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Abstract

Many observations from astrophysics and cosmology point to postulate that Dark Matter
(DM) constitutes approximately 85% of the universe’s total mass. As of today, it still
remains undetected, with Weakly Interacting Massive Particles (WIMPs) being one of
the primary DM candidates.

The XENONnT experiment is located underground at the Laboratori Nazionali del
Gran Sasso (LNGS) in Italy and aims to detect WIMPs using a dual-phase Time Projec-
tion Chamber (TPC) with a liquid Xenon (LXe) target. The detector contains a total of
8.6 tonnes of LXe, with 5.9 tonnes instrumented as the active target. In addition to the
TPC, XENONnT is equipped with a Muon Veto and a Neutron Veto (NV), two water
Cherenkov detectors used to tag backgrounds from cosmogenic and radiogenic radiation.
Since data-taking began in 2021, XENONnT has performed three Scientific Runs. In
Science Run 0 (SR0) and Science Run 1 (SR1), the NV was operated as a demineralized
water Cherenkov detector, while Science Run 2 (SR2), starting in October 2023, marked
the beginning of operations with a Gd-doped NV, reaching the current mass concen-
tration of 500 ppm of Gadolinium sulphate (GdSO), to improve the neutron capture
efficiency. The NV performance, in particular in the Gd-doped phase, is deeply studied
and presented in this thesis.

XENONnT uses a comprehensive Montecarlo (MC) simulation framework that allows
for detailed simulations of each subdetector. A Hitlet Simulator is specifically developed
for the NV and allows to extend the simulation chain up to the photomultipliers’ response,
by generating simulated signals with charge and timing that closely mirror real data. The
NV response to neutron captures is calibrated using an Americium Beryllium (AmBe)
neutron source.

Experimental data from AmBe calibration demonstrate a significant reduction in neu-
tron capture lifetime from 163 �s (pure water) to 75 �s (Gd-doped water). The neutron
tagging efficiency of the NV increased from 53% in SR0 to 77% with GdSO in SR2. MC
simulations of AmBe calibration widely agree with real data, thus confirming these find-
ings. Overall, the introduction of Gd significantly enhanced the NV system’s ability to
suppress neutron-induced backgrounds by a further factor 2 with respect to the previous
Science Runs with demineralized water. Based on MC simulations, a neutron tagging
efficiency of ∼ 85% will be achieved with the final 5000 ppm GdSO concentration.
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Introduction

The work developed in this master thesis is focused to investigate the Neutron Veto
(NV) performance of the XENONnT Dark Matter (DM) experiment, particularly in its
Gadolinium (Gd)-doped phase, aimed at enhancing the rejection of the neutron-induced
background.

Chapter 1 presents an overview on DM, which constitutes approximately 85% of
the universe’s mass, and its elusive nature. The chapter emphasizes the importance of
understanding DM, presenting key evidence from galactic rotation curves, gravitational
lensing, and the Cosmic Microwave Background. It introduces the theoretical models for
DM, focusing on Weakly Interacting Massive Particles (WIMPs) as prime candidates,
and presents various detection techniques, including direct and indirect detection, collider
searches, and future directions.

Chapter 2 introduces XENON, a leading project for DM direct detection based on a
dual-phase Time Projection Chamber (TPC) filled with liquid Xenon. In particular, the
XENONnT experiment is currently in operation at the underground INFN Laboratori
Nazionali del Gran Sasso in Italy. This chapter details the TPC design, its cryostat,
and the crucial veto systems, such as the Muon Veto and Neutron Veto. Moreover, this
chapter outlines the XENONnT working principles, its capability to reject Electronic and
Nuclear Recoil backgrounds, and the steps taken to enhance sensitivity in DM searches.
Future advancements for the XENONnT experiment are also discussed.

Chapter 3 focuses on the Montecarlo (MC) simulations of the NV, emphasizing the
detector’s geometry, materials and optical properties. The simulations play a crucial
role in optimizing the detector performance, in validating the relevant physical models
and in making predictions about the future NV performances. XENONnT relies on
a comprehensive simulation framework that encompasses all subdetectors. The PMT
response is simulated using the Hitlet Simulator, a fast and efficient tool designed to
generate signals with charge and timing characteristics that closely resemble real data.
The NV detector is calibrated with an Americium Beryllium (AmBe) neutron source, and
this chapter describes the MC simulations of calibration data. Finally, the simulation
of the background from radiogenic neutrons emitted by radioactive contaminants in the
detector’s materials is discussed along with the expected efficiency of the NV in tagging
such neutrons, therefore rejecting the induced background events in the TPC.
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Chapter 4 presents the analysis and modeling of the AmBe calibration data, with
a detailed description of the estimated neutron tagging efficiency. During the first two
scientific runs of XENONnT, the NV has been operated as a Cherenkov detector with
demineralized water. Since October 2023, Gadolinium sulphate has been dissolved into
the system, thus starting the Gd-doped phase of the NV. The procedure and the impact
on the optical performances are described. The chapter then discusses how the Gd
doping improves the neutron tagging efficiency, the overall performance of the detector,
and how Montecarlo simulations compare with experimental data.
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Chapter 1

Dark Matter

This chapter introduces the concept of Dark Matter (DM), which makes up approxi-
mately 85% of the universe’s mass. Despite its abundance, DM does not interact with
electromagnetic forces, making it undetectable by conventional methods. Section 1.1
presents the origins of the DM hypothesis, supported by key evidence such as galaxy
rotation curves, gravitational lensing, and the cosmic microwave background (CMB).
Section 1.2 provides an overview of these observational proofs on galactic and extra-
galactic scales. Section 1.3 discusses various theoretical models and potential candidates
for DM, while Section 1.4 outlines detection methods, including direct, indirect, and
collider-based approaches. The chapter concludes with Section 1.5, which reviews the
current challenges in DM research and highlights future prospects, particularly in over-
coming the neutrino background.

1.1 Dark Matter postulation

Dark Matter remains one of the most enigmatic components of the universe, accounting
for approximately 85% of its mass and about 27% of its energy density. Despite its abun-
dance, Dark Matter does not interact with electromagnetic forces, making it invisible to
telescopic observations and undetectable through direct means such as light emission or
absorption. Its presence is instead inferred through gravitational effects on visible mat-
ter, such as the motion of galaxies and the bending of light (gravitational lensing). The
nature of Dark Matter has profound implications for our understanding of cosmology,
galaxy formation, and fundamental physics.

Dark Matter is observed through various phenomena across different cosmic scales:
galaxies - which are gravitationally-bound systems composed of stars and interstellar
medium with dimensions typically spanning tens of kiloparsecs - and galaxy clusters -
which extend to dimensions on the order of megaparsecs - both show indications of Dark
Matter. Observations consistently reveal that the gravitational effects observed exceed
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what can be accounted for by the visible matter alone. This discrepancy suggests the
presence of a form of matter that does not emit light and interacts with ordinary matter
only through gravity.

The roots of our understanding of Dark Matter trace back to the early 20th century.
Fritz Zwicky’s pioneering work in 1933 on the Coma Galaxy Cluster was instrumental in
revealing the existence of Dark Matter. Zwicky’s study involved comparing the visible
mass of the cluster with the gravitational effects it exhibited. By applying the virial
theorem, he estimated the total mass of the cluster and found that the visible matter
accounted for only a small fraction of the mass required to explain the observed gravita-
tional effects. This led him to propose the existence of what he termed “Dunkle Materie”
or Dark Matter (DM).

This idea was further substantiated in the 1970s by Vera Rubin and Kent Ford, who
studied the rotation curves of spiral galaxies. Rubin’s observations demonstrated that
the rotational velocities of stars in galaxies remained constant at distances far beyond
where most of the luminous matter was located. According to Newtonian mechanics, the
velocity should decrease with distance from the galactic center; however, the constant
velocity suggested the presence of a large amount of unseen mass extending well beyond
the visible galactic disk.

These early findings have been substantiated by numerous observations across differ-
ent scales. At the galactic level, discrepancies in rotational curves - where the observed
rotational speeds of galaxies do not match predictions based solely on visible matter -
provide strong evidence for Dark Matter. Similarly, gravitational lensing, where light
from distant objects is bent around massive galaxy clusters, reveals the presence of un-
seen mass. On a cosmological scale, the Cosmic Microwave Background radiation and the
large-scale structure of the universe further support the presence of Dark Matter. These
observations collectively suggest that Dark Matter plays a crucial role in the formation
and evolution of the universe.

1.2 Dark Matter evidences

The enigmatic presence of Dark Matter has become a fundamental aspect of our un-
derstanding of the universe; the evidence for Dark Matter is multifaceted, coming from
a wide array of astrophysical and cosmological observations across both galactic and
extra-galactic scales.

1.2.1 Galaxy Rotation Curves

One of the key pieces of evidence supporting Dark Matter arises from the study of spiral
galaxies, which constitute about two-thirds of all known galaxies. These galaxies feature
a flat disk with a central bulge, where most of the mass is concentrated, and spiral
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arms of stars rotating rapidly around a central Supermassive Black Hole (SMBH). The
rotation speed of stars and gas within these galaxies is typically measured through the
21 cm line emission of atomic Hydrogen, which provides a precise monoenergetic peak.
By observing the Doppler shift in this emission, astronomers can determine the speed of
the gas and, consequently, infer the rotation speed of the galaxy.

According to the principles of gravitational equilibrium, the rotation speed of an
object at a distance r from the galaxy’s center should be dictated by the centripetal force,
which depends on the amount of mass enclosed within that radius. For spiral galaxies,
most of the mass is concentrated in the central bulge, which can be approximated as
a spherical distribution. As a result, one would expect the rotation speed to increase
linearly with distance until reaching the edge of the bulge, and then to decrease following
a square-root law. However, observations have shown that in many spiral galaxies, the
rotation speed remains nearly constant even at large distances from the galactic center,
far beyond the edge of the visible disk, as shown in Fig. 1.1. This discrepancy suggests
the presence of a Dark Matter halo surrounding the galaxy, which contributes additional
mass beyond what is accounted for by visible matter alone.

Figure 1.1: Analysis of M33 Rotation Curve, highlighting the discrepancy between mea-
sured rotation velocities (comprising ionized gas and neutral Hydrogen data) and those
predicted by baryonic matter alone (stars and gas): to reconcile this difference, a DM
contribution is essential. The figure combines the rotational influences of total gas, the
stellar bulge, the stellar disc, and the DM halo, which are collectively integrated in
quadrature to form the best-fit model (represented by the solid red line) to the observed
data [1].

The study of Dark Matter began to gain traction with Fritz Zwicky’s work on the
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Coma Galaxy Cluster in 1933, using the virial theorem to estimate the cluster's total
mass. Zwicky's calculations, which compared the observed velocity dispersion of galaxies
with the visible mass, revealed a signi�cant discrepancy, indicating the presence of un-
seen mass. Despite this early evidence, Zwicky's hypothesis did not achieve widespread
acceptance until the 1970s. It was during this period that Vera Rubin and Kent Ford's
studies of the rotation curves of spiral galaxies, such as the Andromeda Galaxy (M31)
and the Triangulum Galaxy (M33), provided further support for Dark Matter. They
observed that the rotation velocities of these galaxies remained unexpectedly constant
at large radii, where the density of luminous matter decreases. This behavior is incon-
sistent with Kepler's laws, which predict that the orbital velocity should decrease as
v(r ) / r � 1=2 due to the diminishing density of stars and gas.

To reconcile these observations, the hypothesis of a Dark Matter halo was proposed.
This halo, composed of invisible matter, extends well beyond the distribution of visible
matter and aligns with the Navarro{Frenk{White (NFW) mass pro�le. The NFW pro�le
describes the density of this dark halo as a function of radiusr by the formula:

� (r ) =
� 0R3

S

r (r + RS)2
(1.1)

where� (r ) is the halo density,� 0 is the characteristic density, andRS is the scale radius.
This model has been instrumental in explaining the nearly constant rotational velocities
observed in the outer regions of galaxies, providing a deeper understanding of Dark
Matter's role within individual galaxies and its impact on galactic dynamics.

1.2.2 Gravitational lensing and bullet clusters

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 [2]. 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 [3] for the Bullet Cluster (1E0657-558) [4], delineating the distribution of
the hot, shocked gas in detail (the pink region in Fig. 1.2). In contrast to the bright X-
ray emitting gas, the galaxies within the Bullet Cluster continued their paths 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 [5] 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 [6]. The mass distribution, inferred
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from imaging distant objects lensed by the clusters, reveals the presence of a substantial
mass (depicted in blue in Fig. 1.2) where no luminous matter is observed.

Figure 1.2: Composite image of the Bullet Cluster (1E0657-558), as seen by the Hub-
ble 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 [7], while the blue areas indicate mass distributions derived from
gravitational lensing measurements. Picture from [2].

1.2.3 Cosmic Microwave Background (CMB)

On the cosmological scale, the Cosmic Microwave Background (CMB) o�ers profound
insights into the existence and role of Dark Matter in the universe. As a relic radiation
from the early universe, the CMB displays a nearly perfect blackbody spectrum with
a temperature ofT0 = (2 :7255� 0:0006)K; along with small anisotropies on the order
of 10� 5. These anisotropies, which have been meticulously mapped by high-precision
observations like those from the Planck collaboration [8] - as can be seen in Fig. 1.3 - are
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caused by density perturbations in the early universe. Understanding these 
uctuations is
crucial for grasping the universe's matter and energy budget, as they re
ect the complex
interplay between baryonic matter, DM and radiation.

Figure 1.3: Planck data of the CMB, 2018 [9]. Di�erent colours stand for di�erent
temperatures, highlighting the anisotropies.

The � CDM (Lambda Cold Dark Matter) model, strongly supported by CMB obser-
vations, describes the universe as 
at, homogeneous and isotropic, undergoing accelerated
expansion due to dark energy (�), and permeated by Cold Dark Matter (CDM). This
model e�ectively aligns with the observed large-scale structure and galaxy formation
processes, providing an explanation for the temperature anisotropies in the CMB. The
model predicts the total energy density 
T otal , which is given by the contributions:


 T otal = 
 � + 
 DM + 
 Baryon (1.2)

where 
 � , 
 DM , 
 Baryon represent respectively the energy densities of Dark Energy,
Dark Matter and Baryonic Matter.

The decomposition of CMB temperature 
uctuations into spherical harmonics is a
powerful technique to further analyze these anisotropies. As the multipole momentl
increases, corresponding to smaller angular scales, the power spectrum derived from this
expansion becomes a critical tool for testing the �CDM model. The exact locations of
the peaks in this power spectrum are determined by the intricate interactions between
radiation, matter and DM: from the excellent �t obtained reported in Fig. 1.4 it is
possible to derive the main contributions to the energy density of the present-day universe
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which reveal that DM constitutes approximately 85% of the mass content of the universe,
underscoring its dominant role in cosmic dynamics.

Figure 1.4: Temperature Power Spectrum of the Cosmic Microwave Background. The
blue line represents the optimal �t to the Planck 2018 data release [8].

Further support for the DM hypothesis comes from Big Bang nucleosynthesis (BBN)
and N-body simulations of structure formation. BBN, which is responsible for the forma-
tion of light nuclei, shows alignment with the baryon density inferred from CMB obser-
vations. N-body simulations, which frequently use CMB-derived density 
uctuations as
initial conditions, show remarkable agreement with observed galaxy distributions. These
simulations highlight the crucial role of DM in cosmic structure formation, acting as the
seeds for baryon aggregation into the large-scale structures observed today simulated
in Fig. 1.5. Collectively, these �ndings provide the most compelling evidence for the
� CDM model, challenging alternative theories such as modi�ed gravity models.

1.3 Theoretical Models and Candidates

The quest to identify the constituents of Dark Matter has led to the development of a wide
range of models. According to the �CDM model, any viable candidate for non-baryonic
DM must adhere to several key properties inferred from astronomical and cosmological
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Figure 1.5: Simulation of large-scale structures in the Universe, illustrating the distribu-
tion of dark matter. The denser regions highlight the formation of dark matter �laments
and halos, which are crucial for the development of galaxies and galaxy clusters. The
hierarchical structure re
ects the dominant role of gravity in the growth of primordial
perturbations.

observations. These particles must be electrically neutral, either long-lived or stable, as
their presence spans the entire history of the universe. Observations of galaxy clusters
and structure formation suggest that DM has a small self-interaction cross-section and
must not violate the observed baryon density constraints from Big Bang Nucleosynthesis
(BBN) and the Cosmic Microwave Background (CMB), implying a non-baryonic nature.

Over the years, numerous models have been constructed to reproduce the observed
DM abundance while respecting all known constraints. Some of these models rely on
baryonic candidates, such as white dwarfs, neutron stars, black holes, or even lower-mass
objects. Although these candidates could - in some cases - evade astronomical detection,
they are generally ruled out by robust theories like BBN.

On the non-baryonic side, many models have been developed, often requiring physics
beyond the Standard Model. These particle candidates are distinguished by their pre-
dicted mass and interaction cross-section, which are key parameters in both the theo-
retical models and the resulting experimental searches. In this context, candidates are
sometimes represented in a mass-cross-section space, illustrating the vast range of pos-
sibilities (in Fig. 1.7 it is shown in the same plane the range detectable by di�erent
experiments): hypothetical masses extend from as low as 10� 21 eV (e.g., fuzzy DM) up
to 1027 eV (e.g., primordial black holes).
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A good candidate for DM in the universe must satisfy several conditions. It must be
massive enough to explain the observed mass de�cit and the relic abundances. It must
not interact electromagnetically or via strong interactions, as such interactions would
likely have been detected by now; instead, it should interact primarily through gravity
and, at most, weak interactions. Additionally, it must be stable or at least long-lived,
as evidenced by its presence since shortly after the Big Bang, as con�rmed by CMB
observations, and its continued existence today.

An additional classi�cation divides DM models into three categories: hot, warm, and
cold Dark Matter. "Hot" DM refers to fast-moving particles, while "cold" DM refers to
non-relativistic particles. Although the multitude of models covers all three cases, the
cold Dark Matter (CDM) paradigm is most widely favored. CDM is preferred because it
more e�ectively explains the formation of gravitationally-bound structures in the early
universe, which, according to theory, arose through the gravitational ampli�cation of
small density perturbations.

To give a brief overview of leading candidates, they can be broadly categorized into
particle-based models and alternative theories of gravity:

WIMPs Weakly Interacting Massive Particles are among the most studied candidates
for Dark Matter. These hypothetical particles interact with normal matter pre-
dominantly through the weak nuclear force and gravity. Their mass is expected
to be in the range of 10 GeV to several TeV, and they could have been thermally
produced in the early universe. The relic abundance of WIMPs, calculated using
standard cosmological models, coincides with the observed Dark Matter density,
making them an attractive candidate.

Axions Axions are another leading candidate for Dark Matter, originally proposed to
solve the strong CP problem in Quantum ChromoDynamics (QCD). These are
light, pseudoscalar particles with masses ranging from microelectronvolts (� eV) to
millielectronvolts (meV). Axions are predicted to be extremely weakly interacting,
and if they exist, they could form a cold Dark Matter component that might be
detectable through their conversion into photons in the presence of a magnetic
�eld, an e�ect being explored by experiments like ADMX (Axion Dark Matter
Experiment).

Sterile Neutrinos Sterile neutrinos are hypothetical particles that do not interact via
the standard weak interactions but could mix with the three known types of neu-
trinos. They are another viable candidate for Dark Matter, particularly in the
context of warm Dark Matter models, where they could help solve issues related
to the formation of small-scale structures in the universe.

Modi�ed Gravity Theories In contrast to the particle-based models, some theories
propose modi�cations to Newtonian dynamics or General Relativity to account for
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the e�ects attributed to Dark Matter. One such theory is Modi�ed Newtonian
Dynamics (MOND), which suggests a modi�cation to Newton's laws at very low
accelerations, potentially eliminating the need for Dark Matter. However, these
theories face challenges in explaining the full range of cosmological and astrophys-
ical observations.

1.4 Dark Matter detection

The quest to detect Dark Matter directly is ongoing, with experiments designed to
observe the rare interactions of Dark Matter particles with ordinary matter.

In Fig. 1.6 are shown the three most used techniques for DM detection:

Figure 1.6: Schematic showing the couplings of a WIMP� to ordinary matter p, 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.

Direct Detection Direct detection of Dark Matter involves searching for interactions
between DM particles and Standard Model (SM) particles within Earth-based de-
tectors. This method aims to detect the energy deposited when DM particles scat-
ter o� atomic nuclei or electrons. This energy can be converted into heat, light or
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charge, and detectors are designed to be sensitive to these signals. Experiments are
conducted in deep underground laboratories to minimize interference from cosmic
rays and other sources of background radiation, such as gamma, beta and alpha
radiation, as well as neutrinos. The interaction of DM with atomic nuclei is more
likely than with electrons, especially for typical WIMP masses ranging 10� 100
GeV/ c2. This distinction helps di�erentiate DM signals from background noise.
Various detection technologies are employed to distinguish between Nuclear Recoils
(NR) and Electronic Recoils (ER), which is crucial for identifying genuine DM sig-
nals. A major challenge in these experiments is mitigating background noise from
other sources, particularly neutrons and neutrinos. Neutrons can be particularly
problematic as they can scatter o� nuclei in a manner similar to DM particles, po-
tentially leading to false positives. To address this, advanced detection systems in-
corporate Neutron Veto and multiple scatter identi�cation techniques, as neutrons
are more likely than DM particles to cause multiple scattering events. Neutrinos,
on the other hand, present a unique and more di�cult challenge. They can pro-
duce Nuclear Recoils via Coherent Elastic Neutrino-Nucleus Scattering (CE� NS),
which is indistinguishable from the recoils expected from WIMP interactions. As
DM detectors become more sensitive, they approach a sensitivity limit known as the
"neutrino 
oor," where neutrino-induced events start to dominate the background,
making it increasingly di�cult to di�erentiate between signals from DM and those
from neutrinos. Future detectors like DARWIN aim to operate at this level of sen-
sitivity, requiring even more sophisticated methods to manage these backgrounds.
Despite advanced technologies and rigorous methods, no experiment has de�ni-
tively detected DM particle interactions. The DAMA/LIBRA experiment, which
uses thallium-doped sodium iodide crystals, has reported a modulating signal that
might be attributed to DM but this �nding remains controversial and in tension
with other experimental results. The �eld of direct detection is rapidly evolving,
with future detectors like DARWIN expected to reach sensitivities that will probe
the challenging region where neutrino interactions become a signi�cant background,
known as the "neutrino fog."

Indirect Detection Indirect detection seeks to observe the products of Dark Matter
annihilations or decays. If WIMPs or other Dark Matter candidates can self-
annihilate, they might produce detectable signals such as gamma rays, neutrinos or
antimatter. Key experiments include space-based telescopes - like Fermi-LAT - and
ground-based detectors - like the Pierre Auger Observatory, IceCube - and Imaging
Air Cherenkov Telescopes (IACTs) such as MAGIC and VERITAS. Although some
intriguing signals have been observed, none have been conclusively linked to Dark
Matter: Fermi-LAT, for instance, detected a gamma-ray excess initially thought
to be a DM signal but later attributed to other sources while neutrino telescopes
like IceCube and Super-Kamiokande have set strict limits on DM interactions with
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future improvements expected from upcoming facilities like Hyper-Kamiokande.
These e�orts collectively enhance our understanding of DM, despite the challenges
of complex background signals.

Collider searches Particle colliders - such as the Large Hadron Collider (LHC) at
CERN - play a crucial role in the search for DM, particularly Weakly Interacting
Massive Particles (WIMPs). By producing high-energy collisions, the LHC allows
experiments like ATLAS and CMS to detect potential DM particles indirectly
through missing transverse momentum, suggesting the presence of neutral, stable
particles. The key event type in these searches is Mono-X, characterized by a large
missing momentum and a recoil object such as a jet or lepton. Additionally, the
LHC explores DM through the search for "dark" mediators between standard model
and DM particles. While these collider searches generally have lower sensitivity
than direct and indirect detection methods, they provide essential complementary
data, especially in the lower DM mass range, helping to re�ne and support other
detection e�orts.

1.5 Challenges and future directions

Despite the extensive evidence supporting the existence of Dark Matter, its exact nature
remains one of the biggest unanswered questions in physics. The lack of direct detection
has led to a broadening of the search to include lighter and less interacting particles, as
well as reconsideration of alternative theories. Future experiments, such as the upgrade
to the XENONnT experiment and next-generation detectors, aim to increase sensitivity
by orders of magnitude, which could either detect Dark Matter or rule out large classes
of models.

Moreover, advancements in computational astrophysics and cosmology are enabling
more detailed simulations that might help distinguish between di�erent DM models based
on their e�ects on galaxy formation and evolution.

In conclusion, while the Dark Matter problem has driven signi�cant progress in both
theoretical and experimental physics, it remains an open �eld with much to discover. The
integration of observational data, innovative detection techniques and new theoretical
models will be crucial in unraveling this cosmic mystery. The current starting point for
future searches is the plot in Fig. 1.7 which consists in the summa of past, present and
future experiments limits.

14




	Introduction
	Dark Matter
	Dark Matter postulation
	Dark Matter evidences
	Galaxy Rotation Curves
	Gravitational lensing and bullet clusters
	Cosmic Microwave Background (CMB)

	Theoretical Models and Candidates
	Dark Matter detection
	Challenges and future directions

	The XENONnT experiment
	The XENON project
	Elements of XENONnT
	TPC and cryostat
	Veto systems
	Xenon handling and purification
	Gd-Water Purification System (GdWPS)
	Calibration Systems
	Slow Control, DAQ and computing

	Working principle of XENONnT
	The reason behind Xenon
	Dual-phase TPC of XENONnT

	Background rejection in XENONnT
	Electronic Recoil Background
	Nuclear Recoil Background

	Future prospects in LXe-based DM research

	Montecarlo simulations of the Neutron Veto
	A unique simulation framework for XENONnT
	The Neutron Veto model in GEANT4
	Detector geometry and materials
	Optical properties
	Gd de-excitation models
	Neutron capture patterns

	NV Hitlet Simulator
	Simulation of AmBe neutron source
	Positions for AmBe calibration
	AmBe source

	Simulation of radiogenic neutrons and NV tagging efficiency
	Background neutrons from detector components
	Simulated Neutron Veto tagging efficiency


	Study of the AmBe calibration data
	Data analysis and modeling of AmBe data in pure water
	AmBe source characterization
	Neutron tagging efficiency
	Gd-doped Neutron Veto phase
	Gadolinium insertion in XENONnT
	Analysis of Neutron Veto performance with Gd

	Comparison between data and Montecarlo

	Conclusions

