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Axion dark matter can satisfy the conditions needed to account for all of the dark matter and solve the
strong CP problem. The Axion Dark Matter eXperiment (ADMX) is a direct dark matter search using a
haloscope to convert axions to photons in an external magnetic field. Key to this conversion is the use of a
microwave resonator that enhances the sensitivity at the frequency of interest. The ADMX experiment
boosts its sensitivity using a dilution refrigerator and near quantum-limited amplifier to reduce the noise
level in the experimental apparatus. In the most recent run, ADMX searched for axions between 1.10 and
1.31 GHz to extended Kim-Shifman-Vainshtein-Zakharov sensitivity. This Letter reports on the results of
that run, as well as unique aspects of this experimental setup.

DOI: 10.1103/d7mg-6sqq

This Letter reports the results of a search by the Axion
Dark Matter eXperiment (ADMX) covering the frequency
range from 1.10 to 1.31 GHz (4.54–5.41 μeV), over which
we achieved sensitivity to plausible models for the quantum
chromodynamic (QCD) axion. Our new results describe a
previously unexplored region of parameter space for axion
dark matter.
The axion is a hypothetical particle that emerges from

the Peccei-Quinn (PQ) solution to the strong CP problem
[1–3]. In addition to solving the strong CP problem, axions
may be produced abundantly in the early Universe through
the misalignment mechanism, allowing them to account for
all the dark matter in the Universe [4–7]. In the case where
PQ symmetry was broken before cosmological inflation,
axions over a broad mass range can elegantly account
for all the dark matter in the Universe [8,9]. If the PQ
symmetry was broken after inflation, theory suggests that
the axion mass lies in theOð1–100Þ μeV range [8–20]. The
coupling of axions to photons is model dependent, but two
benchmark models are commonly used: the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) axion [21,22] and the more
feebly coupled Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
axion [23,24].
ADMX searches for dark matter axions using an axion

haloscope [25–27], which uses the Primakoff effect reso-
nantly to convert axions to photons in a strong magnetic
field. The experimental configuration in this run of the
ADMX haloscope was similar to that reported in detail
in Ref. [28] and updated in Ref. [29]. In previous runs,
ADMX excluded both benchmark models for QCD axion
dark matter over several hundred MHz [29–33]. For the
operations reported in this Letter, the resonator system was
outfitted with a different tuning rod, an improved noise
calibration load, and improved cryogenic heat sinking, all
with the aim of improving thermal and rf performance in
the target frequency range.

The resonator used by ADMX in this experimental run is
a right cylindrical copper plated stainless steel cavity (with
length 101.4 cm and diameter 41.9 cm) tuned by a single
20.3 cm copper tuning rod placed inside the 139-l cavity,
as shown in Fig. 1. The cavity was centered inside a
solenoidal magnet. The magnet is energized by a constant
current source delivering 225 A and is stable to within 1 mA.
The magnetic field along the solenoid’s longitudinal axis
decreases from 7.8 T at the central midplane to 5.3 T at the
top and bottom ends of the cavity. An off-center axle enabled
rotation of the tuning rod from the wall of the cavity to near
the center of the cavity, changing the resonant frequency.
Across the frequency range of the experiment, the cavity
unloaded quality factor was about 90 000. Two dipole
antennas were inserted into the cavity for signal injection
and readout. The first was a “weakly coupled” antenna
inserted into the bottom of the cavity. It is fixed to be weakly
coupled to the cavity. The second was a “strongly coupled”
antenna, inserted into the top of the cavity. The coupling of
the antenna, β, was controlled by a linear gearbox that
adjusted the insertion depth of the antenna. The ability to
vary the coupling ensured that the antenna was kept in an
overcoupled state to optimize the scanning for axions across
the full tuning range of the run [34]. Both the tuning rod
and antenna gearboxes are activated by room-temperature
stepper motors via a long G10 fiberglass shaft to enable
automated adjustment over the course of the entire run.
When tuned to the frequency of the photon

[νa ¼ ðmac2=hÞ] produced from the Primakoff effect,
a persistent and coherent signal would develop within
the cavity. The axion signal would follow an assumed
Maxwell-Boltzmann distribution associated with the
kinetic-energy distribution of dark matter within the local
Milky Way halo [36]. The expected power coupled out of
the cavity of an axion haloscope is [25]

Paxion ¼ 1.8× 10−23 W
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where V is the volume of empty space in the cavity, B is the
magnitude of the external magnetic field, C is the cavity
form factor (the overlap between the cavity resonant
mode and the magnetic field), gγ is the model-dependent
numerical constant (−0.97 the KSVZ model and 0.36
for the DFSZ model) which determines the axion-photon
coupling, ρa is the expected dark matter density in the
cavity,QL is the loaded quality factor of the cavity, which is
related to the unloaded quality factor by the equation
Q0 ¼ QLð1þ βÞ, β is the coupling coefficient of the
antenna to the cavity mode, δνa is the difference between
the cavity resonance and axion signal frequency, and
Δνc ¼ ðνa=QLÞ is the cavity linewidth. Here, the equation
of the power has been normalized to reflect typical
experimental parameters observed in ADMX. For axion
haloscopes, the axion coupling to photons is related to the
model-dependent constant by the equation

gaγγ ¼
αgγ
πfa

; ð2Þ

where α is the fine structure constant and fa is the axion
decay constant.
The power from the TM010 mode of the cavity is coupled

out of the cavity by the strongly coupled antenna and
transmitted into an ultra-low-noise microwave receiver
for signal amplification and readout. Signals from the
cavity are amplified with a first-stage Josephson parametric
amplifier (JPA) [37], then a second-stage broadband
heterodyne field effect transistor (HFET) amplifier [38],
before being transmitted to a room temperature receiver for
further amplification and readout by a digitizer. The JPA

used was a current-pumped design in which the resonant
frequency of the JPA can be tuned by a bias current [39].
The bias current is used to match the JPA resonant
frequency to the cavity resonant frequency. The JPA is
cooled to 105 mK and typically provided 20 dB of power
gain over a 20 MHz instantaneous bandwidth. The HFET
amplifier (LNF-LNC0.6SUBSCRIPTNB2A) provided an
additional 33 dB power gain and is thermalized to 5 K [40].
Circulators are placed at the inputs of the JPA and HFET for
isolation. A cryogenic switch at the output of the antenna
enables switching of the receiver input between the cavity
and a “heated load” noise source for calibrating the noise
power of the experiment in situ. The JPA, circulators, and
cryogenic switch are all sensitive to magnetic fields and are
thus kept in a field-free region generated by a bucking coil
magnet located about 1 m above the main magnet. The
fringe fields from the main solenoidal magnet are canceled
by the bucking coil magnet to below 15 mT and the JPA is
additionally protected with passive μ-metal shielding [28].
ADMX utilizes a He3=He4 dilution refrigerator to cool

the system to minimize the thermal noise. The coldest part
of the dilution refrigerator, the mixing chamber, achieved a
temperature of 90 mK. This is mounted to the top of the
cavity. The cavity was cooled to 140 mK and a copper cold
finger mounted to the top of the cavity conductively cooled
the JPA and other field-sensitive electronics to 105 mK.
The operations covered in this Letter began in December

2023 and continued until November 2024, the longest
continuous data taking operation of the experiment. Over
the course of the run, the data collection was automated and
controlled using a series of control scripts. The cadence
of the data taking procedure was as follows. First,

FIG. 1. (a) The electric field map of the TM010 mode simulated by COMSOL Multiphysics [35] where the direction is marked by the
red arrows and the field magnitude by the color corresponding to the adjacent scale bar. (b) A mode map of the cavity showing its
resonant frequencies as the rod is moved. The heat map denotes the S21 transmission through the resonator, with bright lines indicating
the resonant modes of the cavity. The mode used in the search is the fundamental TM010 mode, which can tune from 900 to 1400 MHz.
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a transmission measurement was performed by sending a
swept signal through the cavity’s weakly coupled antenna
and measuring the proportion of signal transmitted through
the cavity to the critically coupled antenna. The trans-
mission measurements were used to measure the resonant
frequency and quality factor of the cavity. Following that, a
reflection measurement was made, in which a swept signal
was transmitted through a bypass line and reflected off the
strongly coupled antenna of the cavity. The proportion of
power reflected off the antenna was measured to determine
the coupling coefficient of the antenna. The swept signal
was then shut off and the power from the cavity was
sampled for 100 s at a 100 kHz rate to search for potential
axion signals. During the digitization process, a synthetic
axion generator (SAG) system could transmit synthetic
axions into the cavity at set frequencies through the weakly
coupled port of the cavity. Unblinded synthetic axions were
injected to characterize the receiver response, and blinded
signals were used to test the robustness of our candidate
identification methodology. Afterward, the resonant fre-
quency of the cavity was tuned and the data taking process
was repeated.
The noise performance of the receiver was reoptimized

in a JPA signal-to-noise ratio improvement (SNRI) meas-
urement every 5–10 cycles. In this procedure, detailed in
Ref. [41], the JPA bias current and pump tone power were
swept across multiple settings and the relative change in
gain and noise power of the receiver were measured. The
SNRI was then calculated as [42]

SNRI ¼ Gon

Goff
×
Poff
Pon

; ð3Þ

where Gon, Goff , Poff , Pon are the gain and noise power
from the receiver with the JPA on and off, respectively.
The system noise temperature of the experiment was
calculated at

Tsys ¼ THFET=SNRI; ð4Þ

where THFET is the noise temperature of the receiver
elements downstream of the JPA, mostly dominated by
the second stage HFET amplifier [43]. The method for
measuring THFET is discussed below.
To calibrate the power coming from the experiment

and the effective system noise temperature, two methods
were used, enabling cross-verification of the system noise
temperature. For both methods, the receiver was switched
to the heated load. The first method calibrated the system
noise temperature via a Y-factor measurement with the
pump tone of the JPA turned off, such that the JPA was
turned off and behaved as an ideal reflector. In this
configuration, the noise contribution from the receiver
was dominated by the second-stage HFET amplifier. As
such, the result of this fit was denoted as the effective HFET

noise temperature, THFET=αeff . Here, αeff is a measure of
the transmissivity of the signal path between the strongly
coupled antenna of the cavity and the HFET, and the
“effective” subscript is due to small noise contributions
from circulators. The second method calibrated the system
noise temperature via a Y-factor measurement with the JPA
pump tone turned on so that the JPA behaved as an
amplifier. In this configuration, the noise contribution
was dominated by the JPA because all downstream noise
was suppressed by the JPA gain. Therefore, the result of
this fit is denoted as the effective JPA noise, TJPA;eff , where
the “effective” subscript is included for the same reason as
it was for the HFET fit result.
This was the first data taking run with ADMX where the

JPA on Y-factor measurement was included for calibration.
This was enabled by upgrades to our calibrated noise
source that improved the thermal isolation between the
noise source and the mixing chamber. The additional
Y-factor measurement including the JPA allowed us to
check that our models for calculating the overall system
noise temperature were consistent. Tsys was then calculated
using Eq. (4).
A JPA on Y-factor measurement was done at six

frequencies (1240, 1250, 1260, 1280, 1290, 1350 MHz).
The JPA off Y-factor measurement was done at the same
frequencies for comparison purposes, as well as many
others to increase the total frequency coverage of our noise
calibrations. Figure 2 shows the values of THFET=αeff at
each of the six frequencies using both methods. The points
labeled “JPA off fit” use the direct fit result from the JPA
off Y-factor measurement. Meanwhile, the points labeled
“JPA on fit” points combine the JPA on Y-factor fit results
with the SNRI (using methods described in Ref. [43]) to
calculate the corresponding value of THFET=αeff . For the
frequencies where we took both types of measurements, we
can also use the fit results to calculate the system noise
temperature (the quantity we ultimately want to know) in
two different ways. On average, there was a 5% difference
between the system noise temperature calculated using the
two different methods, which is propagated to the system-
atic uncertainties in Tsys in the analysis. This difference
indicated that the two methods were consistent at the few-
percent level. In the primary data analysis, we used the JPA
off method because the calibration could be done at
multiple frequencies at a time due to the broadband nature
of the HFET amplifier, enabling a dense set of Tsys over the
entire frequency range. Overall, for this data taking run the
mean value of Tsys was 0.59þ = − 0.31 K.
The individual spectra collected during data taking were

combined into a “grand spectrum” to optimize the signal-
to-noise ratio of a potential axion signal using the method
described in Refs. [44,45]. Throughout the course of data
taking operations, axion candidates were defined as regions
in the grand spectrum in which we could not exclude a
KSVZ axion.
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After candidates had been identified during data taking,
each candidate frequency was subject to a veto procedure
to evaluate whether or not the signal was consistent with
that of an axion. The first step was to implement a rescan
procedure in which candidate frequencies were scanned
again to identify whether the excess power at that frequency
was persistent. The rescan procedure was performed twice;
the first rescan occurred with no changes to the data
acquisition system and the second rescan occurred after
turning off all blinded synthetic injections.
Any candidates that persisted through rescans were

subject to additional checks. First, the signal power was
evaluated as a function of δνa, its distance from the
resonant frequency. An axionlike signal would maximize
on resonance, as seen in Eq. (1) and follow the expected
Lorentzian shape as a function of frequency. Candidates
that exhibited power independent of the cavity resonant
frequency are considered to be radio-frequency interference
(RFI) introduced downstream of the cavity and were
eliminated. Furthermore, candidates that could be detected
with a room temperature antenna and spectrum analyzer
were considered to be RFI and eliminated from the list.
Signals that passed the RFI checks were then rescanned

using the TM011 mode of the cavity. The TM011 mode
should have almost no coupling to the axion due to its
reduced form factor, and thus any signals observed on the
TM011 mode would be due to external sources. Candidates

that were not eliminated would then be tested with a
magnet ramp procedure in which the power of the candi-
date is studied as a function of the external magnetic field.
According to Eq. (1), the power of a true axion signal
would follow the square of the magnetic field.
Over the course of the run, a number of candidate axion

signals were observed. Table I lists the candidates that
passed the initial persistence check, as well as the results
from the candidate veto procedure. Eight were confirmed as
blind signals injected by the SAG system after the second
rescan. One was identified as RFI with the ambient check.
One extra blinded SAG was identified and eliminated with
the TM011 scan. After all candidate axions were ruled out,
limits were placed on the axion-photon coupling across the
covered mass range. At the conclusion of data taking, the
cavity was removed from the magnet bore.
Over the course of the run, ADMX achieved better-than-

KSVZ sensitivity across the explored frequency range. The
sensitivity accounted for the signal efficiency (90%) due
to the Savitzky-Golay filter parameters used in this run.
The signal efficiency was evaluated by injecting software

TABLE I. Overview of persistent candidates. “SAG”marked the
candidates eliminated by turning off the SAG system (a blinded
SAG would not be turned off at this stage). “RFI” flagged the
candidate eliminated by the ambient signal check or the enhance-
ment-on-resonance check. “TM011” flagged the candidate elimi-
nated by the scan with the TM011, which was a blinded SAG.

Frequency [Hz] Veto reason

1 247 550 000 SAG
1 247 320 000 SAG
1 245 610 000 SAG
1 193 709 600 SAG
1 192 160 000 SAG
1 138 850 000 SAG
1 131 860 500 SAG
1 128 120 000 SAG
1 130 613 500 TM011

1 089 999 500 RFI

TABLE II. Summary of the averaged fractional percentage
uncertainties associated with SNR.

Source
Percentage uncertainty

on SNR

QL 0.6%
β=ð1þ βÞ 0.3%
Tsys 9.9%
B2VC 5%
Lorentzian shape 1.5%
Signal efficiency 3%

Total 11.4%

FIG. 2. The effective HFET noise, THFET=αeff , over a range of
frequencies. Gaps in the frequency data correspond to frequency
regions that were not probed for axions. We measured THFET=αeff
using two different methods. The first method uses the direct fit of
THFET=αeff from a Y-factor measurement done with the JPA pump
tone powered off (labeled JPA off fit). The second method uses the
result from a Y-factor measurement done with the JPA pump tone
powered on, which measures the JPA effective noise (TJPA;eff ). We
then use the SNRI and the models described in [43] to calculate
what the corresponding THFET=αeff is for each value of TJPA;eff

(labeled JPA on fit). The error bars shown are statistical and
systematic errors. Larger error bars are due to systematic errors
associated with the fit to the Y-factor measurement.
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generated synthetic axion signals and evaluating the signal
strength through the analysis chain.
To place limits on gaγγ , the axion’s coupling to photons,

the signal-to-noise ratio (SNR) in each bin within the grand
spectrum was compared to a Maxwell-Boltzmann axion
line shape model using a maximum likelihood weighting.
The uncertainty on power was then deweighted with the
systematic uncertainties shown in Table II.
The uncertainties are similar to those from previous

ADMX runs [29], with an additional Lorentzian line shape

uncertainty. This additional contribution is due to a kHz-
level drift of the cavity resonance during the 100 s axion
search digitization observed in this run. The uncertainty
due to this drift is listed in Table II. The uncertainties in the
quality factor, QL, and coupling β are determined from
uncertainties in the fit to the transmission and reflection
measurements, respectively. The uncertainty in Tsys is
determined from statistical and systematic uncertainties
in the fit of the Y-factor measurement, which are discussed
in further detail in [46]. The uncertainty in B2VC is

FIG. 3. A global limit plot putting this Letter (shown in purple) in context with other experiments, with an inset enlarging this Letter’s
90% CL upper limits on gaγγ (as well as limits from Ref. [48] due to overlapping coverage). The dark matter density is assumed to
be 0.45 GeV=cm3. Gaps in the limits are due to mode crossings, regions where axion search mode of the cavity intersected other
static weakly tuning modes. KSVZ and DFSZ sensitivities are shown as dashed lines. Previous limits set by ADMX are shown in teal
[29–31,49–52]. Limits from other experiments depicted include those set by University of Florida (UF) [53], Rochester-Brookhaven-
Florida (RBF) [54], Center for Axion and Precision Physics (CAPP) [48,55–62], Haloscope At Yale Sensitive To Axion Cold dark
matter (HAYSTAC) [63–65], Grenoble Axion Haloscope project (GrAHal) [66], Oscillating Resonant Group AxioN experiment
(ORGAN) [67–69], MAgnetized Disc and Mirror Axion eXperiment (MADMAX) [70], QUaerere AXions experiment (QUAX)
[71–75], Relic Axion Dark Matter Exploratory Setup (RADES) [76], Taiwan Axion Search Experiment with Haloscope (TASEH) [77],
CAST-CAPP [78], and CERN Axion Solar Telescope (CAST) [79].
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determined by variations in the magnetic field and form
factor, as determined by simulation, when incorporating in
the engineering tolerances of the resonator.
The confidence level of the exclusion was determined

using a truncated normalized cumulative distribution func-
tion given by

CL ¼
h
1 − erf

�
X−sffiffi

2
p

�i
−
h
1 − erf

�
Xffiffi
2

p
�i

1 − 1
2

h
1 − erf

�
Xffiffi
2

p
�i ; ð5Þ

where X is upper limit on the signal power and s is the
measured signal power. The distribution was truncated to
not include unphysical negative couplings in accordance
with the Feldman Cousins methodology [47]. From this
analysis we can compute the exclusion limit for gaγγ at 90%
CL as a function of frequency assuming a local dark matter
density of 0.45 GeV=cm3 for the Maxwell-Boltzmann
model. The limit set for this run is shown in Fig. 3. A
global limit plot including the limit from this run in context
with previously set limits is also shown in Fig. 3.
In summary, ADMX probed for QCD axions across the

1.10–1.31 GHz frequency range during this reported data
run. These results cover a previously unexplored region
of parameter space and while an axionlike signal was not
detected, new limits were placed on the axion-photon
coupling for axion dark matter. These limits exclude
KSVZ axions even at fractional dark matter densities.
We were not able to achieve sensitivity to the DFSZ

axion while maintaining a satisfactory scan rate during this
run. ADMX is currently undergoing upgrades, including
an improved tuning system and thermal design. These
upgrades will reduce the temperature of the cavity and
rf electronics and improve the stability of experimental
operations. In coming runs, ADMX will expand the
covered parameter space probing downward and out to
probe for both the KSVZ and DFSZ axion to 1 GHz.
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