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We propose a new broadband search strategy for ultralight axion dark matter that interacts with
electromagnetism. An oscillating axion field induces transitions between two quasidegenerate resonant
modes of a superconducting cavity. In two broadband runs optimized for high and low masses, this setup
can probe unexplored parameter space for axionlike particles covering 15 orders of magnitude in mass,
including astrophysically long-ranged fuzzy dark matter.
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I. INTRODUCTION

Evidence for dark matter (DM) has been accumulating
for almost 90 years [1] and its microscopic nature remains
one of the most important open questions in physics.
Among the many DM candidates proposed in the literature,
light pseudoscalar bosons with sub-eV masses have gar-
nered considerable appeal since they generically appear
in string compactifications [2–4] and have a simple and
predictive cosmological history. Furthermore, in certain
regions of parameter space they can solve the strong CP
[5–11] or electroweak hierarchy problem [12–14]. In the
“fuzzy” mass limit (mDM ∼ 10−22 eV), light bosonic DM
may also play a role in resolving long-standing tensions
between observations and simulations of galactic structure
[15–17]. In this work, we present a new detection strategy
for these DM candidates, which we refer to as axions.
Axion DM generically couples to electromagnetism

through the interaction

−L ⊃
1

4
gaγγ aFμνF̃μν ⊃

1

2
Jeff ·A; ð1Þ

where a is the axion field and A is the vector potential. In
the presence of a background magnetic field B, the axion
sources an effective current density

Jeff ≃ gaγγ∂taB: ð2Þ

The interaction of Eq. (1) forms the basis of several
experimental approaches to axion detection [18–33]. For
instance, the time variation of Jeff may be used to drive a
resonant detector [34,35]. Such experiments exploit the
coherence properties of the axion DM field, which we
model as a classical Gaussian random field within the
galaxy, with an average local density ρDM ≃ 0.4 GeV=cm3

and oscillating with angular frequency approximately equal
to the axion massma. Velocity dispersion from virialization
within the galaxy leads to a spectral broadening of the
axion, with a characteristic width of Δωa ∼ma=Qa,
where Qa ∼ 106.
In setups applying static magnetic fields, Jeff oscillates

with the same frequency as the axion field. Microwave
cavities resonantly matched to the axion field can be built
forma ∼ μeV [23], but for lower axion masses, the required
cavity volume becomes impractically large. Resonant
detection of lighter axions is possible in static-field setups
if the resonant frequency and volume of the detector are
independent, such as for lumped-element LC circuits [36–
38]. However, their sensitivity to low-mass axions is
suppressed by ∂tJeff ∝ ma.
Recently, we have proposed a new approach for axion

DM detection, which uses frequency conversion to retain
the advantages of resonant cavities while avoiding this
suppression at low masses [39] (see also Refs. [40–42]).1
A cavity is prepared by driving a “pump mode” with
frequency ω0 ∼ GHz, so that the axion can resonantly drive
power into a “signal mode” of nearly degenerate frequency
ω1 ≃ ω0 �ma and distinct spatial geometry. A scan over
possible axion masses is performed by slightly perturbing
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1Resonant and broadband heterodyne setups based on optical
interferometry have previously been proposed, but their sensi-
tivity is limited by laser shot noise [43–45].
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the cavity geometry, thereby modulating the frequency
splitting ω1 − ω0. Compared to a static-field LC circuit of
comparable volume and noise, the signal-to-noise ratio of
this “heterodyne” approach is parametrically enhanced by
ω1=ma. It also benefits from the very large intrinsic quality
factors Qint ≳ 2 × 1011 achievable in SRF cavities [46,47],
which far exceed the quality factors achievable in static-
field detectors targeting small axion masses.
In this work, we consider a broadband search where the

signal and pump modes are fixed to be degenerate within
their bandwidth, the feasibility of which is currently being
investigated by the DarkSRF collaboration [48]. For the
lowest axion masses, ma ≲ ω0=Qint ∼ 10−17 eV, the signal
power is resonantly enhanced. For higher axion masses, the
signal is off resonance, but so are the dominant sources of
noise in the cavity, thereby allowing this setup to explore
new parameter space for axions as heavy as ma ∼ 10−7 eV,
as shown in Fig. 1. This broadband approach is thus

sensitive to a wide range of axion masses without the
need to scan over frequency splittings. It is also the first
approach that could directly detect electromagnetically
coupled axion DM at the lowest viable DM masses
ma ∼ 10−22 eV, which correspond to a de Broglie wave-
length the size of dwarf galaxies and a coherence time ten
times longer than recorded human history. In this work, we
will show parametric estimates that illustrate its potential;
detailed calculations of signal and noise are given in
Ref. [39] and the Supplemental Material [49].

II. DETECTION STRATEGY

The basic principle of our setup is shown in Fig. 2. The
effective current, given by Eq. (2), oscillates at frequency
ωsig ≃ ω0 �ma. Since it is parallel to B0, it drives power
into the signal mode with strength parametrized by the form
factor

ηa ¼
j RVcav

E�
1ðxÞ · B0ðxÞj

ðRVcav
jE1ðxÞj2

R
Vcav

jB0ðxÞj2Þ1=2
≤ 1; ð3Þ

where E1 is the signal mode electric field and Vcav is the
volume of the cavity. We will be agnostic to the cavity
geometry, taking ω0 ¼ ω1 ∼ ð1 mÞ−1 ∼ 100 MHz, but as a
concrete example, ηa ∼Oð1Þ for the TE011 and TM020

modes of a cylindrical cavity, which are degenerate in
frequency for a length-to-radius ratio of L=R ≃ 0.8 [39,42].
We assume the frequencies of the pump and signal can

be held fixed and degenerate within the signal mode
bandwidth. However, the assumption of degeneracy only
affects the reach at very low masses (ma ≲ ω1=Q1).
Furthermore, as shown in the Supplemental Material [49],
even a frequency splitting 103 times larger than the band-
width allows new ultralight axion parameter space to be

FIG. 1. In shaded green, the projected 90% C.L. reach of our
setup to axion dark matter for several values of leakage noise
suppression ϵ, intrinsic quality factor Qint, and integration
time tint. For each set of parameters, we show the envelope
of two or three distinct experimental runs, as discussed in the
main text. We assume pump and signal mode frequencies
ω0 ¼ ω1 ¼ 100 MHz, a cavity volume Vcav ¼ m3, a magnetic
field strength B0 ¼ 0.2 T, a mode overlap form factor ηa ¼ 1,
shown in the Supplemental Material [49]. Existing constraints
[18–27,50–54] are shown in gray. The orange band denotes
parameter space motivated by the strong CP problem. Along the
blue band, axions are produced through the misalignment
mechanism at a level consistent with the observed dark matter
density [55], assuming a temperature-independent mass, Oð1Þ
initial misalignment angle, and coupling gaγγ ¼ αem=ð2πfaÞ.
(For larger couplings, axions produced in the same way would
make up a subcomponent of dark matter. However, since
Jeff ∝ gaγγ

ffiffiffiffiffi
ρa

p ∝ gaγγfa, our setup is equally sensitive to such
subcomponents.).

FIG. 2. A schematic depiction of our setup. A superconducting
radio frequency (SRF) cavity is designed to have two degenerate
modes of frequency ω0. It is prepared by driving a loading
waveguide, predominantly coupled to the pump mode, with an
external oscillator of frequency ω0. In the presence of axion DM,
the pump mode magnetic field B0 sources an effective current
that drives power into the signal mode. A wide range of axion
masses can be simultaneously probed by broadband readout, via a
readout waveguide predominantly coupled to the signal mode.
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probed. The fundamental reason our setup can probe such
low axion masses is that the signal strength depends on
∂tJeff ≃ gaγγ∂ta∂2

t B ∝ maa ∝ ffiffiffiffiffiffiffiffi
ρDM

p
. For a fixed axion field

amplitude, this vanishes as ma → 0, as required by general
principles, but it is independent ofma for fixed axion energy
density.
When the sensitivities of a broadband and scanning

approach overlap, the latter is stronger with a similar cavity
[39], as expected on general grounds [56]. The two
approaches have the same sensitivity only when ma is
smaller than the resonator bandwidth and the broadband
setup functions as a resonant experiment. However, a
broadband setup is simpler to operate due to its fixed
geometry, and could be used as a stepping stone towards a
scanning one. Moreover, it can probe a wide range of
parameter space in a short integration time.

III. OVERVIEW OF SIGNAL AND NOISE

The frequency spread Δωsig of Jeff (and hence of our
signal) depends on the width Δωa of the axion field and the
width Δωd of the oscillator driving the pump mode,
Δωsig ∼maxðΔωa;ΔωdÞ. For concreteness, we take the
power spectral density (PSD) of the central peak of the
oscillator to be flat with a width Δωd ≃ 0.1 mHz, compa-
rable to a commercially available oscillator [57]. This is
narrower than the signal mode width Δωr ¼ ω0=Q1 for all
parameters we consider. Since it can be beneficial to
overcouple the readout, the loaded quality factor Q1 of
the signal mode can be much lower than the intrinsic
quality factorQint, though the pump mode quality factorQ0

remains comparable to Qint.
The average signal power delivered to the cavity is

Psig ∼
ðgaγγηaB0Þ2ρDMVcav

max ðΔωr;ΔωaÞ
min

�
1;

�
Δωr

ma

�
2
�
; ð4Þ

where B0 is the characteristic amplitude of the pump mode
magnetic field. The final factor in Eq. (4) accounts for the
suppression that occurs when the axion drives the signal
mode off resonance (ma ≳ Δωr). Given the signal power
and noise PSD SnðωÞ, the reach is determined by the signal-
to-noise ratio (SNR) [58]:

SNR ∼
Psig

SnðωsigÞ

ffiffiffiffiffiffiffiffiffiffiffi
tint

Δωsig

s
; ð5Þ

where tint is the total integration time. Equation (5) is valid
when tint ≳ 1=Δωsig, which holds for all parameters we
consider. A detailed derivation of the signal power and of
the test statistic that Eq. (5) approximates is given in the
Supplemental Material [49].
For most of the axion masses we consider, the dominant

noise source is power in the oscillator or pump mode
“leaking” into the readout waveguide. For instance, geo-
metric imperfections can lead to small cross couplings ϵ ≪ 1

between the loading architecture and signal mode (and
similarly between the readout and pump mode), resulting
in leakage noise power proportional to ϵ2. Leakage noisewas
previously encountered in the gravitational wave experiment
MAGO, which looked for transitions between nearly degen-
erate symmetric and antisymmetric mode combinations of
two identical SRF cavities coupled by a small tunable
aperture [59–61]. The collaboration achieved a noise sup-
pression of ϵ ∼ 10−7 using magic tees and a variable phase
shifter coupled to an active feedback loop [62]. In our setup,
the two modes can additionally be chosen to be locally
orthogonal, E0 ·E1 ¼ B0 ·B1 ¼ 0, with distinct spatial
profiles, which could allow for further noise suppression
by, e.g., loading/reading out the pump/signal mode near a
node of the other mode [42], or by correlating readout
measurements across multiple regions of the cavity.
However, we conservatively consider ϵ ≥ 10−7.
As shown in Fig. 3, leakage noise is largest when

ma ≲ Δωd, while for higher axion masses it falls off
according to the tail of the pump mode PSD, which is
determined by oscillator “phase noise” and mechanical
vibrations of the cavity [39]. For the highest axion masses
we consider, readout amplifier noise dominates. This
explains themain qualitative features of Fig. 1. Since slightly
different setups are optimal in each mass regime (with the
exact crossover points depending on the experimental para-
meters),we organize the followingdiscussion by axionmass.

IV. LOW-MASS AXIONS, ma ≲ Δωd

When the axion mass is smaller than the oscillator width
(ma ≲ 10−19 eV), the signal overlaps in frequency with the

FIG. 3. The signal and noise PSDs evaluated at ωsig as a
function of the axion mass ma, at critical coupling. The vertical
dashed line denotes the bandwidth Δωr of the signal mode. We
use a fixed, fiducial value of gaγγ , below our projected sensitivity,
to allow the reader to easily compare the slopes of signal and
noise. We show leakage noise (blue), thermal fluctuations of the
electromagnetic field in the cavity at T ¼ 1.8 K (red), and
quantum-limited amplifier noise (green). Mechanical vibrations
dominate the leakage noise for highma. The parameters are those
of the second-lowest curve in Fig. 1.
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central peak of the oscillator. Both the signal and noise are
spread over a bandwidth Δωsig ∼ Δωd, giving a leakage
noise PSD of

SleakðωsigÞ ∼ ϵ2Pin=Δωd; ð6Þ

where Pin ∼ ðω0=QintÞB2
0Vcav is the power stored in the

cavity. Assuming the readout waveguide is critically
coupled to the signal mode (Q1 ¼ Qint=2), which max-
imizes the sensitivity, Eq. (5) gives

SNR ∼ ρDM

�
gaγγQint

ω0ϵ

�
2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tintΔωd

p
ð7Þ

and hence a reach gaγγ ∝ ϵ=Qint, independent of ma.
2

Since leakage noise dominates, parameters such as B0,
Vcav, and the cavity temperature do not directly affect the
sensitivity. The same is true for external sources of low-
frequency noise, such as vibrations of the ground or the
cooling apparatus. Relative displacements of the cavity
walls are suppressed by the rigidity of the cavity and further
controlled by actively monitoring the mode frequencies and
cross coupling ϵ. In the Supplemental Material [49], we
conservatively estimate the effect of vibrational noise to be
subdominant by many orders of magnitude in this mass
range, in contrast to precision interferometric experiments
where such noise can be dominant.
The signal and noise overlap in frequency, but can be

distinguished by their distinct spatial profiles and spectral
tails. There are several other effects to consider. Sincema ≲
Δωr in this regime, the axion field oscillates less than once
per ring-up time of the cavity. Hence, the instantaneous
signal power tracks the oscillations of ð∂taÞ2, with angular
frequency 2ma. Furthermore, Jeff ∝ B0 drives the signal
mode on resonance, leading to a signal mode magnetic field
π=2 out of phase with leakage noise. In addition, fluctua-
tions in leakage noise due to fluctuations in the pump mode
field can be monitored and ideally subtracted out. Thus, the
parameter ϵ in Eq. (7) should be regarded as including the
ability to distinguish between signal and leakage noise
using these additional handles, though here we conserva-
tively take ϵ ≥ 10−7.

V. HIGH-MASS AXIONS, ma ≳ kHz

Here, leakage and thermal noise are negligible due to the
off-resonance suppression ðΔωr=maÞ2. Since the axion is
wider than the oscillator, the signal width is Δωsig ∼ Δωa.
As in static broadband axion searches in this mass range
[32,37], amplifier noise dominates, such that

SNR ∼ ρDMVcav
Δωr

SampðωsigÞ
�
gaγγB0

ma

�
2

ffiffiffiffiffiffiffiffiffi
tint
Δωa

r
; ð8Þ

where for a quantum-limited amplifier, SampðωÞ ∼ ℏω. We
cut off the reach in Fig. 1 at ma ≃ ω0, above which higher
harmonics of the cavity must be considered [40], as well as
potential nonlinear response of the cavity walls [63].
The reach scales as gaγγ ∝ m5=4

a =Δω1=2
r , assuming

Δωr ≳ Δωa. Thus, when amplifier noise dominates, low-
ering Q1 by overcoupling the signal mode to the readout is
beneficial, as it reduces the off-resonance suppression of
the signal without increasing the noise. The reach shown in
Fig. 1 can be attained from a critically coupled run targeting
low masses and an overcoupled run targeting high
masses.3 For the latter run, we assume a quantum-limited
amplifier, and take Q1 ∼ 105, which is a typical loaded
quality factor of SRF cavities in accelerators [64].

VI. INTERMEDIATE-MASS AXIONS,
Δωd ≲ma ≲ kHz

For the bulk of the parameter space shown in Fig. 1, the
reach is dictated by the high-frequency tail of the leakage
noise. In most of this range, the oscillator is wider than the
axion, so the signal width is Δωsig ∼ Δωd.
In the lower end of this mass range, the main contribu-

tion to the leakage noise tail is from oscillator phase noise
[39], which for ma ≳ Δωr is of the form

SleakðωsigÞ ∼ ϵ2Pin

�
Δωr

ma

�
2

SφðmaÞ; ð9Þ

where the phase noise PSD SφðωÞ is parametrized by [65]

SφðωÞ ¼
X3
n¼0

cn ω−n; ð10Þ

and the cn are fit to a commercially available oscillator [57].
For ma slightly higher than Δωd, the cubic term in SφðωÞ
dominates, resulting in SleakðωsigÞ ∝ 1=m5

a and a rapid
improvement in the reach at higher axion masses.
In the upper end of this mass range, the main noise

contribution instead arises from displacements of the cavity
walls, where mechanical vibrations at frequency ma con-
tribute to pump mode power at ωsig [39]. On the basis of
previous measurements in a MAGO prototype [59], we take
the external mechanical force PSD to be spectrally flat, and
the mechanical modes to have a quality factor Qm ∼ 103.
As described in the Supplemental Material [49], the
contribution of the lowest-lying mechanical resonance at
ωmin ∼ kHz dominates for ma ≲ ωmin, such that2The reach is slightly penalized when Δωa ≲ 1=tint, as

described in the Supplemental Material [49]. Furthermore, we
do not consider very low axion massesma ≲ 1=tint, as the reach is
strongly suppressed by the unknown instantaneous phase of the
axion.

3The lowest curve in Fig. 1 requires a third run with
intermediate overcoupling, specifically targeting intermediate
mass axions.
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SleakðωsigÞ ∼ ϵ2Pin

�
Δωr

ma

�
2 δ2 Q2

int

ωminQm
; ð11Þ

where δ ≪ 1 is the fractional displacement of the cavity
walls. For Δωa ≲ Δωr ≲ma, Psig ∝ 1=m2

a, and thus the
sensitivity in this region is independent of the axion mass.
For frequencies above ωmin, we assume a forest of evenly
spaced mechanical modes exists. To estimate δ, we note
that the DarkSRF collaboration has recently demonstrated
the ability to control the resonant frequency of a driven
cavity to one part in Qint ≳ 1010, corresponding to sub-
nanometer displacements of the cavity walls [48,66]. This
has been demonstrated on minute timescales, and a near-
future run is expected to prolong this to Oð1Þ week. Thus,
we fix the typical rms cavity wall displacement to
qrms ¼ 0.1 nm, corresponding to δ ∼ 10−10 for a meter-
sized cavity. This is larger than the displacement due to
environmental seismic noise [67], reflecting the expectation
that vibrations will primarily arise from the apparatus itself
(e.g., the helium pump).
Deformations of the cavity walls can also directly

transfer power between the pump and signal modes.
This “mode mixing” is parametrized by a dimensionless
mechanical form factor ηmix, with Smix ∼ ðηmix=ϵÞ2Sleak.
The form factor ηmix vanishes for a perfectly cylindrical
cavity, which implies its value is set by cavity deformations
[60,68]. Since ϵ parametrizes the precision to which we can
control slow deformations of the cavity and waveguide
geometry, we expect ηmix ∼ ϵ, such that mode mixing is at
most comparable to mechanical leakage noise.

VII. DISCUSSION

We have proposed a heterodyne approach to search for
ultralight axion dark matter through its coupling to electro-
magnetism, which applies recent developments in the
manufacturing and control of SRF cavities. Due to the
decreasing signal power and increasing strength of readout
noise at low frequencies, traditional static-field haloscopes

have limited reach to axions lighter than a kHz ∼ 10−12 eV
[31,32]. In contrast, our setup is sensitive to much lighter
axions, including the entire allowed mass range for fuzzy
dark matter, ma ≥ Oð10−21Þ eV [69–74], thereby comple-
menting ultralight axion searches that use nonelectromag-
netic couplings [75–78]. It is also sensitive to axions as
heavy as 10−7 eV, including those motivated by string
theory [79] and the misalignment mechanism. Finally, the
broadband nature of this approach implies that a network of
such detectors would be sensitive to axion-induced tran-
sients, due to miniclusters or topological defects [80,81].
Our projections rely on noise estimates anchored to

experimental findings, such as those obtained 15 yr ago by
the MAGO Collaboration [59–61]. More recently, there has
been renewed interest in the SRF community to apply their
technological advances to new physics searches, leading to
the recent results of the DarkSRF collaboration [48] that
show the feasibility of our proposed approach. The prom-
ising sensitivity of SRF cavities to weakly coupled physics,
demonstrated in this work, motivates in situ measurements
of mode mixing and leakage noise, in order to further
investigate the potential of these ideas. Future develop-
ments, some of which are already envisioned by the
DarkSRF collaboration, can further extend our reach,
improving the capacity to probe some of the most moti-
vated dark matter candidates.
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