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A search for cosmological axions has been performed by scanning a frequency region of 38 MHz
centered at about 10.2 GHz, corresponding to an axion mass m, ~ 42 peV. The QUAX experimental
apparatus, a haloscope comprised of a 1-liter volume tunable cavity immersed in an 8 T magnetic field and
a quantum-limited detection chain, set limits on the axion-photon coupling at the 10~'* GeV~! level. As no
signal candidate has been observed, viable hadronic axion models are ruled out in a currently preferred

postinflationary region m, > 40 peV.

DOI: 10.1103/4dv9-72t5

Introduction—The axion was introduced to solve the
strong CP problem, i.e., the absence of CP violation in
quantum chromodynamics (QCD). Solution to the strong
CP problem came with the new symmetry called Peccei
Quinn (PQ), of which the axion is the pseudo Goldstone
boson [1-3]. The axion soon became a well-motivated dark
matter candidate [4—6], but its mass is still unknown and the
possible value ranges over several decades [7]. Axion
couplings to ordinary matter depend on the specific model
used to incorporate the PQ symmetry into an extension of
the standard model of particle physics. The two most
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popular classes of models are known as KSVZ [8,9] and
DFSZ [10,11]. A detailed description of their extended
parameter space can be found in [12]. With the assumption
that all the local dark matter density is saturated by axions,
a few experimental searches have been able to probe the
specific axion-photon coupling predicted by such models.
The most sensitive probes are called haloscopes and are
based on tunable resonant cavities immersed in a strong
magnetic field [13,14]. Provided the axion energy matches
the haloscope cavity resonance frequency, conversion of
dark matter axions to photons is resonantly enhanced by
the cavity quality factor, resulting in a higher sensitivity
[15,16]. In the axion mass region below 30 peV, only
ADMX [17] and CAPP [18] experiments reached DFSZ
sensitivity while HAYSTAC [19] achieved near-KSVZ
sensitivity. Searches at higher masses are flawed by
unfavorable scaling of the cavity haloscope experimental
parameters. Recently, dish antenna [20], dielectric halo-
scopes [21], and plasma haloscopes [22] were introduced to
tackle higher masses; however, the sensitivity of these
instruments is still limited.

Recent works based on lattice simulations [23,24]
motivate the search for postinflationary axions [25] with
masses above 40 peV. In this mass region no extended

Published by the American Physical Society
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FIG. 1. (a) The microwave resonator is a dielectrically loaded
cylindrical cavity. The main structure is a copper cylinder with
length 414.3 mm and 60.5 mm diameter (gray area). The cylinder
is longitudinally cut in two halves and can be opened with a
clamshell-like movement for tuning. It includes a 420 mm long
sapphire tube with 21.8 mm inner diameter and 30.2 mm outer
diameter (blue area). The sapphire cylinder extends into the
cavity end caps by 5.3 mm deep annular grooves. (b) A picture of
the cavity mounted in the dilution refrigerator is also shown.
(c) End cap with annular grooves for holding the sapphire and
springs for keeping the rf contact while tuning. (d) Pantograph for
tuning.

searches have yet been conducted at QCD axion sensitivity,
required to probe the KSVZ or DFSZ classes of models.

The experiment QUaerere AXion (QUAX) has been con-
ceived to search for axion dark matter in the 35 — 45 peV
mass window, corresponding to the frequency range from
8.5 to 11 GHz. It is built around two complementary cavity
haloscopes covering two distinct mass regions. The QUAX
haloscope located in the Laboratori Nazionali di Frascati of
INFN is designed to work in the lower half of the proposed
mass range, and a pilot measurement has been recently
performed at a mass of ~26.5 peV [26]. The QUAX halo-
scope operating at the Laboratori Nazionali di Legnaro
targets instead axion searches above 10 GHz. It has already
conducted several test runs, obtaining near KSVZ model
sensitivity in a region above 40 peV [27-30].

In this Letter results are reported of a cosmological
axion search using the improved high frequency QUAX
haloscope. The novel version of the apparatus allows for
frequency tuning of the resonant detection system with
uniform axion sensitivity over a broad range. For the
longest single acquisitions an axion sensitivity at about
the KSVZ model is reached, while the typical sensitivity
allows us to probe axion-photon coupling values predicted
within the hadronic QCD axion models [12].

Experimental apparatus and data collection—The
experimental setup is an evolution of the one presented
in Ref. [30]. To allow for a wider frequency tuning, a new

dielectrically loaded cavity has been developed, in which a
large effective volume is obtained by inserting a sapphire
cylinder in a right cylindrical copper cavity and selecting the
TMO30 as the science mode (see Fig. 1). The copper cylinder
is divided into two halves to allow for changing the fre-
quency by a clamshell mechanism detailed in Ref. [31],
where a similar cavity working at about 11 GHz has been
studied. The tuning mechanism opens the two halves with a
panthographlike system. It is actuated via a 100 pm diameter
wire, pulled remotely by a room-temperature motor. The
correct working is ensured by restoring springs, which act as
counterbalance. The design prioritizes operational reliability
by means of a mechanical stop to limit the lever travel: it
prevents the mechanism from passing a nonreturn point at
the cost of a constrained tuning. The resulting range, with a
one degree aperture angle, is 10.212 — 10.154 GHz. Solu-
tions for an increased tuning range are currently foreseen.

Detailed mode reconstruction is performed with finite
element simulations to calculate the cavity form factor
Coso [32], which measures the coupling of the axion field
to the specific cavity mode for different aperture.
Simulations give Cy3y = 0.43, which complies with the
room temperature bead pull measurement [33] giving
Cozo = 0.40 £ 0.02. This latter result is obtained with a
cavity opening angle of about 0.3°. Following results from
simulations, this value is assumed to be constant through-
out the frequency tuning region.

The apparatus lies inside the science chamber of a wet
dilution refrigerator (DR), with the cavity kept at about
100 mK (see [30] for details). During data acquisition, the
liquid helium level is monitored, and refills take place every
24 h, thus ensuring good thermal stability of the system.
The cavity temperature is stable within a few mK, after a
few days necessary for thermalization. Temperature stabil-
ity also ensures gain stability for the detection chain.

The detection chain is largely similar to what is described
in Ref. [30], with a traveling wave parametric amplifier
(TWPA) [34] used as a first stage amplifier. The TWPA,
kept at about 120 mK, is followed by a cryogenic high
electron mobility transistor (HEMT) amplifier placed in the
4 K stage of the DR, and then by another HEMT at room
temperature.

The output of the room temperature HEMT is down-
converted with a carrier frequency f shifted by 1 MHz
from the cavity frequency f.. In-phase and quadrature
products are amplified, low-pass filtered to avoid aliasing
and sampled with an analog to digital converter working at
the frequency of 4.4 MS/s. Every 223 samples, i.e., about
1.9 s, data are stored in a file; in a typical acquisition step,
2000 data blocks of this length are acquired.

Two run sessions have been performed, the first in
June 2024 and the second in November 2024. The
integrated acquisition time is about 225 h, distributed over
18 days, with a resulting data collection efficiency of about
50%. Residual time is mainly used for cavity tuning,
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FIG. 2. Cavity mode map showing the lowest order TMO03n
modes versus steps of the motor used for tuning. Science mode is
the TMO030, which can be tuned up to 10.212 GHz. Because of
nonlinearities in the actuation system, there is no strict linear
relation between steps and frequency change. The studied fre-
quency ranges are enclosed in the red boxes. It is also evident of
the presence of intruder modes in the region 10.180-10.196 GHz.

optimization of the TWPA performance, and measurement
of the working parameters: cavity resonance frequency and
quality factor, antenna coupling, receiver gain profile and
noise temperature at the cavity peak frequency. Data
acquisition is partially automated: while cavity tuning
and amplifier optimization is still performed by the
operator, all other measurements are controlled by the data
acquisition software.

Axion searches have been performed in a measurement
window of about 38 MHz, corresponding to about 65% of
the available tuning range. The presence of intruder modes
(see Fig. 2) degrading the system performance is the main
reason for the reduced range, together with a mechanical
problem in the tuning mechanism that precluded a fine
tuning in the interval 10.175-10.196 GHz. Tuning was
performed using a step size of approximatively one cavity
linewidth. Only for a few measurement points, steps close
to two cavity linewidths have been chosen. The total
number of measurement points P,, was 124.

Figure 3(a) shows the measured values of the cavity
unloaded quality factor at each frequency tuning step. Pick-
up antenna coupling, set to an initial value of f = 1.6 and
never optimized during the run, was measured to vary
approximately from 1.5 to 1.8. An enhanced spreading of
quality factor and antenna coupling values was caused by
mechanical clearances in the positioning of the cavity
elements at each step. The value of # was chosen to have
near-to-optimum scan rate, where the optimal value for
scanning is § = 2. Conversely, f ~ 1.1 was used to increase
axion sensitivity in some measurement points at the cost of
a slower scan rate.

System noise temperature Ty is measured at each point
P, using the procedure described in [35], improved
compared to past versions thanks to a computer controlled
system acting on a number of rf switches. A single
measurement of system noise temperature requires about
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FIG. 3. System parameters for each frequency measurement
point P,,. Blue (red) data markers are from June (November)
session. (a) Unloaded cavity quality factor Q. Cavity resonance
frequency f., coupling f, not shown in the figure, and quality
factor Q, are derived from transmission and reflection measure-
ments using a spectrum analyzer with a tracking generator.
(b) System noise temperature values T'gy.

110 s. The TWPA working parameters are optimized at
every cavity frequency change: this optimization procedure
is performed manually by setting the gain difference
between having the pump driving the amplifier on or off
above 25-26 dB. This level was very close to the TWPA
gain saturation: in the first session we used to keep a higher
margin with respect to saturation, while in the second
session we reduced this margin since we noticed that the
TWPA was stable enough to allow for long-lasting mea-
surements. Since the added noise by the second stage
amplifier is significant, higher TWPA gain resulted in lower
values of T [35]. The minimum observed T, was at
about 1.1 K, corresponding to 2.3 photons [see Fig. 3(b)].
This is the lowest noise temperature obtained for a tunable
haloscope working above 40 peV [20,36,37].

The magnetic field is provided by a vertically aligned
solenoidal coil of 450 mm length and 150 mm bore
diameter. With a current of 92 A the magnet delivers a
peak magnetic field of 8.0 T. The integrated value of B?
over the cavity length is 50.2 T> m. A second coil reduces
the stray field on sensitive electronics. Moreover, the
TWPA is shielded from residual magnetic fields by using
two encapsulated boxes of lead and y metal.

As mentioned above, typical measurements at points P,,
in axion search lasted about 1 h. Since the system was not
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completely automated, such steps were performed during
daily operation of the haloscope. During night operation,
8 h long data acquisitions were performed. Careful pre-
liminary analysis of the collected data showed that in most
cases the working parameters did not change significantly
during acquisition and that the sensitivity scaled as
expected; i.e., following Dicke’s formula [38] with the
square root of integration time. This is an important feature
in case of positive alarms: longer integration time will
increase the signal to noise ratio as envisaged.

Data analysis and results—Every saved file is divided in
chunks of 2! samples, corresponding to ~4 ms duration:
on each of these chunks the complex fast Fourier transform
is performed, with a resulting bin width of Avy;, ~ 268 Hz.
These down-converted power spectra (PSD) span the actual
range [f1o — 2.2 MHz, f1o + 2.2 MHz], with the cavity
frequency belonging to the upper half of each spectrum.

Some preprocessing of the data is due. First, a systematic
unwanted intruding power at the mixer level, coming from a
defective grounding of the HEMT amplifier power supplies,
is removed. Such a defect occasionally introduces an addi-
tional ~4 mK of equivalent noise temperature power in two
~50 kHz wide regions symmetrical with respect to f1 . The
disturbance is symmetric about f o and is removed from the
upper half of each PSD using lower half values.

The stability of the detection chain gain and of the cavity
resonance frequency at each measurement P,, are checked.
The former is estimated by injecting a low power pure tone
in the detection chain at a frequency f . = f1.o — 200 kHz.
The measured power at f ., obtained for all blocks of 512
consecutive PSDs (about 1.9 s) of a specific P,,, is used to
normalize all its PSDs. Another required normalization
takes into account frequency-dependent contributions of
the amplification chain, namely, the TWPA gain profile and
the transmissivity of the ADC input filters.

The stability of the cavity resonance frequency can be
checked by fitting the power spectra in a region around f,.
with a Fano-like function [26,30]. This is performed on the
average of 20 x 512 consecutive PSDs, corresponding to a
38 s time window. In case of variations of the resonance
frequency above 20% of the cavity linewidth in a point P,,,
varied data are moved to a new measurement point. This
process increases the number of measured points to 147,
each having a corresponding averaged spectrum, with
proven constant cavity resonance frequency, quality factor,
and antenna coupling.

For each averaged spectrum a frequency window of
maximum three cavity linewidths inside the interval [f1 o +
0.5 MHz, fi o + 1.5 MHz| is selected. To recover the
appropriate power units, the spectra are normalized, at the
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FIG. 4. Axion-photon coupling exclusion regions at 90% CL as a function of axion mass from this work, previous QUAX results
[26-30] and other cavity haloscope searches: RBF [43,44], UF [45,46], ADMX [17,47-54], CAPP [18,55-64], HAYSTAC [19,65-68],
TASEH [69], CAST-CAPP [70], RADES [71,72], ORGAN [37,73], and recent results using a single microwave photon detector
(SMPD) [74]. The yellow band encloses the expected axion photon coupling as predicted in phenomenologically preferred models for
which the anomaly coefficient ratio E/N € (5/3,44/3) [75,76], generalization of the standard KSVZ model (E/N = 0) [8,9]. Lower
panel shows the closeup of the results of this work, in order to better identify the exclusion region for the models with E/N = 44/3 and
29/3. The missing band at about 42.017 peV is due to data removal for rf contamination. Plot generated using [77].
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cavity peak f ., to the power given by the noise temperature,
L.e., kpTsys ALy, Where kg is the Boltzmann constant. The
spectra are then divided by the Lorentzian cavity line shape
to obtain an input noise spectrum S,, (f) for each P,,, where
it is possible to look for an added axion signal.

For each S, (f), a Savitzky-Golay (SG) filter, with
polynomial order 4 and window range ~110 kHz, is used
to estimate the baseline Sy, ,(f). To search for axion excess
power, confidence belts (CBs) are computed using
Monte Carlo simulations. Axion signal power is given by

ncp, 2nv
_ 2
PV, Va) = Gayy m2 : Moa

fa,va), (1)

where g,,, is the coupling constant of the axion-
photon interaction, m, = hv, is the axion mass, p, ~
0.45 GeV/cm? is the local dark matter density [39] with
Maxwell-Boltzmann distribution f,(v,v,), characterized
by a width 5, ~ 10 kHz in the Earth reference frame [40].

The entire measurement window is analyzed at the
hypothetical frequencies v, spaced by &, /2. Assuming
the Dicke radiometer equation and using as baseline
Spim(f) + k- P4 (v,1), 10000 random spectra have
been generated for each v/, and all k. The values of k
are chosen such that the signal to noise ratio (SNR) ranges
from O to 10 at steps of 0.25. SNR =1 occurs when &k -
P¢ (v,u},) integrated in I, = [V}, v}, + 6, ] is equal to the
variance of the noise in the same interval. The chosen
interval is proven to maximize the SNR for the axion
line shape in Eq. (1). Axion power is calculated using
gV (v, ~10.2 GHz) ~ 1.67 x 1074 GeV~', the coupling
constant of KSVZ model [8,9]. These data are used for the
construction of the CBs after a baseline removal. Every
CB is corrected to take into account the excess power
non-negativity [41]. All the CBs show that the SG filtering
is responsible for a ~30% underestimation of the axion
power [42].

In order to have an expected false alarm rate of one per
month, the detection threshold is set to SNR = 4.5 using
receiver operating characteristic curves. Since no rescan
candidate is found, the PSDs are used to set a 90% con-
fidence level (CL) limit on the coupling constant g, using
Eq. (1). Figure 4 shows the resulting limits, which include
the error budget for the measured cavity and receiver
parameters, accounting on average about 4%. Hadronic
axion models with anomaly coefficient ratio E/N = 44/3
(E/N = 29/3) are excluded in a mass interval of 153 neV
(136 neV), located between 41.991 and 42.234 peV [12]. As
a global characterization of the apparatus, a 90% CL limit
sensitivity of about |g,,,| ~ 3.4 x |gKSVZ| over a 300 kHz
band is reached on average with an integration time of 1 h.

Conclusion and outlook—The scanning within a
~60 MHz extended region with a sensitivity to axion-
photon coupling up to the KSVZ class of models presented

in this Letter is a significant advancement in the search
for dark matter axions in the well motivated region
m, 2 40 peV. This outcome relies on the use of a dielectri-
cally loaded tunable cavity designed to have large effective
volume even at high frequency, and on a quantum-limited,
wide-bandwidth detection chain that we successfully oper-
ated in the presence of a strong magnetic field. Moving
forward, the QUAX apparatus will be enhanced by a more
powerful magnet, and in addition a duty cycle increase is
foreseen, thus heading for better sensitivity and faster scan
rate. This apparatus lays the foundations for a tunable QCD
axion haloscope capable to cover the proposed frequency
range from 9.5 to 11 GHz.
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