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Abstract. The physics of axions and axion-like particles (ALPs) is enjoying an incredibly
productive period, with many new experimental proposals, theoretical idea, and original
astrophysical and cosmological arguments which help the search effort. The large number of
experimental proposals is likely to lead to fundamental advances (perhaps, a discovery?) in the
coming years. The aim of this article is to provide a very brief overview of some of the recent
developments in axions and ALP phenomenology, and to discuss some relevant aspects in this
important field. A particular attention is given to the definition of motivated regions in the
axion parameters space, which should be the targets of experimental searches.

1. Introduction

Axions and Axion Like Particles (ALPs) are ubiquitous in modern theoretical physics, as they
emerge in several extensions of the Standard Model of particle physics (SM) [1]. Generally,
the term ALP applies to pseudoscalar particles described by the low energy phenomenological
Lagrangian
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where a is the ALP field with mass m,, ¢y represent the electron and nucleon fields, F' is the
electromagnetic field strength tensor and F its dual. In such a description, the ALP interactions
with the SM are parameterized by a set of coupling constants g,; (i = f,7).!

Arguably, the most well motivated ALP model is the QCD axion [3, 4], often known simply
as axion, a prediction of the Peccei and Quinn (PQ) solution of the strong CP problem [5, 6].
Besides their role in particle physics, axions are also favorite dark matter (DM) candidates (see
Refs. [7, 8, 9] for recent reviews). We shall review some general features of the QCD axion in
Sec. 2.

Besides QCD axions, light pseudoscalar particles emerge also in other scenarios which extend
the SM. For example, they are a common prediction of string theory [10, 11, 12]. These ALPs
share a lot of the characteristics of the QCD axion but are, in general, much less constrained.
For example, they do not require specific relations between mass and couplings.

The experimental search for axions and ALPs has enjoyed a fantastic revival in the
last few years (see Refs. [13, 14, 15] for recent reviews). In particular, new experimental

1 We ignore interactions with fermions other than e, p and n, as they are less relevant for axion searches. We
also neglect possible CP-odd couplings [2].
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techniques promise the exploration of large, currently unconstrained portions of the ALP
parameter space. A groundbreaking discovery in the coming decade or so is not such a remote
possibility. Furthermore, as we shall discuss below, large portions of the region accessible to
modern experiments are well motivated by astrophysical and cosmological considerations. The
significant role of ALPs in particle physics, astrophysics and cosmology contributes to the current
enthusiasm for this research field [16]. Here, I provide a very brief review of some key aspects
of axions and ALP phenomenology.

2. A few facts about the QCD axion
Historically, QCD axions emerged from an attempt to explain the observed time-reversal (hence,
CP) symmetry of the strong interactions. At the origin of this problem, known as the strong
CP problem, is the CP-odd #-term in the QCD Lagrangian Ly = (6/3272)GG, with G the gluon
field. The parameter 6 can be measured, for example, through its contribution to the neutron
electric dipole moment [17, 18, 19], which has been measured with higher and higher precision
since the 1950s [20]. Present measurements [21] require § < 10719 or so, an extremely low value
for a parameter which has no fundamental reason to be zero.?

From a modern point of view, the PQ mechanism solves the strong CP problem by promoting
f from a constant parameter to a field, the axion a:

92 a apy 1 2 95’2, a a apy
307 0 GG = 5(0u0) + 025 0+ 1 ) GR.G™, (2)

where f, is a model dependent energy scale known as the PQ or axion constant. It is possible
to show that the energy of vector-like gauge theories such as QCD is minimized at the CP
conserving point [24]. In this sense, the PQ mechanism offers a dynamical solution of the strong
CP problem: since the axion is a dynamical degree of freedom, it will settle in the CP conserving
minimum of the potential.

Notice that the introduction of the new energy constant, f,, is required by simple dimensional
analysis, to compensate for the dimension of the new scalar field. Therefore, the original 8-term is
transformed into a dimension 5 operator, implying that the theory needs a UV completion. The
common realization of the PQ mechanism proceed through the introduction of a new abelian
axial quasi-symmetry (the PQ symmetry), broken by the color anomaly and spontaneously
broken at the PQ scale f,. The axion is therefore interpreted as the (pseudo)Goldstone boson of
this symmetry. Depending on the UV completion, there are several possible theories, with very
specific features and often very different phenomenological predictions. A comprehensive review
can be found in Ref. [8]. Nevertheless, there are some features that are more or less general and
apply to most QCD axion models:

(i) The axion potential can be calculated in QCD [25, 26]. In particular, QCD fixes the axion
mass for any given value of f, [25]

5.7+ 0.07) x 108
me = ( 7 /Ge)V eV. (3)

This relation can be relaxed in specific axion models but doing so requires significant changes
to the standard QCD, for example the addition of a new QCD sector [27, 28, 29]. Several
possibilities are discussed in Ref. [8].

(ii) Symmetry considerations dictate the form of the axion interaction Lagrangian, as given
in Eq. (1). The coupling constants, however, cannot be fully predicted because of the

2 The contribution to § from the weak sector is negligible, of order 10717 [22, 23].
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Figure 1. Axion parameter space allowed Figure 2. Same as figure 1, but in-

under the solely assumption that axion mass
and constant are related as in Eq. (3). The
yellow band indicates the range of parameters
for a set of minimal assumptions (see text for
more details). The arrows indicate the value
of the mass required to guarantee that axions
contribute to the totality of the DM in the
universe (data from Ref. [26]). The red lines
refer to the post-inflationary scenario. The
mass limit is from Ref. [26] while the hinted
mass region, labeled AMR, is from Ref. [37].

cluding current and future axion searches
(adapted from Ref. [8]). Current experimen-
tal bounds and phenomenological constraints
are included in continuous lines. Sensitiv-
ity of future searches are shown in dashed
lines. The darker yellow line defines the
minimal QCD axion models, as in figure 1.
The lighter yellow indicates the parameter
space for hadronic axions with a non-minimal
choice of the fermion representation, following

Ref. [38, 39].

(iii)

(iv)

substantial corrections from the model dependent UV contribution [25]. It is in fact possible,
at least in principle, to conceive axion models with very small couplings to photons and
matter fields, and therefore very difficult to detect (see, e. g., Refs. [30, 31], and appendix
A of Ref. [32]).

Though it is in principle possible to conceive models that are extremely weakly interacting,
axions cannot be completely invisible. First, they must interact with gravity in a universal
way. Thus, for example, the non-thermal contributions to the axion DM density are largely
model independent. The same applies to the astrophysical constraints from black hole
superradiance [33, 34, 35]. Second, the gluonic vertex, required for the solution of the
strong CP problem, induces a model independent nucleon EDM portal interaction

n Z N7 v
LREDM — 504, NaNv50,, NFH (4)

(with N = p,n and g4, = —gap = g4) which leads to an axion-dependent nucleon electric
dipole moment (EDM), dy = gq.na [36].

Axions contribute at least a fraction of the DM of the universe [9]. Unfortunately, however,
it is very difficult to estimate the exact fraction of axion DM.

3. Where are the axions?
Some fairly general considerations allow to define a mass region preferred by the simplest axion
models.
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To start, we may assume that the relation between mass and PQ constant in Eq. (3)
is satisfied, since relaxing it would require non-minimal assumptions (see Sec. 3.3). In this
case, asking for the PQ scale to be below the Planck scale implies m, > a few 10713eV. A
stronger constraint derives from the observation of black hole spins at fixed masses. Because
of black hole superradiance, very light axions could subtract spin to black holes, spoiling the
observations [33, 34, 35]. This argument can be used to constrain m, > 10~ eV [35].

Analogously, a model independent upper bound on the axion mass is derived from the effects
of the axion-nEDM coupling in the cooling of supernovae [36]. The most recent analysis provides
the bound m, < 10.1eV [32].3

Let’s now focus on the axion-photon coupling, g4, which is arguably the most studied axion
coupling. Astrophysical considerations show that g,, < 6.5 X 10~ GeV in the entire mass
range presented above [40, 41]. The parameter space derived by the above simple arguments
is shown in figure 1. It spans 12 orders of magnitude in mass and, as discussed later, it may
also be extended beyond these boundaries in non-minimal axion models. Some further (and less
general) considerations can help reduce this space.

Theoretical arguments about the simplicity of the models allow to select an azion window
in this very large box. In general, even the simplest axion model requires the addition of fields
beyond the standard model (SM). There are two minimal options: 1) enlarge the SM with a
set of heavy colored fermions and a singlet scalar field or 2) enlarge the SM with an additional
Higgs field and a singlet scalar field. The first option defines the so called hadronic axion models,
whose benchmark example is the KSVZ axion [42, 43|, while the most significant representative
of the second category is the DFSZ axion [44, 45]. A set of theoretical and phenomenological
considerations allow to restrict the range of photon couplings associated with each mass. In
particular, defining g,y = aCqy /27 fq, it is possible to show a phenomenologically preferred
axion window for 0.25 < C,, < 12.7[39, 39]. In the case of non-hadronic models, the requirement
of only one additional Higgs field implies 0.08 < C,, < 5.25 [46]. These requirements select a
band in the g,y — m, plane, usually referred to as the QCD azion window, shown in yellow in
figure 1. It is quite possible to design axion models that live outside the axion window. However,
in general going below that window requires some tuning between independent contributions to
the axion-photon coupling [47] while increasing the coupling above the preferred window may
require the addition of several other fields (see, e.g., Ref. [48]).

Even if we take the above simplicity argument as a guide, the axion parameter space
remains quite large. We have to turn to phenomenology to help defining target regions that
are particularly well motivated.

3.1. What can we learn from cosmology

The topic of axion (and ALP) cosmology is extremely interesting and rich. Among the many
excellent reviews, one of the most comprehensive is Ref. [7] while the most updated results are
summarized in the reports [9, 49]. In the spirit of this paper, here we avoid details and technical
discussions, pointing out instead to some general features, problems, and results of interest for
future searches.

The first observation is that for the PQ mechanism to work, axion must be at least a fraction
of the cold DM (CDM) in the universe. What fraction, exactly, depends on the axion mass (not
on its couplings). In the spirit of elegance and simplicity, it would be obviously very appealing
if axions were, indeed, the totality of the CDM in the universe. Let’s refer to this as the “azion
CDM condition”. The axion parameter space where this condition is satisfied should be an

3 Masses larger than ~ 12 keV are also allowed by the supernova argument, since such axions would be trapped
in the SN core [32]. However, these masses require a quite large PQ constant and it is quite more difficult to
conceive models which are sufficiently weakly coupled to avoid observational constraints. We ignore this case in
the name of simplicity, though in principle the possibility is phenomenologically viable.
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extremely well motivated target for experimental searches. Indeed, historically this has guided
(and keeps guiding) important experimental decisions. Calculating (or even estimating) the
axion mass corresponding to the CDM condition is, however, an outstanding problem, still far
from being resolved.

But let’s proceed in steps. As we mentioned above, the PQ mechanism does not solve the
strong CP problem instantaneously. After the U(1)pg is spontaneously broken, at the energy
scale f,, the 6 angle has a random initial value, ;. It is only later, when the axion acquires
a mass comparable to the Hubble friction, that the axion field begins to oscillate around the
CP-conserving minimum of the potential, generating extremely low momentum axions, which
behave as CDM. These oscillations are an inevitable consequence of the PQ mechanism. If the
axion mass is such that they never start, the strong CP would not be solved. If they do start,
they are still going on, since the universe has a finite age. This is known as the misalignment
(or vacuum realignment) mechanism and it was first introduced in Refs. [50, 51, 52]. A recent
analysis is provided in Ref. [26], which is the one we refer to here, for numerical results. The
axion energy density associated with this process depends not only on the axion mass but also
on the (in general unknown) value of the initial 6 angle, 0;

2 f 7/6 2
Quh2 ~ 0.1 ( —Jo 2
ah” ~0 (1012 GeV) bi ®)

The value of 6; depends strongly on the cosmological history.

In the pre-inflationary scenario, the PQ mechanism happens before inflation and the different
causally disconnected patches with a random value of 6; get largely inflated. In this case, our
universe today is generated from a patch with a single random value of 6;, which fixes the mass
satisfying the axion CDM condition. This is shown with the blue arrows in figure 1.

In the post-inflationary scenario, on the other hand, the P(Q mechanism follows inflation
and so the present universe encloses a large number of patches with different random values
of 6;. In this case, the problem of the unknown initial 6 value disappears since the axion
abundance depends on the average value of the 6; in the different patches. However, even
in this case the axion mass corresponding to the axion CDM condition cannot be extracted
with confidence, because of other effective axion production mechanisms available in the post-
inflationary scenario. It is known, in fact, that phase transitions generate topological defects, in
particular axion strings [53, 54] and these, in turn, may produce axions [55, 56]. These topological
defects do not play a role in the pre-inflationary scenario (they would be inflated away), but
may be very relevant if inflation precedes the PQ mechanism. The calculation of the axion
abundance from topological defects is extremely challenging, numerically, mainly because of the
many orders of magnitude difference in the size of the strings core and their mutual distances.
A significant progress was achieved recently through the use of the adaptive mesh refinement
(AMR) technique [57], which led to the prediction of the mass window m, € [40, 180] ueV for the
axion to be the totality of the CDM in the universe [37]. Nevertheless, more work is required for
a complete confidence in these results. It is also worth noting that previous simulations hinted
at quite different mass region (see, e.g., Refs. [58, 59]). In any case, the recent progress provides
ground for optimism in the selection of a cosmologically preferred mass region. A comprehensive
and updated review, including a revised bibliography, can be found in Ref. [60].

3.2. What can we learn from stellar evolution

Just like other light and weakly interacting particles, also known as FIPs (Feebly Interacting
Particles) [61], axions and ALPs can be produced in stars and, for a wide range of the parameters,
free stream out of them. This makes stars extremely efficient axion (and ALP) factories. The
Sun is the most studied example and one of the most important axion (and ALPs) sources in
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Table 1. Bounds and hints from stellar evolution on the axion couplings (updated from
Ref. [46]). Legend: ge13 = gae/1071%; gy10 = gay/1071°GeV; WDLF: White Dwarf Luminosity
Function; WDV: White Dwarf Variables; RGBT: Red Giant Branch Tip; HB: Horizontal Branch;
SN: Supernova; NS: Neutron Star. In the case of SN, the more recent results in Refs. [72, 73]
have not been translated into bound on the axion couplings yet.

Star Hint Bound Reference
Sun No Hint gy10 < 2.7 [74]
WDLF gers = 15153 gaz <21 [75]
WDV ge13 = 29705 geas <41 [76]
RGBT (22 GGCs)  ge13 = 0.60703% gz < 1.5 [77]
RGBT (NGC 4258) No Hint ge13 < 1.6 78]
HB 9410 =032 g,10 <0.65 40, 41]
SN 1987A No Hint Jon + 0.692, + 0.5gangap S 8.26 x10719  [79]

NS (CAS A) No Hint (92, + 1.692,)"/2 S 1.0x 1077 [80]
NS (CAS A) No Hint Jan S 3x10710 81]
NS (HESS) No Hint Gan < 2.8x10710 82]
NS (Magnificent 7)  No Hint Gan, Jap S 1.5x1079 83]

nature. A few recent studies and results concerning the axion coupling with photons, electrons
and nucleons can be found in Refs. [62, 63, 64, 65, 66, 67].

Besides providing a source for axions, stars are also very efficient laboratories to study their
properties [68]. Specifically, stellar observations allow to set stringent bounds on the axion
couplings with the standard model fields (an updated summary can be found in Ref. [46]).
The exclusion region labeled “Stellar Bounds” in figure 1 encloses the axion parameters which
would accelerate the evolution of horizontal branch (HB) stars, and thus reduce their population
in globular clusters, beyond the observational constraints [40, 41]. Many other stars have
been used to constrain the other axion couplings and, perhaps more intriguingly, several
stellar systems indicate a preference for additional cooling that could be provided by axions
or ALPs [69, 70, 71, 46]. A summary of the stellar bounds and hints on the axion properties
is provided in table 1. The hatched region in figure 1, labeled “Stellar Hints”, refers to the
HB-hint on the axion-photon coupling shown in the table.

A comprehensive global analysis of all the stellar bounds and hints showed that the axions
couplings preferred by stars are g,y ~ 2 x 1071 GeV™! and gge ~ 10713 [46]. For axions in the
QCD band, this corresponds to axion masses from a few meV to ~ 100 meV, in a region accessible
mostly to axion helioscopes [84, 85, 86, 87|, but possibly also to new haloscope concepts such as
TOORAD ([88, 89] or BREAD [90] (see also section 5).

3.3. Breaking the boundaries

To be clear, axions are not required to live in the yellow QCD band of figure 1. The band is
derived under the assumption of simplicity, not consistency. Nevertheless, it is good to set guides
based on simplicity and, in my opinion, it is wise to give more relevance to the experimental
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exploration of the parameter space corresponding to minimal models.

Said this, various possibilities of expanding the allowed QCD axion window have been
explored for decades.* Already in 1985, David B. Kaplan showed that axions may be very
weakly coupled to photons, though at the price of some tuning. More recently, in Ref. [38, 39]
— which, perhaps for the first time, presented a well motivated definition of the axion window
— it was shown that hadronic models with heavy quarks in multiple representations of the SM
are allowed in a considerably wider window. This is shown in figure 2, shaded in light yellow.

A more aggressive approach can lead to quite significant departures from the axion window.
Mechanisms inspired by clockwork-type constructions can provide exponentially enhanced axion
couplings at fixed masses. We are not entering into theoretical details here, and refer the reader
to reviews such as Refs. [8, 61]. We just mention that these mechanisms ask for several additional
fields to the SM but, in general, do not require relaxing relation (3).

A conceptually different approach consists in relaxing the relation between mass and PQ
constant, in Eq. (3). As mentioned above, this requires some modifications of the gauge structure
of the SM, particularly of the strong interaction sector. Such modifications demand, of course,
some care in order not to shift the minimum of the axion potential away from its CP conserving
point, thus spoiling the solution of the strong CP problem. Again, this is not the place to discuss
the numerous options and ideas that were put forward in the past, starting from the earliest
attempts in Refs [93, 94], to more recent ones in, e.g., Refs. [95, 96, 97]. A comprehensive review,
with a more complete bibliography, is presented in section 6.7 of Ref. [8]. Here, we just want
to mention that relaxing relation (3) would allow to conceive superlight as well as superheavy
axion models. A significant improvement in building axion models much lighter than what
predicted by Eq. (3) resulted from the mechanism proposed in Ref. [98]. This was exploited
in Refs. [99, 100] to conceive models with exponentially suppressed mass, which still solved
the strong CP problem and saturated the dark matter abundance in the universe. Superheavy
axions would also have a rich phenomenology, although they would not likely be DM candidates
(the lifetime scales as m;?). In particular, such models would not be confined by the supernova
nEDM bound, m, < 10 eV, and could expand beyond the wall on the right side of figure 1.
At masses larger than a few 100 keV, a lot of the astrophysical bounds, for example the one
from HB stars shown in figure 1, would also rapidly weaken [101], opening up the space for
experimental searches. Several experiments are already probing that region of the parameter
space (see, e.g., [61] and references therein).

4. A bird look at the ALP parameter space
The physics of general ALPs is quite less constrained than the physics of QCD axions, and thus
very rich, phenomenologically. Because of space, here we will just overview some characteristics
of the ALP parameter space and provide an overview of the experimental landscape.

The ALP landscape, including experimental and other phenomenological bounds, is shown in
figure 3. Several features in this parameter space can be understood from the axion to photon
conversion probability in an external magnetic field [103, 104]

Pu = < gmBL>2 sin(qL/2) ©

2 (qL/2)* ~

with ¢ the momentum transferred ¢ = ¢, — gq ~ (m2 — m,%) /2w (in the last step we took the

relativistic limit). Let’s consider, for example, the case of heliscopes, which search for axions
produced in the core of the sun by converting them into photons in a laboratory magnetic field.

4 Tt is worth mentioning that recent investigations about the role of magnetically charged fermions in the axion
dynamics [91, 92] presented axion models coupled much more strongly to photons than the models in the QCD
band. We will not discuss this possibility here, and remind the interested reader to the original studies.
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Solar axions have ~keV energies. Thus, for a magnet of size L ~ 10m, we expect gL, < 1
if m, < 10meV. Above this mass, the conversion probability drops as 1/¢*> ~ 1/m2. This
feature is evident in the sensitivity of CAST [64], currently the most advanced example of axion
helioscope, shown in the figure in dark red. Similar arguments apply also to various laboratory
experiments such as OSQAR [105] and PVLAS [106], which at the moment reach a significantly
lower sensitivity.

The same arguments can also help explain the very strong, but limited to small mass, bounds
from astrophysical observations, featured in the left side of the parameter space in figure 3. These
bounds are based on the axions oscillation into photons in the galactic magnetic field, and can
thus benefit from a very large value of L. Notice that the oscillation probability increases
quadratically with the magnetic field length (providing B is coherent over such a distance) but
that a large L may guarantee coherent conversion only for very small axion masses.

The central section of the parameter space is dominated by the HB bound. In this case,
the axion is generated from thermal photons scattering off the electric field of ions and
electrons in the core of the star, contributing to the stellar energy loss and thus accelerating
its evolution. Thus, the weakening of the bound, at m, ~ a few 10 keV, is not due coherence
effects of axion conversion but mostly to thermal (Boltzmann) suppression of the rates for
ma > Teore ~ 10keV [107, 108, 101].

Several of the constraints at still larger masses are of astrophysical and cosmological origin,
and depend on the axion decay into two photons. The decay probability is proportional to
gfwmg, explaining the rapid strengthening of the bounds at large masses.

Another notable feature in the ALP parameter space consists in narrow and deep bands from
various haloscope experiments, shown in dark red. Haloscopes are experiments searching for
axion DM. The conventional haloscope technique is the resonant cavity [109], which employs
the conversion of DM axions in a strong magnetic field that permeates a resonant cavity. The
conversion is resonant if the axion energy w, = m, (1 + O(107%)) matches a cavity mode. These
experiments can reach very high sensitivities but at the price of a very slow mass-scanning
time, which scales quadratically with the desired signal (S) to noise (N) level, At oc (S/N)2.
The most mature axion haloscope is the Axion Dark Matter eXperiment (ADMX), which
has already reached the standard QCD band in the mass range m, € [2.8— — 4.2]ueV (see
Refs. [110, 111, 112]). Other cavity experiments are currently probing higher masses. These
include HAYSTACK [113], currently probing masses about one order of magnitude larger than
ADMX, QUAX-a~, probing the mass around m, = 43 peV [114], RADES, which has provided
a limit at m, = 34.67ueV [115], and ORGAN [116], which has a considerably higher mass target



10th Symposium on large TPCs for Low Energy Rare Event Detection (TPC 2021) IOP Publishing
Journal of Physics: Conference Series 2502 (2023) 012003  doi:10.1088/1742-6596/2502/1/012003

~ 60 — 210ueV.

Considerably different haloscope concepts are currently operating at lower masses. In
particular, BASE [117], SHAFT [118], and ABRACADABRA [119] have already reported results
in the mass range m, ~ 10711 — 1078 eV.

5. A look at the Future

The experimental searches for axions and ALPs have been expanding very consistently in the
last few years, and several new experiments have been proposed and are expected to begin
operations in this decade. It is impossible to give a quick overview of the proposed experimental
landscape for ALPs, even if we focus solely on the axion-photon coupling. Extremely useful
updated plots are publicly available at [102].

A summary of the present and future searches in the case of QCD axions satisfying relation (3)
between mass and PQ constant, is shown in figure 2. In this figure, exclusion limits are enclosed
in continuous lines while expected future sensitivities are shown with dashed contours. However,
the discussion that follows apply as well to the ALP parameter space, figure 3.

According to the current proposals, there is quite some optimism that a very large portion of
the axion parameter space will be explored in the near future. The experimental panorama is
particularly impressive in the case of future haloscope searches. Several experimental proposals
such has MADMAX [120, 121], and a series of ultra low temperature cavity experiments at
IBS/CAPP (CULTASK) [122] promise the exploration of the mass region up to a few 0.1 meV.
A similar range of masses could be probed with tunable axion plasma haloscopes [123], which
employ the axion coupling to plasmons. Finally, recent proposals such as TOORAD [88, 89] and
BREAD [90], promise to reach higher masses, all the way into the meV range.

The exploration of the lower mass region has also received considerable attention in recent
years. The original KLASH proposal [124] was aiming at the mass range m, € [0.3 — 1]ueV,
though some changes in the adopted magnet (from the KLOE to the FINUDA magnet) may
likely convert it into FLASH, with a slightly higher mass range [125]. Furthermore, running
experiments such as ABRACADABRA are also expected to reach very high sensitivity, down
to the preferred QCD axion band, in the sub-ueV mass range [126].

Meanwhile, the ALPS II laboratory experiment [127] and, even more so, new axion helioscope
proposals BabyIAXO [85, 128] and TAXO [84] promise to push the search below the astrophysical
bounds for a wide range of axion masses. If axions do play a role in stellar evolution, there is
a good chance that ITAXO (and, with some limitations, already BabyIAXO) will be able to see
their signatures.

6. Discussion and Conclusion

So, will the axion be discovered in the next decade or so? Obviously, it is impossible to know.
However, the chances are not so remote. The axion was conceived several decades ago. However,
it was realized very soon that phenomenological considerations forced this field to be coupled
extremely weakly with SM particles. The term invisible axion, adopted in the early times to
describe new axion models which could escape the astrophysical bounds, speaks clearly about
the expected technical difficulties of realistic axion searches. In spite of groundbreaking progress,
especially with the haloscope and helioscope concepts developed by Pierre Sikivie in Ref. [109],
which presented strategies to see the invisible particle, it was very clear that finding the axion
would require outstanding experimental challenges. It is only now, after several decades of
technological development, that the experimental know-how is allowing the exploration of well
motivated parameter space. This should be, in my opinion, a reason for enormous excitement
and optimism [16]. We may not find axions in this decade, but we are definitely going to probe
some of the most interesting sections of the axion parameter space.
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And, what if we do find the axion? Presently, it is difficult to appreciate the full meaning
of such a discovery. Axions are excellent CDM candidates. However, discovering it will not
guarantee that axions are the totality (or even a large fraction) of the CDM in the universe.
Furthermore, depending on how the axion will be discovered, it is possible that some important
parameters, for example its mass, will be not be immediately discernible. So, an axion signal
would likely motivate an enormous experimental effort in determining its properties. This is,
obviously, and extremely exciting prospect.

Even after an hypothetical discovery, direct experimental searches would not be the only
way to study axions or ALPs. Astrophysics will likely continue to play a fundamental role,
especially if axions happen to have relatively large couplings. Axions with couplings close to
the current bounds might play a very significant role in understanding important properties
of the sun, including its metallicity [129], and its core magnetic field [130, 131, 132]. Very
light (sub-neV) axions might provide by far the most efficient messengers to study stars in late
evolutionary stages,? possibly providing insights on the particular evolutionary phase, on nuclear
core reactions, and on the time till core collapse [133, 134].

After decades of research and technological developments, the times are mature for a
fundamental breakthrough in particle physics, astrophysics and cosmology. Perhaps, it will
be an axion discovery.
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