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Résumeé et mots clés

L'une des questions ouvertes les plus fascinantes en physigue fondamentale concerne
la nature de la matiére noire. Malgré de nombreux efforts pour la détecter, la matiére
noire reste encore insaisissable. Dans ce cadre, le modéle standard de la physique
des particules ne propose aucun candidat pour la matiere noire froide, mais plusieurs
extensions de ce modele en suggérent de nouveaux. Le mécanisme de Peccei-Quinn
propose une nouvelle symétrie globale U(1) pour résoudre le probléme CP fort du
modele standard. La brisure de cette symétrie a une échelle d'énergie trés élevée
dans l'univers primordial produirait des particules appelées axions, qui possedent
les propriétés requises pour étre un candidat a la matiére noire froide. De plus, leur
couplage faible mais non nul avec les photons peut étre exploité pour les convertir
en photons en présence d'un champ magnétique intense. En raison de leur masse
inférieure a I'eV et de leur couplage in me avec les photons, l'intensité du signal
qui en résulte est faible mais peut étre ampli ée a l'aide de diverses technologies
micro-ondes.

L'haloscope diélectrique est une nouvelle technologie pour la recherche d'axions
de notre halo galactique dans la gamme de masse avoisinant les 100 &eV. Il utilise
plusieurs disques diélectriqgues magnétisés pour convertir les axions en une émission
cohérente de photons. Ces photons, lorsqu'ils interferent de maniére constructive,
peuvent ampli er le signal induit par les axions. La distance entre les disques peut
étre ajustée pour balayer différentes masses d'axions. Plusieurs prototypes ont été
réalisés par la collaboration MADMAX (MAgnetized Disks and Mirror and Axion
eXperiment) a n de valider les différents aspects de la technologie de I'haloscope
diélectrique. Ces efforts ont également conduit a de nombreux développements
technologiques, de simulation et d'analyse de données au cours des derniéres années,
aboutissant a trois recherches de matiere noire qui ont toutes mené aux meilleures
limites d'exclusion mondiales sur les particules de matiére noire. J'y ai contribué
avec les premiéres simulations utilisant des mesures de la planéité des disques, la
validation de la performance des mouvements des disques, et une meilleure limite
mondiale sur I'angle de mélange cinétique entre les photons et les photons sombres.
Ces contributions sont décrites dans cette thése, ouvrant la voie aux tests naux des
prototypes qui auront lieu au CERN en 2027-29.

Mots clés: Détection directe de la matiére noire, Axions, Simulations, Analyse statis-
tique des données



Abstract and keywords

One of the most intriguing open questions in fundamental physics is the nature of
dark matter. Despite many efforts to detect it, dark matter still remains elusive. The
standard model of the particle physics does not have a suitable candidate for cold dark
matter, but several extensions of the standard model propose new candidates. The
Peccei-Quinn mechanism proposes a new global U(1) symmetry to solve the strong CP
problem of the standard model. The breaking of this symmetry at a very high energy
scale in the early universe would have produced particles called axions, that ful Il
properties to be a cold dark matter candidate. Moreover, their small but non-zero
coupling with photons can be utilized to convert them into photons in the presence of
strong magnetic eld. Owing to their sub-eV mass and tiny coupling to photons, the
strength of the resulting signal is small but can be enhanced using various microwave
technologies.

Dielectric haloscope is a novel technology to search for axions from our galactic
halo around the mass range of 100 &eV. It utilizes several magnetized layers of dielec-
tric disks to convert axions into a coherent emission of photons that can interfere
constructively and resonate, thus enhancing the axion induced signal. The distance
between the disks can be adjusted to scan axion masses. Several prototypes were made
by the MAgnetized Disks and Mirror and Axion eXperiment (MADMAX) to validate the
different aspects of the dielectric haloscope technology. These efforts have also lead to
many technological, simulation, and data analysis developments in the last few years,
culminating in three dark matter searches with all of them leading to the world best
exclusion limits on dark matter particles. This thesis describes progresses made while
working on different prototypes. In particular, the rst 3D simulations with the realis-
tic disk shapes, the validation of the mechanical performance of the disk movement
mechanism, and a world leading exclusion limit on the kinetic mixing angle between
the photons and dark photons are presented here. All of these milestones pave the
way to the nal prototype testing that will take place at CERN in 2027-29.

Keywords: Direct detection of dark matter, Axions, Simulations, Statistical data
analysis



Résumeé étendu

La matiére noire constitue une part signi cative du contenu en matiére-énergie de
['univers, mais sa nature reste encore inconnue. Les observations de l'univers a toutes
les échelles pointent vers cette matiere "manquante"” qui in uence le mouvement des
étoiles, des galaxies, ainsi que la formation des grandes structures de l'univers. Ces
observations combinées suggérent que les particules de matiére noire forment des
halos autour des galaxies et possédent une faible impulsion non relativiste. Aucune
particule du modéle standard de la physique des particules ne correspond a cette
description. Cependant, de nombreux candidats issus de théories au-dela du modéle
standard existent, couvrant une vaste gamme de masses et de couplages. Un candidat
prometteur est appelé axion. Il apparait naturellement en résolvant le probleme
CP fort dans le modéle standard de la physique des particules, comme le boson
de Goldstone produit lors de la brisure de symétrie globale U(1) pq. Cette brisure a
lieu a une échelle plusieurs ordres de grandeur au dessus de I'énergie de la brisure
électro-faible au début de 'univers. Les axions ont toutes les propriétés pour étre des
particules de matiére noire froide si leur masse est inférieure a O(1) eV et notamment
un couplage trés faible avec les particules du modéle standard. Cela représente un
dé expérimental majeur pour les détecter. S'ils constituent toute la matiére noire du
halo galactique, il devrait étre cependant possible de les détecter directement avec
des expériences appelées haloscopes.

L'haloscope diélectrique est une nouvelle approche pour détecter les axions proches
de 100&eV motivés par des scenarios ou la brisure de U(1) pg arrive apres I'in ation
(post-in ation). Les haloscopes traditionnels a cavité résonante sont plus sensibles
aux axions de plus faible masse O(1-10) &V. Le concept de base de la détection
repose sur I'effet Primakoff inverse: les axions se transforment en un trés faible champ
électrique (» 10i 12 V/m pour un champ de 10 T) en présence d'un fort champ mag-
nétique extérieur. Dans un haloscope diélectrique, ce champ électrique induit est
ampli é en utilisant plusieurs couches diélectriques paralléles (des disques) qui for-
ment un "booster". Lidée clé est que des ondes électromagnétiques sont émises
au niveau de chaque surface de disques pour compenser la variation brutale de la
constante de diélectrique et peuvent interférer de maniére constructive ou former
un résonance. Pour cela, il faut bien choisir I'espacement entre les disques et leurs
propriétés diélectriques. Cette interférence constructive entraine une forte augmen-
tation de la puissance du champ électrique induit par la présence des axions et est
caractérisée par le "facteur d'ampli cation" (boost factor), qui peut étre de I'ordre de
O(10%*; 10°) & une fréquence donnée.

Le projet MADMAX (MAgnetized Disks and Mirror Axion eXperiment) propose de
mettre en ceuvre cette technique de I'haloscope diélectrique. Son but est de découvrir



des axions dans la fenétre de masse autour de 100 &V soit une fréquence autour de
25 GHz favorisée par les scenarios post-in ation. Il sera doté d'un aimant dipolaire
supraconducteur a grande ouverture, produisant un champ magnétique  Be intense
de 9 T dans sa version nale. Le booster comprendra environ 80 disques en aluminate
de lanthane (", ¥425), d'un diametre d'environ 1 métre. Ces disques seront placés a
I'intérieur d'un cryostat refroidissant 'ensemble aux alentours de 4 K. Cette basse
température vise a minimiser le bruit de fond thermique pour améliorer le rapport
signal sur bruit. Le champ électrique induit par la présence des axions et ampli é
par le booster est dirigé vers une chaine de réception a faible bruit, qui ampli era et
traitera le signal. L'expérience nale sera installée sur le site HERA H1 du laboratoire
DESY, a Hambourg. La sensibilité nale de I'expérience MADMAX permet d'explorer
I'espace des phases prédit par les modelés résolvant le probléme CP fort, présenté en
jaune surla gure 1.
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Figure 1.: Sensibilité prévue pour le détecteur MADMAX nal (en orange transpar-
ent) [1]. Les zones colorées indiquent les régions d'exclusion des axions obtenues
par différentes approches expérimentales.

Phase de prototypage du déetecteur MADMAX

La collaboration MADMAX a entrepris un programme de prototypage en 2020. Ce pro-
gramme vise a valider les différents aspects technologiques du concept d'haloscope
diélectriqgue et notamment le positionnement précis des disques a quelques mi-
crométres, le fonctionnement cryogénique, l'utilisation de champs magnétiques
intenses et la détection de faible signaux au dessus du bruit thermique.



Le programme comprend de nombreux prototypes différents, congus pour résoudre
des problemes spéci ques. Les boosters fermés CB100 et CB200 ont été congus
comme des “ boosters " résonants a n de réaliser les premiéres recherches d'axions.
Le booster ouvert OB200 a été congu pour tester la construction mécanique et le
systeme de positionnement des disques. un booster fermé est placé a l'intérieur d'un
guide d'onde cylindrique, ce qui n'est pas le cas d'un booster ouvert. Le booster
ouvert OB300v1 a été congu pour augmenter la sensibilité aux axions. Le prototype
nal OB300v2 conclura la phase de prototypage de MADMAX. Il combinera toutes
les connaissances et technologies acquises grace aux prototypes précédents. Il ap-
portera également une augmentation signi cative de la sensibilité. Ce travail de these
comprend des contributions a de nombreux aspects de ces prototypes : 'analyse de la
planéité des disques diélectriques et leur intégration dans des simulations 3D, la sim-
ulation du prototype OB300v1 pour une recherche de photons sombres, l'analyse des
données du systeme de mouvement des disques d'OB200, la participation a la prise
de données et a la recherche d'axions utilisant CB200, et nalement la recherche de
photons sombres dans les données de CB200. Toutes ces contributions sont détaillées
dans les sections suivantes.

Mesures de la planéité des disques

Les performances d'un haloscope diélectrique dépendent de maniére critique de la
planéité et du parallélisme des disques diélectriques. Des écarts par rapport a une
planéité idéale peuvent entrainer un déphasage des ondes électromagnétiques émis
au niveau des disques, ce qui réduit l'interférence constructive et donc le facteur
d'ampli cation. Des mesures ont été effectuées pour des disques de 100 mm, 200 mm
et 300 mm de diametre.

La gure 2 illustre des résultats typiques des mesure de planéité effectuées au
CPPM sur les disques du prototype Open Booster 200 (OB200) [2]. La gure 2 gauche
montre le pro | de surface d'un disque nu, tandis que le panneau de droite montre
le pro | du méme disque une fois monté sur sa couronne de support tel gu'il le sera
dans le booster OB300v2. De telles mesures sont essentielles pour quanti er les
tolérances de fabrication, comprendre les déformations induites par le montage et
fournir des données d'entrée réalistes pour les modeles de simulation qui prédisent
les performances du booster. L'analyse des cartographies de surface obtenues permet
d'extraire des indicateurs clés de planéité, comme I'écart quadratique moyen (RMS,
typiquement » 50&m) et la variation min-max (typiquement  » 200&m). La variation
de planéité entre les disques individuels peut également servir & sélectionner les
disques qui seront intégrés dans le prototype nal OB300v2.
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Figure 2.: Planéité de surface d'un disque de 200 mm de diamétre, seul (gauche)
et monté sur la couronne de support (droite) [2].

Systeme de positionnement des disques

La capacité a positionner et a déplacer avec précision les disques diélectriques est
fondamentale pour I'expérience MADMAX. Le prototype OB200 était équipé d'un
systéme de moteurs piézoélectriques pour contrdler le mouvement du disque. Des
tests approfondis ont été réalisés a n de caractériser le comportement de ce systéme
dans diverses conditions de fonctionnement, a température ambiante, en conditions
cryogéniques, et en présence de champs magnétiques intenses [2].

La gure 3 gauche montre le prototype OB200 installé a l'intérieur de l'aimant
Morpurgo de 1,6 T au CERN. Le prototype était monté sur une plateforme mobile
dotée d'un systéme de rails, permettant son insertion et son retrait de l'ouverture de
l'aimant sans qu'il soit nécessaire de réduire l'intensité du champ magnétique. La
gure 3 droite montre l'installation d'OB200 avant la fermeture du cryostat, mettant en
évidence les composants internes. La gure 4 présente les données issues de I'analyse
des performances du systéme de positionnement a des températures cryogéniques
(typiqguement » 35K) sans champ magnétique. La gure 4 gauche détaillent les posi-
tions des moteurs, I'écart entre ces positions et leurs consignes, ainsi que les distances
mesurées entre les moteurs et le moteur 1 qui sert de référence en fonction des pas
de déplacement programmeés (chaque pas étant de 100 &m). Les panneaux de droite
af chent les déplacements des moteurs au | du temps et I'écart de chaque moteur
par rapport a la position moyenne de I'ensemble des moteurs.

Ces résultats montrent que les performances du systéme de positionnement, en
termes de vitesse (> 10&m/s) et de précision (< 5 &m) répondent aux exigences du
détecteur MADMAX nal. Ce systéme sera par la suite utilisé par le prototype OB300v2.



Figure 3.: A gauche : OB200 sous champ magnétique de 1,6 T de I'aimant Mor-
purgo (CERN). Le prototype est installé sur une plateforme mobile (déplacée
par un systéme de rails). A droite : OB200 installé au CERN avant la fermeture
du cryostat.
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Figure 4.: Mesures du fonctionnement d'OB200 a la température cryogénique
de 35 K en l'absence de champ magnétique. A gauche : Positions des moteurs,
différence entre les positions des moteurs et leurs positions cibles, et distances
entre les moteurs et le moteur 1 qui sert de référence en fonction des pas de
position des moteurs (chaque pas est de 100 &m). A droite : Déplacements des
moteurs et distance entre chaque moteur et la position moyenne, en  &m, en
fonction du temps.
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Simulation du booster

Une simulation précise du booster est primordiale pour prédire la sensibilité de
I'haloscope diélectrique et pour interpréter les données expérimentales. Des sim-
ulations du prototype de booster OB300v1 ont été réalisées dans le cadre de cette
these, notamment dans le contexte de son utilisation pour une recherche de photons
sombres [3].

La gure 5 montre une comparaison entre le facteur d'ampli cation simulé pour
OB300v1 a 19.5 GHz, et les mesures expérimentales. La courbe orange représente les
résultats de la simulation, intégrant les incertitudes venant de la position, du tilt et de
I'épaisseur des disques. Ces résultats sont compares a la mesure expérimentale directe
(en bleu). Une simulation supposant des disques parfaitement plats est également
représentée (en vert) a n de souligner l'impact des imperfections des disques par
rapport au cas idéal. La gure 5 droite fournit une comparaison en échelle semi-
logarithmique, utile pour évaluer I'accord entre la simulation et la mesure dans les
régions spectrales éloignées du pic principal.

Ce travail a impliqué I'utilisation d'outils de simulation électromagnétique (basés
sur des méthodes de matrices de transfert) pour modéliser les phénoménes d'interférence
complexes au sein de la structure diélectrique multicouche. La validation de ces sim-
ulations par rapport aux données expérimentales, telle que présentée ici, renforce
la con ance dans la capacité prédictive des modeles et permet I'optimisation des
con gurations de disques pour les recherches futures.

Figure 5.: Facteur d'ampli cation pour le prototype OB300v1 a 19.5 GHz. Le
résultat de la simulation avec les incertitudes associées est montré en orange, la
mesure expérimentale lissée de [1] avec les incertitudes associées est présentée
en bleu, et la simulation supposant des disques plats est représentée en vert. Le
graphigue de droite montre la comparaison en échelle semi-logarithmique.

Premiéere recherche d'axions

La collaboration MADMAX a mené ses premieres campagnes de physique en 2023-
2024, visant a rechercher la matiére noire sous forme d'axions et de photons sombres
autour de 80 &eV[4]. Cela a marqué la toute premiére recherche d'axions au monde
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utilisant un haloscope diélectriqgue. Le prototype CB200 a été déployé au CERN
pour une campagne de prise de données utilisant I'aimant Morpurgo, qui fournit
un champ magnétique de 1 ,6 T. La gure 6 montre l'installation expérimentale avec
I'aimant Morpurgo (& gauche), et le prototype CB200 installé & l'intérieur de I'ouverture
centrale de l'aimant (a droite). L'acquisition des données a été divisée en cing zones
en fréquence avec des sensibilités différentes.

Figure 6.: Laimant Morpurgo au CERN fournissant un champ magnétique de 1,6
T (a gauche). Le prototype CB200 de MADMAX est placé au centre de I'aimant (&
droite).

Les données brutes d'une expérience d'’haloscope consistent en des spectres de
puissance non étalonné, mesurés par une chaine de réception. La calibration de ces
spectres de puissance impligue l'estimation correcte du facteur de calibration en
utilisant la méthode du facteur Y. Ce facteur de calibration englobe typiqguement le
gain de la chaine d'ampli cation, les pertes dans les cables, et d'autres caractéristiques
du systéme de réception dépendant de la fréquence. Une partie de ce travail de these
a consisté a mesurer ce facteur de calibration, comme le montre la gure 7 en fonction
de la fréquence. Les étiquettes indiquent la fréquence avec la plus grande sensibilité
aux axions pour chaque série de données.
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Figure 7.: Le facteur de calibration lissé C avec les incertitudes associées en fonc-
tion de fréquence pour les gammes de basses (a gauche) et hautes (a droite)
fréquences.

En utilisant les données calibrées de la campagne CB200 au CERN, j'ai participé a
I'analyse qui a conduit a la premiére recherche directe de matiére noire sous forme
d'axions avec un haloscope diélectrique. Lanalyse implique l'intégration de multiples
spectres de puissance pour maximiser le rapport signal sur bruit (S/B), I'application
de techniques de traitement du signal pour rechercher des excés compatibles avec
un signal d'axion, puis I'établissement de limites d'exclusion sur le couplage axion-
photon jga-j si aucun signal signi catif n'est observé.

La gure 8 présente le résultat principal de cette recherche d'axions : la limite
d'exclusion observée avec un niveau de con ance de 95 % sur le couplage axion-
photon jga-j en fonction de la masse de I'axion pour les gammes de masses basses
et hautes étudiées (représentées en orange). Cette limite représente la meilleure
limite mondiale dans la zone en masse entre 76,55 et 78 ,85&eV ainsi que entre 79,30
et 79,50&eV. Ce travail a démontré le succes du fonctionnement et de la chaine
d'analyse d'un prototype MADMAX, préparant le terrain pour de futures recherches
plus sensibles dans la région ciblée d'environ » 100&eV.
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Figure 8.: Limite d'exclusion observée avec un niveau de con ance de 95% sur le
couplage axion-photon pour les gammes de masses basses et hautes (en orange)

[4].

Recherche de matiere noire sous forme de photons
sombres

Une contribution originale de ce travail de thése a été I'utilisation du méme jeu de
données acquis pour la recherche d'axions avec CB200 a n de mener une recherche
de matiére noire sous forme de photons sombres. Les photons sombres sont un autre
candidat bien motivé pour la matiére noire. lls peuvent également se convertir en
photons ordinaires par mélange cinétique A avec les photons du Modéle Standard,
sans nécessiter de champ magnétique. Leur conversion en photons est également
ampli ée par la structure du booster diélectrique. Pour cette raison, les mémes
données que celles de la recherche d'axions peuvent étre utilisées pour une recherche
de matiére noire sous forme de photons sombres. Contrairement aux axions, les
photons sombres ont une polarisation. Des photons sombres avec une polarisation
aléatoire sont considérés dans ce travail ou une moyenne statistique est calculée par
rapport a la sensibilité de I'expérience.

La gure 9 présente le spectre global pour la recherche de photons sombres, représenté
en orange pour les gammes de masses basses et hautes. Le spectre global est le résultat
de la combinaison de toutes les données enregistrées. Les lignes grises en pointillés
illustrent I'enveloppe attendue du signal pour les photons sombres, en supposant un
angle de mélange cinétique spéci que (par exemple, A/A2£ 10' 13 dans ce cas). Cet
angle de mélange cinétique est utilisé a chaque fréquence pour calculer l'excés de
puissance attendu s'il est contenu dans un unique échantillon. Les panneaux de droite
de ces gures montrent les distributions projetées des spectres globaux, sur lesquelles
est superposée la meilleure distribution gaussienne ajustée. Des écarts par rapport a
cette gaussienne, en particulier des pics étroits persistants, pourraient indiquer un
signal de photons sombres. Le pic le plus important a une signi cation locale de 4,1 Ya
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Une limite d'exclusion sur le mélange cinétique photon-photon sombre a ainsi été
établie & partir de ces données.

Figure 9.: Spectres des excés de puissance normalisé pour les photons sombres.
Les lignes grises montrent I'enveloppe prévu du signal provenant de photons
sombres pour un angle de mélange cinétique de 2 £ 10' 3. Les panneaux de
droite montrent la distribution des spectres globaux, sur laquelle est superposé le
meilleur ajustement par une distribution gaussienne. La petite gure insérée sur

le gauche montre un signal de photon sombre hypothétique a 18.5571 GHz.

La gure 10 montre la limite d'exclusion avec un niveau de con ance de 95 % sur
A, obtenue a partir des recherches de matiére noire sous forme de photons sombres
avec MADMAX, en utilisant les données du prototype OB300v1 [3] (résultats en bleu)
et du prototype CB200 (résultats en rouge, représentant ce travail). Ces meilleures
limites mondiale de MADMAX sont comparées aux meilleures limites existantes dans
la gamme de masse pertinente, issues d'autres expériences telles que DOSUE-rr [5] et
BRASS-p [6]. La gure montre que notre travail améliore les résultats précédents d'un
facteur 1000.
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Figure 10.: Limite d'exclusion observée avec un niveau de con ance de 95% sur
l'angle de mélange cinétique A du photon sombre, obtenue avec les prototypes
MADMAX (OB300v1 en bleu [3] et CB200 en rouge). Elles sont comparées aux
meilleures limites existantes dans cette gamme de masse, issues des expériences
DOSUE-rr [5] et BRASS-p [6].

Conclusion

L'expérience MADMAX propose une approche inédite pour la recherche de matiere
noire sous forme d'axions, utilisant la technique novatrice de I'haloscope diélectrique.
Les contributions apportées par ce travail de thése comprennent des mesures essen-
tielles de la planéité des disques, des tests du systeme de positionnement des disques,
et les premiéres simulations du booster avec des mesures de disque réalistes. Les
premiéres campagnes de prise de données de physique avec le prototype CB200 au
CERN ont été menées, aboutissant aux premiéres limites d'exclusion sur la matiere
noire sous forme d'axions provenant d'un haloscope diélectrique, dans la gamme
de masse autour de 76 et 80&eV. Les mémes données du CB200 ont été analysées
dans cette thése a n de rechercher la matiére noire sous forme de photons sombres.
Cette analyse a conduit a des limites d'exclusion qui sont les meilleures au monde, en
I'améliorant d'un facteur 1000 dans la gamme de masse explorée et démontrant ainsi
le potentiel et la polyvalence de I'approche par haloscope diélectrique.

Les développements et résultats présentés ici constituent des étapes importantes
pour étre sensible aux axions QCD, ayant une masse autour de 100 &eV. Des améliora-
tions supplémentaires ainsi qu'un prototype de plus grande taille devraient permettre
d'améliorer la sensibilité de plusieurs ordres de grandeur dans les années a venir, en
2027-2029. Les efforts en cours au sein de la collaboration MADMAX continuent de
repousser les frontieres de la recherche de matiére noire.
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Introduction

Dark matter makes up a signi cant portion of the matter-energy content of the uni-
verse, yet its nature is not understood. Observations of the universe at all scales point
to this invisible "missing" matter which in uences the movement of stars, galaxies,
and also the large structure formation of the universe. These combined observa-
tions suggest that particle dark matter forms halos around the galaxies, and have
non-relativistic momentum. No particle in the standard model of particle physics ts
the description. However, many particles beyond the standard model could explain
dark matter across vast mass and coupling ranges. A promising dark matter candidate
is called axion. It arises from solutions to the strong CP problem in the standard
model of particle physics by introducing a new U(1) pg global symmetry breaking at
a scale orders of magnitude larger than the weak scale. The theoretical motivations
and the properties of the axions are introduced in chapter 1. Axions are wavy (i.e.
large de-Broglie wavelength) dark matter particles with sub-eV mass and very small
coupling to the standard model particles. This presents a big experimental challenge
to detect them. If they make up all the dark matter in the galactic halo, it should be
possible to detect them with laboratory experiments on earth. These direct detection
laboratory experiments are called haloscopes.

Axion detection efforts have been going on since several decades. The principle way
to detect axions is by using its coupling to photons. Axions are converted to photons
in the presence of strong magnets. Traditional axion detection experiments rely on
resonant cavities to signi cantly enhance the weak photonic signal sourced by axions.
This approach works very well at axion masses at O(1-10) &eV but it struggles at larger
axion masses around 100 &V because the cavity volume becomes too small a this
mass. These larger axion masses are predictions from post-in ationary scenarios
in which the U(1) pg symmetry is broken after in ation. To explore this mass range,
new technologies are currently being explored. Axion experiments are also typically
sensitive to dark photons (another dark matter candidate) as they have very similar
properties to axions.

MAgnetized Disks and Mirror and Axion eXperiment (MADMAX) is one of the novel
approaches to probe the higher mass range of axions. The dielectric haloscope concept
and the MADMAX design are introduced in chapter 2. This dielectric haloscope
technology utilizes several layers of dielectric disks and a mirror (collectively called a
booster) to enhance the very feeble photonic signal sourced by axions. The distances
between the disks provide the exibility to tune the haloscope at different axion mass
ranges. By adding bigger and more disks, the enhancement of the signal can be
increased to reach the desired level corresponding to an axion-photon coupling of
2£ 10 14 GeVi ! for an axion mass of 100 &eV.
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Introduction

Signi cant technological progress needs to be made to realize this new technology
that includes a strong dipole magnet, high mechanical precision, and detailed under-
standing of the receiver system in the 10-100 GHz frequency range. The MADMAX
collaboration therefore started a prototyping phase beginning in 2020 to demonstrate
the feasibility of the dielectric haloscope concept. My thesis work revolves around
testing some of these prototypes. Chapter 3 describes the prototyping effort toward
making a tunable dielectric haloscope. It includes disk planarity measurements for
all prototype disks as well as the results from the testing of a mechanical prototype
in physical conditions of cryogenic temperature and high magnetic eld. They are
both included in a JINST publication. Three dimensional simulations of the booster
(including disk planarity measurements) are also performed and compared for the rst
time successfully with the laboratory measurements. These results give con dence
for the extrapolation for the future tests that will be done at CERN in 2027-29.

Chapter 4 describes my work on the rst physics results of the dark matter searches
by the MADMAX collaboration using a prototype in a CERN magnet. This chapter
describes in detail the procedure of the data taking, the experimental setup, the
booster modelling, and the calibration of the power boost factor. The statistical data
analysis is presented to search for dark matter signals in the collected data. It lead
to two world best exclusion limits for the axions and dark photons in the mass range
around 80 &eV.
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The description of evolution of the universe and its current status are one of the
most important developments in the physics of the modern era. One of the surprising
discoveries is that normal matter made of standard model particles make up only 16%
of the total matter content of the present universe [7]. The 84% majority contribution
come from a source whose nature is not yet understood. Mysteriously named as
"Dark Matter", it has become a subject of intense research in the last decades. This
chapter gives an overview of the astrophysical observations of dark matter (section
1.1), motivates axions as a potential solution to the strong CP problem in the standard
model of the particle physics (section 1.2), and as a candidate that could make up all
of dark matter in our universe (section 1.3).

1.1. Dark matter

The concept of "missing mass" to explain observational anomalies in astrophysics
goes back to 19th century [8]. These were the dark planets, dark clouds, or even dark
nebulae whose existence could be known only from their gravitational in uence on
visible objects. In the 1930's, Zwicky applied the virial theorem to calculate the mass of
the coma cluster and concluded that the amount of dark matter in this cluster greatly
exceeded that of the luminous matter. Many more evidences for dark matter have
accumulated since then, pertaining to different scales of the universe. This section
describes some of these observations which culminate into the standard halo model
of dark matter. Some potential dark matter candidates are also discussed.
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1.1.1. Observational evidences

An astrophysical evidence for the non-visible matter at small scales comes from
the movement of stars inside a galaxy. The rotational velocity of the stars in galaxy
UGCO03205 is plotted as a function of their distance from the galactic center in gure
1.1. The rotational velocity of the stars can be determined using the Doppler shifts in
their atomic spectra. According to the laws of Newtonian gravity which still applies
on the galactic scale and assuming only the visible matter is present in the galaxy, the
rotational velocity of the stars should drop off as the distance increases. Thisis contrary
to the observation however, where the rotational velocity remains almost constant at
large distances. Hundreds of rotation curves have been observed for spiral galaxies,
supporting the conclusion of at rotation curve at large distance from the galactic
center. As shown in the gure, the visible components of a galaxy together can not
account for this effect, suggesting a missing galactic component. These measurements
can be used to calculate the amount of missing matter and its distribution inside the
galaxy. The name dark matter refers to the fact that its coupling with light is very
small and that it moves with non-relativistic velocity to be bound inside a galaxy. A
distribution of dark matter that extends far beyond the central bulge could explain the
galactic rotation curve leveling off at large galactic radius.

Figure 1.1.: Rotational velocity as a function of galactic radius for the stars in
the galaxy UGC03205 [7]. Density components contributing to the rotational
curve include the galactic disk, the central spherical bulge, gas, and an unknown
component called dark matter.

Another evidence for dark matter comes from the large scale structure of the uni-
verse. The visible matter in our universe is very inhomogeneous at certain scales
and forms structures like lumps, walls, voids, etc as seen in the gure 1.2 left. This
inhomogeneity can be quanti ed using matter-power spectrum P(k) plotted in gure
1.2 right. The density distributions  +(r) are Fourier transformed as a function of the

24



1. Axion dark matter —1.1. Dark matter

wavenumber k (which is inversely proportional to spatial scales). P(k) measures the
correlations of density perturbations +%4 Y2across different spatial scales. Large value
of P(k) corresponds to large inhomogeneity in the matter distribution at particular
scales. This plot shows that the present universe is inhomogeneous and clumpy at
some scales, with the most inhomogeneity observed at small scales.

However, the inhomogeneity was extremely small in the early universe, of the order
» 101 ®. This is shown by the observations of temperature variations in the cosmic
microwave background (CMB) shown in gure 1.3 left. It shows the distribution
of anisotropies in the photon temperature very early in the universe at the time of
decoupling of matter and radiation. Dark matter is a key ingredient in explaining how
the universe evolved from an extremely smooth state to an inhomogeneous state that
is observed today.

To quantify these deviations in the temperature, the correlation between the change
in temperature in one direction () to another ( AY is calculated. The resulting corre-
lation functions across all directions are decomposed into spherical harmonics (or
equivalently, Legendre polynomials, P-)[9]:

X N
he T (7)£T (7 9Yi & 24—’310\TTP‘ (H 67 9. (1.1)

Here, large multipole moment ~ values correspond to smaller angular scales on the
sky. The expansion coef cients CIT are transformedinto D+ & ( A1)CT, also called
"Power spectrum", plotted as a function of ~ in gure 1.3 right. The data from Planck
satellite [10] is superimposed with the © CDM model, resulting in a very good t with
around 27% dark matter and 68% dark energy density values, among other parameters
(‘gure 1.3 right). CDM here refers to cold dark matter, as this model predicts that
the dark matter has non-relativistic momentum as opposed to "hot" or relativistic
dark matter. There are several peaks in the power spectrum, each subsequent one
with smaller amplitude than the previous one. They are known as 'acoustic peaks' or
sound waves sourced by the inhomogeneities in the matter distribution. The heights
of the acoustic peaks can be used to calculate the density of baryonic and the dark
matter. In the radiation dominated era of the early universe, matter was prevented
from clustering because of the radiation pressure of photons through close electro-
magnetic interactions. Since dark matter coupled weakly with photons, it continued
to cluster during this time. After the radiation and matter decoupled, dark matter
had already formed gravitational potential wells. Ordinary matter continued to fall
into this well, producing the structures we see in the present universe. Thus, dark
matter played a crucial role in the evolution of the universe by enlarging the minuscule
primordial inhomogeneities.
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Figure 1.2.: Matter distribution of the galaxies (left) and matter power spectrum
extracted from extensive galactic surveys (right) [7]. The matter power spectrum
shows the inhomogeneity of matter distribution in the present universe at differ-
ent scales.

Figure 1.3.: Left: temperature variation (in &K) of the cosmic microwave
background [7]. Right: CMB acoustic peaks extracted from the temperature
anisotropies in the CMB temperature superimposed witha = CDM model with
around 27% dark matter and 68% dark energy [9, 10].

1.1.2. Standard halo model

Many more evidences exist for the existence of dark matter like gravitational lensing,
bullet cluster, etc [7]. All these observations and simulations point to the dark matter
interacting weakly with the standard model particles, forming spherical halos inside

the galaxies, and have non-relativistic velocity. The exact values of the dark matter
halo properties in our galaxy are still a matter of debate. Some common values for
the density of the dark matter is considered to be 0.3 % the virial velocity as 218 + 6
km/s [11], and the velocity of the earth with respect to the dark matter halo as 242  +
2 km/s [12]. It results in a boosted Maxwell Boltzmann velocity distribution for the

dark matter from the reference frame of the earth [13], also shown in gure 1.4. This
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model has important implications for the experiments searching for the dark matter
with earth based experiments and will be used as a reference in this thesis.

Figure 1.4.: Boosted Maxwell Boltzmann probability distribution of dark matter
particles in the rest frame of the earth.

1.1.3. Nature of dark matter

None of the standard model particles satisfy the requirements of the dark matter:
non-relativistic, very feeble interaction with standard model particles, and stable (to
not decay easily and disappear). The most viable dark matter candidates come from
the extensions of the standard model where they arise naturally. As shown in gure 1.5
left, the mass of the DM candidates varies across 50 orders of magnitude from 10 | 21
eV to 10430 eV, The heaviest among them include Massive Astrophysical Compact
Halo Objects (MACHO) like primordial black holes, brown dwarfs, neutron stars, etc.
These objects are ruled out from forming the whole of the observed abundance of
dark matter. In the middle mass range, there exists one of the most popular DM
candidates called the weakly interacting massive particles (WIMP) that arise from the
minimal super symmetric models that are extensions of the standard model. A lot of
interest was directed towards this dark matter candidate in the recent decades because
of the so called "WIMP miracle" - a coincidence where the abundance of a weakly
interacting particle matches the observed dark matter abundance. Several large scale
experiments are currently trying to detect this particle at very high sensitivity [14].
Going even lower in mass takes us to very low mass particles shown in blue in gure
1.5 left. Because of their large de Broglie wavelength, they behave like classical waves
and are therefore referred to as wave-like particles. These dark matter candidates can
be characterized by their mass and also their corresponding frequency. An overview of
the weakly interacting sub-eV particles (WISPs) is given in gure 1.5 right. Axions form
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the heart of this landscape, with many axion-like particles (ALPs) arising from different
extensions of the standard model of particle physics. Other candidates in this category
include the hidden photons or dark photons that have similar experimental behavior
to axions, milicharged particles, and chameleons. The search for these wave-like dark
matter candidates (axions, axion-like particles, and dark photons) is the subject of this
thesis. Motivation for these particles originate in the standard model of the particle
physics, which is the topic of the next section.

Figure 1.5.: Overview of the dark matter models across a vast range of masses
divided in two categories of wave-like and particle-like properties [15] (left) and
weakly interacting sub-eV particles (right).

1.2. Axions

Axions are one of the most favored candidates for dark matter. This section describes
the origins of axions, which lie in the strong CP problem of the standard model
of particle physics. The properties of axions and different axion models are also
discussed.

28



1. Axion dark matter —1.2. Axions

1.2.1. Standard model of particle physics

Figure 1.6.: Standard model of particle physics [16]

The standard model (SM) of particle physics is a unifying framework to describe the
fundamental particles of the universe and their interactions. As shown in gure 1.6, it
is divided in two categories: matter particles called fermions, and interaction particles
called bosons. The fermions are spin 1/2 particles following the Fermi-Dirac statistics,
and the interaction between them is mediated by the spin 1 boson particles. The
fermions are further divided between the quarks and leptons, while the bosons are
divided between the vector bosons and a scalar boson. This model describes the three
fundamental interactions in our universe, namely the strong interaction, weak inter-
action, and electromagnetic interaction. Only the gravitational interaction remains
unexplained by the standard model. This model has been validated to an incredible
precision by a wide range of experiments with all particles already discovered. The
last one was the Higgs Boson, discovered in 2012 [17, 18].

The SM is a Quantum Field Theory (QFT), describing particles as excitations of
different types of quantum elds. These elds are de ned on a spacetime, and they
can be scalar, vector, or spinor entities. The standard model can be broadly classi ed
into the electroweak sector, Higgs sector, and strong sector. The dynamics of these
elds are controlled by the Lagrangian of the SM which follows certain symmetries.
The Lagrangian is invariant under local gauge transformation of the SM group

Gsm ZESU(3)c £ SU2) £ U(L)y (1.2)

where SU(2)_ £ U(1)v refers to the gauge group of the uni ed electroweak interactions,
and SU(3)c refers to the gauge of the strong interaction.
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The electroweak symmetries require massless gauge bosons and fermions. However,
experimental data clearly shows a non-zero mass for these particles. Direct mass
terms for W/Z bosons and the fermions in the standard model would break gauge
invariance. The Brout-Englert-Higgs mechanism resolves this problem by providing a
"spontaneous" symmetry breaking mechanism [19, 20]. It posits that a complex scalar
SU(2). doublet, the Higgs eld ©, with potential V (©) &£ 2(©T©)A, /2(©1©)?, acquires
a non-zero vacuum expectation value (VEV). This potential forms a "mexican-hat"
like shape where the VEV breaks the electroweak symmetries. The Higgs eld then
makes W/Z bosons and the fermions massive.

1.2.2. Strong CP problem

In particle physics, charge conjugation parity (CP) symmetry is the combination of
charge conjugation symmetry (C) and parity symmetry (P). CP symmetry states that
the laws of physics should be invariant if CP symmetry is applied to any interaction.
Violation of the CP symmetry is one of the three requirements of the Sakharov condi-
tions [21] to explain matter domination in our universe over antimatter. CP violation
has already been observed in the weak interactions since 60 years [22]. The strong
interactions with their SU(3)c symmetry are described by quantum chromodynamics
(QCD) theory, which governs the dynamics of quarks and gluons. This theory also
includes a CP-violating term

®s
LepEi— gy, |J.Gm G (13)

where ®s is the strong coupling constant, %G p C %is an angular constant, and G3
is the gluon eld strength tensor. This term is often ignored as it does not contribute

to perturbative calculations [23]. Such a CP-violating term would lead to an electric
dipole moment for the neutrons  d,, £(2.4§ 1.0)u£ 10' 3e fm. However, the most
sensitive experiments have failed to detect this electric dipole moment and have set
upper bounds on jdnjC 1.8£ 10' 13e fm, correspondingto juj C 0.8£ 101 19[24]. pis
the result of two contributions: one from the angle de ning a gauge invariant QCD
vacuum, and the other from the common phase of the quark mass matrix. This is
called the strong CP-problem in the standard model: why these two independent
contributions cancel out so precisely, leading to such a small value of the parameter L.

1.2.3. QCD axions

The leading solution to this problem is the Peccei-Quinn (PQ) mechanism [25, 26] that
promotes the theta constanttoa eld p! a(x Y The value of U is then set to zero by
energy dynamic considerations. This new eId corresponds toanewglobal U(1) pq
symmetry called PQ symmetry, which is spontaneously broken at energy scale f4 in
the early universe (inspired by the Higgs mechanism), giving rise to a new pseudo-
Nambu-Goldstone scalar boson particle called "Axion" [27, 28]. The parameter  f5 is
the only free parameter of this mechanism.
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With the introduction of the PQ mechanism, equation (1.3) takes the form

®s a(x,t) ., ~wo
LecpEi———Gu G 14
P8y 1, a (2.4)
The scale of the U(1) pqg symmetry breaking f 5 is not xed by the theory. This term
regulates the interaction of axions with standard model gluons. Through mixing with

mesons, the axions acquire a mass [23]

Hiot2gey!
ma A5.70(7) eV — (1.5)
a

This mass is automatically generated by QCD given equation (1.4), and is common
to all axion models. Moreover, the axion mass vanishes above the energy scales of
the QCD meaning that axions are massless in the early universe. The mass and the
coupling of the axions are inversely proportionaltof 5, and are fully determined for a
given value of f 5. This means that the axion coupling is proportional to the axion mass.
This relation does not hold for axion-like particles (ALPs) that do not originate from
the PQ mechanism. The electroweak scale was proposed as the scale of the symmetry
breaking which was soon ruled out based on the accelerator observations [23]. Models
with a PQ scale greater than 10/ GeV were then proposed that are not ruled out by the
experimental constraints (see section 1.2.4).

The axion-meson mixing also introduces an axion-photon coupling that has huge
experimental consequences. An axion can decay into two photons but with a lifetime
much greater than the age of the universe for the allowed values of f 5. Axionisthus a
stable patrticle suitable for the role of dark matter. The axion photon interaction can
be modeled by a Lagrangian of the form

Oa°

Las B = -aF F*° /Eg.-aECB (1.6)

where gy- is the (effective) axion-photon coupling, Fw is the electromagnetic eld
tensor, Eis the electric eld, and B is the magnetic eld. The 1/f 5 dependence of gae
is made explicit by the non-dimensional term  Cge

® Ca°
o JE— 1.7
a0, fa (.7
and £
Cae /Eﬁi 1.92(4) (1.8)

where E and N are the model dependent color and electromagnetic anomaly co-
ef cients. The axion-photon coupling also has a model independent term (-1.92),
which is unlikely to cancel out with the model dependent term. Thus a non-zero
axion-photon coupling is a direct consequence of the PQ mechanism, unlike the
coupling of axions to other particles like electrons. In addition, the photons produced
by conversion from axions could be used to make coherent enhancement of the signal.
These factors make axion-photon coupling the primary focus of most axion search
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experiments.

1.2.4. Axion models

There are many different ways of including the standard model particles under the
new PQ mechanism. The U(1) symmetry and the associated PQ charge de ne the
color and the electromagnetic anomaly coef cients E and N respectively. The original
PQWW (Peccei-Quinn-Weinberg-Wilczek) axion model introduced an extra Higgs
doublet to implement the PQ symmetry, and the standard model particles are charged
under this new symmetry. However, this model was soon ruled out based on the
experimental data. Two major class of models appeared after that known as Kim-
Shifman-Vainshtein-Zakharov (KSVZ) model [29, 30] and Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) model [31, 32].

KSVZ model extends the standard model with a new heavy quark and a singlet
complex scalar. This new scalar has a potential where the PQ symmetry breaking leads
to a vacuum expectation value f 5. It can be set independently to be much higher than
the weak scale. Several variations of this model exist but most relevant ones lead to
the E/N values of (5/3, 44/3). These values resultin a spread in the value of g 4o shown
in ayellow band in gure 1.7. The DFSZ model introduces two Higgs doublets and a
complex scalar singlet to the standard model and assigns a PQ charge to the quarks.
The complex scalar singlet allows to set an independent scale to the PQ mechanism.
These models couple the axions with the leptons at the tree level, unlike the KSVZ
models. Two variations of this model leads to the anomaly ratio E/N of 8/3 and 2/3.
The resulting axion-photon coupling from anomaly ratio of 8/3 is also shown in yellow
in gure 1.7. These two models are considered a benchmark for axion models, and
the yellow bands produced by these models (also called QCD bands) determine the
target for the axion experiments. For axions with 100 &eV mass, the corresponding gae
is of the order of 10 | 14 GeV'i 1, which is the sensitivity target for experiments.
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Figure 1.7.: The landscape of axion searches with axion-photon coupling as a
function of the mass. The colored areas show the regions where the axions are
excluded using different experimental approaches [33].

There are many extensions of the standard model that give rise to axion-like particles
(ALPs). They are not generated by the PQ mechanism and therefore do not follow the
relation of m 5 and g5- from equation 1.5. They can lie in any part of the phase space
in addition to the yellow bands in gure 1.7. Any experiment searching for axions will
also be sensitive to the ALPs, which is also a useful target for them.

1.3. Axion as cold dark matter

The mechanisms through which axions contribute to cold dark matter density is
closely related to the PQ mechanism and the cosmology of the early universe. Partic-
ular scenarios in the early universe can give rise to axions with very different mass
ranges. This section describes the production mechanism of axions to derive a poten-
tial axion mass range and exploit axion-photon coupling for experimental detection
of axions.

1.3.1. Production in the early universe

Axions that were originally introduced to solve the strong CP problem, can also explain
the dark matter. It needs to be shown that axions can be produced in the early universe

as a cold dark matter (non-relativistic), and then collapses into the halos with density
around 0.3 GeV/cm 2 and virial velocity around 242.1 km/s. The mass of the dark
matter and the axions in particular is unknown, but generally constrained to be

1 meV [23]. The mechanism through which the axions acquire mass is called the
axion misalignment mechanism (closely following the Higgs mechanism), illustrated

in gure 1.8. The gure shows the shape of the potential of the axion eld A at three
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crucial periods in the early universe. Axions st appear as a relevant degree of freedom
after the PQ transition at the temperature scale T . f,. It assumes an initial value of
when the previously preserved symmetry (illustrated in gure 1.8 left) is broken and

the eld gets a vacuum expectation value. The energy breaking scale corresponds
to the radius between the center and the valley of the potential. The initial U value
is chosen randomly between [- ¥4 %) and is different from the value p =0 observed
today. Later at the QCD scale %200 MeV, the PQ symmetry is explicitly broken and the
universe is lled with cold dark matter axions due to the vacuum realignment (VR)
mechanism [9] which gradually sets the p to zero and conserving the CP symmetry in
QCD.

Figure 1.8.: Evolution of the complex scalar potential at different scales in the
early universe [9]. Atthe scale T . fj,, the axion (green dot) appears as a massless
particle after the spontaneous symmetry breaking (center). Atthescale T . Tocp
(right), the axions acquire a mass when the potential is tilted. The initial angle  p;
at T ¥4f, was probably misaligned from the one observed today at  u AO.

At the energy scale of f 5, different disconnected patches in the universe have dif-
ferent initial values of the p angle. Further evolution of the eld varies depending
on weather the PQ symmetry breaking happens before or after the in ation. If itis
broken before the in ation (pre-in ationary scenario), a single patch with its random
initial p value is in ated to the scale of the whole universe. In this case, initial  p value
is a free parameter and correspondingly the axion mass as well. If the PQ symmetry
is broken after the in ation (post-in ationary scenario), the Universe is divided into
patches of random initial p values after in ation. The axion mass can be calculated
by averaging all these different values, leading to an initial /Epl/—% and the predicted
axion mass around 100 &eV [9]. In practice however, other effects need to be taken
into account which complicate this calculation. At the boundaries between different
patches of the universe, topological defects like cosmic strings and domain walls also
contribute to the axion energy density when they decay. Different models of these
phenomena leads to differing axion mass values generally constrained in the range of
40&eV to 1000&eV [34, 35, 36].
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1.3.2. Detection schemes

In a model agnostic way, an axion interacting with two photons can be shown in gure
1.9. This is called the inverse Primakoff effect, where an axion converts into a photon
in the presence of magnetic eld. This is the primary process for experiments to be
able to detect axions. Hereafter, the word axion is used to refer to QCD axions as well
as ALPs that also couple to the photons in a similar way.

Figure 1.9.: Feynman diagram of an axion converting to a photon in the presence
of an external magnetic eld.

The experimental approaches to direct detection of axions target coupling of the
axion to the standard models particles e.g. the axion-photon coupling. They can
be classi ed based on the source of the axions - galactic dark matter halo, axions
produced in the sun, and axions produced in the laboratory. The laboratory experi-
ments (also called light-shining-through-walls) shown in pink in gure 1.7, shine a
very powerful laser (photons) to a wall. A strong external magnetic eld can convert
the photons into axions which can travel through the wall that would be impassable
for the photons. Another magnet is xed on the other end of the wall to convert these
axions back into photons that can be detected. These experiments have the lowest

ux of the axion among the three types, but highest model independence since only
axion-photon coupling is assumed for a given mass. The sensitivity of the experiments
is also limited by the two conversions into and from the axion. An example of this type
of experiments is the ALPS Il experiment [37].

Experiments trying to detect solar axions are called helioscopes ( gure 1.7 shown in
red). The axions are produced in the Coulomb eld of the charged particles through
primakoff conversion inside the sun. These axions then travel to earth where they
are converted to photons inside the detector cavity with strong magnetic eld. These
experiments have higher ux than the laboratory experiment because of the strong
solar electric eld, but are affected by the solar modeling. Their sensitivity is also
limited by the two conversions into and from the axion. The CAST experiment [38] is a
helioscope that provides the world best exclusion limits on the axion-photon coupling
for a vast range of masses.

The most sensitive experiments are called haloscopes (shown in blue in gure 1.7)
that try to detect axions from the galactic dark matter halo. These experiments have
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the highest ux of the axions among the three types. Since the axions are already pro-
duced in the early universe, only one conversion of the axions to photons is needed.
Thus haloscopes have the highest sensitivity to reach the yellow QCD axion band
shown in gure 1.7. However, haloscopes are also the most model dependent of the
three detection schemes as they assume that the axions make the dominant fraction

of the dark matter. They can also probe much narrower range of mass than the other
type of experiments. The haloscopes of the past used single resonant cavity setups
to search for dark matter axions in the low mass range of O(1-10) &eV [39, 40, 41].
This traditional approach is not suitable for higher mass ranges of 40 &V to 1000 &V
predicted by the post-in ationary scenario, pointing to a need for alternative solutions.

To summarize, observational evidence for dark matter exist at many different scales
of the universe like galaxy rotation curve, gravitational lensing, and large scale struc-
ture formation. Strong CP problem relates to the unexpected preservation of the CP
symmetry in the strong sector of the standard model. Axions arise out of extension of
the standard model that solve the strong CP problem that also has all the properties
required to ful Il the role of dark matter. This provides a strong motivation for axions
as a cold dark matter candidate. However, probing the suitable mass range provided
by the post-in ationary scenario remains dif cult to explore by traditional cavity
experiments. MADMAX collaboration [42] proposes a dielectric haloscope technology
to probe the high axion mass range of 40 &eVto 400 & V. The physics principles of this
technology, its challenges, the design of MADMAX detector, and the simulations are
described in detail in the next chapter.
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Haloscope experiments search for axions from the dark matter halo of our galaxy.
The main avenue of the axion detection is to convert them to photons in the presence
of external magnetic eld. The dielectric haloscope concept presents a novel ap-
proach particularly suited for axion searches in higher mass range favored by the post-
in ationary scenario. This chapter presents how it is incorporated in the MADMAX
experiment. Section 2.1 describes how the dielectric haloscope concept is adapted for
the MADMAX experiment to search for axions. The theoretical foundations and the
simulation framework are given in section 2.2.

2.1. Description of the experiment

MAgnetized Disks and Mirror Axion eXperiment (MADMAX) was proposed in 2017
[42] and is based on the dielectric haloscope concept. This concept is described in
section 2.1.1 and an estimation of the sensitivity of the proposed MADMAX dielectric
haloscope detector is given in section 2.1.2. A prototyping phase was started in 2020 to
demonstrate the feasibility of the dielectric haloscope technology, which is described
in section 2.1.3. Finally, an in-situ method to measure the boost factor is given in
section 2.1.4.

2.1.1. Dielectric haloscope concept

If axions comprise the galactic dark matter halo, they would form a coherent oscillating
classical eld. The detection of these axions primarily relies on their interaction to
electromagnetism, described by the interaction Lagrangian term in equation (1.6).
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This interaction modi es Maxwell's equations in their macroscopic form as [43] with
axion-photon coupling gae :

r¢ EAY gaoBera (2.1)

r€ Bi EAJAga-(Baj EEr a), (2.2)
r¢ B AO, (2.3)

r£ EAB /O, (2.4)

where Eis the electric eld, B the magnetic eld, Ythe electric charge density, and J
the current density.

For an axion with mass O(100 &eV) and velocity 300 km/s (see gure 1.4), the de
Broglie wavelength is O(10) m . One can therefore consider a homogeneous constant
axion eld a(t) £agel 'mat over the dimensions of the detector of O(1) m. Using
equations (2.2) and (2.4) for a constant external magnetic eld B¢ leads to the axion
induced electric eld

ga; Beat) (2.5)

Ea i

In short, the time oscillating axion dark matter eld (orange line in gure 2.1), when
in the presence of a strong static magnetic eld Be, induces an effective oscillating
electric eld (greenline in gure 2.1). The dielectric haloscope leverages the existence
of this electric eld by creating an interface between two media with different dielec-
tric constants. If the external magnetic eld B is oriented parallel to the surface of a
dielectric material, the axion-induced electric eld  Ey will also be parallel to this sur-
face. The grey region in the gure is the dielectric region with an electric permittivity
2, /B4, and the white region is air with an electric permittivity 21 /1. The amplitude of
the total electric eld inside the dielectric medium (  Eq AEa/2,, where 2, A2,/24 is the
relative permittivity) will differ from that in vacuum ( Evac AEE3). This discontinuity
in the tangential electric eld at the interface necessitates the emission of coherent
electromagnetic waves (shown in brown in gure 2.1) perpendicular to the surface,
with frequency © 5 Z££m ,c?/h [23]. For an axion with mass 100 &eV, it corresponds to a
frequency of about 24.2 GHz and a wavelength of about 1.2 cm.
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Figure 2.1.: A sketch of dielectric interface in the presence of external magnetic
eld and an axion eld (dashed orange line) [13]. The oscillating axion eld
interacts with the magnetic eld to produce a constant oscillating electric eld
(green line). The strength of the electric eld depends on the dielectric constant
of the medium, hence it is different in air and inside the dielectric medium. At
the interface, the continuity requirements of the Maxwell's equation leads to the
emission of electromagnetic waves (in brown) perpendicular to the surface.

To signi cantly enhance the power of these emitted photons, the dielectric halo-
scope concept employs multiple dielectric disks and a mirror separated by vacuum/air
gaps, forming a structure referred to as a "booster", illustrated in gure 2.2. Multiple
layers of dielectric disks lead to a resonant enhancement of the EM wave emissions
induced by the axion eld. A mirror is typically placed on one side of the disk array
to direct all emitted radiation towards a sensitive receiver antenna. Constructive
interference of the electromagnetic waves emitted from each of the 2N surfaces (for
N disks) can be achieved for a speci ¢ axion mass. The sensitivity to different axion
masses can be altered by varying the spacings between the disks. These disks can be
strategically spaced to create a transparent or resonant booster. When the disks are
maximally transparent to the photon emissions, a constructive interference can take
place which has a broadband response. When the disks are maximally re ective, it
creates a cavity like setup with a narrow band response and very high enhancement of
the signal. A realistic booster setup typically has both of these behaviors in different
proportions. This exibility of dielectric haloscope allows to conduct a broadband
axion search rst, and then switch to a narrow band approach once a potential signal
is found.
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Figure 2.2.: Sketch of the Dielectric haloscope [42].

The expected signal power P, per unit area emitted from such a booster for a given
axion-photon coupling and dark matter density of 0.3 GeV/cm 3 is given by [44]:

TR
P W "B
2y22£10%" —=¢ 2 —= C2 (2.6)
A m?2 10T

where A is the cross-sectional area of the disks, ~ 2 is the power boost factor resulting
from the coherent superposition of emissions, and Cj- is a dimensionless model-
dependent constant that encapsulates the axion-photon coupling strength relative to
the axion mass, see equation (1.7).

The power boost factor, 2, is central to the dielectric haloscope concept. It quanti-
es the enhancement of the emitted power due to the multi-layer dielectric structure
compared to the emission from a single magnetized mirror interface. This factor
depends on the number of dielectric disks, their material properties (such as dielectric
constant 2, and loss tangent tan %), their thickness, and their spacing. Maximizing
~2 through careful design is therefore a primary objective for dielectric haloscope
experiments, as it directly determines the experiment's sensitivity to the faint axion
signal. Another approach to maximize the power from equation (2.6) is to utilize a
large conversion area. This approach is adopted by dish antenna experiments like
BRASS [6], BREAD [45], and G-LEAD [486].

2.1.2. MADMAX sensitivity with nal design

MADMAX is designed to leverage the dielectric haloscope principle for the detection

of QCD axions in a mass range around 100 &eV. Traditional cavity haloscopes struggle
at this mass as their sensitivity typically degrades rapidly with increasing frequency
duetothe V/ © 53/ mgf scaling of cavity volume [44]. A principal challenge in
axion detection is the extremely weak coupling ga° predicted by benchmark QCD
axion models like KSVZ and DFSZ (see section 1.2.4). For typical parameters of a QCD
axion in the target mass range, and a 10 T magnetic eld, the raw power converted
from axions to photons over a1 m ? area without resonant enhancement (i.e., ~2%1in
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Equation (2.6)) is on the order of P, » 101 2’ W. This power is many orders of magnitude
below the noise oor of even the most sensitive cryogenic microwave receivers. The
MADMAX strategy critically relies on achieving a substantial power boost factor
from its "booster" system. MADMAX aims to achieve a power boost factor around
~21,10° and increase the signal power to approximately 10 i 22 W/m 2. This level
corresponds to the detection threshold of state-of-the-art modern electronics, making
the axion search feasible.

The conceptual design for the nal MADMAX experiment is illustrated in gure
2.3. It features a large-bore superconducting dipole magnet with astrong B eld of 9
T. The booster will consist of approximately 80 lanthanum aluminate (", ¥25) disks
of about 1 meter diameter and housed within a cryostat operating at around 4 K to
minimize thermal background noise from the dielectrics and other electronic receiver
components. A copper focusing mirror will be positioned to collect the microwave
photons and direct them into a low-noise receiver chain, which will amplify and
process the signal. The nal experiment will be housed at the HERA H1 site at DESY,
Hamburg.

—2

Figure 2.3.: Final MADMAX detector design featuring a 9 T magnet, 4 K cryostat, a
copper focusing mirror, and a booster with 80 dielectric disks made of sapphire.

Experimentally, the expected power of a haloscope can be calculated using Dicke's
radiometer equation as [42]

Ky T
Pa /Ekp £ ¢° Y2 £ SNRE Toysf oW (2.7)

where kg is the Boltzmann constant, ¢° is the width of the axion signal, SNR is the
signal to noise ratio, Tsys is the booster system temperature 1 and tis the integration

IMore precisely, the equivalent temperature of a blackbody that would produce the same amount of
power as the booster.
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time of the booster. Comparing this equation with equation (2.6) and taking into
account the relevant experimental parameters lead to the expected sensitivity

o L T Menggoliz BygpT My 2T
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where Y4, is the density of the axion dark matter halo in our galaxy. This equation
provides the reference values of each parameter that is needed to reach the QCD band
of DFSZ and KSVZ models with the axion-photon coupling around 2 £ 10' 14 GeVi L.
The sensitivity and scanning range of the nal MADMAX detector are projected to
probe a signi cant portion of the parameter space presently unexplored as shown in
gure 2.4. The mass of the axion, mg, determines the frequency, °, of the photons
produced in the conversion process, according to the relation  E A£h°  £m ,c?. For
the MADMAX experiment, which targets axion masses roughly between 40 &eVand
400&eV, this translates to photon frequencies in the microwave range, approximately
from 10 GHz to 100 GHz. The m,4 term in equation (2.8) can be rewritten in term of
the width of the axion signal ¢° , » 10i % , (determined by the velocity dispersion of
the dark matter as shown in gure 1.4). The distribution of the axion power over the
frequency has a width of about 20 kHz at 20 GHz frequency or 80 &eV axion mass. To
detect axions of a speci ¢ mass, the dielectric disks in the booster must be precisely
positioned at micrometer precision to achieve a high boost factor at the corresponding
frequency. There are a few other proposed direct axion search experiments in this mass
range that includes a plasma haloscope experiment ALPHA [47] and the haloscope
experiment ORGAN [48] utilizing a series of cavities.
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Figure 2.4.: The expected sensitivity and scanning capability of the full-scale
MADMAX detector (transparent orange) [1]. The colored areas show the regions
where the axions are excluded using different experimental approaches. The green
area shows indirect constraints placed by astrophysical observations, whereas
other results are from direct searches for dark matter.

2.1.3. Booster prototype program

The development of the nal MADMAX booster represents an ambitious program, with
many technological hurdles. These include the challenges of building a dipole magnet
with large bore and 9T magnetic eld, operating the booster in strong magnetic
eld, achieving and maintaining cryogenic temperatures down to 4K, ensuring the
precise mechanical positioning at &m level and movement of up to 80 dielectric disks,
and operating in the demanding 10-100 GHz frequency regime. To demonstrate the
feasibility of this concept, a prototype program was started in 2020.

The initial phase of the prototype program focused on characterization and under-
standing of closed resonant boosters i.e, booster enclosed in a cylindrical waveguide
such that only a limited number of modes can exist inside the booster. One of the rst
such prototypes is called CB100. It consists of three xed sapphire disks and a copper
mirror with a 100 mm diameter, housed inside an aluminium cylinder. Its primary
objectives were to perform fundamental radio frequency (RF) characterization, rst
axion searches, and understand the mode structure within a closed booster. As indi-
cated in table 2.1, CB100 underwent testing at room temperature in 2022 and 2023,
including operations within an external magnetic eld of 1.6 T, and was further tested
at cryogenic temperatures in 2024, also in a magnetic eld.

Building upon the insights of the CB100 prototype, a scaled up version was made
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called CB200 [4]. It was also made with a copper mirror and three sapphire disks
but of 200 mm diameter. The CB200 prototype was used for axion search at room
temperature and within an external magnetic eld in 2024. It was tuned for resonant
behavior at a few different frequencies. | participated to the tests and the dark matter
searches that are described in chapter 4.

A signi cant evolution in the prototyping was the transition towards open boosters
from closed boosters. An open booster does not have the disks and the mirror enclosed
in a metal cylinder, therefore allowing the electromagnetic elds inside the booster
to not be con ned inside its boundaries. This was done for making disk positioning
system and the subsequent mechanics simpler to implement. The OB200 was the rst
prototype to implement this open design. Its development was crucial for mechanical
studies, particularly the high-precision positioning and movement of the disks using
piezo-actuators [2]. The OB200 featured a single movable sapphire disk of 200 mm
diameter, housed inside an open mechanical structure. OB200 was tested at room
temperature, within a magnetic eld, and also at cryogenic temperatures. | did the
data analysis of these tests and their results are described in detail in chapter 3.

Building on the mechanical insights gained from OB200, the program advanced to
the OB300 booster series, towards the nal phase of the prototyping. The OB300v1
(Open Booster 300 version 1) shown in gure 2.5 includes 3 xed sapphire disks and
a copper re ecting mirror of 300 mm diameter. This scaled up version has better
sensitivity, which allowed for the rst Dark Photon Dark Matter (DPDM) search during
2023-2024 at room temperature at DESY. It demonstrated the feasibility of an open
booster for dark matter search. The nal disk positions were chosen following my
work on prototype simulations presented in chapter 3.

The upcoming OB300v2 is envisioned as the nal prototype for the MADMAX col-
laboration, designed for substantially increased sensitivity and combining all the
technologies developed during the prototype phase. It will feature between three to
twenty movable disks in an open booster setup, and suitability for operations at cold.
It is intended to cover a signi cant portions of the axion search phase space during its
operations between 2027-2029 at CERN.

2.1.4. Boost factor determination

An important consideration for any prototype booster is the characterization of the
boost factor ~2. The experimental determination of the boost factor is different
for closed and open boosters. The booster modelling of a closed booster based on
the re ectivity measurement with a vector network analyzer (VNA) is described in
chapter 4.
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Name Goal Booster | Disks Test year
CB100 | RF studies + Closed | 3 xed, 2022, 2023,
rst ALPs searches A /100 mm
CB200 | RF studies + Closed | 3 xed, 2024
rst ALPs searches A A200 mm
OB200 | Mechanical studies Open 1 movable, 2022,
A /100 mm
OB300v1 | First dark photon Open | 3 xed, 2023-24
search A /300 mm
OB300v2 | ALPs search with Open 3-20 movable,
more sensitivity A /£300 mm

Table 2.1.: MADMAX prototypes summary. The test years with underlined text
indicate testing the prototype in an external magnetic eld, blue color indicate
testing at room temperature, and green color indicates testing at cryogenic tem-
peratures.

Figure 2.5.: Left: OB300v1 prototype surrounded by the RF shields and used for
the dark photon search 2023-24. Right: The booster setup with three sapphire
disks along with motors used for moving the bead during the in-situ measurement
of the boost factor.

For an open booster modelling, an in-situ measurement of boost factor is possible.
It is based on the reciprocity theorem [49] and the bead pull method [50] which was
developed within the MADMAX collaboration in 2022-23. The reciprocity theorem
is a fundamental principle in electromagnetism. It allows the calculation of (desired
but not directly measurable) electric eld distribution Eaxion induced by axions within
the booster volume using a (measurable) test electric eld  Eiest €xcited by a known
external source. The bead-pull method is an experimental technique to measure the
test electric eld using a small dielectric bead (see gure 2.5 right). The bead (much
smaller than the wavelength) perturbs the electric eld excited by the VNA. According
to perturbation theory, the presence of this bead causes a small alteration of the eld,
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2. MADMAX experiment —2.2. Simulation framework

changing the re ection coef cient of the booster. This perturbation depends on the
position of the bead, its size, and the permittivity. By systematically positioning the
bead through the entire volume of the booster using a system of strings and motors,
a three-dimensional distribution of  Eiest can be calculated. The reciprocity theorem
allows to then calculated the eld induced by axions  Egaxion - Integrating this eld over
the entire booster volume yields the value of ~2.

2.2. Simulation framework

The main goal of dielectric haloscopes is to boost the feeble electric signal sourced by
axions. Simulation is an essential tool to explore how emissions from various layers
of a booster system interact with each other. This section describes the theoretical
foundations (section 2.2.1), the 3D simulation tool used in this thesis (section 2.2.2),
and the effects of the non-ideal disks (section 2.2.3).

2.2.1. Theoretical foundations

The theoretical framework for simulating axion-photon conversion in a dielectric
booster begins with the axion-modi ed Maxwell's equations (2.1) to (2.4). As detailed

in previous section, the presence of an axion eld a(t) in a strong external magnetic
eld Be leads to a small oscillating transverse electric eld E;. The discontinuity
of the eld amplitudes at the dielectric interface leads to the emission of EM waves
perpendicular to the surface in both directions. Figure 2.6 showcases how a 1D booster
geometry can be divided into air and dielectric regions r = 0,1,...,m with different
dielectric constants. Each region contains amplitudes for the left (right) moving eld
originating from the interface to its right (left). The change of this geometry through
change in disk position, thickness, or dielectric constant would affect the interference

of these elds and consequently the boost factor.

Figure 2.6.: Booster geometry where dielectric regions are labeled r =0,1,...m. L
and R denote the left moving and right moving eld amplitudes in each region
[43]. d and x refer to the distances and positions of each dielectric interface.
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The transfer matrix formalism [43] allows to calculate the amplitude of the emerging
EM eld as well as the transmission and re ection coef cients of the booster. In this
1D formalism, the electric eld within a layer is a sum of forward (L) and backward ( R)
propagating plane waves. The relationship between eld amplitudes across interfaces
and dielectric regions is described by re ection/transmission, emission, and propaga-
tion matrices (see appendix A for more details). The power boost factor is obtained by
considering the rightmost (leftmost) outgoing amplitude as ~ ~ 2 /& R/ Eoj? or jLo/ Egj?
, requiring no inwards propagating waves Rg AL, £0. Here Eq refers to the axion
induced electric eld weighted by the relative permittivity of the medium. Lo and Ry,
can be calculated using the transfer matrix formalism [43]. A metallic mirror can be
incorporated in this setup as a region of in nite or extremely high dielectric constant.

2.2.2. 3D booster simulations

Beyond 1D, realistic boosters have nite transverse dimensions. Understanding elec-
tromagnetic (EM) modes is key to extending the transfer matrix formalism for simulat-
ing more realistic 3D booster setups. The central idea is to identify the characteristic
eld patterns (eigenmodes) within a cylindrical dielectric disk of radius R and refrac-
tive index n. Assuming that the electric eld has no divergence ( r¢ E ZA0) and that the
elds diminish to zero at the radial boundary  r /AR (a valid approximation for large
disks with high permittivity), these modes can be described. The 1D transfer matrix
formalism can be adapted for 3D simulations by replacing scalar quantities with their
modal vector equivalents [51]. The amplitudes of left- and right-propagating waves
(Ly,Ry) become vectors L, and R;, whose components are the complex amplitudes of
each mode.

Mode matching algorithm utilizes modes that are approximate eigen modes of the
dielectric waveguide as well as free space. These basis modes are 'matched' between
two regions to provide approximate eigenmodes of the whole booster system. The
mode matching algorithm is based on 3D transfer matrix formalism and is imple-
mented in the Boostfractor tool [51, 52] (publicly available at  https://github.com/
mppmu/BoostFractor.jl ). This is the tool used for the simulations shown in chapter
3. Boostfractor is then coupled with optimization algorithms to nd disk positions
and thicknesses that enlarge the boost factor ~?(! ), as exempli ed in gure 2.7, where
con gurations yielding ~2upto 2.5£ 10° are found for 1D booster. This shows that for
the nal design of the MADMAX booster, simulations support the theoretical ~? target
of 10° for the nal MADMAX booster.

An important result [43] is that over suf ciently large frequency range, the term

~2(1)d! remains constant for an ideal booster. This so-called “area law' means that
in the absence of losses, changing the disk con gurations in a booster setup can only
make either a larger narrower boost factor or a wider smaller boost factor. This results
in a tradeoff where we can obtain either a higher boost factor or a wider coverage as
illustrated in gure 2.7. However, for realistic boosters with losses in the system, the
area law is not absolute and con gurations could exist that are strictly better or worse
than others.
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Figure 2.7.: Optimized boost factor for 1D idealized booster with 80 disks. Three
different con gurations show the trade-off of wide bandwidth and high boost
factor up to 250000 [51].

Another important method for booster simulations is based on nite element anal-
ysis (FEM). Using the COMSOL software [53], this method provides a thorough but
computationally expensive way to simulate the booster. For small prototypes and
axisymmetric prototypes (where 2D simulation instead of 3D can be performed), like
CB100 and CB200, FEM simulations are feasible [4]. For bigger prototypes like OB300,
FEM methods are too computationally expensive and mode matching method is the
only tool available.

As the mode matching method is used for simulations in this thesis, it is rst com-
pared to 1D analytical solution for a minimal booster setup of one mirror and one
disk. Phase depth for a dielectric regionisde nedas =+ ZAn! d, where n is the dielectric
constant, ! isthe frequency and d is the depth or thickness of the region. Air phase
depth o and disk phase depth of +: are used in this calculation. Figure 2.8 shows two
modes of operation for the booster: resonance mode with i;— A2 (left) and transparent

mode i— /E1 (right). They are compared with the simulation of the same setup using
1D Boostfractor code in gure 2.9. Itis seen that the analytical result is reproduced by
the simulation.
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Figure 2.8.: Boost factor 1D analytical solution for a minimal booster with 1 disk
and 1 mirror for resonance mode ﬁ— A2 (left) and transparent mode Jj:— AE1[43].
L Y

| ris the frequency at which the setup is the mostresonant: ! g A5 and ! z is
the frequency at which the setup is the most transparent: ! : AEnld/“z .

Figure 2.9.: Boost factor simulations using mode matching 1D algorithm for a
minimal booster with 1 disk and 1 mirror for resonance mode and transparent
mode like in gure 2.8.

A cross-validation between the mode matching algorithm and FEM (COMSOL) is
carried out extensively in [51]. A direct comparison, as shown in gure 2.10, demon-
strate that for a minimal dielectric haloscope (1 mirror, 1 disk), Boostfractor's mode
matching and Fourier propagation methods agree with COMSOL 2D3D (axisymmetric
booster geometry) and full 3D FEM simulations within a few percent across various
parameters [51]. This good agreement validates the mode-matching approach. An-
other validation comes from comparison with experimental measurements which is
proposed in chapter 3 of this thesis using OB300v1 prototype.
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Figure 2.10.: Boost factor for a minimal dielectric haloscope booster with 1 mirror
and 1 disk simulated using different methods [51]. Different values of the dielec-
tric constant and vacuum phase depths are shown for top left and bottom left
and right. Fourier propagation method and mode matching methods from the
Boostfractor package are computed with COMSOL 2D3D and full 3D simulations
that use the FEM method.

2.2.3. Non-ideal booster simulation

Real-world boosters stray from idealized models due to manufacturing tolerances
and assembly process. These non-idealities can potentially degrade the booster
performance. Studies using Boostfractor were carried out [51] and the effects of each
parameter on the boost factor is analyzed.

Key non-idealities of the booster geometry include disk positioning accuracy;, tilt
parallelism, and surface roughness (hon-planar disks). Other effects include exciting
unwanted modes and material losses (dielectric loss tangent tan *: of the material).
Figure 2.11 shows the impact of some of these imperfections for a twenty disk booster
with 300 mm diameter corresponding to OB300v2. Imperfections or gaps in the
booster geometry can excite unwanted modes (also called parasitic modes), reducing
the ef ciency of the boost capacity to enhance the axion induced eld. The effect of
these imperfections can be somewhat mitigated by re-optimizing the disk spacings

[1].
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Figure 2.11.: The effect of non-ideal values of tilt, disk thickness, and surface
roughness on the boost factor for 1 mirror and 20 disks booster [51].

These simulation studies lead to stringent requirements on parameters: disk posi-
tioning accuracy: RMS errors in the longitudinal (  z) position of disks should typically
be kept below 3 &n to maintain boost factor within 10 %, the RMS surface roughness
of the dielectric disks ideally needs to be less than 10 &m, disk thickness RMS variation
less than 2 &m and the disk tilt less than 0.1 mrad. The prototype program of MADMAX
is essential to explore the mechanical feasibility of incorporating these constraints
and measure their impact on real booster systems. This thesis work is part of that
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effort by working on different prototypes: exploring mechanical feasibility of various
constraints on the disks (OB200 prototype) and compare the simulation expectation
with the in-situ measurement using the bead-pull method (OB300). This is the subject
of chapter 3.
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The novel dielectric haloscope concept for QCD axion search was introduced in
chapter 2. It was shown that several technological challenges lie on the path to realize
this concept. Two of them are addressed in this chapter: the quality of the planarity of
the disk surface (section 3.1) and the mechanical realization of a booster (section 3.2).

Disk con guration is a key to optimize the booster performance. This is more
pronounced when the shape of the disk surfaces deviate from the planar shape. In this
case, the order and orientation of different disks can have an impact on the booster
performance. Booster states can be optimized for each frequency by changing the disk
distances and the disk con guration, while taking into account the realistic shape of
the dielectric disks as measured in section 3.1. Section 3.3 describes simulation studies
to show the feasibility of this optimization process for the nal prototype OB300 which
will scan a wide range of axion mass. My contribution to this work includes analysis of
disk planarity measurements in section 3.1, data analysis of disk positioning system
in section 3.2 (main author of the resulting publication [2]) and booster con guration
optimization using simulations in section 3.3.
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3.1. Disk planarity

The dielectric disks occupy a central place in the MADMAX booster. It was shown in
chapter 2 that the emission of EM waves happen perpendicular to the dielectric sur-
faces inside the booster. The dielectric sapphire disks used for MADMAX prototypes
are produced by SurfaceNet GmbH *. The kyropoulos method [54] is used to grow a
500 kg boule of sapphire. The boule is then sliced carefully to get thin disk shaped
sapphire crystals. The sapphire disk used for OB300 have 300 mm diameter and 1 mm
thickness. The dielectric constant 2 of the sapphire crystals lies between 9.15 - 9.3,
with dielectric loss tangenttan + C 10' ® [55].

In section 2.1, the booster geometry is assuming perfectly at disks. A non-planar
disk surface would impact the resonant enhancement of the axion signal, and ulti-
mately the sensitivity of the experiment [51]. This section describes the setup and
measurements of the planarity of sapphire disks to be utilized in the future OB300
prototype.

3.1.1. Measurement setup

A very precise three dimensional metrology machine has been used for the measure-
ment of the disk surfaces. The measurement setup can be seenin gure 3.1. The disk
is placed in a vertical position to mimic its position inside a booster. The disk is xed

at three points on a vertical mount. The metrology machine consists of the coordinate
measuring machine (made by Wenzel 2), the probe holder PH10M plus (made by Ren-
ishaw %), and two types of probes. The probes are made by Renishaw (with contact)
and Stil 4 (without contact). The Quartis software is used to move the coordinate mea-
suring machine, and the use of the software is automatized for measurements using a
python script. The disk measurement uncertainty is dominated by the movement of
the apparatus that holds the measurement probe. This means that each measurement
point has an accuracy of 3 &n in each dimension. The contact measurement uses
a pressure gauge to detect when the tip encounters the disk surface. At each point,
the tip exerts a pressure on the disk equivalent to 8 g of weight. The stress exerted by
the tip on the disk surface is the limitation of the contact measurement method. The
contactless probe detects the disk surface by re ection of light of different frequencies.
Four different sapphire disks of 300 mm diameter and 1 mm thickness have been
measured so far, out of the ve that have been produced. The contact measurement
was developed rst and used for measuring the surface planarity of disk 1 and disk 2.
The contactless measurement was developed later and used for all measurements of
disk 2, disk 3, and disk 4. For both methods, it takes about 1 hour to measure one disk
face. There are nearly 500 points in square grid mapping (measurement points make
a square grid) for the contact measurements and 720 points in polar grid mapping

Ihttps://surfacenet.de/ les/start.php
Zhttps://www.wenzel-group.com/en
3https://www.renishaw.com/en/about-renishaw—6432
“https://stil.fr/
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(measurement points make a polar grid) for the measurements without contact. Each
measurement corresponds to a sampling of approximately 1 cm between the points.

Figure 3.1.: Measurement setup with contact (left) and without contact (right). It
consists of three parts: Wenzel coordinate measuring machine, Renishaw probe
holder, and two different probes for measurements.

The measurement process includes building an initial reference plane by measuring
a few random points on the disk surface. This reference plane is used for calculating
the coordinates of measurement points that span the whole disk uniformly. This
plane also determines the reference position of the probe from which the surface
planarity values are determined. The coordinate system for the measurement is
constructed such that the plane of the disk is roughly in the X-Y plane and the direction
perpendicular to the disk surface is in the Z direction. The names of the disks, the disk
faces, and the bottom most point of the disk in the orientation of its measurement are
all marked physically on the disk. These markings are illustrated in gure 3.2.
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Figure 3.2.: Identi cation markings on the disk. Left: white dots for disk number
identi cation. Center: disk number and face, The black point refers to the lower
point during measurement. Right: black dots with increasing distance for identi -
cation of the face (increasing distance on the right when face A is up).

3.1.2. Measurement results

Four disk measurements are illustrated in gures 3.3 with face A (top) and face B (bot-
tom). The deviations in the disk surface towards the measuring instrument (red/yellow
points) are assigned positive values whereas the deviations in the direction away from
the instrument (blue points) are assigned negative values. The difference between
min-max deviation of any face is roughly around 200 &m. The reference plane for
these plots is constructed such that the average of these deviations sum to zero. After
measuring one face, the disk is removed from the clamps and turned over to measure
the other side in the same way.

Itis seenin gure 3.3 that each disk has similar shape to each other. They have one
side with 'bowl' shape - deeper at the center and rising at the edges. This is attributed
to the manufacturing process as all of the disks were fabricated from one single piece
of sapphire. The orientation of the disks is hereafter classi ed as either convex or
concave. Convex orientation refers to the shape of a disk that is curved towards the
re ecting mirror while concave refers to the shape of a disk curved away from the
re ecting mirror. In gure 3.3, all disks are seen in the convex orientation with face A
facing the mirror. All measurements are missing some points at three places which
correspond to the position of the clamps used for holding the disk in place.

56



3. Towards a tunable dielectric haloscope — 3.1. Disk planarity

Figure 3.3.: Surface planarity measurements of four sapphire disks A face (top) and
B face (bottom). Disk 1 measurement was done with contact method while other
disks were measured with contactless method. The red/orange points represent
the "bumps" on the disk while the blue points represent the "valley" of the disk.
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The distribution of the planarity deviations of all four disks are shown in gure 3.4.
All four disks have a slightly different distribution but with the mean of zero. Disk 1 has
a different distribution than other disks because of the sampling method used for its
measurement. The measurement points form a uniform square grid for disk 1 whereas
a polar grid is used for other measurements that result in more points sampled at the
center than at the edge of the disk.

Figure 3.4.: Deviation from average plane for disk 1 and 2 (left) and disk 3 and 4
(right). The mean and the RMS of the measurement is given for each face.

The measurement methods evolved during the years when different disks were
being measured one by one. Table 3.1 shows the summary of these measurements
and the method used for measurement. The raw measurement is compared with the
interpolations made on a square grid that is utilized in the simulations (see section
3.1.4). Typical RMS deviation of the disk faces is around 50-60 &m. The RMS of the
raw measurement changes noticeably from that of the interpolated measurement.
The change is much smaller in the square grid mapping (less than 1%) than polar grid
mapping measurements (up to 4%), which is expected.

The thickness of disk 4 is measured using a novel technique with the contactless
measurement probe that allows measuring both faces of the disk in parallel. Figure
3.5 shows the thickness (left) and the distribution of thickness (right). It is seen that
the mean of the measurement is 1.005 mm with a very small RMS deviation of 5 &m.
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Disk face | Number of points | Raw RMS @&m) | Interpolated RMS ( &m)
1A 491 45 43
1B 491 46 45
2A 492 50 49
2B 492 52 52
2A 720 52 54
2B 720 55 56
3A 715 46 47
3B 715 48 48
4A 718 56 58
4B 718 60 62
4A" 2884 55 55
4B" 2791 63 62

Table 3.1.: Disk planarity RMS for the different measured disks. The disks are
numbered from 1 to 4, each with two faces A and B. ' refers to contact disk mea-
surements (square grid mapping), " refers to contactless measurements with
square grid mapping and all others are contactless measurements using polar
grid mapping.

Figure 3.5.: Thickness of disk 4 (left) and its distribution (right)

Three disks each of 100 mm diameter and 200 mm diameter were also measured in
a similar way. Figure 3.6 shows the evolution of the deviations in the surface planarity
of disks of different diameters. The deviations increase signi cantly with the increase
in the diameter of the disks. Therefore, improvements in the disk manufacturing still
need to be made for future boosters using even larger disks.
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Figure 3.6.: Evolution of the disk planarity RMS (left) and min-max (right) as a
function of the disk radius.

3.1.3. Planarity of the disk mounted on the support ring

In the OB300 booster, the sapphire disks will be connected to the piezo motor through
a disk support ring (see section 3.2 for more details). It is also important that the
support ring does not deform the planarity of the disk surfaces. To check this, the disk
planarity of disk 4 was measured with and without mounting it on the titanium disk
rings. Only one measurement is shown in this section and similar results are obtained
for all the rings. The measurements were done using a square grid sampling with 5
mm between the points. The result of this measurement and the comparison with
measurement of disk without support ring is shown in gure 3.7. The min-max(RMS)
of the disk surface 4A without the ring was 208 (57) &m while it was 206 (56) &m for
the disk mounted on ring. The min-max (RMS) of the disk surface 4B without the
ring was 200 (55) &m while it was 199 (55) &m for the disk mounted on ring. For both
disk surfaces, the min-max and RMS for disk alone and disk on ring changes very
little. This validates that the manufactured disk rings have minimal impact on the disk
planarity.

Similar results have been obtained for a smaller disk with 200 mm diameter used
for the OB200 prototype (see section 3.2), also published in [2]. Itis shown in gure
3.8, leading to the same conclusion that the disk support ring has minimal impact on
the disk planarity and shape.
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Figure 3.7.: Disk 4 surface planarity measurements without mounting (top) and
with mounting (bottom) it on the titanium disk ring. The measurements were
performed with a square grid sampling method.
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Figure 3.8.: Surface planarity of a disk with 200 mm diameter alone (left) and
mounted on the support ring (right).
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3.1.4. Input for booster simulation

The impact of the bowl shape of the disks on OB300 boost factor needs to be studied

in details with simulations. The spacing between disk measurements points ( %few
cm) is much higher than required for the simulations (% few mm). To make use of
the disk measurements in the simulations, some interpolation of the measurements

is required. The processed measurements are shown in gure 3.9, which shows the
interpolations made ona 2.5mm £ 2.5 mm square grid. This can be compared with
the raw measurements in gure 3.3. The required grid distance is determined by
the frequency of the eld inside the booster as higher frequencies require higher
resolution of grid.

3.2. Mechanical realization of a tunable dielectric
haloscope

The mechanical challenges for the nal MADMAX experiment include the requirement

of moving the dielectric disks with high precision under extreme physical condition

of down to 4 K temperature and up to 9 T magnetic eld. The positioning system
needs to also work in a gaseous helium atmosphere, which is essential for ef cient
operation at cryogenic temperatures. A rst mechanical prototype called open booster
200 (OB200) was built to validate the feasibility of the disk positioning system. This
has been published in [2]. There are two requirements of the nal MADMAX detector
that relate to the disks. First, the disks need to be positioned with an accuracy better
than 3 &m to preserve the boost factor at the level of %10 % [51]. Second, the disk
positions need to be changed in few hours between each scan, implying that the
motor speed needs to be above 10 &n/s. The reasoning is that each disk need to
be moved O(10 &m) (O(100&m)) to change the axion scan frequency by O(10 MHz)
(O(100 MHz) for broadband searches) °. The disks are moved in the same direction
one at atime. It will take therefore approximately 1 hour (10 hour) in total to move 80
disks with motors running at 10 &m/s 6. Adding on top O(1) min between each disk
movement (to verify drift in motor position, check alignments, etc), amounts to about
O(2) hours to move from one con guration to the next one, which is about 5% (20%)
of the measurement time for one con guration (see section 2.1.2). The focus of this
section is the description of the construction and testing of the OB200 prototype to
achieve these requirements (less than 3 &m in disk position accuracy, and 10 &m/s
motor speed) for the nal MADMAX detector.

5These distances are vary considerably depending on the frequency of the axion search
5The rst disk move by 10 &m (100&m), the second by 20 &m (200&m),... and the last one by 800 &m
(8000&m)

62



3. Towards a tunable dielectric haloscope — 3.2. Mechanical realization of a tunable
dielectric haloscope

Figure 3.9.: Interpolation of the 4 disk surface measurements face A (top) and face
B (bottom) to match 2.5 mm £ 2.5 mm grid array of BoostFractor simulation code
(see section 2.2).
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3.2.1. Mechanical setup

The OB200 is inside a 500 mm long mechanical structure with 300 mm diameter as
shown in gure 3.10 (left). This prototype has one sapphire disk and a copper mirror
of diameter 200 mm (together forming a booster), surrounded by an aluminium
backbone structure. The copper mirror has thickness of 10 mm and atness better
than 10 &m. The disk is connected to the backbone structure via a titanium support
ring. The disk is moved using 3 motors ( gure 3.10 right) that are positioned 120
from each other around the disk. The motors move on three separate rails installed
parallel to each other. The backbone structure is designed to shrink in a symmetrical
way during a thermal cool down, insuring that the disk, the disk ring, and motors
remain aligned with each other. The aluminium construction allows it to be used
inside strong magnetic elds. The two main components apart from the disks are now
described in more details.

+

Figure 3.10.: Left: Diagram of the OB200 prototype with one disk and one mirror.
Right: Diagram of the carriage with the piezo motor, taken from [56].

A mechanical challenge for the prototype involves handling the very thin disk of
%21 mm thickness. A disk ring is carefully designed for this purpose, to hold the disk
while being moved by the motor carriages. It is made of titanium to be able to with-
stand heavy weight and ensure compatibility with high magnetic eld environment.
Its inner (outer) diameter is 201 mm (204 mm) with a thickness of 4 mm. The design
and the photograph of this ring can be seen in gure 3.11. The disk connects with
the ring at three points along its outer radius through three axial springs made of
copper-beryllium, ensuring minimal stress on the disk. The axial springs are used
to hold the disk and keep it radially aligned, even after cool-down when materials
shrink in different amount. Three holes in the disk ring are made for holding the
retro-re ectors. They are used by the laser interferometers to detect the disk positions.
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Figure 3.11.: Disk support ring that connects the sapphire disks with the motor
carriage system. Left: diagram showing the interface to the motor carriage system,
retro re ectors, and the springs to hold the disk. Right: picture showing the 200
mm diameter sapphire disk mounted on the support ring.

The disk ring was made at CPPM to be very lightweight and thin. However, it
is important also to minimize it's impact on the sapphire disk shape. A complex
fabrication procedure was designed for this purpose. After rough cutting operations
and heat treatment that allows for stress relief of the raw material, the ring is machined
on a bed of resin. This allows to make the disk as at as possible and minimize
mechanical deformations. Three radial springs are machined by wire-cut Electrical
Discharge Machining (see gure 3.12 left). The disk ring is machined further to
make the holes in the ring and make it thinner (see gure 3.12 center). Finally, the
deformations in the disk ring are corrected using pressure (see gure 3.12 right). A
precise measurement of disk surfaces was made using a three-dimensional metrology
machine; with and without being mounted on the disk ring. The disk shape is only
slightly modi ed near the edge after mounting on the disk (see section 3.1.3).
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Figure 3.12.: Construction process of the titanium disk rings. Left: Ring with inner
and outer ridges machined in a factory. Center: The ring shape is re ned and
holes are made for the interferometers. Right: Disk ring planarity corrected using
a pressure machine.

The dielectric disk along with the titanium disk ring need to be moved in chal-
lenging conditions of cryogenic temperatures and magnetic eld with &m precision.
Piezo-actuators that use stick-slip movement principle were developed by MADMAX
in cooperation with the company JPE [56]. They utilize aluminium and ceramics
materials for their non-magnetic properties. The motor carriage has aluminium frame
and four ceramic roller bearings that can move it along the stationary ceramic rails.
Two of them are xed and two are mounted on the exure pivot. The motor carriage
and the piezo actuator is shown in gure 3.10 (right). A leafspring that is preloaded
with a screw allows for operation even at cryogenic temperature. The design ensures
an equal load distribution for both bearings. Deformation of the leafspring by the
preload force is accomplished with xing a small screw. When the preload force is
applied, the wings of the piezo actuator (yellow in the gure 3.10) are pressed against
the ceramic rail, inhibiting the movement of this part because of the resulting friction.
The inertia of the carriage along with the disk during slow piezo movement is not
suf cient to overcome the friction of the wings so it remains in place. The carriage,
however, moves with respect to the wings in the direction of the motion. It is followed
by a rapid return movement of the actuator which makes the friction break and the
carriages stop. This one cycle results in a displacement of micron level. Repeated
cycles like this results in disk movement of up to 30 cm. The power for this movement
is supplied to the piezo actuators through power rails mounted on the backbone,
thus avoiding the need for wires and ensuring compliance with high magnetic eld
operation.

All these components are mounted inside the OB200 prototype to test their opera-
tion.
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3.2.2. Test setup

After the design and construction phase, several tests were made to check the working
of the OB200 prototype. The general test setup can be seenin the gure 3.13. The heart
of the disk positioning system are three piezo motors which are used to move a single
sapphire disk. They were already shown to operate well (without carrying a disk) in
cryogenic temperatures up to 4 K and magnetic eld up to 5.3 T [56]. The three motors
are named motor 1 (also called master), motor 2 and motor 3 (also called slaves). The
motors are operated individually using motor drivers; and the disk position feedback
is provided by the Attocube laser interferometers. During disk movement, the control
module varies the frequency of the slave motors to match the velocity of the master
motor and synchronize their movements. The motors are stopped once each of them
reached the target position within certain amount of tolerance (10  &m). The motors
are also stopped if the distance between any of them exceeds a certain threshold called
MSD (master slave distance - 100 &m). In case the master motor is lagging behind
when exceeding MSD, slave motors are stopped until the master motor catches up.

The attocube laser interferometers measure disk positions with precision of less
than 1 nm. This was reduced to a precision of 33 nm because of the data format
used during the tests. However, it is more than suf cient for our requirements of
micrometer level precision. It is a commercially available equipment compatible with
use in vacuum and cryogenic temperatures. It is used in combination with optical
sensor heads connected via optical bers, and retro-re ectors. The retro-re ectors
are mounted either on the motor carriages or the disk ring.
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Figure 3.13.: A photograph of the general test setup of OB200 prototype. Different
parts of the setup are numbered in white circles. 1: The OB200 prototype including
the backbone structure and a sapphire disk mounted on the support ring and
moved by piezo motors. 2: The motor controllers. 3: FPGA board. 4: Laser
interferometer. 5: The optical sensor heads mounted to the backbone structure
and connected to the Attocube interferometer via optical bers. There are retro-
re ectors mounted on the disk ring. The disk is moved using the motor controllers
and the position feedback is measured using the interferometer.

The prototype was tested at room temperature (DESY), cryogenic temperature
(CERN), and under magnetic eld (CERN). Figure 3.14 shows the OB200 prototype
inside the 1.6 T morpurgo magnet at CERN (left) and inside the cryostat at CERN

(right).

Figure 3.14.: Left: OB200 inside the 1.6 T magnetic eld of CERN Morpurgo magnet
The prototype is installed on a platform moved by a rail system to allow
operation without ramping down the magnet. Right: OB200 installed at
CERN before closing of the cryostat.
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Several types of tests were made in each physical environment to check the working
of the disk positioning system, motor speeds, position accuracy, synchronization
of the motors, drift in position after reaching the target, step size of the motors,
etc. In each case, the tests were made by moving a disk inside the prototype. The
movement algorithm moves the motors in tiny steps while monitoring their precise
positions. For certain type of tests, the disk is moved back and forth several times.
The target positions for the motors are given in multiples of a "position step". This
value is usually much larger than the "step size" of the motors which determines the
minimum distance a motor can travel at a given temperature. The main purpose of
these tests was to determine the accuracy of movements. The controller continues to
move the motors until they are all within 10  &m of the target. The motor positions are
recorded immediately, 30 s, and 60 s after stopping their movement. This allows to see
weather the motor positions drift when they are not actively being controlled. These
tests are made using a variety of position lengths, but it was found to not in uence
the accuracy of the disk positioning. A few results from these tests are shown below
where each of them uses a position step of 100 &m.

A second type of test was performed to measure the motor speed for one full back
and forth movement across OB200. The motors are not stopped at each measurement
in this case and motor positions are measured continuously every 0.11 s. These two
are the main tests that were performed to ensure that the precision is better than
10&m, speed higher than 10 &m/s, and drift less than 1 &m of the disk positioning
system at cold temperature as required by MADMAX. Data was collected through 2022
at different locations and their result is shown in the next section.

3.2.3. Test results

Three representative test results in each physical condition of room temperature,
cryogenic temperature, and magnetic eld are shown in this section. For the room
temperature test without magnetic eld, a back and forth displacement of 20 mm
was performed with a position step of 100 &m and 20 steps in each direction. The
top gure 3.15 (left) shows the positionin  &m of three motors during this movement.
The central gure shows the distance between the target and achieved position for
each position step. It is seen that all motors reach the target position with an accuracy

< 15&m for each position step. It is notable that this accuracy is higher for the reverse
movement of the motors. The bottom plot shows the distance between the motors 2,

3, and motor 1 which acts as a master. Motor 1 is always within 15 &m from motors 2
and 3. The top gure 3.15 (right) shows the motor movements during a back and forth
movement across OB200. The average speed is more than 200 &m/s for the forward
movement and the backward movement. The bottom plot shows the distance in &m
between three motors and their mean positions. Itis increased compared to the 3.15
(left) because of the increased speed, but it is still within the MSD requirement of
100&m. ltis notable that the motor speeds are higher during the reverse movement.
Several tests were performed at room temperature using different position step values;
all of them show similar results.
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Figure 3.15.: Measurements of OB200 operations at room temperature with no
magnetic eld. Left: Position measurementsin  &m for a test of a single back and
forth movement of the disk. The position as a function of the motor position steps
(each step is 100&m) is shown in the top panel. The distance between the three
motors and their target position (provided for each position step) is shown in the
central panel. The distance between the slave motors (motors 2 and 3) and the
master motor (motor 1) is shown in the bottom panel. Right: Motor displacements
in &M as a function of time for a full back and forth movement across OB200 is
shown in the top panel. In the bottom panel, the distance between each motor
and the mean position of three motors is shown. Measurements are taken every
0.11 s. The precision of the measurements is less than 33 nm.

For the test at room temperature with magnetic eld (cryogenic temperature without
magnetic eld), a back and forth displacement of 10 mm (1 mm) was performed with
a position step of 100 &n and 10 steps in each direction. The result is shown in gure
3.16. The top subplots on the left show the positionin  &m of three motors during this
movement. The central subplots show the distance between the target and achieved
position for each position step. It is seen that all motors reach the target position
with an accuracy < 15 &m (5&m) for each position step. The accuracy at cold is very
close to the MADMAX requirement of 3 &m. This accuracy is higher for the reverse
movement of the motors. The bottom subplots on the left shows the distance between
the motors 2, 3, and motor 1 which acts as a master. Motor 1 is always within 10  &m
(5 &m) from motors 2 and 3. The top subplots on the right show the motor positions
during a back and forth movement across OB200. The average speed is more than
200&m/s (15 &mn/s) for the forward movement and the backward movement. The
speed in cryogenic condition was limited by the performance of the master motor 1
which had a much smaller step size than other motors [2]. The bottom subplots on
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the right show the distance in &m between three motors and their mean positions. It
is bigger for the test in the magnetic eld test because of the increased speed, but it is
well within the MSD requirement of 100 &m.
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Figure 3.16.: Measurements of OB200 operations at room temperature under 1.6 T
magnetic eld (top gures) and at cryogenic temperature with no magnetic eld
(bottom gures). Left: Motor positions, difference between the motor positions
and their target position, and inter motor distances as a function of the motor
position steps (each step is 100 &m). Right: Motor displacements and the distance
between each motor and the mean positionin  &m as a function of time.
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Figure 3.17 shows the stability of the motor positions once the motors have reached
the target at room temperature and 1.6 T magnetic eld. This data is from the same
test thatis shown in gure 3.16 (top). For each position step, the drift in motor position
is less than 0.25 &m. Most of the drift is achieved in the rst 30 seconds after reaching
the target as it changes very little for the plot on right. This shows that the stability of
the motor positions is better than 0.25 &m once the target is reached.

Figure 3.17.: Driftin position of motors after stopping at each position step at room
temperature and under 1.6 T magnetic eld. Left: Position drift 30 s after stopping.
Right: Position drift 60 s after stopping. The vertical blue line separates the
forward motor movement at the beginning from the backward motor movement
towards the end.

The previous results show that there is some variation in the performance of the mo-
tors under different physical conditions and during the forward-backward movement.
This is seen more clearly in gure 3.18 which shows the same message as previous

gures with more test data. The left plot shows the position error (distance between

the target position and achieved position) in & averaged across all position steps
and all three motors. For all 14 tests, this error is less than 10 &m. For cryogenic tests,
itis even less than 3 &n which is the requirement of the nal MADMAX detector to be
operated at cold. The right plot shows the distance in  &mn between motors 2, 3 (slaves)
and motor 1 (master), averaged across all position steps and two motors. This distance

is less than 10 &m for all 14 tests. The positioning accuracy is much better at cryogenic
temperature compared to the room temperature tests. This is due to lower speed
and smaller step size at lower temperature, leading to much more precise positioning.
There is also a clear improvement in accuracy for the the backward movement of the
motors compared to the forward movement. This is due to the difference in the step
size of the motor in the forward and reverse movement resulting from the stick-slip
movement method [56].
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Figure 3.18.: Mean position error (left) and slave motor position with respect to
master motor (right) for 14 tests at room temperature (red), cryogenic temperature
(blue), and under magnetic eld (green). In both cases, the up triangles show the
position error for forward motion of the motors and the down triangles show the
position error for backward motion of the motors.

In conclusion, this section demonstrates the successful operations of the OB200
prototype carried out in the physical conditions of room temperature, cryogenic
35 K temperature, and 1.6 T magnetic eld. These results are also published in [2].
The motor positioning system was demonstrated to achieve and sometimes exceed
the requirements with speeds > 10 &m/s and position precision <3 &m (at cryogenic
temperatures). The distance between the motors during operation was shown to be
always better than 20 &n. The stability (drift) of the motor position once achieving
the target is always less than 1 &n. These results indicate the suitability of the disk
positioning system for the nal MADMAX experiment. This work leads the way for
the future OB300v2 prototype to move multiple disks and make physics measurement
under 1.6 T magnetic eld and up to 4 K temperature for scanning a wide range of
axion mass.

3.3. Optimization of booster performance

After the demonstration of the workings of the disk positioning system, we return
to the topic of determining the optimal disk positions for each axion mass to be
scanned. As explained in section 2.1, the purpose of a booster is to enhance the
photons converted from the axion signal. This enhancement is characterized by the
boost factor parameter ~ 2. The shape and magnitude of the boost factor is determined
by the disk con guration. This section aims to understand the impact of the disk
positions and disk surface shapes on optimal booster performance. A simulation
procedure is described to take into account the disk surface shape on the optimization
of the OB300 booster prototype with a mirror and 3 disks of diameter 300 mm. Section
3.3.1 gives the expected booster performance at 20.2 GHz for a narrow bandwidth
of 10 MHz, while the section 3.3.2 details the impact of the disk planarity on this
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performance. Section 3.3.3 compares these results with the data taken in a xed disk
con guration optimized for a broadband (100 MHz) performance. Section 3.3.4 gives
the prospects for the nal prototype to be tested at CERN during 2027-2029.

3.3.1. Booster performance with at disks

The simulation tool used for this study is described in the section 2.2. It uses a 3D
algorithm to calculate the eld modes inside the booster and deduce the 2. Two
side view booster geometries of a particular simulation is shown in the gure 3.19.
They consist of a at mirror, 3 at/curved disks, and a at receiver. All are assumed

to be circular in shape with a diameter of 300 mm. On gure 3.19 right, the disk
shape curves are exaggerated to illustrate the non-planarity. The metallic mirror is
assumed to have perfect planarity because it is much easier to manufacture smooth
surface using aluminium or copper compared to sapphire, and no mirror surface
measurements being available so far. The receiver is placed right on the surface of
the last disk for the simulations, but in practice there is some distance between the
two. The propagation effects arising due to this distance between the last disk and the
receiver are not included in these simulations.

Figure 3.19.: Side view of the OB300 booster simulation con guration of one re-
ecting mirror, three at disks (left) or three curved disks (right), and a atreceiver.
All of them are circular in shape (when viewed in the longitudinal direction) with
300 mm diameter. The non-planarity of the disks is exaggerated in this illustration
for visibility.

The parameters used for the simulations are shown in table 3.2. A square grid of
0.4 m £ 0.4 m (with 2.5 mm resolution) is used that encompasses an area a bit bigger
than the disk. Bigger grid sizes do not lead to any change in the boost factor and so
they are avoided to conserve the computation time. The 2.5 mm provides suf cient
resolution in geometry for frequencies up to 60 GHz as it needs to be smaller than
half the wavelength of electric eld. The disk dielectric constant of 9.3 is informed by
laboratory measurements [55]. The mode matching algorithm used for this simulation
is described in section 2.2.2. The eld modes with principal index M  nax = 3 and
azimuthal index L nax =3 are simulated. These indicesgofromm=1to3and|=-3to
3 and represent the number of nodes in a given direction. The modem=21and|=0
represents the gaussian mode that couples the most with the axions. Bigger values of
m and | correspond to higher order modes that require more computation and much
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Setup parameters
Disk diameter 30cm
Disk thickness 1mm
Disk dielectric constant 9.3
Mirror dielectric constant Nan
Mirror thickness 0
Initial distances array [7.42,11.13,11.13] mm
Receiver distance from last interface 0
Coupling to a Gaussian antenna No

Input parameters
Julia version 1.6.7
Frequency 20.2 GHz
Disk grid size 04mE£ 04m
Disk grid length 2.5mm
3D algorithm Mode matching
Mode indices M max, Lmax 3,3

Optimization parameters

Optimization grid intervals 50&m
Optimization grid size 2500&m
Frequency width for optimization 10 MHz
Optimization points in frequency range 4

Table 3.2.: Setup, input and optimization parameters for simulations.

lower contribution to the boost factor. See appendix A for more information on the
mode matching algorithm and the eld modes.

The aim of the booster optimization is to maximize the boost factor in a particular
frequency range. First, a few points are de ned in a narrow frequency range: 10 MHz
around the central value of 20.2 GHz in this particular case. The mode matching
algorithm is used to calculate the initial boost factor value at each of these frequencies.
An initial distance array is used to guess the best position of the disks and the mirror.
Taking the minimum boost factor value among them as a cost function, the optimizer
tries to vary the distances between the disks to get a better value of the boost factor. All
the disk distances are varied on a distance grid created around the initial distance array
in steps of 50 &mn and total change within 2500 &m. Nelder—Mead optimization [57] is
used to nd points in this distance array that maximize the boost factor. Nelder—Mead
starts from initial distance points provided as an input. It gradually makes changes in
the distances through higher dimensional geometric rules to nd new sets of distances
which perform better than the older distances.

The optimizer performs better if the initial distances provided are close to the

nal solution. One might intuitively expect that the distances of [ 5, 5, 5] given by
the resonance mode (see section 2.2.2) would perform the best. However, a better
solution exists in the form of the Bragg-like setup [1]. In this setup, the spacings
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between the disks is xed in such a way as to maximize their re ectivity to form a
dielectric mirror also called '‘Bragg mirror. Along with the metallic re ecting mirror,
it forms a cavity-like resonance. Extrapolating this theoretical setup to real booster
with xed disks is dif cult. However, one of the Bragg-like setups that maximizes the
boost factor xes the disk distances at[ s, 371—, %i—]. Therefore, the initial distance of
[7.42,11.13, 11.13] mm (Bragg-like distances at 20.2 GHz) is used for the optimizations
and leading to a much better initial boost factor of 1750 when compared with other
distances that were utilized.

Using this optimization scheme for at disks leads to the boost factor curve shown
in gure 3.20. For a frequency of 20.2 GHz, the optimized distances leading to boost
factor of more than 2200 and area under the curve (AUC) of 55 GHz are [7.72, 10.78,
11.13] mm. These distances lead to a higher higher boost factor peak with respect to
the initial Bragg distances, along with a frequency offset of 500 MHz. This simulation
using ideal at disks serves as a reference for the comparison with the simulations
performed with measured disk shapes.

Figure 3.20.: Optimized boost factor for OB300 with ideal at disks and a narrow
bandwidth of around 10 MHz. The illustration on top of the plots show a mirror
(thin blue line) and at disks (black rectangles).
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3.3.2. Impact of disk planarity on booster performance

A resonant con guration of a booster leads to a high value of the boost factor at a given
frequency. However, the uncertainties and imperfections in the booster geometry
also have more impact in this case. Deviations in the disk surface planarity is such an
imperfection that basically changes the distances between the disks and the mirror
across the disk surface. This leads to the elds traveling uneven distances across
the transverse coordinates, disturbing the resonance obtained in the ideal disk case.
Figure 3.21 shows the impact of gradual addition of rough disks in an ideal at disk
setup. As expected, adding more "non planar” disks with measured disk shapes leads
to lower boost factor in each case. However, the reduction is quite dependent on the
position of the disk: adding a curved disk closest from the mirror leads to highest
reduction (about 60%) while adding the rough disk furthest to the mirror leads to a
very small reduction. This is due to the fact that the electric eld magnitude is typically
the highest between the mirror and the rst disk [1]. It stands to reason that disturbing
the booster eld where it is strongest will ultimately affect the output that is measured
by the receiver. This trend is also observed for different disk con gurations at different
frequencies than the one shown in gure 3.21.

The top three plots of gure 3.21 also show a comparison of boost factor with disk
bowl shapes aligned (see gure 3.9) and disk shapes unaligned (oriented the way they
were measured in the lab). The aligned disk shapes lead to lower boost factor for all
three cases but with more symmetrical shapes. The difference between aligned and
non aligned disk shapes is negligible when only disk 4 is inserted in the booster due to
the rotational symmetry of the booster geometry. The boost factor peak degrades by
approximately 14 % when disk 2 shape is added and approximately 80 % when disk
3 shape is added closest to the mirror. The full width at half maximum (FWHM) is
signi cantly broader in the 3 aligned shapes compared to the non aligned disk shapes,
136 MHz compared to 64 MHz. Since the trend is unchanged by aligning the disks and
there is no clear performance improvement in the aligned disks, unaligned disks are
used in all the following simulations. The disks are also used in their measurement
position (unaligned) inside the OB300v1 booster later on (see section 3.3.3).
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Figure 3.21.: Boost factor distribution after optimization (see text) when adding
more rough disks in the setup from right to left disk positions (top) and from
left to right disk positions (bottom). The illustration on top of the plots show
a mirror (thin blue line), at disks (black rectangles), and rough disks (colored
convex shapes). The top plots show the comparison of simulation results with
disk bowl shapes aligned (unaligned) in dotted (full) curves. The bottom plots use
unaligned disk shapes only.

Finally, a simulation was performed to calculate the boost factor of many possible
con gurations of rough disks. In total, 192 con gurations were simulated using
different order of the disks (24 possibilities) and their convex or concave orientations
(8 possibilities). A summary plot of the results is shown in gure 3.22. The boost
factor for the rough disk con gurations varies from around 50 to 1050. Even the best
performing con gurations have boost factor of 1050 compared to 2200 in the ideal
disk case. There are 8 con gurations with boost factor greater than 800, 2-3-X with 2-
convex 3-concave and X can be disk 1/4 convex or concave (4 possibilities), and 3-2-X
with 3-convex and 2-concave and X can be disk 1/4 convex or concave (4 possibilities).
The evolution of the boost factor peak for the best, worst, and a middle con guration
in 1 GHz frequency range is given in gure 3.23. It demonstrates that the pattern
observed at one frequency holds in 1 GHz range around the original frequency. This
gives con dence that this simulation approach can be utilized for the future axion
searches scanning around 1 GHz in frequency.
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Figure 3.22.: Re-optimized boost factor of 192 combinations of disk order (left)
and orientations (right).

Figure 3.23.: Boost factor for the best, worst, and middle con guration across 1
GHz frequency range around 20.2 GHz.

In a future OB300v2 prototype to be tested at CERN in 2027-2029 (see section 3.3.4),

three or more disks will be used for many con gurations across different frequencies.

A boost factor of the order of 1000 can be assumed for 10 MHz bandwidth. This
simulation will serve as input for choosing the disk distances, ordering, and orientation

at each frequency scan. This would ensure to make an optimized search for axions
while taking into account the measured disk shapes. But rst, a comparison between
simulation and in-situ measurement needs to be made to validate the simulation.
This comparison is the subject of the section 3.3.3.

3.3.3. Data-simulation comparison for the OB300v1 prototype

The simulations done to characterize the disk con gurations for OB300v1 prototype
(see table 2.1) are described in this section. This study was done in preparation of
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Setup parameters
Disk diameter 30cm
Disk thickness 1mm
Disk dielectric constant 9.3
Mirror dielectric constant Nan
Mirror thickness 0
Distances array [8.265, 9.813, 9.813] mm
Receiver distance from last interface 0
Coupling to a Gaussian antenna Yes
Gaussian beam width 85 mm
Input parameters
Julia version 1.6.7
Frequency 19.2-20.2 GHz
Disk grid size 04m£04m
Disk grid length 2.5mm
3D algorithm Mode matching
Mode indices L max, Mmax 3,3

Table 3.3.: OB300v1 setup and input parameters for the broadband con guration
simulation used in the Hamburg setup in Dec. 2023.

the search for dark photons in the wide mass range from 78.62 &eVto 83.95 &V at
the University of Hamburg in December 2023 (see section 4.3.2). The OB300 booster
consists of one metallic mirror and three xed sapphire disks (disk 2, 3, and 4) of 300
mm diameter. The distances between the disks are controlled by small aluminium
rods placed between them. The thickness of the rods was chosen by simulations
(that assume at disks) to maximize the boost factor in a wide bandwidth of 100 MHz.
These optimized distances are [8.265, 9.813, 9.813] mm starting from the rst disk
toward the mirror to the last disk. A wide frequency range of 19.2 - 20.2 GHz and
centered at 19.7 GHz was chosen for this experiment to t the requirements of the
receiver chain compatibility and minimize interference from parasitic modes.

To determine an optimal disk con guration for this setup, several simulations were
made using disk shape measurements. The parameters and the information used
for the simulations are given in table 3.3. These parameters were used to simulate
the open booster setup in 48 different settings of disk orderings (6 possibilities) and
orientations (8 possibilities) and corresponds to the value of the parameters available
at the start of the study. The orientations are de ned as either convex (CV) or concave
(CC) as shown in gure 3.9. The output electric eld (electric eld outside the last disk)
is coupled with a Gaussian eld shape of beam width85 mm to account for the effect of
coupling with an antenna. This is in contrast to the previous section where this effect
was not taken into account. The boost factor peak and the area under the boost factor
curve is calculated for the frequency range 19.2-20.2 GHz with 3 MHz of sampling
for each con guration. The result of these simulations is shown in gure 3.24. For
each disk ordering, there are 8 different disk con gurations that exist in a combination
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of being convex and concave orientation. There is a large variation in boost factor
observed for different disk con gurations. This is an indication that choosing the
correct disk ordering and disk orientations is crucial for good performance.

Figure 3.24.: Boost factor peak and area under the boost factor curve for 48 dif-
ferent con gurations. The simulation parameters given in the table 3.3 are used.
The big red dot refers to the 2-3-1 CC-CC-CC con guration.

The relation between the boost factor peak and the area under the curve for dif-
ferent con gurations is demonstrated more clearly in gure 3.25 left. Itis clear from
this gure that all con gurations with high boost factor peaks also have high AUC
exhibiting the robustness of the high performing con gurations. To check if some
of these con gurations move in frequency or not, the simulations were repeated to
calculate the boost factor peak frequency in a narrower 100 MHz frequency range
centered at 19.7 GHz. In gure 3.25 right, they are compared with the peak frequency
calculated in 1 GHz range. It turns out that most boost factor peaks lie in the 100 MHz
region around 19.7 GHz.
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Figure 3.25.: Left: boost factor vs AUC for each con guration in range of 1 GHz.
Right: the boost factor peak for all the con gurations calculated for 1 GHz and
100 MHz range. The big red dot refers to the 2-3-1 CC-CC-CC con guration.

The nal con guration for the OB300v1 prototype dark matter dark photon search
was picked based on the simulations shown in gure 3.24 and laboratory measure-
ments. The chosen disk order was disk2-disk3-disk1 with the disk 2 as closest to
the mirror with all disks in concave orientation towards to the mirror that looks like
j EEE in shape. The disk face names starting from the side closest to the mirror
are A2B-B3A-B1A. In short hand, this con guration is referred to as 2-3-1 Concave-
Concave-Concave. This corresponds to the boost factor of around 380 and AUC of
about 49 GHz. The uncertainty in different booster parameters (disk positions, tilts,
and thickness) and their effect on the boost factor are now explored.

The rst parameter uncertainty explored is the distance between the mirror and
the disks. Uncertainty and/or change in the disk distances would lead to change in
the amount of the electric eld. Figure 3.26 shows the effect of distance variation
up to 8 10&m and thickness variation within 8 10&m for each disk on the OB300v1
prototype booster performance in the 2-3-1 CC-CC-CC con guration. 100 simulations
are performed with each having a different value of distance variation. Each disk
position and thickness is varied independently of each other. The result of these
effects is to move the booster curve in frequency, with minimal change in the boost
factor peak value. The disk thickness has similar implications as the distances because
thickness is just a distance between the two sides of the disk. Change/uncertainty in
the disk thickness leads to change in the amount the eld travels inside the disks.

82



3. Towards a tunable dielectric haloscope — 3.3. Optimization of booster performance

Figure 3.26.: Boost factor curve for 100 random distance variations between
disks within § 10&m (left) and thickness variation within 8§ 10&m (right) on the
OB300v1 prototype booster performance in the 2-3-1 CC-CC-CC con guration.

Finally, the effect of the disk tilt on the boost factor is investigated through variations
from zeroup to 8 0.1 mrad for 100 instances of simulations. The tilt is not applied
to the mirror and the receiver, and the tilt of one disk is varied independently of
others. This magnitude corresponds to linear movement of 15 &m of the top of the
300 mm diameter disks. This amount of tilt can lead to degradations up to 30% in the
boost factor value as seen in gure 3.27. The boost factor peak frequency however
is minimally affected (20 MHz variation) by the disk tilt. This result is compared to
an earlier study for a 20 at disk setup [51], where a disk tilt of 0.3 mrad is shown
to have only O(10)% effect on the boost factor. This means that the effect of tilts for
curved disks is higher than that in the at disks case. The effects of uncertainties in
disk distances, disk thickness, and the disk tilt on the boost factor for curved disks are
summarized in the table 3.4.

Figure 3.27.: Boost factor curve for 100 random distance variations between disks
within 8 0.1 mrad in X and Y direction on the OB300v1 prototype booster perfor-
mance in the 2-3-1 CC-CC-CC con guration.

A simulation of the 2-3-1 CC-CC-CC con guration is made using parameter values
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Parameter | Variation effect on amplitude effect on peak freq
Tilt § 0.1 mrad up to 20% up to 20 MHz
Thickness 8§ 10&m up to 5% up to 50 MHz
Distance § 10&m Negligible up to 50 MHz

Table 3.4.: Effects of parameter uncertainty on boost factor

Parameter Original Measured
mirror conductivity [S/m] inf (5+1)£ 10’

Disk1 distance [mm] 8.265 | 8.3664 +0.0017

Disk2 distance [mm] 9.813 | 9.9606 + 0.0032

Disk3 distance [mm] 9.813 | 9.7314 +0.0036
Disk thickness [mm] (3 parameters) 1 1+0.005
Disk 2 (3 parameters) 9.3 9.3£0.1

Disk loss parameter tan * (3 parameters) 0 (1+0.1)£ 10 °

Table 3.5.: Original and measured parameters for OB300v1 in 2-3-1 CC-CC-CC
con guration.

and their uncertainties described in table 3.5. The disk distances are derived from
best t of the booster model to the laboratory measurement [1] (see section 2.1.4).
They differ slightly from the original values given in table 3.3 by about § 100&m.
Hence, the ~2 value is reduced from 382 to 324. The disk thickness reference value and
uncertainties come from the disk thickness measurements described in section 3.1.3.
The mirror conductivity values are taken from literature. The disk dielectric constant

2 and the loss parameter tan + were measured in the lab [55].

To calculate the uncertainties in the simulation, these 13 parameters were varied
simultaneously for 100 different instances of simulations. For each instance of simula-
tion, the parameter values are picked randomly from the Gaussian distribution of its
mean reference value and the uncertainty. A correlation matrix is used for the correla-
tions between the thickness of a disk and its dielectric constant 2. A correlation of -1
is used to account for the fact that the value of their product ultimately determines
the optical distance traveled by light inside the disk. Other parameters are treated as
uncorrelated. The comparison of boost factor curve with uncertainty generated by
this simulation is given in gure 3.28. The measurement uses the bead-pull reciprocity
method (see section 2.1.4) for calculating the boost factor of the setup, but without
the receiver chain contrary to the one published in [3]. This is done to compare it
with the simulation where no receiver chain effects are included. In addition, the
measurement is smoothened (using Savitzky Golay lter, details in Appendix B) to

Iter the boost-antenna resonances that are also not simulated here. These reso-
nances shows up as periodic peaks in the boost factor curve (for more details, see
section 4.3.2). Figure 3.28 shows good agreement between the simulation and the
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Booster  Cryostat —2 Tsys Sensitivity Freq. Range Duration Year
K] |gac |[GeVi 1] [MHz] [Months]
OB300v2 MPC 1000 10 ¥5£10 > 200 (scan) 3 2027
OB300¢ MPC 7000 10 ¥2£101'2 1000 (scan) 3 2028
50000 7 Y2£10 8 1 3 2029

Table 3.6.: Physics reach of the nal MADMAX boosters to be tested at the CERN
Morpurgo magnet. Discovery potential SNR =5 and DAQ ef ciency of 85% are
assumed. The booster will scan in the narrow band mode assuming a bandwidth
of 10 MHz for 20 con gurations in 2027 and 100 con gurations in 2028.

measurement, especially in the regions away from the peak. The peak frequencies for
simulation and measurement agree within 50 MHz. The agreement between data and
simulation gives con dence that this simulation can be used to optimize the booster
con guration for CERN test of OB300v2.

Figure 3.28.: Boost factor curve for OB300v1 in 2-3-1 CC-CC-CC con guration.
Simulation with realistic disk shapes (orange) is compared with smoothed mea-
surement from [1] (blue) along with their uncertainties. The simulation assuming
at disks is shown in green. The plot on the right shows the semi log scale com-
parison to see more clearly the agreement of simulation and measurement in the
regions away from the peak. The boost factor characteristics are given in order for
measurement, rough disk simulation, and at disk simulation respectively.

3.3.4. Plans for the OB300v2 prototype

OB300v2 and OB300r are designed as the nal boosters of the MADMAX prototyping
phase. They will combine the technical knowledge gained through the construction
and operation of all previous prototypes. They will be the rst MADMAX prototypes

to use the disk positioning system developed using the OB200 prototype (section 3.2).
A search for ALPs is planned in 2027-2029 at CERN. It will utilize the 1.6 T magnetic
eld of the Morpurgo magnet and down to 7 K temperature inside a stainless steel
cryostat, called MPC (see gure 3.29 left). The sensitivity reach of these searches using
equation (2.8) is shown in table 3.6 and gure 3.29 right.
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Figure 3.29.: Left: Sketch of the prototype cryostat and the OB300v2 booster. Right:
Tentative plan for the ALPs search around 80 &eV at CERN using the OB300 setup
in the time period of 2027-2029. Three searches lasting O(3) months each are
planned to search for ALPs shown in red, green, and blue. The existing world best
ALPs exclusion limit by CAST [58] in this mass range is shown in purple at the top.
The expected sensitivity of the nal MADMAX detector is shown in dashed line.

As shown in section 3.3.2, boost factors of up to 1000 can be achieved for a band-
width of 10 MHz. This could only be possible if the disk distances and tilts (or lack of
tilts) can be controlled very precisely with the laser interferometer system. The rst
year of the test (2027), only 20 disk con gurations (i.e. 200 MHz frequency scan) are
assumed as this will be the very rst operation of OB300v2 prototype. A sensitivity of 5
£10i 12GeVi ! can be reached, a factor 7 below the published CB200 results obtained
in 2024 (see chapter 4). The next year (2028), 100 disk con gurations (i.e. 1000 MHz
frequency scan) could be reached with 20 disks expected to reach the sensitivity of
2£10 ?2GeVi . Finally, the last year (2029), a 1 MHz bandwidth is assumed for a 3
month operation, increasing the sensitivity downto 2  £10i 13GeVi !, close by the QCD
axion band.

A way to map out the possible con gurations at a given frequency was shown in the
previous section. Since there is considerable variation in the performance of different
con gurations, choosing a good con guration is vital for the best possible perfor-
mance of the booster. The exact con guration to be used in any setup will depend
largely on the search frequency, as no setup is found to have good performance at all
frequencies. OB300= will feature more than three disks so the effects of roughness,
tilts, and distance variations will need to be simulated/studied for the new setup. More
involved simulations using COMSOL multi-physics software would add considerable
advantage but could be very expensive in computation power.
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MADMAX prototype effort started in 2020 and many years of R&D in radio frequency
behavior, data acquisition system, booster characterization, and mechanical designs
were carried out. Gradually integrating all the outcomes of the R&D, rst prototype
testing at CERN was performed in 2022 and again in 2023. These efforts lead to
more understanding of the MADMAX closed booster system behavior which allowed
to nally make a search for axions in 2024 at CERN. The axion search was the rst
ever in the world using dielectric haloscope technology, leading to the world best
exclusion limit in the axion masses around 76.72 &eV and 79.45 &eV. The axion search
data at CERN was also reinterpreted as dark photon search and lead to the world
best exclusion limit in the same masses. The key challenges for this experiment was
the booster modeling and the data analysis. The experimental setup, data analysis
pipeline, and nal results of the dark matter search are described in this chapter. My
contribution to this work includes participation in the data taking for the axion search
(section 4.1), being part of the data analysis for the axion search, especially on the
power calibration (section 4.2), and performing a dark photon search on the same
data (section 4.3). These contributions are part of two publications, an axion search
publication [4], and a dark photon search publication [3], as well as a presentation at
the TMEX international conference in Vietnam in January 2025.
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4.1. Experimental setup and boost factor
determination

An axion search with a dielectric haloscope was performed for the rsttime in the
world at CERN by the MADMAX collaboration. The data taking lasted from 21 Febru-
ary 2024 to 12 March 2024 using the prototype CB200 inside the CERN Morpurgo
magnet in the North Area. The magnetic eld was nominal 1.6 T in the beginning,
but some problems with the cryostat lead to a decrease to 1.3 T and nally to 1.0
T. Over 14.5 days worth of data was collected. The prototype was operated in two
different con gurations (refers to the disk spacing) and ve different data runs at
slightly different frequencies were recorded. The closed booster prototype used for
the testis rst described (section 4.1.1) followed by the experimental setup (section
4.1.2), data taking (section 4.1.3), and the boost factor determination (section 4.1.4).

4.1.1. Closed booster description

The CB200 prototype booster consists of an aluminium mirror and 3 sapphire disks
of thickness 1 mm and diameter 200 mm, encased by an aluminium cylinder. A
Rexolite® dielectric lens and an aluminium taper lie at the other end of the booster.
The construction of this prototype is made very precisely (at O(10 &m) level), using
materials that are nonmagnetic for operations inside strong magnetic eld. Contrary
to the nal detector design (see gure 2.3), this prototype is “closed” by the aluminium
cylinder to provide a xed boundary. This allows only a limited number of eld modes

to propagate inside the booster at a given frequency range. The calculation of the
boost factor is then possible to make using some re ectivity measurements of the
booster (see section 4.1.4). The dielectric lens and the taper allow the booster signal to
couple with the electronics chain that comes after. A diagram of the CB200 prototype
with all the components is seenin gure 4.1.

Figure 4.1.: A schematic view of the prototype CB200 along with the receiver chain
[4]. The components inside the shaded region are exposed to the magnetic eld.

The distances between the disks are controlled by 2 sets of separation rings. These
distances determine the frequency at which the booster is resonant. There is also a
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structure behind the mirror (tuning rod in gure 4.1) that can be used to push the
mirror slightly and shift the frequency response of the system by O(10 MHz). Using
a combination of the separation disks and the tuning rod, ve different data runs
were made for the axion search (explained more in section 4.1.3). Three physics-runs
around 18.55 GHz (low frequency con guration) and two around 19.21 GHz (high
frequency con guration) were performed.

4.1.2. Experimental setup

For the axion to photon conversion, a strong external magnetic eld is an essential
requirement. For the rst axion search of MADMAX, the Morpurgo dipole magnet at
CERN is utilized for this purpose during beam shutdown period at CERN. Located on
the SPS H8 beamline in the north area (NA), it provides 1.6 T magnetic eld and 1.6
m of usable inner aperture. It is the largest warm bore dipole magnet in the world.
The fringe magnetic eld outside the magnet is less than 0.3 mT at 1 m distance
from the warm bore. It is important that the fringe eld be very small in order to not
affect the operation of the receiver chain connected to the booster. The magnetic
eld homogeneity in the center is better than 2%, which is suitable for the CB200
prototype testing. Figure 4.2 (left) shows the entire experimental setup of the axion
search, including the CB200 prototype at the center of the magnet, the rails to move
the prototype, and the receiver chain. Figure 4.2 (right) shows the close up view of
CB200 mounted on the rail inside the magnet. There are multiple temperature sensors
at various parts of the booster, along with a gauss meter to measure the magnetic eld
strength continuously.

Figure 4.2.: The Morpurgo magnet at CERN with the magnetic eld of 1.6 T (left).
The CB200 MADMAX prototype is placed at the center of the Morpurgo magnet

(right).

89



4. Search for axion and dark photon dark matter — 4.1. Experimental setup and boost
factor determination

Figure 4.3.: The receiver chain used for the data taking of CB200 prototype at
CERN on Feb-March 2024 [4].

The receiver system is connected at the end of the CB200 prototype as shown in

gure 4.1 and gure 4.3. Since the booster signal is too feeble to be detected directly
with a spectrum analyzer, a series of low noise ampli ers (LNAS) are used to amplify
it with a total gain of 90 dB. The rst LNA connected directly to the booster is not
matched in impedance with the transmission line of 41.5 - | therefore it re ects part of
the signal back to the booster. The LNA noise generates a signal going back and forth
between the booster and the LNA and forms a standing wave. This creates an extra
oscillation of width %2200 MHz and amplitude of 400 K in the booster temperature
spectrum shown in gure 4.4. This oscillation is superimposed with the booster peak
which is 10 times narrower %220 MHz and can be seen at 18.54 GHz.

Figure 4.4.: Booster and receiver chain system temperature obtained from a broad-
band measurement for the data run starting on 29 February at a frequency range
around 18.5 GHz.

90



4. Search for axion and dark photon dark matter — 4.1. Experimental setup and boost
factor determination

The noise of the rst LNA is directly added to the booster signal 1. Therefore, itis
very important that the rst LNA have the least active noise possible. Unfortunately,
this LNA noise was measured at 230 K, twice its expected value [3]. The rst LNA
passes the signal to a transmission line that allows only the T E;1 mode of the signal to
propagate inside it. There are band pass Iters between each LNA to keep only the
relevant frequencies of the signal and keep the LNAs from being saturated. A nal low
pass lter is used to remove the higher harmonics produced by the band pass lters.

A Rohde & Schwarz FSWA43 real-time spectrum analyzer (SA) using a heterodyne
detection scheme is used to record the data. The recorded time-domain data is then
Fourier transformed to frequency domain data. 8047 of such power spectra are then
averaged into a single raw spectrum, corresponding to roughly 15 min measurement
time. This system has negligible dead time meaning that the signal coming from the
booster is almost continuously recorded without break. The SA was con gured to
record the spectra in frequency bins of 9 Hz. The receiver system has a bandwidth
of » 250 MHz (due to band pass lters) approximately centered around the boost
factor peak of each data run. A Y-factor method [59] (see section 4.2.1) is adopted to
calibrate the receiver system. This calibration allows to calculate the booster system
temperature from the observed power spectra.

4.1.3. Data taking and monitoring

The frequency range for the two con gurations are chosen to be around 18.55 GHz
and 19.21 GHz, allowing to search for axions around 80 &eV. Parasitic modes arise
from the imperfections and gaps in the booster geometry. Fixing the exact frequency
requires making sure that the booster mode and the parasitic modes are not close to
each other in frequency. Several booster states were prepared in advance with a good
separation between booster mode and parasitic modes. Before starting a particular
data run at CERN, the booster was prepared in one of these states by rst xing the
booster con guration and then pushing on the mirror with a tuning rod until the
booster re ectivity measurement matched the pre-recorded measurement.

The data taking was divided in 5 different data runs. The booster was prepared
in con guration 1 with booster peak around 18.55 GHz and con guration 2 with
booster peak around 19.21 GHz. Using the tuning rod (see gure 4.1), itis possible to
change the distance between the mirror and the disk. Therefore, three (two) different
boost factor frequency peaks can be obtained from con guration 1 (2). The booster
con guration is changed each time to demonstrate the tunability of the MADMAX
prototype booster. Finally, actual physics data is recorded in slots of approximately 15
minutes each until the data run is stopped.

A summary information about these ve data runs is given in the table 4.1. A
data run starting on 22 February was made to test a different receiver system, which
is not included here. Furthermore, the data run started on 29 February exhibited
signi cant variation in the booster peak that was attributed to a small metal screw left

1The subsequent LNAs add their noise to the signal ampli ed already.
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Startdate | f(max ~2) [GHz] | measurementtime [h] | Median B eld [T]
21 February 18.531 13.5 1.58
29 February 18.543 73.75 1.01
5 March 18.557 159.0 1.01
27 February 19.196 40.75 1.27
23 February 19.215 61.25 1.58

Table 4.1.: A summary of ve different data runs made for the axion search at
CERNin 2024

unintentionally behind the re ecting mirror. This ferromagnetic screw could have
moved around under the effects of the magnetic eld, thus moving the re ecting
mirror and changing the booster con guration. This behavior stopped on 2 March
and so only the 73.75 hours of data starting from 2 March is included in the analysis.

The axion search in 2024 bene ted considerably from the prototype testing experi-
ence of 2022 and 2023, also performed at CERN. The data acquisition system, data
taking procedure, and the understanding of the booster behavior improved a lot dur-
ing this time. | was a part of the on-site team in 2023 and 2024. The tasks for the team
after starting a particular data run included making shifts and monitoring the data
quality. To insure high quality data for the axion search, it is important to monitor the
strength of the magnetic eld, the booster system temperature, physical temperatures,
the shifts in the spectra, and some preliminary Gaussianity test of the data. All these
parameters were checked continuously through monitoring plots. One example of a
monitoring plot made on 10 March for the data run starting on 5 March 2024 is shown
in gure 4.5. The top plot in the gure shows the system temperature of the booster
and receiver chain (average and at a particular frequency) and the various physical
temperatures of the setup. The system temperature as a function of frequency is
shown in the bottom left plot. The rst (15 min) spectra, the last spectra, and average
spectra are compared with each other in one graph to spot any drastic change in
the booster behavior. The middle left plot shows the normalized excess power as a
function of frequency. This allows to see if any peak is visible in the last recorded
spectra or the average of all spectra recorded so far. The middle right and bottom right
plots show the distribution of the normalized excess power (for a single spectrum
and for all spectra respectively), which is supposed to be Gaussian in the absence of
axion signal. Finally, the middle center plot shows the evolution of the width ¥s0f the
Gaussian distribution of all spectra of this run as a function of the integration time
élive- This is an important check on the data quality as the relationship between the
two parameters is given by:

(4.1)

where B =9 Hz is the bandwidth resolution of the data.
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Figure 4.5.: Monitoring plot for the data run started on 5 March 2024. Top: the
physical and system temperature variation with time. Middle left: Normalized
excess power as a function of frequency. Middle center: Evolution of the width
of the Gaussian distribution of the normalized power excess for the combined
data as well as the expectation from equation (4.1). Middle and bottom right:
Distribution of the normalized excess power for the combined data and last le
data. Bottom left: booster system temperature for the rst, last, and the average
le. Bottom center: magnetic eld strength.

The availability of the magnetic eld is essential as it determines live time for the
axion search. The Morpurgo magnet provided a long time of continuous operation
with a few lapses as shown in gure 4.6. The magnet was ramped up initially to its
full capacity at 1.6 T for the data run starting on 21 February 2024 with the booster
in con guration 1. On 22 February, a data run was made to test a different receiver
system which is not included in the analysis (shown without color in gure 4.6). A data
run was again made successfully at 1.6 T in a different booster con guration 2, starting
on 23 February. Because of a problem with its cryogenic system, the magnet could not
sustain operation at 1.6 T after this data run. For the data run starting on 27 February
with the same con guration 2 and slightly different frequency, the magnetic eld
strength was reduced to 1.3 T. A data run was started on 29 February using booster
con guration 1 at 1.3 T magnetic eld, but it was reduced to 1.0 T from 2 March. For
safe magnet cryogenics operation, the data taking continued at 1.0 T magnetic eld
starting on 5 March.
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Figure 4.6.: Magnetic eld in the Morpurgo magnet during the MADMAX axion
search campaign in 2024 [4]. The ve data runs are shown in different colors.

In total, 14.5 days of good quality of data were recorded between 21 February and
12 March 2024 with a magnetic eld between 1 and 1.6 T. This data was used for the
axion and dark photon search presented in sections 4.2 and 4.3.

4.1.4. Booster and LNA modeling

The boost factor is the gure of merit for the dielectric haloscope (see chapter 2). This
section demonstrates that it can be simulated using a 1D booster and an LNA model
with ADS software [60].

In the rst step, the re ectivity of the booster alone is measured by plugging it
to a vector network analyzer (VNA). VNA sends a known EM wave ( E;j) into the
booster and measures the EM wave coming back to the VNA ( Egyt) 2. Both EM
waves are measured at the same port 1 of the VNA, hence the name S;; used later.
The ratio of the output signal and the input signal is a complex value | 'CE%“- The
amplitude jj j denotes the loss of the signal during the re ection in the booster, and
it's phase contains the information about how much time the signal spent traversing
and re ecting back in the booster. The loss is characterized by

Si1 A£10logji j* A£2010gji j (4.2)
and the group delay by
d arg(j
S —d?(' ) 4.3)

, Where ! isthe angular frequency.

2These measurements are made in the absence of magnetic eld since this process involves changing
the equipment inside the magnet, and doing so while the magnet is on could be dangerous for the
person making the change.
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The peak of the booster resonance can be seenin S;; as a dip because the signal is
‘trapped' in the booster, resulting in lower re ection. It appears as a peak in ¢ asthe
signal spends more time inside the booster. An example of an  S;; measurement along
with the group delay during the data run starting on 27 February is given in the gure
4.7. The booster resonance mode ( TE;1 mode) in this plot lies at 19.196 GHz, which
corresponds to the maximum value of the dipin S ;1 and the peakin ¢.

Figure 4.7.: Re ectivity amplitude (left) and group delay (right) of the CB200
booster as a function of the frequency. The TE;; booster resonance mode is
shown at the frequency of 19.196 GHz (black). The booster model (red) and its
uncertainty (transparent red) are also shown.

It is possible to model the booster using the ADS software assuming only the  TEj;
mode. However, the transverse shape of the TE;; mode needs to be taken into account
in the 1D booster model by scaling the boost factor with a factor

R d AErg11 0Yj2
oo ) TE11 Y]
j Al R—— =

A AdAJErEn]

/E0.84 (4.4)

where A is the disk area, Etg1; is the transverse electric eld pro le ofthe  TE;1 mode
(see gure 4.8). Assuming perfectly planar disks, the model depends only on ve
parameters: the three disk positions, disk permittivity 2, and the loss tangent +. Fitting
these ve parameters with the data shown in gure 4.7 for the TE;1 mode booster
resonance leads to a good agreement between the data and the model. The t allows
to extract the ve parameters and their 8§ 134uncertainties. It should be noted that the
ve tted parameters of the 1D booster model can be different from their measured
values because the booster model treats them as effective parameters that compensate
for effects that are not explicitly included in the booster model. Since the model is
able to accurately reproduce the measured re ectivity, it can now be used to calculate
the boost factor in the absence of the receiver chain. The error on each individual
parameter is propagated using the multivariate normal distribution de ned by the
correlation matrix resulting from the t.
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Figure 4.8.: The transverse electric eld pro le forthe  TEj;; mode (left) and the
constant axion induced mode (right) in a circular wave guide. The arrows indicate
the strength and direction of the electric eld [13].

In the second step, the rst LNA closest to the booster also needs to be simulated

because of its re ections going inside the booster and forming a standing wave (see
gure 4.4). The resulting resonances can either enhance or reduce the boost factor
depending on the frequency, the distance of the rst LNA, and the mismatch in
impedance between the LNA and the transmission line. The LNA is also modeled
in ADS as a noiseless two port device and assuming a single plane of re ection. The
two port device has a correlated current and voltage source connected in parallel to
simulate the thermal noise generated by the LNA. A sketch of the LNA connected with
the VNA through a transmission line on one side and a matched load on the other
side is shown in the gure 4.9. The ve model parameters include impedance of the
two port device, length of the transmission line connecting the LNA and the VNA,
amplitudes of the voltage and the current sources, and their correlation magnitude and
their angle. The model is tted to re ectivity measurements where LNA is connected
to short, open, matched, and mismatched load. Matched load refers to an electrical
element that has the same impedance as that of the transmission line. Short refers
to the condition where the two ports of the LNA are connected directly to each other
without any load. Open refers to the condition where the two ports of the LNA are not
connected to anything. The best t of the model to the measurement allows to extract
the parameters and their 8 1%suncertainties.
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Figure 4.9.: Noise modeling of the LNA. The circuit shows the LNA connected to
the VNA through a transmission line and a matched load on the other side.

Finally, a combined model is constructed using the booster model and the LNA
model. They are both connected using a transmission line in the ADS software. The
distance between them is calculated in this last step by tting the measured booster
system temperature shown in gure 4.4. The system temperature spectra shown in
gure 4.10 are obtained using Y-factor power calibration method (see section 4.2.1). It
is clear that the combined booster model is able to reproduce the peak frequency very
well. The amplitude is slightly underestimated in each data run, but does not affect
the boost factor determination.

Figure 4.10.: The temperature of the booster + LNA for the ve data runs used in
the axion search (black) and the system temperature produced by the booster
modeling (colors) [4]. 8§ 1%auncertainty on the model is shown in the shaded area.

The combined model of Booster and the rst LNA can be used to calculate the
response of the booster towards an axion signal of a given mass and frequency. The
boost factors are thus extracted for all ve con gurations using combined booster
and LNA models. The boost factor distributions are shown in gure 4.11 along with
8§ 1% uncertainties. The maximum values for all data runs is around 2000, with
uncertainties ranging from 13 to 17 %. The boost factor uncertainty mainly comes
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from three sources: uncertainty on the overlap of the axion eld-TE 11, booster model
uncertainty, and frequency stability of TE 11 mode.

Figure 4.11.: The modeled boost factor distributions as a function of the axion
mass for ve data runs [4]. The solid colored lines show the mean value and the
shaded regions give a 8§ 1%suncertainty on the modeled boost factor.

4.2. Axion dark matter search

With the successful data taking during the CERN 2024 campaign and the determina-
tion of the boost factor, the next step is the statistical analysis for the axion search.
The goal of the axion search is to either nd an axion signal in the form of an excess
in the power spectra, or set an exclusion limit in case no signal is found. First, the
procedure to calibrate the power of the spectrum analyzer is presented in section 4.2.1.
Then, an analysis procedure combining different data runs with different ambient
physical conditions to get best signal to noise ratio is described in section 4.2.2. Finally,
section 4.2.3 gives the exclusion limit for the axion search.

4.2.1. Power calibration

The power spectra observed by the spectrum analyzer during data taking are not
calibrated and have a baseline of noise (from SA) that is added to them. In addition,
the power spectra also include effects from the whole electronics chain whereas only
the booster signal is relevant for the axion search analysis. The Y-factor method allows
to calibrate the power from SA and extract temperature of the booster + receiver chain
system Tgys.

For each data run, calibration data was recorded rst by connecting a known power
output (called noise diode) to the electronics chain. The power spectra are measured
by the spectrum analyzer with the noise diode ON and with the noise diode OFF. With
noise diode ON/OFF and the rst LNA re ectivity measurement, a calibration factor
can be calculated using the relation
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6T
CAE—(1i] i 4.5
¢N( ijii9) (4.5)

where C is the calibration factor (with unit of K/W), ¢ T is the temperature difference
of noise diode measurements, ¢ N is the noise power difference of noise diode mea-
surements (known from the speci cations of the noise diode), and i isthe re ectivity
of the rst LNA close to the booster. ¢ T is of the order of 100 K, ¢ N is of the order of
10i 11 W, and the jj j is of the order of 23% giving a value of C around 10 13 K/W.

The calibration factor allows the conversion of the uncalibrated power spectra to
the system temperature using the equation

Tsys APrawC (4.6)

where Py, is the raw power spectra recorded by the spectrum analyzer. The system
temperature does not refer to the physical temperature of the booster, but rather
the equivalent temperature of a perfect black body. The conversion from the power
spectra to the system temperature spectra is made using Johnson—Nyquist noise
equation [61]

Psys lcEkBTsysB (47)

where Pgys is the power emitted by the booster + receiver chain system, kg is the Boltz-
mann constant=1.38 £10' 23 J/K, and B is the bandwidth of the observation. At 20 GHz
and system temperature of 200 K (away from the booster peak), this approximation
has an error of only 0.2%.

The goal of the ltering process is to remove the noise component without altering
the baseline. Computing residuals as (raw data - Itered data) divided by ltered data
should have a mean very close to zero (to demonstrate good baseline preservation) and
the standard deviation as low as possible (to demonstrate noise lItering ef ciency).
As an illustration, gure 4.12 gives the calibration factor as a function of frequency for
the data run starting on 23 February calculated using equation (4.5). Fluctuations of
the order of 10% are visible around mean value of 5.5 £ 10'? K/W. They will affect the
system temperature spectrum computation.
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Figure 4.12.: The power calibration factor C (blue) and Itered calibration factor
(red) as a function of the frequency for high frequency data run centered at 19.215
GHz of the 2024 axion search. The residuals of the calibration factor calculated
using an SG lter with a window size of 8001 bins and polynomial order 3 are
shown in the bottom subplot.

The Noise ON, noise OFF, and LNA re ectivity measurements needed for the com-
putation of the calibration factor (see equation (4.5)) are ltered individually using
Savitzky Golay (SG) Iter, see Appendix B for more details. The mean and the standard
deviations of the residuals are plotted in gure 4.13 for different window lengths and
polynomial order 3 for the SG Iter. The window lengths range from 1001 to 80001
frequency bins in steps of 5000. A zone of stable performance for the SG lter is seen
for window lengths between 5000 and 35000 frequency bins for all three quantities
where the mean is very close to zero and the standard deviation has a low value. Start-
ing from gure 4.12 and applying the same procedure to calculate residuals, similar
conclusion is reached for window lengths between 1000 and 15000 frequency bins as
seenin gure 4.14 for the mean (left) and standard deviation (right). A window length
of 8001 frequency bins (corresponding to around 7.2 MHz length in frequency) and
polynomial order 3 was subsequently chosen for the analysis.
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Figure 4.13.: Mean and standard deviation of the residuals of noise ON (top),
noise OFF (middle), and LNA re ectivity (bottom) measurements for different
window sizes of the SG lter for a high frequency data run centered at 19.215 GHz
of the 2024 axion search. ws stands for window size of the SG Iter in number of
frequency bins of 0.9 kHz.

Figure 4.14.: Mean (left) and standard deviation (right) of the residuals of the
calibration factor from gure 4.12 for different window sizes of the SG Iter for

a high frequency data run centered at 19.215 GHz of the 2024 axion search. ws
stands for window size in number of frequency bins of 0.9 kHz.

The same procedure was performed for all ve data runs (see table 4.1). Figure 4.15
left (right) shows the calibration factor and the uncertainty for low (high) frequency
data runs. Calibration factors are 4.3 § 0.4 £10'? K/W for the low frequency data
runs. For high frequency, a similar uncertainty on the calibration factor around 10% is
observed around a mean value which evolves with frequency between 5.3t0 5.6  £10'?
K/W. The calibration factor for the data run centered on 18.557 GHz was also used for
the data run centered on 18.543 GHz as the magnet could not be shut off for dedicated
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power calibration measurements.

Figure 4.15.: The smoothened power calibration factor C with its uncertainty as a
function of the frequency for low frequency data runs (left) and high frequency
data runs (right).

4.2.2. Data analysis

The statistical analysis starts from the raw power spectra and boost factor measure-
ment (section 4.1.4) to search for axion/dark photon dark matter signal or set an
exclusion limit. For the MADMAX data taking of Feb-March 2024 using CB200 pro-
totype, the raw data are power spectra measurements made in 15 min slots. There
are also auxiliary data related to the data runs like Temperature, Magnetic eld, and
vector network analyzer (VNA) measurements of booster power calibration.

The frequency resolution of the data needs to be lower than the width of the axion
signal to be able to resolve it in case of discovery. In our case it is much much lower
at 9 Hz compared to the width of the axion signal 20 kHz (see section 2.1.2). This
resolution was changed to 0.9 kHz for the analysis to reduce computation time while
still maintaining a resolution lower than the axion signal width of 20 kHz. The booster
con guration always requires a trade-off between the boost factor bandwidth and
the boost factor amplitude. The con gurations for CB200 were optimized for the
highest boost factor amplitude, resulting in the narrow bandwidth of 10 MHz. The
receiver bandwidth for the physics data is constrained by the speci cations of the
band pass Iter which is 250 MHz for the one used during the ve data runs. The
booster calibration data uses a bigger bandwidth to be able to resolve the oscillation
pattern of the standing waves created between the rst LNA in the receiver chain
and the booster itself as seenin gure 4.4. An overview of different frequency scales
involved in the search for axions is given in table 4.2.

The statistical analysis at MADMAX [13] is based on the framework established by
HAYSTAC collaboration [62]. The goal of the analysis is to combine individual power
spectra in a way that maximizes the signal to noise ratio (SNR). Measured power varies
with time due to variations in the system. Therefore, a single measurement is taken
over 15 min of integration time. The rst step in the analysis is cutting away part of
the data that is compromised by noise interference or malfunctioning of equipment.
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Quantity Width Description

Axion signal width 20 kHz Determined by the velocity dispersion of the dark
matter halo in the galaxy at 20 GHz

Frequency resolution | 9 Hz The maximum resolution of the spectrum analyzer

of data Rohde & Schwarz FSW43

Frequency resolution | 0.9 kHz The frequency resolution was reduced to conserve

of analysis data computation time for the analysis. It is still much
lower than the width of the axion signal.

Boost factor band- | 10 MHz Determined by the spacing between the disks and

width the mirror. It was optimized for boost factor ampli-
tude, resulting in narrow bandwidth.

Receiver bandwidth | 250 MHz | determined by the band pass Iter in the receiver

physics data chain

Receiver bandwidth | 1 GHz Should be wide enough to encompass the oscil-

calibration data lation pattern induced by the LNA noise creating
standing waves between the LNA and the booster.

Table 4.2.: An overview of different frequency scales involved in the search for
axions [4].

The CB200 data taking was fortunately not affected by noise interferences. There were
however several periods that are not used for the analysis. This include the data taking
started on 22 February using another receiver chain and several days of data from
the data run starting on 29 February where the booster peak was observed to move
signi cantly in frequency as explained in section 4.1.3.

The raw power spectra can be deconstructed into three components: The baseline
(B), the noise (N), and the potential axion signal (S). Figure 4.16 shows these three
components for a simulated power spectra. The goal of the statistical analysis is to

rst remove the baseline and then optimize the SNR to try to detect the signal midst
the noise. The shape of the baseline re ects the evolution of the system temperature
(equation (4.7)) and is affected by the booster resonance, booster parasitic modes,
and the booster - LNA standing wave. These mechanisms are not controlled at a
high enough precision that would allow an analytical expression of the baseline. The
SG lteris used to lter out the baseline and keep the axion signal varying at O(10)
kHz scale and the noise component varying with each bin (0.9 kHz). The SG lter
parameters are chosen very carefully to ensure that the baseline features do not pass
into the subsequent analysis steps. This needs to be done in a way that does not
signi cantly attenuate the potential axion signal.
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Figure 4.16.: A simulated raw power spectra deconstructed in three components:
baseline, noise, and the axion signal (left) and the measured raw power spectra for
ve data runs (right) [13]. The shaded regions on right show the analysis region.

SG lter window size of %21 MHz (1201 bins) and order 4 is used in this particular
analysis. The Itered spectra are subtracted from the raw spectra and the result is
divided by the ltered spectra, giving residuals in units of noise. This process removes
the baseline from raw power spectra and thus we obtain “Processed spectra”. In the
absence of an axion signal, these noise power uctuations are now described by a
Gaussian distribution. The standard deviation of the Gaussian can be calculated using
equation (4.1) as

%/Epli (4.8)
Bélive

At this point in the analysis, there are 8047 processed spectra. To search for ax-
ions, we need a single combined spectrum for low and high frequency. The SNR of
each processed spectrum is affected by the varying physical environment, gain of
the ampli er, and the magnetic eld. Simply averaging them to calculate the com-
bined spectrum will not lead to the optimal SNR. To optimize SNR, each processed
spectrum is rescaled using the parameters that affect the SNR and then combined
using maximum likelihood weights. This is accomplished by taking a weighted sum
of all bins belonging to the same frequency value. The weights are chosen using a
maximum likelihood method that optimized the SNR[62]. So far in the analysis, the
expected axion power was assumed to reside in a single frequency bin. To account
for the frequency spread of the axion signal, we correlate the adjacent bins of the
combined spectrum with the expected axion line shape corresponding to the standard
halo model (see section 1.1) and obtain a cross-correlated power excess spectrum.

The cross correlated power spectrum, calibrated as described in section 4.2.1, is
shown in gure 4.17 (top) for the low and high frequency data runs. Normalizing this
spectrum by the standard deviation of each bin leads to the “Grand spectrum” shown
in gure 4.17 (bottom). The calibrated power excess is measured at the level of few
101 21 W. As this result is obtained for the warm temperature, it is supposed to go even
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lower for the cryogenic temperature to the level of few 10 i 2 W shown as the target
in section 2.1.2. The lower noise power excess in the low frequency is due to higher
sensitivity resulting from longer integration time. The bottom plot of the gure 4.17
shows the grand spectra (orange) and their distribution tted to a Gaussian in the
adjacent right panels. In the presence of only noise, the ideal grand spectra bins are a
Gaussian distribution with a standard deviation of one. The actual grand spectra have

a standard deviation of slightly less than one due to the effects of the SG Iter. The SG
Iter has an imperfect stop band which allows some features of the baseline to pass
into the processed spectra and introduce slight correlations.

The expected shape of an axion signal with jga-j £3.5£ 10' 11 GeVi ! at a frequency
corresponding to the highest sensitivity is shown in the inset of gure 4.17 bottom left.
The cross-correlation procedure maodi es the Maxwell-Boltzmann shape of the signal
(see gure 1.4) to a Gaussian of FWHM of 20 kHz and explains the correlations between
the adjacent bins. On the overall frequency range, the envelope of the amplitude of
the axion peak for jga-jZA3.5£ 10i 11 GeVi ! for different data runs (dotted lines) and
the combined dataset (dashed line) are also shown in the gure. The highest peak
observed in the data has a 4.0 %o0f local signi cance, consistent with the noise only
hypothesis. The probability of observing an equal or larger excess than 4.0  %over the
full frequency range is 0.08.

4.2.3. Exclusion limits

After correcting for the effects of the SG Iter on the SNR and the correlations in the
grand spectra ( gure 4.17), we account for the uncertainties by modifying the grand
spectrum with a factor (1 + total uncertainty). The total uncertainty is a function
of frequency and is summarized in table 4.3. An axion search is then performed by
looking for signi cant excess in this new grand spectrum. As seenin gure 4.17, the
observed grand spectrum shows no signi cant excesses of unexplained origins. An
exclusion limit at 95% con dence level (corresponds to a value 1.645 sigma from mean
in a Gaussian distribution) can be set by using the equation [13]

s @@
on/¥x A1.645
————jgaj"® (4.9)

Rh ¢ sc

Jimit

19a°]

; where ga° is the axion-photon coupling, gn is the grand spectrum, ¥ is the
expected standard deviation of the grand spectrum, R, is the expected signal strength

for a given axion-photon coupling  jgis'j, and * s (0.92 in our case) is the attenuation
of the SNR of the grand spectrum due to the application of SG lter.
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Figure 4.17.: Cross correlated power spectrum (top) and the grand spectrum
(bottom) for the low and high mass ranges is shown in orange [4]. The dashed lines
in the bottom plot show the expected axion signal envelope with a axion-photon
coupling of 3.5 £ 10' 11 GeVi . The inset on the left plot shows the axion signal at
18.557 GHz which corresponds to the frequency with the highest sensitivity. The
right panels show the histogram of the grand spectra overlaid with the best tto a
Gaussian distribution. Bin size of the spectra is 0.9 kHz.

The uncertainties on jga°j shown in table 4.3 mainly comes from two sources:
power calibration and boost factor systematics. The uncertainty on the boost factor
is determined by varying the input parameters described in section 4.1.4, which
translates to an uncertainty of less than 9% on jga-j. The uncertainty on Y-factor power
calibration derived from section 4.2.1 ( gure 4.15 right) translates to an uncertainty of
3to 5% on|ga-|. Overall, the impact of systematics on jga- | is evaluated to be between
5% and 10%.
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Effect uncertainty on jga°|j
Y-factor power calibration 3% to 5%
Receiver chain power stability - 2%
Axion eld - TE ;1 overlap 6%
Boost factor determination <5%
Frequency stability of TE 11 mode <2%
Total 5% to 10%

Table 4.3.: A summary of systematic uncertainties on axion-photon coupling  jgac]
[4]. The minimum and maximum uncertainty across the frequency range is given
when applicable.

Figure 4.18.: The observed 95% CL limit on axion-photon coupling for the low and
high mass ranges in orange [4]. The bin size for the exclusion limit is 0.9 kHz. The
expected median limit as well as the 16 % and 84 % limits are shown as dashed
lines. The previous best constraints on the axion-photon coupling in this mass
range are shown in gray.

Figure 4.18 shows the observed exclusion limit (orange) along with the median
expected limit (dashed line) and 16% and 84 % quantiles limits (dotted lines) at 95%
con dence level assuming the dark matter density %= 0.3 GeV/cm3. The previous best
exclusion limits are shown in Grey (CAST) [58] and transparent Grey (astrophysical
limits - supernova [63] and globular clusters [64]). The limit is shown as a function
of the axion mass at the bottom and the corresponding frequency at the top. This
exclusion limit is the world's best in the masses between 76.56 to 76.82 * eV/c? and
79.31t0 79.53! eV/c2.

This axion search provides the rst ever exclusion limit produced by a dielectric
haloscope experiment in the world. It marks the success of the dielectric haloscope
concept used in the resonant mode and a validation of the MADMAX prototype phase
at warm temperatures. It also demonstrates the potential of the dielectric haloscopes
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to probe the high mass range for the axion searches with high sensitivity.

4.3. Dark photon dark matter search

Dark photons is a hypothetical particle that is also a dark matter candidate [65]. The
dark photon (also called hidden photon) is a gauge boson resulting from an additional
U(1) symmetry added to the standard model. It leaves the standard model elds
uncharged and interacts only with the SM photons through kinetic mixing at low
energies. It can be detected utilizing this kinetic mixing with photons. Its experimental
properties are very similar to the axions, which make it a great target for axion search
experiments. The practical difference between the detection scheme for dark photons
is that there is no magnetic eld required to convert photons into dark photons. The
motivations for dark photon dark matter (DPDM) searches are described in section
4.3.1, the rst search for DPDM in the MADMAX collaboration in section 4.3.2, and
nally a new exclusion limit on the kinetic mixing of the DPDM in section 4.3.3, using
the data is described in section 4.1.

4.3.1. Motivation

The dark photon has several proposed production mechanisms to achieve the ob-
served abundance of the dark matter. Because of its small kinetic mixing with the
standard model photon, itis a viable dark matter candidate. The photon - dark photon
mixing could be used for its detection in a similar way to the axion - photon mix-
ing. However, the dark photons differ from the axions in two important ways: the
intrinsic polarization and the requirement of external magnetic eld for detection.
Unlike axions, dark photons have intrinsic polarization being a vector boson. The
dark photon polarization directly affects the polarization of the photons produced in
the experiment while the axion induced electric eld is controlled by the direction of
the external magnetic eld.

The polarization of the dark photons depends on its production mechanism. The
MADMAX boosters constructed so far are sensitive to one xed polarization. If the
dark photons are considered to have random polarization, a statistical average of the
polarizations that the experiment is sensitive to can be computed as the average of
<cos? > = ®pq A1/3[65].

The current landscape of the dark photon searches is given in gure 4.19. The
gure shows the current constraints on dark photon kinetic mixing with photon Aasa
function of its mass ma. Itincludes all published exclusion limits from different kinds
of analysis - haloscopes, solar axion experiments, astrophysical observations (stellar
cooling, neutron stars, intergalactic medium heating, etc), and geomagnetic studies.
Haloscope experiments that try to detect the dark matter halo of the galaxy have the
best sensitivities in the mass region from 0.1 &eV to 100 &V. MADMAX dielectric
haloscope probes the higher end of this mass region around 80 &eV.
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Figure 4.19.: Landscape of dark photon searches in the phase space of kinetic
mixing as a function of the mass. The colored areas show the region where the
dark photon is excluded. The dark photon search by MADMAX lies in the higher
end mass range (around 80 &eV) of the region marked “haloscopes' [65].

4.3.2. First search with MADMAX dielectric haloscope

The dark photon search at MADMAX was one of the rst experiments to utilize the
dielectric haloscope technology. This technology has already been used successfully
to search for dark photons by the LAMPOST [66] and ADMX-ORPHEUS [67] collab-
orations. For MADMAX, the open booster prototype OB300v1 described in section
3.3.3 with one mirror and three sapphire disks of 30 cm diameters was used. A sketch
of the experimental setup can be seen in gure 4.20 left. The components inside the
dashed line were enclosed inside a Faraday cage that suppresses RF interference with
an attenuation of -30 dB but does not affect the dark photons. Similar to the axions,
dark photons source an electric eld inside the booster where a discontinuity in the
eld at the dielectric interface leads to the emission of the EM waves. They are then
resonantly enhanced for detection by the multilayer dielectric disks. This signal is
diverted by the focusing mirror to a horn antenna. The antenna absorbs the signal
but also re ects a part of it. This leads to a standing wave between the booster and
antenna. These interference and the resonance effects shows up in the boost factor
measured using the bead-pull method (see section 2.1.3) given in gure 4.20 right.
The antenna is connected to a receiver chain to amplify the feeble dark photon
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signal to detectable levels. The receiver chain is similar to the one described in section
4.1.1 where a series of ampli ers and lters are used to successively amplify the signal.
A heterodyne detection scheme is used for detection as the frequency range of the
search around 20 GHz can not be sampled using currently available hardware. A mixer
is introduced in the electronics chain to transform the booster radio frequency signal

to a lower frequency. A local oscillator signal of 18.5 GHz is mixed with the booster
signal of 19.2 - 20.2 GHz, converting it to an intermediate frequency (IF) of 0-2 GHz
that is much easier to manage. A narrow pass band lter is added before the mixer to
avoid frequencies lower than 18.5 GHz which would have converted to the same IF
frequency as the booster signal. A Iter is again added to remove the IF noise from
the data. A data acquisition board is used to sample the data which contains multi
core processing system and an FPGA. It can sample and process signals up to 2.5 GHz
frequency. The fast Fourier transform (FFT) is performed on the signal, resulting in
frequency domain data with bin width of 9.375 kHz. For the data taking starting from

22 December 2023 to 8 January 2024, this resulted in 2371 saved spectra (11.7 days
worth of data).

Figure 4.20.: Left: sketch of the experimental setup used for the data taking of dark
photon dark matter with OB300v1 prototype [3]. It includes the booster, focusing
mirror, horn antenna, and the receiver chain. The components inside the dashed
line were enclosed in a Faraday cage. Right: the boost factor as a function of the
frequency [1]. The boost factor includes the nite domain and receiver mismatch
corrections.

The sapphire disks used in the open booster are 1 mm in thickness with dielectric
constant of 9.3. The surface planarity of these disks is described in detail in section
3.1. The disks have a slightly curved shape with an RMS deviation of around 50 &m
(200&m min-max) around a at central plane. The disks and the re ecting mirror
are connected in parallel to each other via aluminium spacers in a xed setup. The
distances between the disks were determined using a simulation assuming at disks to
maximize the boost factor in a bandwidth of 100 MHz at 19.7 GHz frequency. The alu-
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minium spacers were constructed using these distances as widths to x the distances
between each disk and the mirror. The effects of the disk surface shapes and various
uncertainties on the booster performance is investigated in section 3.3.3. The nal
disk con guration of 2-3-1 CC-CC-CC were informed by these simulations. The boost
factor of this xed disk con guration was characterized with in-situ measurements
using the bead-pull method (see section 2.1.3). A comparison of the measurement
with the simulation is shown in gure 3.28.

After a successful completion of the experiment, a dark photon search was per-
formed using an analysis method very similar to the one described in section 4.2.2.
The largest excess in the grand spectrum was a peak of local signi cance 4.3  ¥which
has a probability of p %20.21 given the number of bins. Since no dark photon signals
were observed, a 95% con dence limit is set on the photon - dark photon kinetic
mixing angle A which is shown in gure 4.21. The limit was rebinned by combining
210 adjacent bins into a single bin for better readability. This is the rstdemonstration
of the capability of the MADMAX dielectric haloscope concept to resonantly enhance
the signal at high mass over a broad frequency range.

Figure 4.21.: The world best 95% CL upper limit on the kinetic mixing angle A for
dark photon mass ma between 78.62 to 83.95 &V/c 2 is shown in blue [3]. The
exclusion limit is compared to the limits in Grey from DOSUE-RR [5] and BRASS-p
[6]. The dark matter density in the galaxy halo is assumed to be 0.3 GeV/cm?. The
dark photons are assumed to be unpolarized.

4.3.3. Exclusion limit using axion run data

The primary aim of the data taking at CERN during February-March 2024 was to search
for axions. This was a very successful mission, leading to a world best exclusion limit
for axions in the mass around 76 ! eV and 791 eV (see section 4.2.3). The same data
can also be used to search for dark photons since dielectric haloscopes also allow for
resonance of photons produced from photon - dark photon mixing. The expected
sensitivity of the MADMAX booster to the dark photon mixing angle is given by [3]
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where ~2 is the boost factor, A is the surface area, Tsys is the system temperature, tis
the data integration time, ¥ is the dark photon density in the galaxy halo,and ¢° A is
the width of the dark photon signal in frequency. Using this equation for the longest
data run (with 6.7 days of measurement time) starting on 5 March, with SNR = 2 gives
an expected sensitivity for A of 0.98£ 10i 2 14,10i 13 at the axion mass of 76.73 &eV.
This sensitivity is orders of magnitude better than the existing constraints set in this
mass range at around 10 1°[5]. This indicates the potential of a dark photon search
using axion data of 2024.

The analysis for the dark photon search follows the same steps, data les, and
software as that of the axions analysis, except at two steps. The rst place is the
expected power in a given bin of a spectrum which is different for axions and dark
photons [3]:

Psig AACYAA 2@% (4.11)

pol

where Ps;q is the signal power and c is the speed of light. Since the MADMAX prototype
CB200 is sensitive to only one polarization out of the three, a factor ~ ®p /E% is used
in this analysis (see section 4.3.1). The second one has to do with the magnetic eld.
As dark photons do not require the presence of magnetic eld to mix with photons,
the experimental data with low/no magnetic eld could be potentially used for the
analysis. Including this data, shown without color in gure 4.6, however changes the
exclusion limit in kinetic mixing A of the dark photons by less than 4% for the low
frequency dataset and 1.5% for the high frequency dataset. These data were ultimately
notincluded in the dark photon analysis because of the small impact on the sensitivity.

Following the same analysis steps as the axion search leads to grand spectra for
the high and low frequency datasets as presented in gure 4.22. The same bin width
of 0.9 kHz is used as in the axion search analysis. The expected dark photon signal
for a kinetic mixing of A /A2£ 10' 13 is shown in the inset at the same frequency as
gure 4.17. The highest sensitivity for this spectrum is slightly shifted w.r.t. the axion
case by 100 kHz. The sensitivities for each run (shown as dotted lines) differ from the
sensitivities to axions ( gure 4.17) as the strength of the magnetic eld does not play a
role here. The data runs with more integration time and higher boost factor have the
most sensitivity to dark photon as seen on the low frequency con guration 1 in gure
4.22. Distribution of grand spectra follows a Gaussian with the same width, as in the
axion case.

The largest excess in both con gurationsis at4.1 % No evidence is found of a dark
photon signal and 95% con dence level exclusion limit is set on the dark photon dark
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search
matter kinetic mixing angle A using equation
s — A TeiE
e /¥ A1.645
jAj|ImIt [E On/ 74 jAjI’ef (412)

Rh ¢ sc

where A is the kinetic mixing angle for dark photon, g, is the grand spectrum, ¥ is
the expected standard deviation, R, is the expected signal strength for a given dark
photon kinetic mixing, and ~ sgis the attenuation of the SNR of the grand spectrum
due to the application of SG lter.

The systematics for the limit are also included in the same way as the axion analysis.
Figure 4.23 shows the observed limit along with the median expected limit and 16%
and 84 % quantiles limit for low frequency and high frequency data.

Figure 4.22.: The grand spectrum with bin width of 0.9 kHz for the low (left) and
high (right) mass ranges for dark photons is shown in orange. The dashed grey
lines show the expected dark photon signal envelope for a kinetic mixing of 2
£ 10 13, The right panels show the histogram of the grand spectra overlaid with
the best tto a Gaussian distribution. The inset in the left plot shows the expected
dark photon signal at the same frequency as gure 4.17.

Figure 4.23.: The observed 95% CL upper limit (in blue) on kinetic mixing angle A
of dark photons for the low (left) and high (right) frequency datasets. The black
dashed line shows the median expected limit and the dotted lines show the 16%
and 84 % quantiles.
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To match the dark photon exclusion limit published by the rst MADMAX paper,
a marginalization over 210 neighboring bins together using the approach described
in [68] is performed. The process involves generating a random distribution for each
bin with the standard deviation of 1 and the observed excess for that bin as the mean.
200 samples are generated from this random distribution while setting all negative
values to zero. These 200 randomly generated samples for 210 bins each are all sorted
and the 95 percentile value from the top is interpreted as the 95% con dence level
exclusion limit. This rebinned upper limit is shown in gure 4.24 for the low mass and
high mass regime with 0.19 MHz bins.

Figure 4.24.: The observed 95% CL rebinned limit on kinetic mixing of dark pho-
tons for the low (left) and high (right) frequency datasets. Bin size of the limit is
0.19 MHz.

The 95% CL limit on the dark photon kinetic mixing angle A is compared with other
constraints in gure 4.25. Unpolarized dark photon dark matter (¥4 = 0.3 GeV/cm?)
with AE 5.0£ 10' 2 can be excluded for masses between 76.56 to 76.82 1 eV/c? and
79.31 to 79.531 eV/c?. This work improves upon the existing limits by up to almost
three orders of magnitude with a peak sensitivity of AY%1.1£ 10 12 at the mass 76.74
1 eV/c2. Compared to the previous broadband dark photon search using OB300
prototype ( gure 4.21), this result shows the validity of narrow band search with
more resonant con guration and smaller CB200 prototype.
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Figure 4.25.: 95% CL upper limit on dark matter dark photon kinetic mixing angle
A obtained with MADMAX prototypes (OB300v1 in blue [3] and CB200 in red).
They are compared to the best existing limits in this mass range from experiments
DOSUE-rr [5] and BRASS-p [6]. Dark photons are assumed to be unpolarized. The
local dark matter density is assumed to be 0.3 GeV/cm 3.
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Conclusion

Dark matter is one of the biggest unsolved puzzles in modern physics. However, its
properties are only described owing to many astrophysical observations and its nature
remains unknown. Among the landscape of dark matter candidates across a vast mass
range, axions are one of the strongly motivated ones. The Peccei-Quinn mechanism
gives rise to axions in the early universe while solving the strong CP problem of the
standard model of the particle physics. This same mechanism also determines the
properties of the axions that match the properties of the dark matter. The breaking
of the PQ symmetry in the early universe determines the mass range of the axions.
In the post-in ationary scenario where the symmetry is broken after the in ation,
axions turn out to have mass around the range of 100 &eV. Since traditional cavity
experiments have limited sensitivity at this mass, new approaches are being explored.

Dielectric haloscopes is one such novel technology aiming for direct detection of
axions. The principle of dielectric haloscope is to utilize a strong magnetic eld to
convert axions into a small photon signal which can be subsequently enhanced with
several dielectric layers. With many dielectric layers, the sensitivity of the detector
can be enhanced by many orders of magnitude to reach the QCD axion dark matter
sensitivity. A prototyping phase was put in place by the MADMAX collaboration in
2020 to develop the different competences needed for the nal design. This thesis
shows progresses made at several fronts including disk planarity measurements, disk
positioning system, 3D simulations of the boost factor, and statistical analysis of the
data to produce a world leading dark matter exclusion limit.

The mechanical capability of the disk positioning system was developed using the
0OB200 prototype. The testing conducted at cryogenic temperature and under high
magnetic eld indicate the robustness of the mechanical structure. The results of the
data analysis convincingly show that the disk positioning system achieves the require-
ments of the nal MADMAX detector across all test conditions: disk displacement
speed above 10&m/s at cryogenic temperature and accuracy of disk positioning below
3&m.

The measurement methods of the planarity of the sapphire disks used in all the
MADMAX prototypes are shown in this thesis. The disks with 300 mm diameter have
a distinct bowl shape originating in the manufacturing process. The evolution of
the non-planarity shows a signi cant increase going from 100 mm diameter disks
to 300 mm diameter disks. The impact of this non-planarity is to reduce the boost
factor as demonstrated by 3D simulations. It is clear that using the same manufac-
turing methods for bigger disks would lead to even further degradations of the boost
factor and a new manufacturing process must be developed for these larger disks.
The simulations also show that the ordering and the orientations of the disks impact
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Conclusion

signi cantly the booster performance. On the other hand, these results give con -
dence in the realization of the dielectric haloscope and will be used to select the best
con gurations of the upcoming nal prototype tests of OB300v2 booster.

Finally, the rst physics results are presented for two different prototype boosters.
The OB300v1 booster was used without the magnetic eld for a dark photon search,
leading to the world best 95% CL upper limit on the kinetic mixing between the
photon and dark photon for dark photon mass around 80 &eV. The data taking at
CERN under 1.6 T magnetic eld with the CB200 prototype are described in detail.
The calibration factor was determined as part of this work along with participation in
the statistical analysis effort for the axion search. It lead to the rst ever world best
axion exclusion limit using a dielectric haloscope around a mass of 80  &eV. The same
data was reanalyzed for the rst time in this thesis to also search for dark photons,
leading to the world best exclusion limit on the kinetic mixing angle at the same mass.

MADMAX is entering the nal phase of prototyping, for which all the know-how
accumulated for different prototypes will be put together. The prototypes will feature
between 3 and 20 movable disks for scanning axion mass range, 7 K temperature using
a steel cryostat, and 1.6 T CERN Morpurgo magnet. Multiple search for axions are
planned at CERN during the period 2027-2029. They will cover signi cant parts of the
unexplored phase space of axions with much better sensitivity, thus paving the way to
the nal MADMAX detector.
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A. Transfer matrix formalism

The transfer matrix formalism allows to calculate the emission, propagation, ab-
sorption, and re ection of electric elds inside regions of a booster. Figure 2.6 shows
the geometry of a 1D booster along with eld amplitudes in each region. The axion-
induced electric eld, expressed in a term that is homogeneous in each region  r,is
given [43]:

1
E}EiAEy where A E— (A1)
r

where Eg is the amplitude of the axion-induced electric eld in vacuum. For the eld
amplitudes in each region ( L;,R;), the boundary conditions can be expressed as

(VIR | mo T U]
Rr A1 Ry 1
/£GP AE A.2
where the 2 £ 2 transfer matrices are de ned as
vl
1 "natAny niagin . e
G E—— rALAT TrALl Tie (Re ection/Transmission) (A.3a)
2nr A1 NrALi Nr nrarAn,
Feis o
P £ 0 et (Propagation) (A.3b)
K 1
Arazi Ar-'1 0 L
S ;E% 01 (Axion-induced elds) (A.30)

and %, /Ep 21 d, is the phase depth of regionr, with d; as the thickness. Iteratively
applying equation (A.2) leads to the eld amplitudes for the right most region of the
booster

THRL TR R m
'fm TS fo AEy T5S1 ! (A.4)
m 0 1
e | ul?fﬂ
, 0
T Lo AM 1 (A.5)

P
where T £TY and M £Ey T TS S;; 1. A transfer matrix T is de ned from region b
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A. Transfer matrix formalism —

to a which for b C a is of the form

Tp AG;; 1Pa; 1Gaj 2Paj 2¢ ¢Goa1Poa1 G Py (A.6)

and T2 A1 Moreover, Py A1 because the left-most external amplitudes Lo and Ry
are the amplitudes on the left of the interface at x4, whereas all other amplitudes are
de ned on the right of each interface. This transfer matrix accounts for the re ection,
transmission, and propagation of waves whereas the second term in equation (A.5)
accounts for the axion induced source terms.

Solving equation (A.5) for these conditions leads to [43]

M[2,1] AM[2, 2]

Lo A ES T2.2] , . (A.7a)
Rm Z£Eo M[L,1]AM[L,2]; M[2,1]AM[2,2]T[1,2] . (A.7h)

T[2,2]

where T[i,j] and M[i,j] refer to the ith row and jth column of the T and M matrix.

To make 3D simulation based on this 1D formalism, we need to introduce the
transverse shape of the electric eld and their coupling to axions. This is accomplished
by evolving the axion source term Eginto Ep- , where - is the vector of axion-mode
coupling coef cients. Since these coef cients can change between the regions and
even inside a given region, it is important to calculate their precise evolution through
the mode formulation.

A given electric eld can be decomposed into orthogonal basis components in the
form of modes. In cylindrical coordinates (  r,A, z), the transverse spatial modes (m,")
can be given as [51]:

Em: (r,A) AN+ & (kem-1)e' »  suchthat J (ke m- R) &0 (A.8)

In this expression, m and ~ are integers indexing the mode, J isthe Bessel function of
the rstkind of order °, N, serves as a normalization constant for the electric eld,
and K¢ m~ is the transverse wavenumber. The value of k¢, is xed by the requirement
that the Bessel function (and thus the eld) is zero at the disk's edge. This set of modes
{Em- } forms an orthogonal and complete basis for describing elds within the disk's
transverse plane. Within a dielectric disk, each eigenmode E,,* propagates along the
z-axis without changing its transverse pro le. A general eld inside the disk can thus

be expressed as a sum of all the modes:

i X o
E(r,A,z2) £ cm Em: (r,A)ekzm2 (A.9)
>
where ¢,,* are the c0|a1plex amplitudes of each mode, and the longitudinal wavenum-
berk,m* isgivenby  (n!)2j k2 ..
Through vacuum/air gaps in the booster, the modes E,- (which are de ned by the
disk's geometry) are no longer the natural propagation modes of the vacuum. As a
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result, when a eld composed of these modes travels through avacyym gap, energy
can be redistributed among them (mode mixing). If an initial eld Cmo oEm 0 0enters
a gap, its form after a distance zis:

E(r,A,2) /E X P ™ (2)cmo oEm- (1, A) (A.10)

m, ,m9 0

The term P rrT?\O 0(z) is the element of a propagation matrix, indicating the amplitude of
mode (m," ) resulting from an initial unit amplitude of mode (  m?%* %after traversing a
distance z in vacuum. Itis found via an overlap integral P rrn“\o 0(z) £ E; . EXT(2)dA,
where Emf «2) is the (m?" 9 disk mode after free-space propagation. These equations
can be used to calculate the eld shape at any given point inside the booster region,
making 3D simulations possible.
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B. Savitzky Golay lter

The Savitzky-Golay (SG) Iter is a digital Itering technique widely used for smooth-
ing data [69]. It is particularly relevant to experimental physics applications like axion
haloscope searches, for spectral baseline removal. The fundamental function of the SG
Iter in this context can be regarded as preserving the slowly varying spectral baseline
while removing fast varying thermal noise. The lower frequency features represent
the detector response while the higher frequency variations correspond to statistical
noise. This function is accomplished through a local polynomial least-squares tting
procedure. An SG lter is primarily characterized by two parameters: the window
length, often de ned by its half-width W (implying a total window of 2 W A 1 points),
which must be considerably smaller than the overall length of the dataset, and the
order of the polynomial, d, used for the local tting.

The ltering process involves iterating through the data sequence. For each data
point Xq, a segment of 2W A 1 neighboring points centered at xg is selected. A polyno-
mial of degree d is then tted to this local segment using the method of least squares.
The original data point X is subsequently replaced by the value of this tted polyno-
mial evaluated at the X position (i.e., the center of the window). This operation is
repeated for every point in the dataset, yielding a smoothed version of the original
sequence. A known consequence of this moving-window approach is the introduction
of edge effects, where the ltering is less reliable within W points of either end of the
dataset. In practice, these W points are typically discarded from the Itered spectra to
ensure that such artifacts do not contaminate the subsequent analysis band.

When looking at the frequency domain, SG lter generally behaves as a low-pass
Iter. Its de ning characteristics are shown in gure B.1[62]. It shows the transmission
of two different SG lters as a function of 1/number of bins. It shows that features
with "frequency” below a certain scale are passed very precisely by the SG Iter while
the features above this scale are not completely removed. In other words, it has an
extremely at passband and a mediocre stopband attenuation.

The SG lter, as shown earlier, prioritizes passband atness at the expense of stop-
band attenuation. This means that when SG lIter is used to remove the baseline to
calculate processed spectra, features at smaller spectral scales like a potential axion
signal are also attenuated. This signal attenuation is quanti ed by a factor “. Fur-
thermore, the imperfect stopband also introduces small correlations between nearby
bins in the processed spectra, ultimately leading to a narrower standard deviation of
the grand spectra, quanti ed by a factor ». Both © and » deviate from unity so their
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Figure B.1.: Transmission of two different Savitzky-Golay Iters as a function of
inverse of number of bins [62]. The black curve depicts the Iter with W 4500
and d /4 and the blue curve depicts the Iterwith W A300 and d A6.

values are determined by making Monte-Carlo simulations [13]. The design of SG lter
parameters necessitates a trade-off. The choice of parameters d and W is a critical
step in the analysis design. Large values of d and smaller values of W produce a similar
Iter response, and vice-versa is also true. Ignoring these degeneracies, the lter
parameters needs to be selected such that the stopband performance is optimized
without compromising the passband performance for a given spectra.

In summary, the Savitzky-Golay Iter serves as a powerful tool for baseline esti-
mation and removal in haloscope data analysis. Its preference for passband atness
over aggressive stopband attenuation is a deliberate choice suited to preserving the
integrity of the data. While it introduces quanti able effects like axion signal atten-
uation and inter-bin correlations in the grand spectra, these can be corrected for a
robust extraction of potential signal candidates from a complex noise background.
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