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This Letter reports on a cavity haloscope search for dark matter axions in the Galactic halo in the mass

range 2.81–3.31 μeV. This search utilizes the combination of a low-noise Josephson parametric amplifier

and a large-cavity haloscope to achieve unprecedented sensitivity across this mass range. This search

excludes the full range of axion-photon coupling values predicted in benchmark models of the invisible

axion that solve the strong CP problem of quantum chromodynamics.

DOI: 10.1103/PhysRevLett.124.101303

Axions are a hypothesized particle that emerged as a result
of the Peccei-Quinn solution to the strong CP problem
[1–3]. In addition, axions are a leading darkmatter candidate
that could explain 100% of the dark matter in the Universe
[4–8]. There are a number of mechanisms for the production
of dark matter axions in the early Universe [5,6,9,10].
For the case where UPQð1Þ becomes spontaneously broken

after inflation, cosmological constraints suggest an axion
mass on the scale of 1 μeV or greater [11–16]. Two
benchmark models for the axion are the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) [17,18] and Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) [19,20] models. Of the two,
the DFSZ model is especially compelling because of its
grand unification properties [19].

The Axion Dark Matter eXperiment (ADMX) searches

for dark-matter axions using an axion haloscope [21],

which consists of a microwave-resonant cavity inside a

magnetic field. In the presence of an external magnetic

field, axions inside the cavity can convert to photons with

frequency f ¼ E=h, where E is the total energy of the

axion, including the axion rest-mass energy, plus a small

kinetic energy contribution. The power expected from the

conversion of an axion into microwave photons in the

ADMX experiment is extremely low, Oð10−23 WÞ, requir-
ing the use of a dilution refrigerator and an ultralow-noise

microwave receiver to detect the photons.

In limits set in a previous Letter, ADMX became the only

axion haloscope to achieve sensitivity to both benchmark

axion models for axion masses between 2.66 and 2.81 μeV

[22]. This Letter reports on recent operations which extend

the search for axions at DFSZ sensitivity to 2.66–3.31 μeV.

The ADMX experiment consists of a 136 L cylindrical

copper-plated cavity placed in a 7.6 T field produced by

a superconducting solenoid magnet. A magnetic field-free
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region above the cavity is maintained by a counterwound

bucking magnet above the cavity. Field-sensitive receiver

components, such as a Josephson parametric amplifier

(JPA) and circulators, are located there, and the JPA is

protected by additional passive magnetic shielding [23,24].

The resonant frequency of the cavity is set by two copper

tuning rods that run parallel to the axis of the cavity and can

be positioned near the center of the cavity or the walls of

the cavity. Cryogenic gearboxes connect the tuning rods

to room-temperature stepper motors, which tune the cavity

during operations. When the frequency of the cavity

is tuned to the same frequency as the photon produced

from the axion, the expected power deposited into the

cavity is [25]

Paxion ¼ 2.2 × 10−23 W

�

V

136 L

��

B

7.6 T

�

2
�

C

0.4

�

×

�

gγ

0.36

�

2
�

ρa

0.45 GeV cm−3

��

f

740 MHz

��

Q

30 000

�

: ð1Þ

Here V is the volume of the cavity; B is the magnitude of

the external magnetic field; gγ is the model-dependent

axion-photon coupling, which has a value of −0.97 (0.36)

for KSVZ (DFSZ) axions; ρa is the local dark matter

density; f is the frequency of the photon; Q is the loaded

quality factor of the cavity; and C is the form factor of the

cavity.

The form factor reflects the overlap between the electric

field of the cavity mode and the external magnetic field

generated by the solenoid [25]. In the case of the ADMX

cavity, the optimal form factor is observed with the TM010-

like lowest-order tunable mode. Over the mass range

explored in this Letter, the average form factor is 0.4.

Several mode crossings between the TM010 mode fre-

quency and weakly tuning TE or TEM modes occurred

during operations, causing a significant drop in the form

factor due to mode mixing. These were filled in using

alternative rod configurations which reduced the form

factor by only a moderate amount.

The signal-to-noise ratio for power within the experi-

ment is set by the Dicke radiometer equation [26]:

S

N
¼

Paxion

kBTsys

ffiffiffi

t

b

r

; ð2Þ

where Tsys is the system noise temperature, equal to the

combined physical temperature of the cavity and the noise

temperature of the receiver chain in the Rayleigh-Jeans

limit of the blackbody distribution; t is the integration time;

and b is the detection bandwidth.

An antenna inserted into the cavity extracts power from

the cavity and transfers it into the cryogenic receiver chain

shown in Fig. 1. The power is amplified by a JPA with a

tunable resonance, as demonstrated in Ref. [27], followed

by a cryogenic heterostructure field-effect transistor

(HFET) amplifier. The JPA used by ADMX was developed

at UC Berkeley [28]. The JPA was operated in phase-

preserving mode by pumping with a microwave tone

375 kHz detuned from the cavity resonance. The resonant

frequency of the JPA was tuned with a DC bias current

supplied to a superconducting coil coupled to the SQUIDs

in the JPA [29]. During operations, the JPA achieved a

power gain of at least 20 dB over an instantaneous

bandwidth of 10–20 MHz and was tunable over the full

bandwidth explored by the experiment.

To reduce the noise temperature, the cavity and JPA are

cooled with a Janis Research dilution refrigerator. The

mixing chamber of the dilution refrigerator is mounted to

the top of the cavity, and its high cooling power enables

ongoing operation of the cavity and JPA at temperatures on

the order of 100 mK. Ruthenium oxide temperature sensors

measured the cavity temperature to be typically 130 mK,

and the temperature of the receiver amplifier package was

230 mK. The higher temperature in the region of the JPA

was due to weak thermal contact between the cryogenic

FIG. 1. The ADMX cryogenic receiver chain. C1, C2, and C3

are circulators. Power is transmitted into the weak port (2) and

cavity bypass lines (3) for transmission and reflection measure-

ments from the cavity, respectively. The pump line (4) is used to

supply a pump tone into the JPA. Switch S can be toggled

between the cavity and the hot load for noise calibration

measurements.
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receiver package and the 4 K liquid helium reservoir

surrounding the magnetic-field-free region.

Data were collected between January and October 2018.

During standard data-taking operations, small steps in

tuning rod position were taken to adjust the resonant

frequency of the cavity. The cavity resonant frequency

and Q were measured with a S12 measurement measuring

the transmission through the cavity. A 50-kHz-wide power

spectrum, centered on the cavity resonant frequency, was

constructed by integrating the voltage time series from the

cavity with a digitizer for 100 seconds. Periodically during

data taking, the coupling of the antenna to the cavity mode

was determined with an S13 measurement to measure the

power reflected from the cavity antenna. If the resonant

absorption by the cavity was not at least 5 dB, the antenna

position was adjusted.

During data taking, synthetically generated axion signals

were occasionally injected into the weakly coupled

antenna. The frequencies of these synthetic axion injections

were blinded to the group searching for axion candidates in

the data.
The system noise temperature was measured in a two-

step process. The noise contribution from the HFET
amplifiers and warm receiver chain were calibrated from
a Y-factor measurement, followed by a signal-to-noise

improvement measurement to determine the noise contri-
bution from the JPA [30]. For the Y-factor measurement,
the JPA was unpowered, where it operated as a passive

mirror, and switch S was toggled between the cavity and a
dedicated hot load. As shown in Fig. 1, when toggled to the

cavity, thermal photons from attenuator A were transmitted
through circulator C1 and reflected off the cavity.
Attenuator A was thermally sunk to the cavity and could

be varied between 100 mK and 1 K. When toggled to the
dedicated load, the thermal background was dominated
by the hot load, which was heated between 4 and 6 K.

The power from the hot load was attenuated by switch S
and circulators C1, C2, and C3. These were kept at the same

cryogenic stage as the JPA and could be varied between 200
and 500 mK, independent of the cavity and dedicated load.
These measurements were repeated 4 times during the data-

taking period. The measurements were combined and fitted
to a model of the RF system, which yielded a downstream
(of all components beyond the JPA electronics space) noise

temperature of 11.3� 0.1 K over the band of interest
which was within expectations for the HFET amplifier

operating in a high magnetic field [31]. These measure-
ments also identified the attenuation between the cavity and
the JPA to be 1.52� 0.02 dB, which was incorporated into

the calculation of axion sensitivity as an attenuation of the
signal from the cavity. This attenuation was consistent with

the expected loss in the circulators, cables, and JPA below
780 MHz, and was larger above 780 MHz, as expected
from the circulator specifications.

The signal-to-noise ratio improvement (SNRI) measure-

ment consisted of measuring the increase in the digitized

power from the cavity and the gain of the receiver with and

without the JPA pump tone active. The gain of the JPA

multiplied by the ratio of the power spectral density

measurements yielded the ratio of the total system noise

temperature to the noise temperature of the HFET and

downstream components, such that

Tsys ¼
Goff

Gon

Pon

Poff

Thfet ¼
Thfet

SNRI
; ð3Þ

where G was the transfer function at the desired frequency,

and P was the power at the desired frequency. A typical

SNRI was 15.5 dB. Because the total system noise temper-

ature with the HFET (11.3 K) and cavity (0.13 K) was

11.43 K, this SNRI corresponded to a typical operating

system noise temperature at the input of the JPA of 320 mK.

The system noise was monitored by SNRI measurements

roughly every 10 minutes and at eight different nearby bias

currents and pump-power combinations, which were then

updated for the optimal JPA SNRI.

The initial axion search was performed with the tuning

rods in a symmetric configuration, and in that configuration

eight mode crossings were observed. These crossings were

identified with simulations and confirmed with wide-span

S12 transmission measurements. During initial data taking,

the frequency ranges near these mode crossings were

skipped over because of their poor form factors.

To fill in mode crossings, an antisymmetric rod con-

figuration was used. In this rod configuration, many weakly

tuning modes were shifted by several MHz, shifting the

positions of the corresponding mode crossings. Examples

of both rod configurations are shown in Fig. 2. At

frequency ranges previously covered by mode crossings,

the form factor dropped to about 0.35, which was sufficient

for axion searches. Three mode crossings were covered by

this method. The five remaining mode crossings were either

too wide or the interfering mode could not be shifted, so

that we were unable to obtain sufficient sensitivity to the

axion to set limits at those frequencies.

The analysis procedures followed those discussed in

Ref. [32]. The goal of the analysis was to average the

individual spectra into a single grand spectrum to increase

the signal-to-noise ratio of possible axion signals, and then

search for candidate axion signals. First, the receiver shape

was removed with a fit to a six-order Padé approximation.

The power was scaled to the system noise temperature and

weighted by the cavity Q to convert the spectrum into a

measurement of the power in excess of the noise. This

spectrum was then filtered by a convolution with one

of two different axion signal shapes: a boosted Maxwell-

Boltzmann line shape, predicted from the standard halo

model for axion dark matter, as described in Ref. [33], with

a local density of 0.45 GeV=cm3, or a line shape derived

from N-body simulations described in Ref. [34], with a

local density of 0.63 GeV=cm3.
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After a frequency range had been scanned with a more

than sufficient signal-to-noise ratio to exclude DFSZ

axions in the null case, “candidate” axion signals were

identified. Frequencies with upward fluctuations in

power exceeding 3σ, or that could not exclude the

DFSZ axion coupling strength, were deemed “candidate”

axion signals, requiring rescanning and further analysis.

At frequencies with no statistically significant power

excess, upper limits were placed on the axion-photon

coupling using the measured power and uncertainty at

that frequency.

Following the initial search, candidate frequencies were

rescanned with significantly longer integration time to

improve the expected signal-to-noise ratio for a possible

axion. If the power at the candidate frequency did not

persist and a DFSZ axion signal could be excluded, the

candidate was determined to be transient. Frequencies that

persisted past the second rescan were subjected to addi-

tional individual candidate checks.

The first step of individual candidate analysis was to

check whether candidates were external radio signals

detected within the experiment by measuring whether

the signal power was maximized when the cavity frequency

was tuned to the signal frequency. Axion signals would

develop within the resonant cavity, so that the power from

an axion signal would increase as the cavity was tuned to

match the signal frequency. On the other hand, external

interference would be picked up by components further

along in the receiver chain, so that the signal power would

be independent of the cavity frequency.

To test the detection efficiency of the analysis procedure,

20 000 software injected signals were injected with powers

between those expected for DFSZ and KSVZ axions, and

the injected powers were compared to the powers detected

by the analysis. It was found that the detected power was

suppressed by a factor of 0.82 due to signal removal from

the receiver spectral fit. This effect is accounted for in our

reported limits.

Over the course of the axion search, ADMX searched for

axions from 680–790 MHz. Within this range, three

persistent signals were observed, at 686.310, 730.195,

and 780.255 MHz. The first and last signals (686.310

and 780.255 MHz) did not maximize on resonance,

indicating they were due to external radio interference

and therefore could be excluded as axions.

The signal at 730.195 MHz (Fig. 3) maximized on

resonance and was consistent in power and linewidth to the

signal expected from a DFSZ axion. This result triggered a

decision to ramp the magnetic field down to determine

whether the power of the signal would scale as B2, in a

manner consistent with an axion signal. Before the pro-

cedure was initiated, the candidate was revealed to be a

synthetic axion signal. Instead, the synthetic injection was

disabled, and the region around the candidate was

rescanned. No signal appeared at 730.195 MHz, and thus

all candidate axion signals were excluded. We concluded

either that the axion is not within the explored range, that

the axion dark-matter density is a small fraction of the

halo density, or that the axion-photon coupling constant is

significantly below the prediction for DFSZ.

FIG. 2. A top-down view of the ADMX cavity. The resonant frequency of the cavity is set by the position of two tuning rods. During

initial data taking, the rods are moved in a symmetric configuration (left). To scan over mode crossings, an antisymmetric configuration

is used (right). The frequency of the TM010 mode is the same in both configurations shown. The colors indicate the magnitude of the

electric field component along the axis of the cavity.
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Given the absence of axion-like signals, a 90% upper

confidence limit was set on the axion-photon coupling over

the scanned mass range. Due to the loss of sensitivity at

mode crossings, we do not report limits over some regions.

The fractional systematic uncertainties in the experiment

are listed in Table I, which are modeled as uncertainties on

the expected axion signal from the cavity. For models

where axions make up 100% of dark matter, these limits

exclude DFSZ axion-photon couplings between 2.66

and 3.31 μeV for both isothermal sphere halo models

and N-body simulations (Fig. 4). These results represent

a factor-of-4 increase in mass coverage over those reported

in Ref. [22].

ADMX will utilize a similar cavity with larger tuning

rods and improved thermalization between the dilution

refrigerator and quantum amplifier package to continue to

search dark-matter axions at higher masses with increased

sensitivity. These future searches, built on current research

and development [36,37], will probe even more deeply into

the well-motivated yet unexplored axion parameter space.

FIG. 4. 90% confidence exclusion on axion-photon coupling as a function of axion mass for the Maxwell-Boltzmann (MB) dark-

matter model and N-body model. Blue: Previous limits reported in Ref. [35]. Orange: Previous limits reported in Ref. [22]. Green:

Limits from this work. Darker shades indicate limits set for the MB model [22,33], and lighter shades indicate limits set for the N-body

model [22,34].

FIG. 3. An example of combined power spectra after a

Maxwell-Boltzmann shape filter, with blue indicating the initial

scan data and orange indicating data taken during a rescan with

roughly 4 times more integration time. The prominent peak

centered at 730.195 MHz corresponds to a blind signal injection

identified in the analysis that persisted after a rescan; the small

peak to the left at 730.186 MHz was a candidate that did not

persist in the rescan. Because of a mismatch between the receiver

spectral shape and the axion signal, the power at frequencies

surrounding the candidate is suppressed by the receiver spectral

background removal. This can be seen in the frequency back-

ground surrounding the 730.195 MHz candidate in the rescan

(orange) data.

TABLE I. Primary sources of systematic uncertainty within the

experiment. The total combined uncertainty was treated as an

uncertainty on the total axion power from the cavity.

Source Fractional uncertainty

B2*V*f 0.05

Q 0.011

Coupling 0.0055

RF model fit 0.029

Temperature sensors 0.05

SNRI measurement 0.042

Total on axion power 0.088
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