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We report the results of Phase 1b of the ORGAN experiment, a microwave cavity haloscope searching
for dark matter axions in the 107.42–111.93 μeV mass range. The search excludes axions with two-photon
coupling gaγγ ≥ 4 × 10−12 GeV−1 with 95% confidence interval, setting the best upper bound to date and
with the required sensitivity to exclude the axionlike particle cogenesis model for dark matter in this range.
This result was achieved using a tunable rectangular cavity, which mitigated several practical issues that
become apparent when conducting high-mass axion searches, and was the first such axion search to be
conducted with such a cavity. It also represents the most sensitive axion haloscope experiment to date in the
∼100 μeV mass region.
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Although direct detection remains elusive, cosmological
observations and early Universe simulations allow us to
indirectly infer the presence of darkmatter, which is thought
to constitute ∼85% of the total matter and ∼27% of the total
energy density in our Universe [1]. The axion particle is one
of the most compelling candidates for dark matter and was
originally postulated byPeccei andQuinn as a solution to the
strong CP (charge-parity) problem in quantum chromody-
namics (QCD) [2–4].
Axions can be detected using a kind of experiment called

a resonant cavity haloscope, first proposed by Sikivie, by
exploiting their expected coupling to electromagnetism
[5,6]. When immersed in a strong dc magnetic field, axions
are expected to create detectable photons via the in-
verse Primakoff effect, with a frequency νa ¼ mac2=hþ
Oð10−3cÞ, wherema is the axion rest mass andOð10−3cÞ is
the expected velocity dispersion that results in an effective
axion quality factor Qa [7,8]. Tuning the resonant cavity to
this frequency enhances the signal by the cavity quality
factor Q0. However, because the axion mass and the axion-
photon coupling gaγγ are unknown, a wide parameter space
spanning several orders of magnitude must be scanned.
Although unconstrained by theory, most models favor an

axion with a mass above OðμeVÞ [9–11] and below
OðmeVÞ [12,13].
For example, the standard model axion seesaw Higgs

portal inflation (SMASH) model is a well-motivated
description of particle physics that predicts axion dark
matter particles to have mass 50 μeV ≤ ma ≤ 200 μeV
[14,15]. The Kim-Shifman-Vainshtein-Zakharov and
Dine-Fischler-Srednicki-Zhitnitsky models are two of the
most popular QCD axion models and are parametrized by
the dimensionless coupling constant gγ , taking values of
−0.97 and 0.36, respectively [16–20]. Together with the
axion decay constant fa, and the fine structure constant α,
they determine the axion-photon coupling gaγγ ¼ αgγ=πfa.
The axion converted photon power at these couplings is
extremely weak ∼Oð10−22–10−23 WÞ, and only two
experiments so far have attained the required sensitivity:
ADMX [21–24] and CAPP-12 TB [25].
The expected axion-photon signal power on resonance

extracted by the haloscope is given by [26]

Pa→γ ¼
�
g2aγγ

ρa
ma

��
β

1þ β
B2
0VCQL

�
: ð1Þ

Here, ρa ≈ 0.45 GeV=cm3 is the local dark matter
density (assumed to be all axions), β is the coupling of
the “strongly” coupled antenna port to the haloscope,QL is
the resonator loaded quality factor, V is the cavity volume,
and C is the form factor which represents the degree of
overlap between the cavity electric field and the externally
applied magnetic field, with field strength B0.
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The oscillating resonant group axion (ORGAN) experi-
ment is a microwave cavity haloscope hosted at the
University of Western Australia which targets its search
for axions in the 62–207 μeV (15–50 GHz) mass region,
encompassing the majority of the predicted SMASH range
[27,28]. Phase 1a of ORGAN was recently completed,
scanning over the mass range between 63.2–67.1 μeV
and setting an upper limit on axion-photon couplings
jgaγγj ≥ 3 × 10−12 in this range [27]. This search was
sufficient to exclude the axionlike particle (ALP) cogenesis
model, which is another well-motivated model that predicts
much stronger axion-photon coupling than QCD axion
models [29–31].
In this work, we report the results of the ORGAN

Phase 1b experiment (depicted in Fig. 1), which achieves
ALP cogenesis exclusion over the 107.42–111.93 μeV
(25.97–27.07 GHz) mass range, while operating at a
physical temperature of ∼5.3 K and in an 11.5-T magnetic
field. First-stage amplification is achieved using a low-
noise high electron mobility transistor (HEMT) amplifier,
which is directly connected to the strongly coupled port of
the cavity for negligible loss.
The signal-to-noise ratio (Σ) of a haloscope to a

given [32],

Σ ¼ Pa→γ

kBTsys

ffiffiffiffiffiffiffiffi
τ

Δνa

r
; ð2Þ

where kB is Boltzmann’s constant, Tsys is the total system
noise temperature, τ is the integration time, and Δνa ¼
νc=Qa ∼ νc=106 is the expected axion linewidth given by
the isothermal, virialized halo model for axion dark matter
[7,8]. The total system noise temperature is thus a critical
parameter in haloscope sensitivity. In Phase 1b, similarly to
Phase 1a, we express the total system noise as [33],

Tsys ¼ TC
4β

ð1þ βÞ2 þ 4Δ2
þ TA

1þ 4Δ2

ð1þ βÞ2 þ 4Δ2
: ð3Þ

Here, TA is the added noise from the first stage amplifier
(the contribution to the total added noise from subsequent
amplification stages is suppressed by the first stage gain
and so can be safely ignored), TC is the physical cavity
temperature, and Δ ¼ ðν − νcÞ=Δνc is the detuning from
resonance normalized to the cavity linewidth Δνc. It should
be noted that the first stage amplifier is oriented parallel to
the applied magnetic field to avoid negative effects on
amplifier gain and noise figure [34].
To date, the most sensitive searches have primarily

utilized cylindrical tuning-rod-based resonators which
employ a TM010 mode. Such resonators are capable of
maximizing B2

0V in typical, cylindrical solenoidal magnets,
and these designs have achieved state-of-the-art sensitivity
in the mass range around a few μeV. However, this type of
design is subject to significant challenges, particularly in
the move to higher axion masses (and equivalently higher
resonant frequencies). Challenges such as tuning rod
misalignment and sticking at cryogenic temperatures
(reducing C and Q0), radiation leakage as a result of
external mechanical tuning (reducing QL), and poor tuning
rod thermalization (increasing Tsys) can occur in these
resonators and are common experimental hurdles. These
factors together dramatically degrade the achievable scan
rate. For these and other reasons, alternate experimental
approaches have been proposed—including dielectric and
multicell haloscopes, and other designs [35–39].
In ORGAN Phase 1b we opt for a different style of

resonator in an attempt to mitigate the challenges above,
some of which are expectedly amplified in the high
frequency regime owing to the necessarily small volume.
A rectangular oxygen-free-high conductivity copper cavity
was chosen, where the axion-sensitive TM110 mode was
tuned by moving a single cavity wall perpendicular to the
Bz field direction. The cavity dimensions of a ¼ 5.6–6 mm
in the tunable x⃗ direction, b ¼ 27.1 mm in the y⃗ direction,
and d ¼ 77.3 mm in the z⃗ direction were chosen such that
no mode crossings occur in the targeted 26–27 GHz scan
range. The electric field profile for the TM110 modewith the
chosen cavity dimensions is shown in Fig. 2. Although this
design suffers some volume loss when compared to a
cylindrical tuning-rod-based resonator, it can be partially
or fully compensated by the increased form factor, with
C110 ¼ 0.65. Furthermore, the straightforward frequency
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FIG. 1. A diagram of the ORGAN Phase 1b experiment. The
rectangular cavity at physical temperature TC ¼ 5.3 K with
dimensions a, b, and d as mentioned in the text is placed inside
a solenoidal magnet (gold) with a field strength of 11.5 T. The
tunable wall is shown shaded in dark gray. An expected axion
signal would first be amplified through a series of HEMT
amplifiers and later mixed down to an intermediate frequency
(IF) using an image rejection mixing stage and local oscillator
(LO) for sampling by a field-programmable gate array (FPGA)
digitizer. The frequency response of the TM110 mode in trans-
mission is measured using a vector network analyzer (VNA).
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tuning mechanism in the form of a movable wall which is
only required to move a fraction of a millimeter within the
cavity reduces complexity, which is critical at cryogenic
temperatures. The design also maintains good thermalization
as no weak link to the tuning mechanism is required.
Additionally, the absence of a tuning rod minimizes longi-
tudinal symmetry breaking and avoids the introduction of
transverse electromagnetic modes. This results in a reduction
in both the strength and number of mode crossings, which
are regions of orthogonal mode hybridization preventing
axion-sensitive data from being taken here. Further details of
this haloscope design, particularly in comparison with the
standard tuning-rod haloscope, can be found in [40].
ORGAN Phase 1b acquired data for ∼28 days inclu-

ding rescans, covering all axions masses between
107.42–111.93 μeV (25.97–27.07 GHz) with sufficient
sensitivity to exclude the ALP cogenesis model over the
entire range. Again, there were no mode interactions in the
range, and thus no forbidden frequencies. The strong port
coupling was set statically and characterized in a dedicated
cooldown and experimental run before data taking, which
when combined withQL measurements gave an estimate of
the intrinsic quality factor Q0. Using this mapping between
QL, νc, and β, the antenna coupling for the data-taking run
can be inferred at each cavity position directly from the
in situ measurement of QL. Throughout the scan, QL had a
typical value of ∼3700, and β was found to lie between
0.19–2.18with a mean value of 1.22. The average deviation
inQL, and the subsequently interpolated β values at a given
cavity frequency between the two cooldowns, were 4.6%
(σ ¼ 2.5%) and 8.8% (σ ¼ 5.2%), respectively. As such,
we can estimate the coupling to within a tolerable uncer-
tainty without the need to measure it directly in situ.
As discussed, frequency tuning was achieved by moving

a single cavity wall in the x⃗ direction via an Attocube

ANPz101 piezoelectric stepper motor mounted externally
to the cavity. The tunable wall had 0.1 mm gaps between all
four sides of the wall and cavity, allowing consistent and
repeatable tuning at cryogenic temperatures. To mitigate
the substantial radiation leakage introduced by the gaps, a
quarter-wavelength rf choke was cut into all four narrow
sides of the tunable wall. Because the physical cavity
dimensions were changed to tune the resonant frequency,
so too was the volume, which for the frequency range
scanned varied between 11.8 and 12.3 mL.
The tunable copper wall was thermalized to the copper

cavity through the titanium Attocube stepper motor via a
copper mounting plate. Thermalization was experimentally
verified by placing a temperature sensor at the top of the
cavity and on the tuneable wall in a separate cooldown.
Notably, no temperature gradient was observed between the
wall, cavity, and 4K plate even when stepping the motor.
The form factorCwas calculated to be∼0.40 using finite

element method modeling in COMSOL Multiphysics. The
reduction in C compared to the theoretical maximum value
of ∼0.65 for this cavity geometry arises from tilt in the
tunable wall. The degree of tilt was quantified by minimiz-
ing the measured frequency deviations between the TM11p

mode family and theoretical modeling in COMSOL, which is
displayed in Fig. 3. By considering tilt of the wall in the x⃗
direction, we find the minimum average deviation between
the first six TM11p (p ≥ 1) modes to be 0.087%, which
occurs when the degree of tilt from vertical is ∼0.067°.
In principle, this tilt can be mitigated through enhanced
mechanical design, for example, ultralow run-out stepper
motors, lighter tunable walls, and improved assembly
tolerances. Such adjustments are planned for future
searches. We believe that the degree of tilt can be reduced
to less than ∼0.02°, corresponding to C ≥ 0.58 with these

FIG. 2. An isometric view of the z component of the TM110

electric field. The resonant frequency of the rectangular cavity is
tuned via the movement of one of the sidewalls.

FIG. 3. A color density plot of the transmission coefficient jS21j
(decibel) as a function of frequency and tunable cavity dimension
a. The axion-sensitive TM110 mode is annotated and tunes over
the targeted 26–27 GHz range with no mode crossings. The broad
horizontal lines represent standing waves in the cavity-receiver
chain. The dots represent COSMOL modeling of the TM110 mode
(white) and the first six TM11p modes (blue).
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improvements. However, it should be noted that the
degradation in C due to wall tilt is dependent on the wall
position since an equivalent degree of tilt has a greater
relative effect with decreasing cavity dimensions.
The readout chain, as shown in Fig. 1, consisted of a

vector network analyzer (VNA) that measured the fre-
quency response of the TM110 mode in transmission to
find QL, νc, and Δνc at each tuning step. After the first
amplification stage, isolators were used between stages to
prevent backaction noise. The down-mixing stage achieved
image rejection of the noisy, amplifier-only sideband by
driving two identical mixers with the same local oscillator
(LO) source except 90° out of phase. The intermediate
frequency (IF) outputs from both mixers were recombined
using a 90° hybrid coupler and sampled by a 250 MS=s
digitizer (NI-5761R) with real-time data processing done
on a field-programmable gate array (FPGA; Xilinx Kintex-
7, NI-7935R). A zero dead-time, hybrid superheterodyne
fast Fourier transform spectrum analyzer was implemented
on the FPGA, generating a 6553 point, 25-MHz-wide
spectrum centered at 45 MHz, with a bin width of
Δνb ≈ 3815 Hz. This center frequency was carefully
chosen to avoid unwanted low-frequency interference
and the appropriate low-pass filter attenuated any spurious
high-frequency interference. The analysis window was then
cropped to be 9.91 MHz wide to avoid harmonics of the
10 MHz reference clock signal at 40 and 50 MHz.
The integration time at each cavity frequency varied

between 38 and 211 min and was adjusted based on V,QL,
and β to maintain sensitivity better than the ALP cogenesis
model bands. The data analysis procedure follows the
method outlined by the Haloscope at Yale Sensitive to
Axion CDM (HAYSTAC) experiment [41], and is the same
method used in the ORGAN Phase 1a analysis [27]. The
slowly varying baselines of the raw power spectra are
removed with a Savitsky-Golay (SG) filter while preserving

spectral features on the scale of Δνa ∼ 26–27 kHz, which
equates to ∼7Δνb for this search. The SG filter had a
polynomial degree of 5 and a 401-point window size.
However, the SG filter is known to attenuate potential axion
signals as a result of its imperfect stop band attenuation [41].
Through simulation, we find the attenuation of an axion
signal due to SG filtering to be ηSG ¼ 0.95, which reduces
our exclusion power by the same factor. After normalizing
via the SG filter and subtracting 1 so that the spectra have
μ ¼ 0, we obtain a set of dimensionless, normalized excess
power spectra and in the absence of axion conversion, each
bin is a Gaussian random variable with μ ¼ 0 and standard
deviation σp ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
Δνbτ

p
. The processed spectra are sub-

sequently rescaled according to their expected axion sensi-
tivity such that overlapping spectra can be vertically
combined using amaximum likelihoodweighted sumwhich
maximizesΣ. However, as mentioned the axion line shape is
expected to follow a Maxwell-Boltzmann distribution and
so binsmust be coadded horizontally tomatch thiswidth and
shape. We enhance our sensitivity to axion detection by
optimally filtering sets of seven consecutive bins according
to this expected line shape, resulting in a normalized “grand
power spectrum”which is shown as a histogram in Fig. 4. A
rescan threshold of 4σ was set, which five spectra exceeded.
The potential axion candidates were rescanned with

sufficient integration time so that after subjecting the
rescanned spectra to analysis, none were found to still
exceed the 4σ threshold. A 95% confidence level (C.L.) is
chosen and corresponds to an Σ target of 5.645σ, from
which an upper bound on axion-photon coupling is set,
assuming axions make up 100% of the local dark matter
density of 0.45 GeV=cm3. As shown in Fig. 5, ORGAN
Phase 1b surpasses the limits set by the CERN axion solar
telescope (CAST) [42] by over an order of magnitude and
excludes ALP cogenesis over the targeted mass range of
107.42–111.93 μeV (25.97–27.07 GHz). The “notch” at

FIG. 4. Distributions of the normalized power excess from all frequency bins (black circles) are shown at different stages of the
coadding procedure, with the corresponding Gaussian fits (solid red). (a) Normalized excess power in the jth bin of the ith SG filtered
spectrum δpij=σ

p
j shows the expected Gaussian distribution with μ ¼ 0 and width ξp ¼ 1. (b) The normalized excess power in the kth

vertically combined bin is given by δck=σ
c
k, and preserves the Gaussian noise with μ ¼ 0 and ξc ¼ 1. (c) The distribution of normalized

grand spectrum bins δgl =σ
g
l after the horizontal coaddition and optimal filtering deviates from the standard normal Gaussian distribution

with a reduced width ξg ¼ 0.99. This results from the negative correlations between adjacent coadded bins that are induced by the
SG filter.
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26 GHz is due to insufficient integration time early in the
data-taking run, but the sensitivity is still sufficient to ex-
clude ALP cogenesis in this region. We calculate the frac-
tional uncertainty on axion-photon coupling in the sameway
as ORGAN Phase 1a [27], which takes into account un-
certainties in the parameters βð8.8%Þ, QLð4.6%Þ, Cð5%Þ,
Vð1%Þ, and TAð10%Þ. This results in a total uncertainty
of δgaγγ ≈ 6.4%.
We have reported on Phase 1b of the ORGAN experi-

ment, a high-mass axion haloscope hosted at the University
of Western Australia. Phase 1b excluded ALP cogenesis
dark matter in the mass range of 107.42–111.93 μeV. With
the completion of Phase 1b, the first phase of ORGAN is
now complete, and to date has set the most sensitive limits
on axion-photon coupling above 10.4 GHz (43 μeV) [43],
excluding ALP cogenesis over the searched ranges. Phase
1b utilized a novel type of resonator, and has demonstrated
the feasibility of high mass axion searches despite the
unfavorable sensitivity scaling. Future phases will leverage
detector and readout upgrades such as new cavity designs,
gigahertz single photon counting, superconducting cavities,
and a larger magnet to probe deeper into the parameter
space between 15–50 GHz.
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