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Abstract

The search for dark matter and physics beyond the Standard Model
has grown to encompass a highly interdisciplinary approach. In this
review, we survey recent searches for light, weakly-coupled particles —
axions and dark photons — over the past decade, focusing on new ex-
perimental results and the incorporation of technologies and techniques
from fields as diverse as quantum science, microwave engineering, pre-
cision magnetometry, and condensed matter physics. We also review
theoretical progress which has been useful in identifying new experi-
mental directions, and identify the areas of most rapid experimental
progress and the technological advances required to continue exploring
the parameter space for axions and dark photons.
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1. Introduction

Near the turn of the 21st century, compelling signatures predicted by weak-scale supersym-
metric theories fueled the anticipation of new discoveries at upcoming experiments, such
as the Large Hadron Collider and the next generation of underground dark matter direct
detection experiments (1, 2, 3). As a result, much of the activity in the field of high-energy
physics was driven by a small set of common paradigms for what might lie beyond the
Standard Model. Today, although it is certainly possible that the ongoing operation of
such experiments might soon discover new physics near the electroweak (~ TeV) scale, it
may be the case that the majority of their discovery potential has already been exhausted.

This state of affairs has led to a considerable relaxation in the community’s priors for
where new physics might first be unveiled (4). For instance, although it would be theoreti-
cally appealing if dark matter were found to be related to other fundamental problems of the
Standard Model such as the hierarchy problem, there is no first-principles reason for such
a connection. It is also possible that new physics at high energies is well beyond the reach
of even the most powerful future colliders. However, even if this were true, dynamics at
extremely high energies can give rise to new feebly-coupled low-energy degrees of freedom,
motivating observational signatures that are accessible to small-scale precision experiments.
Two examples of such hypothetical particles, and the focus of this review, are the “axion”
and “dark photon,” i.e., dark sector analogs of the ordinary pion and photon that are
ubiquitous in theories involving extra dimensions and gauge-coupling unification (5, 6, 7).

Driven by these shifts in priors and the thirst for data, many high-energy physicists, the-
orists and experimentalists alike, have become deeply involved in conceiving and developing
small-scale probes for low-energy signatures of new physics (8, 9). These endeavors span
a plethora of different subfields involving connections between condensed matter physics,
atomic physics, and quantum information science. Compared to two decades ago, the high-
energy physics community therefore finds itself in a healthy state of increased diversification.

In this review, we aim to provide a useful entry point for non-experts interested in lab-
oratory precision probes of ultralight axions and dark photons. In the past twenty years,
there have been multiple articles of this type (see, e.g., Refs. (10, 11)), which have surveyed
then-current developments of the most well-known experimental approaches, such as cav-
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ity haloscopes, helioscopes, and light-shining-through-wall experiments. Since then, these
experiments have improved both their sensitivity and overall scope, but the past decade
has also seen an explosion of completely new experimental ideas. Two major develop-
ments leveraged by several of these experiments are quantum sensing technology (including
squeezed vacuum states and non-demolition measurements such as single-photon counting)
and the maturation of high-Q superconducting radiofrequency (SRF) cavities, originally
designed for accelerator applications and now harnessed in the search for new physics.

An additional goal of this review is to provide an update on the impressive experimental
progress within this diverse field, as well as to identify recent changes in the community’s
theory priors. Despite this progress, there still remain large gaps in coverage, i.e., regions
of theory space that will not be covered by any current proposal. We therefore hope to
motivate young theorists and experimentalists to seek the new ideas required to tackle
these elusive regions of model space. As we aim to provide a high-level overview, we focus
more on experimental concepts than technical details, and refer the reader to the references
provided for further study.

The next section begins with a more-detailed overview of the theoretical motivations,
priors, and target regions of parameter space for the models considered here. The remaining
sections will then discuss laboratory-based searches for ultralight axions and dark photons,
depending on whether they do or do not constitute the dark matter of our galaxy. While
we unfortunately do not have space in this review to cover the plethora of astrophysical
or cosmological probes of axions and dark photons, we refer the reader to the excellent
compendia in Refs. (12, 13, 14, 15). Throughout, we use a mostly-negative spacetime
metric (+, —, —, —) and natural units wherein i =c=kp = 1.

2. Theory
2.1. Motivation

As mentioned above, axions and dark photons can be motivated by top-down considerations
such as extra dimensions and gauge-coupling unification, but they are phenomenologically
important because these particles can also explain the dark matter of our universe. In this
section, we discuss such bottom-up perspectives, as well as outline the various ways in which
axions and dark photons couple to Standard Model fields.

Although the observational evidence for dark matter is overwhelming, direct evidence
of its particle properties is almost negligible. However, much can still be learned from basic
astrophysical observations and simple theoretical requirements. Taking dark matter to be
described by a Poincaré-invariant quantum field theory, it is either a boson or fermion.
Then, quantum mechanics can be applied on galactic scales to place a lower bound on
the dark matter mass m,, by demanding that dark matter dominated objects, such as
dwarf galaxies, are gravitationally stable. In the case of fermionic dark matter, the Pauli
exclusion principle implies that the Fermi velocity does not exceed the gravitational escape
velocity of such systems for mp,, 2 100 eV (16). Therefore, sub-eV dark matter must
be bosonic. A lower bound on the mass of bosonic dark matter can be derived from
the Heisenberg uncertainty principle, which imposes a minimum velocity dispersion for
spatially-confined particles. For a galaxy to host a bosonic dark matter halo, the dark
matter de Broglie wavelength must be smaller than the size of the galaxy, yielding the
constraint mp,,, > 107%' eV — 107*? eV (17, 18). To proceed further, the interactions of
ultralight bosons with spin > 2 are severely restricted by Lorentz covariance (19, 20, 21, 22).
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As aresult, we are motivated to consider exclusively spin-0 (scalar) or spin-1 (vector) bosouns,
which are much less constrained and lead to a larger variety of potential signals.

A massive vector field A"* with couplings A;,J" to conserved Standard Model currents
J# is a well-behaved quantum-mechanical theory; by analogy with the vector field of elec-
tromagnetism, we refer to such a field as a dark photon. The situation is not as simple for
spin-0 particles. A new spin-0 scalar boson that is invariant under the combination of par-
ity and time-reversal symmetry would have a hierarchy problem even more severe than the
Higgs, with quantum threshold corrections from couplings to any heavy particles tending to
push its mass up to the highest possible scale (see, e.g., Ref. (23) for a recent review). On
the other hand, a parity-odd pseudoscalar field “a” may be naturally light if it originates
as a pseudo-Goldstone boson of a global U(1) symmetry spontaneously-broken at a scale
fa, analogous to the pion of QCD. We will refer to such particles as axions throughout the
review, reserving the term “QCD axion” for a scenario where the spontaneously-broken sym-
metry is a “Peccei-Quinn symmetry” responsible for solving the strong-CP problem (24).
This origin for the axion field imposes strong requirements on the structure of its couplings
to Standard Model fields, providing an appealing target for direct detection experiments
aiming to probe axion interactions with photons, nucleons, and electrons.

With the motivational underpinnings of axions and dark photons in place, we can now
enumerate their interactions with Standard Model fields. Since the axion is a pseudo-
Goldstone boson generated by the breaking of a new global U(1) symmetry, its mass and
interactions arise analogously to those of the Standard Model pion, such that m, ~ A2/ f,
(for the QCD axion, A, is roughly the QCD scale Aqcp). The axion’s couplings must
respect a continuous shift symmetry, broken to a discrete one only by its small mass and
self-interactions. This leads to interactions in the form of higher-dimensional operators
suppressed by the scale fq, i.e., £L D J" Oua/fa, where J* is a Standard Model current.
Hence, the axion’s small mass and coupling-strength are both related to the size of fg,
which is constrained to be much larger than the electroweak scale. At energies well below
the electroweak scale, these interactions include
% % ey 1.
where F),, and G, are the photon and gluon field-strengths, respectively; F* and G*M
are the dual field-strength tensors; 1 is the Dirac field for a Standard Model fermion; and
Cy, Cg, and ¢y are model-dependent dimensionless coefficients.

£DcwfiFWﬁ“"+cg G, G 4 ey

For the spin-1 case, the theory of a vector field coupling to Standard Model currents J*
is ill-behaved at high energies unless J* is conserved at the quantum level; otherwise, the
coupling of the longitudinal mode is enhanced at high energies, which is strongly constrained
by existing searches (25, 26). The only fully-conserved (i.e. anomaly-free) currents are
those corresponding to electromagnetism and baryon-minus-lepton-number. In this work,
we focus on the former case, which most naturally arises in models of kinetically-mixed
dark photons.® Here, the A, interacts with the Standard Model photon A, through a
renormalizable operator that couples the two field-strengths (29). In a particular basis
choice, this leads to an interaction with the electromagnetic current J£,, of the form

LD —(A,+eA)Jb, 2.

IFor a detailed review of dark photon phenomenology across a wide range of masses, see Refs. (27,
28).
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where € < 1 is the dimensionless kinetic-mixing parameter. Note that ¢ < 1 is technically
natural since € # 0 breaks the combination of dark and visible charge conjugation sym-
metries to its diagonal subgroup. As we will describe further below, laboratory searches
for dark photons are typically easier in their implementation, making the experimental
situation quite complementary to those searching for electromagnetically-coupled axions.

2.2. Targets

Here, we expand upon the notion of “theory targets,” i.e., regions of parameter space that
are theoretically motivated. We begin with the so-called QCD axion. In this case, the axion
arises as the Goldstone mode of a new spontaneously-broken Peccei-Quinn global U(1)pq
symmetry (30, 24, 31, 32). New fields coupled to QCD give rise to a mixed-anomaly under
U(1)pq and the SU(3)c gauge group. In turn, this results in a coupling of the QCD axion
to gluons, which compared to Eq. 1 we rewrite as

a4 Qs ~aq Sapv
LD — —=G,, G| 3.
fo 8T *
where f, is the reduced axion decay constant and s is the strong fine-structure constant.
Below the QCD scale, this interaction generates a potential and mass for the axion (33),

me >~ 5.7 peV x (1012 GeV/fa) . 4.

Over cosmological timescales, the axion field relaxes to its minimum at which parity and
time-reversal symmetry is preserved. The QCD axion thus provides a dynamical explanation
for why the parity and time-reversal violating electric dipole moment (EDM) of the neutron
is small, at least 10 orders of magnitude below naive expectations (34, 35).

Although Eqs. 3 and 4 imply a direct relationship between the mass m, and the cou-
plings proportional to 1/ f, for the QCD axion, there are models which modify this relation-
ship. For instance, introducing A/ >> 1 copies of the Standard Model (and axion) that obey
a Zn exchange symmetry gives a QCD-axion with values of m, f, that are exponentially
smaller by 2=, compared to Eq. 4 (36, 37, 38). However, this comes at the cost of a 1/A
linear tuning, which selects our sector as the one where parity and time-reversal symmetry
violation is dynamically relaxed to zero.

Compared to the gluon coupling in Eq. 3, the QCD axion’s coupling to photons is
more model-dependent. This interaction has contributions both from Eq. 3, which induces
a mixing between the axion and the neutral pion, as well as any additional field content
charged under U(1)pq and electromagnetism. Parameterizing the interaction as

ED—gi%aFWﬁ‘“'7 5.

the coupling coefficient gq-~ is related to the additional particle content of the model by

Qlem E —16 —1 Mq E
oy B 102) ~2x107'° Gev 2 _192), e
Jar = 9n 7y, (N ) x e (1 ueV) <N >

where E and N are the integer coefficients of the U(1)pq x U(1)&y and U(1)pq x SU(3)3
anomalies, respectively, the term involving “1.92” is a recent estimate of the contribution

from pion mixing (33), and in the second equality we used the relation of Eq. 4.
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Two benchmark models for the QCD axion are the KSVZ axion (39, 40) and DFSZ
axion (41, 42), corresponding to E/N = 0 and E/N = 8/3, respectively, yielding

o] ( me ) 39 107 GeV™' (KSVZ, E/N =0)
9ot =\ 1 pev 1.5 x 107 GeV~' (DFSZ , E/N = 8/3) .

Most experiments choose to focus on these two models when defining the range of interesting
parameter space for the QCD axion. There are various reasons for this. The first one is
largely historical. The KSVZ and DFSZ theories were introduced many decades ago, only a
few years after Peccei and Quinn’s first paper on the subject (24), and so are now considered
the classic examples of the QCD axion. Another reason is a slight theoretical bias. DFSZ
models are representative of many Grand Unified Theories, although there exist many
counterexamples. The final reason is due to practical limitations. As we will discuss below,
experiments often need to operate many runs in order to scan over a wide range of possible
masses. Due to the time-consuming nature of these endeavors and the demands of funding
agencies to outline an attainable and well-defined experimental program, collaborations
have used the DFSZ prediction as a natural stopping point when defining their scope.
However, it is a simple exercise to construct a model with much smaller g,~~. For instance,
taking E/N = 2 gives

Gany ~ 1.6 x 1077 GeV ™' X (ma/peV) (E/N =2), 8.

an order of magnitude below the DFSZ prediction.

By contrast, the target theory space for dark photons is less sharply defined. This
is due to the fact that unlike the dimension-five axion couplings, dark photons interact
through a marginal dimension-four operator, and are therefore only logarithmically sensitive
to the scale of new physics that generates this coupling. More concretely, assuming that
€ vanishes at high energies, loops of particles charged under both the dark photon and
electromagnetism radiatively generate a kinetic mixing of size

/ 2
~ 16622 ZQI Q; log]\li[—i2 , 9.
where e and €’ are the electromagnetic and A’ gauge coupling, the sum runs over all particles
of mass M; charged under both sectors with visible and dark charge Q; and Q}, respectively,
and p is the renormalization scale (29, 43). Barring cancellations, and assuming that e’ ~ e,
this motivates kinetic mixing values of € ~ 1072, independent of the scale of new physics.
However, it is simple to construct theories where ¢ <« 1073 (44). This is the case, for
instance, if ¢/ < e, or instead if this interaction arises from mixing between a non-abelian
and abelian group, such that it is generated by a higher-dimensional operator suppressed
by the mass-scale of new particles charged under both sectors (45).

Cosmological considerations can also be used to motivate particular regions of param-
eter space. However, since early universe production mechanisms are not the focus of this
review, we simply refer the reader to the recent work of, e.g., Refs. (46, 47). While cosmol-
ogy can motivate particular regions of parameter space (assuming that such particles make
up the entirety of the dark matter), it is also possible that the dark matter density in the
Solar System deviates drastically from its average galactic value pp,, ~ 0.4 GeV/cm® (48).
For instance, axion self-interactions can lead to substructure in the form of large overdensi-
ties (“miniclusters”) surrounded by significant underdensities (“minivoids”) (49, 50, 51, 52).

A. Berlin and Y. Kahn ¢ New Technologies for Azion and Dark Photon Searches



The rate at which Earth would encounter such a minicluster is likely quite low but depends
on the details of the theory and formation mechanism, and is subject to large theoretical
uncertainties regarding the survival rate of such objects in the Milky Way. Regardless, the
possibility that an O(1) fraction of the dark matter is bound up in rare dense objects could
mean that the effective value of py,,, for terrestrial experiments would be much smaller than
the conventional value of py,, = 0.45 GeV/cm® adopted within the community of axion
experimentalists. It is also plausible that axions or dark photons make up a small sub-
component of the dark matter. Either of these cases highlight the importance of exploring
signals weaker than that predicted by the canonical homogeneous dark matter scenario.

3. Dark Matter in the Lab

In this section, we outline various laboratory search strategies for axions and dark photons,
assuming that they make up the dark matter of our galaxy. Before delving into the details
of the various types of signals, we begin with a brief overview of the theoretical description
of ultralight bosonic dark matter in the laboratory. Although the mass of a dark matter
particle is largely unconstrained, its mass density can be inferred from astrophysical obser-
vations, with an average value in the solar neighborhood pp,, ~ 0.4 GeV/cm® (48). As a
result, sub-eV dark matter has a much larger number density np,, =~ pyy/Mpy than tradi-
tional weak-scale dark matter, which leads to qualitatively different phenomenology in the
laboratory. In particular, considering the typical galactic dark matter velocity vy,, ~ 1073
and the associated de Broglie wavelength A, ~ 27/(mp,,vpy ), the dark matter occupancy
per de Broglie volume Nocc = Ny A3

DM
Sub-eV dark matter thus has macroscopic phase space occupancy, leading to an inter-

is much larger than unity for mp,, < 30 eV.

esting interplay of classical and quantum effects. Feebly-coupled ultralight axion or dark
photon dark matter fields may be described as a nonrelativistic classical field oscillating at

the dark matter mass,
V2 V2
Py g (Ma(t —vpy -x)) , |A| = YEPpu (o (mar(t —vpy -x)),  10.
Ma mar

a >~

coherent over a length scale and timescale of

1 1
Apy =~ 700 m X <ﬂ> , Ton & 3 ms X <ﬂ> , 11.

DM DM

respectively. Similar results are obtained with a full quantum treatment of the axion field
using the formalism of density matrices and open quantum systems (53, 54, 55, 56); one
advantage of this formalism is the ability to precisely specify quantities such as the coherence
length Ap,, and time 7,,, which can be defined through the field autocorrelation function.
Experiments aiming to detect axion or dark photon dark matter in the lab will almost
invariably measure power spectra of, e.g., laboratory fields, which will end up being pro-
portional to the dark matter two-point function. It is worth noting that it is common in
the literature to rewrite the coherence time as 7, ~ Qpy/Mpy Where
Qom ~ vl ~ 10° 12.
is an effective quality factor of the dark matter field. In this sense, Q,,, does not have
anything to do with dissipation; instead, it describes the dark matter field’s spectral width
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~ My /@py 10 frequency-space. Sub-eV dark matter also offers the appealing prospect
of being able to immediately measure the full 3-dimensional velocity distribution of dark
matter in our galaxy following a detection (57, 58, 59), as well as daily modulation from
the dark photon polarization (28). This is to be contrasted with WIMP experiments, which
are rare event searches and thus take much more time to map out the velocity distribution.

3.1. Electromagnetic Searches

In this section, we review experimental techniques to probe electromagnetically-coupled
axion and dark photon dark matter, defined in Eqs. 5 and 2, respectively. As we will
see below, both can lead to effective source terms in Maxwell’s equations. Thus, searches
for either model are highly synergistic, with the main difference often being that axion
experiments typically require applied magnetic fields, whereas dark photon searches do not.

Let us begin with a description of axion electrodynamics. Experimentally, the most
readily accessible axion coupling in laboratory experiments is its interaction with photons.
Indeed, the earliest experimental searches for axions with sensitivity to f, well above the
electroweak scale were electromagnetic cavity experiments dating back to the late 1980s (60,
61, 62). In the last decade, there has been a flourishing of new experimental ideas, many
of which have already come to fruition and begun taking data.

The effect of the axion-photon coupling g, is most easily seen by considering how it
changes Maxwell’s equations. In Gauss’s and Ampeére’s laws, the axion field enters as an
effective charge and current density in the presence of electromagnetic fields,

Pay = —GJayy B-Va |, Jay = —gavy (E x Va— Bdia) . 13.

In an experiment searching for axion dark matter, the second term in J,, dominates, since
from Eq. 10 the spatial gradient of the axion field is suppressed by the small dark matter
velocity vpm ~ 1072, Thus, in the presence of a large background laboratory magnetic
field By, axion dark matter sources an effective current density Jay =~ gayy Bo 0:a, which
in turn generates small response fields proportional to g, across a narrow frequency band
of width m./Qp,, near mq. Such signal fields can be significantly enhanced in amplitude
through the use of electromagnetic resonant detectors, such as cavities and LC circuits.

Kinetically-mixed dark photons also modify Maxwell’s equations. To describe physical
effects, it is often more convenient to change basis from that of Eq. 2 to the so-called
“visible” and “invisible” field basis, which can be identified by noting that the visible linear
combination of fields Ay;s ~ A 4 € A’ couples to Standard Model currents, whereas the
invisible linear combination Aj,, ~ A’ — € A is completely decoupled (Ayis is the field that
is, e.g., screened by electromagnetic shields). The dark photon field sources an effective
charge and current density for visible fields (63, 64)

2
EM pr /
1—e? ’

2
_ €M 4/ ’ _
PA':*1_62¢ y Jar=—

14.

where we decomposed the dark photon field as A’* = (¢’, A’). For a massive vector field,
charge continuity demands that 9, A’* = 0,2 such that the dark scalar potential is paramet-
rically smaller than the dark vector potential, ¢’ ~ vy, |A’| < |A’|. From the expressions

2Note that for a massive vector field, this is actually not a gauge choice, but is instead a conse-
quence of conservation of dark charge J’# and arises from the equations of motion for A’.
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Figure 1

A summary of the parameter space for electromagnetically-coupled axions (Eq. 5), in the plane
spanned by the axion-photon coupling ga~~ and axion mass m,. Gray regions or lines do not
assume that axions make up the dark matter, whereas blue ones assume axions comprise the full
galactic dark matter density. Shaded regions correspond to existing limits, whereas lines
correspond to the projected sensitivity of proposed experiments. Labels refer to experiments
discussed throughout this review. The darker orange band denotes the range of couplings and
masses as motivated by the canonical QCD axion models of Eq. 7, whereas the bottom of the light
orange region corresponds to the QCD axion model of Eq. 8. Along the pink band, axion-like
particle production through the misalignment mechanism with an O(1) initial misalignment angle
is consistent with the observed dark matter energy density (46, 47).

above, we see that the A’ decouples from the Standard Model in the massless limit m 4, — 0,
which is due to the fact that our visible photon is simply the linear combination A+ €A’ in
Eq. 2 (an exception to this is if there are dark sector particles directly charged under the
A’, as in models of millicharged particles, which couple to both sectors (65, 66)). Hence,
any calculation that implies sensitivity to a massless dark photon (in the absence of dark
charges) should be met with skepticism.

From Eq. 14 we see that the dominant effect for dark photon dark matter is also an
effective current density J 4 ~ —em?, A’, now aligned along the polarization of the dark
photon field rather than an external magnetic field. Indeed, unlike in the case of the axion,
the dark photon signal will appear whether or not the magnetic field is on. As a result,
the sensitivity of experiments searching for electromagnetically-coupled axion dark matter
can often be recast in terms of dark photon dark matter (28) (so long as care is taken in
regards to any magnetic field veto). Comparing the form of the effective currents in Egs. 13
and 14 implies that an axion experiment employing a magnetic field of strength By that is
sensitive to a coupling ga~~ is typically sensitive to dark photons of the same mass with a
kinetic mixing of € ~ ga~y Bo/mpy .3 Especially in cases where the experimental apparatus
involves superconducting elements, a dedicated dark photon search without the external
B-field often involves fewer technical complications.

The important scale in electromagnetic axion and dark photon dark matter experiments

3A notable exception is a toroidal axion experiment, the geometry of which is maximally mis-
matched to a dark photon search (28).
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is the dimensionless quantity m,; Lexp, involving the dark matter mass and the size of the
experiment Lexp, which determines the relative importance of retarded-time and radiation

4 Although not every experimental strategy is perfectly captured by the following

effects.
categorization, three regimes motivate qualitatively different experimental techniques: 1)
In the quasi-static regime (mp,, Lexp < 1), retarded-time effects are negligible, such that
the dark matter effective current sources a quasi-static signal magnetic field. 2) In the
cavity regime (mDM Lexp ~ 1), retarded-time effects are maximal, i.e., :E and V x B are
comparable in magnitude in Ampeére’s Law. 3) In the radiation regime (mpy; Lexp > 1),
the displacement current term 0;E dominates over V x B.

At a practical level, the boundary between these regimes is set by the size of typical
state-of-the-art conducting cavities (Lexp ~ cm —m, corresponding to Le_xlp ~ GHz frequen-
cies), as well as by the demands of the readout, with GHz corresponding to the transition
between DC SQUID readout at lower frequencies and microwave electronics at higher fre-
quencies. As such, we will organize our discussion of dark matter experiments searching for
electromagnetic couplings with respect to the GHz scale. A high-level overview of existing
limits and projected sensitivities of future experiments is shown in Figs. 1 and 2.

Finally, let us provide a general parametric estimate for the signal power which can be
applied to many of the setups described below. The dark matter effective current J,, =
Ja~ or J 4 will deposit power into an experiment operating at a frequency wexp (in general,
Wexp # Mq). In any of the three frequency regimes, the signal power in many experimental
setups can be written schematically as

Puig ~ (1 Jpr1)” Livp min (1, wexp Lexp) min <Qexp7 Leoxp. QDM) : 15.
mDM

Here, n < 1 is a dimensionless form factor quantifying the overlap between the dark matter
field and the experimental setup, such that n ~ O(1) in optimized geometries; note that 7
can be much smaller for, e.g., large open dish antennas with 17 ~ (Wexp Lexpf1 <L 1. Qexp is
the quality factor of the detector, which is O(1) for open setups, but can be > 1 for cavity or
lumped-element resonators. Furthermore, we have ignored details pertaining to the aspect
ratio of the system; for instance, for experiments consisting of spaced layers of dielectrics,
Lgxp should be replaced by area x length? in Eq. 15. Although the integrated signal power
in Eq. 15 is independent of the detector’s quality factor for Qexp 2 (Wexp/Mpy ) @pys the
sensitivity of a resonant setup is often still enhanced for even larger Qexp. This is due to
the fact that the total noise power integrated over the resonator bandwidth ~ wexp/Qexp
is suppressed compared to Psig if, e.g., the noise temperature is independent of Qexp. In
this case, the signal-to-noise ratio generally scales as the geometric mean \/m for
a fixed scanning time to cover an e-fold in dark matter mass.

3.1.1. GHz frequencies. The first experiments that had plausible direct detection sensitivity
to dark matter axions were GHz microwave cavity experiments dubbed “haloscopes” (60, 61,
62), which have evolved into the modern ADMX program and influenced the design of other
newer experiments. These experiments employ magnetic fields applied to cavities tuned to
the dark matter frequency, such that wexp ~ L;}p ~ mp,,. Independent of the magnetic

4To be more precise, retarded-time effects are typically governed by the physical distance a
current must travel around a device, so for a cylindrical geometry, Lexp is the circumference rather
than the radius (see Ref. (67) for an example).
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Figure 2

As in Fig. 1, but for the kinetically-mixed dark photon parameter space (Eq. 2), spanned by the
kinetic mixing parameter ¢ and the dark photon mass m 4.

field, these setups have sensitivity to dark photon dark matter as well. The narrow-band
nature of such experiments requires constant operations to tune to new frequencies, and
often the experimental focus is on maintaining live-time while collecting data from a system
that has many moving components. The key figure of merit for cavity experiments is the
dark matter frequency scan rate,

(9ary Bo)*  (axion)
xQrLQ Vexp 1/Tn)? % 16.
£ Qo (Pors Vesp 1/ ) {64 (dark photon) ,

ChUexp
dt

where @, is the loaded cavity quality factor, Vexp is the cavity volume, 7 is a mode-overlap
form factor, and T, is the effective noise temperature. It is important to note that Eq. 16
holds even when Qr > @p,,; consistent with Eq. 15, there is no penalty for having an
intrinsic cavity linewidth narrower than the dark matter, so long as tuning steps are taken
with fractional width Q;I\IA rather than Qzl (68, 69, 70).

Over the last decade there has been a steady progression of experiments that have
come online, and new ones are progressing further with R&D demonstrator and conceptual
designs. Two experiments, ADMX and CAPP, have matured to the point of searching
down to the QCD line over a fairly wide frequency range. As of this writing, ADMX-G2
has covered (0.65 —1.02) GHz (71, 72, 73) and CAPP has covered (1.025 — 1.185) GHz (74)
at or near DFSZ sensitivity. Both experiments plan to continue scanning with existing
technology: copper cavities with one or more tuning rods, large-bore magnets with modest
fields (NbTi at 7.8 T for ADMX, and 10.8 T for CAPP-MAX), and cryogenic amplification
with current-pumped or flux-pumped Josephson Parametric Amplifiers (JPAs) running as
a linear amplifier near the quantum limit.

One of the primary research directions that has borne fruit is the development of field-
tolerant SRF cavities. Though superconducting accelerator cavities have quality factors as
large as Q > 10'* (75), it is generally believed that RF losses due to flux vortex motion
degrade surface loses at high-field to below that of copper. Fortunately, these concerns
are not relevant for dark photon searches which do not require an external B-field, and
Ref. (70) recently set the strongest constraints on e at any dark photon mass using a
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cavity with Qr = 4.7 x 10°, obtaining € < 1.5 x 107'® in a narrow band around m, =
5.35 peV. That said, SRF cavities made from NbsSn films demonstrated Q@ ~ 5 x 10° in
a 6 T magnetic field (76), and work is continuing to use NbsSn coatings to increase @ for
superconducting cavities in high fields. Other ideas include a variety of material coatings on
various substrates (for example, NbTi on Cu, Nb3Sn on Nb, Nb3Sn on Cu, or ReBCO high-
temperature superconductor tape), which have been demonstrated in empty cavities (77,
78, 79). Tunable systems using these coatings are beginning to be deployed (80, 81) with
quality factors approaching ~ 10° being demonstrated.

3.1.2. Low Frequencies (below GHz). Since the lowest resonant frequency of a cavity scales
as its inverse size, probing sub-peV masses with the cavity haloscopes discussed above
requires prohibitively large systems. Various experimental schemes have been proposed to
overcome this.

One strategy involves the use of lumped-element LC circuits as electromagnetic res-
onators; their resonant frequency is not directly tied to their inverse geometric size, al-
lowing them to operate in the quasi-static limit, wexp = 1/\/@ & 1/Lexp. As for cavity
haloscopes, such a setup requires tuning the resonant frequency to the dark matter mass
Wexp & Mp,,, as well as employing an external magnetic field to search for axion dark mat-
ter. A large pickup inductor can be used to resonantly amplify the magnetic field sourced by
either the axion or dark photon effective current. This approach is being undertaken by the
DMRadio collaboration (82), which plans on developing large LC resonators with quality
factors of QrLc ~ Qpy, ~ 10° with the ultimate goal of probing QCD axion dark matter in
the MHz — GHz frequency range. Implementing this strategy requires a large high-Q) sap-
phire capacitor which is tunable over decades of capacitance to parts-per-million precision,
which DMRadio is currently developing. The ADMX SLIC experiment has demonstrated
the viability of this strategy over a narrow frequency range, using piezoelectric tuning of
an LC circuit inside a solenoidal magnet (83). At the highest frequencies, approaching
the cavity regime with mp,, Lexp ~ 1, the lumped-element approximation breaks down
and inductors develop a capacitive impedance (67), which induces parasitic resonances
and requires several inductive pickup sheaths of various sizes to fully cover the desired
mass range (84). In the absence of a tunable capacitor, one can still use purely inductive
readouts to perform a broadband search, as was pioneered by ABRACADABRA (85) and
SHAFT (86) (a non-tunable capacitor would improve sensitivity even off-resonance (68)).

Heterodyne searches based on frequency up-conversion schemes have also been proposed
in Refs. (69, 87, 88) to probe sub-GHz QCD axion dark matter. These setups employ a
SRF cavity with two nearly-degenerate tunable modes, referred to as the “pump mode”
and “signal mode.” The cavity pump mode is driven at angular frequency wo ~ GHz. Since
the axion effective current J,- involves the product of the pump magnetic field and the
axion field, Jg,, oscillates at the beat frequencies wexp = wo = mq. Thus, if the signal
mode is tuned to the nearby frequency w1 ~ wo + Aw offset by Aw < wo, then axion dark
matter oscillating at the frequency splitting m, ~ Aw can resonantly drive power from
the pump to the signal mode. This approach is currently being pursued at Fermilab (89).
Compared to static-field lumped-element resonators, the main qualitative difference here
arises from the fact that the applied magnetic field is in the form of a time-dependent driven
mode of the cavity, which upconverts the low-frequency axion into a higher frequency RF
signal, wexp > Maq. As can be inferred from Eq. 15, this has two important implications.
First, in general the integrated signal power P, saturates once the coherence time of
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the resonator overcomes that of the axion field. In an up-conversion setup, this occurs
once Qexp 2 (GHz/ma) Qo > 108, such that P is enhanced by the large quality factors
achievable with SRF cavities (as large as Qexp ~ fewx10') (75). Second, Lenz’s law implies
that Psig is dictated by O:Ja. Thus, the signal power in a static-field setup is suppressed
by the small axion mass Psg x mg for m, < L;(Ip ~ peV. However, by oscillating the
applied field in an up-conversion experiment, this suppression is undone.

Either of these low-frequency search strategies needs to contend with an irreducible
background arising from the large number of thermal photons at finite temperature. In this
case, thermal fluctuations preclude the usefulness of techniques such as photon counting
and squeezing. However, for a scanning experiment, lowering the readout noise well below
the standard quantum limit (which dominates off-resonance) enhances the signal-to-noise
ratio by broadening the so-called “sensitivity bandwidth” to be much greater than the
resonator bandwidth (68, 69, 90). Thus, as opposed to photon counting, quantum metrology
related to low-noise phase-sensitive readout of voltage (91), which allows the frequency to
be determined, could potentially further enhance the scan rate of these setups.

An effect closely related to the heterodyne one arises from modifications to the pho-
ton’s dispersion relation. In an axion dark matter background, the phase velocity of left-
and right-polarized light with frequency wyq is shifted by dv ~ £gavy v/2ppn/ (2wo), which
is equivalent to a rotation of linear polarized light. Experimental setups based on optical
interferometry have been proposed in, e.g., Refs. (92, 93), which rely on the phase differ-
ence accumulated by the different circular polarizations. Such schemes could cover new
parameter space 1-2 orders of magnitude beyond existing astrophysical bounds.

3.1.3. High frequencies (GHz and above). At high frequencies, at least two challenges for
the resonant cavity approach become apparent. First, from the scan rate in Eq. 16, the

form factor n is O(1) only when the dark matter Compton wavelength is of order the
3
DM’

larger masses. Second, the parametric amplifiers used for cavity searches no longer operate

cavity size, which requires a cavity volume of Vexp ~ 1/m limiting the sensitivity for
at THz frequencies and above, so a qualitatively different readout is required. Here, we
discuss approaches to mitigate these challenges.

At frequencies not too far above 1 GHz, the loss in sensitivity from the reduced volume
of a single smaller cavity can be counteracted with lower readout noise. Strategies based on
quantum metrology are actively being developed in this frequency range, which may also
prove more generally useful in other regimes. For instance, HAYSTAC (94, 95) has pio-
neered the use of low-noise squeezed-state JPAs to increase the effective cavity bandwidth,
thus enhancing the scan rate at each frequency step beyond that implied by the standard
quantum limit. Currently, HAYSTAC is the only axion experiment to have demonstrated
operation beyond the standard quantum limit, and the factor of ~ 2 — 3 in scan rate gained
by squeezing is currently limited by the state of quantum technology, offering a promising
opportunity for improvement in the future. HAYSTAC has already taken and analyzed data
in the (4—5) GHz frequency range, and expects to cover (10—12) GHz in future runs. Other
approaches involve single-photon detection (96) as a readout strategy, where the occupation
number of photons in a cavity may be non-destructively measured through its effect on the
frequency of a qubit oscillation. Indeed, Ref. (96) has already demonstrated single-photon
detection as a viable strategy for dark photon detection, constraining ¢ < 1.7 x 10~*° for
dark photon dark matter in a narrow band around m 4, ~ 24.86 peV. An alternate strategy
involves quantum-mechanically enhancing the signal by preparing a superconducting qubit
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in a non-classical Fock state (97). The challenge of extending these latter strategies to axion
detection involves maintaining qubit operation near a large magnetic field (98).

Another approach involves maintaining a large effective volume at higher frequencies.
For instance, ADMX-EFR (99) proposes to read out 18 small cavities simultaneously in a
9.4 T magnet to cover the (2 — 4) GHz frequency range. One may also consider creating
a “metamaterial” consisting of a dense array of conducting wires in order to modify the
photon plasma frequency wp, thus facilitating resonant conversion when w, ~ mp,, and
decoupling the experimental volume from the form factor (100). The ALPHA experiment
will use this “plasma haloscope” setup to search in the (5 — 50) GHz range; performance of
the metamaterial has been validated recently at ~ 10 GHz (101).

Moving to higher frequencies, MADMAX (102) and DALI (103) use an array of dielectric
disks to exploit electromagnetic boundary conditions. In the presence of the dark matter
effective current, electric fields must be induced at the disk boundary, producing radiation at
a frequency wexp >~ mp,,;. Many such disks may be placed inside a coherence length, allowing
the radiation to constructively interfere and generating either a broadband or narrow-band
response function depending on the disc spacing. For instance, operating in the so-called
“transparent mode,” N disks of refractive index n and thickness w/(nmy,,) are separated
by a vacuum gap of thickness 7/mg,,. In this case, the outgoing radiation adds coherently,
and the sensitivity bandwidth of the setup is roughly ~ m,,/N. Demanding that the total
length of the experiment fits inside a coherence length (N < 1/vg,,; ~ 10%) then leads to
the optimal signal power scaling in Eq. 15. A MADMAX prototype with three sapphire
disks in a 1.6 T B-field has recently taken first data, demonstrating a power boost factor
of ~ 2500 from constructive interference from the disks and constraining an axion coupling
of gayy < 2 x 1071 GeV™! in a narrow range of masses around m, ~ 80 peV (104). This
prototype was operated in the 10 GHz range and was thus able to use a similar readout to
HAYSTAC; however, the full experiment, which aims for (10 — 100) GHz, will likely need
new readout strategies beyond the quantum limit at the highest frequencies (102).

A similar strategy can be employed with much smaller dielectric spacing, read out with
superconducting nanowire single-photon detectors (SNSPDs) to probe near-optical frequen-
cies. This is the strategy pursued by, e.g., LAMPOST (105), which leverages SNSPDs with
extremely low dark rates in a commensurately scaled-down geometry involving several pm-
thick alternating layers fused into a “dielectric stack.” First data has been taken without the
magnetic field, constraining e < 1072 for dark photon masses of m 4/ ~ (0.7—0.8) eV (106);
the dark rates for the SNSPDs were an impressive 6 x 107% Hz, corresponding to 4 total
counts over the 180-hour exposure. Future runs aim to push toward masses of 10 meV,
which is within the sensitivity band of lower-threshold SNSPDs but with potentially higher
dark rates. A similar approach, MuDHI, uses a 23-layer dielectric stack with a single-photon
avalanche detector at 1.5 eV and has set dark photon limits at € < 107 (107).

Other approaches have eschewed resonant scanning in favor of fundamentally broadband
setups with sensitive photon detectors. For instance, the BREAD collaboration has revived
an older approach using a dish antenna in a specialized parabolic geometry that focuses
the dark matter-induced radiation onto a small detector area (108). Multiple readout
techniques, including kinetic inductance detectors at (0.1 — 1) THz, quantum capacitance
detectors at (1 — 10) THz, and SNSPDs at (10 — 100) THz, are envisioned to cover several
decades of axion masses down to the KSVZ target and potentially beyond. Broadband
approaches have also been developed at GHz — THz frequencies, such as the Dark E-field
pilot experiment (109), which used a dipole antenna in a shielded room to search for the
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Figure 3

As in Fig. 1, but for the defining coupling of the QCD axion (Eq. 3), in the parameter space
spanned by the inverse axion decay constant fg ! and the axion mass mg. The orange line denotes
the standard QCD axion relation of Eq. 4. The dotted blue line shows the reach for a polarization
haloscope experiment which targets a single candidate QCD axion mass (112); this would be the
case to definitively test whether a signal at an RF haloscope does indeed arise from the QCD
axion.

electric field generated by dark photon dark matter.

Another broadband approach at higher frequencies leverages the development of low-
noise targets for the detection of sub-GeV dark matter scattering. In particular, target
materials hosting in-medium electronic (110) and phonon (111) excitations, are also sensitive
to axion dark matter if these detectors are operated in strong magnetic fields, thus creating
a “magnetized medium.” In this case, the total signal rate is governed by the dielectric
energy-loss function Psg Im(—efl) involving the permittivity evaluated at frequency
w ~ mg (110), demonstrating that sensitivity to new parameter space is possible for m, ~
(0.1 — 10) eV, provided that existing dark counts are reduced compared to existing values.

3.2. QCD

Here, we give an overview of existing and proposed dark matter searches for the defining
coupling of the QCD axion to gluons, Eq. 3. A summary of existing limits and projected
sensitivities is shown in Fig. 3. For this coupling, the dark matter axion field is equivalent
to an effective QCD theta angle oscillating at a frequency set by the dark matter mass,

0, = L ~ V2Ppm
fa mafa

where we used Eq. 4 in the second equality. This gives rise to various effects that violate
parity and time-reversal symmetry at low energies. One such effect is that the neutron

cosmat ~ 4.3 x 107° cosmat , 17.

acquires a non-vanishing oscillating electric dipole moment, d, ~ (2.4 x 1073 e fm) O,
which generates a coupling between the neutron spin and an applied electric field Ey.
The CASPEr-Electric experiment (113, 114) aims to search for this interaction with
nuclear magnetic resonance (NMR) techniques. The induced electric dipole moment leads
to a small oscillating nuclear polarization aligned with a background electric field Eq, which
can be read out with a precision electromagnetic sensor, such as a SQUID. For nuclear spins
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initially polarized along an applied magnetic field By transverse to Eg, the spin-response
can be resonantly enhanced if the dark matter frequency matches the Larmor frequency,
maq ~ vnBo, where 7, is the gyromagnetic ratio of the nucleon. As a result, this setup can
scan over a range of axion masses by tuning By. The overall effect can be further amplified
with the use of ferroelectric materials with large internal electric fields. The ultimate spin
projection noise-limited reach of CASPEr-Electric can explore QCD axion dark matter in
the (107'2 — 10™") eV mass range (see also Ref. (115)). A similar range of QCD axion
masses could also potentially be covered by an experiment designed to search for the so-
called “piezoaxionic” effect (116). In this case, the oscillating nuclear electric dipole moment
couples to the mechanical stress of a nuclear spin-polarized piezoelectric crystal, which can
be resonantly enhanced when the axion mass is close to a vibrational mode of the system.

Both of the aforementioned strategies are optimized for sub-GHz frequencies, corre-
sponding to axion masses m, < 107% eV. In the case of CASPEr-Electric, this is due
to the fact that resonance is achieved for m, ~ 7, Bo, such that probing m, = 1076 eV

~

would require magnetic fields greater than those accessible in the laboratory, By = 10 T.
Furthermore, an experiment based on the piezoaxionic effect is optimal when m, is compa-
rable to a low-lying mechanical resonance, which for a large sample typically lies well below
O(1) GHz in frequency, due to the small speed of sound. To probe 2 GHz frequencies, the
so-called “polarization haloscope” has been proposed (112), which involves placing a nuclear
spin-polarized dielectric in a conducting cavity. Analogous to the neutron electric dipole
moment, Eq. 17 generates an oscillating atomic electric dipole moment d4 directed along
the spin. The corresponding oscillating polarization density Pepm ~ na da in a medium
of atomic spin density ma induces an electromagnetic current Jgpm = 0:Pgpwm, which
can resonantly excite the mode of a microwave cavity whose frequency is comparable to
the axion mass. For the QCD axion, comparison between Jgpwm and J4, implies that the
signal generated by the QCD coupling is typically a few orders of magnitude smaller (112).
Regardless, a polarization haloscope could explore new parameter space at high frequen-
cies, as well as definitively test whether a potential future signal seen at an experiment
such as ADMX indeed arises from the QCD axion. In any of the experiments discussed
in this section, achieving the sensitivity shown requires overcoming various experimental
difficulties. This includes minimizing noise at low frequencies, as well as identifying optimal
materials that can be prepared with large nuclear spin-polarization fractions and enhanced
Schiff moments (thus allowing large internal electric fields).

Before concluding this section, we also note that the QCD axion can lead to effects that
obey parity and time-reversal symmetry, but at higher-order in 6,. For example, at O(QZ),
there exist corrections to nucleon and pion masses (117), as well as the parity and time-
reversal even interaction with photons, £ > O(10™%) 02 F,, F*¥ (118, 119). This interaction
modifies the effective fine-structure constant, thus shifting atomic energy levels and poten-
tially generating signals that can be searched for with atomic clock experiments. Since this
interaction is parametrically suppressed compared to those linear in 6,, such searches can-
not probe parameter space corresponding to the canonical QCD axion. Regardless, these
interactions represent qualitatively different types of signatures.
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Figure 4

As in Fig. 1, but for neutron-coupled axions (Eq. 18 with f = n), in the parameter space spanned
by the axion-neutron coupling gqn and the axion mass mg,. The orange band denotes the range of
couplings for the DFSZ QCD axion. For hadronic QCD axions, such as in the KSVZ model,
recent estimates are consistent with gqn = 0 (33).

3.3. Fermion Spin

Axion dark matter may also couple to Standard Model fermions f = n,e, ..., as in the last

term of Eq. 1, which we rewrite here as®

LD gay (0pa) D" ¥, 18.

where gy o< 1/fq. At low-energies, Eq. 18 gives rise to the following nonrelativistic single-
particle Hamiltonian for f (123),

H D —gay (Va) -0 — (gag/my) (Ora) o - m 19.

where w = p — ¢y A is the mechanical momentum of the fermion with charge ¢f, p = —iV
is the canonical momentum, and A the electromagnetic vector potential. The first and
second terms of Eq. 19 are referred to as the “axion wind” and “axioelectric” terms. Their
effect on Standard Model fermions can be deduced by working out the modifications to the
fermion’s equation of motion via Ehrenfest’s theorem. Note that for the axion wind term,
Va couples to the fermion’s spin analogous to a magnetic field, whereas for the axioelectric
term, (0:a) o couples to the fermion’s momentum analogous to a vector potential.

As a result, the dominant effect of fermion-coupled axion dark matter is to act with a
torque or force on fermion spins, which can be phrased in terms of an effective axion-wind
magnetic field and axioelectric electric field, respectively,

Gaf Jaf d /.
Begt = =——Va , E=— — (a (o)), 20.
Ty N ar dt( ()

where py is the Bohr or nuclear magneton for leptons or nucleons (123). For typical experi-
mental setups in which d(o)/dt = 0, Ecg o< G decouples more rapidly at small axion masses,

5 Although not considered in this review, it is also possible that the axion couples off-diagonally
to the various fermion generations (120, 121, 122).
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Figure 5

As in Fig. 1, but for electron-coupled axions (Eq. 18 with f =€), in the parameter space spanned
by the axion-electron coupling gqe and the axion mass mg. The orange band denotes the range of
couplings for the canonical QCD axion. The dotted blue line shows the maximum possible reach
of a magnetized multilayer setup given noise-free detection of single photons (123).

such that Beg leads to larger signals at low m,. Existing limits and projected sensitivities
are shown for the axion-neutron coupling and axion-electron coupling in Figs. 4 and 5.

Let us first focus on experimental schemes to detect the axion wind term. The ef-
fective magnetic field Beg causes spins (nucleons or electrons, depending on the fermion
coupled to the axion) to precess about Va, which is set by the direction of the dark mat-
ter wind vy,,. Nuclear spins are best suited for low-frequency interactions, since they
tend to be well-shielded from external degrees of freedom and their corresponding Lar-
mor frequency is suppressed by the nucleon mass. Indeed, at sub-ueV frequencies, many
precision magnetometry techniques may be immediately repurposed as an axion search,
including spin-polarized torsion pendulums (124, 125), nuclear magnetic resonance experi-
ments (126, 125, 127, 128), comagnetometers (129, 130, 131, 132), and hybrid spin resonance
systems (133). Recently, there have also been proposals involving alternative techniques
such as spin precession in storage rings (134, 135, 136), superfluid ®*He in both the A
phase (137) and B phase (138, 139), and nitrogen vacancy centers (140).

For ms 2 1 peV, the axion wind can couple to electron spin-excitations with larger char-
acteristic energy. Such examples include spin-flip transitions in atoms (141) and in-medium
magnon excitations (111). Since collective spin-excitations source electromagnetic fields,
the most well-defined readout scheme for magnons are electromagnetic ones. For instance,
certain experiments employ electromagnetic readout by placing an electron spin-polarized
sample in a cavity, mixing the magnon and cavity modes (142, 143, 144). In order to lever-
age the high-Q of RF cavities, these setups employ low-loss magnetic insulators, such as
yttrium iron garnet (YIG). However, such detectors are typically limited in exposure due to
the fact that YIG crystals are difficult to manufacture beyond the mm-scale. Alternatively,
one could incorporate cheaper magnetic materials, such as polycrystalline spinel ferrites,
which can be scaled up to a much larger volume at the cost of increased loss. In this case,
dielectric layers analogous to the MADMAX experiment discussed in Sec. 3.1.3, can be
utilized, but to be sensitive to the axion-electron coupling, the dielectric needs to consist of
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magnetic material. Such a setup, referred to as a “magnetized multilayer,” was proposed
in Ref. (123), involving sensitive photon detectors to probe unexplored parameter space at
2 GHz frequencies. More generally, for most experimental setups targeting the axion wind
term, the total axion absorption power is governed by the magnetic energy-loss function,
Puig o< Vi, - Im(—f171) - v, where f1 is the contribution of the spin of the fermion f to
the medium’s permeability tensor (i.e., for electrons this is the usual magnetic permeabil-
ity) evaluated at the angular frequency m, (123). Thus, the dissipative part of the target
permeability completely determines the inclusive dark matter absorption rate.

Compared to the axion wind, the possible observables arising from the axioelectric term
have not been as closely examined. Most effects can be understood from the corresponding
effective electric field E.q, which acts as a force aligned along the spin of the fermion (123).
For instance, for electron-coupled axions, the axioelectric term can induce modifications to
atomic energy levels, although such effects are typically higher order in the electromagnetic
fine-structure constant (123). E.g can also acts as a bulk mechanical force in spin-polarized
material, drive electronic excitations in molecules (145), superconductors (146), semicon-
ductors (147), and materials hosting optical phonons (148), as well as induce polarization
currents in dielectric stack experiments employing electron-polarized materials (123).

4. Producing and Detecting New Particles in the Lab

In Sec. 3, we focused on experiments searching for galactic dark matter present in the lab-
oratory. Using the same interactions enumerated in Sec. 2, we may also produce the axion
or dark photon fields in the laboratory, and subsequently reconvert them to detectable lab-
oratory fields or forces. Such “light-shining-through-wall” experiments are generally more
difficult than dark matter experiments because production and detection requires additional
powers of small couplings. On the other hand, light-shining-through-wall experiments do
not rely on dark matter being present in the lab, and are thus a powerful probe of any
axion or dark photon in the Lagrangian of the universe, independent of any astrophysi-
cal uncertainties. As with dark matter experiments, the most straightforward detection
strategies are electromagnetic, with new technologies recently providing vastly improved
sensitivities. Axions may also lead to spin-dependent forces which can be detected with
precision magnetometry and mechanical sensing.

4.1. Electromagnetic

Light-shining-through-wall experiments aim to both create and detect new particles, such
as electromagnetically-coupled axions or dark photons. After first being sourced by the
“emitter” (a region of strong electric Fem and/or magnetic Bem fields), these particles then
propagate into a quiet shielded “receiver” region, in which they can excite small signal
electromagnetic fields. The degree to which axions or dark photons are sourced by the
emitter can be determined from their equations of motion, which are, respectively

(@ 4+m2)a=gar E-B 21.
2 2
2 M pr . €M/
<8+1762)Aﬁ”__1762 A% 22

where on the left-hand side of Eq. 22 we have worked in the basis introduced above Eq. 14.
From this, we see that axions are sourced by regions in which an electric and magnetic field
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are aligned, whereas dark photon fields can be produced from either electric or magnetic
fields. Regardless, the ideal emitter involves fields driven to high intensity, which can be
achieved through the use of, e.g., optical or RF cavities. Furthermore, from the form of
the effective currents in Eqs. 13 and 14, detecting the emitted axions requires an additional
magnetic field Brec in the receiver, whereas detection of emitted dark photons does not.

The figure of merit for these experiments is the probability for photons to convert into
an axion or dark photon and then reconvert back into photons in the receiver. In optimal
cavity setups operating at frequencies wexp much greater than the axion or dark photon
mass, the conversion probability is typically of the form

{ (ga.w Bem Bhrec Lexp)4 (axion)
Prem—rrec ™~

23.
(emar /wexp)* (dark photon) ,

where Leyp, is an experimentally-dependent length scale, dictated by the size of the emitter
and receiver and the distance separating them.In both cases, finesse and/or quality factors
can further boost the power in the receiver cavity. A key difference between axion and dark
photon experiments is the existence of the longitudinal mode of the dark photon, which
can have a parametrically large effect on the signal, depending on the geometry of the
experiment. As highlighted in Ref. (63), to obtain the m‘ﬁ,/ scaling in Eq. 23, the emitter
and receiver cavities must be aligned with the direction of E.n; instead, if the receiver
cavity is off-axis, then Peony o mi/, which severely suppresses the signal rate for low-mass
(mar < wexp) dark photons.

The strongest laboratory-based limits on dark photons come from the Dark SRF exper-
iment (149), which utilizes 1.3 GHz emitter and receiver SRF cavities arranged coaxially to
enhance sensitivity to the dark photon’s longitudinal polarization. Both cavities have large
intrinsic quality factors, Qint 2 10'°, a significant improvement over previous microwave
cavity experiments with Q < 10* (150, 151). A first pathfinder run using Eem = 6.2 MV/m
and a total data-taking time of a few hours observed no excess power in the receiver cavity
above thermal noise (following rejection of a peak also observed when the emitter cavity
was off), and set a limit of € < 1.6 x 107° x (5 peV/mas) for ma <5 peV. This was the
first demonstration of high-@ SRF cavities for dark photon detection, including the required
temperature and frequency stability. However, the sensitivity of this run was limited by an
unwanted frequency offset between the emitter and receiver cavities. Future longer runs of
the experiment with better frequency matching and larger E.n, are expected to significantly
improve the sensitivity.

For larger masses, i.e., when mqg, mas > wexp, axions and dark photons can only be
sourced off-shell, corresponding to the production of evanescent fields that fall off expo-
nentially within a Compton wavelength from the emitter. For light-shining-through-wall
experiments whose emitter and receiver regions are separated by more than ~ w;(lp, such
signals are exponentially suppressed. This is the case for, e.g., Dark SRF, which has lim-
ited sensitivity to masses above GHz ~ peV. To get around this, Ref. (152) proposed
using the same cavity as both source and receiver by simultaneously pumping two modes,
which could offer better sensitivity at large axion masses, but likely suffers from a large ir-
reducible background of nonlinear harmonic generation in the superconducting walls (153)
(which may nonetheless be of some intrinsic interest to condensed matter physicists). How-
ever, for masses < 1 eV, the Compton wavelength is still much larger than the electromag-
netic penetration depth in superconducting material ~ 50 nm. As a result, the emitter
and receiver cavities can be separated by much less than a Compton wavelength while
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also maintaining efficient shielding. Such light-shining-through-thin-wall (LSthinW) exper-
iments were recently proposed in Ref. (64), which showed that setups analogous to Dark
SRF could achieve sensitivity to unexplored dark photon parameter space for masses as
large as m 4 ~ few x 10 meV.

The strongest purely laboratory-based axion limits are expected to come from the ALPS
1T experiment (154), which consists of 1064 nm light propagating through a string of twelve
5.3 T magnets in the source region, followed by a similar configuration in the receiver region,
for a total of Bo Lp = 560 T' m on each side. Mode-matched optical cavities are used to
boost both source and receiver power, yielding an expected sensitivity to a conversion
probability of P..,, —ye. ~ 10725 i.e., a few photons per day with 40 W of source power.
Two complementary detection strategies are envisioned for such weak signals: heterodyne
detection by mixing the signal field with a strong local oscillator and performing single-
photon counting at the beat frequency, followed by direct measurement of the signal photons
with transition-edge sensors at an expected dark rate of 6.9 x 10~ Hz. The first science-run
data was collected in 2023, setting limits of gary < 6 x 1071% GeV ™!, and design sensitivity
is expected to be achieved by 2025, with an expected sensitivity to g~ of 2 x 1071 GeV L
One may also envision using SRF cavities as source and receiver cavities (152, 155, 156, 157),
with similar projected sensitivities as ALPS II but with different noise considerations.

Finally, we briefly mention helioscope experiments, which aim to detect axions produced
from the Sun by converting them to keV X-ray photons with a spectrum determined by
the solar temperature. The setup works similarly to ALPS II but without the source
cavity, and thus the conversion probability is (ga~y~ Brec Lexp)> for m, < keV. CAST (158),
which consists of a 9 T LHC dipole magnet on a rotating mount to follow the direction of
the Sun, completed data-taking in 2015 and set the strongest laboratory limits of ga -y <
6.6 x 107 GeV~! over many orders of magnitude in axion mass, which have persisted
for almost a decade. The IAXO pathfinder (159) has implemented a new conversion gas to
slightly improve sensitivity in the high-mass region, improving on a similar strategy used by
CAST; by tuning the gas pressure, the plasma frequency can be tuned to match the axion
mass, which makes the axion-to-photon conversion coherent over the length Lexp (analogous
to the plasma haloscopes discussed in Sec. 3.1.3).

4.2. CP-violating couplings and axion-mediated forces

Recently, there has been interest in pursuing more exotic couplings, such as when axions
possess interactions with Standard Model operators that are instead even under parity and
time-reversal. As mentioned at the end of Sec. 3.2, this typically arises at higher order in
the axion field, i.e., ~ O(a®/f2). This is indeed the case for minimal models of the QCD
axion. To see this, note that the total effective QCD theta angle is fior = 0+ (a)/fo + 0/ fa,
where  is the bare value, (a) is the axion vacuum expectation value, and a is the fluctuation
around this value (e.g., in the case of dark matter a/f, = 6, in Eq. 17). When the only
source of parity and time-reversal violation is @ # 0, the energetic minimum is achieved
at {(a)/f. = —0, such that @yt = a/f, (160). Since parity and time-reversal symmetric
operators couple only to the square of o at leading order, the same is true for a/ fo.
However, if there are additional sources of parity and time-reversal violation beyond 6,
these can induce (a)/fa # —0, such that Oy = e + a/ fa, where Oeg = 0+ (a)/fa # 0.
While the Standard Model contribution to fes is experimentally negligible, additional new
physics may lead to values that saturate the current experimental limit of f.g < 1071°.

~
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Scalar interactions controlled by 02 therefore involve the cross product feg x (a/f,). For
example, such considerations imply the existence of scalar couplings between the axion and
Standard Model fermions parametrically of the form £ ~ feg (my/fa) at), where my is
the mass of the fermion (161) (see also, e.g., Refs. (162, 163) for recent discussions of these
points). In this case, the axion can be sourced by matter density alone, and then may be
detected with, e.g., its standard coupling to electromagnetism or spin. Various schemes
along these lines have been proposed using spin probes for axions produced by laboratory
sources (164) or the Earth (165, 166).

In the case of laboratory sources, one physical effect is that of a spin-dependent axion-
mediated force (164), where a source mass creates an effective magnetic field which can in
turn be detected with NMR techniques, like those reviewed in Sec. 3.3. The ARIADNE
collaboration (167, 168) aims to use tungsten as the source mass and polarized *He as the
detection medium, with projected sensitivity to the QCD axion in the (1073 — 107°) eV
mass range.

5. Looking Forward

As we have surveyed in this review article, the creativity and interdisciplinarity exhibited
by the axion and dark photon community is enormous, with dozens of new experiments
proposed in the decade since the last such review (11). Without discounting the enormous
effort represented by this cumulative body of work, no discovery of axion or dark photon
dark matter has yet been made. In that light, it is worth evaluating the progress of ex-
periments over the past decade in an effort to identify which regimes of parameter space
still remain unprobed, which technological aspects have been bottlenecks to progress, and
where effort might best be spent to fully probe the best-motivated dark matter models.

The most rapid progress has been made in experiments searching for the axion electro-
magnetic coupling. While several new searches have obtained sensitivity in narrow frequency
ranges, often dipping down into the canonical QCD axion parameter space, a broad pro-
gram covering the QCD axion over several decades of mass remains an important goal for
the future. For cavity searches, the principal technological challenge is the Bj Veip scaling
of the scan rate in Eq. 16. For a single-mode haloscope, achieving DFSZ sensitivity over the
(1 — 10) GHz range with current B-field strengths and Q1 ~ 10° would take 20,000 years
of scanning at 100% livetime (169). The technology we described in this review — includ-
ing squeezing and photon counting to push beyond the standard quantum limit, and SRF
cavities with extremely large Qr, both of which have been experimentally demonstrated
in the past decade — may reduce this daunting task to a more manageable level. However,
the most rapid improvements may come with development of high-field magnets, which is
strongly synergistic with the fusion energy program (170).

We further emphasize that the pQDM scaling of the scan rate from Eq. 16 (given our
uncertainty on the dark matter density and substructure) implies that a comprehensive
search strategy must include probing couplings below those corresponding to the “standard”
value of p,,, ~ 0.45 GeV/cm®, a value which is primarily adopted for convenience in
comparing experiments rather than a quantity of intrinsic physical significance.

At sub-GHz frequencies, initial development is underway to manufacture tunable
lumped-element circuits and high-QQ SRF cavities with nearly degenerate modes. However,
the importance of noise sources that are more prevalent in this regime, such as low-frequency
vibrational noise (171), remains to be seen. If such noise sources can be mitigated, these
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approaches provide a plausible path to QCD axion detection for masses corresponding to
GUT-scale decay constants. At high frequencies, SNSPDs have demonstrated excellent
performance in the optical and near-infrared frequency range, but further work is needed
to demonstrate a viable path toward QCD axion detection in the “THz gap,” which may
benefit from the synergy with development of single-photon THz sensors for astrophysics
applications (172, 173).

By contrast, the parameter space for spin-coupled axion dark matter looks much the
same as it did a decade ago. The only experiments whose exclusion limits dip beyond the
long-standing neutron star cooling constraints operate in a broadband mode at low frequen-
cies, one of which actually used archival data first taken in 2009 for other purposes (132).
The situation for the defining gluon coupling of the QCD axion is perhaps even starker, with
broadband experiments only able to probe axions below 100 Hz, and resonant experiments
limited to narrow “fingers” of parameter space which do not yet improve upon SN1987A
constraints. As outlined in Sec. 3.2, the gluon coupling can be probed with electromagnetic
sensors coupled to nuclear spin-polarized material; however, such strategies are typically
hindered by the fact that the QCD axion generates an EDM current much smaller than
the effective current from its photon coupling, Jepm/Jay < 1072 x (10 T/Bo) (112). New
and creative experimental approaches are thus needed to fully explore these well-motivated
regions of parameter space.

The search for dark photons will benefit from the continued development of axion exper-
iments, as many of the projections shown in Fig. 2 correspond to axion experiments without
the direct use of the magnetic field. While there is no sharp target in mass-coupling space
analogous to the QCD axion, we encourage the experimental community to continue pur-
suing these searches. In particular, we encourage axion experiments to publish dedicated
dark photon searches. With regards to light-shining-through-wall experiments, Dark SRF
clearly demonstrates the benefits of high-Q SRF cavities for dark photon detection, and
ALPS 1II should soon achieve its design sensitivity for axions.

To close, we commend once again the combined creativity and efforts of theorists and
experimentalists to vastly expand the suite of experiments searching for the axion and dark
photon. New technologies have been brought to bear on this problem over the past decade,
many of which have shown the potential for technology transfer to physics from fields as
diverse as microwave engineering, precision magnetometry, and quantum sensing. While
a discovery of new physics is never assured, the field has always progressed by looking in
new places, and we look forward to the new and insightful approaches to be proposed and
implemented in the decade to come.
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