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Summary

There are strong pieces of evidence suggesting that ordinary matter, composed by
baryons and leptons, is only the 5 % of the energy-matter content of the Universe.
It is necessary to include two new components to account for all the energy-matter
density in the Universe and thus explain astrophysical observations on a cosmological
scale. The rst one is a new, collision-less and non-luminous type of matter, called
dark matter (DM), whose interactions with ordinary matter are mainly through the
gravitational force. The second one is a uniformly distributed component called
dark energy, which is thought to be responsible for the accelerated expansion of the
Universe. According to the latest PLANCK satellite data, the dark energy accounts
for 69 % of the content of our Universe and the dark matter for the 27 % [1]. The
nature of dark matter and dark energy is one of the most relevant problems in
current physics.

Although there are di erent possible explanations for the origin of dark matter
component, a very attractive hypothesis comes from particle physics in the form of
thermal relic particles produced during the Big Bang that naturally freeze-out with
the right abundance and that are present now in the halos surrounding the galaxies.
These are the so-called weakly interacting massive particles (WIMPs), which do not
have electromagnetic charge and only interact via weak or gravitational force.

During the last years, di erent experiments have tried to detect this hypothet-
ical particle, establishing lower interaction-rate limits and rejecting the di erent
hypotheses. The time projection chambers (TPCs) based on noble elements have
established the strongest dark matter limits for WIMPs with masses above 5 GeVic
demonstrating its potential for dark matter searches.

This thesis was developed within the DarkSide-20k experiment [2], a TPC with
a detection volume of 50 tonnes of liquid argon. The sensitivity limits of the experi-
ment for an exposure of 200 tonnesyear are at cross sections of 810 #¢ cm? and
7 10 47 cm? for WIMP masses of 1 TeV£? and 10 TeV/c? respectively. DarkSide-
20k will dominate the spin-independent searches in the 10 Ged#/to 100 TeV/c?
mass range for WIMPs over the next decade.

One of the keys to obtaining these challenging results is the use of underground
argon (UAr). The isotope®°Ar produces a decay with an end-point of 564 keV. Itis
found in atmospheric argon (AAr) at a rate of 1 Bg/kg. It is produced mainly by the
interaction of cosmic rays with argon atoms. For this reason, the argon extracted
from underground wells has a signi cantly smaller quantity of this isotope. The
DarkSide-50 experiment was the rst to operate with UAr and measured an activity
of 0.73 mBqg/kg of*°Ar [3]. However, the high levels of°Kr (2.81 mBqg/kg) measured
in this experiment would indicate a possible air contamination along the complex
process of argon extraction and puri cation.

A crucial point for the DarkSide collaboration is the characterization of the
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SUMMARY

di erent argon batches that will be used to Il DarkSide-20k. A novel detector,

called DArT, will measure small samples of UAr (approximately 1 L) in short periods
of time (few days) with an error below 10%. DArT will be installed in the Canfranc
Underground Laboratory (LSC) on summer 2021.

In this work, an 3°Ar activity equal to or less than that measured by DarkSide-50
is assumed as the baseline. The number of signal events expected is very small and
it is necessary to reduce the number of background events substantially. For this
reason, DArT will be installed inside Argon Dark Matter (ArDM), a detector of 1
tonne of liquid argon, which will act as an active veto and at the same time will
provide the necessary cryogenic conditions for the experiment.

The CIEMAT-DM group plays a major role in the design and construction of-
DAIT in ArDM. In particular, my work has consisted in optimizing the DArT design
with the aim of achieving the highest possible sensitivity, within the speci cations
required by the DarkSide-20k experiment. In this context, | have developed several
simulations using tools such as GEANT4. The main results of this work have been
the basis of the DArT Technical Design Report [4] presented and approved by the
LSC Scienti c Committee in 2019.

The installation of DArT in the LSC was planned in 2020, but due to the impact
of COVID-19 it has been delayed until 2021. With the aim of minimising the
impact of the pandemic on the experiment time schedule, the commissioning of
DArT on surface has been carried out at CIEMAT. Speci cally, | have participated
in the detector assembly, the rst data collection and their corresponding analysis.
In addition, | have been in charge of the characterization of the photodetection
modules (PDMs) produced for DAIT.

Apart from the work done within the DarkSide collaboration, | have been in-
volved in two other lines of research related to R&D for liquid argon detectors. The
rst one is the development of a photon wavelength particle detector, to study a
novel particle discrimination technique in noble gases. | have successfully built and
operated this high pressure argon gas chamber up to 21 bar, studying features of
the argon scintillation which are relevant for a spectroscopic identi cation of the
particle interactions.

The second research line is related to the study of the e ects produced by the
positive ions produced in large liquid argon detectors. In a time projection chamber,
the accumulation of a volume positive charge is the e ect of the large di erence be-
tween the drift velocity of the electrons and the ve orders of magnitude slower ions.
This space charge is expected to distort the electric eld and to produce secondary
recombination of ions and electrons. | have performed theoretical calculations of the
secondary recombination probabilities expected in liquid argon detectors operating
in single and dual phase, both on the surface and underground. In addition, | have
built a detector to study the e ects associated with space charge. In particular, |
have investigated the ion feedback from the gas to the liquid phase and measured
the drift velocity of the ions in gaseous argon.

The most relevant results of this thesis are published in high impact journals [5,
6]. My thesis has been nanced by the Ministry of Economy and Competitiveness
through the MDM-2015-0509-16-3 support.
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Resumen

Hay evidencias signi cativas que sugieren que la materia ordinaria compuesta por
bariones y leptones, representa solo el 5 % del contenido de energa-materia del
Universo. Para dar cuenta de toda la densidad de energa-materia y explicar las
observaciones astrofsicas a escala cosmobgica es necesario incluir dos nuevos com-
ponentes. La primera es un nuevo tipo de materia, no luminosa y que no sufre
colisiones, llamada materia oscura (DM), cuyas interacciones con la materia ordi-
naria son principalmente a traws de la fuerza gravitatoria. La segunda es una
componente uniformemente distribuida llamada energa oscura, que se le atribuye
ser responsable de la expansbon acelerada del Universo. Segun losultimos datos del
saklite PLANCK, la energa oscura representa el 69 % del contenido de nuestro
Universo y la materia oscura el 27 % [1]. La naturaleza de la materia oscura y la
energa oscura es uno de los problemas nas relevantes en la fsica actual.

Aungue hay diferentes explicaciones posibles para el origen de la materia os-
cura, una hipotesis muy atractiva proviene de la fsica de las partculas en forma
de reliquias ermicas producidas durante el Big Bang, que se desacoplan de forma
natural, con la abundancia adecuada y esan presentes actualmente en los halos
gue rodean a las galaxias. Se trata de las llamadas partculas masivas tbilmente
interactuantes (WIMPS), que no tienen carga electromagretica y olo interacuan a
trawes de la fuerza cebil o gravitatoria.

Durante losultimos anos, diferentes experimentos han tratado de detectar esta
hipottica partcula, estableciendo Imites nmas bajos para la seccon e caz y rec-
hazando varias hiptesis propuestas. Las @amaras de proyeccon temporal (TPCs),
basadas en elementos nobles han establecido los Imites nmas fuertes para WIMPs
con una masa superior a 5 Ge\¢?, demostrando su potencial para la deteccon de
materia oscura.

Esta tesis se ha realizado dentro del experimento DarkSide-20k [2], una TPC con
un volumen de deteccon de 50 toneladas de argon lquido. Los Imites de sensibilidad
del experimento para una exposicon de 200 toneladasano son secciones e caces de
8 10 *®cm?y7 10 4 cm? para masas de 1 TeV# y 10 TeV/c? respectivamente.
DarkSide-20k dominar las husquedas independientes de spin en el rango de masas
para los WIMPs de 10 GeV£? a 100 TeV/c? durante la poxima cecada.

Una de las claves para obtener estos desa antes resultados es el uso de argn
subteraneo (UAr). El 3°Ar es un iotopo que produce un decaimiento con un
end-point de 564 keV. Se encuentra a raon de 1 Bg/kg en el argon atmosgrico. Se
produce principalmente en el argon atmosgrico por la interaccon de rayos @smicos
con losatomos de argn. Por esto, el argon extrado de pozos subteraneos tiene
una cantidad signi cativamente menor de este itopo. El experimento DarkSide-50
fue el primero en operar con UAr y midd una actividad de 0.73 mBg/kg dé%Ar [3].

Sin embargo, los altos niveles d€Kr (2.81 mBg/kg) medidos en este experimento,
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podran indicar una posible contaminacon de aire a lo largo del complejo proceso
de extraccon y puri cacon del argon.

Un punto crucial para la colaboracon DarkSide es la caracterizacon de las dis-
tintas remesas de argn que se@an utilizadas para llenar DarkSide-20k. Un novedoso
detector llamado DAIT media pequenas muestras de UAr (aproximadamente 1 L)
en cortos periodos de tiempo (pocos das) con un error menor al 10 %. DArT sea
instalado en el Laboratorio Subteraneo de Canfranc (LSC) en verano de 2021.

En este trabajo, se asume como referencia una actividad #&r igual a la
medida por DarkSide-50 o incluso menor. El rumero de eventos de sefal es-
perado es muy pequefno y es necesario reducir el rumero de eventos de fondo
dramaticamente. DArT seam instalado dentro de Argon Dark Matter (ArDM), un
volumen de 1 tonelada de argon lquido, que actuaa como veto activo y al mismo
tiempo proporcionar las condiciones criogenicas necesarias para el experimento.

El grupo de materia oscura del CIEMAT juega un papel principal en el disero y
construccon de DArT. En particular, mi trabajo ha consistido en la optimizacon del
diseno de DArT con el objetivo de alcanzar la sensibilidad mas alta posible dentro de
las especi caciones requeridas por el experimento. Para ello, he desarrollado diversas
simulaciones utilizando herramientas como GEANT4. Los resultados principales de
este trabajo han sido la base del DArT Technical Design Report [4] presentado y
aprobado por el comie cient co del LSC en 2019.

La instalacon de DArT en el LSC estaba prevista para nales de 2020, pero
debido al impacto de la COVID-19 se ha retrasado hasta 2021. Con el objetivo
de minimizar el impacto de la pandemia sobre la plani cacon temporal del exper-
imento, se han realizado pruebas en super cie en el CIEMAT. Concretamente, he
participado en el montaje, en la primera toma de datos y en su correspondiente
aralisis. Adenmas, he sido responsable de la caracterizacon de los nodulos de fo-
todeteccon (PDMs) producidos para DArT.

Aparte del trabajo realizado dentro de la colaboracon DarkSide, he estado in-
volucrado en otras dos Ineas de investigacon relacionadas con I[+D+i para detec-
tores de argn Iquido. La primera es el desarrollo de un detector de partculas
sensible a la longitud de onda, con el objetivo de estudiar una novedosa tcnica de
discriminacon de partculas en gases nobles. He construido y operado conexito esta
@mara de alta presbn con argn gas hasta 21 bar, estudiando las caractersticas de
centelleo que son relevantes para una identi cacon espectrosmpica de las interac-
ciones de las partculas.

La segunda Inea de investigacon est relacionada con el estudio de los efectos
producidos por los iones positivos acumulados en los grandes detectores de argn
lquido. En una @mara de proyeccon temporal, la acumulacon de un volumen de
carga positiva, se produce como efecto de la gran diferencia entre la velocidad de
deriva de los electrones y los iones, cincoordenes de magnitud mas lentos. Se espera
gue esta carga espacial distorsione el campo ekctrico y produzca recombinacon
secundaria de iones y electrones. He realizado @lculos teoricos sobre las proba-
bilidades de recombinacon secundaria en detectores de argn Iquido operando en
faseunica y doble, tanto en super cie como bajo tierra. Adenmas, he construido un
detector para investigar efectos asociados con la carga espacial de forma espec ca.
En concreto, he estudiado la retroalimentacon de iones desde la fase gaseosa a la
Iquida y he medido la velocidad de deriva de los iones en argon gaseoso.

Los resultados nmas relevantes de esta tesis esain publicados en varias revistas
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de alto impacto [5, 6]. Mi tesis ha sido nanciada por el Ministerio de Econom a y
Competitividad a trawes de la ayuda MDM-2015-0509-16-3.

19



RESUMEN

20



Introduction

There are strong pieces of evidence suggesting that ordinary matter, composed by
baryons and leptons, is only the 5 % of the energy-matter content of the Universe.
It is necessary to include two new components to account for all the energy-matter
density in the Universe and thus explain astrophysical observations on a cosmological
scale. The rst one is a new, collision-less and non-luminous type of matter, called
dark matter (DM), whose interactions with ordinary matter are mainly through the
gravitational force. The second one is a uniformly distributed component called
dark energy, which is thought to be responsible for the accelerated expansion of the
Universe. According to the latest PLANCK satellite data, the dark energy accounts
for 69 % of the content of our Universe and the dark matter for the 27 % [1]. The
nature of dark matter and dark energy is one of the most relevant problems in
current physics.

Although there are di erent possible explanations for the origin of dark matter
component, a very attractive hypothesis comes from particle physics in the form of
thermal relic particles produced during the Big Bang that naturally freeze-out with
the right abundance and that are present now in the halos surrounding the galaxies.
These are the so-called weakly interacting massive particles (WIMPs), which do not
have electromagnetic charge and only interact via weak or gravitational force.

During the last years, di erent experiments have tried to detect this hypothet-
ical particle, establishing lower interaction-rate limits and rejecting the di erent
hypotheses. The time projection chambers (TPCs) based on noble elements have
established the strongest dark matter limits for WIMPs with masses above 5 GeVic
demonstrating its potential for dark matter searches.

All the Collaborations pursuing rst-generation liquid argon detectors, ArDM [7],
DarkSide-50 [8], DEAP-3600 [9], and MiniCLEAN [10], recently merged into the
Global Argon Dark Matter Collaboration (GADMC [11]) with more than 400 re-
searchers, to pursue together the proposed DarkSide-Low Mass (1 tonne), DarkSide-
20k (50 tonnes) and Argo (300 tonnes) experiments, aiming at investigating WIMP
masses above 1 Ge\ with cross sections down to the neutrino oor [2].

One of the key points that will make this extraordinary result possible is the
use of underground argon not exposed to cosmic rays with a reduc&dr activity,
the main background source in multi-ton liquid argon detectors. It is crucial for
the DarkSide collaboration to characterize the di erent argon batches that will be
used to Il DarkSide-20k. For this purpose, a novel detected called DArT is being
installed in the Canfranc Underground Laboratory (LSC). DArT will measure small
samples of UAr (approximately 1 L) in short periods of time (few days) with a
su cient sensitivity to estimate the activity of 3°Ar with an statistical uncertainty
less than 10%.

The CIEMAT dark matter group has a leading role within DarkSide-20k, and
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is one of the main groups involved in the design, construction and operation of
DAIT. In particular, my work has consisted in optimizing the design of DArT with
the aim of obtaining the highest possible sensitivity within the requirements set by
the DarkSide-20k experiment. This work has resulted in a publication [5] and is
described in Chapter 3. In addition, in Chapter 4 the characterization of the photo
detection modules (PDMs) developed for DArT and of the commissioning of the
detector on surface at CIEMAT is explained.

Apart from the work within DarkSide-20k, | have been involved in other two
R&D investigations for noble liquid detectors. The rst one, described in Chapter 5,
consists in the development of a novel technique for particle discrimination using the
wavelength emission of the argon and xenon scintillation. This technique has been
demonstrated with a high pressure noble gas detector, usingand radioactive
sources. The studies carried out in argon gas have resulted in a publication [6].

The second investigation is related to the study of the space charge e ects in
liquid argon detectors. The impact of the positive ions accumulated in large noble
liquid detectors operating at single and dual phase is presented in Chapter 6. A
setup has been built in order to characterize the ion feedback from the gas to the
liquid phase and to measure the ion drift velocity. An article with my investigations
on this subject is in preparation.
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Chapter 1

Dark matter direct detection

The Universe has fascinated human beings for centuries. Although throughout the
ages a wide variety of experiments and observations have improved our understand-
ing of the Universe, its contents remains a mystery. The ordinary baryionic matter,
described by the current Standard Model of Particle Physics, which accounts for
only the 5% of the Universe energy-matter density. The remaining 95% is in the
form of vacuum energy (dark energy) thought to be responsible for the accelerated
expansion of the Universe, and in the form of invisible matter called dark matter.
Di erent strong evidences suggest that this form of matter, which account of 85%
of the matter of the Universe, is electrically neutral and non-baryonic.

The nature of the dark matter component of the Universe is one of the most
important unsolved problems in physics. In this chapter, | will brie y present the
di erent pieces of evidence that motivated the introduction of the dark matter hy-
pothesis and some proposed candidates, the detection techniques, and the current
status of the direct and indirect dark matter searches. The expected sensitivity for a
hypothetical WIMP particle will be evaluated and the prospects for direct detection
searches will be presented.

1.1 Dark matter evidences and candidates

The rst astrophysical evidence supporting the presence of dark matter was found
in 1933 by the Swiss astronomer Fritz Zwicky. He studied the redshifts of various
galaxy clusters, groups of galaxies gravitationally bounded, and noticed a large
scatter in the apparent velocities of eight galaxies within the Coma Cluster, with
di erences that exceeding 2000 km/s [12].

Considering the system in equilibrium, the virial theorem gives a relationship
between the mean velocity of the galaxies and the mass of the cluster:

<T >= E <Fi ri >; (11)

where< T > is the average kinetic energy andF; the force applied to the particle
i in the position r;. If the force between any two particles of the system results
from a potential energyV(r) = ar" that is proportional to some powern of the
interparticle distancer. In particular, for the gravitational potential V(r) r 1,
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1.1. DARK MATTER EVIDENCES AND CANDIDATES

Eq. (1.1) becomes:

2<T>= <V >: (1.2)
Eq. (1.2) relates the average kinetic energy to the total gravitational potential energy.
Assuming the potential energy of the clustery GM 2=R, with radius R and
massM :
2v°R
M(R)= —5—; (1.3)

where v? is the dispersion velocity andG is the gravitational constant. For the
Coma cluster, the result is a total dynamically inferred mass within an Abell radius
(equivalent to 2.14 Mpc) [13] of:

Mt = 6:8 10 h M ; (1.4)
whereh = Hy=100 kms *Mpc ! is the Hubble parameter. Its present value accord-
ing to latest PLANCK results is Hg = 67:4 0:5 [1]. The mass-to-light ratio,M=L,
is the quotient between the total mass of a spatial volume and its luminosity. A
value of M=L ' 216 is obtained using Eg. (1.4) and the measured brightness of
the Coma cluster. Therefore, the total mass required to explain the dynamics of
the galaxy is much higher than the masses of their luminous constituents, which
supports the hypothesis of a dark matter component.

The rotational curves of galaxies, i.e. the circular velocity pro le of the stars
and gas in a galaxy, as a function of their distance from the galactic center, played
a particularly important role in the discovery of dark matter. For a circular orbit,
considering Newtonian physics, the gravitational force is equal to the centripetal
acceleration due to the curved trajectory described by the body:

r

V2 mMG GM

m— = ! = —
r r2 r

Therefore, it is expected that for a uniform mass distribution the velocity should
decrease as 2. Four decades after Zwicky's initial observations, Rubin, Ford,
Thonnar, and others began to use new spectroscopic techniques to analyze the
rotation curves of galaxies [14]. The Doppler shift of the 21 cm emission line from
neutral hydrogen provides information on the rotational velocity of the stars in the
galaxy disk. This is especially interesting is spiral galaxies, in which the rotation
curve gives a direct measurement of the radial distribution of the total mass.

The rotational curves of di erent galaxies are presented in Fig. 1.1. The rotation
velocity remains constant for stars that are far from the center of the galaxy, thus
the mass has to increase with the radius and this mass can not be luminous matter.
The velocity curve behaviour can be explained by assuming the presence of a dark
matter component in the halo of the galaxy.

The dark matter halo of a galaxy envelops the galactic disc and extends well
beyond the edge of the visible galaxy. The Standard Halo Model (SHM) consists
in a spherical halo with a Maxwellian velocity distribution for dark matter. The
density distribution, (r), as function of the radius,r, is given by:

r 2# '

(= o 1+ P ; (1.6)

(1.5)
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1.1. DARK MATTER EVIDENCES AND CANDIDATES

Figure 1.1: Rotation curves of seven galaxies of di erent Hubble types. At some
tens of kpc the Keplerian fall is not observed [15].

where  is the central halo density andr. the halo core radius. Assuming that the
velocity curve is at in the midplane, the data imply a local dark matter density of

=0.3 0.1 GeV/c® [16]. However, a new value of 0.55 0.17 GeV/c? has been
proposed recently [17] based on recent investigations using the vertical kinematics of
stars [18, 19]. The velocity curves are perfectly reproduced after including this dark-
halo model, thus pointing out the necessity of a dark matter component electrically
neutral in the galactic halo to explain the data.

Until a few decades ago, there was little observational information on the spatial
distribution of dark matter. Gravitational lensing, predicted by Einstein equations
of General Relativity, is a powerful tool to obtain detailed maps of the dark matter
distribution in the galaxy clusters. It is based on the fact that the presence of
high gravitational elds bends and ampli es the light the light coming from objects
behind them [20]. This e ect is known as gravitational lensing. The Bullet Cluster
(Fig. 1.2) is an especially interesting astrophysical object, as it was formed by the
collision of two large clusters of galaxies. During the collision, the hot gas from each
of them su ered a dragging force that reduced its velocity when it passed through
the gas from the other cluster. On the other hand, the dark matter, which only
interacts gravitationally was not a ected by the collision. This results in two well
separated regions for both components.

The Cosmic Microwave Background (CMB) radiation is an isotropic radiation
produced 3.8 1 years after the Big Bang, when the temperature of the Universe
decreased enough to allow electrons and protons to form hydrogen and making the
Universe transparent to radiation [22, 23]. This radiation is extremely homogeneous
with some tiny uctuations in the temperature, of the order of 10° . These uc-
tuations, measured by [1, 24, 25], were originated during the in ationary period of
the Universe expansion and are very sensitive to the parameters of the cosmolog-
ical model. The composition of the energy-matter of the Universe from the latest
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1.1. DARK MATTER EVIDENCES AND CANDIDATES

Figure 1.2: (Left) The bullet cluster color image from the Magellan images. (Right)
X-ray image of the bullet cluster, obtained in a 500 second exposure with Chandra.
The white bar represents a distance of 200 kpc at the location of the cluster. The
green contours denote the reconstructed lensing signal, proportional to the projected
mass in the system [21].

PLANCK data is [1]:

m = 0:3147 0:0024
p=0:0492 0:0003

1.7)
c=0:2642 0:0026
=0:6847 0:0073
where ., = .+ , is the matter density, , is the ordinary baryonic mat-

ter density, . the dark matter, and the dark energy. Dark energy and dark
matter account for 95% of the energy-matter content in the Universe. This result
is especially interesting when compared with the , obtained from the Big Bang
nucleosynthesis (BBN). It predicts the abundances of the light elements, such as
deuterium (D), helium (®He, “*He) and lithium (’Li), which were synthesised at the
end of the rst three minutes of the existence of the Universe. The synthesis of these
elements is sensitive to physical conditions in the early radiation-dominated era of
the Universe, in which weak interactions were in thermal equilibrium. The baryon
content is estimated to be [26]:

0:046 b 0:055 (at 95% con dence level (C.L.)) (1.8)
a result which is in remarkable agreement with the value obtained by the CMB
(Eq. (1.7)).
Nowadays, the so-called CDM-model is well established. From , b, It IS

inferred that 85% of the matter of the Universe is non-baryonic. Additionally, the
excess in the mass-to-light ratio indicates that most matter in galaxies is optically
dark.

The strong evidences that we have reviewed so far lead us to conclude that
dark matter is electrically neutral and non-baryonic. However, its composition is
a mystery and di erent hypotheses have been proposed to account for the missing
mass of the Universe, yielding a variety of dark matter candidates. Some of them,
like the massive astrophysical compact halo objects (MACHO), have been discarded
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1.1. DARK MATTER EVIDENCES AND CANDIDATES

with the current observations. Other alternatives such as theories that modify the
Newtonian gravity (MOND [27]), have some di culties reproducing observations
like the Bullet Cluster or CMB in a simple way.

A hypothesis that attracts signi cant attention is a new kind of non-baryonic
weakly interactive elementary particle. Some properties of these candidates are
inferred from astrophysical and cosmological observations. They must be stable
enough to be present in the actual Universe, electrically neutral and massive enough
to account for the measured .. They are classi ed in three categories based on
their temperature at the time of galaxy cluster formation [28]:

Hot dark matter (HDM): weakly interacting particles that decoupled from
radiation being relativistic.

Cold Dark Matter (CDM): weakly interacting particles that were non rela-
tivistic at the epoch of galaxy formation.

Warm Dark Matter (WDM) that constitutes an intermediate case between the
previous ones.

The dark matter abundance and composition have in uence in the Large Scale
Structure (LSS) formation. The CDM particles allow small clumps of matter join
to form larger structures. On the other hand, HDM would have prevented the
formation of high density regions. Therefore, CDM candidates are favoured by
current observations [29, 30].

Let us suppose that this new elementary particle is a stable and neutral weakly
interacting massive particle (WIMP), produced during the Big Bang and currently
present in the halo surrounding the galaxy. For temperatures of the Universg,
greater than the WIMP mass, the number density of these particles at equilibrium
is proportional to T3. In this epoch, WIMPs are abundant and rapidly convert into
lighter particles and vice versa. However, as the Universe evolves, its temperature
decreases and, after it drops below the WIMP mass, the equilibrium abundance
is exponentially suppressed. At this point, WIMPs cease to annihilate e ciently,
falling out of equilibrium, and naturally freezing-out, leaving as remnant a relic
cosmological abundance. Additionally, considering a WIMP cross section of the
order of the electroweak-symmetry breaking scaléEw ), they match the current
dark matter relic density, . = 0.26.

Neutrinos are in fact the rst "dark matter candidate” detected. They are known
to have mass from the observation of neutrino avour oscillations [31, 32]. However,
there are observational limits from cosrrliplogy on the value of the sum of the neutrino
masses. In particular, from PLANCK, m, < 0.12 eV [1], which corresponds to
a contribution to the energy density, , < 0.003, much lower than the dark matter
density previously reported. A fourth neutrino type that would interact weakly
with the other three families, called sterile neutrino, has been proposed as WDM.
Reactor and short baseline neutrino experiments have suggested the detection of
this particle [33, 34] during the last years.

WIMPs are an specially attractive candidate since they arise naturally from well
motivated extensions of the SM of Particle Physics. They are CDM and reproduce
the currently observed relic abundance in the Universe. The range of their expected
masses is in the 10 Ge\W? to a few TeV/c? region. The supersymmetry theory
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(SUSY) is an extension of the SM which explains the huge ratio between Planck
mass, Mp, and the electroweak scaleMp=Mgw 10'%, the so-called hierarchy
problem, and it provides several suitable dark matter candidates as the neutralino
or the gravitino. However, the Large Hadron Collider (LHC) has not detected any
signals of supersymmetric particles yet [35].

Although the WIMP hypothesis is a very attractive solution, there are other
explanations which come from the particle physics. The axion is an elementary
particle that was proposed in the 1970s to solve another unrelated problem, CP
violation in Quantum Chromodynamics (QCD). A global symmetry is introduced
and spontaneously broken, the Goldstone boson is the axion and it gets the mass
from the QCD anomaly. The mass range in which the axions are suitable dark
matter candidates has been constrained by di erent experiments, as ADMX, to
very light masses in the rangeeV m 0.01 eV [36].

During the last years, there has been an increasing interest in the primordial black
holes (PBH) as a possible solution to the dark matter problem. PBHs, predicted
by General Relativity, are a hypothetical type of black hole that formed soon after
the Big Bang. In the early Universe, high densities and heterogeneous conditions
could have led su ciently dense regions to undergo gravitational collapse, forming
black holes. Since PBHs are formed in the radiation-dominated era, they are not
subject to the well-known big-bang nucleosynthesis (BBN) constraint that baryons
can have at most 5% of the critical density. Di erent experiments have provided
strong limits to the mass of PBHs during the last decades [37, 38]. A wider mass
spectrum that would relax these limits has been proposed recently [39, 40].

1.2 WIMP dark matter searches

There are di erent approaches for the experimental detection of WIMPs, e.g. the
interaction of a WIMP particle with a target nucleus, the detection of the products of
their annihilation, and the production of WIMPs in collisions at high energy. The

di erent WIMP detection strategies are complementary. Assuming the detection

of a dark matter candidate in any experiment, con rmation from other di erent
searches is necessary to claim the discovery and measure the mass and cross-section
of the new particle.

Indirect detection experiments are based on the search of WIMP-pair annihi-
lation products, such as gamma rays and neutrinos, and the relative ux of par-
ticles and antiparticles [41]. These particles are detected by space-based detectors
(PAMELA [42], Fermi-LAT [43], AMS [44]), Cherenkov telescopes (MAGIC [45],
H.E.S.S. [46], CTA [47]), or by neutrino experiments (ANTARES [48], IceCube [49],
Super-Kamiokande [50]). The energy available in the annihilation process is the
WIMP-pair rest mass due to its cold nature. Therefore, the indirect detection ex-
periments search for an excess of photons, anti-matter, positrons, or neutrinos at
energies between 1 Ge\W and 10 TeV/c?>. PAMELA has reported an excess in
the positron ux over the predictions [51]. This rise has been con rmed by other
experiments as AMS [52, 53]. The positron ux in the 0.5-1000 Ge¥ range is
displayed in Fig. 1.3. It is necessary to include a new positron source term to de-
scribe the positron spectrum at high energies. It is the contribution of the source
term that leads to the observed excess of the positron ux above 25 Ged/ This
new positron source could be interpreted as dark matter annihilation or other new
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Figure 1.3: Positron ux in the energy range 0.5-1000 Ge\# measured by the AMS
satellite experiment. The red data points are the measured positron ux values. The
source term contribution is represented by the magenta area [54].

astrophysical source, as pulsar emission [54].

Cherenkov telescopes, such as MAGIC or the Cherenkov Telescope Array (CTA)
detect showers of secondary particles produced by the interaction of incident high
energy gamma rays with the atmosphere. CTA will be the major global observatory
for very high energy gamma-ray astronomy over the next decade and it will have a
strong dark matter program. The sensitivity predictions for di erent targets in the
W*W channel are summarized in Fig. 1.4.

Another possible detection method is the production of WIMPs at high energy
colliders like the Large Hadron Collider (LHC) at CERN produced by the reaction
qq! . Since the WIMPs are electrically neutral and would only undergo weak
interactions, the signature of dark matter expected in colliders events is a large
amount of transverse missing energy. Therefore, events with an energetic jet and
large missing transverse momentum in the nal state, usually referred as monojet-
like events, constitute a clean and distinctive signature in searches for new physics
beyond the SM at colliders, such as SUSY [57].

The LHC has put many relevant constraints on theoretical parameters, although
they have not provided any hint about the dark matter nature. However, there
are many model dependencies on these analyses making di cult to draw general
conclusions.

1.2.1 Direct detection

The direct detection experiments are based on the interaction of WIMPs from the
local dark matter halo with target nuclei of experiments on Earth. WIMPs do

no interact electromagnetically (weak force) and are not relativistic thus, they are
expected to recoil elastically on the nuclei, producing nuclear recoils (NR). On the
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Figure 1.4: Comparison of predicted sensitivities for the targets of: the Milky Way
Galactic halo; the Large Magellanic Cloud (LMC) and the dwarf galaxy Sculptor.
The CTA sensitivity curves use the same method and WW annihilation modes

for each target and the same dark matter prole. The sensitivities for the three
targets are all for 500 hours taking into account the statistical errors only. The
H.E.S.S. results come from the Galactic halo for the WW channel [55] and the
Fermi-LAT results come from dwarf spheroidal galaxies for the WW channel [56].

The horizontal dashed line indicates the thermal cross section at 310 26 cm®.

contrary, and particles from radioactivity interact with the electrons of the
target atoms, giving rise to electron recoils (ER).

A simple model for the distribution of WIMPs in our galaxy suggests that they
should gather in a spherical isothermal halo. The solar system moves through this
halo with a speed of 220 km/s [17]. Considering WIMPs with a mass) , and an
initial kinetic energy Eq = %m v3, a nucleus of massny will recoil at a scattering
angle , with an energyEg is given by:

2v3(1 cos
Ep = ol €08). (L.9)
my

m mpy

where = — - is the reduced mass of the WIMP-nucleus system ang is the
speed of the incoming WIMP. Considering a WIMP of massh 100 GeV/c? with

Vo 200 km/s, and argon as the target nucleusny 40 GeV/c, the expected
recoil energy is very low, of the order of tens of keV. For this reason, low energy
thresholds are necessary in dark matter experiments to increase the sensitivities for
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Figure 1.5: Expected event rate per keV, per kg of target and day as function o E
for di erent target materials (Xe, Ar and Na) considering a WIMP-nucleon cross
section of 104° cnm? and a WIMP mass of 1 TeV/&.

the detection of WIMPs.

The expected event rate per keV, per kg of target and day as a function of the re-
coil energy is depicted in Fig. 1.5, where a WIMP-nucleon cross section of 40cm?
and a WIMP mass of 1 TeV/? are assumed. The expected rate for dark matter
direct detection in liquid argon is of the order of 107-10 1° events/day/kg/keV.
Therefore, it is necessary to build detectors with volumes on the tonne scale for the
detection of WIMPs.

The expected rate of WIMP signals is very low, of the order of a few events
per year per tonne. Therefore, ultra-low background experimental conditions are
required in dark matter direct searches. The main backgrounds are:

Cosmic-rays and cosmogenic neutron radiation. Cosmogenic neutrons are pro-
duced by muon spallation reactions with the detector materials. Neutrons
can interact with nuclei in the detector via elastic scattering, yielding nuclear
recoils which can mimic a WIMP. To mitigate this problem, dark matter ex-
periments are typically placed in deep underground laboratories. The rock
coverage reduces the muon ux and so the number of muon-induced neutrons.
The hadronic component of the cosmic ray ux is also rendered negligible by
a few tens of meter water equivalent.

Environmental -ray radiation. Most of the background due to -ray radiation
originates from the decays in natural uranium and thorium chains, as well
as from decays of common isotopes such ¥, ®°Co and **’Cs, which are
present in the rock of the cavern. It is reduced by surrounding the detector
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with materials with high atomic number and high density (i.e. good stopping
power). Additionally, detectors have passive or active shields which moderate
and tag the external radiation, respectively.

Internal backgrounds. Radiogenic neutrons are emitted in (n) and sponta-
neous ssion reactions from natural radioactivity. Additionally, -ray radia-
tion is originated in the detector components. For noble gases, the dominant
internal background consists of isotopes that can be activated by cosmogenic
activity and  decays mainly produced in thé??Rn chain on the internal sur-
faces of the detector. They are suppressed selecting materials with low traces
of radioactive contaminants, to reduce the rate of and -ray emission, and
spontaneous ssion.

Three di erent signals can be measured from nuclear recoil interactions in the tar-
get medium: scintillation (photons), ionization (electrons) and heat (phonons). The
new generation of dark matter experiments usually exploit two of these signatures at
the same time (as ionization and scintillation) to improve the particle identi cation
techniques and separate the expected WIMP signal from background events. Dif-
ferent target materials as inorganic crystal scintillators (CRESST [58], CDMS [59],
ANAIS [60], DAMA/LIBRA [61]), liquid noble elements (DEAP-3600 [9], DarkSide-
20k [2], ArDM [7], XENONLIT [62]), and bubble chambers (PICO [63]) are typically
used for the WIMP direct detection searches.

Another important experimental signature for WIMPs discovery is the annual
modulation in the WIMP event rate. The Earth velocity in the galactic frame, can
be divided into three contributions: the rotational velocity of the galactic disk, the
velocity of the Sun with respect to the disk and the motion of the Earth with respect
to the Sun. The tangential velocity of the Sun around the galactic centre, 220 km/s,
is an order of magnitude larger than Earth speed around the Sun of approximately
30 km/s, thus this last term is usually neglected in most of the studies. However,
it would give rise to a seasonal e ect in the WIMP ux detected on Earth, and
therefore in the interaction rate.

The direction vector of the Earth plane orbit around the Sun is tilted 60 with
respect to the Sun propagation direction. As a result, the velocity of the Sun relative
to the WIMP ux has a variation of 15 km/s. Therefore, the WIMP ux detected
on Earth has a seasonal variation, thus giving an annual modulation e ect in the
WIMP event rate that can be used for dark matter searches [64].

The dierent type of experiments compete to achieve the highest sensitivity
and the lowest possible values of the WIMP-nucleon cross-section. Typically, the
sensitivity of the direct detection experiments is expressed in terms of the WIMP-
nucleon cross section (c versus the WIMP mass (GeVE? ). To be able to compare
results coming from di erent experiments with distinct target materials, the cross
section is de ned as the WIMP scattering o a target nucleon (instead of nucleus).

The elastic scattering of a WIMP o a nucleus can occur via spin-dependent or
spin independent channels since the contribution of several nucleons to the scatter-
ing cross section will not always be added coherently. In the spin-dependent case,
only the unpaired nucleon will have a remarkable contribution to the interaction,
while in the spin-independent all contributions for di erent nucleons are consid-
ered. Consequently, the cross section expression will vary depending on the type of
interaction.
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The di erence between spin-independent and spin-dependent interactions pro-
vides an important cross check in the case of a positive dark matter signal. The
abundance of odd atomic number isotopes is negligible in natural argon, thus only
spin-independent signals can be observed. On the other hand, there are two iso-
topes in xenon with an odd atomic number of nucleons?®Xe and 3!Xe, allowing
spin-dependent searches.

1.3 Sensitivity of direct detection experiments

The interaction rate of WIMPs with ordinary matter depends on several parameters,
like the WIMP velocity distribution and density, and the material-dependent nuclear
form factor. Corrections due to nite galactic escape velocityes., and the annual
modulation of the signal due to Earth's motion around the Sun are introduced. The
latter correction depends on three variables, the Earth velocity around the Suwg,
the Solar System velocity in the galaxyyy, and the minimum initial WIMP velocity,
Vmin ,» t0 produce an energy recoil oEg.

A full analytical computation of the di erential WIMP recoil energy spectrum
has been developed, to evaluate the expected sensitivity for the next generation of
dark matter experiments [65]:

dR(VE ; Vesc) 2N0 VeSC 2Vesc _ 2 1 1
— = P= vo erf = 5 =g (Ve=v0) =
dER m A 0 Vo Vo Eor
p_ N (1.10)
0 Vmin t VE Vmin ~ VE 2
erf —— ef —— g (Vesc=o) () :
4ve Vo Vo n(drn)

where N is the Avogrado number,A the atomic number of the target nucleus, y

the WIMP-nucleus cross section andg, the initial kinematic energy. a‘he_depen-
dence of this equation with the energy recoll, & comes fromvy,, = EE—ORrvo. A
kinematic factor, r, related to the mass of the WIMP-nucleus system is introduced

for simpli cation:

4m my

r= m . (111)

The Eq. (1.10) is calculated in the zero momentum transfer approximation, with
a cross section o. A form factor, F(qr,), is introduced to consider the momentum
transfer between the nucleus and the WIMP. The scattering cross section behaves
as:

(qrn) = OFZ(qrn): (1.12)
Considering the distribution proposed by Helm [66]:

F(qr,) = 3 “;%”) e (@722 (1.13)
n
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Figure 1.6: Form factor correction as a function of the recoil energy for di erent
target materials.

wherer, is the e ective nuclear radius,q is the WIMP-nucleus momentum transfer,
j1(grn) is the Bessel function ands accounts for the nuclear skin thickness.

The form factor correction is displayed in Fig. 1.6 as a function of the recaoill
energy, for the di erent materials. Those with a large atomic number have a re-
markable in uence on the form factor.

Expressing Eg. (1.10) as a function of the WIMP-nucleon cross section,, is
important to compare the results from experiments using di erent target materials:

2
NN (1.14)

n

1
n = A2
It is convenient to calculate the WIMP cross section as a function of the WIMP
mass. In case of lack of a dark matter positive signal, the number of events detected
in a given energy range are used, together with an estimate of the background events,
to set limits on the cross section as function ain . Therefore, it is necessary to
isolate , from Eq. (1.10) and consider the integrated event rate over a recoil-energy
range,Ew, = [Ey; E;], de ned by the lower and upper energy threshold. Since it is
not possible to integrate Eqg. (1.10) analytically with respect tdER, it is calculated
numerically for a full range of di erent m values, so we obtain , as follows:

- P R(VE ; Vesc)
n — T\ H
= f (Er) dEg

(1.15)

where R(Ve ; Vesc), expressed in units of keVlkg day !, is directly given by the
experimental exposure. The result of Eg. (1.15) is compared with numerical ap-
proximations performed with public domain software tools for dark matter related

34



1.3. SENSITIVITY OF DIRECT DETECTION EXPERIMENTS

Figure 1.7: Cross section for di erent energy thresholds considering an exposure of
200 tonne year. The curves computed analytically with Eqg. (1.15) (solid lines) are
in excellent agreement with the predictions obtained from the dark matter online
tools (dotted lines).

calculations [67]. The comparison is done in two energy ranges as presented in
Fig. 1.7, which shows an excellent agreement with the theoretical calculation.

The in uence of the lower energy threshold in the evaluation of the expected
experimental sensitivity is remarkable. This lower threshold e ect is due to the
approximately exponential form of the dierential spectrum, which imposes low
energy thresholds for the detectors to be sensitive to low WIMP masses.

These results are obtained assuming the SHM (= 0.3 GeV/ ¢?, Vesc = 544 km/s
and vp = 220 km/s). However, the new data provided by Gaia [68] suggest the need
of a new dark matter term, requiring a bi-component model to correctly describe
the Milky Way stellar dynamics. For experiments without directional sensitivity,
though, it is enough to use the SHM with updated values ofey, and  [17].

The impact of these new parameters in a liquid argon detector with a exposure
time of 200 tonne year, is evaluated in Fig. 1.8 using the analytic code described
before. The value of v is updated from 544 km/s to 528 km/s and that of from
0.3 GeV/c? to 0.55 GeV/c.

The impact of the new g value on the sensitivity is reduced. Only small
variations are observed fom < GeV/c. On the other side, the updated sig-
ni cantly increases the cross section sensitivity from 9 10 4" cn?to 3 10 *8 cm?
for a WIMP mass of 50 GeV£2.

In conclusion, the validity of the theoretical development has been tested and
the impact of updating the astrophysical parameters in accordance with the new
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Figure 1.8: Cross section for di erent ¥ (black) and  values (red), considering
an exposure of 200 tonne year and an energy range from 10 to 300 keV.

Gaia measurements has been evaluated. Although the SHM is still valid and the
impact of vesc Is small, our results suggest that an update a ects the expected
sensitivity considerably.

1.4 Direct searches status

The DAMA/Nal and DAMA/LIBRA experiments claim a dark matter discov-

ery [69]. These experiments, located in the Laboratori Nazionali del Gran Sasso
(LNGS), have measured the WIMP annual modulation signature using an array of
high radiopure Nal crystals. Recently, DAMA/LIBRA has released a summary of
the results obtained with the total cumulative exposure of 2.46 tonne year that
gives evidence of an annual modulation with a statistical signi cance of 12.9in the
2-6 keV energy range. They attribute this rate variation to a possible dark matter
modulation signal [70].

Noble liquid detectors as XENONLT and DarkSide-50 have obtained results that
are in clear disagreement with the claims from the annual modulation analysis. The
ANAIS-112 [60] and COSINE-100 [71] experiments are aiming to replicate the results
of DAMA/LIBRA using the same technique. ANAIS-112 consists of a 112 kg Nal
detector located in the Canfranc Underground Laboratory (LSC). The data from the
exposure of 0.22 tonne year are compatible with the absence of modulation, and
incompatible with a statistical signi cance of 2.6 inthe 1-6 keV energy interval [72].

The sensitivity of current WIMP direct detection experiments is in Fig. 1.9,
where the WIMP-nucleon cross section as a function of the incident WIMP mass
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is represented. The lines correspond to the exclusion limits set by di erent exper-
iments at the 90% C.L. The shape of the exclusion curves is determined by the
kinematics of the WIMP-nucleon scattering. The parameter space is limited from
below due to the so-called neutrino oor, a region where coherent scattering of so-
lar, atmospheric, and supernova neutrinos with nuclei limits the sensitivity of direct
detection experiments [73].

Figure 1.9: Parameter space accessible experimentally for spin-independent WIMP
searches. The space above the lines is excluded at the 90% C.L. The two contours for
DAMA interpret the observed annual modulation in terms of scattering of WIMPs
with iodine (I) and sodium (Na), respectively [74]. The dashed line limiting the
parameter space from below represents the neutrino oor.

Due to their ability to reach extremely low energy thresholds well below 1 keV,
the cryogenic experiments using Ge-crystals (EDELWEISS [75], (Super)CDMS [59])
or scintillating CaWQ 4-crystals (CRESST [58]) are very sensitive to low-mass WIMPs.
CRESST-lIl is currently placing the most stringent constraints below 1.8 GeMW? [76]
extending the mass range down to 0.16 Ge.

In 2018, the DarkSide collaboration published the world's best upper limit at low
masses, between 1.8 Ge and 6 GeV/c? using a LAr target depleted in*Ar [77].
The result is based on the ionization signal only, which allows reducing the analysis
threshold to 0.1 keV.

Additionally, it has been proposed recently that the reach of WIMP detectors
could be extended further into the sub-GeV region by exploiting the Migdal ef-
fect [78].

On the other hand, the high mass WIMP region is dominated by massive no-
ble liquid experiments. DEAP-3600 has reported the current most sensitive limit
for liquid argon detectors setting a WIMP-nucleon scattering cross sections above
3.9 10 ®cm? (1.5 10 * cm?) for WIMPs with a mass of 100 GeV{? (1 TeV/ @)
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at 90% C.L., assuming the standard WIMP halo model [79]. Among all dark matter
detectors to date, the XENON-1T collaboration has obtained the most sensitive
limits on spin-independent interactions of high-mass WIMPs with nuclei, using a
xenon target to place a limit on the WIMP-nucleon interaction cross section of
4.1 10 # cn? for a WIMP mass of 30 GeVt? at 90% C.L. [80].
The Global Argon Dark Matter Collaboration [11] (GADMC) was founded by

scientists from ArDM [7], DarkSide-50 [8], DEAP-3600 [9], and MiniCLEAN [10] to
pursue a sequence of future experiments, starting with DarkSide-20k [2].

1.5 Sensitivity prospects

A dark matter experiment expecting one background event will need up to 3 times
more WIMP interactions to claim a detection, compared to an experiment free
of background [2]. The silicon photomultiplier (SiPM) and the underground ar-
gon technologies will allow the GADMC to construct a massive detector with an
extremely low number of background events expected in the full exposure (0.1 neu-
trons in 10 years). This will allow DarkSide-20k and the next experiments of the
GADMC to dominate the dark matter direct searches during the next decade with
the sensitivity to reach the neutrino oor.

The sensitivity of current and upcoming WIMP direct-detection experiments is
displayed in Fig. 1.10. The solid lines correspond to the sensitivity curves for dif-
ferent exposure times of future experiments, while the dashed lines are the neutrino
oor regions for argon and xenon targets. DarkSide-20k, with an exposure time of
200 tonne vyear, is an extremely low background experiment. Its sensitivity curve
at 90% C.L. for WIMP masses of 1 TeV¢? and 10 TeV/c? reaches cross sections
of 8 10 ® cm? and 7 10 4’ cn?, respectively. The next generation of xenon ex-
periments in construction, XENONNT and LZ, are expected to have slightly lower
sensitivity than DarkSide-20k, 2 10 4" cn? (2 10 #¢ cm?) for 1TeV/ ¢ (10 TeV/ )
WIMP mass [81, 82].

Another two multi-ton projects have been proposed recently to start operation
during the next decade: DARWIN [84] (liquid xenon) and ARGO [11] (LAr), which
will explore the experimentally accessible parameter space for WIMPs in a wide
mass-range, down to the neutrino oor. New techniques exploiting the directionality
of incident particles have been suggested in recent times [85, 86], to surpass this
limitation of direct detection experiments.

Liquid argon and xenon detectors are complementary. It is fundamental to have
di erent target materials in case of a positive dark matter signal, in order to char-
acterise a potential signal.

38



1.5. SENSITIVITY PROSPECTS

Figure 1.10: Discovery potential at the 5 statistical signi cance of current and
planned spin-independent direct dark matter detection experiments [83].
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Chapter 2

Noble liquid detectors for rare
event searches: DarkSide-20k

Noble liquid technology has been widely used in recent years in particle and as-
troparticle physics experiments. In particular, the last decade has witnessed an
enormously increasing interest in argon and xenon based Time Projection Cham-
bers. This technology has the potential to provide the sensitivity and detector-mass
scalability required for neutrino physics and rare event searches.

Liquid noble detectors based on argon or xenon can be designed to operate in
single-phase (liquid) or dual-phase (liquid-gas). Both detect the scintillation and the
ionization signal, providing a powerful tool for particle identi cation and background
discrimination. In dual-phase detectors is possible to reach lower thresholds in terms
of ionization signal.

This thesis was developed within the DarkSide-20k experiment, a dual-phase
TPC with a detection volume of 50 tonnes of liquid argon, which is currently
under construction at the LNGS. DarkSide-20k is designed to dominate the spin-
independent searches in the 10 Ge to 100 TeV/c? mass range for WIMPs over
the next decade.

In this chapter, | present a review of the light and charge production mechanisms
in liquid argon (LAr) and liquid xenon (LXe), as well as their propagation and detec-
tion in large liquid argon TPCs. Finally, | describe the DarkSide-20k experimental
setup.

2.1 Noble liquid detectors

The high scintillation yield of noble liquids permits to establish low detection thresh-
olds for particle interactions, of the order of the keV. Additionally, they are available
in large amounts and argon, in particular, is the third most abundant gas in the
atmosphere (934 ppm). They can be easily puri ed, making it possible to build
tonne scale detectors with long electron drift distances.

These aspects, together with the unique background discrimination made possi-
ble by particle identi cation and 3D event reconstruction capabilities, makes noble
liquids ideal materials for the next generation of neutrino [87, 88, 89] and dark mat-
ter direct search experiments [90, 91, 92, 93]. The characteristics of the main noble
elements used in rare events searches are summarized in Table. 2.1.

Ligquid xenon and liquid argon are excellent scintillators in response to particle
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Table 2.1: Comparison of some physical properties of noble liquids that are relevant
for dark matter detection [94].

Parameter Neon | Argon | Xenon
Atomic number 10 18 54
Atomic mass 20.2 40.0 131.3
Boiling point (b. p.) [K] 27.1 87.3 165.0
Liquid density at b. p. [g/cmq] 1.21 | 1.40 2.94
Scintillation yield [ /keV] 7 40 46
Scintillation wavelength [nm] 78 128 172
Primary ionization [e /keV] 46 42 64
Energy to generate an ion pair [eV] - 23.6 15.6
Abundance in the atmosphere [ppm] 18.2 934 0.09
Price $$ $ $$5$

interactions, with high light yields, 46 /keV and 40 /keV, respectively. The
light yield of liquid neon, LNe, is 7 /keV. For this reason, LAr and LXe are the
main target materials for neutrino and dark matter detection experiments. The
most relevant di erence between them is related to the details of the scintillation
emission. Its primary component has a wavelength of 128 nm (in the VUV region
of the electromagnetic spectrum), while in LXe it is 172 nm (VUV).

In rare gases, the energy deposited by radiation is expended in the production
of a number of electron-ion pairsN;, excited atoms,Ngy, and free electrons with a
kinetic energy lower than the energy of the rst excited level, known as sub-excitation
electrons. The energy transferred by a particle to the mediuntk, is expressed in
terms of ionization, excitation and sub-excitation electrons by an energy balance
equation [95]:

Eo = NiEj + NexEex + Nj (2-1)

whereE; and E., are the mean energies to ionize and excite an atom ands the
mean energy of sub-excitation electrons after the last collision to result in either
excitation or ionization. The free electrons with energy below only induce elastic
collisions with the target atoms, increasing the temperature of the medium. The
value of lies between 6.3 eV and 7.7 eV for LAr and between 4.7 eV and 5.2 eV
for LXe [96]. TheW -value is de ned as the average energy required to produce one
electron-ion pair, and is given by:
EO Nex

W = N Ei + N
The W-values are inferred in [97, 98] for LAr and LXe to be 23.6 eV and 15.6 eV,
respectively. LXe has the smallestV-value, hence the largest ionization yield of all
liquid rare gases.

In general terms, the mechanism of primary scintillation is similar for LAr and
LXe. The light production mechanism relies on the collision among excited and
ground state atoms, forming excited molecular states, called excimers. They are
produced in a very short time scale (below the ns scale), suppressing the direct de-
excitation of the atoms. A more detailed explanation of the noble gas scintillation
mechanisms is presented in Chapter 5.

Eex + (2.2)
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. o P, : P,

The excimers are formed in singlet | (from P3) and triplet > (from P3)
states, depending on how the spin of the electron and the argon dimer couple.
Scintillation photons are emitted in the trar§ition from one of these two lowest
molecular excited states to the ground staté ; [99].

The direct transition from the triplet state to the groung state is forbidden, and
the decays are possible through the mixing between tie | and the! ~  states
via spin-orbital coupling [100]. This transition is characterized by a longer lifetime
with respect to the singlet state, 1.6 s with respect to 7 ns in LAr and 22 ns with
respect to 4 ns in LXe. In the case of liquid xenon, the time di erence is lower
because the spin-orbital coupling becomes stronger for heavier molecules. As the
ground state for these transitions of the excimer is not bound, it decays to two
neutral argon/xenon atoms. The re-absorption of the photons is excluded by the
absence of excimer molecules and atoms with low enough excited states, hence the
scintillation photons are free to leave the liquid.

The ratio of the intensities of the singlet and the triplet transitions depends on
the incident particle type, its energy and the density of excited atoms. From the
practical point of view, the higher the excitation density is, the more prompt singlet
photons are observed, thus a pulse shape analysis of the scintillation light can be
used to discriminate the incident particle types.

Besides direct excitations, the alternative luminescence process involves recombi-
nation of the ionization electrons with positive ions. Molecular ions are formed after
a short period of time (of the order of the ps) by the ionized noble gas atoms [101],
suppressing the direct electron-atom recombination. The recombination between
ionization electrons and the molecular ions leads ultimately to the formation of the
same excimers produced by the direct excitation channel. As a consequence, the
emitted light is characterized by the same wavelength.

The charge recombination along the particle track plays a very important role
in determining the response to radiation. The electron-ion pairs can either partially
recombine, producing additional light, or can be separated through a drift eld
and then collected. The average energy loss of the particle along its path through
the liquid determines both the shape of the light pulse and the ratio between the
scintillation and the ionization signals, which are the signatures typically used to
discriminate, for example, between heavy ionizing particles, like or recoil nuclei,
and electrons [102].

The recombination process can be described assuming that a dense plasma of
positive and negative ions is formed along tracks for ionising particles [103]. In the
absence of an electric eld, practically all the electrons-hole pairs created initially
recombine and give rise to the recombination luminescence. For low-density tracks,
some electrons escape the recombination even at zero elds. The scintillation light
decreases by a factor 3 in liquid argon when a high electric eld (10 kV/cm) is
applied. The relative contribution of the recombination component to the total
light yield has been measured to be 65% in liquid argon [104].

The required intensity of the electric eld applied to avoid the recombination is
larger for particles with higher linear energy transfer (LET). For low-LET 1 MeV
electrons, 90% of the charge is collected with a few kV/cm [101], while fofparticles
a eld of 20 kV/cm is needed to collect 20% of the charge.

The Ja e model describes the recombination of positive and negative ions with
equal mobilities [105] in a column of target material. The charge dependence with
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the electric eld intensity, E, has the following expression:

Qo .
1+k=E"’

Q()= (2.3)
whereQq is the initial charge generated in the particle interaction, and the constant
k characterizes the recombination strength.

2.2 Liquid argon time projection chambers

The Time Projection Chamber proposed by David Nygren in 1974 [106], is an evolu-
tion of George Charpak's Multi-Wire Proportional Chamber [107]. Crossing charged
particles ionise the detection medium, which was gaseous in the original design. An
electric eld is applied to prevent the recombination of the ions and the electrons.
These electrons drift towards a 2D readout plane. The charge readout is triggered
by a scintillation light readout, also providing accurate timing of an event. This
allows to measure the time for the ionisation electrons to reach the readout plane.
As the drift speed of charged particles in the detection medium is constant, provided
it is known, the coordinate in the drift direction is calculated from the drift time.

While gaseous TPCs already provide very accurate tracking, they have the dis-
advantage that the target mass of the detection medium is quite low, resulting in a
low interaction rates. In 1977, C. Rubbia proposed the usage of LAr as a detection
medium to solve this problem [108].

A liquid argon Time Projection Chamber (LAr-TPC) consists of a detection vol-
ume lled with liquid in an electric eld with a position-sensitive charge readout
and a light collection system. The ion/electron pairs generated in LAr either re-
combine, producing light, or are separated through a drift eld, thus migrating to
the anode and cathode, respectively. The LAr-TPCs can be designed to operate in
single-phase (liquid) or in dual-phase (liquid-gas).

In LAr-TPCs, both ionisation and scintillation signals are detected. When a
particle interacts within the active volume of the detector, it produces a primary
scintillation signal (S1), as well as electrons from the ionisation. The generated
electrons do not recombine due to the electric eld applied and they are drifted
towards the anode. In single-phase LAr-TPCs, the charge measurement is done
through the induction or the collection of the electrons on thin wires directly placed
in the liquid. In dual-phase LAr-TPCs, the electrons are extracted into the gas
phase by a stronger eld that allows surpassing the liquid-gas potential barrier. The
electrons are accelerated in the gas phase in this high electric eld, generating a
proportional electroluminescence scintillation signal (S2), which is mainly detected
by the light sensors on the top. A sketch of a typical dual-phase electroluminescence
detector is presented in Fig. 2.1-left. If a much larger electric eld is applied to the
gas phase, an avalanche of secondary electrons will occur. The ampli ed charge is
detected by a readout plane on the top.

The single-phase TPCs are the current preferred option for next-generation neu-
trino experiments [109]. Their operation and design are much simpler than dual-
phase detectors and they have been proved successfully at large sizes [110]. On
the other hand, the dual-phase electroluminescence TPC provides a lower energy
threshold using the ionization signal. Since WIMP interactions are typical of the
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Figure 2.1: (Left) Dual-phase electroluminescence LAr-TPC scheme. A uniform
electric eld is applied between the anode and the cathode. The scintillation signal
is detected by the photosensors (S1), the electrons are drifted to the anode (direction
of arrows) and extracted to the gas phase, producing the electroluminescence signal
(S2). (Right) Hit distribution over the photosensor plane for S1 and S2 signals.

order of keV, they are the most popular option for future dark matter experiments
as DarkSide-20k [2] or DARWIN [84].

The light pattern detected by the photosensors for S1 and S2 signals is depicted
in Fig. 2.1-right. The X-Y position reconstruction with millimeter resolution [111] is
possible since the electron di usion is small in liquid. Additionally, considering that
the drift velocity of electrons in the LAr has been precisely measured as a function
of the drift eld, the time di erence between the S1 and S2 signaldif: , provides
the Z coordinate (along the electric eld) of the position of the interaction event.

Cosmogenic neutrons and radiogenic neutrons are two of the main backgrounds
in dark matter experiments, because they interact with nuclei in the detector via
elastic scattering, producing nuclear recoils which can mimic a WIMP signal (see
Chapter 1). The 3D position reconstruction allows the identi cation of multiple-
scattering events, rejecting neutrons as possible positive signals. At the same time,
it permits to select a LAr ducial volume inside the active region, using the argon
around it as shielding. This technique is specially e cient for background events
coming from the inner surface of the detector, as decays produced in the??Rn
decay chain. Additionally, the possibility of detecting both scintillation and ion-
isation signals provides a powerful tool for particle identi cation and background
discrimination, since the ratio of these two signals is di erent for nuclear recoils,
generated by WIMPs or neutron interactions, and electronic recoils, produced by
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electrons and s. This technique is complementary to pulse shape analysis of the
scintillation light used to discriminate the incident particle types.

2.2.1 Light and charge propagation

Next generation dark matter and neutrino experiments are expected to have large
active volumes to improve their sensitivities, in which the propagation of the scin-
tillation light and the electrons drifted over long distances will play a fundamental
role. Although the noble atoms are transparent to their own scintillation light,
two processes can contribute to a nite photon attenuation length in noble lig-
uids: absorption by impurities and quenching of the excimer. Residual molecules
in Ar/Xe, mainly O ,, N, and H,O (impurities), can dissipate the energy of the ex-
cimers through non-radiative channels, a ecting the total light yield of the detector.
The observation of this phenomenon is reported in [112, 113], with the addition of
small concentrations of N and O, (above 0.1 ppm). This e ect is independent of
the detector size.

Additionally, the impurities can capture the VUV photons, reducing the scintil-
lation triplet lifetime and the light yield. The VUV attenuation length for impurities
dissolved in LAr is depicted in Fig. 2.2 assuming di erent molecular absorption cross
sections [114]. This e ect is more relevant for large detectors.

Figure 2.2: Dependence of the VUV attenuation length on the concentration of
impurities in LAr. The diagonal lines represent molecular cross sections of 0.01, 1
and 100 Mbarn, respectively. These values are consistent with those expected for
the impurities usually present in LAr.

In LAr-TPCs, the electrons produced by the interactions of particles in the liquid
are drifted over long distances by a uniform electric eld. The detectable fraction
of ionization charge depends on the electronegative impurities present in LAr since,
some of them as @ N, and CO,, capture the ionisation electrons [115]. The number
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of free electrons decreases with time due to their interaction with impurities following
an exponential law:

Ne(t) = N2 = (2.4)

where . is the lifetime of the drifting electrons, andN? is the initial number of
electrons that do not recombine. The probability that the electron attaches to a
neutral molecule, called attachment rate coe cient, is di erent for each impurity.
The argon purity is usually expressed as a function of the oxygen equivalent con-
centration [O,]eq. Assuming that all the argon contamination is due to oxygen, the
electron lifetime is estimated to be [116]:

300
[O2]eq(PPb)

The electron drift velocity depends of the electric eld applied and the argon
temperature (Fig. 2.3). Itis inferred from Eq. (2.4) that the number of free electrons
reaching the cathode depends on the time to travel the drift distance. Therefore, it
is possible to reduce the purity requirements increasing the drift eld intensity.

e(s)= (2.5)

Figure 2.3: The drift velocity, vq, is represented as function of the electric eld, for
di erent liquid argon temperatures [117].

Another important aspect of the charge propagation in LAr-TPCs is the electron
di usion, which limits the spatial resolution of tracks with long drift distances.
Di usion in noble elements is much lower in the liquid than in the gas phase. The
di usion process is modeled with two coe cients: the transverse di usionD+, and
the longitudinal di usion, D . The spread of the initially point-like electron cloud
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over a distanceL can be estimated using:
r . S
2LD _ 2L (D2 + D2)1=2

x = =
Ve Ve

(2.6)

At 500 V/cm electric eld, the di usion coe cients have been estimated to be D

= 7.2 cm?/s and Dt = 12.0 cn?/s [118]. With these values, the smearing expected
in LAr over a drift length of 1 m is 1.3 mm. This smearing will a ect the position
resolution of dark matter and neutrino detectors and it will increase with the drift
distance.

2.3 Review of the VUV scintillation light detec-
tion technologies

A central aspect of argon and xenon TPCs is the e cient collection and detection
of the vacuum ultraviolet (VUV) scintillation photons and the electroluminiscence
signals, which makes available the calorimetric data, the time information necessary
for the 3D event reconstruction and the particle identi cation capability required
for background events rejection.

The VUV light is usually detected using photosensors as photomultiplier tubes
(PMTs) or silicon photomultipliers (SiPMs). The SiPMs are solid-state single-
photon sensitive devices based on Single-Photon Avalanche Diodes (SPAD) [119]
implemented on a common silicon substrate. Every SPAD in a SiPM operates in
Geiger mode and is coupled with the others by quenching resistors. Each module
comprising an independently operating unit of SPAD and a quench resistor is re-
ferred to as a microcell. The size of a microcell varies from 10n to 100 m and
the number of microcells per device ranges from several hundred to several tens of
thousands. All of them are connected in parallel to one common cathode and one
common anode output.

In SiPMs, the photon is absorbed in the silicon and creates an electron-hole
pair. Applying a reversed bias voltage, the charge carried is accelerated to a point
where it creates secondary charge pairs through a process called "impact ioniza-
tion". The silicon breakdowns and becomes conductive, e ectively amplifying the
original electron-hole pair into a macroscopic current ow through the microcell.
This process is called Geiger avalanche. The voltage drops across the quench resis-
tor, reducing the bias voltage to a value below the breakdown, thus quenching the
photocurrent and preventing further Geiger-mode avalanches from occurring. Once
the photocurrent is quenched, the voltage recharges to the nominal bias value. The
time it takes for the microcell to recharge to the full operating voltage is called the
"recovery time" [120]. The Geiger avalanche is con ned to the single microcell where
it started. During the avalanche process, all other microcells remain fully charged
and ready to detect photons.

The SiPMs have several advantages with respect to the PMTs. For their opera-
tion, they are supplied typical voltages between 20 V and 100 V, being 15 to 75 times
lower than the voltage required for a traditional PMT operation. Their geometry
is more compact, reducing the amount of mass in low background experiments, and
they are easily scalable to large areas. Additionally, they o er an excellent single
photon resolution and a very high signal-to-noise ratio.
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To successfully employ SiPMs in rare-event searches, low dark count rates are
required to minimise the rate of accidental coincidences at low energy thresholds.
Also, a gain in the order of 10 is needed to achieve a high single photoelectron
(SPE) detection e ciency. Pictures of a 8" liquid argon PMT and a 25 cn3 active
area SiPM developed by DarkSide-20k are displayed in Fig. 2.4. A comprehensive
review of advances in solid state photon detectors is found in [121].

Figure 2.4: Photo of a 8" liquid argon PMT (left) and a 25 cr active area SiPM
(right).

The SPE spectrum obtained during the calibration of the PMTs described in
chapter 5 is depicted in Fig. 2.5-top, using dark current events. The measured
spectrum is successfully reproduced with the sum of several correlated Gaussian
functions. The rst one corresponds to the average noise level and the following
ones to the number of detected photoelectrons (PE). The SPE spectrum measured
for a SIPM developed by DarkSide-20k is shown in Fig. 2.5-bottom. A signi cant
improvement is observed in the peak identi cation for each photoelectron in the
SIPM in comparison with the PMT. The SiPMs allow photon counting, improving
the energy resolution and reducing the energy threshold to the 1 PE level.

The light collection e ency is increased using materials with high re ectivity at
the scintillation light wavelength. Data on the re ectivity of some relevant materials
for wavelengths shorter than 200 nm are represented in Fig. 2.6. Freshly deposited
aluminium presents the highest re ectance, although it rapidly degrades when is
exposed to air. The surfaces can be protected from oxidation using MgEonserving
a high re ectance in the VUV range. PTFE is typically used in xenon experiments,
which report a re ectance between 85% and 90% for the scintillation light in liquid
Xenon.

It is complicated to develop photosensors and re ectors with high enough quan-
tum e ciency (QE) and re ectivity in the VUV-UV range, where the argon and
xenon scintillation light emission is produced. The most common solution is to use
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Figure 2.5: Photoelectron spectra of the 1" Hammamatsu R6095 PMT (top) and
the 24 cnt SiPM photosensor (bottom), both using a xed window integration [122].
The solid lines represent a Gaussian t to the photoelectron peaks and the baseline.

wavelength shifting materials, which absorb VUV and re-emit the light at longer
wavelengths. The tetraphenyl butadiene (TPB) is an organic molecule that con-
verts the UV light to the 380 nm-450 nm wavelength range, with an e ciency close
to 1 [126]. TPB is usually evaporated over photosensors and re ectors in liquid
argon detectors, to improve the light collection e ciency. Albeit TPB has been
widely used in dark matter and neutrino experiments, its evaporation over large
areas, transportation and storage are a complex process. Additionally, the TPB
coating can be degraded during operations [127]. For this reason, new alternatives
have been proposed over the last years, as the polyethylene naphthalate (PEN) [128].
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Figure 2.6: Light re ectance in the VUV range for di erent materials. The alu-
minium data are from [123] and the data for aluminium protected with Mgk (de-
posited by evaporation) from [124]. Measurements with polished PFTE illuminated
with a Xe scintillation light in vacuum are reported in [125].

The PEN conversion e ciency has been reported to be close to 60% and it can be
found in the market as large area sheets or rolls.

2.4 DarkSide-20k experiment

DarkSide-20k [2] is the rst experiment of the GADMC. It consists in a dual-phase
LAr-TPC with an active volume of 50 tonnes of low-radioactivity argon from an un-
derground source (UAr). The TPC is housed within a ProtoDUNE-style membrane
cryostat [129], that acts as veto. The goal of DarkSide-20k is to detect WIMPs [2]
from their expected scintillation light and ionisation charge signals, which provide
a particle identi cation tool and a powerful discrimination method between nuclear
recoils and electron recoils.

The DarkSide-20k experiment construction is planned to being in 2021 in the
Hall-C of the Gran Sasso National Laboratory (LNGS), at a depth of approximately
3500 meters water equivalent. A 3D schematic view of the DarkSide-20k detectors
is in Fig. 2.7.

The inner detector is a dual-phase LAr-TPC, contained within an ultra-pure
acrylic (PMMA) 350 cm tall vessel in form of an octagonal prism. The vessel
hermetically encloses the ultra-pure liquid argon target and a thin layer of argon
gas, sitting in the ullage above the liquid. On the sides of the vessel, there are
eight vertical re ector panels supported by the PMMA sidewalls. At the top and
bottom of the vessel, two PMMA windows separate the active volume from the
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Figure 2.7: (Top) lllustration of the DarkSide-20k experiment. From the center out:
UAr target, acrylic (PMMA) vessel (gray), inner active atmospheric argon veto,
Gd-loaded acrylic shell (green), outer active atmospheric argon veto, copper vessel
(gold), passive atmospheric argon shielding, ProtoDUNE-like cryostat (yellow, red),
plastic neutron thermalization sheets (not shown). The TPC rests on a temporary
support structure (purple). When the detector construction is complete, it will be
suspended from the cryostat roof (not shown). (Bottom) CAD rendering of the
DarkSide-20k experiment in the Hall C of LNGS.
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