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The search for axions and axion-like particles (ALPs) remains a major endeavor in modern physics
investigation. Axions play essential roles in the quest to understand dark matter, the strong CP
problem, and various astrophysical phenomena. This paper provides a very brief overview of the
current status of experimental efforts, highlighting significant advancements, ongoing projects,
and future opportunities. Particular attention is given to cavity haloscopes, helioscopes, and
laboratory-based light-shining-through-wall experiments, as well as astrophysical probes. Some
future perspectives are also discussed.
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1. Introduction

Axions and, more generally, Axion-Like Particles (ALPs) are prominent in modern theoretical
physics as they emerge in many extensions of the Standard Model (SM) [1]. They are generally
defined as pseudoscalar particles described by the low-energy Lagrangian:

L𝑎 =
1
2
(𝜕𝜇𝑎)2 − 𝑚2

𝑎𝑎
2 −

∑︁
𝑓 =𝑒,𝑝,𝑛

𝑔𝑎 𝑓 𝑎𝜓̄ 𝑓 𝛾5𝜓 𝑓 −
1
4
𝑔𝑎𝛾 𝑎 𝐹𝜇𝜈 𝐹̃

𝜇𝜈 , (1)

where 𝑎 is the ALP field, 𝑚𝑎 its mass, 𝑔𝑎 𝑓 and 𝑔𝑎𝛾 parameterize its couplings to fermions (𝜓 𝑓 ) and
photons, and 𝐹 and 𝐹̃ represent the electromagnetic field tensor and its dual. The most prominent
example of ALP is the QCD axion, a key prediction of the Peccei-Quinn solution to the strong
CP problem [2–4] and a favored dark matter (DM) candidate [5–7]. Beyond QCD axions, ALPs
naturally emerge in other SM extensions, such as string theory [8–10], and often exhibit weaker
constraints, lacking specific mass-coupling relations.

The experimental search for axions and ALPs has seen a significant resurgence, driven by
innovative techniques capable of probing previously unexplored regions of the parameter space [11–
13]. Many of these regions are motivated by astrophysical and cosmological considerations, making
the prospects for near-term discovery particularly promising [14–16]. This review provides a concise
overview of the recent progress in axion and ALP research, with a focus on the axion-photon
coupling, while highlighting key developments and near-future opportunities. For technical details,
readers may refer to the comprehensive discussion in Ref. [11], and for a broader set of references,
to the informative webpage [17].

2. Current Experimental Landscape

Axion searches through the axion-photon coupling are broadly divided into 3 categories,
depending on the specific axion source:

• Pure laboratory experiments, such as light shining through a wall (LSW). In this case, axions
are produced in a laboratory setting. These searches are appealing due to the complete control
over the source and minimal assumptions about production mechanisms. Howeever, their
sensitivity is limited due to the highly suppressed signal (∝ 𝑔4

𝑎𝛾).

• Helioscopes. In this case, the source (the Sun) is well understood, requiring minimal assump-
tions about axion production [18]. An exception is axion production in the solar magnetic
field, which relies on much less well-established assumptions [19–21].

• Haloscopes. They search for dark matter axions. Thus, the sensitivity to the axion coupling
is necessarily dependent on the specific assumption about the fraction of dark matter made
up by axions, a fact that is not known and that cannot be deduced by current theoretical
considerations [7].

2.1 Laboratory Searches

The main protagonists are the LSW experiments, in which axions are produced from a coherent
source of photons (Light) interacting with a magnetic field, and detected as photons (Shining) after
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Table 1: Most relevant LSW experiments, with some technical considerations. Data from Ref. [11].

Experiment 𝐵(T) 𝐿 (m) 𝑔𝑎𝛾
[
GeV−1] Notes

ALPS-I [22] 5 4.3 5 × 10−8 completed
CROWS [23] 3 0.15 9.9 × 10−8 uses microwaves
OSQAR [24] 9 14.3 3.5 × 10−8 dipole magnet from LHC
ALPS-II [25] 5 100 2 × 10−11 dipole magnet from HERA
JURA [28] 13 426 10−12 concept

being reconverted after passing through a region opaque to photons (Wall). The forefront LSW
experiment is ALPS II [26], in DESY, which is expected to probe the axion-photon coupling down
to 𝑔𝑎𝛾 ≈ 2 × 102 GeV−1, for masses below 0.1 meV or so (see Tab. 1). The first run finished on
May 2024 and a related publication is expected for early 2025 [27]. The full optics is expected to be
completed in 2025 [27]. Ongoing discussions within the Physics Beyond Colliders (PBC) working
group at CERN are considering the possibility of a larger scale LSW experiment, JURA, which
would significantly increase the magnetic field length while bringing its intensity up to 13 T [28].

Polarization experiments operate on a concept similar to LSW, but focusing on detecting
anomalies in light polarization caused by axions or other WISPs. The prototype experiment in this
category is PVLAS [29, 30], while an improved version, VMB@CERN, is currently under discussion
within the PBC [31]. However, the feasibility of this upgraded experiment remains uncertain.

2.2 Solar axion detection

Currently, the optimal way to detect solar axions is the so called Sikivie Helioscope [32], which
relies on the conversion of solar axions into photons in a terrestrial magnetic field. An advantage
of this method with respect to pure laboratory experiments, is the possibility to measure the axion
flux produced through different mechanisms, even those not induced by the axion-photon coupling
(see, e.g., [33]), as well as the flux of other WISPs [34, 35].

The currently most advanced example is the CERN Axion Solar Telescope (CAST), which
recently published updated analysis results [36], pushing the limits on the axion-photon coupling
below any other experimental results, and probing a wide mass region so far accessible only to
astrophysics [16, 37, 38]. CAST successor, BabyIAXO [39, 40], a prototype of the future full
International Axion Observatory (IAXO) [41], is planned for construction at DESY and expected
to begin operations soon, probing significant new regions of the axion parameter space (Cf. left
panel of Fig.1).

There are other possibilities to look for solar axions, including using large underground
detectors, which, however, have limited chances to compete with the very strong astrophysical
bounds [42, 43] in the near future (see, e.g., Ref. [16] for an overview and for references). Another
compelling option is to make use of the solar magnetic field rather than a terrestrial one, and to
detect the produced photons flux with a space-borne x-ray detector. An explicit analysis, using the
NuSTAR detector, was recently presented in Ref. [44]. The advantage of this method relies on the
significantly longer magnetic field, which pushes the sensitivity to couplings considerably below
the CAST reach, though for a smaller mass range.
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Figure 1: Left: Running and proposed axion heliscope experiments; Right: Currently running cavity
experiments, with the reported limits. Notice that the limits on 𝑔𝑎𝛾 are valid under the assumption that
axions constitute the totality of the dark matter in the universe. Details about each experiment, including
proper references, can be found in [17], from which both figures are extracted.

2.3 Haloscopes

Cavity haloscopes search for dark matter axions using various advanced technologies. The
most established is the resonant cavity [32], which employs the conversion of DM axions in a
strong magnetic field that permeates a resonant cavity (see Ref. [12] for a recent review). Cavities
are extremely sensitive instruments (see right panel of Fig. 1) but present a series of difficulties.
A significant drawback is that, due to the resonance condition, cavities can probe only narrow
mass ranges during each scan. Furthermore, scanning the parameter space becomes increasingly
demanding, as the required time scales quadratically with the desired signal-to-noise ratio (𝑆/𝑁),
Δ𝑡 ∝ (𝑆/𝑁)2. Furthermore, extending the mass range significantly beyond the region around a few
𝜇eV turns out to be quite challenging. The need to overcome these issues has led to a proliferation
of very interesting ideas in the latest years.

ADMX (𝐵 ∼ 8 T, 𝑉 ∼ 200 liters), the most mature axion haloscope, has reached the standard
QCD band in the mass range 𝑚𝑎 ∈ [2.7 − 4.2]𝜇eV [45–47] and is currently planning to push
its sensitivity to higher masses through multicavity designs. There are plans for the construction
of ADMX - EFR (Extended Frequency Reach), which might operate at a mass about 1 order of
magnitude larger that the one currently under consideration [48]. Other cavity experiments are
currently probing substantial different masses. These include various experiments at the Center
for Axion and Precision Physics (CAPP), as shown in Fig. 1. One of the CAPP experiments has
recently probed the QCD axion band down to DFSZ sensitivity over a small range of frequencies
near 4.55𝜇eV [49], just above the ADMX reach, while HAYSTACK [50] is exploring masses about
one order of magnitude larger than ADMX. Other experiments include QUAX–𝑎𝛾, probing the
mass around 𝑚𝑎 = 43 𝜇eV [51], RADES, which has provided a limit at 𝑚𝑎 = 34.67𝜇eV [52],
and ORGAN [53], which has a considerably higher mass target ∼ 60 − 210𝜇eV. Considerably
different (non-cavity) haloscope concepts are currently operating at lower masses. In particular,
BASE [54], SHAFT [55], and ABRACADABRA [56] have already reported results in the mass
range 𝑚𝑎 ∼ 10−11 − 10−8 eV.
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3. The Road Ahead

Experimental searches for axions and ALPs have made significant strides in recent years,
with numerous new experiments proposed and expected to begin within this decade. The current
proliferation of experimental proposals brings substantial optimism for exploring a large portion
of the axion parameter space in the near future. The outlook is particularly promising for halo-
scope searches. Projects like MADMAX [57, 58], CADEx [59], and ultra-low-temperature cavity
experiments at IBS/CAPP (CULTASK)[60] are set to probe the axion and ALP mass range from
the 𝜇eV up to a few 0.1 meV. Tunable axion plasma haloscopes [61], which leverage the axion-
plasmon coupling, complement these efforts in the same mass region. Meanwhile, proposals such
as TOORAD [62, 63] and BREAD [64] aim to reach even higher masses, extending the search into
the meV regime.

Significant progress has also been made in investigating lower mass regions. The KLASH
proposal [65], initially designed to target axion masses in the range 𝑚𝑎 ∈ [0.3 − 1]𝜇eV, has
evolved into FLASH [66], which explores slightly higher masses due to changes in the magnet
configuration [67]. FLASH is poised to investigate not only the axion parameter space but also other
WISPs and gravitational waves [68, 69]. Additionally, ongoing experiments like ABRACADABRA
are expected to achieve high sensitivity, potentially reaching the QCD axion band in the sub-
𝜇eV range [70]. Laboratory searches are also progressing. ALPS II [71] and upcoming axion
helioscopes, including BabyIAXO [39, 40, 72] and IAXO [41], aim to explore regions of parameter
space below current astrophysical bounds.

What era could an axion discovery usher in? The discovery of an ALP would not only
unveil a new particle and physics at a novel energy scale but also have profound phenomenological
implications. Determining an axion mass could facilitate its detection through other experimental
approaches, particularly using highly sensitive cavity searches, if the mass falls within an accessible
range. If a cavity experiment were to confirm a signal previously identified in a laboratory or solar
search, it could precisely determine the ALP dark matter fraction—a groundbreaking result.1

Moreover, if the axion couplings turn out to be strong enough to be detectable by IAXO—or
potentially even BabyIAXO—the particle’s interactions could have measurable impacts on stellar
evolution [74–76]. In this case, axions could also serve as astrophysical messengers, offering un-
precedented insights into stellar interiors through methods inaccessible to traditional telescopes [16].
These includes exploring solar properties like temperature [77], metallicity [78] and magnetic field
profiles [21, 79], facilitated by anticipated technological advancements.

Beyond the Sun, axions offer remarkable opportunities for studying other stars. They could
serve as invaluable tools for examining supergiants, providing insights into their evolutionary
stages, core temperatures, and other parameters inaccessible through conventional methods [80,
81]. Similarly, axions might help explore supernova physics, potentially permitting a deeper
understanding of the equation of state of nuclear matter [82–88].

1Knowing the mass could also enhance LSW experiment sensitivities beyond their nominal capabilities [73].
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4. Conclusions

Axion research has made remarkable progress, with significant advancements across experi-
mental, theoretical, and observational fronts. The upcoming decade holds immense potential for
breakthroughs, making axion searches one of the most exciting fields in modern physics.

The diversity of experimental approaches—ranging from haloscopes and helioscopes to lab-
oratory based techniques—ensures a comprehensive exploration of the parameter space. These
methods are complemented by astrophysical probes that provide critical constraints and opportu-
nities to uncover axion-related phenomena in stellar environments. The synergy between these
techniques promises not only to refine our understanding of axion properties but also to push the
boundaries of sensitivity to previously unexplored regions.

The next generation of experiments are poised to revolutionize the field. By leveraging cutting-
edge technology and innovative experimental designs, these efforts aim to probe deeper into the
axion parameter space and potentially reveal the particle’s role in the dark matter puzzle, the strong
CP problem, and stellar physics.

Beyond the technical milestones, an axion discovery would mark the dawn of a new era in
physics. Such a breakthrough would unveil physics beyond the Standard Model, opening the door to
understanding fundamental questions about the universe. Moreover, it would provide a unique tool
to investigate astrophysical phenomena, offering insights into stellar interiors, supernova dynamics,
and stellar magnetic field structures that are otherwise inaccessible.

The progress achieved so far underscores the transformative potential of axion research. As we
move forward, the collaborative efforts of the scientific community, supported by advancements in
technology and theoretical understanding, bring us closer to unraveling one of the most profound
mysteries in modern science.
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