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Abstract

The axion and dark photon are two popular dark matter candidates with expected
masses below 1eV. The axion was originally predicted by a solution to the strong
CP problem, that is, the unexpected absence of charge-parity (CP) violating effects
in quantum chromodynamics (QCD). Its small coupling to the Standard Model
and simple production mechanism sparked a strong interest in the axion as a dark
matter candidate and various experiments started searching for it. An example are
haloscope experiments that aim to detect axions from the local dark matter halo.
They employ highly resonant microwave cavities that enhance the conversion of
the axion to the photon in external magnetic fields. These experiments are also
sensitive to the dark photon, which mixes with the Standard Model (SM) photon
with the practical advantage of not requiring a magnet. However, their sensitivity
decreases significantly at masses above 40 1eV.

Therefore, the MAgnetized Disk and Mirror Axion eXperiment (MADMAX)
was designed to search for axions in the mass range of 40peV to 400neV. It
uses the dielectric haloscope concept that, instead of a cavity, employs a booster
consisting of a stack of dielectric disks and a mirror to enhance the axion-photon
conversion. By moving the disks, the axion mass to which the booster is sensitive
can be tuned. MADMAX has developed several prototypes categorized as open
boosters, which have open boundaries around the disks and mirror, and closed
boosters, which are encased in a metal cylinder. To enable free movement of the
disks, MADMAX aims at employing an open design for the full-scale setup. The
closed booster design allows for easier modeling.

Determining the sensitivity of a dielectric haloscope presents a major challenge.
No axion-like calibration source exists and the large detector size compared to the
photon wavelength A of O(10*)\3) renders full-wave simulations difficult. There-
fore, a single-mode booster model is presented that is capable of replacing time-
consuming and computationally expensive full-wave simulations of closed booster
systems. Additionally, connecting a receiver system to the dielectric haloscope
modifies its electromagnetic response by reflecting part of the emitted signal power.
The change is quantified using a model of the noise emitted by the receiver, which
is shown to reproduce power spectra of the dielectric haloscope. The presented
methods enabled the first dark matter searches by the MADMAX collaboration.

An axion search with a closed booster prototype, encased in an aluminum cylin-
der, placed limits on the axion in the mass range 76.56 peV to 76.821eV and
79.3111eV to 79.53 peV down to an axion-photon coupling of g, ~ 2x 107" GeV ™",
The receiver system caused a decrease of the expected axion signal power by up



to 20 %. The full procedure to determine the experiment’s sensitivity, using the
booster and receiver noise model, is presented. The limit is world-leading within
its mass range, demonstrating the viability and competitive sensitivity of dielectric
haloscopes.

A dark photon search using an open booster prototype, with free-standing disks
with open boundaries, placed limits on the dark photon mass range of 78.62 peV
to 83.951eV. The peak sensitivity to the kinetic mixing of the dark photon with
the SM photon of y ~ 2 x 107! surpasses previous limits by up to three orders
of magnitude. Its sensitivity in absence of the receiver system was determined as
part of the PhD thesis by J. Egge. Using the receiver noise model, the receiver
system was found to increase the expected dark photon signal power by up to 25 %,
demonstrating that the noise model is applicable to a broad range of configurations.

These dark matter searches provide a solid foundation for future MADMAX
experiments. With the necessary tools in place, efforts can now focus on enhancing
the experiment’s sensitivity and extending its reach to a broader mass range.
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Zusammenfassung

Das Axion und das Dunkle Photon sind zwei viel diskutierte Kandidaten fiir Dun-
kle Materie mit erwarteten Massen unterhalb von 1eV. Das Axion wurde ur-
spriinglich als Losung fiir das starke CP-Problem vorhergesagt, d. h. die uner-
wartete Abwesenheit von Effekten, die die Ladungs-Paritdt (CP) in der Quan-
tenchromodynamik (QCD) verletzen. Seine schwache Kopplung zum Standard-
modell und einfacher Entstehungsmechanismus weckten grofles Interesse am Ax-
ion als Kandidat fiir dunkle Materie, und verschiedene Experimente begannen mit
der Suche nach ihm. Ein Beispiel sind Haloskop-Experimente, die darauf abzielen,
Axionen aus dem lokalen Dunkle-Materie-Halo zu detektieren. Sie setzen dafiir
hochresonante Mikrowellenresonatoren ein, welche die Umwandlung des Axions in
ein Photon in einem externen Magnetfelder verstiarken. Diese Experimente sind
auch empfindlich gegeniiber dem dunklen Photon, das sich mit dem Photon des
Standardmodells (SM) mischt, was den praktischen Vorteil hat, dass kein Mag-
net erforderlich ist. Thre Empfindlichkeit nimmt jedoch bei Massen tiber 40 peV
deutlich ab.

Daher wurde das MAgnetized Disk and Mirror Axion eXperiment (MADMAX)
entwickelt, welches nach Axionen im Massenbereich von 40 peV bis 400 neV sucht.
Es nutzt das Konzept des dielektrischen Haloskops, das anstelle eines Resonators
einen Booster verwendet, der aus einem Stapel dielektrischer Scheiben und einem
Spiegel besteht, um die Umwandlung von Axionen in Photonen zu verstarken.
Durch die Bewegung der Scheiben kann die Axionmasse, auf die der Booster
anspricht, eingestellt werden. MADMAX hat mehrere Prototypen entwickelt,
die in offene Booster, ohne Begrenzungen um die Scheiben und den Spiegel, und
geschlossene Booster, die von einem Metallzylinder umschlossen sind, unterteilt
werden. Um eine freie Bewegung der Scheiben zu erméoglichen, strebt MADMAX
den Einsatz eines offenen Designs fiir die Anlage in Originalgréfie an. Das Design
des geschlossenen Boosters ermoglicht eine einfachere Modellierung.

Die Bestimmung der Empfindlichkeit eines dielektrischen Haloskops stellt eine
grofle Herausforderung dar. Es existiert keine axiondhnliche Kalibrierungsquelle,
und die im Vergleich zur Photonenwellenldnge A groBe Detektorgrofie von O(10*)\3)
erschwert Vollwellensimulationen. Daher wird ein single-mode Boostermodell vor-
gestellt, das in der Lage ist, zeitaufwandige und rechenintensive Vollwellensim-
ulationen geschlossener Boostersysteme zu ersetzen. Zudem verdndert der An-
schluss eines Empfangersystems an das dielektrische Haloskop dessen elektromag-
netischen Eigenschaften, indem ein Teil der emittierten Signalleistung reflektiert
wird. Die Veranderung wird anhand eines Modells des vom Empfinger emittierten



Rauschens quantifiziert, welches fahig ist, die Leistungsspektren des dielektrischen
Haloskops zu reproduzieren. Die entwickelten Methoden ermoglichten die ersten
Suchen nach Dunkler Materie der MADMAX-Kollaboration.

Eine Axion-Suche mit einem geschlossenen Booster-Prototyp, der von einem
Aluminiumzylinder umschlossen ist, setzte Limits fiir das Axion im Massenbereich
76,56 peV bis 76,82 peV und 79,31 peV bis 79,53 peV bis hinunter zu einer Axion-
Photon-Kopplung von g,, ~ 2 - 107 GeV™'. Das Empfingersystem fithrte zu
einer Verringerung der erwarteten Axion-Signalleistung um bis zu 20 %. Das voll-
stdndige Verfahren zur Bestimmung der Empfindlichkeit des Aufbaus unter Ver-
wendung des Booster- und Empfanger-Rauschmodells wird vorgestellt. Das Limit
ist weltweit fiihrend in diesem Massenbereich und belegt die Durchfithrbarkeit und
wettbewerbsfdhige Empfindlichkeit dielektrischer Haloskope.

Eine Suche nach dunklen Photonen unter Verwendung eines offenen Booster-
Prototyps mit freistehenden Scheiben resultierte in Limits fiir einen Massenbereich
dunkler Photonen von 78,62 eV bis 83,95 peV. Die Spitzenempfindlichkeit fir die
kinetische Vermischung des dunklen Photons mit dem SM-Photon von y ~ 2-10~13
tibertrifft frithere Limits um bis zu drei Groflenordnungen. Die Empfindlichkeit
ohne Empfangersystem wurde im Rahmen der Doktorarbeit von J. Egge bes-
timmt. Unter Verwendung des Empfangerrauschmodells wurde festgestellt, dass
das Empféngersystem die erwartete Signalstirke des dunklen Photons um bis zu
25 % erhoht, was zeigt, dass das Rauschmodell auf eine breite Palette von Konfig-
urationen anwendbar ist.

Diese Suchen nach dunkler Materie bilden eine solide Grundlage fiir zukiinftige
MADMAX-Experimente. Da die erforderlichen Werkzeuge nun vorhanden sind,
konnen sich die Bemiihungen darauf konzentrieren, die Empfindlichkeit des Ex-
periments zu verbessern und seinen Erfassungsbereich auf einen breiteren Massen-
bereich auszuweiten.
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1 Introduction

The nature of dark matter (DM) is one of the greatest mysteries in modern physics.
It is assumed to dominate the matter content of the universe, but so far, only its
gravitational effects have been observed and the exact nature remains unknown.
Evidence for its existence ranges from the scale of the entire universe, for example,
effects on the cosmic microwave background (CMB) from structure formation [§],
to the scale of galaxies, for example, their unexpected velocity distributions [9]. As
discussed at the beginning of the observations lead to the conclusion that
DM is made of non-SM particles with negligible couplings to the SM and has to
be non-relativistic. From the observed temperature anisotropies of the CMB, the
DM energy density in the universe is estimated to be 26 %, while ordinary baryonic
matter only constitutes about 5% [8]. The remaining 69 % are attributed to dark
energy. Measuring the velocity distribution of the astrophysical objects within
different galaxies shows a significant discrepancy between the velocities required
for the objects to remain gravitationally bound and the observed velocities. From
the measured difference in the Milky Way, the local DM density p is estimated to
be 300 MeV/cm?® < p < 600 MeV /cm? [10]. Despite the large abundance, DM is
continuing to evade detection.

There are various theories about what might constitute DM, spanning over 50
orders of magnitude in mass. A brief overview is provided at the beginning of
[chapter 2l This cumulative thesis focuses on the experimental search for axion
and dark photon DM with masses around 100 peV. The axion in particular has
gained significant prominence as a DM candidate in recent decades and is therefore
introduced more thoroughly in [section 2.1, It is a consequence of a proposed
solution to the strong CP problem [11], that is, the unexpected absence of charge-
parity (CP) violation within quantum-chromodynamics (QCD), and was only later
realized to be an excellent DM candidate [12]. Its mass was originally predicted to
be of O(100keV) [12], which was quickly ruled out experimentally [13]. Further
astrophysical constraints exclude the axion at masses 2 0.1eV [14]. Assuming
it is responsible for the entirety of the observed DM, some simulations predict
axion masses around 100 eV [15] 16|, as considered in this thesis. In addition to
the axion, the dark photon provides another DM candidate that can be probed
using similar experimental setups. It arises as a massive vector boson in minimal
extensions to the Standard Model (SM) and could in principle provide a portal to
a hidden DM sector [17].



Existing direct searches |18} 19, |20] based on nucleon scattering are not sensitive
to axions at masses below 0.1eV, since they transfer too little momentum to the
detector. Furthermore, the expected couplings to the SM are too small to lead to
significant production in accelerator-based searches. Thus, dedicated experiments
have been designed that can be categorized as light-shining-through-wall (LSW)
experiments [21], helioscopes [22] and haloscopes [22]. These experiments rely on
the conversion of axions to SM photons in the presence of magnetic fields. They
differ significantly in terms of the axion source. LSW experiments are purely
laboratory-based and produce their own axions using a laser in a magnetic field.
Helioscopes aim to detect axions produced in the Sun, while haloscopes search for
axions from the galactic DM halo. These experiments are also generally sensitive to
dark photons, which have the practical advantage of not requiring a magnetic field.
This thesis focuses on haloscope experiments, which have the highest sensitivities
but are also dependent on the rather uncertain determination of the local DM
density.

Haloscopes, introduced in typically use highly resonant microwave
cavities that enhance the axion-photon conversion. The resulting signal power
can be increased by stronger resonances and larger cavity volumes. However, the
volume of the cavity scales inversely with the photon frequency, which, in the
non-relativistic limit, is set by the axion mass as v = m,c?/h. Therefore, it is
challenging to reach sufficient sensitivity to masses greater than 40 peV with such
experiments.

To overcome this limitation, the Magnetized Disk and Mirror eXperiment (MAD-
MAX) working group, which led to the founding of the MADMAX collaboration,
proposed the dielectric haloscope [23]. Instead of relying on a resonant cavity, it
uses a stack of dielectric disks and a mirror, called booster, to enhance the axion-
photon conversion in a magnetic field. This results in coherent photon emissions
at the interfaces, as explained in more detail in The dielectric halo-
scope’s sensitivity can be improved by increasing the radius and number of disks.
Both numbers can be scaled independently of the probed DM mass, which allows
searches for DM at higher masses than cavity experiments.

MADMAX plans to build a dielectric haloscope consisting of up to 80 disks
with a surface area of ~ 1m? together with a 9T dipole magnet to probe axion
masses from 40 peV to 400 peV [24]. On its way to achieve this goal, MADMAX
has been working on an extensive prototyping program. To study the electro-
magnetic properties of a dielectric haloscope, a first proof-of-principle setup has
been built [25], consisting of up to five free-standing sapphire disks and a mirror.
Such a setup without boundaries around the booster is called an open booster.
The signal power emitted by the booster is typically focused onto a horn antenna
using a focusing mirror. It has been used to study basic tuning capabilities and



mechanical requirements. As a result, a system to move the disks with O(pm)
precision at cryogenic temperatures and in a strong magnetic field was developed
and tested |26]. To ease the modeling of the booster, MADMAX has developed
so-called closed booster systems, which are encased in a metal cylinder. Unlike the
open design, the closed boundary conditions result in a finite set of propagating
modes within the system, which enables the use of simplified models.

The central goal of this cumulative thesis is to develop a method to determine
the sensitivity of a dielectric haloscope to subsequently search for DM. This in-
volves two key challenges: the simulation of the large booster volume and the
quantification of the previously unaccounted-for effect of the receiver system on
the DM signal power.

Simulations are required, because the photon emissions at the disks and mirror
due to the axion-photon conversion are difficult to reproduce experimentally. A
direct calibration with an axion-like source is therefore not possible. However,
full-wave simulations are also challenging because of the large detector volume.
Simulating the full system requires a domain size exceeding O(10*)\3) compared to
the photon wavelength A. This is orders of magnitude larger than a typical cavity
haloscope with a size of O(10\3).

Furthermore, the booster’s response to the axion is directly modified by the
presence of a receiver system, as described in The expected signal
power emitted by the booster is typically below O(1072! W), necessitating highly
sensitive amplifier devices. However, these amplifiers modify the electromagnetic
response of the dielectric haloscope by reflecting part of the potential signal. This
problem is typically addressed by adding a device that is only transmissive in
one direction, such as a circulator, in front of the receiver system. However,
such devices cannot be operated in magnetic fields and decrease the experimental
sensitivity, especially at higher frequencies.

The first publication included in this cumulative thesis in addresses
both of these challenges. It presents a method to determine the sensitivity of
a closed booster to axion DM, including the effect of the receiver system. The
procedure is based on a single-mode model, which is validated using full-wave
finite-element method (FEM) simulations and is shown to accurately describe the
sensitivity of the booster in the absence of the receiver system. This solves the
issue of computationally expensive simulations for closed boosters. The publica-
tion further includes a model of the noise emitted by the receiver system that is
capable of reproducing power spectra of the booster. Using this noise model, the
effect of the receiver system on the sensitivity of the experiment can be quanti-
fied. Sensitivity-decreasing devices that mitigate this effect are therefore no longer
necessary.

Consequently, an axion DM search was performed using a closed MADMAX



prototype called CB200 in the 1.6 T Morpurgo magnet at CERN. Its sensitivity is
determined using the method introduced above. The results are presented in the
second publication included in this thesis in [chapter 6]

MADMAX aims at developing an open booster to be able to freely tune the posi-
tion of the disks. Such a system is no longer sufficiently described by a single-mode
model. To study the properties of this design, MADMAX has built a three-disk
open booster called OB300. The sensitivity determination in the absence of the
receiver system was solved in the PhD thesis by J. Egge [27] using a measurement-
based approach called the bead-pull method [4]. Since no magnet was available,
it was used to search for dark photon DM. The main contribution in the context
of this thesis is the implementation and characterization of the receiver system,
including its effect on the experiment’s sensitivity. The publication containing
the results of the dark photon search is included in with additional
unpublished material produced as part of this thesis shown in [section 7.6]

In summary, this thesis makes three significant contributions to the develop-
ment of dielectric haloscopes: it develops a computationally efficient single-mode
model that replaces full-wave simulations for closed booster systems, it introduces
a receiver noise model that quantifies the impact of the receiver system on the

experiment’s sensitivity and it applies these methods to the first two DM searches
with MADMAX prototypes.



2 Wave-like dark matter

Despite the overwhelming evidence, the exact nature of DM remains unknown.
The first hints for its existence came from observations of the rotation curves of
spiral galaxies and the dynamics of galaxy clusters.

The mass contained in galaxy clusters can be estimated from the observed veloc-
ity dispersion. This was first done by Zwicky [2§], who applied the virial theorem
to the Coma cluster to relate the average kinetic to the average potential energy.
This method yielded a significantly higher mass than what was visible, again indi-
cating some form of invisible mass. The fact that DM seems to be gravitationally
bound in such large-scale structures, already suggests that it cannot be relativistic.

Spiral galaxies have their visible mass mostly concentrated within O(10kpc)
of the galactic center. At larger radii r, the circular velocity of astrophysical
objects is expected to decrease as r~/2 to remain gravitationally bound. However,
observations show that the circular velocity remains roughly constant at large
radii, suggesting the presence of additional, invisible mass in the form of a DM
halo [9].

The most quantitatively robust constraints on the properties of DM arise from
its role in the formation of large-scale structures in the early universe. In the
absence of DM, structures such as the galaxies observed today could not have
formed. Radiation pressure would have prevented baryonic matter from collapsing
under its own gravity, making an additional, non-interacting source of gravitational
attraction necessary. Consequently, DM has to be cold, i.e. non-relativistic, and
cannot be a SM particle, since it otherwise would have been exposed to the same
radiation pressure. The process of structure formation leaves imprints on the CMB,
that can be reproduced with high accuracy by the ACDM model [8]. Here, CDM
stands for cold dark matter and A represents the cosmological constant, which is
associated with dark energy. The results indicate that 26 % of the energy density
in the universe consists of non-SM cold DM.

Because only gravitational effects have been observed, modifications to gravity
have been considered instead of inventing a new type of matter [29]. However, the
existence of DM is the only theory so far that is capable of consistently explaining
all of the observations [30].

A wide variety of theories on the nature of DM has been proposed, ranging
from primordial black holes (PBHs) heavier than the Sun to ultralight scalar fields
with masses below 1eV. A comprehensive review can be found at [30]. PBHs,
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in particular, represent an attempt to account for DM using baryonic matter.
They are hypothesized to have formed before the epoch of large-scale structure
formation, allowing them to evade early universe constraints. However, they have
been mostly excluded by observations of gravitational waves and gravitational
lensing effects [31].

In the previous decades, significant effort was put into searching for Weakly
Interacting Massive Particles (WIMPs) [32]. Such particles are commonly pre-
dicted by supersymmetric extensions of the SM and are expected to be of masses
of O(GeV). Many direct searches [18, 19, 20] have excluded large regions of the
WIMP parameter space, reaching the so-called neutrino fog where the SM neutrino
becomes the dominant background of the experiment.

More recently, wave-like DM has emerged as a topic of interest. The name is
motivated by the fact that such particles with masses < 1€V are best described by
classical fields, due to their high number density relative to their de Broglie wave-
length. From the same reasoning, they are required to be bosonic to not violate
the Pauli exclusion principle. Ultralight bosonic fields are a common prediction
by various theories [33]. Most current searches are, however, not sensitive to this
parameter space. Their mass is below the reach of current direct searches and
the expected coupling is too small to enable significant production in accelerator-
based experiments. The strong theoretical motivation, together with the lack of
sensitivity of current experiments, motivates the usage of new detector concepts.

Before going into the details of the detection in|chapter 3] this chapter introduces
the two wave-like dark matter candidates considered in this work. The axion is
the main motivation of the presented experiment and is therefore introduced in
more detail in [section 2.1} [Section 2.2|is then dedicated to briefly describing the
dark photon.

2.1 Axion dark matter

The axion is a popular wave-like DM candidate due to its theoretical origin from
a solution to the strong CP problem, presented in [section 2.1.1] It has all the
properties required of DM, namely a small interaction with the SM and sufficient,
non-relativistic, production during the early universe to constitute all of the ob-
served DM. In different cosmological scenarios are described including
their effect on the prediction of the axion mass. then introduces the
coupling of axions to the SM photon. In [section 2.1.4] axion like particles (ALPs)

are discussed briefly.
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2.1.1 QCD axion

The axion is the consequence of a solution to the strong CP problem proposed by
Peccei and Quinn [11]. The strong CP problem describes the observed absence of
CP violating effects in the QCD sector, although the QCD Lagrangian contains a
term that is in principle CP violating [34]:

E

L =
327

0Ge, G, (2.1)

with the strong coupling constant g,, the gluonic field strength tensor G' and its
dual G and a free angular parameter 6 that can in principle range from —m to
m. The angle 0, containing only QCD interactions, is however not a physical
observable. One needs to also consider effects from weak interactions, that are
quantified by the quark mixing matrix M. This leads to the observable effective
angle § = 0 + argdet M [34].

A non-zero § would lead to a non-zero electric dipole moment (EDM) of the neu-
tron given approximately by d,, = 8.2 x 107190 e cm [35]. Current measurements
constrain the neutron EDM to be d,, < 1.8 x 1072% ¢ cm [36] and therefore require
6 < 107'°. Because f contains contributions from the strong and the electroweak
sector, that are both expected to be of O(1), # = 0 requires what is considered
unnatural fine tuning.

Peccei and Quinn proposed to promote @ to a dynamical field § — a(x,t)/f, by
introducing an additional global Upq(l) symmetry that is spontaneously broken
at the energy scale f, [11]. The QCD potential is then naturally minimized at
6 = 0, explaining the observed absence of CP violation. Excitations of the new
field a(x,t) give rise to a new pseudo-scalar boson. This was only later realized by
Wilezek and Weinberg [12], who also gave it the name axion.

In its most general form, the axion only interacts with gluons at the tree level.
However, it has identical quantum numbers as the neutral pion 7°, i.e. zero electric
charge, spin-0 and odd-parity. By first mixing with the 7°, the axion effectively
couples to two photons. This provides the most commonly used detection channel
and is explored further in [section 2.1.3] The axion also generally couples to nu-
cleons and, depending on the model, can couple to electrons at the tree-level [37].
The nucleon coupling is rarely used for axion searches, with CASPEr |38 being
a notable exception. If the axion couples to electrons, this could potentially lead
to an increase of the axion flux from the Sun by more than a factor of 50, which
would drastically increase the sensitivity of helioscope experiments [39).

The axion’s mass is linearly related to the energy scale f, and from its mixing
with pions was calculated to be [40]

(2.2)

1 12
mg =~ 5.71eV ( 0 GeV) .

Ja
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It was originally predicted to be of the order of m, ~ 100keV [12], by assuming
fo =~ 250GeV equivalent to the electroweak scale. This was however quickly
excluded experimentally [13].

In principle, f, can be arbitrarily large such that the axion mass itself becomes
small enough to evade immediate detection. This realization led to the develop-
ment of so-called invisible axion theories. The most commonly referenced theories
are Kim-Shifman-Vainshtein-Zakharov (KSVZ) type theories [41} 42], that intro-
duce additional heavy quarks, and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) type
theories [43], that introduce an additional Higgs doublet. To distinguish the axion
that was introduced to solve the strong CP problem from phenomenologically sim-
ilar particles predicted by other theories, it is commonly referred to as the QCD
axion.

2.1.2 Axion cosmology

The axion is produced during the early universe by the so-called misalignment
mechanism. The Upqg(1l) symmetry is spontaneously broken at the energy scale
fa, which sets an initial misalignment angle #; and results in a complex scalar
field @ = |®|e?. The phase 0 is interpreted as the axion, which in principle has a
shift symmetry 8 — 6 + «. This symmetry is explicitly broken at the Lagrangian
level at a temperature of Toep =~ O(100 MeV) by the coupling to gluons, therefore
the axion acquires a mass term [44]. The initial misalignment from the potential
minimum leads to field oscillations, interpreted as a set of axion particles.

One crucial requirement of DM is that it scales as matter during the expansion of
the universe, that is its density ppy o a2 with the scaling factor a. By solving the
equation of motion of the axion scalar field, it can be shown that this is naturally
true if m,(Tey) > 3H (Teq), with the axion mass m, and Hubble radius H at the
time of matter-radiation equality T,, [44]. This sets a lower bound on the axion
mass of approximately 1072 eV [44]. The resulting axion energy density today €,
produced by the misalignment mechanism, can be written in terms of the initial
misalignment angle 0; and the axion mass m, as [44]

4.7pev)g

Mg

Q.h? ~0.12 67 ( (2.3)

The normalization to 0.12 is chosen to reflect the DM density in the universe as
determined from the CMB. Assuming the axion provides all of DM, the axion mass
can therefore be written as

me = 4.7peV 67" (2.4)

During the early universe, the space is expected to expand exponentially referred
to as inflation. Whether the U(1),, symmetry is broken before or after inflation
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takes place has a big impact on the predictability of #; and therefore also m,. In the
pre-inflationary case, the symmetry breaking results in a constant, but randomly
chosen 6; for the observable universe. The axion mass is therefore fundamentally
unpredictable and only constrained by the full range of |0;| < m, although one
might make a naturalness argument for #; ~ 1. Assuming the axion provides all
of the observed DM, this would then result in an axion mass around 5 peV as per
lequation (2.4)|

In the post-inflationary case, the universe consists of causally disconnected
patches at the time of the symmetry breaking. This leads to a different 6; an-
gle in each patch. The axion mass, assuming the axion is responsible for all of
the observed DM, can then in principle be predicted by an average over all 8;
angles to be approximately 26 peV [45]. However, this case also leads to additional
axion production mechanisms from topological defects such as cosmic strings and
domain walls. The cosmic strings are a result of the phase 6, corresponding to
the axion, creating loops from —7 to 7 due to the random initial misalignment 6,.
The complex scalar field ® is then artificially forced to 0 at the center, which is a
potential maximum. These singularities form along a line, called a cosmic string.
Cosmic strings form before the QCD cross-over, therefore the axion does not have
its preferred vacuum expectation value of § = 0 yet. After this transition, the
strings can unravel with 6 relaxing towards 0. However, this can result in two-
dimensional sheets between strings, were the axion is stuck at a saddle point of the
potential. Those are called domain walls. The energy stored in those singularities
leads to additional axions being radiated.

Additional axion production mechanisms result in less production from the mis-
alignment mechanism to provide the required abundance of DM. As apparent
from fequation (2.3)| this necessitates a higher axion mass. Therefore m, ~ 26 peV
presents a rather strict lower bound in this scenario. Many attempts at simulating
the axion production in the post-inflationary scenario exist, that can be roughly
summarized as a prediction of 26 neV < m, < 500 peV [44] for the axion to provide
the entirety of the observed DM.

Having additional axion production after the time of inflation causes local over-
densities of axions that collapse to so-called axion miniclusters [46]. This has some
consequences for axion detection: about 75 % of axion DM is expected to be bound
in clumps of the mass of an asteroid and the size similar to the Earth’s orbit [47].
It is therefore likely that a detector will be looking at the space between such
miniclusters that might have an axion density as little as 10 % of the estimated
galactic DM density [47]. This value is however to be seen as a conservative lower
bound.
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2.1.3 Axion-photon coupling

The expected DM density of p ~ 300 MeV/cm? together with the low masses
< 1eV lead to a very high axion number density n, > 3 x 108cm™3. In com-
bination with the large de Broglie wavelength due to the non-relativistic nature
of CDM, this allows for a treatment of the axion as a classical field a(x,t). The
effective Lagrangian, describing the interaction of axions with the electric field E

and magnetic field B for a given axion-photon coupling g, then reads:
L = gayaE - B. (2.5)
This leads to a modification of Maxwell’s equations, specifically Ampere’s law [48]
VxH-D=1J+g,(Bi—Ex Va), (2.6)

with the magnetic field H = B — M, displacement field D = E + P and current
density J. M and P absorb the effects of magnetization and polarization, respec-
tively. The non-linear extra term, containing products of a with B and E, presents
the most common detection channel of the axion. In the presence of a magnetic
field B or electric field E, the axion field acts as an additional source term. The
axion-sourced fields can again interact with the axion, making the term non-linear.
Experimentalists typically aim to maximize the source term by the use of strong
external fields. In this case, higher-order terms can be neglected and the fields
within |equation (2.6)| replaced by their external components E. and B.. The full
linearized Maxwell’s equations then read [48]:

V-B=0 (2.7a)
VxE=-B (2.7b)
VD —p;=—gs,Bc-Va (2.7¢)
V xH—D =J+ g4y (Bei — Ec X Va). (2.7d)

The additional source term is commonly defined as the effective axion current:

Jo = guy(Bea — E. x Va). (2.8)

Solving the linearized axion modified Maxwell’s equations (equation (2.7))) for a
given set of boundary conditions with only J, as a source leads to the axion-induced
electric and magnetic fields E, and B, that can be detected by experiments. In a
vacuum and assuming an axion field of constant amplitude a(t) = age™!, corre-
sponding to the non-relativistic limit, the axion induced field is given by

E.(t) = —gu,Beage™". (2.9)
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The amplitude of the axion field can be further expressed in terms of the axion
density p, as [48]
V2pa
ap = Y P (2.10)

My,

Given a specific axion model, the expected axion-photon coupling g, is related
to the axion mass m, as [49]

Jary 2% 10714 GeV ™! (@"m> Cors (2.11)

where C,, is a model dependent, dimensionless constant. The prediction of the
DFSZ (Cu, = 0.75) and KSVZ (C,, = —1.92) [49] models is often taken as a
benchmark for the sensitivity of axion searches and is also the main motivation
of the experiment presented in this work. However, considering for example the
existence of magnetic monopoles [50], the expected axion-photon coupling can be
increased by approximately five orders of magnitude.

2.1.4 Axion-like particles

Axion-like particles (ALPs) have the same phenomenology as the QCD axion but
do not couple to gluons at the tree-level. They therefore no longer solve the strong
CP problem and have no direct connection between the axion mass m, and the
energy scale f, (equation (2.2)).

ALPs typically either arise as pseudo-Nambu-Goldstone bosons due to a broken
global symmetry or as zero modes of antisymmetric tensor fields during compact-
ification in string theory [49, 33]. The exact number of ALPs predicted by a spe-
cific compactification varies, with the distribution for known Calabi-Yau manifolds
peaking at ~ 30 [49]. Just like the QCD axion, ALPs can be produced abundantly
during the early universe from the misalignment mechanism and therefore are also
a good DM candidate [33].

Apart from the standard misalignment mechanism, one might also consider the
so-called kinetic misalignment mechanism [51], where the axion field has a non-zero
initial velocity. Together with additional couplings to the SM, this can potentially
lead to the observed baryon — antibaryon asymmetry of our universe by what is
called ALP cogenesis [52].

Strictly speaking, one has to differentiate between QCD axions, that couple to
gluons and solve the strong CP problem and ALPs that do not. From a detection
point of view there is however no conceptual difference between the two, hence
this work refers to both, the QCD axion and ALPs, when mentioning axions.
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2.2 Dark photon dark matter

The dark photon is introduced to the SM by an additional U(1), gauge symmetry,
that is broken during the early universe [17]. This results in a massive spin-1 vector
boson. The dark photon is typically motivated as a gauge boson that mediates
interactions between the SM and some hypothetical dark sector. If other SM
particles are uncharged under the U(1), symmetry, the dark photon only interacts
with them gravitationally and therefore also makes for a good DM candidate. Its
quantum numbers are identical to the SM photon, therefore they mix kinetically.
This leads to a modification of Ampere’s law [53], similar to the one introduced
due to the axion:

VxH-D=1J;+x(E, —V xB,) (2.12)

with the kinetic mixing angle x, the dark photon electric field E, and the dark
photon magnetic field B,. Analogous to the effective axion current, one then
defines the effective dark photon current:

Jip = X(E, — V x B,). (2.13)

All equations derived from J, consequently also apply to Jg,. A major difference
from the effective axion current is that Jq, does not depend on an external magnetic
field. Therefore, no (typically expensive) magnet is required for detection. It is also
important to note, that E, is a vector field with unknown polarization. Detectors
are often only sensitive to a single polarization. For a fixed DP polarization,
this would therefore require a specific orientation between the experiment and the
dark photon field E,. Instead, a random polarization is commonly assumed, such
that a statistical average over all possible polarizations can be used to simplify
the analysis. A thorough review of the effect of the dark photon polarization on
haloscope searches can be found at [54].



3 Searching for axion dark matter

Three types of experiments have been specifically developed to search for the axion:
Light-shining-through-the-wall (LSW) experiments, helioscopes, and haloscopes.

LSW experiments [21] aim to detect axions that are generated in the laboratory
by a strong laser within a magnetic field and therefore place the fewest assumptions
on the production mechanism of axions. They provide a general way of search-
ing for pseudo-scalar and scalar particles at masses < 1eV instead of specifically
searching for axion DM. Due to the inverse relation between mass and energy scale,
such experiments can probe very high energies > 10'° GeV that are inaccessible
to accelerator physics. This makes them an important addition to particle physics
searches. Their sensitivity is, however, limited, since they rely on the successive
conversion of photons into axions and back into photons. Therefore, they are
less likely to find the QCD axion, although some theories [50, 52| also motivate
couplings accessible by LSW experiments like ALPS II [55].

Helioscopes [22] instead point a telescope containing a magnet and an X-ray
sensor at the sun, with the goal of detecting relativistic axions produced there.
The high photon density within the sun together with strong electric fields from
charged particles in the hot plasma result in an expected high axion flux towards
Earth of O(10° em~2sec™!) [22] for g,, =~ 10712 GeV~'. This allows helioscopes to
reach higher sensitivities than LSW experiments. One example is the CAST exper-
iment [56], which has placed limits down to g,, =~ 5.7 x 107" GeV~" over a broad
axion mass range as visible in[figure 3.1} Future searches by (Baby)IAXO [57] plan
to increase the limits placed by CAST by about 1.5 orders of magnitude. Conse-
quently, it is expected to reach sensitivity to the QCD axion at masses = 1 meV.

So far, only haloscope experiments [22] have been able to reach sensitivity to
the axion-photon coupling predicted by the KSVZ and DFSZ models at masses
< 10meV. Multiple haloscopes exist [58), 59, |60, 61] that use resonant microwave
cavities to detect axions from the DM halo. They can achieve high sensitivities,
but typically only cover a narrow mass range. Furthermore, they rely on the rather
uncertain determination of the local DM density and assume it is fully provided
by the axion.

In [figure 3.1} the current exclusions on the axion-photon coupling g, are sum-
marized for axion masses 10712eV < m, < 10eV. Astrophysical observations are
shown in green, exclusions by helioscopes in dark red and exclusions by haloscopes

in bright red, assuming a DM density of p = 450 MeV cm~3. The axion-photon
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Figure 3.1: Existing exclusion limits on the axion parameter space. Exclusions
from astrophysical observations are shown in green, from helioscopes in dark red
and from haloscopes in bright red. The axion-photon coupling predicted by the
KSVZ and DFSZ models is indicated by the yellow band. Additional predictions
are shown for the cogenesis [52] and trapped misalignment [62] cases. The expected
parameter space of ALP DM in the case that the entirety of DM is produced by the
standard misalignment mechanism is indicated in gray. Axions with couplings above
the dashed blue line are excluded as DM since the axion field’s density would not
scale as matter during the evolution of the universe. Produced with AxionLimits by

C. O’Hare [63].
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coupling predicted by the DFSZ and KSVZ theories is indicated by the yellow
band. A general ALP model where the entirety of DM is produced with the stan-
dard misalignment mechanism results in an allowed parameter space indicated
by the gray area [33]. The different shades of gray correspond to models with a
constant axion mass during the expansion of the universe (dark gray) or a non-
constant mass (light gray). By a modified misalignment mechanism, the expected
coupling can be increased significantly, as shown for the ALP cogenesis [52] and
trapped misalignment [62] cases.

A large fraction of the parameter space predicted by simulations of the post-
inflationary scenario remains unexplored, providing the main motivation of this
thesis. The sensitivity of haloscopes to the axion primarily depends on the signal
power that is extracted from the axion field by the experimental setup. Therefore,
in the signal power achieveable by existing haloscope experiments in
this mass range is derived and shown to be insufficient to reach sensitivity to
this parameter space. This motivates the dielectric haloscope concept, which is
introduced together with its challenges in [section 3.2

3.1 Haloscope searches

Haloscope experiments aim to detect axions from the galactic DM halo by ex-
ploiting the axion-photon conversion in magnetic fields. Their setup can generally
be split into two parts, the optical system and the receiver system. The optical
system is responsible for converting axions to photons that are subsequently de-
tected by the receiver, which will be introduced in [chapter 4 This section focuses
on determining the signal power emitted by the optical system. Subsequently,
the achievable signal power of dish antenna experiments and cavity haloscopes is
estimated in [section 3.1.1{ and [section 3.1.2] respectively.

In [figure 3.2] a typical haloscope setup is sketched. When placing the optical
system in a magnetic field, the axion field sources the effective current J, which
in turn induces the fields (E,, H,). The exact shape of (E,, H,) is determined
by the boundaries of the optical system. For calibration purposes, a reflectivity
measurement, of the optical system is often performed by connecting a Vector
Network Analyzer (VNA). The VNA emits a signal of amplitude £ and measures
the reflected amplitude E, . The reflectivity I' of the optical system is then defined
as the ratio of the amplitudes I' = gi A reflectivity measurement induces the

T

fields (E,, H,) within the optical system.

Haloscopes attempt to design an optical system that results in a high signal
amplitude E, towards the receiver. The resulting signal power can be expressed
as the time averaged Poynting vector integrated over the port of the receiver system
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Figure 3.2: Schematic of a typical haloscope experiment, consisting of an optical
system and a receiver system. The optical system is placed in a magnetic field Be,
which results in an effective axion current J,. This current induces the fields (E,, H,)
that potentially result in a detectable signal towards the receiver system £, . Instead
of a receiver system, a VNA can be connected to the port of the optical system, which
allows to perform reflectivity measurements that induce the reflection-induced fields
(E,, H,).

St with the surface normal n [64]:
1
Psig = 5 Re/ dAn- (Ea X HZ) (31)
St

Evaluating equation (3.1) requires the knowledge of the fields (E,, H,) sourced
by J,. In principle, (E,, H,) can be calculated by solving Maxwell’s equations
given the boundaries of the optical system but for any real-world system, they will
contain unknown geometric imperfections that at least require some measurement-
based verification.

To calibrate the system, one would want to experimentally recreate the effective
axion current using a local source. However, providing such a uniform current over
the extent of the experiment is very challenging. Instead, the sensitivity is typi-
cally determined via a reflectivity measurement and the corresponding reflection-
induced fields (E,, H,). Since I" depends on all the electromagnetic properties of
the optical system, it can generally be used to infer characteristics of the reflection-
induced electric field E,. By reciprocity, equation (3.1) can be rewritten in terms
of E, [64], resulting in a signal power given by

1
— || AV E,-J,
16 Py, /v v

which only depends on the input power emitted by the VNA P,,, the reflection-
induced electric field E, and the effective axion current J, as given by equa-

2

Py, = , (3.2)
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fion (2.8]. From jequation (3.2)| the expected signal power can be estimated for
the different types of haloscopes, as is done below for the dish antenna and cavity
haloscopes.

3.1.1 Dish antenna

A dish antenna uses a magnetized mirror to increase the expected signal power
from the axion-photon conversion. Over the surface area of the mirror A the
magnetic field is assumed to be of constant amplitude B, polarized parallel to
the mirror. With increasing distance, the amplitude of the magnetic field slowly
decreases. Therefore, the integral ‘ f dV E, ~Ja’2 simpliﬁe to §|9maoBe|2 and
lequation (3.2)| can be written as

o laol?Be*A
N 2

2 2
~ 8.8 % 10—27W( Jay 1) ( Be )
4x104Gev ') \10T

100peV\> [/ A ( P )
>< Y
My 1m?2 /) \300 MeV cm—3

assuming perfect detector efficiency. The values of g,, and m, correspond to a
KSVZ type QCD axion with Cy, = —1.92 in the mass range motivated by the
post-inflationary scenario, as shown in [figure 3.1} This signal power is commonly
interpreted as photon emissions from the mirror surface.

As will be shown in state of the art receiver systems are sensitive to
O(1072' W) at room temperature. When cooling the system to cryogenic temper-
atures, the noise background can be decreased by about two orders of magnitude,
resulting in a sensitivity to signals as low as O(1072* W). Therefore the signal
power needs to be increased further by either stronger magnetic fields, which is
technologically challenging, or scaling the surface size, which is quickly limited by
mechanical constraints. Still, first limits down to g, < 5 x 1071 GeV™! at an
axion mass of m, ~ 50 peV were already placed [65] using such a detector.

I (3.3)

3.1.2 Cavity haloscopes

Cavity haloscopes employ highly resonant microwave cavities that increase the
expected signal power from the axion-photon conversion by maximizing the field
amplitude of E,. The resonance of a cavity is commonly characterized using its

IFor an ideal mirror, E, = Ey sin(kz) with Ey determined by P,,. For any slowly decreasing
function F(2), [;° dz sin(kz)F(z) = £, leaving only a surface integral over some constants.
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loaded quality factor ), which for a critically coupled cavity resonant at frequency
v is defined in terms of the stored energy U = 3 fva dV |E,|? as

TvU

Qr = P (3.4)

Furthermore, the normalized geometric overlap between the cavity mode E, and
the axion current J,, called the formfactor, needs to be considered:

oo VR 3]
CJAVIEP [V [

(3.5)

It depends on the operating mode of the cavity. A typical formfactor for a cavity
operated under the TMg;g mode is C' = 0.4 |58]. The higher the Q-factor, the
stronger the resonance, meaning higher sensitivity to the axion. Current cavity
experiments typically reach Q-factors in the order of @ ~ 10* [66]. The resulting
signal power for a cavity of volume V' can be written as [64]:

P
Y O9my,

2 2
~35x 1078 W Joy i)
4x 1074 Gev ") \10T

" & V 100 peV ( p )
104 10 cm3 My 300MeVem—3/

For simplicity, a critically coupled cavity, resonant at the signal frequency v with an
ideal formfactor of C' = 1, is considered. Cavity searches have placed limits as low
as goy S 10710 GeV ™! for axion masses ~ 5peV but for higher axion masses they
require smaller cavities due to the higher signal frequency, which severely limits
their sensitivity. The normalization to the small cavity volume of V = 10cm? is
chosen to reflect this scaling, with the photon wavelength A ~ 1cm at an axion
mass of m, = 100peV. The corresponding signal power is again too small to
detect.

The presented approximations clearly show that the existing haloscope exper-
iments are poorly suited to search for the QCD axion at axion masses around
100eV. The next section is therefore dedicated to a new approach called the
dielectric haloscope, that is designed to overcome this limitation.

P, B2QVC (3.6)

3.2 Dielectric haloscopes

Dielectric haloscopes are designed to search for DM axions of masses 2 40 peV, as
predicted by the post-inflationary scenario. They combine the concept of a dish
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Figure 3.3: Schematic of a dielectric haloscope. It consists of a booster with multiple
dielectric disks and a mirror that is placed in a dipole magnet. The signal is coupled
to the receiver system using an antenna. Graphic by Olivier Rossel.

antenna with that of a resonant cavity to gain sensitivity to this so far mostly
unexplored parameter space. Dielectric haloscopes make use of a booster that
consists of a stack of dielectric disks and a mirror that enhances the axion-photon
conversion within an external magnetic field B,, as illustrated in figure 3.3. The
magnetic field needs to be aligned parallel to the disks and mirror and constant
over the extent of the booster, resulting in a uniform effective axion current J,,.
Pig (equation (3.2)) can then be maximized by increasing the volume integral of
the reflection-induced field [dV E,. The resulting signal power is coupled to a
receiver system via either an antenna or taper.

The concept is illustrated for a three-disk booster and a one-dimensional field
E, in figure 3.4. The placement of the three dielectric disks increases the positive
contribution of the electric field (red shaded regions) to the signal power by creating
a resonance between the mirror and closest disk. The dielectric disks further
decrease the negative contributions (blue shaded regions). At frequencies where
the setup is not resonant, this still allows for a sensitivity similar to that of a dish
antenna of the same radius. By moving the disks, the booster can be tuned for
sensitivities at different axion masses.

This signal enhancement can be equivalently described by photon emissions at
the interfaces between regions of different permittivity. Given two dielectric me-
dia, characterized by their relative permittivities €; and €5, the axion current would
source an electric field in each of those media with an amplitude proportional to
1/ /2. If those two media were now brought in contact, this would lead to a
discontinuity of the electric field at the interface. To still satisfy the continuity
requirement of Maxwell’s equations, photon emissions in opposite directions at
the interface are required. Going back to the booster, one can place the disks and
mirror in such a way to constructively interfere the coherent emissions from the dif-
ferent interfaces and create resonances. This picture is helpful in one-dimensional
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Figure 3.4: Visualization of the reflectivity induced electric field E, within a three-
disk booster. The disks (light gray) and the mirror (dark gray) provide the boundary
conditions that result in the electric field E, (red). The red shaded regions indicate
positive contributions to the expected signal power P and the blue shaded regions
negative contributions.
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models of the booster. To calculate the expected signal power, the photon emis-
sions can be modeled by plane-waves that are summed up throughout the booster
structure, as is done in the model described in and then applied to
the axion search presented in [chapter 6]

To quantify the expected signal power, one defines the boost factor 32 as the
ratio of the expected signal power P, to the signal power of only a dish antenna
with the same surface area as the mirror Py (equation (3.3))):

P..
2 _ ~sig
g = B (3.7)

Being normalized to F,, the boost factor value is independent of booster radius
and exact nature of DM - it applies to the dark photon just as much as to the
axion. Looking at jequation (3.3)} a boost factor of 5% = 10* is required to reach a
detectable signal power of Py, ~ 8.8 x 1072 W. Such a boost factor is expected to
be achievable with a booster consisting of twenty dielectric disks [67]. However, it
is important to note that jequation (3.3)|makes some simplifying assumptions, such
as assuming a perfect detector efficiency, a disk and mirror surface area of 1m?,
which is yet to be built, and requires a magnetic field of B, = 10T, for which as
of now no magnet of sufficient size exists. Nevertheless, this shows the potential
of such a setup to reach the desired QCD axion parameter space.

The boost factor is the main measure of sensitivity to DM of a dielectric halo-
scope. Its determination is however challenging. Due to their large radius com-
pared to the photon wavelength A of > O(10)), dielectric haloscopes are highly
overmoded systems. Huge care has to be taken to minimize the excitation of
higher-order modes (HOMs), because they typically have a much lower overlap
with the axion current and therefore lead to a decrease in signal power. This leads
to very stringent mechanical requirements [67] because any imperfection results
in further HOMs being excited. Furthermore, the existence of HOMs severely im-
pacts the capability to relate reflectivity measurements to the reflection-induced
field E, inside the booster. Existing methods, like the Q-factor formalism, typi-
cally rely on precisely knowing the operating mode of the system. Therefore, new
methods are needed for the dielectric haloscope. One of the core contributions of
this thesis is the development of a model-based method to determine the boost
factor of a closed dielectric haloscope, presented in [chapter 5]

With the presence of HOMs, full-wave simulations become less and less reliable,
since they need to replicate the exact imperfection that lead to the HOM in the
first place. While cavity experiments are operated under a very narrow resonance
of a clearly defined eigenmode, one of the defined goals of dielectric haloscopes
is to allow a more broadband operation, similar to a dish antenna. This requires
to closely study HOMs and eventually quantify their effect on the boost factor,
instead of trying to avoid them. Such a method was used in the dark photon
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search presented in based on a measurement of the reflection-induced

electric field E, over the volume of the booster [4].

3.2.1 The Magnetized Disk and Mirror Axion Experiment

The dielectric haloscope concept was originally proposed by the MADMAX work-
ing group [23]. It lead to the founding of the MADMAX collaboration in 2017
with the goal of reaching sensitivity to the QCD axion within the mass range
from 40 peV to 400 peV. As the baseline design, a booster with 80 disks made
from lanthanum aluminate with a surface area of ~ 1m? and a permittivity of
€ = 24 that is placed in a 9T dipole magnet was proposed. This is expected to
enable boost factors of 5% ~ 3 x 10* over a bandwidth of ~ 50 MHz [67]. As
will be explained in [section 4.3] the resulting signal power from a QCD axion, as
estimated by lequation (3.3), can be detected within ~ 3h. By moving the disks
using piezoelectric motors, the boost factor can be shifted in frequency to cover
the planned mass range. To cover the entire range, corresponding to 10 GHz to
100 GHz, approximately 90 GHz/30 MHz = 3000 such measurements have to be
performed. This assumes an overlap between boost factors of 10 MHz on each side.
Therefore, covering the entire range with the full scale MADMAX setup is possible
within a time period of the order of 3000-3h ~ 1yr. This assumes continuous data
taking with no deadtime, which is clearly not realistic, but the order of magnitude
should be a solid estimate.

On its way to reach this goal, several prototype setups have been built, that are
categorized as closed booster and open booster setups:

e Closed booster: The disks and mirror of closed setups are encased in
a metal cylinder, providing fixed boundary conditions that enable a finite
number of propagating modes. The signal is then coupled to the receiver
system using a taper. Resonances are easy to spot within a reflectivity
measurement as distinct dips in reflected power. In a frequency region were
only one such feature is apparent, a closed booster is well described as a
single moded system, as will be shown in [chapter 5| It is however challenging
to identify which feature corresponds to which resonating mode. This is a
fundamental requirement to determine the resulting signal power extracted
from the axion field.

o Open booster: Open booster setups consist of free-standing disks and a
mirror with the resulting DM signal focused onto an antenna using a focus-
ing mirror. As the goal of MADMAX is to provide tuning capabilities by
independently moving the different disks, this is set as the target MADMAX
design. It is however challenging to simulate due to its large size and open
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boundaries, enabling an infinite set of propagating modes. Furthermore, the
antenna reflects any HOM that was excited within the system, leading to
a resonant enhancement of those modes. This drastically complicates the
modeling of an open booster.

Initially, different open booster setups were used to study the electromagnetic re-
sponse and mechanical requirements of such systems [25] and design and test the
mechanics to move the disks with the necessary O(num) precision [26]. The closed
booster systems were developed specifically to simplify the modeling of the elec-
tromagnetic response. This design enabled the boost factor determination using
a single-mode model, which is a core contribution of this thesis and described
in [chapter 5 The successful boost factor determination subsequently enabled a
search for axion DM with a closed booster, which is presented in [chapter 6 This
is an important step towards fully understanding and characterizing more com-
plicated setups. However, the necessary size and tuning capabilities to reach the
designated goal of MADMAX make it unsuitable as the final design. Demonstrat-
ing the capability to determine the boost factor of an open system is therefore
crucial for more sensitive DM searches. Such a method was developed in the PhD
thesis by J. Egge [27]. In combination with the noise model developed as part of
this thesis, it led to the dark photon search presented in [chapter 7]

3.3 Relation to dark photon searches

The theory behind dark photons differs significantly from the axion. However, it
results in a coupling to the SM that is experimentally very similar. The equations
shown in this section can also be applied to the dark photon by simply replacing
J, and (E,, H,) by the corresponding terms for the dark photon Jg, and (Eqp,
Hg,). This similarity often allows limits placed on the axion parameter space to
be converted to a limit on the dark photon parameter space by a simple rescaling.
Experimentally, it is sometimes challenging to procure a magnet of sufficient size
and strength to search for an axion. In this case, performing a dark photon search
instead is a common method to prove experimental viability.



4 Receiver system for a dielectric
haloscope

In the signal power emitted by a dielectric haloscope was established.
This chapter addresses how this signal power can be detected, which provides the
missing piece to the determination of the experiments sensitivity.

Searching for a DM signal from a dielectric haloscope requires a microwave re-
ceiver system sensitive to powers of O(107*' W) and capable of resolving the nar-
row spectral features of the DM signal described in [section 4.1l The DM-photon
conversion is expected to result in a continuous signal at a frequency correspond-
ing to the DM particle’s mass. Since the DM mass is not known a priori, the
receiver system has to measure spectra of power over frequency. The resolution
bandwidth (RBW) should be smaller than the expected signal width Avgy,. Such
a measurement is commonly performed using a spectrum analyzer (SA). However,
SAs typically sweep the configured bandwidth in RBW-sized steps resulting in
significant deadtime. To avoid this limitation, a heterodyne detection scheme is
employed, which is explained in [section 4.2}

Crucially, the detectable signal power is limited by the noise introduced by the
receiver system. A detection requires a signal-to-noise ratio (SNR) above a certain
threshold, commonly set to SNR > 5. In the SNR of the experiment
is derived, leading to an expression for the sensitivity of a dielectric haloscope to
axion dark matter. Furthermore, strategies to reduce the receiver system noise
and improve the SNR are discussed.

Unwanted signals present a major challenge, because they can obscure or mimic
a potential DM signal. In different sources of unwanted signals are dis-
cussed and some methods to suppress them are explained. Their implementation
was a key contribution to the dark photon search presented in

Another significant effect arises from reflections at the receiver input, specifi-
cally at the amplifier stage. Achieving a low noise figure requires a trade-off with
impedance matching [68], which becomes increasingly severe at frequencies above
10 GHz. Such mismatches cause partial reflections of the DM signal and therefore
alter the boost factor as discussed insection 4.5 Quantifying this effect constitutes
a central contribution of this thesis and forms part of the publication presented

in [chapter 5| The method is applied to both, the axion search (chapter 6) and
the dark photon search (chapter 7)) leading to corrections to the boost factor of

24
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O10%).

4.1 Dark matter signal

Haloscopes search for a DM signal from the galactic DM halo. The DM particles
are assumed to convert to photons within the optical system. This results in a
continuous signal with a frequency v given by the DM mass mg,, and momentum

Pdm:
V= \/p3m+m<2im‘ (41)

The DM particle is assumed to be non-relativistic and therefore the momentum
part is typically neglected when presenting plots with one axis corresponding to
the DM mass. The momentum is however important when searching for a DM

Axion lineshape (v, = 18.5 GHz)
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Figure 4.1: Expected lineshape of a DM signal from the galactic DM halo at a
frequency of vy, = 18.5 GHz, corresponding to a DM mass of mgy, ~ 77 peV.

signal in a spectrum of power over frequency. While pg,, = 0 would result in
a o0-peak at v, in reality the signal is smeared out slightly. Assuming a fully
virialized DM halo, the expected velocity distribution of the DM particles is given
by a Maxwell-Boltzmann distribution. The resulting approximate width of the
DM signal Avgy, is then given by the velocity dispersion o, ~ 156kms™! [69] as
Avgm = (0,/¢)?v =~ 3 x 10~"v. The distribution further needs to be boosted into
the reference frame of the Earth. This yields a distinct signal shape, as shown in
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figure 4.1} that can be used for further signal discrimination, given a high enough

frequency resolution of the receiver. A more thorough discussion of the signal
shape and its derivation is part of the PhD thesis by J. Diehl [70].

4.2 Heterodyne detection

In the presented DM searches, the optical system is connected to an analog to
digital converter (ADC), that streams time domain data to a device performing
an online fast fourier transformation (FFT) and saving the resulting power spectra.
Such a setup enables continuous data takings with close to no deadtime. However,
an ADC of a given sampling rate s is only able to digitize signals of a frequency up
to its nyquist frequency v,q = s/2. Sampling a signal with a frequency > 10 GHz
would therefore require an ADC with s > 20 GSs™!, which poses many technical
challenges and is as such not a viable option. A heterodyne detection scheme
circumvents this by shifting the signal from its original frequency > 10 GHz to
a lower frequency range < 144. This is done in hardware using a mixer that
multiplies the potential DM signal at frequency v with a local oscillator (LO) of
frequency v1,0. Multiplying two signals of different frequencies results in signals at
the frequency difference and sum, based on the trigonometric identity:

cos(2mut) cos(2mrpot) = % [cos (27 (v — o) t) +cos (2w (v +vio)t)] . (4.2)

The LO frequency needs to be chosen such that v —v1,0 < 14,4. This low-frequency
region is called the intermediate frequency (IF) band, while the frequency region
of the signal is called radio-frequency (RF) band. A typical setup is sketched in
Besides the mixer and the ADC, an amplification stage that typically
consists of multiple amplifiers to overcome the noise floor of the ADC is required.
Using this method, the ADC sampling rate only limits the RF bandwidth to a
maximum of 7,4, no longer the signal frequency.

The RBW of such a setup is given by the bin width Av of the power spectra. It
is determined by the sampling rate s and the buffer size n of the performed FFT
as Av = RBW = 2 = % It is in general possible to trade bandwidth for a better
resolution. By skipping every second data point of the ADC, one can artificially
half the sampling rate, which halfs the bandwidth but also improves the resolution
by a factor two. This concept is known as decimation. It can be useful if the FFT
is performed on a device with limited resources such as a field-programmable gate
array (FPGA) with a fixed buffer size due to hardware constraints.
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4.3 Signal-to-noise ratio

When searching for any kind of signal, one needs to make sure that the signal-to-
noise ratio (SNR) is sufficiently high for detection. The optical system described
in chapter 3 is responsible for increasing the signal power, while the receiver sys-
tem has to minimize the added background noise. At the frequencies of interest
> 10 GHz, the main background is expected to be thermal radiation. It is quan-
tified as the frequency dependent system temperature Ty of the system, which
is the temperature at which a black body would emit an equivalent noise power.
Importantly, in the relevant frequency range 10 GHz < v < 100 GHz, the power P
corresponding to a given system temperature Ty is given by the Rayleigh-Jeans
approximation of Planck’s law as

P = kpAvT,,, (4.3)

with the Boltzmann constant kp.

The system temperature consists of thermal radiation emitted by the booster
itself as well as noise emitted by the receiver system. The thermal radiation
emitted by the booster is an inherent property of the system and can only be
reduced by going to lower physical temperatures, motivating the use of cryostats
for DM searches. The receiver system noise is given by the noise emitted by the
amplifier stage. If multiple amplifiers with noise temperatures 7; and gains G; are
connected in a chain, the combined noise temperature 7T, is given by [71]

n T
=T 422 4.4
1t e T (44)
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The receiver system noise is therefore dominated by the noise of the first-stage
amplifier, since all noise sources afterwards are suppressed by its gain. Being an
active device, the noise can be reduced by utilizing more sophisticated amplifier
devices, referred to as low noise amplifiers (LNAs). Their noise also significantly
decreases when going to cryogenic temperatures.

A technologically easier way to improve the SNR is to increase the measurement
time. While the DM signal itself is coherent with a coherence time 74y, &< 1/Avgpy,
thermal noise is incoherent white noise. By averaging power spectra over some
integration time 7 the SNR is expected to increase, as quantified by the radiometer

equation [72]
Py T
NR=—2& | T 4,
SNR kBTsys Av ( 5)

[Equation (4.5)|is a central equation for the sensitivity of a dielectric haloscope. As
a detection threshold, SNR > 5 is commonly required. The noise temperature Ty
is expected to be around 400 K at room temperature, consisting of the physical
temperature of the booster of 300 K and 100K of added noise by the receiver
system. By replacing P, with the corresponding signal power determined for a
dielectric haloscope in [chapter 3| (equation (3.7)| and equation (3.3)|) and solving
for g.,, one retrieves the minimal axion-photon coupling that the experiment is
sensitive to:

~ 1% 10713 Gey! [ Lo 1/2( g )5/4 10d)"* (SNR) '
Jay = 100K 20 GHz . 5

L (loT 1m2\ 2 /300 MeVem=3\ Y2 /3 x 100\ /2 (46)
B, A p 32 '

The full axion signal power Py, is assumed to enter in one bin, therefore the
(configurable) receiver bin width Av has been set to 3 x 10~ v, corresponding to
the signal linewidth Avgy,. The only unknown of lequation (4.6)|is the boost factor.
Its determination for a closed booster is the main topic of the publication included
in

Alternatively, fequation (4.5)[ can be used to estimate how long one has to take
data to detect a signal of a given power:

v SNR\? [ Tus \? /2% 1072 W)\?
T_lod(ZOGHZ)( 5 ) <400K> ( Pre ) ‘ (4.7)

When going to cryogenic temperatures, T, decreases by about two orders of
magnitude, therefore, within the same integration time, a signal of 2 x 10723 W
can be measured instead of 2 x 1072! W at room temperature.
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However, the integration time 7 is not a clear observable of the system: it
assumes ideal data acquisition with no deadtime, such that a single power spectrum
of resolution Av is recorded and averaged every 1/Av. For a more quantitative
measure, it is therefore better expressed by the number of averaged power spectra

N = 1Av:
Psig \/N

SNR = —_— 4.8
kBTsys Av ( )
1000 T T . . :
Power spectrum (with fake axion)
== =.Savitzky-Golay filter
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Figure 4.3: Measured power spectrum of a three-disk booster (black solid) with an
injected fake axion signal and the same spectrum after applying a Savitzky-Golay
filter (blue dashed). For visualization purposes only.

To demonstrate the behavior described by fequation (4.8)} [figure 4.3| displays a
power spectrum (black solid) taken with a receiver system, as described in this
section, connected to a booster, as described in [section 3.2] For illustration pur-
poses, a fake axion is added to the data. It is very challenging to predict the
exact background shape a priori, because it depends on the phase behavior of the
noise emitted by the receiver system as well as the electromagnetic response of the
booster. It is therefore estimated using a Savitzky-Golay filter [73] (blue dotted),
which essentially performs a piecewise polynomial fit. The parameters of the filter
have to be determined for each combination of receiver and booster individually.
This procedure is explained in the thesis by J. Diehl [70]. The presented example
is only for visualization purposes. For a sufficiently low polynomial degree and
large windowsize, the filter is not able to resolve the signal lineshape of width
Avgn and therefore only fits the background. This is apparent in the normalized
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Figure 4.4: Normalized power excess of a single power spectrum (black) and two
combined power spectra (gray), including a fake axion signal. The power excess
of the single spectrum follows a normal distribution of width o = 1 (red) and the
power excess of the two combined spectra follows a normal distribution of width
1/4/2 (green). The brown circles indicate the amplitude of the fake axion signal. For
visualization purposes only.
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power excess, later referred to as processed spectrum pp.oc, shown in ffigure 4.4, It

is defined as
Tsys - TSG

roc — . 4.9
pp TSG ( )

After background subtraction and normalization (black solid), the injected axion
signal is clearly visible, demonstrating that it has not been removed by the filter.
The corresponding signal attenuation has to be studied for every setup individu-
ally, as is done in and and described in detail in the PhD
thesis by J. Diehl [70]. The resulting distribution closely follows a Gaussian of
mean 4 = 0 and a standard deviation of ¢ = 1 (red solid), confirming that the
noise is indeed proportional to Ty, as apparent from fequation (4.8)l When now
combining one such normalized spectrum with a second spectrum by performing a
bin-by-bin average (gray solid), the combined noise follows a normal distribution
with a standard deviation of ¢ = 1/4/2 (green solid), with the signal amplitude
staying about the same. The SNR was therefore increased by a factor of v/2,
confirming the proportionality to v/ N as predicted by fequation (4.8), To ensure
proper data taking, the standard deviation of the normalized spectra was moni-
tored continuously for the searches presented in [chapter 6| and [chapter 7|

4.4 Suppression of unwanted signals

While heterodyne detection is a great tool to digitize signals at high frequencies,
some care has to be taken to prevent unwanted signals from entering the data.
Such signals can either enter in the RF band, the IF band or be an effect of a
non-ideal receiver system.

4.4.1 Signals in the RF band

In the worst case, an external signal (for example from radar systems or similar)
that looks similar to an axion or dark photon signal enters in the RF band. There
is no general way of avoiding such signals and it always leads to a complete loss of
sensitivity in the bins into which the signal enters. One has to verify whether such
a signal is a DM signal on a case by case basis. When searching for an axion, this
can be as simple as switching off the magnet and checking whether the signal is still
visible. For the dark photon, one can verify whether additional shielding around
the optical system attenuates the signal — in this case it cannot be a DM signal,
which would be generated within the optical system. A slightly more general way
is to use a second receiver system during data taking that is only connected to
an antenna, without any booster system. If this receiver also picks up a signal,
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it is very likely that the signal seen in the actual experiment is also the external,
non-DM signal.

4.4.2 Signals in the IF band

Since the receiver system digitizes data from the IF band, signals entering in this
frequency range can also be mistaken for a DM signal. The IF band typically covers
a big part of the so-called L band, which is in use by many different applications,
ranging from mobile service to satellite navigation. Luckily, there is an easy way to
distinguish such signals from a potential DM signal in the RF band: while the IF
frequency of signals in the RF band depends on the LO frequency, the frequency of
signals entering in the IF band does not. To identify unwanted signals from the IF
band, one can take two power spectra at slightly offset LO frequencies, each with
an integration time of 7,,. For both of them, a list of bins containing a significant
signal above 5o can be generated. Bins that are included in both lists contain
IF signals and should be masked for the remaining data run. To which value 7,
should be set will be discussed below.

By combining this with a frequency hopping technique, the masked bins can
still be populated with a slightly reduced amount of data. It is based on changing
the LO frequency rpo by some multiple of the FFT bin width Av at a fixed
time interval 71,0. The number of bins the LO frequency is shifted by ngug is
drawn from a normal distribution with a mean of zero and a width of ny;,s. This
method avoids introducing correlations between neighboring bins. Changing the
LO frequency shifts signals entering in the RF band while signals in the IF band
stay in the same bin. This is the opposite of what is wanted. To inverse the effect,
the bins of every recorded power spectra are subsequently shifted by —ngnig. To
be able to perform a bin-by-bin average of the recorded power spectra, they need
to be of the same frequency range, therefore the bins at the edges are rolled over,
keeping the number of bins constant. During the analysis the first and the last
max(ngpir) bins can therefore not be used. In practice, this is not an issue since
the analysis range is given by the narrowest bandpass filter, which usually has a
passband sufficiently far from the edges of the spectrum.

To set Npins, Tm and 71,0 to sensible values, it is useful to estimate the decrease
of significance of unwanted signals and the introduced reduction of statistics due
to the bin masking.

The reduction of statistics can be estimated by the amount of samples taken at
the center frequency of a masked bin, which is approximately

N
\% 27T-nbins 7

with the total number of recorded spectra N and ¢ an integer constant to ac-

Nain =N — ¢ (4.10)



4.4. Suppression of unwanted signals 33

100_ T T T ]
—— MonteCarlo

S — - Analytical
8
O -1
810 1
c
.°
e
S . 2
§10 " 7
e
<
E10_'I____II_____=_____II_—__I_
=)

g 8r 1
T 6 1
< 4r 1
g 2_ 1 1 1

0 5 10 15 20

Ns/nbins

Figure 4.5: MonteCarlo simulation (black solid) and analytical prediction (orange
dashed) of the attenuation factor due to the frequency hopping of a signal entering
in the IF band. The bottom panel shows the ratio of the two quantities. The match
between MonteCarlo simulation and analytical prediction improves with increasing
integration time, corresponding to a larger number of samples Nj.

commodate for multiple neighboring bins being masked due to either multiple or
broader signals. Since the SNR scales with v/, it is estimated to be reduced by

a factor of
Noin / 10
=4/l — ———. 411
N V 277-nbins ( )

where ¢ = 10 was used, corresponding to a typical number of masked bins observed
within the width of the distribution of LO frequencies. This results in a negligible
reduction in sensitivity of less than 1% for ny,s = 300.

Given sufficient statistics, the attenuation factor a of an IF signal is approxi-
mately given by the probability that the LO frequency will be at the mean of its
normal distribution as

1
N \% 27T-nbins ‘

To estimate what constitutes sufficient statistics, figure 4.5 shows a comparison
with a MonteCarlo simulation of a signal with SNR = 5 in a single spectrum after
performing N, = 7/710 frequency hopping steps with npi,s = 300. It shows that
Ny >~ bnpins leads to a deviation by a factor of ~ 4, while N; > 10n;,s leads to a
deviation by a factor of ~ 2. The noise level in respect to the noise of a spectrum

. (4.12)
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used for the bin masking decreases with the total integration time 7 as /7y /7.
For eventual unmasked signals to stay under the detection threshold, a < /7, /7
needs to be true. In terms of 7, this yields
4T
27Tn2bins

T > : (4.13)
where Ny > 10ny,;,s was assumed such that the analytical a was only increased by
a factor of 2, as suggested by the MonteCarlo simulation. For ny;,s = 300, 7, > 6
is therefore necessary such that masked signals do never go above the given SNR
threshold for a data taking time of 7 = 10d.

To summarize the estimations, one should set ny;,s > 300 to reach a reduction in
sensitivity by less than 1%. The other parameters depend on the estimated total
integration time 7. The interval at which the LO frequency is changed 71,0 should
be chosen such that 1,0 < 7/(10ni,s) to reach a good attenuation of unwanted
IF signals. The integration time of the power spectra used for the bin masking
should be set to 7, > 27/(7ng,,,) as per equation (4.13)|

4.4.3 Signals due to a non-ideal receiver system

For a typical heterodyne receiver, the following sources of unwanted signals need
to be considered:

1. Negative image frequencies: when sampling the data, the ADC can not
distinguish between negative and positive frequencies - this means that after
mixing, signals originating from the frequency region 11,0 — vnq to V1o are
indistinguishable for the ADC from signals within the frequency region vy o
to VLo + Vng-

2. Mixer sidebands: Multiplying signals in hardware is difficult. One com-
mon way is to rely on a diode, whose current I, is proportional to the expo-
nential of the input voltage V;: I; oc €. When feeding the voltage sum of
the potential signal and LO V; = V;+ V1o to the diode, the resulting current
can be expanded to Iy o< V; + V7’2 + ‘%3 + .... The second-order term con-
tains the wanted multiplication V Vo, however higher order terms, although
quickly suppressed, can result in additional signals at unwanted frequencies,
such as v — 2vpo. Those are called mixer sidebands. Therefore not only
signals around vy, get shifted to the IF band, but also signals around 2uv1,o.

3. Aliasing effects: Digitizing an analog signal by sampling at discrete points
in time requires a sufficiently high sampling rate to resolve the frequency
of the signal. When sampling a signal of frequency v > vy, the digitized
samples are equivalent to a signal at 21,4 — v.
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Those issues can be prevented by adding a band pass filter with steep fall offs
around the region of interest and a bandwidth no bigger than 1,4 in front of the
mixer. [t makes sure that:

1. No signal below v, can enter the data.

2. No signal outside the region of interest can enter the data, specifically from
the mixer sidebands.

3. No signal above 1,4 reaches the ADC.

Furthermore, an additional low pass filter with a cut-off frequency < v is typically
added directly in front of the ADC to make sure that also in the IF band no
signal above 1,4 enters the data. The negative image frequencies can alternatively
be avoided by using so-called 1QQ mixing, that allows to not only measure the
amplitude but also the phase of a signal.

4.5 Amplifier mismatch

At the frequencies > 10 GHz that dielectric haloscopes operate at, the first-stage
LNA tends to not be very well matched to the 502 coaxial connections, with de-
vices reflecting ~ 20 % in magnitude being commonly encountered. This directly
affects the boost factor. Since the axion signal is coherent, quantifying this effect
requires interference effects to be taken into account. The reflection therefore does
not directly translate to a signal loss but might even enhance the signal. Quanti-
fying this effect requires the knowledge of the electrical distance between receiver
system and booster, which is not directly measurable. Some experiments counter
this issue by introducing a circulator between the LNA and the booster. Such a
device allows signal flow only in one direction and therefore absorbs the reflection
of the LNA and removes the interference effects. It is however incompatible with
magnetic fields and therefore has to be placed at some distance from the booster
system. This becomes increasingly problematic at higher frequencies, because the
loss of the required cable becomes higher, which directly decreases the sensitivity
of the experiment. Operating without such a device, with the LNA connected
directly to the antenna or taper, is therefore to be preferred. In and
section 5.2.3| it is described how this effect can be quantified using a noise model
of the receiver system and booster. The model is then used in the axion and dark
photon searches, [chapter 6| and [chapter 7], to determine the effect of the receiver
system on the boost factor.




5 Sensitivity of a closed dielectric
haloscope to axion dark matter

This section is published as "Sensitivity of a closed dielectric haloscope to axion
dark matter” [1]. Infsection 5.7, additional unpublished material is presented.

Significance: As has been established, determining the sensitivity of di-
electric haloscopes is particularly difficult. One can neither rely on full-wave
simulations nor on an axion-like calibration source. Furthermore, the receiver
system directly affects the electromagnetic response of the booster. This publi-
cation solves the issue of time-consuming simulations for closed booster systems
and presents a model to quantify the effect of the mismatched receiver system
on the resulting signal power. The presented models have been developed by
the thesis author together with the procedure to determine the boost factor
and its uncertainties.

5.1 Introduction

In the search for lightweight dark matter (DM), cavity haloscope experiments [74]
have been an essential tool for many years now. They operate under the as-
sumption that the DM from the galactic halo converts to photons. Haloscope
experiments were originally motivated by the axion, predicted by a solution to
the strong CP problem [75] 11, |76]. Nevertheless, they are also sensitive to other
non-relativistic, wavelike DM candidates, such as the dark photon (DP).

By including axions in the Standard Model, Maxwell’s equations receive an
additional current like source term J, = g,,aB. composed of the axion-photon
coupling g., the time derivative of the axion field a and the external magnetic
field B.. Similarly, the DP results in an effective current Jq, = XEX with the
kinetic mixing angle x and the time derivative of the DP electric field Ex- The
momentum of non-relativistic DM particles can be neglected, leading to a direct
relationship between the particle mass mq,, and the resulting photon frequency v ~
Mamc?/h. The measurable signal power of a haloscope Py is given by the overlap
between the effective DM current Jq,, = Ja/qp and the electric field E coupled to the
detector: Py o< f dVE - Jqn [64]. Due to the macroscopic de Broglie wavelength

36
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of the considered DM particles \q;, of O(10m), Jgp,, is approximately uniform over
the extent of the experiment. Typically, resonant radio frequency (RF) cavities
operated at the fundamental transverse magnetic mode are used to maximize E
and therefore Pg,. Because cavity size at the fundamental mode decreases with
frequency, higher DM masses lead to smaller volumes and lower signal power,
limiting sensitivity. Different approaches exist to overcome this limitation 77} |7§],
one being the dielectric haloscope [23].

The MAgnetized Disk and Mirror Axion eXperiment (MADMAX) |79, 23, 24]
is such a dielectric haloscope designed to access the mass range 40 peV < mam S
400 peV, corresponding to a photon wavelength of 3mm to 30 mm. Based on the
magnetized mirror axion DM search idea [7§], it uses a booster composed of a set
of parallel dielectric disks and a metallic mirror, as shown in to en-
hance a potential axion DM signal. Depending on the specific booster boundaries,
the detector couples either to the fundamental transverse-electric or fundamental
transverse-electromagnetic mode, polarized parallel to the disks and mirror in di-
rection of the magnetic field. This in principle allows for an arbitrary transverse
scaling of disk and mirror diameter to increase the conversion volume. In prac-
tice it is however limited by mechanical constraints and machining tolerances. The
placement of multiple dielectric disks allows to shape the distribution of the electric
field E in the longitudinal direction, further increasing [ dVE - Jq, and therefore
Pye. This effectively decouples the conversion volume from the photon wavelength.
The resulting signal power P, can be equivalently described by coherent photon
emissions at the interfaces between air and disk regions, allowing for constructive
interference and resonances to increase the experiments sensitivity [48]. In relation
to the power emitted by a magnetized mirror, F, Py, is enhanced by the frequency
dependent boost factor 5?2 := P,/ Py. By adjusting the disk and mirror positions
its center frequency and width can be tuned.

The sensitivity of a dielectric haloscope to axions is expressed as the axion-
photon coupling g, needed to produce a given signal-to-noise ratio (SNR) within
the integration time At for the local axion DM density p, [48]:

2 % 103 T.
o] =35 x 107 GeV! 5s
1900/ % T Vaok
1/4
" 0.lm}) (1T 2.2 days /SNR (5.1)
r B, At 5
" Mg 0.3 GeV/cm?
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Most of the quantities governing |gq,| are either explicitly set by the experimen-
talist or directly measurable. This includes the target axion mass m,, the radius
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Figure 5.1: Exploded schematic view of the closed dielectric booster CB200 and the
receiver chain considered in this paper. In addition to the disks and mirror, placed
in an aluminum casing, it includes a taper and a dielectric lens designed to maximize
coupling of the axion signal power to the low-noise receiver chain. The tuning rod
allows to apply pressure to the mirror, therefore slightly offsetting its position. The
shaded region indicates the components exposed to the magnetic field B.. The setup
is identical to the latest axion search performed at CERN’s Morpurgo magnet and
the figure taken from its publication .

of the disks r and the external magnetic field B, = yB,, aligned parallel to the
disks and mirrors. After performing a standard power calibration , described
in more detail in [section 5.6.1) power spectra taken with the receiver system can
be converted to the system temperature Ti,. The only remaining parameter is
therefore the boost factor 52. Its determination requires a more complex procedure
since a direct calibration would require to replicate the DM current density Jgpn,
exactly, which is experimentally challenging. Furthermore, a full-scale simulation
of the entire setup is computationally demanding, due to its large domain size of
> O(103)3) relative to the photon wavelength A. This stands in contrast to typical
cavity domain sizes of O(10\3).

The MADMAX Collaboration has recently published first lower limits on the
coupling of axion DM to photons g,, and the kinetic mixing angle x utilizing
two different types of dielectric haloscopes that allow for different approaches to
determine 2. An open booster with three 2300 mm free-standing sapphire disks
was used to perform the first MADMAX DP DM search and improved existing
limits by nearly three orders of magnitude [3]. In this case, the procedure to
determine 3? was based on a direct measurement of the antenna excited electric
field E within the booster, from which 3% can be calculated . The measurement
of the electric field requires the insertion of a perturbing object into the booster
structure and is therefore only applicable to a setup with free standing disks with
no surrounding boundary, to which we refer to as an open booster. Determining
B2 solely by electric field measurements is very time consuming, which can be
improved by relying in parts on a model or simulation.
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In a more recent work, a closed booster consisting of three @200 mm sapphire
disks encased in an aluminum cylinder, referred to as CB200 and depicted in
[igure 5.1 marked the first axion DM search [2] with a dielectric haloscope. CB200
uses a dielectric lens and taper to couple the receiver system to the fundamental
transverse-electric mode of the booster. The procedure developed for this search
only requires access to the port of the taper, relying on a complete model of the
booster and connected receiver system, which is the topic of this article. The
fixed boundary conditions provided by the aluminum cylinder make it a closed
booster and ease modeling. As opposed to the open booster, only a finite set
of modes propagates within such a system. The search consisted of five periods
of data taking, referred to as physics-runs, performed using two different booster
configurations in which separation rings of different widths were used. Between
physics-runs of the same configuration, the frequency of maximal sensitivity was
adjusted by O(10 MHz) using the tuning rod, depicted in , to press against
the mirror.

This paper presents the analysis that was performed to obtain the already pub-
lished results [2] in full detail. In fsection 5.2 a booster and receiver chain model
is described and exemplary fitted to the data of the first physics run. With the
resulting parameters, the boost factor of the used setup can be calculated. The
model is then thoroughly validated against full-wave finite-element-method (FEM)
simulations in and applied to the physics-runs in [section 5.4] focusing
on the resulting uncertainty and time stability of the system. In we

provide our conclusions on the performed study.

5.2 Booster and receiver noise model

The frequency dependent boost factor 5% of a booster is defined by the configura-
tion of the dielectric disks, depending on their positions and permittivities. It is
sensitive to O(pum) deviations of not just the disk and mirror positions, but also
additional imperfections such as tiny gaps or misalignments. Full-wave simulations
for which all of those parameters need to be implemented are very time consuming.
Apart from the general computational effort of simulating such large-scale systems,
it would also require fine-tuning the parameters describing the imperfections and
geometric details to reproduce the exact behavior of the system, multiplying the
computational power required for an exact description. Instead, an effective model
is used to reproduce the reflectivity of the booster T'(v) = 22t  determined by
externally exciting the system by a known field amplitude ¢y, ‘and measuring the
reflected field amplitude ¢oy using a Vector Network Analyzer (VNA). The model
has to be simple enough to computationally allow for fitting of its multiple pa-
rameters. In such a model based on network theory [80] is presented.
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By fitting its parameters it is able to reproduce the measured reflectivity of the
booster T'(v) and can then be used to calculate the corresponding %(v). The
accuracy of this calculation is discussed in [section 5.3

When taking data for the DM search, the booster is connected to the receiver
system via a 50 ) coaxial connection. Because the receiver system is not perfectly
matched to that connection, it reflects a small fraction of the potential signal,
altering the boost factor. With the receiver connected, it is only possible to mea-
sure system temperature spectra, consisting of the noise emitted by the receiver
and booster. A noise model reproducing such a spectrum is therefore necessary
to quantify the effect of a mismatched receiver system on the boost factor. The
noise model of the receiver is described in [section 5.2.2] requiring additional system
temperature measurements of known standards to determine its parameters. It is
then combined with the booster model in to reproduce the measured
system temperature of the booster by fitting the only free parameter left: the
electrical length that connects the receiver to the booster.

In the following, the full procedure to determine the sensitivity of a given CB200
configuration is demonstrated for the first physics-run published in 2], referred to
as run 1.1. It consists of determining:

1. booster model parameters by fitting to a reflectivity measurement of the
booster,

2. receiver noise model parameters by fitting to system temperature measure-
ments of known standards,

3. the electrical distance connecting both models by fitting to a system tem-
perature measurement of the booster connected to the receiver system.

5.2.1 Booster model

We first focus on modeling the booster’s reflectivity to extract the parameters nec-
essary to calculate 32 from a reflectivity measurement. Due to its conducting cylin-
drical boundaries, wave propagation within the closed booster is well described by
the modes of a cylindrical waveguide. In the presence of a homogeneous magnetic
field, the axion-induced effective current J, excites mainly the fundamental trans-
verse electric (TEj;) mode, which propagates along the booster axis, orthogonal
to the mirror surface. We call the resonance of this mode the booster mode. Such
guided wave propagation is modeled using a well-known transmission line (TL)
approach [80], implemented in Advanced Design System (ADS) [81]. It is equiv-
alent to using a transfer matrix based method as described in [48], but enables
easy integration of the booster into the noise model, also implemented in ADS and

described in lsection 5.2.2) and [section 5.2.3l




5.2. Booster and receiver noise model 41

J L ! i

Taper and air region  Disk Air Disk Air Disk  Air Mirror

' L +d, disk d dgisk d, dgisk  ds
¢ > & < > > ¢ > ¢ ¢ >
r ]
(:): Zl ya Za Zd Zaa Ya Zd Za? Ya Zd Za9 Ya 1—‘m
: Yd Yd Yd
-

Figure 5.2: Transmission line configuration used to model the booster. It consists
of four air and three disk regions of respective lenghts d; and dgisk, defined by their
corresponding impedances Z, and Z; as well as propagation constants 7y, and .
The leftmost air region also includes the length of the taper L. It transitions from
Z, to the coaxial line impedance Z; = 50 2. The mirror is modeled by its reflectivity
I',, given by its finite conductivity. The reflectivity measurement is modeled at the
reference plane indicated by the dashed line, which corresponds to the connection of
the VNA to the taper, the booster input.

The model does not consider higher-order mode contributions to the boost fac-
tor. It is therefore a fundamental requirement to identify a frequency range in
which only the booster mode is present. This requirement is studied in section 5.3.3
and section 5.3.4, using simulations and complementary measurements.

Figure 5.2 shows the booster model, composed of TL segments for the disk (d)
and air (a) regions, characterized by their impedances Z; and Z,, respectively,
their propagation constants 74 and v, and their individual lengths dgic and d;
(1 = 0,1,2,3). The TL segments directly correspond to the booster parts as
shown in figure 6.1. While the disks are all of 1 mm thickness, the separation
rings are chosen individually for the different configurations. The electric field of
the resonating booster mode is mostly concentrated between the mirror and the
closest disk, such that it is most sensitive to the distance between the two, ds.
The leftmost region includes the measured length of the taper L = 166(1) mm
and the width of the leftmost separation ring dy = 37.40(1) mm for configura-
tion 1 and dy = 21.14(1) mm for configuration 2. The region’s length does not
affect the boost factor and is therefore kept fixed for each configuration. The
taper is assumed to provide a perfect coupling between its coaxial port and the
booster mode, implemented by an ideal taper that transitions from the coaxial
line impedance Z; = 50 €2 to the air impedance Z, without introducing reflections.
This assumption is verified in section 5.3.3.

The equations in this paragraph are based on the description of a circular waveg-
uide in [80], unless stated otherwise. The impedance as a function of the relative
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permittivity € in the case of the circular waveguide is given by:

20 = 2/ T2, (52)

with the free space impedance Z, ~ 377, dispersion relation k(e) = wy/€/c,
angular frequency w = 27r and speed of light in vacuum c¢. The disk and air
impedances Z; = Z(eq) and Z, = Z(¢,) differ between air and disk regions only
due to their different relative permittivities: ¢; = 9.36 for sapphire and ¢, = 1 for
air. The change in phase per unit length along the booster axis is defined by the
propagation constant of the TE;; mode:

w?e p’2
v(e) =1\ — = (5.3)

c2 r2

with waveguide radius r, and the first root of the derivative of the Bessel function
of order one pj; = 1.841.

Loss due to the finite conductivity oa; = 3.77 x 10°Sm~! for the aluminum
booster walls is described by the attenuation per unit distance:
1 fwm (P k?
. = + . 5.4
rkZy \ 20 ( r? o opht -1 (54)

Additional dielectric loss in the disk segments is accounted for by:

_ tand k(eg)?
2 v(ea)’

where a uniformly filled lossy dielectric with loss tangent tand is considered.
Dielectric loss within air regions is neglected. The non-perfect reflection I,
at the aluminum mirror due to its finite conductivity is given by I',, = 1 —
24/2wep/o a1 |82]. By connecting transmission line segments as shown in ,
with propagation constants v and attenuation a.+ oy for disks and a,. for air within
ADS, an ADS S-parameter simulation is used to calculate the resulting sum of re-
flections at the interfaces and therefore the reflectivity of the booster I'(v) = Si;.

By fitting the disk spacings d;, as well as disk permittivity €;, thickness dgjsxk
and loss tand of the described model, the booster mode visible in the measured
reflectivity of the CB200 booster is reproduced within uncertainties, as can be seen
in . The model and measurement agree for both the reflected power |I'|?
(top curves) and group delay 7,4 = _a%rfr (bottom curves). Since the refractive
index of the disks n = /€4 and the disk thickness dgi are almost fully correlated,
the product ndg, referred to as disk phase thickness, is fitted instead of each

(5.5)

Qq
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Figure 5.3: Measured (black) and modeled (green) reflectivity of CB200, run 1.1
(see table 5.1), after parameter fit. Top curves: reflected power |I'|2. Bottom curves:
group delay 7,q4. The model curve shows the best fit and the band the 1o fit uncer-
tainty within the frequency range of the booster mode. The TE; resonance, that is
the booster mode, is visible as a dip in reflected power and a peak in group delay.
Fit parameters are listed in table 5.1 and fixed parameters in table 5.2 in the sec-
tion 5.6.2 .
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separately. As initial parameters for the fit, the physical dimensions of the disks
and separation rings are used as well as the expected permittivity ¢; = 9.36 and
dielectric loss tan § = 107° of sapphire. The fitted parameters, together with their
uncertainties, will be discussed in [section 5.4] It also contains [table 5.1 which

includes the parameters used in the fit exemplary presented here for run 1.1. All
fixed parameters are summarized in in the [section 5.6.2

To calculate the frequency dependent boost factor, the axion-induced excitation
is modeled by including voltage sources of power P = Py(1 — 1/¢;) with opposite
phase to each side of every disk and one of P = F) to the mirror, with Py being
the power emitted by a magnetized mirror [78]. The signal power P, is then given
by an ADS power probe at the input of the booster, resulting in 87, = Pyg/Po.
This quantity does not yet take into account the transverse field shape within the
booster. While the effective current J, due to the axion within the magnetic field is
approximately constant over the whole volume, the tangential part of the electric
field of the booster mode Erg,, vanishes at the metallic boundaries.

The coupling is therefore reduced by the transverse geometric overlap of the
two, resulting in 8% = |na|*%, with

|77A|2 _ |fA dA E1p,, 'Ja‘z
fA dA ‘ETE11|2IA dA |JCL’2

dA Erp.. - 4]
_ 1[4 dA Bre, I 084 (5.7)
AfA dA ‘ETE11|

(5.6)

J,=const

This quantity is conceptually similar to the form factor of a cavity, with the dif-
ference that the form factor describes the overlap of the resonating mode with the
axion current over the volume of the cavity while |n4|* only considers the trans-
verse overlap, since the longitudinal behavior is already described by the booster
model.

5.2.2 Receiver noise model

To take into account the effects of the receiver system on the boost factor, we need
to model the system temperature of the combined system of booster and receiver.
An ADS noise simulation is used for this purpose. In our case, the dominant noise
sources are the first-stage low noise amplifier (LNA) and the booster itself. While
ADS automatically simulates noise of passive devices such as the booster according
to their signal attenuation, active devices such as the LNA require the addition of
specific noise sources.

We model the amplifier noise with a correlated current and voltage noise source,
I, and V,,, connected in parallel [83], as depicted in [figure 5.4 The circuit is
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Figure 5.4: Schematic of the circuit used to model LNA noise. It consists of a
transmission line of impedance Z; = 50 €) terminated by the LNA impedance Zpxa
on one side and a device-under-test (DUT) such as the booster on the other side.
The LNA noise is introduced by a voltage and current noise source connected in
parallel. The dashed line represents the LNA input port.

terminated by the first stage LNA, implemented as a one-port device with the
impedance set to the frequency-dependent impedance of the input port of the
LNA Zpxa, measured by a VNA. The device-under-test (DUT) can be described
either by its measured or modeled reflectivity I'pyr. The system temperature as
measured with the receiver system is then modeled using the simulated noise power
delivered to the one-port device, representing the LNA. Due to the potential cor-
relation of V,, and I,,, this results in four parameters for the receiver noise model:
voltage noise amplitude V,,, current noise amplitude ,,, correlation magnitude |c|
and correlation angle ¢.. They are extracted from fits to system temperature spec-
tra, that are measured with the LNA connected to a short, open and matched load
standard as the DUT. I'pyr is given by their idealized reflectivities ['gory = —1,
Iopen = 1 and I'joag = 0. For the open and short standards, the distance between
LNA and standard is added as an additional fit parameter. The parameters are
fitted to all three spectra simultaneously, with the result shown in figure 5.5 and
the fitted parameters listed in table 5.3 in the section 5.6.2.

The noise model reproduces the measurements within their uncertainties, stem-
ming from the receiver power calibration (section 5.6.1). It matches nicely the
slightly skewed shape of the oscillation present in open and short measurements.
The maximum of the spectrum of the short standard, at around 17.5 GHz, is
slightly overestimated and the maximum of the spectrum of the open standard,
at around 19.4 GHz, is slightly underestimated. This hints at an increase in noise
emitted by the LNA with frequency, but is well within the uncertainties that will
be discussed in section 5.4.
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Figure 5.5: Measured and simulated noise spectra Ty of the amplifier connected
to open, short and matched load standards. The bands around the curves show
their associated uncertainty, stemming from the power calibration of the data. The
load (blue) is close to constant over the frequency range, while the open (green) and
short (orange) measurements exhibit an oscillation of opposite phase. The simulation
matches the measurements within uncertainties.
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Figure 5.6: Combined noise model consisting of the receiver noise model and booster
model connected by a transmission line of length L.o,. The dashed lines represent the
reference planes from which the booster and receiver chain reflectivity measurements,
I' and I'rc respectively, are taken with the VNA and the LNA input port.
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Figure 5.7: Measured and modeled power spectra of CB200, resonant at
~ 18.53 GHz for run 1.1 (see table 5.1). The model (green solid) reproduces the
positions of minima and maxima of the broadband oscillation present in the cali-
bration measurement (orange dashed) as well as the booster mode frequency of the
physics-run (black solid). The amplitude is consistently slightly underestimated. The
inset displays a zoom in on the frequency of the booster mode.

5.2.3 Combined noise model

To combine the LNA and booster model, they are connected by a transmission
line of length L.,, within ADS. This results in the combined model as shown in
figure 5.6, where the device under test from figure 5.4 is replaced by the booster
model described in section 5.2.1. Due to the impedance mismatch of the LNA
to the line, the boost factor as simulated by ADS differs from the simulated one
without the LNA. To quantify the change, the only additionally required parameter
is the length L., of the transmission line connecting LNA and booster.

Figure 5.7 shows a broadband measurement (1 GHz) of the system temperature
of CB200 (orange dashed), the first narrowband spectrum taken during run 1.1
(black) as well as the reproduction by the noise model (green solid).

The broadband measurement features a very prominent oscillation, which is
the result of a standing wave between the LNA and the booster. The distance
between maxima and minima in frequency space directly depends on the remaining
unknown parameter L..,,. By fitting L., the positions of minima and maxima
over the full 1 GHz range of the measurement are consistently reproduced. Having
a broadband measurement increases the precision on L., since multiple minima
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and maxima are visible. This configuration of the receiver system is dedicated to
determining the boost factor before the physics-run.

The physics-run spectrum was taken in a narrowband configuration of the re-
ceiver system optimized for the axion search. It does not include multiple minima
and maxima of the broadband oscillation, but instead allows to spot any changes
in booster mode frequency between the time of the broadband measurement and
the start of the physics-run. They are visible as a shift in frequency of the feature
corresponding to the booster mode, magnified in the inset. In the shown case,
the booster mode frequency slightly changed, necessitating an adjustment of the
model. As will be further elaborated on in [section 5.4.2] the change is caused by
an initially unstable mirror position. It is therefore accommodated for by slightly
varying the distance between mirror and closest disk ds of the model. In this spe-
cific case, the required change was only ~ 1pm, corresponding to a ~ 1 MHz shift
in frequency. Uncertainties will be discussed in [section 5.4

The model does not include higher order modes and therefore does not repro-
duce additional peaks and dips present in the spectra outside of the booster mode
frequency. Furthermore, the amplitudes between broadband measurement and
physics-run can change slightly because of the reconfiguration of the receiver sys-
tem as well as environmental factors such as the temperature. This also affects the
amplitude obtained from the model, since it is defined from the previously per-
formed fits to the standards. An overall deviation in amplitude, however, does not
affect the boost factor calculation at all, since the parameter extracted from this
measurement, L.,,, only changes the accurately reproduced positions of minima
and maxima.

5.3 Model verification

While the presented booster model is able to reproduce the performed reflectiv-
ity measurements within uncertainties, it remains to be shown, that the resulting
boost factor calculation holds up to scrutiny. We therefore present multiple full-
wave FEM simulations to verify that the booster model accurately describes the
axion induced excitation and is able to accommodate for 3D effects such as tilts
and disk deformation using effective parameters. Those FEM simulations do not
include the receiver part of the setup, since it is fully single-mode and there-
fore completely described by the presented transmission line based receiver model.
Previous studies have already been performed on the effect of geometrical inaccu-
racies of disks on the boost factor of an open booster setup with > 20 disks [67],
as opposed to the three disk closed booster considered in this work.

In [section 5.3.1] and [section 5.3.2| the booster model is compared to those sim-
ulations, determining its limits and accuracy. In [section 5.3.3| and [section 5.3.4] it
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is then described how the booster mode is identified and isolated from unwanted
modes, which is an inherent requirement for the validity of the booster model.

5.3.1 ldeal case

We first consider an ideal booster with perfectly planar disks and a mirror, free of
tilts or misalignment, surrounded by a highly conducting boundary and equipped
with an ideal, non-reflecting taper supporting only the intended TE;; mode. As
sketched in the inset of [figure 5.8 such a taper is simulated using a perfectly
matched layer behind the port. This idealized case is implemented in a full-wave
benchmark FEM simulation performed using COMSOL Multiphysics® [84]. A real-
istic taper, exciting higher-order modes (HOMs), will be discussed in .
Due to computational constraints, the radius of the cylinder is set to 5 cm instead
of 10 cm. Since an ideal booster does not excite HOMs, the results are indepen-
dent of booster radius. The axion-induced excitation is modeled with a background
current given by J,, aligned to the polarization of the TE;; mode. The simulated
boost factor 5?2 is calculated at the TE;; port from the power coupled to the TE;
mode. External excitation is implemented with a standard TE;; port, from which
the simulated reflectivity I'(v) is obtained.

In we show the 3D FEM simulation result for an ideal booster with
three sapphire disks, that is resonant at ~ 18.55 GHz, similar to the booster in
run 1.1 as considered in [section 5.2 The comparison to the simulated reflectiv-
ity is performed with and without parameter fitting (using exactly the simulated
material and geometric parameters).

Already without a fit, the group delay obtained with the booster model is in-
distinguishable from the one obtained with the 3D FEM simulation. Only the
reflected power deviates slightly, which is likely caused by a different treatment
of conductive losses at the boundaries and the mirror between the booster model
and the COMSOL 3D FEM simulation. In terms of boost factor 32, an excellent
agreement is seen between the model and 3D FEM simulation with < 3% differ-
ence throughout the frequency spectrum without fitting the parameters and < 2%
difference after the fit. These results are consistent across different configurations
and demonstrate the capability of the booster model to accurately calculate the
boost factor of an ideal booster and already show how the model can make up for
slight deviations by adjusting its effective parameters.

5.3.2 Treatment of 3D effects

The booster model used to describe the electromagnetic response of the booster
is inherently one-dimensional. Realistic inhomogeneities of material properties,
such as the dielectric constant, conductivity or thickness, break the azimuthal
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Figure 5.8: Comparison of the reflectivity and boost factor obtained from the
booster model and the 3D FEM simulation of the setup sketched in the inset of
(a) (rotated by 90° for graphical reasons). The spectra of reflected power |I'|? and
group delay 7,4 are shown in (a), whereas the boost factor spectra (% together with

their relative difference are shown in (b).

The results obtained from the booster

model without fitting its parameters (green dotted) and with fitting its parameters
(orange solid) match the results obtained with a 3D FEM simulation (black dashed)
of an ideal booster comparable to CB200 during run 1.1 within 3 %.
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symmetry of the geometry and redistribute the field. This can lead to a change in
boost factor due to: (i) deformation of the intended booster mode and coupling to
HOMs; (ii) shift of frequency of the booster mode, also resulting in changes of the
reflectivity; and (iii) localized field deviations that alter the coupling to the input
antenna. Such three-dimensional effects are accounted for in the booster model
through effective parameters. This section demonstrates that the booster model
is capable to describe the small discrepancies typically observed between idealized
and measured booster responses by allowing the model parameters to deviate from
their nominal physical values.

Mirror tilt is the dominant 3D effect on the booster response as the booster is
set up for a resonance between mirror and first disk. In practice, the disk spacings
are well controlled by precision-machined metal rings, while the mirror position
is deliberately left adjustable to enable fine-tuning of the frequency of maximal
sensitivity. This design choice provides a useful degree of tunability, but also
modifies the booster response. Accordingly the influence of the mirror boundary
deserves closer examination.

To realistically account for the effect of the mirror tilt, we modify the 3D FEM
simulation described in[section 5.3.1]to include a tilted mirror, defined by a rotation
around a given axis. The z- and y-axis define the plane of the untilted mirror,
with J, polarized along the y-axis and the origin at the mirror center. The z-axis
is the normal of that plane, pointing towards the taper.

A tilt of the mirror perturbs the field, such that the power in the booster mode
reduces due to mixing with unwanted HOMs. The boost factor evaluation only con-
siders the power of the booster mode, excluding power contribution from HOMs.
This provides a conservative estimate of the power reaching the detector, since in
practice the taper is able to convert some of the HOM power back into the desired
mode. The reduced booster radius of 5cm remains very large compared to the
wavelength of ~ 1.6 cm and therefore does not significantly affect this analysis: a
radius of 5 cm supports roughly 100 propagating modes at 18.5 GHz, allowing for
the field perturbations expected from the small deviations from an ideal booster
that we simulate.

shows the simulated booster response (black dashed) for a mirror tilt
between 0deg (case a) and 0.1 deg (case e) around the z-axis.

As expected, increasing tilt produces an observable change in the booster mode,
which is likewise reflected in the boost factor behavior. The results indicate:
(i) the booster mode shifts to lower frequency, as seen from the displacement
of the corresponding feature in the reflectivity and the shift of the boost factor
line; (ii) the dip in reflected power broadens and deepens progressively as the tilt
increases; (iii) the boost factor broadens and decreases correspondingly, (iv) the
axion-induced field distribution is distorted and departs from the ideal TE;; shape
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Figure 5.9: Simulated (black dashed) and modeled (different colors solid) booster
response under mirror tilt around the z-axis. The effective model parameters are fit
to reproduce the reflectivities obtained from a 3D FEM simulation including mirror
tilts from 0deg to 0.1deg. The spectra of reflected power |I'|? and group delay Ted
are shown in (a), whereas the boost factor spectra % together with their relative
difference are shown in (b). At the top of (b), the simulated transverse electric field
distribution at the TE;; port is shown for the frequencies of maximum boost factor.
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(case a).

The final step is to fit the booster model to the tilt simulation and derive the
boost factor. The procedure described in is applied to reflectivity
spectra from the 3D FEM simulation, that is disk positions d;, disk phase thick-
ness ndgisk and dielectric loss tand of the booster model are fitted to match the
simulated reflectivities. The boost factor that is computed from the fitted booster
model is then compared to the simulation.

The results from the fitted model are overlayed with the simulated response in
figure 5.9 (different colors, solid). The booster model reproduces the simulated
reflectivities remarkably well in all cases except for the largest tilt of 0.1 deg. The
modeled boost factor closely follows the frequency behavior of the simulation.
Only the amplitude is increasingly overestimated for higher tilts. For a 0.05deg
tilt, which is compatible with the worst case of the runs later analyzed, the model
still agrees with the 3D FEM simulation within 10 % at the boost factor maximum.
At 0.1deg, the boost factor maximum is overestimated by ~ 20 %. This behavior
mainly arises from the degraded coupling to the axion current J, not captured
fully by the booster model: while the booster model uses its effective dielectric
loss parameter to accurately reproduce the coupling visible in the reflected power
IT'|? as an increasingly deep dip, it underestimates the effect of the distorted electric
field. This distortion, and hence decrease in overlap, limits the power that couples
to the receiver and therefore reduces 32. This is a purely 3D effect beyond the
scope of the booster model and demonstrates its limitations at large tilts. It was
further checked that additionally rotating the tilted mirror around the z-axis

yields consistent results with the presented tilt orientation showing the highest
deviation from the simulated boost factor.

Deviations of disk planarity (non-uniformity in the thickness across the surface
of the disk) also modify the field distribution in a manner not captured by the
booster model. Due to the localized resonance, we again focus on the region be-
tween mirror and closest disk. The measured planarity of that disk [85] is used to
approximate a realistic disk shape within COMSOL with a min-max planarity of
~ 50 pm. It is included in the 3D FEM simulation of the ideal booster and boost
factor and reflectivity simulations are repeated. The agreement of the model with
the 3D FEM simulation after fitting its parameters is shown in [figure 5.10f While
the model does not fully reproduce the reflected power and group delay at the
frequency of the booster mode, the modeled boost factor curve still closely fol-
lows the simulation and their maxima agree within 5%. This also highlights the
robustness of the booster model: although it does not reproduce the reflectivity
exactly, it still manages to determine the boost factor within an acceptable uncer-
tainty. Interestingly, the boost factor is underestimated in this case, showing that
3D effects can also lead to an increase in sensitivity.
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Figure 5.10: Comparison between reflectivity and boost factor obtained from the
booster model (orange solid) and the 3D FEM simulation (black dashed) of a three-
disk booster with a non-planar disk (~ 50 pm min-max) in front of the mirror. The
spectra of reflected power |I'|*> and group delay 74 are shown in (a), whereas the
boost factor spectra 32 together with their relative difference are shown in (b). The
simulated transverse electric field distribution at the TEq; port is shown as an inset
of (b) for the frequency of maximum boost factor.
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In all cases, the largest deviation from the nominal value is seen in the effective
dielectric loss parameter tan ¢, which increased by about one order of magnitude.
It is responsible for reproducing the decrease in boost factor amplitude. The shift
in frequency is reproduced mainly by a deviation of ndg of the order of 10 % and
ds of the order of 1%. There is no qualitative difference between the effect of the
mirror tilt and the effect of a deformed disk in the resulting effective parameters.

This analysis demonstrates that the booster model can account for the effect of
small imperfections and 3D effects through the adjustment of effective disk posi-
tions, thicknesses, permittivities and losses. For the studied booster, the minimum
value of |T'|? at resonance is a reliable indicator for the deviation of the setup from
the ideal case. Resonances with the minimum of |T'|? above —5dB are well re-
produced by the model. This behavior is expected to be largely independent of
the booster’s transverse size, given a well-separated booster mode, which will be
discussed below. The difference between simulated and modeled boost factor is
by far dominated by a change in amplitude, visible by deviations of boost factor
maximum of up to 10 %, as opposed to frequency. The study therefore confirms
the uncertainty on [n4]* of 12% as estimated originally from electric field mea-
surements [2].

5.3.3 Control of higher-order modes

The booster gains sensitivity with increasing radius. A key challenge is that this
also allows propagation of an increased number of HOMs. These can be excited
by imperfections and taper-induced mixing, then reflect within the volume and
produce many additional resonance lines. An example of this overmoded behavior
is illustrated in [figure 5.11] Simulating this behavior accurately requires the use of
the exact taper dimensions within the full-wave simulation. Performing a full 3D
simulation becomes unfeasible at those scales and a 2D axis-symmetric simulation,
as depicted in the top left of [figure 5.12] is performed instead.

To justify the single-mode approximation of the booster model, the booster mode
needs to be separated from HOMs in frequency. To illustrate our strategy, we in-
clude the results of a realistic simulation of the taper connected to the booster in
[igure 5.12 As can be seen from the included field maps (bottom left), the HOMs
excited by the taper are mostly standing waves localized around the taper. Their
frequencies are sensitive to the distance of the first disk to the taper aperture d,.
In contrast, the electric field of the booster mode is mostly confined to the re-
gion containing the disks, determined by the disk spacings dy, ds, ds3, and remains
largely unaffected by dy. The modal map at the bottom-right clearly demonstrates
this decoupling: the booster mode is constant at ~ 18.53 GHz, whereas the HOMs
vary in frequency, depending on the distance of the leftmost disk to the taper aper-
ture dy. The separation ring between taper and closest disk is therefore carefully
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Figure 5.11: Exemplary reflectivity measurement showing reflected power |I'|? (top
curve) and group delay 7,q (bottom curve) of CB200 over the full range of the taper,
demonstrating the highly overmoded behavior of the booster.

chosen for each configuration to maximize the isolation between booster mode and
HOMs in frequency.

Our tuning strategy was extensively tested and it is found to be very robust: in
the case of CB200, a typical separation of HOMs of 50 MHz to 100 MHz is achieved
across the taper’s full operational range of 18 GHz to 21 GHz. This separation jus-
tifies the single-mode approximation of the booster model and even allows further
fine-tuning of the booster mode by externally offsetting the mirror. In this way,
a scanning of ~ 50 MHz can be achieved without disassembling the booster and
exchanging the separation rings.

5.3.4 ldentification of the booster mode

Full-wave simulations of the booster are not practical for identifying the booster
mode. As already mentioned, they fail to fully reproduce the measured reflectiv-
ity spectrum accurately because small imperfections and geometric details, such
as those found in the dielectric lens, are particularity difficult to model. To un-
ambiguously identify the booster mode, we measure the electric field distribution
inside the booster volume. We employ a non-resonant, perturbation-based field
mapping technique [86]. In this approach, |E| is locally inferred from changes in the
measured reflectivity caused by a small dielectric object (bead) translated across
the booster cross-section. The perturbed response is resolved by a VNA across
the frequency range of interest, enabling direct correlation between the resonance
lines in the reflectivity spectrum and their corresponding field profiles.

The setup is illustrated in figure 5.13, along with an exemplary field distri-
bution measured for the CB200 configuration of run 1.1. The booster mode is
distinguished by its lowest-order radial variation, characteristic for the TE;; dis-
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Figure 5.12: Axis-symmetric simulation of CB200 including the taper obtained
for the booster configuration of run 1.1. (Top-left) Illustration of the geometry
and boundary conditions of the simulated CB200 setup. The taper input allows
only for TE;; propagation. (Bottom-left) Normalized E-field magnitude shown for
the booster mode and adjacent HOMs at the indicated frequencies. (Top-right)
Simulated reflectivity spectrum for dy = 37.4mm, highlighting the booster mode
and nearby HOMs. (Bottom-right) |I'|?> as obtained by a continuous sweep of the
distance to taper dp.
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Figure 5.13: Perturbation-based field measurement implemented for the case of
CB200, run 1.1. (Left) The E-field near the mirror surface is probed with a dielectric
bead in the closed booster accessed by two sub-wavelength holes. The field is recorded
as a function of the bead positions, indicated by the red line, using a VNA. The
contour lines of the desired TE;; distribution are overlaid on the photo. (Right) |E|
measured along the line as indicated on the left of CB200 in the 18 GHz to 19 GHz
range. The normalized field clearly reveals the radial structure of the modes. The
booster mode appears as a well-defined parabolic shape consistent with the TEq;
mode. Taken from supplementary material of [2].

tribution. In this qualitative approach, the field measurement is sufficient for
identifying the booster mode without requiring absolute calibration, unlike [3, 4].

5.4 Sensitivity of a closed booster axion search

The CB200 MADMAX prototype, as shown in figure 6.1, was used to take data at
CERN within the 1.6 T Morpurgo dipole magnet. Two different disk configurations
were used, as described in the upper part of table 5.1. The configurations corre-
spond to a maximum sensitivity to axion DM at around 18.55 GHz and 19.21 GHz
respectively. By fine-tuning the mirror position, the boost factor maximum was
shifted by O(10 MHz), enabling three physics-runs for configuration 1 and two in
configuration 2 [2]. In this section it is described how the procedure is applied and
how uncertainties are determined.
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5.4.1 Receiver chain characterization

The power calibration of the receiver chain is performed as detailed in
using a calibrated noise source with an excess-noise-ratio (ENR) of ~ 15dB.
The resulting calibration factors C' (see jequation (5.19))), converting uncalibrated
power measurements to system temperature, are included in in the
fion 5.6.1. For runs 1.2 and 1.3 the same power calibration was used and therefore
an identical C' is applied.

The uncertainty of C' of around 10 % is dominated by the uncertainty on the
power output of the noise source and the attenuation factor of the attenuator con-
nected between the noise source and the receiver. Further sources of uncertainty
come from the physical temperature and the noise measurements themselves. The
noise source includes a calibration certificate specifying frequency dependent ENR
and associated uncertainty. The values are interpolated linearly between the given
frequency points. For the attenuator, an attenuation of A = 20.0(3) dB was ap-
proximated by the specified min-max difference of ~ 1dB. The uncertainty on
the physical temperature is conservatively assumed to be 5K. The noise mea-
surements are filtered by a third-order Savitzky-Golay filter [73] with a ~ 7 MHz
window size. The uncertainty oy on the noise measurements is estimated by the
mean squared error of the n bins of measurement N and filtered measurement Ngg:

1 n
oN = > " [Nigg — Ni|>. (5.8)

n—1

All uncertainties are treated as uncorrelated and propagated into C.

The receiver chain noise is then modeled as described in [ection 5.2.2l The
main source of parameter uncertainty stems from the power calibration. Since
its uncertainty is almost fully correlated over frequency, a fit to the mean and
+10 band of the system temperature spectra is performed. This results in three
sets of parameters that are then interpreted as mean and +1¢ of the parameters
themselves, defining a normal distribution for each model parameter.

The noise parameters determined by the fit are listed in in the
fion h 6.2

5.4.2 Boost factor determination

After verifying the frequency of the booster mode using the method demonstrated
in [section 5.3.4] the booster model is fit to the measured reflectivities of the differ-
ent booster setups, as described in [section 5.2.1] |[Figure 5.14] shows the agreement
between modeled and measured reflected power |I'|? and group delay 7,4 within
the frequency range of the booster mode. The model reproduces all measurements
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Figure 5.14: Reproduction of reflectivity measurements of the five runs of CB200
at the Morpurgo magnet (see table 5.1). The top curves show the reflected power
IT'|2, while the bottom curves display the group delay Tgd as a measure of phase.
The band displays the uncertainty stemming from the fit procedure. The feature
corresponding to the booster mode is reproduced within uncertainties for all runs.

within uncertainties, with the reflected power |T'|? consistently being above —5dB.
This confirms the model’s assumption of a taper that is strongly coupled to the
booster mode and is within the range for which the model was found to correctly
predict the boost factor within the assigned uncertainty in section 5.3.2.

The resulting parameters and their fit uncertainties are listed in table 5.1. The
biggest deviations between fitted and nominal value are seen for the effective di-
electric loss parameter tand, which is one order of magnitude higher than the
dielectric loss of sapphire, as well as for the disk phase thickness ndgi, which
is about 25 % higher than the nominal value. Since these parameters reflect the
effective treatment of 3D effects, it is not expected that they match with the nom-
inal values. For error propagation, a multivariate normal distribution is assumed,
which is defined by the covariance matrix estimated from the fit result. The error
band in figure 5.14 reflects the mean and +1c¢ of the fit uncertainty.

The system temperature spectra obtained with the combined noise model, us-
ing the booster parameters from table 5.1 and receiver noise parameters, as shown
in table 5.3 in the section 5.6.2, are then fit to the measured system tempera-
ture spectra of the different booster setups. The results are shown in figure 5.15.
Only the distance between LNA and booster L, is left as a free fit parameter.
The uncertainty band stems from propagating the uncertainties of the LNA and
booster parameters using a Monte Carlo method, described further in section 5.4.3.
The broad oscillation pattern, stemming from a standing wave between LNA and
booster, as well as the resonance peak of the booster mode are reproduced for all
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Figure 5.15: Reproduction of system temperature spectra of the five runs of CB200
at the Morpurgo magnet (see table 5.1). The noise model (different colors) matches
the oscillation of the broadband measurement (orange) and the peak position of the
booster mode of the physics-run (black), magnified in the inset. The bands signify
the corresponding uncertainties. For runs 1.3 and 2.1, no broadband measurements
are available. Figure 5.15a has already been shown as figure 5.7.
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d; [mm|  dy [mm] ds [mm]  ndgg [mm] tan ¢

Config 1 12.52(1)  12.25( 8.33(1) 3.06(4) 1075
Config 2 11.89(1) 12.25( 8.02(1) 3.06(4) 1075
(
(

1)

1)
Run 1.1 122(6) 12.14(8)  8.0979(2)  4.045(3)  4.8(2) x 10~*
Run 1.2 122(6) 12.14(7) 8.0953(2)  4.043(3)  3.0(1) x 10~*
Run 1.3 12.1(1)  12.13(2) 8.08954(4)  4.0402(7)  3.00(3) x 10~
Run 2.1 11.72(5) 11.753(7) 7.80833(2) 3.8907(3)  3.00(1) x 10~
Run 2.2 11.73(7) 11.752(9) 7.81706(2) 3.8981(4)  2.00(1) x 10~*

Table 5.1: Measured (top) and effective model (bottom) parameters. The effective
parameters are extracted from a fit to the measured booster reflectivity. dy to ds
describe the spacings between the disks, ndgig is the product of refractive index n
and disk thickness dg;sx and tand the (effective) dielectric loss of the sapphire disks.

setups within uncertainties, demonstrating the capability of the model to simulate
the full system. For two of the runs, no broadband measurement exists.

In both cases, the previous run was performed using the exact same setup with
only the mirror position changed using the tuning mechanism. Therefore, the best
fit of the previous run was used as initial value for L., in those cases. The fitted
values are listed in table 5.4 in the section 5.6.2.
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Figure 5.16: Booster mode frequency over time of run 1.2 (see table 5.1) magnet
ramp up/down. The blue curve shows the significant increase of the resonance fre-
quency over the first day. The orange curve displays the magnetic field B, and the
green bar signifies the time at which the first data point used in the analysis was
taken.

In some cases, the booster mode resonance frequency had changed significantly
over time, as evident in run 1.2. Figure 5.16 shows its evolution over the period
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of data taking, with the booster mode frequency stabilizing only after a second
ramp up of the magnet had finished. The main source of mechanical instability
within the system is the mirror tuning mechanism, which is likely to take some
time to stabilize after the initial setup. The only change apparent in the system
temperature spectrum was a change of the resonance position of the booster mode,
which mainly depends on the mirror position. In contrast, no change of frequency
of higher-order-modes, that mainly depend on the distance of the first disk to
the taper, is observed. It is therefore concluded that the change in resonance
frequency is caused by a mechanical change of the mirror position. An additional
single parameter fit of the mirror position within the combined booster and receiver
model is performed to reproduce the frequency of the booster mode resonance in
the system temperature spectrum, resulting in O(um) changes from the initially
determined parameter. The modeled spectra shown in already include
this readjustment, which causes them to always match the resonance frequency
of the physics-run, not necessarily the broadband calibration measurement. Data
taken before the point of readjustment were discarded in the further analysis.

For the remaining time of the data taking the resonance frequency did not change
significantly, with the standard deviation of the peak position being of O(100 kHz).
The variation is determined for each run r individually and is assigned a normal
distribution AF,. given by the mean and standard deviation of the frequency of
the booster mode resonance, which is propagated to /3% as uncertainty.

5.4.3 Uncertainty propagation

The total uncertainties on 5% are dominated by the uncertainties of the booster
model parameters and the field shape uncertainty. The field shape uncertainty of
Inal> = 0.84(10) is estimated from electric field measurements and confirmed by
the simulations described in [section 5.3l The uncertainties of the booster model
parameters are given by a multivariate normal distribution estimated by the co-
variance matrix of their fit result. Further considered are the uncertainties of the
receiver noise model parameters, given by individual normal distributions as esti-
mated from the power calibration uncertainty. With all model parameters being
assigned a distribution, a Monte Carlo method is employed to propagate the un-
certainties to the final boost factor: The fits of L., and d3 to the measured system
temperature are repeated N = 100 times, each time fixing all other parameters by
drawing a random sample from their assigned distributions. Each resulting boost
factor B%, is then further multiplied by a number drawn from the normal distri-
bution 0.84 4 0.1 to take into account the field shape uncertainty and shifted by
a frequency drawn from AF, to consider the observed frequency instability of the
booster mode resonance. The result is considered a sample of the final boost factor
distribution 3%(v). This method results in N boost factor spectra, from which the
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mean and standard deviation are determined for each frequency point. The mean
boost factor varied by < 1% over the last 25 samples, confirming convergence.
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Figure 5.17: Boost factor distributions for the five runs (see table 5.1) and their
combined relative uncertainty. The error band shows the standard deviation of the
individual boost factor samples at each frequency point. The combined uncertainty
shown in the bottom panel is the relative uncertainty of the boost factor sum with
uncertainties added in quadrature.

For the determination of the sensitivity on |g.,|, the boost factors of all datasets
are combined, assuming uncorrelated uncertainties. The combined relative uncer-
tainty is shown in figure 5.17, together with the full boost factor distributions. The
setup achieves boost factors of up to ~ 2500(300) with a combined uncertainty
between 9% to 14 %, depending on frequency. With the boost factor distributions
in place, a statistical method described in detail in [70], adapted from [87], was
used to set limits on the axion parameter space in [2].

5.5 Conclusion

A method to determine the sensitivity of a closed dielectric haloscope to axion
dark matter is described in this paper. A well-known transmission line approach
is utilized to model the electromagnetic response of the setup. By fitting the
model parameters, it is able to accurately reproduce the reflectivity of the booster,
as measured by a VNA, and the system temperature spectra, as measured by



5.5. Conclusion 65

the receiver system. The model is validated against finite element simulations
and is shown to absorb three-dimensional effects such as disk shape deviations
and mirror tilt into effective parameters. It can therefore be used to determine
the sensitivity to axion DM of the full setup, consisting of booster and receiver
system. Uncertainties resulting from the power calibration, the fit procedure, the
field shape and the time stability of the experiment are considered. The procedure
is applied to data taken with the CB200 prototype at the Morpurgo magnet at
CERN [2].

The presented model is able to replace time-consuming and computationally ex-
pensive simulations by simple calculations. The demonstrated ability to reproduce
system temperature spectra makes it possible to relate system changes during data
taking to specific model parameters. With this capability, unexpected changes of
the setup can be adjusted for without interrupting data taking. Being largely vol-
ume independent, the model allows for further upscaling of the experiment. This
work therefore lays the foundation for future dark matter searches by MADMAX,
utilizing more complex booster systems with a higher number of disks and more
extensive tuning capabilities.
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5.6 Appendix

5.6.1 Receiver power calibration

To take measurements of system temperature that are then reproduced by the noise
model, the receiver system needs to be calibrated. The goal of this calibration is
to convert power measurements performed with the receiver system to system
temperature Ty, - that is the temperature at which a black body would emit a
noise power equivalent to that of the connected device together with the receiver.

The components of the receiver system are shown at the bottom of [figure 6.1}
The booster is connected via a coaxial connection to a chain of amplifiers and filters
in front of a spectrum analyzer (SA) to digitize the signal. The amplification is
required, since the expected signal power is below the noise floor of a typical SA.
The bandpass filters are added to avoid saturation of the amplifiers. A cavity filter
at the end of the chain prevents image frequencies, mixer sidebands and aliasing
effects from entering the data.

In practice, calibrating the receiver means determining its frequency dependent
gain and added noise. This is done by connecting it to a calibrated noise diode,
which is matched to the 50¢) coaxial connection between the receiver and the
diode. Two measurements are performed, N,, and N.g, one with the noise source
switched on and one with it switched off. It is assumed that the receiver chain
behaves linearly within this range. The power emitted by the noise source Py is
given by the Rayleigh-Jeans approximation of Planck’s law, that is

Pxoft = kpBly (5.9)
Pxon = kpB 10ENR/10T (5.10)

with the Boltzmann constant kg, the resolution bandwidth of the receiver B, the
physical temperature T, and the excess noise ratio (ENR) of the noise source. To
not saturate the receiver chain, an attenuator of A = 20dB is added between
receiver chain and noise source, resulting in a modification to [equation (5.10);

Pxon = kpB [10FENR=D0T 4 (1 — 10741 Ty] = kBT, (5.11)

where the term in square brackets is the sum of the attenuated noise source’s power
and the thermal noise emitted by the attenuator itsele The receiver chain also
adds noise to the measurements, quantified by its equivalent noise temperature 7.
It is assumed to be fully uncorrelated to the noise emitted by the noise source,
which would result in a simple sum for the total power Py, o = kBT, + PN on/oft-

'From this, lequation (5.9)| can be recovered by setting ENR = 0 and fequation (5.10)| by setting

A=0
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In the present case, however, the receiver chain is not perfectly matched to the 50 €2
coaxial connection, resulting in some of the noise source’s power being reflected.
Therefore, the actual total power delivered to the receiver chain is [80]

Pon/off = kBBTe + (1 — ’FRCP)kBBTN/O, (512)

with the receiver’s input port reflection given by I'rcc. The factor can be understood
intuitively by thinking about the reflected power corresponding to |T'rc|® being
subtracted from the total power.
Note that this simple expression is only possible due to the fact that the noise
diode itself is matched to the coaxial connection, which is not true for the booster.
For the matched noise diode, the receiver chain gain G is given by the measured
noise

Non/off =G Pon/offa (513)

which, by inserting fequation (5.12), can be written as
Now = GkpB [T, + (1 — |Tre|*) Ix] (5.14)
Nog = GkpB [T. + (1 — |Tre|*) o] - (5.15)

The term in brackets defines the system temperature Ty for a given device-under-
test (DUT) with equivalent temperature Tpyr:

Tiys = To + (1 — |Tre|*) Tour- (5.16)
Solving lequation (5.14)and jequation (5.15) for G and T, results in

Non - Noff

G=——-— 5.17
Pon - Poff ( )
Non/off 2

T, = — (1= TN /o- 1
Ginp L Prel)Tio (5.18)

The resulting G not only includes the gains and attenuations of the different fil-
ters and amplifiers of the receiver system but also the insertion loss of the mixer
and eventual internal gain from the analog to digital converter used to digitize
the signal. The equivalent noise temperature should roughly match the specified
datasheet value of the first stage amplifier, since all other noise sources are sup-
pressed by the first stage amplifier’s gain. To then convert any measured power
spectrum N to system temperature Ty, it only needs to be multiplied by the
calibration factor

— 1 _ P on — P, off TN - T()
B GkBB B k'BB(Non_NOH) Non_ off'

The resulting calibration factors C' for the five runs (see [table 5.1)) together with
their uncertainties are shown in [figure 5.18|

C = (1 — |Trel?) (5.19)
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Figure 5.18: Calibration factors of the five runs of CB200 at the Morpurgo magnet
(see table 5.1) uncertainties. Three runs were performed around 18.55 GHz (left)
and two around 19.21 GHz (right). Note that runs 1.2 and 1.3 use the same power
calibration.

5.6.2 Model parameters

Besides the fitted parameters, the booster model requires a set of fixed parameters
listed in table 5.2. e; = n? and dgi are included in the fit in the form of their
product ndgis. do and oa; are kept fixed throughout. Since dy does not affect the
boost factor calculation, its uncertainty does not need to be considered further.
While no clear uncertainty on o; was found in the literature, it was checked that
a 20 % variation only changes the boost factor by < 2 %, therefore its uncertainty
is neglected.

The fit parameters of the receiver noise model and combined model are shown
in table 5.3 and table 5.4 respectively.

L+ dy [mm] (C1) L+ dy [mm] (C2) dgisx [mm)] €d oal [Sm™1]
203(1) 187(1) 1.00(1)  9.36(10) 3.77 x 107

Table 5.2: Fixed parameters used in the booster model for configuration 1 (C1) and
configuration 2 (C2).



5.6. Appendix 69

Vo [PVl 1n [PA]  |c] P Lopen [PS]  Lshors [Ps]
435(30)  17(1)  0.6(1) 358.7(9) 45.8(1)  T71.54(8)

Table 5.3: Fitted receiver noise model parameters, consisting of voltage and current
noise amplitude V,, and I,,, their correlation magnitude and angle ¢ and ¢. as well
as the electrical lengths Lopen and Lghort between open and short standard and LNA
respectively.

Leon [ns]  ds [mm]
Run 1.1  1.58(7)  8.097(1)
Run 1.2 1.55(5)  8.0916(5)

Run 1.3 1.78(47)  8.0882(6)
Run 2.1 1.50(4)  7.80833(2)
Run 2.2 1.22(4)  7.8155(1)

Table 5.4: Fit values for the distance between LNA and booster in the noise model
Lcon and the readjustment of the distance between mirror and closest disk ds.
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5.7 Additional material

5.7.1 Analytical expression of the noise model

The presented study uses the commercial software ADS to implement the noise
model of the receiver system. This section derives an analytical equation, by
treating the voltage and current noise sources as coherent signals. The goal is to
simulate the power delivered to the LNA, given by

1 |Vinal?

§—RG{ZLNA} : (5.20)

1 _
P = 3 Re{Vinalina} =

Voltages and currents are split into right and left moving amplitudes, as per
Fig. 5.4
V = Vte 7 4 el (5.21)
I=1ITe P [P (5.22)

that are propagating with propagation constant § along the z-axis. Furthermore,

LI

V= — 5.23
. (5.23)

I-
Vo= ——— 5.24
- (5.24)
at a load of impedance Zy. A voltage noise source of amplitude V,, corresponds
to right and left moving voltages with V,/ = 1/2V,, and V,, = —1/2V,,. The
current noise source of amplitude I,, is connected in parallel, resulting in I} =
1/21, and I,, = 1/21,. To consider correlations between voltage and current

source, the current is split into a correlated and uncorrelated part by I, = cl,, +
(1 —-c¢)l, = Inc+ In, with ¢ € C. While the correlated part gets added to the
total voltage coherently, the uncorrelated part is later added incoherently to the
measured power. Now consider any DUT with reflectivity I'pyr directly connected
to the LNA. Propagating waves in direction of the DUT are reflected towards the
LNA and waves propagating towards the LNA are reflected towards the DUT,
resulting in a sum of reflected fields given by the geometric series

E=FE;, - (1+TIpurl'ina + I'purlina - 'porlona + -2 0) (5.25)
k=oc0
= FEp, - (Z(FDUTFLNA)k> (5.26)
k=0
E;

1 —I'purl'ina tot (5:27)
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Any eventual transmission line between LNA and DUT can easily be absorbed
into I'pyr. The right and left moving parts of voltages and currents can now be
written as:

V=V (T — 1) + Vi, - Tinalor (5.28)
VT =V, T+ Vil Tpurli (5.29)
I* =T} - (Tior = 1) + I, - Tinalior (5.30)
I" =1, T+ I} - Tpurlio ( )

Since in case of a perfectly matched DUT the power delivered to the LNA would
only correspond to the left moving waves, the first term of the geometric series is
subtracted from V! and I} in the sum of right propagating fields. Because the
fields enter between LNA and DUT, some terms are first multiplied by I'pyr or
I'tna. The total voltage at the LNA due to correlated voltage and current noise
is now given by

Vivae=V"+ V" + Zixall,, = I,,) (5.32)
1
= 5 (Vn(rtot - 1) - ZLNAC]n<Ftot + 1)) (533)

and the voltage due to uncorrelated current noise by

Vinau = Zina(Li, — 1) (5.34)
1
= —§ZLNA(]_ — C)In(rtot + 1) (535)

The total power is then

1/ |Vinacl? + |V, ul?
(| NAcl® F [ Vinaul > (5.36)

Pixa = =
LNA Re{ZLNA}

2
In some cases the DUT might as well emit some noise towards the LNA. This noise
is considered fully uncorrelated to the LNA noise and therefore treated separately.
Analogous to [Eq. 5.28| to [Eq. 5.31] one can write the following, considering now
the DUT to be a generator itself with V- = 1/2Vpyre ¢ and V, = 0 (since the
generator is matched to the DUT) with d the distance between DUT and LNA in
units of time:

VT =V, Tixalia (5.37)
V" =V T (5.38)

Just like before, I'pyr is assumed to include the phase term of the transmission
line between the devices. From this, it follows that the power delivered to the
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LNA due to the DUT emissions is

1 1+T
Pour = 3 Re{VDUTPtot(l +Tna) - VDUTFtotZ—LNA} (5.39)
LNA
1 1-— |FLNA|2 1
= —|Vour|? = Vourl*F 5.40

which differs from the emitted power by the factor Fina. This equation holds true
in general for any sort of power emitted by the DUT. A typical scenario is that
of a passive device which emits thermal radiation corresponding to its emissivity.
In case of a perfect black body with resistance R and temperature 7', the emitted
thermal radiation is given by the microwave approximation of Planck’s law:

V, = /8ksTR, (5.41)

assuming a noise bandwidth of 1Hz for simplicity. For R = Z, as expected this
yields a power delivered to the LNA of Ppyr = kgT. More generally, the emissivity
of a passive device can be approximated by its absorption, which, in case of no
dissipated power, is given by the reflectivity as 1 — I'%);,,-. By combining this with
[Fq. 5.36/and [Eq. 5.40[ and inserting [Eq. 5.33|and [Eq. 5.35| the full power spectrum
of any passive DUT connected to a noisy LNA is given by:

1
P= SRelZina] (Va(Tuor = 1) = Zrnacly(Toor + 1)|* + [ Zina(l — €)1 (Tior + 1))

+ (1 = [Tpur|*) FinaksT (5.42)



6 Search for axion dark matter
using a closed booster

This section is published as "First Search for Axion Dark Matter with a MAD-
MAX Prototype” |2]. In , additional unpublished material is pre-
sented.

Significance: This publication demonstrates the practical application of
the previously developed procedure to determine the boost factor of a closed
dielectric haloscope. It proves the viability of the dielectric haloscope concept
for axion searches at masses around 100 peV, including limited tuning capabil-
ities. The determination of the boost factors presents the main contribution
by the thesis author.

6.1 Introduction

Axions have become prominent candidates for cold dark matter (DM) [88, 89, 90,
91]. They were originally introduced to explain the absence of CP-violating effects
in quantum chromodynamics (QCD) through the Peccei-Quinn (PQ) mechanism
[75, 11, |76, |12]. In the well motivated post-inflationary PQ-symmetry breaking

oy

hai Filter LNA Filter LNA Filter Filter LNA
Chain 1GHz 20dB 1GHz 20dB 250MHz  <24GHz 20dB Spectrum Analyzer

Figure 6.1: Exploded schematic view of the MADMAX prototype CB200 and the
receiver chain. The shaded region represents the components exposed to the B-field.

scenario the axion mass required to match the observed DM density is expected

73
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to be in the range m, ~ 26 to 500 peV for axion models with short-lived domain
walls [45, (92} |15, 16] or even higher for other models [93, 94]. In the following, the
term axion will refer to both, QCD axions and axion-like particles.

In an external magnetic field B, axions convert to photons and source an oscil-
lating current with frequency corresponding to my, given by J, = gq,Bea [48] as
an additional term to be added to Maxwells’ equations, with g,, the axion-photon
coupling strength and a the temporal derivative of the axion field. Cavity searches
are a promising approach to detect axions [74]. They are designed to convert axions
from the DM halo into microwave photons using a resonator in a magnetic field.
Several cavity searches [58, 95, 96|, (97, [59, 98, 99, |87, |60, [L00] have already put
significant constraints on |g.,| for 1peV < m, < 26 peV, with first efforts being
underway to test higher m, [61, 101, (102} 103, 104, (105} 65|, 106, (107} |108|, which
are challenging to probe with cavity experiments as their size must be adjusted to
match the wavelength of the generated photon. At higher m, values, correspond-
ing to higher frequencies of the generated photon, this results in a reduced volume
for resonant axion-photon conversion, thereby decreasing sensitivity.

The MAgnetized Disk and Mirror Axion eXperiment (MADMAX) [79, 23, 24]
makes use of the dielectric haloscope concept to access the well-motivated mass
range m, > 26peV. This concept, based on the magnetized mirror axion DM
search idea [78|, uses a booster composed of a set of parallel dielectric disks and
a metallic mirror to enhance a potential axion signal, effectively decoupling the
conversion volume from the wavelength and thereby overcoming the limitation of
typical cavity experiments towards higher masses.

Due to the large de Broglie wavelength of the considered non-relativistic DM
axions of O(10m), J, is assumed to be uniform over the extent of the booster. This
leads to an oscillating electric field uniform across a single medium with dielectric
permittivity €. The field E, exhibits discontinuities at the boundaries of different
media, resulting in the emission of traveling waves with frequency corresponding
to m, ensuring the continuity of the electric field. The signal power P, due to the
coherent emission from multiple surfaces in relation to the power emitted by an
ideal magnetized mirror, Py, is enhanced by the frequency-dependent boost factor
B? = P,/ Py. By adjusting the disk positions its center frequency and width can
be tuned. This makes it possible to boost the potential DM axion signal compared
to the magnetized mirror concept 78] in dedicated mass ranges. The sensitivity
of a MADMAX prototype setup to |gq,| for a specific signal to noise ratio (SNR)
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can be estimated as [48]

2 x 103 T.
oy =3.5x 1071 GeV™! -
19a1] 8 ¢ 52 V300K
1/4
" 0.1my /1T 2.2days /SNR (6.1)
r B, At 5
" My 4 0.3 GeV/cm?
80 peV Pa ’

with system temperature Ty, radius r of the disks and mirror, effective data-
taking time At, and the local axion DM density p,.

The MADMAX Collaboration has made significant progress in advancing the
development of a future large-scale dielectric haloscope [109, 25, |67, 64], 4, [110,
111} 85]. Small-scale setups have successfully validated the dielectric haloscope
approach in dark photon DM searches [112, 3|, specifically with a broadband
MADMAX prototype [3]. This work for the first time demonstrates that a tun-
able dielectric haloscope can be used to search for axion DM.

6.2 Experimental Setup

The Closed Booster 200 (CB200) MADMAX prototype is used. As illustrated in
[Fig. 6.1] it consists of an aluminum mirror and three sapphire disks of 1 mm thick-
ness, each with a diameter of 200 mm and distanced by separation rings enclosed in
an aluminum casing, a Rexolite® microwave lens and an aluminum taper, all con-
trolled at O(10 pm) precision. In contrast to the design used in [3] and envisioned
for the final MADMAX design, the prototype is enclosed by conductive boundaries,
resulting in fixed boundary conditions, such that only a limited number of cylin-
drical wave-guide modes within a given frequency range exists inside the booster.
This significantly simplifies modeling of the electromagnetic response and allows
us to determine 5% with fewer dedicated measurements. Approximately 84% of the
axion induced power couples to the fundamental transverse electric TE;; mode as
calculated by the modal overlap formalism considering the mode of propagation
in a wave guide, which is absorbed in the calculation of 3?. The emitted TE;;
power emissions are coupled into the receiver chain by a lens and a specifically
designed taper via a 502 transmission line. The power output of the system is
coupled to a heterodyne receiver system, consisting of a series of low noise am-
plifiers (LNAs) and filters, and a Rohde & Schwarz FSW43 real-time spectrum
analyser (SA), which streams time-domain data with ~ 0.11s coherent integration
time to a computer where it is Fourier transformed on GPUs to power spectra.
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Subsequently, 8047 single power spectra are averaged to individual files with cor-
responding 8047 x 0.11s = 14.75 min measurement time each. The receiver system
has a bandwidth of ~ 250 MHz, which is approximately centred around the re-
spective 32 peak, a resolution of 9Hz and provides negligible dead-time. It was
configured for each run to acquire data around the frequency of the expected max-
imum (32. The gain of the receiver chain was calibrated by the Y-factor method
[80] using a calibrated noise diode. Ty is dominated by the ~ 230 K added noise
of the LNA. Additional information on the setup and the methodology used can
be found in |113].

Two different disk spacing configurations leading to 5% peaks in a ~ 10 MHz
range were used to search for axions: Configuration1 is designed to be sensitive
around 18.55 GHz and configuration 2 around 19.21 GHz, corresponding to axion
masses around 76.72peV and 79.45peV, respectively. Frequency adjustment is
done by proper choice of the width of separation rings between adjacent disks and
between mirror-facing disk and mirror: 12.52mm, 12.25mm and 8.38 mm (from
left to right in for configuration 1 and 11.89 mm, 12.25 mm and 8.02 mm
for configuration 2. The widths are optimized for a resonance of the TE;; mode
between mirror and adjacent disk. A O(pm) change in separation between mirror
and closest disk results in O(MHz) frequency shift of the 3% distribution. The
peak frequencies for both configurations were precisely tuned for different runs to
different values by applying mechanical force to the mirror using an adjustable
tuning rod. Three physics-runs around 18.55 GHz and two around 19.21 GHz were
performed, sensitive to different frequency ranges with peak frequencies separated
by ~ 10 MHz.

Measurements of CB200 power spectra with a total measurement time of 14.5 days
have been performed inside the Morpurgo dipole magnet [114] at CERN. The mag-
net was operated at field strengths from 1.00(1) T to 1.58(2) T.

6.3 Boost factor determination

The boost factor 3%, which is strongly correlated to the reflectivity S;; of the
system [48|, and its corresponding uncertainties are determined using a single-
mode booster model [113] implemented in ADS [115]. The model is fitted to Si;
measurements of the booster. Disk positions, thicknesses, dielectric losses and
permittivity are extracted. Losses due to the lens and three-dimensional effects,
such as tilts, are modeled by effective dielectric losses.

Identification of the TE;; booster mode is done for each configuration by mea-
suring the shape of the E-field between mirror and closest disk, using a bead-pull
method [4]. It follows the expected shape. S;; measurements confirm the separa-
tion of the TE;; modes from parasitic modes.
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The $3? calculation includes the overlap between the theoretical field shape and
the uniform axion current of 84%. This is analogous to a form factor in cavity
experiments. The uncertainty on the overlap of £12% is determined from the
deviation between expected and measured field shape obtained from bead-pull
measurements.

When measuring power spectra, the experimentally determined ~ 41.5 2
impedance of the first LNA of the receiver chain leads to a mismatch with the
transmission line inducing a standing wave between booster and LNA. This mod-
ifies 3% obtained from S;; measurements, depending on the distance between the
booster and this LNA. The distance is determined from the broadband oscillation
pattern induced by resonance of the LNA noise, similar as in [3]. The modeled
frequency behavior of the power spectra, adapted to consider the LNA impedance
mismatch, matches the measured ones from the physics-runs. Broadband power
spectra measurements were taken prior to each physics-run. Drifts in Ty or fre-
quency are monitored by comparing the individual 14.75 min long measurements.
The variation of the measured booster peak frequencies during physics-runs is used
to evaluate the systematic uncertainty on 3. They follow a Gaussian distribu-
tion with a width around 200 kHz for all physics-runs, resulting in an additional
uncertainty in 32 for a given frequency of less than 4%.

The extracted boost factors including their uncertainties are shown in [Fig. 6.2
The maximum values for 4% are around 2000 , matching expectations [48] and have
uncertainties of 13 to 17%.

6.4 Analysis

The analysis procedure for the MADMAX axion DM search [70] is modeled after
the framework established by HAYSTAC [116] and adopts their nomenclature. It
combines a set of individual power spectra P;(v), each measured with O(14.75 min)
averaging time, to a grand spectrum, where the full axion signal information is
contained in a single bin. The raw FFT data are re-binned for analysis to 0.9 kHz,
enough to resolve a potential ALP DM signal.

The spectra P;(v) are filtered using a fourth-order Savitzky-Golay (SG) filter 73]
with a window length of ~ 1 MHz to extract the baselines P, ;(v), which are sub-
sequently used to obtain the processed spectra ppyoci = (Pi/Poi —1). These
processed spectra give local power excesses above the baseline across all frequency
bins 7. In the absence of an axion signal and assuming ideal baseline removal, the
Pproc,i are expected to follow Gaussian white noise with zero mean and a standard
deviation determined by the averaging time. Studies of the full analysis chain
applied to simulated data including synthetic axion signals reveal an SNR attenu-
ation due to the SG filter by a factor of nsq = 0.95, which is constant in the range
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Figure 6.2: Modeled 32 distributions for the five physics-runs. Lines denote mean
(% and shaded regions give +1¢ intervals.

1 < SNR < 10.

The baseline of the recorded power spectra unexpectedly fluctuates on the scale
of ~ 9kHz which introduces unwanted correlations between the processed spectra.
This sinusoidal fluctuation is removed by applying a digital notch filter on the
inverse Fourier transforms of the P;(v). The filter has negligible influence on both
amplitude and line-shape of any potential axion signal, while being effective at
eliminating the fluctuation artifact. In combination with the SG filter, this process
ensures uncorrelated pproci. The pproci are scaled and combined using weights
that take the axion sensitivity depending on the B-field strength in individual
runs into account. The resulting combined spectrum is then cross-correlated with
the expected Maxwell-Boltzmann axion line-shape [117, 118] to yield the grand
spectrum. A local DM velocity dispersion o, = 156 km/s [69] and a velocity of the
laboratory relative to the DM halo v, = 242km/s [119] are used, resulting in a
FWHM of the expected line-shape of ~ 20 kHz.

The grand spectrum is unitless and, in the absence of an axion signal, expected
from simulation to have zero mean and a standard deviation of 0.96, slightly be-
low one due to correlations induced by the SG filter [116]. Grand spectra for both
configurations are presented in Fig. 6.3. The gray dashed line shows the envelope
of the expected amplitude of excesses, reflecting the SNR of an axion signal with
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Figure 6.3: Grand spectra with 0.9 kHz bin width for both booster configurations.
Dashed gray lines indicate the envelope of expected amplitude in each frequency
bin for a reference axion signal with photon coupling of | gfﬁyf =3.5x 107" GeV1,
combining all physics-runs for both configurations. Dotted lines show the expectation
for individual physics runs. The expected signal shape of the same coupling strength
at peak sensitivity is shown as solid line. The inset shows a zoom into this mass
region. The right panels display histograms of the spectra, overlaid with a best-fit

Gaussian distribution with the indicated mean and standard deviation.

ref

|gas | = 3.5 % 107 GeV L. Its frequency dependence is determined by a combina-
tion of Tyys and 42, An axion signal would appear as a narrow localized excess with
FWHM of ~ 20 kHz, corresponding to 22 bins at a frequency given by m, as shown
in the inset. The largest grand spectrum excess observed in both configurations
has a local significance of 4.0, which is consistent with statistical expectations.
The probability of an equal or larger excess occurring across the entire dataset
assuming no axion signal is p = 0.08.

Since no evidence of DM axions is found, an upper limit on the axion-photon
coupling |g,,| is derived at 95% Confidence Level (CL) for each 0.9kHz bin as
shown in Fig. 6.4. The individual uncertainty contributions on |g,,| shown in Ta-
ble 6.1 are propagated into the total uncertainty taking correlations into account.
For the 3% determination this is done using using Monte Carlo simulation.

The resulting limits on DM axions exceed previous results from the CAST he-
lioscope [56] and astrophysical considerations [120, 121].

6.5 Conclusion

Searching for axions with a dielectic haloscope, as proposed by the MADMAX
collaboration, facilitates accessing the “heavy” axion mass region favored by post-
inflationary PQ-symmetry breaking scenarios. A novel boost factor determination
method was developed and applied to derive first results from a prototype oper-



6.5. Conclusion 80

A ’ Frequency [GHz]
18.51 18.53 18.55 18.57 19.17 19.19 19.21 19.23

g 21
—_ 7 /
T
% 10-10
<
= Y
> | A
- Millite ol .
o Nl o N
£ NIt e /’ \\ el
a ML ’ BUE ol
=] o T / SRR R o L 1 4
) BRSO 0L g / it o b A R o
(&) =g srtly D]
=] ~~\_I S
% _____ . | .||
g | T 95% CL upper limit ~**s.,_ ...
.g 10-11 - — = expected median limit
5 « 16% to 84% limit range
T T T T T T " ’, T T T T T T
76.55 76.60 76.65 76.70 76.75 76.80 79.30 79.35 79.40 79.45 79.50 79.55

Axion Mass m, [peV]

Figure 6.4: 95% CL exclusion limits in 0.9kHz bins (orange) from the 2024
MADMAX axion search with the CB200 prototype using the Morpurgo magnet at
CERN assuming a local axion DM density of p, = 0.3GeVcm™3. Limits are com-
pared to the helioscope experiment CAST [56] (dark grey) as well as to supernova
[120] and globular cluster limits [121] (light grey). The expected median limit and
the 16% and 84% quantiles are shown as black dashed and lower and upper dotted
lines, respectively. The limits are truncated below the 16% quantile.

ated in CERN’s Morpurgo magnet, using the intrinsic advantages offered by the
MADMAX approach. Detailed understanding of the radio frequency response of a
booster system with closed boundary conditions was demonstrated. The booster
could be quickly tuned and re-calibrated to different frequencies demonstrating
in principle the opportunity for future larger-range frequency scans. The data
from the prototype test campaign using a small booster system inside a modest
B-field allow probing for axion dark matter in previously uncharted territory. The
achievements presented here and in [3] provide a firm basis for the future research
and development program towards a competitive dielectric haloscope, which will
include the development of boosters with more and larger dielectric disks, the
demonstration of the calibration and operation of boosters at cryogenic tempera-
tures and the implementation of tuning mechanisms via motorized disk position
controls [25, 111, 85]. With ongoing development of a future, unique, large-bore
9T dipole magnet [122, 110], the MADMAX collaboration is on a very promising
track towards probing dark matter QCD axions in the 100 peV mass region.
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Table 6.1: Summary of systematic uncertainties on |gq|. Minimum and maximum
uncertainties among the frequency range for all physics-runs are reported as first and
second values (when necessary). The uncertainty from each physics-run is considered
individually when included in the limit estimation.

Effect Uncertainty in |gq,|
Y-factor power calibration 3% to 5%
Receiver chain power stability < 2%
Axion field - TE;; overlap 6 %
Boost factor determination (excl. overlap) <5%
Frequency stability of TE;; mode <2%
Total 5% to 10%
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6.6 Additional material

6.6.1 Monitoring system

A monitoring system was developed that allows to spot issues with the data early
on. A screenshot at the end of the data taking of the longest run (run 1.2) is
shown in [figure 6.5l The overview is updated everytime a new file is recorded
by the DAQ, corresponding to an interval of 15min for the presented data tak-
ing. It tracks the measured system temperature over time as well as the physical
temperature measured at different locations of the experiment. Some preliminary
processing is applied to the data to show the normalized excess power and to be
able to verify the expected decrease of the standard deviation of the measured
noise as explained in [section 4.3] The small discrepancy in integrated standard
deviation between expectation and data lead to the discovery of the unexpected
fluctuation discussed in [section 6.4l The gaussianity plots are additional confir-
mation that the system noise behaves as expected. In the system temperature
plot, the resonance frequency of the booster mode is marked for the average of all
system temperature spectra and the last recorded spectrum to spot unexpected
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