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Axions and axionlike particles are strongly motivated dark-matter candidates that are the subject of many
current ground based dark-matter searches. We present first results from the Axion Dark-Matter
Birefringent Cavity (ADBC) experiment, which is an optical bow-tie cavity probing the axion-induced
birefringence of electromagnetic waves. Our experiment is the first optical axion detector that is tunable
and quantum noise limited, making it sensitive to a wide range of axion masses. We have iteratively probed
the axion mass ranges 40.9-43.3 neV/c?, 49.3-50.6 neV/c?, and 54.4-56.7 neV /c?, and found no dark-
matter signal. On average, we constrain the axionlike particle and photon coupling at the level
Gayy < 1.9 % 1078 GeV~!. We also present prospects for future axion dark-matter detection experiments

using optical cavities.
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Introduction—It is now more than 40 years since the
axion was proposed as a solution to the dark-matter
problem [1-4]. Since then, searches for ultralight dark
matter have expanded from the canonical axion into a more
general class of pseudoscalar axionlike particles (ALPs),
whose mass m, could range from less than 1072° eV /c? to
1072 eV/c? [5].

To arrive at an observable signature of the ALP, we need
some additional hypotheses about the expected properties
of dark matter. Based on observations of Milky Way
dynamics, the local density of dark matter (DM) is
pom = 0.3 GeV/cm?; additionally, dark matter is expected
to be cold, with a typical velocity ~1073 ¢ [6] (cf. Ref. [7]).
Together, these assumptions imply that for ALPs, the de
Broglie wavelength is much larger than the typical inter-
particle spacing, and the dark matter is therefore well
described as a classical field a(r) oscillating near the ALP
Compton frequency w, = m,c*/h [8]. Under the standard
model of the Milky Way’s dark-matter halo, the occupation
numbers follow a Maxwellian distribution in velocity
[9,10] (cf. Ref. [11]), meaning that the ALP field is
Doppler broadened, with a fractional full-width half-
maximum linewidth Aw,/w, ~ 3 x 107 [10].

The Lagrangian for interaction between an ALP field
and an electromagnetic field with Faraday tensor F,, is
given by
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where g,,, represents the strength of the ALP-photon
coupling. This modifies Maxwell’s equations, leading to
electromagnetic signatures that are, in principle, observ-
able [12]. One such signature is that photon-coupled ALPs
induce circular birefringence between left-hand and right-
hand polarized (LCP, RCP) electromagnetic waves. For such
a wave at an angular frequency w, propagating through a
classically oscillating ALP field a(¢) with Compton fre-
quency w, < my, the dispersion of the two circular polari-
zation modes is [13]

Gayy 20 ppm
CszCP,RCP(t)Z - w% = jIwom—w TDMG(I), (2)

with ky cprcp being the wave number of the left- or right-
handed electromagnetic mode. Searches for this signature
have been proposed in the optical domain using resonant
cavities [13—18], with initial experiments searching in the
femto to picoelectronvolt range [19] and around 2 neV [20].
Searches for ALP-induced conversion between electromag-
netic modes have also been proposed using superconducting
rf cavities [21,22].

One of the experimental challenges of performing ALP
searches with optical cavities is the ability to tune the cavity
to search for ALPs of different masses. In this Letter we
have, for the first time, demonstrated a technique to tune
such a detector, paving the way for optical cavity based
detection over a large range of ALP mass. We thus present a
search for ALPs near 50 neV using a tunable and quantum-
noise-limited birefringent optical cavity.
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Experimental setup—QOur experiment exploits the ALP-
induced optical activity given by Eq. (2). If the ALP field
a(t) is quasisinusoidal, with a central frequency at the
Compton frequency @, then an §-polarized electromag-
netic wave with frequency w, propagating through the ALP
field will develop p-polarized phase sidebands at frequency
oyt w,, i.e., at a distinct frequency and orthogonal
polarization to the pump field. For propagation over a
distance 7, the amplitude of the E(@*®«P) sidebands

relative to the E(®5) pump amplitude is given by [13]

ﬂ _ E(a)oi-wa-f’) _ M /C3hp (eiia)af/c : 1) (3)
‘£= E(@0:3) 2m, bM ’

This polarimetric rotation is of order 10~'¢ for g,,, =
1071 GeV~! and # = 1 m. To enhance this small signal,
we constructed a birefringent bow-tie cavity as depicted in
Fig. 1, using a 1064 nm Nd: YAG laser as a pump. Our cavity
is formed of four superpolished mirrors (labeled A, B, C, and
D), with amplitude transmissivities ¢ satisfying t’;’; < tﬁ;’fyc.
The mirror separations satisfy Lcs, Lpp << Lap, Lpc, SO
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FIG. 1. Experimental setup: bow-tie cavity with A, D, B, C
mirrors. §-polarized pump field from a 1064 nm Nd:YAG laser
enters the cavity at mirror A and is locked to the cavity using
a Pound-Drever-Hall lock. p-polarized sidebands generated by
an axionlike particle (ALP) at the cavity splitting frequency
, = wg, are resonant in the cavity. Heterodyne readout is per-
formed using pump and signal field transmitted at mirror C.

that we take L,p =~ Lpc = L. Because of non-normal
incidence, the mirrors cause a phase splitting between
§- and p-polarized light upon reflection. We have used
mirrors such that this splitting is small for mirrors B and D,
so the cumulative phase splitting ¥ per cavity round-trip is
dominated by mirrors A and C. When the carrier mode
(g, §) is resonant in the cavity, the cavity will also be
resonant for the mode (wy + @y, p), where wg, = Wc/2L
is the cavity frequency splitting between the § and p
polarizations. Thus for oy, = w,, the cavity is resonant
for both the pump mode and one of the two ALP-generated
signal modes.

We lock our pump field to the cavity using a Pound-
Drever-Hall (PDH) lock [23], with a loop bandwidth of
80 kHz. We characterize the cavity finesse in § by
measuring the storage time [24], and in p by modulating
the laser frequency to measure the cavity linewidth. Since
mirror transmission varies markedly with angle of inci-
dence, transmission values were measured in situ for each
cavity mirror in both polarizations. The values for these
parameters are given in Table I for our first dataset. The
cavity sits inside a steel enclosure on a floating table.

To be sensitive to a wide range of ALP frequencies, we
must tune the cavity splitting. We note that the reflection
phase splitting at mirrors A and C is a sharp function of
angle of incidence, and hence a small rotation of mirror B
results in a significant shift in wg,. Mirror A is then rotated
to close the cavity path again, and mirror C and the input
optics are adjusted to maximize mode matching and hence
intracavity pump power for the new configuration. This
procedure is repeated each time to reach a new cavity
splitting. For the first experimental run, the tuning process
has been performed by manually adjusting the mirror
angles, resulting in some gaps in the search mass regions.
Automating the tuning process in future versions of the
experiment will ensure smoother scanning of the ALP
mass range.

TABLE 1. Experimental parameters: round-trip cavity length
2L, finesse F, input power transmissivity T,, output power
transmissivity Tc, input power P, laser wavelength 4y, and
cavity splitting g, /27 for the first dataset. Where two values are
given, the first refers to the §-polarized pump mode, and the
second refers to the p-polarized signal mode. Values in paren-
theses denote uncertainties.

Parameter Value Unit
2L 4.70(1) m
F 7260(70) 212(1) e
Ta 5.3(1)107% 0.0150(8)

Tc 5.7(4)107° 0.0130(3) -
P, 0.8 W
Ao 1064 nm
oy, /2n 10.03 MHz
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At the transmission of mirror C, we perform a polari-
metric heterodyne readout. We use a quarter-wave plate to
shift the signal modes from the phase quadrature to the
amplitude quadrature relative to the pump field. We then
use a half-wave plate to project some of the transmitted
pump field onto the same polarization state as the trans-
mitted signal field. Together, these two wave plates enable
the production of an optical beat note at wg, if ALPs are
present. To sense this beat note, we use an rf photodiode
with a bandwidth of 125 MHz. We then send the ac out-
put of the photodiode to a lock-in amplifier, where we
demodulate the signal at the cavity splitting wg, over the
signal mode cavity bandwidth, which is ~300 kHz.

For a photon shot noise limited measurement, we
calculate the amplitude signal-to-noise ratio [25]

\/ 2P§anDMflCtgpr

hwor

sin ¢ (%) ’(TT) 14, (4)

SNR — €roYayy

X

where P$,, is the intracavity pump power, T is the
integration time, 7 = 1/Aw, is the coherence time of the
ALP field, F is the cavity finesse, t(f; is the amplitude
transmissivity of mirror C for the p polarization, and e,
accounts for readout inefficiencies.

Calibration—To find the cavity splitting g, for a given
cavity configuration, we send linearly polarized light into
the cavity at ~30° relative to its eigenaxis and then lock the
(@, §) mode to the cavity. We then drive an electro-optic
modulator to generate p phase sidebands, one of which
resonates when the sideband frequency matches wyy; this
appears as a beat note at the readout photodiode.

To calibrate the noise floor of our apparatus, we calculate
the strength of signal produced by a phase fluctuation that
mimics the axion background. For a polarization rotation of
Por(w) over a single cavity round trip [Eq. (3)], the
demodulated ac power measured at the readout photo-
diode is

€ro€

Poo(@) = 20/ PuPoF F o (@)1, =57 |C (@) (5)

where C(w) is the normalized cavity amplitude transfer
function, and €;,; accounts for injection inefficiencies (e.g.,
due to mode mismatch). We measure the amplitude spectral
density at the rf photodiode, referred to intracavity phase
B(w) using Eq. (5) and our measured values of the finesses
and transmissivities [25]. We infer an intracavity phase
sensitivity of 1 x 10~'? rad/v/Hz, dominated by photon
shot noise and with a —20 dB contribution from electron-
ics noise.

Data taking and analysis—We took data in five discrete
searches over the frequency range 9.88—-13.69 MHz, with
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l l ICandidate
.n'w"'v‘r'ﬁwp'r" fwee| |

PSD [W?/Hz]

Frequency [MHz]

FIG. 2. Mean-averaged PSD data (blue), neighboring-bin run-
ning median to estimate the mean (pink), and points that lie above
the detection threshold (green) for the second dataset. We also
show a portion of the data overlayed with the expected axion line
shape (orange), where it can be seen that the data peak is much
narrower.

each dataset having a bandwidth of 300 kHz. Each
measurement was taken for 3 h, with the data immediately
demodulated at the cavity splitting frequency w,, Fourier
transformed, and accumulated into a power spectral density
(PSD) estimate, with N ~47000 averages. An example
dataset is shown in Fig. 2.

For each dataset, we perform a search for an ALP signal
in the PSD data. A PSD estimate S(w) resulting from N
mean-averaged periodograms converges to a Gaussian,
with probability density

plsto = /2L -

with A(w) representing the underlying true value of the
PSD. For the case of no ALP signal i.e., the null hypothesis
H,, the value of A(w) is just given by the detector noise
PSD, which we call Ao(w). We infer Ag(w) using a running
median of the neighboring 500 bins in the data. Since an
axion signal is expected to be ~10 bins wide, this gives us a
background-only estimate.

In the presence of an ALP at w,, the ALP signal would
have a power spectral density I, (@)F, (), where
F, (w) is the ALP line shape [10], and I, (®) g2,
Thus, the total fluctuation in the detector has PSD

M) = Ao(w) + T, (@) F,, (o). (7)

For each potential ALP frequency, we construct an optimal
test statistic,
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— Fm(w/)z - Ffﬂ(wl o) — '
1) = (S ) S R 50—l
(8)

with uncertainty oy(w) = [N, F,(@')?/2(0')?]7V/2
Under the null hypothesis H,, Y(w)/oy(w) follows the
standard normal distribution; otherwise, if an ALP is
present with mass m, and coupling g,,, then Y(w)
converges to I',, (w). To reject H, at the 5¢ level, we
would need a nonzero value of Y with an overall signifi-
cance a = 2.9 x 10~7. We therefore seek a threshold value

Y" (o) satisfying
P(Y(0) > Y (0)|Hy) = a/n, (9)

with n being the number of independent tests on the
data [26, §10.7], i.e., the total bandwidth of our data
divided by the ALP linewidth. For our data, n = 8287 and

hence Yi")(a)) = 6.50y(w). We search for any data with

Y(w)>Y Sf')(a)), and find tens to hundreds of such candi-
date points per dataset. This is shown in Fig. 2 for dataset 2.
We now use our knowledge of the fractional full-width
half-maximum linewidth of the ALP signal, Aw,/w, ~
3 x 107° [10]. To each candidate we fit a Lorentzian line
shape via least squares regression and find that no candidate
has a linewidth within a factor of 2 of the expected ALP
linewidth (most of the lines are found to be too narrow). We
therefore reject all candidates and conclude that no ALP
signal is present in the data.

We proceed to set upper bounds on g,, at @ at
95% confidence by using the distribution of Y () under
H, (g, @, = w), the hypothesis for the existence of an
ALP field with rest-frame Compton frequency @, = w and
coupling strength g2>%. This distribution is normal with

P(Y(0)[H1(gay . 0a =) =N (T, =0 (@).0y(@)?). (10)

Since Y(w) can take negative values, we use the Feldman-
Cousins approach [27] to ensure non-negative confidence
intervals. The upper limits thus obtained from our data are
shown in Fig. 3 for the five datasets. The average sensitivity
we have achieved is g5 < 1.9 x 1078 GeV~! over the
probed frequency range.

Appraisal and future upgrades—We have performed
an ALP dark-matter search using a 5 m optical bow-tie
cavity over five different ALP masses in the range
40.9-56.7 neV/c?, corresponding to an ALP Compton
frequency 9.88-13.69 MHz. Each search had a sensitivity
band of 300 kHz and we have probed the ALP-
photon coupling at an average sensitivity of gp° <
1.9 x 1078 GeV~! over all datasets. In this process, we
have demonstrated for the first time an optical polarimetry

ALP Compton frequency [MHz]
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FIG. 3. 95% upper limit on g,, placed by the first run

of the ADBC experiment. We have bounds from five data-
sets over axion frequency ranges 9.88-10.45 MHz, 11.92-
12.22 MHz, and 13.12-13.69 MHz with an average sensitivity
of 1.9 x 1078 GeV~'.

based ALP detector whose search range has been enhanced
by frequency tunability.

A direct upgrade to this experiment would involve higher
intracavity power, lower mirror transmission, and building
a longer cavity. To scan the entire free spectral range of the
cavity using the demonstrated tuning method, mirrors with
narrowly angular-dependent polarization phase shift could
be engineered by, for example, inserting a half-wave etalon
layer into a quarter-wave coating stack. For rotations of
order 0.1° on a 10 cm scale optic, linear actuation of order
0.1 mm would be required, which could be accomplished
with a magnetically actuated suspension system similar to
gravitational-wave interferometers. A suspended system, in
concert with optical wavefront sensing [28], could then be
used to maintain beam alignment into and within the cavity
while the angle of incidence on the mirrors is tuned. We
have thus assumed that the time required to adjust the
tuning and alignment would be negligible compared to the
integration time at each data-taking step. To reach shot-
noise-limited sensitivity in the kilohertz band and below,
more aggressive vibrational isolation may be required.
Projections for an upgrade with P.,, = 1 MW, F, = 10,
and L =40 m are shown in Fig. 4, assuming a total
integration time T, = 1 yr allocated equally among all
the dwell frequencies.

Photon counting for ALP detection has been proposed as
an alternative [38,39] to heterodyne readout, where phase
information is sacrificed for enhanced sensitivity. In the
optical domain, this involves filtering out the pump photons
at the readout port and using a single photon detector to
measure the presence of any signal photons exiting the
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FIG. 4. Current bounds and future projections for implementations of optical ALP polarimetry. We show ADBC’s current data run,
along with a dashed line indicating the apparatus’s current sensitivity if we performed a search over the full mass range. Sensitivities are
also shown for a future ADBC upgrade still using heterodyne readout, as well as the same apparatus operated with single photon
readout. Current bounds from other ALP polarimetry experiments include LIDA (shown in plot) and DANCE (g,,, < 8 x 107* GeV~!
for 1074 eV < m,c? < 10~13 eV). The blue regions show bounds from terrestrial ALP searches, in which we highlight the bounds
from the solar axion search CAST [29], and the toroidal magnet searches ABRACADABRA [30] and SHAFT [31]. The green regions
show various astrophysical constraints, particularly constraints from black hole superradiance [32-37].

cavity. Assuming Poissonian statistics for the photon fields,
the SNR for such a measurement scheme is

N,T
\/[Z(Ns + Ndark) + Np]T

SNR = , (11)

where N » and N, are the rates of signal (p) and pump (5)
photons reaching the single photon detector, and N is
the dark count rate. To avoid being dominated by pump
photon or dark noise at the detector, one has to make an
optimistic projection of a dark count rate of 1 per hour and
an extinction ratio of ~10?* of pump to signal photons. One
possible avenue includes a series of frequency-selective
optical cavities located at the main cavity readout port,
tuned to pass photons at the signal frequency and reject
photons at the pump frequency [40]. The fact that the pump
and signal modes are generated in orthogonal polarizations
also enables some pump filtering via polarization-selective
optics. Projections for the ADBC upgrade using this photon
counting scheme are shown in Fig. 4, assuming the same
time allocation strategy as the homodyne case.
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