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Abstract

The universe, as suggested by abundant and convincing evidence, is predom-
inantly composed of Dark Energy and a non-luminous and non-relativistic
matter called Dark Matter (DM). This dual influence has become a focal point
of theoretical and experimental pursuits, standing at the forefront of modern
astrophysics’ greatest enigma. The quest to unveil the nature of DM, which
manifests only through gravitational and possibly weak interactions, presents
formidable challenges. Among the myriad of potential DM candidates, Weakly
Interacting Massive Particles (WIMPs) stand out, emerging from the realms
of theories beyond the Standard Model of particle physics. The most effective
detectors focused on DM direct search have the common features of being
constructed from ultra-pure materials and situated in underground locations
to minimize cosmic ray interference. The XENON Dark Matter Project, located
at the INFN Laboratori Nazionali del Gran Sasso (LNGS), exemplifies this ap-
proach. This cutting-edge multi-stage experiment employs a dual-phase xenon
time projection chamber (TPC) designed to directly detect WIMPs. It aims to
enhance the sensitivity to WIMP-nucleon elastic scattering by both increasing
the target mass and reducing backgrounds. The current phase of the project,
XENONnT, was installed in 2020 and has been actively collecting data so far.
Building upon its predecessor, XENONnT features an enlarged TPC with a
total sensitive liquid xenon (LXe) mass of 5.9 tons. A novel addition to this
phase is the integration of a Gadolinium-loaded water Cherenkov neutron veto
(NV), installed within the existing water Cherenkov Muon Veto from XENON1T.
The NV has been the focus of my research, from its initial conception to its
construction, commissioning, and data acquisition, and is the main topic of this
PhD thesis. A critical challenge in DMdetection is distinguishingWIMP-induced
nuclear recoils (NRs) from the backgrounds, dominated by electronic recoil
(ER) interactions. However, neutrons emitted by the detector materials can
mimic WIMP signals by undergoing single scatters inside the TPC, thus posing
a significant threat to the sensitivity to DM detection. The NV plays a crucial
role in mitigating this background by tagging the escaping neutrons through
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their delayed neutron capture in water. Thus, in this work, we delve into the
performance of the NV and its impact in the first WIMP search science runs.
The NV surrounds the cryostat, it is optically separated from the Muon Veto
with highly reflective panels and is instrumented with 120 photomultiplier
tubes (PMTs), supported by a light stainless steel structure. These PMTs are
instrumental in detecting the Cherenkov photons emitted following the neutron
captures inside the NV volume. In the first two science runs of the experiment,
the NV was operated with demineralized water, with neutrons being captured
on hydrogen with consequent emission of a single 2.2 MeV gamma ray. In this
setup, the NV achieved a neutron tagging efficiency of (53 � 3)%, the highest
ever recorded in a water Cherenkov detector, estimated through calibration
with an Americium-Beryllium (AmBe) source. The NV excellent performances
are largely attributed to its careful design inducing a very low background
from the NV materials, the high single-photoelectron acceptance of the PMTs,
and the outstanding optical properties of the detector itself, including water
transparency and reflectivity of the surfaces. The NV contributed significantly
to the WIMP analysis in the first XENONnT science run (SR0). A blind analysis
over a total exposure of 1.1 tonne-year revealed no significant excess over the
expected backgrounds, establishing the lowest upper limit to the WIMP-nucleon
spin-independent cross section of 2.58 � 10�47 cm2 for WIMPs of 28 GeV/c2

mass at a 90% confidence level, improving upon the final XENON1T results.
Since October 2023, the NV performance has been further improved via

Gd-doping of the water. With the current Gd concentration of 500 ppm, the
neutron tagging efficiency is enhanced to „77 � 3”%. This further suppresses the
neutron background by a factor of 2 compared to previous science runs, and
improves the XENONnT sensitivity to WIMP search in the future.

Keywords: Dark Matter, XENONnT, Neutron Veto, Gadolinium
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Introduction

Over the past century, a growing number of astrophysical and cosmological

observations has increasingly supported the existence of Dark Matter (DM) in the

cosmos. According to the � CDM model, the standard cosmological framework,

DM is believed to make up over 85% of the universe's matter. Among various

hypotheses posited to explain DM, the Weakly Interacting Massive Particles

(WIMPs) has emerged as one of the most promising candidates. The search for

WIMPs encompasses a wide array of experimental approaches, including collider

experiments like those at the LHC, indirect detection through astrophysical

observations, and direct search experiments. The �rst chapter of this thesis

provides a comprehensive overview of the DM puzzle, the exact nature of which

remains unknown, and the ongoing experimental e�orts to detect WIMPs. In

the quest to directly detect DM, the focus is on measuring the energy released

from the nuclear recoil of target nuclei following interactions with WIMPs.

Given the expected low event rate (less than a few events per ton per year), this

pursuit hinges on massive, ultra-pure detectors situated in environments with

minimal radioactivity and shielded from cosmic rays, typically underground.

Chapter 2 delves into the XENON project which, with its series of increasingly

sophisticated dual-phase liquid-gas xenon Time Projection Chambers (TPC),

stands as the frontrunner in the direct detection of DM, mainly targeting WIMPs.

Situated deep underground at the INFN Laboratori Nazionali del Gran Sasso

in Italy, these detectors have evolved through various stages, each marked by

a signi�cant increase in active mass and a background reduction. The latest

phase, XENONnT, commissioned in 2020, is an upgrade of XENON1T and has

already completed its �rst science runs (SR0-1). Xenon choice as the target

medium is due to its excellent scintillation and ionization properties, making it

ideal for detecting rare particle interactions. The scintillation light is revealed

by Photomultiplier Tubes (PMTs) positioned at the TPC top and bottom edges.

An internal electric �eld drifts ionization electrons toward the gas region above,

where they generate a secondary signal through proportional scintillation. The

power of this technology lies in its ability to use both ionization and scintillation
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signals to di�erentiate WIMP interactions from background events, achieving

signi�cant background reduction. A critical aspect of WIMP searches in a

liquid Xe (LXe) TPC is distinguishing between electronic (ER) and nuclear (NR)

recoil backgrounds. In previous experiments like XENON1T, ER backgrounds,

primarily from intrinsic beta decays of 214Pb were the main concern. However,

Monte Carlo simulations indicated that with the reduction of its parent nuclide
222Rn in XENONnT, neutron-induced NR backgrounds become increasingly

signi�cant. These NR backgrounds, resulting from neutrons elastically scattering

o� nuclei, mimic the signals expected from WIMP interactions, necessitating

further e�ective mitigation strategies. To address this challenge, XENONnT

introduced a novel system, the Neutron Veto (NV), a Gadolinium-loaded water

Cherenkov detector designed to tag neutrons inducing background events in

the TPC. This system is crucial for reducing NR backgrounds, particularly

those induced by radiogenic or cosmogenic neutrons. The NV, comprising 120

PMTs and high-re�ectivity ePTFE panels, is strategically positioned within a

700-tonne water tank that also houses the TPC. This setup not only serves as a

passive shield against environmental radiation but also actively detects neutrons

emitted from the radioactivity of detector materials. These neutrons, after being

moderated by the water, are captured and emit gamma rays, which are then

detected through the Cherenkov photons produced by Compton (scattered)

electrons. Initially, the NV was operated with demineralized water, enabling

neutron tagging through hydrogen capture, a technique previously employed in

experiments like Super-Kamiokande and SNO. To enhance the NV performance

the water is doped with Gd, precisely with Gd 2(SO4)3. This addition improves

neutron tagging e�ciency by increasing the energy released upon neutron

capture; additionally, the Gd-loading reduces the neutron capture time and, in

turn, the induced dead time in the TPC.

Chapter 3 provides an in-depth description of the NV, covering its detection

principles, design, installation, and operational aspects. The key role of the Gd in

enhancing neutron detection e�ciency is also highlighted. To achieve an optimal

concentration that maximizes the NV detection e�ciency without compromising

its optical properties, and to prevent the loss of valuable and costly Gd salt

during water puri�cation, a dedicated Gd Water Puri�cation System (GdWPS)

was installed. This system demonstrated excellent performance throughout its

commissioning phase.

Chapter 4 delves into the key ingredients that contribute to the high neutron

detection e�ciency observed in the NV. These include the optical properties

of the detector, such as surface re�ectivity and water transparency, and the

performance of the PMTs. The PMTs used in the NV are Hamamatsu R5912,
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chosen for their high quantum e�ciency, low radioactivity, low dark rate,

high gain, and excellent single photoelectron (SPE) acceptance. A signi�cant

portion of my research work has been focused on characterizing these PMTs,

and monitoring their performance as well as the optical properties of the

detector. The excellent 'low-level' performances (related to the PMTs, re�ectivity,

and water transparency) observed during the data acquisition phase of the

experiment, have led to outstanding 'high-level' detector performances. These

are characterized by the tagging and detection e�ciency, related to the fraction

of emitted neutrons detected by the NV.

Both e�ciencies were evaluated during scienti�c runs through calibrations

with neutron sources, particularly Americium-Beryllium (AmBe): the corre-

sponding analyses are described in Chapter 5. Additionally, it is described

the Hitlet Simulator, an e�ective tool for simulating signals observed with the

NV detector. This simulator enables the accurate estimation of the NV tagging

e�ciency under di�erent detector conditions, including the e�ciency in the

presence of Gd. This is of particular interest as, in the ongoing Science Run 2

(SR2), the NV is operating with a Gd-sulphate concentration of 500 ppm.

In Chapter 6, the focus shifts to the scienti�c runs of the XENONnT experiment.

This chapter highlights the substantial impact of the NV on these searches,

particularly in the �rst science run (SR0), in reducing neutron background

and enhancing the experiment sensitivity. The blinded analysis conducted

over (1.09� 0.03) t�y exposure showed no signi�cant excess of WIMP signals.

This result led to an improvement in the upper limit on the spin-independent

WIMP-nucleon cross section previously set by XENON1T, with a minimum at

2•58� 10� 47 cm2 for WIMPs of mass of 28 GeV/c 2 at 90% con�dence level. The

performances of the NV in SR1, with increased single-photoelectron acceptance

of the PMTs and the consequent increase in neutron tagging e�ciency, are brie�y

presented. The chapter ends with a description of the most recent phase of the

experiment, where 350 kg of Gd-salt was added to the system at the end of 2023,

reaching a 500 ppm concentration. The preliminary behaviour of the system

in terms of concentration, data rate, and optical performances is described,

together with a �rst look at the NV spectrum of detected neutron captures on

Gd, performed with the same AmBe neutron source. This new phase of the

Gd-doped NV will allow for a further reduction of the neutron background, and

thus increasing the sensitivity to WIMPs in the next XENONnT science runs.
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The quest for dark matter

In the grand narrative of the cosmos, dark matter (DM) plays the role of an

enigmatic protagonist, whose presence, though inferred, remains shrouded in

mystery. Though ordinary baryonic matter constitutes less than 20% of the

universe total mass, the predominant portion remains an enigma, unknown and

unseen. This chapter embarks on a journey into the quest for DM, a pursuit that

intertwines the realms of astrophysics, cosmology, and particle physics. The

story begins with the astrophysical anomalies that �rst hinted at DM existence,

such as the rotational speeds of galaxies observed by Vera Rubin and others,

which de�ed expectations based on visible matter alone. Similarly, gravitational

lensing e�ects and the dynamics of galaxy clusters, exempli�ed by observations

of the Bullet Cluster, provided compelling evidence for an unseen mass exerting

its in�uence on cosmic structures. Transitioning from an astrophysical puzzle

to a fundamental component of the universe architecture, DM is revealed to

play a key role in the Cosmic Microwave Background (CMB) radiation, the

large-scale structure of the universe, and in the formation and evolution of

galaxies. The Lambda Cold Dark Matter ( � CDM) model, which aligns closely

with cosmological observations, positions DM as a crucial ingredient in the

universe composition. Yet, as the pursuit of DM true nature intensi�es, the �eld

of potential candidates broadens. The standard model of particle physics, while

a triumph in its domain, fails to account for DM characteristics. This inadequacy

has spurred a diverse array of hypotheses, with theoretical physicists proposing

numerous exotic particles as potential DM constituents. Among these, Weakly

Interacting Massive Particles (WIMPs) have garnered signi�cant attention. These

hypothetical particles emerge naturally in several models extending beyond the

standard model. Their search not only represents a signi�cant experimental

challenge but also a gateway to new physics. In the �rst chapter, we walk

through the history, the compelling evidence, the theoretical candidates, and

the cutting-edge detection methods of DM.
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1.1 - Evidence of Dark Matter

1.1 Evidence of Dark Matter

Dark matter, an enigmatic constituent of the universe, remains one of the most

intriguing and elusive subjects in astroparticle physics. Despite being invisible

and undetectable through direct electromagnetic observations, its existence is

deeply rooted in observations that date back to the early 20th century. The

underpinning of DM existence lies in the discrepancies observed between the

gravitational e�ects in the universe and the predictions made by the standard

model of particle physics and cosmology. It was Fritz Zwicky's 1933 study of the

Coma Galaxy Cluster [1] that provided a groundbreaking empirical basis for the

existence of DM. His observations and analysis revealed a discrepancy between

the mass of the visible components of the cluster and the gravitational e�ects

they exhibited. By applying the virial theorem, Zwicky estimated the total mass

of the cluster and discovered that the visible matter accounted for only a fraction

of the total mass needed to cause the observed gravitational e�ects. This led

to his hypothesis of the existence of unseen matter, which he termed "dunkle

Materie" or dark matter. These inconsistencies manifest in various scales and

contexts, demanding an explanation beyond the realm of ordinary baryonic

matter. The following subsections delve into the evidences at a galactic level,

exploring the rotational curves of galaxies, gravitational lensing e�ects, and the

dynamics of galaxy clusters. Furthermore, at a cosmological scale, we discuss

the cosmic microwave background radiation, large-scale structure formation,

and the role of DM in the evolution of the universe.

1.1.1 Dark Matter Dynamics: Galaxies and Clusters

The enigma of DM, a key component in our understanding of the universe, has

been substantially informed by observations at galactic and extra-galactic scales.

Zwicky's approach on the study of the galaxies of the Coma Cluster was based

on the virial theorem [2]. The theorem connects, for a gravitationally bound

system like the cluster, its total kinetic energy  and gravitational potential

energy * .For a system in equilibrium, the theorem simpli�es to * = � 2 . In a

cluster modeled as a sphere, the gravitational potential energy * is expressed

as �" 2

' , with " representing the cluster total mass and ' its radius. Thus, the

mass of the cluster can be calculated using the formula:

" =
3' hE2

ki

�
(1.1)

In this equation, hE2
ki denotes the velocity dispersion of galaxies along the

line of sight. Zwicky's initial measurements in the Coma Cluster indicated a
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velocity dispersion signi�cantly higher than expected based on visible matter

alone, pointing towards the existence of a much larger, unseen mass. Despite

its implications, Zwicky's hypothesis did not gain immediate acceptance in the

scienti�c community. It was not until the late 1970s, with the work of V. C.

Rubin and others on the rotation curves of spiral galaxies, that the existence of

DM began to be widely recognized. In the 1970s, Vera Rubin and Kent Ford's

detailed study of the Andromeda Galaxy (M31) [3] and the Triangulum Galaxy

(M33) studied by Kenneth Freeman [4] further solidi�ed the DM hypothesis.

They observed that the galaxy rotation velocity E¹Aº remained unexpectedly

constant even at large radii A, where luminous matter diminishes [5]. Kepler's

laws suggest that the velocity E¹Aº of stars orbiting at a distance A from the

galactic center should depend on the mass " ¹Aº, scaling like E¹Aº /
p

" ¹Aº•A.

This implies that the orbital velocity should decrease as E¹Aº / A� 1•2, due to the

diminishing density of stars and gas. However, observations of galaxies like M31

and M33 reveal a di�erent reality, showing an approximately constant rotational

velocity in the outermost regions, indicative of an additional non-luminous mass

component. Figure 1.1 shows the rotational velocity pro�le of M33.

Figure 1.1: Analysis of M33 Rotation Curve, highlighting the discrepancy between measured

rotation velocities (comprising ionized gas and neutral hydrogen data) and those predicted by

baryonic matter alone (stars and gas). To reconcile this di�erence, a DM contribution is essential.

The �gure combines the rotational in�uences of total gas, the stellar bulge, the stellar disc, and the

DM halo, which are collectively integrated in quadrature to form the best-�t model (represented

by the solid red line) to the observed data. Data from [6].

To reconcile these observations with the existing understanding of galactic

dynamics, the hypothesis of a DM halo was introduced. This halo, consisting
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of invisible matter, extends well beyond the distribution of visible matter in

the galaxy. The proposed density pro�le for such a dark halo to align these

observations with the DM hypothesis is the Navarro�Frenk�White (NFW) mass

pro�le [7]:

� ¹Aº =
� 0' 3

B

A¹A¸ ' Bº2
(1.2)

where � ¹Aº is the halo density as a function of radius A, � 0 is the characteristic

density, and ' B is the scale radius. The study of galactic rotation curves has

signi�cantly deepened our understanding of DM within individual galaxies [8].

However, the pursuit of DM mysteries extends beyond the galactic boundaries,

�nding implications in extra-galactic phenomena. A notable instance of this is

the study of gravitational lensing, especially in the context of the Bullet Cluster

(1E0657-558), which provides compelling extra-galactic evidence for DM [9].

Figure 1.2: Composite Image of the Bullet Cluster (1E0657-558), as seen by the Hubble and

Magellan optical telescopes. It features a colorized overlay highlighting mass distributions: the

red regions represent data from X-ray spectroscopy conducted by the Chandra Observatory [10],

while the blue areas indicate mass distributions derived from gravitational lensing measurements.

Picture from [9].

The Bullet Cluster, consisting of two colliding galaxy clusters, o�ers a unique

opportunity to observe the interplay between baryonic and DM. The majority

of the baryonic mass within these clusters exists as sparse intergalactic gas,

heated during the collision and emitting intensely in the X-ray spectrum. This

emission has been vividly captured by the Chandra X-ray Observatory [10]

for the Bullet Cluster (1E0657-558) [11], delineating the distribution of the hot,

shocked gas in detail (the pink region in �gure 1.2). In contrast to the bright

X-ray emitting gas, the galaxies within the Bullet Cluster continued their paths
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relatively undisturbed, following nearly unaltered ballistic trajectories through

the collision. The total mass of the Bullet Cluster is inferred through weak

gravitational lensing techniques. The gravitational lensing[12] mentioned here is

a phenomenon predicted by Einstein's theory of General Relativity for which

both clusters possess enough mass to signi�cantly distort the space-time, acting

as gravitational lenses [13]. The mass distribution, inferred from imaging distant

objects lensed by the clusters, reveals the presence of a substantial mass (depicted

in blue in �gure 1.2) where no luminous matter is observed.

1.1.2 Cosmological evidence

On the cosmological scale, the Cosmic Microwave Background [14] provides

profound insights into the existence and role of DM in the universe. The

CMB, a relic radiation from the early universe, exhibits a nearly perfect black-

body spectrum with a temperature ) 0 = ¹2•7255� 0•0006ºK [15] with small

anisotropies O¹10� 5º, which are key to understanding the composition and

evolution of the cosmos. High-precision observations, such as those by the

Planck collaboration [16], have meticulously mapped these anisotropies, which

are caused by density perturbations in the early universe. These �uctuations,

in�uenced by the interplay between baryonic matter, DM, and radiation, are

crucial for understanding the universe matter and energy budget.

The � CDM (Lambda Cold Dark Matter) model, supported by CMB obser-

vations, describes a universe that is �at, homogeneous, isotropic, undergoing

accelerated expansion due to the presence of dark energy (� ) and permeated with

cold DM (CDM). This model aligns with the observed large-scale structure and

galaxy formation processes, e�ectively explaining the temperature anisotropies

in the CMB, and predicts a total energy density 
 total given by the following

contributions:


 total = 
 � ¸ 
 DM ¸ 
 baryon � 1 (1.3)

where 
 baryon , 
 DM , 
 � represent the energy density of baryonic matter, DM

and "Dark Energy" respectively. The decomposition of the CMB temperature

�uctuations into spherical harmonics is a powerful technique used to further

understand the anisotropies. The temperature �uctuations can be expressed as

a function of the multipole moment � , where increasing values of � correspond

to smaller angular scales. The power spectrum of this multipole expansion

provides a critical tool for testing the � CDM model, as the exact locations of the

peaks in the power spectrum depend on the intricate interaction of radiation,

matter, and DM. Recent results from the Planck collaboration [16], as shown in

Fig. 1.3, present the multipole expansion of the CMB temperature anisotropy
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measurements, with an excellent �t for the � CDM model.

Figure 1.3: Temperature Power Spectrum of the Cosmic Microwave Background. The blue line

represents the optimal �t to the Planck 2018 data release [16].

The model �t yields the following contributions to the energy density of the

present-day universe:


 � –0 = 0•691� 0•006–


 "– 0 = 0•309� 0•006–


 '– 0 � 10� 4–


 1–0 = 0•049� 0•003–


 2–0 = 0•259� 0•002

These parameters reveal that DM constitutes approximately 84% of the mass

content of the universe (
 2–0 to 
 "– 0), emphasizing its dominant role in the

cosmos.

Big Bang nucleosynthesis (BBN) [17] and N-body simulations of structure

formation [18] lend further support to the DM hypothesis. BBN, responsible for

the formation of light nuclei, aligns with the baryon density inferred from CMB

observations. Similarly, N-body simulations, which often use CMB-derived

density �uctuations as initial conditions, show remarkable agreement with

observed galaxy distributions. The simulations highlight DM crucial role in

cosmic structure formation, serving as seeds for the aggregation of baryons into

the large-scale structures we observe today; all these hints are considered the

most convincing evidence supporting the model and undermining alternative

theories such as modi�ed gravity models [19].
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1.2 Dark Matter Candidates: Particle Dark Matter

The quest to identify the constituents of DM has led to a diverse range of

hypotheses. However, according to the paradigm of the � CDM model, the

potential candidates for the non-baryonic DM must adhere to several key

properties inferred from astronomical and cosmological observations. DM

particles should be electrically neutral, either long-lived or stable, as evident

from DM presence across all time scales of the universe. Observations of cluster

collisions and structure formation suggest that DM has a small self-interaction

cross-section. These candidates must not violate the observed baryon density

from BBN and the CMB, implying a non-baryonic nature.

The broad landscape of DM candidates consists of particles and astrophysical

objects whose masses range nearly over 50 orders of magnitude, from 10� 21 eV

(fuzzy DM [20]) up to 10 27 eV (primordial black holes [21]). In this context, the

Weakly Interacting Massive Particles (WIMPs) emerge as one of the most promi-

nent candidates. These hypothetical particles arise naturally from theories BSM

of particle physics, as supersymmetry (SUSY). WIMPs are especially appealing

because they are theorized to be non-relativistic ('cold'), non-baryonic, neutral,

stable or extremely long-lived, and massive, aligning with the gravitational

e�ects we observe on cosmic scales. They are predicted to weakly interact with

baryonic matter and themselves, explaining the mass distributions observed in

galaxy cluster collisions. The WIMP hypothesis is underpinned by the concept

of ' freeze-out', a mechanism that could produce the correct relic abundance of

DM. In the early and hot stage of the Universe (radiation era) the production of

WIMPs happened through the collision between SM particles, with the latter

being produced through WIMP annihilation, leading to a thermal equilibrium

regime. The interaction rate is given by:

� � = =4@
" h� � Ei (1.4)

where =4@
" is the WIMP density at the time of the equilibrium, � � is the anni-

hilation cross-section, and E is the WIMP velocity. As the Universe expanded

and cooled, this equilibrium was broken, leading to a decrease in WIMP density

through self-annihilation. When the self-annihilation rate dropped below the

expansion rate of the Universe, the WIMP density 'froze out' leaving a relic

abundance that we can still observe today [22]. The so-called 'WIMP miracle'

refers to the coincidence that a thermally averaged self-annihilation cross-section

of approximately h� Ei � 3 � 10� 26 cm3• s and a WIMP mass around 100GeV• 22

would yield the correct DM abundance [23]. The predicted WIMPs masses range

is between 1 to 105 GeV, with interaction cross sections between 10� 41 cm2 and
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10� 51 cm2. Besides WIMPs, axions and axion-like particles (ALPs) are another

important class of DM candidates. These hypothetical particles are theorized to

be much lighter than WIMPs and could solve the strong CP problem in quantum

chromodynamics [24]. Axions, if they exist, would also be non-baryonic and

non-relativistic, potentially contributing to the DM content of the Universe [25].

While the WIMP and axion hypotheses are compelling, alternative theories

exist. One notable alternative is Modi�ed Newtonian Dynamics (MOND) [26,

27], which proposes modi�cations to Newton's laws at very low accelerations.

Although MOND can explain some galactic-scale observations, it struggles to ac-

count for all the experimental evidence, particularly on larger scales, such as the

Bullet Cluster and CMB anisotropies. Several experimental e�orts are employed

to cover the broad spectrum of DM candidates, ranging from telescopes and

particle detectors to collider experiments and direct DM detection experiments.

1.3 Detection of Dark Matter

The detection of DM is pursued through three main experimental approaches

(Fig.1.4), each one aiming to o�er unique insights into the elusive nature of DM.

Figure 1.4: Schematic showing the couplings of a WIMP" to ordinary matter?, with the

corresponding detection technique. The annihilation of DM particles (downward arrow) would

produce a pair of SM particles and this is exploited by the indirect detection technique. On the

other hand, the collision of SM particles at colliders (upward arrow) could produce DM particles.

Their missing or unbalanced energy is usually searched. Finally, the elastic scattering of DM o�

nuclei (rightward arrow) is exploited in the direct detection technique.

Indirect Detection: This method seeks for signatures of self-annihilating

DM which may either be produced directly or via loop diagrams. The DM

annihilation can take place in speci�c regions where the density of DM is higher

than the froze-out relic density, i.e. close to the galactic center, near (primordial)
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black holes etc. The resulting SM particles could reach one of the various

telescopes and observatories, o�ering indirect evidence of DM. Searches for

anomalies in charged cosmic rays are made with balloon-type detectors (HEAT

[28]), ground-based telescopes (Pierre Auger Observatory [29], Tescope Array

[30]) and experiments on satellites (PAMELA [31], AMS [32],Fermi-LAT [33]).

For instance, Fermi-LAT detected an excess of gamma rays aroundO(10 GeV)

[34]; considered at �rst to be a potential signature of DM self-annihilation, it has

been �nally interpreted as an excess in the form of un-modeled backgrounds or

point-like sources (es millisecond pulsars) [35]. In various DM models, neutrinos

are often produced in particle cascades resulting from DM annihilation or decay.

As DM particles accumulate within galactic centers, their annihilation products

that move slower than the escape velocity are trapped, while neutrinos can

escape and be detected. This phenomenon provides a distinct signature for DM

searches [36]. Water Cherenkov neutrino telescopes, such as ANTARES [37],

IceCube [38], and Super-Kamiokande [39], have made signi�cant experimental

advancements, enabling them to set the most stringent constraints on the WIMP-

nucleon spin-dependent cross-section, based on the upper limits of neutrino

�uxes emanating from DM annihilation. Future improvements in DM detection

are anticipated from upcoming neutrino telescopes like Hyper-Kamiokande [40],

and KM3Net [41].

Gamma-ray emission is also a product of DM annihilation, characterized

either by a continuous spectrum resulting from the decay, hadronization, and

�nal state radiation of SM particles produced during annihilation, or by dis-

tinct spectral features such as mono-energetic lines or internal bremsstrahlung

gammas. The search for gammas, particularly those coming from the galactic

center, presents a complex background that must be carefully considered. Direct

gamma-ray observations are conducted using space telescopes, while ground-

based observatories detect Cherenkov light from secondary particle showers

created by gamma-rays interacting with the Earth atmosphere. Also in this

context, Fermi-LAT, exploiting pair conversion within a tracking detector and

an electromagnetic calorimeter plays a signi�cant role. Ground-based Imaging

Air Cherenkov Telescopes (IACTs) such as MAGIC [42], VERITAS [43], and the

upcoming next-generation telescope CTA [44] are also leading the DM indirect

searches panorama. While IACTs have a higher energy threshold compared to

space detectors, they bene�t from observing a much larger e�ective area.

Production at colliders: In high-energy particle collisions, such as those

conducted at the Large Hadron Collider (LHC), DM particles might be produced.

ATLAS or CMS could detect these particles indirectly through missing transverse

momentum. Another channel for DM detection is the search for mediators
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between SM and DM particles through the resonance at the "dark" mediator

mass. While this approach avoids astrophysical uncertainties, it faces challenges

in ensuring that the detected particles are indeed the constituent of the DM

component in galaxies and not other long-lived particles that could escape

detection. In fact, the vast majority of the searches for new physics at the

LHC are designed to look for events that, besides the rich hadronic/leptonic

activity emerging from the decay chain of the produced visible particle, are

also characterized by a large amount of missing energy. In this sense, then, the

discovery of one or more visible particles in a channel characterized by highly

energetic jets or leptons, and large missing momentum, would also imply the

discovery of a neutral and stable (at least within the detector bounds) particle,

which could be part of the DM or even all of it. In many scenarios, however,

WIMPs are considered as the only new �eld around the electroweak scale, while

additional visible particles, if existing, remain beyond the reach of the detector.

In these cases, the detection strategy involves isolating one or a few highly

energetic objects, like jets, gauge bosons, or leptons, produced in the scattering

event due to initial state radiation (ISR). These searches, commonly known as

Mono-X, have generated signi�cant excitement in recent years [45].

Although the LHC Mono-X search results have been adapted to various

models with electroweak DM interactions and have been valuable for investi-

gating compressed spectra in supersymmetry, limits that are competitive with

the one estimated with direct and indirect detection have predominantly been

presented by ATLAS and CMS using two preferred frameworks: E�ective Field

Theory (EFT) and simpli�ed model spectra (SMS). It's important to note that

mono-jet bounds are exceptionally competitive for the lower range of the DM

mass spectrum, as the probability of emitting a high-pT jet signi�cantly decreases

when the DM mass approaches the pT cut.

Direct Detection: This technique, which is the primary focus of this section,

involves searching for interactions between DM particles and SM particles within

Earth-based detectors. The principle is to detect the energy deposited by the

scattering of DM particles o� atomic nuclei or electrons in a detector. This energy

can be transformed into heat, light, or charge, and the detector is designed to

be sensitive to one or more of these signals. The experiments are conducted in

deep underground laboratories to minimize interference from cosmic rays and

require meticulous selection of materials to reduce background radiation; while

the primary backgrounds, gamma ( � ), beta (� ), and alpha (
 ) radiation, as well

as neutrinos, typically result in recoils of atomic electrons, DM can potentially

interact with both electrons and atomic nuclei. The interaction of DM, especially

with typical WIMP masses in the range of 10 � 100GeV/c 2, is more likely to
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involve nuclear rather than electronic recoils due to kinematic constraints. This

di�erence in scattering mechanisms provides a key method for di�erentiating

DM signals from the background. The direct detection landscape includes a

variety of technologies, with experiments that implement various techniques

to distinguish nuclear recoils (NR) from electronic recoils (ER). For instance,

dual-phase xenon Time Projection Chambers (TPC) like XENONnT and LZ

[46] utilize both scintillation and ionization signals to discern between these

interactions. Similarly, cryogenic bolometers employing semiconductors (or light

detectors), such as SuperCDMS [47] (COSINUS [48]), combine phonon detection

methods with charge (light) collection, being particularly sensitive to low-mass

WIMPs due to their low energy thresholds. Additionally, experiments must

contend with other background sources like neutrons, which can mimic DM

interactions by scattering o� nuclei. Neutron backgrounds are often mitigated by

identifying and vetoing multiple scatter events, as neutrons are more likely than

DM particles to scatter multiple times; to address this, advanced DM detection

experiments incorporate also neutron veto systems. Concerning neutrinos, they

present a unique challenge; they can cause also nuclear recoils, indistinguishable

from WIMP interactions, through CE � NS.

Future DM detectors, such as DARWIN [49], are expected to reach sensitivity

levels to probe the challenging region where neutrino interactions will become a

signi�cant background (the so-called neutrino �oor or fog).

Noble liquid or gas detectors, using elements like xenon and argon, are

prominent in the direct detection �eld. They are very good scintillators and

require relatively low energy for electron-ion pair production. Detectors like

DEAP-3600 [50] operate in scintillation mode, while others like DarkSide-50

[51], LUX [52], and the XENON [53] experiments combine both light and charge

readout. These technologies bene�t from their self-shielding feature due to high

density and can distinguish particle types e�ectively using the charge-to-light

ratio or pulse shape analysis of scintillation signals.

Despite the advanced technologies and methods employed, no experiment

to date has observed a signal that can be de�nitively attributed to DM particle

interactions. The DAMA/LIBRA experiment [54], which uses thallium-doped

sodium iodide crystals, sees evidence of a modulating signal that can be attributed

to DM interaction [55], but this �nding is in tension with other experimental

results and is still a subject of debate within the scienti�c community.

Given the breadth and rapid evolution of the direct detection �eld, it is hard

(and beyond the purpose of this thesis) to provide a complete, updated overview

of all the experiments and techniques. A comprehensive view can be found in

[56] and [57].
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1.3 - Detection of Dark Matter

In the upcoming sections, we will delve deeper into more technical concepts

around direct detection.

1.3.1 Dark Matter in The Milky Way

Of particular signi�cance to Earth-based DM searches is the observed discrepancy

between the expected velocity distribution based on the baryonic matter and

the observed velocity distribution in our galaxy. To calculate the interaction

probability of DM within a detector on Earth, it is important to estimate the

abundance of the DM. Recent advancements in astrophysical observations,

particularly the data released from the GAIA satellite [58], have signi�cantly

re�ned our comprehension of DM distribution and structural dynamics within

our galaxy. To model the Milky Way, an adjusted NFW halo pro�le is employed

[59]. Figure 1.5 shows the model of the rotation curve within the Milky Way

together with data inferred from the Gaia satellite [60].

Figure 1.5: Rotation curve of the Milky Way with all the di�erent components represented. Data

from [60] plotted using the mw-plot and galpy python package [61, 62].

As a result of this improved model, the DM density at the Sun location

is now estimated to be approximately � 0.43 GeV/cm3 [63]. Complementary

analyses o�er a range of 0•3 to 0•5GeV/cm 3. The Standard Halo Model used to

de�ne the WIMP velocity distribution is based on a Maxwell-Boltzmann velocity

distribution:

5¹E" º =
1

p
2��

exp

�
�j E" j2

2� 2

�
(1.5)

where E" represents the DM velocity and � the dispersion velocity which

is related to the circular velocity through � =
p

3•2 E2 with E2 being usually
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assumed to be 220 km/s [64]. For velocities exceeding a certain threshold DM

particles would not remain gravitationally bound to the galaxy. Consequently,

the velocity distribution is truncated at the local escape velocity, often taken as

Eesc = 544km/s [65]. Furthermore, the motion of Earth in relation to the Sun

trajectory through the DM halo introduces an additional variable. This relative

motion causes a modulation in the WIMP velocity, subsequently a�ecting the

rate at which WIMPs are detected. Such a modulation could give a strong hint

in con�rming the presence of a DM signal.

1.3.2 Direct Detection

Given all the astrophysical inputs in the previous section, it is possible to estimate

the expected interaction between WIMPs in the halo of our galaxy and the target

nuclei of an earth-based experiment. Considering the typical velocity of WIMPs

around 220km/s at the solar orbit radius and their mass range from a few GeV

to TeV, it is reasonable to assume that WIMPs travel at non-relativistic speeds.

This results in typical kinetic energies in the range of a few keV, which are

signi�cantly lower than the nuclear binding energies of heavier nuclei. Thus,

the collisions between DM particles and target nuclei will be elastic, largely

independent of the speci�c WIMP candidate [66]. The interaction is expected to

generate a nuclear recoil whose energy is dependent on the WIMP and target

nucleus masses and on the WIMP velocity. The formula is given by:

� A = 2E2 �
< #

� cos2 � A (1.6)

where � is the WIMP-nucleus reduced mass, � = < # < "

< # ¸ < "
, < # and < " the target

nucleus and WIMP masses, E the WIMP velocity and � A the WIMP-nucleus

recoiling angle. The recoil energy is expected to be in the low-energy range of

¹1 � 100º keV. The rate of interactions in any direct detection experiment, per

unit energy, is proportional to the target atom density # ) , DM particle �ux ) " ,

and interaction cross-section � . This rate can be expressed as:

3'
3� A

=
� 0"

< # < "

¹ E4B2

E<8=

E 5¹Eº
3� " –#

3� A
3E (1.7)

Here, " represents the total target mass, < # the mass of a single nucleus,

3� " –#• 3� ' the di�erential DM-nucleus cross-section, and E<8= the minimum

velocity required to produce a detectable signal. The latter, for a nucleus of given

mass< # :

E<8= =

s
� A< #

2� 2
(1.8)
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Above the escape velocity, E4B2, WIMPs will no longer be bound to the gravita-

tional potential well of the galaxy. Therefore the integration is done over the E<8=

and E4B2bounds. Many terms in equation 1.7 depend on the detector's physical

properties and astrophysical DM model; however, the last term relies on inputs

from particle physics. The interaction cross-section is generally considered as the

sum of spin-independent (SI) interaction, described by a scalar or vector e�ective

Lagrangian, and a spin-dependent (SD) interaction described by an axial-vector

e�ective Lagrangian. Therefore, the cross-section can be represented as:

3� " –#

3� A
=

< #

2E2� 2

�
� (�

0 � 2
(� ¹� Aº ¸ � (�

0 � 2
(� ¹� Aº

�
(1.9)

In this expression � 8
0 denotes the spin-dependent and independent cross-

sections at zero momentum transfer, and � 8 are the form factors accounting for

momentum transfer and nuclear structure. In SI interactions, the form factor � (�

is commonly described by the Helm parametrization, and the cross-section is

given by:

� (�
0 = � =

� 2

� 2
=

�
5?/ ¸ 5= ¹� � / º

� 2

52
=

= � =
� 2

� 2
=

� 2 (1.10)

where 58 is the contribution from neutron and proton couplings to the total

cross-section,� = the cross-section of a single nucleon, and� = the WIMP-nucleon

reduced mass. The de Broglie wavelength of an elastically scattered WIMP on

a xenon nucleus typically exceeds the nucleus size, it is assumed that 5? = 5=,

leading to coherent scattering where � 0
(� / � 2. The implication of this is that

experiments using heavier target nuclei are more appealing for the search

of SI interactions, at low momentum transfer. On the other hand, for larger

momentum transfers the form factor starts to play a role, implying an event rate

drop for heavier nuclei. This is shown in �gure 1.6 for various common target

materials.

In SD interactions, the cross-section directly depends on the nuclear angular

momentum 9and nucleon spins h( 8i . Unlike SI interactions, the SD case exhibits

more variation among di�erent isotopes, even with similar atomic masses. The

SD cross-section can be expressed as:

� (�
0 =

32� 2
� � 2

�
� ¸ 1

�

�
0?h( %i ¸ 0=h( =i

� 2
(1.11)

where G� is the Fermi coupling constant and 08 the e�ective proton and neutron

couplings. Although xenon does not have an unpaired proton it is thus still

sensitive to SD proton couplings, with its isotopes 129Xe and 131Xe. However,

the expected rates compared to SI interactions are much lower as the / � 2
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Figure 1.6: Spectra of Nuclear Recoils generated by a WIMP with a mass of< " = 100

GeV/c2 interacting with di�erent commonly used target materials, under the assumption of a

spin-independent WIMP-nucleon cross-section (� (� = 1 � 10� 472<2). The interaction rate for

spin-independent processes shows a preference for heavier materials, scaling with� 2. However,

for larger nuclei such as Xenon, the interaction rate diminishes at higher energies due to form

factor suppression. Plot from [67].

enhancement is missing. As discussed before, depending on the target material

and detector technology, DM particle signals are detected through photons,

charge carriers, phonons (heat), or a combination thereof. Liquid noble gas

detectors, like dual-phase TPCs detecting charge and light signals, are at the

forefront of DM searches in the mass range of 1GeV/c 2 to several TeV/c 2, while

cryogenic bolometers are more sensitive to lower mass WIMPs due to their ultra-

low energy threshold. The state-of-the-art of direct search for spin-independent

WIMP-nucleon interactions is represented in �gure 1.7.

The small DM masses below � 1GeV/c 2 are best probed by experiments like

CRESST-III [69], which measure DM signals through photons and heat. The

mid-range masses are dominated by experiments like DarkSide-50, with higher

mass ranges being the focus of XENON and LZ. The following chapter will

provide a more detailed discussion of the LXe dual-phase TPC experimental

approaches and the main results achieved with the experiments of the XENON

project.
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