momenta is encoded in the center-
of-mass energy s. Changing integration variables and performing one integration in the
Boltzmannian limit {4 ~ exp (—E;/T) leaves a single integral over the center-of-mass energy

9192 Vs
Cpipeespsa = 397 4T/ A(@1,22)s 8/2 Up1p2—>p3a(8)Kl (T) ds, (B.8)

where spin = max{(mi +ms)?, (m3+m,)?}, and K;(x) denotes the modified Bessel function
of second kind with asymptotic behaviour

R r <1
File) = {e‘“’\/w/Qw r>1 (B:9)
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This collision term is conveniently rewritten in terms of the thermally averaged cross-section as

Cpipsrpsa = 11 13 (Tpipa—spsal) (B.10)
which defines the latter as (in the Boltzmannian limit)

1 o

a = A 3/2 a K ~— | ds.
<Up1p2ﬁp3 U> Sm%m%TKg(ml/T)Kg(mQ/T) . (-73171‘2)3 Op1p2—p3 (5) 1 ( T ) S
(B.11)

If one of the initial particles (particle 2) can be considered massless to good approximation,
mg — 0, this simplifies to

1 > m3 ’ 3/2 Vs
N i WA Ul O o K
(B.12)

If the initial particles have the same mass, one has

1 e 4m? NG
Onpsesmat s = e | (1 - ) (9 (T) -

(B.13)
The axion production rate from scattering processes is finally given by
eq_eq
Ny Ny
Lpips—spsa(T) = ned (Op1pz—psa?) ; (B.14)
a

and for the total production rate from scattering I'g(7") all processes have to be summed
FS(T) = Z Fp1p2—>p3a(T)- (B-15)
p1,p2

In case of axion production from decays, the same steps yield for the collision term

CP1—>P2CL = /dHldHQdHll fQ(27T)454(p1 — D2 — pa)|MP1—>P2t1’2

dgp my
:glrpl—}p2a/(2ﬂ-)3E11 fq
o Ki(m1/T)

= nlq]‘—‘plﬁp2a KQ(ml/T) ) (Blﬁ)

where | M, p,q|? is the squared matrix element of the decay process including sums over
initial and final polarizations (no averaging), and I'y, ., denotes the decay rate in the
rest frame of particle 1, given by

1

24172 (M2 ma)
S — Spaal“A —,— . B.1
167g1m1 | Mp, —psal < (B.17)

Ly —pra =
pP1—p2 mlvml

If the mass of the axion is neglected, this simplifies to

1 2 m%
Lpi—poa = W’MP1—>LD2Q| 1—— . (B.18)
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The axion production rate from decays is finally given by

eq
ny Ki(m1/T)
Lpyospoa(T) = nigqrm_mgam, (B.19)
and for the total production rate from decays all processes have to be summed
FD(T) = er1—>p2a(T) > (BQO)
Pt

including charge multiplicities, e.g. for a single charged lepton p; = ¢*,¢~.

B.3 Pion and kaon scatterings

Scattering with pions is usually the main channel of axion production. Given the cou-

pling eq. (A.11), the known amplitude for three processes n%7* — ar®, 7t7~ — an®
evaluates to [80]
9/ Cr \?
2 ™ 2, 42 2 4
E =- t -3 . B.21
|M|7TTI'~)(17T 4 <f7rfa> (S + + U mﬂ') ( )

processes

Neglecting the mass splitting between charged and neutral pions, we obtain a total thermally
averaged cross section for all three processes using eq. (B.11) and eq. (B.14). However,
because ChPT is only EFT the integral in eq. (B.11) should only be performed up to cut-off
Vs = Acwpr = 47 fr. Otherwise, artificial contributions from divergent cross section would
alter high-temperature behaviour of scattering rate.

Since pions are present in the thermal bath only after the QCDPT, we include this
contribution in Boltzmann equation only for T' < Tqcp = 158 MeV [81] by adding the
Heaviside theta function §(Tqcp — 7'). It is worth mentioning that working in LO of ChPT
has been shown to be unreliable at temperature above 7' ~ 70 MeV [82, 83]. This contribution
has been recently calculated precisely using phenomenological cross section [16] and unitarized
ChPT [83], respectively, finding good agreement [18, 83]. However, the LO ChPT suffices to
show that in models considered in this work, pions give negligible contribution to the A Ng.

The scattering rate for processes involving kaons and pions 7K — Ka have been
calculated in case of hadronic axions [16]. In nucleophobic models these scattering rates are
suppressed unless Cs # 0, as explained above eq. (A.14). Given interactions eq. (A.13) we
used FeynRules [84] and FeynCalc [85, 86] to derive the scattering amplitude for 8 processes:
70K+ KO7* = an®; 79K 7~ K+ — aK°; 7r+K’,7TOFO — afo, which for w =0,z =1/2

is given by a simple formula

o\’
Z |M‘3rK—>aK = (2\/§faf7r> (3t—m3r>2. (B.22)

processes

We neglect the mass splitting of kaons, and pions using formulas eq. (B.11) and eq. (B.14)
to obtain the rates. We take into account production from those scatterings below the QCDPT
by adding the Heaviside theta function to the rate. The suppression of this rate with respect
to the pion scatterings rate comes mostly from the Boltzmann factors.

Since LO of ChPT breaks down around 7" ~ 70 MeV, our results should be taken with
a grain of salt. The calculation of the scatterings rate in NLO ChPT is beyond the scope
of this paper, and we leave it for future work.
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B.4 Lepton flavor-conserving scatterings

There are two leptonic processes that thermalize axions and conserve flavor-lepton annihilation
¢t~ — ~ya and Compton-like scattering with axions at the final state /¥y — ¢*a. The
resulting production rates are well-known, and for completeness we quote the results.
Two tree-level diagrams, u- and t-channel, contribute to process /¢~ — ~va. Upon phase
space integration, the cross section as a function of center of mass energy is given by [56]

e2C?m? _ 4m?
0',€+€—_>,.ya(8) — Wz_frn%) tanh 1 ]. - ?Z . (B23)

Two diagrams (s- and u-channel) contribute to the cross section for Compton-like scattering
(*y — (*a, which reads [56]

C?m2e? 2s%log(s/m32) — 3s% + 4m32s — mj
O-Ei'y—%ia(s) = 327Tf2 :
a

Tpay (B.24)

For large s both scattering processes have the same scaling o ~ m? /f2log s/s. This gives
the scaling of the thermally averaged cross-sections in eq. (B.12) for large T as

2,122
T>>m£ Cf mge 2T
<UU>€+€*—>'\/Q 327Tf3T2 log Hg ) (B25)
CQ 2,2 27T
(V) gyt oty LT og (B.26)

647 f277 my
so that the production rates at high temperatures are

T>my CgmﬁeQT 2T
Ff"’f‘—)’ya(T) 87T3C(3)f3 log Eg )

1673C(3)F2 2y

(B.27)

Tyt ypta(T (B.28)

The total axion production rate from scatterings at high temperatures is then given by

FS(T) = F£+€——>’ya(T) + F€+’y—>€+a(T) + F€*7—>€*a(T)
T ((3)f2 T me

(B.29)

In the freeze-in regime axion production is dominated by temperatures slightly below my,
and we approximate the scattering rate in this regime simply by taking the high-temperature
expression above without the log but with a Boltzmann suppression factor, i.e.
T<my Cgam?T 7%

2((3)2°

Instead for very low temperatures the scaling of the two processes with T is different

Ls(T)

(B.30)

T<m, Cie?
<0"U>Z+£*—>'ya mZ> 87if2 ) (B31)
a

T<m,, C7e*T?

mm2f2’

(B.32)
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and the production rates at low temperatures are Boltzmann suppressed

T<<mz Cee mg 27”13
Ff'*‘é——wa(T) 167['2{( )f T,
a

T<m, | 2T C2e*T3 _my
Lot yotq(T) d p—rcE) fge T . (B.34)

B.5 Lepton flavor-violating decays

(B.33)

The decay rate for the process ¢ — ¢'a is given by [56]

3 m% 3 3
Pgi_%/:ta - CM’ 64 f (1 - m2> CM 64 f 5 (B35)
a 4 a

where the last approximation holds to good approximation as lepton masses are strongly
hierarchical. The axion production rate from decays can be computed using eq. (B.20),

which gives®

g1
?mﬁTKl (me/T) Lot o0+ To-s0-a) (B.36)

I'p(T) =
with g; = 2 for spin degrees of freedom. For large temperatures this becomes

T>me Cipmy
32nC(3) /2T

I'p(T) (B.37)

When T drops below the lepton mass my, the production rate becomes Boltzmann sup-
pressed, giving

T<my CZZ/ mf _%
32rC(3) 2T

'p(T) (B.38)

while for very low temperatures one obtains

T<Em 2T Céﬁ/mg _M
I'p(T) : 1/ e 6AC(3 )f2T2 T . (B.39)

C Boltzmann equation

The number density n, of axions is governed by the integrated Boltzmann equation [88]

d;“ +3Hn, = <ZF )( —na> : (C.1)

where ni? is the number density of axions at equilibrium, H is the Hubble parameter

2

T
H=—-1.661/g.(T), C.2
31 166/6:(T) (€2)

9Flavor-violating scatterings ¢y — ¢'a and £¢' — ~a have infrared divergence, which should cancel against
real and virtual corrections to the tree-level decay rate. This has been demonstrated for the case of £y — ¢'a in
ref. [87], and we expect a similar behaviour for £¢' — ~a, at least for small T' < m,. Therefore these processes
should only give sub-leading contribution to the axion production rate (peaked at T' < my/3) and thus are
omitted here.
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with g.(T) denoting the total number of relativistic degrees of freedom and I'; are the
single axion production rates considered above. It is convenient to work with dimensionless
temperature variables x = m/T and the yields Y, = n,/s, where m is chosen as the mass of
the heaviest particle involved in the production process (in our calculations we use m = m;)
and s is the entropy density

2m27

s = TQ*S(T) ) (C.3)

where g.s(T) is the effective number of relativistic entropy degrees of freedom!? It is clear

that Y9 remains constant as long as g.s does not change. Since axions decouple around the

QCDPT, there is a rapid change in g.s, and accordingly the equilibrium yield changes as well.
Using entropy conservation, d(sa®)/dt = 0, we can express the time-derivative as

dzx T ds\ ! T dgss -1
ey & o il =xH(1- ) 4
at " <33dT> v < 3000 d:n) (C.4)

The Boltzmann equation in new variables reads

dYa T dg*5> < Ya
Hel% = (1- «ay (1
ST dz ( 3gss dx "a zl: ! Y4

) . (C.5)

We solve this equation numerically on the interval x € [0.01,190] assuming vanishing initial
yield, Y} = Y, (x = 0.01) = 0. Note that axion production from electron scattering is active
at T' ~ me,, in this case we solve the Boltzmann equation up to = 4000. In order to improve
the computation time, we evaluate the rates I'; for logarithmically distributed points x; and
use the spline interpolation to recover continuous functions.

Thermal axions contribute to the total energy density of radiation, which is parametrized
by the additional effective number of neutrinos AN.g as

4

ava= (1) e

) o (C.6)

TomB

where p, and p, are the energy densities of photons and axions, respectively. One can
estimate p, in terms of the axion number density n,, and p, in terms of the entropy density
s, obtaining [17]

4 2
4 (11\3 [ 27t 3
ANg= - — ——— Gus (T4 Yo (T, . C.7
of = - < 1 ) <45 C(3)g*s( omB) Ya( CMB)> (C.7)
Although A N is set by the axion yield at Tonvp, we may identify it with the asymptotic yield
YQ|TCMB = Y>°, which we numerically evaluate at the endpoint of the Boltzmann integration
interval since at late times all axion interactions are frozen. If the yield of axions is small we

can simply take g.s(Toms) =~ ¢5M(Toms) = 43/11 and the numerical formula reads

ANg = 74.85(Y )5 . (C.8)

19%e use the results from ref. [89] for both g.s(T) and g.(T), but our results are not, very sensitive on the
exact values of g. we use, which has already been noted in ref. [56].
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However, if the abundance of axions is large, we cannot neglect their contribution to the

number of entropic degrees of freedom and a better estimate reads [17]
4

4 (11)3 @I (Toms)Yse

411 i
T4 I SORCH

ANeff =

(C.9)

We use this expression throughout our analysis, although its effect is non-negligible only for
AN 2 0.2, and even then is merely a few-percent correction compared to eq. (C.8).

We note that the estimate in eq. (C.9) gives a good approximation only when the
axion follows a thermal distribution, which is the case for freeze-out production. Instead
for freeze-in production eq. (C.9) underestimates ANeg. This is because eq. (C.7) is based
on the assumption that p, = m%(72n,/(3))*?3/30, for which the typical energy of axions
is pa /Mg ~ n}l/?’
energy (nzq)l/ 3 ~ T of thermally produced axions, so that the actual energy density of the

. However, for freeze-in production n}l ® is smaller than the actual typical

axions is larger than obtained from eq. (C.7).
Let us estimate how much we underestimate ANyg. A more precise estimate of p, is

Nq

e
ned

Pa1 = P (C.10)
at the temperature Trr where the freeze-in production is peaked at. This relation is justified
since typically po/pSd =~ ng/nSl. Taking the ratio with the energy density p, 2 estimated
by pas = 72 (7°n./¢(3))*3/30, we obtain

Pa,2 ~ 0.5 <ANeff>1/4 (g*s(TFI)>1/3 (C 11)
pa1  \ 0.05 10 ’ '

where AN is obtained by eq. (C.8). One can see that the underestimation is more significant
when ANgg is smaller and the freeze-in production is peaked at lower temperatures. The
most underestimated channel is the scattering off muons, where g.s(TFr) ~ 10. For the
phenomenologically interesting range ANg > 0.05, the underestimation is at most off by a
factor 2. This corresponds only to a 30% change in f, since ANeg o fo 83 For freeze-in
production by other particles, where g.s(7Fy) is larger, the impact is even smaller.

Given that AN.g is appreciably underestimated only for the production off muons, we
use eq. (C.9) throughout the paper. Note that eq. (C.10) is also still approximate and
requires the determination of Tp;. A more exact computation will require the derivation
of po, which we leave for future work.

C.1 Approximate solution to Boltzmann equation

It is possible to obtain an approximate analytic solution of the Boltzmann equation if one
assumes approximately constant g.s [23, 56], which allows to simplify ¢ (z) = 0 and take
Y4 constant. Re-introducing the collision operators C; = n{il'; with ¢ denoting collectively
scattering and decays, the Boltzmann equation (C.5) simplifies to

dY, 3, Ci(x)ztdx
1— Yoo H(m)s(m) ’

— o
Y. 1

(C.12)
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where we used the temperature scaling of entropy density and Hubble rate scale H(z) =
H(m)x=2, s(z) = s(m)x~3 for constant g.;. With the initial condition Y (z = 0) = 0 one can
integrate both sides to obtains the late-time yield Y, ° = Y,(x — o0) as

1?( f;o( 4§:Yi (dx)D’

where we have evaluated for definiteness Y9 at 7" = m. We now perform the remaining

Y2 =Y 9(m) (1 — exp [ (C.13)

integral using the exact expressions in eq. (B.8) and (B.16). The latter gives (adding a
factor 2 for charge multiplicities)

m$  Kq(x)
Cpl_)p2a( ) ngl32 :fo T 9 (C.l4>
and since
[e.e]
/ 23Ky (z)dr = 5 , (C.15)
0 2
we obtain for decays
b 3mb
4 oMy

Instead for scattering the collision operators are (including a factor of 2 for charge multiplicity
in (Ty — (*a)

my o Am? TA/S
Cot o~ —ra(@) = &rTxA , (1 - é) 2001 - Lna(8) K1 ( f) ds,

m; S my

4m$
= WTfﬁ/o YV +y o0 (y) K1 (233\/1 +y) dy, (C.17)
where we substituted s = 4m%(1 + y), and

me [ mi i 3/2 z/s
Cotnyptqo(T) = s / N1=— s Opinyptq(8) K1 | —— | ds,
my

s my

drix Jo V1+y

where we substituted s = m%(l + y). While these integrals are difficult, we can perform first

Géiyﬁéia(y)Kl (SL’ V1+ y) dy, (018)

the temperature (i.e. x) integration of the integrand, which leaves an expression that can be
easily integrated over y analytically, giving in total for scattering

(C.19)

0o 6 | 3 ot =
4 o amy | 35 va
2°Cpipy—opsa(®) = Cfy .
/0 prpehas T2 f2 s Fy = ta

C.2 Thermal freeze-out

If interactions bring axions into thermal equilibrium at early times, i.e. T';(m)/H(m) > 1,
which can always be achieved for sufficiently small f,, the late-time abundance is dominated
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by the first term in eq. (C.13). This gives the yield as Y *° = Y 4(T},), where Ty is the
decoupling temperature defined by H(T;) = I';(T;), which enters the yield only through
9xs(Tq). The latter decreases with f,, so for sufficiently small f, the late-time yield reaches a
plateau, and so does AN according to eq. (C.8), or better (C.9).

We now estimate the decoupling temperature and the corresponding yield using the
asymptotic forms of the scattering and decay rates. Since decoupling happens at moderately
late times = ~ m /10, we use the asymptotic forms in the low-temperature regime eq. (B.30)
and eq. (B.38). The decoupling temperatures for scattering and decays are thus given
by solving

C%am?Mp,

| 1.661/9..(T2)n2((3) f2T4
| C?m* Mp

[ 1.6/ 9.+(T)327¢(3) 2 (TH)?

T ~ mlog (C.20)

T% ~ mlog

(C.21)

C.3 Thermal freeze-in

When the interactions are too weak to bring axions to equilibrium, I';(m)/H (m) < 1, which
happens for sufficiently large f,, one can expand the exponential n eq. (C.13) to leading
order obtaining

0625% (0~ — va
2 4o + +
Cefm / Yy — *aq
nglﬁgj [i — K'ia

> Jol 2tCi(x)da _ m$
H(m)s(m)Ya"(m) w2 f3H (m)s(m)

Y. ~ Y9 (m)

a a

9.4aC% (T~ —ya
6.1aCZ, (v — (*a , (C.22)

47C%,  1F 0%

myMp

=14x103
fgg*S(mf) 9*(m€)

so apart from the a-suppression scattering and decays give similar contributions (see also
refs. [90, 91]). The yields scale as my/f2, so that one obtains with eq. (C.8) the scaling
ANeg < fo 3 These analytic formulas agree quite well with the numerical results (less
so for muon scattering and decays, since the number of SM relativistic degrees of freedom
changes rapidly around the muon mass).

C.4 Transition region

We now estimate the temperature 7°? at which scatterings or decays bring axions into thermal
equilibrium in the very early universe at T' > m, which happens only for sufficiently small
fa- For this we evaluate the defining equations H(7;) = T';(7;?) in the high-temperature

]
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X
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Table 4. PQ charge assignments, a = 1,2 denotes the first two fermion generations, while ¢ =
0,...,n — 1 runs over Higgs doublets.

regime for the rates, using eq. (B.29) and (B.37). This leads to

2 2 M 202 M-
TS ~ CoamiMpr o 2C0amMe (C.23)
m21.66((3)\ /g% 12 721.66¢(3),/glY f2
02 4M 1/3
TS ~ 1M 7Pl : (C.24)
32m1.66¢(3) /gl f2

where we worked at logarithmic accuracy in T gq and approximated in both cases g.s(T;?) ~
g = 104, since T;* > TeV. The point T;* ~ m, marks the transition regime between
freeze-out and freeze-in, which we can estimate extrapolating the high-temperature expressions

above. It corresponds to the axion decay constant (f,/C;);" given by

1/2
M,
(fa/Coo)d' =~ ( » Zﬁnzi@l:}w log 2) =2x 10" GeV % ,
1. Gss
meMpy

(C.25)

1/2
my
=8x 10" GeVy/ o .
) 8 x 10" Ge GoV

(fa/Co)P =~ (

32711.66¢(3)/gUV

D Astrophobic DFSZ models

In this appendix we describe in detail the construction of astrophobic DFSZ models as
SM extensions with two or three Higgs doublets. We begin with the general description
of the quark Yukawa sector and the resulting axion couplings, which are determined by
the PQ charges of Higgs doublets and flavor rotations. The form of the scalar potential
then fixes all charges in terms of the discrete choices for the Yukawa sector, the vacuum
angles and flavor rotations. By scanning over these possibilities, we systematically identify all
nucleophobic models, for models with two and three Higgs doublets. We finally include the
charged lepton Yukawa sector and construct models with suppressed couplings to electrons,
muons and/or photons.

D.1 Quark Yukawa sector

To the SM fermion fields we add n scalar Higgs doublets h; with hypercharge Y = —1/2
and a complex singlet scalar ¢. The quark Lagrangian is taken to be invariant under a
U(1)pq symmetry, with the most general charge assignment consistent with a 2 + 1 flavor
structure, as shown in table 4.
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The general quark Yukawa Lagrangian reads

L = —y33q13uRr3h33 — Y3,013URaP3, — Ya3TraWR3NG3 — YapTraRrbNg)
+ Y45Tr3d R3S + Y3aTr3dRalS, + YisTradrshls + yoTradrohl, + hic., (D.1)

where h; = io?h}, a,b = 1,2 and each Higgs is chosen from the set of n Higgs fields h;,
i=0...n—1, eg., h¥, = hy,hd; = hg, etc. Schematically, one has

h, h“3> (hdb hd3>
Yo~ w u | Ve~ Ld ad | (D.2)
<h3a 33 hga th

where we indicate in 2 +1 flavor space to which Higgs field the respective quark bilinears
couple to. Note that we require that all Yukawa couplings are allowed by the PQ symmetry,
i.e., there are no Yukawa textures (for models where this assumption is relaxed see e.g.,
ref. [30]). This gives five constraints, which determines fermion charges in terms of Higgs
charges, up to a single quark charge qu,11

= —tha + qu , Xa, = tha + qu , an = —thg + Xhz3 + Xq3 (D3)

Xu,
Xuy = 7th3 + X5, Xy = thB + X5 - (D.4)

Moreover, there are three consistency conditions relating Higgs charges as

th3 - XhlaLS — tha - Xth — ths - thg — thb - tha . (D.5)

D.2 Axion couplings

The scalar potential is constructed with a single global U(1)pq symmetry, and suitable to
generate vacuum expectation values for ¢ and all Higgs doublets h;. The vacuum configuration
breaks the global PQ symmetry spontaneously, and the corresponding Goldstone boson is the
axion, which enters the Lagrangian as the phase of ¢ and Higgs fields. Since Yukawas are PQ
invariant, the axion couplings can be removed by performing the following flavor-diagonal
fermion field redefinitions (which is just a local PQ transformation acting only on fermions)

f— feXra@)/vpq (D.6)

Since this transformation is anomalous, it generates axion couplings to gauge field strengths,
and since it is local it modifies the fermion kinetic terms. Here vpg denotes the PQ breaking
scale, which for vy > v; is set by the singlet vev, vpq ~ Xyvy.
The axion couplings to gluons and photons are given by
a Qg

~ a, Oé ~
L =N—2G,G" + E—"F F" D.7
anom UPQ 47T g + 'UPQ 47_[_ g ) ( )

"This follows from conserved baryon number, which could be used to redefine U(1)pq such that Xy, = 0.
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with the dual field strength F, w = %@WPUF po €0123 — _1 and the anomaly coefficients

IN =4X,, — Xy, — 2Xy, — Xa, — 2X4,

= 2Xh7;b + thg — 2thb — thS R (DS)
E=Eg+EyL
5 4 1
=3 (2Xq, + Xg) — 3 (2Xu, + Xug) — 3 (2Xa+ Xg) + Er
8 4 2 1
= th:b + thg3 — thgb — thg?) + EL, (D9>

where we included also a generic contribution from the charged lepton sector Er, to be
discussed below.

From the kinetic terms one obtains axion-fermion couplings in the flavor interaction basis

L= fp: @ (CfPr+ CiiPr) wy + diy (CfPr + CiPr) dy] (D.10)

with
C«lq] = (ths - thg - qu) (51']‘ + diag(0, 0, ths — ths) ,
C'Z; = (tha — qu) 5@' + diag(O, 0, thg — tha) ,
O = (~Xng, — Xeu) 03 + ding(0,0, Xy — X)) (D.11)

In the mass basis we finally obtain

- f 1 gy (O Pr, + CF Pr) u + Oua dy* (C’dLPL + CdRPR) d, (D.12)
PQ vPQ
with
o — (Xhu — Xpu, —Xq3)6” (Xhu — Xpu )&fa
o _ (Xh“ — X, — qu) 8ij — (Xhu — Xpu, )6%%
cn = (X Xgy) 03+ (Xny, = Xng, ) €47,
oln _ ( q3) 5ij + (th — X )ggﬁ, (D.13)

where the flavor structure is controlled by the matrices
&r=p)5(Vip)s;,  f=ud, P=LR, (D.14)

which depend on the unitary rotations (V¢p);; defined by (Viy £)myVir = mdae etc. They
satisfy

o<elr<u, Selr =1, lr = \Jelrelr (D.15)

and therefore depend only on 2 independent real parameters in each sector ur,ug, dg.
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Finally we adopt the standard convention for the axion decay constant f, = vpq/(2NV),
and write the Lagrangian as

a oy E a aem - Oua—
L= (a a)? + o e e N s B 2’}afl (¢l +Ciw) £, (D16
with
CUr 4 O Cit = CiF
1% ij ij A ij ij
Culu] - 2N ’ Culu] - IN ) (D17)

and analogous for the down-quark coupling.

D.3 Scalar potential

Compared to the SM the Yukawa Lagrangian has an extra U(1)} x U(1)4 global symmetry
that needs to be broken to a single U(1)pq factor by adding n couplings in the scalar sector.
Since U(1)pq # U(1)4, we need at least one coupling of ¢. In general we can couple h;-rhj to
an operator O;; € {¢, ¢, 2, $*2} at the renormalizable level. This determines the charge
difference of the Higgs fields in terms of a free parameter A;; that can take the values
A;; € {£1,+2}. Without loss of generality, we can therefore add suitable couplings in the
scalar potential, which determine all Higgs charges in term of a charge Xy of hg and n — 1
parameters A;, which can take discrete values that increase with i

Xi:XQ—I-AiXQs, A =+1,42,...,2i, 1=0,1,...,n—1, (D18)

and Ag = 0. Finally the charge X is determined by requiring that the axion is orthogonal
to the Goldstone eaten up by the Z-boson, which gives the conditions

2

2
O—ZX - 1:2%, (D.19)

where the sum is taken over all Higgs fields with vev v; and v = 246 GeV denotes the
electroweak vev. This gives

v2
=-X, ZA ’2 (D.20)

which makes all Higgs charges and thus fermion charges to depend on continuous parameters,
that is, the vacuum angles. As the anomaly coefficients are topological in nature, they have
to be integers nevertheless, and indeed it is obvious that 2N in eq. (D.8) only depends on
Higgs charge differences, so X drops out, and up to an overall charge normalization X
the color anomaly coefficient is solely determined by A;. Similarly for the electromagnetic
anomaly the charged lepton contribution Ej; will provide a complete cancellation of the Xg
dependence, and in the final ratio E/N the charge normalization X, cancels out leaving
a rational number. Also in fermion couplings X cancels out, but these couplings depend
in general on Xy. However, the combination C{fz,uj + Cc‘a_dj only depends on Higgs charge
differences, so again does not depend on vacuum angles.
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D.4 Nucleophobic models

We now restrict for simplicity to at most 3 Higgs doublets. This implies that the consistency
conditions

th3 - XhZS — tha - Xh:;b — thg - th:; — thb - tha ; (D.21)

can only be fulfilled if in each equation Higgses are pairwise identified, giving 2 possibilities
for each equation. Counting all distinct possibilities, one finds 7 distinct models, which are

hoho\ (Baha)  (Paha) (hohe\  (hoha (hahe)  (Boha\ (heha
hoha | \hohy | \haha ) \Bohe) " \hyha | \Bahie] "\ Boha ) \hehy )
hahy\ (Beha\  (halis) (hahe)  (hphe) (haha
. D.22
<hahb) (hcha> ’ (hahb> (hahc> ’ (hbhc> (haha> ( )

We also restrict to models that potentially have suppressed couplings to nucleons, which
mainly depend on the valence quark couplings C, and Cy, given by

Cy=Cy = % [Xh;;b + (th3 - tha) & + (tha - Xh&) fiﬂ 7 (D.23)
Ca=Cf = % =Xz, (Xag, = Xog,) €6 + (X, — Xog ) €1t ] (D-24)

For simplicity we restrict in the following to models without quark flavor violating, meaning
either £&11 = 0 or &1 = 1, which we take for the u— and d-sector uniformly. Couplings to
nucleons are suppressed for 1 = C, + Cy, which implies for &7 = 0 models

Xns, + Xng, — Xpa = Xpa =0, (€ =& =& =¢if =0) (D.25)
and for &1 = 1 models
Xpa, = Xpa =0, (64 = gvr = ¢l — ¢dr — 1), (D.26)

The condition for £17 = 0 can again only be satisfied if Higgses are pairwise identified. Since
we also want 2N = 2.X hu, + Xpe, —2X nd, ~ X n, to be non-zero for the QCD axion, we finally
arrive at the following necessary conditions for nucelophobia in models with n < 3:

d d

Xpu, = Xpa # Xng, = Xpa (G =67 =& =& =0) (D.27)
d d

X, = Xpa N Xpg, # X, (G =& =61 =6 =1), (D.28)

so that the contribution to the color anomaly effectively comes only from a single family,
2N = Xpz, — Xpa, for {11 = 0 and 2N = Xpu — Xng, for &1 =1 (cf. ref. [29]).

Comparing to the possible 3HDMSs in eq. (D.4), we see that for £&; = 0 only two
structures allow for nucleophobia

hohg hyhy
2: u 5 ~ )
Q (0 < h hb) Yd ( h h@)

hqohp hyhg
3  ~ : ~ , D.29
s () e () (0.29)
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Model Eq/N ca. Cita Coia; | Chiea,
Q1 2/3 4 6% % Er — 2 0 &r
Q2 | —4/3+6c% | F—gur | g +sY || x| xer
Q3 || —4/3+6c% | F—gr | -S| —gir | gl
Q4 —10/3 +6¢3 || —s3 + &iF 5% 3 0

Table 5. Axion couplings in the four nucleophobic 2HDMs Q1-Q4, as a function of the flavor
parameters &/ and the vacuum angle cg = cos 8, s = sin 3. Here Eq denotes the contribution of the
quark sector to the electromagnetic anomaly coefficient E, to be added to the contribution Fj, from
the charged lepton sector. In all models the domain wall number is trivial, 2/V = 1. Nucleophobia is
achieved for Cy, = 2/3,Cy ~ 1/3.

with a # b, while for {11 = 1 there are also only two structures
hahq hahy
1: u ™~ ) ~ )
Q Yy (ha ha> Yd ( h, hb)
hcha hchb
4: w ~ , ~ , D.
Q Y (hcha> v (hchb> (D-30)

where a # b and ¢ # a (otherwise Q4 = Q1). The notation is chosen such that in all models

Xa _Xb

N =X, — X C, = O b
a b U Xa_Xb’ d X, — X,

(D.31)
This makes manifest that indeed C,, + Cy = 1, while the other condition for nucleophobia,

Cy—Cy = %, requires for all models

1 X, + X
37X, X, (D.32)
For 2HDMs, without loss of generality h, = hy and hy = h. = hg, so that nucleophobia
fixes the value of X, as
X, = —X¢A1ﬁ Lolax (D.33)
v2 3 ¢
with v1 = sgv,v9 = cgv, and thus nucleophobia is achieved for s% ~ 1/3. Note that
the numerical value of A; is unphysical as it is equivalent to re-defining the PQ charge
normalization. Choosing e.g. A; = 1 (corresponding to the operator h{hg(ﬁ) and Xy = 1,
one obtains X| = c% and Xy = _826’ and we recover the four nucleophobic models proposed
in ref. [29], although we follow the notation in ref. [32]. The resulting predictions are
summarized in table 5.
In 3HDMs one has the possibility to enforce nucleophobia by making Xy < 1 (instead
of Xo =~ —1/3), so that fermion couplings can be made small by coupling them to hg. This
is because one can choose h, = hi, hy = hg with A; = 2, A3 = —1 (corresponding to the
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Model || Eg/N Cil Cila, Coia; | Chiea,
Ql | 14/3 +2X, 2/3+ Xo/3 —2/3 — Xo/3 + ¢lr 0 3
Q2 || 8/3+2Xo || 2/3+Xo/3—& | 1/3—Xo/3—¢€ || x| £l
Q3 || 8/3+2Xo || 2/3+Xo/3—¢&i" | 1/3—Xo/3+&0 || - | —¢ln
Q4 || 2/34+2Xy || —1/3+ Xo/3 + &R 1/3 — Xo/3 ELR 0
Q5 242X Xo/3 + 2/3€47 —Xo/3+1/3¢5% || 2/3¢17 | 1/3¢]R

Table 6. Axion couplings in the five potentially nucleophobic 3HDM models Q1-Q5, as a function of the
parameters 53;’ and X. Here Fg denotes the contribution of the quark sector to the electromagnetic
anomaly coefficient E, to be added to the contribution from the charged lepton sector. In all models
the domain wall number is 2N = 3 and Xy < 1. Nucleophobia is achieved for C,, ~ 2/3,Cy ~ 1/3.

operators hiho¢?, hihoo!)
Xa+Xb72X0/X¢+A1+A271 2 Xy

= =-+-=. D.34
X, - X, A — A 373X, (D-34)
With
Xo v vl v?
20 Ny =22 9L D.35
qu zl: ZU2 02 'U2 Y ( )

and parametrizing the vevs as vg = sav,v1 = c1¢20, v2 = S1C2v, Oone can choose vacuum angles
such that Xo/X, = (1 — 3c})c3 < 1. How small Xj can be only depends on constraints
from perturbativity of Yukawa couplings. In models Q1-Q4 the strongest bounds come from
SM top and bottom Yukawas, which are given by y; = y?"PMcco, yp = yg’HDMslcg, where
yg’EDM denote the couplings in the 3HDM, which neglecting running effects are bounded by
yg’}fDM < /167/3 =~ 4.1. For more details and the resulting constraints on nucleophobia see
ref. [31]. The constraints from perturbativity are relaxed in model Q5, which is obtained
from the Q4 structure in eq. (D.30) by choosing h. = hg (while the 3HDM model Q4 is
obtained from setting h. = hy = hy). This is because only ¥, and y4 are proportional to ca,
while all other Yukawas are controlled by s2, so that ca can be chosen much smaller than
in Q1-Q4 without being in colnflict with perturbative unitarity. The resulting predictions
for all models are summarized in table 6, upon choosing X4 = 1.

D.5 Lepton Yukawa sector

The general charged lepton Yukawa Lagrangian is given by
L = yS3lrsershss + yS.lrserahS, + yislraershls + yoplraershly, + hoc. (D.36)

in the same notation as eq. (D.1). We begin by restricting to a 2+1 flavor structure, denoting

he,he
Ye ~ ( ab e3> : (D.37)
3a'%33

general Higgs couplings as
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which fixes charged lepton charges in terms of Higgs charges as
Xo, = Xng, — Xne, + Xy, Xe, = Xng, + Xus Xey = Xng, + Xy, (D.38)
and gives a single consistency condition
Xne, — Xng, = Xne, — Xng, - (D.39)

The contribution to the electromagnetic anomaly coefficient Ej, is given by

Ep = —2Xpe, — Xhe, (D.40)
and axion couplings to charged leptons in the mass basis read
Oif = (Xng, — Xng, = Xe,) 835 — (Xog, — Xang, ) &5F
Ci* = (_Xh§a B st) 0ij + (tha - Xh§3) 0 (D.41)

Restricting to at most 3HDMs, again the consistency condition can only be pairwise satisfied,
giving 2 possible structures, which are universal LH or RH charged lepton charges

hahe hahq
e ™~ ER e ™ EL D.42
s (i) R o s () o

We are interested in suppressed electron couplings, which read

Co=Cr = 2 [ xus,+ (Xa— X i ER D.43
e =00 = g5 | ~Xadij + (Xa — Xe) T (D.43)
In 2HDM, where both Higgs charges are large, the only way to suppress C, is by tuning 1.
There are 2 possibilities for identifying hy and he with hg and hq, giving

hihy
El: e ~ ,

hoho
E2: g~ , D.44
Y <h1h1> (D.44)

where we restricted to EL for simplicity, which gives identical predictions for axion couplings
as ER, upon replacing 5;9 > 5;}’*. One finally obtains for 2HDMs the predictions in table 7.
Note that these models cannot be simultaneously electro- and muon- phobic if the conditions
for nucleophobia and suppressed LF'V couplings in the p-e sector are imposed.

In 3HDMSs, one can suppress the electron coupling simply by choosing hg = ho (£11 = 0)
or he = hg (&11 = 1), since Xy has small PQ charge. Then there are in total 5 distinct

— 44 —



Model || E./N cA, CYle,

El 2-6c3 | —cg+&F || FEF
E2 4—-6c3 | s3—&fF +&iF

(1

Table 7. Axion couplings in the two potentially electrophobic 2HDM models EL1 and EL2, as
a function of the parameters fij and cg = cos 3,53 = sinf. Predictions for ER1 and ER2 are

identical, upon {7 — 7 and in the last column £/ — 7, £ — —&(*. Here Ep, denotes the
contribution of the charged lepton sector to the electromagnetic anomaly coefficient E, to be added to
€L ~ 2 €L ~ o2

the contribution from the quark sector. Electrophobia is achieved for {if ~ c3 (E1) or {11 ~ s3 (E2).

choices (upon L < R)

hoho
El: e ~ ,
E2: hoho
: Ye hohsy )
hohg
E3: e ™~ ,
B g~ (%) ,
hoho
E5: o ™~ . D.45
Y (ho ho) (D.45)

They gives rise to the models in table 8. Note that E1 and E2 can be simultaneously electro-
and muonphobic in the absence of lepton flavor violation (£33 = 1), while in E3 there is
no LFV and all lepton couplings are small. Interestingly, for the SHDM there are three
combinations that are also photo-phobic, since they have E/N = 2, namely Q1E4, Q4E5,
and Q5E3. In particular in model Q5E3 also all lepton couplings are small, so that there
are sizable couplings only to first generation quarks, and couplings to nucleons and pions
are also suppressed. This avoids essentially all phenomenological constraints, apart from
mild SN1987A constraints from nucleon couplings. As discussed above, this also implies
that constraints on vacuum angles from perturbative unitarity are very mild, thus allowing
to achieve Xy < 1 through co < 1.

Finally we relax the assumption of a 241 flavor structure and consider the possibility that
in the charged lepton sector each lepton carries different PQ charge. We however still restrict
to flavor universal charges for either LH or RH leptons, needed to satisfy the consistency

constraints. Thus we consider two scenarios:

hahehy hahaha
Ye ~ | hahehys | [ER] or Ye ~ | hehehe | [EL) (D.46)
hahehy hhshy

This gives only models different than those discussed previously, if all three Higgses are
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Model E./N ca.. CZ’er
El || —4/3-2X, —Xo/3 —2/3¢F +2/38F
E2 2/3 — 2X, —Xo/3+1/3€65F F1/3¢)
E3 —2X —Xo/3 0
E4 || —8/3—2X, || —2/3 — Xo/3 +2/3¢¢ F2/3¢5F
E5 || 4/3-2X, || 1/3— Xo/3—1/3¢* +£1/3&}
E6 | —2/3 —2Xy —Xo/3 —6i3/3 +1/2/3 (8;263 + 6i3642)

Table 8. Axion couplings in the six potentially electrophobic 3HDM models EL1-EL6, as a function
of the parameters i/ and Xp. Predictions for ER1-ER6 are identical, upon &f — &f* and in
the last column F&ff — {77, £ — —£f and +/2/3 — —/2/3 for ER6. Here Er denotes the

ij o

contribution of the charged lepton sector to the electromagnetic anomaly coefficient E, to be added
to the contribution from the quark sector. One can check that E,/N =23, C’fb_ei Electrophobia is
achieved for Xy < 1 in E3 and additionally £7F = 0 (E1,E2) or £{F ~ 1 (E4,E5). The model E6 is

special as all three leptons carry different PQ charges.

different. Therefore the contribution Ej, is fixed, and given by
Er=-X4—-Xe—X;=—-38Xo+ A1+ A42)=-3Xo -1, (D.47)
and
By/N = —g (3X0 +1) = —2X0 — 2/3. (D.48)

Combining this model with Q2 or Q3 therefore gives a model with suppressed photon
couplings. In addition we can simultaneously suppress electron and muon couplings. The
charged lepton couplings read
1

Jij = — 55 (VEP)ki(VEP) )i Xn (D.49)
where P = L/R for EL/ER and X}, = {Xg4, X., X¢}. We now want to get suppression of
the C,,Cy, and C,, in order to avoid stringent constraints from WDs, SN1987A and LFV
searches. This can indeed be achieved for choosing hq = hg, he = h1,hy = ha, so

(c

hohoho
E6 : Ye ~ h1h1h1 (D.50)
hohaha
for the LH model, the RH model is analogous. This gives
1
3

Now choosing Vg, to be just a rotation in the 2-3 sector,

(CMij = == [Xo6i; — (Vir)si(Ver)sj + 2(ViL)2i(VeL)2] - (D.51)

1
VEL = Ce Se y (D52)

—Se Ce
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with s. = /2/3,c. = y/1/3, one finds

. 0 0
3 0 V2|, (D.53)

V2 1

so that diagonal and off-diagonal couplings in the E6 model read

1
(Ch)ij = —§X05z'j -

o O O

1 1 V2
(CA)y = —gxo - 551-3, (CY )z = i? (8i20;3 + 0i30;2) (D.54)

and for Xo < 1 only C; and C;, are non-vanishing.

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