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We report the results of a QCD axion dark matter search with discovery ability for
Dine-Fischler—Srednicki-Zhitnitsky (DFSZ) axions using an axion haloscope. Sub-Kelvin noise tem-
peratures are reached with an ultra low-noise Josephson parametric amplifier cooled by a dilution
refrigerator. This work excludes (with a 90% confidence level) DFSZ axions with masses between
3.27 to 3.34 peV, assuming a standard halo model with a local energy density of 0.45 GeV /cc made
up 100% of axions.



Numerous cosmological and astrophysical observations
provide compelling evidence for the existence of dark
matter, contributing about 85% of the total mass in our
universe [IH3]. Identification of dark matter is one of
the outstanding problems in modern particle and astro-
physics. With the null results of searches for model-
independent weakly interactive massive particles by lig-
uid xenon detectors with extremely high sensitivities [4-
6], many other dark matter candidates have become more
promising including, for example, QCD axions, fuzzy
dark matter, and sterile neutrinos [7HI4].

The QCD axion is a consequence of a beyond-standard-
model U(1) symmetry introduced to solve the strong CP
problem, which, additionally, could comprise some or all
of the dark matter [7HI]. Measurements of the neutron
electric dipole moment place an upper limit on the strong
interaction CP violation phase 6§ < 5 x 10~ [I5] [16].
A global axial U(1)pq symmetry introduced by Peccei
and Quinn [7] undergoes spontaneous symmetry breaking
at a very high temperature Tpq [16]. At temperatures
lower than Tpq, a pseudo Nambu-Goldstone boson, the
so-called QCD axion, is produced. The mass of the QCD
axion will be stabilized after the temperature cools to the
QCD phase transition temperature (200 MeV). If Tpq is
lower than the reheating temperature after the universe
undergoes inflation, QCD axion mass between O(1 ueV)
and O(1 meV) is strongly motivated [16].

The Axion Dark Matter eXperiment (ADMX) has
been described in previous publications [I7H23]. The ax-
ion haloscope was first proposed by Pierre Sikivie [24]
to search for axion dark matter decay via the inverse
Primakoff effect [25], stimulated by immersing the cav-
ity in a strong magnetic field. The outgoing photon
carries the rest-mass and kinetic energies of the ax-
ion. When the putative photons are on resonance with
the cavity modes, the signal is enhanced by the qual-
ity factor of the resonator. The enhanced signal is ex-
tracted with an antenna and recorded through an ultra-
low noise radio frequency (RF) readout chain. Previous
works have described ADMX’s sensitivity to both axion
coupling benchmark models: Kim-Shifman-Vainshtein-
Zakharov (KSVZ) [I7H20, 26, 27] and Dine-Fischler-
Srednicki-Zhitnitskii (DFSZ) [21H23] 28], [29] over a range
of potential axion masses.

In this Letter, we report the exclusion of the axion-
photon coupling under the assumption that axions make
up all of the dark matter from data collected by ADMX
in 2022. We also include a discussion on the difference
between reported exclusion bounds and discovery poten-
tial for haloscopes as well as describe conservative meth-
ods for dealing with systematics either common to axion
haloscopes or unique to this run.

The 2022 operations of ADMX (referred here as “Run
1C Part 2”) scanned from 792 to 807 MHz (3.27 to
3.34 peV axion mass) between July and December 2022

* Correspondence to dzhang95Quw.edu

TABLE I. Cold space temperatures during the previous run
and this run. The ‘attenuator’ is the one closest to the cavity
that contributes the most thermal noise off-resonance (Fig. .

Location Run 1C Part 1 [mK]  Run 1C Part 2 [mK]
Attenuator 145 95
Cavity 300 130
JPA 150 135

to extend the sensitivity reported in [23] (referred here
as “Run 1C Part 1”7) to DFSZ coupled axions at nominal
dark matter densities.

The experimental hardware described in [23] was re-
fitted with a number of cryogenic upgrades, including
replacement of the stainless-steel supports between the
1 K temperature stage and the milliKelvin temperature
stage with carbon fiber rods, improved thermal sinking
of components, and additional vacuum space absorption
pumping. These upgrades yielded reductions in the phys-
ical temperatures of the components given in Tab. [}

The cavity tuning system was somewhat degraded
from the previous run. A mechanical issue appeared
during the magnet ramp that caused unloaded quality
factor @y and antenna coupling 5 measurements to have
periods of instability where rod motion could change Qg
from measurement to measurement. This was also trig-
gered by vibration during liquid helium fills to our reser-
voirs [20} 30]. Figure [1|illustrates a typical fluctuation of
the loaded quality factor Qr, = Qo/(1 + () and g during
the data taking. To characterize this anomalous behav-
ior, we examine the averages and uncertainties of the N
(N = 4) nearest measurements of @z, and 5. The uncer-
tainty estimator [31] of @y, is

2= —Qr)?
\/ 1 ( it 1 5 ’ (1)

where Qp, represents the average of the four Q7 mea-
surements. A similar estimator is constructed for 8. The
uncertainties calculated in this way are propagated into
the final uncertainties on axion power. Data with exces-
sive (01, or beta uncertainties are excised from the data
set.

We studied the effect that the mechanical issues may
have had on the form factor C—the field overlap be-
tween the fundamental mode used for axion dark matter
searches and the external magnetic field. Since the reso-
nant frequency of the cavity does not change more than
O(1) kHz level while @y, jumps, the change in @, does
not cause significant change in C' [32], which is verified
by COMSOL multiphysics simulation [33] to be less than
1% while Q. is dropped by a factor of 10. We also con-
sidered the potential misalignment between the cavity
wall and the rod inside because we found the rods were
stuck at some specific positions. We used the maximum
allowed misalignment (1°) to estimate the uncertainties
in C, which turns out to be 6% for this run. We in-




cluded this updated form factor uncertainty in our final
sensitivity limits.
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FIG. 1. A typical fluctuation of @ (red with axis on the left)
and B (blue with axis on the right) during data taking due to
mechanical instabilities.

The experiment sensitivity to axion-like signals is char-
acterized by the signal-to-noise-ratio (SNR),

FP, t
SNR = FoTon \ﬁ-F(f, fo.QL), (2)

where F' is the signal efficiency, Tsys is the system noise
temperature, kg is the Boltzmann constant, ¢ is the in-
tegration time, b is the bandwidth of the measured noise
power, P, is the power from axion dark matter conver-
sion to photons that exit the cavity, and I'(f, fo, QL) =
1/(1+4QL(f — fo)/f)?) is the Lorentzian profile of a
cavity with resonant frequency fj at the signal frequency
f. Typical values for these parameters including P,, t, b
for ADMX Run 1 are given in [34].

As Eq. 2] demonstrates, sensitivity depends strongly on
Tsys, which is a combination of the thermal noise from
the physical temperature of the cavity and RF compo-
nents combined with electronic noise introduced by the
amplification stages. The characterization of T4y is done
through a two step process. First, a Y-factor measure-
ment of the second-stage Heterostructure Field Effect
Transistor (HFET) amplifier yields the noise contribu-
tion of all components behind the first-stage JPA ampli-
fier, Tyrgr. This is combined with the in-situ signal-to-
noise-improvement (SNRI) measurement as described in
detail in [34] B5], which is summarized here, because of
its relevance to our more sophisticated treatment of the
uncertainty.

During the Y-factor measurement of the HFET noise,
the cryo-switch (Fig. is connected to a thermal at-
tenuator (hot load) instead of the cavity, and the pump
tone of our first-stage amplifier, a Josephson parametric
amplifier (JPA) [36], is off. The noise power Pyp, as a
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"~ JPA Pump Tone Coupler
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FIG. 2. A schematic of the RF components in the cold
space. Other than HFET thermalized to the 4K plate, the
components are at the milliKelvin temperature stage.

function of different physical temperature of the hot load
THL is

Pur, = Gotarbkp (Tur, + Turer/ ), (3)

where Giotar is the total gain from the hot load to the
digitizer. A fit of the power out of the receiver chain as
a function of the hot load temperature is used to infer
TureT/, where « is the power transmissivity between
the cavity reference and the HFET input. This trans-
missivity is dominated by the circulators. It should be
noted that Tyrrr/a includes the noise contributed by
the cables and electronics beyond the HFET, but these
are a small contribution as long as the HFET gain is
sufficiently large, as is the case here.

Two Y-factor measurements of the HFET, each over
the entire frequency band, were made with a three-month
separation. Typgr/a was calculated as a function of
frequency by a linear interpolation, and the difference
over time was included in the uncertainty. The measure-
ments were consistent over time and yielded Typgr/a =
4.28 +£0.02 K (4.00 £0.06 K) at 792 MHz (807 MHz).

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

GonPOH

SNRI =
CTyoﬁljon ’

(4)

where Gon (Pon) and Gog (Pog) are the gain (output
power) with JPA pump tone on and off, respectively.
These measurements are made every 5 to 10 digitizations
and swept over a small bandwidth about the cavity res-
onance frequency and are also used to optimize the JPA
gain.

The JPA is a nonlinear device that is biased to op-
erate in a nearly linear manner over a limited range of
input pump power levels. At too high a power, its gain
will be compressed and the SNRI mismeasured too low.
For some excitation powers its gain can be mismeasured
to be too high due to nonlinear effects. JPA gain was
measured through both a cavity reflection and transmis-
sion measurement which differed in excitation power by
about 10 dB. To ensure that we were operating in the
linear regime, only data where the measured gains were



consistent between reflection and transmission measure-
ments were used for science analysis.

The noise power measurement varies noticeably with
frequency on the scale of a single digitization band-
width (Fig.|3). The bumps and asymmetries in the cold
receiver shapes have two origins: (a) cavity-JPA stand-
ing wave interactions affecting the gain due to imperfect
isolation provided by the circulators [37] and (b) the cav-
ity temperature T¢,, being higher than the off-resonance
noise temperature Ty tracking the attenuator nearest to
the cavity (Fig.[2). For the configuration of the ADMX
receiver in the operations reported here, the cavity-JPA
interactions vary with changes to the JPA gain, and the
two effects cannot be reliably separated, so they must
be accounted for as an overall uncertainty on 7,5 over
the entire band digitized. The standard deviations in
the cold receiver shapes are used as the systematic un-
certainties in the noise power P,,, which then propagate
to o1, the uncertainty on Ty,.

sys?
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FIG. 3. Typical 50 kHz-wide cold receiver shapes with the
room-temperature receiver shape removed (10 adjacent digi-
tizations averaging for each). The center (Af = 0) represents
the center of the digitization at fo.

When we compare the output powers with JPA pump
tone on or off, the system noise temperature is

Turer/o
Tsys = W . (5)

Including the effects discussed, the overall system noise
temperature is Tsys = 0.48+0.05 K for the data taken be-
tween 792 and 807 MHz estimated by the SNRI method
with Gypa = 21 +£1 dB. Corrections to Eq. |5 due to the
finite cavity temperature in addition to Typgrr/a contri-
bution in P.g in Eq. [4 during the SNRI measurement
are less than 2.5% and included in the noise uncertainty
budget.

We follow the data taking procedure and analysis es-
tablished in [23], where 100-second power spectra in the
vicinity of the TMp19 mode are taken at each tuning

TABLE II. The fractions of the power spectra pass the quality
cuts to remove digitizations with too large uncertainties in the
related parameters. We apply all the cuts first and calculate
the survival percentage of the power spectra with the cut
under investigation removed. The survival percentages are
similar under different cuts because most of the poor-quality
data have unphysical values for all the critical parameters.

Percentage of

Cut removed the power spectra

0q, /QL < 17.7% 84.1%
oasaim/ (B/(1+ B)) < 21.6% 84.0%
0Ty [Toys < 34.2% 86.1%

All applied 83.9%

TABLE III. The fractional systematic uncertainties in the
SNR. We updated the uncertainty budget for B2V C from
3% [23] to 6 % to account for the possible misalignment be-
tween the rod and the cavity wall. Because each digitization
has different uncertainties in Qr, 8 and Tiys, we report the
median fractional uncertainty.

Name Fractional uncertainties
B*VC 6%
Q1 (median) 2%
B/(1+ B) (median) 1%
Tsys (median) 10%

rod position and combined to search for candidate ax-
ion dark matter signals. We apply data quality cuts as
listed in Tab. [[] on the fractional uncertainties in Qr,
and /(1 + ) to reject mechanically unstable periods
and on Ty to reject possible erroneous gain measure-
ments leading to large uncertainties of Tiys. Outliers
three-standard-deviation above the median of the frac-
tional uncertainties are cut for both @ and 8/(1 + 3),
and two-standard-deviation is used for Tyys. A stronger
quality cut on Ty is applied to avoid the final SNR car-
rying large uncertainties (see Tab. for the systematic
uncertainties in the SNR). These cuts replace those used
in [23).

The cold receiver transfer function (frequency-
dependent gain) in each power spectrum is removed by
a sixth-order Padé-approximant first, followed by a sec-
ond round removal using the averaged residual receiver
shapes. In detail, we group every 1000 Padé-fit filtered
spectra by time stamps. Then, the averaged residual re-
ceiver shape includes 15% to 85% quantiles of the 1000
mean ranked in the same group, excluding spectra with
transient interference and potential signals. The second
receiver shape removal avoids mis-identifying the pile-up
of the Padé fit residues as excesses during spectrum com-
bination.

We evaluate the resultant flattened spectra for two sig-
nal distributions: a boosted Maxwell-Boltzmann (MB)
distribution with dark matter density 0.45 GeV/cc [38-
40], and the N-body simulated model presented in [41]
with dark matter density 0.63 GeV/cc. The signal effi-



ciency defined in Eq. [2]accounts for compression of axion
signals during the receiver transfer function removal is
estimated by software synthetic axion signals for both to
be F = 0.8. We apply the signal shape, accounting for
the Lorentzian cavity resonant enhancement, via an opti-
mal filter on each power spectrum, and co-add the signal
strengths to form one grand spectrum with 100-Hz res-
olution. The systematic uncertainties in the individual
frequency bin powers are propagated according to the
weights in the co-addition [34 [42].

The resultant grand spectrum is searched for excesses
above the noise (with definitions discussed below) that
would indicate candidate axion signals. Our initial scan
acquired sufficient data such that a DFSZ axion of the
MB shape would have an expected SNR > 3.5. Bins
that have either a 30 excess or have power measure-
ments greater than Pprsz — 1.2810 where 0 = 1/SNR
when Pppsz is normalized to 1 (see Fig. {]) are flagged
as candidate signals [34]. At the nominal SNR, the lat-
ter criteria is more stringent, so that 90% of DFSZ-power
axion-like signals will be flagged as axion candidates, but
the former can be strong in cases where the SNR is larger
than our minimum SNR requirement. Statistically 0.1%
of noise bins are expected to be flagged as candidates
with SNR = 3.5.

Proper flagging of candidate signals is tested with the
injection of axion signal-shaped RF power into the cav-
ity using a system called the synthetic axion generator
(SAG). The analysis personnel are blinded to the opera-
tion of the SAG during the initial round of data taking
and the first re-scan. Synthetic signals are unblinded af-
ter the first re-scan, and the region is re-scanned with
the signal turned off, and the signal is verifed as hav-
ing disappeared. All the synthetic signals were identi-
fied successfully and excluded with re-scans when the
SAG was turned off during our data taking. Other than
the SAG signals, we identified three persistent radio-
frequency interference (RFI) signals. A signal coming
from the cavity is maximized while on-resonance and fol-
lows the line-shape of the resonance, and the width of
the signal strength is related to Q. Signals picked up
by the receiver in components beyond the cavity will ei-
ther have a strength independent of the cavity resonant
frequency, or in some cases maximize only off-resonance
of the cavity. Representative SAG and RFT signals are
shown in Fig. [5| with features important to discrimina-
tion indicated. All the three persistent RFI signals are
marked in Fig. [6] with gray dashed lines.

Candidate signals are re-scanned—more power spectra
are acquired within £3.5 kHz of the candidate frequency,
and the persistence of the candidate is evaluated with the
procedure defined in [34]. Typically enough integration
time was spent on each candidate for a DFSZ signal to
have a 40 significance, thus clearly identifying signals and
rejecting noise. We distinguish here between our upper
bound on g,+~ depicted in Fig. [6] as the exclusion limit,
and the likelihood we would have successfully flagged and
re-scanned a signal DFSZ axion at the nominal dark mat-
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FIG. 4. SNR Normalized power of MB (top panel) and N-
body (bottom panel) candidates with 30 combined excess
(blue). The two subsets (orange, green) power are overlain.
The subset data with smaller SNR are preserved for imper-
sistent candidates. The N-body case presents more candi-
dates because the line-width of N-body axion dark matter is
narrower, leading to a larger number of independent N-body
axion dark matter candidates being scanned and more candi-
dates statistically present as 30 upper fluctuations.

ter density (our discovery potential).

Re-scanned candidates that did not persist can be triv-
ially eliminated as described in Ref. [23]. However, as a
mechanical fault ended the data taking in the midst of the
re-scan process, and some calibrations and adjustments
to analysis were done after the end of the run, there re-
mained some regions of either insufficient sensitivity or
un-rescanned 3o excesses that needed to be addressed.

Data from this run were combined with the data from
[22, 23] for computation of our overall sensitivity. Any re-
gions still with insufficient sensitivity to exclude a DFSZ
axion signal at 90% confidence level (CL) were treated as
gaps in the data, and the local exclusion bounds were de-
weighted accordingly. Frequency regions that still had a
30 excess were examined for persistence by dividing the
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FIG. 5. A SAG signal (blue) found in the initial scan and a
persistent RFI (orange) where fo is the candidate frequency
and Af shows the deviation from fo. Left: power excess per
100 Hz (receiver shape divided out) which takes the average
of the power excess starting from the identified candidate fre-
quency to 1 kHz beyond. We take the weighted average for the
power spectra located in the same frequency bin. Right: co-
added power excess which is a zoomed-in version of the grand
spectrum discussed at the end of Sec. ??7. Here, Afe, = 0
refers to the reference frequencies fos (SAG only includes the
initial scan, and RFT includes both the initial and re-scans).
How the excesses change from off resonance to on resonance
of the cavity is not included on the co-added power excesses
(right) where the SAG and RFT are difficult to separate. How-
ever, if we group the power spectra according to the deviation
to the cavity resonance, the grouped averaged power excesses
(left) of the SAG are enhanced on resonance of the cavity and
on the contrary, those of the RFI are reduced.

TABLE IV. The number of candidates (with 100 Hz as the
frequency resolution) not reaching to DFSZ 90% CL exclusion
or presenting three sigma (30) excesses in this run and with
previous data sets combined. All the 30 excesses for both
scenarios fail the persistence check as described below.

Distribution This Combined
MB (not reaching DFSZ) 3543 1181
N-body (not reaching DFSZ) 579 39
MB (30) 4 1
N-body (30) 19 11

related spectra into two subsets with respect to times-
tamps as illustrated in Fig.[d] In all cases the two subsets
were inconsistent with a persistent axion signal. These
therefore can either be a transient or a statistical fluc-
tuation. We used only the conservative subset with the
lower SNR to set bounds on the axion-photon coupling,
and do not exclude the possibility the excesses can be
more prominent with higher SNRs. The effects of data
combination are summarized in Tab. [Vl

As we had no persistent axion signal candidates, we
interpreted the combined measured excess power in ev-
ery bin as potentially due to an axion signal and com-
puted the Frequentist upper limit at 90% CL as defined
in Ref. [43] for each bin. These limits are smoothed for vi-

sualization in Fig. @ Most bins exclude g, extensively
below the level predicted for a DFSZ axion because we
target SNRyp = 3.5 in the initial data taking to have
the ability to further study the gaps and potential sig-
nals. Since lower couplings would not have necessarily
been flagged for re-scan, we claim a discovery potential
of only 90% for DFSZ axion signals.

Axion Mass (peV)
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FIG. 6. The exclusion limits on ga~, with 90% CL of this work
(orange shadow for the MB distribution and semi-transparent
shadow for the N-body distribution). The previous ADMX
searches with the same axion masses are overlain with dark
green shadows [19], light green shadows [22] 23] for the MB
distributions, and the semi-transparent green shadows [22 23]
for the N-body distributions. The RFIs are marked by the
gray dashed lines. The two benchmark g, couplings (KSVZ
and DFSZ) are marked with the black lines.

In summary, we set the most sensitive exclusion limits
of gayy with 90% CL as a function of the axion mass
between 3.27 and 3.34 peV (Fig. E[) excluding the DFSZ
axion as the dominant local dark matter with such masses
with the same CL.
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