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ABSTRACT: The recent detection of the cosmic microwave background polarimeter exper-
iment BICEP2 of tensor fluctuations in the B-mode power spectrum basically excludes
all plausible axion models where its decay constant is above 10" GeV. Moreover, there
are strong theoretical, astrophysical, and cosmological motivations for models involving, in
addition to the axion, also axion-like particles (ALPs), with decay constants in the inter-
mediate scale range, between 10° GeV and 102 GeV. Here, we present a general analysis of
models with an axion and further ALPs and derive bounds on the relative size of the axion
and ALP photon (and electron) coupling. We discuss what we can learn from measure-
ments of the axion and ALP photon couplings about the fundamental parameters of the
underlying ultraviolet completion of the theory. For the latter we consider extensions of the
Standard Model in which the axion and the ALP(s) appear as pseudo Nambu-Goldstone
bosons from the breaking of global chiral U(1) (Peccei-Quinn (PQ)) symmetries, occur-
ring accidentally as low energy remnants from exact discrete symmetries. In such models,
the axion and the further ALP are protected from disastrous explicit symmetry breaking
effects due to Planck-scale suppressed operators. The scenarios considered exploit heavy
right handed neutrinos getting their mass via PQ symmetry breaking and thus explain the
small mass of the active neutrinos via a seesaw relation between the electroweak and an
intermediate PQ symmetry breaking scale. For a number of explicit models, we determine
the parameters of the low-energy effective field theory describing the axion, the ALPs, and

OPEN AcCESs, (© The Authors.

Article fanded. by SCOAP®. doi:10.1007/JHEP06(2014)037


mailto:alex.dias@ufabc.edu.br
mailto:a.c.b.machado1@gmail.com
mailto:celso.nishi@ufabc.edu.br
mailto:andreas.ringwald@desy.de
mailto:patrick.vaudrevange@tum.de
http://dx.doi.org/10.1007/JHEP06(2014)037

their interactions with photons and electrons, in terms of the input parameters, in par-
ticular the PQ symmetry breaking scales. We show that these models can accommodate
simultaneously an axion dark matter candidate, an ALP explaining the anomalous trans-
parency of the universe for y-rays, and an ALP explaining the recently reported 3.55 keV
gamma line from galaxies and clusters of galaxies, if the respective decay constants are of
intermediate scale. Moreover, they do not suffer severely from the domain wall problem.
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1 Introduction

The axion A is a strongly motivated very weakly interacting ultralight particle beyond the
Standard Model (SM). Its existence is predicted in the course of an elegant solution to
the strong CP problem [1-3], that is the non-observation of flavor conserving CP violation
originating from the theta-angle term in the Lagrangian of QCD,

e — ~
Z -—20GS, G 1.1
QCD 2 S | T ) (1.1)

involving the gluon field strength G, and its dual, Guhv = e“”’\pG‘}\ p /2, with €212 = 1,
This solution consists in adding to the Standard Model a scalar field theory describing
a (pseudo) Nambu-Goldstone boson arising from the breaking of a global chiral (Peccei-
Quinn (PQ)) U(1)pq symmetry: that is, the corresponding scalar field A(z) satisfies a



shift symmetry A(x) — A(x) + const. which is only violated by the anomalous coupling
to gluons,

as A ~
LD —— =G, GV, 1.2
In fact, the f-term can then be eliminated by absorbing it into the axion field, A+6f4 — A.
Moreover, non-perturbative QCD effects! provide for a non-trivial potential for the shifted
axion field A — minimized at zero expectation value, (4) = 0, thus wiping out strong
CP violation — and predict a mass for the particle excitation around this minimum, the

axion A,

map =

Mafr V2 ~ 6meV x (109GeV> . (1.3)
fa 1+=z fa

in terms of the pion mass, m, = 135MeV, its decay constant, fr ~ 92MeV, the ratio
z = my/mg =~ 0.56 of up and down quark masses, and the decay constant f4. For large fq,
the axion is an ultralight particle with very weak interactions with the Standard Model [4—
7]. Its universal and phenomenologically most important interaction with photons [8-11],
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is tiny (see the yellow band in figure 1), since observations in astrophysics — in particular

the observed duration of the neutrino signal from supernova SN 1987A — require a large
decay constant f4 (small mass m4) [18],

fa>4x108GeV = my < 16meV. (1.5)

A further strong motivation for the axion comes from the fact that, for sufficiently
large decay constant fa,

10°GeV < f4 <102 GeV = 1077eV < my < 1meV, (1.6)

it is a cold dark matter candidate, being non-thermally produced in the early universe by
the vacuum-realignment mechanism and, in some models and under certain circumstances,
also via the decay of topological defects such as axion strings and domain walls [19-27].
The upper bound on the decay constant in eq. (1.6) follows from the recent discovery
of the cosmic microwave background polarimeter experiment BICEP2 of tensor fluctua-
tions in the B-mode power spectrum [28]. This implies a high value for the Hubble scale
during inflation,
Hp~ 1.1 x 10" GeV, (1.7)

which, together with constraints on isocurvature fluctuations [29-33], rule out plausible
scenarios where inflation occurs after PQ symmetry breaking [34-36], that is where

fA > maX{TGHvaaX}; (18)

!Semiclassical instanton methods are not reliable to calculate the potential accurately. One has to use

matching to the low-energy chiral Lagrangian instead [2, 8].



with u
I

Tog = — 1.9

o = (19)

the Gibbons-Hawking temperature during inflation and

[ /3
Tinax = €off 87Mp1 Hy (1.10)

the maximum thermalization temperature after reheating. Here Mp; = 1.22 x 10" GeV is
the Planck mass and 0 < €. < 1 is an efficiency parameter. Ways out of this conclusion
have been put forward in refs. [34, 35]. The pre-inflationary PQ symmetry breaking scenario
would have allowed, in principle, much higher values of the decay constant without over-
shooting the dark matter abundance, by invoking small values of the initial misalignment
angle. After BICEP2, the plausible axion possibilities have narrowed down to scenarios
with post-inflationary PQ symmetry breaking. A conservative upper bound on the axion
decay constant is then

H
fa< 2—1 ~ 1.8 x 103 GeV, ma > 0.3 ueV. (1.11)
T

A more stringent upper bound can be obtained by requiring that the axion dark mat-
ter abundance generated via the vacuum-realignment mechanism should not exceed the
observed dark matter abundance, leading to [23-25, 31, 36|

fa < (1+10) x 101 GeV, ma 2 (6 +60) peV. (1.12)

To be on the very conservative side, the red region in figure 1 labelled “Axion DM”
comprises still both cases, the disfavored pre- and the favored post-inflationary PQ sym-
metry breaking. Two haloscope experiments (ADMX [37] and ADMX-HF) are currently
ailming at the direct detection of axion dark matter, based on microwave cavities in the
mass region 2 x 107%eV <my <2 x 107°eV (see the green regions labelled “Haloscopes”
in figure 1). Further experiments have been proposed to extend this region on both ends
of the spectrum [38-49].

There is also a theoretical motivation for the existence of additional axion-like par-
ticles (ALPs) (for reviews, see [50-52]), emerging as pseudo Nambu-Goldstone bosons
from the breaking of other global symmetries, such as lepton number [53, 54] or family
symmetries [55-57]. Most notably, the low-energy effective field theories emerging from
string theory generically contain candidates for the axion plus possibly a multitude of
additional ALPs. Indeed, when compactifying the six extra spatial dimensions of string
theory, Kaluza-Klein zero modes of antisymmetric form fields — the latter belonging to the
massless spectrum of the bosonic string propagating in ten dimensions — appear as axion
and further ALP candidates in the low-energy effective action [58-63], their number being
determined by the topology of the internal compactified manifold. Moreover, the axion
and a multitude of additional ALP candidates may also arise as pseudo Nambu-Goldstone
bosons from the breaking of accidental global U(1) symmetries that appear as low energy



remnants of exact discrete symmetries occurring in string compactifications [64-66]. In-
triguingly, very light and weakly coupled generic ALPs a;, with decay constants in the same
range as eq. (1.6), share with the axion the property of being cold dark matter candidates
since they are also produced via the vacuum-realignment mechanism [67-69]. In fact, their
relic abundance, in the now strongly favored post-inflationary symmetry breaking scenario,
is roughly given by?

Qo h? ~ 0.053 x | e " Jo 2 (1.13)
e eV 101 GeV ) ’

Therefore, there is a strong motivation to search not only for the axion A, but also
for additional light ALPs «a;, for which the low-energy effective Lagrangian describing their
interactions with (the lightest Standard Model particles) photons can generically be writ-
ten as

1 1 gaA [V
L5 S OAPA— AT P A E, P

Nax
+ Z <; Opa; 0a; — %mgia? - chw a; FWF’“’) . (1.14)
i=2

However, unlike the axion, which inherits many of its properties (ma, ga), from non-
perturbative QCD effects associated with chiral symmetry breaking, the masses m,, and
the photon couplings g,,, of the additional ALPs are model dependent. Thus, there exists
the possibility that ALPs are hierarchically more strongly coupled to photons than axions
with the same mass and therefore easier to detect.

Interestingly, there are indications from gamma-ray astronomy, which may point to
the existence of at least one ALP beyond the axion. Gamma-ray spectra from distant
active galactic nuclei (AGN) should show an energy and redshift-dependent exponential
attenuation, exp(—7(E, 2)), due to eTe™ pair production off the extragalactic background
light (EBL) — the stellar and dust-reprocessed light accumulated during the cosmological
evolution following the era of re-ionization. The recent detection of this effect by Fermi [70]
and H.E.S.S. [71] has allowed to constrain the EBL density. At large optical depth, 7 2 2,
however, there are hints that the Universe is anomalously transparent to gamma-rays [72—
76]. This may be explained by photon <+ ALP oscillations: the conversion of gamma rays
into ALPs in the magnetic fields around AGNs or in the intergalactic medium, followed by
their unimpeded travel towards our galaxy and the consequent reconversion into photons
in the galactic/intergalactic magnetic fields [77-81]. This explanation requires a very light
ALP, which couples to two photons with strength [82],

Gary| = 10712 GeV 1 me <1077 eV, (1.15)

Note that the entire parameter region (1.15) has no overlap with the universal predic-
tion of the axion, see figure 1. In fact, an axion with m4 < 10~ eV would have a photon

2The red line labelled “ALP CDM” in figure 1 corresponds to the ALP photon coupling, where an ALP,
according to (1.13), can account for all of the dark matter in the universe, assuming that it couples with
strength ga;y = /(27 fa;). The region below this line is strongly disfavored after BICEP2 by overdensity
constraints [34, 35].
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Figure 1. Prediction of the axion-photon coupling versus its mass (yellow band). Also shown
are excluded regions arising from the non-observation of an anomalous energy loss of massive stars
due to axion or ALP emission [12], of a v-ray burst (in coincidence with the observed neutrino
burst) from SN 1987A due to conversion of an initial ALP burst in the galactic magnetic field, of
changes in quasar polarizations due to photon-ALP oscillations, and of dark matter axions or ALPs
converted into photons in microwave cavities placed in magnetic fields [13-17]. Axions and ALPs
with parameters in the regions surrounded by the red lines may constitute all or a part of cold dark
matter (CDM), explain the cosmic y-ray transparency, and the soft X-ray excess from Coma. The
green regions are the projected sensitivities of the light-shining-through-wall experiment ALPS-II,
of the helioscope IAXO, of the haloscopes ADMX and ADMX-HF, and of the PIXIE or PRISM
cosmic microwave background observatories.

coupling [gay| < 107 GeV~!. Therefore, if this hint is taken seriously, it points to the
existence of an ALP beyond the axion.

Intriguingly, an observed soft X-ray excess in the Coma cluster may also be explained
by the conversion of a cosmic ALP background radiation (CABR) — produced by heavy
moduli decay and corresponding to an effective number ANyg ~ 0.5 of extra neutrinos
species [83, 84] — into photons in the cluster magnetic field [85, 86]. This explanation
requires that the spectrum of the CABR is peaked in the soft-keV region and that the
ALP coupling and mass satisfy

|9ay| 21071 GeV L \/0.5/ ANy ; ma 10712 eV, (1.16)

respectively, overlapping with the parameter range (1.15) preferred by the ALP solution of
the gamma-ray transparency puzzle, as is apparent in figure 1.

LEO(PTOZ) 90dHHL



Astrophysical bounds on ALPs arising from magnetised white dwarfs [87] and from
the non-observation of a y-ray burst in coincidence with neutrinos from the supernova SN
1987A [88, 89] provide limits close to |ge,| < 1071 GeV~!, for masses m, < 1077 eV
and m, < 107? eV, respectively, and thus cut into the parameter range (1.15) pre-
ferred by the cosmic ~-ray transparency anomaly. Even stronger limits, |gay| S 6.3 x
1072 GeV Y (ne /10 5ecm™3)13(2uG / Beent) for ma < 10714 eV, have been obtained by ex-
ploiting high-precision measurements of quasar polarizations [90, 91], where n, is the elec-
tron density and By is the magnetic field in the neighborhood of the quasars. But there
remains still a sizeable region in ALP parameter space motivated by the above anoma-
lies and at the same time consistent with all astrophysical constraints, as can be seen in
figure 1.

0~ eV, a part of the region of interest in ALP parameter space

At small masses below 1
will be probed indirectly by the next generation of cosmic microwave background (CMB)
observatories such as PIXIE [92] and PRISM [93] (see the region labelled “PIXIE/PRISM”
in figure 1, based on the assumption of an extragalactic magnetic field B of nG size; the
projected sensitivity scales with the magnetic field as B~1), because resonant photon-ALP
oscillations in primordial magnetic fields may lead to observable spectral distortions of the
CMB [94-96].

A complementary part of the region of interest in parameter space will soon be probed
by a pure laboratory experiment: the light-shining-through-a-wall (LSW) [97] experiment
Any-Light-Particle-Search IT (ALPS-II) is designed to detect photon-ALP-photon oscilla-
tions in the range [98] (see the green region labelled “ALPS-II” in figure 1)

|gary| 22 x 1071 GeV™ me S 1074 eV, (1.17)

~

Further experimental opportunities covering this region in ALP parameter space will open
if the International Axion Observatory (IAXO), a helioscope searching for solar axions and
ALPs, is realized [99]. Its projected sensitivity is

gary| = 5 x 10712 GeV ™1 mq < 10 meV. (1.18)

The latter instrument has also the possibility to probe the possible coupling of the
axion or further ALPs to electrons,

(gAeauA + gaeaua )

LD
2me

ey vse, (1.19)

via their solar production by atomic axio-recombination, axio-deexcitation, axio-
Bremsstrahlung in electron-ion or electron-electron collisions, and Compton scatter-
ing [100]. This is of considerable interest because of hints of an extra stellar cooling
mechanism not accounted by the Standard Model. In fact, the white dwarf (WD) luminos-
ity function seems to require a new energy-loss channel that can be interpreted in terms of
losses due to sub-keV mass axions or ALPs, with Yukawa couplings [101],

lgae| = [Cae|l me/fa ~ 10713 and/or |gae| = | Caelme/ fo ~ 10713, (1.20)



which are well in the range expected for an intermediate scale axion or further ALPs (if
the model-dependent couplings C4. and Cge are of order unity). The same parameter
range is preferred to explain the anomalous size of the observed period decrease of the
pulsating WDs G117-B15A and R548 by additional axion/ALP losses [102, 103]. A third
independent hint of anomalous stellar losses has recently been found in the red-giant branch
of the globular cluster M5, which seems to be extended to larger brightness than expected
within the Standard Model. A possible explanation of this observation is that the helium
cores of red giants lose energy in axions or further ALPs with electron couplings of the
same order as in eq. (1.20) [104].

Very recently, two groups have found an unidentified X-ray line signal at 3.55 keV in
the stacked spectrum of a number of galaxy clusters [105] and the Andromeda galaxy [106].
It is tempting to identify this line with the expected signal from two photon decay of 7.1
keV mass ALP dark matter [107-110]. To match the observed X-ray flux, but allowing for
the likely possibility, that the ALP dark matter makes only a fraction z, = p,/ppm of the
total density of dark matter, the required lifetime and thus coupling of the ALP is [108]

64
Ta= o = x4 x (4% 107 — 4 x 10%)
ga’yma
1 1/2 10710 1/2
= 3x107¥Gev! (> < oy S10712 GevV! < > : (1.21)
Tq La,

Therefore, it is timely to have a close look onto ultraviolet extensions of the Standard
Model featuring, apart from an intermediate scale axion, also further ALPs and to inves-
tigate possible correlations between the low-energy axion and ALP couplings. In fact, as
we will show in section 2, such correlations inevitably occur if there are originally two (or
more) Nambu-Goldstone fields coupled to GG. The crucial determination of the decay con-
stants and couplings of axion-like fields from original high-scale theories to gluons, photons,
and electrons will be done in sections 3 and 4. In the latter section, we construct partic-
ularly well-motivated ultraviolet completions of the Standard model featuring accidental
Peccei-Quinn symmetries arising from exact discrete symmetries and deduce their low-
energy parameters, as summarized in table 1. As a first example (model A.1), we present
a multi-Higgs model with discrete Z3 ® Zs ® Zf symmetry (section 4.1), which predicts
gauge coupling unification near the scale of Peccei-Quinn symmetry breakdown, as well as
neutrino mass generation through the seesaw mechanism. Another example (model B1.1)
features a Z11 ® Zg symmetry (section 4.2.1), has two Higgs doublets and a photophilic
ALP which can fit the astrophysical hints such as the anomalous cosmic transparency to
gamma-rays, and has also a seesaw mechanism. A third example (model B3) with Z;; ® Zr
symmetry (section 4.2.3) has similar properties as model B1.1, but with the ALP being
a dark matter candidate whose decay into photons can explain the 3.55 keV line, since it
has a mass of 7.1 keV generated through effective interactions suppressed by the Planck
scale. Last, but not least, we present in 4.3 a model with Z11®Z¢®Z7; symmetry, which
has two photophilic ALPs, besides the axion. The field content and the discrete symmetry
of this model is such that one of the ALPs is very light and able to match the astrophysical
hints previously mentioned, while the other one has a coupling to photons and a mass as



Model Resulting low-energy parameters
fa [GeV] | my [eV] ma [eV] | [gay] [GeV] ™ | |gay| [GeV] ™! |gAel |Gael
Al | 83x10M | 72x107%]|1.3%x10722| 82x10716 54x 10716 | 2% 10716 | 1.7 x 10717
Bl1.1 | 3x10" | 2x10°° 1x 1077 1.6 x 10714 1.4 x 10711 0 1x 10712
B3 [ 55x10" | 1.1x107°| 7.1x10° 3.4 x 10710 1.3 x 10712 0 0

Table 1. Low-energy parameters for: model A.1 with Z;3 ® Zs ® Z symmetry (section 4.1); model
B1.1 with Zq1 ® Zg symmetry (section 4.2.1); and model B3 with Z;; ® Z7 symmetry (section 4.2.3).

required to explain the 3.55 keV line. Finally, we summarize, conclude and give an outlook
for further investigations in section 5.

2 Correlations between axion and ALPs couplings in multi-axion models

Up to now, most phenomenological studies have considered just one particle type at a time:
either the axion or an ALP different from the axion, without taking into account possible
relations between their low-energy parameters (see, however, refs. [65, 66, 111-113]). In
this section, we will study, in multi-axion models, the phenomenologically most important
axion and ALP couplings to photons and electrons in depth. We will find that there are
possibly strong correlations in these couplings.

The most general low-energy effective Lagrangian of a model with n,y axion-like fields
enjoying shift symmetries a; — a, + const., i.e. realizing a non-linear representation of
nax U(1)pq, symmetries, coupling to gluons and photons, with field strengths G and F,
respectively, and to electrons, reads [63],

Nax

L = faa o aj (chgf )Gb G

=1 a

where f,/ are the decay constants of the axion-like fields a]. The anomaly coefficients, Cj,

(2.1)

and Cjy, and the electron coupling, Cj, are typically of order unity, see sections 3 and 43
The proper axion field A, that is the field which solves the strong CP problem, is the

linear combination of the axion-like fields in front of the GG term in eq. (2.1) [58],

A Nax
=2 Cug T

Its particle excitation, the axion A, mixes with the pion, rendering it a pseudo Nambu-

(2.2)

Goldstone boson, whose mass has been given in eq. (1.3). To this end, f4 has to be chosen
such that the kinetic term of A is normalized canonically. The remaining n,, — 1 axion-like

fields a;, orthogonal to the axion A, are still massless Nambu-Goldstone bosons.

3There can be large hierarchies in these coefficients in multi-axion models from IIB string flux compact-
ifications [63].



To be more explicit, let us specialize first to the phenomenologically well motivated
two-axion model, n,x = 2 (see the appendix of ref. [63] for a further exposition of the multi-
axion case) and defer the discussion of the more general case to the end of this section.
The properly normalized axion A and the additional ALP a are related to the original
axion-like fields a) by

A a’ at a a’ a’
— = Crg7= + Oy > — = —Cyy5-+ Ciy7=>,
fa Ja Ja fa

fa’2 ’ Ja
with normalization [66]
2 2
1 1 Clg CQg
B + } 24
f,% fa% ( fa’l > ( fa’2 ) ( )

The low-energy Lagrangian of this model, below the chiral symmetry breaking scale, is then

(2.3)

2= 3 (50000 yuid - B0 R P B o), (29

d»=A,a
where
a fa fa\ 24+ 2

I 2nfa <<f> C1aCry+ <f> a3y +z)’ (20)
me fA fA

4o = fA((fag) CisCret (f) CisCe), &0
(6%

Jay = %ff?’ (Clgc%/ - Cl'yCZg)a (28)

ayJag

e = T (C1yCh = CreCy). (2.9)

ayJag

As in a single axion model [2, 8-11], the axion A has a universal, model-independent
contribution to its coupling to the photon (the last term in eq. (2.6)) which arises from its
mixing with the pion (see, e.g., appendix of ref. [63]).

The parameters in the above expressions for the couplings are however redundant,
because f,4 is constrained by eq. (2.4). The physics is more obvious if one expresses the
transformations in eq. (2.3) in terms of mixing angles [65],

A = a} cos§ + ah sind, a = —aj sind + a} cosd, (2.10)
with f
C. /
cosd = Clgf—A, sind = C’ggf—A, tand = —9 - (2.11)
Jfa ol Cig fa
In terms of this parametrization, the couplings can then be written as
a (Ciy o Cay 22 24+z2
= — 0 6 — 2.12
Jay 21 fa (Clg oSOt o ng 31+z2 ( )
me [ Cie 2 Coe . 2 >
Ae = —— cos“d + =—sin“9 |, 2.13
Jae fA <Clg 029 ( )



- <C27 - CM) sind cos 0 = @ <027 — CM) 7tan5 (2.14)

9o = onfa \ Oy Chy 27 fs \Cay  Ciy) 1+ tan?s’
MmMe CQe Cle> . Me (CQe Cle) tan o
e = —— — sindcosd = — — _—. 2.15
g fa (C2g Clg fa ng Clg 1+ tan26 ( )

Effectively, the couplings depend on the dimensionful parameter f4, on the dimensionless
ratios Clﬂ,/Clg, CQ«//CQQ, Cle/C’lg, Cze/ng, and on the mixing angle 0.

Apart from the model-independent contribution due to the mixing with the pion, the
photon coupling of the axion has a slight, order one, model dependence due to the ratio
of the anomaly coefficients C1.,/C14, Cay/Caq, and the mixing angle, cf. eq. (2.12). On
the other hand, the electron coupling of the axion A is very much model dependent: a
non-vanishing g4, requires that at least one of the original axion-like fields has a non-zero
coupling to the electron, Cj. # 0 for i = 1 and/or 2, cf. eq. (2.13).

This strong model dependence is shared by the photon and electron couplings of the
ALP a: here one needs that at least one of the original axion-like fields has a non-zero
coupling to the photon (electron), Cjy # 0 for i = 1 and/or 2 (Cje # 0 for i = 1 and/or 2),
otherwise gay (gae) vanishes, cf. eq. (2.14) (eq. (2.15)). In this context it is also important
to mention that eventual explicit mass terms, mg{ a? /2, for axion-like fields arising from
breaking of the Peccei-Quinn symmetries, e.g. by ﬁigher dimensional operators suppressed
by some high scale (see next section), will have negligible effects on the photon and electron
couplings of the axion A and the ALP a, as long as the masses are much smaller than the
dynamically generated axion mass, my < ma (cf., e.g., appendix of ref. [63]).

We conclude that in the case that the axion A and the ALP a consist of an appreciable
mixture of the original axion-like fields, i.e. as long as | tan d| is of order unity, the couplings
are all determined by f4 and are therefore expected to be approximately of the same size
for for the axion A and the ALP a, up to order one factors. A hierarchical difference
between the axion and the ALP coupling can possibly only arrive in the situation where
the axion (and correspondingly also the ALP) originates essentially only from one axion-
like field, which occurs for 6 ~ 0 (7/2), meaning that cosd ~ 1 (sind = 1), i.e. that a} (a})
constitutes the axion. In fact, concentrating without loss of generality on the former case,

in which
1 |Clg| CQg fa’ fA
— = , tand| = | ==L | &~ Oy —| < 1, 2.16
fa f | | Cig fay 7 fa (2.16)
the sizes of the axion and ALP couplings appear to decouple from each other,
C 24 C C 24
gag ~ o (S 20FE) L 00 (B 22EEY (2.17)
2nfa \Ciy 31+=z 27rfa/1 Ciy 314z
me Cle me
he N — ~ — (e, 2.18
Jae fA Clg fa’1 te ( )
C! C Co, fa! C
Jar = o <2“/ _ 1“/> Y29ty @ <027 —Cy, 29> ’ (2.19)
2rfa \Coy Cig) Cigfa, 27fa, Cig
C C C ’ C
o~ ( 2e _ ) Cag Joy , e (cge ey ) , (2.20)
fa\Cy Cig) Cigfay, Jfa Clg
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the former (latter) being determined by fa ( fa/Q). However, as long as Coy # 0, the ALP
couplings still can not be hierarchically larger than the axion couplings, since the above
relations imply an upper bound on the ratio

B Coy Coy Oy

o | | =0y | fa | G T T (2:21)
% 2 442 % ’ ‘

9Ay Cig 314z fal? Cig 195

A true hierarchy in the couplings, in particular an ALP-photon coupling much larger
than an axion-photon coupling, is only possible if there is no mixing at all, Cy, = 0, but
still Cay # 0, i.e. if the ALP daf is photophilic.? In this case we get

« Cl’y 244z
_ _Z 2.22
gy 27 fa (C’lg 31+2)" (2.22)
me Cre
he = —= 7 2.23
Jae fA Clg ( )
«
= —C 2.24
ga’Y 27Tfa’2 27> ( )
m
Jae = 5 Ce, (2.25)
fa’2

such that e.g. |gay| can very well be in the range suggested by the ALP explanation of the
cosmic 7y-ray transparency puzzle and be accessible to the next generation of laboratory
experiments,

1071 GeV ™! > g4y 2 10712 GeV 1 me <1077 eV, (2.26)
provided that faé /|C44 is in the range,
107 GeV S fur /|Cory| S 10° GeV, (2.27)

while at the same time |ga,| can be right in the cosmic axion window, provided that
fa = fa;/|Cig| is in the range

102 GeV > f4 > 10°GeV = 1077 eV < my < 1meV
= 1071 GeV™! < |ga,| S 10712 GeV . (2.28)

We therefore conclude that in models with multiple axion-like fields it is of very high
phenomenological relevance to know whether several of them couple to GG simultaneously.
This question will be considered in the following sections.

Let us end this section by noting that even further insight into the general relation
between the axion and ALP couplings can be obtained by purely geometrical means. To
this end, we rewrite egs. (2.6) and (2.8) as

o Yy -z « AoA 0
9A7:2ﬂ_y<y2—co> :%Z(Y'Z)_Qﬁ&-

_a(pmopa) e
Gary 27 Y 27 4Yizi)

(2.29)

4For this conclusion, we exclude the possibility of accidental cancellation between model dependent
contributions and the universal contribution to the axion-photon coupling in eq. (2.6).
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where

(2.30)
Cy, C
Z_(ZlaZQ): 1’7’ 277 ) i:(ZbZZ)_Z/Za
fa’l fa/z
A Ao S
z=lz| = D) o422 ==
fa’l fa/2 f’y
and 944
0 _ « a z !
=—Cy= - R 1.95. 2.31
949 = 90 fs " T 2nfa314z  2nfa (231)
Thus y points into the direction of the axion, A(z) = g;a}(z), whereas z points into

the direction of an ALP that couples to photons (the orthogonal direction decouples
from photons).
Plane geometry ensures us that we can write then

9gAy = Jymax COS O — g,(fﬂ)y y  Yay = Gymax sin©, (2‘32)
where
o
g max = bl (2.33)
A 27 fy
and © is the angle between y,z, from y to z,
(y-2) =cosO, (€;9:2) =sin®©. (2.34)
This implies
O’ 2= g? 2.35
9ay + 9uy )+ (Gay)” = Fymax - (2.35)
see figure 2. In particular, the ALP-photon coupling is constrained by
‘gm’ < Gymax 5 (2-36)
while the axion-photon coupling satisfies
0 0 0
91(4’3 — Jymax < ’gAy’ < g‘(A,a + Gymax, for 954»3 > Gymax ; (2 37)

0 0
0 < |gay] < 923 + gymax, for gﬁw) < Gymax -

If we take the hierarchy fo; > f,;, with order one coefficients Cjg, Ciy # 0, we realize
that the vectors in egs. (2.30) are both approximately aligned along (0,+1). This situation
leads to ® = 0 or w and hence to

0
|gA7| ~ |g,(4f3/ + g'ymax| 5 |ga'y’ ~0. (238)
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(—g0,0)_~10)

Y

gA'y

Figure 2. The axion-photon coupling g4, and the ALP-photon coupling g, are constrained to lie
on a circle with origin (fgff,z, 0) and radius gymax, see eq. (2.35). The case gff,i < Gymax Of €q. (2.37)
is depicted.

Then fa ~ fy and |gay| < |ga|, barring accidental cancellations.

The opposite hierarchy, |gqy| > |94/, is more difficult to be obtained without fine
tuning and requires gg < Gymax, oI, equivalently, f, < fa/Co ~ fa/1.95. Analyzing the
various possibilities, the only way we can achieve such a hierarchy from hierarchical scales
fa; is to require one of the axion-like fields to be photophilic.

Notice that eq. (2.35) can be directly generalized for the case of narp > 1 ALPs,
besides the axion. The constraint generalizes to

2 Nax
0 2
(gAV + gf&i) + Z (gai’Y) = g’Qymax s (239)
=2

where eq. (2.33) still defines gymax With the generalization

(2.40)

where n, = napp + 1 is the number of axion-like fields. The couplings in this case are

given by
« A A
o= (a5 - Ly)
o (2.41)
Ga;y = %Z@ : ui) )

where u; are orthonormal basis vectors spanning the space orthogonal to y.
An analogous constraint for the electron couplings can be obtained by introducing the
angle ©, between the vector y in (2.30), pointing in the axion direction, and the vector

Cle 026
Ze = | ) ) 2.42
(faa faé) =
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pointing in the direction of an ALP that couples to electrons. With the help of this, we
can rewrite egs. (2.7) and (2.9) in the form

JAe = Jemax COS ee y  Jae = Jemax sin ee s (243)
where
m
Jemax = —= ) (244)
Je
with

2 2
1 Cle 026
— = + . 2.45
Je (faa ) <fa5 ) =
Therefore, the ALP-electron couplings are constrained by

(gAe)2 + (gae)2 = ggmax : (2'46)

This constraint can be generalized also straightforwardly to the case of more than two
axion-like fields.

3 Axion and further ALPs in ad-hoc Peccei-Quinn SM extensions

In this section we consider a number of field theoretic extensions of the SM where an axion
or further ALPs occur as Nambu-Goldstone bosons from the breaking of ad-hoc U(1)
Peccei-Quinn (PQ) symmetries. We will derive the low-energy couplings in terms of the
fundamental parameters of the underlying high-scale theories, with the aim of elucidating,
in the following section, to which extent current and upcoming axion and ALP experiments

can probe them.

3.1 KSVZ-type models

We start with the so called KSVZ model [4, 5]. In this construction, a color triplet, but
SU(2), singlet heavy vector-like fermion, Q = (Qr,,Qr), is added to the SM. In addition, a
hidden (i.e. SM singlet) complex scalar field ¢ is introduced. The SM particles are assumed
to be uncharged under the PQ symmetry, while the hidden scalar field and the exotic color
triplet are supposed to transform as

o— e, QL — €?Qy, Qr — e 2Qp, (3.1)

respectively. Correspondingly, the most general Yukawa interactions involving the PQ
charge fields and the most general renormalizable scalar potential involving also the SM
Higgs field H read

LA D y@LO'QR + h.c., (3.2)
1}2 2 ’Ul% 2
V(H,0) = \g (HTH — 2) + Ao (\0\2 - 2Q>
2 V2
+ 2\ 1o <HTH - ”2> <|a\2 — I;Q> , (3.3)
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respectively, both being invariant under U(1)pg. The self couplings in the latter are as-
sumed to satisfy Ay, A, > 0 and )\%{U < Ag Ao, to ensure that the minimum of the scalar
potential is attained at the vacuum expectation values (vevs)

(H'H) = /2, (o) = viq/2, (3-4)

where v = 246 GeV. The real scalar field o’ parameterizing the phase of the hidden scalar
field o in the expansion around the vev,

1 -
o(z) = — [vpg + p(x)] '@ @/ far 3.5
(@) = 5 [veq + p(o)] (35)
then corresponds to the Nambu-Goldstone boson arising from the breaking of the global
PQ symmetry. Assuming that the vev vpq is much larger than the electroweak scale, one
may integrate out the heavy fields p and . The low-energy effective Lagrangian of a’

matches eq. (2.1), with n,x = 1, @} =/, and

fo =vpq. (3.6)

The fermionic current associated with the PQ symmetry is indeed anomalous, leading, as
follows from the general formulae (A.10a) in appendix A, to axionic couplings to gauge
bosons in the low-energy effective Lagrangian (2.1),

Carg =1, Cory =6 <Cér?1)>2 ) (3.7)

with Ce(r?lz denoting a possible electric charge of the exotic color triplet. The coupling to
the electron, on the other hand, vanishes in the KSVZ model, as follows from the general

formula in appendix A,
Cue=0. (3.8)

3.2 DFSZ-type models

Along the same lines one can also construct DFSZ-type ad-hoc models [6, 7], which require,
apart from the generic hidden complex scalar o, at least two Higgs doublets, H,, and H,
giving masses to up-type and down-type quarks, respectively, and in which the SM quarks,
instead of an exotic vector-like color triplet, carry PQ charges. The fields are supposed to
transform as follows under the PQ symmetry,
o — %,

Hd — eiXdcde R

H, — e Xuap, (3.9)
—iXaa g

dir — e iR

uip — e~ Xy

leaving the Yukawa interactions,

Ly = YijGirHadjr + TijGip Hyujr + hec. (3.10)
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with H, = eH;, as well as the most general renormalizable scalar potential,
V(o) = —p2lo)? + Aolo|* + \sH Hyo? (3.11)
invariant under the PQ symmetry, provided that
Xy +Xg=2. (3.12)

After PQ and EW symmetry breaking at the scales vpg > v = /02 + 03 = 246 GeV,
the Higgs and singlet scalar fields can be parametrized as

H(z) = Yt ha@) [z (C(:) + X ﬂm))] ,

V2 “
HO(z) = Yut @) [2 (C(v@ - Xf?)] , (3.13)

V2

The fields in the radial components, hg, h,, and p, correspond to the two physical neutral

Higgs bosons and the physical scalar singlet, respectively. The phases of the fields involve
the Nambu-Goldstone boson ¢ which is eaten by the Z° to generate its mass, and the
Nambu-Goldstone boson a’ which is an axion-like field. Orthogonality of ( and a’ requires

Xg=12&%, Xu= 5571&1} ) (3.14)

where x = v, /vg = tan . The condition (3.12) then determines that

2
x4t

§o = (3‘15)

The low-energy effective Lagrangian of ' matches eq. (2.1), with n,x = 1, @} = d/, and

fao = \/foq + 0%, (3.16)

the latter arising from the requirement of canonical field normalization of o’ using fpq =
vpq. The fermionic content of the theory is anomalous with respect to U(1)pq, and the
couplings to SM gauge bosons can be obtained from the general formulae in appendix A.
The coupling to gluons is given by (cf. eq. (A.10a) in appendix A)

Ca’g = Ng(Xu + Xd) = 2Ng , (3.17)

where Ny is the number of generations. The couplings to photons (see for example [114])
and electrons (see appendix A for the general formulae), on the other hand, depend also
on the PQ charge assignment for the leptons. In fact, one finds

8 16
gNg(Xu + Xy) = ?Ng’ if only Hy couples to [;g,
2 4
Cory = gNg(Xu + Xy) = §N9’ if only H, couples to l;g, (3.18)
2
gNg(élXu + Xa), if only a third H; couples to [;g,
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for the coupling to the gluon. Furthermore, for the coupling to the electron, we get
Xy, if only Hy couples to leg,

Cuoe =1 —Xy, ifonly H, couples to l.p, (3.19)

0, if only a third H; couples to l.g.

On account of eq. (3.14), the physically most relevant ratio of the electron coupling relative
to the gluon coupling, cf. eq. (2.15), are then finally obtained as

1

N sin? 3, if only Hy couples to l.g,

Ca’e 91

Carg - —ﬁg cos® B, if only H, couples to l.g, (3.20)
0, if only a third H; couples to l.g.

3.3 Models relating the PQ scale with the seesaw neutrino scale

The Peccei-Quinn breaking scale in these models is however still ad-hoc. In fact, the strong
CP problem is solved for any value of the Peccei-Quinn scale and the preferred range for it,
10°GeV < fa <1012 GeV, arises just from astrophysical (stellar bounds) and cosmological
(dark matter) constraints. Intriguingly, however, this range overlaps with the preferred
one for the breaking scale of lepton number in seesaw explanations of the smallness of
the active neutrino masses. These scales can indeed be identified in an extension of the
KSVZ-type or DFSZ-type models by the further inclusion of three right handed Majorana
neutrinos N;g, ¢ = 1,2,3 (for similar considerations, see refs. [115, 116]). Considering for
example the KSVZ-type model and assigning to the right handed neutrinos, as well as to
the left handed SM lepton doublets L and to the right handed SM lepton singlets [g, the
same Peccei-Quinn charges as to the right-handed exotic color triplet (cf. eq. (3.1)),

Np — e 2 Np L — e 2L g — e "2 (3.21)

the most general PQ) invariant Yukawa interactions involving the fields charged under the
Peccei-Quinn symmetry generalize to

L = y@LUQR + GijfiHljR + FijEﬁNm + yij(NiR)CO'NjR +h.c.. (3.22)

Here H denotes the Higgs doublet, H= eHd*, and Gy, Fij, Y;j, are arbitrary complex 3 x 3
matrices, while y;; is a symmetric 3 X 3 matrix.

In this case, the Peccei-Quinn symmetry is an extension of the global lepton number
U(1)y, in the SM (including now right-handed neutrinos), which is spontaneously broken
when o acquires a vev. Therefore, in this model, the Nambu-Goldstone boson a’ is in fact
what is usually known as a majoron [53, 54, 115, 116]. After integrating out the heavy
fields, the low-energy couplings of a’ are still given by

2
fo = pq, Carg =1, Coroy =6 (cgfg>) , and Cye = 0. (3.23)
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However, in this case, vpq is at the same time the seesaw scale. In fact, below EWSB, the
last two terms of eq. (3.22) give rise to a neutrino mass matrix of the form

M, = OT Mp) (; Fv 7 (3.24)
My, My F~v yvpq

realizing the seesaw mechanism [117-119], i.e. explaining the smallness of the masses of the
left-handed SM active neutrinos by the large mass of the right-handed SM singlet neutrinos,

102 GeV [(—Fy ' FT
) (FEEY )

Remarkably, for an intermediate scale symmetry breaking scale, f, =
vpQ  ~ 10112 GeV, such a simple single KSVZ-like extension of the SM can

explain simultaneously

2
my, = —MpMyMbh = —Fy ' FT 2 —06ev (

UpQ UPQ

e the non-observation of strong CP violation (due to the coupling of a’ to GG),

e the smallness of the active neutrino masses (seesaw with natural sizes of Yukawa
couplings),

e the nature of cold dark matter (axions),

e the baryon asymmetry of the universe (due to thermal leptogenesis from N;r de-
cay [120], requiring My, = 109 GeV [121]), and

e the stabilization of the electroweak vacuum (due to a threshold effect associated with
the Higgs portal term proportional to Mg, in eq. (3.3) [122]).

Clearly, these single axion models can be easily extended to have two (or more) Peccei-
Quinn symmetries, realizing KSVZ x KSVZ, DFSZ x DFSZ, and mixed KSVZ x DFSZ
models. We will present a particularly well motivated KSVZ x DFSZ type model in
section 4.1.

3.4 Photophilic models

We have, however, not yet exhausted our model building possibilities. Both in KSVZ-type
as well as in DFSZ-type models, there are always colored fermions carrying PQ charges in a
chiral manner — the exotic color triplets and ordinary SM quarks, respectively. Therefore,
in these cases the axion-like fields always have a non-zero axionic coupling to GG, Curg # 0.
In view of the astrophysical hints for the existence of an ALP different from the axion it is
of considerable phenomenological interest to construct also models in which the axion-like
field is photophilic, i.e. Cqrg = 0, but Cy # 0, as has been discussed in section 2.

The simplest model predicting a photophilic ALP is a variant of the KSVZ model
where the exotic fermion is a colorless but electrically charged particle, which we denote by
E = (Ep, ER). The hidden complex singlet o is introduced as usual and the PQ symmetry®

®Strictly speaking, this symmetry should be dubbed “PQ-like” rather than “PQ” since, unlike in the
proper PQ case, the model has no U(1)pq x SU(3)¢ x SU(3)¢ chiral anomaly, but only a U(1)pg X U(1)em X
U(1)em chiral anomaly.
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acts as
o — e, Ej — ¢“?Ey Egr — e ?Ep. (3.26)

The Yukawa Lagrangian is analogous to the KSVZ model and reads
A D yELO'ER + h.c.. (3.27)

The parametrization of the axion-like field o’ remains as in eq. (3.5), with eq. (3.6) setting
the ALP decay constant f,,. The couplings of a’ to gluons, photons, and electrons are
given by (cf. appendix A)

Ca/g = O7 C(l"y =2 (Céfl))27 Ca/e = O’ (328)

where Céfl) denotes the electric charge of E. If, however, the interaction in eq. (3.27) is the
only source of interaction for E at the PQ scale or below, the E-number would be conserved
and this exotic lepton would constitute a stable charged particle which is cosmologically
problematic, unless its mass mp = yvpq < TeV (for a review, see ref. [123]), requiring then
an unnaturally small Yukawa coupling y < 1079 if vpg = 10? GeV. One possible remedy
for this situation is to set (Jé{;{) = +1, so that either Fr or F{ has the SM gauge quantum
numbers of [;p and then FE is allowed to mix with the SM charged leptons and to decay to
SM particles. A similar mixing mechanism has been proposed to allow for the decay of the
exotic superheavy quark ) in the KSVZ model which shares with the superheavy exotic
fermion E the cosmological problem [124-126]. We present models of this type with both
an axion and an additional photophilic axion-like field in sections 4.2.2 and 4.2.3.

Another simple alternative photophilic model exploits, apart from the usual hidden
complex scalar o and similar to the DFSZ model, a second Higgs doublet, H;, which gives
rise to the masses of the charged leptons, cf.

Ly = K]@Lﬁ UjR + FijqiLH de + Gz‘jfiHlljR + h.c. (3.29)

This extra Higgs doublet is necessary for the restriction of the U(1)pq symmetry to the
lepton sector. The fields are supposed to transform as

lir = € “lin,
Hy — ¢ H, (3.30)

o — %,
under the U(1)pq symmetry, such that both the above Yukawa Lagrangian and the

scalar potential,
V=Vy+ mHlTHJ + h.c., (3.31)

where Vi = Vyy (H, Hy,0) stands for the sum of all Hermitian terms in the fields and m
is a mass parameter, are invariant under PQ transformations. SM quarks are not charged
under U(1)pq. The axion-like field @’ in this model has a decay constant

fa=\Jviq v, (3.32)
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where v is the vev of H;, and the couplings to gluons, photons, and electrons are (cf.
appendix A)
Carg =0, Coy =2Ny =6, Cpe=1. (3.33)

We present a well-motivated model of this type with both an axion and an additional
photophilic axion-like field in section 4.2.1. These types of model have the characteristic
feature that the presence of a photophilic axion-like field is always accompanied by possible
signals at the electroweak scale through H;.

4 Intermediate-scale accidental axion and further ALPs from field the-
oretic bottom-up SM extensions

The ad-hoc Peccei-Quinn extensions of the Standard Model discussed above give some
insight into the origin of the decay constants and the sizes of the anomaly coefficients,
but still have several drawbacks. Most importantly, new fields (hidden complex scalar
fields, heavy vector-like quarks, extra SM Higgses) and new PQ symmetries have been
introduced and imposed by hand. Moreover, these symmetries are not protected from
explicit symmetry breaking effects by Planck-scale suppressed operators — e.g.

1

Pl
for a model with two singlets — expected to appear generically in the low-energy effective
Lagrangian [127-132]. These operators modify the axion potential, eventually shifting its
minimum away from zero, thereby destroying the solution of the strong CP problem, cf.
appendix B. Moreover, they induce masses, e.g.

) 22 (D02 42
lifting also the additional ALPs to pseudo Nambu-Goldstone bosons.

Both drawbacks can be absent in models where the Peccei-Quinn symmetries are not
ad-hoc, but instead automatic or accidental symmetries [127]. In fact, Peccei-Quinn sym-
metries could be accidental consequences of exact discrete Zy symmetries, which in addi-
tion, if N = D + 1 is large enough, i.e.

9
[1—0.1-log(fa/109GeV)]

N=D+1> 41, (4.3)

can protect the axion against semi-classical gravity effects [133—-138], cf. appendix B. In the
following, we will construct intermediate scale models with n,, = 2 accidental axion-like

fields.

4.1 713 ® Zs ® Zg model with axion-ALP mixing

We now present a SM extension with two axion-like fields corresponding to (pseudo-)
Nambu-Goldstone bosons from the breaking of two continuous Peccei-Quinn symmetries
U(1)pq, x U(1)pq,, which themselves are accidental consequences of exact discrete Zy
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v |qu wr dr L Ngr Ilgp H, Hy H Hy o2 T Qp Qr o1

5 3 8 9 3 7 11,10 , .2 7 12 9 6 7
Zyg | Wiy Wy3 Wi Wi Wi Wiz Wiz Wi Wiz Wiz w3 wiz 1

Zs | 1 ws wé‘ 1wy wg ws w5 ws ws 1 wg ws wg’ wg’

ZEl 1 wi 101w owd w1l ws W ows Wi 1wl ows

Table 2. 713 @ Zs @ Z charges, where w3 = ¢/2™/13 and w5 = €27/5,

symmetries. The model is a further extension of an n,x = 1 model proposed in ref. [133],
where the SM was extended by several fields: not only by a SM complex scalar singlet
o, but also by several SM Higgs multiplets and three right-handed SM singlet neutrinos.
These extra fields were primarily included to enable the formulation of a large enough
discrete symmetry ensuring the protection of the QCD axion against de-stabilization by
Planck-scale suppressed explicit symmetry-breaking effects. Among the attractive features

of the model are

e the close connection between the seesaw scale to explain the smallness of the active
neutrino masses and the Peccei-Quinn scale (see also [56, 115, 116, 139-147)),

e the stabilization of the accions and the proton, as well as the non-occurence of flavor
changing neutral currents, due to the large discrete symmetries, and

e the unification of the SM gauge couplings at intermediate scales, My ~ 10'3 GeV [148,
149].

The extended n,x = 2 model has four SM Higgs doublets H,,, Hy, H;, Hy, which give
Dirac mass terms for up-type quarks, down-type quarks, charged leptons and neutrinos,
respectively, see eq. (4.4) below; an SU(2), triplet 7' with hypercharge Y = 2; and two SM
singlet complex scalar fields o; and o9, which carry only Peccei-Quinn charges. The SM
fermionic content is augmented by the addition of a vector-like color triplet, (Qr,@r), as
in the KSVZ model, and three right-handed neutrinos, N;r, i = 1,2, 3.

We impose an exact discrete symmetry Zi3 ® Zs @ Z%, with the fields transforming
according to table 2. As mentioned above, the reason for such a large discrete symmetry is
to suppress operators up to some mass dimension, thereby ensuring the effectiveness of the
Peccei-Quinn mechanism. The order of each group factor is chosen to be a prime number
because it forbids dangerous operators formed by invariant powers of the singlets O"If’Q, with
k less than the group order, as dictated by the Lagrange theorem.

The discrete symmetry in table 2 allows for the following Yukawa interaction terms:

Ly = YiﬁiLquug‘R + 1 Hadjr + Gi; LiHiljr
+F;; LiHNNjR + yij(Nir)°o1Njr + yoQro1Qr - (4.4)
Here ¢, i = 1,2,3, denote the left-handed SU(2); quark doublets, H = eH*, and Yij,

I';;, Fy; and G5 are complex arbitrary 3 x 3 matrices, and y;; is a symmetric 3 X 3 matrix.
Of phenomenological great importance is the fact that, despite the occurence of multiple
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Higgs doublets, no flavor changing neutral currents emerge, since there is only one Higgs
doublet for each type of fermion.

The scalar potential with all renormalizable terms allowed by the discrete symmetry
is V.= Vi + Vng, where the hermitian terms are

Vit = pi|Hil* + p3 Te[|T%) + m|oal® + N | H Hi |* + Ay (Te[T1%)? + Apo Tr[| )
+Xa|oal* + g [ Hie P Te[| T2 + are|T Hi|? + Bral Hil?|oa|? + va e[| T)?]0w|?

(4.5)
where k, k' = u,d,l, N, a = 1,2, while the nonhermitian terms read
Ve = M (HVH)(HHy) + Mo HE TH,o0 + A3(Hj Hy)(H] H;)
+MH!H,00 + MyH! TH, + M3H! THy + h.c. (4.6)

Note, that if we did not impose the additional Z5 ® Z§ symmetry, dangerous terms of the
type (H Hy)ov03, (H)Hy)or03, (HLHg)o?, and o309, would still be allowed, breaking the
accidental global symmetries discussed below, in particular the Peccei-Quinn symmetries.

Accidentally, the model (4.4)—(4.6) possesses five U(1) (i.e. rephasing) symmetries
which are constrained by the non-hermitean terms in (4.4) and (4.6): the imposed U(1)y
invariance and four additional accidental global U(1) symmetries. Among the latter, we
can identify two non-chiral ones, namely U(1)p, ensuring baryon number conservation
for usual quarks and U(1)g, ensuring Q-number conservation for the exotic quark. The
two remaining accidental symmetries, the Peccei-Quinn symmetries U(1)pq, and U(1)pq,,
involve the singlets o; and o9, and are chiral for quarks.

The latter accidental symmetries can be chosen in a way that o is only charged under
U(1)pq,, while o9 is only charged under U(1)pq,. For example, the potential in (4.6) is
independent of o1 and so a change of the global phase of this field can be compensated by
changing the phases of Q1 r, Nir, L;, and l;z. We identify this symmetry with U(1)pq,.

We denote the charges of a field ¢ under the Peccei-Quinn symmetries U(1)pq, and
U(1)pq, as Xy and Ky, respectively,

U(l)pg, : @ — e™Kvyp, @

U(l)pq, : % — e Xvqp. '

If we write Xo, = (Xy + X4), Xy = — Xy, Xg = — X4, and choose the normalization
X+ Xg =1, K, =1, (4.8)

then the transformation of the singlets reads

Ul)pq, : o1 — emlal,
! . (4.9)

U(l)pQ2 . 02 — € °09,
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and the theory (4.4)—(4.6) is obviously invariant under the following U(1)pq, transforma-
tion (displaying only the non-trivially transforming fields)

U(l)pg, :  Li — e 2™ L,

1
lip = e 2%,

1

Nip — e_iQO‘lNiR, (410)

QL = e3Qy
Qr — ¢ 'TMQp.
This symmetry is an extension of the SM lepton number, including right-handed neutrinos,
and is spontaneously broken when o, acquires a vev, cf. section 3.3. We show the U(1)pq,
charges also in table 3.
The U(1)pq, charges are also easily extracted by requiring invariance of (4.4)-(4.6)
under U(1)pq,, and we find

U(l)pQ2 : Hd — eiXdang,
—iXu
H, — e " v*“2H,,
H, — ei(XL—Xl)OQHl :
Hy — e_iXLCQHN ,
T N e*iQXuazT’ (411)
L Tl
Uig — € K2y
i X
Lz’ — e LazLi,

liR — einOQliR .

It should be noted that we have written some charges in terms of X, X4, X1, X; but
there is only a freedom to choose X, or Xg, which is subsequently fixed after electroweak
symmetry breaking. The rest of the charges can be found in the second line of table 3 and
they are equivalent to the ones in ref. [133] when the nonhermitian terms in the potential
are the same. When defining the U(1)pq, charges in eq. (4.11), we have chosen o and g,
to be uncharged under U(1)pq,, i.e., Xy, = X,, =0, and Xg, = —Xg,, for convenience.
The first choice is what turns N;r and @, r uncharged under U(1)pq,. A different choice
would lead to a different value for the coefficients Cj, and Cj,, which are dependent on the
choice of U(1)pq, and U(1)pqg,. The couplings to the physical axion and ALP, however,
are fixed for a given model and thus independent of the choice of U(1)pq, and U(1)pq,.

The parameters in the scalar potential are assumed to be such that the SM doublet
Higgs fields get non-zero vevs (Hp) = vi/v2, k = u,d,l, N, at the electroweak scale,

V= 4/ v,% = 246 GeV, while the SM singlet fields are assumed to attain their vevs,

(0a) = va/V2, a = 1,2, at much higher scales. Therefore, the right-handed neutrinos
N,;r and the extra colored triplet, which get their masses via Yukawa couplings with o
in eq. (4.4), are heavy, decoupling from the electroweak scale. The first two terms in the
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Yo|lq ur  dgr L Ng lr H, Hg H Hy oo T QL Qr o1
0 0 o0 -1/2  -1/2 -1/2 0 0 0 0 00 1/2 -1/2 1

Xy | 0 =Xy —Xq 34X, +Xy) 0 2X, —Xu Xg —3(2Xu—Xy) —i(4X,+Xg 1 -2X, 0 0 0

Table 3. U(1)pq, and U(1)pq, charge assignments of the fields in the SM extension (4.4)—(4.6).

second line of eq. (4.4) give rise to a neutrino mass seesaw relation, which now involves the

vev vy of Hpy, which might be much smaller than v,

m, = —MpM;' M},

2 2 12 -1 T
g -1 T YN UN 10°~ GeV —-Fy 'F
=—Fy  F e 0.1 eV(mo GeV) < o 102 . (4.12)

At low energies, two Nambu-Goldstone bosons a, with decay constants

Jay > vp (4.13)

arise from the breaking of the two accidental accidental Peccei-Quinn symmetries, describ-
ing the phases of the singlet fields o;, in the expansion around the vevs. The Nambu-
Goldstone boson a} is thus also a majoron-like particle [53, 54]. The interaction term
yoQro1Qr implies that U(1)pq, is in fact a chiral symmetry for the exotic quark Q. As
noted previously, the number of this quark is separately conserved.

The ALP-gluon and ALP-photon couplings can be extracted from the charges in table 3
as (cf. appendix A)

Clg =1, ng = Ng(Xu + Xd) = Ng =3, (4.14)
2 P
C1, =6 (ng)) , Gy = SNy(4X, + Xo) + 2N, (Xp — X))
4 4
= 3Ng(Xu + Xa) = 2Ny =4, (4.15)
leading to
’ Gy _g (C(Q))Q. Gy _4 (4.16)
Ciy em’ ) > Coy 3 :

The ALP-electron couplings can be extracted in the same way (cf. appendix A),

2X, — X4

Cre=0, Co=Xp =Xy —Xj=—""57%, (4.17)
so that
. 1 ) 1 .
gzg = —3—Ng(2 cos? B — sin? ) = —3 <1 — %st ﬁ) ) (4.18)

where tan 5 = v, /vg.

Therefore, the considered model automatically leads to a low energy theory with two
axion-like fields aj, both coupling to GG and FF. Successful implementation of the neu-
trino seesaw mechanism with not too much fine-tuning in the Yukawa couplings and thermal
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Figure 3. Gauge coupling constants unification for the model in section 4.1 in the one loop
approximation.

leptogenesis prefer the symmetry breaking scale v; and thus the decay constant fa’1 of the
majoron-like particle a) to be in the range

10°GeV S vy ~ for 107 GeV, (4.19)

The symmetry breaking scale v and thus the decay constant faé of the axion-like field a,
however, is not fixed by bottom up considerations.

Remarkably, the upper end of the above parameter range is distinguished by another
observation, namely gauge coupling constant unification. In fact, if we take both Peccei-
Quinn symmetry breaking scales

Vp 2 for ~ 10 GeV, b=1,2, (4.20)

then the new fermionic fields, N;g, and (Qr, Qg) are naturally decoupled and the running
of the gauge couplings from the electroweak scale towards high scales is determined by the
SM fermionic fields plus the electroweak scale doublets, H,,, Hy, H;, Hy, and the triplet
T. It was shown in ref. [148] that, assuming the SU(5) hypercharge normalization, a model
with such a content of fields unifies the gauge coupling constants at the energy scale

My =~ 2.8 x 102 GeV, (4.21)

see figure 3. This value is surprisingly close to the PQ scales and indicates that the
model can be embedded in a grand unification group, so pointing to a connection between
such scales [149]. In this connection it is important to note that dangerous operators
leading to baryon number violation processes [150] are forbidden by the discrete symmetry
Z13 ® Zs @ Z§ to very high mass dimensions. Therefore, in this model proton decay is not
observable, despite the low unification scale.

Importantly, as detailed in appendix B, the discrete symmetry Zi3 @ Zs ® Zf is large
enough to protect the axion from destabilization by Planck scale suppressed explicit PQ
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symmetry breaking operators and that the corresponding induced masses are negligible, as
long as
fag = vp $10'2 GeV, b=1,2. (4.22)

This is based on the fact, that the operators of lowest mass-dimension that are invariant
under the discrete symmetries of table 2, but not invariant under the Peccei-Quinn sym-
metries of table 3 in the low-energy effective Lagrangian involve high powers of the scalar
singlet fields,

1 *
A H{ Hyo(503, @H}Hua§028, AT H{ H,o{%0% . (4.23)
The theoretically most favored value for the decay constant of the axion in this model
is then (cf. section 2)

1 9 —1/2
fa = (2+2> ~ 8.3 x 10" GeV,
fa 1

for fou ~v1 =10 GeV,  fu ~wvy=25x10" GeV, (4.24)

leading to the following mass predictions for the axion A and the ALP a (cf. section 2 and
appendix B),

5/2 7/2
’U’Ul 1)2

~72x%x107% eV, ~ L2
ma e Mg 26M§’,1f,4

~1.3x107%% eV. (4.25)
Therefore, this model favors axion dark matter in the mass range probed by ADMX [37].
The ultralight ALP a in this model, however, will escape detection in current and near
future laboratory experiments, such as ALPS-II [98] and IAXO [99], and can not explain
the astrophysical puzzles such as the anomalous cosmic y-ray transparency, the cooling
excess of stars and the soft X-ray excess from Coma (cf. section 1). In fact, the axion and
the ALP consist here of a non-negligible mixture of the original axion-like fields, with mixing

cosd ~ 0.083, sind ~0.996, tand ~ 12. (4.26)

Correspondingly, the ALP couplings to photons and electrons are of quite similar size as

(@) )

the respective axion couplings (for definiteness, we chose here Cen’ =

4
|9an| = af ‘3 ‘ T45~54><10 16 Gev1, (4.27)
lgay| =~ f‘ -0.0832 + 09962 —1. 95‘ ~8.2x 10716 GevV !, (4.28)
|Gac| = fA 3 <1 2sm B) O‘ A5 ~ 1.7 %10 — 5 sin B, (4.29)
Me 2 1 3 .9 2 —16 -2
9ae| = o 0-0.083% — = { 1= Ssin® B ) -0.996%) 2 1071 |1 — J sin” B, (4.30)
A
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Figure 4. Prediction of the axion and ALP photon coupling versus their masses for our models
from section 4, compared to the current limits, projected experimental sensitivities and preferred
regions for explanations of astrophysical and cosmological phenomena.

and thus way too small to explain the cosmic 7-ray transparency (the latter requiring
|gay| = 10712 GeV™!, cf. eq. (1.15) and figure 1) and the excess star cooling (the latter
requiring [gac| = 1071 and/or [gee| = 10713, cf. eq. (1.20)). Moreover, the expected cosmic
mass fraction in ALP dark matter is negligible [67],

2 —14 Mq 12 Ja ?
Sah” ~ 10 (m) (W) (4:31)

making also the direct laboratory detection of dark matter comprised of the ALP a im-
possible. Nevertheless, the indirect detection of an ultra-light ALP which such a small
coupling to photons may still be possible with the next generation of cosmic microwave
background (CMB) observatories such as PIXIE and PRISM (cf. figure 4) because reso-
nant photon-ALP oscillations in primordial magnetic fields may lead to observable spectral
distortions of the CMB [94-96].

On the other hand, if we give up unification and allow for Yukawa couplings of order
10~ to obtain the small active neutrino masses even in the case of a lower seesaw scale,
we can get an ALP in the parameter range favored by the explanation of the soft X-ray
excess from the Coma cluster. Choosing for example

v1 = fg =1 X 10'° GeV, Vg o fop =T.5 X 10'° GeV, (4.32)
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Input values Resulting low-energy parameters
Model [y (GeV] [ oo = fuy (GeV] | £ (GeV] | ma [eV] | ma [eV] | lgagl [GeVI™ | lgun] [GeVIH | lgacl 9uc]
Al 1x 10 2.5 x 10'2 83x 10" [ 72x107%]1.3x10722 | 82x1071¢ 54x 10716 | 2x 10716 | 1.7 x 10717
A2 1x 101 7.5 x 1010 93x10° | 6x107% | 1.8x 1073 | 4x 10713 2x 1071 [ 25x107 | 6.3 x 10712
A3 1x 10 1x 10" 3 x 107 2x107% | 1x10728 2 x 10713 5x 10716 5x 1071 | 2x 10717
Bl.1 3 x 101! 1x10° 3x 101 | 2x10°° 1x10°7 1.6 x 1071 1.4 x 10711 0 1x 10712
B1.2 9 x 101 1.26 x 10'2 9x 10" [ 6.7x1070 | 7.1x10% 5.2 x 10710 1.1 x 1071 0 8 x 10716
B3 1.1 x 10" 1.84 x 107 5.5x 10" | 1.1 x 107 | 7.1 x 10% 3.4 x 1071 1.3 x 10712 0 0

Table 4. Summary of the low-energy parameters obtained from our models in sections 4.1, 4.2.1,
and 4.2.3, for our chosen benchmark values for the PQ vevs v; and vy. For definiteness, we used in
the electron couplings of the models in sections 4.1 and 4.2.1 vev ratios 8 = v, /vg and 8’ = v; /v,
such that ’1 — %Sin2 ﬁ’ =1 and sin? §/ = 1, respectively. Moreover, we took g = 1 and ¢’ = 1.

leads to an axion A with a quite small decay constant and thus rather large mass,
fa~9.3x10° GeV, my ~ 0.6 meV, (4.33)
constituted mainly by the axion-like field @} (small mixing ¢),
cos 6 =~ 0.96, sind ~ 0.29, tand ~ 0.3, (4.34)

with a quite sizeable coupling to the photon,

4
19a0] = ——— (6-0.962 + = - 0.20> — 1.95 ) ~ 4 x 1073 GeV ™. (4.35)
21 fa 3
At the same time, the ALP a, with mass m, ~ 1.8 x 10733 eV, is constituted mainly by

the axion-like field af, and has also a sizeable coupling to the photon,

(0] 4 03 ~13 -1

right in the range of phenomenological interest. The couplings to the electron, however,
are in this case still too small,

1 3 3
|9ac| = % ’0 -0.96% — 3 <1 — 5s,im2 B) 0.29% ~ 2.5 x 10715 |1 — 5s,in?ﬁ , (4.37)
1 3 0.3 3
|gae| = % ’—3 (1 — 5 sin® 5) - 0‘ TromE S 68x1077 )1 251n25‘ . (4.38)

in order to explain the anomalous cooling of stars.
For illustration, let us take also a third pair of benchmark values for the PQ scales
which leads to a case with very tiny mixing between the axion an the ALP. For definiteness,

we chose
v = fo, =107 GeV, vy fy =10 GeV, (4.39)
corresponding to
fa~3x10° GeV, ma ~ 2 meV, e ~ 10728 oV,
cosd ~ 3 x 1074, sind ~ 1, tand ~ 3 x 10°, (4.40)
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with couplings of size

lgay| =~ 2 x 1071 GeV ™! (4.41)

gary| = 5 x 10710 GeV ™1, (4.42)
3

|gae] ~ 5 x 10711 — 5sin?ﬁ : (4.43)

|ae| =~ 2 x 10717 |1 — ;)sinZB‘. (4.44)

In summary, cf. table 4 and figure 4, we have now verified in an explicit example what
has been anticipated in the general discussion of section 2: in the case that the axion A and
the ALP a consist of an appreciable mixture of the original axion-like fields, i.e. as long as
| tan 4| is of order unity, the couplings are all determined by f4 and are therefore expected
to be approximately of the same size for for the axion A and the ALP a, up to order one
factors. This is clearly the case for models Al and A2 in table 4. A hierarchical difference
between the axion and the ALP couplings can possibly only arrive in the situation where
the axion (and correspondingly also the ALP) originates essentially only from one axion-
like field, which requires |tand| ~ 0 or |tand| > 1. In this case, the (photon and electron)
couplings of the ALP are suppressed by the factor tan§/(1 + tan? §) in comparison to the
couplings of the axion and thus hierarchically smaller than the latter.

4.2 Zp Q Zym models with a photophilic ALP

As has been emphasized in section 2, in order to arrive at the same time at the prediction
of a sizeable amount of axion dark matter and at the explanation of the astrophysical hints
by an additional ALP one needs

e that only one of the original axion-like fields couples to GG, while the other is pho-
tophilic, and

e that there is a hierarchy between the vevs ~ decay constants of the two PQ
symmetries.

Therefore, in this subsection we build models featuring one accidental KSVZ-type axion and
another accidental photophilic ALP, which does not couple to GG through a U(1)pq, x
SU(3)c x SU(3)¢ chiral anomaly, but, nevertheless, couples to FE due to a U(1)pg, X
U(1)em X U(1)em anomaly. The latter will be introduced as a photophilic analog of the
DFSZ or KSVZ axion, cf. section 3.4.

4.2.1 711 ® Zg model with extended Higgs sector

Our first model has two SM Higgs doublets, H, and H;, where the first one gives Dirac
mass terms for quarks and neutrinos, while the second one gives them for charged leptons,
see eq. (4.45) below. Furthermore, it features two SM singlet complex scalar fields o1 and
09, which carry only Peccei-Quinn charges. The phase of o1 will carry a KSVZ-like axion,
while the one of oo will carry a DFSZ-like photophilic ALP. The SM fermionic content is
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g |ur |dr | L | lgp |Nr| Hy| H |Qr|Qr| 01 |02

4 5 8

6 5 10 |, 4 5 6 6 10
Zai | 1 |wiy |wyy |wip |wip |wip [wip |wip| 1wy fwin | ]

Table 5. Z11 ® Zg charges, where wg = e27/9 and wyy = e27/11,

qr. | ur |dr| L lr Nr | Hy |H | QL | Qr |01]|02
Kglo| o |o|=1/2] =172 |-1/2| o |0 |1/2/-1/2| 10
Xp| 0 l=x,| X, | X, |X,-X/| 0 |-x,|Xx ] 0] 0 |01

Table 6. Charge assignments of the fields in the SM extension of section 4.2.1. K, and X, are
the U(1)pq, and U(1)pq, charges of the fields, respectively.

augmented by the addition of a vector-like color triplet, (Qr, @r), as in the KSVZ model,
and three right-handed neutrinos, N;g, ¢ = 1, 2, 3.

Given this field content, we impose an exact discrete Z11 ® Zg symmetry, with the
fields transforming according to table 5. Then the most general Yukawa interactions are

given by

Ly = Y;jqiLE[quR + PijqiLqujR + GijfiHlljR + kz‘jfiﬁquR
+ YiiNRo1NjR + yQQLo1Qr + h.c. (4.45)

The scalar potential V' = Vi + Vv is supposed to be given by the sum of all possible
renormalizable hermitian terms involving the scalar fields and respecting the discrete sym-
metry in table 5, Vi (Hy, Hj,01,02), and the most general renormalizable non-hermitian
term (“DFSZ-type” term),

Vi = A\osH}H, + h.c.. (4.46)

The Yukawa interactions (4.45) feature an accidental U(1)pq, ® U(1)pq, symmetry
which is summarized in table 6. In fact, one PQ symmetry, U(1)pq,, may be defined by
the following action on the fields:

o1 — €0 Njp — e_io‘l/QNjR,
QL — €/2Qr,  Qpr — e "/2Qp, (4.47)
Lj — e 2L, lip— e 2 p

while the rest of the fields transform trivially. This symmetry is anomalous with respect

to QCD and gives thus rise to the axion, whose corresponding field appears in the phase
of o1 in the expansion around its vev vy,

o1(x) = v1+\fp21(m) exp [iaﬁ (x)] , (4.48)

!
ay
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with
fay =01 (4.49)

The other accidental PQ symmetry U(1)pq, acts on the fields as

o9 — ' “%0y,

Hy —s X2, Hy — e X2 H,,
i X, i((Xg—X,
LjL — e qazLjL ljR — 62( a l)azljR, (4.50)
Ujp — e—zangujR’ CljR — GZX‘ZOdeR.

The PQ charges X; and X, are restricted by (4.46) to obey
X+ X,=2. (4.51)

This symmetry is non-anomalous with respect to QCD, but anomalous with respect to
QED. Therefore, strictly speaking, U(1)pq, is a PQ-like symmetry, rather than a proper
PQ symmetry. Its breaking will lead to a photophilic axion-like field a}, appearing in the
phase o9 in the expansion around its vev va,

0'2(:1?) =

vt (@) [Z.ag«c)] | (4.52)

\/5 fa’Q

where 5
fa2 = vi + iR, &, = R x' = vg/u. (4.53)

The low-energy couplings to the gluon are found to be (cf. appendix A)
Cig=1, Cy =0. (4.54)

Therefore, a} can be identified with the axion field A(x), while af, is a photophilic axion-
like field.
The couplings to the photon, on the other hand, read

2
Ciy =6 (CLD), Coy = 2N, (X + X,) = AN, = 12, (4.55)

where Cél?l) is the the electric charge of Qp, QR.
The coupling with electrons can be also extracted from appendix A as

Cie =0, Oy =X, (4.56)
so that )
Co.  sin®f’
= 4.57

where here tan ' = 2/ = v, /v;.
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As in our GUT example from section 4.1, U(1)pq, is in fact a lepton number symmetry
and its breaking will thus give rise to a seesaw neutrino mass relation,

2
v,
m, = —~MpM'M} = —Fy ' FT 2
U1
v, 2 (1018 GeV\ [ —Fy ' FT
—0.01 v( “ ) , 4.58
Y \100Gev < v )( 10-2 > (4.58)

where v, = /2 (Hj) is naturally of order the electroweak scale, since v = \/ V2 + v =
246 GeV. For definiteness and in order to get an axion well in the mass range favored after
BICEP2 (cf. section 1), we allow for a modest fine-tuning in the Yukawa’s and chose the
vev vy to be

v; =3 x 10M GeV, (4.59)

leading to an axion decay constant, mass, and photon coupling of order (we take again
e =1

fa = fa,/|C1gl =v1 =3 x 10! GeV, my =20 peV,
a

= —1.95)~1.6x 10" -1 4.
9ay 2wa(6 95) 6 x 107 GevH, (4.60)

right in the ballpark to explain and detect dark matter in terms of axions.

The ALP couplings, on the other hand, can be simultaneously in the range of highest
phenomenological interest, |goy| ~ 10712 GeV ™1, |gae| ~ 10713, if we chose the vev vy of
the second PQ symmetry much smaller,

vy ~ 10% GeV. (4.61)
In fact, then
«
= 12~1.4x 1071 Gev ! 4.62
oy = 5 7 X eV, (4.62)
Joe = ¢ Gin2 B ~ 10712 sin? 3, (4.63)
fa’2

In this context it is also important to note that the photophilic ALP has a quite
sizeable mass, for the chosen discrete symmetry and PQ symmetry breaking scale. In
fact, the lowest mass dimension operator violating U(1)pq,, but respecting the discrete
symmetry, occurs already at mass dimension D =9,

9 9
LD —= 4.64

and therefore induces a mass which does not suffer from too much Planck-suppression (cf.
appendix B),

9 [ /2 v 7/2
~ | 1/2 2 ~ -7 1/2 2
mq = |g|"/ 2072 (Mpl> Mpy~1x 107" eV |g|"/ <m> . (4.65)
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qr. | H |ug |dr | L | Ig |Nr| o1 |QrL|Qr |02 | EL | ER

Zg | 1 wg wg’ wé wg Wy w% wS 1 | wg |wo|wy| 1

3 3 8 2 10,5 9 7 10
Zai | 1wy |wip |wiy | Wiy |wip |wip |win |wip |wip | 1] 1w

Table 7. Z11 x Zg charges for the fields in the model of section 4.2.2.

Finally, the axion in this model is protected from destabilization by Planck suppressed
operators. In fact, the lowest mass dimension operator violating U(1)pq,, but respecting
the discrete symmetry,

LD —— (o) (03), (4.66)

has no destructive effect on the axion properties, as long as (0%11)2)1/12 < 102 GeV (cf.
appendix B), which is the case for the favored choice of parameters.

We have summarized the values predictions of masses and couplings of this model for
the chosen input values of the PQ breaking scales in table 4 and figure 4, labelled as “Model
B1.1”7. We see that they are well in a region to explain the astrophysical puzzles and to be
probed in the next generation of experiments.

Interestingly, for another set of initial input values, which we label as “Model B1.2” in
table 4 and figure 4, namely

v1 =9 x 101 GeV, vg = 1.26 x 10'? GeV, (4.67)

the axion may still be the dominant part of dark matter, while the ALP will have a mass
and coupling

» ) 7/2
Ma = 7-1keV g] (1.26 X 1012 GeV) ’

(4.68)

1.26 x 10'2 GeV
—14 —1
Gay = 1.1 x 107 GeV ( o > ;

cf. figure 4. In this case, it may in fact explain the recently reported unidentified 3.55
keV line from galaxies and galaxy clusters [105, 106], mentioned in section 1, in terms

of two photon decay [107-110], if its fractional matter density x, = pa/pcpm is of order
z, >~ 1078 —1077.

4.2.2 711 ® Zg model with minimal SM Higgs sector

As a further example, we consider a model which features, like the KSVZ model, a minimal
SM Higgs sector and where all fields beyond the SM are SU(2), singlets. These are: two
scalar singlet fields o1, 09, an exotic quark singlet field (), a colorless and electrically
charged fermionic field F, and three types of right-handed neutrinos, N;r. The imposed
discrete Z11 ® Zg symmetry transformations are given in table 7.
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qr. | H |ug |dr| L Il | Nr |01|Qr|Qr|0o2| Er | ERr
Kglololo|o|=1/2/-1/2|-1/2/ 1|1 |=1|0]|1/2]-1/2

Xy0{0y0(0} 0 | O | O |O]O0O]O|1T] 0| —1

Table 8. Charge assignments of the fields in the SM extension of section 4.2.2. Ky and X, are
the U(1)pg, and U(1)pq, charges of the fields, respectively.

The Z11 ® Zg symmetry allows the following Yukawa interaction terms

Ly = YijGi Hujr + Dijq Hdjg + GiLiHlp + kij LiHNjr + 401 NipNjg

2
A= 1 ki—2TL.HEp + k E;Ep+he. (4.69
—l—y,MquZL QR+yQMPlQLQR+ Sy R+ 2o, R+ h.c. (4.69)

In the scalar potential all interaction terms are hermitian. eq. (4.69) has an automatic
U(1)pq, ® U(1)pq, symmetry in which the fields carry charges as shown in table 8. Also,
there is a seesaw mechanism for the neutrinos working like in the previous models.
The axion-like fields in this case appear only in the singlets fields parametrization of
eq. (3.5), such that
far =1, fay = va. (4.70)

The low-energy couplings to the gluon they are found to be (cf. appendix A)
Ciy=2, Cay =0, (4.71)

rendering a}, a photophilic axion-like field, while @} can be identified with the axion field
A(z). The couplings to the photon, on the other hand, read

O =12(0Q) +2(c) = 132 oy =2 (0 =2, (4.72)

where Cég) =—1/3 and Ce(fl) = —1 are the electric charge of Q and FE, respectively.

The couplings to the electron can be also extracted from appendix A as

Cre =0, Cs =0, (4.73)
such that
Cie _ . (4.74)
Ciy
Again, the active neutrino masses favor v; > 10271 GeV, while the explanation of

the astrophysical anomalies favor vy ~ 103519 GeV. As in the previous model, the lowest
mass dimension operator violating U(1)pq,, but respecting the discrete symmetry, is of the
form (4.64), inducing an ALP mass of size

2 )7/ ’ (4.75)

109 GeV

Moreover, as in the previous model, the axion is protected from destabilization by Planck

me ~1x10"TeV |g|'/? (

suppressed operators (cf. appendix B).
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qr. | H |ug |dr | L | Ig |Nr| o1 |QrL|Qr |02 | EL | ER

Z7 | 1 w‘% w? w? w? w% w% w7 w‘% ws; |ws|wy | 1

3 3 8 2 10|, 5 9 7 10
Zni | 1 |wpy |wiy |wiy | Wiy |wig (Wi |win | wip [wip | 1| 1wy

Table 9. Z11 ® Z7 charges for the fields in the model of section 4.2.3.

The masses of ' and @) are given by

mp = kg 2“;;; ~ k103 GeV, (4.76)
vf 7
mg = yQQM ) ~ yol0' GeV.

We see in this scenario E could naturally have a mass around the TeV scale or below. By
means of a mixing proportional to vy/Mp; ~ 107!Y we may have a decay of E into SM
charged leptons, [;, plus the Higgs boson, h, according to £ — [; + h. This could leave a
signal in Drell-Yan E pair production at a hadron collider such as LHC. For @, its mass
would be out of the present direct searches unless there is a fine tuning of order yg ~ 1074
Assuming the latter, a QCD pair production process of @, followed by decays into SM
d-type quarks plus a Higgs boson, ) — d; + h, is possible at the LHC.

4.2.3 711 ® Z7y model with minimal SM Higgs sector

Motivated by the possibility to explain the 3.55 keV line by decaying ALP dark matter, we
introduce yet another model with a somewhat smaller discrete symmetry to get a keV scale
ALP mass with a PQ symmetry breaking scale of order 10° GeV, instead of the ~ 10'2 GeV
required in the model of section 4.2.1. It is based on the fact that, with the same field
content as in the model from section 4.2.2, we can also realize a Z1; ® Z7 symmetry as
given in table 9.

In this case the lowest dimensional operator breaking U(1)pq, and involving just oy is

(02)", (4.77)

and this induces the following mass for the ALP (cf. appendix B),

e T (v ) " o 5/2

Therefore, an explanation for the 3.55 keV line from galaxies can be found with this setup
of fields and the Zi; ® Z7 symmetry, cf. table 4 and figure 4, labelled “Model B3”.
The lowest dimensional operator involving ¢y and breaking U(1)pq, is the following one

1 ,
Z > @(01)11(02)27 (4.79)

Therefore, there are no dangerous Planck suppressed operators destabilizing the axion for
v; = 103 GeV. Also, the mass generation mechanisms for neutrinos, @ and E keep the
same as before.
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qr|ur |dr | L | lg |Nr| H |Qr |QRr| 01 |02 | EL | Eg|o3| E} | Ey

Z7 | 1 w;’ w‘% 1 w‘% w%’ w% w? wg’ wr | 1 |ws | wy |wy| wy | w
Zo |1 | wy |wg | w§|wy|wd|wd| 1 |wd|wd|lw|lwd| 1 [1]wd]|wd

3 8 2 01,5 3 9 7
Za1 | 1 |wiy Wi [wip |wiy |wip [wip Wi |wig [win | 1| 1 jwip | 1 |wiy [wiy

qr |ur |dr | L Il | Nrp |H|Qr|Qr|0o1|02|EL|Eg|o3|E) |ER
Ky{ 0|00 -1/2|-1/2|-1/2|0| 1 |-1]1]0| 1 O[O0 0 |—-1
0

0

Xy O[O0 O | 0O | O 0,00} 1]0|-=1y0]07]0

Zy OO0 0 | 0 | O 0,007 0]0]011]17]0

Table 11. Charge assignments of the fields in the SM extention of section 4.3. K, Xy, and Zy
are the U(1)pq,, U(1)pq,, and U(1)pq, charges of the fields, respectively.

4.3 711R7Z9g®7Z7 model with two photophilic ALPs

Finally, we construct a model with two photophilic ALPs: one very light, to explain the
astrophysical hints such as the cosmic gamma ray transparency, and one with a mass of 7.1
keV, to explain the recently found 3.55 keV line from Andromeda and galaxy clusters by its
decay in two photons. Clearly, such a model will involve three complex scalar singlet fields
oi, 1 = 1,2,3. Also, besides an exotic quark singlet field @), two colorless and electrically
charged fermionic fields, F, E’, and three right-handed neutrinos, N;g, are introduced.
The field content of our model is specified in table 10, which displays also the field
transformations which we impose to ensure an exact discrete Z11®Z9®7%Z7 symmetry. Based
on this, the most general interactions involving scalars and fermionic fields are given by

Ly =Yy Hujp + Dijg Hdjp + GiyLiHlp + kiy LN R + 3i;Niz01NjR

0102+

ErLER

2
o1 _ 01 = o9 —
A CHQr+vyo—20Q;Qr+ki——L,HER + k
yZMplq’L i yQMpl e S e Vo

0103— 090
+ k13 E' 1 ER + ka3
Mp R Mp

2
3FLER + kHLELEg{ + h.c. (480)
1 Mp)

This interaction Lagrangian features an accidental U(1)pq, ® U(1)pq, ® U(1)pq, symmetry

shown in table 11.
The lowest mass dimension operator violating U(1)pq,, but respecting the discrete

symmetry, occurs already at mass dimension D = 9,

9 9
L D ——(09)°. (4.81)
Mg,
Thus, the mass of the respective ALP ay will be the same as in eq. (4.65),
-~ -7 1/2 V2 7/2
May ~ 1% 1077 eV |g| (7109 GeV> . (4.82)
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The lowest mass dimension operator violating U(1)pq,, but respecting the discrete sym-
metry, occurs even at lower mass dimension, D =7,

Z > J\ZSI (03)", (4.83)
leading to a mass (cf. eq. (4.78))
; 5/2
May ~ 7.1 keV |g'|*/? (1‘84 > 13(‘)9 Ge\/> . (4.84)

The mass of @ is the same as in eq. (4.76), and the mass matrix involving £’ and E on
the basis {E}, Er} is

kigvg  kog®2t

M2, = 2”7; , (4.85)
kv kigve
whose eigenvalues are
JPAIGEL: Zf}if?’ =oM) (4.86)
where
AM = +/(k12vs — k13v3)? + 4k11kagvovs .
These masses can be naturally in the 102> — 102 GeV scale without severe fine tuning.

As an example, taking ki = 0.5, k12 = 0.8, ki3 = 0.8, ko3 = 0.5, and v; = 10" GeV,
ve = 10 GeV, vz = 1.8 x 10° GeV, we obtain M, ~ 932GeV and M_ ~ 188 GeV. We see
that, as in the model of section 4.2.2, the exotic fermions in this model also have masses
eventually in reach of colliders.

The axion in this model is protected from destabilization by Planck suppressed oper-
ators. In fact, the lowest mass dimension operator violating U(1)pq,, but respecting the
discrete symmetry,

&>~y (01)"(03)(03)°, (4.87)

has no destructive effect on the axion properties, as long as (0%1021)%)1/15 ~ 102 GeV (cf.
appendix B), which is marginally the case for the favored choice of parameters.
The low-energy couplings to the gluon they are found to be (cf. appendix A)

Ciy =2, Cog =0, Cag = 0. (4.88)

The couplings to the photon, on the other hand, read

O =12(0Q) +2(c®) +2(c) = ?
Oy =2 (Céﬁ))Q —2, Oy, =2 (c§£’>>2 —2, (4.89)

where Céﬁ) =—1/3, Céfl) = —1, and Ce(fl/) = —1 are the electric charge of ), I and E’,
respectively.
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fa [GeV] ma [eV] Ma, [eV] | Mgy [eV] ‘gA’Y‘ [GGV}71 a2~ [GeV]’l [9az~] [GeV]’l 194¢| | |Gasel | |gagel

4.5 x10M | 1.3 x107° | 4.0 x107? | 7.1 x103 1.9x10715 5.8x10712 7.7 x 10713 0 0 0

Table 12. Summary of the low-energy parameters obtained from the model in section 4.3 for our
chosen benchmark values (4.91) for the PQ vevs v;, i« = 1,2,3. For definiteness, we used g = 1.0
and ¢’ = 0.28.

The couplings to the electron can be also extracted from appendix A as
Cie =0, Ce=0, (3 =0. (4.90)

For
v =9 x 10" GeV, wy=4x10° GeV, wv3=23x10° GeV, (4.91)

the axion A = o) has a mass in the regime where it could be the dominant part of dark
matter, and the two photophilic ALPs, ao and a3 have masses and couplings in the regime
of interest of the astrophysical hints (gamma ray transparency; X-ray line), see table 12.
In fact, as can be seen in figure 4, it is easy to accommodate all the hints in our model.

5 Summary and outlook

Motivated by theory, cosmology, astrophysics, and upcoming terrestrial experiments, we
have undertaken a general analysis of models featuring the axion A plus a further ALP
a. In these models, the former may constitute dark matter, while the latter may explain
simultaneously the anomalous cosmic y-ray transparency, the anomalous cooling of white
dwarfs and red giants, and the soft X-ray excess from the Coma cluster (in case that there
is a cosmic ALP background radiation peaked in the soft-keV regime). To this end, the
ALP-photon coupling is required to be of order |gqy| 2 10712 GeV !, for sufficiently small
ALP mass, cf. section 1 and figure 1. Fortunately, the next generation of light-shining-
through-a-wall experiments (ALPS-II) and helioscopes (IAXO) will be sensitive in this
range of ALP parameter space. Intriguingly, a further ALP, decaying into two photons
with a similar coupling strength, but with a much larger mass of 7.1 keV, may explain the
recently reported 3.55 keV line from Andromeda and galaxy clusters if it constitutes a tiny
part of cold dark matter, cf. section 1 and figure 1.
In models with several axion-like fields, af, i = 1,...,nax, coupling to the topological
charge density of QCD,
Nax a; oy =
Z > - (; Ciga;) 5 GG, (5.1)

the field A corresponding to the proper QCD axion is a mixture, cf. section 2,

2
A - ! &[G
T = (Z Cz‘g]?i) ,  with E = Z <fa'. > . (5.2)

i=1 @ i=1

In general, if the axion-like field associated to the lowest PQ scale couples to all gluons,
photons and electrons, the ALP couplings to photons and electrons can not be hierarchically

— 38 —



larger than the respective axion couplings (although they can be hierarchically smaller).
In fact, the couplings satisfy the constraints,

2
a 24+ z2\% & 9 a )2 1 X ([
= )= ith — = T 5.3
<gA’Y + 27TfA 3 1 + Z> + ZZ (gaz’Y) (27Tffy> I W1 f2 - fa/ 9 ( )

=2 Y i=1 i
n, n, 2
9 ax 9 me 2 . 1 B ax C/L'e
(gAe) + E (gaie) = T ) with ﬁ = fo ) (5'4)
i=2 ¢ € =1 \’%

which generalize egs. (2.35) and (2.46) in section 2 to more than two axion-like fields.
Barring accidental cancellations and considering order one coefficients, we have typically
fa~ f'y ~ fes ‘gai’y| 5 |9A'y| ~ a/(27rfA)7 and |ga¢e‘ S |gAe| ~ me/fA~

This has important consequences for phenomenology. In particular, in models featuring
mixing, the discovery of an ALP in the next generation of laboratory experiments would
imply fa ~ a/(27|gay|) ~ 10° GeV and thus an axion mass in the m4 ~ meV range
— unfavorably large for axion dark matter, cf. figure 1. Conversely, the detection of
axion dark matter with a mass in the favored (0.1 — 100) peV range would imply, in
these models, a tiny ALP-photon coupling, making the latter unaccessible to the next
generation laboratory experiments. Micro-eV mass axion dark matter and a large ALP-
photon coupling, |ga| 2 10712 GeV ™!, can occur simultaneously only in models where the
axion-like field dominantly coupled to photons (lowest scale) does not couple to gluons,
i.e., it is photophilic (e.g. Ciy # 0, Cog = 0, C, # 0).

We have reviewed in section 3 plausible ultraviolet completions of the Standard Model
in which axions and more general ALPs occur as Nambu-Goldstone bosons from the break-
ing of U(1) Peccei-Quinn (PQ) symmetries. Parameters occurring in the low-energy effec-
tive Lagrangian (decay constants f,; and dimensionless couplings Cj;) were then deter-
mined in terms of the fundamental parameters of the underlying high-scale theories (PQ
symmetry breaking scales vpq and PQ charges). We have emphasized two especially well
motivated classes of models: i) Models, in which the PQ symmetry coincides with the
lepton number symmetry and thus the PQ breaking scale with the seesaw scale, favoring
therefore a decay constant of order f, ~ vpq ~ 101515 GeV, to explain the active neu-
trino masses, m, ~ v?/ vpq ~ 0.01 eV (the spread arises from our ignorance of the relevant
Yukawa couplings). Intriguingly, such a simple, minimalistic extension of the SM can ex-
plain at the same time and with the same PQ breaking scale also the nature of dark matter
(axions), the baryon asymmetry of the universe (through leptogenesis) and the stability
of the electroweak vacuum, as has been outlined in section 3.3. i) Models, which feature
a photophilic axion-like field which then possibly has a much larger coupling to photons
than the axion.

The high-scale models introduced in section 3 can be combined to construct low-
energy theories featuring simultaneously an axion and one or more further ALPs. However,
such ad-hoc models in which the new PQ symmetries are introduced and imposed by
hand, have the drawback that these symmetries are not protected from explicit symmetry
breaking by Planck-scale suppressed operators, which possibly spoil the solution of the
strong CP problem. Therefore, in section 4, we have considered several classes of models
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in which the Peccei-Quinn symmetries are not ad-hoc, but instead accidental symmetries
originating from large exact discrete symmetries: Z13 @ Zs @ Z%, Z11 ® Ly, Z11 @ Z7, and
711 ® Zg ® Z7, respectively. In the first three classes, the SM field content was enlarged
by two hidden complex scalars, by extra Higgs doublets, and an exotic colored fermion; in
the fourth class there was an additional third hidden complex scalar introduced. In the
considered models, both the right amount of axion dark matter, viable neutrino masses,
and the baryon asymmetry of the universe can be obtained by properly choosing the vev
VpQ, =~ faxl ~ 1011%13 GeV of one of the hidden scalars. Only in the first, Zi3 ® Zs ® Zx,
model the two axion-like fields turn out to mix (both C4 and Cy, are non-vanishing), while
in the other model classes, the remaining axion-like fields are photophilic (Cj; = 0, Cy, # 0,
for 1 = 2,3). Remarkably, this model predicts the unification of the SM gauge couplings
at My ~ 2.8 x 103 GeV, while proton decay is very heavily suppressed due to the large
discrete symmetry. For all classes of models we have given benchmark parameter values
for the vevs of the hidden complex scalars and determined the corresponding low-energy
parameters, exploiting the general expressions obtained in section 2. In particular, we have
determined the ALP mass(es) induced by the explicit symmetry breaking operators. In
the Z13 ® Zs @ Z% model, it is very small because it arises from a term in the Lagrangian
suffering a suppression by a rather high power of the Planck mass,

5/2 7/2
v vy "0y

—1 2 107 ev, f ~ vy~ fa~ 1013 GeV, 5.5
M £ e or vy ~ vy~ fa e (5.5)

Mg ~

while, in the Z11 ® Zg and Z17 ® Z7 models, it is much larger,

9 V2 7/ —7 9
Ma ™ 9071 <Mp1> Mp;~1077eV,  for vy ~10” GeV, (5.6)
and
7 () 5/2 9
M g <Mm> Mp~ keV,  for vz ~10° GeV, (5.7)

respectively, even for smaller PQ vevs. The Z1y ® Zg ® Z7 model has two ALPs: an
ultralight ALP whose mass is given by (5.6) and which may explain e.g. the cosmic 7-
transparency, and a much heavier ALP with mass according to eq. (5.7) which may explain
the 3.55 keV line. These results have been summarized in tables 4 and 12 and in figure 4.
For the chosen benchmark values of the PQ breaking scales, these models indeed predict
an axion and ALP(s) in the astrophysically, cosmologically, and experimentally favored
parameter regions.

We leave the study of possible tests of this class of models by looking for signatures
of the extra — from the assumed field content beyond the SM — particles at the LHC
for future work. A detailed study of the early cosmology of these models, in particular for
the case where the reheating temperature of inflation is above the PQ phase transition,
was beyond the scope of the present investigation, but is certainly of high interest. In this
context, it is important to note that the models considered in section 4 do not suffer from
the cosmological domain wall problem, as is shown in appendix C. This is crucial in view
of the fact that the recent discovery of the tensor modes in the B-mode power spectrum by
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BICEP2 strongly disfavor scenarios where the PQ phase transition occurs before inflation,
depriving the universe from the possibility to wipe out topological defects created at the
phase transition, such as domain walls, by inflation.

There are still ad-hoc features in these scenarios, however. In particular, the extension
of the SM field content and the choice of the discrete symmetry group are mostly motivated
from low-energy phenomenology. Intriguingly, it appears that large discrete symmetries
able to give rise to multiple accidental Peccei-Quinn symmetries are a generic feature of
top-down motivated heterotic string scenarios. In fact, orbifold compactifications of the
heterotic string are known to predict a plenitude of hidden complex scalars and vector-like
exotic particles and a multitude of discrete symmetries (R symmetries from the broken
SO(6) symmetry of the compactified space and stringy symmetries from the joining and
splitting of strings) which are exact at the perturbative level. We plan to scan the mini-
landscape of certain heterotic orbifolds for models with accidental axions and further ALPs
along the lines pioneered in refs. [65, 66]. Here, the phenomenologically most pressing
question is whether there exist models where the vevs of the accidental PQ symmetries are
naturally in the range of the intermediate scale, ~ 101913 GeV, rather than in the range
of the heterotic string scale, Mg ~ Mp;.
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A Axion and ALP couplings to gluons, photons, and electrons

We outline here the steps necessary to extract the coefficients Cjj;, j = ¢,7, e, in eq. (2.1),
which determine the couplings of the axion-like fields a) to gluons, photons and electrons.

The effective Lagrangian in eq. (2.1) is written in a convenient form such that the axion
and ALPs interact with electrons (and other fermions) only through the last term, which
is of derivative type. Without a convention, several equivalent Lagrangians can be used to
describe the same physics. The different equivalent forms are related by chiral rotations
on fermionic fields which result in a change of the functional integration measure induced
by the chiral anomalies of QCD and QED. The change in measure is summarized by the
anomaly formula due to Fujikawa [151, 152],

Qem 1
—FF
AT ’

(A1)

_ 0% i —tag _ s~
L(arr) =0 GG ~ ZL(e ™ qun) <9+Zk:ak)8WGG

33" ai(C)?
k
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when we rewrite the whole functional integral (including the measure) in terms of ¢, =
¢t q.p and then drop the relabeling prime. Here we use the convention that GG =
%EWO‘BGZVG%, with €923 = 1. Left-handed fields vy, should be treated as Yip. Note
that chiral rotations on electrically charged colorless fermions contribute additionally to
the third term.

In all models we treat in this paper, Yukawa terms connect the flavor universal PQ
charges of the chiral fermions to scalar fields (SM singlet fields o or SM Higgs fields Hy,)
whose phases carry the axion-like fields corresponding to Nambu-Goldstone bosons. In
KSVZ like models involving an exotic colored fermion @, the axion-like field appears as
the phase of the SM singlet field ¢ in the Yukawa term

QrLQro . (A.2)

In models involving SM quarks, leptons, and right handed singlet neutrinos, the axion-like
fields appear as phases of SM Higgs doublets Hj in the Yukawa terms

(jLHddR+qLﬁuuR+I_/HllR+I_J~{NNR. (A.3)

Here we have suppressed the Yukawa coefficients for simplicity and summation of fermion
fields of the same type is implied. Depending on the model some of the doublets Hj can
be identified such as, e.g., H; = Hy = Hy in one of the versions of the DFSZ axion model.
However, quarks and Higgs doublets can carry anomalous PQ charges only if H; # H, and
similar considerations apply for leptons.

Let us consider only one PQ symmetry which acts on the scalar fields Hy and o as

Hy — eXmoH, 0 — e, (A.4)

Multiple PQ symmetries can be treated analogously. The PQ charges Xg, and X, =1 of
the scalar fields fix the parametrization of the axion-like field a’ as

ve [0\ ixp, - Ve ie-
Hp — — e Fla o — —e o, A5

This parametrization induces couplings between axion-like fields and fermions in eqs. (A.2)
and (A.3), which can be removed by the chiral rotations

Qr — ¢ Qnr,
dr — €_iXHdadR,
up — eT XH Oy b (A.6)
lp — €_iXHlalR,
NR — €+iXHNaNR s
for « = da/(x)/f,. After these chiral rotations we obtain the second and third term of
eq. (2.1) through eq. (A.1) with coefficients
Ca/g =1+ Ng(XHd — XHu) s

2 —1\? 2\ 2 (A.7)
Ca/7:6(0(§§1)) +2Ng|:XHd3<3) —XHu3<3> +XHl:|
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Here, the first terms on the right hand sides are due to the exotic quark ¢, while the second
terms are due to the SM quarks and leptons. The coupling of a’ with electrons come from
the kinetic term [giy"0,lg, after the chiral rotation (A.6), which induces
/ !/
a1 - oua
~ =V D) X .
f a’ 2 ( ) : f a’

We have discarded a total derivative in the last equivalence. Therefore, we obtain

(ZR’}/'MZR)XHZ (AS)

the coefficient
Core = Xm, , (A.9)

in eq. (2.1). For example, for the DFSZ axion, we have Xy, = X4, Xp, = —X, and
Xu, = X4, —Xy,0 for the three types of model in eq. (3.18), respectively.

All the supplied formulae are written in terms of the PQ charges of the scalars. We
can rewrite them in terms of the PQ charges of fermions as follows:

Cog= Y Xir—Xig, (A.10a)
i=colored
Cay =2 Y (Xi—Xir)(CH)?, (A.10b)
i=charged
Core = Xep, — Xep - (A.10c)

Formula (A.10a) assumes the summation of all colored fermions v; which are in the fun-
damental representation of SU(3).. Analogously, the summation in eq. (A.10b) goes over
all electrically charged fermions such that quarks should be counted for each color. The
formulae in (A.10) have the advantage that they are independent of the specific imple-
mentation of the model (e.g. Yukawa terms) but depend only on the PQ charges of the
fermions. We emphasize that the PQ charges are defined by relations such as (A.4) and
we are assuming the parametrization (A.5). The decay constant f,/ is fixed by canonical
normalization of the kinetic term (9a’)? as in eq. (2.1) so that rescaling of PQ charges also
leads to rescaling of f,/, keeping the terms in eq. (2.1) the same. We have normalized the
PQ charges such that the smallest of the PQ charges of the singlet scalars is set to X, =1,
which usually leads to f, = v/2|(c)| = v,. This normalization is also relevant for the
domain wall problem; see appendix C.

In more general situations where we have colored fermions in representations other
than the fundamental one, eq. (A.10a) generalizes to

Cuorg = 2 (Tr[Xy, T7] — Tr[ Xy, 7)) (A.11)

where b is a fixed index without summation. The SU(3). generators should be normalized
such that Tr[T,T,] = I(R) 8ap, with I(R) = 3 for the fundamental representation.

B Effects from gravity through Planck-scale suppressed operators

At this point we want to estimate the impact of high dimensional operators suppressed
by the Planck scale, Mpj, on the Peccei-Quinn solution for the strong CP problem. We
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generalize the arguments in refs. [128-132] for the case involving more Higgs fields, like
the models we worked out here. We consider a generic multi-Higgs model with two Peccei-
Quinn symmetries as in section 4. We assume that the triplet 7' does not have a vev so
that it will not contribute to the axion and ALP low-energy effective potential. A vev for
T which is much lower than those for the doublets, i.e., (T) < (H) = (vp)/V/2, could
also be considered without impacting significantly such effective potential, but we will
not take it into account. Thus, we will only consider Planck-scale suppressed interactions
involving Higgs doublets and singlets. Let us assume then that the operator with the
lowest dimension that is suppressed by Mp; and breaks the Peccei-Quinn symmetries gives
a contribution to the high-scale effective Lagrangian according to
&> I 0p=—J(HH)"oPok +hec., (B.1)
Mp, Mp,
where b,c = u,d,l, N. The integer D = 2m + n + k > 4 is the operator dimension, and
g = g\eiA is the effective dimensionless coupling supposedly produced by gravitational
interactions, which may violate CP (A # 0).
The operator in eq. (B.1) contributes to the effective potential for the axion and the
ALP as follows

A A a
Veg ~ m? f3 <1 — Cos <>> — Al cos (Cm’n’k +omnk LA > , B.2
ff AfA fa (D) A fa fa D ( )
where N
Al (wpve)™ fo1 fai
D) — g _ —_4
(D) (v2)P gMg 1
m,n m,k
C’T’n’k :C1 cos® § + Cy sin?4d,
Cig Cag (B.3)
m,n m,k
cmmk — | “ + 2 sind cosd,
Clg CQg
Ap =A™,
and
Ci"" =m(K.— Kp) £n,
ok (B.4)
Cy""=m(X.—Xp) £k,

The minus sign in £n (+k) denotes o] (03) instead of o1 (02) in eq. (B.1), Kp. (Xpc) is
the PQ charge of Hj . associated to the PQ symmetry for which o1 (02) is charged and
0 is the mixing angle introduced in eq. (2.10). The first term in eq. (B.2) is the QCD
instanton potential whereas the second terms arises from the dominant non-renormalizable
operator, eq. (B.1), from gravity effects breaking the Peccei-Quinn symmetries. We should
check if these effects do not spoil the solution to the strong CP problem by destabilizing the
effective potential of eq. (B.2). Experimental bounds on the strong CP violation parameter
require [(A)/fa| < 1071°. As the minimum of V.g in the ALP direction requires
o RGN BNy (B.5)
fa fa

this implies that the minimum of Vg still occurs for (A) = 0.
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We should note that if there is more than one operator below a “critical” dimension-
ality, the above observation may not be valid anymore. In this case there is not a single
condition like eq. (B.5) and some symmetry suppression must take place. The critical
dimensionality is obtained by considering that there is no significant destabilization of Vg
due to operators like eq. (B.1) that break the Peccei-Quinn symmetries. This is ensured,
if we require

O ALy < 1070m3 5 ~ 10710m2 f2, (B.6)
where we take A
sin <Cm k(4D + C’;n’n’k@ + AD> ~ 1 (B.7)
fa fa

to define the lowest dimensional operators that could be allowed.

The vevs of the Higgs doublets can be naturally assumed as v, ~ 10?> GeV. So, taking
mafa ~ (0.1GeV)? faxl R faé ~ fa and Mp; = 10! GeV, the condition in eq. (B.6) tell
us that only operators of the form (B.1) with dimension

90.3 — (20 + log (ryefiey ) ) m + Log(C ™))

7.15 — log (ryrtsey )

will not affect the constraint [(A)/fa| < 107!, For instance, if C’m”k ~ 1, fa =
10*2 GeV, eq. (B.8) requires D > 13 for m =0, D > 10 for m =1, or D 2 7 for m = 2.
We have verified that the model we have presented in section 4.1 is safe from gravita-

D >

~

, (B.8)

tional effects since the dangerous operators defined above are all forbidden by the discrete
symmetries. The operators of the form (B.1) with lowest dimension and m = 1, allowed
by the symmetries of table 2, are

O = H\ Hyo{%0%, O15 = HlH,o}03®, O)5 = H\ H,o(%0%, (B.9)

except for the term H;Huag in (4.6) which is invariant under U(1)pq, (and U(1)pqg,). We
then seek all operators of dimension equal or lower than 15 with larger m. For m = 2,4,5
there are no operators besides (H;Huag)”, which we discard. For m = 3,6, we can find
the operators:

= 3: (H/H,)’0s, (H\ H,) 0%, (H Hg) 082, (H H) 082, (H Hy) 03", (.10
6

(H/H,)%03 , (H{ H,) 032 .

We have again dropped the U(1)pq, invariant terms (HgHng)n. We can see that the
operators in (B.10) are harmless because they are also invariant under the Peccei-Quinn
symmetries. Therefore, the operators in (B.9) are the lowest order operators that are
invariant under the discrete symmetries of table 2 but not invariant under the Peccei-
Quinn symmetries.

An estimate for the mass corrections induced by gravity for both the axion and the
ALP can be obtained from Vig in eq. (B.2). The leading operator breaking the Peccei-
Quinn symmetries is the first one, Oy4, in eq. (B.9). Such operator leads to the following
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contribution to the mass matrix of the axion A and ALP a:
Wli +‘CZ4 ;g) (7 CZI f2)
M124 — 9

a
CA Ca, (D) C2 (D)

afA

where Cy , = Cil?, defined in eq. (B.3), are not expected to be much greater than unity.
Thus, the correction dm 4 for the axion mass, and the generated ALP mass, m,, will be
of order

fa

for the same set of values for the scales used above. Hence, no significant mass correction

A2
oma ~mg~ 0O ( (14)> ~ 10723 eV, (B.11)

arises for both the axion and the ALP. The mixing is also quite small and can be neglected.
Therefore, although the ALP gain a mass from gravitational interactions, turning it into a
pseudo-Goldstone boson, its feeble mass highly suppresses any physical effect such as the
ALP decay into photons.

For models containing a photophilic ALP, the contribution from operators of the
form (B.1) to the effective potential (B.2) should be analyzed differently and needs to
be separated into two parts: (a) the axion potential and (b) the photophilic ALP mass.
The contribution for (a) should be still negligible and we seek here a photophilic ALP mass
satisfying the constraints (1.15). Note that in this kind of models the two scales associated
to the axion and to the photophilic ALP are not related in general.

Let us assume o7 carries the axion, A = af, whereas oy carries the photophilic ALP,
a = ay. To avoid a substantial A-a mixing, we need to ensure that the mixing terms
are negligible compared to the dominant contributions giving mass to the axion (QCD
potential) and to the photophilic ALP. The latter should be given by an operator (B.1)
with n = 0. Taking also m = 0, for simplicity, the operator has the form

g 9 k
Lo ——0Or=——05. (B.12)

k—4 k—472

Mg, Mg,
This operator induces for the photophilic ALP a mass
k=2 k—2
ko fa\ 7 k fa, 2

— 1/2 ay Moy ~ 1/2 1028 5(k—2) AV Ay ) B.13
mq = |g| ok/4 <MP1> 1~ g eV 199Gev ( )

Mixed operators (B.1), for which n, k ;é 0, are responsible for A-a mixing. We assume
terms with £ = 0 are negligible. The induced mass term has the form

1 ™ fa 2
2#%2( ag + mkf2 /1‘1‘5) (B.14)
aq

where C["", CJ** were introduced in eq. (B.4) and
1 (Cy" k) o\ (S \" [ e b 2
2b/2 \ M3, Mp, Mp) Pl

m,k\ 2 n —
~ gl (Cs k) (1028—17m—7n/2—5(k—2) eV)2< Ja ) ( o >k 2‘

1012GeV 109GeV

(B.15)
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The QCD potential and the photophilic ALP mass (B.13) are not disturbed if
Py < m?, m2. (B.16)

We have assumed that f; < fq;, so that the A-a mixing is further suppressed by f,, / fay-
For the models presented in sections 4.2.1 and 4.2.2, the lowest mass dimension oper-
ator violating U(1)pq,, but respecting the discrete symmetry is essentially

Oy = 03 (B.17)

Its contribution to the photophilic ALP mass is given by eq. (B.13) and results in eq. (4.65).
On the other hand, the lowest mass dimension operator with m = 0 violating U(1)pq,, but
compatible with the discrete symmetry, is

013 = 0'%10';2 . (B.18)

This operator contributes to A-a mixing as (B.15), with

Iy 11/2
 lgl1/210-105 af B.1
H12 |g| 0 eV (1012G6V) ) ( 9)

which is much smaller than both m, in eq. (4.65) or m4 in (1.3). The next operators with
m > 0 that violates either U(1)pq, or U(1)pq, are

m=1:H Hyoy, H Hyol', H H,ol!;
m=2:(H H,)%3"; (B.20)
m=3: (H H)) 03>

We can see their contribution to the QCD potential or to the photophilic ALP mass are neg-
ligible. For example, the first two operators in the first line of eq. (B.20) give, respectively,

/ f , 5/2
1/210-14 as

dmg ~ |g|/ 107" eV <1O9GeV> ,
(B.21)

f , 9/2
Sa ~ lal1/210~205 ) _
ma ~ g0 eV forgey

Other operators give even smaller contributions.

C Domain-wall problem in the models

Although the PQ symmetry is broken by QCD instantons, the vacuum state may still be
symmetric under a discrete group Zy C U(1)pq. As a result a vacuum degeneracy leading
to topological defects such as domain wall might occur causing cosmological problems for
certain axion models [153].

It was observed long ago that in some theories with spontaneous symmetry breakdown
a domain structure for the vacuum is expected [154]. The reason is that when there are
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degenerated vacuum states the fields might settle down in different low energy configura-
tions in causally disconnected regions, as the Universe temperature decreases below the
energy scale where a symmetry is broken. In the case of axion models this symmetry is
the U(1)pg. Thus, domains with distinct vacuum configurations can be form in different
regions of the Universe. The boundary between two domains is a domain wall, and it
is a solution of minimal energy field configurations interpolating the neighboring vacua
(for a review see [155, 156]). Stable domain walls bring a cosmological problem because
their contribution to the total energy density would be too large for a flat, homogeneous
isotropic Universe [22, 154, 155]. Many studies and solutions of the domain wall problem
in axion models were performed [153, 157-161]. One of the simplest solution is to ensure
that the PQ phase transition occurs before inflation. In this case — which seems however
to be strongly disfavored by the recent discovery of the tensor modes in the B-mode power
spectrum by BICEP2, as has been discussed in section 1 — topological defects like domain
walls created at the phase transition would be wiped out by inflation.

Before assessing the domain wall problem in the models in section 4 we highlight the
vacuum degeneracy which occurs generically in axion models. We take into account at first
just one U(1)pq symmetry and assume its only explicit break is due to the QCD instantons.
Thus, there is a potential V' (#) as a result of the effective interaction

Lg = 20", 0G-G, (C.1)
8 49

where 0(z) = a'(z)/far, and Gy, an integer number obtained from eq. (A.11). The potential
is not invariant under arbitrary axion field shift transformation a’ — o’ + « f,/ realizing
the U(1)pq symmetry.

For the purposes of exposing the domain wall problem we use the parametrization of
the singlet field as (omitting the heavy fields)

UPQ iX,6
olr) = ——e ,
(z) 7
with the PQ charge X, of ¢ normalized so that all fields have integer PQ charges. We
assume the periodicity 6 = 0 + 27, or, equivalently, the periodicity of a’ field is 27 f,/. It

(C.2)

means that changing 6 — 0 + 27 all fields that depend on 6 return to the same value.
Although the shift symmetry 6 — 6+ « is broken for arbitrary values of «, a shift with any
discrete value in the set ay, = 27k /|Cyg|, with k =0, ..., |Cyrg|—1, remains as a symmetry.
It means that if Cyry # 1 there are different vacuum expectation values configurations which
are all degenerated with respect to the minimum of the potential, i. e.,

V((0)) =V ((0) + arClary) - (C.3)
Therefore, the vacuum is invariant under a discrete symmetry subgroup of U(1)pq
Zn = 289 c U(1)pg, (C.4)

where @ is the U(1) pg charge operator. The order of the discrete group, N, is in fact here
the domain wall number Npw and is given by Npw = |Cyg|, if there is no subgroup of
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Y |qr ug dg L Ng Ilrp H, Hy H Hy oo T Qp Qr o1
K¢000—1—1—10000001—12

Xy0 0 -3 1.0 o0 0O 3 1 -1 3 0 0 0 O

Table 13. Equivalent U(1)pg, and U(1)pq, charge assignments of the fields for the model in
section 4.1.

Zn which acts trivially on the vacuum. When there is a subgroup Zj; acting trivially on
the vacuum its symmetry group is Zy/y = Zn/Zu, and the domain wall number equal to
Npw /M.

This is the essence of the domain wall problem in axion models with a single U(1)pq
symmetry. The analysis of this problem for the models in section 4 requires additional ob-
servations due the fact they have two global chiral symmetries. For these cases the domain
wall number is better defined as the disconnected degenerated vacuum configurations. A
treatment for the domain wall problem in theories with more than one global chiral symme-
try is developed in [159-161]. In what follows we disregard the mixing and mass corrections
due nonrenormalizable effective operators generated by gravitational interactions.

We work on the same basis of the global chiral symmetries for the models in section 4,
with K, being the U(1)pq, charge of o1, and X,, being the U(1)pq, charge of oo. But
differently of what we have taken before we choose here K,, and X,, not equal to one.

For the model in section 4.1 we take K, = 2 and all U(1)pq, charges are integers as
shown table 13. This is the same as multiplying by two all U(1)pq, charges in table 3.
Concerning the U(1)pq, charges, starting with the ones defined in table 3 we can use the
hypercharge gauge transformation to redefine the PQ charges of all fields according to
Xy — Xy + Yy Xy, with Yy, the hypercharge of the field ¢. Using the baryon number
symmetry we can still redefine the quark PQ charges by a shift X, — X, — %Xu. Finally,
using the normalization X, + Xy = X, = 3, all the U(1)pq, are then integers as shown
in table 13.

The sets of charges in table 13 are equivalent to the previous ones in table 3 in the
sense that although the previous anomaly coefficients ;4 obtained in section 4.1 change
now to C{g = K,,C14 and C’ég = X5,Coy the scales also change according to fC’L,1 = fu; Ko
an f;,Q = faszUQ, so that the ratios C’ig/fa; do not change.

The axion field A is defined as, according eq. (2.3),

}i = O}y + Chyb, (C.5)
with C}) = K,y = 2, O3, = NyX,, =9, and 0;(z) = a;(x)/f(’lg. It can be seen from the
parametrization of the scalar fields that both 6; and 65 have period 27, i. e., all scalar
fields return to the same value when shifting 6,2 — 612 + 27. The U(1)pqg, x U(1)pq,
symmetry transformations leads to 61 2 — 61 2+« 2, with a1 2 being the group parameters.
These general transformations are anomalous but, due the fact that Cég =9, there is the
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following subset of discrete transformations leaving de vacuum invariant
ok
Zy = €592 € U(1)pq,, (C.6)

with £ =0, ..., 8, and Q2 the U(1)pq, PQ charge operator. Although C’{g = 2 the group
Zy = €™ @1 with K/ = 0, 1, acts trivially on the scalar and quark condensates so that it
is not relevant here. Therefore, there are nine vacuum expectation values configurations
differing from one to another by action of eq. (C.6), being all degenerated with respect
to the vacuum state. Denoting collectively the vacuum expectation values of scalar fields
and quark condensates as the elements {(¢)r, (Gzgr)r} in the set o degenerated vacua, the
elements are such that
iork
() = (p)oe?™5%e,
ionk
(@Lar)e = (@rqr)o e 9 an. (C.7)

It happens that all elements in the set of vacua are connected. To see this we follow with
the arguments in ref. [161] observing first that since 8; = 6; + 27 the space of possible vacua
is a torus. To reach a degenerated point one has to go to a distance a; = 27 in the 6
direction and o = 27/9 in the 6, direction. Also, there is a group U(1)s whose generator
is defined in terms of the generators Q12 of U(1)pq, , according to

U(l)g: P9,
Qp = £1Q1 + B2Q2, (C.8)

where the integers are (51, f2) = (—4, 1). These numbers are chosen in order that the
U(1)g anomaly is equal to one,

To perform a 27 rotation in U(1)g one needs a —27 x4 in the group U(1)pq, and a 27 in the
group U(1)pq,, but these two rotation brings back to the same point once 0; = 6; + 27 ;.
Thus, all elements in the set of vacuum states are connected, and the degeneracy of the
vacuum is just one by the reason that Ng = 1, resulting that the domain wall number is
Npw = 1. The condition N3 = 1 can always be reached when (', and Cj, are relative
prime [161], as is the case in the present model.
Another way to see that the elements {(©)x, (GLgr)r} are connected is to note that
the symmetry
U(1), = ¢(9Q172Q2) (C.10)

is free from QCD anomaly, and related to the Goldstone boson a. This symmetry can
be used to connect all elements transforming the scalar fields and ordinary quarks, with
v = 7y, with n = 0, ... 8, so that there is just one vacuum (e””Q1 acts trivially on
the vacuum).

The analysis above requires that the vacuum expectation values (o1) and (o3) are
the same. If T} is the temperature below which o7 get non-vanishing, and 75 is the
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temperature below which o9 get non-vanishing, it is shown in ref. [161] that axion strings
will form for 77 > T5, (or 71 < T3). These “o; axion strings” and “oy axion strings” have
ny = C’{g/K(71 =1 and ny = Cég/on = 3 axion domain walls, respectively. Being n; and
ng not equal to £1 is still a domain wall problem even if Ng = 1 [161]. But a solution
may still be found with the inclusion of extra quarks with specific PQ charges in order to
furnish ny = 1 [158].

For the model in section 4.2.1 only U(1)pq, has the QCD anomaly. Therefore, the
domain wall problem analysis goes as exposed in the beginning of this section (the same
reasoning applies also to the model in section 4.3). The normalization leaving all the
U(1)pq, charges integers is such that for the model in section 4.2.1 K, = 2, resulting in
the anomaly number C] g = 2. But in this model the discrete group

oy = €i7er1 C U(l)le, (C.ll)

with & = 0, 1, acts trivially on the vacuum defined by the condensates (o) and (qrqr).
Therefore, there is no domain wall problem in the model.

For the model in section 4.2.2 we also have that only U(1)pq, has the QCD anomaly.
But in this case the normalization K,, = 2 shows that O], = 4. The vacuum is invariant
under Zy = Zy4/Zs. Therefore, the domain wall number is Npw = 2. In order to avoid
a domain wall in this model we could still add a second quark singlet ()27 r with the
interaction 0Q27,Q2r. This additional quark would lead to C’{g = 2, so that Npw = 1,
eliminating the domain wall formation.

In our analysis here it was considered that the only explicit breaking of U(1)pq, and
U(1)pq, is through QCD anomalies. Taking into account the gravitational interactions
through Planck scale suppressed nonrenormalizable operators violating global symmetries,
degenerated vacuum configurations for values within the periods of a’172 may not arise
due the corrections for the axion potential like the second term in eq. (B.2). In fact,
a solution for the domain wall problem in axion models is to allow for some explicitly
breakdown of the PQ symmetry [153]. In our case the large discrete symmetries make a
small explicit breaking of U(1)pq, and U(1)pqg,. On the other hand, it is argued in [162]
that with only highly suppressed Planck scale suppressed operators long lived domain
walls may still be present, posing problems for the standard cosmology in what concerns
the Universe evolution.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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