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First axion search results of the SUPAX prototype experiment
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The SUPerconduction AXion search experiment (SUPAX) is a future haloscope-type detector designed to
probe axionlike particles as candidates for dark matter and solutions to the strong-CP problem in the mass
range between 8 peV and 30 peV. In the course of the preparation of SUPAX, a prototype experiment was
built and operated. Using a copper cavity, cooled down to a temperature of 2 K and operated in a magnetic
field of 12 T, we probe axion masses around 34 peV and exclude axion-photon couplings down to

|9ayy| > 1.6 x 10713 GeV~'. The data were also used to exclude dark photons in the same mass range with

a kinetic mixing parameter of y > 1.4 x 10~'2. Details of the experimental setup and the analysis strategy

are summarized in this paper.

DOI: 10.1103/n4gd-k232

I. INTRODUCTION

The quantum chromodynamics (QCD) axion is a hypo-
thetical pseudoscalar particle originally proposed to resolve
the strong CP problem in QCD [1-3], which questions why
the strong interaction appears to be fine-tuned to guarantee
CP conservation. Beyond this fundamental theoretical
motivation, the axion also emerges as a compelling dark
matter candidate [4-9]. Various cosmological models pre-
dict that axions produced in the early Universe could
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constitute a significant fraction, or even the entirety, of
the observed dark matter. These models also relate the axion
mass to its relic abundance, with many simulations favoring
masses in the range of a few tens of peV and above [10].

A broad range of experimental strategies have been
developed to search for axions, most of which exploit their
predicted coupling to photons via the inverse Primakoff
effect [11]. In this process, axions can convert into photons
when interacting with a strong magnetic field, providing a
basis for resonant detection schemes.

Among the most promising and widely pursued tech-
niques is the haloscope approach [12]. In a haloscope,
axions from the Galactic dark matter halo are expected to
convert into microwave photons within a resonant cavity
immersed in a strong magnetic field. The cavity is tuned to
match the expected axion mass, maximizing the conversion
signal. Several state-of-the-art experiments, such as ADMX
[13,14], HAYSTACK [15,16], RADES [17], QUAX [18],
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and CAPP [19,20] have successfully employed this tech-
nique and continue to probe axion masses across different
frequency bands.

In this context, the SUPerconduction AXion search
experiment (SUPAX) [21] is being developed as a next-
generation haloscope at the University of Bonn. As a first
step, a prototype experiment has been constructed and
operated to test key components and evaluate system
performance. The prototype employs a 14.1 T supercon-
ducting solenoid magnet, a precision-machined copper
cavity with a quality factor of 5x 10* and a resonance
frequency of 8.3 GHz, and a low-noise signal readout with
transistor based amplifiers. The entire setup is operated at
liquid helium temperatures to minimize thermal noise and
enhance sensitivity. In this paper, we present the design and
first experimental results from the SUPAX prototype, laying
the groundwork for the full-scale experiment.

This paper is structured as follows. After a brief explan-
ation of the expected signal in Sec. II, the experimental
setup is detailed in Sec. IIl. Data analysis and results are
discussed in Sec. IV, followed by an outlook to the next
stages of the experiment.

II. THEORETICAL BACKGROUND: AXION
SIGNAL IN A RESONANT CAVITY

Axions and axionlike particles (ALPs) are pseudoscalar
fields a(x) predicted to couple weakly to photons via the
Lagrangian term,

1 -
’CW}’ = _Z|gayy‘aF/wFW - |gayy|aE . B, (1)

where |g,,,| is the axion-photon coupling constant, F,, is

the electromagnetic field strength tensor, F** is its dual, and
E and B are the electric and magnetic fields, respectively.
In the presence of a background magnetic field B, this
interaction leads to the conversion of axions into photons,
which forms the basis for haloscope experiments.

Assuming the standard cosmological halo model
where axions with mass m, play the role of cold dark
matter [22,23], the axion field can be approximated as a
classical, spatially coherent oscillating background:
a(t) = agcos(m,t), where a, is the amplitude, related to
the local dark matter density p, via p, = m3a3/2.

Inside a resonant microwave cavity permeated by a static
magnetic field B, the axion field acts as a source term for
Maxwell’s equations, inducing an oscillating electric field
at the frequency corresponding to the axion mass. The
resulting power deposited into a resonant mode of the
cavity is [24]

g1
— B(Z)VCQeff’?flzfsgo, (2)

Psig = |ga}/7|2pamm
a

where B is the external magnetic field, V is the volume of
the cavity, and C is the form factor of the cavity mode,

defined as

C = |fV Ec i BOdV|2 )
VB; [, e(x)[E [*aV

(3)

The form factor is a measure of the overlap of the external
magnetic field with the electric field of the cavity mode E_,
where ¢(x) is the permittivity in the resonant cavity. Q. is
defined as Q. = min(Q;, Q,), where Q; is the loaded
quality factor of the cavity, Q, ~ 10° is the effective quality
factor of the axion signal due to its narrow energy spread,
and » summarizes any experimental losses.

The expected signal is a narrow-band, quasimonochro-

2
myc

matic peak centered at a frequency v, = =~ with a relative
linewidth Av/v, ~ 107, corresponding to the virial veloc-
ity distribution of dark matter particles in the Galactic halo.
The noise term is given by

1 1
kBTsys :hD<W+E+NA>, (4)

where N, is the noise from the amplifier, and T is the
physical temperature of the system. The signal-to-noise
ratio (SNR) for an integration time ¢ is then calculated as

P

sig !
/7’ 5
kB T'SyS Av ( )

where T is the system noise temperature, and Av ~
v,/Q, is the bandwidth of the axion signal.

Maximizing sensitivity thus requires a high magnetic
field B, large cavity volume V, high-quality factor Q;, and
low system noise temperature 7';. The SUPAX experiment
is designed with these requirements in mind, targeting axion
masses in the range 8 peV < m, < 30 peV using tunable,
superconducting cavities within a 12 T solenoidal magnetic
field at 10 mK ambient temperature. The prototype experi-
ment has been performed with B = 12.1 T, Ty, = 9.99 K
at 2 K ambient temperature and a resonance frequency of
8.27 GHz.

SNR =

III. EXPERIMENTAL SETUP

The basic principle of a haloscope experiment is sche-
matically illustrated in Fig. 1, where the axion conversion in
a magnetic field within an electromagnetic cavity is shown.
The resulting signal is amplified, converted to a lower-
frequency band, and digitized. The resulting time series is
Fourier-transformed into the frequency domain and ana-
lyzed for any excess power around the resonance frequency.
This setup is implemented as a prototype of the SUPAX
experiment located at the University of Mainz; it utilizes a
liquid-helium cryostat inserted into the room-temperature
bore of a 14.1 T magnet located at the Helmholtz-Institute
Mainz. A schematic drawing of the setup is shown in Fig. 2.
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FIG. 1. Tllustration of the basic principle of a haloscope search
experiment.

The temperature of the cryostat can be adjusted between 1.5
and 300 K as needed and is stabilized to better than 0.1 K.
The magnetic field can be adjusted between O and 14.1 T
with a ramp time of approximately 5 h.

The cavity has a rectangular shape and inner dimensions
of 150 x 30 x 22.8 mm optimized to fully utilize the
available space while keeping the TM;, mode separated
from the next mode by at least 100 MHz [21]. The corners
are rounded (» = 9 mm) to reduce boundary effects. Further
details of this cavity are found in [21] in Sec. IV. The
resulting resonance frequency of the TMy;y mode is f =
8.27 GHz at cryogenic conditions, corresponding to an
axion mass of my = 2zh - f ~ 34 peV.

During cooling of the cavity to 7 = 2 K, it is filled with
helium vapour at an adjustable pressure. The resonance
frequency shifts from 8.4 to 8.27 GHz as the effect of the
dielectric property of liquid helium vapour compensates for
the frequency increase due to thermal contraction of the
cavity itself. This effect allows tuning of the resonance
frequency via changes in helium pressure, as described
in [21].

The cavity has one critically and one weakly coupled
port. The critically coupled antenna (f = 1) is connected
via a circulator to a cryogenic low-noise amplifier

LNA (380B)

f————to spectrum analyser

signal injection

He return ~7|
— to vacuum pump

IHe feed —>|
+— IN2 feed

Cavity support
Cryo Attenuators

IHe Cryostat

Cryo LNA (360B)
Cryo circulator

Cavity

14T solenoid magnet

Sample tube

FIG. 2. Sketch of the experimental setup of the prototype
experiment for SUPAX.

(LNF-LNC4_16B) with 36 dB gain, followed by a real-
time spectrum analyzer (RSA) with an internal SI25 dB
amplifier outside the cryostat. For characterizing the
cavity, a network analyzer is connected to both cavity
ports as well as the third port of the circulator, allowing a
full set of S-parameter measurements. AU: The acronym
VNA was deleted because it was only used once (per PRD
guidelines).In this configuration, the weakly coupled
antenna (f# <« 1) is used to inject signals from a vector
network analyzer via a 20 dB attenuator. The measured S
parameters agree well with values obtained by finite-
element simulation, which is also used to optimize the
antenna lengths. The unloaded quality factor is determined
to be Qy = 5.2(2) x 10*, and the coupling j of the readout
antenna is measured to be f = 0.87 £ 0.06.

The RSA is controlled via custom developed software. A
10 MHz window around the center frequency is read out by
the RSA and sampled at a rate of 28 MS/s. AU: The
acronym IQ was deleted because it was only used once (per
PRD guidelines).The real-time data of both quadratures are
streamed from the device and converted via a fast Fourier
transform into the frequency domain with a readout band-
width of 1 kHz. The resulting spectra from 1 s intervals are
averaged in real time and stored for offline analysis.

IV. DATA ANALYSIS AND RESULTS

The details of the analysis methodology, as well as the
data format and specifics of the data acquisition, are
discussed in the conceptual design report [21]. The exper-
imental parameters relevant for the axion data taking are
summarized in Table L.

The cryostat was operated at 2.0 K with the pressure
ranging from 30 to 90 mbar. As described in [21], varying
the pressure enables tuning of the resonance frequency,

TABLE 1. Summary of experimental parameters and uncer-

tainties. Ty, is measured as described in [21].

Symbol Quantity Value

oM Local DM density 0.45 GeV/cm®

v Effective volume (102600 + 310) mm?

C Overlap of TM;p mode 0.549

with B field

{cos? ) Random polarization 1/3
exclusion factor

(cos?@)gre! Fixed polarization 0.0479
exclusion factor

o Loaded quality factor 27620 £ 650

s Coupling factor 0.87 £0.06

n Cable signal attenuation 0.85 +0.05

Ty System noise temperature (10£0.5) K

Av Bin width 960 Hz

T Total integration time 10318 s

B External magnetic field (120£0.1) T
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FIG. 3. Amount of collected data in seconds per frequency

interval. For each shaded area, the cavity is tuned to the center
frequency of the plotted resonance curve, where the width is
taken from the measurement. The amplitude of each curve
corresponds to the measurement time at that frequency.

which allowed scanning a frequency range of approxi-
mately 1.4 MHz. The effective measurement time as a
function of the set frequency is shown in Fig. 3.

A. Constructing the grand unified spectrum

The construction of the grand unified spectrum (GUS) is
briefly explained in the following, while it is described in
detail in [21]. First, the recorded spectra for a given
measurement frequency interval, as illustrated in Fig. 3,
are integrated. The resulting raw spectra 5fk1, where i
denotes the index of the spectrum and k denotes the
frequency bin within each spectrum, are processed with a
Savitzky—Golay (SG) filter [25] to remove the cavity’s
resonance and electronic residual structures,

5 =y, (6)

v

The filtered spectra 5{k are rescaled by dividing them by the
corresponding cavity Lorentzian,

1
S LHA0L(f/fh - 1)

Li(f) (7)

normalized to 1 at the resonance frequency where every
spectrum 7 has its own resonance frequency f7,. For these
rescaled spectra &3, the noise of every bin o7, is scaled as

s o
O = Lflk and o} = i (8)
ik ik

where af is the standard deviation of the ith spectrum.

"The superscript in o7, refers to the processing stage: r = raw, f
= filtered, s = rescaled by resonance curve, g = GUS.

0101 Lower Boundary
,,,,,,,,, Upper Boundary
0.05 t Gus

0.00

GUS (&%)

—0.05

—0.10

82650 82655 82660 8.2665 82670 82675 8.2680
Frequency [GHz]

O = N W

GUSin o (68 /c})
L

(I
w N

8.2656 8.2658 8.2660 8.2662 8.2664 8.2666 8.2668
Frequency [GHz]

FIG. 4. Grand unified spectrum of the analysed data. Left:
absolute values of the grand unified spectrum over the entire
frequency range, where most sensitive range is between the
vertical dashed lines. Right: zoom into the most sensitive range
showing the normalized values in units of ¢f. Small absolute
values of GUS indicate high sensitivity.

Finally, the GUS &} with uncertainty o9 is built by adding
all spectra weighted by their inverse variance,

Gi = Z(G}?k)z : wlzk- (10)

The resulting GUS over the whole frequency range, as well
as a zoom into the most sensitive range, is shown in Fig. 4.

The GUS is now considered only in the sensitive area of
the experiment between 8.2655 and 8.2669 GHz. In the
absence of a dark matter signal, the GUS should be nothing
but white noise. Thus, we can compare the expected
(indicated by daggered variables) power fluctuation az =
ﬁ to the measured one o} where Av is the bin width and
7 the total integration time. Since in the construction of the
GUS we rescale ng in Eq. (8), we need to rescale oz in the

same fashion to compare them (c})" = a,t /Ly, see Fig. 5.
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B. Limit setting

The limit-setting procedure follows the approach
described in [21]. Under these assumptions, the axion-
induced signal is described by the line shape [26],

f(l/):i \/51 : sinh | 3r A= va)

Va\ V2ry, () V()
wexp | 3 —va) 37
Pl ) "

Here, v, denotes the frequency corresponding to the rest
mass of the axion, and (#%) = (v?)/c? is the second
moment of the Maxwell-Boltzmann velocity distribution,
defined as (v?) = %v% The local Galactic circular velocity
is taken to be v, = 220 km/s, which sets the characteristic
velocity dispersion of virilized axion dark matter in the
Solar neighborhood.

The distance from the Galactic Center is given by r =
v2/{(v?) ~ \/2/—3 [26]. The continuous line shape is then
discretized as

vat+qAv
D, = / fv)dv, (12)
v,+(g—1)Av

and subsequently processed with a Savitzky-Golay (SG)
filter using the same parameters as those applied during the
construction of the GUS. This procedure accounts for the
impact of the SG filter on the line shape of a potential dark
matter signal. The resulting SG-filtered signal shape,
denoted by Dg, can then be searched for in the GUS
following the same methodology described in [21].
Assuming that 5i is Gaussian distributed, the likelihood
function for each bin k converges to a y* distribution of &7,
with the signal model given by y(k,A) =A-D3. The
likelihood function is therefore written as

L = e_%S(‘SZ‘A), with
g 2
) )= 3 B =2)
S(5k,A)— d T. (13)

S(57,A) follows a y?* distribution. The upper limit on the
signal strength Ay is found by solving

f(?UL e—%S(&i,A)dA

l-a= fooo e—%S(é‘Z.A)dA :

(14)

The upper limit Ay is determined for a significance
level of a = 0.05, corresponding to a 95% confidence

000161 Measuredof

0.0014 1 —— Expected (c°)*

0.00121 77 Mean of (0.3)+
0.0010
0.0008

0.0006

Relative power fluctuation

0.0004
8.2656 8.2658 8.2660 8.2662 8.2664 8.2666 8.2668
Frequency [GHz]
FIG. 5. Rescaled expected [(¢*)"] and measured [67] noise

power fluctuations agree apart from an offset that is originating
from the maximum likelihood weighting of the measured GUS
giving an edge over the simple integration time weighting of the
expected noise.

level. Interpreting Ayp, as a measure of the excess signal-
to-noise ratio, the maximum signal power Pg that can
be excluded in the measured data is determined for
each bin k as PX =AY, - P%, where the noise power is
given by Py = kg, Ty, Av. Using P, the corresponding
axion-photon coupling is extracted using Eq. (2). The
experimental parameters entering this extraction are sum-
marized in Table I, where the overlap of TM(;, mode with
B field is calculated using finite element electromagnetic
simulation to be C = 0.55. The uncertainty on the mag-
netic field strength is obtained from the difference of the
magnet controller set point and independent nuclear
magnetic resonance measurements of the proton Larmor
frequency using the known proton gyromagnetic ratio.
Field homogeneity mapping in the location of the cavity
and field stability measurements indicated spatial and
temporal field variations at the millitesla and microtesla
levels, respectively, during the measurement period.

The noise power per bin, Py, is determined by the system
noise temperature T, and the bin width Av according to
Eq. (5). For each bin k, the value of Ay is obtained
numerically. The resulting exclusion limits on the axion-
photon coupling are shown in Fig. 6. These limits range
from 1.6 x 107" to 5.3 x 10713 GeV~! over a frequency
band of 1.44 MHz centered at f, = 8.2662 GHz.

Assuming no signal contribution from axions, the deter-
mined limits on the signal power Ay can be directly used to
set limits on the kinetic mixing parameter of the dark photon
by adjusting the signal model accordingly. The coupling limit
found for axions |g,,,| is then recalculated into a limit on the
dark photon kinetic mixing parameter y following [21] as

B?eyh*cd
2= P 15
){ |gayy | szM <C0520> %xcl. ( )
In the fixed-polarization scenario, the expected overlap factor
of the dark photon field with the cavity axis (cos?@)$x! is
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FIG. 6. Measured limit on axion coupling |g,,,,| (left axis) and
kinetic mixing parameter y assuming fixed polarization (right
axis) in dependence of the frequency. The limit on y assuming
random polarization is 6.96 times lower. In the figure, a constant
frequency and therefore fixed recast factor between |g,,, | and y is
assumed, yielding a negligible systematic shift for low and high
frequencies of 0.01% on y.

calculated for a finite data acquisition time T as described in
[27] for the chosen confidence level of 95%. In the random
polarization scenario this factor becomes 1/3. All other
parameters are given in Table I. The recast limits on the dark
photon kinetic mixing parameter are presented on the right
side of Fig. 6 and range between y <2 x 107 to
x < 6.3 x 107! for the random-polarization scenario and
7 <52x107" to y < 1.6 x 10713 for the fixed-polariza-
tion scenario.

The results presented in this work are compared with
existing experimental constraints in Fig. 7 for the axion-
photon coupling and in Fig. 8 for the fixed-polarization
dark photon kinetic mixing parameter. Despite the limited
data-taking period, competitive exclusion limits are
obtained from the initial 3 h measurement run of the
SUPAX prototype experiment. These results were achieved

Frequency [MHz]
10° 10*

Neutron Stars

ORGAN

po = 0.45GeV cm 3
—_—— —_— -

10~

_
2
&
o
i
i

mg [eV]

FIG. 7. The measured axion-photon limit displayed in blue at
m, = 34 peV in comparison to other results taken from [28].

Frequency [GHz]

Cosmology
FAS!

WISPIDMX

XVINAVIN

Dark E-field

ppm = 0.45 GeV cm 3 ADMX I

T —— T ——
106 10-° 104
Dark photon mass [eV]

FIG. 8. The measured limit on the dark photon kinetic mixing
parameter in the fixed-polarization scenario, shown in blue at
m = 34 peV, in comparison to other results taken from [28],
including the dedicated supax dark photon results (dashed line)
from [21].

using a novel tuning mechanism (tuning the helium gas
pressure) that enabled efficient coverage of a 1.4 MHz-wide
frequency range, demonstrating the viability and discovery
potential of the experimental concept.

V. CONCLUSION AND OUTLOOK

The SUPerconduction AXion search experiment (SUPAX)
is a planned haloscope experiment aimed at detecting
axionlike particles (ALPs) at the University of Bonn, which
are compelling candidates for dark matter and offer a
potential solution to the strong-CP problem. Targeting
the mass range between 8 and 30 peV, supax will utilize
superconducting cavities in a strong magnetic field with
advanced tuning mechanisms combining mechanical tuning
with sapphire rods with pressure based tuning down to
temperatures of 300 mK to achieve high sensitivity to ALP-
induced signals [21]. The increased magnetized volume will
allow the simultaneous operation of up to three cavities.

As a preparatory step, a prototype experiment was
constructed and operated, employing a copper cavity with
a quality factor of 5 x 10, cooled to a temperature of 2 K,
and placed within a 12.1 T magnetic field. A narrow mass
range of 0.006 peV (1.4 MHz) width around 34 peV was
probed by tuning the cavity resonance frequency via
precise changes of the gas pressure. Axion-photon cou-
plings larger than |g,,|> 1.6 x 107"% are excluded at
95% confidence level under the stated assumptions. With
this result, approximately three years after the idea of the
SUPAX experiment, we can report on the successful design
and construction of an radio frequency cavity, the entire
data-acquisition system, and data analysis.

With the gained experience, a new Sikivie-type halo-
scope is being presently developed. Two identical setups
will be constructed, operating at a temperature down to
10 mK and providing a 12 T magnetic field while utilizing
near quantum limited readout for the initial phase. One
setup will be constructed at the university of Mainz and the
second one at the University of Bonn, both to be commis-
sioned by the end of 2026. While the haloscopes will be
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used to search for axions, as detailed in [21], they will also
search for high-frequency gravitational waves within the
sensor network, GravNet [29].
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