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“Los labios apretados en el tubo de dmbar
de la pipa, la barba aplastada contra el gor-
jal de amatistas, los dedos de los pies curva-
dos nerviosamente en las pantuflas de seda,
Kublai Kan escuchaba los relatos de Marco

Polo sin alzar la vista.”

- Italo Calvino, Las ciudades invisibles

Preface

This work collects the most significant results obtained during my years work-
ing in the Grupo de Investigacion de Fisica Atomica, Nuclear y Astroparticulas
(GIFNA) of the Universidad de Zaragoza. We are devoted to dark matter searches,
ranging from WIMPs to axions. Our group has specialized in utilizing various detec-
tion technologies, including scintillators such as the ANAIS experiment and gaseous
detectors like CAST. My contributions are primarily centred on the use of time
projection chambers equipped with Micromegas readout planes. During my initial
year with the group, I participated in the final data collection of CAST, an axion
helioscope at CERN, and the initial tasks with the detectors for the next gener-
ation helioscope BabylAXO. However, a significant portion of my research efforts
focused on TREX-DM, a low-mass WIMP detector located in the Laboratorio Sub-
terraneo de Canfranc. The main challenge was to reduce the background events,
which involved exploring various solutions, testing different gases, and developing
novel analysis techniques to identify their sources. Within this context, we conduc-
ted experiments with new gaseous detectors aimed at enhancing the performance of
Micromegas detectors, including new calibration techniques and operating them at
high pressures with innovative gas mixtures.

Chapter 1 motivates the dark matter problem and the proposed solutions for it.
In chapter 2, gaseous detectors are presented, with the basic properties of particle in-
teraction in gases and the general behaviour of Micromegas readout planes. Chapter
3 is devoted to TREX-DM experiment, with the description of the setup, the treat-
ment of radon background and the identification of alpha particles, and the last
improvement with a mixed readout plane composed of a GEM amplification stage
on top of the Micromegas plane. The threshold measurement for this new configur-
ation shows an enhanced behaviour, crucial to achieve the expected sensitivity. In
chapter 4 two new developments for gaseous detectors are shown: a UV LED calib-
ration source and high pressure gain studies with argon + 10% isobutene mixture.
The UV LED allows a cheap source for variable energy calibrations. This could
be ideal for Micromegas performance validation, threshold measurements and gas

properties testing like diffusion or drift velocity.
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Two years ago, I became involved in a promising new project: the develop-
ment of a single-photon counter for axion haloscopes as part of the efforts of the
RADES collaboration. This endeavour required the adoption of a novel technology
—microwave resonators for detecting dark matter axions— and introduced us to an
entirely new field: quantum optics. As part of this initiative, I delved into the study
of superconducting qubits and the stringent requirements associated with microwave
single-photon detection. To further this work, I had the opportunity to visit the Low
Temperature Laboratory at Aalto University in Helsinki, where I acquired much of
my current knowledge in quantum optics. This fruitful collaboration has culminated
in the experimental results presented in the second half of this work.

Chapter 5 motivates the axion and other dark sector candidates as the dark
photon, which shares detection signs. Chapter 6 deals with axion haloscopes and
the general context of superconducting qubits and their manipulation. And in the
last one, chapter 7, the design of the double cavity developed as a single photon
counter and the associated transmon is described, together with its first measure-
ments for dark photons, showing the readout protocol, the analysis and interpret-
ation of the data, and finally the estimated dark photon sensitivity extracted from
these measurements.

All figures and tables in this work clearly indicate their sources through citations
in the captions, unless they are original and created by the author. Most of the code
developed for data analysis and plotting can be found in [1].

This work explores two complementary approaches to address a fundamental
question in modern physics: the nature of dark matter. It showcases a representative
sample of the diverse experimental techniques currently under investigation, as well
as the imagination required to devise new strategies for probing increasingly elusive

particle models. Inevitably, this effort will be continued...
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“Quien ha entrevisto el Universo, quien
ha entrevisto los ardientes designios del Uni-
verso, no puede pensar en un hombre, en
sus triviales dichas o desventuras, aunque ese

hombre sea €l.”

El - Jorge Luis Borges, La escritura del Dios

lugar exacto

entre las olas del mar

He querido escribir este ultimo pedazo al sol, casi todo me sale mejor bajo su
augurio. Sospecho que se convertird en uno de los fragmentos mas leidos entre mi
gente, mi tribu, asi que me he propuesto afrontar una particular tarea autoimpuesta
y, por tanto, placentera: haceros ver que este trabajo no es una isla, que no he
aparecido en ella por sorpresa, abandonando a todos atras. Si estas paginas se han
dejado escribir se debe a los incontables puentes, transbordos y singladuras por los
que vosotros me habéis guiado.

Yo, que soy hombre de secano, no puedo evitar escribir pensando en el mar que
es infinito y estd fuera de mi alcance. Este anhelo lo heredo de mi madre, Ana, que
fue la primera en lanzarme al agua, la que me ensené a flotar. Desde entonces, y
a pesar de seguir echando de menos el velero que nunca hemos tenido, todos mis
caminos sobre la mar han partido de ella. Es la que suelta mi ultima amarra en
cada viaje, su inspiracién la que fija mi rumbo. Junto a ella mi padre, Ricardo. El es
distinto, se marea en el mar. Y sin embargo me lo encuentro alli a donde vaya, cada
rincon que he visitado habia sido anticipado, cada nuevo atolén presagiado en sus
historias. Tiene algo de Cheshire, se lo noto en la sonrisa. Y entre ambos Adrian,
que esté donde esté siempre custodia uno de mis ojos. Y yo el suyo aqui mientras
escribo.

Los rumbos estan siempre trazados, lo que no quiere decir que se sigan a la
perfeccién. En uno de esos <voyage autours a los que nada obliga me encontré con
Theopisti en esta isla, tan mediterranea ella aunque nada de su aspecto lo anticipe.
Ha sido curioso tener su guia en en este nuevo mundo, del que nada sabemos. Me vio
y me dijo: ven, aqui hay dragones, te gustara. Sorprendentemente ha tenido razén.
Y no piensen que me atrap6 como la magia de Circe, ella tiene la rara habilidad de
ofrecer lo que puede a quien lo quiere. En mis paseos por esta isla he descubierto
algunas cosas, entre otras, a sus pobladores: Igor, Gloria, Juanan, Laura y Héctor,
Juan, Alfonso, Javier y Javier, Jorge y Angel y Maria, Susana, Ivan. Y de otras

tribus: Akash, Enrique, Pepa y Jorge. Con Héctor y Oscar nos sumergimos en sus



profundidades, probamos el sol de sus montanas y admiramos el mar en el horizonte,
sabiendo en ocasiones que nunca lo alcanzariamos. Luis parecia estar por aqui algo
mas perdido que el resto, aunque sospecho que siempre tuvo mas claro el camino. A
mi desde luego me desbrozé infinitos senderos y tuve la suerte de recorrer algunos a
su lado. Ademas, el resto de ndufragos: Cristina, Elisa, David, Alvaro, Maria, Jorge,
Ana, Konrad, Tamara, David y el tinglao que montamos, Yikun, Sophia, Mathieu,
Fran, Carmen, Jaime, Itxaso. Algunos ya se fueron, otros ain seguiran un poco mas
por aqui cuando yo me vaya. Sin ellos todo esto habria sido mas aburrido.

Navegar hasta aqui es a todas luces intrascendente. Y sin embargo la gente
sigue llegando. Esto, como casi todo, tiene una explicaciéon, yo puedo dar la mia.
El primer puente fue tendido gracias a tres personas: Guillermo, César y Oscar. Yo
aun andaba en tierra firme cuando ellos ya surcaban la mar océana. Siguiendo sus
estelas atraqué en en muchas costas, la mas antigua Manu y Esteban, calas gemelas
donde descansar. En Marfa y Blanca y Maria y Elisa y Ménica y Alicia y por
supuesto Lorena he encontrado incontables frutos, una inspiraciéon especialmente
satisfactoria y el extrano placer que produce siempre reconocer una costa en el
horizonte. Fernando es un penién que se desgajé de esos farallones, por eso ahora
es el mejor sitio para nadar. Existe una furia protectora que he visto alguna vez
en el mar. Roberto, Carmen, Sandra, Angel y Jaime, que durante tanto tiempo
han navegado a mi lado, lo son para mi en tierra. También he encontrado singulares
gemas en las marejadas nocturnas: Alejandro, Pablo y Almudena, Cristina, Barbara,
Dani y Salva y Fiorella, Juanma, Lucia y Andrés, José Ramén, Ilya y Marko, Alicia
y Lorenzo, cada una presagio inevitable de la siguiente, ;como me iba a detener?

Entre tanta jarcia y tanta vela uno a veces puede llegar a pensar que el mundo
es eso, un arriba y un abajo y el viento empujando de través. Pero se nos olvida que
la mar y sus corrientes nos mecen sin que podamos opinar. En esas profundidades
encontré a Rebeca que me llevé a reinos olvidados y me hizo escuchar lo que nunca
antes habia visto. Clara fue la primera que me conté algunas leyendas de esos pueblos
ignotos y fui yo el que acompané a otra Marfa a sus profundidades particulares.
Todos seguimos batiéndonos en estas aguas, como si lo que dictan las velas tuviera
la menor importancia. Esther sabe que no.

Hablar de lo que he encontrado en esta isla tiene una trascendencia relativa,
mayor para los que la habitamos, escasa para los que jamas habéis oido hablar de
ella. Por eso no me importa demasiado propagar su fama, solo trato de hacer ver
que por lejos que parezca, hay una linea que os une con ella, que mis pasos estan
senalados en alguna carta nautica. Porque al fin y al cabo los hombres no somos

islas, somos parte de un continente y también del océano.

vi
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“Fue el verano en que el hombre piso
por primera vez la luna. Yo era muy joven
entonces, pero mo creia que hubiera futuro.
Queria vivir peligrosamente, ir lo mds lejos
posible y luego ver qué me sucedia cuando lleg-

ara alli.”

- Paul Auster, El Palacio de la Luna

Dark Matter

Contents

1.1 Experimental evidence that points towards an unseen

component of the Universe. . . . ... ... ........ 2
1.1.1 Galaxies . . . . . . . .o 2
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1.2.2  Dark matter particles . . . .. ... ... ... ... ... 8
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1.3 Hypothesis of dark matter as a new particle beyond
the standard model . . . ... .. ... .. ......... 11
1.3.1 Dark matter properties . . .. ... ... ... ... ... 11
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1.4.1 Laboratory production . . . . . ... ... .. .. ..... 13
1.4.2 Indirect searches . . . . . . .. .. ... ... ... ..., 14
1.4.3 Direct searches . . . . . . ... ... ... ... . ..., 16
1.4.4 Present status . . . ... ... ... ... 27

This first chapter is devoted to outlining the theoretical framework that un-
derpins the dark matter problem and the proposed solutions to explain it. More

complete reviews about dark matter can be found easily, below are the most useful



ones for this work. My colleague Ivan Coarasa made a clear overview that set its
roots in the knowledge of the history and evolution of the Universe in [2]. The
Particle Data Group annual publication [3] is a reference always updated with con-
cise explanations and emphasis in the experimental efforts. And, of course, there
are rigorous and extensive works devoted to analysing the dark matter problem, like
[4]. Also, from a historical point of view, many interesting articles have focused on
the scientific developments that lead to the understanding of the problem and the

efforts made to unravel its mysteries [4], [5].

1.1 Experimental evidence that points towards an

unseen component of the Universe

Dark matter is a fundamental component of modern astrophysics and cosmology,
playing a crucial role in the formation and evolution of cosmic structures. Although
it does not interact electromagnetically and remains undetectable via direct optical
observations, its existence is strongly inferred from multiple independent astrophys-
ical and cosmological observations. This section explores evidences supporting the
existence of dark matter: galaxy rotation curves, galaxy clusters, and cosmological
measurements from the cosmic microwave background (CMB).

Each kind of observation in galaxies, clusters, or cosmology requires that there
be at least a certain minimum amount of dark matter. The true abundance must
be at least as high as the highest of these minimum estimates, and remarkably,
all the major lines of evidence point to a consistent, substantial amount of dark
matter in the universe. This abundance is parametrized through the mass density,
Qpur, where Q; = p;/pe, being p. the mass density required for a flat Universe. The
total energy density of the Universe is thus expressed as Q = > Q; = > p;/p. = 1.
Recent measurements point to Qpy; = 0.25 and total mass content of the Universe
of Qyr = 0.31 [6].

1.1.1 Galaxies

One of the first compelling pieces of evidence for dark matter emerged from the
study of galaxy rotation curves. Vera Rubin and her collaborators in the 1970s
conducted spectroscopic studies of spiral galaxies, measuring the velocity of stars

and gas as a function of their radial distance from the galactic center [7].

In a galaxy dominated by visible matter, Keplerian dynamics predict that the

orbital velocity of stars should decrease when increasing radial distance, following



the relation:

v(r) = (1.1)

with M(r) = 4 [ p(r)r?dr the total mass inside the orbit and p(r) the matter
density as a function of the distance to the centre of the galaxy, r.

However, observations consistently show that rotation curves remain flat at large
distances [8], an example can be seen in figure 1.1. This discrepancy suggests the
presence of an unseen mass component that extends beyond the visible disk of the
galaxy, resulting in an additional gravitational pull. This distribution of invisible
mass is called dark matter halo and it should have M (r) o r and therefore p(r)

1/r?, which at some point should decay faster to keep the galaxy size finite.

150

T

0 10 20 30
Radius (kpc)

Figure 1.1: Rotation curve from NGC 6503 galaxy: when moving away from the

galactic centre, the speed of the stars remains constant instead of falling. The halo
pattern can be explained by dark matter [4].

From these rotation curves it is possible to deduce the density and speed that
dark matter particles should have in these halos that surround the visible matter of
galaxies. This knowledge is especially interesting for direct detection experiments of
dark matter, because both these parameters affect its interaction cross section, the
probability of interaction with the baryonic particles of a detector. The estimated

values for the solar environment are a density of 0.2-0.6 GeV/cm? and a velocity of
220-240 km/s [3].

1.1.2 Galaxy clusters

Galaxies gather in the Universe forming greater structures that we called galaxy
clusters. The movement of these structures is governed by gravity and therefore

they are excellent objects to examine the influence of dark matter. Galaxy clusters



Figure 1.2: Bullet cluster composite image combining optical, X-ray and gravita-
tional lensing. The optical image from the Magellan and the Hubble Space Telescope
shows galaxies in orange and white in the background. Hot gas, which contains the
bulk of the normal matter in the cluster, is shown by the Chandra X-ray image
in pink. Gravitational lensing reveals the mass of the cluster, dominated by dark
matter, in blue. Original study and similar pictures in [10].

provide a crucial piece of evidence for dark matter through three independent obser-
vational methods: the virial theorem, X-ray measurements of intracluster gas, and

gravitational lensing.

The virial theorem and mass discrepancy

The first hint of the presence of an unknown matter component in the Universe
is due to Fritz Zwicky, in 1933 [9]. He applied the virial theorem to the Coma
Cluster, finding that the galaxies’ high velocity dispersions implied a much larger
gravitational mass than what was inferred from visible stars alone. He introduced
the term ”dunkle Materie” (dark matter) to describe this missing mass that glues

together the different galaxies in the clusters.

X-ray observations of intracluster gas

Clusters of galaxies contain hot gas that emits X-rays due to bremsstrahlung ra-
diation. The temperature and spatial distribution of this gas, determined through
X-ray observations from space borne telescopes like Chandra or XMM-Newton, in-
dicate the presence of a deep gravitational potential well that cannot be explained

solely by visible matter.



Gravitational Lensing

Einstein’s theory of general relativity predicts that mass bends spacetime. This
means that light trajectories are distorted around massive objects like galaxy clusters,
allowing us to receive light from background galaxies. Studying the patterns of dis-
torted light, the mass distribution of the gravitational lens can be inferred. There-
fore, strong and weak gravitational lensing studies provide direct maps of mass dis-
tribution in clusters. The Bullet Cluster (1E 0657-56) is a striking example where
the separation between baryonic matter and total mass provides strong evidence for
dark matter. In the Bullet cluster, two clusters have collided and we can see the ef-
fects of this event. Observations at these two regimes, X-ray and gravitational lens,
allow to discriminate between baryonic and dark matter because the electromag-
netic interactions in the hot gas induce a distortion in baryonic matter distribution
whereas dark matter only interacts gravitationally so they pass through each other

easily. This can be seen in the composite image in Figure 1.2.

1.1.3 Evidence from Cosmology

The most precise measurement of dark matter’s contribution to the contents of the
Universe comes from cosmological observations. This is the largest scale we can
probe because it is the scale of the Universe. All observations at this scale are
based on the cosmic microwave background (CMB), an isotropic radiation with the
spectrum of a blackbody with a temperature of T = 2.725 K. This signal, predicted
by Gamow in 1948 and detected by Penzias and Wilson in 1965, is the strongest
argument for the Big Bang model. It comes from the recombination period in which
electrons joined with protons to form the first hydrogen nuclei, allowing photons
to start travelling freely without being absorbed by the proton-electron plasma.
This radiation has been travelling unchanged since that moment, and due to the
expansion of the Universe, its wavelength has been shifted.

Since the 1990s, three space observatories have been launched to accurately meas-
ure the cosmic microwave background: Cobe in 1992, WMAP in 2003, and Planck
in 2013 [11]. These missions have determined with increasing precision the tiny
anisotropies in the microwave background, which, among other things, allow us to
study the distribution of matter in the Universe. The basis for this is the Stand-
ard Cosmological Model, whose parameters include the abundances of baryonic and
non-baryonic matter. Figure 1.3 shows how the abundances of each type of matter
can be derived from the power spectrum of anisotropies of the CMB.

The Planck 2018 results [6] report a dark matter density parameter of Qpy ~
0.26, meaning that dark matter constitutes about 26% of the total energy density



of the Universe.
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Figure 1.3: The dark matter content in the Universe can be extracted from the
power spectrum of anisotropies of the CMB. A deeper and pedagogical approach
can be found in the CMB section of [12], from where this image was extracted.

Another hint comes from Big-Bang nucleosynthesis (BBN). It is an essential
ingredient in the study of the current composition of the Universe, since it provides
an estimate of the density of baryons (€2,) independent of that supplied by the
analysis of the CMB anisotropies.

At the beginning, the Universe was so hot and dense that everything was in
its most elementary constituents, the elementary particles. While the Universe was
cooling down, compound objects were formed, like neutrons and protons. Around
a temperature of kgT ~ 80 keV, the combination of protons and neutrons to form
deuterons stopped the decay of free neutrons (7, ~ 880 s), when the neutron to
proton ratio was 1/7, launching primordial nucleosynthesis.

According to BBN, the fusion of protons and neutrons generated a large quantity
of helium nuclei and smaller amounts of other light nuclei, such as deuterium, helium-
3, and lithium-7. Present cosmological models and our knowledge of nuclear reaction
rates make possible the calculation of the percentage of these nuclei formed in those
first minutes.

From the agreement between the abundance of light elements calculated from the
BBN and the observations, it follows that the amount of ordinary matter is of the
order of 5% , in good agreement with CMB anisotropies. From this number follows
that most of the matter content of the Universe is not baryonic and, therefore, we

call it dark matter.

1.2 Proposed explanations for the dark matter

problem

Considering all the observations suggesting the existence of some form of unseen

matter, humanity has proposed several plausible explanations for these phenomena.



Some of these hypothesis are more appealing because they are simpler, they fulfill the
expectations better or they help to explain other open problems in particle physics.
Nevertheless, in the absence of an experimental discovery that definitively rules out

the alternatives, all of the following explanations should remain under consideration.

1.2.1 Standard Model dark matter

The Standard Model of particle physics is our most precise explanation of the fun-
damental constituents of the Universe. All particles known and their interactions
gathered in this model allow to explain most of the natural phenomena that human-
ity has seen. Despite its success it is not fully satisfactory because it is known that
there are experimental observations that cannot be explained within the Standard
Model, one of these open problems being dark matter.

Some of the particles of the Standard Model can satisfy the conditions of being
part of an invisible component of the Universe or can form structures that behave

like dark matter seen at great distances.

Neutrinos

Neutrinos are the only particle in the Standard Model that can satisfy the properties
described for dark matter. However, ordinary neutrinos were relativistic particles
at the time of decoupling, and therefore could not produce as many small scale
structures as currently observed in the Universe. Cosmological observations and
simulations are incompatible with neutrinos being the only particle composing dark

matter, although they can be a fraction of it.

MaCHOs

Massive compact halo objects, MaCHOs, are baryonic objects, such as brown dwarfs,
neutron stars, and black holes, that reside in the halos of galaxies and could contrib-
ute to dark matter. These objects do not emit sufficient light to be easily detected
but can be observed through gravitational microlensing events. Studies performed
by MACHO and EROS collaborations have placed stringent limits on the fraction
of dark matter that could be composed of MaCHOs, suggesting that they are not

the dominant form of dark matter [13].

Primordial black holes (PBH)

Some theories suggest that dark matter could consist of primordial black holes
(PBHs) formed in the early Universe. Unlike regular black holes formed from stellar
collapse, PBHs would have originated from high-density fluctuations shortly after
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the Big Bang. Since they formed in the radiation-dominated era, before BBN, PBHs
are effectively non-baryonic. Although the calculation of their lifetime depends on
the details of the gravitational collapse, if their mass is greater than 5x 10! kg, their
lifetime is longer than the age of the Universe. Although observational constraints,
such as gravitational lensing surveys and cosmic microwave background (CMB) dis-
tortions, place limits on the abundance of PBHs, they are still viable candidates to
form all dark matter or at least a relevant portion of it, despite not being elementary

particles [3].

1.2.2 Dark matter particles

Most hypotheses include new particles to explain dark matter. The motivation
varies, and although there are models driven by the dark matter problem that include
ad hoc candidates, most of them are proposed for other open issues in particle

physics, but fit well as dark matter.

WIMPs

Weakly Interacting Massive Particles have been the preferred candidate to form dark
matter since they were proposed by Steigman and Turner in 1985 [14]. They appear
naturally in models that contain electroweak-scale new physics that addresses the
hierarchy problem, being the most paradigmatic example the minimal supersym-
metric extension to the Standard Model. They typically interact with Standard
Model particles via weak nuclear force and have a mass range between 10 GeV and
1 TeV, although this depends strongly on the model. These particles with weak in-
teraction cross section and mass in the range of hundreds of GeV naturally provide a
candidate for cold dark matter whose primordial abundance would be in agreement
with the present observed abundance of dark matter. This is called the “WIMP
miracle”. But as most of the parameter space for simple supersymmetric models is
ruled out, other theories have came up with particles with similar properties. Other
non-supersymmetric WIMP models include models with a Higgs or Z portal, uni-
versal extra dimensions, and other models with extra (warped or flat) dimensions,

little Higgs theories, technicolor and composite Higgs theories, among others [3].

Axions and axion-like particles

Axions were first introduced by Peccei and Quinn to address the strong CP prob-
lem in quantum chromodynamics (QCD). They are very light scalar or pseudoscalar
fields, viable dark matter candidates arise for masses up to ~ 1 eV and at present
are one of the most compelling candidates for dark matter. Most searches are based

on the inverse Primakoff effect, axion-to-photon conversion in the presence of very



strong electromagnetic field. Direct axion detection experiments vary considerably
depending on the source of axions. For cold dark matter axions, called also relic
axions, or axion-like particles (ALPs) the main detection scheme is based on res-
onant cavities called haloscopes in which the axion is converted into a photon on
resonance with the cavity in the presence of a magnetic field. And helioscopes are
the instruments devoted to detect solar axions, axions originated in the Sun; in this
case, the converted photon is more energetic, typically at the range up to 10 keV,
and can be focused through X-ray lenses and detected with ultra low background

detectors. Further details about axions can be found in chapter 5.

Sterile neutrinos

Sterile neutrinos arise in extensions of the Standard Model that include a right-
handed neutrino. They are called sterile because they do not interact weakly with
any other particle, apart for the mixing with the ordinary neutrinos. Although the
lifetime of sterile neutrinos must be greater than the age of the Universe for them
to be a candidate for dark matter, some of them may have decayed through various
channels that may allow its indirect detection. Nowadays, radiative decay, one
neutrino plus one photon with half the energy of the sterile neutrino mass, is under
strong review because an unidentified emission line at 3.5 keV in the X-ray spectra
of galaxy clusters has been reported both by XMM and ChandraX-ray observatories.

Its origin is not clear and it is being investigated further [3].

Dark photons

Dark photons appear in extensions of the Standard Model where an additional
U(1) gauge symmetry introduces a new force carrier similar to the regular photon
that may have a small mass. These particles could interact with Standard Model
particles through kinetic mixing with standard photons. Light vector bosons like
this dark photon can be cosmologically stable, depending on its mass and kinetic
mixing coupling with the visible photon. This makes them a viable dark matter
candidate. A broad assortment of experiments look for these particles in the range
of masses between 10722 eV and 1072 eV. Depending on the mass range sensitivity
torsion balance experiments, atom interferometry, comagnetometers, gravitational
wave detectors, broadband axion experiments, LC resonators, lumped-element LC
resonators and cavity resonators have been employed for dark photon searches [3].
Most of the axion experiments can look for dark photons if they turn off the magnet.

A more detailed description of dark photons will be presented in chapter 5.
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Figure 1.4: Tree of proposed solutions for dark matter problem. Beautiful image
from [18].

1.2.3 Modified gravity

The third possibility imagined by humanity makes use of another argument: there
is no missing matter in our observations, it is the gravity that behaves differently
at different scales and our knowledge of it is not complete. This direction was
first explored in the pioneering work on modified Newtonian dynamics (MOND)
published in 1983 [15]. Many attempts have been made since then to solve the dark
matter problem by modifying Einstein’s theory of general relativity. The success of
these efforts, however, remained limited to the rotation curves of galaxies and current
understanding suggests that the only way that these theories can be reconciled
with large scale observations is by mimicking the behaviour of cold dark matter on

cosmological scales effectively and very precisely.

The coincident observation of gravitational waves and electromagnetic radiation
from GW170817 [16] has allowed to set very stringent constraints on the propaga-
tion velocity of gravitational waves. The fact that this velocity does not differ
from the speed of light by more than one part in 107% severely constrains all
modified-gravity theories in which gravitational waves travel on different geodesics
with respect to photons and neutrinos. This has in particular allowed us to rule out

tensor—vector—scalar theories [17].
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“No stone left unturned” [18]. There is a plethora of other possible explanations
for the nature of dark matter, see figure 1.4, including fuzzy dark matter, gravitation-
ally produced WIMPzillas, superfluid dark matter, macroscopic objects... Therefore,
searches are no longer constrained by what theoretical predictions dictate, instead
experiments should explore all accessible avenues. A wider theoretical net offers the
possibility of discovering new classes of dark matter candidates and opens up novel

experimental opportunities to detect them.

1.3 Hypothesis of dark matter as a new particle

beyond the standard model

Candidates for dark matter particles need to show properties compatible with as-
trophysical observations and production mechanisms that adjust to the current es-

timated abundances for dark matter content in the Universe.

1.3.1 Dark matter properties

Dark matter particles have to fulfill some conditions:

e Electric charge

The “darkness” of this matter comes from its non-radiative behaviour. Neither
does it emit light nor does it interact electromagnetically with Standard Model
particles. The most stringent limits come from the baryon acoustic peak struc-
ture due to the requirement of a dark matter completely decoupled from the

baryon-photon plasma at recombination epoch.

e Cold
Structure formation in the Universe requires that dark matter particles be
cold, meaning non-relativistic at the time of galaxy formation.

e Stable
The dark matter lifetime must be long compared to cosmological timescales,
otherwise it would have decayed by now.

e Mass

Lower limits in the mass for dark matter particles come from quantum effects.
They differ for fermionic or bosonic dark matter, as do the sources of these
limits. For fermionic dark matter, these limits are mpr > 70 eV and for bosonic

dark matter mp > 10722 ¢V [3]. Upper limits come from stability against tidal
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disruption of structures immersed in dark matter halos, like galactic discs and

globular clusters and they are around 5 M.

In all cases, they must provide the correct amount of relic density to explain

current observations.

e Weakly interacting

They must have very weak interaction with other Standard Model particles,

otherwise their effect could have been seen in collisions of clusters, for example.

e Non-baryonic

Primordial nucleosynthesis and CMB data constrain the amounts of baryonic
matter in the Universe, which is insufficient to explain present observations;

therefore, it is deduced that dark matter consists of non-baryonic particles.

1.3.2 Cosmological evolution

Several explanations have been put forward to answer the question of where the dark
matter comes from. In the early Universe, dark matter could have been generated
via thermal or non-thermal production or both, or it may result from a particle-

antiparticle asymmetry.

Freeze out

The main mechanism for particle production in the early Universe can be applied
for dark matter production as well. During freeze-out, a particle species chemically
decouples from the high-temperature, high-density thermal bath when the rate of
its number-changing interactions drops below the Hubble expansion rate H. The
idea relies on the fact that when the temperature falls below a certain limit, the
probability of the process that allowed to mix the dark matter candidate and the
rest of species decays abruptly. There is not enough energy to continue mixing the
dark matter with other particles and it decouples, fixing its abundance at that time,
from which the present abundance can be estimated according to the expansion
of the Universe. This calculation strongly depends on the assumed background

cosmology.

Freeze in

In this case, dark matter was never in thermal equilibrium with the hot plasma
of the early Universe. It is assumed to interact very weakly with Standard Model
particles, with interaction rates much smaller than the Hubble expansion rate H.

In this scenario, dark matter particles are produced via rare interactions or decays
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of Standard Model particles. This out-of-equilibrium production makes dark matter
particles accumulate progressively over cosmic time, a process called freeze-in. As
the Universe expands and cools, the production of dark matter effectively freezes in,

leaving behind a relic abundance.

Other mechanisms

Other mechanisms are conceivable for dark matter production: cannibalization and
other dark-sector number-changing processes, non-thermal production, asymmetric
dark matter, Primordial Black Holes production. They are mechanisms postulated
to account for dark matter production in different scenarios. Further information

and references can be found in [3].

1.4 Dark matter searches

Since the first claims of presence of an invisible matter component in the Universe,
different strategies have been developed to pierce inside this unknown constituent
of our reality. Few properties are known for dark matter, so efforts have extended
all across known technology, using every possible detector at hand to see possible
effects of dark matter. Systematic searches have been performed in the last decades
ranging from space-borne detectors to accelerators. It is common to classify dark
matter searches in three groups: direct searches, indirect searches and laboratory
production.

The direct searches group includes all experiments aiming for direct interaction
between dark matter particles and baryonic matter. They attempt to detect nuclear
recoils produced by the elastic scattering of dark matter particles in the target nuclei
of the detector. Indirect searches are based on the detection of annihilation products
of dark matter particles, such as gamma rays, neutrinos, antiprotons and positrons.
Finally, laboratory production is based on particle colliders where events with miss-
ing energy may hint the creation of dark matter particles in high energy particle
collisions. These experimental strategies are complementary and test different dark

matter models.

1.4.1 Laboratory production

Production of dark matter in laboratories relies on particle accelerators. The CMS
and ATLAS collaborations at the LHC, at CERN, have set limits to dark matter
production in proton-proton collisions. They have dedicated experimental programs
for dark matter searches that include searches for invisible particle production me-

diated by a Standard Model boson, generic searches for invisible particles produced
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via new particle mediators and specific searches for precise models.

A dark matter signal may have several characteristic features: the imbalance in
the transverse momentum in an event due to the presence of dark matter particles,
produced together with one Standard Model particle; a bump in the two-jet or two-
lepton invariant mass distributions; or an excess of events in the two-jet angular
distribution produced by a dark matter mediator. Signals with any of these features
are searched for in favoured channels in which the signal-to-background ratio is
high enough. No signal for dark matter has been observed in the LHC experiments
so far [19]. Fixed target experiments are also useful to prove some dark matter
models, especially with sub-GeV particles [3]. Accelerator searches provide unique
ways to test light dark matter models with lower dependence on the particle nature.
Deeper searches and better characterization can be achieved in these experiments,
very difficult to achieve in direct searches experiments, in which the dark matter
particles have particular velocity distributions, cross sections, kinetic thresholds,
etc... No signal has been detected up to date but all colliders in the world still have

research programs and dedicated detectors aiming for dark matter production [3].

1.4.2 Indirect searches

Indirect searches refers to the detection of the annihilation or decay products from
dark matter particles resulting in detectable particles, including especially gamma
rays, neutrinos, and antimatter particles. Since the fluxes of annihilation and decay
products are proportional to dark matter density -quadratically for annihilation and
linearly for decay processes-, the largest number of particles is expected to come from
astronomical objects. Following this reasoning, potential signatures are gamma rays
from the Galactic Center, neutrinos from the Sun’s or Earth’s cores, and positrons

and antiprotons from the galactic halo [20].

Gamma rays

Almost any possible dark matter decay or annihilation may produce gamma rays.
The rates may be very different for each process, but the sky is not so full of gamma
sources: looking for excesses is one of the preferred indirect ways of searching for dark
matter. Gamma rays propagate almost unperturbed from the source where they
were produced. They are relatively easy to detect, but can be affected by absorption
in the interstellar medium and known sources produce not negligible background.
They are detected with high angular resolution by space-borne telescopes, like Fermi-
LAT, and Cherenkov observatories on ground, like MAGIC, HESS or VERITAS, for
higher energy gamma rays. Searches for gamma ray emission from dark matter

annihilation have focused on targets chosen primarily to maximize signal to noise
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ratios. Nearby dwarf spheroidal galaxies contain very small amounts of gas, and are
dark matter dominated, and do not host any significant astrophysical background
at gamma ray or X-ray frequencies, so they are the best objects for dark matter
searches. Constraints from the non-observation of emission from these objects are
dominated by systematics that may be reduced with observations from the future
Cherenkov Telescope Array (CTA). Another promising source is the inner region
of the Milky Way. While nearby and potentially hosting a large density of dark
matter, the Galactic center region is very bright at almost any wavelength, making
the extraction of a signal highly problematic. Some intriguing excesses of gamma
rays over the expected astrophysical flux have been reported by several experiments,
for instance, the Fermi-LAT excess from the Galactic Center [21], but they remain

unconfirmed to date.

Neutrinos

Like gamma rays, neutrinos travel across the Universe almost unaffected, so they
point to the original source. Nevertheless, due to their extremely low cross section
with ordinary matter, their detection is a real challenge, requiring large detectors
and exposure times. Moreover, the angular resolution of neutrino detectors, around
1% at energies near 100 GeV, is limited, making it challenging to accurately point
back to sources in searches for relatively low-mass dark matter candidates. Despite
that, neutrinos remain an attractive signature for dark matter searches not only
because they can reach us from very long distances but also because there is not a

significant neutrino background from astrophysical objects.

A very distinctive feature of neutrino signals originated in dark matter decays
would be their increased flux coming from massive objects. Dark matter can be
captured in celestial bodies in considerable amounts, depending on the scattering
cross section off of nucleons, the dark matter mass, and the flux incident on the
celestial body of interest. If enough dark matter accumulates, its annihilation in-
side the celestial body can then lead to the production of Standard Model particles.
Such particles can heat up the body, if they lose most of their energy before escap-
ing. This mechanism allows to establish constraints on dark matter models based
on heat production in planets or stars. Alternatively, dark matter annihilation in
celestial bodies can result in the production of particles that can escape the body,
like neutrinos. Typical neutrino energies for these processes usually exceed the en-
ergy of neutrinos from the Sun, the best target for this type of searches, making
this a virtually background-free dark matter search. Large neutrino telescopes like
IceCube [22], ANTARES [23] or Super-Kamiokande [24] are able to search for dark

matter annihilation into neutrinos, with no confirmed evidence yet.
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Cosmic ray charged particles

Stable charged particles can also be produced by the annihilation or decay of dark
matter. They interact strongly with the interstellar magnetic fields until they reach
the Earth and can also lose energy during propagation through inverse Compton
scattering or synchrotron radiation which makes it almost impossible to track them
back to their source. Also energy spectra are affected. Nevertheless, it is possible to
extract information from them and competitive limits for dark matter decays and

annihilation have been set [3].

To maximize signal-to-noise ratio, these searches focus on relatively rare species,
such as positrons, antiprotons and anti-nuclei. These antiparticles would come from
nearby sources such as the Galactic Center or the halo due to their high probability
of annihilation with ordinary matter. Satellites like PAMELA and AMS-02, this
one on board of the ISS, have been measuring the antimatter content of cosmic
rays. Certain excess of positrons can be explained by dark matter annihilations,
however, conventional explanations based on positron production by astrophysical

sources like pulsars or supernova remnants are also possible.

1.4.3 Direct searches

Direct searches aim to detect direct interactions between dark matter and Standard
Model particles. Since all experiments to date are located on Earth, they rely on
the hypothesis of dark matter being present here, among us. Nothing points to a
different direction, but our current evidence for dark matter comes from much bigger

scales therefore it is possible that its distribution is not as uniform as we expect.

Direct detection experiments aim to observe dark matter particles interacting
with ordinary matter through non-gravitational forces. Typically this means that
they are scattering off nuclei in the active volume of the detector. The recoil of these
nuclei leaves a trace that can be detected through different channels: ionization, light
production or phonons. Every experiment is optimized according to the expected
form of energy and the precise range of energies to which it is aiming. There are
detectors sensitive to electron scattering as well as to absorption, although this will

not be dealt here because our main interest is focused on nuclear recoils.

These experiments are typically conducted in underground laboratories to shield
them from cosmic rays. Specific additional shielding strategies are developed to pre-
vent external background to reach the detector, in addition to a thorough screening
of materials to construct a radiopure detector that avoids any internal contamination

that can degrade the sensitivity of the experiment.
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Expected WIMP signal

The signal dark matter particles may leave in the detector depends on their number
abundance, their energy, the type of interaction with atoms in the active volume of
the detector and the design of the detector itself. Some of these possibilities have
already been discussed: the interaction would involve scattering off nuclei, occurring
with an extremely low probability due to its very small cross section. The effect of
the design of the detector in maximising the sensitivity to certain models of dark
matter particles will be made clear in chapter 3, when the TREX-DM experiment,
object of this thesis, will be discussed. Here, several parameters of interest will be
addressed, including the local distribution of dark matter and its associated depend-
encies. The outcomes of these discussions are rate distributions for target materials

like the ones shown in figure 1.5.

e Event rate

The rate of interactions of the dark matter in the detector is proportional to the
number of target nuclei in the active volume N = My /my and the incoming flux
of WIMPs ¢. The proportional constant is called cross section o, . Therefore the

rate is expressed as:

R=o,nN¢ (1.2)

Usually, the quantity of interest when comparing the various experiments is the

differential rate, given in number of counts per kilo, keV and day:

dR  doww N
dEr  dEp Mae

The differential rate is given in terms of the recoil energy Er of the nucleus and

é. (1.3)

the mass of the sensitive volume Mg.. Immediately, one design consideration can
be extracted from here: increasing the number of target nuclei increases the rate in
any experiment. This means bigger detectors are favourable.

The incoming flux of dark matter particles is defined as the WIMP density times
their mean velocity. Typically, the density of dark matter is given as energy density
po in units of GeV/em?, so dividing this by WIMP mass m,, one gets the density of
dark matter particles. The mean velocity is extracted from the velocity distribution
f(v); this depends on the model but the most widely used is the Standard Halo
Model (SHM) that will be described below. Therefore, the flux of dark matter

particles can be expressed as:

¢ = T/:L—(; /Umax vf(v)dv (1.4)

VUmin
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Substituting these expressions in equation 1.3 the differential rate per energy,

time and mass is written:

dR p(] 1 /‘Umax — do_xN — —
_— = Er)d 1.5

The integration limits for the velocity distribution depend on the recoil energy

E'r due to the kinematics of the collision:

ERmN

Erp = 1-— 0 min —
n= (1 cos(0) = o = || T

(1.6)

where 6 is the scattering angle in the WIMP-nucleus center of mass frame, and
p = my-my/(my+mpy) is the WIMP-nucleus reduced mass. The minimum velocity
is determined by the recoil energy Eg. Incoming particles with smaller velocity will
not be able to leave a recoil of certain EFr energy so the integral is bounded for each
value. On the contrary, v,,,, may be, in principle, infinite, but it is bounded by the
escape velocity v.s. of particles in the dark matter halo.

To calculate the total rate of events in an experiment, the differential rate needs
to be integrated over energy and mass. In this step, the detection efficiency can be
included in the integration as sometimes it is energy dependent, for example when

selection criteria are applied during the analysis.

FEmax M . Umax d
R () Lo Maet / 0f ()72 (5, En)di dEr (1.7)
R

Ewn My MN Jy

Although the total rate may not be useful when comparing different experiments,
for daily analysis tasks it is important: in practice what one measures is the rate of
events in the detector. The total rate allows to directly compare the expected signal
with the measured experimental background, given usually in counts per day in the

energy range of interest.

e Cross section

Several pieces in the differential rate formula 1.5 need further explanation. Some
of them need inputs from particle and nuclear physics, like the cross section factor,
and others will profit from astrophysical data.

The WIMP-nucleus differential cross section can be generally separated into
a spin-independent (SI) contribution and a spin-dependent (SD) one. These two
contributions depend on the interaction model chosen for the dark matter particle
-does the WIMP have spin?- and the relative weights may be very different. In most
cases, the spin-independent cross section is used as a tool to compare sensitivities

among experiments.
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Figure 1.5: WIMP differential rates from nuclear recoils induced by a m, = 100
GeV WIMP for several target materials considering og; = 10~*"cm?. Equation 1.5
is used to obtain these spectra. Image from [25].

Expressions for both contributions are derived using Fermi’s Golden Rule. The
WIMP-nucleus differential cross section is divided into two terms: one independent
of the momentum transfer oy and the other containing the entire dependence on
the momentum transfer in a function called form factor F(q), which arises from the

finite size of the nucleus.

N =555 190 Fsi(E Fi,(E 1.8
o (M) (f02) e e i) 09

Spin independent
The Spin independent WIMP-nucleus cross section is defined as a point-like

interaction and can be expressed as:
4p2
oy =— 2+ (A= 2D)f], (1.9)

with Z the atomic number, A the number of nucleons per nucleus of the precise
isotope and f,, f, the coupling to protons and neutrons of the WIMP particle. If

fp = fn is assumed, the expression is simplified to:

2
ST = (ﬁ) Ao (1.10)

n
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Here appears the reduced WIMP-nucleon mass p,, = m, - my,/(m, + m,), as

4 2 £2
well as the previously defined WIMP-nucleus reduced mass p; and o5y = S the
spin-independent WIMP-nucleon cross section.

Spin dependent
In this case, the point-like interaction can be written as.
3212 ., J+1 9
757 = LG (4 (S) + on (S0) (1.11)

Where Gp is the Fermi coupling constant, J is the total nuclear spin, a, and
a, are the effective WIMP couplings to protons and neutrons, respectively, and
(Spn) = (N|Spn|N) are the expectation values of total proton and neutron spin
operators in the limit of zero momentum transfer to the target nucleus, and it has

to be estimated using detailed nuclear model calculations.

e Form factor

This function accounts for the loss of coherence in momentum transfer due to
the fact that the nucleus is not point-like. For the spin-independent contribution,
this function is approximated by the Fourier transform of the nuclear density, which
can be obtained from experimental data. In the case of analytical calculations,
different parametrizations are often used, one of the most common being the Helm
form factor [26].

Fi(q) = (QT)) (1.12)

With j;(x) being the first Bessel function ji(z) = Slf;# — @ And the
parameters s = 0.9 fm representing the thickness of the nuclear surface layer and
R, = \/(1.23A1/3 —0.6)2 + £m20.522 — 55 being a parametrization of the effective

nuclear radius in fm.

This form factor is expressed in terms of the transferred momentum ¢ , but it
is used in terms of the deposited energy FE, . Since the WIMPs considered are
non-relativistic, this variable change is straightforward, as F, = %. An explicit

expression in terms of Er and plots for different target elements can be found in [27].

e Velocity distribution
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The exact distribution and structure of dark matter halo has not yet been meas-
ured but it can be modelled taking into account the gravity-based observational
evidence, mainly due to the observation of the galactic rotational curves. With con-
siderations extracted from this observational evidence, standard halo model (SHM)

has been assumed as the base model to interpret dark matter searches. It predicts

an isothermal, spherical and isotropic halo, with density profile p(r) o r~2 and
Maxwellian velocity distribution:
1 _2
flv) = e 2 (1.13)

o,V/2m

where the dispersion in the velocities is related with the local circular velocity by
0y = 1/3/20,, where in the SHM v, = (220 4 20) km/s, being o, ~ 270 km/s. The
WIMP distribution is truncated at the local galactic escape velocity, ves. ~ 500—650
km/s. The velocity of the Earth with respect to the local system, ignoring the mo-
tion of the Earth around the Sun, is around 12 km/s, so our velocity with respect
to the halo is v, = v, + 12 km/s ~ 232 km/s. The local dark matter density pg
can be estimated from the measured rotation curve of the Milky Way, resulting in
po = 0.3 GeV/ cm3, the common value adopted by direct detection experiments to

facilitate the comparison of their results.

Detector technologies

Nuclear recoils are the main interaction channel with dark matter particles for most
direct detection experiments. The energy transferred to the nucleus can be ob-
served through three different signals: by measuring the phonon excitations pro-
duced by the conversion of the kinetic energy of the scattering particles to lattice
vibrations in solid targets (heat), by measuring the scintillation photons released
after de-excitation of the target nuclei in scintillating materials (light) and by direct
measurement of the ionization produced in the target atoms (charge).

Some experiments make use of two of the signals to achieve better event rejection
rates (see figure 1.6). This strategy allows to distinguish between electronic and
nuclear recoils for example. The cost of this extra information for each event is a
more complex detector design able to read two very different signals. Up to date,
no experiment is making use of all three channels due to this complexity.

Each of these signal channels has a leading readout technology associated, how-
ever, for double signal detectors some concessions are needed. Bolometers are used
for phonons, scintillators for photons and gaseous detectors for charges. They are
not the only possible technologies available, for example, superheated liquids and

semiconductor detectors are also used in certain experiments.
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Figure 1.6: Most common detection techniques attending to the signal channel they
exploit. Diagram from [2].

¢ Room temperature ionization detectors

Silicon charged-coupled devices (CCDs) are employed for low-mass dark matter
searches. The charge generated by the interaction is drifted towards the pixel gates,
until it reaches the readout. The 3D position of any interaction can be reconstructed
due to the correlation between the interaction depth and the transversal charge
diffusion, which allows to distinguish the particle type (electron,neutron, muon,alpha
particles, etc) based on the recorded track pattern. lonisation events are observed
with charge resolutions around 1-2 e~ and extremely low leakage currents. These
type of detectors are very well suited for low-mass WIMP searches and they are
especially competitive proving the dark matter-electron interaction.

The DAMIC (DArk Matter In CCDs) experiment at SNOLAB is the main ex-
ample of this type of detectors [28]. It consists on 7 CCDs with a total mass of 40 g,
and it has been operating at SNOLAB since 2017, reaching a leakage current of
2 e~ /mm?/day and 50 eV energy threshold. Skipper CCDs are the last development
for these detectors, increasing the sensitivity by reducing its threshold. DAMIC-M
(DAMIC at Modane) aims for a kg-size target mass using these skipper CCDs. First
prototypes have been measuring recently and achieved constraints on sub-GeV dark
matter particles interacting with electrons in the mass range (0.53-1000) MeV [29].

Another collaboration using similar technology is SENSEIL. It employs the skip-
per technology as well to achieve single-electron sensitivity. A run with a 2 g detector
in the MINOS cavern at Fermilab yielded constraints on dark matter-electron scat-

tering for a large range of sub-GeV dark matter masses.

¢ Room temperature scintillators
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Figure 1.7: Working principle of common detector types for the direct WIMP search:
(a) scintillating crystal, (b) bolometer, here with additional charge-readout, (c)
single-phase and (d) dual-phase liquid noble gas detectors, (e) bubble chamber,
(e) directional detector. From [30], and there inherited from [25].

Several large dark matter experiments are using high-purity Nal(Tl) crystals
placed in underground laboratories. When a particle interacts within these crystals,
atoms in the lattice get excited and the subsequent de-excitation releases scintillation
light, which can be easily collected by photomultipliers (PMTs). The simplicity of
this technology allows the detectors to operate stably for long periods of time and
accumulate large amounts of exposure. These detectors cannot distinguish nuclear
recoils from electronic recoils at low energy, so achieving an ultra-low background is
needed.

Experiments using scintillation crystals make use of the expected annual modula-
tion of the WIMP signal due to the inherit Earth motion around the Sun. This mod-
ulated signal over a much larger constant background is the leading analysis strategy
for this type of detectors. Using ultrapure Nal(T1) scintillators, the DAMA/LIBRA
experiment at the LNGS in Italy has reported a long-standing positive result com-
patible with the dark matter annual modulation expected from the Standard Halo
Model [31]. This result has been controversial since the WIMP mass and cross
section derived from it have been widely excluded by many other experiments, al-
though using different technologies. For this reason several initiatives appeared to
confirm or refute the DAMA /LIBRA result in a model independent way using the
same detection technology. The ANAIS experiment at the Laboratorio Subterraneo
de Canfranc operates 112.5 kg of Nal(T1) scintillators with an energy threshold of
1 keV and a background rate of 3.6 events/(kg d keV) in the (1-6) keV region. A
blind analysis of 6 years of data is incompatible with the DAMA /LIBRA modula-
tion signal at a 40 confidence level [32]. The COSINE-100 experiment, located at
the Yangyang Underground Laboratory in Korea, operates 106 kg of Nal(Tl) crys-
tals in a liquid scintillator, with an energy threshold of 1 keV and a background
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rate of 3.6 events/(kg d keV). Results from 3 years data in the (1-6) keV energy
range are consistent, at 68.3% confidence level, with both the null hypothesis and
DAMA /LIBRA’s best fit value in the same energy range [33]. Other initiatives and
future upgrades are foreseen: COSINE-100U, SABRE, COSINUS and PICOLON.

e Solid-state cryogenic detectors

Refrigerated ionization detectors and bolometers are highly sensitive to low-mass
WIMPs. The CDEX-10 experiment at the China Jinping Underground Laboratory
(CJPL) uses p-type, point-contact germanium ionisation detectors operated in liquid
nitrogen to probe dark matter masses down to 3 GeV [34]. These detectors operated
at 77 K can reach sub-keV energy thresholds and very low backgrounds, but lack
the ability to distinguish electronic from nuclear recoils.

Bolometers are ideal to read two signals, the thermal signal and light or charge,
as presented in figure 1.7. These detectors must operate at extremely low temper-
atures, typically tens of mK in order to minimize thermal fluctuations, allowing to
measure temperature increases of the order of K. Leading experiments of this type
are SuperCDMS at Soudan and SNOLAB, EDELWEISS at the Laboratoire Souter-
rain de Modane (LSM) and CRESST at the Laboratori Nazionali del Gran Sasso
(LNGS).

Semiconductor cryogenic detectors

They measure simultaneously ionisation and heat signals, making the discrimin-
ation between nuclear and electronic recoils possible. EDELWEISS operated cryo-
genic germanium detectors with NTD (Neutron Transmutation Doped) germanium
sensors for heat signal and aluminium electrodes for charge collection [35]. Super-
CDMS (Cryogenic Dark Matter Search) operates silicium and germanium bolomet-
ers [36]. It is optimized for the range of 1.5 to 250 GeV mass WIMPs but the spin-off

experiment CDMSlite has achieved exclusion limits for masses down to 30 MeV.

Scintillating cryogenic detectors

Light from scintillation crystals and heat is measured in this type of experiments.
A transparent bolometer is needed for the wavelength of the scintillation photons
and a double readout system that allows to distinguish nuclear from electronic re-
coils should be implemented. The CRESST (Cryogenic Rare Event Search with
Superconducting Thermometers) experiment has operated bolometers made of dif-
ferent materials (CaWO4, Al203, Si, LiAlO2) and has reached competitive limits
for spin independent WIMP-nucleon interaction up to m, = 160 MeV [37].

e Noble element detectors
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Noble elements like argon and xenon can be used as target nuclei. Some of the
most competitive experiments use dual-phase detectors combining liquefied gases
with a small portion of gas volume. They record the signals, scintillation from the
liquid and ionization from the gas phase. Also single phase detectors are in opera-

tion, both liquid and gas. In figure 1.7 the schematics of these detectors can be seen.

Single-phase detectors

The NEWS-G collaboration operates spherical proportional counters filled with
a noble gas. The advantages of this technology are the low intrinsic electronic noise
and a high amplification gain, allowing for low energy thresholds down to single-
electron detection, and the possibility to use different light targets (He, Ne, etc) [38].
A 60 cm diameter chamber operated at LSM with a gas mixture of Ne + CH4(0.7%)
at 3.1 bar, excluded spin independent WIMP-nucleon cross sections at 0.5 GeV with
an energy threshold 100 eV [39]. TREX-DM uses the same principle of detection as
well.

Liquid detectors measure scintillation signal form the target volume with a 47
covering of PMTs. The DEAP-3600 (Dark matter Experiment using Argon Pulse-
shape discrimination) experiment at SNOLAB is a single-phase liquid argon detector
with a total mass of 3.3 tons of argon [40]. In these experiments background dis-
crimination is handled by pulse shape analysis that allows to distinguish between

electronic and nuclear recoils.

Dual-phase detectors

Dual-phase -liquid and gas- TPCs detect simultaneously the scintillation and
ionisation signals generated by an energy deposition. After the particle interaction,
the primary scintillation signal, called S1, is recorded by two arrays of PMTs at
the top and bottom of the detector. Ionisation electrons released in the interaction
are drifted upwards to the gas phase where they generate a secondary light signal,
S2, proportional to the charge. The ratio between charge and light (S2/S1) can be
used to distinguish electronic from nuclear recoils, and 3D event reconstruction is
possible with spatial resolution at the order of mm. These detectors lead the efforts
to constraint the parameter space for a wide range of WIMP masses.

The XENONIT experiment at the LNGS has the best sensitivity to spin inde-
pendent WIMP-nucleon interaction for masses above 6 GeV using a dual-phase LXe
TPC with an active mass of 2 tons of xenon [41]. Close to this, the PandaX-II
(Particle and Astrophysical Xenon Experiments) experiment, operating at CJPL
using a dual-phase LXe TPC with an active mass of 580 kg of xenon [42], and
the already finished LUX experiment in the Sanford Underground Research Facility
(SURF) in USA [43], are the most sensitive liquid xenon detectors up to date.
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The DarkSide-50 at LNGS, is the best dual-phase liquid argon TPC, established
the best limit in the WIMP mass range from 1.8 to 3.5 GeV [44]. It uses 46 kg of
argon depleted in the radioactive isotope 3?Ar, produced by cosmogenic activation.

DarkSide-20k plans to produce 20 tonnes of this radiopure argon extracting it from
an old mine facility in Colorado, USA [45].

e Superheated liquid detectors

Bubble chambers are an old technology in particle physics, they were used in the
experimental discovery of weak currents, for example. Nowadays, they are mainly
used for dark matter searches. These bubble chambers consist of a metastable
superheated liquid kept at a temperature just above their boiling point so that
when an energy deposit occurs, above some threshold, a bubble is created. Figure
1.7 shows this detection principle. Bubbles can be counted and localized by cameras,
allowing mm resolution in the original interaction. These detectors can be tuned
in order that only nuclear recoil events will create bubbles. Also, different target
fluids with different composition can be operated inside. This is of great interest
for the spin-dependent interaction channel because it needs a target nucleus with
uneven total angular momentum. A particularly favourable candidate is 1°F, where
the spin is carried mostly by the unpaired proton, yielding a cross-section which
is almost ten times higher than of other employed nuclei with spin [3]. The PICO
collaboration is the main project working with bubble chambers. Several of them
have been operating at SNOLAB, like PICO-60 [46] or the recent PICO-500 which
is in construction, yielding to stringent constraints on the dark matter-proton spin-

dependent interaction.
e Directional detectors

These detectors aim to detect the incoming direction of dark matter particles.
This would unequivocally confirm the galactic origin of a signal and could probe the
region below the neutrino floor. These two advantages, though, face technological
challenges unsolved at the moment. The nuclear recoil track of WIMP-induced
interactions is below 100 nm for energies less than 200 keV in liquid and solid
materials. The solution proposed to this is the use of low pressure gases, at around
0.1 atm, where tracks can be resolved, as presented in figure 1.7. The first to
try this technique was the DRIFT (Directional Recoil Identification From Tracks)
experiment [47]. DRIFT operated at the Boulby Underground Laboratory in UK
over more than a decade using 0.140 kg of CSy+CF4+0, mixture at a pressure
of 55 mbar. Several directional detectors are presently in operation, with volumes

around 1 m® and masses of ~ 100 g, that can measure the sense of an incoming
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nuclear recoil above a few tens of keV. Most of them are gathered in the proto-
collaboration Cygnus [48], which coordinates the R&D efforts for gas based TPCs
with 1 keV threshold.
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Figure 1.8: Current exclusion limits for WIMP searches in the spin-independent
parameter space (m, and ogr). Elastic WIMP-nucleus scattering computed assum-
ing the standard parameters for an isothermal WIMP halo: py = 0.3 GeV cm ™ |
vo = 220km s7! | v = 544 km s, Plot from [3].

A new technique, based on fine-grained nuclear emulsions, has been proposed
for directional searches [49]. It makes use of solid-state detectors with silver hal-
ide crystals uniformly dispersed in a gelatine film, where each crystal works as a
sensor for charged particles. They are able to trace tracks smaller than 1 um in
size, achieving a superior spatial resolution compared to gaseous detectors. Current
emulsions allow for 100 nm tracking and target masses are around 1 kg, which is

still bellow the requirements for setting competitive limits.

1.4.4 Present status

Many experiments have been working hard to unravel the mysteries of dark matter
for decades. To date, no conclusive dark matter signal has been detected (despite
the long-standing claims of DAMA /LIBRA) but this does not diminish the value
of these experimental efforts. Dark matter masses and interaction cross sections
have been explored across many orders of magnitude, and experimental techno-
logy continues to be refined to extend the sensitivity reach and probe increasingly
deeper into the WIMP parameter space. The results of past and ongoing efforts are

gathered in exclusion plots like 1.8. The Standard Halo Model is used to compute
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the sensitivities of all experiments, allowing to compare different technologies and
results.

Exclusion limits are computed when no signal is present in the results, so when
the detection rate is compatible with the only background hypothesis. A likelihood
test is performed to address the maximum intensity of the dark matter signal that
can be hidden in the fluctuations of these backgrounds. For every possible dark
matter mass, the smallest cross-section that would have been discovered is computed,
so higher values are ruled out. In plots such as Figure 1.8, the white regions represent
areas of WIMP parameter space that remain untested. Masses above 10 GeV are
quite constrained and experiments are about to reach the hypothesized neutrino
floor, a background for dark matter searches never measured yet, while below 10
GeV there remains significant unexplored parameter space, and many experiments
are increasingly focusing their efforts in this region. One of them is TREX-DM,
the main focus of this work, a low-mass WIMP high-pressure gaseous detector with
Micromegas readout planes. It will be described in detail in chapter 3. Before, in
chapter 2 particle interactions with matter in gaseous detectors and the behaviour

of Micromegas readout planes will be presented.
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Dark matter searches draw on over a century of technological knowledge from
experimental particle physics. Since the development of the Geiger-Miiller counter
at the dawn of the 20th century, gaseous detectors have proved to be one of the
most useful technologies, helping in the discovery of many new particles and present
nowadays in some of the biggest experiments like CMS or ATLAS at the LHC
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in CERN or AMS-02 on board of the International Space Station. These detect-
ors offer remarkable versatility, they can be finely tuned in terms of pressure, gas
composition, geometry, and other parameters, making them highly adaptable to spe-
cific experimental goals. The technology has reached a high level of maturity and
now extends beyond fundamental research into industrial and applied domains like
medical physics, archaeology material science, geology... For dark matter searches,
gaseous detectors have reached the ton-scale in dual-phase detectors (liquid-gas).
These experiments, the most sensitive in the field, are not the only ones. Direc-
tional detectors, optimized to infer the incoming direction of dark matter particles,
or low-mass WIMP detectors like TREX-DM, one of the main interests of this work,
are other examples of gaseous detectors for dark matter searches.

This chapter discusses the physics of particle interactions in gaseous media,
providing the necessary background to understand the processes of ionization and
electron collection, which form the basis of gaseous detector operation. The fo-
cus is placed on one of the most recent advancements in this field: Micromegas
readout planes. This technology represents a core area of expertise for the Grupo
de Investigacién en Fisica Nuclear y Astroparticulas (GIFNA) of the Universidad
de Zaragoza, where I have developed my work. Its specific implementation in the
TREX-DM experiment will be detailed in chapter 3.

2.1 Particle interactions in gaseous detectors

Particle detectors adopt many different forms depending on their purpose. Special-
ized devices for a determined type of particle, for high detection efficiency, wide
range of energies, large volume, pixelized detectors, ultra fast timing setups... Many
different possibilities arise when the challenge is there; and no technology is well
suited for everything.

Gaseous detectors are devices that use a gaseous medium as sensitive volume.
Different pressures and gas mixtures allow to adapt these detectors for a wide range
of the above applications. The energy deposited in the gas can be collected in
different ways. The working principle of our gaseous detectors is based on ionization,
but there also exist gaseous scintillators where energy is collected as photons.

In an ionizing gaseous detector, like the Time Projection Chamber (TPC) shown
schematically in figure 2.1, when a particle interacts with the atoms of the gas, some
electrons may be extracted. In an non-instrumented volume, these electrons quickly
recombine with the atoms from which they were originally extracted. But when an
electric field is applied this is prevented, electrons and ions drift in opposite directions
and they are collected in the electrodes. If the signal induced in the electrodes by

the moving charges is read, one can detect the passing of an ionizing particle.
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u/ o Catodo

Figure 2.1: Schematics of a Time Projection Chamber (TPC) with a Micromegas
readout. Tons, in red, drift towards the cathode (Catodo) and electrons, in yellow,
towards the anode (Anodo). The cathode has the highest voltage in the system and
the anode is usually grounded. The avalanche region is defined by the mesh, a grid
close to the anode with an intermediate voltage that creates an intense electric field
(E,) to amplify the electron signal.

The primary ionization, formed by the electrons extracted directly by the incom-
ing particle, is very different depending on the nature of the particle and its energy.
In general, higher-energy particles deposit more energy, however, this depends sig-
nificantly on the particle type. The primary distinction is between charged and
neutral particles. Charged particles, such as muons, can ionize atoms along their
path if they carry sufficient energy. While neutral particles interact very differently,
scattering through the atoms and depositing energy only when they interact, like
photons and neutrons.

In this section interaction methods for photons, electrons, alpha particles and
other heavy charged particles, as well as muons are described. A dedicated subsec-
tion is devoted to neutrons as they are neutral particles that interact as dark matter

is expected to interact. More extensive reviews can be found in [50], [51] and [3].

2.1.1 Photons

Photons are neutral particles without mass. They can travel through matter mean-
ingful distances without interacting. And when they do, they transfer totally or
partially their energy to the medium in a point-like interaction. The parameter that
measures how far a photon may travel through a certain material is called atten-
uation length. It reflects the amount of photons of certain energy that remains in
a parallel beam without interactions after a certain length. The attenuation coef-

ficient is denoted by p and it can be extracted from measurements of the intensity
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of a photon beam traversing certain thickness x of material, being I, the incident

intensity of the beam:
I(x) = lye™"*

This parameter p sets the distance in which the intensity of the beam is reduced by
a factor e: the mean free path A = 1/u. Photons that do not cross the thickness
have interacted with the material. Depending on the energy of the incident photon

and the material, different interaction mechanisms are possible.
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Figure 2.2: Interaction cross section of photons in argon, decomposed into contri-
butions from the relevant processes. Extracted from [52]. Data available in XCOM

[53)].

Photons can deposit energy when they interact with matter in three ways: Pho-
toelectric effect , Compton scattering and pair production . Other types of scattering
like Thomson or Rayleigh scatterings, are not taken into account here.

The cross section o measures the probability of interaction for each method and
energy. It is a rescaling of the attenuation coefficient p taking into account the
density p of the material: u = op. It varies with the incident photon energy and
the atomic number of the target material. As a rule of thumb, in gaseous materials,
the photoelectric effect dominates up to 100 keV, Compton scattering is the most
abundant interaction between 100 keV and 1 MeV, and above 1.022 MeV, minimum
energy for pair production, this method appears, being the dominant from 10 MeV
onwards.

In order to compute the attenuation length from the cross section o tabulated

values, like shown in figure 2.2, one has to apply the ideal gas law:

n P
PV = T —_ = —
V =nR :>V T
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Using units of bar, K and m? the value for the ideal gas constant is

m3 - bar

R=82-107"——
K - mol

As an example of how the values from table 2.1 are obtained, let us explicitly
compute the attenuation length for a 6 keV photon at 1 bar.

2 l
p=opt =26-102 % .39.95 9 . 4161077 % = 0.43em
Vv g mol cm?

So the attenuation length is A = 1/u = 2.31 cm. In table 2.1 values are ap-
proximated, since their utility for detector design purposes does not need further
precision. What is more interesting is to highlight the inverse proportionality with

pressure.

Argon ‘ 6 keV 20 keV
1 bar 25 mm 75 mm
5 bar 5mm 15 mm
10 bar | 2.5 mm 7.5 mm

Table 2.1: Approximated mean free path of photons in argon gas at different pres-
sures for different energies. These energies are close to photons produced in typ-
ical calibration sources *>Fe and °°Cd. Values for cross sections extracted from

XCOM [53].

Photoelectric effect

The photoelectric effect consists in the absorption of an incident photon with energy
Ey by an atom and the emission of an electron from the atomic shells with energy
E = Fy — Egen. The explanation of this effect granted Albert Einstein the Nobel
prize in physics in 1921 and in 1923 to Robert A. Millikan for his measurements of
the photoelectric effect among other discoveries (he is known for the measurement
of the charge of the electron).

The absorption of a photon excites the atom and the energy excess is dissipated
with the ejection of an electron from the bounded shells. Only atomic shells with
binding energy below the energy of the incoming photon are available for this inter-
action so the cross section grows with sharp steps when the energy of a new shell is
reached. This effect can be seen in figure 2.2. Above the K-shell binding energy, the
photoelectric cross-section with this shell represents more than about 80% of the
total photoelectric cross section. It is also very dependent on the atomic number
of the element, being easier to extract electrons by photoelectric effect from bigger

atoms, due to the higher electron density in the material. This means that heavier
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atoms are more effective in stopping X-rays. The energy of the incoming photon is
also critical, hard X-rays are more penetrating than soft ones [54].

When the energy available is enough to eject K-shell electrons, these are the
most probable electrons to be emitted. Therefore very often vacancies appear in
inner shells. This makes other electrons in outer shells jump to fill the vacancy
and the energy excess of these outer electrons is emitted through two competing
channels: fluorescence photons and Auger electrons. In fluorescence the energy is
emitted as an X-ray photon with the energy difference between both shells. This
photon can ionize again the gas or escape the sensitive volume. This missing energy
lead to “escape peaks” in the energy spectrum. In the emission of Auger electron
the energy is transferred to another electron of the atom. If this energy is higher
than the binding energy the electron is ejected and can ionize again surrounding

atoms. In this case, all the energy of the original photon is recovered.

Compton scattering

Compton scattering is the inelastic scattering of photons in the electrons bound to
an atom. In this process, the photon transfers energy to an electron in the atomic
shells. The binding energy for this electron is several orders of magnitude smaller
than the photon energy when this process dominate (binding energies of few eV and
photons in the X-ray range, tens of keV), so they can be considered free electrons.
The energy shift in the bounced photon can be calculated using energy and
momentum conservation principles. Calling A\ the shift in wavelenght (AX =
A—XNo):
h (1 — cosf)

meC

AN =

0 is the deviation angle with respect to the incoming photon. So the shift in
energy is related with dispersion angle.

The maximum energy transfer occurs when the photon bounces back, 6§ = 180,
and it can be expressed in terms of the energy of the incoming photon E and de

electron mass:
2F

Mec?
AEmaX - E . 1_{_—2E

Mec?

When the transferred energy to the electron is higher than the binding energy
it is ejected. The spectrum of these ejected electrons is a continuum, due to the
variable transferred energy, but it has a characteristic end point at AF,,., called
Compton edge.

The cross section for this process was one of the first to be derived using quantum
electrodynamics, known as the Klein—Nishina formula [55], which can be consulted
in [52].
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Pair production

Pair production is the conversion of a photon into a pair electron-positron in the
presence of the electromagnetic field of an atomic nucleus. This third body is needed
to ensure momentum conservation. The pair production cross-section increases pro-
portional to Z2.

In order to create these two particles, the minimum energy at which this process
can happen is the sum of the two rest masses: 2x511 keV = 1022 keV, and it becomes
dominant at slightly higher energies. For example, in argon pair production is the
most probable interaction for photons with energy higher than 10 MeV, as can be
seen in 2.2. Therefore, for photons in the range of tens of keV, this process can be

neglected.

2.1.2 Charged particles

When a particle traverses matter, compared to its relative movement, it finds static
nuclei and electrons bouncing around. This can be seen as a lattice that holds an
electronic gas. An abstraction like that is closer to our present view of a metal
but, in general, from the perspective of a subatomic particle, most of the space
is empty with electrons floating around heavy charged nucleus. In this landscape,
electromagnetic interactions govern the behaviour of charged particle interactions
with matter.

When one of these particles traverses matter, the Coulomb force enters into
play. They ionize the medium extracting electrons while the energy deposited by
the Coulomb interaction is higher than the binding energy: for a energetic particle,
electrons will be extracted all along its path.

The shape of the path and the distribution of deposited energy along the path
depend on the nature of the particle. Alpha particles, for example, are very heavy
and their charge is 2e so they interact strongly with the medium. Their paths are
short and straight and while they slow down they deposit more energy per unit
length, therefore most of the charge is found at the end of the track. Muons are
light but very energetic. They are difficult to stop, very often they cross all the
sensitive volume leaving behind long straight tracks. Electron paths are tortuous,
they are very influenced by Coulomb forces, bouncing from one nucleus to another.

There are two main ways of interactions: Inelastic scattering (Coulomb) with
electrons in the atoms and Bremsstrahlung radiation. Other types of interactions
are possible, like elastic scattering with the nucleus, nuclear reactions or Cherenkov
radiation, but they are very rare (nuclear reactions) or deposit negligible amounts
of energy (elastic interactions).

The rate at which a charged particle losses its energy while traversing through
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Figure 2.3: Stopping power of positive muons in coper as function of the muon
momentum [3].

matter is known as the stopping power. In figure 2.3 it is presented for muons in
copper. The first calculation of energy loss due to Coulomb interactions was due to
Bethe in the 30’s of the XX century and the expression he derived is now known as
Bethe-Bloch formula, that can be reviewed in [51] and [3]. This expression and its
corrections are valid in the range from tens of MeV to hundreds of GeV, depending
on the target material. There are other analytical models for different energy ranges

and tabulated experimental values for when they fail [56].

Electrons

Due to the low mass of electrons and given that they interact with identical particles,
other electrons around the nuclei, relativistic effects need to be taken into account.
For example radiative energy losses by Bremsstrahlung become significant at relat-
ively low energies.

The energy at which ionizing losses and radiative losses become equal is called
critical energy. Figure 2.4 shows that for electrons in argon, the critical energy is
slightly below 10 MeV. For practical uses, values for stopping powers are tabulated

in [56] and ranges for electrons in different elements can be computed from there.

Alpha particles

Their bigger mass and double charge makes them quite unique because their depos-
ition of energy is highly non-homogeneous. They interact strongly with matter, they
are stopped easily with a thin sheet of material, but they can be seen if they are
generated inside the active volume of the detector. Due to the rapid loss of energy

their velocity decays very fast, typically in the range of few centimetres in 1 bar of
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Stopping power of electrons in argon
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Figure 2.4: Stopping power for electrons in argon due to scattering and Brem-
strahlung. Data from ESTAR [56].

any noble gas. At the end of their track, they go slower and, therefore, they deposit
more energy per unit length. This is called Bragg peak and it is clearly visible in
alpha events. In the next chapter this feature will be used to identify alpha particles
in the TREX-DM experiment, see figure 3.37.

Tabulated data for stopping power in different elements can be extracted from
ASTAR database [56].

Muons

Detectors used in rare event searches are typically located in underground facilities
to significantly reduce the flux of cosmic muons.

Muons are highly energetic and can traverse the entire detector without appre-
ciable energy loss, producing ionization uniformly along their track. Rare event
searches detectors minimize their impact when installed in underground facilities
and through detailed simulations [57]. In pixelated gaseous detectors, the signa-
ture of muons is particularly distinctive, as they pass through the entire detection

chamber, leaving a continuous, easily recognizable track.

2.1.3 Neutrons and dark matter

Neutral particles cannot interact electromagnetically with matter, so they are neither
affected by the electric fields of nuclei nor capable of ionizing atoms. This is the case
of neutrons and possibly WIMPs. They can interact via different processes, such as
elastic and inelastic scattering, spallation, transmutation or radiative capture. As
a secondary product of the interaction, charged particles may appear, which ionize

the surrounding atoms and thus can be detected.
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The main neutron interactions with matter is elastic scattering, in which the
neutron bounces off the nucleus in a perfect elastic collision. Kinetic energy is
conserved and no extra particles are emitted. A nuclear recoil due to this interaction
may produce secondary ionization that can be detected. This is the expected signal
for a WIMP recoil. Inelastic scattering is also possible. The incoming neutron is
absorbed by the nucleus forming an unstable compound, that quickly emits another
neutron with a lower kinetic energy. The nucleus is left in an excited state, and
it returns to the ground state through 7 emission. In transmutation, a neutron
is absorbed by a nucleus, causing it to transform into a different isotope. Usually
it decays very fast emitting a or § particles in the process. Radiative capture is
similar, again the nucleus absorbs a neutron and becomes excited, but in this case it
doesn’t decay into another element. To relax, the nucleus emits vy-rays and becomes
a different isotope. In both spallation and fission, the outcome is similar: the nucleus
breaks apart. Spallation involves the fragmentation of a nucleus into several smaller
components as a result of a collision with a high-energy neutron. In contrast, fission
occurs when a heavy nucleus captures a slow neutron and subsequently splits into

two or more fragments, releasing additional neutrons and photons in the process.

2.2 Electron behaviour in a gaseous detector

2.2.1 Charge generation

Incoming particles interact with gaseous media through different interactions as ex-
plained before. Most of the times, the result of this interaction is not only a single
electron extracted from one atom, but also many secondary decays that follow the
original interaction. Photons, for example, give rise to electrons ejected from the gas
molecules, but they are usually accompanied by Auger electrons and fluorescence
X-rays. Also, heavy charged particles and electrons lose their energy through in-
elastic collisions with the gas molecules that result in the production of electron-ion
pairs and excited states of the gas atoms, which relax to their fundamental state
through fluorescence emission and Auger electrons. Collisions with complex mo-
lecules can also activate rotational and vibrational modes which do not contribute
to the ionization yield.

The different contributions can be classified in two groups:

e Primary ionization: electron-ion pairs generated directly by the collision of

the incident particle with the atoms of the gas.

e Secondary ionization: some of the electrons generated in the primary ionization

may have enough energy to ionize further atoms. They are called J-rays.
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These subsequent ionizations continue until the energy of the ejected electrons

is lower than the ionization energy of the gas atoms.

The ionizing collisions occur randomly along the track of the charged particle.
The distribution of the number of ionizing collisions k£ in a segment s of the track

follows Poisson statistics

by k
P(k) = %es/k (2.1)
with A = 1/(N.oy) the mean free path, the mean distance between charge

clusters. N, is the electron density of the gas and o; the ionization cross-section.
The number of primary electrons per unit length is n, = 1/, which depends on the

type of particle, its energy and the gas mixture.

Work function W

Not all energy involved in the interaction is converted into electron-ion pairs. Part
of the incoming energy is lost in other excitation channels, such as scintillation or
vibration and rotation of the gas molecules. Experimentally, above few tens of eV

the mean number of extracted electrons, N, is proportional to the absorbed energy
E:

N, = E/W (2.2)

W is the mean energy needed to create an electron-ion pair in a certain gas These
parameters have been measured for many gases and with different ionizing particles.
For electrons and alphas in noble gases, similar values for W are measured, with
small deviations for complex hydrocarbons gases. The W dependence on the gas
composition is complex. In general, it increases with the ionization potential and
with the probability of the gas molecules to undergo non-ionizing mechanisms, such
as the promotion to excited, vibrational, and rotational modes.

For mixtures, the final W value can be computed as the weighted average:

1 . CAUA+CBUB
Wap Wy Wg

where C; and o; are the concentrations and ionizing cross-sections of the individual

(2.3)

gases.

Fano factor

Ionization processes are statistical by nature. Therefore two identical charged particles

depositing the same energy E in a gas will not necessarily produce the same number
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Gas | I (€V) | Lion (eV) | W (eV) | F
He 19.8 24.5 45 0.17
Ne 16.7 21.6 30 0.17
Ar 11.6 15.7 26 0.23
Xe 8.4 12.1 22 0.17
CH, 8.8 12.6 30 0.26
iC4Hyg 6.5 10.6 26 0.26

Table 2.2: Lowest excitation energy (lex), lowest ionisation energy ([i,,), mean en-
ergy for electron-ion pair production (W) and measured Fano factor (F') for different
gases. Table from [58], data from [50].

of electron-ion pairs. If the ionizing collisions would be completely independent,
the number of electron-ion pairs N, woudl fluctuate following a Poisson distribution
with variance oy, = N.. But the distribution of ionizing collisions is not fully inde-
pendent, as the number of ways an atom can be ionized is limited by the discrete
electronic levels. This shows as a reduced variance in the generation of electron-ion

pairs, accounted by the Fano factor:

ON, = FNe (24)

The Fano factor depends on the gas composition and the nature and energy of
the ionizing particle. The fluctuation in the number of primary electron-ion pairs is
the first contribution to the energy resolution of a gaseous detector. The fact that
an atom can only become ionized in a certain number of ways, results in a better
energy resolution than predicted by purely statistical considerations.

The lower limit to the relative energy resolution, R = og/FE, imposed by this

fluctuation is called the Fano limit, or intrinsic energy resolution, and it is given by:

R(% FWHM) — 2.35,/%1? (2.5)

Note that R increases < 1/4/N, since op o /N, and E Ne_l. The intrinsic
energy resolution of any gaseous detector can be estimated at any energy using the
tabulated values. For example, in argon at 5.9 keV, the energy of the ®°Fe isotope

main X-rays, the intrinsic energy resolution is 7.5% FWHM, equivalent to 0.44 keV.

2.2.2 Drift velocity

Electrons generated by incoming particles are drifted towards the anode, while res-

ulting ions move towards the cathode. Their masses are very different and if the
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electric field is homogeneous in all the conversion volume, electrons drift faster. Ton
drift will not be discussed further as only electrons are amplified in the readout
plane and induce a signal.

The movement of electrons under the presence of an electric field tends to follow
the general pattern of field lines but due to their small mass, thermal energy also
affects their paths. The overall result is a convoluted path with the general tendency
to follow field lines but far from being straight. Electrons scatter continuously
in surrounding atoms and molecules of the gas. Precisely this effect makes the
drift velocity stabilize. Electrons are accelerated by the electric field and, their
velocity would grow unlimited, for example in vacuum. But in a gas, electrons lose
energy through inelastic collisions with atoms. These two processes, one fostering
their velocity and the other stopping them, balance to reach the final drift velocity.
It is different for every gas mixture because the frequency of scatterings and the
mean energy loss per collision depends on the scattering sections of every atom and
molecule. For example, gas molecules have rotational and vibrational modes, what
favours inelastic interactions; while noble gas atoms tend to interact through elastic
scattering, which produces almost no decrease in electron velocity, only changes

their direction.

Electron drift velocity

= o
i

o

Drift velocity (cm/us)

Ar + 1% CyHyg
— Ar 4 2% CyHyp
11 — Ar+ 5% C4Hyg
' - Ar 4+ 10% CyHyg
O 2000 4000 6000 3000 10000

Electric field / Pressure (V/cm/bar)

Figure 2.5: Drift velocity of electrons with the reduced drift field for different argon-
isobutane mixtures, obtained from Magboltz [59] simulations and easily available in
[60].

The results of these effects are not always obvious. Pure noble gases tend to have
lower drift velocities because electrons suffer a lot of collisions before reaching the
anode, therefore, the total length of the path may be very long. On the contrary,

efficient inelastic scattering helps to reduce their velocity, so they follow straighter
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lines. However, if the velocity decreases significantly, electrons may get captured
by surrounding atoms and molecules in the gas, an effect known as attachment (see
section 2.2.4). Typical gases used in particle detectors are a mixture of noble gases
with organic molecular quenchers to reach a balance between different competing
properties, one of them the drift velocity. Also energy resolution, sparking limit,
work function W, etc., have to be taken into account.

The mean drift velocity can be parametrized as [61]:

va=TE (2.6)
me

where e and m, are the charge and mass of the electron, F is the value of the
electric field and 7(E) = 1/(Nosu) is the mean time between collisions. This time
is determined by the molecular density of the gas, N, the scattering cross-section,
0s, and the mean instantaneous velocity, u. Since the drift velocity depends on the
molecular density of the gas it will change with pressure. Figure 2.5 shows simulated
electron drift velocities in different argon mixtures with Magboltz, the code used to

extract and display the values can be found here [60].

2.2.3 Diffusion

Electrons generated after the primary interaction drift towards the anode. During
this movement, the electron cloud expands due to the collisions with gas atoms.
This is called diffusion and it introduces one of the main uncertainties in topological
reconstruction. The electron cloud expands in all three dimensions but the extent
of these elongations is different depending on the electric field applied. So, one can
distinguish between longitudinal diffusion, in the direction of the field lines, and
transversal diffusion, in the two orthogonal dimensions to the electric field lines.
Charge distribution along the drift path is modelled with a Gaussian shape whose

variance is determined by the diffusion coefficients, Dy and Dy:

2D;l
v

The diffusion coefficients, D;, depend on the electric field applied and properties
of the gas, as the longer the drifting time ¢, the more the spread in the cloud, and
this time can be obtained from the drifted distance [ and the drift velocity v.

2.2.4 Recombination and attachment

Not all electrons generated in the primary interaction reach the anode. There are
processes that reduce the number of collected electrons, the most important of which

are recombination and attachment.
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Figure 2.6: Longitudinal and transversal coefficients for different argon-isobutane
mixtures from Magboltz [59].

Recombination refers to the encounter of an electron and an ion to form a neutral
atom. This effect can be highly suppressed by applying an electric field, as it is the
case. But it is still relevant in environments with high electron-ion density, for
example along the development of an avalanche.

Attachment appears when a gas atom absorbs an electron, becoming an ion.
Noble gases have the lowest cross section for this process, their electron affinity is
very low, but organic molecules and above all impurities -oxygen and water mainly,
with high electron affinity- tend to absorb electrons drifting to the anode. If they
are present, the effect is very clear because less charges are collected per primary

energy deposition, shifting the energy spectrum towards lower gain.

2.3 Gaseous detectors and Micromegas readout

planes

2.3.1 Evolution of gaseous detectors

In early early XX century, the physicist Hans Geiger developed a particle detector
for alpha particles, later refined by Walther Miiller in the 1920s, the so called Geiger-
Miiller counter. This device is composed of a cylindrical cathode and a wire anode
passing through its centre. It detects ionizing radiation through gas ionization and
avalanche multiplication but provides only binary information, whether a particle
passed through or not.

In the 1940s and 1950s, proportional counters improved the performance by op-
erating at lower voltages, allowing the output signal to be proportional to the energy
of the incoming particle. This enabled basic energy measurements and expanded
the detector’s applications in nuclear and X-ray physics.

A major breakthrough came in the 1960s with Georges Charpak’s invention of
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the multiwire proportional chamber (MWPC). By arranging many wires in a plane
and reading them out individually, MWPCs provided position-sensitive detection
with high efficiency. They were widely adopted in high-energy experiments and
medical X-ray equipment.

The need for full 3D tracking led to the development of the time projection
chamber (TPC) in the 1970s. TPCs allow for three-dimensional reconstruction of
charged particle tracks by measuring both the position and drift time of ionization
electrons. Figure 2.1 shows a schematic version of a TPC. These chambers became
critical in collider experiments, handling high track densities with precision, and
they are also widely used in astrophysics and medical physics.

The Micromegas detector (MICRO-MEsh GAseous Structure) belongs to a wider
class of particle detectors commonly known as MPGD (Micropattern Gaseous De-
tectors) [62], together with GEM (Gas Electron Multiplier) [63] devices, that have
in common the fabrication techniques of microelectronics and photolithography to
achieve micrometric structures. Their main advantages are the high granularity and
fast response, so they become standard readout planes for gaseous detectors in high

energy physics, but also in nuclear physics, biology, medical applications, etc...

2.3.2 Micromegas readout planes

The main purpose of the Micromegas readout planes is to collect and multiply the
charges generated in the conversion volume, as depicted in figure 2.1. The number
of primary electrons generated in an ionization event is not sufficient to be directly
registered by the acquisition chain, so gaseous detectors make use of the avalanche
effect to multiply the number of charges by successive ionizations under the effect
of a very intense electric field. In a Micromegas detector, this behaviour is achieved
in a small gap, of the order of tens of um, between two metallic planes. The bottom
one is the anode where the charge of the avalanche is collected, and the upper one
is a mesh, an electrode with many holes. With an adequate application of electric
fields above and below this mesh, all the electric field lines that guide the electrons
go through the holes, as can be seen in a simple simulation in figure 2.7.

The geometrical configuration of the structure (distance between the electrodes,
their thickness, the hole disposition...) affects the performance of the detector, and
can, up to a point determined by the fabrication limitations, be chosen to fit the
application at hand. The latest generations of Micromegas rely on two different
fabrication technologies: Bulk [65] and Microbulk [66]. Both have the advantage,
compared with previous iterations, that both planes, anode and mesh, form a single
structure. The difference is in the mesh. Bulk technology uses woven wire mesh

(tenths of wm thick), which are very robust to stretching and handling and are
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Figure 2.7: Simulation of electric field lines in the amplification gap for 30 um hole
diameter and 50 pm gap. Figure from [64].

industrially produced. Microbulk Micromegas are even more refined: the two elec-
trodes are produced together from a copper-kapton-copper foil, where the anode
pattern is engraved at the lower copper foil, the mesh holes are etched at the upper
copper foil and finally the kapton is removed only below these holes. This technology
offers better homogeneity in the height of the gap, makes use of intrinsic radiopure
materials for its fabrication (kapton and copper) and allows gaps as small as 25 pum.
All Micromegas used along this work are microbulk Micromegas. They will be fur-
ther detailed in chapter 3. Their radiopurity, thanks to the techniques pioneered
in close collaboration with Rui de Oliveira, from the Micro Pattern Technologies
workshop at CERN under the collaborations RD51 and DRD1, have allowed to our
group to tailor them for rare event searches like axion searches in CAST and Ba-
byIAXO, dark matter searches in TREX-DM or neutrinoless double beta decay in
PandaX-III.

2.3.3 Amplification region in a Micromegas

As explained previously, when electrons reach the Micromegas plane, they enter in
a region called “amplification gap”. A high electric field is applied in that region,
typically around 50 kV/cm/bar, sufficient to produce many secondary ionizations.
Electrons are accelerated so that when they collide with an atom they are able to
ionize it. New electrons generated this way can ionize further and an avalanche of
continuous ionizations happens. This is the first amplification stage of the detector.

The number of charges is modelled with:

dN

=N 2.
o = Na (2.8)

45



« is the Townsend coefficient that represents the number of collisions that will
create an electron-ion pair per unit length. It shows a strong dependence on the
electric field applied, as shown in figure 2.8. It can be expressed as o = A~!, where

A is the mean free path of the electron.
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Figure 2.8: Townsend coefficient as a function of the electric field for argon and
argon mixtures. Data from Magboltz [59], image from [51]

Integrating equation 2.8 along the amplification gap, typically of the order of
50 wm, the gain factor, G, is obtained:

N
N(.’,U) = Noeam G = F = e (29)
0

This gain factor GG represents the number of ionizations created by a single
electron in an avalanche. This number cannot be increased at will, maximum values

are around G ~ 10% due to the Raether limit of the gas in which sparks appear and

the detector is no longer stable.

The number of final electrons after the avalanche can fluctuate and this affects
the energy resolution of the detector. These fluctuations can be modelled with a
Polya distribution [67]:

Qls

p(z,G,m) = m” 1 <£>m1 e ™ (2.10)

['(m)G \G

It is this gain fluctuation effect, together with the variance in the generation
of primary electrons of equation 2.5, that give rise to the energy resolution for a

Micromegas readout:
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W 1
R(%FWHM) = 235\ = (F + —) (2.11)

As an example, the limit to the intrinsic energy resolution at 5.9 keV in Ar + 2%

isobutane (iCyHjg) of a 50 um gap Micromegas detector operated at 60 kV/cm at
1 bar is about 11% FWHM [68] [69].

2.4 Some useful gas values for experimental meas-

urements

In the frenzy of the laboratory it is very useful to have at hand some of these gas
parameters. Do photons of certain energy interact enough in the sensitive volume to
see a peak in the spectrum? How big will the electron cloud reaching the detector
be? Which time window is needed to see long events?

All these questions involve tabulated gas properties and some basic relations to
estimate properties of the signal. Gas parameters are extracted from Garfield++,
which at the end makes use of Magboltz data. My colleague, Luis Obis, developed
a very nice tool to generate and visualize online this data, it can be found here [60].
Ranges and attenuation values for electrons and photons are tabulated in XCOM
[53] and ESTAR [56] databases. Also data for alpha particles and protons can be
found in the same ESTAR webpage, in the databases called ASTAR and PSTAR.

For photon mean free path values, the ideal gas law is used, as explained in
subsection 2.1.1, to obtain the density for each pressure and gas, and this allows
to translate the attenuation tabulated values to mean free path, A, following the

relation
1

~ Attenuation - Density

Table 2.3 presents photon attenuation length and table 2.4 the alpha track length
for argon and neon at different pressures. And table 2.5 show values for electron
drift velocity in mixtures of these gases with isobutane. These numbers are useful to

determine the expected features of the detected events according to the dimensions
of the TPC.
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Photon attenuation length (cm)

Argon Neon

Energy (keV) 1bar 2bar 4bar 10bar 1bar 2bar 4 bar 10 bar
3 3.58 1.79 0.89 0.36 2.98 1.49 0.74 0.30
6 2.35 1.18 0.59 0.24 22.07 11.04 5.52 2.21
8 5.17 2.58 1.29 0.52 51.86 25.93 12.96 5.19
22 93.12 46.56 23.28 9.31 968.88  484.44  242.22 96.89
24 119.69 59.85 29.92 11.97 1211.10 605.55  302.77 121.11
88 2539.89 1269.94 634.97 253.99 7118.06 3559.03 1779.51 T711.81

Density

(x10~3 g/cm®) 1.64 3.28 6.56 16.4 0.83 1.66 3.31 8.28

Table 2.3: Photon attenuation length in cm for argon (yellow) and neon (green) at
different pressures for different energies.

Alpha track length (cm)

Argon Neon
Energy (MeV) 1bar 2bar 4 bar 10 bar 1 bar 2 bar 4 bar 10 bar
5.3 4.34 2.17 1.08 0.43 7.25 3.62 1.81 0.72
5.5 4.58 2.29 1.14 0.46 7.64 3.82 1.91 0.76
6 5.20 2.60 1.30 0.52 8.65  4.33 2.16 0.87
7.7 7.59 3.80 1.90 0.76 12.54  6.27 3.14 1.25

Table 2.4: Alpha track length (CSDA range) in cm for argon (yellow) and neon
(green) at different pressures for different energies.

Electron drift velocity (cm/us)

Argon Neon
E field
Pure 1% Iso 2% Iso 10% Iso Pure 1% Iso 2% Iso 10% Iso
(V/cm/bar)
10 0.13 0.63 0.45 0.18 0.15 0.48 0.46 0.20
100 0.24 2.43 3.29 2.51 0.4 1.55 1.88 1.88
500 0.35 1.41 2.08 4.56 0.85 1.86 2.31 3.84
1000 0.42 1.32 1.84 4.0 1.67 2.39 2.72 3.93

Table 2.5: Electron drift velocity in cm/us for argon (yellow) and neon (green)
mixtures with different percentages of isobutane and different electric fields.
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“A wosotros, los que vengdis a hacer lo
que nosotros no hemos hecho (...), os confio

mi fracaso, y os deseo la victoria.”

- Pedro Salinas, A vosotros

TREX-DM experiment
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3.1 The experiment

TREX-DM (TPC for Rare Event eXperiments - Dark Matter) [70] is a time projec-

tion chamber with ultra low background and Micromegas readout planes, developed
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at the University of Zaragoza for low mass WIMP searches, below 10 GeV ¢2. It
hosts two twin TPCs sharing the same cathode at high pressure, up to 10 bar. It
is installed in the Laboratorio Subterrdneo de Canfranc (LSC) since late 2018, and
during these years, continuous improvements in background level and threshold have

been achieved.

The project T-REX (Time projection chambers for Rare Event eXperiments) got
a ERC Starting Grant between 2009 and 2015 to develop low background gaseous
detectors for rare event searches. Two main developments came out of this R&D
project. For neutrino-less double beta decay a partnership first with NEXT [71] and
after with PANDA [72] collaborations explored the usefulness of Micromegas readout
planes for this rare decay searches. And regarding dark matter searches, TREX-DM
emerged [70] as a competitive experiment due to the intrinsic low background of these
detectors. This experiment profits from the experience of the group working with
gaseous detectors and Micromegas readout planes as X-ray detectors for the solar
helioscope CAST [73] which has been producing physics results until very recently
[74]. For the next generation helioscope, BabylAXO [75], similar detectors are being
developed pushing background levels to even lower values [76]. As mentioned, this
technology has been applied in the past for other rare event searches like neutrino-less
double beta decay in the PandaX-III experiment, and also for dedicated detectors for

radiopurity measurements like AlphaCAMM [77], a surface contamination detector.

With this background, all ingredients were available to develop a dark matter
detector based on a gaseous TPC. The main challenge was the limited mass available
in a gaseous detector, that can be partially mitigated by using a big chamber able to
operate at high pressure. This implies big readout planes and a lot of material near
the active volume that need to be carefully selected to minimize radioactivity-related
background. Pressure was not a problem, as a dedicated chamber was designed to
withstand pressures exceeding 10 bar. And a thorough campaign of radiopurity
measurements were performed to select the material of most inner components.
For readout planes, two large radiopure microbulk Micromegas, 25x25 cm?, were

produced, the biggest and more radiopure up to that date.

The target gas should maximize the sensitivity at low WIMP masses, what ex-
plains why neon was initially selected -smaller atomic mass means more energetic
nuclear recoils for same WIMP mass, as already explained in section 1.4.3, see fig-
ure 1.5 -. However, due to the scarcity of this gas provoked by the Russian war on
Ukraine (the latter being one of the biggest producers of noble gases worldwide),
and because it is a mixture we are very familiar with, argon-isobutane (CyHjg) is
currently employed. Isobutane is a quencher gas, called like this because it helps
to prevent UV photons escaping from electron avalanches and ionizing further in

the gas volume, so it mitigates the sparks, making the detector more stable and
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Figure 3.1: Experimental setup of TREX-DM: a) Twin time projection chambers.
b) Micromegas readout planes. c¢) Copper vessel. d) Lead shielding. ¢) DAQ
electronics. It is outside of the shielding to prevent radioactivity from electronic
components.

increasing the maximum gain -at least at low pressures-. The low atomic mass of
carbon and hydrogen also helps to increase sensitivity to low mass WIMPs.

The detector was tested in University of Zaragoza before being installed in the
LSC. There, together with the TPC, a shielding made of lead and polyethylene
for environmental gammas and neutrons was installed partially surrounding the
chamber. The main effort during these years has been reducing the background. As
it will be further detailed later, this involved changing some of the critical elements of
the detector, like the readout planes. Efforts to further reduce the energy threshold
are ongoing and a hybrid structure of a GEM plus Micromegas readout plane is in

use nowadays.

3.1.1 TPC design

The TPC of TREX-DM is made of several elements: a vessel to contain the gas,
a field cage to apply the drift field and the readout planes. Several ancillary sys-
tems are also crucial for the routine operation of the experiment like the calibration
system, the gas panel, the electronics and data acquisition and the slow control to

monitor everything.

Copper vessel
A 0.5 m length, 0.5 m diameter cylinder is the central body of the chamber,
closed in both ends by two end caps. The body is made of Electrolytic Tough Pitch
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Figure 3.2: Left: Micromegas readout plane attached to one of the end cups. Middle:
Closed vessel about to be placed inside the shielding. Right: TREX-DM is installed
and operating in Hall A of the LSC. The lead shielding surrounding the chamber
and the lower part of the polyethylene neutron shielding are visible [64].

Copper (ETP Cu) and the end caps of Oxygen Free Electronic Copper (OFE Cu).
Their thickness is 6 ¢cm, withstanding up to 12 bar; it also serves as the first com-
ponent of the passive shielding to block external gamma radiation, see figure 3.2.
The end caps have two additional features: on one hand, they act as the holder
for the readout planes, which are attached to them through a copper structure; on
the other, they guide the feedthrough cables with which the recorded signals are
extracted, figure 3.3 left. The feedthroughs slits have been machined in diagonal
with respect to the perpendicular of the endcap to impede any straight travelling

particle reaching the active volume.

Figure 3.3: Left: Feedthroughs and support structure for a Micromegas plane in the
end cap of the vessel. Right: View of one of the two halves of the field cage: the
aluminized mylar cathode, reflecting in the middle; the teflon frame of the support
structure of the field cage holding the field shaper. The copper block to shield the
calibration source can be seen in the right. On the left, one of the high voltage
cables to power the drift cage.
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Field cage

Inside the vessel, the active volume is delimited by the field cage. It is a structure
designed to generate an electric field capable to move electrons produced in ioniz-
ations towards the readout plane. TREX-DM is composed by two twin volumes
sharing the same central cathode, that can operate as two independent detectors,
each with half of the total volume and its own field cage. Each drift volume is
25%x25x16 cm?.

The field cages are composed by a cathode and the field shapers. In this case,
they are copper rings printed on a thin sheet of kapton that follow the squared
shape of the Micromegas readout plane. They are connected through 100 M(2 res-
istors with the purpose of maintaining appropriate voltages on each ring so that the
electric field stays as homogeneous as possible. A detailed electronic diagram of the

field cage can be seen in figure 5 of [70].

Calibration ports

Regular energy calibrations are done between background runs. With this in
mind, two special feedthroughs were designed to introduce radioactive sources close
to the active volume. Each one consists of a *Cd placed at the end of a rod in a
small hole that crosses the vessel. It can be placed slightly inside the inner chamber
but usually it is sufficient to leave as is. Each calibration port has a movable copper
block that shields the activity when the source is not needed. The ports are denoted
in the layout of the experiment, figure 3.1, while the copper block corresponding to
the nearest active volume can be spotted on the right hand part of figure 3.3 right

picture.

Gases and recirculation system

TREX-DM has been conceived to operate with neon and argon noble gases up
to 10 bar with certain amount of isobutane as quencher gas [78]. This means 0.3 kg
of argon or 0.16 kg of neon as target mass. The main two mixtures, Ar +1%iCyH;g
and Ne+ 2% iCyHy were explored at different pressures in [79]. Transmission fields
and amplification voltages for these were studied in a small time projection chamber
with a non-segmented microbulk Micromegas.

Handling gases requires some effort and good logistics. In the LSC, gases come
in bottles of 50 liters at 100 bar that have to be stored outside the lab or in safety
cabinets. Dedicated pipes carry gas to the experiment passing through a gas panel
that allows to control the flow and the pressure, see figure 3.4. It also contains a
binary gas analyzer in case gas purity checks are needed, oxygen and moisture filters
and a pump. TREX-DM has operated in closed and open loop. In the first case,

once the chamber is filled, gas circulates through the gas panel to filter it and avoid
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Figure 3.4: Gas panel of TREX-DM in LSC. It allows to fill the vessel make vacuum
if needed, operate in open or closed loop and control flows and pressures.

degradation of the mixture. This allows to use more expensive gases because the
consumption is reduced. In the open loop schema, new gas is flowing inside the
vessel all the time and it is continuously evacuated through the exhaust. In this
case, the flux has to be tuned to minimize the expenditure of gas while preserving
the performance of the experiment.

The system can be coupled to a pumping station, that allows to pump it down to
values of the order of 10~ mbar after it has been opened to air and before injecting

gas anew.

3.1.2 Micromegas detectors

The Micromegas of TREX-DM have an active area of 25x25 cm? and 512 channels
in total, half in the X direction and the other half in the Y. Table 3.1 shows the
differences of the two designs, V1 and V2, that have been used along the years (figure
3.5). The main changes concern improvements towards avoiding crosstalk and leak
currents, by increasing the distance in the routing of the channels (see figure 3.6
for a detailed view of one of the routing layers), and reducing the density of pads
in the connections, as will be commented in section 3.4. This lead to the signals
being extracted in four flaps instead of two, and the necessity to implement a new
decoding (correspondence between detector position and DAQ channel). For a close
look of the layers and pixel disposition in the Micromegas V2 see figure 3.7.
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However, a big difference was related to the radiopurity of the new planes. The

main source of radioctivity had been identified as “°K coming from the etching of

the holes in the mesh carried out using Potassium Hydroxide (KOH). This chemical

compound deposits as residue on the walls of the holes, thereby contributing to

contamination through the isotope *°K. Consequently, the MPT group at CERN,

manufacturers of these devices, proposed a cleaning process with deionized water

that could be applied in the final step of the production process to reduce this

contamination. To track the source of radioisotopes, samples were measured in

germanium detectors in the LSC to trace their evolution along the different steps of

the fabrication. In [64] the whole process is described in detail.

Parameter MM V1 MM V2
Minimum distance between channels (jim) 75 500
Minimum distance between channels and ground (pm) 200 4000
Number of flaps (units) 2 4
Distance between pads in the connector bellows (um) | 150 (fujipoly) | 4000 (FtF)
Amplification gap (pm) 50 50
Distance between strips in the active area (pm) 20 100
Hole pattern (Diameter-Pitch) (pm) 50 - 100 60 - 110

Table 3.1: Comparison of design parameters between Micromegas V1 (installed in
TREXDM in 2018) and Micromegas V2 (installed in TREXDM in 2022). Table

extracted from [64].

Figure 3.5: Left: First Microbulk Micromegas installed in TREX-DM in late 2018
(V1). Right: Second design of Microbulk Micromegas detector installed in TREX-

DM in 2022 (V2).
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Figure 3.6: Drawing of the second layer of the Microbulk Micromegas detectors
version 2. In this layer, 512 channels extracting signals from 25x25 cm? active area
can be seen. Upper inlets with close ups of the pixels of each strip and the extraction
in both directions. Lower inlet, small portion of the face-to-face connector. Image
from [64].
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A Micromegas 3D view

Strips in layer 2

Figure 3.7: Close look of the 3D model of the microbulk Micromegas V2 design. In
blue kapton, in orange copper. Upper: Top layer (1) showing the mesh. Hole pattern
over each pixel can be seen, with strips in X direction in layer 2, and Y direction in
layer 3. Middle: View of layer 2. Charge collected in X pixels is read through strips
in this layer while Y pixels have connections, denoted by (f), with layer 3 where its
signal is extracted. Bottom: Slice of the general view of the Micromegas. Another
layer is included, number 4, 150 um below for grounding. Distance between layers
1, 2 and 3 is 50 um. Copper layers have 17 um thickness. Adapted from [64].
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3.1.3 Electronics and DAQ system

Signals from the Micromegas are extracted outside the vessel through flat radiopure
cables. They are fabricated following the same procedure and with the same mater-
ials as the Micromegas. Two of them are needed for Micromegas V1 and four for
V2. In figure 3.8 one of the flat cables for V2 can be seen. These flat cables are long
enough to traverse the first layer of lead shielding, as seen in figure 3.9, and leave the
Front-End electronics, as a source of background, outside. Specific connectors were
installed at each end of the flat cables. Both versions make use of ERNI connectors
towards the Front-FEnd electronics and BNC ports for grounding. In figure 3.9 the
four flat cables from one side can be seen, each carrying 128 channels, coming out of
the chamber. But towards the Micromegas an upgrade was implemented between
V1 and V2. Micromegas V1 had Fujipoly connectors whose tight footprint lead to
leak currents. This is prevented in Micromegas V2 with a new design of Face-to-Face
connections.

Signals reach the acquisition system with the help of blue flat cables that connect
ERNI connectors in the flat cables with those in the boards, as shown in figure 3.10.
FEC-Feminos boards are used to digitalize and save the signals that are sent to the
computer, see figure 3.11. They contain the AGET chip, the core element of the
acquisition system, whose internal electronic chain is described 3.12. Each board has
4 chips, recording 64 channels each. This means that two boards are needed for every
Micromegas of 512 channels, so 4 in total for both sides of TREX-DM experiment.
These chips have the capability of recording signals with different sampling rates,
sampling times, gain, position in the time window... Auto trigger is the main feature
compared with older versions (AFTER) and a TCM board (Trigger Clock Module)
is used to distribute trigger signals sent by any of the chips to other boards. This
enables both sides to function together as a single detector for coincidence event
detection. In figure 3.13 the schema of the acquisition system is shown. Also, several
acquisition modes are possible: save only hit channels when trigger is launched or
save all channels, whether there is a pulse or not. These capabilities are extremely
useful to better extract the topology of the events registered in the TPC because
some have features that are better seen in different acquisition configurations (gain,
time length, sampling rate...). Some examples of pulses recorded with FEC-Feminos
boards and AGET chips can be seen in 3.14.

3.1.4 Shielding

The LSC is located in a tunnel in the Spanish Pyrenees, under 850 m of rock of the
“Tobazo” mountain. This amount and type of rock blocks very efficiently the cosmic

radiation, a factor of five orders of magnitude. This characteristic makes it the 3"
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Figure 3.9: Installing the vessel inside the shielding. The four flat cables of one of
the Micromegas can be seen coming out from one of the end caps.



Figure 3.10: Connection between the flat cables and the FEC-Feminos through the
blue cables.

FEC

U et
1 ,I

8 Feminos > |

Figure 3.11: FEC-Feminos with four AGET chips. Two of these boards are needed
for each Micromegas, four in total for the TREX-DM experiment.
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Figure 3.12: Schematic overview of the steps inside a channel of the AGET chip that
consists of the charge sensitive amplifier (CSA), the pole zero cancellation (PZC),
the Sallen and Key Filter (SK) and the inverting 2 gain (Gain-2) stages. Arrows at
the top of the figure indicate which of these stages can be bypassed. From [80].
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Figure 3.13: Diagram of the acquisition system. Four FEC-Feminos boards syn-
chronized through a TCM board and connected to the control computer with a
switch. Image from [81].
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Figure 3.14: Examples of recorded pulses with AGET chips.
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deeper one in Europe only after the Gran Sasso Laboratory in Italy and Laboratoire
Souterrain de Modane in France. The mountain constitutes the first shielding layer
of the experiment, as the cosmic rate flux in Hall A, where TREX-DM was located
between 2018 and 2023, is (5.26 & 0.21) x 1072 m~2s~! [82].

However, the natural radioactivity around the detector, from the rock itself and
all the materials surrounding the experiment, is important. For this reason, a specific
shielding for environmental gammas and neutrons has been designed for TREX-DM.
It consists in 5 cm copper cradle for the vessel, 20 cm thick layer of lead and 40 cm
of polyethylene at top and bottom plus water tanks surrounding the lead castle
[78]. The only neutron shielding in place until early 2025 was the layers below the
chamber; in early 2025 the upper part was completed and a number of water tanks
were placed around the detector covering almost 40% of the perimeter. This was a
decision motivated by the continuous interventions to the detector needed for the
improvements. The full neutron shielding is expected to be mounted early 2026.
In figure 3.2 the copper cradle and the complete lead castle with the polyethylene
bottom layer can be seen. Picture 3.9 is also illustrative of the thickness of the lead

shielding.

3.2 Data management and analysis

3.2.1 Data storage

FEC-Feminos boards send the data to the acquisition computer and from there to a
data server for long term storage. Raw files are text files (.aqs) that store for every
event the ID number for each recorded channel and a string of 512 numbers with
the amplitude level of the signal for each bin. Plotting these raw events is what
is shown in figures 3.14. A raw file also keeps some metadata of the run, like the
settings of the AGET chip, time duration of the run, etc. For every event, an ID
is assigned and the time stamp is also stored. Since late 2024, data is also stored
directly in ROOT files thanks to our colleague Luis Obis.

3.2.2 REST-for-Physics

The REST-for-Physics (Rare Event Searches Toolkit for Physics) framework [83]
is a software mainly developed by the Grupo de Fisica Nuclear y Astroparticulas
(GIFNA) of the University of Zaragoza. It is a modular software created to analyse
gaseous detectors data both from experiments and simulation. Having everything
in the same framework simplifies the comparison between them.

With experiential data, like the .aqs or .root recorded with FEC-Feminos boards
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in TREX-DM, the file is conveniently interpreted by REST and recast into ROOT
files, if needed. ROOT [84] is an analysis software developed by CERN and widely
used in particle physics community. ROOT files are particularly well suited to
optimize the data storage of huge amounts of data, at the end, it was created to

store and handle data from large particle accelerators like the LHC.

o  Raw = i = B - = e
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TRestTrackAnalysisProcess |
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Figure 3.15: An example of a REST-for-Physics processing chain. In green different
data types, in orange processes that transform between data types and in yellow
analysis processes. Experimental and simulation branches merge at a certain point
in the processing chain, facilitating the comparison between both.

The basic unit for data storage is the “TRestEvent” [85], but it can have different
event types. The pulses shown if figure 3.14 are “TRestRawSignalEvent”. At higher
levels of analysis, pulses can be converted into “hits”, energy deposited in certain
coordinates and time, this is a “TRestDetectorHitEvent”. And this can be further
reinterpreted as a “track”, a path along which the particle has deposited energy,
this is called “TRestDetectorTrackEvent”. The transformation between types of
events is made through the "TRestEventProcess” class. Many processes have been
created, not only to transform data but also to analyse it. Many characteristics of
the events are measured and stored in variables called “observables”. And the third
main element of REST is the metadata class “TRestMetadata” which stores the info
of the run and the processes applied to the data. This is one of the main features
of the framework as it allows to keep track of all the details of the analysts inside
the data file. An example of a data processing chain with Rest-for-Physics is given
in figure 3.15.

REST-for-Physics was developed knowing how crucial simulations are for an
experiment devoted to rare event searches. Therefore, since its birth, GEANT4
[86] simulations have been implemented inside the framework. An extra layer was

adopted to launch GEANT4 simulations from .rml files using .gdml to define the
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geometries. This was developed in the library "restG4”. Simulations are then
treated in a way that result comparable with experimental data, this is shown in
figure 3.15. Electron drift in gaseous media is simulated, also the shaping to the
collection of charges and noise can be added, and the spacial distribution that allow
to identify in which channel charge would be collected... All processes that are
needed to transform simulated data into the shape of real data are available. When
simulated data arrive at “TRestRawSignalEvent” satisfactorily, the same analysis

chain can be applied to both types of data, simulated and experimental.

3.2.3 Quick Analysis

Data is stored in the “Sultan” server of GIFNA. Once a new file arrives, a cron job
takes care of analysing it and producing several files with different event types and
observables associated to them. To keep track of the evolution of the performance
of the experiment, several reports are automatically generated with the metadata
of the run and plots of key observables. “Raw” contains maximum peak time delay,
baseline sigma, average rise time, average peak time, number of signals and energy
observables. “Hitmaps” plots the mean position of events applying different selec-
tion rules. “Fiducial” plots energy spectra selecting events for smaller areas of the
readout plane. “Evolution” plots the same observables as “Raw” but in 2D plots
versus time. And “Summary” is the shortest with just the metadata and three plots:
energy spectrum, hitmap and evolution plot of the energy (energy vs time), see 3.16.
Metadata is the same in all reports. It gathers information of the conditions of the
experiment for this run: gas pressure, mesh and cathode voltages, electronic gain,
date, run time, number of events...

To facilitate the tracking of the data taking, the “Summary” report is automat-

ically sent through a dedicated Slack channel when it is produced.

3.2.4 Slow control

The experiment has a long list of components and devices that are crucial for the
behaviour of the detector. The most obvious ones are the power supplies used for
the drift and amplification fields; but also pressure gauges, power supplies for the
acquisition boards, gas sensors... Everything is monitored and controlled through a
parallel system called “slow control”.

For developing reasons, the overall system is split in several panels. The slow
control has been evolving with time -new sensors, GEM + Micromegas, different
gases, etc.- but in figures 3.17 and 3.18 are shown the two main windows in March
2025. The first one controls the HV power supplies: Caen N1471H and Spellman
SL30. The first module has four channels and is used for Micromegas and GEM
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Figure 3.16: Quick Analysis report from a °°Cd calibration run. Upper left:
Metadata. Upper right: Evolution plot of the energy spectrum. Lower left: En-
ergy spectrum. Lower right: Hitmap. Keep in mind that events from both sides of
the experiment are plotted together, this explain the two rays in the hitmap, one
from each side.

voltages. The system allows to detect possible trips -sparks that produce important
peaks in current that may damage the detector-, and react to this by switching
off all the surrounding channels, including the cathode, if necessary. This slow
control, developed by my colleague Alvaro Ezquerro [87], allows to program ramp
up routines, the logic for trip recovery and shut downs, monitor voltage and current

in all channels, switch on and off channels and the equipments itself.

The second window 3.18 is the gas panel. It displays pressure, temperature and
flow in several points of the gas system, as well as the position of several electro-

valves. The “PLOTS” section is still in the window but is not used any more.

3.2.5 On-the-fly event viewer

Last year a nice upgrade of the data taking software by Luis Obis allowed to see on
real time the recorded signals and plot with a small delay some basic observables.
This viewer allows a look at the data in real time, simplifying and shortening several
tasks and tests especially at commissioning times. An example of the display window

is shown in figure 3.19.
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Figure 3.17: Window of the slow control for HV power supplies. Dark green channel
available and OFF, vivid green channel ON, red TRIP. It allows automatic trip
recovery and gradual ramp up of the voltages.

3.3 Background levels

TREX-DM background levels were assessed in the design phase. A long campaign of
radiopurity measurements with high-purity germanium detectors was performed in
the Laboratorio Subterraneo de Canfranc in order to quantify the radioactivity of all
materials susceptible of being included in the detector. The impact of these meas-
ured activities were simulated in the Geant4 model of TREX-DM and summarized
here [78]. Intrinsic contributions, as well as cosmogenic activity in the copper vessel
and in the gas, environmental gammas, neutrons and muons. With these contribu-
tions, the expected background level was 10 counts/keV/day/kg (dru). Recently,
several scenarios were reviewed, and sensitivity prospects were calculated. In figure
3.20, scenario C reflects this estimated background level with 10 dru.

Unfortunately, measurements from the initial data-taking period revealed that
one background contribution had been underestimated: radon-induced activity. The
atmospheric 2?2 Rn decay chain can be seen in 3.35: the contribution of electrons from
B decays was already counted in the 10 dru level estimation; and alpha particles
emitted along the chain have energies much higher than the region of interest for
dark matter searches, below 7 keV: nonetheless, secondary emissions due to energy
transitions between excited atomic levels of the product of the decays were not
taken into account. This included a non-negligible production of low energy photons
precisely in the range of interest of TREX-DM.

Simulating the full 222Rn chain for volumetric activity in the target gas, almost
8 events per disintegration were recorded, which are exactly the 4 alpha and 4
decays in the full chain. The energy deposition of these events is very different, and

some are seen by the detector as low energy events. For example, particles appearing

66



Elle

~STATE PLOTS
“ Wacuum  Fressura Change ~ Data Logger # Nona FT40 FTal br_p I ey
| =l a0 FaTae hl:_q :;eﬁl_a [ uens‘n‘r_rmz |
‘GAS SELECTION i PT22 QUALbrm | easw b | sensormd |
Frgen | ~imer e hrs — !._..__._..._..... = it
GAS CIREUIT G epelimans | sonsor
PRESSURE CONTROLER Cpip TT30 | spellmanl | sensor_mws |
PTAL |bartalls 1,10  PVCAL stjbartall 110 =
Pressure Maasure Mpinb Elgctranic 1 Eleztranic 2
W PTA0 jbarfa 280 W TT4D HCI 728 ey feam 7
Frassure Massuire MhpP relay an 6T
W PT32 [barla.  4.56 W TT32 [9C): 188
Prassura Maasura MipP 3 Bl
™ PT30 |earls 1356 M TT30 [9C): 167.2 (Right}
RLSC Pump Relay 40VAE Prisy, Val ~ relay an ~ relay an
relay an * Open relay aff rielay off
* relay oft Close
FLOW CONTROLER €fin e s S -
Exception catch a1 OF2 pre: ‘Cats’ object has no sttribute *Mpand P =~
Faran (inth]: 2.0 FQran setiinh] 20 Exception catch at OP2 pre; 'Cats’ object has ne attribute 'MpinD P’
FLOW Measurer MoutD Exception catch at OPZ pre: 'Data’ object has no attribute 'MpinD P’
Q741 [irvh]; 212 Exception catch at OF2 pre: 'Cata’ object has ne sttribute 'HpinD P’
. Exception :atc:\ Bt OPZ pre: 'Date’ n:_]ec‘t hes ne atiribute 'HMoinD P’
. - . Exception catch at 0P2 pre: 'Dats’ object has ne attribute 'MoinD P
MARLGM e ae g Exception cateh at P2 pre: 'Dats’ sbject hes ne sttribute ' Moind P
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gas system.
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Figure 3.20: WIMP parameter space (WIMP mass and WIMP-nucleon cross sec-
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plotted, Ne-based mixtures in black and Ar-based mixtures in grey. Figure from

[38].

close to the border may leave only a fraction of their energy in the sensitive volume.
Others generate secondary particles of lower energy. This leads to a contribution of
events below 50 keV of the order of 1.3 per ?*?Rn disintegration.

This estimation of the contribution at low energies from the #*Rn decay chain
admits a refinement. Due to the electrostatic field present in the gas volume, many
isotopes in the chain end up attached to the cathode, not floating in the gas as in
the simulation shown above. This is particularly relevant for 2!°Pb because, with a
half-life of 22 years, it accumulates in the cathode. Therefore, decays of this isotope
from the cathode were simulated to assess the impact at low energies. A total of
29487 simulated decays produced 52222 events below 50 keV, roughly 1.8 low-energy
events per disintegration. This shows that surface contamination from the cathode
probably is more dangerous than the volumetric ??2Rn. Volumetric **2Rn can be
prevented, as it will be described in the section 3.4.2. The solution is to prevent
radon exposition to minimize the amount of surface deposition. This implies fast
and careful manipulation from production until installation in the detector of the
most critical pieces, the readout planes and the cathode. This last piece can be
changed regularly to prevent accumulation if exceptionally low levels are needed.

A detailed explanation of the impact of the alpha particle background to the
low energy range is given in section 3.4.2, along with the methodology developed to
reduce it. Nowadays, the levels of volumetric contribution have been significantly

reduced and the remaining contribution probably comes from surface contamination.

68



gdAna_sensitiveVolumeEnargy {g4Ana_sensitiveYolumeEnergy<b0}

htemp
300 Enfries 13424
Mean 20.63
Sid Dev 14.2

280

200

150

100

=
-
=
2
2

g4hAna_sensitiveVolumeEnergy

Figure 3.21: Low energy spectrum from 10000 simulated ??2Rn decays in the gas
volume of TREX-DM.

During the last year, alpha levels have been around 1 count per hour, being the low-
energy counterpart the dominant contribution to the low-energy background. With
the present background levels, the sensitivity of the experiment is in scenario A in
3.20. A reduction of background of one order of magnitude is needed to achieve the

first scientifically relevant scenario, C, after a reduction of alphas of a factor 5 to 10.

3.4 Characterization of Micromegas detectors

Despite the problems with leak currents mentioned in 3.1.2, the first generation of
TREX-DM Micromegas allowed to test all the setup while they were characterized
with different gases and at different pressures. Their performance was good enough
to identify setup improvements and assess the background reduction achieved after
these changes, despite the large number of inoperative channels. Figure 3.24 shows
the pattern of “dead” strips at the end of the life of one on those Micromegas.

As already mentioned this motivated a new design of the microbulk planes and
connectors, detailed in [64]. The new design was ready by spring 2020 and the
fabrication was completed by the end of 2021. During the first months of 2022,
the four Micromegas V2 produced were tested and characterized in Zaragoza, with
Argon +1% Isobutane at 1.1 bar.

Specimens labelled MMv2-2 and MMv2-3 were chosen for installation in TREX-
DM in spring 2022 based on the low number of possibly malfunctioning channels,
as indicated by their unexpected capacitance (2 and 6 respectively) and voltage

stability (below 295 V and 305 V).
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Figure 3.22: Low energy spectrum, below 50 keV, from 29487 simulated 2!°Pb decays
from the cathode of TREX-DM.

3.4.1 Comparison between the two designs

Gain studies

The TPC detector gain is highly dependent on the gas properties. When this is
under control, the variations in the multiplication of the charges come from the
Micromegas itself. These gain variations are due to the manufacturing process of
each specimen and in such big planes typically vary along the surface. The most
obvious effect of this behaviour is a widening of the calibration peaks, a decrease in
resolution. This effect can be seen in figure 3.23, where peaks are broader in left
spectrum due to the gain inhomogeneity in different areas of the detector. A gain
map of the detector plane can be obtained if the active area is divided in several
parts and the individual energy spectra are plotted, provided all the active area is
well populated with calibration events, like shown in figure 3.25. On each small
region the spectrum with events falling in this precise region has better resolution,
as can be seen in the right plot of figure 3.23 (red spectra are made of events
that satisfy certain quality checks, black ones with all events). They may vary
slightly depending on the characteristics of the run, but in general they assure
that events are physical events by checking the shape and distribution of signals.
The four observables used for this are MazPeakTimeDelay, NumberOfGoodSignals,
AveragePeakTime and Rise TimeAverage.

In the case of Micromegas V1 they had an additional problem: the “dead”
channels. They affect the charge collection with a combination of charge loss in
these strips and increased activity of neighbouring ones that collect extra charge

due to the distorted electric field. Figure 3.24 shows the pattern of “dead” strips in
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Figure 3.23: Left: 'Cd calibration spectrum (24h) from full readout plane, Mi-
cromegas V1, in neon + 2% isobutane at 4 bar (run number 1344). The resolution
is quite limited, pointing towards different gain along the Micromegas surface. In
black all recorded events, in red those that fulfil the quality checks. Right: Spectrum
from the same run selecting events in a small fiducial area without dead strips. It
is the same region as shown in 3.24. The copper fluorescence peak at 8 keV, and
photopeaks from %°Cd calibration source at 22 and 24.9 keV can be identified with
increased resolution. In black all recorded events, in red those that fulfil the quality
checks.

one of the Micromegas V1 before its substitution. Almost all the plane is affected by
disconnected channels. In figure 3.24 a homogeneous region is selected from which

the spectrum in figure 3.23 is taken.
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Figure 3.24: Hitmap from Micromegas V1: on the left, after a 24h-long *°Cd
calibration. It is made with events with one signal in X and one in Y, low energy
events in which the mean position is well defined. In white can be seen the dead
strips, 27 in X direction, 35 in Y. Right inlet: Selecting a fiducial area without dead
strips homogeneity improves. A high activity channel can be seen in yellow with
roughly double the number of events than the neighbouring ones.

A gain map of the detector plane can be obtained if the active area is divided in
several parts and the individual energy spectra are plotted, provided all the active
area is well populated with calibration events. Figure 3.25 contains the gain map for
Micromegas V2 and the calibration spectra for each region. Afterwards, background
spectra can be corrected according to the position of each event and the gain of the

corresponding region.
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Figure 3.25: Gain map of the right Micromegas V2 detector (MMv2-2). The area
of the readout plane is divided in several regions and the spectra of each one are
plotted (b). Fitting the peaks of these spectra the relative gain of every region is
obtained, taking as a reference the central region (a). This allows energy correction
of every event according to its position in the readout plane.

Decoding checks

Crucial in the event reconstruction step is the proper correlation between electronic
channel and position on the readout plane. This is done with a map called “decod-
ing” that associates the ID number of each channel in the electronics with a specific
X or Y position in the Micromegas. With 512 channels per detector, split in several
flat cables that are read with 8 AGET chips in two different boards, it is easy to
lose the track. The version used for Micromegas V1 when the writer arrived to the
experiment was shown to have errors that were difficult to be solved due to the large
number of dead strips.

The new Micromegas V2 came with several differences in the routing of the strips
and the number of connections involved. The process to produce a new decoding
implies four steps through which every channel has to be tracked: position in the
detector, pad in both ends of the flat cables, interface between the flat cables and the
FEC-Feminos and AGET ID channel. These four steps, in which channels change
notation and also position along the path, have to be written in a binary file to be
given to REST-For-Physics [85] software that will generate a readout file which our
processing chain can interpret and finally assign positions to every recorded signal.
This task is not light and requires focus and attention to the details. If someone
reading this ever faces such a challenge, I advice to take the effort very calmly and
being humble.

Identifying defects in the decoding is not always obvious, even with very few
dead strips around. Energy spectra and mean positions may not be affected enough
to sound the alarm, and due to the high symmetry of many of the possible errors in

the decoding, the spread of the signals is not significantly affected either. The best
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Figure 3.26: (a) Best '%°Cd calibration spectra for the left detector (specimen MMv2-
3), with an energy resolution of 21% FWHM at 8 keV and 11% FWHM at 22 keV.
(Run number 1876, with duration of 16 hours, gain corrected with 13x13 tessellation
and removing events from 2 cm frame in the border of the readout plane). (b)
Hitmap of selected events from the same calibration. An area of 2 cm around the
outer part of the plane has been removed to avoid partial events and populations
associated to surface contamination. The calibration source emission can be seen as
a horizontal ray.

place to identify them is the reconstruction of single events. Figure 3.27 presents
an event from a calibration run. The signals (on the left) look correct (and they
are), yet when plotted according to their position and peak time (at centre and
on the right) the pattern is not as expected. In a typical interaction, the electron
cloud is continuous and the same continuity in arrival times and energy distribution
is expected for the signals. However, the X signals (centre plot) appear with a
double linear pattern, a V shape, which might point to a permutation of contiguous
channels in the readout. In the Y channels (right plot), all of the signals follow the

linear distribution but one, in the red circle, off of the area of the interaction; this
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Figure 3.27: Many events show unusual reconstructions in Micromegas V1. Right:
pulses of a calibration event. Center: Hits in X channels versus time. Colour code
represents energy of each pulse. Strange two-line pattern points to bad decoding.
Right: Hits in Y channels versus time. Isolated channel with high energy marked
with a red circle.
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could be due to a decoding error or a cross-talk within the electronic readout chain.

Regarding isolated signals, a broader search revealed frequent activation of cer-
tain channels far from the main cluster of signals, as illustrated in Figure 3.28. The
top graph shows channel activity for signals distant from the main deposition, with
around ten to twelve channels identified as consistently active. These channels are
correlated, as demonstrated in the second plot, where isolated signals consistently
appear in specific regions when the most energetic pulse occurs in certain areas.
These interconnected regions suggest a relationship that may involve cross-talk, im-

pacting both high and low energy events, or decoding issues.

These issues were solved when Micromegas V2 arrived. The new decoding re-
quired significant effort and multiple corrections during the first months of operation.
The first iteration had obvious problems in X direction, intermediately identified in
the hitmap, figure 3.29. Clearly, what looked like a symmetric distortion in X chan-
nels was affecting the decoding. Further analysis showed that one every two channels

was swapped, as can be seen in figure 3.30.

After solving this first problem, another issue was hinted in the reconstruction of
single events, with problems in the Y channels reconstruction. Correlation matrices
were obtained, figures 3.31 and 3.32 show the correlation of simultaneously activated
channels. At first sight, both X and Y look the same, but upon a closer inspection,
the pattern is very different. In Y channels a permutation every two channels was
identified.

The third version of the decoding gives the correct hitmap as seen in figure 3.33.

Threshold

For low mass WIMP searches the energy threshold is critical, since the lower the
threshold, the higher the sensitivity for lower masses. The poor connectivity and the
large number of dead strips in V1 impeded triggering to low energy; the threshold at
typical operation values was around 2 keV, and the best values were obtained when
pushing the detector gain to high values, at the cost of instabilities and a higher
risk of sparks and therefore damaging more strips. In figure 3.34a, a close up of the
low energy region of the calibrated spectrum shown in figure 3.23 can be seen, with

a threshold around 2 keV.

Right after the installation of Micromegas V2 in TREX-DM, several runs were
taken with the same conditions applied previously to Micromegas V1. Figure 3.34b
shows the low energy region of the °Cd calibration presented 3.26a. The threshold
was reduced significantly, down to 0.8 keV. In both cases, calibration runs were
taken with neon + 2% isobutane at 4 bar and V., = 365 V.
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Figure 3.28: Channel activity of identified signals far from the most energetic signal
recorded in the event. Some channels have unusual behaviour, pointing to bad
decoding or cross-talk. The top plot represents the number of times a X channel
has been activated in these events. The bottom reflects the position of the most

energetic hit in the even versus the position of the isolated pulse. There are pairs of
channels clearly correlated.
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Figure 3.29: The first attempt for the decoding of Micromegas V2 had several
problems. The process building a decoding is always cumbersome and needs several
iterations until it is correctly done.
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Figure 3.30: Channel activity in X channels in Micromegas V2: number of activa-
tions of every channel during a calibration run. it shows the effects of an incorrect
association between readout channels and their position in the detector. A smooth
pattern is expected if the decoding is correct.

3.4.2 Alpha background

The first version of the background model for the TREX-DM experiment underes-
timated the contribution from alpha particles to the energy region of interest [78],
as explained in section 3.3. The commissioning phase in early 2020 showed an un-
expected amount of events in the low energy region, approximately 1000 dru, that,

although not alpha particles themselves, were associated to the decay chain of 22Rn.

76



Figure 3.31: Correlation matrices of simultaneous activated channels. X channels
on the left, Y channels on the right. one.
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Figure 3.32: Zoom in the channel correlation matrix. The pattern in X channels (on
the left) is as expected, neighbouring channels are more often activated together. Y
channels (right) do not show the same pattern, pointing to errors in the decoding.

Radon 222 is a gaseous element that appears in the #**U chain. Uranium is
present in the rocks that surround the Underground laboratory of Canfranc and,
in general, it is always present in small quantities in construction materials. Its
gaseous condition allows it to escape and therefore, its presence is ubiquitous in the
atmosphere. Discovering how detectable amounts of this gas reach the inside of the
TREX-DM vessel took months of careful screening, isolating different regions of the
system and measuring. The definitive proof came from the sealed mode runs, in
which the chamber was isolated from the gas system for weeks. Low gain runs for
alpha background measurements were alternated with high gain runs to monitor the
evolution of the background in the low energy region of interest. Figure 3.36 shows
the evolution of both populations with time. The dependence of low energy events

with alphas is shown here by the similar half-life value for both populations.
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Figure 3.33: Hitmaps in both Micromegas V2 of TREX-DM with the correct de-
coding, of a long 1%°Cd calibration run. The distinctive feature of an opening in
the teflon foil in the inner part of the field cage, which forms a ray can be clearly
seen in both active volumes. It allows to identify the sides, because the position of
calibration sources is known. Left: Right side of TREX-DM (MMv2-2). Right: Left
side of TREX-DM (MMv2-3).
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Figure 3.34: Low energy region of the spectra of two °°Cd calibrations performed
in same conditions, neon + 2% isobutane at 4 bar and V.., = 365 V: (a) Micro-
megas V1 (run number 1344 see figure 3.23). Energy threshold is around 2 keV. (b)

Micromegas V2 (specimen MMv2-3, run number 1876 with spectrum presented in
3.26a). This points towards a threshold of 0.8 keV.

In [58] gives a detailed description of the efforts carried out to identify background
sources, to develop radon filters and the solution applied to deal with this issue.
Resulting of these works, the moisture filter in the recirculation system was identified
as the main emanator, with a minor contribution, of the order of 10-20%, coming
from the recirculation pump and the oxygen filter. Several gas filters were examined,
both commercial and custom made, but none fulfilled the emanation levels required.
At the end, a low-flow open-loop mode of operation without any filter was identified

as the best option. Flow values below 1 1/h were proven sufficient to maintain the
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Figure 3.35: Decay chain of ?2Rn. Highlighted are the two isotopes with longest
half-lives, 222Rn with 3.8 days and ?'°Pb with 22 years. Alpha particles are emitted
along the chain with energies between 5.3 and 7.7 MeV.
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Figure 3.36: Evolution of high and low energy events with the chamber isolated
from the gas system. Alternate runs were taken during one month with the same
gas content, neon + 2% isobutane at 4 bar. (a) Evolution of alpha rate, which
is compatible with the ?*?Rn half-life of 3.82 d. There is a remaining content of
20 ¢/h that probably comes from other sources. (b) Evolution of the number of low
energy events. It decays at a rate similar to the alpha content, pointing clearly to
its dependence.

gas quality, with a complete gas renovation every two or three weeks.

The remaining component amounting to around 20 counts per hour is suspected
to come from surface contamination associated to previous exposure to radon. As
previously commented, the long lived 2!°Pb isotope may attach to materials inside
the detector prior to their installation and therefore still affect the background. In
addition, all ??Rn atoms that decay inside the chamber leave there their progeny.
It has been shown [89] that subsequent isotopes are collected in the cathode and
other surfaces electrostatically charged, so they may turn into a source of 21°Pb.

The interaction of alpha particles in matter has a distinctive energy deposition

pattern that allows to distinguish their direction, the Bragg peak. This is produced
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Figure 3.37: Left: Pulses from an alpha particle registered in a low gain run in
TREX-DM. The most energetic pulses arrive earlier, meaning the Bragg peak of the
energy deposition is closer to the readout, and therefore the trajectory of the alpha
particle points downwards: it is a candidate of an event coming from the cathode.
Right: Amplitude as function of time of arrival. Most of the energy of the event
arrives in the first half of the time window. Measuring the energy balance with time
for X and Y signals (here mixed) an angle for the trajectory can be extracted.

by the slowing down of the particle when it loses energy, as explained in chapter 2,
depositing its last energy in a reduced spot. In figure 3.37 an alpha particle event
with this characteristic pattern is shown, in (a) the registered sequence of pulses and
in (b) the Bragg pattern showing the early arrival of the Bragg peak and therefore
hinting a particle going towards the readout plane. In the analysis step, for every
alpha particle the track is reconstructed and the origin and the end of the track is
determined using this feature.

With the direction of the track, the angle can be reconstructed from the total
length and the temporal distribution that sets the Z component, permitting that
upwards and downwards particles can be identified. In figure 3.38 two spectra
with alpha particles from both directions are plotted. These are from early runs
in TREX-DM, when the filters were introducing significant quantities of radon,
therefore, most of the events are 5.5 MeV alphas that occur in the gas so they
have random direction. However, there is a population of the down going events
(originating from the cathode) that appear in a higher energy, associated to 2!4Po.
They are alpha particles coming from 2'4Po decays which have had time to reach
the cathode. The proportion between the peaks can be understood as follows: the
first one comprises of 5.5 and 6 MeV events from ?*Rn and ?'Po in the gas volume,
so equal proportions are expected to point towards going up and down; the second
peak at 7.7 MeV from 2'*Po, has only half of the events from the cathode facing the
sensitive volume. This second peak has been continuously decreasing following the
radon content reduction, until disappearing when operating at the low-flow open-

loop mode.

The remaining contribution of alpha contamination is due to superficial contam-
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ination in the walls of the field cage and, to some extent, radon content from the
gas itself, maybe even emanation from the bottle. This last contribution, if finally
it becomes dominant, may be addressed with a buffer volume to store the gas be-
fore entering the vessel and prevent emanation from the bottle. In figure 3.39 the
origin and the end of alpha tracks are plotted as hitmaps. Clearly, most events are
concentrated in a frame along the borders of the readout plane. Selecting a fiducial
area of 15x15 cm? in the centre of the chamber, only volumetric events and from the
cathode remain. With this selection criterium, rates go from 20 counts per hour to
below 1 count per hour. Although the statistics is quite low in this case, directional
studies point towards around 70% of the events coming downwards, indicating a non
negligible contribution from the cathode. To further reduce this, a cathode made
from radiopure copper wires has been designed, hoping that reducing the surface
material in the cathode the amount of 2!°Pb will also decrease. To assure the low
levels of this radioisotope in the grid cathode and the correct performance of the
detector, a prototype is being tested in the AlphaCAMM detector [77], developed
by the group to measure surface contamination of samples foreseen to be placed in

critical locations for low background detectors.
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Figure 3.38: Alpha particle spectra. In red, particles with reconstructed angles
compatible with the upward direction, in blue particles with downward direction.
Almost all events come from the ?22Rn chain. The first peak is due to 5.5 and 6 MeV
events from ??2Rn and 2'¥Po, the second one from 2'*Po events from the cathode,
explaining their appearance only in the blue spectrum.
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Figure 3.39: Hitmap of alpha events after 152 hours of low-gain data-taking in the
“right” detector (MMv2-2, run number 1997). The left plot shows the origin of
the alpha track and the right one the end of the track. The effect of the surface
contamination is clear in the origin hitmap in which most of the events are located
close to the borders.

3.5 GEM foils in TREX-DM

Micromegas V2 allowed to reduce the energy threshold below 1 keV. This improve-
ment is not enough to reach Scenario C, which requires a threshold of 50 eV, as
showed in 3.20. Therefore, in order to face this challenge, a Gas Electron Multiplier
(GEM) was installed on top of the Micromegas detectors. It is an amplification
device made of two copper foils and a kapton layer in between micro-patterned with
holes. Applying a voltage difference between the copper foils, electrons from the
drift volume are collected in the holes and amplified by avalanche effect. We denote
as Varnm = Viep — Viortom the difference between voltages applied to the electrodes.
The addition of the GEM foil acts as a preamplification stage that allows to fur-
ther reduce the energy threshold, reaching values comparable to the single-electron
ionization energy.

The first installation took place in March 2024 in the clean room of Labh2400
in LSC, see figure 3.41, where one GEM foil was installed in the “left” side of
TREX-DM. Despite the proper tests after closing the chamber in the clean room,
the transport to the Lab2500, where TREX-DM is currently installed, affected the
GEM producing a short-circuit and leaving that half of the detector inoperative.
In June 2024, a new clean room was finally installed in Lab2500 (in collaboration
with the LSC) that enabled the first in-situ intervention, during which the damaged
GEM was replaced with a new unit.

The performance of the Micromegas plus GEM structure was tested in the TAX-
Olab, prior to the installation in TREX-DM. Two set-ups were prepared, a scaled

version and a full size setup. Starting with a small chamber hosting a single-channel
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Figure 3.40: Micromegas + GEM schema. In TREX-DM Liqnsfer = 1 cm and
Lgyipe = 16 cm. For tests prior the GEM installation in TREX-DM, a X-ray source
was placed in the cathode of the test bench chamber, this configuration can be seen
in 3.43 and in [88]. Figure from [58].

Figure 3.41: GEM foil installed on top of the Micromegas in TREX-DM. Pictures
form first installation in the clean room of Lab2400 in LSC.

Micromegas and a small GEM (figure 3.42), maintaining the same hole pattern of
both devices as in the final set-up, allowed to test voltages with different gases and
pressures. In parallel, a full size prototype with an Micromegas and GEM foil (figure
3.41), identical to those of the TREX-DM experiment was tested with the same gas,
argon plus 1 % isobutane at 1 bar in the so-called MicromegasBoz, shown in figure
3.43.

These two test setups, their measurements and the results are the main object

of [88]. Also in [58] there is a chapter devoted to these measurements, including gain
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Figure 3.42: Small set-up to test the combination of Microbulk Micromegas with
GEM foil on top. Left: the 2 cm diameter Micromegas on the support plate. PTFE
pillars isolate components at different voltages. Center: GEM foil on top of the
Micromegas. Right: Cathode grid with 5°Fe source attached facing down. Images
published in [88].

Figure 3.43: Full size test bench, named by myself MicromegasBoz. Top left: closed
vessel with DAQ. Top right: cathode with two 1%°Cd radioactive sources, attached
with black tape. Bottom left: Micromegas detector secured on the endcap of the
chamber. Bottom right: GEM foil placed on top of the Micromegas. [88].

and electron transmission curves. Here, the main results are reproduced in table 3.2,
where the gain increase for both setups is shown. It is presented in two ways, that are
called preamplification factor and GEM extra factor. Preamplification factors are
defined as the gain ratio between GEM + Micromegas runs (Vggey # 0 V) and only

Micromegas runs (Vgey = 0 V). Whereas GEM extra factor is obtained comparing
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the gain of Micromegas + GEM with the highest voltage that can be applied to
the Micromegas only, Vrﬁgsth, which is always higher than the one applied when the
GEM is installed, V', . This is the real advantage obtained in the combined set-
up. These results showed the feasibility of increasing the gain between one and two
orders of magnitude depending on the configuration and, in particular, for a full
scale set-up the increase in gain can be as high as a factor 80.

With these works, values for drift and transfer fields were determined. As a
reference, values of Eyipe = 100 V/em/bar and Eygnsfer = 150 V/cm/bar were
established. In TREX-DM data taking these values have been employed in a number
of runs, although recently they have both been decreased around 90 V/cm/bar due

to stability issues.

Set-up | Pressure | V'l | Vogy | Preamp. | Vo2 GEM
(bar) (V) | (V) factor (V) | extra factor
1 305 310 - 315 90
Small 4 390 410 70 400 50
10 235 250 21 540 19
Full scale 1 290 285 85 293 80

Table 3.2: Gain improvements with the Micromegas + GEM combined setup for
the small and full scale prototypes. Measured preamplification and GEM extra gain
factors for both at different pressures with argon 4+ 1% isobutane. For the full scale
setup the gain increase could be up to a factor 80, as stated by the GEM extra
factor [88].

Since June 2024, TREX-DM has been operating with a Micromegas + GEM
readout plane in its left side. This has increased the complexity of the experiment:
new structure designed and machined to hold the GEM aligned on top of the Mi-
cromegas, two new feedthroughs needed to apply voltages to GEM electrodes, new
power supply channels included in the slow control, new ramping-up and ramping-
down protocols to prevent damages and sparks... From all these challenges, one
stands above all that until today remains an open issue: stability. Since the in-
stallation of the GEM, the trip rate has significantly increased, what limits the live
time of the experiment. Every time a trip happens, all voltages are down to 0 V
and a recovery protocol ramp them up slowly, the whole process lasting almost
10 minutes. Two are the main suspects for these sparks: high energy events that
are now amplified greatly, triggering discharges during the avalanche process; or
spontaneous discharges between nearby electrodes. The first case also happened in
Micromegas only operation, but it was limited to a small percentage of alpha events.
Now, events from calibration sources saturate the DAQ and therefore the threshold
to produce sparks is well lower than before. Reducing the operation voltage of the

field cage’s last ring, almost touching the GEM foil, tests the second suspicion. Al-
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though no clear conclusions could be drawn for the moment, the experiment has
taken data the last months, albeit with a large dead time. A new field cage has
been designed and is under fabrication that is expected to allow recover live times
close to 100%. Its installation is foreseen in autumn 2025. Stability issues haven’t
affected much the characterization of the detector. The biggest milestone achieved
with the Micromegas + GEM set-up has been the reduction of the threshold until
tens of eV. A dedicated calibration with 3"Ar was performed to measure this and

will be explained in the next subsection.
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Figure 3.44: Micromegas and GEM '%°Cd calibration spectra. In red, full detector
spectrum, in blue GEM with no voltage difference so that only events in the transfer
region are collected. This shows that in the red spectrum, both types of events are
present, these from the drift volume that are preamplified by the GEM and those
form the transfer region with no amplification. This allows to measure the intrinsic
preamplification factor obtained by the GEM, which is computed from the 8 and
22 keV peaks identified by vertical lines. The preamplification value is 45 for the
8 keV peak and 34 for the 22 keV peak. (Run numbers 2593 and 2594 with 270
V in the mesh and in the GEM. In the case of 2593 GEM voltage was set to -10
V, so electric field in the reverse direction to prevent events from drift volume to
trespass.)

The gain increase can be measured using routine *?Cd calibrations. Figure 3.44
shows two spectra. The red one corresponds to the full detector operating with
Vinesh = 270 V and Vggy = 270 V. Peaks at 8 and 22 keV, amplified by both
the GEM and Micromegas, appear on the right. On the left, two lower-energy
peaks originate from events in the transfer region, which are only amplified by
the Micromegas. To confirm their origin, a dedicated run was performed with the
cathode off and Vggy = —10 V, reversing the electric field in the GEM to block
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events from the upper volume. The resulting spectrum, shown in blue, overlaps
perfectly with the Micromegas-only peaks from the full detector, confirming their
source. The GEM preamplification factor is estimated by comparing the positions of
the GEM-amplified peaks to those amplified only by the Micromegas. In this TREX-
DM calibration, values of 34 (8 keV peak) and 45 (22 keV peak) are obtained, about
half the values from the MicromegasBox test bench (see Table 3.2), where a factor
of 85 was reached. The difference is due to the higher voltages, 15-20 V more, used
in the test setup. In TREX-DM, sparks prevented increasing the voltage further.

3.5.1 37Ar low energy calibration

The gain increase obtained with the GEM encouraged us to perform dedicated low
energy calibrations to measure the energy threshold. With this purpose the isotope
3TAr was selected. It has a half-life of 35.04 days and it decays through electron
capture (Q = 813.9 keV) to 37Cl, emitting photons of 2.82 keV from K shell with
90% probability and 0.27 keV form L shell with 9% probability [90]. Also, as it
is gaseous, it allows uniform calibrations along the readout plane. This isotope is
not present in nature in significant quantities so it has to be produced. Three main
production channels have been employed depending on the needs: Irradiation of
36 Ar with thermal neutrons via the reaction 6Ar(n,v)*"Ar, proton irradiation via
the reaction 3"Cl(p,n)3"Ar, and neutron activation of calcium oxide (CaQ) targets
via the reaction *°Ca(n, a)*"Ar. This last method has been used in other TPCs
experiments like NEWS-G [91] and it has been selected for TREX-DM too.

The Sigma Aldrich CaO powder was selected with a certified purity of 99.9%.
The Certificate of Analysis confirmed an actual purity of 99.985%, with magnesium
identified as the primary impurity, a minimal concern for our application. A quantity
of 0.5 kg of CaO powder was deposited inside an iron vessel, leak and pressure-tested
up to 10 bar. It has a cross shape, with two in-out ports protected from powder
with Swagelok 0.5 pum filters and an Ultra High Vacuum (UHV) valve mounted on
the top section of the vessel to achieve and maintain the required vacuum levels and
pressure specifications during operation; another 4 pum filter was incorporated to
prevent the risk of powder entering in the gas system. A picture of the vessel can
be seen in figure 3.45.

Powder activation was performed in Centro Nacional de Aceleradores (CNA)
in Sevilla, specifically in the HiSPANoS irradiation facility. The neutron flux is
produced bombarding with accelerated deuterons a thick beryllium target, which
produces neutrons through the reaction “Be(d,n)!°B. The resulting neutron spec-
trum is a continuum with a mean energy of approximately 5 MeV. The irradiation

was planned for approximately 6 hours.
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Figure 3.45: Left: Vessel for CaO powder. Right: 0.5 kg of CaO powder inside the
vessel.

In order to assess the activity level of 37Ar due to neutron irradiation of *°Ca
other by-product is used: 2K from *?Ca with half-life 12.4 hours. Argon-37 decays
cannot be seen from outside the vessel as its low-energy emissions are absorbed
by the stainless-steel wall but the 2K has a 1525 keV gamma emission that can
escape. Activity of these isotope was monitored with a sodium iodide (Nal) and
a lanthanum bromide (LaBr;s) scintillators. The relation between activities of both
decays is estimated as A(*TAr)/A(*2K) ~ 20 [58].

Following the irradiation process, the vessel remained in the irradiation hall
until the dose rate decreased below the environmental background radiation level
(< 0.2 uSv/h). Identifying the **K gamma proved challenging due to significant
material activation. The region of interest at 1525 keV contained numerous uniden-
tified spectral components, presumably arising from stainless-steel vessel activation.
An overall fast decaying component with half-life of 2.35 h was identified and fitted
together with the decay of K. The initial activity for 2K was established in the
range of 100-1000 Bq, which implies an approximate 3"Ar activity of the order of
1-10 kBaq.

The first 37Ar calibration with the Migromegas + GEM readout plane took
place in October 2024. Fifteen days after this second irradiation, 3" Ar was injected
into TREX-DM by a procedure in which the powder vessel is pressurized above
the desired pressure for the detector chamber. In this case, 2 bar was used to
reach 1.1 bar in the TREX-DM vessel. Repeated injection cycles allow to increase
the amount of 3"Ar pushed to the sensitive volume. In this case, two cycles were

performed resulting in the transfer of an estimated 75% of the container’s activity.
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Ar37 calibration in TREX-DM Micromegas + GEM
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Figure 3.46: Low energy spectrum of an 3" Ar calibration. Three peaks can be seen:
a) 2.8 keV peak from transfer region, b) 0.27 keV and ¢) 2.8 keV.

The development of these procedures to generate and inject the 37Ar and its

validation as a low energy calibration source is further detailed in [58].

Activity was more than enough to see the expected peaks from 3"Ar in seconds.
In figure 3.46 a 5 min-long calibration is presented. Three peaks are clearly seen
in the spectrum, from low to high energy, 2.8 keV peak from transfer region, that
is, without GEM amplification, and 0.27 keV and 2.8 keV from drift region, events
amplified by the GEM. Voltages applied in this run are the highest achieved in
TREX-DM, V,esn = 295 V and Vggy = 280 V, but due to that, stability was very
short.

The first peak from the transfer region hides the smallest events coming from the
drift region. In figure 3.49 two close ups of the calibration spectrum can be seen in
blue in different energy ranges. Events from the transfer region are piled up below
0.1 keV, in Micromegas + GEM energy scale, and they are on top of the limit of
the 0.27 keV peak from 3"Ar in the drift region. It would be desirable to distinguish
between these two populations to recover the lowest energy events that have been
amplified by the GEM. To do so, a population free of transfer region events is iden-
tified: the peak of 0.27 keV. All these events have suffered the amplification in the
GEM, therefore the strategy consists on identify a characteristic pattern that these
events have and those of the transfer region do not. Between tens of observables,
two were identified as promising for this task: “Amplitude ratio” and “xy2 Sigma”.
“Amplitude ratio” is obtained adding the amplitudes of all the pulses of the event
and dividing them by the maximum amplitude among them. In some way it meas-

ures the energy density of the electron cloud when it reaches the Micromegas. The
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Figure 3.47: 2D histograms of “Amplitude ratio” vs “xy2 Sigma”. In red colour-
scale events below 0.1 keV, in blue colour-scale events with energies between 0.1
and 0.5 keV. Left: Events from a full detector run. Its spectrum is shown in figure
3.46. Right: Events from a run with Vggy = 0 V. This implies almost no events
from drift volume reach the Micromegas and in any case there is no amplification
in the GEM. This is the population we would like to remove from full detector runs
to properly assess the threshold of the Micromegas + GEM readout plane.
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Figure 3.48: Close up of right plot in figure 3.47. Selecting appropriate values in both
variables, Amplitude ratio and zy2 Sigma, GEM amplified events can be identified.
Left: events with energy below 0.1 keV. Right: events with energy between 0.1 and
0.5 keV. Conditions applied to identify GEM amplified events are Amplitude ratio
> 3.5 and zy2 Sigma > 0.5, so all that fall inside upper right region.

second is “xy2 Sigma”, obtained as the energy-weighted variance of the position
of the hit channels in X and Y. This is again a way to measure the spread of the
charges, in this case in XY plane. Plotting a 2D histogram with the values of these
two observables, figure 3.47, both populations of interest can be identified in the
“xy2 Sigma”-“Amplitude ratio” plane. In the left plot the histogram is plotted with
two colour scales, in red for events below 0.1 keV and in blue for events between
0.1 and 0.5 keV. In the first group, events from the transfer region dominate; in the

second, all are from drift region. Two lines delimiting the separation between popu-
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Figure 3.49: Low energy range of 3"Ar spectra. The right plot is the augmented
version of left plot. In both cases, the highest 2.8 keV peak from transfer region
buries the smallest events amplified by the GEM. The application of several selection
criteria allows to distinguish two different populations, in blue, full spectrum, in red
only selecting events amplified by the GEM. The right plot focuses on the low energy
part of the left plot and shows that events as weak as 20 eV can be detected with
the combination of GEM and Micromegas.

lations are presented, this would be the values looked for to identify GEM amplified
events: “xy2 Sigma” > 0.5 and “Amplitude ratio” > 3.5. In figure 3.48 close ups
for both populations are presented together with the proposed criteria.

A dedicated run without voltage in the GEM was taken to test this discrimination
schema. In figure 3.47 right plot, the behaviour of these two observables for these
data can be seen. As in the full detector run, the selected area eliminates almost all
these events that are from the transfer region. This supports the selected cuts for
this purpose.

Applying these selection criteria, events from the transfer region are discarded.
In figure 3.49 in red, the spectrum of the remaining events can be seen. The main
feature contrasted here is that almost no events from the 0.27 keV peak are removed,
while some remain below 0.1 keV. In the right plot, a zoom to low energies is presen-
ted. From there, an optimistic energy threshold can be established around 20 eV,
and in any case 40 eV would be a conservative value. In argon, the mean energy
to extract an electron is around W = 26 eV, so this proves that the Micormegas +
GEM configuration is sensitive to energy depositions compatible with single electron

ionizations.
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“A lonely impulse of delight

drove to this tumult in the clouds”

- William Butler Yeats,

An Irish Airman foresees his Death

New developments with gaseous de-

tectors
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This chapter presents two small test setups that were designed and developed to
measure specific properties. The first one is a new calibration source with variable
energy made with a UV LED and a photocathode. And the second one allowed a
detailed study of a new gas mixture for us, argon + 10% isobutane, at different pres-
sures. Both provide useful information for future upgrades of TREX-DM that may
include these techniques. They are just two stand alone examples of small gaseous
detectors that we operated in IAXOLab. Small setups with GEM + Micromegas at
different pressures or the “MicromegasBox” test bench to characterize TREX-DM
Micromegas V2 are other examples of these low size experimental setups that we

can operate easily in our laboratory.

4.1 UYV calibrations

Objective

Gaseous detectors like Micromegas are sensitive devices whose performance is af-
fected by the properties of the gas and the precise manufacturing of the detector.
Slight changes in gas composition or pressure affect the electron mobility and recol-
lection, meaning different energy gain, resolution or threshold. Also, micro-pattern

devices as Micromegas are susceptible to irregularities produced during fabrication
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that may result in varying performance along its surface, border effects, blocked
holes or bad strip connections.

Working with big readout planes like in CAST (6 x 6 cm?), the axion helioscope,
in its successors BabylAXO and IAXO, described in chapter 5, or in TREX-DM
(25 x 25 cm?) implies that some of these non-ideal behaviour will appear. Therefore,
a test bench where to examine some of these properties and to develop techniques,
both in hardware and in post-analysis, to mitigate their effects was envisaged. A
source to generate electrons in a controlled and precise way would be needed, so
that the drift distance, the time of the interaction and its position would be known.
Previous works have shown that ultraviolet light is extremely useful for this purpose.
It can extract electrons by photoelectric effect in a number of metals and, generated
at intense enough fluxes, can ionize impurities and some organic gases. Noble gas
pulsed lamps [92], [93] or UV lasers [94] have been used together with micro-pattern

detectors to study gas properties.

Methods and materials

Gaseous detectors are routinely calibrated with radioactive sources emitting in the
X-ray range. *°Fe with photons of 5.9 keV and °°Cd with several photons around
22 keV and the associated stimulated fluorescence of copper at 8 keV are the most
common radioisotopes used for Micromegas calibrations. Their emissions tend to
be isotropic, depending on the encapsulation, and random, as any atomic decay is.

For precise characterizations of the readout planes, another type of source can
be used: UV photons. They can be generated in a controlled way and allow electron
extraction from metals by photoelectric effect. Common UV photon generators are
noble gas lamps and UV lasers. Both are capable of generating high intensity fluxes
of photons but with different spatial characteristics: UV lamps are not collimated
and lasers, by definition, produce light in a preferred direction. This makes lasers
the perfect device for our purpose, the can focus the light in a small spot where
electrons are extracted. Recently, another source has been commercially available:
UV LED. They present the advantage of being more affordable compared to other
UV sources (less than 100€) and easy to use. For the “proof-of-concept” set-up that
will be explained here, a UV LED was selected.

There are two ways that UV photons can be used to generate electrons in
a gaseous chamber. The first technique is based on the interaction with small-
concentration impurity molecules, which are naturally present due to outgassing of
the detector walls or the gas pipe. Such molecules have low ionization potential,
less than 9 eV, and can then be ionized in multi-photon processes by ultraviolet
laser beams. As these are multi-photon processes, high intensity fluxes are needed

to achieve relevant electron production. A common wavelength for UV photons
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Figure 4.1: Schematic view of a UV LED calibration source with a photocathode.
The LED shines through the quartz substrate, in blue, where the metallic layer
(aluminium or copper) was deposited, in light orange. Electrons extracted, yellow
dots, drift towards the Micromegas, where the charge is amplified.

produced by these sources is 266 nm, or 4.66 eV, which explains why at least two

photons have to interact together in order to ionize a molecule.

The second technique is based on the photoelectric effect. Many materials, in
particular many metals, have work functions with energies lower than 4.66 eV [95].
The work function is the minimum work needed to remove an electron from a solid to
a point in the vacuum immediately outside the solid surface. It may vary depending
on the crystallographic disposition of the atoms in the lattice of the crystal and the
electric field applied. The Schottky effect indicates that the work function decreases
as the electric field increases. The photoelectric effect is used to extract electrons
from metals, typically placed at the top of the detector and used as cathode. Metal
grids or thin layers deposited in quartz lenses may act as photocathode. Depending
on the purpose, it could be convenient that some photons cross the cathode and
reach the anode as well: this would generate a very characteristic double signal,

useful for drift velocity measurements.

This second technique was selected for these measurements. The setup, installed
in our laboratory at University of Zaragoza, IAXOLab, consisted in a small alu-
minium chamber with a quartz window that allows to shine with a UV LED from
outside and the TPC itself is built inside with the photocathode and the Micro-
megas. A schema of the experiment can be seen in figure 4.1. For pictures of the

experimental setup, figures 4.6 and 4.7 are interesting.
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In our case, two LED diodes from QPhotonics were used: UVLED255TO46L
and UVLED265TO46L. They both have 1ImW of power, but their wavelength is
slightly different, 255 and 265 nm with a spectral width of 11 nm, so they overlap.
The first one has some collimation, a 6° angle cone thanks to a spherical lens. Both
were tested with photocathodes and proved to be useful, but for the measurements
presented here the 255 m one was used. From the specifications of both LED, the
recommended current for pulsed operation is 100 mA, therefore the LED is coupled
in series with a resistor of 50 2. The typical voltage of operation is between 5
and 6 V, although higher voltages have been applied without problems. Reverse
bias could be fatal for the LED, so typically it is operated with a 1 V offset. A 3D
printed holder fixed the LED on top of the window pointing towards the Micromegas
detector. A signal generator was used to feed the LED, with duty cycles of around
1 % and in no case surpassing the 10 %.

In the first steps, an aluminium grid was used as a cathode, but soon a pho-
tocathode was installed. With the grid, the general schema was tested, the quartz
window transparency was assured and electron extraction from the mesh was also
observed. In figure 4.2 the measurements that prove this: in red the amplitude
of pulses recorded with the full detector operative, in green switching off the drift
voltage and therefore only electrons generated in the mesh, and in blue random
triggers due to noise when the LED was not pointing towards the window.

After testing the setup with the grid, the cathode was substituted by a photo-
tocathode. Two were produced with the collaboration of professor Enrique Car-
retero, from the Applied Physics department at the University of Zaragoza, on top
of quartz (also called fused silica) discs of 48.5 mm diameter and 4 mm thick. A
sputtering oven was used for this, a general view and the interior of which can be

seen in figure 4.3 . The samples can be identified in the ceiling of the oven, held
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Figure 4.2: Spectra for LED pulses towards an aluminium grid cathode. In red with
drift field on, in green with drift field off and in blue with LED not pointing to the
window.
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Figure 4.3: Left: General view of the thin layer deposition equipment. Right:
interior of the sputtering oven. The sample can be seen hanging from the ceiling.

Figure 4.4: Photocathodes, made of thin metallic layers over a quartz substrate.
Left: 30 nm thickness aluminium layer. Right: 20 nm thickness copper layer.

on top of the target. In a low-pressure argon atmosphere, high voltage is applied
between the anode and the target, acting as cathode. Ionized argon atoms are accel-
erated towards the target reaching high energies, smashing the target and knocking
atoms off of the surface that attach everywhere in the chamber, in particular in the
substrate hanging from the ceiling. In two evaporation runs, thin layers of copper,
20 nm thickness, and aluminium, 30 nm thickness, were deposited on top of the
discs (figure 4.4). Prior to the deposition, the recipe was calibrated on glass samples
like the one seen in Figure 4.5.

The Micromegas detector with the photocathode is placed inside a 2 litres alu-
minium chamber that can be seen in 4.7. It has two inlets for gas flux, SHV ports
for voltage supply and signal readout and the crucial quartz window installed in

the end-cap. All measurements are performed at 1 bar with argon + 1% isobu-
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Figure 4.5: Glass sample used as a test for the deposition of the thin aluminium
layer. Here transmission and reflection images for visible photons can be seen in the
sample.

tane. A CAEN HV power supply (NIM N1471 or stand alone DT5521E) powers
the photocathode and the mesh. The signal is extracted through one of the SHV
feedthroughs, preamplified with a CANBERRA 2004, amplified further and then
digitalised, whether with the oscilloscope, when pulses need to be recorded, or with
an Multi-Channel Analyser (MCA), if histograms are needed. Gas injection was
preceded by some hours of pumping the air of the chamber. Values of the order of
10~* mbar are reached before injecting argon + 1% isobutane. Then, it is flushed
in open loop at 10 1/hour during half an hour in order to assure the quality of the
gas , and finally the chamber is sealed. Measurements are fast, usually less than 4
hours long, so no degradation of the gas is observed in this time scale.

Finally, the last item of the detector is the Micromegas itself. A small diameter
single-channel Micromegas with avalanche gap of 50 pum, distance between mesh
hole centres (pitch) 110 um and diameter of mesh holes 60 um was used for all
measurements. In figures 4.6 and 4.7 can be seen all the items of the detector:
Micromegas, photocathode, calibration source, connections inside the chamber and
the chamber itself.

Results

The first relevant result is the experimental confirmation of the working principle.
To our knowledge, it is the first time a UV LED is used to extract electrons from
a photocathode as a way to calibrate a gaseous detector. This is a significant im-
provement in some aspects compared with lasers and noble gas lamps, apart from
the price. A LED diode is small and requires a minimal set-up to operate, so it
offers the possibility to install it in narrow spaces, including the interior of the gas
chambers, allowing routine calibrations that avoid the use of radioactive sources
that cannot be switched off.
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Figure 4.6: Left: Small Micromegas installed at the bottom of the TPC. Right:
Close up of the TPC: photocathode on top, **Fe source in white piece taped on the
side.

Figure 4.7: Left: Inner view of the chamber, where the Micromegas can be seen
through the photocathode. Right: Outer view of the chamber, showing the quartz
window and the port for vacuum pump. In both sides gas inlets, in the middle SHV
feedthroughs.

The work functions of the two metals used as photocathode, can be found in
the literature: between 4.06 and 4.26 eV for the aluminium and 4.48 to 5.1 eV for
copper depending on the crystallographic plane [96], making it easier to extract elec-
trons from aluminium than copper. However, as copper is everywhere in radiopure
experiments (TREX-DM chamber, Micromegas readout planes, field cage wires...),

it is interesting to check the feasibility of using copper as target material.

The copper photocathode showed less efficiency generating electrons for our pur-
pose. In figure 4.8 a spectrum generated with it can be seen. The UV peak is the
most visible feature of the spectrum, placed slightly below bin 100. A thinner noise
peak is on top of it around bin 20. A °Fe source was used together with the UV
LED, and the characteristic 5.9 keV peak starts to be visible at the end of the ac-
quisition range, above bin 500; however, the Ar escape peak at 3 keV can be seen

in the centre, between bins 200 and 300. The UV events were generated with 1 us
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Figure 4.8: Energy spectrum with the copper photocathode using the 255 nm UV
LED with 1 ps width pulse and 9.6 V amplitude with 3 V offset, when a °Fe source
is also present. The UV peak is situated below the Ar escape 3 keV peak seen in the
middle, while the 5.9 keV peak is only partially visible at the right of the spectrum.
The sharp peak at the beginning are noise events.

width pulses and 9.6 V amplitude with 3 V offset. The equivalent energy of these
events is well below 3 keV. In comparison, the fourth plot in 4.10 was taken with the
aluminium photocathode, 800 ns width pulse and similar amplitudes. There, the
UV peak is well above the 5.9 keV peak from the calibration source. This implies

that more electrons are generated with the aluminium photocathode.

The main reason for this difference lies in the work function of each mater-
ial. Lower work function for aluminium means higher efficiency extracting elec-
trons with UV photons. But also the penetration depth matters. To estimate the
fraction of 266 nm ultraviolet (UV) light transmitted through a material, we ap-
ply Beer—Lambert’s law, which models intensity attenuation in absorbing media as
T = e~ *? where T is the transmission, d is the film thickness, and « is the absorp-
tion coefficient. For metals, « is given by a = % , with k the extinction coefficient
and A the wavelength of incident light. Using tabulated optical constants for copper
at 266 nm, where k = 2.8 [97], we compute = 0.132 nm ™!, yielding a transmission
of T ~ e 0132x20 ~ 71%. For aluminium with £ ~ 6.3 and then a ~ 0.297 nm~!,
it yields a transmission of 7' ~ e 929730 ~ (.62%. Therefore more photons in-
teract in the aluminium than in the copper layer. This simplified model neglects
surface reflections, which would further reduce the transmitted flux. And then, from
these interactions only a fraction will generate electrons that can reach the sensitive
volume of the TPC. Here is where the highest efficiency for aluminium due to the

lower work function enters into play, reinforcing the suitability of this material.

The main objective of this set-up was to develop a variable energy calibration
source. The aluminium photocathode was selected and different pulses were fed to
the 255 nm UV LED to measure the response of the detector to the varying UV

flashes. The two parameters that were modified were amplitude and width of the
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Figure 4.9: Some spectra where the **Fe 3 and 5.9 keV peaks can be seen. UV peak,
the biggest, moves towards increasingly higher energies when the pulse duration
increases.

voltage pulses feed to the the diode. In figure 4.9 four spectra for fixed amplitude
and varying durations can be seen: 40, 100, 400, 800 ns width. The longer the
pulse, the higher the energy extracted. In all cases the %*Fe spectrum can be seen
to compare, with the peaks at 3 and 5.9 keV.

Fitting the UV LED peaks to gaussian functions and calibrating their equivalent
energy thanks to the *Fe calibration source their energy is related with the pulse
width applied. This is shown in the left plot of figure 4.10. If the width is fixed and

amplitude is what varies, a similar relation is obtained, figure 4.10 right.

During these runs, acquired in a single day during several hours with the chamber
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Figure 4.10: Left: Energy vs pulse width, when the pulse amplitude fixed at 9.6 V
counting 3 V offset. Right: Energy vs pulse amplitude, with pulse width fixed at
200 ns, including 2 V offset. In both cases, threshold energy is 0.3 keV.
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in sealed mode, the stability of the detector was monitored. In figure 4.11 the fitted
position of the 3 and 5.9 keV peaks is represented. Most of them come from the same
UV LED runs; however, in the cases where the LED peak hides them, calibration
runs without the UV LED were recorded to check the position of both peaks. With
this experiment it was proved that pulses with energies between 0.5 and 12 keV can
be generated thanks to a UV LED diode of 1 mW. As a comparison, in [94] a laser
test bench was described, that makes use of a laser of 51 wJ with pulses of 1 ns, so

5 kW of maximum power, six orders of magnitude higher.
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Figure 4.11: UV LED peak position (representing gain) along time: in orange and
yellow, series from runs with varying pulse width; in green and blue, runs with
varying pulse amplitude. The error bars are the standard deviation of the gaussian
fit, errors in fitted positions are negligible.

4.2 Argon + 10% Isobutane

Objective

As already discussed, TREX-DM aims for low-mass WIMP detection. The energy
transfer in elastic collisions is more efficient with light nuclei, and that is the reason
why neon was selected over more traditional gases for TPCs like argon or xenon.
In this quest towards lighter masses, organic gases like isobutane, always present
in our mixtures as a quencher to improve the energy collection and prevent sparks,
could play a role, because both carbon and hydrogen are very light elements. The
scenarios considered in figure 3.20 with an increased content of isobutane show higher
sensitivity at lower masses.

Isobutane is a flammable gas so only small amounts are allowed in the gas mixture
for traditional installations. For higher percentages, like 10%, safety measures have

to be considered: pipes prepared for flammable gases, ventilation and big air volumes
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to dilute the isobutane in case of leaks, etc. The LSC has approved the use of argon +
10 % isobutane in TREX-DM with the corresponding upgrade of the gas system and
a safety protocol that is being defined right now. The information in the literature
about this mixture is scarce and old, and has not been tested with these microbulk
Micromegas before. Therefore, a campaign was designed to test this mixture for
varying pressures between 1 and 10 bar. In [79] argon + 1 % isobutane is tested
at different pressures in the range we are interested in, and in [98] several mixtures
of argon and isobutane are examined, including 10 % isobutane, at 1 bar. A small
setup was prepared in IAXOLab laboratory to test this mixture. The objective was

to establish maximum voltage values to achieve a stable operation point.

Methods and materials

Figure 4.12: General view of the setup for argon + 10% isobutane measurements.
The chamber with preamplifier and pressure sensors in foreground, oscilloscope and
power supplies in the back.

A very similar configuration to the one in the previous subsection was used, with
the same type of small Micromegas and a grid cathode (figure 4.12). The main
difference was the chamber, we moved to a stainless steel one that withstands up to
10 bar. The same readout chain of preamplifier, amplifier and MCA or oscilloscope
for acquisition was used. Analogous power supplies and SHV connections, and the
same *5Fe calibration sources were used. Gas injection was handled following the
same protocol as explained in the previous section: pumping during several hours

before injecting gas and closing the chamber. Due to the flammable condition of this
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gas a fan was installed for extra venting around the chamber to prevent isobutane

accumulations in case of unexpected leaks.

Results

The first test consisted in establishing the available operation range. This translates
in characterizing the detector in terms of gain and electron transmission. Too high
mesh voltages can damage the Micromegas through spontaneous sparks and too
low values do not provide enough amplification to record events above the noise
threshold. In addition, a balance between the drift field and the amplification field
has to be reached, to ensure maximum recollection of primary electrons generated in
the drift volume. For these studies, the mesh voltage is kept fixed and the cathode
voltage (and therefore the drift field) is varied. A °Fe calibration source was used
and the spectra can be seen in figure 4.13: the mesh voltage was 330 V, and the drift
voltage varied from 400 to 4000 V. The drift distance was 2.5 cm with an estimated
uncertainty of 3 mm, the pressure was slightly above 1 bar, at 1.1 bar, and the drift
field values tested go from 100 to 1300 V/cm/bar.

Argon + Isobutane 10%, 1.14 har, VD = VM + 750V, Amp 2015A Gain 128
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Figure 4.13: Spectra of %Fe in argon + 10% isobutane at 1 bar used for transparency
curve. Vipeon = 330 V and drift distance 25 £ 3 mm. Vg5 from 400 to 4000 V. The
change in the main peak position indicates a loss of primary charge and therefore a
lower electron transmission.

The electron transmission curve was extracted fitting the main two peaks of the
spectra, at 3 keV and 5.9 keV, with gaussian functions to determine their position
in bin units: the results can be seen in figure 4.14; both curves follow the same
pattern, as expected, but there is not a clear plateau, they present a small slope

until the beginning of the decrease.

104



Argon + Isobutane 10%, 1.14 bar, VM = 330V, Amp 2015A Gain 128

@ L J
200 e
e0000® e
......
o0e®
— 180
=
2
g 160 o
S e 3keV
2 140 e 5.9 keV
o
©
T 120 4
o
100 4 @ ®
.....oo.o.o-.oo ® e

400 600 a00 1000 1200

Reduced drift field (V/cm/bar)

200

Figure 4.14: Electron transmission curve for argon + 10% isobutane at 1.1 bar and
Vinesh = 330 V. The two peaks of *Fe, the escape peak of argon, 3 keV, and the
characteristic 5.9 keV Ka X-ray emission from iron were used.

For the gain curve, the peak position is registered for a fixed reduced drift field,
in this case at 270 V/cm/bar, when the mesh voltage is varied. For the 50 um gap
Micromegas we are using, values from 270 to 420 V were tested, corresponding to
amplification fields from 50 to 75 kV /cm/bar. The measured gain curve can be seen

in figure 4.15 and it is in good accordance with the one presented in [98].

Argon + Isobutane 10%, 1.1 bar, VD = +750 V, Amp 2015A Gain 128
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Figure 4.15: Relative gain curve for argon + 10% isobutane at 1.1 bar. The drift
field was set in all runs to 270 V/cm/bar.

Limitations appear in both ends of the transparency and gain curves. The lowest
field values are determined by the lowest signals that can be distinguished from the
electronic noise. Therefore, lowest values for V.., are the first for which calibration
events can be detected. Measured transparency curves have more room downwards,
probably events can be detected up to 20-50 V/cm/bar drift fields with this config-
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uration. But in these cases, the resolution is so low that the peak broadening makes
it impossible to determine its position. The useful drift field range is limited by
attachment and recombination of electrons in the gas, if the field is too low the effi-
ciency in the collection of charges decreases and no signals can be detected despite
the amplification in the avalanche gap. For electric fields, maximum values limita-
tions have to be handled more carefully. The voltage in the cathode, and therefore
in the drift field, is limited only by spontaneous sparks. The cathode is a metal-
lic grid, therefore small discharges are not problematic if not continuous. Basically,
connections between the feedthroughs, cables in contact with chamber walls and the
connection with the cathode grid are the sensitive areas where sparks may happen.
Improved electrical insulation may help to reach higher voltages. High energy alpha
particles in sensitive regions may also produce discharges. The Micromegas is a
completely different case. Sparks may damage the mesh or the anode and continu-
ous discharges can destroy them. In most of the cases during the tests with argon +
10% isobutane, sparks at high voltages lead to the substitution of the Micromegas
specimen. Therefore, a conservative approach was followed and the measurements
shown here, especially in the gain curves, are well below the sparking limit in most

of the cases. Table 4.1 shows maximum values applied for different mixtures and

pressures.
Maximum amplification fields
Pressure 112 3 5 6 8 10 bar
Ar+1%Iso 60 | 68| 75 | 88 | 94 | 104 | 114 | kV/cm
Ar+10%Iso 84 192 | 108 | 136 | 150 | 178 | 207 | kV/cm
Spark (Ar+10%Iso): | 92 |94 | - | 140 | - - - | kV/em

Table 4.1: Maximum amplification fields applied to a Microbulk Micromegas with a
50 wm amplification gap for two argon mixtures. Values for argon + 1% isobutane
extracted from [79]. Values for argon + 10% isobutane measured in this work.
During measurements for pressures 1, 2, 3, 5 bar several Micromegas were damaged
due to sparks, at the values presented in the forth row. Maximum amplification
values for 6, 8 and 10 bar, in gray, are extrapolations from the linear fit obtained
from values for lower pressures. This prevented damages in other specimens.

Up to now, the mixture argon + 10% isobutane has been tested in the context of
optimizing the percentage of isobutane for TPC with Micromegas, or even in wider
searches for gas mixture selection. These tests were performed at 1 bar with the
alm at assessing the characteristics of different mixtures in the same set-up. Here,
we are interested in the behaviour of the selected mixture at different pressures that
have never been explored.

The reason to increase the percentage of isobutane was motivated by the in-
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crease in sensitivity for low mass WIMPs compared with argon + 1% isobutane.
But due to its role as quencher, it is also expected to affect the gain: an increase in
isobutane allows higher voltages of operation due the effect of the quencher, it traps
UV photons more efficiently preventing secondary ionizations and wide-spread ava-
lanches in the amplification gap. On the other hand, the increase of pressure implies
a reduction in the reduced electric field (V/cm/bar) and therefore in the gain, that
can be recovered applying higher voltages. Therefore, due to the combination of
these two effects, it was not clear beforehand how the gain will evolve with pressure
for this mixture.

As mentioned before, unexplored territory in terms of pressures and voltages had
the drawback of multiple unexpected sparks. At first, the maximum amplification
voltage limit was checked without any reference and many Micromegas were lost.
From these measurements, figure 4.16 was extracted. For example, the last point
at 5 bar, slightly below 140 kV /cm, was extracted from the last spectrum obtained
before a spark at 140 kV/cm shortcircuited that Micromegas. To prevent these
destructive tests we keep voltages between 4 and 8 kV/cm below the estimated
maximum voltages shown in table 4.1. Measured maximum fields are presented in
table 4.2.
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Figure 4.16: Gain curves for argon + 10% isobutane at different pressures, using
the 5.9 keV peak.

The systematic measurement of the gain curves for different pressures involved
several technical refinements learned in previous data takings. First, use a single
Micromegas specimen. Different Micromegas show small performance differences
even though they have the same hole pattern. This implies avoiding sparks during
all the measurement. And second, the gas quality. The chamber was pumped for
several hours before injecting gas to eliminate emanated contaminants, humidity

and oxygen. The measurements were performed in sealed mode as fast as possible.
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To speed up the measurements, the most active %°Fe source available was used.
Therefore, in the following measurements all peaks used correspond to its 5.9 keV

emission.
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Figure 4.17: Spectra for different mesh voltages and pressures for argon + 1%
isobutane. The peaks correspond to the 5.9 keV from a 5°Fe radioactive source.
For every pressure, several spectra taken at different V.., values in V written next
to each peak, and plotted with a vertical offset for better visualization. From the
peak positions, gain curves of 4.18 were obtained.

Feb55 source, Ar + 1% Iso, Amp Ortec Timing Filter, Gain 20, MMb

103 §

/)'
P
//
102 //
d

10t T T T T T T T
50 60 70 80 20 100 110
Amplification field (kV/cm)

Peak position (bin)

1 bar
2 bar
4 bar
6 bar
8 bar
10 bar

Il

Figure 4.18: Gain curves for different pressures for argon + 1% isobutane. 5.9 keV
peak position extracted from spectra in 4.17. Curve at 1 bar presents a unexpected
slope compared with the rest of the series, raising suspicions about the quality of
the gas during these measurements.

In the same day, two data takings were recorded: first a series of calibrations for
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argon + 10% isobutane at different pressures, figure 4.19, and then another series
with argon + 1% isobutane, figure 4.17. All runs were acquired in the span of less
than five hours, with between 5000 and 10000 events per calibration.

Figures 4.17 and 4.19 present the calibration spectra employed for the gain curves
in 4.18 and 4.20. An offset on the Y axis has been applied with the increasing
pressure of each run to facilitate the visualization. On each vertical level several
spectra with different gains are plotted, with slight variations in colour. Each one
has the peak coming from the 5.9 keV emission from the **Fe source clearly visible
and its position grows with the increase of V,,.s;,. In some of them, an extra noise
peak can be seen next to the threshold. In some cases, pulses are so big that the
peaks go beyond the acquisition range in ADC: in these cases, the amplifier gain
was decreased and the peak position rescaled afterwards extracting the amplification
factors from repeated measurements with different amplifier settings for lower V,,.sp,
values. This happened in the highest point for 1 bar in both figures 4.18 and 4.20.
This calibration procedure could introduce some distortion in the curves, possibly
explaining the different slope of the curve at 1 bar in figure 4.18. Also, the first
point of this curve was the first of the series, rising possible suspicions about the gas

quality.

Measured maximum amplification fields

Pressure 1 2 4 6 8 10 bar
Ar+1%Iso | 60 | 66 | 78 | 90 | 100 | 110 | kV/cm
Ar+10%Iso | 80 | 88 | 118 | 144 | 172 | 198 | kV/cm

Table 4.2: Maximum amplification fields applied to a Microbulk Micromegas with
a b0 wm amplification gap for two argon mixtures measured in the runs shown in
figures 4.18 and 4.20.

From these gain curves with conservative maximum amplification fields, shown in
table 4.2, two conclusions are obtained: at lower pressures argon + 10% isobutane
reaches higher gain, almost double for 1 bar; but at higher pressures, argon +
1% isobutane reaches further, being the gain several times higher than for 10 bar.
Probably the turning point is around 3 bar. This effect of decaying gain with pressure
has been observed previously in other mixtures like argon + 2% isobutane [70],
argon + 1% isobutane and neon + 2% isobutane in [79], and xenon-trimethylamine
[99]. This last reference is interesting because they examine different percentages of
additive (trimethylamine) and they observe that the optimum amount changes with
pressure. This could happen as well in our case , the optimum amount of isobutane
for maximum gain at 10 bar could be smaller.

Our hypothesis is that at higher pressures, the isobutane concentration enhances
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Figure 4.19: Spectra for different mesh voltages and pressures for argon + 10%
isobutane. Peaks are 5.9 keV from a 5°Fe radioactive source. For every pressure,
several spectra taken at different V,,..,, values in volts written next to each peak,
and plotted with a vertical offset for better visualization.
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Figure 4.20: Gain curves for different pressures for argon + 10% isobutane. 5.9 keV
peak position extracted from spectra in 4.19.

the energy transfer in the collisions, and with electrons scattering constantly in
isobutane molecules they lose too much energy to develop bigger avalanches, leading
to less amplification. Also, at high pressure voltages are so high that sparks tend to
be fatal for the Micromegas. During these measurements the highest voltage ever
applied to a Micromegas in our experiments was reached: V,.sn = 990 V at 10 bar
with argon + 10 % isobutane. This specimen (MMG6) is still operative and working

fine many months later.
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“We astronomers are nomads,
merchants, circus people,
all the Earth our tent.”

- Rebecca Elson, We Astronomers

Dark photons and axions
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The lack of experimental evidence for dark matter, particularly within the WIMP
paradigm, has prompted the exploration of a wide range of alternative approaches.
Many models have been proposed to explain the challenge of detecting a new particle,
or set of particles, that could account for the astrophysical behaviour of galaxies,
galaxy clusters, and cosmological observations.

The first half of this work has been devoted to the search for light WIMPs using
gaseous detectors, with particular emphasis on the TREX-DM experiment. From
this point forward, the focus shifts to one of these alternative paths: the search
for axions and dark photons using resonant cavities. Experimental technologies are
very different but both have the same aim: to explain the hidden nature of dark
matter particles.

If they only interact gravitationally with the ones from the Standard Model,
laboratory searches will have little hope to see them. This possibility is seen as
a world almost parallel to our own. In this hidden sector, particles may interact
among them as in our Standard Model, affecting our visible Universe only at large

scales due to the faint touch of gravity.
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A model like this might not be very appealing for experimental searches, but
of course, ideas are not scarce: the hidden sector may have a portal to our visible
Universe. The term “portal” makes reference to the possibility of having at least one
of these particles capable of interacting with Standard Model particles. The form
of this interaction can be classified by the type and dimensions of the associated
operator. The best motivated and most studied cases contain different types of
operators depending on the spin of the mediator: wvector (spin 1), neutrino (spin
1/2), Higgs (scalar) and azion (pseudo-scalar).

In this chapter two of these cases will be briefly explained due to the common
techniques employed in their experimental searches: dark photons (spin 1) and ax-
ions (pseudo-scalar). Both will eventually be shown to be coupled to electromagnetic

currents and that this kind of interactions can be probed with resonant cavities.

5.1 Dark photons

5.1.1 Motivation

Dark photons, also known as para-photons or hidden photons, are the realization of
the vector portal. In this model, a U(1) boson from the hidden sector mixes kin-
ematically with ordinary photons through the dimension 4 operator of the product
of both field strengths. This interaction makes possible the oscillation from one
species to the other along their propagation, permitting the detection of the dark
photon.

Originally, it was proposed in the context of supersymmetry but has long left
this paradigm to appear in other theories like string theory or supergravity [100].
Now, dark photons are considered as part of the more general category of WISPs,
Weakly Interacting Slim Particles [101].

This section has been elaborated following mostly two references: [102] for gen-
eral overview and experimental searches and [103] for details in the mathematical

formulations.

5.1.2 Mathematical models: massless and massive cases

The most general Lagrangian for the kinetic terms of two U(1) bosons, A, y Ay, can

be written as:

1 e 1w €
Lo=—FEL, — 7B FL, — SFEL, (5.1)
Being F}, the strength tensor of each photon: F},, = 0,4, -0, A}, withi € {a,b}.

The last term in expression 5.1 is known as kinetic mizing term [103].
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These two bosons also couple to matter of their own sector, the gauge boson A,
couples to the current .J, of ordinary Standard Model matter and the other, A,, to

the current J ;L, which is made of dark-sector matter:

Ly=eJ'Al + ¢ J"AY (5.2)

where JH = Zf Qy " f, with Q¢ the electric charge of the fermion f in units of e,
f and f the fermion field and its adjoint and 7* are the gamma matrices. The total
current is the sum over all fermion species.

Diagonalizing the kinetic Lagrangian 5.1, the measurable states can be expressed
in terms of the two gauge bosons. The rotation needed for this diagonalization can

be expressed as:

1
) )
S AN \/? Cf)S 6 —sinf\ [A* (5.3)
Ay B | sinf  cosd A*
V1—¢g?
Now A* can be identified with the ordinary photon and A’* with the dark photon.
Orthogonal rotation dependent on angle 6 is an extra rotation always allowed. The
parameter 6 is arbitrary for the massless case and fixed by the mass in the massive

case. Nothing excludes the possibility of a massive U(1) boson, so both cases will

be explained further in the following paragraphs.

Massless case

If no mass terms have to be considered in the Lagrangian, the rotation parameter
0 can be freely chosen. Including the rotation 5.3 in the Lagrangian 5.2 the latter

can be written as:

e cosf ecosf
L =|——J +e|sinf — ——— | J,| A"
[\/1—62 g ( \/1—62) “}

e'sinf esinf
+ |:_\/1—_7€2JM +e (COS9 -+ \/1——752) JH:| AH

And therefore, there are values of # for which one of the two bosons only couples

(5.4)

to 1ts sector current.

e Photons coupled only to a Standard Model current, dark photons coupled to
both currents: sinf =0 (cosf = 1)

B e 7 ¢
Clvi—etr =2t
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This case is the limit of vanishing mass of the massive case that will be shown

later.

e Photons coupled to both currents, dark photons coupled only to dark current:

sinf = ¢ (cosf = /1 —€?)

L= J A"+ (5.6)

ee e
St s
In this case, the dark sector is not directly coupled to Standard Model, the
dark photon sees ordinary matter only through the effect of operators of di-
mension higher than 4 like the magnetic moment or the charge form factors.
This is the choice defining what is commonly known as massless dark photon.
The coupling between ordinary photon and dark sector matter has a coup-
ling e’s/v/1 — €2, what is called “milli-charge” and experimentally its value is

constrained to be very small.

Massive case

If masses are considered for the U(1) bosons, new terms have to be added to the
Lagrangian 5.4. One way to give mass to the photons is through the Stueckelberg
Lagrangian:
12AA"12AA“ Ay AY
‘CSW = _5 a‘taptq §Mb busty — M, M, aptty (57)
These terms fix the rotation angle to diagonalize the Lagrangian:
oV/1—¢e? 1—de

sinf = cosf = (5.8)
V1 —20e + 62 V1 —20e + 62

with 6 = M}/M,. So the Lagrangian of the kinetic part ends up being:

v 1 e(1 —(55)J, N e(d —e)
VI=20e+02 | V1—=e2 F 1—¢2

V1 —20e + 62
(5.9)

This effect of fixing the rotation is also seen in models in which the gauge sym-
metry from which the dark photon originates, is spontaneously broken. In both
cases, both gauge bosons are coupled to both currents.

Even in the simplest models that consider only one massive boson -we know
Standard Model photons are massless so M, = 0-, the mass term removes the
freedom of choosing the angle 6. These models are widely used in experimental

searches because when ¢ = 0 the ordinary photon couples only to ordinary matter

114

1
J | A"+ [eJu — (56/JL] AH



and the massive dark photon is characterized by a direct coupling to the Standard
Model current.

Including the mass term, the kinetic ones and the interactions, assuming a single
massive U(1) boson, and redefining the fields (A* — A* — A" [103]) to absorb the

mixing term (last in 5.1) the Lagrangian contains the following relevant terms:

LD —iFM,,F“” — }lF;/wFIW + mT‘%VALA’“ +eJ, A" + e’JLA'“ —eeJ, A" (5.10)

The last term means that the coupling of the massive dark photon to Standard
Model particles is not quantized, rather, it takes the arbitrary value ec. Because
of this direct current-like coupling to ordinary matter, it is the model most widely
considered in experimental proposals.

The massive dark photon, when its mass tends to 0, has the same couplings
as the massless case choosing sin# = 0, therefore, this case represents the limit of
vanishing mass of the massive dark photon. Other choices for siné are not related

with any limiting case of the massive dark photon.

5.1.3 Experimental searches

Experiments are almost always driven by the theory. Proposals particularly appeal-
ing according to current empirical observations and reachable with present techno-
logy always receive more attention. This has happened to the different dark photon
models. The massive case has been much more tested than the massless one, be-
cause its direct interaction with Standard Model particles makes it more attractive
for direct detection experiments.

Even so, a few dedicated dark photon experiments have been performed. Most
of the experimental constraints come as secondary results from experiments devoted
to related topics like axion searches, particle colliders or nuclear studies.

The indirect interaction of the massless dark photon with ordinary matter makes
it a challenging theory to test. Experiments have explored two possible interactions
that may hint its presence: precision measurements of the magnetic dipole operator
and searches for milli-charged particles. In both, higher order operators are involved
in the interaction.

Constraints over the magnetic dipole operator can be extracted from astrophys-
ical observations. Energy loss in star evolution can consider the new dark photon
channel, the most stringent constraints being those derived from bremsstrahlung
process in white dwarfs and red giants. Particle production in supernovae may also
point to the presence of an unseen component that may interact through magnetic

dipoles. The neutrino signal registered in the supernova 1987A allows this compu-
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tation, although the limit is not very stringent due to the low statistics of the few
events detected. Cosmology can also be also sensitive to the presence of unseen
particles. in particular, the results of nucleosynthesis may depend on the content of
massless dark photons. The derivation of constraints from all these phenomena is
analogous to those for pseudo-scalar hypothetical particles like axions, reviewed in

the next section.

Other sources of information to constraint the effect of dark photons over the
magnetic dipole operator are precision physics and colliders. Both suffer from the
same limitations: due to the high order of the operator, most of the interactions
produced in the laboratory are affected by lower order and more probable interac-
tions, so evidence for higher order operators is scarce compared with other effects.
In precision physics, measurements of the fine structure of the atomic levels of he-
lium atoms and the magnetic moment of electrons and muons are used to derive
upper limits for the influence of dark photons in this operator. From collider exper-
iments, several channels in which one photon is present and some energy is missing
are identified and limits have been extracted interpreting this missing energy as the
dark photon that escapes.

Milli-charged particles may be another hint of the presence of a dark sector. In
the massless case of dark photons, the Standard Model photons interact with dark
sector particles through a coupling with fraction of the electric charge. Searches for
this interaction have been performed in observational data using the same stellar
objects as for magnetic dipole measurements. Its effects have been examined in
data from Lamb shifts in the hydrogen atom and many collider experiments are also
sensitive to some models of milli-charged particles. SLAC and LHC, for example,
have performed specific searches devoted to this hypothetical interaction [104]. Also,
dark matter density surveys like the one extracted with WMAP or PLANK space-
borne observatories are useful to establish limits in the presence of milli-charged
particles in the Universe.

Many proposals have appeared in recent years specifically aiming for massless
dark photons. In colliders, specific processes in the flavour sector, Higgs and Z sector
and in the pair annihilation in some decays have been identified as reactions sensitive
enough to scan new models of massless dark photons. There are also proposals to
study their possible coupling to magnons in ferrimagnetic materials and their effects
in neutron stars collapses through the gravitational wave patterns.

The massive case has also been explored in astrophysics and cosmology data
and in atomic and nuclear experiments like Coulomb force tests, Rydberg atoms
and Lamb shifts in different elements. In addition, collider experiments can pro-
duce constraints for massive photons, particularly in channels with missing energy,

momentum or mass, and in visible final states looking for decays of dark photons
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Figure 5.1: Current constraints on the massive dark photon mass, my , and kinetic
mixing parameter with the Standard Model photon, x. Cosmological bounds in blue,
experimental bounds in red, and astrophysical bounds in green. Image extracted
from [105].

produced in the collisions as long-lived particles with a displaced vertex or reson-
ances in the spectra.

Dedicated experiments for axion and ALPs searches can set limits to massive
dark photons due to the similarity of the signal produced, an excess in photon pro-
duction. Therefore, light-shining-through-wall experiments, helioscopes like CAST,
and haloscopes have probed wide areas of the parameter space of massive dark
photons. In these experiments, the only difference between searching for axions or
dark photons is usually the magnet needed for axion conversion; operating with the
magnet off is enough for dark photon searches. Dark matter direct detection exper-
iments might also be sensitive to dark photons. In figure 5.1 all these bounds are
represented in the mass-kinetic mixing parameter space.

For a thorough review of the phenomenology, possible hints and experiments

devoted to dark photon searches the review [102] is highly recommended.

5.2 Axions

5.2.1 Motivation: Strong CP problem

The Quantum Chromodynamics (QCD) is a gauge field theory that describes the

properties of the strong interactions between quarks and gluons. Despite its suc-
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cessful history of predictions across many different particle interactions, it contains
a still unsolved problem known as the strong CP problem. This theory predicts a
CP-symmetry violation in strong interactions that has not been observed experi-
mentally.

The QCD Lagrangian is given by:

9

1 a a pv T )
Lqocp = == G,G"" + Z@W(W“Du —myg)Yy + 087r2

nar Ga,G (5.11)
f

where G%, = 0, A% — 9, A%+ g f** AY A is the gluon field strength tensor, Gor =
%GWWGZU is its dual, D, = 9, —igT"Aj, is the covariant derivative, ¢y is the quark
field of flavour f, m; is the mass of the quark with flavour f, 6 is the CP-violating
parameter and g is the QCD coupling constant.

The last term in 5.11 is not invariant under strong CP symmetry unless 6 = 0,
but any value for this parameter would be completely possible. Experimentally,
this parameter can be inferred from measurements of the neutron’s electric dipole
moment (EDMN). The most sensitive measurements of EDMN set a strong experi-
mental bound at |d,| < 2.9 x 10720 e ecm (90% C.L.), which constrains the value of
6 < 1071° [106]. Explaining the extremely small value of this parameter is known as
the strong CP problem. Although several solutions have been proposed, none have

been experimentally confirmed. One such solution gives rise to the axion.

5.2.2 Mathematical model: Peccei-Quinn solution

Peccei-Quinn mechanism

An elegant answer to the strong CP problem was proposed by Peccei and Quinn in
1977 [107], [108]. In order to explain § = 0 it postulates a new global and chiral
symmetry U(1)pg that is spontaneously broken at the energy scale of the symmetry
fa. It implies the existence of a new field a which appears as the pseudo Nambu-
Goldstone boson of the new symmetry, the axion. This is achieved through a new
term L, added to the QCD Lagrangian:

2

1 a g ~
—_ — - ,LL _— a /141/
L, 2@@8 a+ I, 327T2GWGG + L(0ua, ) (5.12)

The first term accounts for the kinetic energy of the axion field, the second
term introduces the axion field @ and its coupling to gluons through & a model-
dependent constant, and the third gathers all possible interactions of the axion field
with fermions. Considering the # term in equation 5.11 and the first term in 5.12

the effective potential acquired by the axion field can be expressed as:
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Vet ~ cos <9_ + gﬁ) (5.13)

a

and the vacuum expectation value for this potential is achieved at its minimum

with respect to the axion field:

<mﬁ>:o = @:—Eé (5.14)

da 1S

It solves the strong CP problem by cancelling the # term for any value of f,,
providing a dynamical solution to the problem. Expanding V.;; around its minimum

the axion acquires a mass:

32‘/1{ f g2 0 ~
2 _ € — _ > e a [z
. < oa? > Fo 320 ()

The mass is given by the Peccei-Quinn symmetry breaking scale f, so it is arbit-

(5.15)

(a)

rary. This solution of the strong CP problem predicts a new, potentially detectable

particle, whose discovery would confirm the theory.

Couplings

The intensity of the interaction between axions and other particles depends on the
specific structure of the axion field, determined by its Lagrangian, and the paramet-

ers that fix the precise axion model.

Coupling to gluons

Axions couple to gluons as a consequence of the chiral anomaly of the U(1)pg
symmetry, so it is a direct outcome of any axion model and the most generic property
of the axions. It is described by the surviving term of the axion Lagrangian after

the merging with the 0 term:

Qs
87 fa

where ay is the fine-structure constant.

£aG =

Ge,Ga (5.16)

Coupling to photons

The coupling to photons is done in two ways: the mixing with neutral pions and,
if the fermions carry electric charge and P(Q charge, through the Yukawa coupling
to two photons. The axion-photon coupling is generic to all the models and most

of the axion searches strategies are based on this interaction. The axion to photons
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coupling can be described by the Lagrangian term:

oy 1a ppv w5
Emz—fFWFf a=gsyE-Ba (5.17)
where F),, is the electromagnetic field-strength tensor, Fm its dual, E and B are

the electric and magnetic fields, a is the axion field, and g, is the coupling constant.

Coupling to fermions

Whether fermions carry PQ charge or not is a model dependent property, so this
coupling is not as generic as the ones to gluons or photons. The possible interaction
of an axion with a fermion f, indicated indirectly in the third term of 5.12, can be

expressed as:

Ya -
Eaf = QTI’Jch (Q:Df’y'u’YquZ}f) aua (518)

where 1y and my are the fermion field and mass, and g,s is the axion-fermion

coupling constant.

Axion models KSVZ - DFSF

The original assumption from the Peccei-Quinn solution was that the U(1)pg sym-
metry breaking scale is of the same order as the electroweak scale, so f, ~ 250 GeV.
This would have been translated to an axion with a mass ~ 100 keV that should
have been detected in reactor and accelerator experiments.

After ruling out models with heavy and strong axions with f, “small”, the so
called visible azions, what was left was the invisible azion [109]. This is the branding

name for models with light and weakly coupled axions, so large f,.

¢ KSVZ model: it was proposed by Kim, and Shifman, Vainstein and Za-
kharov. In this model leptons and quarks do not carry PQ charge so inter-
actions with matter only occurs via the axion-gluon coupling. These models
require a new heavy quark () that is the only fermion that carries PQ charge.
Here axion-electron coupling is forbidden at tree level but the coupling to nuc-
leons is allowed. The main drawback of this model is that there is no physical

motivation to introduce this new generated heavy quark.

e DSFZ model: it was proposed by Dine, Srednicki and Fischler, and Zhitnit-
ski. In this case, Standard Model quarks and leptons carry PQ charge, so the
existence of a new exotic quark is not required, but the Higgs field needs some
adjustments. Axion-electron coupling at tree level is allowed. The disadvant-

age of this model is that fine tuning is necessary in order to obtain a breaking
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scale larger than the electroweak scale.

In both models, the axion mass and coupling to photons are proportional, so they
are represented in exclusion plots as a straight band, taking into account reasonable
parameters for both families of models. In figures 6.2 and 6.3 they appear as yellow

bands. Axions arising from these models are known as QCD azions [110].

ALPs

Axion models have been expanded to consider similar particles called axion-like
particles. They are predicted to arise generically, in addition to the axion, in low-
energy effective field theories emerging from string theory. The main difference is
that the mass and coupling to photons are entirely independent parameters, there-
fore any region of the parameter space explored by experiments may correspond to
viable ALP candidates. Typically, interactions with matter have the same charac-
teristics as axions, permitting the same experimental techniques to be used. ALPs
and hidden photons, as mentioned before, are two hypothesized particles that fall

inside of what is known as WISPs.

5.2.3 Axion searches

Axion models do not constraint a priori the mass, which is determined by the scale
factor f, that can be arbitrary small or large. The implications of the existence of
axions would shake the foundations of astrophysics, cosmology and particle physics,
therefore the phenomenology has been studied in the context of all process known
and some constraints have been extracted from current and past observations in
these fields [3]. The most stringent limits come from astrophysics, based on the fact
that axions could be produced in hot and dense environments like stars, globular

clusters and white dwarfs, as will be seen in figure 6.2 of chapter 6.

Astrophysics

As mentioned when dark photons were discussed, the existence of axions may trig-
ger a reinterpretation of some of past astrophysical and cosmological observations.
From them, constraints to axion abundance may be derived, allowing to rule out
some axion models. If not referenced explicitly, contents for this section have been
extracted from [3], [51], [52].

Solar model
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Photons may convert into axions in the presence of solar magnetic fields, known
as Primakoff effect, or electrons may produce them through Bremsstrahlung. Be-
cause both processes mean a new way of cooling down the star, they imply an
increment of the nuclear burning and of the solar temperature distribution. Con-
straining these effects with present solar observations leads to constraints in the
axion-photon coupling of g, <7 % 107'% GeV~! and in the axion-electron coupling
of goe < 2.5 x 107 GeV~L.

Globular clusters

These are accumulations of millions of stars densely packed formed at the same
time. These objects are interesting for axion constraints because they allow to
explore the ratio between two populations of stars that are affected differently by
the existence of axions: the horizontal branch (HB) stars and the red giants branch
(RGB). The RGB stars have a degenerate helium burning core and a hydrogen
burning shell. When the RGB helium core becomes hot and dense enough, it rapidly
increases the rate of fusion and becomes an HB star. Thus axion production via
Primakoff effect should be larger in HB stars in comparison with RGBs, adding a
new energy-loss channel which is negligible for RGB stars. So the population of
RGB stars should be relatively larger than the population of HB stars inside the
globular clusters. Observations in this ratio produce a constraint in the axion-photon
coupling of gg, < x1071° GeV~1.

The brightness of RGB stars should also be affected by electron-Bremsstrahlung

processes, from which constraints to g,. can be derived.

White dwarf cooling

White dwarfs (WD) are a remnant of low massive stars made of a degenerate
carbon-oxygen core and a helium burning shell. A WD is initially very hot but it
has no energy source to maintain its temperature so it gradually cools down by the
emission of neutrinos and later photons from the surface. If axion production is
allowed, WD could increase its cooling speed by the emission of axions generated
mainly by axion-Bremsstrahlung processes. Similar limits can be obtained from

neutron star cooling.

Supernova 1987 A

A supernova is a stellar explosion that expels a big quantity of stellar mater-
ial with a great force. There are different types of supernova; for axions the most
interesting one is type II supernovae. When a star is massive enough to burn its
carbon-oxygen core, it rapidly consumes the carbon producing heavier nuclei and in-

creasing the core size. At some point the core exceeds the Chandrasekhar limit and
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the star collapses. A cataclysmic implosion takes place within seconds generating an
enormous quantity of radiation and a burst of neutrinos. Axions could be emitted
from the core of a type-II supernova via axion-nucleon Bremsstrahlung, shortening
the neutrino burst. Supernova 1987 A was the first in which the neutrino flux was
measured. Two experiments were sensitive to this flux: IMB and Kamiokande II.
They registered a total of 20 neutrinos in a burst of 10 seconds, compatible with
supernova models without axions. It should be noted that the low statistics add

uncertainty to the the limit extracted for g,y.

Superradiance of dark holes

Gravitational wave emission of a rapidly rotating black hole may be affected by
light bosonic fields such as axions. This effect may be observable through the super-
radiance mechanism. When the boson’s Compton wavelength is of order of the size
of the black hole’s ergoregion, bosonic fields may form gravitationally bound states
around the black hole that extract energy and angular momentum from the black
hole, forming a coherent axion bound state emitting gravitational waves. When
accretion cannot replenish the spin of the black hole, superradiance dominates the
black hole spin evolution.

Stellar black hole spin measurements exploiting well-studied binaries tend to
exclude the low end of axion masses. In this case, bounds do not affect the axion-
photon coupling parameter but its mass due to the gravitational nature of this
effect. Limits vary depending on the analysis but a commonly accepted value is
mg = 1071 eV. Gravitational wave interferometers like LIGO/Virgo are pursuing

to detect effects of these axion-graviton interactions produced in black holes [111].

Cosmology

If axions have been present along the history of the Universe, hints may be found in
cosmological probes. There are two distinct populations of cosmic relic axion: a non-
thermal one behaving as cold dark matter (CDM), and a thermal one comprising
a hot dark matter (HDM) component, in analogy to massive neutrinos. The hot
component is restricted from cosmological observations (CMB, BBN...) to an upper
bound in the axion mass m, < 1 eV. The decay of such high-mass axions to photon
pairs could be detected as unexpected optical or X-ray sources with narrow spectral
features.

Yet, for cosmology, the main interest in axions at present derives from their
possible role as CDM. In addition to thermal processes, axions could be abund-
antly produced by the misalignment mechanism and therefore the axion dark matter
abundance crucially depends on the cosmological history.

There are two possible scenarios: pre-inflationary PQ symmetry breaking scen-
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ario and post-inflationary P(Q symmetry breaking scenario. In the pre-inflationary
scenario the PQ symmetry is broken before and during inflation and not restored
afterwards. The axion field relaxes somewhere in the bottom of the “wine-bottle-
bottom” potential (or “mexican hat” potential) due to topological fluctuations of the
gluon fields that explicitly break the PQ symmetry. The axion field would have been
homogenized by inflation, making the value of § unique. In the post-inflationary PQ
symmetry breaking scenario, f will take different values in different patches of the
present Universe because the decay is not correlated along all the Universe. Post-
inflationary models can predict narrower axion mass ranges, although these ranges

are still considerably large.

Experimental searches

Several techniques have been developed since axions were proposed for their detec-
tion. Although many new ideas are being explored nowadays, three are the main
techniques depending on the axion source: helioscopes for solar axions, haloscopes

for dark matter axions and light-shining-through-wall for axion production.

Helioscopes

The helioscope technique seeks axions generated at the Sun’s core, it is the closest
star to us so it should be the brightest source of axions. Proposed initially by P.
Sikivie in 1983 [112] and subsequently refined in 1989 [113], this method involves
directing a powerful magnet towards the Sun to induce the conversion of solar axions
into photons inside the magnet. These axions arrive at the Earth with energies of
the order of keV, resulting in conversion photons in the X-ray range. This is why
at the other side of the magnet, X-ray detectors are used to measure a possible
excess over the radioactive background that would give the positive axion signal.
The key components of a helioscope are a movable, high-powered magnet and low-
background X-ray detectors. An advanced version employs X-ray focusing optics to
concentrate photons produced within the magnet onto a small area of the detector,
thereby enhancing the signal-to-noise ratio. Figure 5.2 shows a conceptual scheme
of the helioscope detection technique.

Helioscopes can cover axion masses in a wide range of the parameter space, up
to 1 eV aprox, because contrary to what happens with haloscopes, the signal is
independent of the axion mass. There have been three generations of helioscopes
since the 90s. The first helioscope was implemented in the Brookhaven National
Laboratory in 1992 [114] with a static magnet, a conversion volume of variable
pressure gas and a xenon proportional chamber as X-ray detector. Later in 1998, the
second generation Tokyo Axion Helioscope (SUMICO) [115] used a superconducting

magnet on a tracking mount that allowed to follow the Sun trajectory. More recently,
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Figure 5.2: Schema of an helioscope from [51]. Axions coming from the Sun are
converted into X-ray photons by an intense transversal magnetic field. Then, they
are focused towards a low-background X-ray detector where signal is registered.

from 2003 until 2021 CERN Axion Solar Telescope (CAST) established the most
stringent levels up to date for a helioscope [74]. In figure 6.2 its exclusion plot

appears in dark red.

The next generation helioscope will be BabyIAXO, an intermediate stage to-
wards TAXO, the International Axion Observatory [75], proposed to be sited at
DESY, Hamburg. BabyIAXO will be a test bench for all technologies needed for
the bigger version IAXO, with comparable size magnet, optics and X-ray detectors,
but different number of bores. Despite this difference in active volume, BabylAXO
is by itself sensitive to unexplored areas in the parameter space of axion mass and
coupling to photons, and will surpass CAST limits, the most stringent so far. All
systems are currently under construction and first steps of on site installation are

foreseen for 2026.

Light-shining-through-wall

Light-shining-through-wall (LSW) is a technique based in the axion production
in the laboratory. It makes use of an intense laser beam passing through a traverse
magnetic field as a source of axions via Primakoff effect. Then an opaque wall
is placed to block photons and behind it another magnet allows to convert the
axions generated with the laser, that can easily pass through the wall, into photons
again ready to be detected. This technique has the advantage of being lees model-
dependent because it does not depend on cosmological or astronomical assumptions.
But on the contrary, it is penalized by the fact that the Primakoff conversion has to

happen twice.

OSQAR [116] in CERN and ALPS [117] in DESY are the most representative
experiments using this technique, although their results are not yet competitive

compared with other techniques. Their exclusion plots can be seen in figure 6.2.
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Recently ALPS-II has resumed data taking with the improvement of a resonant
cavity for the laser beam made with mirrors that increase the photon density in the

conversion magnet.

Haloscopes

The next chapter is devoted to this technique, therefore here it is enough to
say that haloscopes are microwave resonant cavities immersed in magnetic fields
that look for dark matter axions that may traverse the Earth. These cavities are
sensitive devices tuned to certain frequency that is continuously scanned thanks to
an antenna coupled to the resonant electric or magnetic field. One of the critical
aspects of these experiments is the tuning of the characteristic frequency to be able
to prove different axion masses. A plethora of experiments using this technique has
arisen in recent years aiming for different axion masses. In the next chapter, figure

6.3, exclusion limits from many of them can be seen.
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6.1 Axion haloscopes

Axion searches have been a fertile area for experimental particle physics research in
the last decades. Depending on the model and the proposed origin for these axions,
different detection techniques have been proposed, being most of them still in use
in ongoing experiments.

The axion haloscope concept was proposed by P. Sikivie [112] in 1983 to look
for dark matter axions, also called relic azions, in the galactic halo. This technique
makes use of the axion coupling with electromagnetic fields to convert the incoming
particle into a photon in the presence of a strong magnetic field. The strategy
to detect this photon consists in a resonant cavity which is tuned at the photon
frequency and coupled to an antenna to measure the induced power, see figure
6.1. This detection technique has been in operation since its proposal, with ADMX
(Axion Dark Matter eXperiment) [118], installed in the facilities of the University
of Washington, as the leading experiment in the field.
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Figure 6.1: Schematics of the axion haloscope detection principle. The axion-photon
conversion is produced inside the resonant cavity, in orange, immersed in a magnetic
field. The signal is extracted through a microwave antenna and the electronic chain
extracts the power spectrum. If a photon appears in the cavity, a peak in the power
spectrum is expected at the resonant frequency of the cavity. Image from [119].

6.1.1 Detection principle

An axion haloscope is a microwave resonant cavity immersed in a magnetic field.
When the resonant frequency of the cavity matches the one from the photon con-

verted from the incoming axion, the power inside the cavity increases. This signal
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is extracted through a microwave antenna and amplified with low noise amplifiers.
Typically, the frequency power spectrum is stored. This detection principle has been
in use in the range of hundreds of MHz, but nowadays it is being expanded towards
both higher and lower frequencies. In figure 6.2, together with the current exclusion
limits appear as a red doted line the expected sensitivity for future axion haloscope

experiments.
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Figure 6.2: General landscape of axion searches. In the horizontal axis the mass of
the axion model in eV, in the vertical one its coupling to photons in units of GeV 1.
In solid lines current limits, in dashed lines prospects for future experiments. Red
areas are from particle physics experiments, green from astrophysical constraints
and blue ones from cosmological proves. In red bars around 1075 eV can be seen
axion haloscope experiments results. Image from [120].

The axion signal is expected as a peak in the power spectrum, centred at the
corresponding frequency of the axion mass. If the hypothesis of the axion component
of the dark matter in the galactic halo happens to be correct, the resonant cavity
would be immersed in the axion bath; that is, the source would always be present
and the only requirements for detection would be a cavity with the correct frequency
and enough sensitivity, meaning that the extracted power from the axion-photon
conversion should be higher than that coming from the noise of the system.

These detectors need to be tuned, as their resonance frequencies have a very
small bandwidth. Techniques to sweep across different frequencies are continuously

developed, most of which consist on moving parts that change the inner geometry
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of the cavity.

The power generated by the converted axion in the cavity is modelled as [121]:

_ 2 (Ma) gy Qo
ngaw(pa)BchmLQa (6.1)

Some of these parameters cannot be controlled: the axion-photon coupling gy,
the axion mass m,, the local density of axions in the halo p,. Others can be optim-
ized to increase the power of the signal: the magnetic field strength B, the volume
of the microwave cavity V and the mode-dependent form factor C. The last two
parameters are the quality factors of the cavity Q¢ and the axion @),; intuitively
the higher these numbers, the higher and narrower the peak of each resonance and
therefore the better the sensitivity. The overall value of this term is limited by the
minimum of the two, so it is very common to use instead min(Q., Q,)-

In this ideal model, only the axion and the cavity are considered; however, the
cavity is connected to the external world through some sort of antenna and it is
coupled to a receiver device. This can be included in the formula adding a factor
n, the fraction of power extracted through the line (magnitude of transmission coef-
ficient |S91]). This factor depends heavily on the precise geometry of the antenna
and on temperature. In general, one aims for critical coupling in which n = 0.5,
which means that half of the power generated in the cavity is extracted through the
line and the other half remains in the cavity, where it will be dissipated by other
processes.

The second modification to the expression 6.1 is a reinterpretation of the para-
meter (Qc. The cavity is not isolated from external world, so couplings through
ports affect the quality of the resonance. It will be discussed further in a while but,
as a result, the internal quality factor of the cavity Q¢ will be replaced by Qr,, the
loaded version of the parameter that accounts also for the external couplings. In
practice, Q < Q,, since QQ, ~ 10°, so the expression can be written as:

Mg,

PSIG - 779277 (p ) B2VCQL

The ability to detect the signal coming from axion conversion depends on the
noise level of the whole device, including the readout chain and the DAQ system.
The signal-to-noise ratio is given by Dicke’s radiometer equation [122]:

S _Psae _ Psic (6.2)

N PN kBTsys \/ %

The power of the noise is proportional to the Boltzmann constant kg, the tem-

perature of the system T,,, the bandwidth Av and the observation time ¢. In perfect

conditions, Av should be the bandwidth of the axion resonance Av, = %, to reduce
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the noise power outside the region of interest.

The figure of merit used in axion haloscope experiments is the velocity of scan
for a fixed signal-to-noise ratio. In other words, the time needed to achieve a certain
signal-to-noise ratio per mass range scanned. The mass range scanned around the

cavity resonance is:

My,
dmg =

S Q
The higher the quality factor ()1, the smaller the mass range probed, but also the
time needed to reach the sensitivity level is shorter.

And, for fixed signal-to-noise, S/N, the time needed to achieve it is:

s 2 s 2
it = Dy [ 0T\ _ e (ST
Psia Qa Psia

Then the figure of merit for an axion haloscope is:

2
dm, Q. ( P o\’ S 2
F=—r= Q—( o ) = QuQL Yur, (:,L—) B'C?V? <NszTsys)

dt B QL % kBTsys

The bigger this value, the faster the haloscope will scan with the same sensitivity.
Of course, there are other experimental characteristics to be taken into account for
the overall scanning speed, for example the tuning mechanism or the data transmis-

sion.

Cavity parameters: form, quality and transmission factors

The performance of a cavity as an axion haloscope depends on several character-
istics that are quantified through their corresponding parameters. They reflect the
haloscope ability to store energy in the resonance, transmit it through the ports or

its coupling to external magnetic fields.

1. Form factor C

Also called geometric factor. It is a normalized parameter that quantifies the
coupling between the static magnetic field B and the dynamic electric field E
induced by the axion-photon conversion. Depending on the mode excited in

the cavity this coupling could be very different.

B | [, E-BdV|?
S B2V [, e || E|2dV

where | - | the absolute value and || - || the usual norm in R3.
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2. Quality factor @)

Quality factors give an idea of how good the device is at storing photons.
They are related to decay rates k: ) = w,/k, and therefore, higher decay
ratios lead to smaller quality factors. These decay rates are, of course, related
to finite photon lifetimes 7 (kK = 27/7), due to unwanted couplings of the
resonator with electrical and magnetic surroundings [123]. Several quality
factors can be defined for different loss mechanisms, as they may have distinct
behaviours when cooling down the haloscope and therefore different impact on
the experiment. Decay rates are additive, k15 = k1 + ko, and therefore quality

L1 1
factors are not: o5 =0 + 0s

Some of the most common quality factors in axion haloscope searches:

(a) Q.: Quality factor associated to axion resonance. It is assumed to be

very big ~ 106.

(b) @;: Internal quality factor. Due to material impurities, geometrical
design, etc. This value increases significantly when temperature de-
creases. Electromagnetic losses decrease when temperature decreases.

This is what in equation 6.1 was called cavity quality factor Q¢.

(¢) Q. Coupling quality factor. Losses due to coupling with the ports.
The exact geometry of the antenna is crucial, and its value is roughly
independent of the temperature. Typically this is the main loss channel

when the cavity is cooled down.

(d) @Qr: Loaded quality factor. The total quality factor taking into account
| 1

all decay channels. Usually, it can be expressed as o= o to

3. Transmission factor

Ratio between injected and extracted power in a resonator mode. Due to
the inherent modelling of photon signals, this parameter is a complex number,
determined by magnitude and phase. It is defined for each port or combination
of ports and it is common to call it reflection factor if the same port is used
for injection and extraction: S21 denotes the transmission factor when using
port 1 to inject and port 2 to extract power; S11 is the reflection factor for
port 1. Common laboratory equipment like vector network analysers (VNA)
can measure these parameters, both in magnitude and phase. Not only the
cavity but also the antennas determine these parameters, which may need to
be fine-tuned to improve readout speed or to increase the lifetime of photons

in the cavity.
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Gravitational waves

Recently, haloscopes have been proposed as gravitational wave detectors for very
high frequency signals (above 100 kHz). Theory predicts a similar coupling to elec-
tromagnetic fields as for axions, and many haloscope results can be interpreted as
well under the gravitational wave paradigm [124]. Sources for such high frequency
oscillations remain hypothetical and many involve physics beyond the Standard
Model but there are proposals up to 10 Hz [125], ranging from early Universe
effects to mergers of exotic galactic objects. Dedicated detectors using haloscope
techniques are being designed, like MAGO 2.0 [126], to hunt these high frequency

gravitational waves.

6.1.2 Present status of the technology

In recent years, many experiments have implemented the axion haloscope technique.
Most of them rely on big volumes and low temperatures to achieve the expected
sensitivity. Tuning systems vary from one experiment to another but most of them
have mechanical parts that can be moved, although new tuning mechanisms are
being explored, like magnetic tuning with ferromagnets [127] or electric tuning with
ferroelectric materials [128].

The leading experiment in the field is ADMX [129]. ADMX is located at the
Center for Experimental Nuclear Physics and Astrophysics (CENPA) at the Uni-
versity of Washington, Seattle. It makes use of a cylindrical cavity of around 200 I,
whose frequency can be tuned with two moving rods, inside an 8 T superconducting
solenoid magnet. It is refrigerated with dilution refrigerators reaching temperatures
as low as 100 mK in the cavity. Its readout chain is one of the most sensitive in the
world, operating nowadays with quantum limited Josephson Parametric Amplifiers
(JPA). This has allowed ADMX to become the most sensitive experiment to date
in the DFSZ range of axion models between 1.9 and 3.3 peV. This corresponds,
roughly, to a scan range from 500 MHz to 1 GHz in several data takings.

In South Korea, a dedicated research centre for axion searches, the Center for
Axion and Precision Physics (CAPP), has pushed axion haloscope technologies to
improve several key aspects of haloscopes. They have developed new cavities to
extend searches to higher frequencies [130], have operated many different designs
tuned with sapphire rods [131] [132], in different magnets [133], techniques to im-
prove the quality factor Q of the resonators with superconducting tapes [134], etc.
Many of their results can be seen in figure 6.3.

Haystac is another “conventional” resonant cavity experiment placed in Yale’s
Wright Laboratory in New Haven, Connecticut. It has been the first to demonstrate

near-quantum limited noise using a Josephson parametric amplifier [135], along with
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the feasibility of “state-squeezing” to increase scan speed [136].

Other experiments that have measured in different frequencies with sensitivities
close to the axion band are QUAX in Italy [137], TASEH in Taiwan [138], GrAHal
in France [139] and ORGAN in Australia [140]. There are also new concepts arising,
close to haloscopes but making use of different types of resonators. ALPHA tries to
develop a metamaterial made of a parallel-wire array that can be tuned adjusting
wire separation. MADMAX uses dielectric layers in a magnetic field in order to
resonantly enhance the photon signal. Both are aiming towards hundreds of peV
axions. ABRACADABRA, BASE, SHAFT use different realizations of LC circuits
to look for neV axions. For high frequency axions are aiming BRASS, CADEx and
BREAD experiments. And there’s also a proposal based in laser interferometry,
DANCE. Useful references for these experiments can be found in the chapter “Axions

and Other Similar Particles” of reference [3].
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Figure 6.3: Exclusion limits for axion-photon coupling established by haloscopes. It
is a close up of figure 6.2. Extracted from [120].

6.1.3 RADES collaboration

The works described in this thesis have been developed within the RADES (Relic

Axion Detector Exploratory Setup) collaboration. It was established to develop in-
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novative microwave resonator technologies aimed at detecting axion dark matter.
The collaboration gathers the experience from several international groups in ax-
ion searches and related technologies from different institutions: CAPA institute
from Universidad de Zaragoza, Max Planck Institute for Physics from Munich, Uni-
versidad Politecnica de Cartagena, IFIC from Valencia, University of Mainz; and
recently, thanks to the DarkQuantum protect, several groups joined the project:
Karlsruhe Institute of Technology, Aalto University form Helsinki, Ecole Normal
Supérieure from Paris, Instituto Tecnolégico de Aragén, Institut de Ciencia de Ma-
terials de Barcelona (ICMAB) and Institut de Fisica d’Altes Energies (IFAE) from
Barcelona.

Traditional axion haloscope experiments rely on large, single-cavity resonators
operating inside strong magnetic fields. However, the sensitivity of such systems at
higher axion masses is limited by the inverse relationship between resonant frequency
and cavity volume. To overcome this limitation, the RADES collaboration proposed
a novel approach based on a scalable chain of smaller, coherently coupled cavities,
effectively maintaining high-frequency sensitivity while increasing the total detection
volume. This seminal multicavity concept was first introduced in [141], where the
theoretical feasibility of such configurations was established.

Following the theoretical proposal, a series of multicavity prototypes were de-
veloped and tested at CERN, within the bore of the CAST (CERN Axion Solar
Telescope) helioscope magnet. The first of these, known as CAST-RADES, em-
ployed a five-cavity microwave filter design, allowing for a collective resonant mode
sensitive to axion conversion. The design and electromagnetic optimization of this
system were detailed in [142], with the objective of demonstrating the mechanical
and electromagnetic viability of multicavity haloscopes in a realistic experimental
environment.

Measurements carried out with these prototypes led to the first experimental
limits on axion-photon coupling using this approach. The results confirmed the
feasibility of the multicavity concept and provided a technological benchmark for
scaling to more sensitive detectors [143].

In parallel, the collaboration began exploring the use of superconducting mater-
ials to reduce losses and enhance the quality factor ) of the resonators. One of the
most promising developments involved lining cavity walls with high-temperature su-
perconducting (HTS) tapes. A dedicated test of such a superconducting cavity was
performed at CERN’s SM18 cryogenic facility, under strong magnetic fields. These
measurements showed improved performance and opened the path to ultra-high @
haloscopes operating in high magnetic field environments[144].

Building on this technological foundation, RADES proposed the implementation
of a dedicated axion haloscope within the infrastructure of BabyIAXO, the next-
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generation axion helioscope prototype. The BabyIAXO-RADES project envisions an
advanced multicavity detector operating at cryogenic temperatures, benefitting from
the large, static magnetic field of the BabylAXO magnet. This integration would
enable the exploration of axion masses in the few peV range with unprecedented

sensitivity for compact haloscope systems [145].
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Figure 6.4: Exclusion limits for axion-photon coupling scaled by mass density. The
two orange bands are prospects for both frequency ranges (LF and HF') foreseen in
the DarkQuantum project.

Recently, a new path opened for the collaboration with the grants awarded to
DarkQuantum and Q-RADES projects. Together with the traditional axion halo-
scope techniques, they will foster the development of quantum sensors for axion
searches with haloscopes. If successful, they will dramatically increase the sensitiv-
ity of these experiments by going beyond the Standard Quantum Limit (SQL). This
and the following chapter of this work narrate the initial steps with the first single
photon counter prototype developed for DarkQuantum project.

Yet, this is not the only objective of the DarkQuantum project. The ERC
Synergy grant awarded for this project recognizes seven items to achieve:

e O1. Single-photon counter in the 8-18 GHz regime.

e 02. Q-limited linear amplifier (SQUID-based) at 200-500 MHz.

e O3. Cryogenic setup for BabylAXO

e O4. HTS inner cavity coatings.

e O5. Tuning with ferrimagnetic crystals.

e O6. Full RADES HF setup underground (LSC).

e O7. Full RADES LF at BabyIAXO setup (DESY).

They can be grouped in two main areas of interest: low frequency (200-500 MHz)
haloscope at cryogenic temperature in BabyIAXO magnet and high frequency single
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photon counter with quantum technologies, that will be placed in the Laboratorio
Subterrdaneo de Canfranc. In addition, ancillary technologies like HTS coatings and
tuning with ferromagnetic crystals are encouraged. Sensitivity projections for this

two regions are expected to surpass the QCD axion models band as shown in figure
6.4.

6.1.4 Surpassing Standard Quantum Limit: DarkQuantum

project

One of the main limitations for the axion haloscope technology is the signal-to-
noise ratio, which sets the velocity and sensitivity of the scan. The DarkQuantum
project, within the RADES collaboration, proposes a new way of measuring the
photon content of the cavity using a quantum sensor that overcomes the traditional
Standard Quantum Limit of linear receivers, a manifestation of the uncertainty
principle [146].

The concept is to count single photons rather than measuring the extracted power
from the haloscope with an antenna. However, in the typical energy range explored
by this technology, photons carry extremely low energies, making their individual
detection highly challenging. As a result, measurements are typically performed by
exploiting their wave-like properties instead. In recent years, though, single photon
counters have being developed for these energies, the lowest ever achieved, in the
range of few GHz. These ideas are being applied for dark matter searches with
different implementations [147] [148].

Current detection techniques are fundamentally limited by the Standard Quantum

Limit. For linear receivers, the noise power is modelled by

A
Py = kBT\/Ty (6.3)

This was previously shown in equation 6.2, the signal-to-noise expression for a
haloscope. This expression gives the fluctuations in the average noise power that
is detected and it is known as the Dicke radiometer equation. In the case of low
temperatures, the equation must be modified to account for zero point fluctuations.
This is done through the mean photon occupation number n of a cavity mode

resonant at frequency v at temperature 7"

1
= (6.4)
eksT — 1]

And the modified Dicke radiometer equation is:
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Av
t
Therefore, the Standard Quantum Limit can be derived by Prr(n = 0):

Psor, = hm/% (6.6)

Therefore, even with a mean photon occupation number of n = 0 in the reson-

PLR = hV(T_l—F 1)

ance, quantum noise fluctuations stablish a minimum background noise level. The
explanation of this modified version of the Dicke radiometer equation for low tem-
perature can be found in [146]. In addition, [149] includes an appendix that provides
a justification for why a linear amplifier introduces a quantum of noise, derived from
the uncertainty principle

For a single photon counter, the noise power expression can be derived following

a similar argument. The number of photons detected in a time ¢ can be written as:

1

Te

N=nt=n—t (6.7)

Being 7 the detection rate (photons per second) and 7. the cavity lifetime, the
characteristic decay time of a photon in this resonant mode. Its fluctuation, following
Poisson statistics, will be its square root. Then, the noise power for a single photon

counter is the power of these fluctuations, therefore:

\/N B 2mvn

P = hy,—— = hy,
SPC v / v Ot

To derive this expression, Av = v/Q. and 1/7, = 27v/Q. were used. A perfect

(6.8)

quantum efficiency n = 1 has been assumed during this derivation for the single
photon counter. This is never the case and the corresponding rescaling factor should
be considered in the number of photons detected. Further clarifications can be
consulted in [146].

In figure 6.5 there is a comparison of the two techniques, linear amplification
and single photon counter. Both noise power levels have being plotted in terms of
occupation number (left) and its equivalent temperature (right). These systems are
operated around 8 mK, although the thermalization process is never perfect and
the effective temperature tends to be slightly higher. At temperatures of few tens
of mK, the noise power from the detector is no longer the limiting factor for single
photon counters and usually dark count rates from non-thermal sources start to
matter. In these plots, different levels of dark count rates have been represented as
well. The lowest levels achieved up to now are around 1 Hz [147]. Similar quantum

readout methods developed recently showed higher dark count levels, 85 Hz [148].
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Figure 6.5: Noise power level for linear amplifier (blue) and single photon counter
(red) in terms of mean occupation number (left) and equivalent temperature (right).
The horizontal dot line marks Standard Quantum Limit. Grey lines are SPC limits
with different dark count rates, lowest one for 1 Hz, upper one for 100 Hz. Plotted
for target frequency 5 GHz and Q. = 10 and @, = 106.

The best dark count rate of the RADES prototype, as it will be discussed in chapter
7 is around 80 Hz.

6.2 Superconducting qubits as quantum sensors

One of the limitations in axion haloscope technologies comes from the limited sensit-
ivity when reading electromagnetic signals. Noise present in all steps in the amplific-
ation and readout chain may degrade the recorded signal and therefore weak stimuli
may be hidden under the electromagnetic noise. The most crucial item for this is
the first amplifying step, typically close to the cavity and at very low temperature,
because it sets the noise level of the overall detector.

Recently, a different strategy has arisen that may surpass the power signal
readout: the single photon counter. Instead of measuring the power carried by
a wave, through the dual behaviour of photons as particles and waves, they can
be counted individually. This is routine for higher energy photons like X-rays, but
microwave photons behave mostly as a wave, and only under very specific condi-
tions can their individual behaviour be perceived. This is the basic idea of quantum
sensors developed for haloscopes, to be sensitive to single photons in the GHz regime.

Qubit is the name given to a mathematical model consisting in two quantum
states. They are isolated from other interactions and only transitions from one
state to another are possible. As a quantum system, superposition and mixed states
are allowed.

Various technologies are being developed to materialize such a mathematical

139



model: trapped ions, lattice defects, superconducting circuits... None of the existing
technologies is perfect and all of them have drawbacks. Typically, some perform
better in one or another aspect interesting for certain applications so the field is
split in many branches focusing in different objectives, the most widely known being
quantum computation, the holy grail of quantum world.

Fortunately, efforts are not solely focused on achieving quantum supremacy,
meanwhile, other practical applications of quantum effects are being actively ex-
plored. Among the various developments, quantum sensors hold particular interest
for fundamental particle physics, as they can help to improve sensitivity, discrimin-
ation capabilities, energy resolution, etc.

Related to dark matter searches, it has been proved that a qubit made of a super-
conducting circuit coupled to a resonant cavity can speed relic axion searches with
haloscopes up. From theoretical developments in quantum optics, a mathematical
model has arisen, the Jaynes-Cummings Hamiltonian, that deals with the coupling
between the bosonic mode of the resonant cavity (harmonic model), the fermionic

two-level system of a qubit (1/2 spin model) and their interaction.

6.2.1 Josephson junction

The first ingredient for a superconducting circuit that behaves like a qubit is the
Josephson junction. It is a weak link between two superconductors separated by
a barrier that modifies the flow of electrons. Typically, it is made with two su-
perconducting layers and an insulator or a non-superconducting metal in between,
see figure 6.6, but it can also be realized with geometrical patterns, for example
by squeezing the point of contact between the two superconducting volumes. The
mathematical relations that model the flow of electrons, current and voltage along
the weak link were developed by Brian Josephson in 1962 (before my father was
born, so quite a long journey).

In a Josephson junction, a current appears between the two superconducting
volumes without any voltage applied. This is due to the Cooper pairs tunnelling
across the thin insulator barrier. The associated voltage is due to the kinetic energy
of Cooper pairs and is often called kinetic inductance effect. This is the amazing
behaviour that makes Josephson junctions so special, they are one of the main
examples of macroscopic quantum behaviour, quantum effects that can be observed
in the macroscopic scale.

The flow of this current I, and the consequent voltage V', can be parametrized
in terms of the quantum state of each superconducting side, that can be described

through a complex number: ¥,y = /nio €2 The number of carriers nq, ns
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Figure 6.6: Josephson junction schematics formed by two superconducting regions
and an insulator between them. Image from [150].

is typically similar and very big so it is the phase difference between both states
what makes a bigger difference in the complex plane. Denoting by 6 = 6y — 6;
this phase difference, Iy the critical current above which the junction becomes a
dissipative junction (not superconducting any more) and &y = Q—hE the flux quantum,

the Josephson equations can be expressed as:

I = Iy sin(9)
. (6.9)
v=20g
2m

It can be shown that these equations correspond to a dissipation-less non-linear

inductor, with effective inductance:

dI Iy cos(8) & Dy Ly,
=L—=1= = = . .
v i~ 204 2nly cos(0) — cos(0) (6.10)

This effective inductance can be expressed in terms of the Josephson inductance

$o
2nly”

with the current traversing the junction:

at zero current Lj, = Sometimes it is useful to explicitly show its dependence

from which it can be seen that the closer the current to the critical one, the

bigger the inductance of the Josephson junction is.

6.2.2 Cooper pair box

The toolbox of electronic devices when working with superconducting circuits is
limited. Of course, resistances have no sense in this regime, so the basic elements

remaining are capacitors and inductors. However, a new element appears thanks

141



to superconductivity: the non-linear inductor, also called Josephson junction. To
construct a two-level system with these three elements, the most simple configuration
is a loop with a Josephson junction and a capacitor. This is very similar to an LC
circuit, which behaves like a harmonic oscillator. In the qubit case, the inductance
is substituted by the Josephson junction because a non-linear element (anharmonic
oscillator) is needed. This superconducting circuit is called a Cooper pair box and

is schematically seen in figure 6.7.

C o JJ

Figure 6.7: Cooper pair box: the simplest non linear superconducting circuit.

This system can be modelled adding up the energies of the two components.

The energy stored in a capacitor is Fe,, = % and expressing the charge in terms
of number of Cooper pairs, m, ) = 2em so E.qp = 4622(’?2 =4 E¢ m?. The charging
energy
o2
Ec=—
“7 2

will be crucial in the design and fabrication of the qubit.

The energy of the Josephson junction can be computed as the sum of changes in

the product V' I, as dU/dt =V 1.

! ! Do Iy®o ¢ Iy®
Uy = IV (t) dt = Iysin(d)—0 dt = [—cos(0)]”, = [1—cos(d)] = E [1—cos()]
oo oo 2 2 2
Assuming that no current (§ = 0) was present at time ¢ = —oo, the Josephson
energy is given by:
Iy®y Rl
EJ = = —
2m 2e
The Hamiltonian of the circuit can then be written as:
HCPB = 4E0m2 + EJ[]. - COS(&)] (611)

Experimentally it has been shown that the number of carriers is shifted by an

offset charge, ny, present in the system, commonly included in the Hamiltonian:

Hipp = 4Ec(m —ny)* + E;[1 — cos(d)] (6.12)
This makes the Cooper pair box highly sensitive to charge fluctuations.
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Figure 6.8: Eigenenergies F,, for the first three levels, m = 0, 1, 2, of the qubit
Hamiltonian 6.12 as a function of the effective offset charge n, for different ratios
Ej/Ec. The higher the ratio, the less sensitive the system to fluctuations in the
charge offset. Energies are given in units of the transition energy Fj;, evaluated at
the degeneracy point n, = 1/2. Image extracted from [151].

In order to avoid this limitation, transmons were developed by shunting the
Josephson junction with a relatively large capacitance, so that E;/Ec > 1, while
the Cooper pair box is in the regime E; ~ Ex. This reduces the sensitivity of energy
levels to charge noise while maintaining a reasonable anharmonicity, as can be seen

in figure 6.8.

6.2.3 Transmon

In order to explicitly show that a transmon can behave as a qubit, this two level
system has to be derived from its Hamiltonian. The strategy for this consists in
quantizing the Hamiltonian, promoting the variables m and ¢ to operators m and
) , and solving the system in order to obtain the eigenvalues and eigenvectors.

The Hamiltonian 6.14 can be solved in the phase basis in terms of the Mathieu
functions. But it is also very illustrative to solve it by truncation of the Taylor
expansion in § in the charge basis. Both operators are conjugates, so their basis are
the Fourier transform of each other.

In any case, the equation that has to be solved is
H WV, (0) =E, ¥,(J)

Denoting the basis of phase eigenvectors as {|d)} and the basis of charge eigen-
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vectors as {|m)}, the task here is to express the operators that form H, so 0 and 77,
in a convenient way to be able to express the result when acting over vectors in the
basis.

Operators in phase basis {|J) }:

Operators in charge basis {|m)}:

e“m) = |m + 1)

mlm) = mjm)

In this last case, the operator needed is cos(d) = (e + ¢~)/2. To prove this
result, it is sufficient to express the charge state |m) as the Fourier transform of the
respective phase states:

16m|5

5l

resulting in

2ﬂp'Lmz 27sz1 1 27T1lm
\/%/ om i3 ) da—\/%/ meid|5) d \/_27/0 eOmtDI5) d5 = |m+1)

With these relations, operands can be expressed as matrices in a certain basis.

25’m

In this case, the charge basis is more interesting as it is discrete, and therefore easier

to implement in a computer program.

n=>_mlm)(m|=mI

N 1 1
cos(0) = 5 (e + &™) 5 (Z |m + 1)(m| + |m — 1)<m|> (I.1+1h)
With
0 01 0
0 0 1
1 -
I_1 - ) ) Il -
1 0 0
0 10 0
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At the end, H is a tridiagonal matrix.

. - 1
Hepp = 4Ecm? + Ej[1 — cos(0)] = 4Ecm?2 T + E;[I — 3 (I, +1)] (6.13)

m is a vector with all possible values for m (and m? with all possible values
squared), in the most general framework it spans from —oo to oo and so all matrices
have infinite dimension. But this model can be truncated without risk of losing
information in the lowest energy levels. For example, for figure 6.9, 91 levels were

considered, with m ranging from -45 to 45, but not all of them are displayed.

Eigenvectors of H = 4E.m? — chos{ﬁh}

2.5
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Figure 6.9: Eigenvectors for a Cooper pair box Hamiltonian in the transmon regime
(E; =20GHz, Ec = 0.2GHz, n, = 0). In solid black, the cos(d) potential and in
dashed lines En/FE; eigenvalues.

6.2.4 Transmon as a qubit

The eigenvectors plotted in 6.9 have been computed with values for E; and E¢ in
the regime of transmon behaviour, but the expressions are also valid for the general
Cooper pair box Hamiltonian. This system has many energy levels, what in principle
makes it more complex than a qubit. But thanks to the anharmonicity, transitions
between energy levels are different, so individual levels can be addressed. If only the
first two are considered, the transmon can operate as a qubit.

The Cooper pair box Hamiltonian in the transmon regime (E;/Ec > 1) allows
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a reshaping of the expression in terms of a Taylor expansion of cos(d) because § < 1

in this regime.

n IQ l‘4 IG 1’2 $4 1’6

_°°<_1) 2n __ _
cosx—z(Zn)!x =1- -4+ =1—-—4+———+---
n=0

2041 6! 2 24 720

Which makes the Hamiltonian:

A 5
_ 2 _ _ 2 4., 6.14
Hepp = 4Ecm? + E;[1 — cos(0)] = 4Ecm? + Ey| 521 T T ] (6.14)
5 u “I T T T |' O
ﬂ — E(1cos(®))
4l — EpY2-E 324 | !
----- E §%/2 '
g 3 -
"5;‘ ___________________
% A E
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Figure 6.10: Transmon energy levels in solid blue compared with harmonic oscillator
levels in dashed blue. The potentials for transmon (solid black), non linear oscillator
(solid red) and harmonic oscillator (dashed black) are superimposed. For small
oscillations around 6 = 0 all three are very close. Graph from [150].

This Taylor expansion is very convenient in order to efficiently compute energy

levels of a system in which a transmon is involved.

6.2.5 Qubit state representation in the Bloch sphere

Considering only the first two energy levels, as they are distinguishable, the system
is a good realization of a quantum two-level system and therefore can be called
qubit, the "quantum bit”. Then, |g) = 0 and |e) = 1. The Hamiltonian of a qubit

in a laboratory reference frame can be written as
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; aw fisis .
H0:h<(2) _w>: o (6.15)

where wp; is the qubit transition frequency, and o, is the Pauli matrix. The
eigenstates of the qubit Hamiltonian, corresponding to the two energy levels, form
a natural basis {|0),]1)} in a Hilbert space, and therefore Hy|0) = —=110) and
A1) = )1y,

In a quantum system, pure states and mixed states can be considered [152]. Pure
states are linear combinations of the vectors of the basis with norm 1. In general,
U =3 coup,, with ¢, € C, Y c,c; = 1 and u, € {basis}, so in our two-level

quantum system a pure state can be written as:

W) = al0) + B[1)

with aa* + 83* = 1.

A mixed state is a statistical mixture of pure states:

@) = {(p'[¥)")}

with 0 < p' <1 € Rand Y p' = 1. Hence, each pure state |¥)? has a probability
of occurrence of p°. In most of the cases through this work, pure states are considered

but it is useful to have some insight of all possible quantum states available.

Quantum states of a two-level system can be conveniently represented as vectors
on a 3D sphere. To understand how this representation arises, one must use density

matrices. The general form of the density matrix for a quantum state is:

p= > w ) (el

being {|¥)?} pure states and p’ their probabilities.

In the case of a two-level system this is a 2x2 Hermitian matrix with the following

properties:

e Tr(p) = 1. This follows from their meaning as probabilities, the sum of all
possible outcomes has to add 1.

e Tr(p?) < 1. The equality holds for pure states, the inequality for mixed states.

o /> =p <= Pure state.

In a qubit system, for a pure state like |¢)) the qubit density matrix looks like:
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b= 00| = (Ofi; O‘f) (6.16)

In the Hilbert space of Hermitian 2x2 matrices the Pauli matrices (6,,6,,6.)

form a basis and the qubit density matrix can be decomposed in this basis as

p:

N —

) 1 1+2Z X-iv
(I—I—Xaz—i—Yay—i—Zaz) — , (6.17)
2\ X+Yy 1-Z

With X)Y, Z € R and I the identity operator. Applying the second property

listed for density matrices:

o1 (1+2)*+X2+Y? 2(X —1Y)
Tr(p):—Tr =
1 1 — —
=S (X2 22) = (14 VP) <1 = PP <1

This maps every qubit state |¥) into a 3D vector V that lives inside the unitary
sphere, the so called Bloch sphere, seen in figure 6.11. If it is a pure state, the
equality holds and then the vector lies in the surface of the sphere. The relation
between parameters a, § and X, Y, Z can be easily seen expressing them in polar

coordinates:

X =sinflcos¢, Y =sinfsing, 7 =cosf

And so, the density matrix is:

in fe ¢ 20 0 gip =i
5 1 1 —|— cos 6 sinfe _ (;o§ 29 | COS 5 81121 ge (6.19)
2 sinfe’® 1 — cosé cos 5 sin Qeld) sin® 5

Comparing equations 6.16 and 6.19, pure state coefficients can be written as

a = cosg and g = € sing, and therefore the state can be expressed in terms of

these polar coordinates:

V) = a0) + S|1) :cosg]0>+ei¢sing|1> (6.20)

The eigenstates |0) and |1) are at the poles of the sphere and all states in the

equator have exactly the same probability to measure |0) or |1).
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Figure 6.11: Bloch sphere. A qubit state can be represented as a vector in this
sphere. For example, a pure state with the probability amplitudes o = cosg and
B = e sing corresponds to a unit vector with the polar angle # and azimuthal
angle ¢ shown in blue. The qubit state vectors shown in red represent the unitary
evolution of the qubit during the Rabi oscillations when the state vector rotates
around the unit vector 7 = (sinéy,0,cosf,) given by the Rabi amplitude 2 and
detuning A. Image from [153].

XA

Figure 6.12: Electric and magnetic field standing waves in a one-dimensional cavity.
The two walls -parallel and infinite- are separated by a distance L. Electromagnetic

fields are only functions of Z. Here, is shown the second static mode. Image from
[150].
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6.2.6 Cavity states

To understand the behaviour of electromagnetic waves in a 3D cavity we will briefly
review the 1D model of a standing wave between two perfect conductors.

Consider a pair of infinite perfect conducting walls separated by a distance L
along the Z direction. For simplicity, it is assumed that the electric field is polarized
along X axis which implies that the magnetic field is only along the Y axis, therefore

Maxwell’s equations are:

. 0B OE,(2,t)  9B,(z,1)
=~ OE OBy(z,t)  OB,(21)
V x B= Eolto o — 92 = Eglo ot (621b)
v.Boo — 2EEYH (6.21¢)
ox
V- B=0 — %j’t}:o (6.21d)

Perfect conducting walls imply that the electric field vanishes at the boundaries:

E.(z,t) =0 for z =0, L. So the solutions for electric and magnetic fields are:

E.(z,t) = Eq(t) sin(kz) (6.22a)
By(z,t) = 5%@(2&) - cos(kz) (6.22b)

The function ¢(t) is the canonical position function and describes the time-

evolution of the modes and has dimensions of length. The normalization constant

. 2w . . .
Eis & = V“;Z with V' the effective volume of the cavity and w, = \/;% The

parameter k = mm/L with m = 1,2, ... is the wave number. Each integer value m
corresponds to one mode of the cavity. Figure 6.12 shows the electric and magnetic
field for the second mode of the cavity (m = 2).

Having canonical position ¢(¢) and momentum p(t) = ¢(¢) functions, the energy

stored in the standing wave is:

H= % [D2(t) + wi?(8)] (6.23)

This Hamiltonian can be quantized by promoting the canonical variables ¢(t)
and p(t) to operators ¢, p, resulting in the Hamiltonian for a quantum harmonic

oscillator:

[°(t) + w3 (t)] (6.24)



As a quantum harmonic oscillator, the Hamiltonian can be expressed in terms of
annihilation and creation operators for a photon in the corresponding mode of the

cavity:

1
a= (we§ + ip), (6.25a)
2w,
1
al = (we§ — ip). (6.25h)

[\
5

These operators satisfy the commutation relation [d, dT] =1

Electric and magnetic field operators can be expressed in the same terms:

E,(z,t) = E(a + al)sin(k2), (6.26a)
By(z,t) = iBy(a — a') cos(kz). (6.26b)

And also the Hamiltonian:

. 1 1

A A

H = w.(aa" + 5) = w(R + =) (6.27)

being the operator 7 = aa' the number operator. Cavity mode states fulfill

Hln) = E,Jn), n=0,1,2,... (6.28)

Eigenvectors |n) are associated to energy eigenstates for the single mode cavity
field with the corresponding energy E, = w.(n + 1/2). The set of photon number
states {|n)}, also called Fock states, form a complete basis for the space of cavity
states. An arbitrary pure state of the cavity can be expressed as a linear combination
of them ) ¢,|n). In the most general case, the state of the cavity is described by a
mixed state, an incoherent superposition of Fock states represented by the density
matrix p = Y P,|n)(n|.

6.2.7 Qubit cavity interaction

Qubit realizations like transmons are never isolated, neither is an isolated qubit
useful. Transmons interact with external electromagnetic fields like external drives
or cavity modes. In general, these interactions are modeled through the following

Hamiltonian:

Hi = —dE (6.29)



where a? is the dipole moment operator of the qubit and E the electric field.

The dipole moment operator can be expressed in general as a% = eF. Assuming a
dipole parallel to the electric field, let’s say in the X direction, it can be written as
d = d,6, = d.(6, + 0_), where 6, and ¢_ are the raising and lowering operators
for the qubit.

For the lowest resonant mode of a cavity, the electric field has a maximum at the
centre of the cavity and minima at the walls. This means that for a quantized field
in the X direction F,(z,t) = Ey(a + a')sin(z), if the qubit is placed at the centre,
the electric field is maximum (sin(z) = 1, for z = L/2).

So the Hamiltonian for the interaction with the lowest resonant mode of a cavity

and the transmon in the center is:

Hiy = —dyEola+a') (64 +6_) = gla+al) (6, +6_) (6.30)
g = —d,Fy quantifies the interaction strength between the interaction qubit -

electric field.

This reasoning can also be applied to interactions with external drives. The elec-

tric field will be different, of course, and assuming a classical representation like E =

. . dE(t

Eo(t) cos(wat + @), the interaction term can be something like H;,, = — g< >6x.
. . dEy(t) .

Usually, the angular Rabi frequency is introduced here: (t) = — because it

is useful to model qubit manipulation drives. In [153] there is a full derivation of
this expression and a clear view of its utility to model Rabi oscillations and Ramsey

fringes.

6.2.8 Jaynes-Cummings model

Once all three pieces have been examined, qubit, cavity and their interaction, the
overall hybrid system can be explored. The qubit Hamiltonian 6.15 has two eigen-
states {|g), |e)} with eigenenergies {—w,/2,4+w,/2}. The cavity Hamiltonian 6.27
has infinite eigenvectors {|n)} associated to eigenenergies {w.(n + 1/2)}. They are
related to the number of photons in that state. With these two components plus the
interaction term, the hybrid system can be described. In the following paragraphs
this new Hamiltonian will be examined to highlight the main differences with its

bare components:

1
H=w.(a'a+ 5) T pwas +g(a+ a(6_ +64) (6.31)
The interaction part has four terms:
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Hip = a6, + a6 + a6, +al6_

They describe the creation or annihilation of states in the cavity mode or qubit.
For example, the term ao, creates a qubit excitation and annihilates a cavity photon.
Applying the approximation that is known as Rotating Wave Approximation, two
of these terms vanish. This approximation is valid where the coupling strength g is
much less than both the qubit and cavity frequency, g < wy, w. and also |w, —w,| K
|lwe + wy.

The terms a6, and a'6_ imply small energy variation in the system as 4 (w, —w,)
is very small compared with the total energy of the system, which is of the order
of Erotar ~ wq + we. For the other two terms, the situation is the opposite: they
represent the excitation of the qubit and the creation of a photon, a'é,, and the
deexcitation of the qubit plus the annihilation of a photon ag_, making the energy
change quite relevant in terms of total energy. These two terms correspond to
processes much less likely to happen in the system and they can be neglected.

Now, the Jaynes-Cummings Hamiltonian under the Rotating Wave Approxima-
tion is:

. 1,1
Hjo =w(ala+ 5) T gwas +g(ady + ate_) (6.32)

The matrix representation of this Hamiltonian has infinite dimensions because
the number of photons in the cavity is not bound. At some point, for practical use,
it has to be truncated, but in this case a general form can be obtained in the bare
state basis. This basis is formed by the combination of states of the two independent
systems: {|g,n),|e,n)} for n = 0,1,2.... In this basis, the matrix representation of
the Hamiltonian is extracted element by element applying the Hamiltonian over
pairs of elements of the basis (it is a bilinear form). For example, the element

Hy = <970|ﬁ|970> or Hys = (g, 1|ﬁ|670>.

|g70> |ga1> |670> |g7n> |e7n_1>
Twe — %2 0 0
we =g g
H,c = 0 —g w4+

e}

(n+3we =%  —Vn+lyg
0 —Vn+lg (43w +2

(6.33)
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This matrix is diagonal by blocks of 2 x 2 with the following general from:

T —Fl et et

So this decomposition allows to extract eigenvalues F,, . easily by diagonalizing

(6.34)

every M,.

Eigenvalues of H¢:

E, = —% (6.35a)
1
E:=mn+1)w.F 5\/492(n +1) + A2 (6.35D)

with A = w, — w,.
Transitions between energy levels can be measured in experimental setups, what

makes these expressions of the uttermost interest to compare theory and reality.

1.101

(Ey —Eglw. A~

Alg

Figure 6.13: Avoided crossing in a hybrid qubit-cavity system. In dashed lines, the
behaviour of the modes without qubit-cavity interaction. For A = 0 the distance
between branches is 2g.

The hybridization between the two modes makes them interchange behaviour
with respect to detuning. The minimum distance between them is achieved at
A = 0 and it is 2¢, so it gives a way to measure the coupling. This is represented
in figure 6.13. In order to be able to observe this behaviour in a real set-up, one of
the two elements has to change its characteristic frequency to sweep the detuning.
Both options are possible, the qubit frequency varies in flux tunable transmons, in
which a current is applied next to the Josephson junction and the magnetic field
that it generates, modifies the qubit frequency. Cavity modes are easier to tune.

Axion haloscope searches are based on this, most of them rely in movable parts that
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Figure 6.14: Left: Thin sharp lines from an avoided crossing in a flux tunable
transmon in a frequency versus flux bias voltage plot. Right: Many avoided crossings
in a tunable cavity with mechanical plates. Frequency in the vertical axis, angle of
the plates in the horizontal one. Different modes behave different, three modes can
be seen that remain fixed.

smoothly swift the frequency of the resonance of the cavity. See figures in 6.14 for

both cases.
Dressed states

In previous paragraphs, the eigenvalues of Jaynes-Cummings Hamiltonian 6.33
have been discussed. Eigenvectors can be derived also from the matrix expression.
As it is a block matrix, every eigenvector can be expressed in terms of the bare
states basis and each one has only a maximum of 2 components. This is due to the

size of the blocks, 2 x 2. For each eigenvalue its eigenvector is:

Ey —10,-) =19)[0) (6.36a)
Ey —  |n,+) =sin(6,)|g)|n + 1) + cos(6,)]e)|n) (6.36b)
E_ — |n,—)=cos(f,)|g)|n+ 1) —sin(b,)|e)|n) (6.36¢)

with 6, = 3tan"*(2gv/n+ 1/A) as the “degree of hybridization”. This para-
meter weights the contribution of each of the bare state combinations to the final
hybrid state. When the cavity and qubit frequency are very close, A — 0, max-
imum hybridization is achieved: 6, = m/4 and the contribution of each bare state
to the dressed state is 0.5. These states are called polaritons and have an energy
difference of 2¢g. In figure 6.13 these states are in the centre of the plot and the

energy difference is labelled in grey.
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6.2.9 Dispersive regime

A transmon is a specific realization of a Cooper Pair Box. As mentioned before,
what makes a transmon interesting is its suppression of charge noise thanks to
E;j/Ec > 1. When coupling the transmon to a resonator, another parameter enters
into play, g, the strength of this coupling. Our device will work in a regime known
as “dispersive regime”, in which the coupling between both elements is weak. This
condition is fulfilled when A/g > 1, when the detuning is large compared with the
coupling. In the dispersive regime, dressed states are very close to the independent
qubit and cavity states.

Under this condition, it has been shown [151] that in the dispersive limit the
resonator-transmon interaction term in equation 6.32 can be Taylor expanded and
truncated to lowest order. Then, the Hamiltonian for a two-level transmon takes
the form:

A

1 1
H=uala+ §w;a; + xd'ac, = 5%’1@ + (Wl + xd.)d'a (6.37)

Where y is the dispersive shift and frequencies are not the bare frequencies any

2 2
more, they have been displaced: w; = w, + % and w!, = w, — ALE/Q The overall
— Lc
dispersive shift is
2
9°Ec/2
== 7 6.38
XS AB—E) (0:3%)

This expression shows that the state of the qubit shifts the resonance of the
cavity through the term (w.. + x0,). Eigenvalues for ¢, are 1, so the shift in cavity
frequency depending on the state of the qubit is 2x. Therefore, by measuring this
frequency shift for the cavity, the state of the qubit can be identified.

Remember that anharmonicity is &« = —FE¢ so the measured dispersive shift is
related to anharmonicity, qubit-cavity coupling g and detuning A = w. —w,. These

are all parameters that depend on the qubit and cavity designs.

6.3 Qubit state manipulation

Bringing all these quantum models to reality is a hard job, because reality tends to
be more complex than our most elaborated models. Firstly, our “two-level” system is
never a pure two-state system. Many other levels are present in a transmon and even
spurious states are possible due to impurities in the substrate or the bare material
of the Josephson junction. Secondly, the temperature is not absolute zero and,
despite the great performance of dilution refrigerators, any other temperature makes

the states unstable. Interacting with the qubit is also a quite “dirty” procedure.
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Microwave photons have to be generated outside and far from the system, their
frequency spectrum is never completely perfect and cables, attenuators and other
devices along the line bring the nuisances of life very present in our experiment. All
this, without mentioning the cost of all the needed microwave equipment, which is
the reason behind many interesting tricks to improve the behaviour of these systems
with the materials available in the lab.

In order, the topics discussed in this section will be: (i) Basic techniques for signal
generation in the range of GHz: AWG, mixers, upconversion and downconversion...
(ii) Resonators and couplings. (iii) Pulse sequences to characterize the transmon:

frequency spectrum, Rabi oscillations, Ramsey fringes...

6.3.1 Signal generation: mixers and sidebands

1Q Mixer Internal Structure

Figure 6.15: 1QQ mixer symbol and inner schema. Image from [154].

The two-level system in a transmon is achieved through different energy spacing
between levels, which allows to address single transitions without stimulating other
energy jumps. This ability of interacting with one and not other levels relies on the
quality of the signal used to stimulate the transition. Arbitrary waveform generators
(AWG) are the devices used to send the signal to the system. These devices have
certain properties regarding the purity of the signal they can create and, of course,
they are not perfect. For our purposes, the frequency spectrum is what matters here.
If only one transition should be addressed, power sent in other transition frequencies
should be minimized. Spurious noise present throughout the spectrum is generally
suppressed by at least 40 to 50 dB, but quantum devices are so extremely sensitive,

that other strategies are set in place to further improve the purity of the signal.
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Sideband generation with mixers

Prior to the commercial availability of digital
synthesis generators, some of which became
available only in the final years of this work and
are capable of modulating signals with great ac-
curacy up to 10 GHz, most arbitrary waveform
generators (AWGs) could not exceed few GHz
and usually don’t reach the desired precision.
Therefore, direct signal generation was unfeas-
ible for qubit control. The solution was 1Q mix-
ers to add a high frequency local oscillator signal
modulated with a low frequency AWG one.
Like this, with IQ mixers, signals in the range
of GHz can be generated and also their qual-
ity can be improved through the sideband gen-
eration. This has been the schema used for all

measurements in this thesis.

Figure 6.16: IQ mixer used for
some of the measurements presen-
ted in this work.

IQ mixers are 4-port devices that allow to add signals in frequency, see figure

6.15 for its internal schema and 6.16 for a picture of the device. Mixers in general are

extremely useful components in telecommunication applications that can be found

in radars, internet network infrastructure, radios, satellites, etc. All of the follow-

ing techniques originate from these applications; quantum technologies have simply

benefited from their widespread availability and well-established performance.
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Figure 6.17: Downconversion and upconversion using a mixer. Image from [155]

These devices use the nonlinearity of diodes to add and subtract signals in fre-

quency. Figure 6.17 shows the schematics of this process. There, a usual, non-1Q),
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mixer is used. The main difference between them is that normal mixers work with
real signals, so the spectrum is always symmetric. That is not the case when using
complex signals and IQQ mixers.

This upconversion technique allows to generate and modulate a high frequency
signal with the help of a high frequency local oscillator (LO) and a low frequency
AWG (typically below 1 GHz).

The other great advantage of using mixers it that they help to improve the purity
of the signal through the so called “sideband generation”. When a low frequency
signal (IF) is mixed with a high frequency one (LO), the output is a signal with
three frequency components: fro — frr, fro, fro + frr. Furthermore, depending
on the quality of the equipment and components in the lines, other harmonics can
appear.

In order to be able to suppress all these spurious frequency components, single
side band upconversion is used. In figure 6.17 the schematic result of this procedure
is shown. In transmon manipulation, typically the fro + fir is selected, and all
other frequencies are suppressed. To do so, the mixer has to be properly calibrated.
What is needed is to inject signals in I and Q with certain difference in phase,
amplitude and offset in order to maximize the non-linear increase in one side band
and suppress it in the others. The effect of this calibration can be seen in the

experimental transmission spectra shown in figure 6.18.

Figure 6.18: Left: Frequency spectrum after upconversion prior as mixer calibration
as seen in the spectrum analyser. fro = 5.1 GHz, f;r = 1 MHz. Right: Frequency
spectrum after upconversion following mixer calibration for single side band upcon-
version. There is almost 40 dB difference between power in fro + fir and fro.
Frequencies are fro = 5.1 GHz and f;r = 50 MHz.

Mixer calibration

The process of optimization of phase, amplitude and offset of the signals is sequential,

starting with the offset of the two channels. The characteristic we check when looking
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for the optimum is the suppression of LO power. As there are two offsets, several
consecutive optimizations are performed, improving both each time. The resulting
curve for each iteration is fitted and the optimal value for the offset is determined
when the LO power is minimum.

Then, the phase difference between I and Q) signals is optimized, using the same
strategy: loop over possible phases and look for the optimum. In this case, the
optimum is determined suppressing the power in the other side band, fro — frr.
Again the minimum of the resulting curve is the optimal value. In figure 6.19 an

example of this calibration can be seen, where the optimum is achieved around 80°.
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Figure 6.19: Calibration of phase differences between I and Q signals. The power
of the opposite side band is displayed in the Y axis, the phase difference in the X.
The optimum for phase difference between I and Q input signals is at the minimum
of this curve.

The last parameter to tune is the amplitude difference. This is done exactly the
same away as in the phase difference: loop over possible amplitude values, check
power in fro + frr peak and the optimum lies where the minimum of the curve is.
What matters is the amplitude difference between signals, hence, only one needs to
be modified at each step of the loop.

The result of this calibration procedure is shown in figure 6.18, and similarly in
figure 6.20 for a commercial device, Octave from Quantum Machines, that period-

ically calibrates its internal mixers.

6.3.2 Resonators

Resonators are devices with one or more characteristic resonant frequencies. They
can be found in many fields of physics and they make use of different types of station-
ary waves. Those which are interesting for quantum sensing are photon resonators.
If a photon of the exact resonant frequency appears in the structure of the resonator,

it will bounce for a while inside. This effect enhances the output signal that can
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Figure 6.20: Automatic mixer calibration for different frequencies with the Octave
device from Quantum Machines. The main selected frequency is between 40 and 50
dB higher than any other harmonic. Two different mixer calibration are shown with
different selected frequencies.

be extracted from the resonator and it is the fundamental principle that permits

resonant cavities to be used as dark matter detectors.

In quantum sensing, resonators are mainly used to read the state of the qubit.
These two-level systems couple to the bosonic bath of the resonator in a way that
when the state of the qubit changes, so does the resonant frequency of the resonator.
There are at least two types of resonators when transmons are involved: three-
dimensional cavities and plane resonators on chip. Here, several aspects of the first
class of resonators will be discussed, but for other applications, having the resonator
on chip is helpful because they can be created at the same time as the transmon using
the same deposition techniques. Compact devices with multiple qubits coupled with
different resonators and among them in almost any configuration can be fabricated

in this way, which is of much interest, for example in quantum computing.

Resonant modes in cavities

Three-dimensional cavities have resonant modes according to their geometry. In
general, nowadays the resonant frequencies are computed through computational
methods that solve Maxwell equations to look for resonant modes of the photons.
But for the simplest geometries, rectangular and cylindrical cavities, which are the
most common halosocope and transmon readout cavity geometries, characteristic

modes can be computed analytically.

Their resonant frequencies can be derived imposing boundary conditions to

standing electromagnetic waves. A full derivation can be found in [156].

The modes are classified in two groups: Transversal electric, TE, when E; = 0

and transversal magnetic, TM, when H; = 0.

The resonant frequencies for these modes can be expressed as follows:
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Figure 6.21: a) Cylindrical cavity of radius r and height h. b) rectangular cavity of
width a, height b and length d.
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where m, n, and p are integers that denote the number of maxima of the electric
field in the 0, p, and z axis for cylindrical cavities, and in the z, y, and z axis for
rectangular cavities, respectively; p, is the relative magnetic permeability (u, = &,
= 1is assumed); py,, and pl,,, represent the n —th zero (n = 1, 2, 3, ...) of the first
kind Bessel function J,,,, and its derivative J! , respectively, of order m (m = 0, 1,
2,3, ...); r and h are the radius and height of the cylindrical cavity, respectively, and
a, b and d are the width, height and length of the rectangular cavity, respectively,
as shown in picture 6.21. In figure 6.22 the electric and magnetic fields for the mode

T Eg11 of a rectangular cavity are displayed.
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Figure 6.22: Left: Electric field pattern in T'Ey;; mode. Right: Magnetic field
pattern in T'Fjy;; mode.
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Figure 6.23: Types of magnets for axion haloscope searches. (a) Solenoid magnet
with axial magnetic field. (b) Dipole magnet with transversal magnetic field. Image
from [157].

Axion haloscopes are made with a resonant cavity immersed in a magnetic field.
Depending on the type of magnet that generates the field, different geometries and
cavity modes are used in haloscope searches. In general, with solenoid magnets,
cylindrical cavities with T'My;o mode are used, and in dipole magnets, rectangular
geometries with T'F19; mode are preferred, see figure 6.23. The reason for this
follows from the fact that in order to maximize the scan rate in haloscope searches,
the overlap between the electric field of the mode and the external magnetic field
has to be maximum. As a general rule, one tries to have E parallel to B. Labels of
TFE and T'M modes depend on the reference system, so for the same cavity T Fjy1,

TE191 and T Ej19 can be the same mode in different reference systems.
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Figure 6.24: Different views of the pin ports. Longer pins tend to have stronger
couplings, but the shape of the mode and the placement of the pin also matter.

Couplings to external world

For resonators to be useful, they need a way to interact with input signals. For 3D
cavities these couplings are typically antennas, coaxial antennas to couple with the
internal electric field and loop antennas to couple with the internal magnetic field.
The precise shape and position varies according to the geometry of the cavity and
the mode of interest. In the case of 2D resonators, common in transmons on chip,
the resonator takes the form of piece of flat wire with certain length (it is what
sets the resonant frequency). In this case, a capacitance coupling is used, simply by

physically placing the resonator and the readout line very close.

In coplanar 2D waveguides, the proximity and shape of the gap define the ca-
pacitance between both lines and thus the coupling. In 3D cavities with coaxial
antennas, it is the position of the pin and their length what sets the coupling to
the resonant modes. In general, the closer the pin is to higher values of the electric
field, the higher is the coupling. For two symmetric pins, the coupling to the first
mode, the one with lower frequency that has one central node, will be higher the

longer the pins.

Stronger couplings translate to a faster interaction of the resonator with the feed
lines. This impacts the performance in several ways that can be tailored depending
on the needs. Higher couplings mean that the photons stay less time bouncing in
the cavity (the pin is very efficient extracting them); but it is also easier to inject
photons (less power applied for the same number of photons injected in the cavity)
and to extract them, resulting in shorter readout pulses. All these properties have
advantages and disadvantages; depending on the purpose of the resonator one can
be interested in maximizing the coupling, minimizing it or finding an intermediate

value in which two things are balanced (inject easily but extract slow).
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6.3.3 Transmon characterization

Once the qubit and the cavity have been designed, fabricated and installed in a
dilution fridge, their quantum behaviour can be tested. The critical temperature of
aluminium is 1.2 K. Below this temperature it is superconducting and two effects
are observed: the cavity Q factor increases, as internal losses decrease a lot, and the
transmon enters in the superconducting regime where its states in the phase-charge
space are quantized and it can therefore be considered a qubit.

The temperature of operation is much lower than the critical temperature of
aluminium because the thermal noise decreases further and the coherence of the
qubit increases. Typical base temperatures for dilution refrigerators are around
10 mK, even though the qubit itself has a residual background population of around
50 - 70 mK, as shown for example in [147].

The punch out method

Once everything is cold, the first check is to make sure the qubit is “alive”. This
can be done by making use of the coupling between cavity and transmon. This
coupling hybridizes the system and changes its characteristic resonant frequency.
The way to see if this coupling is shifting the frequency is to measure the resonance
with high and low power in a transmission spectrum taken from a VNA. When high
power signal is injected in the cavity, the transmon decouples from the cavity so
the resonance is due to the bare resonator. With low power, both components are
coupled and the resonant frequency of the whole system is a combination of both,
different from the bare resonator mode. In figure 6.25 this effect can be seen through
three spectra with variable power. The green one, labelled by -40 dB, has the higher
power, so this resonance is due to the cavity. When the power is decreased, the peak
shifts to higher frequencies, an effect due to the transmon. In red, an intermediate
situation in which the coupling is starting to show.

An extra piece of information can be extracted from this measurement: if we
compare modes in an avoided crossing in figure 6.13, we see that hybridized modes
(in solid lines) shift away from bare modes. This means than the hybridized mode
moves from the cavity one to the opposite direction of the qubit frequency. There-
fore, if the qubit frequency is lower than the cavity frequency, the peak shifts towards
higher frequencies when they are coupled. And if the qubit frequency is higher than
the cavity frequency, then it shifts towards lower frequencies. This helps to limit the

range when looking for the qubit frequency, the next step in its characterization.

Two-tone spectroscopy

In order to identify the qubit frequency, a two-tone measurement is performed.
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Figure 6.25: Transmission spectra for different signal power. Cavity and transmon
coupled for low power (blue) and decouple when the power increases (green). Power
levels depend on the attenuation levels included in the input channel.

40 45 5.0 55 8.0
BNC frequency (GHz)

Figure 6.26: Two-tone spectroscopy. Magnitude of the transmission at the frequency
of the resonator versus the sweeping frequency of the second tone. When the qubit
transition is reached, the resonance shifts and the magnitude of the transmission
decreases a lot.

This is done injecting two different signals to the cavity, one resonating at the
cavity frequency, the other one sweeping in frequency. When the second tone hits the
frequency of the |g) — |e) the system resonance shifts again, and the transmission
of the first tone suffers a big decrease, because at this new readout frequency, there
is no maximum. This is schematically plotted in figure 6.26.

If this transmission plot from 6.26 is measured for different input power values

in the second tone, a peak broadening can be seen, like in figure 6.27.
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Probe frequency: 6.06 GHz
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Figure 6.27: Two-tone measurement from a real transmon device. Here, the second
tone frequency is plotted against its amplitude. Peak broadening can be seen due
to the increase in power. The main peak at the right corresponds with the |0) — |1)
qubit transition, while the second, thinner line at the left is the |0) — |2), a two-
photon process that appears at higher power with much less probability.

Readout measurement

The qubit state can be manipulated through sending a drive tone of its frequency.
This is the first qubit manipulation, however, to assess this ability of qubit manip-
ulation, a readout technique is needed. This is achieved thanks to the coupling to
the cavity.

When the qubit state needs to be checked, a tone at cavity frequency is sent. The
signal coming out of the cavity will vary according to the state of the cavity. The
readout tone is a complex signal and the effect of the qubit can be seen in amplitude
and phase of the output signal. It is decomposed in 1Q components and plotted in
the complex plane, an example will be seen in the following chapter (figure 7.15).
Depending on the state of the qubit, measurements tend to be in different spots,
which allows to set a region in the plane for each state. Each measurement that falls
in one of the regions will be considered the corresponding state. This separation is
not clean, therefore fidelity of the readout measurement is introduced to quantify

this ability of measuring the correct state.
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Rabi oscillations

Once the qubit frequency has been de-

termined with rough precision, it can be

refined through Rabi oscillations. This 1 frive
measurement is also useful to determine at
the basic pulse to manipulate the state 0 :
of the qubit: the 7 pulse. This allows to -l'—'ifl

move the qubit from the ground state
lg) to the first excited state |e). The
name, 7 pulse, comes from the move- Figure 6.28: Schematic diagram of the

ment in the Bloch sphere where half a Pulse sequence for a Rabi measurement.
From [153].

measurement

turn is performed.

There are several possibilities to represent these oscillations but all of them reflect
the same behaviour, the quantum oscillations between probabilities of measure |g) or
le) after a drive tone applied to the qubit. Depending on the amplitude and duration
of this pulse, schematically represented in figure 6.28, the oscillatory pattern changes
in amplitude and frequency.

In [153] one can find a precise derivation of the probability of finding the qubit in
excited state after applying external drive field Ey = cos(wgt + ¢). This expression
6.43 can be used to plot what is expected from a Rabi experiment, as can be seen
in 6.29.
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Figure 6.29: Left: Simulated Rabi oscillations in a drive amplitude versus qubit
frequency detuning representation. Right: Simulated Rabi oscillations in another
representation. Horizontal axis is frequency detuning over amplitude, and vertical
axis is amplitude times the duration of the pulse. In both, the colour gradient
express the excited state probability.
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Figure 6.30: Similar measured plots as presented in 6.29. Left: Measurement of
Rabi oscillations in frequency versus amplitude plot. In the X axis the detuning from
qubit frequency, 40 MHz span. In Y axis the amplitude of the pulse, in volts. Time
duration of the pulse is fixed. Right: Measurement of Rabi oscillations in frequency
versus duration plot. In X axis the detuning from qubit frequency, 10 MHz span. In
Y axis the pulse duration in ns, from 16 ns to 512 ns in 4 ns intervals. Amplitude of
the pulse is fixed. In both cases the colour gradient express the probability of being
in first excited state.

For these measurements a sequence of pulses is needed. First, the drive tone is
played, around the qubit frequency, with variable amplitude and duration. Right
after this pulse, a readout tone is played at the cavity frequency. This schema is
shown in figure 6.28. This tone allows to determine if the qubit is in the ground or
excited state. Averaging over many measurements like this for each combination of
amplitude, duration and frequency detuning for the drive pulse, the probability of
ground or excited states can be computed for each point in the 2D plots, as shown
in figures 6.29 and 6.30 for simulated and measured Rabi oscillations.

In figure 6.29 left, the first blue dot serves to establish the parameters for a 7
pulse (yellow central dot in left plot of 6.30). The central position of this pattern

can be fit to extract the frequency and amplitude of such a 7 pulse.

Characteristic times: T1, T2

Qubit states suffer from short decay times that are one of the main challenges of the
technology. To interact with other elements of the system and predict the output is
difficult if some of them lose their characteristic properties while measuring. This
decay is characterized with two parameters: T1 and T2. T1 is the relaxation time
and accounts for the time that takes the qubit to lose an excitation; T2 is the
dephasing time. A superposition state is determined by the relative phase between

pure states. The interaction with the environment forces this coherent states to shift,
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Figure 6.31: Relaxation and dephasing in the Bloch sphere [150]. These are the
two main effects characterised with T1 and T2.

losing the coherence, the relative phase between states, which impedes recovering

the original state. Both are the values that characterize the exponential decay they

follow.
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Figure 6.32: Schema of T} measurement [150]. Left: Sequence of pulses for the T1
measurement. Right: Exponential decay expected and fit to extract T1 value.

In order to measure both characteristic times, different pulse sequences are
needed. For T1, the qubit is placed in an excited state, wait some time and then
measure through a readout pulse. Repeating many times this measurement varying
the waiting time, an averaged population can be estimated. The longer the waiting
time, the smaller the probability to find the qubit in the excited state. This pulse
sequence and the exponential decay obtained is depicted in figure 6.32. And an
experimental measurement in figure 6.33.

To measure T2, the pulse sequence is more elaborate. It is an interferometric

sequence, in which two 7 /2 pulses are applied with a delay between them. Depending
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on the dephasing during this delay time, the response changes. The idea is to rotate
the state, initially the ground state, along the X axis (or Y, it is not important, just
keep the same all the time), 7/2 degrees so to place it in the equator of the Bloch
representation. Then wait and rotate in the same axis but towards the opposite
direction —7 /2. If the state remains in the position left by the first pulse, it returns
to the ground state. But if some dephasing happened, then the state ends up in a
superposition state. Repeating the sequence several times, the probability for each
state and each delay time can be extracted. The pulse sequence and the decay

pattern are shown in 6.36 and an experimental measurement of these oscillations in
6.34.
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Figure 6.33: Relaxation exponential de- v
cay. Measured characteristic time T} = 0 5 10 15 20

16 us. In orange, the measured popula-
tion in excited state, fitted to exponen-
tial decay in dashed red. In blue it is
plotted the population in ground state.

delay [ns]

Figure 6.34: Oscillations in T2 meas-
urement for T2 = 9.5 us. In the ver-

And in green, the population in second
excited state, almost inexistent. Hori-
zontal time scale in ns. Vertical scale
excited state population.

Ramsey chevrons

tical axis the probability of being in the
excited state, in the horizontal one the
delay between /2 pulses.

A nice way to visualize the effects of dephasing is through Ramsey chevrons. The

pulse sequence is identical to that used in a standard T2 measurement, where the

delay between two m/2 pulses is varied. However, in this case, the detuning fre-

quency of the pulses is also swept, resulting in a two-dimensional plot of detuning

frequency versus delay time. If the frequency is perfectly on resonance with the
qubit transition, an exponential decay is obtained. This measurement is very sens-
itive to the frequency of the /2 pulses. It is because of this that Ramsey chevrons
are very useful, sweeping not only time delay between 7/2 pulses but also frequency

of the pulses. This was measured in figure 6.37 where typical Ramsey pattern can
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be seen. If one vertical slice is taken, therefore fixing the frequency detuning, oscil-
lations appear like in 6.34 when off-resonance. Usually to measure 75 an offset is
applied on purpose to force that situation, where faster oscillations appear and it is
easier to fit. In figure 6.35 the sequence of pulses and the oscillations when on and
off resonance can be seen.

Again, this pattern can be reproduced following the evolution of the state under
the proper evolution operands. In [153] it is magnificently explained and simulated

chevrons are displayed.
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Figure 6.35: Ramsey measurement sequence [150].
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Figure 6.36: Sequence of pulses for a Ramsey chevrons [153].

Stark shift

Qubit hybridization with the cavity shifts the resonance of the cavity. Depending
on the state of the qubit the peak moves and this movement is characterized by x
as shown in equations 6.37 and 6.38. The shift between peaks is 2y because possible
eigenvalues of ¢, are 1 and —1, therefore the distance is twice x. In figure 6.38 three
reflection spectra are shown. There, the resonance shifts according to the state of
the qubit, which is prepared just before measuring.

This peak movement can be considered from the opposite point of view: qubit
resonance shifts due to the presence of photons in the cavity. This effect is called
the Stark shift. The Hamiltonian in 6.37 can be rearranged to show explicitly this

shift putting together all terms with &, as it was done there with afa. This shift can
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Figure 6.37: Population in first excited state in Ramsey measurements. X axis:
frequency offset in MHz. Y axis: time in ns.
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Figure 6.38: Cavity resonance for different states of the qubit: ground state in blue,
first excited state in red and second excited state in green.

be measured, as in figure 6.39, and has interesting implications for this work as this
is the principle used for photon detection in single photon counters for microwave
photons.

The Stark shift allows to calibrate the amplitude and duration of the pulses to
inject a variable amount of photons in the cavity. This photon injection follows a
Poisson distribution, whose effects can be seen in horizontal slices of figure 6.39,
plotted as spectra with fixed injected power in plots of 6.40. Multiple peaks appear
when one, two, three... photons are injected. The mean value could be very small
but this only means that most of the time there are zero photons injected and only

occasionally is one photon inside. The average number of photons can be extracted
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Figure 6.39: Stark shift visualization. X axis represents frequency detuning in MHz
around qubit frequency and Y axis the amplitude of the pulse to inject photons in
the cavity in arbitrary units. The colour gradient represents the probability of the
first excited state. When the injected power in the cavity is low, the qubit |g) — |e)
frequency remains centred in the calibrated one, but when power increases, this qubit
transition frequency shifts showing the characteristic vertical shadows towards the
left.

from these spectra fitting them with the product of the Poisson distribution and the
probability of finding an excited state of the qubit for these drive tone parameters.
This last term was presented before, in the expression 6.43 for Rabi oscillations.
The total function to fit is:

k,—A 2 2 2

FIALANQ, x, 8) = Zk: A R - & T (VQ i <2A k) t) (6.44)
A is the detuning with respect to the qubit frequency, €2 is the amplitude of the
pulse, t the time duration of the pulse, y is the displacement due to the presence
of a photon in the cavity and X is the average number of photons injected in the
cavity. Sum over integer values k € N. This fit function is plotted together with the
experimental data for some of the spectra in figure 6.40. The injected power in the
resonator is directly proportional to the amplitude squared (P = V2/R), and from
the X values extracted for different injected power amplitudes, its quadratic relation

is shown in figure 6.41.
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Figure 6.40: Experimental data from 6.39 for different fixed amplitudes (horizontal
slices). In X detuning, in Y population in first excited state. In blue experimental
data, in orange fitted to analytical function 6.44, product of Poisson distribution and
population distribution of the qubit. From top to bottom, left to right, the mean
photon content of the cavity corresponding to each spectrum is: 0.0598, 0.1256,
0.5615, 0.7049.
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Figure 6.41: Average number of fitted photons for different pulse amplitudes (in red)
and fitted second degree polynomial (in blue), where the relation of the number of
photons with the squared amplitude is clear.
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“No one knows the reason for all this, but

it is probably quantum.”

- Terry Pratchett, Pyramids

Single microwave photon counter:

DarkQuantum
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Within the RADES collaboration, a project to develop a quantum sensor for
axion searches has taken strength. As mentioned in the previous chapter, several
grants devoted to the feasibility study and to developing a working setup with
physics potential were awarded during 2024 to researchers of the collaboration. This
is the case of DarkQuantum project.

In this frame, this chapter presents the efforts to design and operate the first
prototype of a quantum sensor in RADES to detect single photons in the microwave

regime.

7.1 The double cavity

Recently, two different strategies have achieved the detection of single microwave
photons with quantum sensors. The first one to appear and the main reference for
this work [147] makes use of non-demolition measurements over the state of a qubit
in order to suppress quantum errors. The other strategy [148], and the first one to

be applied to scan some frequency range in the parameter space of axion-photon

177



conversion, is based on a four-wave mixing protocol to convert microwave photons
in excited states of a qubit.

Here, a double cavity will be designed to host a transmon with a precise geometry
to be coupled to both cavities. The idea of this strategy is that the qubit couple
to two modes, one from the so called readout cavity and the other from the storage
cavity, and its behaviour changes accordingly with the presence of photons in these
modes. The storage cavity is where the photon conversion should happen for it to
be detected. It is isolated except for the coupling with the transmon. The readout
cavity has ports to inject and extract signals and it allows the manipulation of the
qubit state.

The Hamiltonian that models this behaviour is a slightly modified Jaynes-Cummings
Hamiltonian in the dispersive limit, were transmon-resonator detunings are much
bigger than couplings:

1 -
H.pp = §hw;eaz + (hwl + hx"o,) d'a + (hwl + hx®o,) bTb (7.1)

w’ are the frequencies of qubit and bare resonators modified by the coupling to the
transmon: wy, = wWge + X01 + Xo1, Wy = Wr — X1o and W, = w, — X1,. Subindexes make
reference to the levels between which the transition is taking place. For example,
wge is the transition angular frequency between ground and first excited levels of the
qubit, and xg, is the dispersive shift of the readout resonator when the qubit is in the
ground state and in the first excited state. The measured Stark shifts can be expresed
in terms of the first qubit transitions: x" = x§, — x12/2 with n € {r, s}, readout
and storage resonators, and they are related to the coupling between different qubit

2
Yiit+1

energy levels g; ;i1 following the relations: x7;,; = The couplings

Wi,i+1 — Wn
between the first two transitions are related: g5 = \/§g01.

For further clarification, the derivation for a single resonator plus qubit is neatly
described in section 2.7 of [153].

Frequencies and shifts can be measured in the real experiment and some of the
properties of the detector depend on these parameters. They have to be taken into
account during the design step, although the precision in the simulation of these
parameters is limited due to non-idealities in the final manufactured device.

In the following sections, details on the transmon design will be given, along with
how its coupling to cavity modes affects the overall performance of the detector. But
first, a double cavity is needed.

The constraints we forced on this first design were small: the prototype was
going to operate at fixed frequency and it was not going to be placed inside a mag-
netic field. The qubit frequency would be around 4.5 GHz, meaning that resonant

modes for both cavities would be a bit higher. Ultimately, a setup was designed

178



with a 5 GHz storage cavity and a 7 GHz readout cavity. As a general rule, the
closer the frequencies, the higher the coupling with the qubit. Geometry plays a
significant role as well, however, as a first step, having qubit frequencies closer to
the storage frequencies than to readout frequencies allows a significant coupling to
storage cavity. In the next sections these couplings between cavities and qubit will

be further discussed.

Drawings and simulations

Once the cavity frequencies are decided, an electromagnetic simulation is performed
in the geometry to avoid any unwanted resonances. First, we estimate the dimen-
sions of the two cavities using the expressions 6.41 and 6.42 for the modes in a
rectangular cavity, then the rest of the details are added in the simulation. In order
to simplify the iteration process, it was decided to use the same length in two of the
dimensions of both cavities. After several iterations, the dimensions of the cavities

were as shown in table 7.1.

X Y z
Readout cavity (6.8 GHz) | 26.6 mm 40 mm 5 mm
Storage cavity (5 GHz) 45 mm 40 mm 5 mm

Table 7.1: Dimensions of for storage and readout cavities.

A4

Figure 7.1: Left: HFSS electromagnetic model of the double cavity. Right: Top
view of the double cavity in HF'SS

Foreseeing difficulties in the construction, rounded corners were added to facilit-
ate the machining of the pieces. The final design can be seen in figure 7.1. Finally,
the target frequency of the readout cavity was lowered slightly from 7 to 6.8 GHz,
forcing a slightly higher coupling with the qubit. The resonance of the readout cav-

ity is not crucial because it has no scientific impact in the dark matter scan, where
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only the storage cavity frequency matters. For the readout cavity, it is essential
that the external circuits can handle its main frequency. All microwave components
(attenuators, amplifiers, etc.) have a range of frequencies of operation; in this case
we had a cut-off frequency of 8 GHz in one amplifier, so all our frequencies are below
this value.

Resonances were simulated with the Ansys HFSS (High Frequency Structure
Simulator) electromagnetic simulation software, obtaining values for the lowest fre-
quency modes: 5.024 and 6.869 GHz for storage and readout respectively. Although
storage cavity modes are not available by design through the coaxial ports, the

readout cavity can be seen in transmission measurements shown in figure 7.2.

m2
5 ly

Hame X [GHz) Y
6.8603
12.3520
12.4693
16.2880
19.2640

dBiS(2,1%)

12 14 16 18 20
Freq [GHz]

]
]
=

Figure 7.2: Simulated S12 transmission spectrum of the readout cavity. The first
resonance at 6.8 GHz is the readout mode.

From the electromagnetic simulation to the real device there is still one step:
fabrication. Figure 7.3 shows the mechanical design that was finally produced,

including a small gap to hold the transmon and holes for screws and ports.

Characterization of the machined cavity

This double cavity was installed in a dilution refrigerator in Aalto University, in the
Low Temperature Laboratory. The base temperature of the refrigerator was 10 mK,
but the real temperature of the device was probably few mK higher, less than 20 mK
in any case. This is due to imperfect thermal anchorages.

At these extremely low temperatures, resonances were explored giving frequency
values shown in table 7.2. The readout cavity mode was measured through the ports
but the characterization of the inner cavity was performed with the help of a coupled

transmon and a four-wave mixing process to inject photons into the storage cavity.
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Figure 7.3: Final design drawings for the double cavity. The entire cavity is formed
by two identical pieces like the one shown here.

Readout (f,) Storage (f;)

Simulated 6.869 GHz 5.024 GHz
Measured 6.867 GHz 5.051 GHz

Table 7.2: Simulated and measured values for readout and storage cavities lowest
modes.

7.2 Transmons

Previously, during my stay in Aalto University, I had had the chance to see the
performance of several transmons with different geometries in single and double
cavities. Two examples of these can be seen in figures 7.5. This gave me an overview
of the huge range of possibilities that superconducting devices can offer. Thanks to
this, when the time came to design a full prototype, with cavity and transmon, I
was aware of the behaviour I could expect and how to design accordingly.

The transmon to be designed, had to be able to couple with two cavities, with a
relaxation coherent time, T}, of several tens of us. Its design was an iteration process
trying different values for the dimensions showed in figure 7.6. Every configuration
was simulated in the double cavity with HFSS and subsequently the data extracted
from the simulation was used to estimate the parameters of the qubit (frequencies,
anharmonicities, energies, couplings...) using the ”Black-box” model [158].

The production is done in wafers, so 64 transmons were produced in the same
batch. We took the opportunity of selecting multiple transmon geometries so that
a wide range of possible behaviours were available. Fight were selected to have four

copies of each, see table 7.3. In figures 7.7 and 7.8 the final design of the wafer can
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Figure 7.4: Left: Aluminium double cavity. Right: Copper double cavity with
transmon installed, transparent sapphire substrate can be seen in the centre.

Figure 7.5: Left: Magnified view of an aluminium transmon over a sapphire sub-
strate installed in a cavity. Right: Aluminium transmon with long pads before
removing the last protective layer with the design described in figure 7.6.

be seen.

Black box simulation

The design of the single-photon counter must consider both the resonators and the
qubit as an integrated system. So far, the theoretical framework for the qubit and
the resonator has been presented in chapter 6. The finite element simulation of the
double-cavity structure was shown earlier in this chapter, and the qubit itself can
also be simulated.

However, the key aspect from the design point of view is the interaction between
these two elements of the single photon counter. The Hamiltonian model can handle
resonances from the cavity and excitations of the qubit at the same time. The mutual

interaction affects the overall performance of the device. To handle this, what we call
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o H2

Figure 7.6: General transmon design and main dimensions.

QL Q2 Q3 Q4 Q5 Q6 Q7 Q8
(mm) | 1 115 125 1 1 115 13 11
HI (mm) | 0.3 03 03 03 025 025 025 0.25
(mm)
(mm)

0.15 0.12 0.15 0.12 0.15 0.15 0.15 0.12
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Table 7.3: Dimensions for eight different transmon configurations. See figure 7.6 for
dimension labeling.

wafer_leaut_RADESSGEHzLAnmBchipey4.ods [WAFER]

Figure 7.7: Wafer design with 64 transmons in 2 x 17 mm substrate. It was produced
from a standard 0.43 mm thickness sapphire wafer.
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Figure 7.8: Close up of several transmons in the wafer.

Black Box Quantization [158] was developed, with the aim to use the information
from the finite element simulation and include cavity and transmon modes in the

same Hamiltonian that can be solved analytically.

It is based on a linearization procedure in which the whole system is modelled
as an RLC circuit plus a non-linear contribution arising from the transmon. The
Josephson junction is partitioned into its linear and non-linear components. The
linear parts are grouped with the rest of the linear elements of the circuit and their
effective impedance can be computed. The impedance from the linear components
is extracted from the HFSS simulation. Then, the non-linear terms are added to
the impedance employing Foster’s theorem to calculate the total impedance as the

sum of the effective lumped impedance of the modes p of the circuit:

M 1 1\
Z(w) = wC, + — +—> 7.2
@) Z<j 3 (72)

As it is easier to work with zeroes instead of poles, admittance will be used
Y(w) = Z(w)™'. The resonant frequencies of the linear circuit are given by the
imaginary parts of the poles of the impedance, or conversely the zeroes of the ad-
mittance, while the real parts give the width of the poles or, effectively, the decay

rate.

From the finite element simulation software one can extract the Y.(w) seen from
the qubit location. This allows to add the non-linear contribution from the Joseph-

son junction as perturbation terms:
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Y (w) = jwC — WLLJ Yi(w) (7.3)

Admittance (Y)
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Figure 7.9: Imaginary part of the admittance by components, see equation 7.3.

Zeroes of this admittance function set the modes of the system. And from

admittance data, equivalent RLC components for each mode can be computed.

Admittance (Y)

0.01

0.00

Im{Y} (Q71)

-0.01 . . T
3.5 4.0 4.5

10~
10771

Re{Y} (Q7%)

35 4.0 45 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)

Figure 7.10: Imaginary and real parts of the admittance. Red lines denote the
resonances of the system, from lower to higher frequencies: qubit, storage cavity,
readout cavity.

This RLC equivalent allows to construct the non-linear quantized Hamiltonian
expanding up to certain order in the quantum flux operator. This Hamiltonian has
infinite dimension so it has to be truncated to compute eigenvalues. Typically, 3
modes are considered -qubit, readout cavity, storage cavity- with 10 levels per mode.
Solving the Hamiltonian means extracting their eigenvalues and eigenvectors. This is
the key information in order to compute qubit transition frequencies, anharmonicity,

couplings, relaxation and dephasing times, etc.
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The Hamiltonian takes the form shown in expression 6.14. In order to extract
eigenvalues, it is truncated -working at order 8 is more than enough to account for
non linearities- and solved with the QuTiP [159] library.

1 Ey 4 1 Ey 1 Ej 4

H=Hy— —pgt 4+ g6 ___— g 7.4
07 o T g T qoga0 7 (7-4)

Hy =) wnipndl,
n

262 2¢2 L,
On = \/an_ \/?\/C—n

Equation 7.4 is the explicit form of the equations solved using QuTiP. The code
used for this can be found here [160]. Three modes and 10 levels for each mode
are considered, this makes 10 eigenstates, considering all combinations of possible

photon content in each mode.

It is relevant to stress that the term of order 2 in the cosine expansion is included
in Hy. The expansion up to this term has the shape of a harmonic oscillator,
Hepp ~ AEcN? + %@2 Quantizing it and expressing in terms of creation and
annihilation operators results in H = w(a'a + %), where in terms of simplicity the
constant term is neglected. In chapter 2 of [150] and in [149] further details can be

found.

In summary, from Y (w) simulated in HFSS and values for L; and C; from the
fabrication process, mode capacitances, impedances and resistances can be com-

puted:

1
C, = 5 ImY'(w,)
1
R, = ——~
ReY(wy,)
1
L=
2w2 Tm Y’ (wy,)

From this, the truncated Hamiltonian can be solved, which gives the energy
spectrum of the hybrid system. This allows to compute coupling strengths between
modes, Stark shifts, frequencies, anharmonicity... even estimations for T'1 coherence

time.

If ey, is the eigenvalue of the Hamiltonian with ¢ excitations in qubit mode, s in

storage cavity mode and r in readout cavity mode, then most of these parameters

186



are obtained comparing energies between some of these levels. For example, anhar-
monicity of the qubit is defined as the difference between 2 times the energy of the

first excited state minus the energy of the second excited state:

Qy = 2e100 — €200

Similar for the Stark shift, the difference in energy transitions for the cavity

modes when the qubit is excited or not:

2qu = (6010 - 6000) - (6110 - 6100)

2er = (6001 - 6000) - (6101 - 6100)

And then the coupling strengths are given by:

N, +
gn = \/anAqn% (75)

q

With n € {s,r} and A, = €100 — €010, Dgr = €100 — €001-

These parameters are the ones that need to be tuned during the transmon design
stage. A proper non-linear device in this context should have an anharmonicity of
few hundreds MHz (200-300 MHz), 2x,s of couple of MHz (1-3 MHz) and bigger
than 2y, and E;/E¢ of around 100. L; = 12 nH and C; = 3.5 pF were defined
by fabrication and were not modified, they are related to the specific geometry of
the Josephson junction. Target values are not perfect due to fluctuations in the
manufacturing process, which may vary substantially depending on the provider.
The design process from our side was related to the geometry of the cavities and

the transmon pads.

Transmon fabrication

Transmons for this experiment were produced in the National Institute of Standards
and Technology (NIST) in Boulder, Colorado, EEUU, by our colleague Dr. Akash
Dixit. The fabrication technique is described in detail in his thesis [147]. Also very
useful are the diagrams in [150] where an instructive explanation of the fabrication
process can be found.

The two main features of these devices, the pads and the Josepshon junction, are
produced in two steps. For the growth of the antennas optical lithography is used,
while for the Josepshon junction electron-beam lithography is needed. Transmons
are fabricated on 430 wm thick C-plane (0001) sapphire wafers with a diameter of
50.8 mm. Several transmon structures can be developed in a wafer at the same time.

Typically, better resolution is achieved in the centre of the wafer due to increasing
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Figure 7.11: Wafer with transmons before slicing.

non-orthogonality of the beams when you move further off the centre.

Before starting, wafers are cleaned with organic solvents and annealed at 1200°C
for 1.5 hours. Fabrication starts by the pads that are the biggest features of the
transmon. They are produced through optical lithography. First, a layer of 75 nm
niobium is deposited in the wafer by electron beam evaporation. A resistor layer
is developed over the niobium in which the pad’s shapes are carved with a focused
beam of light (wavelength 405 nm). Another resistor is developed on top of it, filling
the patterns drawn in the first resistor. Features are finally etched in an inductively-
coupled plasma (ICP) equipment from “Plasma-Therm” removing all niobium under
the first protective layer. Only shapes under the second resistive layer survive. The
rest of the second layer photoresistor is removed by chemical means.

Once the pads are ready, the wafer is cleaned again with organic solvents and
baked in a vacuum chamber to remove any water excess and prevent outgassing.

The Josephson junction is developed through electron-beam lithography with
bi-layer resistor. The need to combine optical and electron-beam lithography arises
from the size of the structure. While the pads have dimensions of the order of hun-
dreds of microns, the junction has structures with hundreds of nanometers: specific-
ally, the width of the two wires that overlap to form the stack of layers, aluminium
- aluminium oxide - aluminium, is of the order of 200 nm.

This process starts by developing a bi-layer of resistors. The bottom one is

thicker and softer and the outer one is thinner but harder in order to achieve sharper
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patterns. Then, an argon ion mill is used to remove native oxide from the pads in
the regions that will overlap with the junction. They are produced following the
Manhattan pattern, in which two consecutive evaporation steps with oxidation in
between generate the needed layers for the junction. The result of this process
is a stack of tree layers: 35 nm aluminium, 1 nm aluminium oxide and 120 nm
aluminium. Then, once the junction is ready, the remaining resistive is removed
through a chemical lift-off process. After both the evaporation and lift-off, the
device is exposed to an ion-producing fan to avoid electrostatic discharge of the

junctions.

Figure 7.12: Final shape of a single transmon after slicing it from the sapphire wafer.

7.3 Measurement logic

The purpose of these developments is to build a quantum sensor, able to detect
single photons in the microwave range, with the aim to apply it to the search of relic
axions.

This quantum sensor makes use of the hybridization of quantum states in the
qubit with resonator modes of the storage cavity, in a way that allows to check the
photon content of the inner cavity without relying on a single quantum measurement.
This is achieved through non-demolition measurements, that instead of checking only
once the state of the qubit, make use of the different oscillation frequency of hybrid
states depending on the photon content of the cavity.

The shift in qubit frequency due to the presence of a photon, 2y, has to be char-
acterized before the measurements begin. The parity measurement, whose sequence
of pulses can be seen in figure 7.13, follows an interferometric schema in which two
7/2 pulses are performed with a certain amount of time between them. This waiting
time, called parity time ¢, = m/|2x/| is precisely determined from the measured shift.
The qubit has to be initialized in a Fock state |g) or |e), so that the first 2x pulse
moves it to a superposition state 1/v/2(|g) = |e¢)). The qubit state precesses at a
rate of |2y| when there is a photon in the cavity so waiting exactly ¢, = 7/|2x| the
state has acquired a phase of 7 in the Bloch sphere representation. In that moment,
the second 7/2 in the reverse direction, so —m /2, pushes it back to a Fock state. If

there is a photon in the cavity, this moves the state of the qubit from |g) to |e) or
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Storage

Qubit

Readout

Figure 7.13: Representation of a sequence of parity measurements. The storage
signal represents the photon coming from axion conversion: it can appear any time
during the measurement but only appearances prior to the parity sequence will be
efficiently detected. Each of the three channels has its frequency, pulse characterist-
ics, etc. This plot is not to scale regarding times or pulse amplitudes. For a proper
comparison between pulse durations see figure 7.21.

vice versa. The qubit state is measured through a dispersive drive, called "readout
pulse”. An alternating pattern is achieved if several measurements like this are per-
formed. This schema only works with the presence of a photon in the cavity. If not,
the interferometry is out of frequency and the same state is measured at the end of

the pulse sequence.

The advantage of this pulse sequence is that quantum false positive errors are

exponentially suppressed at the cost of linearly increased time of measurement.

The time length of the pulses and waiting times have to be tailored depending
on the performance of the device. Relaxation and dephasing times of cavities and
qubit, as well as coupling values, define how fast the readout and 7/2 pulses can be
and how long one has to wait between parity measurements in order to empty the

readout cavity.

After every couple of parity pulses a readout tone at the frequency of the readout
resonator is sent. With this tone, the state of the qubit is measured. The output
of this measurement is a complex tone coming out of the system. It can be plotted
in the complex plane (as well as in the amplitude and phase plane if needed, which
is commonly done when measuring a resonance with a VNA). We call IQ) plane
representation the usual representation of a complex number in the complex plane.

The name comes from ”in phase” (I) and ”quadrature” (Q) due to the expression
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Figure 7.14: Effect of pulses of a parity measurement according to the photon content

in the storage cavity. If the storage cavity is empty, the final state of the qubit is
the same as in the beginning; when there is a photon, the state flips [149].

r=14+Qi=r- "

with x € C and Q,I € R, r € [0,+00), 0 € [0,27). Of course, from Euler’s
formula: I =rcos(f) and @ = rsin(6).

Fidelity=0.95739
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Figure 7.15: Thousands of measurements represented in the 1Q plane. Each dot is a
single measurement of a state prepared in ground (blue) or first excited state (red).
The readout fidelity is extracted from the percentage of times an excited state is
correctly read.
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Markov chain analysis to estimate occupation

Data is stored in form of arrays of {0,1}. If each parity sequence has N meas-
urements, a state of the qubit is measured for everyone of them. The precise 1Q
values that represent excited or ground states are calibrated beforehand. In figure
7.15 such a calibration can be seen. States were prepared beforehand and measured
right afterwards. The blue population are measurements with qubit in the ground
state, red when qubit was prepared in the first excited state. If needed, measure-
ments can be rotated so that differences between populations are maximized in the
I variable, in this case I in X axis. In this way, the value of I in each measurement
allows to distinguish between states. This split is not complete, as can be seen in
the figure both populations slightly overlap. In this case, fidelity, the probability
to measure exited state when the qubit is prepared in first excited state, is 0.95.

Values above 0.9 are common in superconducting qubits.

P(t=0)

10 15 21
Number of Parity Measurements

Figure 7.16: Parity sequence with 21 measurements. In this case, a photon is present
in the storage cavity, so the sequence moves the states up and down, from ground to

excited states. Several measurement errors can be seen along the sequence, where
suddenly no oscillations happens.

Once a parity sequence has been performed, it has to be analysed to determine if
it corresponds to the presence of a photon in the storage cavity. This is done through
a Bayesian analysis. A structure called "hidden Markov model” is used to determine
the initial cavity state according to the measurements performed afterwards. The
analysis tracks all the possible qubit and cavity states and their possible errors
during measurements that would result in the observed sequence of readouts. With
this technique, an exponential suppression of detector false positives is achieved by
making repeated measurements of the same photon.

The idea of a "hidden Markov model” structure lies in the possible hidden states
of the system that can produce certain observation. Knowing the evolution between
states and the accuracy of the measurement, a probability for the initial state can

be computed. This value is refined with every measurement done in the sequence.

Hidden states are composed by states of the qubit, ¢; and storage cavity n;:
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q; € {976}
n; € {O, 1}

Observations are the measurements over the qubit state. They do not necessarily
coincide with the real state of the qubit, sometimes quantum measurements have
errors, so a different space can be defined with the observed states that we call

readout space:

R; € {G,¢&}

The system evolves after every measurement, which is modelled through a trans-
mission matrix T that depends on the characteristics of the device. Each observa-
tion may be affected by imperfect readout fidelity, which is captured by the emission

matrix E.

0g)  |0e)  [lg)  |le)
[ PwPyy PPy PuPy PuPy | 19
T— | PoPy PP PuP PuPy | 109 (7.6)
PPy PPy PinPy. PP, | |19)
PPy PiolPee PP PP 1e)

g £
Fgg Fgg ]Og>
1 Oe
E= Fg Fe | 109 (7.7)
Fg Fe | 119
Fg Fe | |l€)

These two matrices relate initial states, in the left column, to final state of the
transmission or the measurement, in upper row. Elements of these matrices are
obtained through dedicated characterization measurements in the device. In the

next paragraphs, the origin of each term and its calibration is described.

Cavity transitions

The states of the storage cavity are measured in number of photons. The probabilit-
ies of these transitions are related to the time spent in each parity measurement, t,,,
and to the ability to store photons in the cavity, so T} and Ty have to be measured.
The intrinsic photon population of the cavity, n., is also needed, which is related to

the effective temperature of the device.
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e Decay: Pig=|1) — [0) = 1 — e tn/T¥

e Heating: Py = |0) — |1) = 7, <1 - e*tm/qu)

e Dephasing: The Heisenberg uncertainty relation dictates that if the number
of photons of a quantum state is known, the phase is completely unknown.
Therefore coherence of the cavity state is not relevant for the Hidden Markov
Model.

To obtain probabilities Fy, and Pj;, where the state does not change, unitary

relations are applied: Py + Pyy =1 and Py + Pp = 1.

Qubit transitions

The qubit states used for parity measurements are superposition states and so they
can be affected by dephasing, apart from decay and heating, and all three processes
can produce readout errors. The parameters to characterize these probabilities are
related to transmon properties. Decay and coherence times are needed, T} and Tj.
And also values for the parity sequence protocol: time of the parity measurement,
tm, and also the time between m/2 pulses in the parity measurement, ¢,. For the
dephasing, only shifts between these two pulses may affect, as the initial phase is
not relevant (initial states are not superposed).

o Decay: P, =le) — |g) =1 —e~tn/T

o Heating: P, = |g) — |e) = ny (1 — e~/T7)

e Dephasing: P? =1 — e /73

Overall transition probabilities related to qubit states are composed by dephasing

and decay or heating:
Pye = P}, + P?

Py =Pl +P°

For qubit residual population, the probability of having the qubit in the first
excited state compared to ground state has to be computed. To do so, a Rabi
measurement between the first and second excited state is performed twice. First,
initializing the qubit state in |e) and second, without initializing, so as for it to

be in the ground state most of the times. The comparison of amplitudes of both

P
Rabi oscillations give the relation between P(e) and P(g). In this way, r = PEB; is
g
measured, and 7, = P(e) = _: . The unitary relation P(g) + P(e) = 1 is used
r

here.

From this measurement, the effective temperature of the qubit can be computed:




Parameter Label Measurement

Storage cavity decay time TY 4 wave mixing, wait, 7, sweep, readout
Storage cavity dephasing time Ty 4 wave mixing , 7/2, wait, 7/2, readout
Storage cavity residual population 7, Parity measurements
Qubit decay time T} 7, wait, readout
Qubit dephasing time T) /2, wait, w/2, readout
Qubit residual population N Double Rabi |e)-| f)
7/2 pulse between |g) and |e) Tge/2 Rabi oscillations
Parity measurement time length tm Add 7, t, and waiting times.
Waiting time between /2 pulses tp Stark shift
|g) readout fidelity Fyg Wait, readout
le) readout fidelity F.e 7, readout

Table 7.4: Parameters for the Hidden Markov Model.

Readout fidelities

The elements of the emission matrix are directly related to the readout fidelities.
F,

g
This probability is independent of the state of the storage cavity so F,g = P(G|g) =
P(G|g0) + P(G|gl) = 2P(G|g0) = 2Eg|40 because both conditional probabilities are

equal. Elements in the emission matrix, like Eg40, are split between storage cavity

¢ represents the probability of reading the state G having the qubit state |g).

- qubit states so each one of them can be expressed in terms of %Fw These readout
fidelities are measured in advance as shown in figure 7.15. Again, the unitary relation
is used: Fyg + Fye =1 and Fg + Fge = 1.

Hidden Markov Model

Once measurements are done and evolution matrices are generated with the para-
meters in table 7.4 calibrated, a Bayesian analysis is performed in order to estimate
the probabilities of initial cavity population P(ny = 0) and P(ny = 1). It is based on
a forward-backward algorithm that makes use of previous and future measurements

to compute the probabilities of the i-th measurement [147]:

Z Z Z Z Eso,Ro 80,81 81,R1 .- -Tstl,sNEsN,RN (7.8)

lg),le) so€llno,g).Ino.e)]  s1

For every parity sequence of N measurements, the probabilities along all possible
paths compatible with the measurements are added, to account for all combinations
of hidden states and readout errors that may lead to such sequence of parity meas-
urements. The hidden state reconstructed this way involves a combination of cavity

and qubit states {|0g), |0e), |1g),|1e)}, so one must add over qubit states at the end
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Figure 7.17: Hidden Markov Model schema [147].
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Figure 7.18: Evolution of probabilities with N, number of parity measurements.
Upper: Measured state in every parity measurement. Lower: Evolution of probab-
ilities.

to extract the cavity state. This is the motivation for the last sum in equation7.8.

As a Bayesian method, a prior state is needed to initiate the recursive algorithm.
In all analysis presented here a flat prior is used. This is a vector that keeps the
same probability for each of the four possible hidden states {|0g), |Oe), |1g),|1e)}, so
a flat prior means a vector like this: (0.25, 0.25, 0.25, 0.25).

For each sequence of measurements, one can get the probability of having 0 or 1
photon in the storage cavity just adding over qubit states: P(ng = 0) = Plog) + Floe)
and P(ng = 1) = Py + Pie). This is shown for two events in 7.18a and 7.18b.

In order to distinguish between photon contents, a likelihood test is created

taking the quotient of both probabilities:

P(TLO = 1)
P(TLO :O)

This variable has a distribution along several orders of magnitude. For a cal-

A:

ibration run in which photons are injected before each parity measurement, the

distribution of A is shown in figure 7.19 left. The same distribution in a background
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run has a very different shape, see 7.19 right. A criterium has to be chosen to decide
from which threshold value of A a photon is present. This will be explained with

experimental data in the next section.

10°
103_
102
lOI 101_
||J | Do I . .
10-3 102 107 102 107 10-3 102 107 10'? 10"
Likelihood ratio Likelihood ratio

Figure 7.19: Left: Distribution of likelihood test for 1000 sequences injecting a
photon in the storage cavity just before measuring. Right: Distribution of likelihood
test for 1000 sequences of background measurements.

7.4 Performance of the single photon counter

The device described in this work was measured with the help of our collaborators in
Aalto University, Helsinki, Finland. The aluminium cavity shown in figure 7.4 was
used with one of the transmons of figure 7.11 of the type Q1 identified in table 7.3.
A dilution refrigerator Bluefors XLDsl was used to reach mK temperatures. Input
and output lines, filters, circulators, amplification elements and RF equipment used
during the measurements are depicted in figure 7.20.

Many parameters of the detector have to be characterized before parity meas-
urements, summarized in table 7.5.

Four different configurations were tested in Aalto University with the same setup.
The parity sequence allows a lot of fine tuning and these runs were the first attempts
to explore possible variations. In each configuration two runs were recorded: calibra-
tion and background. Calibrations are runs in which, just before the parity sequence,
a photon is injected to the storage cavity through the sideband |f0) <— |g1). These
runs allow to quantify the efficiency of the protocol. In background runs only spon-
taneous photons should reach the storage cavity.

e Run 1: 7/2 (52 ns) + t, (88 ns) + 7/2 (52 ns) + Readout (800 ns) + 100 ns
delay after each parity measurement. ¢,, = 1.092 ps. Total parity sequence
for N = 21: 22.932 us

e Run 2: 7/2 (52 ns) + t, (88 ns)+ 7/2 (52 ns) + Readout (800 ns) + 100 ns
delay after each parity measurement. ¢,, = 1.092 ps. Total parity sequence

for N = 21: 22.932 us
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e Run 3: 7/2 (52 ns) + ¢, (88 ns) + /2 (52 ns) + Readout (800 ns) + 1000 ns
delay after each parity measurement. ¢,, = 1.992 ps. Total parity sequence

for N = 21: 41.832 us
e Run 4: 7 (184 ns) + Readout (800 ns) + 1000 ns delay after each measure-
ment. t,, = 1.984 us. Total parity sequence for N = 21: 41.664 ps

The first three runs are standard parity protocol with different waiting times

between parity measurements. Runs 1 and 2 have a waiting time of 100 ns and Run
3 of 1000 ns.

Run 4 is different, instead of an interferometric measurement, the rotation from

[ DIG J (LO readout) [ AWG
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Figure 7.20: Layout of the input and output RF lines inside the cryostat during the
parity measurements.
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Device parameter Symbol Value

Transmon frequency |g) — |e) w, 21 x 4.629 GHz
Transmon frequency |e) — | f) Wer 21 x 4.357 GHz
Sideband qubit-storage frequency |f0) — |gl) wpo—g1 27 % 3.935 GHz
Transmon anharmonicity 0y —2m x 272 MHz
Transmon decay time T} 16.7 ps
Transmon decoherence time Ty 6.2 us
Transmon background photon ng -
Storage frequency Wy 21 x 5.051 GHz
Storage decay time 17 20 ps
Storage decoherence time T -
Storage-Transmon Stark shift 2 —27m x 4.6 MHz
Storage background photon N -
Readout frequency Wy 21 x 6.867 GHz
Readout-Transmon Stark shift 2Xgr -
Readout fidelity |g) Fyg 0.95739
Readout fidelity |e) F.e -
Readout time t, 800 ns
Parity time 2% 88 ns
909 rotation pulse time /2 52 ns
Waiting time between measurements tw 100/1000 ns
Time between parity sequences t; 1 ms

Table 7.5: Parameters of the single photon counter. Some of them were not meas-
ured, they are not crucial for the analysis but ideally they should be measured.

one state to the other is done in a single 7 pulse. It is a pulse tailored in frequency,
phase and amplitude that only works properly when the qubit frequency is shifted
due to the Stark shift, i.e., when there’s a photon in the storage cavity. In this case,
the analysis has to be slightly modified due to the fact that there is no waiting time

between pulses, ¢, = 0, and therefore no dephasing is considered.

Pulse Sequence Visualization

. - = - = - - - -
- - - . - =
T T T T T
0 1000 2000 3000 4000 5000
Time (ns)

Figure 7.21: Different waiting times between parity measurements, upper series
100 ns (Runs 1 and 2) and lower 1000 ns (Run 3). Same 7/2 (52 ns, in purple) and
readout (800 ns, in yellow) pulses. Parity time delay ¢, = 88 ns (gap between purple
pulses). For N = 21, total pulse sequence time is 22.932 pus and 41.832 ps.

For each run, the Hidden Markov Model is applied, and the study of the photon
count is done depending on the threshold, see figure 7.22.
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Figure 7.22: Photon count for all runs (10000 measurements per run). Upper trends
with squares from calibrations, lower ones with dots from background. Run 3 was
also analysed with shorter parity sequence, N = 11 instead of N = 21.

Bkg (Hz) Efficiency

Run 1 77.94 0.257
Run 2 87.35 0.286
Run 3  315.96 0.317
Run 4 86.62 0.231

Table 7.6: Efficiency-corrected background rate for \; = 4 x 10% and intrinsic
efficiency.

Calibration runs are performed together with background runs. As mentioned
before, a photon is injected in the storage cavity just before the parity sequence.
Doing so, the detector efficiency can be estimated, allowing for correction of the
photon counts measured during background runs.

To determine the background level measured with this setup implies several
decisions that may not seem clear. The main one: how to set the threshold value?
In [147], [161] a calibration is done beforehand in which a different amount of photons
is injected in the storage cavity and measured. They fit the resulting relation to
Numeas = 1) Ninj + 0, being 7 the efficiency and ¢ the false positive probability. Then,
the threshold can be established when the evolution of the false-positive, probability-
corrected efficiency tends to stabilize. The lack of such an exhaustive calibration
in our case forces us to fix the threshold from figure 7.24 using the criteria of flat
background. Following this, the proposed threshold is Ay, = 4 x 10%.

With this level, the background rate for each run is shown in table 7.6.

In [147] the measured background rate was 1.1 Hz at a frequency of 6.011 GHz,
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Figure 7.23: Efficiency as a function of the threshold.

and in [161] it was 64 Hz at around 5.68 GHz. In our setup, the background level
is comparable to this second result, being between 78 and 87 Hz at 5.051 GHz.
However, in one of the runs, Run 3, the rate was much higher. This was unexpected
and we have not found any clear explanation: the changes introduced in the readout
protocol of this run regarded longer waiting times, which could have produced a

reduction in efficiency and therefore readout rates.

7.5 Dark photon sensitivity

The single photon counter provides for every measurement a binary response (yes,
there is a photon, or no, there is not a photon). This means that at the end of the
run, after setting the threshold and analysing the data, the result is N counts over
Npeas Measurements.

In order to extract a dark photon limit from these measurements, assuming all
events come from this source, an expression for the detection rate of dark photon is

needed.

dN, 2 GV
_ DM Tlsteas _ € PDMQDMQ

N
b dt W

Nineas (7.9)

Equation 7.9 reflects the expected number of positive measurements (Npys) over
the number of total measurements (Np,eqs) due to the flux of dark photons. This
expression is related with the mixing angle ¢, G = §7T_i is the geometrical factor
for the electromagnetic mode coupled to photons in the rectangular cavity [149], V'
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Figure 7.24: Evolution of measured background rate corrected by efficiency with
the likelihood threshold. Rate is computed with 10000 x 0.00002 s because the
storage cavity relaxation time is 77 = 20 pus. Vertical line at proposed threshold of
Aep = 4 x 104

is its volume, 9 cm?, assumes Standard Halo Model with ppy = 0.45 GeV/cm? as
the dark matter density, Qpas ~ 10° represents the line-width of the expected dark
matter signal, ), quality factor of the resonance and wy its angular frequency, with
TY = Qs/ws.

In order to compute the 95% C.L. for e, the cumulative probability of detecting
N positive signals or less is computed. The possible results of a single measurement

Npum )
b th
N eing 7 the

is modelled as a binomial distribution with n = N,,..s and p =7

efficiency of detection.

P<< N) _ i Nmeas! UQPDMQDMQEGQV k - nQPDMQDMQgGQV Nmeas—k
< - — E!'(Nieas — k)! s o

(7.10)

When this cumulative probability falls below 0.05 the corresponding ¢ value sets

the 95% confidence level. In plot 7.25 this reasoning is visualized.

This £%% can be translated into photon occupation number if needed thanks to

equation 7.9 because

95% _ Npu (£77)
Nmeas

Table 7.7 shows the values used in this work to compute the exclusion limit from

the measurements presented in the previous section, Run 1, together with values
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Figure 7.25: Cumulative probability as a function of mixing angle €. When it
decreases below 0.05, red dashed line, £ values are excluded at 95% confidence
level. The intersection between the cumulative probability and the 0.05 level sets
£9% — 1.4027 - 104, Values used for this computation are shown in 7.7.

used for exclusion limit in [147]. In that article, a 90% confidence level was used
but in order to compare with the usual 95% confidence level of other experiments
displayed in figure 7.26 limits with both confidence levels have been computed. The
result from [147] appears in the figure under the label SQuAD.

For the results explained above, only Run 1 was taken into account but it is
possible to combine the results of several runs to extract a more stringent limit.
This prototype is a non tunable device, so given any arbitrary sensitivity, the width
is restricted to a very narrow line, therefore small area can be proved anyway. With
this limitations in mind, the combined analysis has been restricted to Runs 1 and
2, that have exactly the same readout protocol.

Two experiments following independent binomial distributions are considered,
1

_ 2 _ Dm
ng = Nmeas’ pP1="m N1

meas

Bi(n1,p1) and Bs(ng, pe), with parameters n; = N}

meas?

NQ
and py = 17 NzD ™. For each ¢ tested, the cumulative distribution probability (CDF)
is computed for each distribution and N! and N?

meas meas*

P, = CDF[B,(N._. |n1,p1)]

meas

Py = CDF|[By(N2.. .|n2, p2)]

meas

As both distributions are independent, the combined CDF is the product of both
probabilities: Poompined = P1P» and therefore ¢ values are ruled out with 95% C.L. if
Pcompinea(€) < 0.05, the same argument showed in figure 7.25. The results of Runs
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Parameter A. Dixit [147] This work This work
(ppar = 0.4, 90% CL) | (ppar = 0.4, 90% CL) | (ppuyr = 0.45, 95% CL)

fs (GHz) 6.011 5.051 5.051

Q, 20621451 (20.6M) 634727 (0.6M) 634727 (0.6M)

Npwm 9 4 4

Nyreas 15141 10000 10000

Efficiency n 0.409 0.257 0.257

n¢r 0.00242 0.00311 0.00358

gL 1.6799 - 1071 1.1402 - 10714 1.2217-10~

Table 7.7: Table with exclusion limit levels for the mixing angle from measurements
in this work, for CL = 90% and 95% confidence levels, compared with numbers in
[147].

Parameter Run 1 Run 2 Runs 1 + 2
(ppar = 0.45, 95% CL) | (ppar = 0.45, 95% CL) | (ppar = 0.45, 95% CL)

fs (GHz) 5.051 5.051 5.051

Qs 634727 (0.6M) 634727 (0.6M) 634727 (0.6M)
Npu 4 5 4-5

Nyeas 10000 10000 20000
Efficiency 7 0.257 0.286 0.257 - 0.286
n¢t 0.00358 0.00368 0.00261

eCl 1.2217-107™ 1.2387 - 107 1.0446 - 1074

Table 7.8: Table with exclusion limits for the mixing angle of dark photons at 95%
C.L. from Runs 1, 2 and the combined analysis (explained in the text) using a
quantum sensor as single photon counter.

1 and 2 and the combined limit are shown in table 7.8. Figure 7.26 includes this
combined exclusion limit under the label DarkQuantum. In [1] most of the software
developed for this analysis can be found.

This prototype does not have a frequency tuning system. In the future, once
such a system is implemented, background counts will be measured also in adjacent
frequency bins. This will allow background subtraction from these adjacent bins,
highlighting possible signal contributions as increases over global background level,
which enables more stringent exclusion limits.

The experiment described in this chapter represents the most sensitive meas-
urement to date of dark photons at this frequency. However, the most significant
achievement of this work lies in the successful implementation of a single-photon

counter based on a superconducting qubit. This accomplishment required a co-
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Figure 7.26: Exclusion limit for dark photons from the quantum single photon
counter at 95% C.L. shown in light green under the label DarkQuantum compared
with previous experiments. Runs 1 and 2 presented in the text are used to compute
this limit.

ordinated effort across multiple disciplines in physics and engineering: transmon
fabrication, design of the double cavity, its operation at ultra-low temperature, the
RF signal generation for the parity measurement and finally the analysis of the
results to produce this exclusion limit.

This work marks the first step within a collaboration that aims to develop a
new approach to axion haloscopes. This challenge will require the integration of
a frequency-tuning mechanism, a high-Q cavity, and most critically, a quantum
device capable of operating in the presence of magnetic fields. Ongoing research
efforts include the exploration of novel materials, advanced shielding techniques,
faster readout architectures, optimized quantum state manipulation, and many other
innovations that will enable the development of a detector capable of probing deeper

and faster than ever before.
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“And what is the use of a book, thought

Alice, without pictures or conversations?”

- Lewis Carroll, Alice’s adventures in Wonderland

Summary and conclusions

Dark matter is still one of the biggest challenges to our understanding of the Uni-
verse. This thesis has presented a comprehensive exploration of experimental and
theoretical approaches towards its comprehension and detection. Beginning with
the foundational motivations for dark matter searches and culminating in state-of-
the-art quantum sensor implementations, the work spans from traditional gaseous
detector development to superconducting qubit-based single-photon counters. In
this final chapter, the content of each of the previous ones is summarized with em-
phasis on the experimental results and their implications for the broader field of

particle and astroparticle physics.

The thesis opens in Chapter 1 by reviewing the compelling astronomical and
cosmological evidence pointing toward the existence of dark matter. Observational
data from galaxy rotation curves, gravitational lensing in galaxy clusters and an-
isotropies in the cosmic microwave background all support the presence of a non-
luminous, non-baryonic form of matter that constitutes approximately 27% of the
Universe’s energy content. The limitations of the Standard Model to explain this
behaviour support the hypothesis of dark matter as a new particle beyond known
physics. Several theoretical models are introduced to explain this new component,
including Weakly Interacting Massive Particles (WIMPs), axions and dark photons,
among others. Various detection strategies, direct, indirect, and collider-based, are
discussed, setting the stage for the subsequent chapters that detail specific experi-

mental efforts.

The first technique explored in this work is based on gaseous detectors. Chapter 2
provides a foundational overview of their detection principles, a brief history of their
development and a description of the newest member of the family, the Micromegas
detector. This is relevant for the understanding of the TREX-DM experiment, de-

veloped at the University of Zaragoza and explained in the following chapter. Key
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physical processes such as photon and charged particle interactions, electron drift,
diffusion, and avalanche multiplication are reviewed. The discussion is supported
by quantitative modelling, including calculations of mean free paths, diffusion coef-
ficients, and amplification factors under different gas mixtures and pressures.

The use of argon and neon mixtures, target gases for TREX-DM, with vary-
ing isobutane concentrations is analysed for their impact on detector performance.
Empirical and simulated data are used to extract parameters critical to optimizing
gaseous detectors for low-energy rare event searches, such as ionization energy, drift

velocity or electron diffusion.

Chapter 3 is devoted to the TREX-DM (TPC for Rare Event eXperiments-
Dark Matter) experiment, a low-background gaseous time projection chamber for
low-mass WIMP detection. The chapter details the TPC design and installation,
including Micromegas readouts, the electronics and data acquisition system, and
shielding strategy. A key focus is placed on the detector’s ability to operate at high
pressures with ultra-low background levels.

A robust data handling infrastructure, based on the REST-for-Physics frame-
work, has been developed for gaseous detectors with Micromegas planes. Automated
data processing pipelines produce analysis-ready outputs, including hit maps, energy
spectra, and temporal evolution plots.

The experimental characterization of Micromegas detectors reveals consistent
gains and energy resolutions across different pressures and configurations. Two
different Micromegas designs have been tested in TREX-DM, and a comparison
between them in terms of threshold and energy resolution is presented. Particle track
reconstruction relies on the correct channel identification in the readout planes. The
process of developing the mapping between electronic channels and physical ones is
reviewed with attention to the signs that can hint incongruences in the mapping.

An unexpected low-energy background source was identified coming from the
222Rn. Alpha particles coming from its decays were monitored and reduced as much
as possible to suppress the secondary emissions affecting the energy region of interest.

A major advancement presented in this chapter is the integration of GEM foils
atop Micromegas planes. Experimental tests of both small-scale and full-size pro-
totypes demonstrate gain increases of up to a factor of 80, significantly enhancing
detection sensitivity. However, challenges related to electrical discharges and long-
term stability are noted, particularly after GEM implementation in TREX-DM’s
operational environment. There, measured gain increase of factor 45, as can be seen
in figure SC.1, and threshold of around 20 eV were tested thanks to '°Cd and 37 Ar

calibration sources.
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Figure SC.1: Micromegas and GEM 1%Cd calibration spectra. In red, full detector
spectrum, in blue GEM with no voltage difference so that only events in the transfer
region are collected. This shows that in the red spectrum, both types of events are
present, these from the drift volume that are preamplified by the GEM and those
form the transfer region with no amplification. This allows to measure the intrinsic
preamplification factor obtained by the GEM, which is computed from the 8 and
22 keV peaks identified by vertical lines. The preamplification value is 45 for the 8
keV peak and 34 for the 22 keV peak.

Related with the improvements developed to enhance the sensitivity of TREX-
DM, several ancillary tests were performed in the installations of the University of
Zaragoza with the aim of future upgrades of the experiment. Chapter 4 showcases
two of these innovations in gaseous detector technology: the implementation of
UV LED-based internal calibration systems and a detailed characterization of gain
behaviour with argon + 10% isobutane gas mixture.

One of the thesis’ novel contributions is the first demonstration of the use of a UV
LED to extract photoelectrons from a metallic photocathode within a gas chamber
for detector calibration. Previously, expensive lasers and noble gas lamps were used.
Two photocathode materials, aluminium and copper, were tested. Aluminium yiel-
ded a higher electron extraction efficiency due to its lower work function. Although
copper exhibited reduced performance, its ubiquity in radiopure experiments justi-
fies further investigation. The LED-based calibration system offers advantages in
simplicity, compactness and compatibility with low-background environments com-
pared to traditional radioactive or laser sources. It opens the possibility for in-situ
and routine calibrations in sealed chambers.

Extensive measurements of gain curves under varying pressures (1-10 bar) for ar-

gon plus 1% and 10% isobutane gas mixtures were performed. These studies reveal
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optimal operating regimes and inform design decisions for future gas-based rare-
event detectors. One key result is that argon with 1% isobutane performs better at

high pressures, while argon with 10% isobutane offers better gains at lower pressures.

In the second part of the thesis, the scope of the thesis shifts from WIMP de-
tection towards axion searches. Chapter 5 is devoted to the theoretical motiva-
tions and experimental strategies towards the detection of new particles from the
hidden sector: dark photons and axions. These particles, though not part of the
Standard Model, are well-motivated extensions that could explain dark matter’s
elusive nature. For dark photons, both massless and massive models are reviewed.
The thesis discusses how direct interactions of massive dark photons with Stand-
ard Model particles allow more accessible experimental searches. The constraints
derived from astrophysical observations, precision measurements and collider ex-
periments are outlined. Similarly, axion models and axion-like particles (ALPs) are
introduced. The Peccei-Quinn solution to the strong CP problem is discussed, along
with the DSFZ and KSVZ axion models. A broad overview of experimental searches
is provided, from helioscopes and haloscopes to astrophysical probes. This theoret-
ical background sets the stage for understanding the relevance and impact of later

experimental chapters involving resonant cavities and quantum sensors.

Axions are one of the most appealing theoretical solutions for the strong-CP
problem. They present a set of properties that make them ideal candidates for dark
matter particles and can be detected through the Primakoff conversion into photons.
Chapter 6 introduces haloscopes, resonant microwave cavities immersed in magnetic
fields, as one of the fundamental experimental setups for detecting axion-induced
photons. Historical and ongoing efforts, including the leading ADMX experiment,
are reviewed. The focus then shifts to quantum-limited detection techniques. The
Standard Quantum Limit (SQL), which bounds the sensitivity of linear amplifiers,
is introduced, motivating the use of quantum non-demolition detectors and single-
photon counters. The DarkQuantum proposal is presented as an innovative approach

to surpass the SQL using superconducting qubits and circuit QED techniques.

This chapter also discusses the physical principles of superconducting qubits:
Josephson junctions, Cooper pair boxes, and its physical realization: transmons,
and their integration with resonators and cavities. The Jaynes-Cummings model
is used to describe the interaction between a qubit and a microwave cavity. Ex-
perimental techniques such as pulse generation, qubit manipulation, and readout
schemes are introduced. Characterization results of transmon qubits are reported,
including their transition frequencies, coherence properties, and dispersive shifts, all

of which are crucial for single-photon detection as discussed in the following chapter.
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Figure SC.2: Exclusion limit for dark photons from the quantum single photon
counter at 95% confidence level shown in light green under the label DarkQuantum
compared with previous experiments.

Chapter 7 describes in detail the development and experimental evaluation of
the DarkQuantum microwave photon counter. The system is based on a double-
cavity structure: a readout cavity coupled to a transmon qubit, and a storage cavity
designed to capture and hold incoming microwave photons. The experimental work
reported includes fabrication, setup, and calibration of the qubit-cavity system, as
well as pulse sequences to manipulate and read out the qubit state. Qubit spectro-
scopy, Rabi oscillations, and 717, T5 coherence measurements are used to characterize
device performance. A major outcome of this work is the demonstration of single-
photon sensitivity in the microwave regime. This is validated using a sequence of
control pulses and qubit state readout schemes tailored to reveal the presence of
a photon in the storage cavity. To assess the system’s potential for dark matter
searches, a first experimental exclusion limit for dark photons was computed. This
result is competitive with other, much larger-scale experiments. Table 7.7 compares
the exclusion levels achieved with those from a previous study, showing that this
work reaches the most sensitive measurement to date at its specific frequency, 5.051
GHz. Figure SC.2 shows the achieved exclusion limit compared with previous ex-
perimental bounds. The sensitivity achieved confirms the viability of the prototype
as a quantum sensor for rare event detection and opens the path toward scalable

dark matter detection using circuit QED platforms.

This thesis embodies a significant multidisciplinary effort bridging experimental
particle physics, quantum optics and advanced instrumentation. Several main con-

tributions can be highlighted:
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Advances in gaseous detector technologies

The integration of UV LEDs with photocathodes for calibration, combined with
the implementation of GEM-Micromegas hybrid readouts, constitutes a meaningful
advance for rare-event searches in low-background environments. Detailed char-
acterization of a new gas mixture behaviour under pressure provides a valuable
reference for the design of next-generation gas-based detectors, particularly in ex-
periments like TREX-DM.

Haloscopes: Transition from classical to quantum sensing

A cornerstone of this thesis is the transition from traditional detection tech-
niques to quantum-enhanced sensors. The DarkQuantum prototype represents an
innovative and successful realization of a single-microwave-photon detector based
on transmon qubits, achieving performance levels competitive with larger-scale ex-
periments. The experimental results present a meaningful exclusion limit for dark
photon interactions using a quantum sensor. This milestone proves the feasibility
of deploying compact, cryogenic, quantum-enhanced haloscopes as powerful tools
for dark matter exploration. The performance under magnetic fields will set the

feasibility of this technology for axion searches.

In summary, the work presented here illustrates the scientific and technical rich-
ness of dark matter searches. From the deployment of high-pressure gaseous TPCs
to the operation of superconducting quantum circuits, this thesis traverses a wide
range of technologies, all contributing to the same ambitious goal: uncovering the
nature of dark matter.

As experimental capabilities continue to evolve, particularly in quantum techno-
logies, the approaches developed and demonstrated here will likely form the basis
for future detectors that explore uncharted territories in the dark sector with un-

precedented sensitivity.
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“Ojald que haya encontrado a alguien que
cuente por ella las particulas subatomicas de

un grano de arena de una playa infinita.”

- Javier Aznar, sA donde vamos a bailar esta noche?

Resumen y conclusiones

La materia oscura sigue siendo uno de los mayores desafios para nuestra com-
prension del Universo. Esta tesis presenta una revision integral de los esfuerzos
experimentales y tedricos que se han llevado a cabo para su comprension y detec-
cién. Comenzando con las motivaciones fundamentales para la bisqueda de materia
oscura y culminando con la implementacion de sensores cuanticos de ultima genera-
cion, el trabajo abarca desde el desarrollo de detectores gaseosos tradicionales hasta
contadores de fotones individuales basados en qubits superconductores.

En este capitulo final, se resume el contenido de los anteriores poniendo énfasis
en los resultados experimentales alcanzados y sus implicaciones en el ambito de la

fisica de particulas y astroparticulas.

La tesis comienza con el capitulo 1 revisando las evidencias astronémicas y cos-
molodgicas que apuntan a la existencia de materia oscura. Los datos observacionales
de las curvas de rotacién galacticas, los efectos de lente gravitacional en cimulos de
galaxias y las anisotropias en el fondo césmico de microondas, respaldan la presencia
de una forma de materia no luminosa y no bariénica que constituye aproximada-
mente el 27 % del contenido energético del Universo. Las limitaciones del Modelo
Estandar para explicar este comportamiento refuerzan la hipotesis de que la mate-
ria oscura sea una nueva particula mas alld de la fisica conocida. A continuacion,
se introducen varios modelos tedricos que podrian explicar esta nueva componente,
incluyendo particulas masivas débilmente interactuantes (WIMPs por sus iniciales
en inglés), axiones y fotones oscuros, entre otros.

Se discuten diversas estrategias de deteccion, directas, indirectas y en colisiona-
dores, estableciendo el contexto para los capitulos posteriores que detallan esfuerzos

experimentales especificos.

La primera técnica explorada en este trabajo se basa en detectores gaseosos. El

capitulo 2 ofrece una visién general de sus principios de deteccién, esenciales para
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comprender el experimento TREX-DM, desarrollado en la Universidad de Zaragoza,
y sus posteriores mejoras. Se revisan los procesos fisicos clave como las interaccio-
nes de fotones y particulas cargadas, la recoleccion de electrones, su difusién y su
multiplicacion por avalancha. La discusién se apoya en modelos cuantitativos, in-
cluyendo célculos de recorridos libres medios, coeficientes de difusion y factores de
amplificacién bajo diferentes mezclas y presiones de gas.

Se analiza el uso de mezclas de argén y nedn, gases utilizados en TREX-DM, con
diferentes concentraciones de isobutano por su impacto en el rendimiento del detec-
tor. Datos empiricos y simulaciones se emplean para extraer parametros criticos en
la optimizacién de detectores gaseosos para la bisqueda de eventos raros de baja

energia, como la energia de ionizacién, la velocidad de deriva o la difusion electrénica.

El capitulo 3 estd dedicado al experimento TREX-DM (TPC for Rare Event
eXperiments-Dark Matter), una cdmara de proyecciéon temporal gaseosa de bajo
fondo optimizada para la deteccion de WIMPs de baja masa. El capitulo detalla el
diseno e implementacion de la TPC, incluyendo los planos de lectura Micromegas,
el sistema de adquisicion de datos y la electronica, y la estrategia de blindaje ante la
radiacion externa. Se hace especial énfasis en la capacidad del detector para operar
a altas presiones con niveles de fondo ultra bajos.

Se ha desarrollado una infraestructura robusta de manejo de datos basada en el
software REST-for-Physics para detectores gaseosos con planos Micromegas. Pro-
cesos automaticos analizan los datos y generan informes preliminares, que incluyen
mapas de impactos, espectros de energia y evolucién temporal, y que permiten eva-
luar el desempeno del detector.

La caracterizacién experimental de los detectores Micromegas ha mostrado ga-
nancias y resoluciones energéticas consistentes en diferentes presiones y configura-
ciones. Se han probado dos disenos distintos de Micromegas en TREX-DM, pre-
sentandose aqui una comparaciéon en términos de umbral y resolucion energética. La
reconstruccién de trayectorias de particulas depende de la correcta identificacion de
canales en los planos de lectura. Se repasa también el proceso de mapeo entre canales
electrénicos y fisicos, prestando atencién a los indicios de posibles incongruencias.

Ademas, se identifico una fuente inesperada de fondo a baja energia proveniente
del 222Rn. Asi que se monitorizaron las particulas alfa provenientes de sus decai-
mientos y se mitigaron en la medida de lo posible, mediante filtros y operacién en
ciclo abierto, para suprimir las emisiones secundarias que afectan la regién de interés
energético.

Un avance significativo presentado en este capitulo es la integracion de laminas
GEM sobre planos Micromegas. Pruebas experimentales de prototipos a pequena y

gran escala han demostrado incrementos de ganancia de hasta un factor 80, mejo-
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rando notablemente el umbral de deteccién. Sin embargo, se han encontrado desafios
relacionados con las descargas eléctricas y su estabilidad a largo plazo, particular-
mente tras la implementacion de la GEM en el entorno operativo de TREX-DM,
donde se consiguieron meidir ganancias con un factor de 45, como se puede ver en

la figura RC.1, y umbrales en torno a 20 eV gracias al uso de fuentes de calibracion

de 19Cd y 3"Ar.

350 Gain 8 keV: 45.0
‘|_ Gain 22 keV: 34.2
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Figura RC.1: Espectro de calibracién con '°Cd del sistema conjunto Micromegas
con GEM. En rojo el espectro con ambos planos, en azul el espectro con GEM sin
voltaje, en el que solo se recogen los eventos de la regién de transferencia. En el
espectro rojo ambos tipos de eventos estan presentes, los del volumen de conversiéon
amplificados por la GEM y los de la regién de transferencia. Esto permite medir el
factor de preamplificacion de la GEM, calculado a partir de los picos de 8 y 22 keV,
senalados con lineas verticales. Estos factores son 45 para el de 8 keV y 34 para el
de 22 keV.

Relacionado con las mejoras desarrolladas para aumentar la sensibilidad de
TREX-DM, se realizaron varias pruebas auxiliares en las instalaciones de la Univer-
sidad de Zaragoza de cara a futuras actualizaciones del experimento. El capitulo 4
muestra dos de estas innovaciones para detectores gaseosos: la implementacion de
sistemas de calibracién basados en LEDs ultravioleta (UV) y la caracterizacién deta-
llada del comportamiento de una mezcla de argén + 10 % de isobutano a diferentes
presiones.

Una de las contribuciones novedosas de la tesis es la primera demostracién del
uso de un LED UV para extraer fotoelectrones de un fotocatodo metalico dentro de
una camara de gas para calibracion del detector. Anteriormente, se utilizaban laseres

costosos y lamparas de gases nobles. Se probaron dos materiales para los fotocatodos:
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aluminio y cobre. El aluminio present6 una mayor eficiencia de extraccion electrénica
debido a su menor funcién de trabajo. Aunque el cobre mostré un rendimiento
inferior, su abundancia en experimentos radiopuros justifica su estudio. El sistema de
calibracién basado en LED ofrece ventajas en simplicidad, es compacto y compatible
con entornos de bajo fondo, en especial en comparaciéon con fuentes radiactivas
o laseres tradicionales. Esto abre la posibilidad de realizar calibraciones in situ y

rutinarias en camaras selladas.

También se realizaron extensas mediciones de curvas de ganancia bajo diferen-
tes presiones (1-10 bar) para mezclas de argén con 1% y 10 % de isobutano. Estos
estudios revelan regimenes operativos 6ptimos y orientan decisiones de diseno para
futuros detectores gaseosos de eventos raros. Un resultado clave es que el argdén con
1% de isobutano funciona mejor a altas presiones, mientras que el argén con 10 %

de isobutano ofrece mejores ganancias a bajas presiones.

En la segunda parte de esta tesis el enfoque se desplaza desde la deteccién de
WIMPs hacia la busqueda de axiones. El capitulo 5 estd dedicado a las motivacio-
nes tedricas y estrategias experimentales para detectar nuevas particulas del sector
oculto: fotones oscuros y axiones. Estas particulas, aunque no pertenecen al Mo-
delo Estandar, son extensiones bien motivadas que podrian explicar la naturaleza

escurridiza de la materia oscura.

Para los fotones oscuros, se revisan tanto modelos con masa como sin masa. Se
discute cémo las interacciones directas de fotones oscuros masivos con particulas del
Modelo Estandar permiten busquedas experimentales mas accesibles. Se describen
las restricciones derivadas de observaciones astrofisicas, medidas de precision y ex-
perimentos en colisionadores. Igualmente, se introducen los modelos de axiones y
particulas tipo axién (ALPs). Se discute la solucién de Peccei-Quinn al problema
CP fuerte, junto con los modelos de axién DSFZ y KSVZ. Se ofrece una visién am-
plia de las busquedas experimentales, desde helioscopios y haloscopios hasta sondas
astrofisicas. Este marco tedrico prepara el terreno para comprender la relevancia e
impacto de los capitulos experimentales posteriores que involucran cavidades reso-

nantes y sensores cuanticos.

Los axiones son una de las soluciones tedricas més atractivas al problema CP
fuerte. Presentan un conjunto de propiedades que los convierten en candidatos idea-
les a particulas de materia oscura, que pueden detectarse mediante su conversion a
través del efecto Primakoff en fotones. El capitulo 6 introduce los haloscopios, cavi-
dades resonantes de microondas inmersas en campos magnéticos, como uno de los
esquemas experimentales fundamentales para detectar fotones inducidos por axio-

nes. Se revisan esfuerzos histéricos y actuales, incluido el experimento lider ADMX.
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Luego, el foco se desplaza hacia técnicas de deteccion cuanticas. Se introduce el
Limite Cuantico Estandar, que impone un limite a la sensibilidad de los amplifica-
dores lineales, motivando el uso de detectores cuanticos sin demolicién y contadores
de fotones individuales. Se presenta la propuesta DarkQuantum como un enfoque

innovador para superar el SQL mediante qubits superconductores y técnicas de cir-

cuitos QED.

Este capitulo también discute los principios fisicos de los qubits superconducto-
res: uniones Josephson, cajas de pares de Cooper, y su forma final: los transmones,
asi como su integraciéon con resonadores y cavidades. Se utiliza el modelo de Jaynes-
Cummings para describir la interaccién entre un qubit y una cavidad de microondas.
Se introducen técnicas experimentales como la generacion de pulsos, manipulacién de
qubits y protocolos de lectura. Se presentan resultados de caracterizacién de qubits,
incluyendo sus frecuencias de transicion, propiedades de coherencia y desplazamien-
tos dispersivos, todos ellos cruciales para la deteccion de fotones individuales que se

presenta en el siguiente capitulo.

El capitulo 7 describe en detalle el desarrollo y la evaluacién experimental del
contador cuantico de fotones de microondas dentro del proyecto DarkQuantum.
El sistema se basa en una estructura de doble cavidad: una cavidad de lectura
acoplada a un qubit transmon que a su vez se acopla también a una cavidad de
almacenamiento diseniada para capturar y retener fotones de microondas entrantes.
El trabajo experimental incluye la fabricacion, montaje y calibracién del sistema
qubit-cavidad, asi como las secuencias de pulsos para manipular y leer el estado
del qubit. Se utilizan espectroscopia de qubits, medidas de oscilaciones de Rabi y
se caracterizan los tiempos de coherencia 77, T, para evaluar el rendimiento del
dispositivo.

Uno de los logros principales de este trabajo es la demostracion de sensibilidad
a fotones individuales en el régimen de microondas. Esto se valida mediante una
secuencia de pulsos de control y protocolos de lectura del estado del qubit disenados
para revelar la presencia de un foton en la cavidad de almacenamiento. Para evaluar
el potencial del sistema en bisquedas de materia oscura, se calculé un primer limite
experimental de exclusion para fotones oscuros. Este resultado es competitivo en
comparacion a otros experimentos de mayor envergadura. La Tabla 7.7 compara los
niveles de exclusién alcanzados con los del estudio pionero en esta técnica, mostran-
do que este trabajo logra la medicion mas sensible hasta la fecha en su frecuencia
especifica, 5.051 GHz. La Figura RC.2 muestra el limite de exclusién obtenido en
comparacion con los limites experimentales anteriores. La sensibilidad lograda confir-
ma la viabilidad de este prototipo como sensor cuantico para la deteccién de sucesos

raros y abre el camino hacia la deteccién de materia oscura utilizando sensores con
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Figura RC.2: Limite de exclusién para fotones oscuros con el contador de fotones
individuales desarrollado en este trabajo al 95% de nivel de confianza. Se muestra
en verde claro con la leyenda DarkQuantum junto a las curvas de sensibilidad de
experiemntos previos.

circuitos QED.

Esta tesis representa un esfuerzo multidisciplinario que conecta la fisica experi-
mental de particulas, la dptica cudntica y la instrumentacién avanzada. Se pueden

destacar varias contribuciones principales:

Avances en tecnologias de detectores gaseosos

La integracion de LEDs UV con fotocatodos para calibraciéon, combinada con la
implementacién de lecturas hibridas GEM-Micromegas, constituye un avance impor-
tante para la btisqueda de eventos raros en entornos de bajo fondo. La caracterizacion
detallada del comportamiento de nuevas mezclas gaseosas bajo presion proporciona
una referencia valiosa para el disenio de la préoxima generacion de detectores gaseo-

sos, en particular para el futuro de TREX-DM.

Haloscopios: Transiciéon de la deteccidén clasica a la cuantica

Un pilar fundamental de esta tesis es la transicién de técnicas de deteccién tradi-
cionales hacia sensores mejorados cuanticamente. El sistema presentado bajo el pa-
raguas del proyecto DarkQuantum representa una realizacion innovadora y exitosa
de un detector de fotones individuales de microondas basado en transmones, alcan-
zando niveles de sensibilidad competitivos. Los resultados experimentales permiten
extraer un limite de exclusion significativo para interacciones de fotones oscuros uti-
lizando un sensor cuantico a una cierta frecuencia. Este hito demuestra la viabilidad
de implementar haloscopios compactos, criogénicos y cudnticos para la exploracion

de la materia oscura. El rendimiento bajo campos magnéticos definira la viabilidad
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de esta tecnologia para la bisqueda de axiones.

En resumen, el trabajo presentado aqui ilustra la riqueza cientifica y técnica de
las busquedas de materia oscura. Desde el despliegue de camaras TPC de gas a alta
presién hasta la operacién de circuitos cuanticos superconductores, esta tesis recorre
una amplia gama de tecnologias, todas contribuyendo a un mismo objetivo: desvelar
la naturaleza de la materia oscura.

A medida que las capacidades experimentales contintian evolucionando, particu-
larmente en tecnologias cuanticas, los enfoques desarrollados y demostrados en este
trabajo seran la base de futuros detectores que exploren territorios inexplorados en

el conocido como dark sector alcanzando una sensibilidad sin precedentes.
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