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Abstract

The MAgnetized Disk and Mirror Axion eXperiment (MADMAX) is a future experiment
aiming to detect dark matter axions from the galactic halo by resonant conversion to photons
in a strong magnetic field. It uses a stack of dielectric disks in front of a mirror, called
booster, to enhance the potential signal from axion-photon conversion over a significant
mass range. Several small scale prototype systems have been developed and tested to verify
the experimental principles. Two recent dark matter searches, setting already world-leading
limits, with such systems are presented, demonstrating the high potential of the dielectric
haloscope concept.

1 Introduction

Dark matter still provides one of the biggest mysterys of todays physics. Originally pre-
dicted to explain the absence of CP-violating effects in the strong interaction, axions are
also prominent candidates to explain dark matter (DM) in the Universe due to their abun-
dant production in the early universe and small mass. If axions make up all of DM, our
galactic halo will provide axions with a local density p, of 0.3 GeV/cm®. To detect them,
haloscope experiments are using an external magnetic field (B.) to convert axions to pho-
tons with a coupling strength |gq~|, effectively sourcing an electric field with frequency (v,)
given by the axion mass (m,). Haloscopes in the form of radio frequency (RF) cavities have
already covered a significant parameter space in the range of 1<m, <40 peV, corresponding
to 0.25< v, <10 GHz. Since they scale inversely with frequency however, higher frequencies
are difficult to probe. As a result the mass range above 40 peV is basically uncovered even
though it is very well motivated in the DM scenario in which the breaking of the Peccei-Quinn
symmetry, generating the axion, happens after inflation .

2 MADMAX Experiment

MADMAX 2 proposes a novel detector concept, called a dielectric haloscope, to explore
this mass range. It is based on the magnetized mirror axion DM search idea 3, also called
a dish antenna, and uses a booster composed of parallel dielectric disks and a mirror to
enhance the axion signal. Non-relativistic axions in an external magnetic field result in
an approximately constant effective current J, = gq,Bed which sources an electric field.
With the dielectric discontinuities at the interfaces of the disks, this current leads to photon
emissions in line with continuity requirements of Maxwells theory. Depending on the disk
positioning and number of disks, the measureable power of those emissions Py, can be
amplified by constructive interference and resonances over that of just a mirror Py by the
boost factor 52 = Pg;q/Py. This set-up allows us to decouple the conversion volume from
the photon wavelength providing a possible way towards detecting axions at m, ~ 100 ueV *.
Assuming a booster composed of 80 dielectric disks, of A=1 m? surface, housed in a 4 K
cryostat inserted in a 10 T dipole magnet, an axion with a coupling strength |ge,| ~ 2 -
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Figure 1 — Sketch of the closed MADMAX booster prototype with 3 disks of 20 cm diameter and a mirror inserted
in a casing ®. The heterodyne receiver system, located outside the magnetic field B, is composed of low noise
amplifiers (LNAs) and filters coupled to a commercial real-time spectrum analyser.

10~ GeV™! seems to be within reach for detection with a signal-to-noise ratio (SNR) of 5
after a few days of measurement time (At), according to the sensitivity calculated as:
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Such a booster system is able to scan an axion mass range by moving the disks with piezo-
electric motors with a precision of O(um). All these constraints guide the final MADMAX
design, planned to be located at DESY in the H1 iron yoke.
Since 2020 an intense prototyping phase has started to validate the concept and gradually
build the final booster. The idea is to operate small-scale prototype boosters composed of 20

or 30 cm diameter sapphire disks to validate the dielectric haloscope concept and to perform
first DM searches in an uncharted phase space as detailed in the next sections.

(1)

3 First axion dark matter search with a dielectric haloscope

Following the acceptation by the CERN Research Board in 2020, the MADMAX prototypes
are tested during the beam shutdown period in a dipole magnet of 1.6 T located in the North
Area. During winter 2024, 14.5 days of data were taken with the closed booster prototype
shown in Figure 1 — closed since disks are located in a casing. This setup allows changing the
frequency of sensitivity by either re-assembling it with separation rings of different size or by
changing the mirror position in @(num) using the attached tuning rod. This way, data with 2
configurations centered on 18.55 and 19.21 GHz were obtained, corresponding to 76.72 and
79.45neV axion masses. The boost factor is determined using its strong correlation to the
reflectivity of the system, extracting all required model parameters by a fit of a booster model
implemented in ADS software®. The peak values of 52 are around 2000 with uncertainties
around 15% (Figure 2 top left). The data analysis procedure followed that of HAYSTAC ©.
It combines a set of individual power spectra to a grand spectrum, filtered using a Savistky-
Golay function. In absence of an axion signal, the grand spectrum is expected to be a
Gaussian centered on 0 with a width of 0.94%. As shown in Figure 2 top right, no signal
is visible. An upper limit is extracted in the |gq|-mq plane (Figure 2 bottom), exceeding
previous world-best limits from the CAST helioscope and astrophysical indirect constraints
in a mass range of 0.40 peV around 78peV °. This result validates for the first time the
dielectric haloscope concept in a magnetic field.

4 First dark photon dark matter search with an open dielectric haloscope

The next step is to operate an open booster, i.e. a booster without the casing shown in
Figure 1. This prototype is equipped with 3 fixed disks and a mirror of 30 cm diameter
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Figure 2 — Results of the closed booster axion DM search ®. Top left: Boost factor for the 5 configurations.
right: Grand spectrum around 18.55 GHz. Dashed grey lines indicate the envelope of expected amplitude in
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Figure 3 — Results of the open booster dark photon DM search 7. Top left: Boost factor measurement. Top
right: Grand spectrum around 19.5 GHz. Bottom: 95% CL exclusion limit in the x — m, where x is the mixing

parameter between photon and dark photon.



and operates at room temperature without magnetic field in a shielded laboratory. Instead
of relying on modelling the booster response, in this case the boost factor is determined
by measuring the antenna induced electric field within the booster setup using a bead pull
method and then relying on reciprocity to calculate the expected axion signal power from
that 89. The boost factor distribution is shown in Figure 3 top left, where the insets show
the transverse electric field between the mirror and the first disk at the indicated frequencies
(stars). The additional smaller peaks in the 32 distribution stem from additional resonances
between the antenna and the booster system, due to the non-perfect matching between the
booster mode and the antenna. A 32 peak of around 600 is obtained with an uncertainty
around 15%. Using this open booster set-up, a dark photon DM (x) search was performed
during 12 days. Figure 3 top right shows the grand spectrum where no signal of unknown
origin is observed. Figure 3 bottom shows the corresponding 95% CL exclusion limits in the
X — my, plane. MADMAX set the world best limits in a large 78.6 peV to 83.9 peV mass
range, 1 to 3 orders of magnitude below the previous limits 7, assuming a local dark photon
DM density of p, = 0.3 GeV/cm?®. This result demonstrates the broadband capacity of the
MADMAX booster. The axion search described in section 3 is also reinterpreted in terms of
dark photon mixing x and included in Figure 3.
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Figure 4 — Left: Sketch of the MADMAX prototype cryostat. Right: Physics reach of the MADMAX closed
booster prototypes (CB100 and CB200) in 2024 as well as the final open booster (OB300) in 2026-28.

5 Towards the final MADMAX experiment

To reach the full scanning capacity of MADMAX, the disks of the open booster must be
movable. A setup using piezoelectric motors'® to move a disk has been demonstrated to work
mechanically within a magnetic field of 1.6 T and at cryogenic temperatures down to 35 K.
The measurements of the velocity and positioning accuracy of the disk are found to match
the MADMAX requirements ''. As a final step of the prototype program it is planned to
perform long runs with an open booster composed of 3 to 20 movable disks of 30 cm diameter
in the CERN dipole magnet during the LHC shutdown in 2026-29. The booster will be placed
in a stainless steel cryostat (Figure 4 left) that is currently being tested at the University of
Hamburg. Operating such an apparatus for 3 months per year would significantly increase
the mass coverage as well as the sensitivity, as shown in Figure 4 on the right.

6 Conclusion

The MADMAX collaboration is proposing to use for the first time a dielectric haloscope
to scan the axion mass around 100peV. It is presently in a vivid prototyping phase to
demonstrate the capacity of this new concept. By setting already leading limits on the axion
and dark photon parameter space within the frequency range of 18 GHz to 20 GHz using
prototypes, the power and versatility of the dielectric haloscope concept is demonstrated.
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