
New experimental approaches in the search for axion-like

particles

Igor G. Irastorza1,2 and Javier Redondo1,3
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Abstract

Axions and other very light axion-like particles appear in many extensions of the Standard
Model, and are leading candidates to compose part or all of the missing matter of the Universe.
They also appear in models of inflation, dark radiation, or even dark energy, and could solve some
long-standing astrophysical anomalies. The physics case of these particles has been considerably
developed in recent years, and there are now useful guidelines and powerful motivations to attempt
experimental detection. Admittedly, the lack of a positive signal of new physics at the high energy
frontier, and in underground detectors searching for weakly interacting massive particles, is also
contributing to the increase of interest in axion searches. The experimental landscape is rapidly
evolving, with many novel detection concepts and new experimental proposals. An updated account
of those initiatives is lacking in the literature. In this review we attempt to provide such an update.
We will focus on the new experimental approaches and their complementarity, but will also review
the most relevant recent results from the consolidated strategies and the prospects of new generation
experiments under consideration in the field. We will also briefly review the latest developments
of the theory, cosmology and astrophysics of axions and we will discuss the prospects to probe a
large fraction of relevant parameter space in the coming decade.
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1 Introduction

The 20th century witnessed a spectacular revolution in our understanding of the fundamental laws of
nature, that culminated with the establishment of the Standard Model (SM) of particle physics, the
theory that describes with accuracy (at least as far as our experimental and computational accuracy
goes) the results of every experiment performed so far in particle physics. There are however many
reasons to believe the SM is not an ultimate theory of nature. Some decades ago it could have been
argued that the SM does not include the gravitational interactions –so successfully described at the
classical level by Einstein’s theory of general relativity– and so it has to be extended or embedded in
a more complete theory. Nowadays we can count on a few other striking observations. Perhaps the
most pressing come from cosmology, which seems to be also extremely well described by a classical
solution of Einstein’s gravity equations, a homogeneously expanding Universe with some primordial
inhomogeneities seeded by tiny quantum fluctuations during an exponential expansion phase, so-called
primordial inflation. And this excellent description requires a few ingredients that are nowhere to be
found in the SM: Dark Matter (DM) –a substance that behaves under gravity as cold gas of non-baryonic
weakly interacting particles, Dark Energy (DE), which gravitates as Einstein’s famous cosmological
constant, and at least a new field (not necessarily a fundamental field) whose potential energy drives
inflation for some time and then transforms somehow into the radiation that will dominate the energy
density of the Universe during Big Bang Nucleosynthesis. Amongst these three, the evidence for Cold
DM is the most precious for particle physics as it is directly attributable to the existence of new species
of particles, i.e. it has been convincingly proven that the majority of DM is not in the form of neutrinos
or any other SM particle.

But the SM itself also provides compelling reasons to seek a more fundamental theory of nature.
Most of them follow the same pattern: the lack of symmetry of the SM will be alleviated as we consider
physics at higher energy scales. New particles/fields are expected to appear and restore symmetries
that are not altogether evident in the SM. Couplings can be all related at high energies and still lose
this unified character at low energies because they run with the energy scale. Electroweak and strong
interactions could be two aspects of the same Grand Unified Theory (GUT) at a very high energy scale
of 1015 GeV where quarks and leptons would also be different ingredients of the same multicomponent
fundamental field. Other ideas consider the unification of the fermion generations into the framework
of family symmetries. Finally, theories beyond the framework of quantum field theory have to be
invoked to include gravity at the same quantum footing than the rest of known interactions. The most
conspicuous framework in which this appears to be possible, at least in principle, is the framework of
string theories in 10 dimensions.

Another avenue of speculation about possible extensions of the SM is concerned with the hierarchy
problem and the concept of naturalness. A very well motivated scenario predicts the existence of a
“supersymmetry” (SUSY) in nature between fermions and bosons. In addition of solving the hierarchy
problem, SUSY partners contribute to the running of SM gauge couplings, providing a strong hint for
GUTs. SUSY is also widely present in string theories. In addition, SUSY theories usually predict a
stable weakly interacting massive particle (WIMP), typically the lightest SUSY particle (LSP). In a
rather generic way, the expected relic density of LSPs thermally produced after the Big Bang falls in
same ballpark as the observed DM density. This has been called the WIMP miracle, and has constituted
a major motivation to invest large efforts to search for SUSY and WIMPs as DM candidates for the
last few decades. Unfortunately, experiments at the Large Hadron Collider have not yet found any
convincing signature of SUSY or any other new physics at the TeV scale and the many underground
experiments searching for WIMP-nuclear recoils have borne any unambiguous signal either. Besides,
cosmic rays from DM-DM annihilation (at the core of the WIMP miracle) above the accountable
astrophysical backgrounds, have not yet been found.

We have a very strong prejudice towards nature accommodating more particles/fields and more
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symmetries at high energy scales. If this new physics is well above the electroweak scale, there is little
hope to directly reach the needed energy scale at future accelerators. However, there are mechanisms
by which physics associated with high energy scales have important measurable consequences at very
low energy. There are well known examples of this. Gravity is associated with physics at the Planck
scale and has very appreciable effects at low energies (thanks to the graviton being massless and its
effects coherently summed up over a large amount of particles). Another example is the neutrino,
whose properties are better studied not by producing the highest energies possible, but the highest
luminosities and the most controlled environments for their experimental detection. Neutrinos offer
more analogies with the topic of this review, regarding e.g. their role in astrophysics and cosmology.
Let us mention that the smallness of the graviton and neutrino masses compared with the electroweak
scale does not pose another hierarchy problem because quantum corrections to their mass are protected
by symmetries. This inspires us to think about low mass particles associated with symmetries present
at high energies and their effects in cosmology, in astrophysics, and in experiments at the high intensity,
precision frontier. A discipline with its own taste sometimes called the low energy frontier of particle

physics [1].

The paradigm of this low energy frontier is the QCD axion, a hypothetical spin 0 particle predicted
by the Peccei-Quinn mechanism [2,3] to solve dynamically the so-called strong CP problem (the absence
of CP violation in the strong interactions) by using QCD dynamics itself. The axion was identified by
Weinberg [4] and Wilczek [5] as the pseudo Nambu-Goldstone (pNG) boson of a new spontaneously
broken global symmetry that Peccei and Quinn had postulated (and that since then bears the name
of PQ symmetry). The axion is strongly related to mesons and indeed would mix with the known
π0, η, η′ obtaining a mass and featuring couplings to hadrons and two photons. Both the mass and the
strength of these couplings are inversely proportional to fA, an energy scale related to the spontaneous
breaking of the PQ symmetry, so that the smaller the mass the weaker the couplings. Indeed, the first
Weinberg [4] and Wilczek [5] models had fA of the order of the electroweak scale and were soon ruled
out [6,7]. However, very soon it was realised that fA could correspond to a much higher energy scale [8,9]
which implies very low mass and weakly interacting axions. These axions were so weakly coupled that
they were dubbed invisible axions, a term which we shall not need henceforth as any other types of
axions are ruled out. The experimental constraints we discuss later on force us to consider values of
fA ≫ 107 GeV, which imply very small masses mA ≪ eV. Indeed, the axion is the paradigm of the
so-called weakly interacting slim particles WISPs [1] and its discovery would imply the identification
of a new energy scale in particle physics.

Axions as pNG bosons are very easily embedded in extensions of the SM at high energies by invoking
new fields and symmetries. Other NG bosons with similar properties to the axion have been proposed,
like familons [10–12] (related to family symmetries), majorons [13, 14] (related to lepton number) or
even axi-majorons (where the lepton and PQ symmetries are the same), see [15, 16] and Refs. therein.
The PQ mechanism can be easily embedded also in SUSY [17], GUTs [18] and most notably it is built
in string theory in a model-independent way [19, 20]. Indeed string theories predict the existence of
many axion-like particle candidates [21, 22] one of which would be the QCD axion, but the rest could
still play a similar phenomenological role [23]. In this review we will call axion-like particle (ALP) to
any such low mass pNG with weak interactions to SM particles and denote it with the letter a. The
particular ALP solving the strong CP problem by the PQ mechanism is called QCD axion and shown
as A, being granted the uppercase distinction by the Review of Particle Physics [24].

The phenomenology of axions and ALPs is determined by their low mass and very weak interactions.
ALPs (and other WISPs) could affect stellar evolution [25, 26] and cosmology [27] in a similar way to
thermal neutrinos. These effects are responsible for the constraint fA ≫ 107 GeV mentioned above.
Fortunately, the analogy with our standard WISPs (gravitons and neutrinos) does not stop here as
axions could be discovered by experiments at the low-energy high-intensity frontier. This is because
axions could mediate new long range forces [28], allow rare decays, appear after thick walls in beam-
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dump experiments (leading to the fascinating light-shining-through-walls (LSW) experiment [29]), and
be thermally produced in copious amounts in the Sun to be detected on Earth [30]. The analogy stops,
however, when we realise that axions are excellent DM candidates. Being very weakly interacting, their
main production mechanisms in the early Universe are non-thermal: the vacuum realignment mecha-
nism [31–33] and the decay of topological defects (axion strings and domain walls) [34, 35]. Therefore,
these axions are produced with extremely small velocity dispersion and are therefore very cold DM,
which perfectly fits the needs of the ΛCDM model of the Universe that so well describes the large scale
structure of the Universe.

For these reasons, axions have been searched for in dedicated laboratory experiments since their
proposal. The techniques employed for their detection are by no means common in the particle physics
community, focused to a large extent on accelerators and high energy collisions. After the experimental
exclusion of the first electroweak-scale axion models, the high values of fA needed to evade the astro-
physical and cosmological bounds threatened to make the axion impossible to find. In 1983, Pierre
Sikivie came up with a seminal paper in which he proposed two of the most fruitful techniques to search
for invisible axions [30]: the axion helioscope to detect the copious flux of axions emitted from the Sun
and the axion haloscope to detect axions from the hypothetical DM galactic halo. One idea is behind
all these experiments: to use coherent effects over macroscopic distances/long times to boost the axion
production or detection. As will be seen throughout this paper, this concept is crucial for the detectabil-
ity of the axion, but Sikivie’s proposal had another very important point, we can use natural sources
of axions which are extremely efficient, the Sun and the Big Bang, and concentrate the searches in the
detection part. Because of the extremely large fluxes of natural axions, helioscopes and haloscopes are
typically much more sensitive to axions and ALPs than their purely laboratory competitors, although
their luminosities are also subject to larger uncertainties, especially in the case of DM axions.

Since those early days, there has been a small but continuous experimental activity attempting
the detection of axions. Relevant pioneering experimental results in the 90s include: the Brookhaven-
Rochester-Fermilab collaboration implementing the first haloscope [36, 37] and helioscope [38] setups
with moderate sensitivity as well as, together with the Trieste group, also the first LSW setup [39];
the axion haloscope setup in Florida U. [40] (later to become ADMX [41]); a competing haloscope in
Japan (CARRACK) [42] focused on R&D in photon counting [43]; the first polarization experiment [44],
precursor of PVLAS [45]; the Tokyo helioscope [46] and, towards the end of the decade, the start of the
CAST helioscope at CERN.

During the last two decades, the efforts and size of the community have been steadily growing but
the few last years are witnessing a real blooming phase. Many new groups have entered the field,
new exciting detection concepts have been proposed and several demonstrative small-scale setups have
been commissioned. Moreover, well established techniques appear now as clearly consolidated and face
the upgrade to large scale experiments, entering the radar of more formal particle-physics roadmaps.
The reason for this is, on the one hand, the development of theoretical and phenomenological aspects
of axions (like their potential cosmological or astrophysical roles), that has helped sharpening their
physics case and yielding further motivation and guidance for detection, and, on the other, the fact
that detection technologies have reached levels that allow entering unexplored territory beyond current
constraints. The lack of positive detection of SUSY at LHC and WIMPs in underground detectors has
further contributed to the increased interest in axions too.

The proof that the experimental landscape is rapidly changing is that relatively recent reviews on
the matter have become already obsolete [47,48]. In spite of the risk of it being soon outdated too, we
attempt here to provide a complete review of the experimental landscape that is lacking at the moment
in the literature. We will describe the different detection strategies and their complementarity, with a
focus on the novel concepts recently proposed, and a review of the future plans and prospects for the
consolidated research lines. We start by presenting the theoretical motivations of the axion and ALPs
in section 2. We follow with a short update on the cosmology and astrophysics of these particles in
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section 3, explaining their potential role as DM candidate, and including an account of the status of
their astrophysical hints. We then proceed with the experimental review. Section 4 provides a small
bridge between the theory and the experiment in which we describe the relevant features of the natural
sources as well as the most theoretical elements of the detection. The experimental part is organized,
as it is customary, in three sections according to the source of axions considered: laboratory (section 5),
solar (section 6) and dark matter (section 7) axions. We finish with our discussion and conclusions in
sections 8 and 9 respectively.

2 Theoretical motivation to search for axions

2.1 The strong CP problem and axions

When we consider the Lagrangian of the SM at energies below electroweak symmetry breaking (EWSSB),
we find two possible terms that violate parity (P) and time-reversal (T) without changing quark flavour,

L
✟✟CP = −(q̄Lmqe

iθY qR + h.c.)− αs
8π
Ga
µνG̃

µν
a θQCD, (2.1)

where q = (u, d, ...) is a vector of quark flavours, αs is the QCD equivalent of the fine-structure constant,
Ga
µν is the gluon field-strength tensor and G̃µνa = ǫµναβGa

αβ/2 its dual and θQCD is the angle determining
the gauge-invariant QCD vacuum. Here, mq is an already diagonalised mass matrix and θY is a common
phase for all the quark masses. Note that a chiral phase redefinition of one quark,

qL → eiα/2qL , qR → e−iα/2qR, (2.2)

shifts its mass term to mqe
i(θY −α) and1

θQCD → θQCD + α . (2.3)

These shifts are a consequence of the fact that such axial U(1)A transformation of the quark fields
is not a symmetry. It is violated both by non-zero quark masses at the tree-level and by the colour
anomaly at the 1-loop level2. This last shift can be also understood as a non-trivial Jacobian from the
Path-integral measure, regularised to preserve gauge-invariance [51]. Therefore, while we can absorb
all phase differences between different flavours without changing θQCD –a combination of these phases
leading to the CP-violating phase of the CKM matrix– the common phase has to be absorbed by a
combined shift of all quarks, which will shift the CP violating phases from the Yukawa terms to the
GG̃ term,

L
✟✟CP (θY , θQCD) → L

✟✟CP (θY − α, θQCD +Nfα), (2.4)

where Nf is the number of quark flavours. Therefore, this particular type of P and T violation is
proportional just to one particular combination,

θ = θQCD +NfθY . (2.5)

Note that the first term arises from the definition of the QCD vacuum while the second comes from
quark mass matrices. In the SM, the latter originate from the Yukawa couplings of the Higgs to quarks,
which also lead to the CKM CP violating phase (γ ∼ 60 degrees in the usual parametrisation). So our
naive expectation is that θ can be easily of the order 1.

1 The shift’s sign depends on conventions for ǫ0123 and γ5. We use ǫ0123 = +1 and γ5 = iγ0γ1γ2γ3 as in [49].
2In principle there would be a shift in the equivalent electroweak term WµνW̃

µν but this term is not relevant, see [50].
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The most relevant observational consequence of this P/T violation phase is the existence of electric
dipole moments (EDMs) for hadrons, in particular for the neutron,

LEDM = −dn
2
(ψ̄niγ

5σµνψn)Fµν , (2.6)

where the magnitude of the neutron EDM has been calculated to be,

dn = (2.4± 1.0) θ × 10−3 e fm, (2.7)

with QCD sum rules [52]. The result agrees very well with the chiral loop estimate [53] when the
CP-violating pion-proton coupling g0 is extracted from the strong part of the proton-neutron mass
splitting [54, 55] instead of the octet baryon mass splitting, which has NLO corrections and is 100%
uncertain. Ultimately, we expect that the uncertainty can be reduced in lattice QCD calculations but
so far the errors are large. The latest results [56–58] still have errors somewhat larger than the above
estimate (note a recent correction in these results [59]) but improvements are to be expected over the
next few years. The experimental search for a neutron EDM has however consistently given null results
from the early 60s, and the current most stringent upper bound [60,61] is |dn| < 3.0×10−13e fm , which
imposes the spectacular restriction,

|θ| < 1.3× 10−10. (2.8)

But, why is θ so small if composed of two a-priori-arbitrary phases of completely unrelated origin? This
is the essence of the so-called strong CP problem3.

Different solutions to this issue have been discussed in the literature, see for instance [62, 63].
Interestingly, if one of the quark masses would be zero, for instance mu = 0, θ would be unphysical as
it can be rotated away into the up-quark phase [64,65]. In other words, if the up quark is massless, the
U(1)uA phase transformations of the up quark are a symmetry at the classical Lagrangian level, but are
violated at the quantum level by the colour anomaly term, GG̃. We can use these transformations as
redefinitions to show that θ is unphysical. Current lattice QCD estimates converge to mu/md = 0.48(3),
strongly disfavouring such a possibility4, see [67] and references therein.

However, having a U(1)A symmetry only violated by the colour anomaly would clear the strong CP
problem, inspired Roberto Peccei and Helen Quinn. They proposed that such a symmetry indeed could
exist in nature without the concomitant massless quark if it was spontaneously broken at a high energy
scale [2,3]. Such a spontaneously broken global axial symmetry, exact at classical level and only violated
by the colour anomaly has been henceforth called Peccei-Quinn (PQ) symmetry. Later, S. Weinberg
and F. Wilczek independently realised that such an spontaneously broken global symmetry implied a
new pNG boson, which Wilczek called the “axion” after a famous detergent for its virtue of cleansing
the SM out of its strong CP stain [68].

The axion solution to the strong CP problem can be understood by writing the low energy effective
theory of the NG boson of the PQ symmetry,

La =
1

2
(∂µA)(∂

µA)− αs
8π
Ga
µνG̃

µν
a

A

fA
+ (derivative couplings ...) (2.9)

where A is the axion field and fA is an energy scale called the “axion decay constant”, related to
the scale of spontaneous breaking of the PQ symmetry. The particulars of the implementation of the
PQ symmetry define the model-dependent derivative couplings but the colour anomaly is the defining
element of the PQ symmetry and implies the coupling of the axion field to GG̃. The PQ symmetry

3The θ phase violates P and T and conserve C, which by conservation of CPT, implies violation of CP.
4A possible loophole pointed out in [66] happens if the measured up-quark mass is not a hard mass from the Higgs

Yukawa interaction but is an effective CP-conserving mass given by additional physics, like a neutrino condensate [66].
In such case the η′ meson develops a VEV that cancels the effects of θ, just as the axion does.
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reflects here as a shift symmetry A → A + βfA that is respected by the kinetic and interaction terms,
except for the anomalous coupling to gluons. Indeed, thanks to this non-invariance we can now reabsorb
θ into a redefinition of A. After such redefinition, the axion field plays now the role of a dynamical theta
phase θ → θ(t, x) = A(t, x)/fA, and indeed henceforth when we refer to θ in the context of axions we
will be speaking of A/fA. Now we can assign θ a sign change under P and T transformations θ → −θ,
so that the θGG̃ term is now P and T invariant.

But the PQ mechanism is much more than merely rendering a concrete value of θ unphysical. Note
that a vacuum expectation value (VEV) of the axion field has exactly the same powers to induce P,T
violation as the original θ did in the SM. The most important point of the PQ mechanism comes from
the Vafa-Witten theorem stating that, in absence of other CP-violation sources, the QCD vacuum
energy has an absolute minimum at θ = 0 [69]. Indeed, the tree-level potential is calculable in chiral
perturbation theory (ChPT) [70],

VQCD(θ) = −(mπfπ)
2

√
1− 4

mumd

(mu +md)2
sin2

(
θ

2

)
, (2.10)

where mu,md,mπ are the up, down quark and neutral pion masses and fπ ≃ 93 MeV the pion decay
constant. In other words, the energy of the QCD vacuum depends on θ and it is minimum at the CP
conserving value. In the SM, θ is a constant and this energy behaves like a cosmological constant, but
once we promote θ to be a dynamical field, it can now evolve and settle into the minimum. Indeed,
given enough time and regardless of initial conditions5 it will relax to θ = 0. QCD dynamics itself

solves the strong CP problem!

2.1.1 Main axion properties

The axion solution has some model-independent aspects worth noting already. First of all, the strong
CP problem is solved regardless of the value of fA, the only model parameter shown in the low-energy
effective Lagrangian (2.9). In this sense, the value of fA is only relevant in deciding how the axion VEV
will evolve towards 〈A〉 = 0. Second, if fA is very large, the axion will be a very weakly coupled field and
the VEV evolves classically towards zero from its initial conditions in the early Universe. In this case,
the axion field overshoots the minimum and performs damped oscillations around it, behaving like a
condensate of axions, which has the exact properties of cold DM [31–33]. Third, the model-independent
axion coupling GG̃A will mix the axion with the η′ at energy scales below QCD confinement and
through it with π0 and the rest of the mesons. Through this mixing, the axion acquires a mass given by
m2
Af

2
A = ∂2VQCD/∂θ

2 ≡ χ. Recently, the value of the topological susceptibility, χ, has been calculated
in ChPT [67] with NLO corrections and in an epic lattice QCD effort [71]. Both results are compatible
within the errors, so we quote the one with the smallest uncertainty χ = (75.5(5)MeV)4. The axion
mass becomes,

mA = 5.70(7)µeV

(
1012GeV

fA

)
. (2.11)

The same mixing with mesons induces also a model-independent coupling to protons, neutrons and two
photons, see below.

Fourth, since the axion plays the role of a dynamical θ in the SM, it also acquires a coupling to the
neutron and proton EDMs, given by (2.6) with the substitution θ → A/fA (the coupling to protons has
the opposite sign).

Lastly, the minimum of the QCD potential is at θ = 0 in absence of other sources of CP violation
but we know for sure that these do exist. Therefore, the axion will not be able to provide a perfect

5With a caveat, related with the domain wall number, explained later.
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cancellation of the neutron EDM. In the SM the effect is quite small. If physics beyond the SM bring
larger sources of CP violation, the magnitude of these couplings can be much larger but it should not
shift the minimum of the axion from zero further than the bound (2.8) and this restricts very severely
these couplings.

2.1.2 Axion models

We can learn more about what couplings of the axion to expect, and the general relation between
axion phenomenology at low energies and the high energy theory by studying some axion models. A
general U(1) symmetry acting on the coloured fermions {ψf} and scalars {H} of any extension of the
SM is ψf → eiXfαψf , H → eiXHαH and can be represented by a vector of charges X = {Xf , XH}. The
symmetry has a colour (and/or electromagnetic) anomaly if the triangle anomaly diagrams weighted
by the charges are non-zero. The coefficients of the anomalies are respectively,

N =
∑

f

(−1)aXfSf , E = 2
∑

f

(−1)aXfQ
2
f (2.12)

where Sf is the index of the SUc(3) representation of ψf (quarks, i.e. colour triplets have Sq = 1
with our normalisation) and a = 0, 1 for L and RH fields. Invariance of any of the Yukawa couplings
with the form f̄iHjfk imposes a constraint −Xfi +XHj

+Xfk = 0 in the vector space of possible U(1)
transformations, while having a non-zero colour anomaly requires the inequality

∑
f (−1)aXfSf 6= 0.

In the SM, if we restrict ourselves to flavour-conserving symmetries, we have qL, uR, dR quarks and
the Higgs field spanning a 4-dimensional vector space. Invariance of the Yukawa couplings that gives
mass to the up and down quarks restricts it to a 2D surface, which turns out to be orthogonal to the
vector of the anomaly, X · S = 0. One of the two remaining directions corresponds to the Hypercharge
gauge symmetry and the last direction is essentially baryon number (which is not chiral, and is not
spontaneously broken). Moreover, in the SM there are not enough degrees of freedom to implement the
PQ symmetry because the 3 possible Goldstone directions of the Higgs are eaten by the W,Z bosons
to become massive.

In order to implement a PQ symmetry in an extension of the SM, we need extra degrees of freedom
and a colour-anomalous direction in X-space. Regarding the former, there are two options: adding new
complex scalars or new fermions that condense (composite or dynamical [72–74] axions). Regarding the
direction in X-space we can distinguish two options: the PQ symmetry involves the SM quarks (like in
the original PQWW or the DFSZ models), or invokes new quarks (like in KSVZ ), enlarging the available
X-space.

PQWW model: The first axion model considered only the SM fermions but enlarged X-space by
invoking 2 Higgs doublets, Hu, Hd with the Yukawa interactions,

LY ∋ −λu(q̄LHu)uR − λd(q̄LHd)dR − λe(L̄Hd)eR + h.c. (2.13)

so that up and down-type fermions get their masses through the VEV of the neutral components
of Hu, Hd, respectively. A PQ symmetry appears if we forbid terms containing the SM-invariant
H†
dǫH

∗
u in the scalar potential, see for instance [75]. Writting the neutral Higgs components as Hd0 =

eiθdρd/
√
2, Hu0 = eiθuρu/

√
2, the kinetic part of the lagrangian gives, after EWSSB,

|DµHu|2 + |DµHd|2 =
1

2
v2u(∂µθu)

2 +
1

2
v2d(∂µθd)

2 +
mZ

vF
Zµ∂

µ(v2uθu − v2dθd) + ... (2.14)

where Dµ is the covariant derivative, vu, vd are the VEVs of ρu, ρd, vF =
√
v2u + v2d ≃ 247GeV plays the

role of the SM Higgs VEV, and we used the hypercharges YHd
= −YHu

= 1/2. In the space spanned
by the two possible Goldstone directions ad = vdθd and au = vuθu, the “gauge” direction eaten by the
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Z boson to become massive corresponds to (v2uθu − v2dθd) = vuau − vdad and the PQWW axion to its
orthogonal direction ∝ vdau+vuad. A rotation in au, ad space of angle tan β = vu/vd gives a canonically
normalised kinetic term Lφ = (1/2)(∂µAW

)2 from (2.14) for the PQWW axion,

A
W
= au cosβ + ad sinβ = (θu + θd)

vuvd
vF

. (2.15)

In this model θu + θd is periodic in the interval (0, 2π) and so is the axion field A
W

→ A
W
+ 2πnv

W

with n ∈ Z and v
W
= vuvd/vF . The resulting Lagrangian contains the axion interactions in the Yukawa

Lagrangian in terms likemuūLe
iθuuR and does not explicitly contain the axion-GG̃ interaction. However,

a chiral redefinition of fermion fields uL → eiθu/2uL, uR → e−iθu/2uR (also for down and e-type), can be
used to reabsorb the A

W
-component of the u, d phase fields, which are (setting the gauge part to 0),

θu = cos2β
A

W

v
W

, θd = sin2β
A

W

v
W

, (2.16)

producing the required GG̃A
W
term and derivative interactions (from the fermion kinetic terms). Since

quarks and leptons have electric charge, the redefinition also generates a coupling to photons FF̃A
W
.

Redefining the uL, uR, dL, dR, eL, eR fields for the three families we generate the following Lagrangian
interactions for the PQWW axion,

−αs
8π
Ga
µνG̃

µν
a (θu + θd)× 3 = − αs

8π
Ga
µνG̃

µν
a

A
W

v
W
/3

(2.17)

− α

8π
FµνF̃

µν2

[
3

(
2

3

)2

θu + 3

(−1

3

)2

θd + (−1)2θd

]
× 3 = − α

8π
FµνF̃

µν 8

3

A
W

v
W
/3

(2.18)

+ūγµγ5u
∂µθu
2

= cos2β ūγµγ5u
∂µAW

2v
W

(2.19)

+ūγµγ5u
∂µθu
2

+ d̄γµγ5d
∂µθd
2

+ ēγµγ5e
∂µθd
2

= sin2β
(
d̄γµγ5d+ ēγµγ5e

) ∂µAW

2v
W

(2.20)

The gluonic and photonic anomaly terms have the same origin as the shift in (2.3), while the fermion
couplings come from the fermion kinetic terms iūγµ∂µu, etc. Note that our convention is γ5ψL

R
= ∓ψL

R
.

If we define the interactions of a generic flavour-conserving axion as

LA =
1

2
(∂µA)(∂

µA)− αs
8π
Ga
µνG̃

µν
a

A

fA
− α

8π

E

N
FµνF̃

µν A

fA
+
∂µA

2fA

∑

ψ

CAψ(ψ̄γ
µγ5ψ), (2.21)

we can now read from (2.17)-(2.20) the decay constant, fA, and the couplings to down-type, up-type
quarks and charged leptons as

fA =
v
W

3
,

E

N
=

8

3
, CAu =

cos2 β

3
, CAd = CAe =

sin2 β

3
(PQWW). (2.22)

Note that the physical range of the axion is
A

W

v
W

∈ (0, 2π) but the QCD potential is periodic in the

quantity
A

W

fA
= 3

a
W

v
W

so this model has three physically different CP-conserving vacua: 0, 2π/3, 4π/3.

The degeneracy of vacua plays a dramatic role in cosmology, because of the possible cosmologically-
stable domain walls, to be reviewed later. The PQWW axion is periodic with 3 vacua, and thusNDW = 3.
With a convenient normalisation NDW = N . For a generic periodic QCD axion model, we will define
θ = A/fA and the axion periodicity as A/vPQ ∈ (−π, π) with NDW = vPQ/fA an integer.
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DFSZ: The PQWW axion has interactions related to the EW scale and was quickly excluded by a
number of experimental constraints [6,7]. So were some of its flavour violating “variants”, for instance
by the absence of the rare decay K+ → π+ +A

W
, [76,77]. However, the PQWW model can be tweaked

to become “invisible”, i.e. to escape such constraints, by including a new complex SM singlet scalar,
S = (vS + ρS)e

iθS/
√
2 with a coupling ∝ H†

dǫH
∗
uS

t. Two variants are possible with t = 2, 1. This term
violates the original PQWW symmetry, but respects a new PQ symmetry where the S field transforms
with tXS = XHu

+ XHd
. It is actually responsible for giving mass to a combination of the PQWW

would-be axion, A
W
, and the new Goldstone direction, aS = θSvS. In particular, in the spontaneously

broken phase, when both Higgs have VEVs, we find,

H†
dǫH

∗
uS

t + h.c.→ 1

2
2+t
2

vdvuv
t
Se

i(tθS−θu−θd) + h.c. =
1

2
t
2

vdvuv
t
S cos(tθS − θu − θd) (2.23)

so that the direction t(aS/vS) + (A
W
/v

W
) becomes massive. The orthogonal direction becomes the

so-called DFSZ axion [9, 78],

A = aS cos γ − A
W
sin γ with tan γ =

tv
W

vS
(2.24)

The model is “invisible” when vS ≫ vF , which corresponds to a very small mixing tan γ ≪ 1 and
the axion being mostly along the new direction aS. This S field is a SM singlet and has therefore
no interactions with the SM. The DFSZ axion therefore, acquires all couplings to the SM from the
mixing with the A

W
direction. This has the interesting implication that all couplings are proportional

to the couplings of the PQWW model. Indeed we can get them from the PQWW low energy Lagrangian
through the simple substitution6 A

W
= −A sin γ + .... Since fA is defined as the energy scale that

divides the axion A in the GG̃ term, sin γ is by definition the ratio of the decay constants,

A
W
→ fW

A

fA
A =

tv
W√

v2S + (tv
W
)2
A =

3tfW

A√
v2S + (tv

W
)2
A (2.25)

so that fA =
√
v2S + (tv

W
)2/3t. It is easy to check that A is periodic in

√
v2S + (tv

W
)2, so NDW = 3t

can be 3 or 6. With the redefinition (2.25) it is clear that all the DFSZ axion couplings to quarks and
leptons have the same C ′s as PQWW but with the new decay constant.

E

N
=

8

3
, CAu =

cos2 β

3
, CAd = CAe =

sin2 β

3
(DFSZ I). (2.26)

There is a variant of DFSZ where the lepton mass is obtained from a Yukawa coupling to ǫH∗
u instead

of Hd. This gives CAe = −CAu instead of CAe = CAd and thus E/N = 2/3. We usually call them DFSZ

I and II, respectively, but in the context of 2 Higgs doublet models they are labelled type-II and type-IV
(or flipped). Perturbativity of the Yukawa couplings constrain the ratio 0.28 < vu/vd < 140 [79], which
implies 0.024 < |CAd| < 0.33332 and 2× 10−5 < |CAu| < 0.31, so are not very restrictive.

KSVZ: The simplest invisible axion model is KSVZ [8, 80], in which the SM is enlarged by a new
extra heavy quark Q, SM singlet, and a new SM singlet complex scalar S with the Lagrangian,

LKSVZ = iQ̄ /DQ+
1

2
|∂µS|2 − λ(|S|2 − v2)2 − (yQ̄LSQR + h.c.) (2.27)

which features a PQ symmetry

QL → e−iα/2QL , QR → eiα/2QR , S → e−iαS, (2.28)

6The ellipsis stands for the massive pseudoscalar absent in the low energy theory.
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spontaneously broken by the VEV of S, 〈S〉 = vS. The VEV gives a mass mQ ∼ yvS to the heavy quark
and the radial component of S, mρ ∼

√
λvS, which are supposed much larger than the electroweak scale.

The axion is the NG boson that can be extracted by redefining the scalar as S(x) = (vS + ρ(x))e−iθ(x)

and reabsorbing it in the quark Q → eiγ
5θ(x)/2Q̃. This field redefinition generates a kinetic term for the

axion field from |∂µS|2/2 = v2S(∂µθ)
2/2 + ... and the anomalous coupling to GG̃ from the anomalous

triangle diagram. Thus, at low energies where Q, ρ are integrated out, and identifying fA = vS we find
precisely the Lagrangian (2.9) without any further derivative coupling.

Hadronic axion models: The KSVZ model has the virtue of simplicity but brings a possible
cosmological problem because Q turns out to be cosmologically stable and the relic population [81] can
easily become quite problematic [82–85]. A simple solution is to endow Q with the same hypercharge as
up or down quarks, so that a mixing term with SM quarks is allowed and Q decays open up. This does
not generate direct axion couplings to SM fermions. However, Q gets electrically charged and the PQ
symmetry also has an electromagnetic anomaly. The low-energy theory includes a coupling to photons
with E/N = 2Y 2

Q = 2/3 if the hypercharge coincides with up-type (YQ = −1/3) or E/N = 8/3 if it
coincides with down-type quarks (YQ = 2/3). The KSVZ model can be further generalised to include
several coloured fermions (not neccesarily triplets) and scalars. A recent study has considered the
former option selecting the models cosmologically unproblematic from the point of view of the stability of
coloured relics and the absence of Landau poles below the Planck scale [86,87]. Under such requirements,
the values of E/N found in the phenomenologically reasonable models are E/N ∈ (5/3, 44/3)

A radiative correction via the photon coupling produces couplings to SM fermions, most importantly
to electrons, given by:

CAψ ∼ 3

4

α2

π2

(
E

N
log

fA
Λ

− 1.92 log

(
Λ

mψ

))
(2.29)

where Λ ∼ GeV and the second log comes from meson mixing, see below.
Axi-majorons: Another interesting variant of KSVZ can be obtained by using the new scalar

to break spontanously B − L at a high energy scale to give mass to RH neutrinos and explain small
neutrino masses within the Seesaw mechanism. In these models, the majoron, a NG boson related to
the spontanous breaking of B − L [13, 14] can also be the axion, leading to the so-called axi-Majoron
models [15], first discussed as KLPY [88–90]. A recent proposal in this direction is the SMASH
model [16,91]. Another concept for an axi-majoron is the Ma-xion [92], where the neutrino masses are
generated radiatively. The axi-majoron has couplings to neutrinos, but they are too small for having any
relevant phenomenological consequence. However, if the Dirac-Yukawa RH couplings with the SM Higgs
are large, a loop of RH neutrinos can induce an axion coupling to electrons of order CAe ∼ 1/16π2NDW,
potentially larger than in Hadronic models, see [90, 93] and [16].

Familons: Further axion models can be built by relaxing the assumptions above. Leaving our
stringent requirement of flavour dependent U(1) symmetries, we encounter the axion as a NG boson
associated with the spontaneous breaking of some family/flavour symmetry, as first proposed in [10].
A large number of options are available in these models. A recent paper proposed the Minimal-Flavour-
Violation axion [94] where there are no flavor-changing axion interactions but flavour universality is
violated, i.e. axions do not mediate transitions between different families but couple to them with
different strengths. In this model, we have E/N = 8/3 as in PQWW or DFSZ . Getting the Yukawa
hierarchies correctly requires PQ charges that imply a large NDW = 9.

A minimal flavour-violating axion model is perhaps the axi-flavon or flaxion [11, 12]. Here, the
complex scalar Froggat-Nielsen flavon field [95] plays the role of the Yukawa couplings when taking a
VEV, while its phase provides an axion with relatively clear predictions, for instance E/N = 8/3. The
axion-meson mixing is different from the standard flavour-neutral axion case but the effective axion-
photon coupling still gets a clear prediction |CAγ| ∈ (0.5, 1.1). The strongest constraint/discovery
channel in the model is the K+ → π+A decay, which sets a bound fA & 1010 GeV depending on the sd
flavour violating coupling.
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In general, the freedom in choosing the PQ charges of SM fermions is such that one can engineer
models with very surprising properties. For instance, ref. [96] considers a non-universal DFSZ model
with a 2+1 flavour scheme (i.e. universal PQ charges for two generations) and can cancel completely
the proton and neutron couplings (nucleophobic axion, see for an old related idea [97]) and even the
electron coupling. While nucleophobia can be obtained by engineering CAu ∼ 2/3, CAd ∼ 1/3, electro-
phobia requires other means. A nucleo and electrophobic axion would be astrophobic, for the strongest
constraints on axion properties from stellar evolution rely on axion-emission from these three couplings,
see Sec. 3.2, and thus can be largely avoided [96].

Other: The above list is by no means exhaustive. As mentioned in the introduction, axions can
be easily embedded in SUSY [17] or GUT [18] models. A recent paper summarises model building
constraints when the axion is built into a GUT [98]. A recent GUT SMASH-like model, has been
proposed along these lines [99]. Other models in which the axion emerges as a composite particle have
also been studied by several authors [72–74,100].

The issue with gravity: Quantum gravity (QG) is expected to violate global symmetries as
classical black holes have no global charge, and this imposes a potential harm to the axion solution
to the strong CP problem [101]. See [102] for a recent review wormholes and NG bosons. This can
be illustrated by parametrising QG effects as a series of Planck suppressed operators [103–105], which
contribute to the axion potential, e.g. in KSVZ as

−L
✟✟PQ =

∑

n=4...

cn

2mn−4
P

Sn + h.c.→ V
✟✟PQ ∋

∑

n

|cn|
2mn−4

P

|S|n cos (θ + δn + nθSM) (2.30)

where the SM angle θSM = θQCD + NfθY reappears here when we absorb it in the axion field and
cn = |cn|eiδ. With this contribution, the minimum θ0 of the overall potential VQCD+V

✟✟PQ is, in general,
not θ0 = 0 and the ensuing nEDM could easily violate the bound (2.8) with θ → θ0, unless the cn
are very small . 10−10(χ/nm4

P)(mP/fA)
n. The cn are expected to be exponentially suppressed by the

classical action so very small values could well be natural but other solutions have been proposed.
Fundamental discrete symmetries could forbid the lowest order effective operators [15, 101, 106, 107],
effectively suppressing the danger. In other proposals the PQ symmetry could be protected by gauge
symmetries [108, 109]. A more recent proposal suggests that there might only be one operator in
gravity capable of invalidating the axion solution, the gravitational Chern-Simons term [110]. Now, if
in addition to the QCD axion there is another NG boson in nature that couples to such term, gravity
will give mass only to one linear combination of the two, leaving the other to solve the strong CP
problem. This NG boson could be related with the neutrino lepton number [111].

2.1.3 Axion couplings and the generalisation to ALPs

Most of the phenomenological implications of axions and ALPs are due to their feeble interactions with
SM particles at the relatively low energies of laboratory setups below QCD confining temperatures.
The most relevant particles are thus protons, neutrons, electrons and, most importantly two photons.
These are the relevant couplings also in the relatively hotter stellar interiors and in the Big Bang shortly
after the QCD phase transition at a temperature ∼150 MeV. The Lagrangian density capturing the
relevant interactions for axions at those energies can be divided into CP conserving and CP-violating
interactions. The former are given by

LCP
A =

1

2
(∂µA)(∂

µA)− VQCD(θ)− CAγ
α

8π
FµνF̃

µν A

fA
+
∂µA

2fA

∑

ψ

CAψ(ψ̄γ
µγ5ψ) + ... (2.31)

where the low-energy couplings are obtained from the quark couplings CAq and the model-independent
contributions from meson mixing as
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CAp = −0.47(3) + 0.88(3)CAu − 0.39(2)CAd −KAh (2.32)

CAn = −0.02(3)− 0.39(2)CAu + 0.88(3)CAd −KAh (2.33)

KAh = 0.038(5)CAs + 0.012(5)CAc + 0.009(2)CAb + 0.0035CAt (2.34)

CAγ =
E

N
− 1.92(4) (2.35)

where the bracketed figure corresponds to the experimental error from quark mass estimations and
NLO corrections from7 [67]. Note that the model-independent coupling to neutrons is compatible with
0 within the uncertainties. Additional model dependencies can change these couplings by O(1) amounts
and even cause relatively large cancellations [96]. The coupling to charged leptons does not change when
matching above and below ΛQCD. The axion also develops couplings to pions and mesons, relevant for
flavour changing searches in the context of familons and cosmology. At dimension 6 other axion
couplings arise. Phenomenologically, the most relevant is the one leading to the nEDM,

−Fµν
A

fA

∑

ψ=p,n

CAψγ
2mψ

(iψ̄σµνγ5ψ) + ..., (2.36)

where the couplings are estimated as CAnγ = −CApγ ≃ 0.011e from (2.7).
All the above couplings conserve P and T if the axion field is pseudoscalar, i.e. if it transforms

A → −A under a parity or time reversal transformation. However, any other source of CP violation
in the theory will propagate and produce CP-violating couplings of the axion. Phenomenologically, the
most relevant are perhaps the scalar Yukawa couplings,

L✟✟CP = − A

fA

∑

ψ=p,n

C̄Aψmψψ̄ψ + ... (2.37)

where the values of the coefficients C̄Aψ depend on CP violation in the SM and physics beyond it. The
couplings (2.37) can be generated directly by radiative corrections and but also indirectly though higher
order CP-conserving operators like A2N̄N because the CP-violation will in general shift the minimum
of the axion potential (2.10) from θ0 = 0 to some value θ0 6= 0, generating interactions like 2θ0AN̄N .
In the SM, CP-violation comes from the CKM phase and the leading effects are though to come from
integrating out the c quark in 6-quark operators proportional to VudV

∗
cdVcsV

∗
usG

2
Ff

4
π [112], where Vij is

the CKM matrix, GF is Fermi’s constant and fπ ∼ 93 MeV the pion decay constant. The imaginary
part of that combination is w = 3× 10−5 × 10−14 = 3× 10−19 and would lead to values of θ0 ∼ w and
CP violating axion couplings to nucleons N of the order |C̄AN | ∼ wmumd/((mu+md)mN) in [112]. The
contribution from any vacuum shifting CP-violation contribution is |C̄AN | ∼ θ02mumdσNπ/mN(mu +
md)

2 where σNπ ≃ 60 MeV [28]. Reference [28] estimates the SM CKM contribution as θ0 ∼ 10−15.
Note the contribution to the couplings could be correlated with the neutron EDM dn ∝ θ0, and therefore
constrained to |C̄AN | < 3.7×10−12. However, in the most general case, CP-violation effects shift θ0 and
also contribute to C̄AN directly so the constraint is valid barring cancelations, see [63] for a review on
EDMs and examples. On another note, the axion field is expected to have a VEV for dynamical reasons
(see section 3.1), although it features damped oscillations. We are talking about the axion DM field
itself. Locally, it will produce CP violating effects that oscillate in time with a characteristic frequency
(given by the axion mass) and will be searched for experimentally. The neutron EDM is perhaps the
most interesting example but there are others [113].

7Our conventions are essentially the same as [67] so we can directly take their results. Note only that we use ǫ0123 = +1

where [67] uses ǫ0123 = −1, so we have written L ∈ −GG̃,−FF̃ terms with an explicit minus sign in the Lagrangian,
while [67] shows a + sign.
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In this review, we define axion-like particles as those having interactions similar to the axion, whose
origin is expected to be similar, even if some of the C coefficients are zero at tree-level and the mass
and decay constant hold a different relation than the QCD axion does. We will denote them as a and
reserve the symbol A for the QCD axion. It is convenient to define a set of generic CP-even and CP-odd
ALP interactions to photons and fermions f ,

LALP−int. = −gaγ
4
FµνF̃

µνa− a
∑

ψ

gaψ(iψ̄γ
5ψ)− aFµν

∑

ψ

gaψγ
2

(iψ̄σµνγ5ψ) + ... (2.38)

− ḡaγ
4
FµνF

µνa− a
∑

ψ

ḡaψ(ψ̄ψ) (2.39)

Here, we have used the fermion equations of motion to put the couplings in Yukawa-form by inte-
grating by parts

(∂µa)(ψ̄γ
µγ5ψ) ≡ −a2mi(iψ̄γ

5ψ). (2.40)

showing that the CP conserving axial couplings are proportional to the fermion masses.
Historically, fermion couplings, gaf ∝ mf/fa with some ALP decay constant fa, have been defined

dimensionless and the photon couplings gaγ with dimensions of inverse energy from f−1
a . For QCD

axions, the mass and couplings are related by

gAf ≡ CAfmf

fA
= 1.75× 10−13CAf

mf

GeV

mA

µeV
, (2.41)

gAγ ≡ α
2π

CAγ

fA
= 2.0× 10−16CAγ

mA

µeV
GeV−1, (2.42)

gAγn ≡ CAγn

mnfA
= 6.4× 10−16 mA

µeV
GeV−2, (2.43)

note that with the last definition, an axion VEV implies a neutron EDM dn = gAγn〈A〉, dn = gAγn〈θ〉fA.
Therefore, QCD axions models occupy bands in the phenomenological (ma, ga) planes. We usually define
“QCD axion bands” by bracketing the C ′s on a reasonable set of models. The photon coupling has been
the most studied. Early works [114–116] have been recently completed by a more phenomenological
approach [86, 87], that we follow to define the band on the (gaγ,ma) space in the plots of this review.
For the gae coupling we follow the lower and upper bounds on Cae derived from the perturbativity of
the Yukawa couplings presented above.

2.2 Beyond the QCD axion, ALPs and other WISPs

The theory and phenomenology of axions is to a large extent shared with any other pNG bosons which
have a low mass and very weak couplings coming from a spontaneously broken symmetry at very high
energy scales. However, these axion-like particles [117–119] will in general have nothing to do with the
PQ mechanism and will not get their masses from QCD effects but from some other dynamics that
break explicitly the global symmetry. Thus, while for the QCD axion we have mAfA ∼ mπfπ, the
quantity mafa can be larger or smaller for other ALPs. As already mentioned, string theory predicts a
rich spectrum of ALPs (including the axion itself) [21, 22, 120].

Most of the experiments that search for the effects of axions coupling to some SM particles (photons,
electrons, nucleons) can be sensitive to ALPs with a comparatively smaller value of Λ because for the
same mass the couplings ∝ 1/fa will be larger. Thus axion experiments have the potential to discover
ALPs other than the axion, which as we have mentioned arise quite naturally in extensions of the
SM. Unfortunately, because of this possible degeneracy it might be complicated to attribute a possible
discovery signal in one experiment to the existence of purely QCD axions, i.e. the ones involved in the
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solution of the strong CP problem. In such a case, we would need as many different signals as possible
to discriminate between axions and ALPs. Nevertheless, the current variety of experiments and the
rate at which new ones are proposed lead us to think that it might be possible, at least in certain cases,
to identify a purely QCD axion discovery.

Finally, it is worth mentioning that other low-mass particles, very weakly coupled to known SM
particles share many of the theoretical and phenomenological aspects of axions and ALPs. In particular,
they can be often searched for with the same experiments. Moreover, their study can also give us hints of
fundamental properties of nature and/or new high energy scales. Many of the axion experiments covered
in this review are sensitive to other bosonic particles even if very weakly coupled. A prime example are
hidden photons, (also called paraphotons, dark photons, Z ′s [121–125]), gauge bosons of a new Uh(1)
gauge symmetry of a hidden sector, i.e. a set of fields uncharged under the SM gauge interactions.
Even very heavy mediator fields coupling to the SM and this hidden sector can induce kinetic mixing
between the hidden photon and the standard photon [122, 126]. The kinetic mixing angle between
the hidden and standard photon is naturally small –values χh ∼ 10−13 − 10−2 are typically predicted
in the literature [127–138]. The mixing leads to a number of observable consequences in laboratory
experiments [139–155], astrophysics [156–164] and cosmology [165–175], which are very similar to those
of an ALP coupled to photons. Recent reviews can be found in [176, 177]. Hidden photons can easily
arise in the context of string theory, where their mass and the size of kinetic mixing are correlated with
properties of the extra dimensions and the string coupling, see for instance [133, 137].

It is worth mentioning that low mass particles charged under the Uh(1) hidden group, will appear
to have a small electric charge of size ghχh/e where gh is the gauge coupling associated to Uh(1). These
minicharged particles can have similar implications in astrophysics and cosmology [121, 126, 178, 179]
than axions and ALPs, particularly in laser experiments [124].

Scalar fields invoked to explain the identity of dark energy, such as quintessence fields [180–183],
chameleons [184–186], galileons [187], symmetrons [188] also share some of the peculiar signatures of
axions and ALPs. However, contrary to axions, which have naturally pseudoscalar couplings to fermions,
these have scalar couplings to matter and can mediate spin-independent long range forces that easily
compete with gravity. Indeed some of these models, use non-linearities to reduce the long-range forces
and evade the strong constraints, often implying violations of equivalence principle [189]. These scalar
couplings can also lead to variations of the fundamental constants, subject to further constraints.

In this review we will be mostly concerned in reviewing experimental approaches for the search of
axions and axion-like particles, but we will highlight whenever these searches are also competitive in
the quest of identifying other types of WISPs.

3 Axion cosmology and astrophysics: constraints and hints

In this section we aim at a concise review of the current indirect constraints on axions and ALPs
from astrophysics and cosmology. Laboratory searches are the main subject of this review and will
be discussed at length in the body of the paper. The impact of axions and ALPs in astrophysics and
cosmology is very often model-dependent and we will make special emphasis on the assumptions of
each constraint. We discuss the different arguments from the early big bang, inflation, dark matter
and dark radiation, physics of the cosmic microwave background (CMB), the dark ages, reionisation,
structure formation, stellar evolution and some other stellar probes, and ending with cosmic rays. Most
importantly, sometimes the effects of axions/ALPs actually improve the matching of observations with
the theoretical expectations. In this case, we speak of hints towards the existence of an axion/ALP with
certain characteristics. The case is that observational errors and systematics are difficult to ascertain
and thus we cannot take these hints as discoveries. However, if many hints point at the same type
of axion with a consistent set of couplings the significance increases. We will also describe the most
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Figure 1: Review of current constraints in the overall (gaγ, ma) plane. We introduce the color criteria
for the rest of plots of this review: black/gray for purely laboratory results, bluish colors for helioscope
experiments or bounds depending on stellar physics, and greenish for haloscopes or cosmology-dependent
arguments. Yellow/orange are reserved for hinted regions of the parameter space, like, in this case, the
QCD axion band. In this plot we present only current bounds, for future prospects we refer to following
plots later on. We refer to the text for explanation of each region. Adapted and updated from [191].

interesting regions of parameter space where some of these hints could be due to the same and only
particle. For the sake of generality we will refer to ALPs in this section. When we talk about the axion
we will mean the QCD axion solving the strong CP problem. An comprehensive review on axion and
ALP cosmology to largely complement our discussion can be found in [190].

3.1 Axions and ALPs in cosmology

Axions and ALPs appear in non-renormalisable theories below a certain energy scale, associated with
fa. Above such a scale the axion is typically not an adequate degree of freedom to describe physics,
and in particular the vacuum of a theory. For this reason, it is expected that the axion “appears” after
a phase transition in the early Universe at very high energies/temperatures ∼ fa. This phase transition
is controlled by an order parameter, typically the VEV of some other field, e.g. the VEV of S in KSVZ .
When this order parameter takes the low temperature value, the PQ symmetry becomes spontaneously
broken and a “flat” direction appears in the potential, the QCD axion. The same scheme applies for
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Figure 2: Review of current constraints on an ALP coupled to electrons in the mass-coupling plane, (ma,
gae). Yellow regions contain DFSZ models respecting unitarity constraints on the SM Yukawa couplings
and Hadronic axion models –like KSVZ – where the electron coupling arises from the 2-photon-loop
and is proportional to E/N . The gae coupling is bounded from stellar physics, solar physics and
searches for solar axions via gae-channel in underground experiments. See text for details. The hint of
gae = 1.6+0.29

−0.34 × 10−13 [79] from stellar physics (see section 3.2) is also shown.

an ALP. Deviations from flatness are related with explicit violations of the global shift symmetry, most
importantly the axion/ALP mass, which is responsible for ALPs becoming DM. We assume that these
deviations are irrelevant at the scale fa by considering ma ≪ fa. In the QCD axion case this is even
more so because the axion potential arises from the GG̃A interaction and QCD instantons, which are
extremely suppressed at high temperatures. Thus, at the phase transition, the ALP field is effectively
massless and will take different vacuum expectation values VEVs in regions of the Universe that are
causally disconnected, i.e. of size comparable with the causal horizon ∼ t (cosmic time). One speaks of
different “patches” of the scale of the horizon, but of course they are smoothly patched together. At the
phase transition, ALP interactions with the thermal bath are not expected to be small, at least with
the particles closely related to them. Therefore some thermal ALP population is expected on top of this
smooth field. The wavelength related to the VEV is of horizon size, ∼ t, while the typical wavelength
for thermal fluctuations is ∼ t(T/mP) ≪ 1 with T temperature and mP = 1/

√
GN = 1.22 × 1019

GeV the Planck mass. Usually one has T ∼ fa ≪ mP so there is a huge separation of scales between
the long-wavelength ALPs and their thermal counterpart. If the ALP is a periodic field, like in the
cases where it corresponds to the phase of a new scalar field (PQWW , KSVZ , DFSZ ...) or fermion
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condensate, this patchy distribution is accompanied by a network of cosmic strings formed by the Kibble
mechanism [192]. In the string cores, of typical size ∼ O(1/fa) the order parameter cannot break the
PQ symmetry restricted by topology and a huge energy density ∼ f 4

a is stored. As the network evolves,
the overall string length decreases by straightening and collapsing loops, some energy is radiated in the
form of low-momentum axions.

There are therefore at least two ALP populations, cold and hot. The first will become cold dark
matter and the second dark radiation or hot dark matter (depending on the exact value of the ALP
mass and cosmological history). We discuss them in order. The effects of these populations are quite
diverse and so are the ensuing constraints. In particular, some constraints can depend on the effects of
these populations through the ALP interactions with SM particles and will disappear at low values of
the ALP couplings, but others will depend only on their gravitational effects as dark matter and will
depend on ma, fa and some extra cosmological assumption.

Our working definitions are axion-inspired but generic for ALPs. We define our ALP, a to be defined
in a circle of radius v, a/v ∈ (−π, π), and having a relatively small potential energy V(θa) = V(θa+2π)
with a different periodicity expressed as θa = a/fa with fa = v/NDW.

3.1.1 Cold dark matter

The impact of ALPs in cosmology is strongly affected by the moment where cosmic inflation happens,
if it does at all. If the PQ-like symmetry breaks spontaneously before inflation and is never restored
afterwards we speak of the pre-inflation scenario. Inflation stretches a tiny patch of the Universe until it
is so large that our current Universe fits inside. In order to explain the isotropy of the CMB temperature
and the homogeneity of the large scale structure of the Universe, the size of the original patch must
be much smaller than the horizon at that time. Therefore the axion field inside was also essentially
homogeneous and it gets even more so during inflation. The further evolution of this ALP “zero-mode”
in our Universe follows the simple dynamics of a decoupled scalar field,

ä+ 3Hȧ+
∂V(a)
∂a

= 0, (3.1)

where the Hubble expansion rate H = Ṙ/R is the logarithmic derivative of the scale factor R(t) of
the assumed Friedmann-Lemâıtre-Robertson-Walker metric describing our expanding Universe. The
solution is a constant initial value of the field, ai, until a characteristic time

t1 ∼ 1/
√
∂2V/∂a2|i, (3.2)

at which the ALP rolls down its potential towards its minimum and performs damped oscillations.
This state corresponds to a coherent state of non-relativistic ALPs that behaves as cold dark matter at
time scales longer than the period of oscillations. If the initial condition is not far from the minimum,
we can always approximate the potential as a harmonic one, V ∼ m2

aa
2/2 and obtain the density8

today [171,193],

Ωpre
a h2 ∼ 0.016

√
ma

eV

√
ma

ma(t1)

( ai
1011GeV

)2

Fg (3.3)

where the parameter Fg is a smooth function of the temperature at t1, T1 = T (t1) [171] taking values
∈ (1, 0.3) when T1 ∈ (T0, 200GeV). The above equation is also approximately valid even if the mass
depends slowly on time, i.e. it is different at the onset of oscillations and today ma(t1) 6= ma. This
is precisely the case of the QCD axion, where one finds VQCD(A) ∼ χ(T )(1 − cos θ) at sufficiently

8We use ρ for any energy density and ̺ exclusively for cold dark matter. Ω′s are cosmological averaged energy densities
normalised to the critical density ρcr = 10.5h2 keV/cm3 and h = H(t0) in units of km/(Mpc s).
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high temperatures –the previously quoted (2.10) is valid only sufficiently below the QCD cross over at
TQCD ∼ 150 MeV. The topological susceptibility, χ(T ), strongly suppressed by thermal effects above
the QCD confinement scale is, because of its smallness and relation to topology, extremely difficult
to compute in lattice QCD. A recent burst of interest [194–196] has resulted in the first calculation
including the relevant quarks up to 2 GeV [71]. Departures from the harmonic approximation can be
computed numerically and depend on the concrete ALP potential (The low-T QCD potential (2.10) is
an explicit example).

In the post-inflation scenario, the PQ-like phase transition happens after inflation and therefore
the Universe has patches of different ALP VEVs. The correlation length increases as ∼ t because
fluctuations of wavelength shorter than the horizon decay as radiation and because the cosmic strings
(which force all values of θa ∈ (0, 2π) around them) can only annihilate by collapsing loops of size
smaller than the causal horizon and straightening long strings on those length scales [197]. At t1,
the ALP potential becomes effective in differentiating values of θa and the VEV in all the Universe is
revealed to be misaligned and starts moving towards the closest minimum (there might be more than
one!). The dominating long fluctuations have wavelengths the size of horizon at t1, which is precisely t1
and upon oscillating around the minimum behave as cold dark matter, with a larger velocity dispersion
than the pre-inflation scenario. There are three main differences with the previous scenario. First,
different patches have different values of ai so the dark matter density is inhomogeneous. The size of
these patches is t1 ∼ 1/ma(t1), and today they have stretched to t1R(t0)/R(t1) ∼ t1(

√
ma(t1)mP/T0) ∼

30
√

10−14eV/ma(t1) pc, which can be much smaller than the cosmological probes of large scale structure
even for tiny masses. Overdense regions will collapse to small and dense DM clumps called axion/ALP
miniclusters [198–201] . Second, if our Universe contains sufficiently many patches with random initial
conditions the average density is given by calculable statistical average, and the uncertainty about θi
disappears [202]. In the quadratic approximation for the potential one finds 〈θ2a〉 = π2/3 for θa ∈ (−π, π)
for the axions coming from the realignment mechanism. This scenario can be much more predictive
than the pre-inflation. However, the predictivity is spoiled because in general the string and domain
wall network decay producing axions, which also contribute to DM. See below for the discussion on the
QCD axion mass needed to get the right DM density. Third, in a general ALP potential we can have
several local minima or even degenerate minima, which implies a critical issue to be discussed next.

Domain wall problem: The QCD axion can be easily afflicted by having more than one
CP-conserving minimum. By definition, the axion gets its potential from QCD instantons and the
GG̃(A/fA)-coupling, which is 2π−periodic in A/fA. But an axion model can define the NG boson in
a physical region NDW-times larger than that. This was the case in PQWW where θu + θd = A

W
/v

W

is 2π-periodic but fW

A = vPQ/3, therefore AW
/fW

A = 3(θu + θd) can turn NDW = 3 times around the
periodic QCD potential before reaching a physically equivalent value, and thus it will have physically-
different minima at A

W
/fW

A = 0, 2π, 4π, all of them CP conserving. This is certainly the case in the
DFSZ models, where we have NDW = 6, 3 for t = 2, 1, respectively, and can be the case in hadronic
models with many extra new colored fermions Q, see Tab. 1. In the post-inflation case there are patches
with all values of the ALP field and different regions will tend to different minima at t1. A domain
wall (DW) is the zone that appears at the physical boundary between regions that chose a different
minimum. Across the DW, the axion field interpolates between these minima, reaching very large
densities VQCD ∼ χ in its centre, where θA takes the value π (modulo 2π). Given enough time, the
energy stored in DWs can dominate over radiation and matter and lead to a Universe very different
from observed [203]. This is certainly the case for axions with NDW > 1 [204], see also [205]. Assuming
a scaling solution for the average DW energy density ρDW ∼ σDW/t, with σDW the energy per surface of
the order ∼ Vmax/ma and Vmax ∼ O((mafa)

2), the network would not dominate today’s energy density
for ma < 10−8 eV (106GeV/fa)

2
. This is never satisfied for the QCD axion, but can be the case for

ALP models. In the context of axions, several ways to solve the PQ mechanism and axions have been
proposed: inflation after the PQ-phase transtition (i.e. the previous scenario), NDW = 1 where only
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one physical vacuum exist (see also [206]) and DWs are unstable, and models where the degeneracy
of different vacua is not exact [204, 207]. The latter is very generic if the global symmetry is just
accidental since at least it should be violated by quantum gravity [101], see also [102] and refs. therein.
Discrete symmetries can be invoked to control the magnitude of the breaking making succesful cosmo-
logical scenarios for ALPs and axions [208]. A difference in vacuum energy ∆V0 between vacua causes
an acceleration ∆V0/σDW that precipitates their annihilation in a time ∼ σDW/∆V0. The annihila-
tion of the DW network solves a cosmological disaster and provides another source of potential dark
matter [209], dark radiation ALPs and gravitational waves [205,210,211].

QCD axion/ALP mass for the right DM density: In the pre-inflation models, (3.3) univocally
links ma with Ωa for a given initial value of the field ai = θai/fa. If one requests that Ωa equals the
observed DM density, this would give a prescription on ma, if it were not for the unknown value of
θai. In Fig. 3 we show the required value of ma (assumed constant) as a function of fa for θai = 1 as a
black line. Values in the ballpark fa ∼ 1012 − 1014 GeV are required for a broad range of ALP masses
ma ∼ 10−10− 10−2 eV. The required value of fa increases as we decrease the assumed θai and viceversa.
For the QCD axion case, and for the unsophisticated value of θAi ∼ 1, this argument suggests mA ∼ few
µeV, see Fig. 3. But different initial values, e.g. θAi ∈ (0.3, 3), correspond to a wider approximate range
mA ∈ (10−6−10−4) eV. Even lower (or higher) finetuned values of θAi, something that could be justified
by anthropic reasons [212], could lead to arbitrarily low values of mA (or as high as 10−3 eV). The low
mass scenario in sometimes called anthropic window. We have indicated these DM-motivated mass
ranges in blue in the top scale of Fig. 18. In the post-inflation case, the uncertainty of an unknown θAi
is averaged away but the contribution of topological defects to axion DM must be taken into account,
and their calculation suffers from important computational uncertainties. Early attempts to estimate
the relative importance with respect the standard misalignment effect provided conflicting answers from
different studies. Some authors argued that the contribution was of the same order as the one from
the misalignment effect [213], while others [214] found it considerably larger. Recent studies have shed
more light on the issue, although considerable uncertainty remains. A recent computation of the decay
of topological defect and their contribution to the axion relic DM density in the post-inflation scenario
predicts a range for the mA ∼ (0.6 − 1.5) × 10−4 eV [215, 216]. Another study claims a more definite
and lower prediction ma = 26.5 ± 3.4 µeV [217]. The challenge behind these computations arise from
the difficulty in understanding the energy loss process of topological defects and analyzing the spectrum
of axions produced from them in numerical simulations with a relatively small dynamical range. The
NDW = 1 mass range indicated in red in the topscale of Fig. 18 arbitrarily encompasses the last two
results quoted. As mentioned above, models with NDW > 1 are cosmologically problematic. However,
those models can be made viable if the degeneracy between the NDW vacua is explicitly broken. In
those models the topological defects live longer and produce larger amount of axions, and therefore they
can lead to the same relic density with substantially larger values of mA. More specifically models with
NDW = 9 or 10 evade the contraints imposed by the argument that the breaking term should not spoil
the solution to the strong CP problem, while potentially giving the right DM density for a wide range
mA ∈ (5×10−4−0.1) eV [216]. The generic ALP case has not been studied in detail but the contribution
from topological defects will typically increase Ωa, thus decreasing the required fa for a given ma or
increasing ma for a given fa. Let us stress again that the values of ma obtained with any of the above
prescriptions correspond to a Ωa equal to the total observed DM density, and given the approximately
inverse proportionality of Ωa with ma (common for all of the axion production mechanisms discussed),
lower values of ma would overproduce DM while higher masses would lead to subdominant amount of
DM.

Model dependencies on the relic density: The ALP relic density (3.3) assumes that t1
happens during radiation domination (RD) and from that moment on the oscillations are adiabatic,
i.e. ṁa/ma ≪ H, and the expansion is adiabatic too. If a heavy particle decouples and decays later,
significant entropy can be produced, and if injected after t1 the ALP abundance decreases by the ratio
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of the comoving entropies before and after the injection [218,219]. No significant injection can happen
after neutrino decoupling Tν ∼ 5 MeV or the accurate predictions of BBN would be spoiled [220, 221]
so (3.3) is safe for ma . 1/tν ∼ 1.66T 2

ν /mP ∼ 10−14 eV but could be overestimated above it. The
consequences of dropping the assumption of radiation domination during t1 have been studied in some
references. Reference [222] studied the low-T reheating scenatio and kination, where Ωa decreases or
increases, respectively, with respect to the standard radiation dominated scenario. More general kinetic
terms including singularities have been considered in [223]. Another interesting case, recently discussed
in [224] considers a second (shorter) period of inflation after cosmic inflation, where large entropy
dilution factors can arise, but a little enhancement is also possible.

Perhaps it is interesting to mention in this context the relation between baryogenesis and the QCD
axion. A VEV of the QCD axion induces CP violation, which combined with baryon number violating
interactions during an out-of-equilibrium period could produce the baryon asymmetry of the Universe.
The power of QCD to violate CP resides in the GG̃ operator, which only receives contributions from
QCD instantons, which are highly suppressed at the temperatures where B-non-conserving interactions
are active. However, an ultra-low inflationary period with a delayed EW phase transition can potentially
do the trick [225, 226].

Generic constraints on ALP DM: The CDM model requires dark matter to be present at
matter-radiation equality, corresponding to redshift zeq ∼ 3000, and any component should not exceed
the measured value Ωch

2 = 0.12. This last overproduction argument has been widely used to constraint
the axion decay constant fa . 1012 GeV by assuming ai ∼ O(1)fa, i.e. by imposing no fine-tuning on the
“misalignment angle” θi and can be easily generalised to any ALP [171]. However, we find these bounds
extremely misleading. In the pre-inflation scenario, the initial misalignment angle in our Universe is
a randomly chosen parameter which cannot be assumed to be of O(1) because it turns out to lead to
anthropic selection [212,227,228]. In earnest, the overproduction bound only applies to QCD axions in
the post-inflation scenario where the uncertainty on the initial conditions of the axion field is averaged
out.

If the ALP mass is too small, it might behave as a cosmological constant during CMB decoupling
before starting to oscillate and behave as DM. A careful analysis of the CMB constraints Ωa/Ωc <
0.1 for ma < 10−25 eV, above which the bounds relax notably [229]. Ultralight-axions (ULAs) have
received a lot of attention recently as peculiar dark matter candidates. Their Compton wavelength spans
astronomical distances and their gravitational clustering differs from the ordinary pressureless dark
matter. See [230] for a recent review on this sometimes called fuzzy dark matter scenario. Currently
the most relevant constraints at those low masses come from the non-observation of a decrease in the
power spectrum of density fluctuations at the small scales probed by the Lyman-α forest [230,231].

For ma . 10−32 eV, t1 > t0 ∼ 13.9 Gy and the ALP energy behaves as a cosmological constant even
today. In the string axiverse [21], some axions are expected to play exactly this role.

Isocurvature constraints: In the pre-inflation scenario, the ALP field exists during inflation and
its small quantum fluctuations with 〈a2〉 ∼ H2

I are stretched to cosmological sizes. If ALPs are a signif-
icant contribution to the DM of the Universe, their density fluctuations contribute to the temperature
inhomogeneities. The characteristic imprint to the latter is an isocurvature contribution [232,233] that
has been searched for in CMB and not yet found [234]. The latest analysis of the Planck collaboration
gives a constraint [235]:

Ωa

Ωcdm

d ln Ωa

dθi

HI

2πfa
. 10−5. (3.4)

The expansion rate during inflation, HI , is currently unknown but it can be measured directly if the next
generation of CMB polarisation experiments detects B-modes from the primordial graviational waves
produced during inflation. The LiteBIRD [236] and PRISM [237] missions could measure down to
HI ∼ 4×1012 GeV. Since values of fa > mP are unrealistic, such a discovery without the corresponding
isocurvature signal would very easily exclude axions within this pre-inflationary scenario (as it was
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thought to happen in the BICEP2 incident [238]) unless they contribute a minute fraction to the total
DM, Ωa/Ωcdm ≪ 1. There are however, a number of models that avoid this constraint [239, 240].

Miniclusters and axion/ALP “stars” (oscillatons, droplets, pseudo-breathers, axitons...):
In the post-inflation scenario the DM distribution is inhomogeneous at comoving scales related to t1
when the ALP field starts to oscillate and behave as DM. In this scenario, an ∼ O(1) fraction of the DM
is placed in regions of large density contrast δ(x) = (̺(x) − ¯̺)/ ¯̺ & 1, where ¯̺ is the density averaged
over a comoving volume much larger than (t1R/R1)

3. A region with overdensity δ & 1 enters into
matter-domination epoch earlier than the Universe on average, at a scale factor Rδ ∼ Req/δ, where
Req ≃ 1/3400 is the scale factor of matter-radiation equality [241]. Around that time, gravitational in-
stability becomes stronger, and the DM inside becomes gravitationally bound relatively fast, decoupling
from the Hubble expansion and becoming an axion/ALP minicluster. Miniclusters were first considered
in the context of axions [198, 199] and recently for ALPs in the context of the string axiverse [201].
Assuming no significant accretion or merging, their typical size after collapse and virialisation stays ∼
constant as 0.5 t1Rδ/R1. Compared with the average DM density ¯̺ that redshifts as 1/R3, at matter
radiation equality the minicluster is a factor of ∼ δ4 denser and another factor ∼ 1/R3

eq is accrued until
today. We assumed that R1 < Rδ, i.e. ALPs become DM before miniclusters collapse, but this might
not be the case for very small ALP masses. QCD axion miniclusters9 have very low masses but very
dense cores,

Mmc ∼ 10−12M⊙ , ̺mc
A ∼ 104

GeV

cm3
, (3.5)

(M⊙ = 3 × 1030 kg is the solar mass) and do not get easily tidally disrupted in the galaxy by tidal
interactions with stars and fluffier objects [205,242]. Their density profile roughly corresponds to a cored
NFW [200]. They shall suffer from some hierarchical structure formation to form larger gravitational
bound systems but at the moment is not clear whether they become homogeneously virialised objects or
clusters of miniclusters [243]. A Press-Schecter formalism has been used to predict the minicluster halo
mass function [243,244]. A recent analytical effort unaccounting for axion self-interactions can be found
in [245]. One can search for these large overdensities in the DM distribution with femto and pico-lensing
[200, 246]. Current femtolensing searches of Mmc ∼ 10−15M⊙ primordial black holes [247] constrain
their DM fraction to be smaller than ∼ 10% but have not been analysed in terms of miniclusters.
Since typical Einstein radii are larger than the cluster radius, this study would not very constraining.
More recently, very strong constraints have been devised using microlensing [243, 244]. Under some
assumptions on the minicluster mass fraction in our galaxy and its neighbourhood, the EROS survey
of the large magellanic cloud [248] and Subaru’s HSC survery of Andromeda (M31) [249] (originally
intended as primordial black hole searches) can be used to set strong constraints on the amount of DM in
miniclusters [243,244]. More dedicated surveys could improve the constraints or even lead to a potential
discovery but more analytical and simulation work is required in order to interpret non-observations in
terms of constraints [244].

Axions and ALPs as scalar fields store energy in their gradients, which leads to a particular type
of pressure (usually called quantum, kinetic or gradient pressure). The gravitational pull on a co-
herent superposition of axions can be balanced by this pressure, leading to stable coherent lumps of
DM [250], called oscillatons, boson-stars, droplets or dilute axion stars in our context. The solution
with zero-angular momentum has a radius-mass relation R0

das ≃ 9.9/(GFMdasm
2
a) [250]. Negative self-

interactions in the potential, like axions and ALPs must have to some level, can change dramatically
these solutions [251]. A negative quartic term V ∼ −λ4a4/4! behaves like a negative pressure and drives
a collapsing instability to these objects above a critical mass M ∼ 11

√
(fa/ma)2/λ4GN . The insta-

bility is delayed for higher angular momenta configurations, although perhaps not indefinitely [252].
In the QCD axion case, the instability drives at a very early time t ∼ t1 the so-called axitons found

9In the post-inflationary scenario we have fA < 1012 GeV for which T1 ∼ 1.5 GeV, R1 ∼ 10−13, t1 ∼ 10−7s ∼ 40 m.
A typical virialised axion minicluster radius is 1012 cm.
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in [253], collapsing regions that converge into a pseudo-breather, which oscillates for a few times with
large amplitudes θ ∼ O(2π) and radiates away barely-relativistic axions. The same phenomenon was
recently found in a simulation of a collapsing over-critical axion star [254]. For the collapse to lead to a
blackhole, values of fa close to mP are needed, see [255] for a discussion and state of the art simulations.
A new type of equilibrium configurations, dense axion stars, where gravity is equilibrated by repulsive
self-interactions was proposed in a recent paper [256] (see also [257]) but it has been shown that the so-
lution found was inconsistent and the closest object to a dense axion star is the axiton/pseudo-breather,
which is so short lively to be inconsequential cosmologically [258,259], see also [260]. Although a posi-
tive self-interaction like +λ6a

6 would lead to a repulsive force able to counterbalance gravity and create
a stable configuration [261], this does not seem to apply when all orders of a V ∝ (1 − cos(a/fa)) or
the axion VQCD are included. The radiation of relativistic axions due to self-interactions and photons
from axion stars have been studied in [260,262–265]. A recent speculation that fast-radio-bursts (FRB)
could be due to the axions in a dilute axion star falling into a compact object with a large B−field and
converting into photons [266–270] is most likely not viable for QCD axions [271], particularly since it
is clear that dense axion stars are not stable and some FRBs are repeating. Most of the work done for
QCD axions directly applies to general ALPs, where perhaps the FRB interpretation is still possible.

Axion dark matter field as background medium in the early Universe: Nuclear properties
like masses, binding energies etc. depend on the value of θ. In the SM or its extensions where θ is a
constant, the stringent bound from the nEDM (2.8) constrains most of the effects of a non-zero θ to be
unnoticeable. For instance, Ubaldi studied the effects of θ in two relatively fine-tuned nuclear quantities,
the deuteron binding energy and the triple-α nuclear reaction cross-section, where a misadjustment
could lead to spectacular consequences for Big Bang and stellar nucleosynthesis [272]. He concluded
that θ . 6×10−3 was enough to ensure unnoticeable changes and proposed it as an anthropic constraint.
However, axion DM consists precisely of an oscillating θ field whose amplitude decreases with time. If
today QCD axions saturate the observed DM, their energy density is ¯̺∼ m2

AA
2
≈
/2 = 1.3 keV/cm3 with

A≈ the typical oscillation amplitude giving θ≈ ∼ 8× 10−22. The DM redshifts as 1/R3 as long as it is
decoupled, so one can retrieve the typical amplitude at proton-neutron decoupling θT∼MeV ∼ 3.6×10−7.
During BBN it is even smaller and thus axion DM is safe, as found in [273]. Reference [273] quotes
bounds on ḡAγn based on direct effects from θ on nuclear properties affecting BBN yields and therefore
are not valid for a generic ALP. In principle, one could use the effects of an ALP-coupled non-zero
nEDM dn to get BBN bounds, and are most likely weaker than those shown for axions in [273].

Axion/ALP dark matter field as optical medium: The DM ALP field coupled to two photons
behaves like an active optical medium with a characteristic frequency ma. The active medium changes
the dispersion relation of photons imposing forbidden bands that we interpret as instability bands where
photon occupation numbers can grow absorbing ALPs. The dispersion relations and some consequences
on photon propagation and cosmic rays have been worked out in detail in [274–277]. The birefringence
effect on the CMB can cause B-mode polarisation in the CMB [113].

The CP violating coupling ḡaγFFa renormalises the electric charge in the ALP DM background with
very interesting phenomenological consequences in cosmology, astrophysics and opens up interesting
laboratory searches. The value of this coupling for QCD axions is extremely small and so are the ensuing
effects. For reasons of space we have decided not to cover this important topic here. See [278, 279] for
recent reviews.

3.1.2 Hot dark matter and dark radiation

Axions and ALPs with thermal energies would have been produced by interactions with SM particles in
the early Universe. The interaction set (2.38) corresponds to dimension-5 operators that give energy-
independent cross sections ∼ 1/f 2

a for reactions involving 2 SM particles producing one ALP. Production
rates in a thermal bath are therefore Γ ∝ T 3/f 2

a and so are most efficient at high temperatures,
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Γ/H ∝ TmP/f
2
a , during radiation domination (RD). Hence, ALPs are most efficiently produced at

high-temperatures. If their rates are strong enough they thermalise with the SM bath and when Γ/H
drops below ∼ 1 their abundance freezes-out. Assuming that this happens during RD and the further
expansion is adiabatic, one can compute the relic density. Compared to today’s CMB photon density we
have na/nγ,CMB = 1.95/gS(Td) where gS(Td) is the effective number of effective degrees of freedom (d.o.f.)
at the decoupling temperature (a measure of the entropy of the bath), recently computed with accuracy
even around the QCD confining epoch in [71]. If an ALP has different couplings to SM particles, only
the latest decoupling counts. The impact of this radiation depends very much on the ALP mass, and
to a lesser extent on the decoupling temperature, which also influences the exact velocity distribution.
ALP masses above ∼ 100 keV behave as cold DM (like the misalignement mechanism axions but with
much larger velocity dispersion), around ∼10 keV as warm DM, for 10 keV∼1 eV as hot DM and
for lower masses as dark radiation. The fraction of hot DM affects structure formation and can be
constrained with the CMB anisotropies. Hadronic QCD axions have been analysed in [191, 280–282],
where a constraint ma < 0.53 eV at 95% C.L. is set from a combination of Planck anisotropies and other
large-scale-structure data. For these masses, the relevant processes at decoupling are meson interactions
π±π0 ↔ π±a (Td ∼ 100 MeV) and axions still behave as DM during CMB decoupling times. For the
lower masses we are mostly interested in here, ALPs behave as dark radiation.

Any exotic contribution to the DR density ρDR is often expressed as an effective number of neutrino
species ∆Neff = ρDR/ρ

std
1ν , where the density corresponding to one standard neutrino d.o.f. is ρstd1ν =

7/8 (4/11)
4/3 ργ. The amount of DR due to a thermal ALP that decoupled at Td is shown in Fig. 3,

updated from [283] with the QCD equation of state of [71]. Currently, the most optimistic analysis of
cosmological data constrains it to be Neff = 3.04 ± 0.18 [241], disfavouring Td < 0.1 GeV. There is no
direct evidence that the early Universe was ever at a temperature higher than that, so the sensitivity
to DR is extremely cosmological-model-dependent. Nevertheless, DR searches can be a powerful tool.
The sensitivity of the next generation of CMB probes can reach down to ∆Neff ∼ 0.01 [284, 285]. This
would be enough to discover or rule out an ALP decoupling whose abundance is suppressed by all the
d.o.f. of the SM. This has the spectacular implication than if ALPs were ever in thermal equilibrium
they could be discovered in ∆Neff , if no d.o.f. beyond the SM is present. Tuning the argument around,
if an ALP is discovered experimentally we would learn about the total number of d.o.f. in nature. The
thermal production of axions was pioneered in [286]. The relation between ALP couplings and the
decoupling temperature has been worked out for photons [287, 288], pions [289, 290], gluons [291, 292],
leptons and quarks [293, 294], see [283, 294] for a recent reassessment. All these calculations assume
RD and are therefore cosmological-model dependent. In particular, if the reheating temperature TRH is
smaller than Td the predictions get considerably diminished.

Relativistic ALPs can be also produced “non-thermally”. In particular by the decay of some heavy
scalar field [295] like the inflaton or by parametric resonance of the inflaton itself [16, 296]. Depending
on the ALP mass, they can become DR or even warm or hot DM [296]. The former case is generic in the
context of string theory where a large number of moduli fields, massive but with small (gravitational-
size) couplings can be long lived and have decays to light species (axions and SM particles) with very
similar branching ratios producing a late reheating and DR [297,298]. The amount of DR is generically
larger than in the case of thermal production and therefore this scenario will be very strongly constrained
by CMB-S4 experiments. These ALPs can potentially affect BBN [299] and make galaxy clusters glow
in soft-X-rays by converting into photons in the cluster magnetic fields [300, 301] for photon couplings
of the order of gaγ ∼ 10−12 GeV−1.

Dark matter decays: Axions and ALPs with masses below the electron-positron threshold decay
mostly into two photons with a rate Γ = g2aγm

2
a/64π. We are mostly interested in sub-eV masses and

gaγ < 0.66 × 10−10 GeV−1 as implied by the CAST helioscope (see Sec. 6.1) where the lifetime of DM
ALPs is Γ−1 > 3.0× 1025 s, larger than the age of the Universe by a factor ∼ 108. For completeness, let
us point that shorter DM ALP decays can have a large variety of consequences. If the decay happens
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Figure 3: Left: Value of 1/fa for axions/ALPs to have the observed relic DM abundance with θa ∼ 1
for a constant ma (black) and for the case where the temperature dependence is as extreme as the QCD
axion (orange). QCD axions, however exist only in the blue band and tend to overproduce DM at low
mass. The ratio between the blue and orange line corresponds to the required value of θi to match
observations (if the ratio is smaller than 1, otherwise the relation is non-linear). Right: Dark radiation
due to a generic thermal ALP relic as a function of the decoupling temperature.

earlier than the CMB decoupling, the photon injection can affect the BBN yields and distort the CMB
spectrum. Photons from diffuse DM decays after recombination would be seen as a monochromatic line
broadened by cosmic expansion, which can be constrained by the flux of extragalactic background light
(EBL) [191] or direct line searches in the X-ray and gamma-ray region [191]. . In the UV region the
cross section of H photoionisation is so large that these photons can alter the history of the Hydrogen
ionisation fraction (xion) [191]. When we assume a sufficiently large reheating temperature to make
ALPs thermalise, these arguments lead to the constraints shown in Fig. 1 as BBN, CMB, EBL, X-rays
and xion.

Today, the signal will be larger in DM rich galaxies. Searches for decaying DM axions in a few sample
galaxies have set strong constraints in the eV-mass range [229]. Assuming ALPs are all the cold DM, the
ensuing constraints are shown in Fig. 1 labelled as “Telescopes”. A search in the microwave region was
conducted in [302] but the sensitivity is not better than the gaγ ∼ 10−10 GeV−1 benchmark. The presence
of slowly varying galactic B-fields leads to the induced decay or inverse-Primakoff conversion a+γ∗ → γ
that will also lead to a monochromatic signal. A recent study [303] concludes that the sensitivity of
present and future radio telescopes is unfortunately not enough to detect the benchmark QCD axion
but it will be sensitive to ALP DM in the mass range 0.1− 100µeV for couplings gaγ & 10−13 GeV−1.
This paper corrected a previous claim where QCD sensitivity was envisaged with SKA sensitivity [304].

ALP DM decay was proposed as an explanation of the still unexplained 3.55 keV line in the Perseus
cluster and M31 [305] but the absence of signal from dwarf spheroidal galaxies (dSph) [306, 307]
disfavours this interpretation. However, it could be attributable to DM decay into two ALPs, which
then convert into monochromatic photons in intercluster B-fields [308], which are much weaker in dSph’s.
This scenario predicts a completely different signal morphology with peculiar testable signatures [309–
311]. The signal is proportional to the DM abundance of the heavy DM species, the DM decay rate
into ALPs and the conversion probability ∝ g2aγ. The degeneracy between these three parameters and
uncertainties in the DM and B−field distributions preclude precise predictions of gaγ but the authors
point to exemplary values of gaγ ∼ 10−13 GeV−1 and ma . 10−12 eV.
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3.1.3 ALPs and inflation

The flat ALP potentials have the nice feature of being in principle protected against radiative corrections
and offer excellent candidates for the inflaton field itself. These so called natural-inflation models [312]
have been thoroughly studied, for instance with the ubiquitous cosine potential Λ4(1− cos θ). Needless
to say, string theory and its axiverse has a number of excellent candidates for such fields [21, 313]. Al-
though the simplest potential seems to be slightly in tension with data [234], recent sophistications like
monodromy [314,315] can still provide satisfactory models. Unfortunately, the low-energy phenomenol-
ogy is almost never correlated with the physics of inflation. Perhaps one exception is the so-called
ALP-miracle model of [316,317] where an ALP with two cosine potentials giving something like a Hill-
top quartic potential can drive inflation, reheat through the coupling to photons gaγ ∼ 10−11GeV−1 and
provide the DM of the Universe through the realignment mechanism. This happens for an ALP mass
in the range ∼ 0.01− 1 eV. The extreme tuning of the two potentials to give a sufficiently flat potential
for inflation is correlated with the low mass needed for DM, making it more appealing than naively
could be expected. Although the most appealing aspect is that this model is testable as we shall see.

3.2 Astrophysics

Owing to their coupling to electrons, photons or nucleons, ALPs can be thermally produced in the
hot and dense stellar interiors. The weakness of their couplings ensures a small emission rate per unit
mass, but they can be emitted from the whole volume of the core and can compete with photon surface
emission and even with thermal neutrino emission in certain cases. A classical textbook reviews generic
ALP limits and specific implications for axions [25]. Here we update on the latest developments. The
ALP-photon coupling is best constrained by the ratio of horizontal branch (HB) to red giants in globular
clusters (GCs). The ratio decreases as the HB phase is accelerated by the increasingly faster He-burning,
due to the hotter temperature implied by axion emission through the Primakoff effect γ + Z → a+ Z.
The latest stacked study of 39 GCs [318,319] gives the constraint gaγ < 0.66× 10−10 GeV−1 (labeled as
“HB” in Fig. 1) although the data are better fit by a small axion cooling. The photon coupling can also
be constrained by a combined fit of solar data (neutrino flux and helioseismology) [162] (labelled Sun
in Fig. 1), but the constraint is not as strong. An ALP in this ballpark can produce other interesting
effects in more massive stars [320–322] but data are too scarce to set reliable exclusions. The bounds
are typically applicable for ma . 10 keV (representative of typical stellar core particle temperature and
particle energies). Above this benchmark few constraints survive, with the SN1987A neutrino pulse
duration reaching the highest masses [117], see Fig. 1. The same constraints apply to the CP violating
coupling ḡaγ because the polarisation-averaged non-relativistic Primakoff cross section is the same for

the FF̃a and FFa couplings.

The coupling to electrons is very efficient in producing axions by the ABC processes (Axiorecombi-
nation, Bremsstrahlung and Compton) [323] and is severely constrained by a number of low mass star
observations. Axion bremsstrahlung in the degenerate cores of red-giants delays the He-flash enhancing
the luminosity of the brightest red giant in GCs. A study of M5 outputs a constraint gae < 4.3× 10−13

with a slight preference for extra cooling [324]. The slightly small HB/RG ratio in GCs could also
be due to this channel [325]. The most stringent constraints come from different white-dwarf cooling
arguments: period decreases of WD variables [326–330] and fits to the luminosity function [331, 332].
Surprisingly, the agreement of theory with observations of these systems improves with a bit of axion
cooling. A recent combined analysis of the M5 tip and WD data gives gae = 1.6+0.29

−0.34 × 10−13 [79],
implying gae < 2.6 × 10−13 at 95%C.L. but giving a 3−σ hint of cooling though an ALP coupled to
electrons. The constraint and best fit regions are shown in Fig. 2 labelled as Stellar bound and WD
hint, respectively.

The coupling to nucleons drives ALP emission from nuclear transitions in low mass stars, but it is
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better constrained by the SN1987A neutrino pulse duration measured on Earth [333,334] and neutron-
star cooling [335, 336] where axion bremsstrahlung in nucleon collisions is the most effective channel.
Concerning the SN pulse, the data is very scarce (few dozen neutrinos) and axion emissivities from a
nuclear dense medium are plagued with uncertainties. Moreover, SN1987A was an atypical supernova,
which has not been attempted to model in detail or calibrate to account for the latest advances in SN
type-II modelling. The constraints have been loosening as these points were increasingly appreciated.
An educated guess gives gap < 0.9 × 10−9 [26] that could be actually understood as a bound on√
g2ap + g2an [79]. During the writing of this review, we were told of a further revision of the bound,

which includes, among other improvements, a recent down-revision of the axion emissivity and loosening
of the above constraint by a factor ∼ 5 [337]. The neutrino flux from a next galactic SN explosion could
be detected much better than SN1987A allowing to improve the constrains or to produce a very strong
hint [338]. The direct detection by a next generation helioscope is discussed below in section 6.1. In
the gaN ∼ 10−9 ballpark, type-II SN explosions could emit O(1) of the gravitational binding energy in
axions, leading to a diffuse supernova axion background (DSAB) of MeV energies, discussed in [339].

Neutron star (NS) cooling does not offer much safer probes. The most recent reference concludes
gan < 0.8 × 10−9 [336] with large systematics. The cooling of CAS A remnant as been measured for 6
years and shows an amazingly fast cooling attributable to neutrino pair emission in Cooper formation.
An interpretation in terms of axion emission has been put forward [340] but less exotic hypothesis are
available [341].

The CP violating versions of the couplings are also strongly constrained by stellar evolution but have
received typically less attention in the axion context as they are expected to be very small. A recent
revision [164] has brought up the importance of plasma effects and strengthening previous bounds,
summarised in [25], giving ḡae < 0.7 × 10−15 from the tip of the red giant branch (RGB) argument.
The constraints are weaker than experimental searches for 5th forces at low masses, see Sec. 5.3.

Coupling Bound Observable Best fit?

gaγ , ḡaγ < 0.65× 10−10 GeV−1 (95% C.L.) HB/RG stars in 39 GCs [319] 0.29× 10−10 GeV−1

gae < 2.6× 10−13 (95% C.L.) WD cooling + RGB tip M5 + HB/RG in GCs [79] ∼ 1.5× 10−13

gap < 0.9× 10−9 SN1987A ν-pulse duration [26] 0
gan < 0.8× 10−9 Neutron star cooling [336] 0
gan < 0.5× 10−9 CAS A NS cooling [79,340] ∼ 0.4× 10−9

gaγN < 3× 10−9 GeV−2 SN1987A ν-pulse duration [342] 0

ḡae < 0.7× 10−15 Luminosity of the RGB tip [164] -
ḡaN < 1.1× 10−12 Luminosity of the RGB tip [164] -

Table 2: Summary of Axtrophysical bounds and hints on an ALP coupled to photons, electrons, protons
and neutrons. HB and RG bounds are valid for masses ma . 10 keV, WD for ma . 1 keV, SN and NS
require ma . 1 MeV.

3.2.1 Black holes

The existence of ALPs has spectacular effects on black holes with radii comparable to their Compton
wavelength. The phenomenon of black hole superradiance can radiate extremely efficiently the BH’s
angular momentum into ALPs [343], therefore the existence of black holes with large angular momentum
can be used to strongly disfavour ALPs minimally coupled to gravity. This argument excludes ALPs
in the band 6× 10−13eV < ma < 2× 10−11eV [344]. The ALP cloud around the blackhole can become
so dense that ALPs can annihilate into monochromatic gravitational waves that can be detected by
gravitational wave interferometers [344]. The bounds are robust against uncertainties in the blackhole
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surrounding medium but not against strong self-interactions that can make the cloud collapse for fA ∼
1015 GeV. Next generation experiments like eLISA will be sensitive down to 10−19 eV [344], see also [345].

3.2.2 Effects on photon propagation

Photons traveling long astronomical distances and traversing galactic or inter-galactic magnetic fields
could convert into ALPs and lead to observable effects. The most important one is an effective reduction
in the γ-ray opacity of the intergalactic medium, possibly leading to the observation of distant sources
that could be obscured otherwise, i.e. a LSW experiment at intergalactic scale. Indeed the observation
of very high energy (VHE) photons from distant active galactic nuclei (AGNs) by imaging atmospheric
Cherenkov telescopes (IACT) like HESS [346] or MAGIC [347] triggered the first studies of this effect.
It is relevant at very high energies (i.e., with energies & 100 GeV), for which the probability to interact
via e+e− pair production with the background photons permeating the Universe – the extragalactic
background light – is important at the distances involved. Several authors have claimed that current
IACT data show redshift-dependent spectral hardenings which are in tension with EBL models, requir-
ing either a too low EBL density, or anomalously hard spectra at origin. Diverse ALP-photon oscillation
schemes have been suggested to alleviate the problem [348–363]. Although conventional solutions to the
problem cannot be excluded (e.g. unexpected effects at source origin or in EBL models), they do not
seem very plausible. EBL density is now measured by its imprint in blazar spectra by both HESS [364]
and Fermi [365], and found in agreement with models. The ALP-photon hypothesis is not absent of
problems, mostly related with the uncertainties of the intervening B-fields. A recent account of the
observational situation can be found in [366].

The photon-ALP conversion could take place in the intergalactic magnetic field, or in the local
magnetic fields at origin (at the AGN itself, or in the case of objects belonging to galactic clusters,
the cluster magnetic field) and in the Milky Way. Depending on the scenario, different values and
uncertainties on the strength, coherence length and structure (coherent or turbulent) of the B field
apply. For some of the cases studied, the proponents have drawn approximate ranges for the values of
gaγ and ma that seem to fit best the data. Most of them coincide roughly in requiring very small ALP
masses ma . 10−10–10−7 eV (to maintain coherence over sufficiently large magnetic lengths) and a gaγ
coupling in the ballpark of gaγ ∼ 10−11–10−10 GeV−1. These values cannot correspond to a QCD axion,
but as more generic ALPs they lie just beyond current experimental limits on gaγ. A better defined
region in the (gaγ,ma) plane is obtained in [360] from the analysis of a large sample of VHE gamma-ray
spectra. Another analysis [367] using recent observational data of the Cosmic IR background radiation
also draws a hinted region largely overlapping the previous one. Both regions are shown in Figs. 6 and
12 as yellow regions labeled “T-hints”.

The turbulent character of extragalactic B-fields introduces some randomness in the spectral distor-
tion produced by the photon-ALP conversion [368], leading to spectral irregularities that have also been
used to constraint ALP parameters [369, 370]. Both the HESS [371] and the Fermi-LAT [372] collabo-
rations, using data from two particular sources, have relevant exclusions in the mass range 10−11−10−7

eV. Both regions are shown in Fig. 12 (note the latter has a small non-excluded part inside) and ex-
clude part of the hinted regions. Sensitivity studies for the future CTA have also been carried out [373].
Similar analysis but at X-ray energies with Chandra data [374, 375] produced relevant constraints at
much lower masses. A very recent work [376] claims to observe significant energy-dependent modula-
tions in high-energy gamma-ray spectra in a sample of Galactic pulsars from Fermi-LAT data, selected
to have a line of sight crossing spiral arms of the Milky Way. The modulations are compatible with
photon-ALP mixing in the galactic magnetic field, with ALP parameters ma = 3.6+0.5stat

−0.2stat ± 0.2syst neV
and gaγ = (2.3+0.3stat

−0.4stat ± 0.4syst) × 10−10 GeV−1, ranges much rarrower than, and compatible with, the
aforementioned hinted regions, although in slight tension with astrophysical and helioscope limits. Fi-
nally, distortions of the CMB spectrum in primordial B-fields have been studied in [377] but they rely
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Figure 4: Energy spectrum of natural axions/ALPs as function of momentum at the Earth position.
Galactic DM with ma = 10−4 eV, thermal DR (DRt) and from modulus decay (DRφ), solar Primakoff
and ABC axions saturating the astrophysical bounds (from HB and WDs respectively) and maximum
diffuse supernova axion background (DSAB) and axion pulse from Betelgeuse (50% of SN energy into
axions).

on the unknown B-fields at high redshift.
The lack of γ-ray emission from the SN1987A supernova has allowed a constraint of gaγ . 5.3 ×

10−12 GeV−1, for ma . 4.4 × 10−10 eV [378, 379], see Fig. 12 (although see [380] for a recent critic).
The possible observation of a nearby supernova explosion by Fermi-LAT would allow to probe much
smaller gaγ values [379, 381] down to the dashed red line indicated in Fig. 12. Also limits on gaγ for
massive (10 keV-100 MeV) ALPs have been derived from the absence of a delayed and diffuse burst
accompanying the SN1987A explosion, expected from their subsequent decay into photons [382].

Photon-ALP conversion in the B-field of single compact stellar objects has also been studied [383–
386]. In particular, the observation of a soft X-ray modulated excess in XMM data has been attributed
to solar ALPs conversion in the Earth’s magnetic field [387], however this interpretation has been shown
to be problematic [388].

Finally, photon-ALP mixing is polarisation dependent, and therefore it could leave an imprint in the
polarisation pattern of a variety of sources, (e.g. in UV photons from AGNs in radio galaxies [389], in
magnetic white dwarfs [390] or in GRBs [391]) that could be used to constraint ALP properties. It could
explain long-distance correlations of quasar polarisation [392], although this possibility is nonetheless
challenged by the absence of significant circular polarisation [393, 394]. For most of these, the ALP
mass needed to give visible effects is considerably lower than the previous stated ranges.

4 Sources of axions and their detection

In the previous section we have outlined a few possible natural sources of axions/ALPs, which could in
principle be used for their direct detection in terrestrial experiments. Fig. 4 is an illustrative attempt at
a grand unified ALP spectrum to realise the magnitude of all the components at the Earth’s position.
We discuss them in more detail in subsection 4.1. These natural sources of axions (in particular DM
and solar axions) offer excellent opportunity for detection and in fact much of the material that follows
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involves either a search for DM (section 7) or solar (section 6) axions.
To the natural sources one has to add man-made sources of axions, leading to purely laboratory

experiments that will be presented in section 5. These are the most robust strategy in terms of model
assumptions, as both production and detection would happen in the laboratory. Unfortunately, this
typically comes with a penalty in sensitivity. We discuss the most relevant features of man-made ALP
sources in subsection 4.2, where we also compare them to the natural counterparts.

4.1 Natural sources

The spectral energy density as a function of axion’s momentum, dρ/dp, of different natural sources of
axions/ALPs is schematically shown in Fig. 4. It encompasses a Galactic cold DM population of ALPs
at very low momentum (from misalignment or topological defect decay), hot DM axions and/or DR
(from thermal reactions, parametric resonance or moduli decay), stellar axions (at the keV energies
typical of stellar interiors), for which the brighter source in the sky is our Sun, and supernova axions at
MeV energies. We have not computed the fluxes from any particular model, but plotted approximate
observational upper limits.

Dark radiation: The thermal dark radiation depicted has been chosen to correspond to decou-
pling at Td ∼ GeV contributing ∆Neff ∼ 0.04. Assuming that ALPs were in thermal equilibrium at
some point in the thermal history of the Universe does not change very much the distribution and its
mean momentum, but if the reheating temperature, TRH, becomes smaller than the ALP decoupling
temperature, the amplitude becomes suppressed by (Td/TRH)

2 and can be much smaller.
Much “hotter” dark radiation, DRφ, could come from a heavy particle decay. Here we have depicted

a population giving ∆Neff = 0.1, which is below observational constraints but not much off. The
typical momentum today p0 is related to the CMB temperature and the heavy particle mass, mh, by
p0 ∼ T0

√
mP/mh. We have chosen their average momentum to be p0 = 300 eV as typical from the

moduli masses ∼ 106 − 107 GeV motivated in scenarios [297, 298]. The decay spectrum can be nicely
approximated by dρ/dp ∝ p3/2e−(p/p0)2 .

Solar ALPs: ALPs with a two-photon coupling, gaγ, are produced through the Primakoff process
γ + γ∗ → a in stellar interiors. Here γ is an ambient photon and γ∗ represents a virtual photon from
the electric-field of a plasma species. Electrons, protons and other ionised or partially ionised species
typically contribute. Virtual photons of the Coulomb field have negligible energy (but have momentum)
and thus the ALPs inherit their energy from the ambient photons in the solar core, of ∼ 3 keV energies.
We have depicted the flux of solar core ALPs (smooth) in the overall plot of Fig. 4, which overshadows
that of other stars, calculated by [395] with the value of gaγ given by the upper limit allowed by stellar
constraints, see Tab. 2.

A useful analytic approximation to the differential flux of Primakoff solar ALPs at Earth, accurate
to less than 1% in the 1–11 keV range, is given by [396]:

dΦa

dE
= 6.02× 1010

( gaγ
10−10GeV−1

)2

E2.481e−E/1.205
1

cm2 s keV
. (4.1)

where E is the axion energy expressed in keV. This Primakoff spectrum is shown in Fig. 9 (left). As
seen, it peaks at ∼3 keV and exponentially decreases for higher energies. Since the solar interior is well
known, the only sensible uncertainly on this flux around the peak is the overall normalisation due to
gaγ. At energies below ∼ 100 eV the situation is less clear as other processes can contribute.

ALPs with coupling to electrons gae, like the case of non-hadronic axions, have additional production
channels at the Sun: Axio-recombination, Bremsstrahlung and Compton (the ABC processes), see [323].
Bremsstrahlung and Compton produce a continuum spectrum and dominate at low and high frequencies,
respectively. The spectra of axions emitted in electron atomic transitions of free-bound or boud-bound
type (Axio-recombination) have lower thresholds or are monochromatic. Again the most visible stellar
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source is the Sun. The ABC spectrum is included in Fig. 4, although its spectral features, like a set of
Fe lines at ∼ 7 keV, are better seem in the zoomed version shown on the right of Fig. 9. We have chosen
the upper value of gae allowed by other stellar bounds, see Tab. 2. The spectral features are not known
precisely due to difficulties on modelling atomic physics in the solar plasma, but completely different
approaches were known to agree qualitatively very well [323]. On the quantitative level the spectrum
has small systematic errors if a spectral average is performed to average over detailed atomic physics.
Finally, axions can also be produced in solar atomic transitions by virtue of axion-nucleon couplings.

Supernova ALPs: ALPs can be emitted by the protoneutron star MeV plasma of type-II super-
novae by a variety of processes, contributing to its cooling. In the case of QCD axions, the most relevant
is nucleon-nucleon bremsstrahlung. The spectrum is not well known but educated guesses are available.
The time-integrated energy flux is limited by the gravitational binding energy of the pre-collapse Iron
core. The maximum diffuse supernova axion background is therefore constrained by the case in which
proto-neutron stars are colloed exclusively by ALP emission and not to neutrino emission. We have
depicted a DSAB flux taken from [339] where 50% of the core collapse energy is radiated in axions. For
comparison, we have also depicted the peak flux obtained from the core-collapse of Betelgeuse assuming
a cooling time of 10 seconds with the same 50% assumption.

Dark Matter: The galactic DM density at the Earth position, ̺, is perhaps the most uncertain
of all natural sources of axions discussed. ALP DM consists of small amplitude oscillations of the ALP
field around the minimum of its potential. At large scales, ALP DM behaves as standard cold dark
matter but small scale structure can be very different. In the post-inflationary scenario we expect a
large fraction of the DM to be in miniclusters to start with. In some cases, we can also have long-
lived ALP domain-walls until today. Finally, in the limit of fuzzy dark matter we can have a large
suppression of small scale structure. In the typical QCD axion scenario, the only potential complication
is a large fraction of mass in dense objects because domain walls are either short-lived or leading-to-
disaster and the mass mA from (2.11) is never large enough to become fuzzy DM if we impose fA < mP.
For Fig. 4 we have assumed that the ALP field has negligible large-scale fluctuations of its own (the
isocurvature fluctuations mentioned before) and it only inherits standard adiabatic fluctuations from the
inflaton. Local measurements of the local DM distribution point to a local DM density of ̺ ∼ 0.2−0.56
GeV/cm3 [397] while fitting kinematic data with a Milky Way DM halo with well motivated density
profiles (NFW, Einasto) gives ̺ ∼ 0.42 GeV/cm3 with somewhat smaller errors [398]. The local DM
velocity distribution can be read from N-body simulations of galaxy formation or estimated from orbits
of very old (low metalicity) stars [399, 400]. A recent determination from N-body simulations with
Smoothed-Particle Hydrodynamics focused on the DM axion signal gives

fv ∝
(
v2
)γ

exp

(
− v2

2σ2
v

)β

(4.2)

with γ = 0.36 ± 0.13, β = 1.39 ± 0.28, σ2
v = (4.7 ± 1.9) × 10−7 [401]. This corresponds to a typical

velocity dispersion at the Earth’s position of

σv ∼ 10−3. (4.3)

We must note that the above distribution implies some temporal and spatial average over a large scale
and that it does not necessarily represent with accuracy the velocity distribution relevant for DM direct
detection at Earth (see section 7.6.1).

If low-mass ALPs make a large fraction of the DM, their occupation number per phase-space cell is
huge,

na
4π
3
p3/(2π)2

∼ ̺a/ma

4π
3
m3
aσv

3
∼ ˜̺a × 1023

(
ma

µeV

)−4 (
σv

300 km/s

)−3

(4.4)
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where ˜̺a is the fraction of axion DM over the total of cold DM at the position of the solar system. The
ALP DM field is born as a classical field and stays with large occupation numbers until today around
our local vicinity as long as ma . eV, ˜̺a is not too small and substructure is negligible. We can perform
a Fourier decomposition of the field in a large volume V⊙ comprising our local neighbourhood,

a(t,x) =
1√
V⊙

∑

p

1

2

(
ei(p·x−ωt)ãp + ã∗

p
ei(p·x+ωt)

)
≡ 1√

V⊙

∑

p

|ãp| cos(p · x− ωt+ αp), (4.5)

where ω =
√
|p|2 +m2

a is the dispersion relation for free ALP waves and ãp = |ãp|eiαp . The group
velocity for ALP wave packets10 is v = ∂ω/∂p = p/ω.

In the non-relativistic limit that applies to the galactic DM, v ≪ 1,

ω ≃ ma

(
1 +

v2

2
+ ...

)
. (4.6)

The averaged energy density can be expressed in Fourier modes and therefore we have

̺a =
1√
V⊙

∑

p

1

2
ω2|ãp|2 →

∫
d3p

(2π)3
1

2
ω2|ãp|2, (4.7)

where for DM p ∼ mav and we have a relation between the velocity distribution and the power in
Fourier modes f(v) ∼ |ãp|2. In the last approximate equality we have used dp = ωdv/(1− v2) ∼ madv
by dropping very small O(v2) corrections. The average density also assumes a formal time average over
a period longer than the natural ALP cycle Ta = 2π/ma. The relation between the velocity distribution
and the power spectrum implies that that the DM ALP field retains a certain level of time and space
coherence. This can be better understood from the field decomposition in terms of a sum of cosine
functions (4.5) by noting that |ap| is exponentially suppressed for values of |p| & σvma, corresponding
to frequencies ω & ma + maσ

2
v/2. With this maximum momentum, points separated by a distance

longer than

λc .
π/2

maσv
∼ 103ℓa, (4.8)

where ℓa is the ALP Compton wavelength

ℓa =
1

ma

= 0.2× cm
( ma

meV

)−1

, (4.9)

have each mode in the sum (4.5) in phase and thus the same field value to a good approximation.
Likewise, the field at one given point, oscillates at a frequency ∼ ma, and it takes a time of order

tc ∼
π

maσ2
v/2

∼ 106Ta, (4.10)

for the highest modes in the distributions to dephase. We say that the axion field has a coherence length
and coherence time given by (4.8) and (4.10), respectively. Inside a coherence length and time we can
take the axion field to be ∼ a≈ cos(ωt+ k · x+ α) with some oscillation amplitude, principal frequency
and momentum. The typical such amplitude will be on average related to the local DM density. We
can write

1

2
m2
aa

2
≈
= ˜̺a̺ ≃ ˜̺a

0.4GeV

cm3
, (4.11)

10We denote vectors as boldface, e.g. velocity v, and their modulus either with standard |v| notation or simply by
roman versions, i.e. |v| = v.
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and therefore

a≈ ∼ eV
( ma

meV

)−1 √
˜̺a. (4.12)

This equation gives us a sort of a maximum (time-averaged) field value to expect as a DM field.
In the case of the QCD axion, there are two interesting points. First, the amplitude of the axion field

behaves as a dynamical theta-angle, A = θfA, so θ will also feature oscillations of amplitude θ≈ = A≈/fA.
Remarkably, the amplitude of the θ-oscillations does not depend on fA,mA independently, only on their
product, fAmA, which is determined by the known topological susceptibility of QCD χ, see (2.11).
Therefore we have m2A2

≈
= (mAfA)

2θ2
≈
= χθ2

≈
, which implies

θ≈ =

√
2̺ ˜̺a
χ

≃ 4.3
√

˜̺a × 10−19, (4.13)

This amplitude is much smaller that the experimental bound (2.8), showing some naive consistency of
the axion DM hypothesis11. On the other hand, note that the QCD axion field is defined with respect
to the CP-conserving value θ = 0, and recall that CP-violation effects will shift the minimum of the
potential to some value θ0, so we would rather write

θ = θ0 + θ≈ cos(mat). (4.14)

It is curious that we have a much stronger constraint on θ≈, which would saturate the local DM
abundance for values larger than 4.3× 10−19, than on θ0.

In Fig. 4 we have depicted a normalised distribution dρ/dp ∝ f(|v|) from (4.2) for ma = 10−4 eV
and ˜̺a = 1 as an exemplary value. For other values of ma, the characteristic momentum scales as maσv
and the normalisation as dρ/dp ∝ 1/ma.

During an encounter with a typical Axion minicluster given by (3.5) the density can increase by a
factor ∼ 105 during a time 2Rmc/v⊙ ∼ 1 day, but the encounter rate,

Γ ∼ v⊙(πR
2
A,mc)

̺mc
A

MA,mc

∼ 1

105 years
, (4.15)

where v⊙ ∼ 0.7 × 10−3 is the solar orbital velocity in the Galaxy, is quite small for experimental
purposes [205]. The velocity dispersion of a self-gravitation object, like a minicluster is naturally given
by

σmc
v ∼

√
GNMmc

Rmc

∼ 10−9

(
Mmc

10−12M⊙

)1/2 (
Rmc

1012cm

)−1/2

, (4.16)

and is typically much smaller than the galactic value. In Fig. 4 a minicluster encounter would show as
a sharp and very high peak. Encounters with tidal streams from miniclusters last longer but bring less
enhancement [242].

4.2 Producing ALPs in the lab

The equations of motion for an axion/ALP field can be read from (2.38) and give

(�+m2
a)a = gaγ(E ·B)−

∑

ψ

(gaψj
5
ψ + ḡaψj

0
ψ) + ... (4.17)

where we have used FµνF̃
µν = −4(E · B), with E,B the ordinary electric and magnetic fields, and

j0ψ = 〈ψ̄ψ〉, j5ψ = 〈iψ̄γ5ψ〉 correspond to the number and spin density of fermions of species ψ in

11Naive because laboratory searches are designed to detect a constant neutron EDM, not an oscillating one. Interest-
ingly, the results of these experiments can also analysed to constrain the oscillating hypothesis [402].
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the non-relativistic limit. Therefore, we can create laboratory ALP fields by creating large (E · B)
configurations or by large densities of particles, but the generated ALP field is always suppressed by
a small coupling g. If we produce ALP waves with time-varying electromagnetic fields or matter/spin
distributions, the power emitted in ALPs is proportional to ∝ a2 and thus to couplings squared O(g2).
If we add that we still have to measure the effects of the ALP field, we come to effects that are of order
O(g2) if only the field is involved or O(g4) if we try to transfer the power from lab produced ALPs to a
detectable signature. To be clear, this is no argument to favour natural ALP sources until we explore
the magnitude of the fields achievable in the lab.

Therefore, here we consider two of the most important representative examples that are actually
used to search for ALPs. First, the ALP field created by a loaded cavity Ec-field in the background
strong static magnetic field Be. Second, the static ALP field created by a macroscopic body.

4.2.1 Axions from photons (two-photon gaγ coupling)

The formal solution for the ALP generated by a source can be written using the retarded Green’s func-
tion. Using gaγEc ·Be as source, we assume a separable monochromatic electric field Ec = e−iωtE0E(x)
with amplitude E0 and normalised mode function Ec(x) and a time independent Be(x) = B0B(x) where
B0 is the average value in the electric-field region V and B(x) denotes the spatial variation. We have12

a(t,x′) = e−iωtgaγE0B0

∫

V

d3x
eika|x

′−x|

4π|x′ − x|Ec(x) · B(x), (4.18)

where ka =
√
ω2 −m2

a would be the wavenumber/momentum of a propagating ALP. The interpretation
is of course that the ALP field is the coherent sum of infinitesimal waves produced at every point in
the source (here Ec · B) with a phase difference due to the different paths to the point r. If the mode
function Ec(x) and the magnetic variation B(x) are arranged in such a way to cancel the phase accrued
by eika|r−x| we say that the ALP is produced coherently and the ALP field gets potentially enhanced by
a volume factor V 2/3 near the source, at least naively.

In sec. 5.1 we will review light-shining-though-walls (LSW) experiments that produce their ALPs
with a long optical cavity (a Fabry-Perot resonator) in a constant B-field produced by a long array of
particle accelerator dipole magnets. Assuming the beam width is sufficiently large, the radial integrals
are trivial and we are left with the integral along the cavity’s length, Lc, which on axis is

a(t, z′) ∼ e−iωtgaγE0B0

∫ Lc

0

dz
eika(z

′−z)

−ika
Ec(z) ∼ e−i(ωt−kaz

′) gaγE0B0

2kaq
(eiqLc − 1) (4.19)

where we have used only the right-moving wave in the cavity Ec(z) ∼ eikγz and defined q = kγ − ka as
the difference in wavenumber/momentum of the ALP propagation and the cavity mode along the long,
z-direction. Note that it is trivial to include modulations of the Be field along the z direction. The
result is a right-moving ALP wave that we can understand as a coherent superposition of ALPs (an
ALP beam). The coherence level of the ALP production is captured by the last factor. In the limit
of small momentum transfer qLc ≪ 1, the factor |eiqLc − 1|/q is maximal and reaches the asymptotic
value Lc, which reflects maximum coherence. One can imagine that in this limit, the ALPs created at
one point in the cavity move in phase with the photons as they propagate through the cavity sourcing
more ALPs always in phase.

The 1-D case is however understood very nicely in terms of photon-ALP oscillations [404]. In a
background B-field neither photons nor ALPs correspond to freely propagating particles because the
E · Bea interaction acts as a non-diagonal mass term and quantum mechanically mixes ALPs with

12See for instance [139,403].
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photons with polarisation along Be. To understand this we consider the ALP equation of motion (4.17)
together with Maxwell’s equations in the presence of axions13, which are

∇ · E = ρQ − gaγB · ∇a (4.20)

∇×B− Ė = J+ gaγ(Bȧ− E×∇a) (4.21)

∇ ·B = 0 (4.22)

∇× E+ Ḃ = 0 (4.23)

where ρQ is the electric charge density and J the current. In a strong static and homogeneous background
Be-field, we can take B ∼ Be in the source terms, neglecting the B-field of purely photonic waves and
E×∇a compared to Be · a. In this way, the ALP-Maxwell’s equations are all linear and can be solved
by plane waves propagating along an arbitrary direction with respect to Be. The solutions for waves of
frequency ω propagating perpendicular to the Be direction are the most useful phenomenologically,




a
iA||

iA⊥


 ∝




cosϑ
− sinϑ

0


 e−i(ωt−k

′

an̂·x) (ALP− like) (4.24)




a
iA||

iA⊥


 ∝




sinϑ
cosϑ
0


 e−i(ωt−k

′

γ n̂·x) (photon− like), (4.25)




a
iA||

iA⊥


 ∝




0
0
1


 e−i(ωt−kγ n̂·x) (photon), (4.26)

where we have used the notation A ≡ E/iω and labeled the components: A|| as the polarisation
perpendicular to n̂ with overlap with Be direction, and A⊥ as the polarisation perpendicular both to
n̂ and Be (which therefore does not mix at all with ALPs)14. The mixing phenomenon implies that
the mixed waves, the real propagation eigenstates of the problem, carry both ALP and electromagnetic
(photonic) fields and have different dispersion relations [404]. The effects are controlled by the mixing
parameter ϑ and the modified squared wavenumbers,

tanϑ =
2gaγBeω

∆k2 +
√

(∆k2)2 + (2gaγBeω)2
(4.27)

k′2a
γ

=
1

2

(
k2γ + k2a ∓

√
(∆k2)2 + (2gaγBeω)2

)
(4.28)

where ∆k2 = k2γ − k2a is the unperturbed difference. Recall that kγ, ka are the wavenumbers of a pure

electromagnetic or ALP wave of frequency ω, ka =
√
ω2 −m2

a, kγ = nω where n is the refractive index
of the medium. As an important case, in vacuum we have ∆k2 = m2

a.

This implies that a purely electromagnetic right-moving wave at a position z = 0 polarised along
a transverse Be-field must be indeed interpreted as a superposition of a photon-like and an ALP-like
wave, with relative weights cosϑ,− sinϑ, respectively, to cancel the ALP component. Since the waves
have different wavenumbers, they necessarily therefore become out of phase after some distance. In
other words, their ALP components will not cancel completely and the photonic components will not

13 The derivation with our notation can be found in [405].
14Al would be the longitudinal polarisation component (along n̂), which is actually carried by ALP-waves but is zero

in this configuration. The general case is described in [406].
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add up completely coherently, appearing as if they would decrease,

E||(t, z) = E||,0e
−i(ωt−k′γz)

[
cos2 ϑ+ e−iq

′z sin2 ϑ
]
, (4.29)

a(t, z) =
E0

ω
e−i(ωt−k

′

az) sinϑ cosϑ
[
eiq

′z − 1
]
. (4.30)

where clearly q′ = k′γ − k′a measures the phase difference and controls the beating of the two waves.
Clearly, any electromagnetic component polarised perpendicular to the external field propagates as a
standard EM wave with E-field

E⊥(t, z) = E⊥,0e
−i(ωt−kγz). (4.31)

Note that the obtained expression for the ALP wave is extremely evocative of (4.19), although one
obtains both with different physical pictures and have some slight conceptual differences. The most
important difference is that (4.30) in principle is valid only in the region where EB 6= 0, which would be
the resonant cavity in the case of (4.19). However, the ALP wave essentially free-streams unperturbed
out of the cavity, with the amplitude given by the value at the end of it, z = Lc. Indeed, the radiated
ALP field coincides exactly in the small mixing case,

ϑ ≃ gaγBeω

∆k2
≪ 1 , k′2a

γ
= k2a

γ
∓ ϑ2∆k2 + ... , q′ = q(1 + ϑ2) (4.32)

which corresponds to the lowest order in the photon-ALP coupling, in which the perturbative calcu-
lation (4.19) shall be valid. Note that (4.19) does not include the feedback to the E-field as (4.29)
does.

We can now interpret the energy densities in these fields divided by a quantum of size ω as particle
number densities: |Ex|2/2ω and ω|a|2/2 would then correspond to the number density of photons and
axions. As we move away from z = 0 the densities change, but the total flux remains constant, and we
can now speak of photon-ALP ‘flavour’ oscillations as we do in the case of neutrinos. The “conversion
probability” after some distance L is

P(γ → a)(L) =
|a(z)|2
|Ax(0)|2

= sin2(2ϑ) sin2

(
q′L

2

)

+smallmixing →
(
2gaγBeω

∆k2

)2

sin2

(
qL

2

)

+relativistic →
(
gaγBe

q

)2

sin2

(
qL

2

)
(4.33)

As long as q′L ≪ 1 the photon ALP conversion is coherent and P ∝ L2. In the relativistic limit we
have taken q ∼ ∆k2/2ω. Note that if we impose that the E-field is zero at z = 0, the ALP-like and
photon-like waves are by symmetry given by (4.29) and (4.30) by ϑ → −ϑ. Therefore, the photon
to ALP oscillation probability after a length L (4.33) is the same than the ALP-photon oscillation
probability ,

P(γ → a)(L) = P(a→ γ)(L). (4.34)

We can now compare man-made axions with the maximum local density of solar axions from Fig. 4,
which is ∼ 1/(cm3). The LIGO cavity stores ∼ MWatt power of 1064 nm (ω ∼ 1.2 eV) light in a 4
km resonant cavity mode of ∼ 1 cm beam radius, leading to a photon density of 1013/cm3. If we could
build an array of 9-T magnets like those curving the proton beam at the LHC around the cavity, and
gaγ would saturate the astrophysical bound < 0.65 × 10−10 GeV−1 (see table 2) the probability could
reach up to

P(γ → a) ∼
(
gaγBeLc

2

)2

∼ 10−12

(
gaγ

0.65× 10−10GeV−1

)2 (
Be

9T

)2 (
L

4 km

)2

, (4.35)
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at the cavity end. In such an extreme case, both densities would be comparable. Naturally, solar axions
have keV energies and can lead to potentially larger signals in lower background detectors, but the fact
that a laser beam can be focused and especially that is highly monochromatic can compensate. Indeed,
as we will see in sec. 5.1, the ALPS collaboration wants to employ a very similar cavity as an ALP
source in its experiment. Naturally, the coherent enhancement can only be obtained when qL . 1. In
vacuum, we have q ∼ m2

a/2ω which for 4 km restricts the coherent conversion to ma . 10−5 eV.
To close this section let us mention a few related issues. The LIGO laser is not the most intense

on Earth, but excels in intensity times L2, which would be the relevant parameter for an ALP source.
Pulsed lasers can achieve TeraWatt intensities and the required Be fields can be provided by counter-
propagating fields reaching B ∼ 106 T. However, the spatial dimensions at which these values fields
are achieved are comparable to the laser wavelength L ∼ 1− 10µm. The quantity, EBL, that controls
the ALP production could be competitive with long optical cavities [407] so some works have proposed
searches for ALPs with high-intensity lasers [407–417]. Throughout the section and in most of this
review we tend to focus on the CP conserving ALP-photon coupling (2.38), ∼ gaγE ·Ba, but most of the
phenomena studied also apply to the CP-violating version (2.39), which is ∝ ḡaγ(|E|2 − |B|2)a. With
such an interaction and in a background B-field, it is the B-field of a photon what interacts with the
ALP field. This is to be compared with the E ·B interaction, in which the photon interacts with ALPs
proportionally to its E-field. Therefore, with the CP-violating coupling, the E⊥ polarisation, and not
E||, will be affected by the propagation in a B-field. In natural units, the electric and magnetic fields of
a photon have the same magnitude and thus, besides the polarisation issue, the magnitudes of all the
effects are the same. The case where both couplings are present has been studied in [418].

4.2.2 ALP fields from macroscopic bodies (fermionic couplings gaψ, ḡaψ)

The ALP couplings to fermions (2.38) are responsible for macroscopic bodies sourcing an ALP field. A
non-relativistic fermion sources an ALP field in a similar way to charged particles sourcing an electro-
static field, and can be easily computed from (4.17) by using the retarded massive Green’s function. At
a position r away from a fermion ψ with spin polarisation σ we have

a(r) = −e
−mar

4πr

(
ḡaψ − gaψ

r · σ
r

1 +mar

2mψr

)
. (4.36)

The CP-conserving axial coupling, gaψ, sources a dipole field proportionally to the spin of the fermion.
For sub eV mass ALPs, the factor (1+mar)/2mψr is always small at macroscopic distances r ≫ mf and
thus typically the field created is parametrically smaller than the one created by the CP-violating cou-
pling. In both cases, the sourced field is exponentially suppressed beyond the ALP Compton wavelength
(4.9).

Atoms source ALP fields proportionally to the ALP couplings and spin of their constituents. We
can define effective couplings ḡaS, gaS for a particular composite species as,

ḡaS =
∑

ψ∈S

ḡaψ , ḡaS
σ

mS

=
∑

ψ∈S

gaf
σψ

mψ

. (4.37)

It would be considered a tuned case to have the ḡ couplings to protons, neutrons and electrons adjusted
in a way as to cancel the effective ḡaS. On the other hand, cancellations in gaS can be due to two
identical fermions with opposite spin. For instance, the 3He nucleus has paired protons and electrons,
and only neutrons would couple.

Macroscopic bodies will of course source coherently through the ḡaS coupling and, if spin polarised,
through gaS. One would ideally have a high-density object of dimensions larger than ℓ3a to have fields
of order,

aS ∼ ḡaSnS(ℓa)
3 1

ℓa
∼ 10−2eV

ḡaS
10−19

(
nS

1025/cm3

)( ma

meV

)−2

. (4.38)
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Note that even for these tiny couplings, the amplitudes are comparable to the maximum typical ampli-
tude of the DM field (4.12). We can also compare the associated energy density,

ρS ≃ 1

2
m2
aa

2
S ∼ 5keV

cm3

( ḡaS
10−19

)2
(

nS

1025/cm3

)2 ( ma

meV

)−2

, (4.39)

with the putative local DM density ∼ 0.4GeV/cm3, which is also based on the average ALP ampli-
tude (4.12), and thus constitutes a measure of ALP amplitude generated by a “natural” ALP source.
If we were to use the coupling to nucleons allowed by astrophysical bounds, ḡaN ∼ 10−10, see tab. 2,
the allowed amplitude would largely exceed the typical value from the local DM density (4.12), at least
for sub-eV masses. Indeed, these amplitudes are also sufficient to mediate a new type of force be-
tween macroscopic bodies which would largely shadow gravity, see below. We will review experimental
searches for new forces in Sec. 5.3, but we can already anticipate that none has ever been found and the
limits are very stringent. For instance, ḡaN is constrained to be . 10−19 at ma ∼ meV. Indeed, when
we consider the bounds on ḡaN as a function of ma, see Fig. 7, the amplitude of the fields created by
laboratory test masses are smaller than the DM amplitude (4.12) in the range ma = (10−9, 0.1) eV.

4.2.3 ALP forces

The ALP-fermion couplings make ALPs to mediate ℓa-range forces between macroscopic bodies. The
interaction energy of a non-relativistic fermion ψ′ in a background ALP field is

U = −
∫
d3xLALP−int = ḡaψ′a+

gaψ′

2m′
ψ

σ
′ · ∇a. (4.40)

The concomitant interactions between fermions mediated by ALP exchange are of three types: monopole-
monopole (∝ ḡaψḡaψ′), monopole-dipole (∝ ḡaψgaψ′) and dipole-dipole (∝ gaψgaψ′) [28]. We review
searches for these types of forces in sec. (5.3) but it is nevertheless interesting to compare at least the
monopole-monopole interactions with the gravitational force and the dipole-dipole with the magnetic
interaction. The ALP force between two fermions, ψ, ψ′ at a distance r is given by

Fa = −dU
dr

= −ḡaψḡaψ′

e−mar

r2
(1 +mar)

r

r
, (4.41)

The new force is attractive between same fermion species but it could be repulsive between different
species if they have different signs of the ḡaψ coupling, while gravity is always attractive. The force is
species-dependent and will violate the equivalence principle in the most general case, while gravity is
universal. At distances below the ALP Compton length (4.9), the force goes as 1/r2 with the distance
like gravity. In this limit, the ratio of the ALP force with gravity is

|Fa|
|FG|

∼ ḡaψḡaψ′

GNmψm′
ψ

=

(
mP

fa

)2

C̄aψC̄aψ′ (4.42)

Although fa is expected to be below mP, and thus the first factor can be quite large, in the case of
the axion, CP-violating couplings are extremely suppressed and the force turns out to be tiny. Indeed,
if we use C̄Aψ . 10−14 as the best SM guess, we would need the ruled-out values of fA < 105 GeV to
compete in intensity with gravity. Moreover, this competition would only happen at distances λA <
nm, where we have never measured gravity. With physics beyond the SM, C̄Aψ ∼ 10−10 might be
allowed by neutron EDM searches, and axions would compete with gravity for fA < 109 GeV at few
µm distances. Dropping the assumption of the QCD axion, ALP mediated forces can be stronger than
gravity at longer distances, which strongly motivates the search for new long-range forces.
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4.3 Coherent ALP detection

Although the natural and laboratory sources of ALPs can be quite efficient, the detection of any ALP
signal involves again extremely small couplings and therefore requires all possible enhancements we can
devise. Currently, the most sensitive ALP detectors use resonant techniques to exploit the time and
spatial coherence of ALP fields to detect. For future reference we summarise the concepts involved in
the time-coherence enhancement currently exploited by axion DM detectors, which is also at the heart
of some of the enhancements proposed for LSW experiments and NMR detection techniques.

The most important example consists of coupling a background ALP field to the electromagnetic
mode of a resonant cavity in a strong and homogeneous magnetic field Be. Recall that for Ampere’s
equation (4.21), the ALP field term behaves like a current density ja = gaγBea, which will load a
cavity resonator if properly matched. In the previous discussion, we used electromagnetic fields or
macroscopic distributions of matter particles to source the axion field and now we are interested in the
electromagnetic fields sourced by a background ALP field. In the small gaγ limit, the backreaction onto
the ALP field can be neglected and the ALP current ja can be taken as a classical source. We take a
generic ALP field oscillating at a main frequency ω with a generic position dependence,

a = a0e
−iωtA(x). (4.43)

Since the response we seek is linear, we can adapt the equations to multifrequency ALP excitations
easily. We then expand the E-field in orthonormal normal modes E =

∑
e−iωtEmEm(x) that solve the

Poisson eigenfunction equation with suitable boundary conditions

−∇2Em = ω2
mEm ,

∫
dV Em · En = V δmn, (4.44)

where ωm is the eigenfrequency of the mode and V the volume of the cavity. Introducing the ALP
field and mode expansion into Ampere’s equation, and projecting onto a single mode by multiplying by
Em and integrating over the cavity volume, we obtain an equation for the mode amplitude

(ω2 − ω2
m + iωΓm)Em = −gaγBeGmω2a0 , (4.45)

where we have introduced the geometric factor

Gm =
1

V Be

∫

V

d3x Em ·BeA(x) , (4.46)

and the cavity losses are described by the decay constant Γm. So defined, the decay constant of each
mode Γm has the correct interpretation of being the rate at which the energy density in a mode decays
in the absence of a driving source. In such case, the electric field decays as e−iωmte−Γmt/2Ei and the
energy density as ∝ |Em|2 ∝ e−Γmt. The quality factor Qi of a oscillator can be defined as the energy
stored divided by the power-loss in an oscillation cycle 1/ωi, which corresponds to

Qm =
ωm
Γm

, (4.47)

and is more widely used than Γ in the axion literature.
The mode equation (4.45) shows that each mode oscillates at the excitation frequency ω with a

different amplitude (and phase) given by

Em =
−gaγBeGmω2a0

ω2 − ω2
m + iωωm/Qm

. (4.48)
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If we manage to tune the cavity resonant mode ωm to the ALP excitation frequency, ω, the induced
Em field becomes enhanced by the quality factor of the cavity. The power that one can extract from
the cavity is however not proportional to the square ∝ Q2

m. The reason is that extracting power counts
as a loss factor in (4.45) and decreases the overall quality factor of the resonator. We usually split the
losses into signal extraction losses, Γs, and intrinsics from the cavity, Γc (due to ohmic losses from the
currents in the cavity walls etc.) and define the coupling factor

κ =
Γsm

Γsm + Γcm
. (4.49)

Formula (4.47) still holds for the combined losses Γm = Γsm + Γcm. Since the signal is proportional to
Γsm = κΓm = κωm/Qm, it can only be enhanced by one factor of Qm.

The energy stored15 in the m-th mode is given by Um = V |Em|2/2 therefore, the extracted signal
power is

P s
m = ΓsmUm =

κωm
Qm

|Gm|2V
g2aγB

2
eω

2

(ω2 − ω2
m)

2 + (ωmω/Qm)2
1

2
ω2|a0|2, (4.50)

which on resonance is

P s
m(ω = ωi) = κ

Qm

ωm
|Gm|2V × g2aγB

2
e ×

1

2
ω2|a0|2. (4.51)

Note the last term coincides with the energy density the ALP wave and it will play the role of the
DM density. These formulas are quite general and will be used in several contexts of next section. In
particular, one can develop the spectral response of our cavity for the general ALP Fourier spectrum
used in (4.5),(4.7) as

dP s
m

dω
=
κωm
Qm

V
g2aγB

2
eω

2

(ω2 − ω2
m)

2 + (ωmω/Qm)2

[∫
dΩp

kaω

(2π)3
1

2
ω2|ãp|2|Gm|2

]
, (4.52)

where the bracketed part is the ALP spectral energy density, except for the geometric factor, G, which
is evaluated with a plane wave A(x) = eip·x. In the case of a conventional haloscope for DM detection,
see sec. 7.1, the coherence length λc can be much larger than the apparatus ∼ ℓa/2 so G is effectively
independent of p, and the power is a convolution of the axion energy spectrum with the resonator.
However, for some configurations, a p-dependence, even if small, can be useful to infer information
about the DM velocity distribution, see sec. 7.6.1.

4.4 Overview

We have seen that relying on natural sources can give access to higher axion fluxes, but at the expense
to some degree of model-dependency, moderate in the case of solar ALPs, and larger for DM searches.
While some aspects of the expected solar axion flux depend on the axion model details (e.g. whether
they couple with electrons), it is a general prediction from QCD axion physics that the Sun will emit
axions via, at least, the Primakoff conversion, which can be suppressed only in very contrived models,
see Tab. 1. Finally, if DM is made mostly of ALPs, our galactic halo would be the most prolific source
of these particles, as seen in Fig. 4. However, although the axion being the DM is a very appealing
hypothesis, it is not a necessity derived from their existence (at least not as the main DM component).

A number of detection techniques are being considered, exploiting the diverse possible couplings of
the axion to SM particles. Most of them rely on the gaγ coupling, in part because of the generality of its
presence in axion models, but also because it easily leads to coherent effects at detection. However, other

15The energy stored oscillates between the electric and magnetic energy components. In our complex notation and
on resonance the cycle-average of each component is the same and corresponds to |Em|2/4. Off resonance a factor
ω2 + ω2

m/(2ω2) arises.
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Detection method gaγ gae gaN gAγn gaγgae gaγgaN gaegaN gN ḡN Model
dependency

Light shining through wall × no
Polarization experiments × no
Spin-dependent 5th force × × × no
Helioscopes × × × Sun
Primakoff-Bragg in crystals × × Sun
Underground ion. detectors × × × × × Sun∗

Haloscopes × DM
Pick up coil & LC circuit × DM
Dish antenna & dielectric × DM
DM-induced EDM (NMR) × × DM
Spin precession in cavity × DM
Atomic transitions × × DM

Table 3: List of the axion detection methods discussed in the review, with indication of the axion cou-
plings (or product of couplings) that they are sensitive to, as well as whether they rely on astrophysical
(axions/ALPs are produced by the Sun) or cosmological (the dark matter is made of axions/ALPs)
assumptions. ∗Also “DM” when searching for ALP DM signals, see section 6.2

channels are also being probed in current and future experiments. In order to better frame the material
of the following sections, table 3 lists all the detection strategies to be reviewed, with indication of the
relevant axion coupling being probed in each of them. Some experiments are sensitive to a product
of couplings, when the mechanism at origin and detection are different. For some cases, more than
one coupling (or product of couplings) are indicated, because more than one type of signal or mode of
operation is available for those experiments.

Finally, let us mention that the search for ALPs with “conventional” high energy physics tools, i.e.,
at accelerators, is suitable only for very high masses (∼MeV or more) that are largely excluded for
QCD axions. Although in some ALP models those masses may not be excluded, and indeed signatures
of those models in colliders (see e.g. [419–421]) or future beam dump experiments (see e.g. [422–424])
are being studied, we will not review them here. Our focus is on very low mass axions and ALPs (below
∼ eV) traditionally considered invisible in conventional particle physics experiments, and that require
novel techniques at the low energy frontier, involving coherence effects at detection and high intensity
sources.

5 Search for ALPs in the laboratory

The existence of an axion or ALP field could result in observable effects purely in the laboratory, i.e.
without relying on an extraterrestrial sources of axions. The most straightforward of these is the photon
regeneration in magnetic fields, colloquially known as light-shining-through-walls (LSW). A powerful
source of photons (e.g. a laser) is used to create axions in a magnetic field. Those axions are then
reconverted into photons after an optical barrier. In addition, effects on the polarisation of the laser
beam (ellipticity and/or dichroism) traversing a magnetic field due to the existence of axion can also
be searched for. Finally, the axion field can also give rise to short-range macroscopic forces.

In general, the magnitude of these effects is very small and, for the case of QCD axion, currently far
from experimental sensitivity (a possible exception, under some assumptions, may be the ARIADNE
fifth force experiment, see below). However some ALP parameter space may be within reach of the
next generation of laboratory experiments.
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5.1 Light-shining-through wall experiments

Figure 5 shows the conceptual arrangement of LSW experiments. The left half is the production region,
where photons from the source (e.g. a laser) are converted into axions. The right half is the reconversion
region, where axions are converted into photons, that are subsequently detected. The LSW probability
can be written schematically as,

P(γ → a→ γ) = P(γ → a)P(a→ γ). (5.1)

In the typical 1-D approximation, the conversion probabilities are given by (4.33) and (4.34).
The sketch shows the improved detection scheme based on resonant regeneration [425–427]. By

using resonators in both the production and the regeneration regions, the conversion probability is
enhanced by a factor βPβR, where βP and βR are called the power built-up factors. The first factor
comes from the fact that inside of a cavity on resonance the laser power in the right-moving photon
wave is amplified with respect to the available input laser power by the factor

βP =
|E0|2
|Ein|2

∼ 4T1
(T1 + T2 +R)2 + 4Φ2

on resonance−−−−−−−→ 4T1
(T1 + T2 +R)2

∼ κPQP

nπ/2
(5.2)

where T1, T2, Rin are the power transmissivities of the input (1) and auxiliary (2) mirrors forming the
cavity, R the round-trip losses, and Φ = 2ωLPmod2π the round-trip phase (modulo 2π), which on
resonance is equal to zero, being ωLP = nπ, an integer called the order of the resonance. In the
last expression we have identified T1/(T1 + T2 + R) with the coupling factor and the quality factor as
QP = 2πn/(T1 + T2 + R) but one more often talks about the finesse of the resonator F = Q/n, which
is independent of the resonator length. From a different more pictorial viewpoint, one can think that
photons are not smashed against the middle wall, but are reflected by the mirrors and can attempt many
times to convert into axions before being absorbed by internal cavity losses. The second factor comes
from the coherent detection of the ALP field discussed in section 4.3. The first cavity would be providing
a coherent ALP field given by (4.19). The ALP field will excite the cavity modes in the regeneration
cavity with amplitudes given by (4.48) so that one can extract a signal enhanced by the quality factor
of the regeneration cavity QR, see (4.51). A key consideration is that both cavities need to be mode
matched and phase locked. In such case, the maximum βR enhancement of the resonant regeneration
is again given by the finesse of the cavity (apart from O(1) coupling factors), i.e. independent of the
order of the resonator like in the case of the production cavity. This can enhance the signal by many
orders of magnitude, given that β factors of several 104 in the optical regime, and even several 105 for
microwaves, are possible.

The figure of merit of LSW experiment is best expressed in terms of the ratio of the expected
power at the photon detector and the power delivered by the input laser [139, 403, 427], which can be
understood as an enhanced probability of the double conversion γ → a→ γ,

P(γ → a→ γ) =

(
gaγBe

ω

)4

|G|2βPβR, (5.3)

where Be is the reference external magnetic field in the cavities and ω is the photon energy. The geo-
metrical factor, G, represents the overlap of the modes resonating in the conversion and the regeneration
cavities convoluted with the ALP Green’s function and magnetic field spatial distribution. Formally it
is given by (4.46) by chosing A(x) to represent the spatial dependence of the ALP field generated by
the production cavity (essentially the factor under the integral in (4.18)).

Experiments using microwave cavities have been performed with geometric dimensions of the order of
the Compton wavelength V ∼ 1/ω3 and production and regeneration cavities at comparable distances.
In such a case, G depends on the particular shape, position and orientation of the cavities [428].
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Figure 5: The principle of photon regeneration. The Fabry-Perot cavities in both the production and
regeneration regions must be actively locked in order to gain in sensitivity. Adapted with permission
from [427].

In the case of optical/near infrared light, Fabry-Perot resonators are used instead where the length is
much greater than the wavelength L≫ λ and the beam-waist, although typically a 1-D approximation
typically suffices. The technique is relevant for ω ≫ ma. In a homogeneous Be-field, the ALP field
generated by the production cavity is given by (4.19), i.e. essentially a plane wave A ∝ eikaz(eiqLP − 1)
that propagates along the optical axis of the production and covers the regeneration resonator. The
geometric factor on resonance shows the typical dependency with the length LP , LR of each cavity:

G ∝ (eiqLP − 1)(eiqLR − 1) (5.4)

but the relative phase between them enters as an overall phase. The LSW probability can be expressed
as

P(γ → a→ γ) =

[(
gaγBeLP

2

)2

FPβP

][(
gaγBeLR

2

)2

FRβR

]
, (5.5)

where now Be = Be,⊥ is the component transverse to the photon/axion direction and we have defined
for convenience the form factor,

F =

(
2

qL

)2

sin2

(
qL

2

)
, (5.6)

that reflects the coherence of the conversion. Recall that q = kγ − ka ∼ m2
a/2ω in the relativistic limit

and in vacuum.
A number of LSW experiments have been carried out in the past: BRFT [429] at Brookhaven;

BMV [430] at Toulouse, using a short, pulsed high-field magnet and pulsed laser fields; GammeV [431]
at Fermilab, using a Tevatron dipole magnet; or LIPPS [432] at Jefferson Laboratory, using a pulsed
free electron laser and two identical magnets; all of them producing limits to gaγ in the ballpark of 10−6

– 10−7 GeV−1. We refer to [29] for a detailed account of past LSW experiments. Currently two active
collaborations are working on LSW experiments and have produced the most competitive bounds below
10−7 GeV−1: The ALPS [433] experiment at DESY and the OSQAR [434] experiment at CERN, both
making use of powerful accelerator dipole magnets, from HERA and LHC accelerators respectively. The
main parameters of both experiments are listed in table 4 and the exclusion achieved in the gaγ −ma

space so far is shown in figure 6. ALPS enjoys power build-up in the production region, while OSQAR
has slightly higher magnet and laser parameters.
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LSW experiments with photons at frequencies other than optical have also been performed. The
most relevant result comes from the CROWS experiment at CERN [435], a LSW experiment using
microwaves [403]. A couple of resonant RF cavities (emitting and receiving cavities) were placed inside
a magnetic field, and a ∼50 W RF signal injected in the emitting one. Despite the small scale of the
cavities (∼15 cm diameter and height) the result is competitive with optical LSW experiments thanks
to full implementation of resonant regeneration. Both cavities enjoyed Q factors above 104 and they
were frequency locked during the data taking time. LSW experiments have also been performed with
intense X-ray beams available at synchrotron radiation sources [439,440]. However, due to the relative
low photon numbers available and the difficulty in implementing high power built-ups at those energies,
X-ray LSW experiments do not reach the sensitivity of optical or microwave LSW.

Typically LSW limits are only valid up to an axion mass of ∼meV, below which qL/2 ≪ 1 and thus
F < 1. Above this value the sensitivity drops as shown in Figure 6. In general, past LSW bounds are
considerably less restrictive than astrophysical or helioscope (see later) bounds. However, there is large
margin for improvement in the current LSW figure of merit (see Table 4), especially in the magnetic
length L and in implementing resonant regeneration schemes. The ALPS-II experiment [436], currently
in preparation at DESY, will use a string of 2×10 HERA magnets (i.e. a length of 2×100 m) for the
production and conversion regions. It will implement resonant regeneration with power build-up factors
of roughly 5×103 and 4×104 for the production and conversion regions respectively, as well as single
photon detection capabilities with Transition Edge Sensors (TES). The HERA magnet string does not
provide a completely homogeneous Be field but has LG ∼ 1-m long gaps of negligible field between the
magnets of length LB ∼ 8.8 m. The form factor of such configuration is slightly different

F =

(
2

qL

)2

sin2

(
qL

2NB

)
sin2 (qNB(LB + LG)/2)

sin2 (q(LB + LG)/2)
(5.7)

where NB is the number of magnets and L = LBNB is the magnetic length [436, 441]. The rest
of parameters are shown in Table 4. Resonant regeneration imposes challenging requirements on the
optical system, e.g. in regards the microroughness of the mirrors, the need to mode-match both cavities,
the need to control the relative orientation and length of the cavities with extreme precision. Length
fluctuations are compensated for by adjusting the laser frequency in the first cavity and the cavity
length in the regeneration part by moving the mirrors with piezo-actuator down to a precision of 0.5
pm. A small frequency doubled signal is feed into the regeneration cavity for the locking phase and
filtered before the detector. Mode matching is ensured by design. Without the middle wall the external
mirrors would form a confocal cavity that the inner mirrors divide into two approximate concave-convex
halves. The mode in the production cavity is a solution of the paraxial equation and can be chosen

Experiment status B (T) L (m) Input power (W) βP βR gaγ[GeV−1]
ALPS-I [433] completed 5 4.3 4 300 1 5×10−8

CROWS [435] completed 3 0.15 50 104 104 9.9×10−8(∗)
OSQAR [434] ongoing 9 14.3 18.5 - - 3.5×10−8

ALPS-II [436] in preparation 5 100 30 5000 40000 2×10−11

ALPS-III [437] concept 13 426 200 12500 105 10−12

STAX1 [438] concept 15 0.5 105 104 - 5×10−11

STAX2 [438] concept 15 0.5 106 104 104 3×10−12

Table 4: List of the most competitive recent LSW results, as well as the prospects for ALPS-II, together
with future possible projects, with some key experimental parameters. The last column represents the
sensitivity achieved (or expected) in terms of an upper limit on gaγ for low ma. For microwave LSW
(CROWS and STAX) the quality factors Q are listed. ∗ The limit is better for specific ma values, see
Figure 6
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to overlap with a solution of the wall-less cavity. In the ma → 0 limit, gaussian beams are solutions
of the ALP equation of motion in the paraxial approximation, so the ALP mode follows exactly the
spatial distribution of the would-be mode of the whole cavity, ensuring perfect overlap. In addition
HERA magnets are slightly bent by design and need to be mechanically straightened to increase the
horizontal aperture to reach specification of the optical cavities. The collaboration is progressively
meeting those technical challenges in a undergoing preparatory phase [442]. Results regarding the
specifications of the optical subsystems [443, 444] and of the photon detectors [445–447] are already
available. The full string of magnets is expected to be deployed in 2019 and first data taking will start
in 2020. The expected sensitivity of ALPS-II goes down to gaγ < 2 × 10−11 for low ma, and will be
the first laboratory experiment to surpass current astrophysical and helioscope bounds on gaγ for low
ma, partially testing ALP models hinted by the excessive transparency of the Universe to UHE photons
explained in section 3.2.2 (see Fig. 6).

A more ambitious ALPS-III extrapolation of this experimental technique is conceivable, for example,
as a byproduct of a possible future production of a large number of dipoles like the one needed for the
Future Circular Collider (FCC). Tentative experimental parameters for this future LSW are shown in
Table 4, and contemplate a magnetic length of almost 1 km. ALPS-III would suppose a further step in
sensitivity of more than one order of magnitude in gaγ with respect ALPS-II.

In the microwave regime, resonant regeneration is less technically demanding, and larger input
power is available. However, the boost factor given by the length of the cavity in the optical LSW is
not available in the microwave regime. Nevertheless similar sensitivities could in principle be achieved
by using extremely intense (up to 1 MW) sub-THz photon sources such as gyrotrons, as proposed by
STAX [438]. The latter also invokes challenging single-photon detection in the RF regime. Despite those
extrapolations, QCD axion sensitivity remains unattainable to LSW experiments, and such ambitious
endeavors may eventually need more specific motivation, like e.g. a confirmation of possible hints
produced in other experiments. In addition, increased sensitivity to a particular mass can be obtained
by alternating the polarity of some magnets of the array [441], something that could be considered e.g.
in the event of a determination of the ALP mass in haloscopes or helioscopes.

5.2 Polarization experiments

The vacuum permeated by a static Be-field is birefringent and dichroic [448, 449] due to the photon-
photon interactions mediated by virtual electron loops, as pointed out in the Euler-Heisenberg seminal
work [450]. The index of refraction for photons polarised along the Be field or perpendicular to it are
given by

n|| =
14α2B2

e

45m4
e

, n⊥ =
8α2B2

e

45m4
e

, (5.8)

where me is the electron mass. On the other hand, the ALP photon coupling (2.38) in an external
B-field writes −gaγB · Ea, so a laser beam with its E-field polarised at at angle α0 with respect to the
B-field direction will have its parallel component depleted (by γ → a conversion) and phase delayed (due
to γ → a→ γ) but the perpendicular component untouched [404,451]. Including vacuum birefringence
in our example of section 4.2.1, the laser polarisations after a length L are given by (4.30)-(4.31) to be

E||,⊥(L) = E||,⊥(0)(1− η||,⊥ − iϕ||,⊥), (5.9)

with

η|| = ϑ22 sin2 qL

2
, ϕ|| = n||ωL+ ϑ2(qL− sin qL) , ϕ⊥ = n⊥ωL, (5.10)

which produces a rotation of the laser polarisation given by δα = (η||− η⊥)(sin 2α0)/2 and an ellipticity
angle ε = (ϕ|| − ϕ⊥)(sin 2α0)/2.
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Figure 6: Exclusion regions in the (gaγ, ma) plane from the four most recent laboratory experiments
reviewed in the text and, for LSW, in table 4, as well as the prospects of new generation ALPS-
II experiment under preparation, that will surpass the astrophysical and CAST bounds on gaγ for
ma . 0.1 meV. The prospects for a more ambitious optical LSW experiment like ALPS-III are also
shown. The prospects of possible future microwave LSW experiments like STAX would also surpass the
CAST bound but for lower masses ma . 0.01 meV. Also shown (yellow) are the regions hinted by the
transparency of the universe to UHE photons, and from HB stars (orange horizontal band) as well as
exclusions from several astrophysical observations (see section 3.2 for explanations). The yellow band
represents the QCD axion models, and the orange line inside it the KSVZ model.

In a Be = 10 Tesla, L = 10 m field, the pure QED effect gives a maximum ellipticity angle
ε ≃ 2.4 × 10−14 for 1064 nm light (ω = 1.2 eV). An ALP respecting astrophysical bounds can induce
up to ε ≃ 3.4 × 10−18 and a rotation of polarization δα = 5.3 × 10−18. In an optical resonant cavity,
the effect increases linearly with the quality factor Q and inside a delay line with the number of
reflections [404]. After first experiences in Brookhaven [39, 429], the PVLAS collaboration settled in
Legnaro laboratory and instrumented a vertically oriented optical cavity with an ellipticity modulator
between cross polarisers to measure the ellipticity generated by gases in B-fields (Cotton-Mouton effects)
with the ultimate goal of reaching QED sensitivity. The 5 Tesla 1 m-long B-field was provided by a
superconducting dipole, which rotated in the horizontal plane at a small frequency νr ∼ 0.3 Hz to
modulate the signal proportional to sin 2α0 at 2νr and thus improving the signal to noise ratio. A
positive signal in rotation and ellipticity was announced in [452] but subsequent investigation showed it
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was a spurious effect of unknown systematics [453]. The PVLAS claim motivated a number of theoretical
speculations to make the ALPs compatible with the astrophysical bounds and many experimental efforts
to disprove it, and largely boosted the field of axion research in the years up to now. The collaboration
moved to a table-top set up in Ferrara to better understand the noise and increase the finesse. They have
recently produced best results with a record16 Q = 2.2×105 and two ∼ 10 Hz rotating 2.5 T permanent
magnets in Hallbach configuration giving B2L = 10.25 T2m [454,455], reaching a sensitivity only a factor
of ∼ 8 away from the QED effect [456]. The current limiting noise source is speculated to be thermal
effects in the mirror’s birefringence. Current plans involve cooling the mirror’s and rotating magnets
at higher frequencies. For comparison, note that the phase noise equivalent is 3× 10−12rad/

√
Hz at 10

Hz, better than the state of the art gravitational wave interferometer LIGO [457]. A recent review on
the experimental search of non-linear QED effects can be found in [458]. After a photon-regeneration
experiment to disprove the ALP interpretation of PVLAS (see next section), the BMV collaboration
in Toulouse, formed with the goal of measuring the QED birefringence using strong pulsed magnets
from the LNCMI. Their current setup is not as sensitive as PVLAS. A noise analysis concluded their
sensitivity to be limited by cavity intrinsic birefringence and R&D continues [459].

The signal could be increased by increasing the magnetic length using arrays of accelerator magnets
like ALPS-II but these are difficult to modulate. An alternative was proposed to modulate the polari-
sation [460] but it is severely limited by the mirrors intrinsic birrefringence. A promising alternative is
to introduce two corotating half-wave plates [461].

There is little doubt that the QED birefringence will be measured in a purely laboratory experiment
in a few years time-scale. Looking into the future, it would be a background for future ALP searches,
but present prospects of improving over the astrophysical bounds are somewhat discouraging.

5.3 5th force experiments

Axion-like particles can mediate monopole-monopole forces between baryons that compete with grav-
ity at distances ∼ 1/ma and have been constrained by precision measurements of Newton’s 1/r2

law [463–467] and searches of violations of equivalence principle [468, 469]. The most sensitive tech-
nique depends on the range: micromachined oscillators for Casimir force measurements [465], torsion
penduli [467], micro-cantilevers [466] and torsion-balance experiments [463,464,468,469] in order of in-
creasing range. The difficulties in handling large quantities of polarised atoms have rendered monopole-
dipole and dipole-dipole interactions traditionally much less sensitive. For instance, the combinations
ḡaNgae, ḡaNgaN (N = p, n) are much better constrained by combining limits on monopole-monopole
interactions, ∝ ḡ2aN , and astrophysical bounds on gae and gaN [462]. The direct constraints on dipole-
dipole interactions are much weaker than astrophysical limits, both in the case of nucleons [470] and
electrons [471, 472]. The situation is depicted in Fig. 7, which displays the upper bounds on ḡaN (dot-
ted) from gravity tests, gaN (solid) from astrophysics and the product

√
ḡaNgaN (dot-dashed). In the

latter case, we show the constraints from direct laboratory tests (black) and the mentioned combi-
nation of astro and monopole-monopole laboratory experiments (colored), always as dot-dashed lines.
For comparison we have shown the DFSZ and KSVZ prediction for the axion-proton coupling. The
CP-conserving coupling gAp of the DFSZ is shown as a yellow band and of KSVZ as a solid black line.
The CP-violating counterpart ḡAp is not known, but has a contribution of order ∼ gApθ0, where θ0 is the
minimum of the axionic QCD potential including CP-violation effects. The upper limit on θ0 . 10−10

from (2.8) gives the upper bound to this contribution shown as a black dotted diagonal line, although
the SM expectation is much smaller, see (2.37). The dot-dashed version is the similar upper bound for√
gApḡAp.

This was indeed the situation until the recent proposal [473] of detecting the axion field sourced by

16References mention the cavity’s Finesse F = 7× 105
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Figure 7: Left: Limits on ALP nucleon couplings: CP violating ḡaN from laboratory 5th-force searches
(dotted), CP conserving gaN from the SN1987A cooling argument (solid) and their product ḡaNgaN
(dot-dashed) from pure lab experiments (thin) and the direct product on the astro+lab constraints
from [462]. The yellow band represents the range for the DFSZ QCD axion, gDFSZ

Ap , and the line for
KSVZ , gKSVZAp , while dotdashed and dotted lines are approximate upper bounds for the CP-violating
axion couplings using θ0 = 10−10. The ARIADNE prospects for ḡaNgan are shown as black dot-dashed
curves. Right: Sketch of the ARIADNE experiment. Credit: ARIADNE collaboration, used with
permission.

a macroscopic object by NMR techniques instead of measuring the force exerted to other body. Indeed,
the interaction energy (4.40) of a fermion in the macroscopic ALP field resembles a magnetic dipole
interaction with an “equivalent” magnetic field,

Ba = − gaf
mfγf

∇a, (5.11)

with γf the gyromagnetic ratio. If we arrange a slow time-variation of the ALP field, the gradient can
be detected with precision magnetometry just like any other tiny oscillating B-field, with the advantage
that the axion field will traverse any shielding. The ARIADNE collaboration is developing this concept
in Reno U. [474]. A sketch of the setup can be seen in Fig. 7. A sprocket-shaped source mass creates
the a field. The Ba field points radially and is more intense near the “teeth”. The detector is a
laser-polarised 3He sample in a spheroidal quartz vessel located inside a superconducting Nb magnetic
shielding. It is optimised to lie as close as possible to the teeth of the rotating mass. The mass rotates
such that the teeth glide on the sample at the precession frequency and the transverse magnetisation
is read out using a SQUID magnetometer. The proposed setup considers a ∼cm Tungsten cylinder
and 3mm× 3mm× 0.15mm 3He vessel shielded by a 25µm Nb foil screen and is limited by transverse
projection noise in the sample [473]. A data integration time of 106 s gives the sensitivities shown in
Fig. 7 as dot-dashed black lines. The upper and lower curves consider transverse relaxation times of
T2 = 1 and 1000 s for the 3He sample, respectively. The bottom line made of two straight segments is
the projected sensitivity of a scaled up version with a larger 3He cell reaching liquid density, see [473].
Using a spin-polarised source like Xe or Fe, the scaled setup is potentially sensitive to dipole-dipole
interactions. The magnetic shielding strategy has been outlined in [475] and recent progress reported
in [474]. The collaboration plans to start full construction in Summer 2018, and commissioning will
occur in 2019-2020 with initial data expected by early 2021, together with R&D for the upgraded
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Figure 8: Left: Limits on ALP nucleon/electron couplings: CP violating ḡaN from laboratory 5th-
force searches (dotted), CP conserving gae from stellar cooling [79] (solid) and their product ḡaNgae
(dot-dashed) from pure lab experiments (thin) and the direct product on the astro+lab constraints.
Adapted from [462]. The yellow band represents the range for the electron coupling of the QCD axion
in DFSZ I, gDFSZ

Ap , and the line to a typical value with CAe = 1/6. The dotdashed diagonal line is an
approximate upper bound for the QCD axion combination ḡANgAe. Black dot-dashed lines correspond
to the QUAX-gsgp limit [476] and prospects [477] on the same combination ḡaNgae. Right: Sketch of
the QUAX-gsgp experiment, taken from [477] with permission.

version.
ARIADNE can improve the sensitivity of previous searches by ∼ 2 orders of magnitude in the

coupling before using the scaled up version. Moreover, it will reach the sensitivity QCD axions under
the assumptions that

• the CP-violating coupling to Tungsten ḡA74W ∼ 74(ḡAp + ḡAe) + 110gAn doesn’t have fine cancel-
lations between the constituent components,

• physics beyond the SM produce a sufficiently large CP violating coupling for at least one of
the constituents ḡAf , for instance by making θ0 close to the experimentally excluded value ∼
1.3× 10−10,

• and the axion CP conserving axial coupling to neutrons is of natural size CAn ∼ O(1), and not
severely suppressed as in KSVZ .

The last reason stems from the fact that, in its current version, the experiment is only sensitive to the
CP-conserving coupling to neutrons, gan, in the detection part because the protons and electrons in 3He
are paired so gA3He = gAn, recall sec. 4.2.2. This could be unfortunate, for DFSZ and KSVZ -type axions
have sensibly smaller couplings to neutrons than to protons (the coupling could even vanish within the
uncertainties). Further research is encouraged to develop a detection scheme sensitive to gap.

The QUAX collaboration has recently proposed a novel scheme to search for the monopole-dipole
force coupled to electron-spins ∝ ḡaNgae by detecting the magnetisation induced by Ba in a paramagnetic
material [477]. The idea is conceptually similar to ARIADNE, see Fig. 8 (right). The lead teeth of a
rotating wheel are made to pass near a cryostat containing a 1 cm3 sample of GSO (Gd2SiO5). The
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effective Ba created by the axion field gradient (generated by the lead) induces a small magnetisation
in the GSO that is modulated at the frequency nteethωrotation and read by a SQUID. The signal can
be amplified by a RLC circuit tuned at the signal frequency. First results of the so-called QUAX-gsgp
experiment without the boost of the RLC have been presented in [476], which already improve over
previous experiments [478, 479] (shown as thin black dot-dashed lines in Fig. 8 (left)). The prospects
presented in [477] show that the setup will be able to reach a sensitivity ∝ ḡaNgae . 10−33 for sub
µeV masses, approaching Raffelt’s constraint from the combination of laboratory ḡaN and astrophysical
constraints on gae, shown as coloured dot-dashed lines in Fig. 8 (left). However, this is still a factor of
104 or more away from QCD axion sensitivity17.

6 Detection of solar axions

ALPs can be produced in the solar interior by a number of reactions. The most relevant channel is the
Primakoff conversion of plasma photons into axions in the Coulomb field of charged particles. If the
ALPs couple with electrons, they can also be produced via the ABC mechanisms discussed in section 4.
Both the Primakoff and ABC differential fluxes are shown in Fig. 9. The former peaks at 4.2 keV and
exponentially decreases for higher energies. The latter results in slightly less energetic ALPs, with a
maximum at ∼1 keV.

The most relevant technique to search for solar axions is the axion helioscope [30]. Axion helioscopes
invoke the conversion of the axions into photons (X-rays) in strong laboratory magnets, therefore the
detection relies on the gaγ coupling. The usual procedure in helioscopes considers only the Primakoff
component because it maintains the broadest generality and produces relevant limits on gaγ over large
mass ranges. The signals of non-Primakoff axions in helioscopes depend of the corresponding product
of couplings, and typically do not compete with astrophysical limits. This however may no longer
be true in the future, as projected experimental sensitivities (i.e. IAXO) will supersede astrophysical
limits on gae, opening the possibility to probe an interesting set of non-hadronic axion models. We will
review in the following the past and current efforts in the helioscope technique, while later on in 6.2 we
briefly review other solar axion detection techniques. We finish this section commenting the possibility
of detecting axion produced by Supernovae.

6.1 Axion helioscopes

By means again of the aγγ vertex, solar axions can be efficiently converted back into photons in the
presence of an electromagnetic field. If the background field is static, the energy of the reconverted
photon is equal to the incoming axion, so a flux of detectable X-rays with energies of a few keV
is expected. We have already calculated the probability of axion-photon conversion in a transverse
magnetic field Be over a length L in (4.33), (4.34). A reference formula for helioscopes is [30,396,481]:

P(a→ γ) = 2.6× 10−17
( gaγ
10−10GeV−1

)2
(

Be

10 T

)2 (
L

10 m

)2

F(qL),

with the homogeneous Be-field form factor, F(qL), given by (5.6).
Coherent conversion along the whole length gives F = 1 and happens when qL ≪ 1. In vacuum

and for relativistic ALPs, the difference of photon and ALP wavenumbers is q = kγ − ka ≃ m2
a/2ω to

a good approximation. Then, the coherence condition for solar axion energies and a magnet length of
∼10 m is satisfied for axion masses ma . 10−2 eV. For higher masses, F decreases as (2/qL)2 ∝ 1/m4

a,
and so does the sensitivity of the experiment. To mitigate the loss of coherence, a buffer gas can be
introduced into the magnet beam pipes [482, 483] to impart an effective mass to the photons mγ = ωp

17Somehow, the QCD predictions in Fig. 6 of [477] are upscaled by a factor of ∼ 104.
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Figure 9: Solar axion flux spectra at Earth by different production mechanisms. On the left, the most
generic situation in which only the Primakoff conversion of plasma photons into axions is assumed.
On the right the spectrum originating from processes involving electrons, bremsstrahlung, Compton
and axio-recombination [323, 395]. The illustrative values of the coupling constants chosen are gaγ =
10−12 GeV−1 and gae = 10−13. Plots from [480].

(where ωp is the plasma frequency of the gas, ω2
p = 4παne/me, being ne and me the electron density and

the electron mass respectively). If the axion mass matches the photon mass, q = 0 and the coherence is
restored. By changing the pressure of the gas inside the pipe in a controlled manner, the photon mass
can be systematically increased and the sensitivity of the experiment can be extended to higher axion
masses. In this configuration, in the event of a positive detection, helioscopes can determine the value
of ma. Even in vacuum, ma can be determined from the spectral distortion produced by the onset of
ALP-photon oscillation in the helioscope of the low energy part of the spectrum, something that can
be detectable for masses down to 10−3 eV, depending of the intensity of the signal [484].

The basic layout of an axion helioscope thus requires a powerful magnet coupled to one or more
X-ray detectors. In modern incarnations of the concept, as shown in figure 10, an additional focusing
stage is added at the end of the magnet to concentrate the signal photons and increase signal-to-noise
ratio. When the magnet is aligned with the Sun, an excess of X-rays at the detector is expected, over
the background measured at non-alignment periods. This detection concept was first experimentally
realised at Brookhaven National Laboratory (BNL) in 1992. A stationary dipole magnet with a field of
B = 2.2 T and a length of L = 1.8 m was oriented towards the setting Sun [38]. The experiment derived
the upper limit gaγ < 3.6 × 10−9 GeV−1 for ma < 0.03 eV at 99% C.L. At the University of Tokyo, a
second-generation experiment was built: the SUMICO axion heliscope. Not only did this experiment
implement a dynamic tracking of the Sun but it also used a more powerful magnet (B = 4 T, L = 2.3 m)
than the BNL predecessor. The bore, located between the two coils of the magnet, was evacuated and
higher-performance detectors were installed [46,485,486]. This new setup resulted in an improved upper
limit in the mass range up to 0.03 eV given by gaγ < 6.0×10−10 GeV−1 (95% C.L.). Later experimental
improvements included the additional use of a buffer gas to enhance sensitivity to higher-mass axions.

A third-generation experiment, the CERN Axion Solar Telescope (CAST), began data collection in
2003. The experiment uses a LHC dipole prototype magnet with a magnetic field of up to 9 T over a
length of 9.3 m [488]. The magnet is able to track the Sun for several hours per day using a elevation
and azimuth drive (see Fig. 11). This CERN experiment has been the first helioscope to employ X-
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Figure 10: Conceptual arrangement of an enhanced axion helioscope with X-ray focusing. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate
X-ray optics onto a small spot area a in a low background detector. Figure taken from [487].

ray focusing optics for one of its four detector lines [489], as well as low background techniques from
detectors in underground laboratories [490]. During its observational program from 2003 to 2011, CAST
operated first with the magnet bores in vacuum (2003–2004) to probe masses ma < 0.02 eV, obtaining
a first upper limit on the axion-to-photon coupling of gaγ < 8.8× 10−11 GeV−1 (95% C.L.) [396,481].
The experiment was then upgraded to be operated with 4He (2005–2006) and 3He gas (2008–2011) to
obtain continuous, high sensitivity up to an axion mass of ma = 1.17 eV. Data from this gas phase
provide an average limit of gaγ . 2.3× 10−10 GeV−1 (95% C.L.), for the higher mass range of 0.02 eV
< ma < 0.64 eV [483, 491] and of about gaγ . 3.3× 10−10 GeV−1 (95% C.L.) for 0.64 eV < ma < 1.17
eV [492], with the exact value depending on the pressure setting.

CAST has more recently (2013-15) revisited the vacuum phase with improved detectors and a
novel X-ray optics. These improvements are the outcome of R&D done in preparation of the next
generation axion helioscope, IAXO. In particular, one of the detection lines, dubbed IAXO pathfinder
system [493], combines for the first time both low background techniques and a new X-ray optics built
purposely for this goal, and enjoys an effective background count rate of 0.003 counts per hour in the
signal region. The outcome of this phase represents the most restrictive experimental limit to gaγ for
masses ma < 0.02 eV [494]:

gaγ < 0.66× 10−10GeV−1 (95% C.L.). (6.1)

CAST has been the first axion helioscope with sensitivities to gaγ values below 10−10 GeV−1 and
competing with the most stringent limits from astrophysics on this coupling, see Tab. 2. As shown in
Fig. 12, in the region of higher axion masses (ma & 0.1 eV), the experiment has entered the band of
QCD axion models and excluded KSVZ axions of for specific values of the axion mass in the range ma ∼
eV.

In addition to this main result, CAST has also searched for other axion production channels in
the Sun, enabled by the axion-electron or the axion-nucleon couplings. As mentioned above, in these
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Figure 11: Picture of the CAST experiment at CERN. Credit: M. Rosu/CAST collaboration, CERN

cases helioscopes provide limits to the product of gaγ and the corresponding coupling. More specifically,
CAST has provided results on the search for :

• 14.4 keV solar axions emitted in the M1 transition of Fe-57 nuclei [495],

• MeV axions from 7Li and D(p, γ)3He nuclear transitions [496],

• keV axions from the ABC processes involving the axion-electron coupling [395],

• more exotic ALP or WISP models, like chameleons [497,498]

So far each subsequent generation of axion helioscopes has resulted in an improvement in sensitivity
to gaγ of about a factor of a few over its predecessor (see table 5). All helioscopes so far have largely relied
on reusing existing equipment, especially the magnet. CAST in particular has enjoyed the availability
of the first-class LHC test magnet. Going substantially beyond CAST sensitivity appears to be possible
by designing a dedicated magnet, optimised to maximise the helioscope magnet’s figure of merit fM =
B2 L2 A, where B, L and A are the magnet’s field strength, length and cross sectional aperture area,
respectively. fM is defined proportional to the photon signal from converted axions. Improving the value
of fM obtained by CAST can only be achieved [487] by a completely different magnet configuration with
a much larger magnet aperture A, which in the case of the CAST magnet is only 3×10−3 m2. However,
for this figure of merit to directly translate into a signal-to-noise ratio of the overall experiment, the
entire cross sectional area of the magnet must be equipped with X-ray focusing optics. The layout of
this enhanced axion helioscope, sketched in Figure 10, was proposed in [487] as the basis for IAXO, the
International Axion Observatory.

IAXO is the next generation axion helioscope, currently at design stage. It builds upon the ex-
perience of CAST, and aims at building a new large-scale magnet optimised for an axion search and
extensively implementing focusing and low background techniques. Thus the central component of
IAXO is a new superconducting magnet that, contrary to previous helioscopes, will follow a toroidal
multibore configuration [502], to efficiently produce an intense magnetic field over a large volume. Cur-
rent design considers a 25 m long and 5.2 m diameter toroid assembled from 8 coils, and effectively
generating and average (peak) 2.5 (5.1) Tesla in 8 bores of 600 mm diameter. This represents a 300
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times better fM than the CAST magnet. The toroid’s stored energy is 500 MJ. The design is inspired by
the ATLAS barrel and end-cap toroids [503,504], the largest superconducting toroids built and presently
in operation at CERN. Beyond the magnet, several improvements are foreseen also in the optics and
detector parameters. Each of the 8 magnet bores of IAXO will be equipped with an X-ray telescope of
60 cm diameter. The collaboration envisions to build optimised optics based on thermally-formed glass
substrates, similar to those used on NASA’s NuSTAR [505]. The number and position of the substrates,
as well as their coating, will be carefully designed to optimise reflectivity in the energies corresponding
to the solar axion spectrum [506]. At the focal plane in each of the optics, there will be low background
pixelated detectors able to image the focused signal, built with radiopure components and properly
shielded. The baseline technology for those detectors are small gaseous chambers read by pixelised
planes of microbulk Micromegas, already developed and used in CAST. The latest generation of those
detectors have achieved record background levels below ∼ 10−6 counts keV−1 cm−2 s−1 [507,508], and
prospects for reducing this level to 10−7 counts keV−1 cm−2 s−1 or even lower appear feasible [509].
Additional detection technologies are under consideration, like Ingrid Micromegas, Metallic Magnetic
Calorimeters, Transition Edge Sensors or Silicon detectors, that could complement the former by fea-
turing lower energy thresholds or better energy resolutions, appealing for other observations, like the
detection of the ABC solar axions emitted through the gae-coupling. Figure 13 shows the conceptual
design of the overall infrastructure [501].

IAXO is expected to improve the CAST signal-to-noise by more than a factor 104, corresponding
to more than one order of magnitude in gaγ. IAXO will also feature a buffer gas phase to enhance its
sensitivity at high masses. Figure 12 shows the current sensitivity prospects in the ALP parameter
space. At low masses, IAXO will entirely cover the region of the ALP parameter space invoked in the
anomalous transparency of the Universe to UHE photons. In the gae channel, IAXO will be sensitive
to non-hadronic axion models that provide satisfactory fits to the stellar cooling anomaly [79]. As a
first step towards IAXO, the collaboration aims at building a scaled-down version of the setup, called
BabyIAXO. The BabyIAXO magnet will be only 10 m long and will feature only one bore of 60 cm
diameter. Therefore BabyIAXO will be equipped with only one optics and detector, but of similar
dimensions to the final IAXO system. BabyIAXO will therefore constitute a representative prototype
for the final infrastructure. But it will also provide relevant physics outcome at an intermediate level
between current best CAST limit and the full IAXO prospects. Figure 12 shows also current sensitivity
projections for BabyIAXO. The design and operational experience with BabyIAXO, in particular with
the magnet, is expected to provide relevant feedback for the technical design of the full infrastructure
and enable improvements in the final figure of merit. A possible enhanced sensitivity projection for
and improved IAXO is represented in Figure 12. Finally, the Russian groups in IAXO have recently
proposed a medium-scale axion helioscope, called TASTE [499], of similar scale and sensitivity reach
than BabyIAXO, that could take place at INR in Russia, leveraging existing equipment and resources.

Experiment references status B (T) L (m) A (cm2) focusing g10
Brookhaven [38] past 2.2 1.8 130 no 36
SUMICO [46,486] past 4 2.5 18 no 6
CAST [481,483,488,491,492] ongoing 9 9.3 30 partially 0.66
TASTE [499] concept 3.5 12 2.8×103 yes 0.2

BabyIAXO [500] in design ∼2.5 10 2.8×103 yes 0.15
IAXO [487,501] in design ∼2.5 22 2.3×104 yes 0.04

Table 5: List of past and future helioscopes with some key features. The last column represents the
sensitivity achieved (or expected) in terms of an upper limit on g10 = gaγ × 1010 GeV for low ma.
The numbers for the TASTE, BabyIAXO and IAXO helioscopes correspond to the design parameters
considered in the quoted references.
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Figure 12: Latest excluded region in the (gaγ, ma) from helioscopes (CAST), as well as prospects from
future experiments, most relevantly from BabyIAXO and IAXO. Also shown are the prospects at high
mass from a possible implementation of the AMELIE concept. Also shown are prospects from the
ALP-II experiment and hinted regions from astrophysics as explained in the text.

Discussions are ongoing to explore how this project could constitute a pathfinder experiment for the
future IAXO.

6.2 Other techniques to search for solar axions

6.2.1 Primakoff-Bragg conversion in crystalline detectors

Axion-photon conversion (and viceversa) can also happen in the atomic electromagnetic field inside
materials. In the case of crystalline media, the periodic structure of the field imposes a Bragg condition,
i.e., the conversion is coherently enhanced if the momentum of the incoming particle matches one of the
Bragg angles [511,512] (similar Laue-like conversion in crystals is studied in [513]). This concept has been
applied to the search for solar axions with crystalline detectors [514, 515]. The continuous variation of
the relative incoming direction of the axions with respect to the crystal planes, due to the Earth rotation,
produces very characteristic sharp energy- and time-dependent patterns in the expected signal in the
detector, which can be used to effectively identify a putative signal over the detector background. This
technique has the advantage that can be used as a byproduct of ongoing low-background underground
detectors (e.g. those in WIMP or double-beta decay experiments) provided they have low enough
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Figure 13: Left: schematic view of IAXO. Shown are the cryostat, eight telescopes, the flexible lines
guiding services into the magnet, cryogenics and powering services units, inclination system and the
rotating platform for horizontal movement. The dimensions of the system can be appreciated by a
comparison to the human figure positioned by the rotating table [501]. Right: Possible implementaion
of the AMELIE concept described in secion 6.2.2 in a cylindrical gas TPC read out by a Micromegas
plane. Figure taken from [510] with permission.

threshold and the crystal plane orientation of the detectors is (at least partially) known.

After the first application of this technique with small Ge detectors by the SOLAX [516] and
COSME [517] experiments, it has been also used as byproducts of the DAMA [518], CDMS [519]
and EDELWEISS [520] experiments. It is also foreseen as part of the physics program of -at least-
CUORE [521], GERDA and MAJORANA [522] experiments. However, in the mass range where
helioscopes enjoy full coherent conversion of axions, the prospects of this technique is not competi-
tive [523, 524]. The best result so far is that of DAMA, that sets gaγ < 1.7 × 10−9GeV−1 (90% C.L.).
Note that this is less stringent than the limit from solar physics itself, and thus these bounds are not
yet self-consistent. Although this will improve in forthcoming results (e.g. [521]), not even with future
multiton target masses can one reach sensitivity to gaγ similar to current helioscopes [523]. For higher
masses above ∼1 eV, where the sensitivity of helioscopes drops, this technique does surpass the former,
but this region of parameters is disfavoured by astrophysics and cosmology, as explained above.

6.2.2 Modulation helioscope

A variant of the helioscope technique can be realised in a large magnetised gaseous detector [510]. In
this configuration the detector gaseous volume plays both the roles of buffer gas where the Primakoff
conversion of solar axions takes place, and X-ray detection medium. The proposed realization is a gas
time projection chamber (TPC) placed inside a strong magnet (AMELIE concept [510]) like the one
shown on the right of Fig. 13. Contrary with standard helioscopes, in which the resulting X-rays need
to cross the buffer gas to reach the detectors, here high photoabsorbtion in the gas is sought. Therefore,
high pressures or high-Z gases are preferred. The ALP-photon probability in a refractive and absorbing
medium can be computed directly in the ALP-photon mixing picture outlined in sec. 4.2.1 with a
complex index of refraction, i.e. kγ → k∗γ → nrω + iΓ/2 where Γ is the X-ray absorption coefficient. In
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the small mixing regime gives [482],

P(a→ γ) = |ϑ
(
e−iq

∗L − 1
)
|2 =

g2aγ|Be⊥|2
4q2 + Γ2

(
1 + e−ΓL − 2e−ΓL cos(qL)

) ΓL≫1−−−→
g2aγ|Be⊥|2
4q2 + Γ2

, (6.2)

and the probability than the ALP is absorbed along the length L, leading to a signal, in the ΓL ≫ 1
limit [482] tends to

P
ΓL≫1−−−→ P(a→ γ)ΓL. (6.3)

Due to the short range of the X-rays in the gas, the coherence of the conversion is lost and the sensi-
tivity of the experiment is proportional to the volume of detection (rather than to L2A as in standard
helioscopes). This means that there is no privileged direction and moving the magnet to track the
Sun is no longer necessary. Nevertheless, the signal depends on the Be field component perpendicular
to the ALP incident direction18, n⊙, Be⊥ = |Be × n⊙|, and therefore even in a stationary magnet a
daily modulation of the signal is expected, which give a useful signal signature. Due to the loss of the
coherence the technique is not competitive with standard helioscopes at low mass, although it could
have some window of opportunity at higher masses & 0.1 eV where buffer gas scanning in helioscopes
is increasingly difficult. The technique could profit from recent efforts in the field of TPCs with low
background and relatively large volumes (e.g. [509, 525, 526]). Figure 12 includes some projections of
this technique, for different values assumed for the instrumented volume. The most sensitive line was
drawn assuming that a magnet volume similar to that of IAXO is filled with gas TPCs.

6.2.3 Non-Primakoff conversions

Axions could also interact with matter via their coupling with electrons or with nucleons. For example,
solar axions could produce visible signals in ionisation detectors by virtue of the axioelectric effect [527–
531]. The use of this technique to search for solar axions produced by gae processes is particularly
appealing, as the final signal depends only on gae and robust limits on this coupling can be set. Large
liquid Xe detectors, aiming at the detection of dark matter WIMPs, like XMASS [532], XENON [533],
PANDAX-II [534] and LUX [535], have all performed this search as a byproduct of their experiments.
The latter has produced the most competitive result to date, setting an upper bound gae < 3.5× 10−12

(90% C.L.). However this value is still considerably larger than the limit from astrophysics presented
in section 3.2. Due to the mild dependency on exposure gae ∝ (MT )−1/4 (being M the mass and T the
exposure time), even the future DARWIN detector, with a target mass of 50 ton of liquid Xe, will still
fall short of reaching it [536].

For monochromatic solar axions emitted in M1 nuclear transitions, a reverse absorption can be
invoked at the detector, provided the detector itself (or a component very close to it) contains the
same nuclide. Due to Doppler broadening of the emission line, these axions should be able to excite
the nucleus, whose subsequent decay can be registered. This detection strategy has been applied for a
number of nuclides, like 57Fe [537, 538], 7Li [539], 169Tm [540] or 83Kr [541, 542]. The upper limits on
the nucleon couplings (and therefore to the mass) obtained by these methods are however larger than
the bounds set by astrophysics.

6.3 Axions from supernovae

In section 3.2 we saw how the (lack of) observation of γ-rays or neutrinos accompanying a SN explosion
can indirectly constraint axion properties (gaγ and gaN respectively). But one could consider direct

18In a general Be field, the ALP-like wave has an electric field along the transverse and longitudinal components, see e.g.
the discussion in [406]. In principle, the longitudinal field, which would mix with longitudinal plasmons, can also produce
ionisation. However, in the relativistic limit ω ≫ ma in which this technique is relevant, the longitudinal component is
suppressed by a factor (q/ω)2 and is therefore entirely negligible.
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detection of axions produced in the SN at Earth. Indeed, if axion couplings are close to the upper
bounds allowed by astrophysics (as the hints from stellar cooling seem to suggest) SNe would emit a
significant part of their energy in the form of axions [339]. A strong burst of axions, similar to that
of neutrinos, is expected from each SN. In addition a large cosmic diffuse background flux from all
past SNe, the diffuse SN axion background (DSAB) (in analogy to the diffuse SN neutrino background,
DSNB) is also expected. These DSAB axions have O(100MeV) energies and can have energy density
comparable with other diffuse stellar backgrounds like the DSNB or the EBL. Their direct detection,
however, is very challenging [339]. An interesting opportunity seems to be to attempt detection of the
burst of a nearby SN with a helioscope equipped with MeV detectors [339]. Assuming all SN energy is
released in axions of average energy 80 MeV, Betelgeuse (distance 200 pc) provides an axion fluence at
Earth of 5× 1014/cm2. Pointing the helioscope towards Betelgeuse in time for the burst is in principle
possible due to the early warning (∼ few days) due to the thermal neutrinos from the silicon burning
phase preceding core collapse, that could be detectable by the neutrino detectors associated in the
SuperNova Early Warning System (SNEWS) [543]. For such energies, coherence in the axion-photon
conversion of a L = 20 m helioscope like IAXO is achieved even for ma ∼ eV. The expected number of
events is

∼ A
2× 104 cm2

( gaγ
10−11GeV−1

)2
(
Ba

3T

)2 (
L

22m

)2

. (6.4)

at essentially zero background. The discovery potential depends thus on the relation between the
nucleon coupling responsible for the axion emission and the photon coupling. Reference [339] used the
educated guess that gAp ∼ 10−9, saturating the SN1987A neutrino pulse duration constraint, would
reach such fluxes. From that point on, the signal depends on the particular axion model. For instance,
interpreted as KSVZ , fA = 0.47mp/gAp ∼ 4.4 × 108 which gives gaγ = 0.5 × 10−12 GeV−1. The most
optimistic case would correspond to having overestimated the axion emission from a nuclear medium
(as seems to be the case [337]). This would mean that the maximum SN axion emission would happen
for larger values of gAp, smaller values of fA and thus larger photon couplings. All in all, at this stage it
does not seem implausible at all to discover axions in the mA ∼ 10 meV ballpark with such a technique.
Strong constraints on ALP models would ensue, otherwise.

7 Direct detection of dark matter axions

If our Milky Way dark matter halo is entirely composed of ALPs, we would be embedded in a sea with
huge number density of about 3 × 1014(µeV/ma) cm

−3. Despite their feeble interactions, these ALPs
could lead to detectable effects in the laboratory experiments, if coherence effects are exploited. The
absence of a signal in such experiments produce a limit to an ALP coupling under the assumption those
particles form the dark matter, or more strictly, they produce limits to the product ga

√
˜̺a, where ga is

the relevant coupling for detection and ˜̺a is the fraction of the local ALP density, ˜̺a = ̺a/̺, being ̺a
the local ALP density and ̺ = 0.45 GeV cm−3 the total local DM density19. If ALPs are a subdominant
component of dark matter ̺a < ̺, the sensitivity of these experiments to ga is correspondingly reduced.

The conventional strategy to detect axions is the axion haloscope technique proposed by Sikivie [30],
which invokes the conversion of axions into photons in a magnetic field and therefore is based on the
coupling gaγ. DM axions are highly non-relativistic and therefore almost monochromatic, because the
relative spread in frequency is related to the virial velocity dispersion in the gravitational potential well
of the galaxy+DM halo, ∆ω/ω ∼ σ2

v ∼ 10−6 , see (4.2). This fact can be exploited to devise a resonantly
enhanced conversion using microwave cavities with high quality factor Q. The resonant frequency of

19We shall keep in mind that the range of estimates for ̺ is still relatively large, ̺ = 0.2 − 0.56 GeV cm−3 [397].
However, it has become customary to keep the quoted value used in axion DM exclusion plots for the sake of comparison
among different results and projections. Lower ̺ values would imply a need to scale all results accordingly
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the cavity must be matched to the unknown axion mass within an error ∼ ma/Q in order to enable
the resonant conversion. Given that not only the axion mass is unknown, but, as shown in section 3.1,
there is strong motivation to probe a large range of values, the experimental setup must allow tuning
the resonant frequency over a range as wide as possible. Data taking with conventional haloscopes thus
entails scanning very thin mass-slices of parameter space. The experimental implementation and the
development of related technologies (high-Q cavities inside magnetic fields, low noise RF detection, etc.)
have been led for many years by the ADMX collaboration. ADMX has demonstrated that the haloscope
technique can realistically achieve sensitivity to QCD axion models in the few µeV mass ballpark. In
recent years, a number of new experimental efforts are appearing, some of them implementing variations
of the haloscope concept, or altogether novel detection concepts, making this subfield one of the most
rapidly changing in the axion experimental landscape. In the following subsections, we attempt a
complete review of those efforts, stressing the complementarity among many of them, conceived to
extend sensitivity to different axion mass ranges.

Applying the haloscope technique to frequencies considerably higher or lower than the one ADMX
is targeting is challenging, for different reasons. Lower frequencies imply proportionally larger cavity
volumes and thus bigger magnets. Higher frequencies imply lower volumes and correspondingly lower
signals and sensitivity. Several R&D lines are being pursued to adapt the concept at different frequency
ranges, and we review them in 7.1. These developments are always associated with the technologies
needed to go to larger and/or more intense magnetic fields, higher quality factors, cryogenics and noise
reduction at detection, among others. Higher frequencies together with relatively high volume are
in principle achievable with more complex extended structures resonant at high frequencies, of which
several implementations are being explored. A more radical variant, in which Q is (almost) given up, is
followed by the dish antenna concept and its relative, the dielectric haloscope, presented in 7.2. Other
altogether different detection concepts include the use of LC circuits inside magnetic fields (7.3) to
generate the resonance, or the use of nuclear magnetic resonance (NMR) techniques (7.4), both with
promise to achieve good sensitivity at much lower masses than the conventional haloscopes, and the
latter invoking the interaction of the axions with electrons or nuclei, instead of gaγ. In addition, the effect
of the DM axion field in atomic transitions (7.5) could lead to observable effect at much larger ma than
previous techniques. Finally, some of the detection techniques offer more refined detection strategies
involving low dispersion streams or sensitivity to the incoming direction of the axion, something that
we briefly discuss in 7.6.1.

Before proceeding with the rest of the section, let us mention that the possibility that the DM halo
is made of more massive ALPs with coupling to electrons could produce a signal in massive ionisation
detectors via the axioelectric effect. Although not a particularly motivated scenario by theory, this
possibility can be explored as a byproduct of ongoing low background massive detectors developed for
WIMP searches, showing up as a non-identified peak at an energy equal to the ALP mass. Experiments
like CDMS [519], XENON100 [533] or EDELWEISS [520] have analysed their data in search for such
signal. They globally exclude values of gae . 10−12 for ALP masses in the range 1–40 keV (always
under the assumption that DM is entirely made of those particles). Next generation WIMP detectors,
like DARWIN [536], could improve this limit by more than one order of magnitude.

Finally, let us mention that it has been claimed that DM axions can generate observable signals
in resonant Josephson junctions [544], and indeed an experimental result of unknown origin [545] has
been interpreted as a detection of a DM axion of ma = 0.11 meV in [546]. Although this value of
ma is well inside one of the ranges expected for a DM axion as explained in section 3.1, we must cast
serious doubts on the validity of this interpretation. The formalism is based on formal similarity of
the dynamical equation of the axion and the Josephson junction, but it is not clear what would be the
origin of the physical coupling between both systems. At some point in [546] the Primakoff conversion
of the axion is invoked (with an unrealistic O(1) conversion probability), however the final expression
predicted for the signal strength is independent on gaγ or any other axion coupling, which means that
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted from the
cavity.

the formalism has the strange property of predicting a signal even with vanishing axion interactions.

7.1 Conventional haloscopes

The conventional axion haloscope technique [30] consists of a high-Q microwave cavity inside a homo-
geneous magnetic field of intensity Be to trigger the conversion of DM axions into photons. Figure 14
shows a sketch of the haloscope concept. Being non relativistic, DM axions produce monochromatic
photons of energy equal to ma. For a cavity resonant frequency matching ma, the conversion is en-
hanced by a factor proportional to the quality factor of the cavity Q and the signal power in the band
ma ±ma/Q is (4.51),

Ps = κ
Q

ma

g2aγB
2
e |Gm|2V ̺a (7.1)

= 7.2× 10−23W
( κ

0.5

)(
Q

105

)(
µeV

ma

)(
gaγ

2× 10−16GeV−1

)2 (
Be

8T

)2 ( |Gm|2
0.69

)
V

200l
˜̺a (7.2)

where Gm is the geometric factor of the resonant mode, as defined in Eq. 4.46, and we have used
̺a = m2

a|a≈|2/2 by assuming that σ2
v . 1/Q, i.e. the DM bandwidth is smaller than the width of the

cavity resonance and can be taken as a delta function. The general formula (4.52) can be used when
σ2
v ∼ 1/Q or for other bandwidths. This resonant amplification only works for values of ma within a

thin frequency window ∆ν/ν ∼ Q−1 around the resonant frequency, see (4.50), but typically the DM
signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ∼ 1/σ2

v ∼ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly different values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
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noise,

Pn = Tsys∆ν = Tsys
ma

2πQa

(7.3)

= 3.3× 10−21

(
Tsys
K

)(
ma

µeV

)(
106

Qa

)
, (7.4)

where Tsys is the effective noise temperature of the detector (typically amplifier + thermal fluctuations).
One hopes that measuring enough time, the signal becomes larger than noise fluctuations. The signal
to noise as a function of the measurement time in a frequency bin ∆ν is given by Dicke’s radiometer
equation

S

N
=

Ps
Tsys

√
∆t

∆ν
, (7.5)

where Tsys is the effective noise temperature of the detector (typically amplifier + thermal fluctuations).
Therefore, given a theoretical axion signal Ps, a time ∆t = (S/N)2(Tsys/Ps)

2∆ν is needed to achieve a
given detection significance specified by a signal to noise. In order to scan an ALP mass interval, dma

with measurements of width ∆ν = ma/Q, we need a number (Q/Qa)(dma/ma) of ∆t measurements,
and so the scanning rate is

dma

dt
=

Qa

Q

2π∆ν

∆t
=
Qa

Q

(
S

N

)2 (
Tsys
Ps

)2

. (7.6)

A useful figure of merit of these experiments is proportional to the time needed to scan a fixed axion
mass range [547] down to a given S/N level for a given value of the coupling gaγ:

F ∼ ̺2ag
4
aγm

2
aB

4
eV

2T−2
sys |G|4Q (7.7)

ADMX has been the major experimental effort in this category for many years, drawing on the
experience of a couple of pilot small-scale experiments in the 80s, at BNL [36, 37] and at University
of Florida [40]. ADMX has built the largest and most competitive axion haloscope to date. It uses a
NbTi superconducting solenoid with an inner cylindrical bore of 60 cm × 110 cm and producing a field
of up to 8 T. The microvawe cavity, shown in Fig. 15, is made by electrodepositing high-purity copper
on a stainless steel body, followed by annealing, and reaches a quality factor of Q ∼ 105.

For a cylindrical cavity in a solenoidal field, the TM0n0 modes are the ones that couple with the axion,
as they feature an electric field component parallel to the magnetic field. The resonance frequency, and
therefore the wavelength of light that resonates that frequency λa = 2π/ma, is in general determined
by the cavity dimensions V ∼ (λa/2)

3. For an empty cylinder the relation is found analytically:

ωTM0nl
=

√(
ξn
r

)2

+

(
lπ

h

)2

, (7.8)

where ξn is the nth zero of the Bessel function of order zero, and r and h are the radius and height
of the cylinder. The fundamental TM010 mode provides the larger form factor |GTM010

|2 ∼ 0.69. In
the implementation at ADMX, a set of movable rods inside the cavity slightly distorts the mode while
allowing for the tuning of the resonance frequency in the approximate range of 0.5 to 2 GHz.

In a first phase (1995-2004), the experiment was cooled down to T ∼ 1.5 K, and HFET amplifiers
with noise temperature TN ∼ 1.5 K were used, thus having a system noise temperature of Tsys ∼ 3 K.
In this conditions, ADMX [548] already covered the frequency range of 460 - 890 MHz (1.9 - 3.65
µeV) with sensitivity down to KSVZ models (see Figure 18). This has been the first axion haloscope
search with sensitivity reaching the axion QCD band. Since then the collaboration has been focused
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on improving the setup, mostly regarding low noise detection, in order to improve sensitivity in gaγ or,
alternatively, scan faster in ma. In a second operational phase (2007-09), Microstrip coupled SQUID
Amplifiers (MSA) were employed, with much lower noise temperature [549]. These devices can operate
close to the quantum limit, TN ∼ ω, but to exploit this the temperature of the cavity must be lowered
substantially. In the current stage of the experiment, a dilution refrigerator has been added, that allows
the cool down the cavity to a temperature T ∼ 150 mK, reaching Tsys ∼ 500 mK. First data in these
conditions are already being taken. A new scan of the 645-680 MHz region has been performed in the
first half of 2017 with expected sensitivity [550] down to the DFSZ model.

ADMX is now ready to continue to go up in frequency with relatively high scanning speed. It is
expected to probe up to ∼2 GHz (8 µeV), with DFSZ sensitivity, in the next 2 years (see Fig. 18). Then
the collaboration is targeting going to higher masses, up to 10 GHz, in a few years time. For this the
single cavity will be replaced with multiple power-combined cavities with higher resonant frequencies,
but tuned in a similar manner. Going to even higher frequencies requires new detection strategies, for
which intense R&D is ongoing, as we describe below.

Finally, let us mention that the ADMX infrastructure has also been used to search for other WISPs,
as byproducts of the experiment. Chameleon particles have been searched through the “afterglow” effect
of photon-chameleon-photon transitions [551], while hidden photons were searched for implementing a
LSW setup with a emitter cavity driven with microwave power [552].

7.1.1 Lower ma

Going to frequencies lower than the low end of the ADMX range requires larger cavity volumes. In
principle, the dependence on V and the fact that larger cavities easily reach higher Q values should make
the implementation of those haloscopes less technologically challenging. However, the construction of
sufficiently large and powerful magnets to hold the cavities will require important investments that
could constitute a major drawback for such implementations. Access to existing large magnets could
offer appealing options to carry this type of searches.

The WISPDMX experiment is a joint venture between DESY and Hamburg University with the
aim of searching for WISPy DM with a 208-MHz resonant cavity used at the DESY HERA accelerator.
In the first stage it is focusing on hidden photon DM search, which does not require the presence of a
strong background magnetic field. The cavity has a volume of ∼ 500 litres and the ground TM010 mode
has Q = 46000. The signal is amplified with Tsys = 100 K. Two dielectric plungers allow the tuning of
the ground and excited frequencies by a few MHz. The collaboration considers placing their cavity into
the H1 solenoid magnet (Be = 1.15 T, V ∼ 7.2 m3) to search for ALPs [553].

The proponents of KLASH [554] aim at using the KLOE superconducting solenoid magnet located
at the National Laboratory of Frascati, INFN. This magnet could host a large cylindrical cavity of
50 m3 inside a 0.6 T field. The cavity would be copper coated and could achieve a Q-factor of about
4.5× 105 at 4 K, the temperature to which the magnet is cooled down. A mechanical tuning similar to
that of ADMX, based on movable rods, should allow to tune the resonant frequency in an approximate
range of 20% around the base frequency of 57 MHz. Finally, a low noise RF detection at 4 K is
foreseen. As seen in Fig. 18, such a haloscope implementation would have a potential sensitivity of
gaγ ∼ 6× 10−17 GeV−1 for ma values in the ballpark of 0.2 µeV. The large magnetic volume available,
compensates the relatively low field and modest noise temperature imposed by the temperature of the
magnet.

A similar large volume implementation could be conceived in (one of the bores of) the large magnet
planned for IAXO (described in section 6.1). Using relatively conservative values for Q and Tsys, a very
competitive sensitivity could be achieved thanks to the large B2V available. A preliminary estimation
[555] gives sensitivity down to DFSZ models for an approximate mass range of 0.6 – 2 µeV. The cavity
geometry best fitting the planned bores, would be similar to the rectangular type proposed in [556],
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Figure 15: Pictures of some of the microwave cavities implemented in active axion haloscopes comented
in the text, with the mechanical tuning mechanism. On the left the 50 cm diameter and 1 m long cavity
of the AMDX experiment (used with permission, credit ADMX Collaboration). On the right the 10.2 cm
diameter and 25.4 cm long cavity of the HAYSTAC experiment (used with permission, credit HAYSTAC
Collaboration).

which is currently being used by the CAST-CAPP and RADES searches in the CAST magnet (see
below).

A haloscope implementation in a toroidal geometry is being explored at CAPP in South Korea, called
ACTION [557]. A toroidal cavity could offer some advantages over conventional cylindrical ones, like
a more efficient use of the magnet conductor and a higher geometric factor, as well as lower fringe field
(good for handling external sensitive equipment). Frequency tuning is achieved by moving a toroidal
bar displaced parallel to the symmetry axis. First tests with a small toroidal cavity have recently been
carried out. A large scale ACTION experiment would require a large toroidal magnet with minor/major
radius of 50/200 cm and a B =5 T, and could effectively explore the 0.8–2 µeV range.

7.1.2 Higher ma

Pushing the haloscope technique to higher masses is challenging, for a number of reasons. First, given
that the cavity size is matched to the photon wavelength, higher frequencies correspond to lower V ,
which means lower sensitivity. Furthermore, Q typically decreases for higher frequency cavities , and
typically, the noise of microwave amplifiers increases with frequency. This is true for state of the art
HEMT amplifiers, T ∼ (ν/2.5GHz) K, but also for the quantum limit TN = ω, achievable with SQUIDs,
see e.g. for a discussion in the context of axion DM searches [558]. The obvious exception are bolometers
or photon counters that do not measure both amplitude and phase of light like linear amplifiers do.
Photon counting at ∼ GHz frequencies is at the moment not a better option, but is not subject to the
quantum uncertainty limitation, just to shot noise and thermal fluctuations, which at high frequencies
can be strongly suppressed by cooling to T < ω. In this context we lament the discontinuation of the
CARRACK experiment [42,559], which focused on developing ∼ 10µeV photon counting with Rydberg
atoms [43] in a secondary coupled cavity and released some promising results [560, 561].

One can in principle compensate the loss in V and Q by improving other parameters entering the
figure of merit and indeed substantial effort in these directions is ongoing in the community. One
obvious line of research is to target higher B-fields, piggybacking on advances in magnet technology,
taking advantage on the fact that only smaller cavity volumes V need to be instrumented. Alternatively
(or in addition), research on low noise RF photon detection could push Tsys down to the quantum limit,
or even beyond it. Higher Q could be achievable using superconducting cavities, although Q-values
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Figure 16: Zoom of the region excluded by HAYSTAC, both the 2016 as well as the new 2017 data.
An axion DM local density of ̺a = 0.45 cm−3 is assumed. Courtesy of K. van Bibber / HAYSTAC
team, used with permission.

above Qa ∼ 106 do not translate to a further increase in sensitivity (except in the case of low dispersion
streams, see below in 7.6.1). Finally, the coherent combination of several cavities or the development of
more complex resonant structures could effectively decouple V from the photon wavelength and access
higher V values.

The ADMX collaboration has been leading several of the mentioned R&D lines to go to higher
frequencies, and relevant demonstrating results have been achieved in test benches, like e.g.: the com-
bination of several cavities [562], the development of multiwavelength resonators, based on photonic
band-gaps or an open resonator with Be fields alternating polarity to match a mode above the funda-
mental (the ORPHEUS resonator [563], see below), or the development of novel single photon detectors
to reach very low effective Tsys. The latter is based on single photon manipulation hardware developed
by the quantum computing community. The outcome of this R&D program could be implemented in
the future in the main ADMX setup to configure a research program beyond the one described above.

The HAYSTAC experiment [564] at Yale University was born in part out of developments initiated
inside the ADMX collaboration [565] to develop experiments at higher frequencies. It is conceived
as a data pathfinder and an innovation testbed in the 2.5-12 GHz (10-50 µeV) mass range, where
new amplifier and cavity designs could be tested out and prepared for larger volume experiments. It
has been the first setup reaching axion sensitivity in the decade of mass above ADMX. In its current
experimental setup, HAYSTAC follows a geometry similar to ADMX but with scaled-down dimensions.
The 1.5 liter cavity (shown in Fig. 15) is immersed in a superconducting 9 T magnet, and is cooled
down to 127 mK with a dilution refrigerator. Signal amplification is done with Josephson Parametric
Amplifiers (JPA), with which values of Tsys only a factor of 2 above the Standard Quantum Limit (SQL)
have been achieved. The first data-taking was performed in 2016, scanning a first frequency range of
5.7-5.8 GHz, and providing the best limits to date at these higher frequencies [566], only a factor of 2.3
in gaγ

√
˜̺a from KSVZ models. Another data taking campaign has been carried out in 2017, soon to

be published, doubling the scanned range. Figure 16 shows both the 2016 and 2017 results spanning a
mass range of 5.6-5.8 GHz (approx. 23.15 - 24.0 µeV). A detailed account of the data analysis can be
found in [567].

Current near-term plans include the development of novel squeezed-vacuum state receivers, that
could surpass the SQL [568]. This could allow a substantial improvement in the sensitivity and the
scan speed of the experiment. In addition, a new cavity design optimised to efficiently use higher order
modes is ongoing to push sensitivity to higher masses. These improvements are expected to provide
sensitivity below KSVZ for masses in the range 6-12 GHz (roughly 25-50 µeV). R&D to access even

67



Figure 17: On the top, pictures of one of the CAST-CAPP 40 cm long cavities soon to be installed
inside the CAST magnet. On the left, the first RADES 5-cell cavity currently in operation also in
the CAST magnet. Used with permission, credit CAST-CAPP and RADES teams respectively. Right,
simulation of a pizza-like sliced cylindrical cavity, taken from [569] with permission.

higher masses is also ongoing, based on photonic band gap concepts and metamaterials.

An intense and varied experimental activity towards higher frequencies is now also taking place
in the recently-established Center for Axion and Precision Physics (CAPP) in South Korea. CAPP
is emerging as a major player in the axion experimental landscape, and one of its main goals is the
search of DM axions in the mass range 4-40 µeV decade with sensitivity beyond DFSZ models. The
CAPP R&D programme encompasses dedicated activity in all the technological issues already mentioned
above, including ultrahigh field superconducting magnets with various bore sizes (5, 10 and 35 cm
inner diameter), superconducting films (to achive high Q cavities), high-gain gigahertz superconducting
quantum interference device (SQUID), new cavity designs, and multi-cavity phase locking schemes.

The main experiment at CAPP is CULTASK [570], which is based on the conventional haloscope
concept with cylindrical cavities. A first setup includes a copper cavity of 9 cm diameter with a sapphire
tuning rod, whose lowest mode corresponds to about 2.5 GHz, and is therefore able to explore the region
around ma ∼ 10 µeV. The cavity is cooled down to below 100 mK and immersed in a 8 T magnetic
field, and first engineering runs are ongoing. This is expected to be the first of a series of setups with
progressively stronger magnets and more ambitious parameters, results of the ongoing R&D lines being
pursued in parallel. Up to seven independent low vibration pads are being setup at CAPP to host
different experimental setups, using a suite of superconducting magnets of different strengths and sizes.
In particular, a 18 T magnet developed with high temperature superconductor (HTS) cables and 5 cm
bore is soon to be installed. More magnets with much bigger bore sizes (35 cm and 50 cm) are also
in the pipeline. Another stronger 25 T HTS magnet of 10 cm diameter is under development with
Brookhaven National Laboratory (BNL). The design is relatively compact and foresees future upgrades
to 35 T or even 40 T by adding external conductor coils. In combination with near-quantum limit
receiver and higher-Q superconducting cavities gives promise to cover the full mass range indicated in
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figure 18 with sensitivity to gaγ that will progressively go down to KSVZ models in the next decade.

Even higher frequencies, in the range of 15–50 GHz, corresponding to a mass range of 62-207 µeV, are
targeted by the ORGAN [571] program, recently started in the University of Western Australia in Perth.
The use of a variety of thin, long resonant cavities of different dimensions, immersed in a 14 T magnet
with a bore size of 65 mm and a length of 445 mm, are considered to cover all the frequency range. A
first pathfinder run has already taken place [571], at a fixed frequency of 26.531 GHz, corresponding to
ma = 110µeV, using the TM020 mode of a cavity inside a 7 T magnet and an exposure of 4 days. As a
result a limit gaγ (90% CL) < 2.02× 10−12 GeV−1 was set, over a narrow mass span of 2.5 neV defined
by resonance width. The immediate plans are to carry a one-year data taking targeting the 26.1-27.1
GHz region. At a second stage, the full mentioned frequency range will be scanned in 5 GHz regions (see
Fig. 18). Tunability of these cavities is achieved by movable dielectric dishes inside the cavity [572]. The
use of cavity arrays are also being considered for future implementations [573]. Bringing the sensitivity
down to QCD models will require moving to higher magnetic fields and developing squeezing techniques
to go beyond the quantum noise limit.

An appealing option to go to higher ma would be to effectively increase V by filling a large volume
with many high-frequency resonant structures, i.e. effectively decoupling the detection volume V from
the volume of a cavity and the resonant frequency. Literally replicating a cavity many times and
combining their output is possible in theory, although in practice is difficult to phase match them
to obtain maximum sensitivity. This kind of combination has already been performed long ago for
four cavities within the ADMX R&D [562], but going to a much larger number of cavities has been
considered not feasible in practice. Renewed efforts in this direction are being done at CAPP in South
Korea [574]. The concept of the sliced-as-a-pizza cavity consists of dividing the cylindrical cavity in
sections connected by a longitudinal iris along the cylinder’s axis of symmetry and has been designed
to make optimal use of a solenoidal magnet [569]. Slicing up to 8 subcavities seems to be plausible.

The CAST-CAPP team will apply some of these efforts to combine several long-aspect-ratio rect-
angular (i.e. waveguide-like) cavities to be inserted in the 4 cm diameter 10 m long bores of the CAST
9 T magnet at CERN [575, 576]. Figure 17 shows one of them. The use of these types of cavities was
proposed in [556] and has interesting technical advantages. The resonant frequency in these geometries
is mostly determined by the smaller dimensions of the parallelepiped, and therefore V can be increased
(in principle, arbitrarily) by increasing its length. In practice, mode crossing and mode crowding limits
the length of the cavities, but this could be overcome by phase matching several smaller cavities. Cur-
rent CAST-CAPP design considers 40 cm long cavities. Tuning of these cavities can be accomplished
by the use of small movable slabs inside the cavity or by having the cavity cut in two longitudinally
and precisely moving the two halves. This approach should give competitive sensitivity for a small
frequency range around the 6 GHz.

A variant of the above concept is being followed by the RADES [575–577] team also in the CAST
magnet. In this case the long-aspect-ratio cavity is realised by physically appending many smaller rect-
angular cavities, interconnected by irises, in what resembles a RF filter structure. The precise geometry
of the cavity can be optimised to obtain maximal coupling to the axion field for a given resonant mode,
or alternatively to simultaneously share it among several modes at different frequencies [577], which
opens interesting possibilities. This approach allows to (in principle, arbitrarily) enlarge the volume
of the effective cavity with a much better control of mode crowding. Moreover, the need for external
phase matching is avoided as it is guaranteed by design. At the moment, the obvious disadvantage is
tuning over a range range of masses, which is to be overcome by building a large number of cavities.
A first small-scale fixed-frequency 8.4 GHz prototype of only 5 poles, shown in Fig. 17, is being now
tested inside the CAST magnet, with plans to progressively instrument larger volumes. This technique
seems best suited for frequencies slightly above those of CAST-CAPP and with similar sensitivity for
equal instrumented V .

The RADES approach can also be seen as a large V cavity with an internal structure (a set of irises
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Figure 18: Exclusion regions from haloscope searches (in green) expressed in terms of |Caγ|
√
˜̺a. We

display Caγ in the sense of Caγ = gaγfA(2π/α) from (2.42) by rescaling sensitivities on gaγ by the
known relation between fA,mA. Some of the regions tentatively within reach of future experiments are
indicated as semi-transparent green areas. Some of those regions are dependent, to different extents, on
successful completion of R&D on novel detection concepts, as explained in the text. Regions explored
and projected by helioscopes are also shown (in blue). As usual the yellow band and orange line
represent the QCD axion models and the benchmark KSVZ model respectively. The sketch on top
shows the mass ranges for which total DM density can be obtained in different models, as explained in
section 3.1.1.

in this case) to appropriately shape the modes to maximize Gm. In this respect it is similar to a category
of efforts in the community that try to overcome the problem of effectively coupling a large cavity to
the ALP DM field for V ≫ λ3a. It is worth noting that the basic idea was already anticipated in an
early work by D. Morris and presented in an unpublished preprint [578].

The fundamental issue with a large V cavity is that the ALP DM field tends to couple to a high
harmonic, which does not couple effectively to a homogeneous excitation. This situation is nicely
explained already in a 1D cavity of length z ∈ (0, L) and TE mode functions E ∝ x̂ sin(knz) with
kn = πn/L, n ∈ 1, 2, ... The ALP DM field resonates with a mode when the condition ma = πn/L
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holds, and in the large volume limit this mode has a large number of nodes n = Lma/π ≫ 1 inside the
volume. The geometric factor (4.46) for a homogeneous ALP DM field and Be along x̂ is,

Gn =
1

B0L

∫ L

0

dz Em(z) ·Be(z) =
1

B0L

∫ L

0

dz{
√
2 sin(knz)}Be(z), (7.9)

which gives |G|2 = 8/(π2n2) for odd-n if the Be field is constant. The coupling of high-n modes is
suppressed because E-field crests and valleys cancel by pairs in the integral (7.9) leaving, at most, half
an oscillation to couple to the axion DM field.
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Figure 19: The geometric factor of an ideal 1D cavity in a homogeneous B-field (green arrows) cancels
between crests and valleys of a high mode (left). The cancellation can be avoided by placing high-n
dielectrics –grey regions– in the valleys (centre) or by alternating the polarity of the external Be field
to track the mode variations (right). This case can be done by introducing wire planes with suitable
currents [563].

This suppression can be overcome by introducing in the cavity some structure of order λa/2 that
allows the background axion field to couple effectively to high-frequency modes. There are two types of
structures discussed: 1) periodic dielectric insets that decrease E-fields where located thus improving
Gm [578], and 2) alternating the polarity of the B-field to adapt it to a high mode of the cavity [579].
Schematically they are both explained in Fig. 19. In the first concept one introduces dielectric slabs,
ideally one covering each valley of the E-field, see Fig. 19 (center). In the dielectric regions, the E-field
amplitude is smaller by a factor of 1/n and the wavelength is shortened by the same factor so that,
now, crests and valleys do not cancel perfectly,

∫

crest

dz sin
(nπ
L
z
)
+

∫

valley

dz
1

n

sin
(

n

nπ

L
z
)
= 1− 1

n
2
, (7.10)

and the geometric factor reaches a finite value at large m, |G|2 ∼ 8/(π2)(1− 1/n
2) ∼ 1. Note also that

with the dielectrics, the resonant frequency, given by the wavelength of the vacuum oscillation, becomes
smaller for the same resonator length.

In the second concept, the Be(z) field polarity is modulated to follow the E-field z-dependence of
the desired mode. Sikivie already suggested the use of superconducting wires embedded in a material
transparent to RF radiation [579]. The concept has been recently revived [563] as an RF Fabry-Perot
resonator with planes of superconducting wires in the nodes of a mode to alternate the polarity as
sketched in Fig. 19 (right). The ORPHEUS demonstrating setup [563] consisted of a half Fabry-Perot
cavity made of two 15 cm diameter Al reflectors (one flat and the other with a radius of curvature
ROC= 33 cm) and 8 frames where copper wires were wound perpendicularly to the resonator axis.
Distances between the wire frames was sought to maximise the resonator Q, corresponding to frames
placed in the nodes of the used TEM00−19 mode. The quality factors were promising, Q ∼ 104 at 18 GHz,
but the Be-field only of a few G. An interesting aspect of high-V resonators is that the quality factor
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can in principle increase due to the smaller ohmic losses per cycle, since effectively a photon spends
more time inside the cavity and less bouncing off the walls. This suggests an increase of Q proportional
to the mode number n. A clear path to increase sensitivity requires increasing the B-fields, Q-factors,
volume and including low-noise detectors. Magnetic fields up to 3 T could be achieved with planes of
0.4 mm spaced wires carrying 470 A and higher with a higher wire densities. Photolithographically
patterned wires with 60 µm spacing and 144 A could reach 6 T reaching the critical current of NB3Sn.
Besides controlling the forces between wires, a scaled up version of the apparatus could be easily be
afflicted by diffraction losses so much larger values of Q are not guaranteed.

The original idea of a periodic dielectric loaded resonator of Morris is been revisited by ADMX in
the Electric Tiger setup [580]. One of the first issues that one encounters in the conceptual design is the
need to tune the distance between the dielectrics since the whole cavity is tuned to different frequencies.
Ideally, the dielectrics have to be tuned to be equidistant with good accuracy. The Electric-Tiger setup
consists of a waveguide where the dielectric plates (currently three nylon blocks) are mounted on to the
central knobs of a scissor-jack, ><><> ... <><>. By actuating on the jack, the distances between
dielectrics can be extended proportionally. The last one is placed at a λ/4 distance to the cavity wall
(which we have not shown in Fig. 19) to reduce the surface currents in the mirror and improve the
quality factor [578]. The still preliminary setup works in the 4-8 GHz range with a limited Q ∼ 102 and
is being used as testbench for future designs on the tuning mechanism and mode identification. Also
an ALP DM search with moderate ∼ 10−10 GeV−1 sensitivity is foreseen.

Another problem at high masses is mode crowding, which sheds doubts on the identification of the
tracked mode and its coupling to the axion DM field. A photonic band gap is an open lattice with a
defect that traps some TM mode while allowing TE modes to be radiated away. Implementing this
idea in high-mass resonant cavities would ease the frequency scanning. Currently it forms part of the
set of R&D concepts of the HAYSTAC collaboration. A related proposal to perform LSW experiments
and DM searches with hidden photons and ALPs can be found in [581]. Another idea to increase
Q at high frequencies is to use distributed Bragg resonator (DBR) concepts to decrease E-fields at
surfaces (like the λ/4 plate of Morris). Strategically-placed sapphire inserts have been used to achieve
room temperature Q ∼ 650, 000 of a TE mode at 9.0 GHz in reference, at the expense of reducing the
volume [582].

7.2 Dish antenna and dielectric haloscopes

As has been explained above, the conventional resonant cavity technique becomes increasingly challeng-
ing at higher frequencies, and this has inspired alternative proposals attempting to instrument large
volumes V ≫ 1/m3

a, i.e. to decouple the detector volume V from the frequency of operation. The
approaches commented in the previous section represent an extrapolation of the haloscope concept in
the sense that it deals with new types of cavities with large V and large Q. In all these approaches, the
idea of a resonant cavity is kept and one seeks to obtain Q’s as high as possible.

7.2.1 Dish Antenna

A second, completely radical approach to high-mass axion DM searches gives up the resonant enhance-
ment altogether compensating with very large volumes. Giving up a resonant structure also opens
up the possibility of considering a broadband axion receiver. This concept was proposed in the very
early days by P. F. Smith [583] and recently rediscovered in the dish-antenna concept [584]. Finally, a
hybrid concept between the large-V /large-Q and the huge-V /no-Q is the dielectric haloscope recently
proposed [405,585], the main subject of the MADMAX collaboration.

The basic picture behind the dish-antenna concept is slightly modified with respect to the standard
understanding of haloscopes. The key point is to realise that photons are emitted by reflective (or
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refractive) surfaces embedded in a magnetic field and the DM axion field. To understand this, let us go
back to the Maxwell-ALP equations and consider a locally homogeneous Be field in the background of
a homogeneous axion DM field, a(t). An obvious solution of the Maxwell-Axion equations (4.20)-(4.23)
is

Ea(t) = −gaγBea(t), (7.11)

i.e. the axion DM field induces a homogeneous electric field in the Be volume. Since the axion DM
field oscillates at frequency ω ∼ ma, so the axion-induced Ea field does. This electric field fits very
nicely in the photon-ALP mixing picture we discussed around equations (4.24)-(4.25). Indeed, in such
a B-field it does not make sense to consider a purely ALP wave, because the freely propagating fields
are just ALP-like. An ALP-like wave with no (or small) momentum, see (4.24), has the electric field
given by (7.11). The amplitude is model dependent, as it depends on the unknown combination gaγa(t),
however, for QCD axions, this combination is independent of the axion mass and only dependent on
the axion DM fraction and the model-dependent O(1) coefficient CAγ by virtue of (2.11), (2.42) and
(4.13),

|EA| = gaγ|Be|A(t) =
αCAγ
2π

|Be|θ(t) ∼ 1.6× 10−12 V

m
|CAγ|

|Be|
10T

. (7.12)

In a medium with linear dielectric or conducting properties, the induced field decreases due to polari-
sation and free-charge currents [405],

Ea(t) = −gaγBea(t)

ǫ
, (7.13)

where ǫ is the generally complex dielectric constant. Therefore, the ALP-like waves have different values
of their associated Ea fields in different media. This would lead to a discontinuity of fields at their
boundary. However, the continuity of parallel Electric and Magnetic fields, E||, H||, across boundaries is
ensured by the constraint part of Maxwells equations, Faraday (4.23) and Magnetic Gauss law (4.22),
which is not modified in the presence of ALPs and thus it must be respected. Therefore, continuity of the
Ea fields does not allow a pure ALP-like wave crossing the boundary between magnetised media to solve
Maxwell’s equation. Photon-like waves are needed to match the boundary conditions and are emitted
from the surface towards both media. The matching of Ea fields and the E,B fields of the photon-like
wave in the interface of two media with ǫ1, ǫ2, respectively is shown in Fig. 20 (left), from [405]. A
first approach to this picture was outlined in [584], which discussed the emission from the boundary
between a metallic mirror and vacuum where ǫ = 1. Inside the mirror ǫ would be large and imaginary
so Ea → 0 and the continuity of E|| at the surface is ensured by the emission of an outgoing photon-like
wave of amplitude Ea, given by (7.11). The cancellation of E|| at all times implies that the photon
frequency is given by the axion’s, ω = ωa = ma+ ... Photons are emitted from magnetised mirrors! In a
sense, the phenomenon resembles the ordinary reflection of an electromagnetic wave by a mirror, where
a reflected wave cancels the total E|| at the boundary. The interesting difference with the ALP DM case
is that the ALP-like wave is reflected into a photon-like wave20, which we can detect. The concomitant
Snell’s law is slightly different and somewhat surprising. The DM ALP wave has wavenumbers much
smaller than its frequency, but photons in vacuum have ω = kγ, therefore the photon momentum can
only come from the boundary itself and photons are emitted perpendicular to it21. Indeed, the emitted
photons will carry a small perpendicular component ∼ O(σv) because the axion DM momentum along
the surface is conserved. This can cause a smearing of the signal in the centre of the sphere, but can be
used to extract directional information [154,587], something the we comment on later in section 7.6.1.

20An ALP-like wave is reflected as well but is terribly small.
21Indeed a recent publication shows that the emission can be understood in a broad sense as transition radiation from

an ALP crossing an interface [586]. The classical treatment shown here translates directly to the quantum level where
the ALP/photon waves are wave functions.
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The region around the surface that needs to be magnetised is of order of half an oscillation λa/2 for
the wave to be fully developed [584]. Optimal coupling happens when the Be direction lies along the
surface.

If the surface is a spherical mirror dish, and provided its size is much larger than the photon
wavelengths, the photons are all concentrated in the centre of curvature of the dish . The power
emitted from unit area by a generic ALP or the axion is given by

Pa/A =
1

2
E2
a = 3.3× 10−27W

m2

(
gaγ

2× 10−14GeV−1

)2 (
10−4 eV

ma

)2 |Be|
10T

2

, (7.14)

PA/A = 2.2× 10−27W

m2
|CAγ|2

( |Be|
10T

)2

. (7.15)

Comparing these numbers with the haloscope formula using V ∼ λ3a we find,

Pdish

Phaloscope

∝ m2
aA
Q

, (7.16)

which transparently shows the source of the enhancement in each case. Assuming Q ∼ Qa could be
achieved, a dish with a magnetised area of A ∼ 1 m2 would compete with the corresponding haloscope
for ℓa ∼ mm, corresponding to ma ∼ 2×10−4 eV. The lack of resonance can be compensated by area of
the dish, A. This concept is particularly appealing for very high axion masses which are very difficult to
access with cavities. Unfortunately, the sensitivity of neither of them would be good enough for QCD
axions with CAγ ∼ 1.

The dish setup has several advantages. First, it is sensitive to the whole mass range at once (as
long as the mirror is reflective at all frequencies) and therefore broadband searches are possible. In
practice, the bandwidth will be mostly limited by the receiver. Furthermore, having the detector in
the centre of curvature of a spherical mirror, environmental backgrounds can be quite suppressed as
far away sources are focused onto the focal point at half ROC. Moreover, a perfect mirror does not
radiate thermally, so the black body radiation onto the detector is supressed by 1-reflectivity, which
can be quite small. In the idealised version of the setup, just the detector is able to radiate thermal
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photons that can later return and be detected as background. Therefore, only the detector needs to be
at cryogenic temperatures in principle.

An implementation of this concept, the BRASS experiment [588] will take place in the U. of Ham-
burg. Preliminary estimations [584,588] suggest the need of B2

eA = 100 T2m2 to reach sensitivity to the
most optimistic QCD axion models. Despite the simplicity of the concept, the need of embedding the
dish in a magnetic field poses practical limits to its scaling. The current setup consists of a planar Hal-
bach array of permanent magnets to which magnetises a large surface ∼ 8 m in radius with a parabolic
mirror to focus the radiation into a detector. The correlation length of the Be-field is of the order of
cm, so ALP DM with masses leading to λa/2 ≫ cm (ma < 0.6× 10−4 eV) will be radiated at a smaller
rate than (7.15). The Halbached surface and mirror are in a detection chamber at room temperature.
In fact, the setup is doubled, increasing the signal and allowing to study signal correlations, see Fig. 20
(right). It is worth noting that this concept, without magnetic field, has already being used to search
for hidden photon dark matter in the Tokyo dish experiment [148], and continues to be developed by
the FUNK experiment [589] in Karlsruhe.

7.2.2 Dielectric haloscope

The dielectric haloscope is an evolution of the dish concept with the objective of increasing even further
the emitting area and being able to use a more intense Be field more efficiently. A sequence of mirrors
would lead us back to resonant cavities, so instead dielectric slabs are proposed in addition to a mirror
surface [405, 585]. A lossless dielectric slab of λ/2 is completely transparent to radiation but it still
emits EM waves from axion DM if placed in a magnetic field by the same logic outlined for the mirror
case [405]. In this transparent mode, the radiated EM wave can be enhanced by a factor of N2

d where Nd

is the number of disks, if these are placed in such a way that the emission from the different interfaces
are summed coherently. A mirror at the far end reflects the left-going waves back to interfere with
the right going. The setup would be very similar to Fig. 19 with an open end, see Fig. 21 (left). The
transparent mode of a dielectric haloscope (with mirror) is absolutely not a resonator but the power
emitted is boosted by factor

β2 =
Pdh
Pdish

∼ 2N2
d , (7.17)

which can easily cover the sensitivity boost required by the dish antenna idea to reach the QCD axion.
This innocent idea could be thought extremely unpractical for a scanning experiment. The reason

is that dielectrics become partially reflecting once used at frequencies away from λ/2. The boost
factor enhancement is therefore frequency dependent. However, the reflections between dielectrics will
generate small cavity enhancements and the final boost factor can even increase. The theory of such
dielectric haloscopes has been discussed in [405] where a transfer matrix formalism is developed to easily
compute the boost factor in the idealised 1D setup. In the same publication the authors managed to
establish a clear connection between the boost factor and the overlap integral between the E-field
distribution induced by an EM wave shone in from the open end and the external B-field, i.e. the
geometric factor that we introduced in the context of closed resonators (4.46). This connection was
developed even further in [586] where the modes of a simple open resonator are identified with Garibian
wave-functions. From a practical point of view, the dielectric haloscope turns out to be quite flexible in
the end. There is indeed a sort of area-law that considers different configurations of distances between
the dielectrics that states that the area below the frequency dependent β2 is just proportional to Nd.
One can thus add more dielectrics to increase the boost factor or the bandwidth by playing with the
distances, see Fig. 21.

The flexibility can be key to a successful experiment. Dielectric haloscopes are relatively complicated
setups where a large number of dielectrics will need to be adjusted to get an optimal boost factor. It
turns out that including a nonzero re-tuning time tR in the optimisation of the figure of merit, the
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Figure 21: Left: sketch of the dielectric haloscope experiment. Photons in the Be field are emitted from
the dielectric surfaces and reflected in the leftmost mirror and other surfaces to be measured coherently
by a receiver, from [585]. Right: Adjusting the distances between the layers, the frequency dependence
of the boosted sensitivity can be adjusted to different bandwidths, from [590].

optimum strategy is not a boost factor (quality factor) as large as possible, which would reach the
required sensitivity in as small as possible ∆t, but the one that corresponds to ∆t = tR [405].

In the computation of β, the effect of the coherent sum of layer emission and the resonant effects are
mixed, but one can understand it in the language of conventional haloscopes (7.7) as a sort of β2 ∼ |G|2Q.
In the transparent mode, the geometric factor is large and Q is 1 but at different frequencies Q increases.
Admittedly this experimental arrangement seems very similar to the resonant cavity filled with periodic
dielectric structure to allow resonance at higher frequencies [580]. The difference is that here the focus
is on V rather than on Q, and indeed the structure proposed in [585] is a very poor resonator. In this
sense, the dielectric haloscope concept is closer to the dish antenna concept than of the conventional
haloscope.

The MADMAX collaboration [585] aims at building a 80-disk system of A ∼ 1 m2 inside a 10 T
magnet. An scheme of the setup is depicted in Fig. 22. Photons from ALP DM conversion are emitted
from the mirror-and-disk region where an intense Be field is created and then focused to a RF detector.
With an expected β ∼ 5×104 and equipped with a quantum-limited receiver, should be able to scan the
40-400 µeV mass range with sensitivity down to DFSZ axions as shown in Fig. 18. Dielectrics with high
dielectric constants are preferred as they can increase the Q enhancements and they emit more efficiently
even in the transparent mode. Any candidate for the material must also have very small losses, should
be non magnetic, mechanically stable, adequate for cryogenic environments and affordable. The baseline
MADMAX choice is LaAlO3, which satisfies the most critical issues of the previous list, especially a large
ǫ ∼ 24. Sapphire is a safer option although has only ǫ ∼ 10. Even larger ǫ could be obtained for instance
with rutile (TiO2). Crystals of 60 cm diameter to get the required A ∼ 1 m2 have never been grown
in any of those materials so a program to study cutting and tiling smaller pieces and checking their
properties in terms of losses and diffraction has started. The two perhaps more critical aspects of the
project are the scanning by tuning the distances between the dielectrics and the design of the powerful
magnet. Preliminary 1D simulations show that a precision of ∼ 20µm

√
100/β(100µeV/ma) is required

to avoid modifications of the boost factor at the 10% level. An automatic tuning mechanism is being
developed in a small demonstrative setup at the Max Planck Institute Munich with 20-cm diameter
Sapphire disks. A first rough adjustment is performed first and and smaller corrections are performed
while measuring reflectivity and phase delay of a wave send from the detector side. Distances between
the mirrors are adjusted to minimise a χ2 between the measurements and a 1D lumped element circuit
model. Disks are moved by precision pico motors with 100 nm precision. First results are very promising
but diffraction losses into empty space are noticeable and expected to play a much smaller role in the 60
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Figure 22: The concept of the MADMAX experiment, see text for details. From [590].

cm diameter version. The collaboration also considers optical interferometry measurements to feedback
on the tuning of the apparatus. The thickness of the layers defines an O(1) frequency range where the
dielectric haloscope can work because at a frequency corresponding to λ inside the disks, the EM wave
radiated by axion DM vanishes. To cover this gap in sensitivity MADMAX would surely need at least
two thickness of disks to cover the whole projected mass range. The collaboration is however mostly
motivated by the predictive post-inflation scenario where mA ∼ 100µeV seemed the best prediction
for the axion mass [16] until the recent claims of 26 µeV [217] so the thickness of the first set can be
optimised to one of these values. The magnet design shown in Fig. 22 is by no means definitive. Indeed
a A ∼ 1m2 aperture dipole field with Be ∼ 10 T has never been attempted and turns out to be quite
challenging. A design study with the participation of the magnet division of CEA/Saclay and Babcock
Nell has started. On the detector side, the collaboration has already designed the acquisition chain with
the required specifications for a sufficiently broadband acquisition using Low Noise Factory22 HEMT
amplifiers reaching 5 − 9 K noise temperature in the relevant frequency range. The collaboration was
officially created in October 2017 and plans to focus on magnet design studies and in a first intermediate
setup with 20 30 cm disks within a small magnet of 3-4 T while continuing with R&D on the LaAlO3

disk option, tuning mechanics, 3D simulations of diffraction and thermal noise from side lobes. A full
scale version of the experiment could happen around 2022.

7.3 Low frequency resonators with LC circuits

In the previous section we have explained how DM axions in an external homogeneous Be field produce
an electric field Ea oscillating with a frequency ω ∼ ma. Together with the Ea-field, at least two types
of oscillating B-fields can be excited. First, if the axion DM wave is not completely at rest it induces a
small intrinsic Ba-field [406], which can be calculated by applying Faraday’s equation to the ALP-like
wave (4.24),

Ba =
1

iω
∇× Ea = −gaγv ×Bea (7.18)

22www.lownoisefacory.com
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

where v = k/ω is the axion DM velocity. As explained in sec. 4.1, the velocity of the ALP field takes
a coherence time (4.10) to change and sweeps values according to a velocity distribution like (4.2) but
the Sun orbital motion around the Galaxy ensures that a non-zero velocity is singled out on average,
v⊙ ∼ 220 km/s ∼ 0.7 × 10−3. This Ba field is therefore smaller than Ea by factor ∼ σv ∼ 10−3 in the
DM field. On the other hand, the axion-induced Ea-field can produce a current in a conductor or similar
that induces a new B-field. For instance, in the dish antenna concept, EM waves are radiated off the
disk and they feature B-fields of size |B| = |Ea|. Regardless of its origin, the small oscillating magnetic
field could be measured by a carefully placed pick-up coil and associated amplifying LC circuit. The
amplified signal can then be detected by a sensitive magnetometer like a SQUID. The first proposal
by Sikivie [591] considered measuring the small intrinsic B-field, while further ideas were presented to
measured the secondary B created by Ea [151,592]. The signal strength depends on the magnetic flux
going through the pick-up coil, which, for relevant configurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional to BeVBe

, where VBe
is the total volume

of the magnet. This method could achieve competitive sensitivity for very low masses ma . 10−6 eV,
if implemented in magnet volumes of few m3 volumes and few T fields.

Particularly appealing is the implementation of this concept in a toroidal magnet geometry providing
a toroidal23 oscillating Ea because the pickup coil can then be placed in the centre of the toroid, where
the static background magnetic field is practically zero [592]. As proposed in [592], the concept allows
for a non-resonance (i.e. broadband) mode of operation, in which the coil is inductively coupled to the
SQUID without a tunable capacitor, see Fig. 23. This mode of operation has the advantage of probing
large ranges in ma at once (something particularly useful also in the search for hidden photons [151]),
and is more efficient than the narrowband mode for lower axion masses. When in narrowband mode,
the amplifying resonance is produced externally by the LC circuit and not by mechanical modification
of the cavity, which makes tuning in principle easier than in conventional haloscopes.

Two teams are already developing experimental setups implementing this concept. The DM-
Radio [594] team is setting up a pathfinder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = −gaγBea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than ℓa.
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while preparations for a second stage with a 30L detector are ongoing. The ABRACADABRA [592]
experiment at MIT is also preparing a small 10 cm prototype with plans to scale up. The sensitivity
lines shown in Fig. 18 to represent this technique are extrapolations to a large magnet of 5 T and 1 m3,
as well as more ambitious 20 T / 1 m3 and 5 T / 100 m3 combinations, taken from [592]. The latter
suggests the implementation of this technique in a large toroidal magnet like the one foreseen for IAXO
(see section 6.1). Of course, these projections rely on successful experience with the ongoing small scale
prototypes, whose sensitivity (not shown in the figure) is not yet enough to reach QCD axions. Finally,
there are plans at the University of Florida to explore the concept with the possibility of implementing
this type of search in the AMDX magnet as part of the future program of the experiment [595].

7.4 NMR techniques

The fact that the gradient of the axion DM field couples to non-relativistic fermion spins like a ficticious
magnetic field Ba, see (5.11), which can be searched for with NMR techniques was already known since
the 90s, see for instance [596]. We do not know why this idea was not pursued before, but very recently
the idea resurged [593] and, what is more important, reached the ears of several groups of dashing
experimentalists who have responded to the challenge. Something completely new to us is the idea
of detecting the oscillations of nuclear electric-dipole-moments (EDMs) produced directly by axion
DM [597], i.e. probing the same axion coupling that would reflect its relation with the Peccei-Quinn
solution of the strong CP problem. This turns out to be extremely challenging, but certainly not
impossible and has become a most exciting venue for testing axions. Another novel aspect to discuss
is a new experiment that would be sensitive to the axion DM coupling to the electron spin, which was
deemed impossible in a number of works including [593,596], but not completely forgotten [598] and is
now one of the core proposals of the recently formed QUAX collaboration [599].

7.4.1 Oscillating EDMs

If QCD axions comprise the DM of the Galaxy, the axion field would be oscillating as θ(t) ∼ θ0 +
θ≈ cos(mAt) where the amplitude θ≈ ∼ 4× 10−19 is fixed by the local DM density, see sec. 4.1. Protons
and neutrons have EDMs proportional to θ, see (2.7), and thus they have oscillating EDMs copying the
axion DM oscillations, e.g. dn(t) ≃ 0.0024× θ≈ cos(ωt) e fm. Detecting these oscillations can be much
easier than detecting the static value ∝ θ0 because one can use a resonant detector tuned to the axion
natural frequency, mA. Recently, P. Graham and S. Rajendran proposed to detect nEDM oscillations
by searching for tiny atomic energy shifts [597] in highly polarised cold molecules. The idea is that an
external E-field, Ee, can polarise molecules to develop large intrinsic E-fields, Eint at the position of
the nucleus. The dn(t) · Eint interaction with the nEDM then causes the sought time-dependent small
shifts. Unfortunately, Schiff’s theorem states that charges in an atom would reorganise in a way as to
make the E-field vanish at the position of a charged point particle, which would kill the effect. The fact
that nuclei have finite size allows to define a nuclear Schiff’s effective moment so that the interaction
is still written as ǫSdn(t) · Eint with a so-called Schiff’s suppression factor ǫS < 1. They proposed an
atomic interferometer with cold molecules including large-Z atoms, RaH for instance, which have radii
almost as large and negligible Schiff’s supression.

In the basic setup, the nuclei have their spins polarised along one direction, given by an external
B-field, Be, and an external E-field setup at right angles. The spins precess at the Larmor frequency
given by Be. The E-field polarises the molecules creating energy shifts ±ǫSdn(t) · Eint of typical size
10−24 eV. Standard NMR techniques are used to prepare a state combination of the ± shifted ones.
When the Larmor frequency ωL = 2µNBe (µN nuclear magnetic moment) coincides with the oscillations
of the small EDM, the two states accrue a phase difference ∼ 2ǫSdn(t) ·Eintt that under ideal conditions
increases linearly up to the axion DM coherence time. Like in other haloscopes, the experiment has to
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be tuned to the axion mass to see a signal. Here, the magnitude of Be is the variable element and is
considerably simpler to tune than the cavity shape or dielectric positions in haloscopes. Since mA is
unknown, the experiment has to scan over Larmor frequencies ωL = 2µNBe ∼ 2πMHz(Be/0.1T) until
a signal is found. The typical interrogation time in free-fall interferometer is limited to ∼ 1 s, giving
a tiny ∼ 10−10 phase difference, very hard to measure. A set of two interferometers separated by a
distance smaller than the coherence time could be used to suppress noise. From the practical point of
view, suitable nuclei have lifetimes ∼ day, which complicate the experiment even further.

Although the proposed experiment seemed extremely challenging, it drove discussions that ulti-
mately lead to other more feasible possibilities and new observables [342]. In two followup papers that
appeared side to side [342,593] the same authors developed the idea of using NMR techniques to search
for general ALP DM through ALP-fermion couplings. They have generated several projects with the
Cosmic Axion Spin Precession ExpeRiment (CASPEr) label, involving experimental groups in Mainz,
LBNL and Boston U.

The so-called CASPEr-Electric [593], consists of a more feasible version of the cold-molecule detector
of [597] to detect the oscillating electric dipole moments of nuclei. A scheme of the experiment is
displayed in Fig. 23. The high-Z atoms are now set in a ferroelectric crystal, that possesses permanent
electric polarisation fields E∗, avoiding the need for external E-fields to polarise the molecules (E∗

plays directly the role of Eint in the previous experiment). The setup considers such a crystal placed
in an external B-field at right angles with E∗ in the nuclei. Nuclear spins are polarised along Be,
and precess at the Larmor frequency ωL. The interaction of the axion-induced nuclear EDM with
the external E∗-field, ǫSdn(t) · Eint, is essentially equivalent to the interaction of the spin with a an
oscillating B-field transverse to Be, µN ·B⊥(t). The latter is well known to produce a resonant increase
of the transverse magnetisation of the sample when B⊥(t) oscillates at a frequency matching ωL, i.e.
the nuclear magnetic resonance. The same happens with the electric analogue! The amplitude of the
transverse magnetisation, M⊥, will increase linearly with time as

M⊥ ≃ (p nN µN)|dn|E∗t, (7.19)

(p is the spin polarisation fraction, nN the spin density and |dn| is the amplitude of EDM oscillations),
until some non-ideal effect cuts the resonance. This could be the axion coherence time tc ∼ 106/ma

from (4.10), the spin-lattice relaxation time t1, or the transverse relaxation time t2. The increase in
M⊥ at the sought frequency can be measured with a sensitive SQUID. Compared with the previous
version of the experiment, CASPEr will benefit from the coherent amplification of the signal driven by
a macroscopic number of spins precessing coherently. We emphasise that as a resonant measurement,
the experiment has to scan over axion masses until a signal is found. The maximum axion mass is
limited by the largest feasible values of Be ∼ 30 T, giving ma . µeV. A demonstrative Phase I of the
experiment [600] is planed with thermally polarised 207Pb nuclear spins in lead magnesium niobate-lead
titanate crystals at cryogenic temperatures, where E∗ ∼ 3 × 108V/cm and a value of t2 ∼ ms can be
achieved, typically much smaller than tc. The strategy is to slowly ramp down the external magnet Be

for the spin-lattice time t1 ∼ 1000 s, measuring increasingly smaller masses. Then, repolarise the sample
and measure again until 106 s of measurement time. Several samples with different E∗ orientations will
be used to reduce noise. Sensitivity to QCD axion DM below mA ∼ neV can be reached after several
improvements, scheduled in two subsequent phases, II and III, see Fig. 24 (left) adapted from [600].
The benchmarks are increasing the polarisation by optical pumping and other techniques, increasing
t2 by decoupling protocols, implementing resonant RLC detection schemes, and increasing sample size
and measurement time. The prospects assume that many technological benchmarks that have been
demonstrated in independent setups can be combined together. Let us note that CASPEr could also
in principle employ SERF magnetometry, which have completely different challenges but can be even
more sensitive at the lowest masses [601].
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During this section we have been talking about axion DM, but indeed any ALP can have couplings
to nuclear EDMs like the axion is expected to. The axion couples to GG̃, obtaining at the same time a
mass and the coupling to the nEDM given by (2.36). Hence there is a relation between the two given
by (2.43). Within axion models it is conceivable to break this relation because the EDMs can have
other contributions from axion-quark couplings but additional contributions to the mass bring back the
strong CP problem very easily. An ALP coupled to nucleon EDMs, will have a mass induced by loops
that tends to bring it close to the QCD relation, even if it is not coupled to GG̃ to start with. Therefore,
although in principle it makes sense to consider all the parameter space not-excluded in Fig. 24, it might
be in practice unnatural or even impossible to find models very far above the QCD band. Furthermore,
a recent paper points out very strong phenomenological constraints on this kind of models [602].

Another technique recently proposed is to search for the axion/ALP induced EDM in the future
proton storage ring developed to measure the static proton EDM [603]. The range of ALP masses to
which it is sensitive is very similar to the NMR techniques described here. Preliminary sensitivities are
given around |dn| ∼ 10−17 efm, a factor of 104 from QCD axion expectations, but very interesting for
generic ALP models featuring couplings to the proton EDM.

It is worth noting that the most recent search for a static neutron EDM has been recently reanalysed
in terms of ALP DM coupled to the nEDM [402]. The limits surpass astrophysical bounds and will be
improved by next generation experiments but are very far from QCD axion sensitivity.

7.4.2 DM ALP “wind”

The ALP DM field interacts directly with fermions through the couplings gaf , ḡaf in (2.38). In particular,
the interaction of fermion spins with the ALP field is given by (4.40) and is equivalent to their interaction
with a fictitious B-field given by (5.11). The ALP DM as a non-relativistic classical field can be
represented as

a ∼ a≈ cos(ωt− k · x), (7.20)

where the wavenumber |k| ≪ ω is practically constant during a coherence time. The instantaneous
effective field at a given point is thus Ba ∼ − gaf

mfγf
mava≈ sin(ωt), but maa≈ is fixed by the local DM

constraint (4.12) so that the magnitude only depends on gaf/mfγf . The instantaneous velocity v is
distributed randomly in time within the DM velocity distribution (4.2), which has a preferred direction
in the Earth’s frame if the galactic DM distribution is relatively isotropic in the galactic rest frame.
This is of course due to the fact that the solar system orbits around the galaxy with a velocity v⊙ ∼ 220
km/s and the Earth together with all its labs rotates with a daily period. Thus the Ba-field has an
averaged preferred direction that is well known. This axion DM “wind” and its implied Ba field can
be detected with standard NMR techniques and is the subject of the CASPEr “wind” experiments.
Compared with the CASPEr electric version, the experiment is much simpler because the sample does
not require large E∗ fields in the nuclei and thus standard NMR media like Xe or 3He can be used.
The advantage of these nuclei are that they can be almost completely polarised and have very large
coherence times, e.g. t2 ∼ 1000 s. With these numbers, the measurement times are essentially limited
by the coherence time tc. CASPEr-“wind” considers three ALP mass ranges depending on the strength
of the external Be-field required to match the Larmor frequency of the sample to the ALP mass: a high
field (Be = 0.1− 14 T, ma ∼neV-µeV) a low field (Be = 10−4 − 0.1 T corresponding to ma ∼peV-neV)
and a ZULF (zero-ultra-low) version Be < 10−4 T. The sensitivities are shown in Fig. 24, from [600].
Exploring the shown regions will take many years and yet sensitivity to QCD axions is not guaranteed.
The ultra high field version is challenged by Be-field homogeneity requirements, which are considered
secondary in the low field range. Phase I considers sample volumes of 1 cm3 and a Phase II is planned
to benefit from much larger sample sizes.

The QUAX experiment considers detecting ALP DM via the electron coupling using magnetic
materials [599]. Although conceptually the idea is very similar to those exposed above, there are certain
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Figure 24: Left: limits on gaγn and prospects for CASPEr-Electric. Right: Limits on gaN and prospects
of CASPEr “wind” experiments. From [600].

crucial differences due to the fact that the electron mass is much smaller than a nucleon’s. For one,
the Larmor frequencies are larger by a factor of mN/me ∼ 2000 and therefore much larger ALP masses
are accessible. Indeed, QUAX focuses on the ma ∼ 200µeV (ma/2π ∼ 48 GHz) range where Be ∼ 1.7
T. Second, electron spin precession has much shorter coherence times because electrons emit dipole
radiation very efficiently. In order to overcome this difficultly, QUAX proposes to build a resonant MW
cavity around the sample in the strongly coupled regime to inhibit damping. As a consequence, the
detection scheme greatly changes. The spin-preccesion resonance hybridises with the electromagnetic
mode of the cavity and the effect of ALP DM is to excite this hybrid mode. The signal is picked up
with an electromagnetic antenna, dominated by amplifier and thermal noise familiar from the haloscope
techniques. In order to reach QCD axion sensitivity with CAe ∼ O(1) like for DFSZ models, they require
sensitivity below the standard quantum noise, i.e. a single photon counter and ultralow temperatures
∼ 100 mK are required [599]. Such a photon counter could be extremely interesting not only for QUAX
but for every other experiment searching for axion/ALP DM coupled to photons in the multi GHz range
like MADMAX, ORPHEUS and ORGAN. Moreover, it would also allow a considerale improvement of
a LSW experiment along the lines of the proposed STAX [438].

7.5 Atomic transitions

DM axions can produce atomic excitations in a target material to levels with an energy difference equal
to the axion mass. This can happen via the axion couplings to the spin of electrons or the spin of the
nucleus. The use of the Zeeman effect has been proposed [604] to split the ground state of atoms to
effectively create atomic transition of energy levels that are tunable to the axion mass, by changing the
external magnetic field. The excited state is then efficiently brought to a higher energy level (at visible
or NIR energies) by a properly tuned pump laser that is permanently shining on the target. The photon
produced in the deexcitation of this state is then detected by conventional means.

According to preliminary estimates [604], obtaining relevant count rates requires one to instrument
target materials of ∼kg mass cooled down to mK temperatures, reaching sensitivity to axion models
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(with fermion couplings) in the ballpark of 10−4−10−3 eV. The technique could be extended to somewhat
higher masses in suitable antiferromagnetic targets with resonant transitions. The Italian collaboration
AXIOMA [605] has started feasibility studies to experimentally implement this detection concept. First
results involve the exploration of suitable targets involving molecular oxygen [606], or rare-earth ions
doped into solid-state crystalline materials [607], as well as the study of possible backgrounds to this
detection method.

7.6 Non homogeneous DM phase-space distribution

All DM experiments so far compute their expected signals under the basic assumption of homogeneity
in the DM distribution. We now turn to more specific detection modes that contemplate the possibility
of particularly non-homogeneous distribution of DM axions, whether in space (DM in the form of
compact objects or miniclusters) or momentum (DM in the form of low dispersion streams). The latter
can be addressed with high resolution channels in haloscopes or devising detection strategies sensitive
to the incoming axion direction. The former involves the use of a geographically distributed network of
detectors.

7.6.1 Directional detection and low dispersion streams

As widely recognised and studied in the field of WIMP searches [608], the possibility of registering
information on the momentum distribution of the incoming DM particles would provide an unmistakable
signature of the extraterrestrial origin of a signal, as well as valuable information on the structure and
history of the DM Galactic halo. Despite the current knowledge of the local distribution of DM particles
presented in section 4, it is worth stressing that the distribution determined from local kinematic data
or by N-body simulations (like (4.2)) represents an average over temporal and spatial scales that are
much larger that the ones relevant for direct detection experiments. Indeed, the velocity distribution
of DM particle at Earth is rather uncertain and could suffer large departures from the average one
stated above. There are attempts at modelling those spreads e.g. in the context of studies of systematic
uncertainties in WIMP direct detection rates (an old but illustrative example can be found in e.g. [609],
and more recent ones, already in the context of axion searches, in [610, 611]).

A particularly interesting departure from the standard Maxwellian distribution are models in which
a substantial fraction of the DM density is in the form of low dispersion streams. Those streams
could be formed by tidal disruption of dwarf satellites or due to the late infall of dark matter onto
the galaxy. They would have a much lower velocity dispersion than the main thermal component in
(4.3). There is no general consensus on the presence, type or importance of dark matter streams in
the Milky Way and in particular which fraction of the local dark matter density is in the form of
streams, however their existence could have important consequences for direct detection experiments.
The particular way axions are detected in haloscopes, in which the total energy of the axion can be
measured with exquisite precision, opens attractive opportunities in this regard. Axion dark matter
streams would manifest themselves as peaks in frequency of much narrower width than expected for
a virialised axionic component ∆ω/ω ∼ 10−6. Presumably those peaks would appear on top of a
standard thermal component. The needed spectral resolution to resolve them is easily accomplished
with small adaptation of the standard readout of axion haloscopes, and indeed the ADMX collaboration
has already implemented a high-resolution channel for the search of non-virialised dark matter peaks in
their spectrum [612]. In the absence of a positive detection, these searches can only improve the main
result in a model-dependent way. In the event of a positive detection, however, the precise study of the
spectrum features might quickly provide a wealth of information on the DM astrophysics [610, 611].

A very appealing possibility are detection methods with sensitivity to the direction of incoming DM
axions, i.e. the axionic counterpart to WIMP directional detectors [608, 613]. It turns out that the
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standard haloscope technique develops some directional dependence for long-aspect ratio cavities with
length L exceeding the de Broglie wavelength of the DM axion [614]. Due to the anisotropy of incoming
velocity distribution induced by the movement of the solar system with respect the DM halo, even with
a thermal Maxwellian distribution a dependence on the orientation of the cavity is expected. The effect
is maximal and of O(1) for cavity lengths of L ∼ 10× (10−4eV/ma) m. The effect is of course sharper
in halo models containing low dispersion streams. This detection concept is particularly interesting in
view of the implementation of long thin cavities in dipole magnets e.g. in CAST (see above).

The dish antenna concept described in section 7.2 also enjoys a directional effect [587]. The mo-
mentum of the photons emitted (mostly) perpendicular to the surface due to axion conversion contain
a small parallel component equal to the parallel component of the incoming axion momentum. This
means that the focusing of photons onto the centre of curvature of the dish is in reality slightly smeared
by the axion momentum distribution. If a pixelised detector is used at the focal plane of the dish
antenna it will directly image the distribution of momenta (the component parallel to the dish) of the
incoming DM axions. The resolution in momentum is limited by geometric considerations (dish radius
r must be much smaller than curvature radius R) and by diffraction (dish radius must be much larger
than photon wavelength). Finally the relative movement of the Earth with respect the DM halo will
offset the image and will introduce some temporal modulation, both of which should be easy to correct.

In the event of a determination of the axion mass, the detection of axions with high signal-to-
noise will be relatively easy. The concepts above promise access to a wealth of information on DM
astrophysics. The discovery of the axion will be followed by a new era of axion astronomy.

7.6.2 A global detector network for axion miniclusters and topological defects

In some axion or ALP DM models, and in the post-inflation scenario explained in 3.1, the initial inho-
mogeneities of the galactic DM distribution enable gravity or self-interactions to generate minicluster of
ALPs (also called ALP stars, soliton stars or Q-stars). The size and mass of these miniclusters, as well
as the fraction of the DM that is in this form, depend on details of the model. The existence of compact
DM objects is heavily constrained by e.g. microlensing observations. However, current bounds leave
space for models with relatively light ALP (M . 10−16M⊙) miniclusters [615]. Interestingly, for some of
the remaining parameter space, the rate of encounters with miniclusters is sufficiently frequent (at least
one encounter in a typical observational campaign of 1 year). This possibility would have important
consequences in the detectability of DM. Most of the experiments presented above might miss a signal
because they are designed to be sensitive to a narrow mass band at a time, and use long integration
times.

A similar observational problem is posed by topological defects like domain walls. As seen in
section 3.1 for axion models with NDW > 1 topological defects form and are stable. This possibility has
disastrous cosmological consequences and is ruled out. However, for some more generic ALP models
this possibility is viable. If our galactic DM environment is populated with domain walls, there could
be a non-negligible probability of having frequent encounters with the Earth. Such a crossing would
produce a detectable signal in sensitive magnetometers (via spin interactions of the type discussed in
7.4). However, due to the rarity of such event it could be difficult to discriminate them from other
detector artifacts or noise.

The GNOME collaboration has built a network of optical magnetometers placed in geographically
distinct locations and synchronised using the global positioning system (GPS). GNOME is prepared
to detect transient spin-dependent interactions and, by means of correlated measurements between
stations, establish whether the signal is attributable to the crossing of a compact DM object, like a
minicluster or a domain wall [616]. At present GNOME consists of six stations in continuous operation
[617], plus more are in construction.
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Figure 25: Overall panorama plot in the (gaγ,ma) plane. As usual laboratory, helioscope and haloscope
areas are colored in black, blue and green respectively. Some prospect regions shown in previous plots
are here collected in semi-transparent colors.

8 Discussion

Fig. 25 is an attempt to concisely summarise most of the results and prospects detailed in previous
pages. As such it is partial as it shows only the (gaγ,ma) parameter space and, as shown before, there
are now a number of experiments active in other detection channels (see Table 3). Nevertheless, the
gaγ channel still gathers most of the experimental activity and probably remains the most promising
channel for a discovery, although other channels will be crucial to identify a future putative signal as a
QCD axion (or other type of ALP). Fig. 25 includes all prospect regions in the (gaγ,ma) plane that have
been shown in previous plots without individual labels. Although many of those are still somewhat
far in the future and depend on successful completion of previous R&D, it gives a nice account of the
potential of the field to collectively explore a large fraction of the allowed parameter space for axions
(and ALPs) in the future.

Despite some (healthy) overlap between experiments, it is to be stressed the high degree of comple-
mentarity in the experimental landscape. Current and future DM axion searches will presumably cover
the ma ranges cosmologically favoured by pre-inflation and the post-inflation NDW = 1 models, under
the assumption that DM is mostly comprised of axions, while helioscopes will be active in the higher
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mass rangema > 1 meV and access the post-inflation NDW > 1 range and the astrophysically motivated
regions. Laboratory experiments with ALPS-II will soon surpass astrophysical and helioscope bounds
and will be the first to partially test the transparency hint for ALPs. In the event that axions comprise
only part of the DM, ˜̺a < 1, the sensitivity of DM searches must be corrected up by a factor ˜̺

−1/2
a in

the plot of Fig. 25. Therefore it is important that future experiments try to push their sensitivity in
gaγ well beyond benchmark models to gain some margin. In such eventuality, theoretical predictions
on ma are also moved to higher values by a factor of approximately ˜̺−1

a , and so there is a strong moti-
vation to push haloscope sensitivities to even higher masses and helioscopes to lower masses along the
QCD band, and try bridge the gap between them. Although perhaps comparatively less motivated, one
cannot exclude a ma of much lower values deep into the anthropic window. The LC circuit concept,
and especially in its broadband mode, is an ingenious idea best suited for this mass range. We need to
follow the progress on small scale prototypes by the experimental groups active there to better assess
its future prospects. The same is to be said on the emerging activity on the new detection concepts
involving other axion couplings like the NMR techniques, the atomic transitions, 5th forces, etc. The
evolution of the ongoing demonstrating experimental activity in small test setups will be crucial to
assess their future potential. The confirmation that QCD axion sensitivity is really reachable by one or
more of these complementary channels would be of the utmost importance.

9 Conclusions

Four decades after their proposal, axions are now a focus of the utmost interest. Still the most com-
pelling solution to the strong CP problem, axions (as well as more generic ALPs) are in addition
motivated by a wealth of other arguments, considerably developed over recent years. Many plausible
theoretical frameworks beyond the SM (like string theory) naturally predict them. They appear in many
cosmological contexts, like in models related with inflation, dark radiation and even dark energy. Most
importantly, axions and ALPs could be excellent candidates to compose all or part of the dark matter.
With the persisting negative outcome of WIMP searches, axions are becoming the next most promising
hypothesis to clarify the nature of DM. Contrary to WIMPs, axions and ALPs could play very relevant
roles in astrophysical environments. Indeed, some astrophysical observations might already be hinting

at their existence. Axions produced by astrophysical bodies like our Sun offer particular detection
possibilities, like e.g. axion helioscopes, without analogue in the field of WIMP searches.

Long considered “invisible”, axions are now within reach of current and near-future technologies in
different parts of the viable parameter space. The field is undergoing a blooming phase. As has been
shown in this review, the experimental efforts to search for axions are rapidly growing in intensity and
diversity. Consolidated detection techniques are now facing next-generation experiments with ambitious
sensitivity goals and serious chances of impact in the field. In addition, novel and ingenious detection
concepts are being proposed and new R&D lines are starting with potential to open exploration of new
ranges of parameter space, previously considered unreachable. The experimental landscape is rapidly
evolving, so relatively recent reviews are quickly becoming obsolete [47, 48].

The topic of axion searches is slowly entering the formal agenda of larger scale particle physics re-
search, as larger infrastructures, collaborations, and institutions are needed. The most striking example
of this is the recent foundation of an IBS Center for Axion and Precision Physics (CAPP) in South
Korea, specifically devoted to axion physics. CAPP has as one of its goals “to launch a state-of-the-art
axion DM experiment”. In the US, ADMX has been recently selected by DOE and NSF as one of
the Generation-2 DM experiments (together with LZ and SuperCDMS, both looking for WIMPs), and
agency-driven events to identify novel non-standard DM detection strategies are being organized [595],
with relevant presence of axions. It is remarkable the success of some of the novel axion projects in
attracting private funds, notable from the Heising-Simons and Simons foundations. In Europe, DESY
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is taking important steps to becoming a pole on axion physics, presumably hosting the future IAXO
and MADMAX experiments, on top of the already ongoing preparations for the ALPS-II experiment.
Although the recently issued European Astroparticle Physics APPEC roadmap [618] fails to acknowl-
edge the emergence of axions in the wider DM experimental landscape (something that we hope will be
corrected in the next edition of the roadmap), the CERN-driven Physics Beyond Colliders (PBC) pro-
cess [619] has a very relevant presence of axion searches. The PBC process, currently ongoing at CERN,
aims at producing feedback, by the end of 2018, for the next European Strategy for Particle Physics.
Finally, let us mention that steps towards a centre on axion DM in Australia are being taken [620].

We want to conclude by stating that the theoretical, cosmological and astrophysical motivation for
axions and ALPs is sufficiently strong so that to tackle their experimental detection as one of the major
goals for particle physics nowadays. As has been shown in previous pages, the detection technologies
already show promise of sensitivities sufficient to reach unexplored parameter space, or have a clear
R&D roadmap to be in such position. A diverse experimental program is strongly emerging with
definite prospects of probing large fractions of viable parameter space in the coming years. If the axion
exists, there is a reasonable chance for positive detection in the near future. It would be a breakthrough
discovery that could reshape the subsequent evolution of particle physics, cosmology and astrophysics
in the widest sense.
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[329] T. Battich, A. H. Córsico, L. G. Althaus, M. M. Miller Bertolami, and M. M. M. Bertolami, “First axion bounds
from a pulsating helium-rich white dwarf star,” JCAP 1608 no. 08, (2016) 062, arXiv:1605.07668
[astro-ph.SR]. 29
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[443] A. D. Spector, J. H. Põld, R. Bähre, A. Lindner, and B. Willke, “Characterization of optical systems for the
ALPS II experiment,” Opt. Express 24 (2016) 9237, arXiv:1609.08985 [physics.optics]. 48
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