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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 (WIMPSs) stand out, emerging from the realms
of theories beyond the Standard Model of particle physics. The most e [eckive
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 XENONIT.
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 DM detection is distinguishing WIMP-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



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 e Lciehcy 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 PMTSs,
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 XENONRNT 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 4’ cm? for WIMPs of 28 GeV/c?
mass at a 90% confidence level, improving upon the final XENONLT 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 e Lciehcy 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



This page intentionally left blank.



Contents

List of Figures Xi
List of Tables XXX
Introduction 1
1 The quest for dark matter 4
1.1 Evidenceof Dark Matter . . . .. .. ... ... ... . ....... 5
1.1.1 Dark Matter Dynamics: Galaxies and Clusters . . . . . .. 5

1.1.2 Cosmologicalevidence . . . . . .. ... ... ........ 8

1.2 Dark Matter Candidates: Particle Dark Matter . .. ... ... .. 10
1.3 Detectionof Dark Matter . . . . . .. ... ... ... ... ..... 11
1.3.1 Dark MatterinTheMilkyWay . ... ............ 15

1.3.2 DirectDetection. . . . .. ... ... 16

2 The XENONNT Experiment 20
2.1 The XENON Dark Matter Project . . . ... ... ... ....... 20
2.2 Particle Detection in a Xenon Dual Phase Time Projection Chamber 23
221 LiquidXenon . .. .. .. ... 23

222 DualPhaseTPC. . .. . ... . . . ... . . ... ... ... 25

2.3 TheExperiment . . .. .. ... .. .. ... .. 28
2.3.1 Statusofthe Experiment. .. ... ... ........... 33

24 Backgrounds . . . . . ... ... 35
2.4.1 Electronic recoil background . . . ... ... ... ..... 36

2.4.2 Nuclear recoil background . . .. ... ... ... ..... 36

2.5 Future Prospects in LXe-based DM Research . . . . ... ... .. 38

3 The Neutron Veto of XENONNT 40
3.1 Detectionprinciple . . . .. ... ... ... 41
3.1.1 Impactof Gadolinium . ... ... ... ........... 43

3.1.2 Gd-Water Purification System (GAWPS) . . . . ... .. .. 46

vii



CONTENTS

3.2 Detectordesign . . ... ... ... o
3.3 Installation . . . .. ... ... .. .. ... ..
3.4 Light CalibrationTool . ... ... ... ..........
3.5 Data Acquisition and Reconstruction . . . . .. ... ...
3.5.1 Electronics&DAQ . .. ... ... .. ......
3.5.2 DataProcessing . ... ...............

4 Neutron Veto Characterization and Performances

4.1 The NeutronVetoPMTs . . . ... ... ... .. ....
4.1.1 Fundamental characteristics of PMTs . . . . . ..
412 SPEModels ... ... ... .. ... ... ...,
4.1.3 PMT Performances . . . ... ...........

4.2 NV Optical Properties and Stability . . . . .. ... ....
4.2.1 Transparency and Reectivity . . . .. ... .. ..
4.2.2 The Neutron Veto background events . . . . . ..

5 Calibration of NV e ciency

5.1 Thorium Calibration . . . ... ... ... .........
5.2 AmBe Calibration . . . . .. ... ... ... .......
521 AmBeSource . .. ... ... ... .. ...
5.22 AmBeSpectrum. . ... .. ... .. ... ...
5.3 Neutron TaggingEciency . ... ... ... .......
5.4 DetectionEciency . . . . .. .. ... .. ... ...
5.5 MC-Data Matching - Hitlet Simulator . . . .. ... ...

6 XENONNT DM search and the impact of the Neutron Veto

6.1 ScienceRunO .. ... ... ... ... .. ... ...
6.1.1 Search for New PhysicsinERData . . . . . . ..
6.1.2 First Dark Matter Searchwith NRdata . .. ...
6.1.3 Impact of the NeutronVeto . . . .. ... .. ...

6.2 ScienceRunl .. ... ... ... ... .. ... ...

6.3 Towards ScienceRun2 . . ... ... ... ........

7 Summary and Outlook

Bibliography

viii



This page intentionally left blank.



List of Figures

1.1 Analysis of M33 Rotation Curve, highlighting the discrepancy

1.2

13

1.4

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. Datafrom[6]. . .. .. ... ... ... .......

Composite Image of the Bullet Cluster (LE0657-558), 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

1<)

Temperature Power Spectrum of the Cosmic Microwave Back-
ground. The blue line represents the optimal t to the Planck

2018 datarelease [16]. . .. .. .. . . . ... ...

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 detectiontechnique. . . . . . . . . . ... .. .. L .

Xi

6



LIST OF FIGURES

15

1.6

1.7

2.1

2.2

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]. . . . .. ... .. .. .. ... ... ..., 15

Spectra of Nuclear Recoils generated by a WIMP with a mass of

<. = 100GeV/c 2 interacting with di erent commonly used target
materials, under the assumption of a spin-independent WIMP-
nucleon cross-section (( =1 10 #72<?). 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]. . . . ... ... ... ... 18

Exclusion limits on the SI DM-nucleon cross-section as a function

of DM particle mass <-. One of the main features of this plot

Is the neutrino fog representation, as it is depicted as a function

of the index =, present in the relation between the limit and the
number of background events, as / # ". Here the neutrino

fog is de ned to be the region in which n>2. In this way, it is
underlined that the CE NS is not a strict limit which makes the

WIMP direct detection search impossible, but rather a background
source that makes it more challenging. Plotfrom [68]. . .. . .. 19

Overview of the XENON program detectors, showcasing the

TPCs of varying dimensions and with the construction year noted.
Displayed in blue are the active LXe masses within the TPCs.

The orange indicator represents the low-energy ER background

level, set at 20 keV. The rate for XENONNT, marked with an
asterisk, represents the targeted performance and purity goals of

the experiment. Figure re-adapted from [71]. . . . . .. ... ... 21

A view of the XENONNT experiment located in hall B at LNGS.
Prominently featured in the background is the water tank, serving

both as a passive shield and an active water Cherenkov MV.

At the heart of the water tank, the TPC stands as depicted on

the overlaying poster. In the foreground, the service building

is visible, housing the various subsystems of the experiment
including cryogenics, Xe puri cation, distillation, recovery, and

the DAQsystem. . . . . . . . . . . . e 22

Xii



LIST OF FIGURES

2.3

2.4

2.5

2.6

2.7

Energy depositions in LXe lead to the formation of observable
scintillation and ionization signals, as well as to non-observable

energy loss to heat. Atom excitation and ion-electron recombina-

tion form the prompt scintillation signal, referred to as S1. The
ionization electrons are drifted and extracted by the application

of electric elds, forming a proportional scintillation signal, S2.

The dashed grey line depicts the process of superelastic collisions
between electrons and singlet states, forming triplet molecular

states. Schematic re-adapted from [87].. . . . . . ... . ... ... 24

Schematic illustrating a particle interaction within the XENONNT
TPC. When a particle collides with the LXe, it imparts energy to
either a xenon nucleus or an electron. This interaction results
in immediate scintillation light, captured by the PMT arrays
positioned at both the top and bottom of the TPC, known as the S1
signal. Additionally, the collision produces quasi-free electrons.
These electrons are guided upwards to the liquid surface by the
sagselectric eld. Here, amore intense eld, 4c2cao2cgopels
them into the GXe layer above. The ensuing interactions with
xenon atoms in this layer generate a secondary scintillation signal,
called S2. The horizontal (x, y) position of the interaction is
deduced from the pattern of S2 detected by the top PMT array
(illustrated in the bottom right), while the vertical (z) coordinate
is determined by measuring the time interval between the S1 and
S2signals . . . . . . e 26

Determination of ER (top - blue) and NR (bottom - red) bands

in the (cS1 area, cS2 area) parameter space during XENONNT

SRO [86]. The*?°Rn and ?*!AmBe calibration data were used to
identify the bands, whose median (solid line) and 2 percentile

are depicted for both types of interaction. The dotted grey lines

in the plots show the respective ER and NR energies. . . . . . .. 27

Schematic View of the XENONNT Experiment and its main sub-
SYSIEMS. . . . e e e e e e 28

CAD rendering of the XENONNT dual-phase TPC. The zoomed
insets show details about the eld cage, the electrode at the top
and bottom of the TPC, and the PMT arrays. . . . ... .. .. .. 29

Xiii



LIST OF FIGURES

2.8

3.1

3.2

3.3

3.4

3.5

CAD rendering showing the various components inside the
XENONNT water tank, including the central cryostat, the NV,
the MV, and the calibration systems. In blue is the I-belt, used for
moving the tungsten collimator. In purple, the L-shaped beam
for neutron calibrations, and in red and green, the two U-tubes
thatembracethecryostat. . . .. ... ... ... ... ....... 34

Kinetic energy distribution of the recoil electrons after the Comp-

ton scattering by gamma rays of di erent energies. For MeV

energy photons, the electrons have MeV kinetic energies. Plot
re-adapted from [102]. . . . . . . ... 42

Cross section of the interaction between neutrons and *H/ 1%°Gd

/| 1¥'Gd as a function of the neutron kinetic energy (MeV). The
neutron-H interaction can occur as elastic scattering (orange line)

or as'=— °(blue line). On the other hand the dominant process

with the Gd isotopes is the 1=— ° (green and red lines). The
cross-section for the Gd decreases with the energy but for values

0O(10 eV) presents some resonant states. Data from IAEA ENDF
Database [106]. . . . . . . . . . . e 44

Fraction of neutron captures on Gd as a function of the Gd
concentration. With a  041% in mass of Gd, the  90% of
neutrons are captured by the Gd, while 10% are captured by
protons as shown in Eq.(3.9). Plot re-adapted from [110]. . . . . . 46

Picture of the EGADS facility, in the Kamioka mine. Key features
of EGADS include a 200-ton water Cherenkov detector equipped
with 20-inch PMTs (of the SK model), a pre-treatment system
with a 15-ton tank for dissolving and mixing Gd,(SOy)3 into
the water, a main Gd-water circulation system, and the UDEAL
(Underground Device Evaluating Attenuation Length) device
for automatic measurement of water transparency. A primary
objective of EGADS is to assess the transparency of ultra-pure
water versus water doped with gadolinium sulfate. The monitor is
performed with the dedicated UDEAL device. For the XENONNT
NV, water transparency (coupled with the re ectivity of the
panels) is monitored internally within the detector itself using a
dedicated re ectivity monitor (section3.4) . . . . .. .. ... ... 48

Picture of the Gadolinium-water puri cation system, placed close
tothe 700t XENON watertank. . . . . . . ... .. .. ... .... 49

Xiv



LIST OF FIGURES

3.6

3.7

3.8

3.9

Piping and Instrumentation Diagram (P&ID) of the GAWPS. All
the relevant circulation elements (such as pumps and valves),
Iters, and sensorsarereported. . . . . .. ... ... .. ...

(a) Technical drawing of the NV support structure, showcasing
also design of the supports for the re ective panels. (b) Technical
drawing of the ePTFE panel assembly constituting the re ective

surface ofthe NV. . . . . . . . . . . . ..

(a) Technical drawing of the ePTFE panels composing the NV
oor. (b) Technical drawing of the ePTFE panels composing the
NVceiling. . . ... . .

CAD rendering of the NV installed in the center of the 700 t water
tank: support structure (grey), re ector panels (white), 120 PMTs
(yellow). The main components of the calibration system entering
the NV are also shown: neutron generator pipe (purple), I-belt
(blue), U-tubes (red and green). The re ector mounted to the
cryostat has been deliberately removed in this CAD drawing. . . .

3.10 (a) Picture taken during the wrapping of the cryostat with the

ePTFE foils. (b) Picture from inside the NV structure, during the

installation of the NV lateralpanels . . . .. .. ..........

3.11 View of the NV from below. The picture was taken before the

installation of the NV oorpanels. . ... .. ............

3.12 Picture of the NV wall with the PMTs mounted, and the optical

bers coupled to each PMT through PTFE rods. Just as reference,
the photocathode diameter is about 200 mm and the PMT is less

than300 mmilong. . . ... .. ... . ... .. ... .. ..

3.13 View of the PTFE rod and nozzle coupled with the optical ber.

The light from the OF is re ected by the nozzle and hit the

photocathode. . . . . . . . . . . ... ...

3.14 Picture of one of the four di user balls installed in the NV. They

are anchored to the cryostat stieningring. . . . ... .. .. ...

3.15 Left: picture and CAD rendering of the support element for the

Re ectivity Monitor, with the labels of the four channels: channels

1 and 3 look upward while channels 2 and 4 look downward.
Right: position of the Re ectivity Monitor support on the lateral
wall of the NV, compared to the PMTs positions . . . . . .. ...

XV

. 53

55

. 59



LIST OF FIGURES

3.16 NV DAQ scheme. PMT signals are digitized by the V1730S

modules with a sampling rate of 500 MSamples/s. Data is read
from the digitizers by the reader server and written to a common
(Ceph) storage disk available to the event-builder processing. The
busy logic and the acquisition monitor functionalities are handled

by V1495 and V1724 modules, respectively. Schematic and caption
from[113]. . . . . .

3.17 Waveform of a SPE signal recorded in PMT 2054. The black

solid and dashed lines represent the baseline of the waveform as
estimated by the digitizer and processing software respectively.
The black-shaded region indicates the baseline RMS. The orange
horizontal line shows the hit- nder threshold which is set to 20
ADC counts above baseline. All consecutive samples below this
line are marked as a hit. The orange shaded region indicates the
hit including the left and right extension which is referred as to
hitlet "inthe straxen framework. . . . . .. .. ... ... ....

3.18 Interactive event display of a neutron-capture event recorded dur-

4.1

4.2

4.3

ing the AmBe calibration. The top gure shows a two-dimensional
projection of the NV with the outer wall of the TPC cryostat shown

as a black circle. The blue circles indicate the location of the four
di user balls. The position of the NV re ector walls is displayed

as a black octagon. Each circle next to the octagon represents
one of the NV PMTs. The size of the dot indicates the integrated
charge detected by the PMT in the displayed event. The color
code encodes the arrival time of the detected photon. The bottom
panel shows the arrival time of the individual hitlets for the given
event, where the color code indicates the charge of each hitlet. . .

(Left) Picture of a R5912 PMT. (Right) Schematic of the PMT and
its socket structure. Both gures are taken from [117]. . . . . . ..

Average quantum e ciency of the 120 PMTs. The maximum
average value stands at 39%for a wavelength of 350 nm.

Charge spectrum measured in one PMT during the LED calibra-
tion. The t function with contributions of pedestal, single, and 2
photo-electrons is superimposed. The light blue full histogram
corresponds to the signals surviving the digitizer's threshold, ap-
plied o ine. In the top panel are shown the normalized residuals.

XVi

61

66

69

69



LIST OF FIGURES

4.4 Charge spectrum for one PMT during the LED calibration. The
t function with contributions of pedestal, single, and 2 photo-
electrons is superimposed. The orange full histogram corresponds
to the signals surviving the digitizer's threshold, applied o ine.

In the top panel are shown the normalized residuals. . . . . . .. 75
4.5 Distribution of the Dark Rate of the 120 PMTs. The mean DR is
h iDR =1960 4°Hz. . . .. ... . ... 77

4.6 Evolution of the dark rate of six PMTs during SRO. The tempera-

ture measured inside the demineralized water puri cation plant

is shown with the blue-dashed line. . . ... ............ 77
4.7 Evolution of the gain of six PMTs during SR0. Some of the points

are the result of the weekly LED calibration performed during

SRO; inthe case of missing runs, the gain values have been inferred

through the Savitzky-Golay Iter. . .. ... .. ... ... .... 78
4.8 Distribution of the SPE acceptance of the 120 NV PMTs. . . . . . . 79
4.9 Gain distribution for a SRO and a SR1 LED calibration run. The

mean gain for SRO stands at ( 0=172 0s7° 10° while for SR1

standsat ( 1=1112 1e4° 105 . ... ... ... ... .. 80
4.10 Evolution of the gain of six PMTs during SR1. Some of the points

are the result of the weekly LED calibration performed during

SR1; in the case of missing runs the gain values have been inferred

through the Savitzky-Golay lter. . . .. ... ... ... ..... 80
4.11 Measurement of re ectivity of the ePTFE installed in the NV, as a

function of the incident wavelength. . . . . ... .. ... ..... 81
4.12 Reconstructed average position of the detected events in the four

channels of the re ectivity monitor. . . . . . . ... ... ... ... 82

4.13 Arrival time spectra of all PMTs for an injected light signal using

one channel (the 4°) of the re ectivity monitor. The solid lines

show the best- t model. The bottom panel indicates the residuals

ofthe t. . . . . . . . . 82
4.14 Trend of the time decay parameter estimated from the t of the

time distribution in re ectivity monitor runs for the four di erent

channels, in one year of data taking starting from the end of

SRO. The linear t performed on channel 4 data reveals a slightly

decreasing trend of 5 05 ns/y. However, this decrease does not

signi cantly a ect the light collectione ciency. . . .. ... ... 84
4.15 Trend of the time decay parameter estimated from the t of the

time distribution in re ectivity monitor runs for the four di erent

channels,duringSR1. . . . . . . . . . ... .. .. 84

XVii



LIST OF FIGURES

4.16 Evolution of the 4-, 6-, and 10-fold coincidence rate during the
commissioning of the NV. The trend has been tted with an
exponential function on top of a at one. The obtained time decay
constant is in agreement with the decay of Rn present in water at
the beginning of the watertank lling. . . . . . ... ... .....

4.17 Evolution of the 4- and 10-fold coincidence rate during SRO. Each
point corresponds to a run. The 4-fold trend is slightly decreasing
due to the PMT dark rate evolution. This plot also enters the NV

data-quality selection. . . . . .. ... ... ... ... . L.

4.18 Evolution of the 4- and 10-fold coincidence rate during SR1. Each
point corresponds to a run. The 4-fold trend is slightly decreasing
due to the PMT dark rate evolution. This plot also enters the
NV data-quality selection. In this case, few outliers have been
found in the data-taking period, which will be excluded from the
analysis. For this plot only science runs have been considered,;
the empty periods are indeed related to detector calibration runs.

4.19 Spectrum of background events in NV during SRO. The purple
line represents all background signals with an area exceeding
3 PE and involving at least 3 PMTs. The orange curve further
re nes this selection to include only events within the central 95%

contour of the center-time distribution in Fig. 4.20. . . . . . . . ..

4.20 Distribution of center-time vs. event area for NV events during
SRO: The top gure presents the background data of the NV, while
the bottom gure displays data from the AmBe calibration. The
bottom gure has undergone bin-wise background subtraction
based on the top gure. The background data can be categorized
into ve distinct components, two of which are also observable
in the AmBe calibration data. The various contributions are
associated to: (1) AC of PMTs' dark counts; (2 & 4) Cherenkov
signals; (3) Afterpulses + Dark Counts or -decays close to the
PMT; (5) Un-identi ed background component. Plot from [126]. .

4.21 Number of contributing PMTs Vs event area for SRO NV back-
ground events, with the color scale representing the center-time
parameter. Events with a smaller number of contributing PMTs
typically belong to the third population of Fig. 4.20. . . . ... ..

4.22 Reconstructed position of the events of the 5° component outlined
INFig. 4.20. . . . . . . e

XViii

86

88

89



LIST OF FIGURES

4.23 Area distribution of the events of the 5 © component outlined in

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Fig. 4.20 before (purple) and after (yellow) the cut in the z-position
shown in Fig. 4.22, which reveals a peak-like structure with an
average areaofaround 120PE. . . .. ... .. ... .. ... ..

Schematic of the U-tubes embracing the cryostat, as it results from
the detector geometry implemented in the Geant4 simulation

framework. . . . . . . .

Hit map for one Thorium run with the source located at the

Bottom U-tubes (position CW6d). Each square/bin represents
one NV PMT. We have 20 columns, each having 6 PMTs (called
levels here). The color map represents the number of hitlets in 10

minutes of run. . . . . . . . L

Event area distribution for one background run (orange) and
one Thorium run before (green) after (purple) the background

subtraction. . . . . . ..

Schematic of the energy levels involved in the °Bel —212C reac-
tion. The maximum kinetic energy of the 24!Am alpha particles
is indicated by an additional energy level 5.5 MeV above the
ground state of °Be. Blue arrows represent transitions via internal
conversion, while the red arrow indicates a transition via gamma
emission. The energy levels and the transition properties of 1°C

aresourced from [129]. . . . . . . .. .. L L

The neutron energy spectrum of Am-Be source. Plot re-adapted

from[130]. . . . . . .

Background subtracted spectra for the center-time cut space
(left) for the top CW5d9m position. The gray lines indicate the
boundaries of the center-timecut. . . . . . .. ... ... ......

Background subtracted spectra for the spatial cut for the top
CW5d9m position. The red dashed lines show the cut boundaries
for the spatial distribution. The center-time cut shown in gure

5.6 has been applied to obtain thisplot. . . .. .. .........
Best t of the NV AmBe energy spectrum taken at the bottom
CW5d9m source position. The bottom panel shows the t resid-
uals. The individual t components are also shown in di erent
Colors . . . . . e

Detected neutron rate (circles) and fraction of high-energy neutron
capture events (triangles) as a function of the radial distance from

thecryostat. . . . . . . . . . . . . ..

XixX

96



LIST OF FIGURES

5.10 Schematic showing the measurements of the NV tagging e ciency
with the AmBe calibration. We search for the time-coincidence
between the 4.4 MeV gamma in the NV (yellow) and the S1 signal
of the NR in the TPC (green), then we look for the 2.2 MeV gamma

of neutron capture in the NV (lightblue). . . . .. ... ... ... 101
5.11 ¢S2 versus cS1 space showing all NR single-scatter events within
the 90 % contour ofthe NRband. . . . . . . ... ... ... .... 102

5.12 Distribution of the time di erence between NV events and the

triggering single-scatter nuclear-recoil S1 signal in the TPC. The

small gray vertical lines indicate the individual time di erences.

The purple line shows the best t of the time distribution. The

purple and orange areas indicate the ROI and background refer-

ence regions explained in the text. The black histogram shows a

binned representation of the data whereas the gray-shaded part

indicates bins excluded from the t region. The bottom panel

shows the residuals of the best t with the binned data. . . . . . . 103
5.13 Event area distribution for the signal (in purple) and background

(in orange) reference region of Fig. 5.12. The error bars indicate

the statistical uncertaintiesineach bin. . . . . .. ... ... .... 104
5.14 Best t of the hit time distribution in AmBe calibration runs,

zoomed in the [0, 600] s region. The gray part of the histogram

indicates the data in the initial time region excluded from the

t represented by the purple line. The bottom panel shows the

residualsofthe t. . . . ... ... .. .. ... .. ... ... ... 105
5.15 Tagging e ciency of the NV in SR0O. The red and blue data

show the tagging e ciency fora 250 s and 600 s veto-window,

respectively. In both cases, it was required that at least 5 PMTs

contributetoanNVevent. . . . .. .. .. ... ... ........ 106
5.16 Schematic showing the measurements of the NV detection e -

ciency with the AmBe calibration. We search for the 4.4 MeV

gamma in the TPC (yellow), and then we look for the 2.2 MeV

gamma of neutron capture in the NV (lightblue). . . ... .. .. 108
5.17 Distribution in the corrected S1-S2 space of the full absorption of

the AmBe -ray detected in the TPC. The black contours show

the 1to 5 regions of the ellipse of the best t. Only fully colored

eventsinside 3 wereselected. . ... ................ 109
5.18 Distribution of the time di erence between NV events and the

4.44 MeV gamma-ray S1 signals recorded in the TPC. The color

codeisthesameasinFig. 5.12. . .. ... ... ... ........ 109

XX



LIST OF FIGURES

5.19 Detection e ciency of the NV in SRO. The red and blue data
show the detection e ciency fora250 sand 600 s veto-window,
respectively. In both cases, it was required that at least 5 PMTs
contributetoanNVevent . . ... ... ... ... ......... 110

5.20 Schematic of the concept and working principle behind the Hitlet
Simulator. Geant4 takes care of all the physics processes to be
simulated (blue box). Epix (Electron and Photon Instructions
generator for XENON) [137] uses XENONNT Geant4 MC data
to produce inputs to the TPC waveform-simulator (Wfsim) and
thus to start the "processing"-chain of the simulated data into the
TPC. Once the photon hits the PMT photocathode, the HitSim is
used (orange box). In the HitSim, we determine if the photon is
converted into a photoelectron and detected using the QE and the
SPE acceptance of each PMT. For each photoelectron generated,
the charge is sampled from a pre-de ned PDF. The hits, with
their charge in PE and their timing, are then clustered into straxen
hitletsandevents. . . . . . . . . . ... 111

5.21 Quantum e ciency curve of one PMT overlapped and convoluted
to the energy spectrum of the Cherenkov photon hits from the
Geant 4 output. The model of the water absorption length used in
the simulation is also reported and is convoluted to the Cherenkov
Spectrum and to the QE. The two dashed thin black lines refer
to the wavelength of the Re ectivity Monitor and Di user Ball
lasers used for the light calibrations. . . . .. ... ... ...... 112

5.22 Charge distribution used for the sampling in the HitSim for the
two science runs. Both are a combination of the data with the
15 ADC count amplitude threshold applied (orange distribution)
and of the SPE t function (dashed thin black line). Up to the
rst intersection point (marked with the solid vertical line), the
distribution follows the data, then it continues with the tfunction.
The nal model is shown with the solid greenline. . . ... ... 114

XXi



LIST OF FIGURES

5.23 Position of the 4.4 MeV (left) and 2.2 MeV (right) peaks in the sim-
ulated AmBe charge spectrum varying the Collection E ciency in
the range [0.7, 0.8]. From the intersection of the linear t (dashed
thin blue line) and the position of the peaks (red/blue lines) we
determined the best CE for the match. The best CE from the two
plots do not di er signi cantly; however, we decided to rely on
the one inferred from the 4.4 MeV match since the data are less
a ected by the low-charge noise and threshold e ects. In the
bottom panels, the reduced " 2 of the t of the simulated spectra
areshown. . . . . . . . e e e 115

5.24 Position of the 4.4 MeV (left) and 2.2 MeV (right) peaks in the sim-
ulated AmBe charge spectrum varying the Collection E ciency
in the range [0.7, 0.8] for SR1. The procedure to determine the CE
is the same as the one reported in gure5.23. . . . . ... ... .. 115

5.25 (Left) Drawing of the U-tubes, the TPC and the NV PMTs with
the position of the source indicated by the red dot. (Right) Event
area distribution from simulated AmBe neutron captures events
with the source located in the Bottom CW6d0Om position and
with the NV in the Water (blue) and Gd-Water [500ppm] (red)
con gurations. To highlight the impact of captures on Gd, the
neutron emission without an associated 4.4 MeV  are considered
here. The number of generated primaries is the same for the two
dataset. . . . . . . .. 116

5.26 (Left) Drawing of the U-tubes, the TPC and the NV PMTs with the
position of the source indicated by the red dot. (Right) Event area
distribution from simulated AmBe neutron captures events with
the source located in the Top CW7d8m position and with the NV
in the Water (blue) and Gd-Water [500ppm] (red) con gurations.

To highlight the impact of captures on Gd, the neutron emission
without an associated 4.4 MeV  are considered here. The number
of generated primaries is the same for the two dataset. . . . . . . . 117

5.27 Time distribution of the simulated neutron captures, identi ed
by their ags in the MC-truth. The distribution is shown for
several position and with a comparison with the pure-Water
con guration; with the current Gd concentration we expect to
halve the average capture time (estimated here with an exponential
tof the distribution). . . . . . ... ... ... ... . L 117

XXii



LIST OF FIGURES

5.28 Tagging e ciency computed from simulating radiogenic neutrons

6.1

6.2

6.3

6.4

emitted from the cryostat, for di erent Gd concentrations as a
function of the n-fold coincidence requirement . The NV selection
cut used in the data analysisis applied. . . .. .. ... ... ... 118

NR and ER calibration data from 2*!AmBe (orange), 2°°Rn (blue)

and 3’Ar (black). The median andthe 2 contours of the NR

and ER model are shown in blue and red respectively. The gray
dash-dotted contour lines show the reconstructed NR energy
(keVg ). Only the not-shaded events up to a ¢S1 of 100 PE are
considered in the response model ts. Plotfrom[85]. . .. .. .. 121

ER background ts for XENONNT [85] and XENONI1T [139]. The
XENONNT ER backgroundis 5 lower than that of XENONLT.

No excess with respect to the background model is observed in

the XENONnT data. . . . . ... ... .. ... .. ... 122

Distributions of coincident ER events between TPC and NV. The
cuts applied on the selection for TPC events are the standard ones
(BASICS) and the Fiducial Volume (FV) cut. The selection of NV
events requires a 3-fold PMT coincidence and a 5 PE threshold.
The time window for coincidence is 300 ns. The left-bottom
plot is the 2D distribution of coincident events between TPC-NV
(with energy in the TPC up to 3 MeV). The left-middle plot is the
energy distribution of CES before (blue) and after (yellow) the
NV-coincidence cut. The left-top plot is the ratio of the yellow and
blue histograms in the left-middle gure, showing the fraction of
ER events tagged by the NV. In the right plot, the projection of
the NV-tagged eventareaisshown. . . . . . .. .. ... ... ... 123

E ciency for detecting and selecting NR events in the WIMP

search, plotted against NR recoil energy. The overall e ciency

within the WIMP search region (black line) is primarily in uenced

by detection e ciency (green line) at lower energies and by event
selection criteria (blue line) at higher energies, up to the boundary

of the ROI. The normalized recoil spectra for WIMPs with masses

of 10, 50, and 200 GeV/c? are depicted as orange dashed lines.
Plotfrom[86]. . . . . . . . . . . . . e 125

XXili



LIST OF FIGURES

6.5 Datafromthe WIMP search displayed in the cS1-cS2 space, where
each event is visualized as a pie chart. These charts represent
the fraction of the best- t model at the event location, including
the expected number of 200 GeV/c? WIMPs (shown in orange).
The size of each pie chart is scaled to match the signal model
prediction at that specic position. Background probability
density distributions are illustrated as 1  (darker regions) and
2 (lighter regions) contours, as identi ed in the legend for ERs
in blue, ACs in purple, and surface events (green, labeled as
wall ). The neutron background, indicated in yellow in the pie
charts, shares a distribution similar to the WIMP signal, which is
represented by the orange- lled area marking the 2  region. An
orange dashed contour outlines a signal-like region, designed to
encompass 50% of a 200 GeV/é WIMP signal, optimized for the
highest signal-to-noise ratio. Plotfrom[86]. . . . . . .. .. .. .. 126

6.6 Upper limit on the spin-independent WIMP-nucleon cross-section
at a 90% con dence level (represented by the full black line) as a
function of the WIMP mass. This limit is constrained to remain
at or above the median unconstrained upper limit through a
power constraint. The dashed lines depict the upper limit without
the power constraint applied. The 1 (green) and 2 (yellow)
sensitivity bands are illustrated as shaded areas, with lighter
shades indicating the range of potential downward uctuations.
The result from the XENONIT experiment [79] is also included
for comparison, shown in blue, with the same power constraint
applied. Plotfrom [86]. . . . . . . .. .. ... .. .. ........ 127

6.7 Upper limits on SI WIMP-nucleon cross-section at 90% con dence
level for this work (black lines), LZ [141] (purple lines), PandaX-4T
[142] (red lines) and XENONLALT [79] (blue lines). For PandaX and
LZ, dashed lines represent their published result, for XENON
results the dashed lines represent limits without a power con-
straint applied. Full lines for each experiment represent a limit
that is power-constrained to always lie at or above the median
un-constrained limit. . . . . . . ... L L oo 128

XXV



LIST OF FIGURES

6.8

6.9

NV-tagged events within the WIMP ROI from SRO data are
depicted here. Round markers symbolize multi-scatter events
identi ed by the NV, while diamonds represent the single-scatter
event that was tagged. The color coding of these markers corre-
sponds to the event ID, consistent with the color scheme used
in subsequent gures, speci cally Fig. 6.9 and Fig. 6.10. The
gray-shaded area highlights the blinded region of SRO, where
neutron and WIMP signals are predicted to appear. Gray dots
represent all events located within the WIMP ROI, but outside
the blinded region. Additionally, events tagged by the NV that

fall outside the blinded region are marked with colored triangles. 129

Area of NV-tagged events plotted against the time delay between
the S1 signal and the NV signal. Dashed lines represent the
threshold and the duration of the tagging window implemented

in SRO. Black contours and gray vertical lines delineate the 50%,
70%, 90%, and 95% quantiles for NV neutron-capture signals and
background signals, respectively. These quantiles are derived
from the purple and orange area distributions in Fig. 5.12, and the
expected time distribution, which follows an exponential pattern
for capture signals and a uniform distribution for background
signals. The events are denoted using the same color coding and

markertypesasinFig. 6.8. . . . . .. ... ... ... .. ... 130

6.10 Spatial correlation between TPC and NV events, with marker

sizes representing the positions of the largest and second-largest
S2 signals for each event. The color-shaded wedges depict the
reconstructed azimuthal angle of the NV events, with the angular
span of each wedge corresponding to the average 1 sigma contour
of the AmBe calibration distributions. The red event is marked by
two wedges, each corresponding to one of the NV events shown

INFig. 6.9. . . . . . e

XXV



LIST OF FIGURES

6.11 Evolution of the data rate during the Gd-loading operations. This
plot covers the entire timeline from the rst loading of 1.5 kg in
October 2023 up to the goal concentration achieved in December.
Each step is represented by a di erent color. For the rst loading
only (red region), the Gd-Water injection occurred also directly
in the NV. After observing a sudden increase in the rate, we
decided to adopt in the following insertions a more gradual
procedure by injecting the water only at the bottom of the water
tank. Therefore, from the orange region onwards, the rate increase
does not immediately follow the operation, but occurs a few days
later, the time needed for the concentrated Gadolinium solution to
also spread into the NV. Most of the spikes observed are associated
with optical calibrations (using laser) to regularly monitor the
optical properties during operations. These calibrations are linked
to a constant rate of 30 MB/sec, de ned by the trigger rate
that characterizes data acquisition. Some of the smaller spikes,
however, are associated with regular AmBe calibrations. These
lead to a more modest increase in the data rate, due to an increase
in the rate of physicalevents. . . . . ... ... ... ........

6.12 Zoom of the plot in Fig. 6.11, corresponding to the initial steps of
Gd loading into the water tank. In this plot, each step is identi ed
by a colored vertical dashed line. In addition to the moments
when Gd salt was added to the system, the plot also marks the
time when the water injection into the NV was turned o to
control the rapid increase in rate following the very rst loading
onOctober5C .. . . . ..,

6.13 CAD rendering of the water tank and NV with the sampling
points where the Gd-water solution is extracted for further anal-
yses. The 4 sampling points are reported with di erent colors,
matching the scheme of gure 6.14. For the NV port there are
two colors indicating that for those samples the measurements
of the concentration are performed with two di erent methods
(conductivity and ICP-MS). The ow of the Gd-Water is also
reported. The GAWPS line is positioned on the top of the water
tank since the solution ows in the GAWPS from that spot. . . . . 136

XXVi



LIST OF FIGURES

6.14 Evolution of the measured Gd concentration of the solution
extracted from various sampling points arranged as shown in
gure 6.13. The di erent steps of Gd-loading are represented
by various background colors. The expected values based on
the amount of added GdSO are marked with the black dashed
horizontal lines. The concentration was primarily estimated using
the conductivity measured at the 4 sampling points. Additionally,
the Gd concentration of the sample collected from the NV (green
dots) was also measured using ICP-MS (yellow dots). The values
estimated with these di erent methods agree with each other.
The continuous trend outlined by the pink line represents the
concentration measured directly with the conductivity sensors in
the GAWPS. In this case, the delay between the insertion and the
achievement of the concentration plateau is associated with the
di usion of the doped water throughout the water tank, since the

system collects the water from the top of the water tank. . . . . .

6.15 Evolution of the average time parameter estimated from the
t of the time distribution of the daily re ectivity monitor runs
taken during the Gd-loading operation. Each GdSO insertion

stepis marked by adierentcolor. . . ... ... .. ........

6.16 Energy spectrum in the NV during AmBe calibration for di erent
GdSO concentration - (a) Demineralized water (as the one already
shown in gure 5.8) - (b) 32.5 kg of GASO (corresponding to
50 ppm). (c) 152.5 kg of GASO (corresponding to 200 ppm) -
(d) 352.5 kg of GASO (correspondingto 500 ppm). The bottom
panels of all the plots show the t residuals. The individual t
components are also shown in di erent colors. For all the plots
with Gd an additional Gaussian component (shown in red solid
line) has been added to take into account the contribution of

neutroncapturesonGd. . . . ... ... ... .. .

6.17 (Top Panel) Time evolution of the mean values of the Gaussian
corresponding to H captures and 2C de-excitation, normalized
to their initial value. (Bottom panel) Time evolution of the rate
of n capture for H (blue), Gd (brown) and the °C de-excitation
(light-blue). The open diamonds represent the values obtained
without considering the threshold, while the solid points show
the results above the 5 PE threshold. Also, the total number of
captures (the sum of the H and the Gd captures) is shown for
reference. . . . . . . L

XXVil

. 139



LIST OF FIGURES

6.18 Distribution of the time di erence between the triggering nuclear-
recoil S1 signal in the TPC and the neutron capture event in the
NV: in demi-water (blue) and with 500 ppm of GdSO (red). . . . 142
6.19 Event area distribution of AmBe calibration after the 4.4 MeV
subtraction (this contribution has been estimated with the usual
t described in 5.2.2), for demineralized water (blue) and 500 ppm
GdSO-water solution (red). . . . . . . . .. ... . oo 143
6.20 Tagging E ciency measured with an AmBe calibration with the
source positioned close to the cryostat (Top CW7d8m). The tag-
ging e ciency is displayed here for the time window of [0,250] s
which is the one used in Science Runs analysis (section 5.3). With
the current con guration (500 ppm GdSO concentration, in red)
we observe an improvement of ;,  24% (absolute value) in the
tagging e ciency with respect to SRO with demi-water (blue). . . 143

XXVili



This page intentionally left blank.



2.1

2.2

2.3

3.1

4.1

List of Tables

Natural xenon composition. Only two of the natural isotopes are
unstable but with half-life greater than the age of the Universe.
For the stable isotopes,?®%131Xe, the overall abundance is reported. 23

Estimated ER background event ratesina 4t ducial volume. The
energy ROI in which the event rates are integrated is (1, 13) keV
[91]. The assumption for the 22?Rn activity concentration is of 1
Ba/kg and 0.1 ppt (mol/mol) for  =%Kr/Xe. The background
contributions from Xe isotopes are determined assuming the
natural abundances of 13%Xe and?*Xe. . . . . . ... ... ... .. 37

Estimated NR background event rates in a 4 t ducial volume.
The energy ROI in which the event rates are integrated is (4, 50)
keV. Table from [91]. . . . . . . . .. . ... .. ... 38

Thermal neutron capture cross sections of the various Gd isotopes,

with their natural abundance. The two isotopes which are ex-

ploited for their high 1=— °cross section are the'®>Gd and 1°’Gd.

Table from [105]. . . . . . . . . . . . . 44

Overview of experimental phases in XENONNT. It details the

start and end dates of each phase, noting that the commissioning

phase lacks precise dates due to the asynchronous commissioning

of detectors (e.g., the TPC commissioning occurred while the

NV was in its nal step of installation - DAQ cabling etc.). The

table also highlights the main research activities and operations
conducted duringeachphase. . . . ... .. ... ... ....... 68

XXXI



4.2 Comparison between the values of the PMT radioactivity reported
by Hamamatsu [117] and measured with the Ge detector available
at LNGS. In particular, the glass of two broken PMTs (featuring
di erent glass materials) was isolated from the PMT body for
the measurement. The values, expressed in [Bg/PMT], for the
40K and the U/Th-series are shown. The employment of a low
radioactivity glass in the NV PMTs mitigates the radioactive
background. The uncertainties of the measured value, of less
than 10%, are notreported inthetable. . . . . . .. ... ... ... 70

6.1 Sequence of GdSO insertionsteps. . . . ... ... .. ... .... 136



This page intentionally left blank.



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 (PMTSs) 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



Introduction

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 ?'4Pb 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
0 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 »(SOy)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,



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 PMTSs,
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 ¢ 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 ¢ runs of the XENONNT experiment.
This chapter highlights the substantial impact of the NV on these searches,
particularly in the rst science run (SRO0), in reducing neutron background
and enhancing the experiment sensitivity. The blinded analysis conducted
over (1.09 0.03) ty 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
258 10 4’ cm? 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 (WIMPSs) 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.



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 simpliesto * = 2 .lIna
cluster modeled as a sphere, the gravitational potential energy * is expressed
as —, with " representing the cluster total mass and ' its radius. Thus, the
mass of the cluster can be calculated using the formula:

. 3 IE]

(1.1)

In this equation, I~Eﬁi 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 E'A remained unexpectedly
constant even at large radii A where luminous matter diminishes [5]. Kepler's
laws suggest that the velocity ELA of stars orbiting at a distance Affom the
galactic center should depend on the mass" /2, scaling like EE&X/ " 1A
This implies that the orbital velocity should decrease as EL#/ A *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]:
0 3
p=_ B (1.2)
A}A, L BoZ

where 1/ is the halo density as a function of radius A ¢ is the characteristic
density, and ' gis 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 lensing12] 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 )o = 12¢7255 0.0008K [15] with small
anisotropies 010 ®°, 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  ta given by the following
contributions:

total — , DM, bayon 1 (1.3)

where paryon, 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 tforthe 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 tyields the following contributions to the energy density of the
present-day universe:

9= 0691 0-006-
n_0 = 0309 0006
—o 10 4_

10 = 0049 0-003-
20 = 0259 0002

These parameters reveal that DM constitutes approximately 84% of the mass
content of the universe ( 29 to +_g), 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 2 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-outa 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 patrticles, with the latter
being produced through WIMP annihilation, leading to a thermal equilibrium
regime. The interaction rate is given by:

=='% [ (1.4)

where =-Cs the WIMP density at the time of the equilibrium, is the anni-
hilation cross-section, and Eis 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 E 3 10 26 cm3esand a WIMP mass around 100GeVe 22
would yield the correct DM abundance [23]. The predicted WIMPs masses range
is between 1 to 10 GeV, with interaction cross sections between 10 41 cm? and

10
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10 51 cm?. 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 WIMPto 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 technigue. On the
other hand, the collision of SM particles at colliders (upward arrow) could produce DM patrticles.
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)

11
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black holes etc. The resulting SM patrticles 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 patrticles 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

12
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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 patrticles 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

13
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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 patrticle 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 amodulating 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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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/cm? [63]. Complementary
analyses o er a range of 0s3to 05 GeV/cm 3. The Standard Halo Model used to
de ne the WIMP velocity distribution is based on a Maxwell-Boltzmann velocity
distribution:

BIE 0= prexp A &’ (1.5)
2 2 2
where E- represents the DM velocity and e dispersion velocity which
is related to the circular velocity through = 32 B with B 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 ¢ 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<— cos 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 10 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:

1

! " Esp2 3 .
3 _ o =) = —

3 A <#<" E4 A

3E (1.7)

Here, " represents the total target mass, <y the mass of a single nucleus,
3 «_»*3 . the dierential DM-nucleus cross-section, and Ecg-= the minimum
velocity required to produce a detectable signal. The latter, for a nucleus of given
mass<y:

(1.8)
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Above the escape velocity, Eqg2 WIMPs will no longer be bound to the gravita-
tional potential well of the galaxy. Therefore the integration is done overthe Ecg-
and Eqg2bounds. 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:

b s @)

In this expression gdenotes the spin-dependent and independent cross-
sections at zero momentum transfer, and gare the form factors accounting for
momentum transfer and nuclear structure. In Sl interactions, the form factor
is commonly described by the Helm parametrization, and the cross-section is
given by:

(_ 25,5 [°7 2 (1.10)

°T T2 2 I |
where S 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 that5 = 5,
leading to coherent scattering where ? /2. The implication of this is that
experiments using heavier target nuclei are more appealing for the search
of Sl 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( g . Unlike Sl interactions, the SD case exhibits
more variation among di erent isotopes, even with similar atomic masses. The
SD cross-section can be expressed as:

( _ 32 22 3 . 2
0 = 0:h(od, O=h(=i (1.11)

where G is the Fermi coupling constant and Ogthe 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 1?°Xe and 3Xe. However,
the expected rates compared to Sl interactions are much lower as the/ 2

17



1 - The quest for dark matter

Figure 1.6: Spectra of Nuclear Recoils generated by a WIMP with a mass-of 100
GeV/¢ interacting with di erent commonly used target materials, under the assumption of a
spin-independent WIMP-nucleon cross-sectiop (=1 10 472<?). The interaction rate for
spin-independent processes shows a preference for heavier materials, scalirfg Withvever,

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 patrticle 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 1 GeV/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 1 GeV/c ? 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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