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Abstract. Axions are a natural consequence of the Peccei-Quinn mechanism, the most
compelling solution to the strong-CP problem. Similar axion-like particles (ALPs) also appear
in a number of possible extensions of the Standard Model, notably in string theories. Both,
axions and ALPs, are very well motivated candidates for Dark Matter (DM), and they would
be copiously produced at the sun’s core. A relevant effort during the last two decades has been
the CAST experiment at CERN, the most sensitive axion helioscope to date. The International
Axion Observatory (IAXO) is a large-scale 4th generation helioscope, and its primary physics
goal is to extend further the search for solar axions or ALPs with a final signal to background
ratio of about 5 orders of magnitude higher.

We briefly review here the astrophysical hints and models that will be at reach while
searching for solar axions within the context of the IAXO helioscope search program, and in
particular the physics under reach for BabyIAXO, an intermediate helioscope stage towards the
full IAXO.

1. Introduction
The axion is a hypothetical particle that emerged as a natural solution to the strong CP
problem [1]. In principle, the strong interaction, described by the quantum chromodynamics
theory (QCD), does not forbid a CP violation, and the lagrangian of QCD allows a non-vanishing
CP-violating term. Furthermore, since electroweak interactions violate CP, it is difficult to
understand why nature has decided that strong interactions will not. The absence of CP-
violation in strong interactions is quantified by the θ parameter appearing at the corresponding
CP-violating lagrangian term,

Lθ = −θ αs
8π
GaµνG̃

aµν (1)

and it is measured experimentally to be unexpectedly close to zero, |θ| < 1.8 × 10−11, as it is
deduced from the measurement of the electric dipole neutron moment, (0.0±1.1stat±0.2sys)×
10−26 e.cm., its corresponding upper limit dn < 1.8× 10−26 e.cm. [2], and a recent calculation in
QCD, |dn| < 10−15 · θ e.cm. [3]. In principle, this phase could take any value between 0 and 2π,
since it is produced adding up QCD contributions of different nature, thus arising the question
why this phase would have chosen a value such that the strong CP-violation term is canceled.

The Peccei-Quinn mechanism to restore CP conservation at the strong sector [4, 5] led soon
into an interesting outcome - the axion - arising naturally as a dynamic solution to the fine
tuning problem of the θ parameter [6, 7], effectively, θ is replaced by θ + 〈A〉 /fA, where 〈A〉 is
the vacuum expectation value of the axion.
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The axion is a pseudo-scalar boson, and its properties are described by the theory through a
unique parameter, the scale factor fa, which must be much greater than the electroweak scale in
order to circumvent the constrains imposed by accelerator based searches. Both, the couplings
of axions to ordinary matter, and the axion mass, ma, are inversely proportional to fa.

Two main theoretical models are considered as a reference for QCD axion searches, hadronic
axions or KSVZ axions [8, 9], and DSFZ or GUT axions [10, 11], which do not couple to
hadrons at tree level. Furthermore, a plethora of axion-like particles (ALPs) emerge in different
extensions to the SM. Their similarity with standard QCD axions makes that IAXO will be able
to exploit its physics program to explore ALPs hinted regions other than the theoretical QCD
models [12, 13].

2. Physics motivation and astrophysical hints
The parameter space of axions is strongly constrained by cosmological and astrophysical
arguments, such as the evolution of stars or the expected cosmological axion abundance. As a
consequence of its very weak couplings to ordinary matter the axion results to be a long-lived
particle, and therefore, under certain conditions, it is considered to be a potential dark matter
candidate. Particularly appealing are the regions of the parameter space that address the dark
matter and QCD problem at once.

The first studies including cosmological axion production through a mechanism called vacuum
realignment mechanism [14, 15, 16] showed that the DM axion would overclose the universe for
masses above ma & 10−6 eV. This fact motivated the construction of axion haloscopes [17],
searching for axions with properties that match those of a model with a dominant axion
contribution to dark matter. However, the axion mass that would lead to DM axions (those
axions solving at the same time the dark matter puzzle) seems to be hard to predict by the
theory. Its value has been relaxed in the latest years by additional production mechanisms,
such as axion string radiation, predicting the mass of the DM axion could be high enough to
be at the meV scale [18, 19]. The next generation axion helioscopes will provide an apparatus
able to probe those regions. In this context, it is also particularly attractive the search for the
so-called “ALP-miracle”, where an ALP at the meV region accounts for the dark matter of the
universe and drives inflation at once [20]. Scalar fields naturally appear as a way to explain
a cosmological model with dark energy, such as quintessence fields [21], chameleons [22, 23]
and other exotic candidates (see e.g. [24] and references therein). The signatures produced
by those exotic candidates share common features with the axion detection, and it has been
already exploited in a campaign to detect chamaleons with the CERN Axion Solar Telescope
(CAST) [25].

Observations from astrophysical origin produce even more stringent constrains [26]. A star is
a rich particle physics laboratory where we find many different physics processes and interactions
where axions could be produced inside the stellar medium [27] (see Figure 1). The existence of
the axion, or ALPs, could play a role on the evolution of the star since, just as neutrinos, they
would escape the sun generating an additional energy loss channel. Depending on the axion
coupling strength this additional energy loss channel might not be negligible, thus shortening
the lifetime of the star. The age of our sun is well constrained by helioseismological observations
and the measured neutrino flux, providing a first upper limit on the axion-photon coupling,
gaγ ≤ 4.1 × 10−10GeV−1 (at 3σ) [28]. Studying the evolution of stars through a Hertzsprung-
Russel (HR) diagram we find even a more accurate measurement of the stars evolution by
exploiting the statistics of stars at different evolutionary stages. The strongest bound comes
from the Horizontal Branch (HB) to Red Giant Branch (RGB) ratio. The presence of an
additional energy loss would reduce this ratio for a non-zero gaγ value. This fact leads to an
improved upper limit of gaγ < 0.66 × 10−10GeV−1 (at 2σ). Furthermore, the measured value
for the HB to RGB ratio seems to be lower than expected. Considering that this effect could be
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Figure 1. Feynman diagrams of the different processes responsible for axion production in
the Sun. The Primakoff conversion of photons in the electromagnetic fields of the solar plasma
is proportional to g2aγ , and it is present at almost any axion model. In non-hadronic models,
such as DSFZ, non-negligible couplings to electrons open up new channels, such as Atomic axio-
deexcitation and axio-recombination, axio-Bremsstrahlung in electron-ion or electron-electron
collisions and Compton scattering with axion emission. Those additional channels are usually
referred as the ABC solar axion flux, being the flux proportional to g2ae. Figure from ref [27].

coming from an energy loss through an axion Primakoff channel, we obtain what it is known as
the “HB hint” value for gaγ = (0.29± 0.18)× 10−10GeV−1 (at 1σ) [29].

The Primakoff emission is dominant at Sun-like stars, where the density of the hot plasma
is low enough to avoid production suppression due to the effective photon mass in the medium.
Stars at different evolution stages, such as white dwarfs (WD) or neutron stars (NS) require
other axion cooling channels, as axion-electron coupling, gae, or axion-nucleon coupling, gaN .
Another strong constrain arises for non-hadronic axion models through the evolution of WDs.
The WD luminosity function (WDLF) does not reproduce the theoretical expectation, however,
introducing an axion in the range gae = 1.12 − 4.48 × 10−13 corresponding to the axion mass
range macos(β) = 4−16meV (where cos(β) is a free, model-dependent parameter that is usually
set equal to unity) would reproduce the experimental results [30]. This result is consistent with
the cooling observed through an independent measurement of the change of period of a single
WD, which leads to gae = 4.8 × 10−13GeV−1 [31] for a macos(β) = 17.1meV. The cooling rate
of few available single WDs measurements are also coherent with the presence of an anomalous
cooling mechanism [32].

Another physics problem today is that the attenuation from extragalactic background light
(EBL) is lower than expected, since high energy photons traveling long distances in the universe
should interact with the EBL producing positron-electron pairs, thus introducing an effective
cut-off on the energy gamma distribution observed on earth. The oscillation of those photons
into ALPs and back again to photons in the presende of intergalactic magnetic fields could
enlarge the effective optical depth and explain this anomaly [33]. Some authors identify this
effect, that we denote as the universe transparency hint, “T-hint”, with a low mass ALP of
ma ∼ 10−8−7eV, and couplings of gaγ ∼ 10−11−10GeV−1 [34].

3. Exploring the Sun interior with BabyIAXO
IAXO is a 4th generation helioscope, pushing the sensitivity to solar axions to unprecedented
levels, and surpassing those of the most sensitive axion helioscope up to date, the CERN Axion
Solar Telescope (CAST) [35]. The final IAXO configuration will allow to explore a new vast
region of the axion parameter space, including a region predicted by QCD axions starting at the
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meV scale, and it will be sensitive enough to probe the mentioned astrophysical hints, as shown
in Figure 2 together with the different IAXO stages towards the full IAXO [36, 37, 38].

Figure 2. The prospects of the different IAXO setups and its sensitivity to gaγ as a function
of the axion mass, ma, including different hints and models described in the text, together with
previous and planned experimental searches [12].

Recent studies are increasing our understanding on the potential role of axions (or ALPs)
in solar physics. In particular, calculations of axion to photon conversions in the presence of
macroscopic magnetic fields demonstrate that a non-negligible contribution to the axion flux is
expected from the different solar magnetic regions [39, 40]. This fact makes the next generation
helioscopes an unprecedented tool to explore the interior of our closest star and to understand
the mechanics of the internal magnetic field generation [41], in case the axion is discovered.
Furthermore, using high energy resolution detectors to resolve axion atomic emissions from
different isotopes would allow to better determine the solar heavy isotope composition, or
metallicity [42].

4. Conclusions
Next generation axion helioscopes represent an opportunity to extend the Standard Model of
particle physics. The discovery of the axion would entail a major breakthrough on the tools
we have for the understanding of the universe, representing an additional component on multi-
messenger astronomy. As briefly stated in this manuscript, the axion would be a potential
candidate, together with neutrinos, to deeply study the physics of the Sun’s interior.

If axions are discovered, the role of axion helioscopes will be crucial in the field. Most of
the axion related processes allowed in the Sun interior could be differentiated with a dedicated
setup at IAXO, allowing to independently measure axion couplings to photons, electrons, or
nucleons [43], leading to a complete description of the theory.

The IAXO physics program includes different phases towards the construction of the full
IAXO helioscope potential. The first step towards the final stage is the construction of
BabyIAXO that will serve as a proof of concept of the technologies chosen for its construction,
and it will help to consolidate the different groups of expertise in the design and construction
of the apparatus. BabyIAXO will allow to start probing and touch regions of the parameter
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space that are strongly motivated by observations, approaching the “HB-hint” and “T-hint”,
and covering partially the WD cooling anomaly hint. And at the same time it will cover regions
of the parameter space at the meV scale, reaching regions favored by QCD axion models and/or
connected with other fundamental physics problems, such as dark matter or inflation.
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