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Abstract

Dark Matter and neutrinos constitute two of the most elusive components of
the Universe. The XENONNT experiment, located at the underground INFN
Laboratori Nazionali del Gran Sasso (LNGS) in Italy, aims to detect Weakly In-
teracting Massive Particles (WIMPs), one of the leading Dark Matter candidates
nowadays. A dual-phase Time Projection Chamber (TPC) filled with 6 t of lig-
uid xenon is employed to achieve this purpose. The TPC is surrounded by the
Neutron Veto (NV) and the Muon Veto (MV), which operate in coincidence
with the core detector to discriminate backgrounds such as radiogenic neu-
trons and cosmic muons. The Muon Veto contains approximately 700 tonnes of
water, with about 34 tonnes being nearly optically separated in the inner Neu-
tron Veto. Neutrinos, through coherent neutrino-nucleus scattering (CEvNS),
constitute a major background due to their similarity to a WIMP signal. Nev-
ertheless, neutrinos are also an important signal to be investigated. Therefore,
assessing the NV and MV ability to detect signals from two of the most impor-
tant neutrino sources in the MeV-GeV range, galactic core-collapse supernova
(CCSN) and atmospheric neutrinos, is crucial.

Simulations of a benchmark CCSN scenario in the MV (NV) predict 108 (8)
detected positron events, out of the expected 162 (8) inverse beta decay inter-
actions occurring within a 10 s burst. This study concludes that the NV fea-
tures a positron detection threshold of about 0.5 MeV, while the MV exhibits a
~5 MeV detection threshold. Atmospheric neutrino interactions yield an an-
nual rate of 56 (4) detected out of approximately 88 (5) expected events in the
MV (NV), arising from interactions in pure water of electron and muon neutri-
nos and antineutrinos. Extrapolating these results to XLZD by assuming a pro-
posed MV+NV configuration with ~ 1300 tonnes of total water volume and the
same performance of the XENONNT vetoes, the detection of 118 atmospheric
neutrino events per year can be achieved.
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Introduction

The purpose of the study developed in this master’s thesis is to examine the
ability of the two veto subsystems of the XENONNT Dark Matter experiment to
detect two important sources of neutrino signals: neutrinos from core-collapse
supernovae, and those known as atmospheric neutrinos. The two vetoes, the
Neutron Veto and the Muon Veto, are considered in their demineralized-water
phase.

Chapter [I|will address the physics of these particles, neutrinos, beginning
with their first mentions, discovery, characteristics, and typical interactions.
Some neutrino properties, such as their oscillations in vacuum, will be further
elaborated in the first section. Subsequently, the introduction of supernova
and atmospheric neutrinos will be addressed.

Chapter[2]will describe the concept of Dark Matter (DM) and its main can-
didate, a Weakly Interacting Massive Particle (WIMP), which, despite consti-
tuting approximately 85% of the matter in the Universe, remains unobserved.
This chapter will detail the XENONnNT experiment in the context of the XENON
Dark Matter Project, being one of the cutting-edge direct Dark Matter exper-
iments nowadays. The experiment will be described by presenting the work-
ing principle and structure of its core detector, the dual-phase Time Projection
Chamber (TPC). An overview of the calibration and purification systems, in-
cluding the Gadolinium-Water purification system, will be provided, followed
by a description of the most relevant subsystems to this study, the Neutron Veto
(NV) and the Muon Veto (MV). As will be evident in the course of this chapter,
the results obtained by the XENONnNT experiment are significantly approach-
ing the so-called "neutrino fog".

Chapter [3] revisits the topic of supernova neutrinos. This chapter analyzes
the characteristics of their flux reaching the Earth, as well as their interaction
cross section in pure water, with particular emphasis on the well-known in-
verse beta decay. From the integration of these two effects, the expected num-
ber of events in the XENONNT veto system will be obtained. Subsequently,
Montecarlo (MC) simulations of the vetoes, integrated in GEANT4 and their
PMT simulated response to the Cherenkov light using the Hitlet Simulator, will
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be introduced. Finally, the results of these simulations and the detection effi-
ciencies obtained from them will be presented, together with their projection
to the successor experiment of XENONNT, the XLZD observatory.

Chapter[4 addresses the characterization of the atmospheric neutrino flux
and its associated uncertainties, as well as the interactions in water that are rel-
evant in the energy regime considered in this study. Based on these elements,
the expected number of events in the vetoes is derived. In the present chapter,
MC simulations of these detectors are again employed to perform a compre-
hensive analysis of the atmospheric neutrino detection efficiency. Finally, the
results obtained in this study are projected onto the XLZD observatory.
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1 Neutrino Physics

This chapter will provide the necessary background to understand neutrinos’
nature and two of their possible sources, due to their implication on XENONnT
backgrounds and physics searches. Section[I.1.1]will serve as an introduction
to the neutrino hypothesis and eventual discovery, whereas the different prop-
erties of these particles, especially highlighting neutrino mixing and oscilla-
tions will be outlined in Section Finally, the main interactions with ordi-
nary matter, relevant at low-intermediate neutrino energies, will be described
in Section[L.1.3|

Two types of neutrino sources will be introduced in Sections [1.2] and
core collapse supernova and atmospheric neutrinos, respectively.

1.1 The Nature of Neutrinos

1.1.1 Neutrino Postulation and Discovery

The history of weak interactions, based on the Standard Model (SM) gauge
group SU (2);, is closely related to that of the neutral and "massless" leptons,
the so-called neutrinos by Enrico Fermi. The history of the hypothesis and dis-
covery of these elusive particles will be briefly introduced below.

The Neutrino Hypothesis and the Fermi Theory of § Decay

In 1930, Wolfgang Pauli proposed a remedy to a serious problem introduced by
James Chadwickin 1914, the continuous p spectrum, up to its maximum value,
from the decay of the same name. Since no other particle was observed, the
p-decay seemed to violate the energy conservation law. However, in an open
letter to a physics conference at Tubingen, Pauli proposed the existence of a
neutral weakly interacting fermion emitted in this decay, giving it the name of
"neutron" and associating it with a mass of the order of the electron. After the
discovery of the currently known neutron in 1932 by Chadwick, Enrico Fermi
renamed the hypothetical particle proposed by Pauli as "neutrino", and later
concluded that it could be massless.

After all these, the first milestone of the theory of the weak interactions
came when Fermi formulated the theory of the f-decay, analogous to the quan-
tum electrodynamics (QED) theory.
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The theoretical framework developed by Fermi included several fundamen-
tal aspects:

Long particle lifetimes in decays through weak interactions (10~%s) with re-
gard to decays via electromagnetic (EM) (10~'%s) and strong (107?%s) in-
teractions, described by gauge groups U (1)y and SU (3)c, respectively.

Small cross sections increasing linearly with energy. At 1 GeV, itis of the order
of 10738¢m?, which is about 10'? times smaller than the one from strong
interaction processes.

Neutrinos only interact through weak interactions, whereas charged lep-
tons also interact through EM interactions. For reference, neutrinos of
about 1 MeV have a cross section of the order of 10~* cm?, which means
that only one out of 10! neutrinos interacts while traversing the Earth’s
diameter.

Weak interactions violate parity P, charge conjugation C, and strangeness S,
which are instead conserved in EM and strong interactions.

Weak interactions are responsible for radioactive f-decays and have a cru-
cial role in astrophysical systems, even if they do not participate in nu-
clear binding systems.

In 1936, in order to extend the Fermi theory to p-decays with different nu-
clear spins in the final with regard to the initial state, George Gamow and Ed-
ward Teller introduced axial-vector currents, in that way conserving parity. Al-
though the remarkable success of the Fermi Theory, some scientists remained
doubtful about the neutrino existence, however in the early 1950’s everything
changed.

The Neutrino Discovery

Clyde Cowan and Frederick Reines in 1956 sent a telegram to Pauli claiming the
discovery of the "Poltergeist". They were able to discover the neutrino through
the inverse p-decay (IBD):

Ve+p—oet+n (1)

in which the coincidence signal between the positron annihilation and the
neutron capture could definitely prove the existence of this evasive particle,

distinguishing the signal from the environmental background.
2
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After considering methods such as a nuclear explosion to create a large flux
of neutrinos and increase the expected rate, finally they decided to use the
steady flux, of about one neutrino every few hours, coming from the near Sa-
vannah River nuclear reactor. They made use of a detector that included 1400
liters of liquid scintillator and 200 liters of water. Furthermore, the Savannah
experiment not only demonstrated the existence of neutrinos, but also allowed
the calculation of the IBD cross section by measuring and estimating the inter-
action rate, the neutrino flux, the number of targets and the efficiency of the
detector. The obtained [1] cross section was 1.3 x 10743 cm? with an estimated
associated error of about 25% (2], [3], [4].

1.1.2 Neutrino Properties

After the neutrino discovery, several of its properties were progressively
revealed during the second half of the 20th century. In fact, only one year after
its discovery, the study performed by Chien-Shiung Wu highlighted the parity
violation in processes induced by weak interactions. The consequences of this
fact for the neutrino helicity is actually relevant. The helicity is defined as the
projection of the momentum over the spin, in contrast to the chirality which
indicates whether a particle is right-handed or left-handed. The two operators
are identical only in the ultra-relativistic limit or for a massless particle] It was
observed in all processes that the direction of the neutrino spin is contrary to
that of their motion (negative helicity or left-handed), and the opposite is true
for antineutrinos (positive helicity or right-handed).

The idea that there were different neutrino flavors had already been postu-
lated by Bruno Pontecorvo when, in 1962, the muon neutrino was identified at
the Brookhaven National Laboratory. In 1975, the t lepton was discovered by
Martin Lewis Perl and it constituted the third and heaviest charged lepton. It
was then hypothesized its associated neutrino, which was eventually reported
by the DONUT experiment [5] at Fermilab in July 2000. The vector bosons
mediating the weak interaction, W* and Z°, were identified in 1983 at the
proton-antiproton collider at CERN in Geneva.

A massive non ultra-relativistic left-handed particle is described by a linear combination
of the two helicity states, depending on its mass. The same thing happens if the particle is
right-handed.
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Since the early 1990s, there has been extensive research directed to the
study of neutrinos. One example of this was the discovery by the Super-
Kamiokande experiment [6] and by the Sudbury Neutrino Observatory (SNO)
[7], which provided conclusive evidence of neutrino oscillations in vacuum,
confirming that neutrinos have mass and mix between flavors. This concept
was previously proposed by Pontecorvo in the 1950s. Later, a more realistic
scenario emerged, assuming that the flavor eigenstates (v, v,) are superposi-
tions of two or more mass eigenstates, an idea formalized by Maki, Nakagawa,
and Sakata in 1967. These discoveries not only solved the long-standing solar
and atmospheric neutrino anomalies, which showed a discrepancy between
detection and expectation of these fluxes, but also marked the first clear indi-
cation of physics beyond the Standard Model (BSM), showing the necessity of
incorporating neutrino masses to this theory.

Neutrino oscillations arise from the interference between their mass eigen-
states, which are produced and detected coherently due to their extremely
small mass differences. In CC weak interactions, associated to their charged
leptons, neutrinos are created in flavor eigenstates, namely v, v, or v;. These
weak eigenstates do not possess a definite mass but can instead be expressed
as linear combinations of three mass eigenstates vy, v,, and v3, according to

Vo) = > UziIvp), )
J

where ¢« = e,u,t and j = 1,2,3. Here, U represents the Pon-
tecorvo-Maki-Nakagawa-Sakata (PMNS) unitary mixing matrix. For three
neutrino flavors, U can be parameterized in terms of three mixing angles 6,5,
013, 623 and one CP-violating phase 6 as

1 0 0 C13 0 Sl3e_i6 cip S1p O
U=10 ¢33 3 0 1 0 =s12 ¢z Of, (3)
0 —823 (€23 —Sl3ei5 0 C13 0 0 1

where cji = cos 0 and sji = sin 0.

Neutrinos are thus produced in weak eigenstates, propagate as mass
eigenstates, and are finally detected again as weak eigenstates. The time
evolution of each mass eigenstate introduces a phase difference, leading to a
flavor transition probability, which can be approximated for ultra-relativistic

neutrinos, and expressed in terms of the distance L ~ ct between the source
4
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and the detector (baseline), since in experiments the propagation time is
not directly measured and the neutrino energy E. In the simplified case of
two-neutrino mixing, with their associated mixing angle 60,4, this probability
reduces to

Am?[eV?] L[km]

P(vq = Vg, L) = sin® 20,5 sin® [ 1.27 E[GeV]

(4)

The mass difference between the second and the first as well as between the
third (lone) and the first neutrino states have been measured allowing for the
determination of these parameters: Am3, ~ (7.53+0.18)x 107> eV [8] (the solar
mass splitting) and Am3, =~ (2.31*0:11)x107* eV? [9] (the atmospheric mass split-
ting) if normal ordering (NO) is considered. In normal ordering the lone mass
eigenstate is the most massive, on the other hand, if the inverted ordering (I0O)
is considered, where the lone neutrino state is the lightest one, the atmospheric

mass splitting is Am3, =~ (2.471*0.0%) x 1072 eV? [10].

normal hierarchy (NH) inverted hierarchy (IH)

m2 A A m?

U3

Vi V3

Figure 1: Neutrino mass hierarchy of the three neutrinos vy, v, v3, assuming
m,, > m,, > m,, (NO) in the left picture and m,, > m,, > m,, (I0) in the right
one. Since the weak interaction eigenstates, v,, v, v; are a linear combination
of mass eigenstates, experiments can determine the flavor states percentage in
mass states. This percentage is represented by different colors in the drawing.
The v3 is ~45% v, (in blue) and ~45% v. (green). The v, isabout1/3 v, (red), 1/3
Vi, 1/3 v . Finally, the v, dominates in the v;. Credit: JUNO Collaboration [11]
/ Johannes Gutenberg University-Mainz
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These parameters are called solar and atmospheric mass splitting due to
the solar observations of oscillations in v, and atmospheric measurements of
v, oscillations to vy, respectively.

In fact, in one of the experiments where the Cherenkov angle is recon-
structed, Super-Kamiokande [12], the distribution of p-like events (attributed
to v,) in terms of the angle of incoming atmospheric flux, exhibited a clear
deficit compared to the no-oscillation expectation, while the number of e-
like events (those induced by v,) remained broadly consistent with the predic-
tion[2], (3], (4], [13].

1.1.3 Neutrino Interactions with Ordinary Matter

Neutrinos interact with ordinary matter through weak interactions, mediated
by charged W* or neutral Z° gauge bosons. The former type is the so-called
charge current (CC) weak interaction, whereas the latter is named as neutral
current (NC) weak interaction. Both fall within the general gauge theory
SU(2);. x U(l)y, even if neutrinos represent the first significant alteration
to the SM with their masses. However, in practice and as with many other
disciplines, one finds out that theoretical approximations which work well in
one particular energy regime completely break down elsewhere. So actually
many factors form the simple description of the weak interactions, such as
unclear initial state conditions, subtle but not negligible nuclear corrections
or final state interactions.

The main interactions ordered by increasing energy, between neutrinos and
ordinary matter will be explained below, considering the related CC or/and NC
interactions that take place in each case. Moreover, the selected energy range
will cover the one useful for this study, supernova and atmospheric neutrino
energy range, as shown in Fig. |2, which goes from 1 MeV up to about 1 GeV.
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Figure 2: Neutrino sources in the cross section-energy space. The cross section
shown is the elastic anti-neutrino-electron scattering. The peak at 10'6 eV is
due to the W~ resonance. Plot taken from [14].
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Figure 3: Tree-level Feynman diagram for CC and NC components of the elec-
tron neutrino-electron elastic scattering

First, for neutrino energies of the order of tens to hundreds of MeV, we will
find dominant interactions in which neutrinos interact with nuclei and atomic
electrons without disruptive effects on the former. Then, when neutrino ener-
gies have approximately 200 MeV, other interactions, often disruptive, appear

with the nucleons inside nuclei, producing several hadrons in the final state.
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In Fig. 22 all cross sections from the interactions introduced below are summa-
rized. These interactions, ordered by increasing energy are [14], [15], [16]:

Coherent elastic neutrino-nucleus scattering (CEvVNS) is a threshold-less
process which dominates at neutrino energies between 0 and 1 MeV.
Mediated by NCs, this scattering is the foundation of neutrino detection
in the XENONNT Time Projection Chamber, through the measurement
of the xenon nuclear recoil and it is represented as:

v+A§—>V+A]*VZ (5)

Neutrino electron elastic scattering being also a threshold-less process, has
extremely small cross sections (of the order of 10~4?(E,/GeV)cm? ). Both
processes mediated by NCs and CCs are possible for electron neutrinos
(Fig, 3) and antineutrinos. On the other hand, muon neutrinos and an-
tineutrinos, due to lepton number conservation must interact via NC pro-
cesses. The reactions are:

v+e > v+e (6)

Inverse Beta Decay (IBD) dominates at low energy (E, ~ 1 — 100 MeV) and
is essential for reactor, solar and supernova electron anti-neutrinos. Its
threshold is E, > m,, + m. — m, =1.806 MeV and it only occurs through
the CC interaction (also shown in eq. .:

Ve+p > n+e’ (7)

The associated CC reaction of an electron neutrino with a neutron, has a
higher threshold due to the typical binding energy of the latter in a nu-
cleus (e.g. of the order of 10 MeV in oxygen).

Neutrino-nucleus quasi-elastic scattering (QES) is the dominant neutrino-
hadron interaction at intermediate energies (E, ~ 0.1-2 GeV).In CC neu-
trino QES, the target neutron is converted into a proton, whereas in the
anti-neutrino QES the opposite process takes place. The reactions are:

Vitpon+lt
vi+n—op+1-

(8)

with 1 = , T, when I = e, the former reaction turns into the IBD and the

latter is the one also mentioned in that paragraph.
8
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Neutrino-nucleus elastic scattering is dominant in the same energy regime
as the CC QES. In this case neutrinos scatter off nucleons via NCs as:

V+p—oV+p V+n—oV+n 9)

Multi-nucleon scattering. Both CC QES and NC elastic scattering between
neutrinos and nuclei can also liberate several nucleons instead of only
one (1plh), due to many-body effects. In this process, n-particle are
knocked out, leaving n-holes (np-nh). Due to these processes, the CC-
QES cross section is significantly enhanced at neutrino energies of about
0.1 GeV.

Baryon resonant production (RES) (becomes relevant above ~0.1 GeV) by
neutrinos that excite the target nucleon to a resonance state. The resul-
tant baryonic resonance (A, N*) decays to a variety of possible mesonic
final states, including nucleons. At the energies considered in this study
only single pion production is possible through CC or NC interactions:

v+ N — I/v+N*/A, N*/A— aN’ (10)

where N and N’ are the nucleons and n could be charged or neutral de-
pending on the associated lepton and nucleon.

Diffractive and coherent pion production are processes with a low energy
transfer to one nucleon or the whole nucleus, respectively. They are pro-
cesses similar to the resonances but with lower cross sections and pro-
ducing no nuclear recoil and a distinctly forward-scattered pion.

Deep-Inelastic scattering. At energies of the order of 1 GeV the neutrino
can resolve the individual quark constituents of the nucleon, creating a
hadronic system (X) along with the lepton in the final state. Both CC and
NC processes are possible:

V+N > I/v+X (11

Note that for each CC interaction mentioned, the threshold is always deter-
mined by the kinematics of the system. In the case of charged-lepton produc-
tion, such as for muons, the thresholds are of the order of 100 MeV, plus the
binding energy of the nucleons in the nucleus (which is, of course, not con-
sidered for hydrogen or free protons). NC interactions generally exhibit lower
interaction thresholds, although this always depends on whether, for example,

pions are produced in the final state or more than one nucleon is emitted.
9
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1.2 Supernova Neutrinos

Core collapse supernovae originate from dying stars with masses M > 8M,,, that
end up being neutron stars or black holes, and are among the most intense
neutrino sources of the Universe. During a supernova (SN) explosion, 99% of
the emitted energy is released in the form of a burst of ~ 103 neutrinos and
anti-neutrinos of all flavors with mean energies which typically range between
10 and 20 MeV. SN neutrinos not only play the role of astrophysical messengers,
butalso highly influence the massive star’s final state. In this study, neutron star
final states will be considered.

1.2.1 Stellar Collapse and Supernova Explosions

Near the end of its life, a massive star consists of concentric shells, remnants of
its previous burning phases. Iron, being the most tightly bound nucleus, is the
final product of nuclear fusion in the stellar core. Once iron accumulates, no
further fusion can take place to withstand the gravitational pressure, and the
stability of the star becomes critically dependent on the equation of state (EoS)
of the system, particularly on the number of leptons per baryon. During the
early stages of the collapse (t=0 s), this lepton fraction decreases as electrons
are captured by protons bound inside iron nuclei (e + p — n + v,), leading to
a progressive loss of pressure support and an increasing neutronization of the
core.

As the collapse continues, the gravitational implosion of the stellar iron
core leads to the formation of a proto-neutron starf|and the outset of intense
neutrino emission. When the core density exceeds the nuclear saturation value
(p ~ 2.8x 10" gecm™3), the collapse halts and a rebound shock wave is launched
(t = 0.10 s). As this shock propagates outward through the in-falling stellar
material, it loses energy mainly through the dissociation of iron nuclei, until
it stops at about 100-200 km from the center of the proto-neutron star, which
still emits electron neutrinos produced by electron capture on protons. The
produced v, initially escape freely, but as the density rises above ~ 102 gcm=3,
their mean free path becomes shorter than the stellar radius, causing them
to become trapped in the dense nuclear matter (neutrinosphere), before the

2If the mass of the dying star would have a mass above 25 M,, it would eventually turn into
ablack hole, instead of a neutron star.
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stalled shock. This marks the neutrino trapping phase (t = 0.11 s), during
which neutrinos are thermalized and remain confined until the matter be-
comes transparent again as the shock advances (t=0.12 s).

After the shock release (the so-called supernova explosion) due to the neu-
trino heating, deleptonization®|of the core proceeds rapidly, leading to a signifi-
cant drop in the electron lepton number. At this stage, positrons become abun-
dant and interact with neutronsviae*+n — p +V,, producing intense fluxes of
electron antineutrinos. The accretion of matter onto the proto-neutron star
continues for several hundred milliseconds, forming a hot accretion mantle
that radiates high luminosities of v, and v, (and other flavors), typically of the
order of 10°2 — 103 erg/s, which carry away the majority of the gravitational
binding energy released in the collapse. Some of these neutrinos also become
trapped behind the stalled shock, increasing the temperature even more. As ac-
cretion declines, the proto-neutron star enters its cooling phase, during which
neutrinos and antineutrinos of all flavors are emitted, through NCs neutrino
pair production over timescales of several seconds, gradually removing the re-
maining gravitational energy (~ 90%).

These escaping neutrinos deposit a fraction of their energy in the surround-
ing matter, mainly through charged-current QES interactions. The resulting
energy deposition drives an outflow of material from the surface of the nascent
neutron star, forming what is known as the neutrino-driven wind (t= 10 s). This
neutrino-induced outflow is thought to play a key role in the synthesis of trans-
iron elements via the rapid neutron-capture process (r-process). The rate of
mass loss and the dynamics of this wind are highly sensitive to the radius, mass,
and temperature of the neutron star, as well as to the luminosity and average
energy of the emitted neutrinos [4], [17], [18].

1.2.2 Supernova Neutrino Emission Phases

The supernova neutrino emission occurs in three phases during the explosion,
carrying away approximately 99% of the energy. Neutrino and antineutrino lu-
minosities and mean energies are shown in Figs. [4Jand[5} for all neutrino flavors
as a function of the post-bounce time for a SN progenitor of mass M=11.2 Mg
and M=27 Mg, at adistance of 10 kpc. Each of the three plots corresponds to the

3Phase in which the proto-neutron star emits electronic neutrinos, decreasing the lepton
number and the amount of electrons with it.
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three phases described below. On the other hand, the same is shown in Figs6|
and |7} but for two different equations of state, LS220 and SFHo. These simula-
tions are taken from SNEWPY [19] Bollig et al. (2016) [20] and Sukhbold et al.
(2015) [21] models, which use LS220 and SFHo equations of state, respectively.

The neutrino signal lasts about 10 s with a drop in luminosity after a few
seconds. The three main phases of neutrino emission are described as follows:

1. Neutronization burst: when the proto-neutron star forms, a peak of

electron neutrino emission is dominant, releasing a peak luminosity of about
1073 erg/s over a duration of roughly 10 ms. This phase involves mostly v,
emission, with an average energy of about 12 MeV.
Shock wave propagation: As the shock wave moves outward through the
iron core, nuclear matter becomes transparent to neutrinos. Free protons
and neutrons are released as the shock dissociates iron nuclei. A burst of
v. is emitted as the shocked matter heats. The size of the v, rise and the
relative contribution of v, do not depend on the SN progenitor mass and EoS.
The average maximum energy of v, in this phase reaches up to 12 MeV. The
differences in the neutrino properties from different progenitors during the
neutronization burst are small, but become considerable at later times.

2. Post-bounce accretion phase: The reaction e* + n — p + v, dominates
along with electron neutrino production. A plateau in the neutrino luminosity
is reached (with lower v, contribution). The average energy of neutrinos
remains around ~10 MeV.

Shock wave energy loss: As the shock wave moves outward, it loses energy
and stalls around 100-200 km. The v, luminosity declines and flattens into
a plateau. Both v, and v, are efficiently produced in the hot mantle through
charged-current interactions that are more efficient and that is why both lumi-
nosities are similar, but the one of v, is slightly higher due to deleptonization.
Neutral current processes dominate v, and v, production with x =, 1, leading
to lower luminosity compared to v, and v,. They have all increasing energies;
however, the spectral slope for v,, v, is steeper. The higher the mass of the
star, the higher the neutrino emission luminosity, as displayed in central Fig.

3. Cooling phase: Neutrinos of all flavors are produced in the hot mantle of
the proto-neutron star through v, v, production (here x refers to all neutrino
flavors), with a gradual decrease of luminosity and average energy over several

12
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tens of seconds.

Cooling and deleptonization: After the explosion, the proto-neutron star
gradually cools and deleptonizes. The neutrino signal slowly decreases in
intensity. Even after the explosion, neutrino fluxes persist, and the gradual
cooling of the outer layers leads to a continued, although diminishing, emis-
sion of neutrinos of all flavors (with similar luminosities).

The neutrinos have an expected energy distribution whose average ener-
gies follow the hierarchy (E,,) < (Es,) < (Ey,v,), due to their different interac-
tion strengths with stellar matter. Electron neutrinos interact more frequently
than antineutrinos because of the neutron excess in the core, while the latter,
in turn, interact more than muon and tau neutrinos, which are limited to NC
interactions. The expected supernova neutrino flux at Earth depends on sev-
eral parameters, such as the time-dependent neutrino energy distribution at
different post-bounce phases, the supernova luminosity, the distance between
the source and the detector, and the neutrino oscillation probability, in partic-
ular the resonant matter effects [4], [17], [18], [20], [22]. These aspects will be
explained in Section[3.1.1} together with a detailed description of the flux.

LS220 EoS
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Figure 4: Neutrino luminosity as a function of post-bounce time from different
SN progenitor masses, using the LS220 EoS, during the three main phases of the
emitted signal: first the neutronization burst phase, then the accretion phase
and finally the cooling phase. v, refers to muon and tau flavors.
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Figure 5: Neutrino mean energy as a function of post-bounce time from differ-
ent SN progenitor masses, using the LS220 EoS, during the three main phases
of the emitted signal: first the neutronization burst phase, then the accretion
phase and finally the cooling phase.
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Figure 6: Neutrino luminosity as a function of post-bounce time from a SN pro-
genitor mass of 27 Mg, using the L5220 and SFHo EoS, during the three main
phases of the emitted signal: first the neutronization burst phase, then the ac-
cretion phase and finally the cooling phase. Note that the two models posses
different maximum emission times.
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Figure 7: Neutrino mean energy as a function of post-bounce time from a SN
progenitor mass of 27 My, using the LS220 and SFHo EoS, during the three
main phases of the emitted signal: first the neutronization burst phase, then
the accretion phase and finally the cooling phase. Note that the two models
predict different maximum emission times.

1.3 Atmospheric Neutrinos

Atmospheric neutrinos are created when primary cosmic rays hit Earth’s at-
mosphere, producing mesons whose decay chain leads to neutrinos, predom-
inantly v, ve, Vy, Ve, as shown in Fig. left.

The primary cosmic rays are mainly composed of protons, with a small
component of heavier nuclei, such as '*N or '°0. Mesons and their decay prod-
ucts have an energy spectrum with a peak in the GeV range that extends to
higher energies with an approximate power law. In particular, many secondary
pions are produced which decay mainly into muons and muon neutrinos after
traveling a certain path, through:

at s pt v, TR+, (12)

At high energies, kaons also contribute to the production of muons and neu-
trinos.

The muons decay before hitting the ground, generating electrons, electron
neutrinos, and muon neutrinos through the processes:

HY = et +ve+Vy,, pm o e +Ve+ v, (13)
15



1 NEUTRINO PHYSICS

Atmospheric neutrinos, from the decay chain of pions and kaons, have a
wide spectrum of energy, which ranges from below the 100 MeV scale up to
multi-TeV.

@)\ o8

Vo

Figure 8: Left: Scheme of the atmospheric neutrino production by cosmic-ray
proton interactions in the atmosphere and the subsequent generation of pions
and their decays to muons. Right: up-down symmetry for atmospheric neutri-
nos when oscillations in matter are not considered [3]

Muon and electron neutrinos are generated throughout the Earth’s atmo-
sphere as a function of altitude, with typical production heights of 18-20 km
above sea level, and are emitted over a wide range of directions. As a result,
the neutrinos that reach a terrestrial detector arrive from various zenith an-
gles (angle between the detector vertical axis and the neutrino flux, as shown
in the Fig. [8}-right) and traverse different path lengths before reaching the in-
strument. Moreover, if oscillations are not considered, in sites A and B of Fig.
the same atmospheric flux of neutrinos would be expected due to an up-down
symmetry in the zenith angle.

The flight distance between electron and muon neutrinos is not larger than
5% for neutrinos coming from above (not those traversing the Earth). The dif-
ferenceis so small since, at these energies, half of muon neutrinos are produced
in muon decay, as well as electron neutrinos. Furthermore, for E, < 100 MeV,
the difference between the average vertical production height of muon neutri-

nos and antineutrinos coming from pions and that of neutrinos coming from
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muon decay turns out to be less than 1.5 km. At higher energies, when the par-
ent muon energy is also higher and the muon can arrive at sea level without
decaying, the difference in vertical production height also increases.

The expected atmospheric neutrino flux at sea level, apart from the details
already explained, varies due to several factors. These include oscillations
of v, to v,, matter-induced resonances for upward-going neutrinos crossing
the Earth, the modulation caused by the solar cycle, or the effects of the
geomagnetic rigidity cut-off. All these contributions and the associated flux
uncertainties will be described in more detail in Section[4.1.1]

Atmospheric as well as supernova neutrinos can be detected in under-
ground laboratories through their scattering with nuclei. As in the case of Dark
Matter (Chapter, the detectors must be located underground to ensure ade-
quate shielding from the cosmic-ray muon flux [3], [13], [23].
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2 Dark Matter and the XENONNT
experiment

This chapter will serve as an introduction to Dark Matter since is the main
physics sought in the XENONNT experiment, covering the history of its postu-
lation in Section[2.1} its main astronomical and cosmological evidence in Sub-
sections[2.1.1]and [2.1.2} its main candidates proposed based on observations
of its abundance and characteristics in Section concluding with its three
detection methods in Section[2.3]

Afterwards, the relevance of the XENON Dark Matter Project and its current
XENONNT experiment, for the direct search for Dark Matter will be outlined.
Section [2.4| provides the background of the XENON project by exploring the
evolution of the experiments, from XENON10 to the currently installed at the
INFN Laboratori Nazionali del Gran Sasso, XENONNT. Section[2.5.1]highlights
the motivation and operation principle of the Time Projection Chamber de-
tector whereas the discrimination techniques of backgrounds that contribute
to this Dark Matter search, are examined in Section[2.5.2] Section[2.6 explains
the whole XENONNT experiment components. Finally, the prospective of these
type of experiments is covered in Section[2.7|

2.1 Hypotheses and Evidences of Dark Matter

Dark Matter, following the path of neutrinos, is one of the most elusive com-
ponents of the universe, and it conforms approximately 85% of its mass and
26% [24] of its energy density. As neutrinos, it is electrically and color neutral,
since neither electromagnetic interactions with photons nor detection of
exotic isotopes have been observed. Its presence is instead inferred through
the gravitational interaction with ordinary (and visible) matter, such as the
rotation of galaxies or gravitational lensing [25], [26].

Since antiquity, the existence of an invisible matter, imperceptible to the
observational techniques available at the time, has been suggested by philoso-
phers such as Democritus and Epicurus, as well as by mathematicians, physi-
cists, and astronomers. In 1844, Friedrich Bessel argued for the presence of
both visible and invisible stars. Later, in 1922, the German astronomer Jacobus
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Kapteyn described the Milky Way local density of matter in terms of the effec-
tive stellar mass, including non-observable stars through a luminosity-curve
extrapolation.

Finally, in 1933, the Swiss astronomer Fritz Zwicky published a paper [27]
in which he reported the velocity dispersion of galaxies in the Coma Cluster
creating the roots of our current understanding of Dark Matter. Zwicky’s study
involved the measurements and estimates of the redshift, mass, dimensions
and quantity of galaxies in the Cluster, which was used alongside with the Virial
Theorem to obtain the total mass of the Cluster. When he compared the total
mass with the estimated visible mass, he found that the latter one accounted
for only a small fraction of the mass required to explain the observed gravita-
tional effects (approximately 400 times smaller). This led him to suggest the
existence of what he named "Dunkle Materie" or Dark Matter (DM).

Despite this evidence, Zwicky’s hypothesis did not gain broad recognition
until the 1970’s, when Vera Rubin and Kent Ford studied the rotation curves
of spiral galaxies and provided further support for DM. Similarly, gravitational
lensing, which consists on light (coming from distant objects) bending around
massive galaxy clusters, also reveals the presence of some invisible mass. From
the cosmological point of view, the Cosmic Microwave Background (CMB) ra-
diation provides an additional evidence to the presence of DM [28]. All these
observations suggest that DM may play a crucial role in the composition, for-
mation and evolution of the Universe, as will be shown below.

2.1.1 Astrophysical evidences of Dark Matter

So far, the enigmatic presence of Dark Matter has been introduced, mentioning
the two most relevant astrophysical evidences of it, which take place in differ-
ent cosmic scales, starting from galaxies which are defined as gravitationally-
bound systems composed of stars and interstellar medium with typical dimen-
sions of tens of kiloparsecs, up to galaxy clusters, which may be of the order of
megaparsecs.

Spiral Galaxy Rotation Curves

Spiral Galaxies, which constitute about 70% of all known galaxies, present a flat
disk with a central dense bulge, where most of the mass is concentrated, and
spiral arms of stars rotating around the central supermassive black hole. One

19



2 DARKMATTER AND THE XENONNT EXPERIMENT

of these galaxies, M31 (Andromeda), was studied in the 1970’s by Vera Rubin
and Kent Ford, who measured the rotation velocities of stars, gas and dust as a
function of their distance from the galactic center.

The rotation speed of stars and gas is typically measured through the mo-
noenergetic 21 cm line emission of atomic Hydrogen and by observing the
Doppler shift in the emission spectrum. In that way, astronomers can deter-
mine the speed of the gas and consequently, infer the rotation velocity of the
galaxy.

According to Kepler’s laws, which describe the orbital motion of an ob-
ject around a central mass, the rotation curve is expected to increase approxi-
mately linearly with distance in the inner region and then to decrease beyond
the radius of the bulge (approximated as a spherical distribution), following

v, o« r~1/2, as the density of the galaxy decreases.
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Figure 9: M31 Rotation Curve. The data points shown from two different stud-
ies come from hydrogen 21 cm emission. The model (red line) combines the
rotational influence of the stellar bulge (dashed line), the stellar disc (dashed-
dotted line) and the DM halo (dotted line), integrated in quadrature to con-
struct the best-fit model to the observed data. Plot taken from [29].

However, as shown in Fig. [9} which exhibits more recent measurements
of the M31 rotation curve, velocity remains approximately constant, implying
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that most of the galaxy’s mass must reside in the halo as an invisible compo-
nent. This halo, composed of invisible matter, extends well beyond the spiral
arms of the galaxy and is consistent with the Navarro-Frenk-White (NFW) mass
profile, which describes the density of the dark halo as a function of the radius
r by the formula:
poR;
where p(r) is the halo density, po is the characteristic density and Rs is the scale
radius.

These observation were later generalized to other galaxies, notably by Ken
Freeman, who determined the radius at which the curve begins to decline for
M33 (Triangulum Galaxy) and NGC 300 galaxies [30], [31].

p(r) = (14)

Gravitational Lensing

Figure 10: Composite image of the Bullet Cluster (1E0657-558) released in June
2025. The vast number of galaxies and foreground stars in the image were cap-
tured by NASA’s James Webb Space Telescope in near-infrared light. Hot X-rays
captured by NASA’s Chandra X-ray Observatory appear in pink. The blue repre-
sents the Dark Matter, which was precisely mapped by researchers with Webb’s
detailed lensing imaging. Credit: NASA, ESA, CSA, STScl, CXC [32]

This technique [33] consists of analyzing the light trajectory bending as it

passes near a massive object, as predicted by Einstein’s theory of General Rela-

tivity, according to which a sufficiently massive object can distort space-time.
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Normally, gas, dust, stars, and Dark Matter are combined into galaxies, even
when they are gravitationally bound within larger groups known as galaxy clus-
ters. Most of the baryonic mass resulting from the collision of two galaxy clus-
ters exists as sparse intergalactic gas, heated during the impact and emitting
intensely in the X-ray spectrum. In the early 2000’s, the X-ray spectrum of
the frontal collision of two cluster, the Bullet Cluster was measured with the
Chandra X-ray Observatory [34] and compared to the mass distribution ob-
tained through gravitationallensing (shown in blue). The analysis revealed that
the cluster center-of-mass was clearly deviated from the gas clouds observed
though X-rays (shown in pink), as shown in Fig. |10} This provided a compelling
proof that there was an additional non-baryonic component in the cluster, in-
ferred from imaging distant objects lensed by the cluster, which remained un-
perturbed after the collision.

2.1.2 Cosmological evidences of Dark Matter
Cosmic Microwave Background Radiation

On the cosmological scale we also find observations of the primordial radiation
originating from the matter-radiation decoupling that occurred in the early
Universe about 380,000 years after the Big Bang, what we commonly know as
the Cosmic Microwave Background (CMB).

Today, this radiation is observable in the microwave range of the electro-
magnetic spectrum, due to the expansion of the Universe over 13.8 billion
years, and high-precision observatories like the one from the Plank collabo-
ration, have obtained an image of this relic radiation. It provides us with a map
of the early Universe displaying a nearly perfect blackbody spectrum with tem-
perature T = (2.7255 + 0.0006)K and fluctuations of the order of 107 (see Fig.
[11). The anisotropies observed imply the existence of acoustic oscillations in
the primordial plasma, composed of baryonic matter, Dark Matter and radia-
tion, caused by the contraction produced by matter (especially by Dark Matter)
and the expansion driven by radiation.
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Figure 11: CMB anisotropies obtained by the Planck satellite. Different colors
show different temperatures. Obtained from [35]

The ACDM (Lambda Cold Dark Matter) model describes the universe as
flat, homogeneous and isotropic, undergoing accelerated expansion due to
Dark Energy (A), and composed of Cold Dark Matter (CDM). The term Cold
means that DM was produced thermally in the early universe and its speed was
not relativistic when it decoupled from the primordial plasma. The model pre-
dicts the total energy density as:

QT :QA +QDM +QB (15)

where Q,, Qpy, Qp represent the energy densities of Dark Energy, Dark Matter
and Baryonic Matter, respectively.

Furthermore, the decomposition of CMB temperature fluctuations as a
multipole expansion of spherical harmonics is a strong technique for testing
the ACDM model, and over the last few decades, this angular power spectrum
of the CMB has been analyzed by several experiments (see Fig. where the
measurements from four experiments are combined). In this representation,
the expansion coefficients indicate the power spectrum associated with each
multipole moment 1, which are the order of the expansion and inversely pro-
portional to the angular scale on the sky. This reveals the degree of correlation
between one point and others separated by a given angle, as a function of the
angular distance.
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Figure 12: CMB anisotropy energetic spectrum in terms of the multipole |,
which is the order of the temperature expansion of spherical harmonics and
inversely proportional to the angular scale on the sky [36].

From the analysis of the second and third peaks, which correspond to the
baryonic matter density and the combined baryonic and Dark Matter density,
respectively, it is possible to estimate the Dark Matter density of the Universe
relative to the critical densityﬂ pc- The ESA Planck Cosmology Probe estimated

0
in 2018 [24], from its final mission, the value of Qpy; = pg—CM =0.2589 + 0.0057.

The large-scale structure of the Universe

Further evidence supporting the DM hypothesis arises from Big Bang nucle-
osynthesis (BBN) and from N-body simulations of cosmic structure formation.

BBN, which governs the formation of light nuclei in the early universe,
yields baryon density estimates consistent with those inferred from CMB ob-
servations.

4The critical density is the total energy density of an expanding universe with rate Hy
(current Hubble parameter) to have plane spatial sections (k=0) and is represented as p. =
3H}/8nG, where G is the Newtonian gravitational constant.
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Figure 13: Numerical simulations of the large structure of the universe. Upper
images show the cold dark matter model prediction whereas the lower ones,
the hot dark matter model [31].

Meanwhile, N-body simulations, often initialized using the density fluctu-
ations derived from the CMB, reproduce the observed large-scale distribution
of galaxies, obtained by redshift surveys, with remarkable accuracy. These
simulations emphasize the essential role of CDM in structure formation,
providing the gravitational framework that enables baryons to cluster into
the large-scale structures observed today, as illustrated in Fig. In fact,
the other scenario shown in the figure, corresponding to hot Dark Matter
(HDM), composed of relativistic particles at the time of decoupling from the
primordial plasma, is less consistent with the large-scale structures observed
in galaxy surveys.

Together, these results constitute some of the strongest empirical support
for the ACDM model, creating a solid foundation of the Dark Matter hypothesis
and enabling the subsequent modeling of the preferred candidates to describe

it [31].

25



2 DARKMATTER AND THE XENONNT EXPERIMENT

2.2 Dark Matter Candidates

Dark Matter searches include a wide range of approaches, from theories that
modify gravity to account for the evidences discussed in Section such as
galaxy rotation curves and the large-scale structure of the Universe; to baryonic
candidates, like primordial black holes, neutron stars or white dwarfs. How-
ever, the most widely studied framework today is consistent with the ACDM
model which focuses on non-baryonic candidates. These must satisfy several
properties inferred from the aforementioned astrophysical and cosmological
observations, making them the most viable possibilities:

* DM mustbe electrically and color neutral since since neither interactions
with photons nor detection of exotic isotopes have been observed. It in-
teracts via gravity and may perform weak interactions.

e Itisstable orithas alifetime greater than the age of the Universe in order
to explain the abundance found in observations such as the CMB.

e It is slightly self-interacting, due to astrophysical observations of struc-
ture formation and cluster fusions.

Furthermore, other DM classification criteria can be considered, such as its
production mechanism and kinematical properties. The former distinguishes
between thermal production, in which the relic DM abundance decoupled
from the primordial plasma and remained approximately constant until today,
and non-thermal production in a period between the inflationary epoch and
the matter-dominated era through the decay of other unstable particles.

The latter refers to the DM velocity at the time of the thermal decoupling,
which would produce CDM, consisting of non-relativistic and massive parti-
cles (in the GeV/c? to TeV/c? range) or HDM, made up of relativistic and lighter
particles. Warm DM (WDM) is also a possible candidate; but, as mentioned in
Section[2.1.2) CDM assumed in the ACDM model is the most widely accepted
one due to its implication on large-scale structure and formation of the Uni-
verse.

The interaction cross section and predicted DM mass are essential charac-
teristics used to exclude or constraint different theoretical candidates in the
parameter space by experiments. In fact, Fig. shows the sensitivity plot
obtained by different experiments in the mass-cross section parameter space.
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So far, the properties that DM must satisfy in order to be consistent with
observations have been introduced as well as the different possibilities of pro-
duction mechanisms and kinematical conditions. Some of the candidates that
satisfy some of these properties are introduced below [25], [26], [31], [37]:

WIMPs Weakly Interacting Massive Particles are the currently preferred CDM
candidates which interact via the weak nuclear force and gravity. The first
motivation of the WIMP paradigm is based on the fact that it agrees with
the observed relic density at the freeze out, which suggests that DM parti-
cles should have a mass in the range from 1 GeV to about 100 TeV and an
effective coupling at the electroweak (EW) scale or smaller with Standard
Model (SM) particles. Other motivations come from beyond the SM theo-
ries requirements. The mostimportant example of a theory that connects
astrophysical and theoretical motivations, such as the hierarchy prob-
lem, is super-symmetry (SUSY) which provides an excellent DM candi-
date, the neutralino®}

Axions They are very light particles (1 ueV/c? < m, < 1 meV/c?), originally in-
troduced to address the CP-violation problem, and later found to be good
Dark Matter candidates. They could form a CDM component, and their
interaction with ordinary matter is expected to be extremely weak. The
so-called solar axions are those produced in the core of the Sun through
processes such as coupling with photons or photon-axion conversions in
the Sun’s magnetic field [38].

Sterile Neutrinos The difference with respect to those of the Standard Model is
that they would only interact through gravity (although they do undergo
oscillations in their flavor eigenstates). It has been determined that their
mass must be greater than 10 keV [39].

2.3 Dark Matter Detection Techniques

There are three proposed approaches in the search for Dark Matter particles,
as well as for gaining insight into their mass and weak interaction strength.
Fig. [14] shows the three possible interactions between Dark Matter and ordi-

SThe neutralino is the lightest SUSY candidate that preserves the R-parity, which transforms
a fermion into its super-symmetric boson partner and vice-versa.
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nary matter from the Standard Model (where SM represents a generic particle
and its antiparticle), which are analyzed in each detection approach.

Indirect detection: annihilation or decay

|

DM/ | \SM

Direct detection: scattering

\

¢

Particle colliders: production

Figure 14: Scheme of the three different detection techniques with the corre-
sponding interaction between DM and SM particles that is exploited in each of
them.

Now, the principles of each detection method will be introduced and high-
light some of the experiments that are or have been conducted within each do-
main.

Collider searches

The basis of the search for Dark Matter through colliders lies primarily in
looking for Dark Matter via the high energy collisions, up to 14 TeV at the Large
Hadron Collider (LHC), that could produce it. This is the main difference
compared to other types of searches, which require different assumptions,
such as the knowledge of the primordial abundance. However, this method
also provides lower sensitivity than the others, even if it can be complementary
in the low DM mass range.

One of the main signatures of Dark Matter sought in colliders is a miss-
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ing transverse momentumﬂ due to the possible presence of this matter, which
would be produced alongside known SM particles, that would be searched as
a recoiling jet or lepton (mono-X signature). Additionally, DM can be sought
through the SM or dark mediators between SM and DM particles.

Some of the experiments dedicated to searches via high-energy colliders are
those carried out at the LHC at CERN or the Tevatron at Fermilab. The collider
that has provided results with the highest sensitivity is the LHC (through the
CMS [40] and ATLAS [41] collaborations). Even if no signal of Dark Matter has
been observed, the experimental program has only just begun. Specially at the
future lepton colliders, where higher energies will be achieved with a cleaner
environment than in hadron colliders, this search is expected to achieve much
lower sensitivities [25], [26].

Indirect searches

This method focuses on the search for Standard Model particles produced
by the annihilation or decay of Dark Matter particles in astrophysical regions
known to have a high Dark Matter density, such as the central region of the
Milky Way. Some of these detectable particles include gamma rays, neutrinos,
and antimatter particles. The production rate of these particles essentially de-
pends on the annihilation or decay rate, as well as on the density of particle
pairs in the region of interest.

Experiments searching through gamma-ray observations include the Fermi
Large Area Telescope [42] (LAT) in space and the ground-based Major Atmo-
spheric Gamma-Ray Imaging Cherenkov [43] (MAGIC) telescope.

The search for an excess of antimatter particles in cosmic rays could also
provide significant evidence for Dark Matter, given the baryonic asymmetry of
the Universe and the relatively rare nature of such particles. Examples of anti-
matter detectors analyzing cosmic-ray fluxes include PAMELA [44] and AMS-
02 [45]. The latter has been able to find an excess of positrons in the energy re-
gion above a hundred GeV [46], so upgrades to deeply study this high-energetic
region are needed.

Neutrinos are also of great importance because WIMPs could interact
within celestial bodies, increasing their local density and consequently the an-

6This technique is applied to search for particles that escape the detector due to their weak
interactions but can appear as missing energy in the projection of momentum onto the plane
transverse to the beam axis, where the total momentum is conserved.
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nihilation rate. In such annihilations, most Standard Model particles would be
absorbed within the celestial body (such as the Sun) through strong and elec-
tromagnetic interactions, unlike neutrinos. Therefore, the detection of high-
energy neutrinos coming from the Sun could serve as a strong indicator of Dark
Matter and allow an estimate of its mass. The IceCube [47] detector is one of
the main experiments pursuing this goal [25].

Direct searches

Direct detection experiments aim to observe interactions between DM parti-
cles, that come from the Milky Way Halo with a velocity of ~ 220 km/g’, and SM
matter within ground-based detectors. When DM particles scatter off atomic
nuclei or electrons, they can deposit a small amount of energy that is measur-
able as heat, light, or electric charge. Detectors are specifically designed to reg-
ister these signals while minimizing external interference. In order to suppress
this noise, coming from cosmic rays and natural radioactivity, experiments are
conducted deep underground.

For most WIMPs, with typical masses between 10 and 100 GeV/c?, interac-
tions with atomic nuclei are more probable than with atomic electrons, a dis-
tinction that helps separate potential DM signals from background events. Dif-
ferent detection technologies are therefore optimized to discriminate between
Nuclear Recoils (NR) and Electronic Recoils (ER), a crucial step in identifying
DM-induced events. The elastic scattering cross section of DM off target nuclei
can be expressed in terms of two contributions:

%ZR(V) -~ m (USIFSZI(ENR) + USDFszD(ENR)) (16)
where E,,,, is the maximum recoil energy as a function of DM velocity. Then,
we have the contributions from spin-independent (SI) interactions between
DM particles and nuclei and from spin-dependent (SD) ones, both multiplied
by their respective form factors, Fs;(Eng) and Fsp(Engr). These form factors
account for the loss of coherence, suppressing cross section, with increasing
momentum transfer, due to quantum effects.

One of the major challenges in direct detection is the mitigation of back-
ground signals from radioactive contaminants in the detector components,
neutrons and neutrinos. Neutrons can closely mimic DM interactions by

“from the Standard Halo Model assumptions.
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scattering off nuclei, potentially producing false positives. To counter this,
advanced systems employ neutron vetoes and multiple-scatter identification
techniques, since neutrons are far more likely than DM particles to cause
multiple recoil events. Neutrinos pose an even more fundamental limita-
tion: through Coherent Elastic Neutrino—Nucleus Scattering (CEVNS), they
can generate nuclear recoils indistinguishable from those expected from
WIMPs. As detector sensitivity improves, experiments approach the so-called
"neutrino fog", a level beyond which neutrino-induced events dominate the
background, making further discrimination extremely difficult.

Future experiments such as DARWIN (XLZD) [48] are designed to oper-
ate near this sensitivity frontier, demanding increasingly sophisticated back-
ground rejection methods. Despite the technological progress, no direct ev-
idence for DM particle interactions has yet been found. The DAMA/LIBRA
experiment [49], which uses thallium-doped sodium iodide crystals, has re-
ported an annually modulating signal possibly compatible with DM, though
this claim remains controversial and inconsistent with results from other de-
tectors. The field continues to advance rapidly, and next-generation experi-
ments are expected to probe the so-called "neutrino fog" [50], [51], [52].

2.4 The XENON Dark Matter Project

The XENONNT experiment is one of the cutting-edge direct detection exper-
iments nowadays, after two decades of continuous progress. The XENON
DM project, launched in 2002, is located at the underground INFN Laboratori
Nazionali del Gran Sasso (LNGS), in central Italy, where it takes advantage of
the natural cosmic radiation shield that the mountains provide in order to per-
form sensitive searches.

To achieve this sensitivity in WIMP direct detection, xenon-based dual-
phase Time Projection Chambers (TPCs) are used. An evolution of the different
TPCs in terms of its active mass, size and background levels is shown in Fig.
The first experiment, XENON10 [53], was operated between 2005 and 2007 with
an active Xenon mass of 15 kg. This prototype demonstrated the long-term op-
erational viability of these type of detectors, establishing an upper limit for the
allowed WIMP-nucleon spin-independent cross section of 4.5 x 107# cm? [54]
fora WIMP mass of 30 GeV/c?, afactor of two better than the other experiments
at that time.
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Figure 15: Visual representation of the XENON TPCs over the years, indicating
the LXe active volume in kg (light blue) and the ER background level in units of
(keV-t-day)~!, measured in each experiment (dark blue).

Following this achievement, XENON100 was installed in 2008 with an
increased active mass of 62 kg of xenon. This experiment was the most sensitive
detector from 2010 until 2014, boosting the sensitivity by an order of magnitude
with regard to his predecessor. It was surrounded by 99 kg of liquid xenon used
as an active scintillator veto for background rejection. This enabled the obtain-
ment of an upper limit for the SIWIMP-nucleon cross section at 1.1 x 10~+ cm?
for a 50 GeV/c? WIMP mass [56].

The first tonne-scale DM detector, XENONI1T , operated between 2016
and 2018, with 2 tonnes of active xenon mass. From the analysis of two science
runs and a fiducial volume (FV) of 1.3 tonnes an stringent upper limit on SI
and SD WIMP-nucleon cross sections, with a minimum at 4.1 x 10~#’ ¢cm? and
6.3x 107*2 cm?, respectively, was reached for a 30 GeV/c? WIMP mass [58], [59].

The XENON program arrived to its fourth phase with XENONnT [60], which
began data acquisition in 2020. This fast upgrade was possible due to the re-use
of the infrastructure and sub-systems of XENON1T, only adding the new Neu-
tron Veto system and changing the TPC and cryostat. The latest results from
XENONRNT, shown in Fig. 16} set a highly sensitive upper limit of 1.7 x 10+’ ¢cm?

on the WIMP-nucleon SI cross section, at 30 GeV/c2 WIMP mass. These results
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are based on a total exposure of 3.5 tonnexyear from the combined analysis of
two science runs (SR0 and SR1) [61].

All these results have not only ensured the XENON program leadership in
DM direct search but also broadened its scientific goals to new interaction
channels and rare physics events, such as the previously mentioned cause of
the "neutrino fog" [62], [63], [64].
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Figure 16: Upper limits on the SI WIMP-nucleon cross section (90 % C.L.) as
a function of the WIMP mass (black line). The sensitivity band of 1o (green
shaded) and 20 (yellow shaded) as well as their median (dashed line) are
shown. In addition, results from XENONnNT using only SRO data, LZ, and
PandaX-4T are included [61].

2.5 The dual-phase Time Projection Chamber working prin-
ciple

The main reason why xenon is used for DM direct searches is due to its nuclear
and chemical properties. In fact, xenon does not feature dominant intrinsic
radioactivity, due to the amount of stable (or with half-lives greater than the
age of the Universe) isotopes that it presents. Furthermore, the high atomic
mass, A=131, enhances the SI interaction rate with WIMPs, as its cross section
scales with A2, and due to the fact that '>Xe and '*'Xe isotopes have non zero
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spin, SD interactions can also be studied. Xenon density, of almost 3 g/cm?,
also provides a major advantage to these searches as it serves as a self-shield
against backgrounds. On top of that, it remains in liquid state at moderated
cryogenic temperatures since its boiling point (178 K) is higher, for example,
than the argon one, simplifying compact designs. Finally, xenon its transparent
to its own scintillation light, which is emitted in the VUV region (~175 nm), so
neither wavelength shifters are needed.

More in detail, when a particle deposits energy in liquid xenon as ER or NR,
part of it excites xenon atoms, which then form short-lived excimers (Xe3) that
de-excite emitting photons constituting the prompt scintillation signal S1. Si-
multaneously, ionization produces free electrons and positive ions, Xe*, with a
fraction of these electrons recombining and contributing further to S1. On the
other hand, the ones that escape and drift upwards contribute to the ioniza-
tion signal, S2. The scintillation light originates from transitions between the
singlet and triplet states of xenon excimers, with characteristic decay times of
about 4 and 27 ns, respectively. However, this temporal separation is too small
to allow effective pulse shape discrimination between ERs and NRs, a method
successfully used in liquid argon detectors due to its much larger time differ-
ence. In LXe detectors, the discrimination is based on the ratio between charge
and light signals since NR produce shorter and denser energy tracks which fa-
vors recombination and thus light signal proportion with regard to the charge
(or ionization) signal contribution [65].

2.5.1 The Dual-phase TPC Signal

As shown in Fig. the TPC operates making use of three main electrodes,
the anode set to a positive voltage, below it, the gate set to ground and at the
bottom of the TPC, the cathode kept at a negative voltage. Due to these three
electrodes a drift field of the order of 100 V/cm can be uniformly distributed
parallel to z-axis in the LXe volume and an extraction field of approximately 10
kV/cm is equally distributed but along the LXe-GXe interface.

In this way, simultaneously to the prompt scintillation signal (S1) created
when a WIMP crosses the TPC and excites a Xe atom, the electrons are released
by ionization and moved toward the Xe liquid-gas interface thanks to the drift
field. In this region they are accelerated by the extraction field, producing a
delayed scintillation signal (S2) through electroluminescence.
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Figure 17: Schematic of the interaction between a particle crossing the
XENONNT TPC and a Xe atom, creating S1 and S2 signals [50].

To detect these signals, top and bottom PMT arrays play a crucial role. S1
signal is collected by both arrays, on the other hand, S2 is mainly detected by
the top array, where the xy position of the event can be estimated through its
PMT distribution. Furthermore, as shown in the bottom part of Fig. from
the time difference between S1 and S2, drift time and thus the z position in the
TPC can be obtained if the electron drift velocity is known. All this enables the
TPC to perform the 3D reconstruction of an event and that is why it is called
Time Projection Chamber.

As previously mentioned, from the charge/light or S2/S1 ratio, ERs and NRs
can be distinguished, as shown in Fig. Moreover, analyzing the number of
S2 peaks in a single event, multiple scatterings (MS) and single scatterings (SS)
can be classified, which is essential to distinguish expected WIMP events from
background events, as will be mentioned in the next subsection.

The corrected signals, cS1 and cS2, shown in Fig. 18| axes, account for de-
tector effects influencing the size of the observed signals. Their relationship is
described by the parameters g1 and g2, which parametrize the number of light
and charge quanta collected relative to those generated by energy deposition
during the interaction. They are derived from the anti-correlation between S1
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and S2 using mono-energetic calibration sources. The deposited energy is re-
constructed as

S1 82
Faop = W x (_ . _) 17)

where W is the average energy required to produce one scintillation photon
or an ionized electron. Additionally for nuclear recoils, the Lindhard factor
corrects for signal quenching due to heat loss. Discrimination between ER
and NR events is characterized by the ER-leakage parameter, which improves
at higher drift fields. Typically, values of about or more than 99.5% of ER
discrimination and about 50% of NR acceptance are achieved with this type of
detectors.

To sum up, the TPC design of XENONNT enables accurate 3D reconstruc-
tion and event selection within the fiducial volume, effectively suppressing
background and enhancing Dark Matter search sensitivity [50], [66].
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Figure 18: NR and ER bands obtained with calibration data from *' AmBe (or-
ange), *’Ar (black) and ?*°Rn (blue). The median (solid lines) and the +2 o
contours (dashed lines) are also shown in red and blue respectively. The dash-
dotted gray lines show the NR energy [66].
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2.5.2 Background Rejection in XENONnT

In extremely rare event searches is essential to mitigate and discriminate the
background events from those of interest. Firstly, the recoil type discrimination
is exploited to distinguish ER background events from a typical WIMP signal.
In fact, the signal created by WIMPs crossing the XENONNT TPC is expected to
be a single scatter with a xenon nucleon (NR) and within the FV. Therefore any
NR single scatter or ER events, whose S2/S1 ratio lies in a region also populated
by NR signals, provide a dangerous signal that can mimic the WIMP signal.

Electronic Recoil Background

Detector components contribute to the low-energy background through sin-
gle Compton scattering, forming an almost flat spectrum below 200 keV (ma-
terials curve in Fig. [I9}eft). The main contributors to this background are the
cryostat vessel and the PMTs, via y and f radiation.

222Rn  —— 136Xe —— Materials —— Atm+DSN Atm o DSN
—— Solar v 124¥e —— Total Solar v 8B hep
— ®Kr —— Neutrons
- ER 102:F NR
1015
109k
1071
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Figure 19: Energy spectra of ER (left) and NR (right) backgrounds expected in
the TPC FV. The white areas highlight the ROI for the standard ST WIMP search.
The dotted lines in the total ER rate represent the Gaussian smearing of mono-
energetic lines [50].

222Rn, 35Kr and xenon isotopes '36Xe, 127Xe and %*Xe are intrinsic sources
of background uniformly distributed in the LXe volume, since y and p radiation

are present among their decay products, contributing to the ER signal. Some
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sources can be reduced through their dedicated distillation, whereas the other
contributions can be estimated based on their half-lives. As displayed in Fig.
the largest contribution to ER background in the ROI comes from radon.

Solar neutrinos produced mainly through pp fusion and "Be electron cap-
ture, interact with atomic electrons in the FV, leading to a significant contribu-
tion to the ER background, given the impressive reduction of ?*?Rn, 8Kr con-
tributions achieved in XENONIT and XENONnNT.

Nuclear Recoil Background

Radiogenic neutrons in the MeV range are produced by spontaneous fission
and (a,n) reactions in detector materials, such as the cryostat, PMTs, poly-
tetrafluoroethylene (PTFE) components and others, mostly producing events
in the outer layers of the active volume. Due to the unprecedentedly low ER
background reached (0.04 (keV -¢-d)~! as shown in Fig. , the NR background
from radiogenic neutrons becomes more relevant in the search for WIMPs, and
thus an additional mitigation strategy is mandatory since they can mimic a
WIMP-like signal (they can produce a SS NR inside the FV). Fortunately, since
most of the radiogenic neutrons that produce a signal inside the TPC exit the
cryostat, these can be tagged by the NV profiting the synchronization between
TPC and NV DAQs. When they produce MS or scatter outside the FV their dis-
crimination is easier.

Cosmogenic neutrons which are induced by cosmic muons interacting, e.g.
through spallation, with the surrounding rock and concrete can be tagged us-
ing the active MV. Furthermore, even if this contribution is negligible with re-
spect to the radiogenic one, it can be further suppressed by the NV tagging.

CEVNS produced by solar, atmospheric and diffuse supernova neutrinos
contributes to the NR background as shown in Fig. with a signal that is
exactly the same to that of WIMPs, due to their low interaction cross section.
Solar neutrinos, from ®B and hep decays, affect the sensitivity to light WIMPs
whereas atmospheric and diffuse SN neutrinos contribute at higher energies.
In 2024, the first XENONNT results of ®B solar neutrinos [64] were published by
the XENON collaboration, with a measured flux consistent with results from
SNO and a background-only hypothesis rejected with a statistical significance
of 2.73c0. This was the first direct measurement of nuclear recoils from solar
neutrinos [65], [66].
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2.6 The XENONNT Experiment

XENONNT is situated in Hall B of the INFN LNGS since 2020, when the instal-
lation of its detector systems was completed after less than a year.

The different subsystems that compose XENONnNT are shown in Fig. 20| In the
core of the stainless steel Water Tank (WT), the Time Projection Chamber (TPC)
is surrounded by the Neutron Veto (NV) detector. This detector is immersed
in Gadoliniumﬁ-loaded water, since Science Run 2 (SR2), to enhance neutron
capture and reduce its associated radiogenic background. The WT is equipped
with 84 PhotoMultiplier Tubes (PMTs) serving as an active water Cherenkov
Muon Veto (MV) apart from being a passive shield for the TPC against cosmic
muons. Other systems are also shown, such as the Gadolinium-Water Purifica-
tion System, the Xenon storage and recovery (ReStoX), the distillation (Rn, Kr)
and purification (LXe, GXe) systems.
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Muon Veto

\A Cryogenich
Neutron/Veto
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DAQ & Slow Control

Gd Water
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Figure 20: Scheme of the XENONNT experiment and its subsystems.

2.6.1 Dual-phase Time Projection Chamber and Cryostat

The core of the XENONNT experiment is the dual-phase Time Projection
Chamber containing liquid Xenon (LXe) with a small gap of gaseous Xenon
(GXe) above it, and which in turn is enclosed by an inner and an outer stainless-
steel cryostat vessels, as shown in Fig. It contains a total of 8.6 tonnes of
Xenon at ~-96°C, from which 5.9 tonnes serve as an inner active detection vol-
ume, whereas the rest acts as a passive shield against radioactive emanations

8Gadolinium is the element with the highest thermal neutron capture cross section.
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from detector materials. The cylindrical active region is 1.613 m high and 1.327
m wide, with about 4.5 tonnes belonging to the FV.

It possess a top and bottom PMT arrays: the former is instrumented with
253 low-background 3” Hamamatsu R11410-21 PMTs while the latter holds 241
PMTs of the same type. These PMTs are selected for their low radioactivity and
efficiency in detecting Xe scintillation light.

The inner walls of the TPC are covered by poly-tetrafluoroethylene (PTFE)
panels to enhance the sensitivity by maximizing the Xe scintillation light (UV
photons) detection. Five electrodes made of stainless-steel wires are situated
near the top and bottom arrays to generate the electric fields required to trans-
port the charge signal (already introduced in Section[2.5.1) along the TPC. The
cathode is situated at the bottom region, the anode at the top one (orange and
blue zoomed pictures of Fig. 21} respectively) 3.0 mm above the gate electrode,
which, in turn, is located 5.1 mm below the liquid-gas Xe interface. Two ad-
ditional electrodes, the top and bottom screens, are situated above the anode
and below the cathode, respectively, in order to shield the PMTs from the high
electric fields created by the electrodes.

Outer vessel

Top Screen

d ! — Anode
Diving Bell - : — Gate

Top PMT Array

Inner vessel — Field Shaping Wires

— Resistor Chain

PTFE pillar

PTFE side reflector — Guard Rings

HV Feedthrough
Cathode
Bottom Screen

Field shaping elements

Bottom PMT Array
Photomultiplier Tube
Liquid recirculation port (PMT)

Figure 21: CAD rendering of the XENONNT TPC within the cryostats. The blue

zoomed picture shows the top configuration of the electrodes, while the orange
one displays the bottom configuration as well as the bottom PMT array .

The designed drift field in the LXe volume was 191 V/cm and the extrac-
tion field in the GXe one was intended to be 5-10 kV/cm. However, during
commissioning in November 2020, a short circuit between the cathode and the

bottom screen caused by a screen electrode wire breakage (discovered during
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the XENONNT upgrade), limited the cathode voltage thus reducing the aver-
age drift field to 23 V/cm. Even though, the drift field strength was enough to
operate the TPC. Moreover, the extraction field resulted in 2.9 kV/cm [50], [60].

2.6.2 Water Cherenkov Veto Systems

XENONNT benefits from two veto systems, the Neutron and Muon Vetoes,
shown in Fig. 22]which, when used in coincidence to the TPC, allows for a fur-
ther reduction of neutrons that could potentially mimic a dark matter signa-
ture and muons. It should be noted that, when used as vetoes, the MV and NV
induce a loss of around 1% to the TPC live time during regular science runs.

Both vetoes act as water Cherenkov detectors to collect the light created by
charged particles crossing the WT or the NV with their respective PMTs. One
important point to note is that they only measure the amount of Cherenkov
light generated by these particles; they do not reconstruct its direction from
the Cherenkov ring, as detectors like Super-Kamiokande do.

Muon Veto Detector

Inherited from XENONI1T, the MV is built inside the WT which has a diameter
of 9.6 m and a height of 10.2 m, and is filled with ~700 tonnes of demineralized
or Gd-loaded water. The MV is equipped with 84 Hamamatsu R5912ASSY
8" PMTs sealed to be operated in water and distributed in five vertically
equidistant rings and featuring ~30% QE over the wavelength range between
300 and 600 nm.

The MV ensures a tagging efficiency of 99.5% for muons and ~ 50% for
shower events created by muons interacting outside the WT, since cosmic
muons deposit a enough amount of energy to detect the light produced, even
if the veto does not have a large PMT coverage. Furthermore, to increase
Cherenkov light detection, the walls of the WT are covered by reflective foils
with more than 99% of reflectivity to wavelengths between 400 and 1000 nm.
Due to these results, the impact of NRs from cosmogenic neutrons on the
WIMP sensitivity was reduced to a negligible level [60].
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Figure 22: CAD rendering of the NV surrounding the TPC cryostat in the center
of the WT, covered with reflector foils, and the MV. The main elements are the
support structure (grey), the ePTFE panels (white), and the PMTs (yellow) with
their calibration rods. The main components of the calibration system enter-
ing the NV are also shown: neutron generator pipe (purple), I-belt (blue), and
U-tubes (red and green) [67].
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Neutron Veto Detector

An indispensable upgrade of XENONNT, the Neutron Veto, is located between
the cryostat and the WT, as shown in Fig. 22| It has a 40 m? volume (containing
34 m? of water) confined by reflectivity panels made of expanded PTFE (ePTFE)
anchored by thin stainless steel bars, to minimize backgrounds. The reflectiv-
ity of the ePTFE panels is > 99% for optical and UV photons. The panels form
an octagonal prism with a height of 3.16 m, and sides length of 2.02 m or 1.22
m. The wide and narrow sides are positioned at radial distances of 1.87 m and
2.05 m from the center, respectively. The NV floor consists of eight triangular
sections that close the entire surface, while the ceiling is composed of eight in-
dividual triangles, anchored to a ring surrounding the main central pipe. Fur-
thermore, the ceiling includes three ports: two circular openings, each with a
23 cm diameter, allowing the insertion of a neutron generator, and a third rect-
angular port (23 x 27 cm? ) designed to allow the insertion of a tungsten shield
containing a calibration source for the TPC calibration. These ports allow pho-
tons to travel across the surface that separates the NV and the MV, making the
detection of photons coming from events created in the other veto possible.

Cherenkov photons are detected by 120, low radioactivity, 8" Hamamatsu
R5912-100-10 PMTs (with maximum QE of 39% at 350 nm) arranged in 20
columns of 6 PMTs each. Wide sides host three PMT columns and narrow
sides two, with only the glass window inside the NV volume, so the impact of
backgrounds produced by radioactivity of the PMT body is reduced by 40%, as
this source dominates the background rate in the NV.

The Neutron Veto detects neutrons through their capture in pure water or
on Gadolinium, after being thermalized in water. Thermal capture in pure wa-
ter is characterized by an average capture time of about 200 ps, with a subse-
quent de-excitation emission of a 2.2 MeV photon, as shown below:

H+n—2H —2H+7y (2.2MeV) (18)

On the other hand, one of the isotopes of Gadolinium providing the most rel-
evant contribution to the total thermal neutron capture cross section, 155Gd,
emits 3 or 4 photons with a total energy of about 8.54 MeV when *°Gd returns
to its ground state. In this way, the average capture time can be reduced to ~30
us with a Gd mass concentration of 0.2%. The process through which Gadolin-
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ium captures a thermal neutron and subsequently emits y-ray’s is:
155Gd + n — 9°Gd" — %°Gd + y’s (8.54 MeV) (19)

The resulting photons interact through Compton scattering, producing
secondary electrons that emit Cherenkov light. This technique of tagging neu-
trons was already successfully deployed by large-scale water-based neutrino
experiments like Super-Kamiokande and SNO+.

During SR0O and SR1, before the insertion of gadolinium, the neutron detec-
tion efficiency was (82 + 1)% if a coincidence time window of 600 pus is used; this
is the highest neutron detection efficiency ever achieved in a water Cherenkov
detector. This enables a tagging efficiency, which additionally requires that the
neutrons interact first inside the TPC producing a single scatter NR (WIMP-like
signal), before exiting and being captured in the NV, of (53 + 3)%, inside a tag-
ging time window of 250 us between TPC and NV.

Afterwards, at the end of 2023, when SR2 started, the water in the WT was
doped with Gd-Sulphate-Octahydrate (Gd,(SO4)3- 8(H,0) or simply GdSO), at
a concentration of 0.05% in salt mass, achieving an increase of the tagging effi-
ciency up to ~ 78% for the same time coincidence window of the SRO analysis.
Furthermore a reduction of the neutron capture time was also observed.

Future operations will increase the Gd salt concentration to 0.5%, which will
further improve the performance of neutron tagging to around 87% thanks to
the increased capture cross section, the related decrease in capture time, and
the increase in the total amount of energy released [60], [67].

2.6.3 Xenon Handling and Purification

The ton-scale Xe TPC volume requires an advanced system for Xe handling and
purification to achieve and maintain the purity and low background levels. A
LXe purification plant and a Radon distillation column were implemented to
achieve these requirements. The xenon handling system consists of the follow-
ing components (shown in Fig. (60]:

* Cooling system: similar to the one used in XENONI1T, the cooling and
temperature control system is based on a "remote cooling" approach,
since it makes use of a vacuum-insulated pipe linking the cryostat to a ex-
ternal cooling station. Moreover, a battery-powered liquid nitrogen cool-

ing system is present to ensure stability in case of brief power outages.
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* Xenon storage and recovery: the cryogenic plant includes two storage
units, ReStoX-1 (developed for XENON1T) and ReStoX-II, being capable
of storing 7.6 and 10 tonnes of xenon at room temperature, respectively.
These units are vital, since are able to fastly recover both LXe and GXe
during emergencies.

* Electronegative impurity removal: impurities like O, or H,O reduce the
number of electrons available for the charge signal during their drift, thus
their reduction is essential to maintain TPC’s detection efficiency. There-
fore, in XENONnNT was added a LXe purification system apart from the
GXe one present in XENONI1T. Their effectiveness is quantified thanks to
the electron lifetime, which has reached values up to 10 ms, compared to
650 ps in XENONIT.

* Krypton and Radon distillation columns: krypton and radon have some
isotopes that contribute significantly to the background radiation of the
detector. ¥Krbeta decays complicate the search in the low-energy region,
whereas ?2?Rn emanated by the detector materials leads to a uniform dis-
tribution of its decay products throughout the LXe volume. The former is
removed by exploiting differences in vapor pressures. The latter, on the
other hand, is integrated in the LXe recirculation loop, distilling both LXe
and GXe, reducing in that way radon concentration. Due to these sys-
tems, ER background has been reduced by a factor 5.

2.6.4 Gadolinium-Water Purification System

The Cherenkov emission process in the Neutron Veto produces relatively few
photons, making the transparency of the water and the reflectivity of the de-
tector walls critical for detection efficiency. While high reflectivity is achieved
through ePTFE panels, maintaining water transparency requires continuous
purification. Until October 2023, the NV used demineralized water purified
by the Water Loop Plant (WLP) inherited from XENON1T, which removes ions
and bacteria that degrade optical performance. The system includes sensors
for pressure, temperature, flow, and resistivity (key indicator of water purity),
which typically is 18.18 MQ- cm at 25 °C.

However, the introduction of gadolinium for neutron capture complicates
purification, since conventional systems would also remove valuable Gd ions.
To address this, the Gadolinium-Water Purification System (GAWPS) was de-
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veloped to integrate and dissolve Gd sulfate into the NV and eventually the
MYV, maintain its concentration over time, and preserve the optical properties
of water.

The performance of the GdAWPS has been proven to be optimal in purify-
ing water even without gadolinium loading. Furthermore, via transparency
measurements conducted on samples of the gadolinium plant, the water trans-
parency was found to be nearly equivalent to that of demineralized water. Fi-
nally, in October 2023 the GdSO insertion in the WT started. Furthermore, wa-
ter transparency and wall reflectivity were regularly monitored using the re-
flectivity monitor of the NV (described in Section[2.6.5) which showed, in De-
cember, a significant decrease in light collection of ~20% after a significant Gd
sulfate injection. As later discovered during the XENONNT upgrade (Section
(60], [68], this was due to few rusted bolts (evidently not stainless steel
as required) which caused a deposit of rust on a small portion of the surface of
some ePTFE reflective panels.

2.6.5 Calibration Systems

Calibration systems are essential for characterizing the TPC and veto detectors
responses to different radiation types, enabling accurate event and energy
reconstruction and ER/NR discrimination. These systems are divided into
internal and external calibrations.

Internal calibration uses injected radionuclides to uniformly distribute
known sources throughout the xenon volume, allowing precise mapping of
the active volume. The main isotopes, which must have sufficiently fast decay
times, are:

o 83mKy: Introduced through the xenon recirculation loop, this metastable
isotope (half-life 1.83 h) emits 32.2 keV and 9.4 keV conversion electrons.
It calibrates mono-energetic peaks in the WIMP region of interest (ROI)
and monitors light and charge yields, as well as electron lifetime.

* 220Rn: Produced from a ?*Th source, it emits a, p and y particles. Its de-
cay product >'?Pb provides a p spectrum useful for calibrating the low en-
ergy ER band. Due to its longer half-life, it is used at the start or end of
science data runs.
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 37Ar: Emits 0.27 keV and 2.8 keV X-rays and is used to characterize the
detector response near the low energy threshold. With a 35-day half-life,
it is typically used at the end of science data runs and later removed by
distillation.

External calibration places sources outside but near the cryostat to target
specific detector regions. The main systems employed are:

* L-shaped beam pipe: Provides collimated neutron beams from a neutron
generator which, when used with heavy water, is useful for low-energy NR
band calibration, near the threshold. Shown in purple in Fig.

¢ I-belt : Moves a tungsten collimator with a 3Y-Be source along the cryo-
stat to emit low-energy neutrons and y rays. Displayed in blue in Fig.

e U-tubes: Two stainless steel tubes guide external sources (e.g., AmBe,
232Th) around the cryostat for TPC and NV calibration at different heights.
Depicted in green and red in Fig.

Light Calibrations

Weekly calibrations include low-intensity LED light pulses to monitor TPC, MV
and NV PMTs gain, afterpulses and noise levels. This calibration is performed
thanks to optical fibers leading to each PMT with a PTFE diffuser at the end of
each fiber to optically couple the fiber to the PMT. Then by illuminating with
blue light (470 nm), the characterization and monitoring of the single photo-
electron (SPE) response of the each PMT can be performed, individually.

On the other hand, "diffuser balls” employed in the NV and MV are illumi-
nated by short laser pulses to characterize the timing, water transparency and
ePTFE surface reflectivity.

Also, areflectivity monitor set up to illuminate the NV ePTFE walls, installed
at about half height on the inside of one of the NV lateral sides, is used to moni-
tor the optical properties of the NV. The monitor consists of four optical quartz
fibers fed by another laser that emit photons at a wavelength chosen to probe
near the maximum of the convolution of the NV PMTs quantum efficiency and
Cherenkov emission spectrum in water [60], [67].
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2.6.6 Slow Control, DAQ, Computing and Processing

The Slow Control (SC) system of XENONNT is responsible for the con-
tinuous monitoring and control of all detector subsystems. It integrates
Programmable Automation Controllers (PACs) with industry-standard Cim-
plicity SCADA software to automate cryogenic management, adjust PMT
high voltages, and execute optical calibration sequences. Recent upgrades
expanded the system to include xenon purification, the radon distillation
column, ReStoX-II, and the NV with all its subsystems. All monitored param-
eters arelogged and used to trigger alarms or notifications in case of anomalies.

The Data Acquisition (DAQ) system handles signals from all PMTs across
the three sub-detectors: 494 in the TPC, 84 in the MV, and 120 in the NV, to-
taling 698 channels. The DAQ operates in a quasi-triggerless mode, digitizing
PMT signals above defined thresholds and ensuring synchronized data collec-
tion among the three detectors. The signals are amplified, digitized, and di-
rected to a unified storage system that allows integration and subsequent data
processing.

The MV subsystem employs CAEN V1724 digitizers with 14-bit resolution,
and a 100 MSamples/s sampling rate. Signals from the 84 PMTs are recorded
whenever a predefined trigger condition is met: at least five PMTs must exceed
a threshold of approximately one photo-electron (Single PE, SPE) within a 300
ns coincidence window. Once triggered, the waveforms are recorded over a 5
us window, including pre- and post-trigger samples. The data are subsequently
processed through a multi-step logic chain of Python-based plugins that pro-
duce progressively higher-level data types.

On the other hand, the NV employs eight CAEN V1730 digitizers, each with
16 channels, 14-bit resolution, and a 500 MSamples/s sampling rate. The sys-
tem operates in a self-trigger mode: when the signal in a channel exceeds a
fixed threshold (typically 15 ADC counts), a waveform is recorded within a time
window adding some samples before and after the trigger, forming a hitlet. This
fast sampling rate, five times higher than that of the TPC, enables reconstruc-
tion of the prompt Cherenkov photon arrival times before wall reflections.

Raw waveforms are processed using the strax and straxen software frame-
works, which identify and group signals through the use of plugins. The
first step in the software trigger involves detecting PMT hits that surpass the
same channel-specific thresholds as the one from DAQ, followed by coinci-
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dences requiring at least three hits within a 600 ns window to discriminate real
Cherenkov events from dark counts. Each window is extended by an additional
pre-trigger window. Then, in offline processing, time windows can be reduced
to 200 ns, since the typical time spread of a Cherenkov signal is about 60 ns, re-
quiring at least three hitlets within this event window. These hitlets are formed
to include the leading edge and tails of each PMT hit, that are extended by 3
and 15 samples, before and after, respectively, as shown in Fig. For each
event, key quantities are computed, such as the total signal area, the center
time (area-weighted mean arrival time of the hits), and the reconstructed po-
sition, determined from the distribution of hitlets before position diffusion due
to ePTFE reflections.
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Figure 23: SPE waveform signal recorded in a NV PMT. The black solid and
dashed lines represent the baseline as estimated by the digitizer and the pro-
cessing software, respectively. The black-shaded region indicates the baseline
RMS. The blue horizontal line shows the threshold below the baseline. All con-
secutive samples below this line are marked as a hit (dark blue shaded region).
Whereas the light blue shaded region indicates the so-called hitlet [67].

All acquired and processed data are temporarily stored on local LNGS
servers before being transferred to remote storage centers in Europe and the
USA. Backup copies are backed-up on tape at CNAF (Italy), ensuring long-term
data preservation and accessibility for offline analysis [60], [67].
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2.6.7 The XENONNT Upgrade

During 2025, an upgrade of the XENONNT detector was carried out after the
collaboration decided to stop data taking in order to repair several detector
components. The main goal of this upgrade was to replace the electrodes so
that the drift field could operate at its design value of 191 V/cm, as mentioned
in Section[2.6.1] The expected benefits of the electrode repair include improved
ER/NR discrimination and higher field uniformity, which in turn would allow
for alarger fiducial mass, among other effects.

The water tank was opened on May 5th, and since then the disassembly and
subsequent reassembly of the various XENONnT subsystems have been un-
derway. During the Neutron Veto disassembly, the origin of the reduced light
collection observed after the major Gd sulfate injection was identified. As dis-
cussed in Section[2.6.4} the decrease in light collection was caused by a few iron
rusted bolts from the Gd-loaded water distributor located below the cryostat,
which led to rust deposition on some of the NV’s ePTFE reflective panels.

The cleaning and protection of the components of both veto systems, such
as the NV ePTFE panels and the PMTs, are essential during disassembly and
reassembly in order to preserve their remarkable reflectivity, purity, and con-
sequently their light-collection performance. As an example, in order to allow
access to the TPC and cryostat, the PMT columns were raised and positioned
along two lateral sides of the cryostat upper hanging structure. The Neutron
Veto status during a week of the reassembly period is shown in Figure
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Figure 24: The Neutron Veto structure and its PMT columns situated in their
final position. The ePTFE reflective panels are not present and the PMTs are
protected with polystyrene foam blocks.

2.7 Future of xenon-based DM Direct Search

Recent advancements in liquid xenon detectors, such as XENONNT and LZ,
have greatly improved sensitivities in the search for WIMP Dark Matter, yet
the so-called "neutrino fog" still defines the ultimate boundary in the spin-
independent parameter space. The gradient parameter, mentioned in Fig.
n = —(dIno/dInN)~! quantifies how the discovery sensitivity degrades with
increasing background. The region n > 2 marks the onset of the neutrino-
limited regime. As previously mentioned, XENONNT already approached this
limit in the light DM region, dominated by solar neutrinos.

Future detectors like the proposed 60-ton XLZD observatory will not
only need larger active masses but also optimized veto systems capable of de-
tecting atmospheric neutrinos, since it would constitute a systematic limit to
intermediate/high WIMP mass searches. Understanding the required veto di-
mensions will be crucial, as coincidences between signals in the active volume
and the veto could help rejecting background events even within the neutrino
fog. Beyond DM, XLZD also aims to explore rare processes such as neutrinoless
double-beta decay of '3*Xe and solar neutrino measurement refinement.

However, such large-scale detectors present major technical challenges.
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The enormous quantities of pure xenon required, the construction of cryo-
genic infrastructures at unprecedented scales, and the development of low ra-
dioactivity materials all pose significant hurdles. In addition, the use of tradi-
tional PMTs becomes increasingly problematic due to their size and intrinsic
background, motivating the adoption of silicon photomultipliers (SiPMs) for
improved radiopurity and compactness.
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Figure 25: Exclusion limits on the SI DM-nucleon cross section for several ex-
periments. The neutrino fog with its gradient parameter n is also displayed.
Figure re-adapted from [70].
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3 Study of supernova neutrinos
with the XENONNT Vetoes

In Chapters[l]and 2} the crucial role of supernova neutrinos and their possible
detection in Dark Matter experiments have been outlined. In this Chapter, we
focus on their detection in the Gd-water vetoes of XENONNT. In particular, in
Section the supernova neutrino fluxes of the models introduced in Sec-
tion|(1.2.2} as expected at Earth after phenomena such as neutrino oscillations
and matter effects have taken place, are presented. Section[3.1.2]highlights the
dominant contributions of the neutrino cross section in pure water for the en-
ergy range between 0 and 50 MeV. Moreover, in Section the convolution
of the last two distributions is performed to obtain the expected number of
neutrino-induced events in the water Cherenkov Vetoes of XENONNT.

Then, the simulation framework implemented for XENONNT is introduced
in Section which includes the MC GEANT4 toolkit and the two custom
packages, Neutron and Muon Veto Hitlet Simulators. Finally, simulations of su-
pernova neutrino-induced positrons and neutrons in both vetoes are detailed
together with their results in Section

3.1 Expected supernova neutrino events in the Vetoes

3.1.1 Supernova neutrino fluxes and oscillations

Recalling what was introduced in Section [1.2.2} the differential flux for each
neutrino flavor vg ata time t,, after the supernova core bounce and ata distance
d, between the star and our detector, is parametrized as

LVﬁ (tpb) (Pvﬁ (E’ tpb)

, 20
4nd (Bvy (1)) (20

ch,; (E, tpb) =

where Ly, () is the neutrino luminosity, (Ey,(f,)) the mean energy, both pre-
viously represented in Figs. lBland

@v; (E, tpp) is the neutrino energy distribution, given at different times and
energies for each neutrino flavor, and is commonly written in the a—fit form as

(aﬁ(tpb) + 1) E]
<Ev,3(tpb)> ,

E aﬁ(tpb)
@y (E, tpb) = §p(Lpb) (m) CXP[— (21)
Vﬁ P
5
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where a;(1y) is the so—called pinching parameter since it controls the high-
energy tail of the distribution caused by thermal effects. The as parameter sat-

isfies
2<Evﬂ (tpb)>2 - <E3ﬁ (tpb)>

ap(tpp) = : (22)
PPN T (1n)) = (Buy (1))
while &5 (1) is a normalization factor defined such that
/ @y, (E, tpy) dE = 1. 23)

Neutrino oscillations modify the introduced flux in Eq. due to the ef-
fects already explained in Section[1.1.2] Furthermore, neutrinos and antineu-
trinos streaming through the outer layers of the stellar envelope, from the
high-density region to the low-density one, feel ordinary matter effects as they
cross two resonance layers. These two layers are called Mikheyev-Smirnov-
Wolfenstein (MSW) resonance layers (L and H), and they are separated by a
rather large region due to the relation between the two mass splittings (intro-

duced in Section[l.1.2), [Am2,,,| > Am2,,.

Figure[26/shows the level-crossing diagrams for the mass spectra in the nor-
mal and inverted orderings, in the right and left plots, respectively. The black
curves represent the mass eigenvalues as a function of electron number den-
sity?} while the black dotted lines correspond to the energies of the flavor levels
v, and v,. Negative values of the electron number density refer to the antineu-
trino sector and n.= 0 represents the vacuum. These diagrams allow us to de-
termine in which mass eigenstate will emerge a neutrino produced in a given
interaction eigenstate. Furthermore, note that H-resonance is satisfied by neu-
trinos in normal ordering (NO) whereas in inverse ordering (I0) is only satisfied

by antineutrinos, making the neutrino burst dependent on the hierarchy.

9The SN matter potential is defined as A, = \V2Ggn, where n, = n,- — n,-, related to the net
electron fraction and the matter density, refers to the electron number density and G is the
Fermi constant of the weak interactions.
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Figure 26: Three-flavor level crossing diagrams for neutrino propagation or
mass eigenstates in terms of the electron number density. The left figure shows
the normal ordering scenario whereas the right one displays the inverted or-
dering diagram. The H-resonance region is associated to Am2,,, whereas L-
resonance is related to Am?_, [20].

The flux modification due to this effect (neglecting Earth matter crossing)
for normal ordering is

Dy, =Py UL D) + (1 - Py US,) DY (24)
Dy, = U DY + U, DY, (25)

while for the inverted ordering one has

D, = UL D) + U DY (26)
5, = Py U, DY + (1 - Py Uy)) DY 27)

Here, Py denotes the probability of a transition to an adjacent mass eigenstate
when crossing the H-resonance layer, and @®° is the non-oscillated flux. From
the neutrino mixing matrix, introduced in Eq. |3} and from the currently best-fit
values of the mixing angles [71], one obtains

U2 = cos® 13 cos® 01p = cos? 012 (28)

Uy, = cos” 013 sin” 0y, = sin” 0y. (29)

In standard SN simulations, the matter density profile decreases sufficiently
slowly that neutrino evolution is adiabatic, meaning that each mass eigen-

state follows the corresponding eigenvalue shown in Fig. This behavior,
95



3 STUDY OF SUPERNOVA NEUTRINOS WITH THE XENONNT VETOES

however, breaks down at the shock front: the sharp discontinuity in density
induces strong non-adiabatic transitions.

Given the currently measured value of 6,3 of about 8° [71], the H-resonance
is adiabatic under steady conditions, implying a flip probability Py = 0. At the
shock fronts, in contrast, this resonance becomes fully non-adiabatic, and the
transition probability reaches Py = 1. The L-resonance is crossed by the shock
only at comparatively late times (f,, > 10 s), and it never becomes strongly
non-adiabatic. Therefore, sub-leading effects associated with a nonzero P; are
generally neglected [17], [20], [22], [72].

Now, the flux integrated in the total SN emission time (or fluence), which is
about 8 seconds in both cases, for a 27 M and 11.2 Mg SN progenitor masses
at 10 kpc from the Earth, will be shown for different configurations. All these
fluxes were computed using SNEWPY with the models from the same frame-
work, in the LS220 EoS. These models were previously introduced in Section
[1.2.2]in which their luminosities and mean neutrino energies were displayed.
Firstly, the fluence for the two progenitor masses will be compared for all neu-
trino flavors.

Note that in the study of supernova neutrinos, muon and tau neutrino
flavors are indistinguishable due to the lack of a significant difference in their
interactions at this energy range, which take place through NC interactions.
Correspondingly, their spectra and flux, indicated as v, and Vv,, are always
shown together due to their similarity.

As shown in Fig. [27} the fluxes differ significantly across progenitor masses.
This trend can be attributed to the distinct luminosities characterizing the
post-bounce accretion phase (see Fig.[4}- center). Moreover, following the peak
luminosity in the neutronization burst, shown in Fig. [d}left, in both cases, the
dominant non-oscillated flux comes from electron neutrinos.

Then, as shown in Fig. time-integrated fluxes of non-oscillated neutri-
nos from all flavors are compared with the fluence considering normal order-
ing oscillations induced by adiabatic MSW resonance effects inside the stel-
lar envelope in the upper figure. We have considered adiabatic conditions for
simplicity, in order to perform a first estimate of the difference in the number
of expected events in our detectors. In the lower one, the same comparison is
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performed but with inverted ordering oscillations induced by the same effects.

Focusing on the v,, which will be the focus on the following sections due
to their predominant interactions in water at the considered energies, we can
see that the difference between the flux with and without oscillations is not
as significant as in the case of the neutrino of the same flavor. Moreover, for
the inverted ordering, if we return to Eq.[27|and assume adiabatic conditions
(Pg = 0), the resulting flux becomes identical to that of the x-flavor (muon
and tau) neutrinos and antineutrinos, consistent with what is observed in the
lower panel of Fig. Furthermore, the same phenomenon occurs in normal
ordering oscillations of the electron neutrino, which is approximately equal to
the non-oscillated x-flavor flux, as shown in the upper panel.

The total time- and energy-integrated flux for the electron antineutrino is
about 2.044 - 10"°m~2 without considering oscillations. With neutrino oscilla-
tions, it becomes 2.006 - 10'>m~2 in the NO case and 1.926 - 10"°m~2 in IO, which
would imply that the expected number of events in the XENONnNT Veto could
be significantly lower if the mass eigenstates follow an inverted hierarchy.
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Figure 27: Total supernova emission time-integrated fluxes of non-oscillated
Ve, Ve, Vy and v, with x = y, T for 27 Mg and 11.2 M SN progenitor stars at 10
kpc in LS220 EoS.
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Figure 28: (Upper) Comparison between time-integrated fluxes of non-
(dashed) and adiabatic normal ordering oscillated (solid) v, V., vy and v, with
x =y, tfora27 Mg SN progenitor star at 10 kpc in LS220 EoS. (Lower) Compar-
ison between time-integrated fluxes of non- (dashed) and adiabatic inverted
ordering oscillated (solid) ve, V., vx and v, with x = y, T for a 27 My SN progeni-
tor star at 10 kpc in LS220 EoS.
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3.1.2 Supernova neutrino interactions in water

Thanks to the dimensions and low background rates reached in the XENONnT
detector, it may able to detect also all flavor neutrinos coming from supernova
explosions through their coherent elastic scatters on Xe nuclei in the TPC [72].
But this is not the only channel through which XENONNT can detect SN neu-
trinos.

Supernova neutrino detection in XENONNT occurs mainly through two
channels:

¢ Coherent Elastic Neutrino-Nucleus Scattering: Neutrinos scatter off Xe
nuclei producing nuclear recoil signals. This method is insensitive to
neutrino flavor, allowing for the detection of all neutrino types.

* Inverse beta decay: The reaction from Eq. [1]is exploited, where both
positron detection and neutron capture allow for a clear v, identification,
especially in water-based detectors with high proton content. This pro-
cess, with the subsequent emission of Cherenkov light by the positron
and the delayed neutron capture in water, is shown in Fig. |29 The typical
time delay between the positron prompt signal and the neutron capture
in water is ~ 200 ps.

In this work, we focus on the detection of IBD interactions in the water
Cherenkov Muon and Neutron vetoes, since it is the dominant detection
channel for supernova v, in water Cherenkov detectors and scintillators.
Although the IBD cross section is relatively small compared to charged current
interactions on nuclei (as will be discussed in Section |4.1.2), it is by far the
largest among the interactions relevant in the supernova neutrino energy
regime (below ~ 100 MeV).

Other processes occurring in this energy range include CEvVNS and elastic
scattering on electrons, introduced in Section However, being neu-
tral-current interactions, their cross sections are significantly lower, and they
often lead to partially or fully undetectable signals in water. For instance,
CEvVNS produces nuclear recoils with energies well below the Cherenkov
threshold, and elastic v — e~ scattering yields recoil electrons whose energies
may fall below or only slightly above threshold, limiting their detectability. At
energies of about 100 MeV, CC interactions with oxygen also contribute, but
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as already observed in the flux at these energies of typical SN spectra (Fig.[27),
this contribution remains negligible.

The detection of neutrinos could help to determine the position of the SN in
the visible Universe. The most promising method for neutrino pointing is via
elastic scattering, in which the electron gets kicked in the direction of the neu-
trino. In a Cherenkov detector such as Super-Kamiokande, the directionality
of the electron can be determined from the Cherenkov ring. In the XENONnT
Veto, the Cherenkov angle is not measured which makes the IBD the only rele-
vant detected interaction [17], [22].

T~ 200 ps

¢ « N
‘J !
Y

2.2 MeV

Figure 29: Schematic illustration of an IBD process and the subsequent
positron emission of Cherenkov light with the delayed neutron capture on an-
other proton. The characteristic neutron capture time in water is T =~ 200 us
[18].

The inverse beta decay cross section, obtained from sntools [73], which is
a Montecarlo event generator for supernova neutrino interactions, is shown in
Fig. The cross section from sntools is based on the calculation from [74].
Moreover, in this framework, the differential cross section in given is terms of
the positron recoil energy apart from the neutrino energy, so it has been in-
tegrated in the full positron recoil energy range to obtain the plot shown just
below, in units of [m?].
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Figure 30: Inverse f-decay cross section shown in the supernova neutrino en-
ergy range with a value of the order of 10~* m? at about 50 MeV. The IBD thresh-
old is present at 1.806 MeV.

3.1.3 Expected positron event spectrum in the Vetoes

The differential energy spectrum of expected neutrinos interacting via IBD, for
each energy bin, and considering that they arrive homogeneously to the water
tank, is defined by:

Ny _ d®} (E;)

i HzOfp—dEi oi(Ei) (30)
where Ny, is the number of water molecules targets in the number of tonnes
considered, f, is the fraction of H or free protons in water (f, = 2), ®; is the
flux in the energy bin i, already time integrated in units of MeV~-'m~2, and o;
is the cross section in the energy bin i, already integrated in the final positron
energy, in units of m?.

As already mentioned in the previous section, the products of the IBD in-
teraction are a positron and a neutron. The positron carries away most of the
antineutrino energy, leading to a continuous positron spectrum with

E,+ ~ Ey, — 1.806 MeV (31)

where 1.806 MeV is the kinematic threshold of the reaction, given by m, +
(m, — my). Because of the large mass difference between the neutron and the
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positron, only a tiny fraction of the antineutrino energy goes into neutron re-
coil, which is typically of the order of ~ 1 keV. Thus, to a good approximation,
the positron spectrum can be computed by neglecting the neutron kinetic en-
ergy, in particular at small neutrino energies.

Expected interaction spectrum in the water tank

The neutrino spectrum and the corresponding positron spectrum in the en-
tire water tank (Fig. were calculated by considering the number of water
molecules in 700 tons, multiplied by two to account for the number of free pro-
tons per molecule. The convolution was then performed between the electron
antineutrino flux from a 27 M, progenitor at 10 kpc, using the LS220 equation
of state and neglecting oscillations (Fig. [27), and the cross section shown in
Figure This convolution is illustrated in Fig. BI]which shows how the an-
tineutrino spectrum in the water tank is shifted toward higher energies due to
the combined effect of the flux peak and the rising cross section.

The energy-integrated number of events expected in the whole XENONNnT
veto is about 170 events.

—— Ve expected events in the WT
81 IBD cross section (1e-45 m?)
—— Ve SN flux (1.7€13 m™2 MeV 1)

dN/dE [MeV~1]
P v o

w

0 10 20 30 40 50

E [MeV]
Figure 31: Convolution of the v, non-oscillated time-integrated flux (red) from
the SN progenitor of 27 M, in LS220 EoS at 10 kpc with the IBD cross section
(light blue) to produce the neutrino rate in the water tank (black). The flux and
cross section have been scaled for visualization purposes.
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Figure 32: Differential v, IBD interaction spectrum (dark blue) with its asso-

ciated differential positron spectrum (light blue). The flux considered is the
non-oscillated one from the SN progenitor of 27 M, in LS220 EoS at 10 kpc.

Expected SN neutrino events: WT, MV and NV

Tables[1]and [2|examine the different values of the expected number of events,
computed using Eq. but replacing the number of targets with those in
the NV (34 tonnes) and in the MV (700-34 tonnes), and then applying the
corresponding neutrino fluxes. Note that the NV contains approximately 5%
of the water volume of the MV, which is consistent with the expected number
of events obtained for all models. For instance, in Table [1| we observe that
the expected number of events roughly doubles when the progenitor mass is
approximately twice as large.

We also note that for the SFHo EoS model, whose peak luminosity is slightly
higher and whose neutrinosphere temperature exceeds that of LS220 at certain
times, the expected number of events is correspondingly slightly larger in all
three active regions.
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Model NV | MV | NV+MV
LS220,11.2 M, | 4.3 | 84.2 88.6
L.S220, 27 M 8.3 | 161.6 169.8
SFHo, 27 M, 8.6 | 167.5 176.0

Table 1: Expected IBD interactions for different progenitor models at 10 kpc,
in the whole water Cherenkov Veto and its two subsystems, the NV and the
MV. The first two rows compare results obtained from two different progeni-
tor masses while the second and third rows contrast two progenitors that differ
in their EoS.

Model NV | MV | NV+MV
LS220, 27 M, 8.3 | 161.6 169.8
LS220, 27 My, NO osc | 8.1 | 159.5 167.6
LS220, 27 M, 10 0sc | 7.9 | 155.1 163.0

Table 2: Expected IBD interactions for the same progenitor model at 10 kpc, in
the whole water Cherenkov Veto and its two subsystems, the NV and the MV.
The comparison among three flux predictions with different oscillation effects
is shown. When NO and IO oscillations are mentioned, we refer to adiabatic
conditions.

Regarding the difference between neglecting oscillations and including NO
or 10 matter effects, shown in Table |2} we find that the discrepancy in the ex-
pected event counts does not exceed about seven events in the entire WT. This
arises from the similarity of the temperatures (or, equivalently, typical energies;
see Fig.[5) associated with v, and vy, v,, whose fluxes are closely related under
adiabatic conditions, as discussed in Eqs. [25]and [27]

The expected number of SN IBD interactions in water carries a systematic
uncertainty of 20-30%, which is derived from the only observation of a core-
collapse supernova neutrino flux: the SN1987A neutrino signal [75].

It should be noted, however, that these spectra are still an approximation:
as the antineutrino energy increases, the neutron recoil energy becomes larger,
reducing the fraction of energy carried by the positron. This phenomenon is
shown in Fig. [33| where the difference between the antineutrino energy and
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the positron energy is plotted in terms of the energy of the former. This plot has
been obtained from GENIE [76] simulations of SN antineutrino interactions in
water between 10 and 70 MeV (note that GENIE only supports energies start-
ing from 10 MeV). The SN model used was from the SN progenitor of 27M,, at
10 kpc with LS220 EoS and without considering oscillations. The cross section
used for this calculation was obtained from the default interaction model de-
fined in GENIE (RFG-LS from v3.06.00 [77] which employs a Relativistic Fermi
gas nuclear model and Llewellyn-Smith model for CCQES). As we can see, the
mean value of the difference between the antineutrino and positron energy AE
over the entire range is 2.4 + 0.6 MeV, which is compatible with the kinematic
threshold of the process. However, if higher neutrino energies were considered,
the neutron recoil would become large enough to invalidate the approximation
used here.
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Figure 33: Bin averaged-energy difference between the emitted positron and
the incoming antineutrino, for the IBD process, in terms of the incoming neu-
trino energy bin center. The grey band represents the standard deviation in
each energy bin. The mean value in the whole range is 2.4 + 0.6 MeV; at low en-
ergy, it is compatible with the 1.806 MeV energy threshold.
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3.2 Montecarlo simulations in the XENONnT Water
Cherenkov Vetoes

3.2.1 Simulation framework of XENONNT: GEANT4

The XENONnNT simulations are based on the GEANT4 [78] toolkit, with the
Montecarlo (MC) framework built upon the simulation package originally de-
veloped for XENON1T. GEANT4 is an open-source toolkit developed at CERN
for simulating the transport and interactions of particles in matter, used in
several nuclear and subnuclear fields such as high-energy physics, medical
physics, space sciences, and radiation protection. Particle transport is tracked
step by step, considering interactions such as energy loss, scattering, or inter-
actions with electromagnetic fields. This transport ends when the particle loses
all its kinetic energy, disappears as a consequence of an interaction, or reaches
the boundaries of the simulation. The signals observed by the XENONNT de-
tectors, consequence of photons hitting the PMTs’ photocathode, are then
simulated with custom-developed waveform or hitlet simulators (see Section
to reproduce the same raw data format as recorded with real data.

For particle generation and propagation, GEANT4 version 10.06-patch02 is
employed in the XENONnNT simulations, whose general idea is to connect all
subdetectors in a unique framework to produce complete and consistent sim-
ulations of the entire experiment.

The Neutron Veto is modeled in GEANT4 consisting in various ePTFE re-
flective panels and PMTs mainly designed to detect Cherenkov photons pro-
duced by neutron captures in water. The Muon Veto was modeled, as already
mentioned, for XENON1T in an analogous way to the Neutron Veto. The NV
and MV model and the core cryostat surrounding the TPC, as implemented in
GEANT4 is shown in Fig. The optical properties of both vetoes have been
extensively characterized, considering the Cherenkov photon absorption, re-
flection and transmission within the systems.

66



3 STUDY OF SUPERNOVA NEUTRINOS WITH THE XENONNT VETOES
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Figure 34: GEANT4 rendering of the whole XENONNT detector setup, including
the Muon Veto and Neutron Veto systems. The water tank walls, responsible for
housing the MV PMTs, the Neutron Veto support structure, and other compo-
nents, are not shown in this picture for clarity. The NV ePTFE reflective panels,
isolating NV from the MV region, are shown as translucent blue surfaces. The
detection area of the NV PMT windows is positioned in their dedicated panel
openings.

The NV and MV PMT geometry, including its body and head, is accurately
incorporated in GEANT4, whereas simpler methods are performed to model
the internal parts to avoid performance degradation. The NV and MV PMTs
geometry is equal and shown in Fig. 35} right. Currently, the PMT photocath-
ode (represented in red in Fig. [35}right) is modeled as a fully opaque surface
that absorbs and records hitting photons. However, its complete reflectivity
is under consideration pending dedicated measurements on the specific PMT
model.
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Figure 35: (Left) NV PMT rendering, as reproduced in GEANT4. The red
line represents the PMT photocathode. (Right) MV and NV water absorption
length (blue right axis) model displayed along with the reflectivity of reflective
foil present in the water tank walls (red) and the one from the ePTFE panels
forming the NV.

As mentioned, the optical properties of the vetoes are critical factors that
must be correctly reproduced in GEANT4. One of these properties is the
water absorption length (shown in Fig. [35), which is modeled employing
parameters from Super-Kamiokande calibrations, including data on refractive
index, absorption length, and Rayleigh scattering length across the energy
range [1.57, 5.03] eV. The ePTFE panels that enclose the NV volume presents a
reflectivity of 99.35%. The cryostat is also clad with the same ePTFE reflector.
This high reflectivity is critical to ensure that most photons are reflected inside
the system until they eventually reach the PMTs, enhancing the detection
efficiency.

The walls of the water tank are clad with the highly reflective DF2000MA foil
with a specular reflectance close to 100% for wavelengths larger than 400 nm,
while ~ 90% of the incoming light below 370 nm is absorbed by the foil. This
dependence of the MV foils on the photon wavelength is shown in Fig. [35} right.
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3.2.2 Neutron Veto and Muon Veto Hitlet Simulators: PMT response to
photon detection

NV Hitlet Simulator

A custom package, the NV Hitlet Simulator (HitSim), is used to simulate the
response of the PMTs to incident Cherenkov photons, complementing the
GEANT4-based NV simulations. Its purpose is to generate low-level signal in-
formation identical to that of real data, thus allowing the same data processing
chain to be applied to both experimental and simulated Neutron Veto data. In
fact, it is designed as a fast tool to build NV hitlets (introduced in Section[2.6.6)
and events, assuming ideal delta-shaped PMT signals, since the full waveform
time evolution is not considered in the analysis process of this detector.

For each Cherenkov photon reaching a NV PMT, information such as
the impact time on the photocathode, the PMT channel and the photon’s
wavelength, is stored in the GEANT4 Root TTree format output. This file is
later processed by the HitSim. As introduced in Section the processing
of raw data waveforms is performed by strax and straxen. In the simulation
workflow, the first step is to convert impinging photons into detected photons
with a properly simulated charge signal amplitude in order to finally convert
PMT hits into straxen events.

Photon detection occurs when a photon generates a photoelectron (PE) at
the PMT photocathode with a probability dependent on the wavelength and
the PMT quantum efficiency (QE). Once the PE is generated, it must arrive to
the first dynode of the amplification stage. The corresponding probability is
absorbed into the PMT collection efficiency (CE).

The HitSim uses three inputs to model the full detection probability and to
convert each photon hitinto an area in units of photoelectrons (PE), following:

Paet(A) = Binom(n =1, p = QE;j(A) - SPE4 - eCE) (32)

This probability determines whether a photon hit survives and, if so, how its
charge is sampled.

We can see an additional parameter, SPE,.., the Single PE Acceptance, which,
together with the other two, will be described in the following paragraphs.
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Quantum Efficiency
The wavelength-dependent QE; is the quantum efficiency for each PMT pro-
vided by Hamamatsu. Fig. shows the impact of applying QE on the
Cherenkov photon spectrum, also including the absorption length model of
water used in the simulation.

Cherenkov spectrum
— PMTQE
Water Absorption Length
mmmmm Cherenkov x QE
Cherenkov x QE x Water Abs Length
- Reflectivity Monitor laser (375 nm)
—-—- Diffuser Ball laser (448 nm)

0.8
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Normalized spectrum

0.2

0.0f

2.’!0 360 3.’;0 : Al;ﬂ 115'(] 5[3(] 5.’!0 660
Wavelength [nm]

Figure 36: QE curve of one PMT overlapped and convoluted to the energy spec-

trum of the Cherenkov photon hit from GEANT4 output. The model of wa-

ter absorption length is also considered and convoluted with the two previous

ones. The dotted and dashed-dotted thin lines are the wavelengths of the Re-

flectivity Monitor and Diffuser Ball lasers’ calibrations.

The wavelengths to which the NV is most responsive fall within approxi-
mately [300, 400] nm, with about 75% of the Cherenkov spectrum contained
within the [290, 440] nm range. Even if the QE reaches its maximum around
350 nm, the number of emitted Cherenkov photons per unit wavelength is
inversely proportional to the wavelength squared, which shifts its maximum
sensitivity slightly below 350 nm.

Effective Collection Efficiency
The effective Collection Efficiency or eCE, accounts for the probability that a
generated PE reaches the first dynode and is successfully amplified. Although
each PMT should have its own CE, HitSim uses a single effective value per
science run. This eCE is tuned through a Monte Carlo-Data matching proce-
dure using AmBe calibration data. It encapsulates all potential uncertainties
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and discrepancies between the real detector optical performances and the
simulation. The eCE determined for SR1 (with pure water condition, no
Gd-doping) and adopted in this work is [79] eCE = 87%.

SPE PDF and Acceptance
The factor SPE,.. accounts for the probability that a low-amplitude signal sur-
passes the NV DAQ hardware threshold (typically 15 ADC counts). This accep-
tance depends on the SPE model, which incorporates:

e fully-amplified photoelectrons,

e sub-amplified PEs (due to incomplete first-dynode multiplication, inef-
ficient electron collection, or photons reaching the first dynode directly),

e pedestal contributions (charge present in PMTs without light arriving to
them),

¢ double-photoelectron (DPE) emission, which accounts for cases in
which two photoelectrons are created when one photon arrives to the
photocathode.

The SPE model used in HitSim consists of two components: one describ-
ing the under-amplified photoelectrons through a smoothed box function,
and another representing fully amplified photoelectrons using a Poissonian-
Gaussian distribution. However, due to the DAQ hardware threshold, a signif-
icant fraction of under-amplified electrons is not recorded, which leads to in-
accuracies when relying solely on the raw SPE model.

To address this issue, HitSim employs a hybrid charge-sampling approach
that combines real data distributions with theoretical fit functions, thereby
compensating for the impact of the ADC threshold on the charge spectrum.
The resulting charge-sampling PDF merges measured data with theoretical
predictions, as illustrated in Fig.

The SPE acceptance is computed as the fraction of the SPE PDF lying above
the DAQ amplitude threshold.
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Figure 37: Charge distribution of a NV PMT obtained with LED calibrations.
The final SPE model used by the HitSim (solid green line) is a combination of
the data with the 15 ADC count amplitude threshold applied (orange distribu-
tion) and of the SPE fit function (dashed thin black line). Up to the first inter-
section point (marked with the solid vertical line), the distribution follows the
data, then it continues with the fit function, excluding the DPE (or 2PE) com-
ponent. .

From the SPE,.., QE, and eCE the detected photons are obtained thanks
to Eq. then, HitSim samples the charge associated with each detected hit
using the SPE model. Finally, once charge sampling is performed, the result-
ing pseudo-hitlets are converted into hitlets and eventually into events via the
corresponding straxen plugin. These resulting events are compared with real
experimental data to assess the accuracy of the simulation.

MV Hitlet Simulator

The preliminary MV Hitlet Simulator, similarly to that of the NV, has a detection
probability defined as

Pdet(A) = Binom(n =1,p = QE;(A) - eCE) (33)

where QE; is also the wavelength-dependent quantum efficiency of the i-th

PMT, reported in Hamamatsu datasheets and eCE the effective collection

efficiency obtained from Montecarlo-muon data match accounting for both

CE effects (collection of the created photoelectron at the first dynode) and
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possible mismodeling of the MV optical properties in GEANT4. The value
obtained from the mentioned MC-data match was eCE =1.31 [80].

In this simplified version, the Single PE response is modeled by a Gaussian
distribution with a mean area of 1 PE and a standard deviation of 0.5 PE.
Even if this model neglects the detailed shape of the real SPE spectrum, it still
considers the PMT gain fluctuations due to the multiplication process in the
dynode chain.

Another consideration in order to account for all the conditions present
in the Muon Veto data acquisition system, is its trigger. As already mentioned
in Section the MV DAQ trigger register possible physical signals when 5
PMTs detect at least 1 PE (~100 ADC) within a 300 ns time window. As a conse-
quence, MV HitSim registers the event whenever these conditions are satisfied.

Even if this MV HitSim is a preliminary version and must be further devel-
oped, it shows an actually good agreement between muon MC data and real
muon data [80], so this tool has been used to convert hits in MV PMTs into PE
area in our study.

3.3 Supernova positron and neutron simulations in the
XENONNT Vetoes

Considering the model implemented for XENONNnT in GEANT4, we have
isotropically generated 10* neutrons and 2 - 10* positrons separately, through
these Monte Carlo simulations in the whole water tank. The positron spectrum
is the one obtained from the neutrino flux without considering oscillations of
a27M, at 10 kpc and in LS220 EoS supernova model (see Figure[32).

On the other hand, neutrons have been generated with a fixed energy of 1 keV,
consistent with their expected recoil at low neutrino energies.

The visible energy caused by the positron, which carries away most of the
kinetic energy of the neutrino, is detected via its Cherenkov radiation until its
annihilation with an orbital electron, emitting two photons with total energy
1.022 MeV, takes place. Neutrons are subsequently moderated and captured by
protons (E, = 2.2 MeV), with an average capture time of ~200 us. This delayed
time and spatial coincidence forms a clear IBD signature, characterized by
the prompt positron annihilation followed by a delayed gamma signal, which
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allows background discrimination. However, in our case, we have simulated
the two products separately to study their detection efficiency. A deeper
study on this SN neutrino interaction by estimating the coincidence tagging
efficiency of these two particles could be done in the future.

Note that to emit Cherenkov radiation, a charged particle’s speed must
exceed the phase velocity of light in water, which is c/n, where n ~ 1.33 is the
refractive index of water and c is the speed of light in vacuum. This sets a
theoretical threshold for the lowest-speed particles that can be detected, ;5
= 1/n ~ 0.75, or a Lorentz factor y;;, ~ 1.51. For electrons/positrons, muons,
pions, and protons, this corresponds to total energies of 0.77, 159.55, 210.75,
and 1416.79 MeV, respectively. In practice, to be detectable, the total energies
must be somewhat higher. In our case, the positron spectrum peak is at about
20 MeV, which is far above the Cherenkov threshold.

The Cherenkov angle, is defined as cos 6c = 1/nf. For ultra-relativistic
particles, 6c = 42° is constant, while this angle diminishes as the particle
becomes slower. In our setup, the Cherenkov angle is not relevant due to the
design of our vetoes, which present very high reflectivity, diffusing particle’s
trajectory, quite low PMT coverage, and small dimensions in the case of the NV.

After obtaining the Root TTree output file of GEANT4, which contains the
photon hits registered in both the MV and NV PMTs, this file is processed by
the corresponding MV and NV Hitlet Simulators. Each simulator selects its
own PMTs based on the PMT hit ID variable (IDs 1000-1083 correspond to MV
PMTs, while 2000-2119 correspond to NV PMTs). The full simulation chain
specific to each detector is then applied, ultimately producing an output file
containing the generated events with areas expressed in units of photoelec-
trons. Note that in the case of NV events, the NV selection cut is applied af-
terwards, for which the events must have an area larger than 5 PE.

3.3.1 Event area for SN neutrino-induced positrons and neutrons

The primary positron event position, given by its x, y, and z coordinates inside
the water tank, is stored in the GEANT4 TTree output. By exploiting this infor-
mation together with the event ID, common to both the GEANT4 and HitSim
outputs, we can identify and select detected events originating either in the MV
or in the NV, as illustrated in Fig.
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Figure 38: Positron event position inside the water tank (WT): the left picture

shows a XY plane of the WT in which the two sections above and below the

NV have been removed for illustration purpose. The right picture displays the

whole WT in the XZ plane, where the MV generated events are clearly repre-

sented in red surrounding the NV (blue).

Once the MV and NV generated positron events have been selected, the
event area registered by the two detectors, differentiating the position of gen-
eration of the event, is shown in Fig. B9|for the NV PMTs and in Fig. [40]for the
MYV PMTs. The same procedure has been performed with simulated neutrons;
however, the Muon Veto is not expected to see the light emitted by neutron cap-
ture in water with significant efficiency (< 1%), so only neutron events detected
by the NV PMTs will be shown (see Fig. [41).

In both figures, we observe a region at a low event area corresponding to
events originating in the other detector. This is expected, since an event oc-
curring inside one detector produces most of its Cherenkov light within that
same volume. In addition, the events with very small areas, around 5 PE or so,
detected in the other detector are likely due to photons that travel through the
few and small openings present in the NV roof. In fact, the NV detects about
3% of the positron events generated in the MV (pink). Of these, less that 0.5%
are observed exclusively by the NV. Therefore, their contribution is negligible.
In contrast, the MV detects about 2% of the positron events generated in the
NV (blue), but none of them are seen exclusively by the MV.

Another fact to address is the higher amount of photoelectrons detected by
the NV thanks to its smaller volume, higher PMT coverage (120 PMTs compared
to 84 MV PMTs, in a 5% of water volume), and higher wall reflectivity.
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Figure 39: Simulated event area [PE] from positron events detected by the Neu-
tron Veto PMTs, for events generated in the NV (blue) and MV (pink). The NV
selection cut (> 5 PE) is also displayed as a black dashed line. The selection cut

has already been applied.
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Figure 40: Simulated event area [PE] from positron events detected by the
Muon Veto PMTs, for events generated in the NV (blue) and MV (pink).
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Simulated NV — SN neutron event area spectrum
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Figure 41: Simulated event area [PE] from neutron events detected by the Neu-
tron Veto PMTs, for events generated in the NV (blue) and MV (pink). The NV
selection cut (> 5 PE) is also displayed as a black dashed line. The selection cut
has already been applied.

The NV positron region of interest (ROI) is found between 50 and 800 PEs,
whereas in the MV is located between 10 and 80 PEs. On the other hand, neu-
tron ROI in the NV is contained in the range that goes from 5 to 40 PEs.

3.3.2 Simulated supernova v, detection efficiency in pure water
Simulated neutron detection efficiency

Given the 10* neutron events generated in the whole water tank and shown in
Fig. |41} those generated inside the NV are selected in order to obtain the Neu-
tron Veto neutron detection efficiency:

egv(NV generated events) = (81 +2)% (34)

whose value is compatible with the obtained neutron detection efficiency dur-
ing Science Runs 0 and 1, whichise, = (82+1)%, as mentioned in Section[2.6.2]
The efficiency uncertainty has been computed assuming a Binomial distribu-
tion.
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Simulated positron detection efficiency spectrum

An analog calculation for the Neutron Veto and Muon Veto positron detection
has been performed obtaining the following detection efficiencies:

eNY (NV generated events) = 100%

eMV(MV generated events) = (67.6 + 0.3)% (35)

In addition to the total positron detection efficiency in both Neutron and Muon
Vetoes, we have also obtained the distribution of their efficiency curves in
terms of the incoming positron total energy. This means that binned data con-
sists in ratios of simulated events that pass all cuts and detector thresholds
over the total number of simulated events, represented in terms of the incident
positron energy.

The dependence can be interpreted as a sharp threshold (step function)
smeared by the detector energy response, which is typically gaussian. In this
way, we convolute a step function or Heaviside function with a skewed Gaus-
sian kernel, in order to smooth the distribution and also consider a tail at high
energies, which is caused by a slower response in this range possibly due to the
PMT coverage of the detectors with regard to its dimensions, in fact, this effect
is more relevant for the MV (see Fig. [43).

In the simplest case, the response is modeled as a Gaussian with width o, so
the efficiency is given by the convolution of a Heaviside step function H(E — Ey)
with a normalized Gaussian kernel,

1 E?
g(E;o) = - eXp| =52 (36)

The resulting efficiency curve is
+00
n(E;o) = nmaX/ H(E' - Ey) g(E—-E’;0)dE’ (37)

which can be written in closed form in terms of the error function as

TImax E_EO
n(E; o) = l1+erf( )
2 V2o

Here, E| is the effective threshold energy, nmax is the maximum efficiency and
o parametrizes the width of the turn-on region.

(38)
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If the detector response exhibits an asymmetric tail, the Gaussian kernel
can be replaced by a skewed Gaussian distribution gy.w (E; 0, @), characterized
by an additional asymmetry parameter a.

1 E? aE
E,o,a) = —— | erf| -——— 39
&skew(E; 0, @) = exp( 20_2) er ( N 0) (39)
In that case, the efficiency is still given by the convolution of the step function
with the response function,

N(E; 0, ) = fhnax [ H(E' = Ey) gskew(E — E'; 0, @) dE’ =

o (052) 27 (5.0

which corresponds to the cumulative skew-normal function. The final result of
Eq. [40|is expressed in terms of the cumulative Gaussian distribution function
®(x), which corresponds to Eq[38] Moreover, a new term appears correspond-
ing to the Owen’s T function T (x, a), with x = (E — Ey) /o, which is related to the
bivariate Gaussian distribution.

For a = 0, the skewed kernel reduces to a symmetric Gaussian and the stan-
dard error-function parametrization is recovered.

In the skew-normal distribution, the mean is defined as

2 ao
= F, — 41
S EN s P

Therefore, considering a = 0 a mean corresponding to E, would be recovered,
which in the symmetric gaussian smeared response function would corre-
spond to the value n,,x/2. In our case, the mean is shifted to higher energies
as will be detailed below.

(40)

The fit of the distribution shown in Eq. [40]to the energy-dependent positron
efficiencies of the Neutron Veto and Muon Veto are displayed in Figs. [42land[43]
Additionally, the best fit parameters as well as their uncertainties are shown in
Table[3] Note that the fit has been performed by fixing the maximum efficiency
to 1.
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Fit parameter | Neutron Veto | Muon Veto
Ey (MeV) 0.508 +0.007 | 5.0+0.2
o (MeV) 0.243 +0.009 | 12.6+0.3
a 11+12 7+3

Table 3: Fit parameters obtained from the fitting of skewed-Gaussian convo-
luted to the step function and the energy-dependent efficiency computed from
positron MC simulations. Ej is the energy threshold, o the width of the slope,
and a the parameter that measures the asymmetry of the skewed distribution.
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Figure 42: The upper panel shows the step function convoluted to a skewed
Gaussian distribution (black dashed line) fitted to the positron efficiency, ob-
tained from NV simulations (black dots). The bottom panel shows the fit resid-

uals.
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Figure 43: The upper panel shows the step function convoluted to a skewed
Gaussian distribution (black dashed line) fitted to the positron efficiency, ob-
tained from MV simulations (black dots). The bottom panel shows the fit resid-
uals.

Detected supernova neutrino IBD events in the Muon and Neutron Vetoes

In this study, the detection of the IBD neutrino interaction will only be analyzed
through its positron signal, neglecting the one created by the neutron, due to
the former higher efficiency compared to the latter.

Having obtained the efficiency curve parameters, an extrapolation to the
other SN neutrino flux models described in this work (Section can be
performed. So, convoluting the energy-dependent positron efficiency curve
with the computed expected values of supernova electron antineutrinos
interacting through IBD in the water tank (see Tables|(1|and , we obtain Table
Accordingly to what was seen in the two expressions of Eq. 35, Neutron Veto
should detect all IBD positron events in the energy range considered in a SN
signal, so the model associated efficiencies are not displayed. On the other
hand, MV should detect about 60-70% of events. However, in this case we
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should also consider the energy value at the peak of the neutrino spectrum,
recalling Fig. for a SN progenitor of 11.2 My the neutrino energy at the
spectrum maximum is slightly smaller than the one for a 27 M, progenitor,
reducing its detection efficiency accordingly to Fig. The last column of
Table |4| shows the MV detection efficiency associated to each SN progenitor
model in order to describe this effect. However, all efficiencies are found to be
compatible.

Figs. and show the expected (black line) and detected (blue line)
positronrate in the Neutron and Muon Vetoes, respectively. The latter has been
obtained by convolving the black line with the efficiency curve obtained from
the fit (Figs.[42)and[43) and shown as a red dashed line. It is worth mentioning
that the ~0.5 MeV NV detection threshold allows detecting all positron events.

Model Exp. NV | Det. NV | Exp. MV | Det. MV | Eff. MV
LS220, 11.2 Mg 4.3 4.3 84.2 52.4 62+5%
LS220, 27 M, 8.3 8.3 161.6 108.0 67 +4 %
SFHo, 27 M, 8.6 8.6 167.5 109.5 65 +4 %
L.S220, 27 My, NO osc. 8.1 8.1 159.5 107.3 67 +4 %
1L.S220, 27 M, 10 osc. 7.9 7.9 155.1 106.0 68 +4 %

Table 4: Expected IBD interactions with (det.) and without (exp.) considering
the positron detection efficiency, obtained from MC simulations, in the NV and
MYV for different SN models at 10 kpc. Note that in the first three rows, oscilla-
tions are not considered, and when NO and IO oscillations are mentioned, we
refer to adiabatic conditions. The MV efficiency for each SN model is displayed
in the final column.

82



3 STUDY OF SUPERNOVA NEUTRINOS WITH THE XENONNT VETOES

0.40 4
1.0
0.35 1
0.8
0.30 1
0254 >
> 06 2
2 )
= 0201 —— e* expected 3
i / e™* detected ‘%‘
; 0.15 0.4 >
o Z
0.10 4
0.2
0.05 1
0004 7 e 0.0
0 10 20 30 40 50 60 70
E [MeV]

Figure 44: Expected (black) and detected positron spectrum (blue) obtained
by convolving the black spectrum with the Neutron Veto efficiency curve (red
dashed line) obtained from MC simulations. The SN model considered is a
27 Mg, SN progenitor at 10 kpc with the LS220 EoS flux without oscillations.
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Figure 45: Expected (black) and detected positron spectrum (blue) obtained
by convolving the black spectrum with the Muon Veto efficiency curve (red
dashed line) obtained from MC simulations. The SN model considered is a
27 M, SN progenitor at 10 kpc with the LS220 EoS flux without oscillations.
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3.3.3 XLZD projection for supernova neutrino detection

The XLZD observatory [69] is expected to represent the next generation of di-
rect Dark Matter detectors. Based on the expectations of supernova neutrino
detection via IBD obtained in this chapter for the XENONNT vetoes, we provide
an estimate of the required volume of the XLZD vetoes, for several SN distances
of emission. For reference, one proposed configuration for the XLZD vetoes in-
cludes having a Neutron Veto similar to that of XENONnNT, but with a cylinder
structure with an 8 m height, an 8 m diameter (337 tonnes, considering the vol-
ume occupied by the cryostat) and 316 PMTs. In addition, the design foresees
a Muon Veto with a height and diameter of 12 m (955 tonnes, accounting for
the internal NV volume) equipped with 129 PMTs. The cryostat is assumed as
a cylindrical structure with a 4 m diameter and a 5.2 m height that occupies a
volume of about 65 m>.

In this study, we assume that the XLZD vetoes will achieve supernova
neutrino-induced positron detection efficiencies comparable to those of
XENONNT (see Figs. and by maintaining a similar PMT coverage, re-
flectivity, and water absorption length. Considering Eq. [30[and [20} a relation
between the distance from the SN progenitor and the detector volume is ob-
tained. The SN model of a 27 M, LS220 EoS progenitor star is considered.

Table[5|presents three possible supernova distance scenarios and the corre-
sponding Neutron and Muon Vetoes pure water volumes required to detect 100
positrons produced by supernova neutrino inverse beta decay. For compari-
son, the first NV configuration (shown as a blue vertical dotted line in Fig.
displayed in the table would be similar to the proposed one, whereas the sec-
ond would already be almost five times larger. In fact the second and third NV
volumes reported are not realistic but included for completeness. Similarly for
the MV results, the first configuration would be smaller than the proposed one
(and the XENONNT MV), whereas the second one would be more than twice
its size. This configurations are shown as red vertical dotted lines in Fig.

Fig. |46/ shows the relation between the distance from the supernova and
the XLZD NV (blue) and MV (red) water volume, in order to detect 100 events
with their respective efficiencies. The sum of the benchmark 337 t NV vol-
ume and the full MV range considered in the plot, is shown as a black curve.
The total XLZD water tank volumes needed to detect 100 supernova neutrino-
induced positron events within a 10 s burst at a distance of 20 and 30 kpc are
2297 and 5380 tonnes of pure water, approximately. The proposed configura-
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tion of about 1.3 kilotonnes of pure water would be able to detect at least 100
events up to SN distances of about 15 kpc as shown in Fig[46]

SN distance [kpc] XLZD NV XLZD MV
volume volume
10 410 tonnes 617 tonnes
20 1649 tonnes 2467 tonnes
30 3711 tonnes 5550 tonnes

Table 5: XLZD projection: NV and MV water volumes for three different su-
pernova distances in order to detect approximately 100 supernova neutrino-
induced positron events. The detection efficiencies are assumed to be those of

XENONNT (Figs. [42|and[43).
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Figure 46: Water volume of the XLZD Neutron (blue) and Muon (red) Vetoes
needed to detect 100 events for different SN distances (as shown in Table [5),
assuming a 27 M SN progenitor with LS220 EoS. The black solid line repre-
sents the whole XLZD water tank volume as the sum of the benchmark NV vol-
ume (337 t) and the full MV volume range (red solid line). Colored squares and
circles represent the SN distances at which the proposed XLZD and XENONnT
NV, MV and MV+NV configurations yield 100 positron events, respectively. Ver-
tical dotted lines indicate the corresponding veto water mass for the detection
of 100 events due to a SN a distance of 10, 20 and 30 kpc.
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4 Study of atmospheric neutrinos
with the XENONNT Vetoes

The effects that atmospheric neutrinos would induce in next-generation di-
rect Dark Matter detection experiments were introduced in Section This
Chapter will examine in more detail the characteristics and flux uncertainties
of this type of neutrinos in Section followed by a description of the in-
teractions that low-energy atmospheric neutrinos undergo in water in Section
Finally, by convolving the two previous components, the expected num-
ber of interactions per year and per tonne of detector mass, considering either
the entire water tank or its two veto subsystems, the Neutron Veto and Muon
Veto, will be obtained in Section|4.1.3

Building on this, Section[4.2.1|will analyze, using GEANT4 simulations, the
event area distributions for the four most relevant neutrino flavors in this en-
ergy regime, followed by an evaluation, in Section of the detection ef-
ficiency of these events in both the Neutron Veto and Muon Veto. Lastly, the
projection to the next-generation XLZD observatory will be presented in Sec-
tion[4.2.3|

4.1 Expected atmospheric neutrino rate in the water
Cherenkov Vetoes

4.1.1 Thelow-energy atmospheric neutrino flux and its uncertainties

The low-energy regime of atmospheric neutrinos is the focus of this work, as it
significantly impacts the coherent neutrino-nucleus scattering background in
the XENONNnT WIMP region of interest within the nuclear recoil spectrum of
the Time Projection Chamber.

In this regime, the flavor ratio is well under control, since these low-energy
neutrinos are produced in a regime where the decay chain p — p — vis fully
effective since most muons decay before hitting the ground, and the kaon
contribution to neutrino production is practically negligible here. On the
other hand, at higher neutrino energies, above 1 GeV, the fraction of muons
hitting the ground before decaying increases, leading to a higher fraction of
muon neutrinos and antineutrinos with regard to the electronic flavor.
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Neutrino flux @ is defined as the energy spectrum dN /dE of neutrinos pro-
duced per unit area A, unit time ¢, and solid angle Q as viewed from the detec-

tor:
dN

dEdAdrdQ
In spherical coordinates, the unit solid angle is dQ = d cos 6,¢, d ¢, where 0,

is the zenith angle, defined by the orientation of the neutrino arrival direction

relative to the detector axis, and ¢ is the corresponding azimuthal angle.

D, (E,Q) = (42)

Assuming that neutrinos do not change flavor during propagation from the
production point in the atmosphere to the detector, one can obtain two funda-
mental and very robust properties: at energies below a few GeV, the flux of v, is
approximately twice as large as the flux of v,, D, ~2d,,, due to the multiplici-
ties of each of the two neutrino flavors, described in Egs. and Moreover,
the fluxes of all neutrino species are up-down symmetric in the zenith angle 9,
which means that &, _(E,, ) = &, (E,, 7 — 0). This phenomenon is shown in
Fig. [8} right.

If oscillations occur, the up-down symmetry would be broken and the effect
could be easily observed by measuring a difference in the rates of upgoing and
downgoing events of different flavors [3], [4], [23], [76].

Uncertainties and flux variations

The cosmic ray flux at the lowest energies is modulated by the solar cycle, in-
ducing atime variation that is expected to propagate into the atmospheric neu-
trino flux at these energies. This is because cosmic rays reaching the top of the
atmosphere interact with the solar wind and the solar magnetic field within the
heliosphere. The solar cycle has a period of 11 years from one minimum to the
next, in which more incoming interstellar particles are allowed.

It has been found [81] that between a solar minimum and a solar max-
imum, the normalization of the flux changes by approximately 30% at a
high-latitude location such as the Sanford Underground Research Facility,
while it changes by a smaller amount, of the order of less than 10%, at the Lab-
oratori Nazionali del Gran Sasso. A Dark Matter detector that runs for a period
extending through solar cycles will be most effective at identifying this time
variation. This opens the possibility to distinguish such neutrino-induced

nuclear recoils from Dark Matter-induced nuclear recoils, thus allowing for
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the possibility of using timing information to break through the “neutrino fog.”

A second challenge to predict the interaction rate of a flux of atmospheric
neutrinos involves properly modeling the geomagnetic field. When low-energy
(<10 GeV) cosmic rays approach the Earth, they are deflected by the geomag-
netic field due to the rigidity cut-off. The rigidity cut-off determines which cos-
mic rays can enter the Earth, and it varies with the arrival direction at each lo-
cation on Earth. As a consequence, the flux of low-energy neutrinos is higher
for detectors located near the poles than for those near the equator.

A futuristic detection of these neutrinos could provide new insight into the
structure of the geomagnetic field and cosmic ray flux at low energy, as the lat-
ter is one of the most relevant contributions to the flux uncertainty.

Other contributions to this uncertainty include cross section uncertainties
from the interactions between protons and the nuclei present in the atmo-
sphere.

Atmospheric-neutrino mixing

At low energies, the flux ratio combining neutrinos and antineutrinos is
approximately v, : v, : v; = 1 : 2 : 0 before oscillations. In vacuum, neutrino
oscillations depend on the energy and the baseline (or, equivalently, the
zenith angle), and the dominant v, — v, oscillation, with an associated mix-
ing angle of about 45¢ [71], drives the flavor ratios towards v : v, : v = 1:1: 1.

As atmospheric neutrinos propagate through the Earth, however, the situ-
ation becomes more complex because matter effects modify the vacuum os-
cillation pattern. The Earth is composed of layers with very different densities:
crust, mantle, and core, so neutrinos crossing different trajectories experience
different matter potentials. This leads to characteristic distortions in the os-
cillation probabilities as a function of energy and zenith angle, particularly for
neutrinos between 0.1-1 GeV and those around 6 GeV or so, where MSW reso-
nances, mentioned in Section[3.1.1} happen. Although these enrich the overall
oscillation pattern, their impact is still smaller than the uncertainties associ-
ated with the atmospheric flux itself [4], [13], [82].
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FLUKA atmospheric neutrino flux at LNGS

Figs. shows, as red and black dots, flux tables for the LNGS made with
FLUKA calculations [23] without taking into account the effect of local atmo-
sphere and ground profile (mountain shape, elevation...) that may account
for a few percent systematics in the determination of low-energy atmospheric
neutrino fluxes. These fluxes are angle integrated and solar-cycle averaged for
energies from 10 MeV to 1 GeV. Solar-averaged fluxes are indeed appropriate
for long data runs. Moreover, neutrino oscillations are not taken into account
in these tables.

The structures visible in the shape below 100 MeV come from the decay at
rest of pions and muons, which stop as they arrive at the end of their range.

The monochromatic spike in the v, and v, fluxes (Fig.[47]-right) at about 30
MeV is due to the two-body decays n* — p* + v, and n~ — p~ + V.. The decay
1t — et +v, is also accounted for, but due to the much smaller branching ratio
the effect is negligible on the electron neutrino flux, shown in red in Fig[47}-eft
. The shoulder at about 53 MeV in both muon and electron neutrino plots is
due to the decay at rest of muons (u* — e* + v, + v, and its charge conjugate).
Negative pions captured undergoing nuclear interactions, and the atomic cap-
ture probability of negative muons are also accounted for, where neutrinos can
be produced through scattering with one or more nucleons.

The differences between neutrinos and antineutrinos, for both flavor cases,
show the different abundances of n* and n~ produced in p-nucleus collisions
and the capture probabilities of pions and muons. This latter essentially
explains why electron neutrinos and muon antineutrinos (both from p*
decay) have larger fluxes than their associated antineutrinos and neutrinos,
respectively. At high energies, the spectra of v, and v, follow the well-known
power law of the parent cosmic rays, dN/dE ~ E~27, while the spectra of v, and
v, are steeper due to those muons reaching the ground before decaying.

These fluxes are provided as a histogram with the energy values located at

the bin centers for 40 equally spaced logarithmic energy bins between 10 MeV
and 1 GeV.
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Figure 47: Atmospheric neutrino fluxes for the four relevant flavors,
Ve, Ve, vy and v, taken from FLUKA [23] tables for LNGS site. Neutrinos
are illustrated in red whereas antineutrinos are shown in black. A spike at
about 30 MeV is present in the muon neutrinos spectra.

The total energy-integrated atmospheric fluxes for each neutrino flavor,
shown in Table[6} are computed considering that the flux values are distributed
in equally spaced logarithmic energy bins. Being conservative, the neutrino
flux uncertainties adopted, considering the effects mentioned above, are ~ 25%
for 10-100 MeV and ~ 20% for 0.1-1 GeV.

d®/dtdA (m~2s71)
Ve 1.85-10%
Ve 1.66 - 10*
vy 3.53-10*
Yy 3.54 - 10*

Table 6: Energy-integrated FLUKA [23] atmospheric fluxes for v,,v,, v, and v,
neutrinos.

The flux predictions used [23] are based on old cosmic-ray data. Other ref-
erences, such as [81], could be used in future works since they adopt more re-
cent measurements with smaller uncertainties, so they could reduce the flux-
prediction uncertainties by about a factor of two.
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4.1.2 Atmospheric neutrino interactions in water

Supernova neutrinos, as seen in Chapter[3} create signals that range up to a few
tens of MeV, and the most important interaction is the electron antineutrino
inverse beta decay on hydrogen. At these neutrino energies, their interactions
with compound nuclei and those with electrons are suppressed.

For atmospheric neutrinos, which range from several tens of MeV to a
peak in the GeV range with a falling spectrum at higher energies, the domi-
nant interactions are with bound nucleons in oxygen (a pure water target is
composed of 88.79% '°0 and 11.21% H). Except at the lowest neutrino ener-
gies, interactions with hydrogen are suppressed by the low number density.
Neutrino-nucleus interactions are complex and hard to handle analytically;
for this reason, it was decided to adopt a full simulation with GENIE.

The ROOT-based GENIE Neutrino Montecarlo Generator [76] has the long-
term goal of developing a "canonical" neutrino interaction physics Monte-
carlo, whose validity extends to all nuclear targets and neutrino flavors from
MeV to PeV energy scales. The origin and focus of this generator came from
long-baseline precision neutrino experiments using accelerator-made beams.

GENIE takes into account the neutrino-nucleus interaction vertices, nu-
clear effects, hadronization, final-state interactions, de-excitation of the final-
state nucleus, and other processes. The results of GENIE are surely not perfect,
but they are adequate to guide the exploration of the physics of neutrino inter-
actions.

In this work, GENIE v3.06.00 is used with two different model sets and
their two specific physics tunes [83], [84]. The first, which is the default
model tune of this version, is "G18_02a_00_000". It uses a relativistic Fermi
gas (RFG) nuclear model and the Llewellyn-Smith (LS) model [85] for CC
quasi-elastic scattering interactions. Especially for both CC and NC multi-
nucleon processes, it is expected to somehow overestimate the cross sections.
This model will be referred to as RFG-LS. On the other hand, the model
tune "G18_10a_02_11b" embeds the best theoretical model implemented in
GENIE so far. It uses the local Fermi gas nuclear (LFG) model and the theory
calculations of Nieves, Amaro, and Valverde (NAV) for the CC quasi-elastic [86]
and multi-nucleon processes. This model will be referred as LEFG-NAV.

The neutrino-nucleon cross sections, belonging to the GENIE models [77]
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just introduced, are summarized in Figs. 48 and 49} where the contribution to
the total CC cross section of the interactions with the two different targets is
shown for the two models, RFG-LS and LFG-NAV. The former displays electron
neutrinos, whereas the latter presents the muon ones. As seen in both figures,
the default model considered tends to overestimate the cross section, so from
now on the LFG-NAV model will be used. It is worth noting that in the energy
region relevant for supernova neutrino IBD, both cross sections coincide. Con-
sequently, the simplified RFG-LS model remains fully applicable in that range.

At lower energies in Figs. [48|and [49} the steeper slope indicates the impor-
tance of nuclear effects and hence greater uncertainties. For nuclear targets,
antineutrinos have smaller cross sections than neutrinos; note that hydrogen
targets are a special case due to the lack of neutrons (CC quasi-elastic scatter-
ing of neutrinos). The most important target is oxygen, due to its large number
of nucleons compared to hydrogen; this changes only at the lowest energies,
due to kinematic effects caused by the nuclear binding, which is of the order
of 10 MeV in oxygen.

Then, in Figs. and the different contributions from CC and NC
interactions are shown for the two hydrogen and oxygen targets. Accordingly
to kinematical constraints, NC cross sections have lower energy thresholds;
however, their values are clearly smaller than the CC ones. These behaviors
explain the difference in CC and NC contributions to each type of interaction,
shown in Table[7

The neutrino-nucleus cross sections relevant to this work have large uncer-

tainties. In works like [82] overall uncertainties of ~ 20% in this energy range
are assumed.
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Figure 48: Atmospheric neutrino charged current interactions on Hand '°0 for
v, and v, taken from GENIE [77] splines. The two models considered, RFG-LS
and LFG-NAV are shown. The well-known inverse beta decay is illustrated as a
red line.
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Figure 49: Atmospheric neutrino charged current interactions on Hand '°0 for
vy and v, taken from GENIE splines. The two models considered, RFG-LS
and LFG-NAYV are shown, with a range starting from 100 MeV due to the process
thresholds.
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Figure 50: Atmospheric neutrino charged and neutral current interactions on
H and '°O for v, and V., taken from GENIE splines. Only the LFG-NAV
model is shown.
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Figure 51: Atmospheric neutrino charged and neutral current interactions on
H and '°O for v, and v,, taken from GENIE [77] splines. Only the LFG-NAV
model is shown.

Neutrino-nucleon interactions at these energies, introduced in Section
can be mainly described as quasi-elastic scattering (QES), which is dom-
inant below 1 GeV. Charged current QES (CCQES) interactions are dominant,
with some contributions neutral current elastic scattering (named as NCQES in
Table[7), CC and NC resonant pion production (RES), and multi-nucleon pro-
cesses (MNP), essentially mediated by CCs. The deep-inelastic scattering (DIS)
slightly contributes to the total cross section. Even smaller contributions come
from diffractive and coherent pion production, through interactions with hy-
drogen and oxygen, respectively. Table (7, shows the contribution provided by
QES, RES, MNP and DIS, as well as their respective division into CC and NC
mediated interactions.

In Fig. ve+!90 CC interaction is taken as an example to show the several

possible interactions in the energy range considered (between 0.01 and 1 GeV),
97



4 STUDY OF ATMOSPHERIC NEUTRINOS WITH THE XENONNT VETOES

as explained above. Neutron nuclear binding is one of the main causes of the
energy threshold of the CCQES. Following this interaction, MNP and RES have
the highest contributions, which is compatible with the results of the table.

Int. QES RES MNP DIS
+H,O| Tot. CC NC |Tot. CC NC |Tot. CC NC |Tot. CC NC
Ve |75% 59% 41% |15% 73% 27% |10% 73% 27% |<1% 37% 63%
Ve [83% 57% 43% | 7% 57% 43%| 9% 70% 30% |<1% 38% 62%
Va |77% 54% 46% |13% 66% 34% | 9% 68% 32% |<1% 31% 69%
Vp |84% 51% 49% | 6% 44% 56% | 9% 64% 36% |<1% 31% 69%

Table 7: Summary of GENIE simulated interaction fractions for atmospheric
neutrinos in water. Each interaction mode (QES, RES, MNB DIS) lists its total

fraction of events and the CC/NC sharing.
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Figure 52: Atmospheric electron neutrino charged current interactions on '0
taken from GENIE [77] splines. Only the LFG-NAV model is shown. The contri-
butions of the different interaction channels are displayed as different dashed

colored lines, with their total sum given as a solid black line.
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4.1.3 Expected interaction spectrum in the Vetoes

The total rate of expected atmospheric neutrinos of different flavors, vy, for
each energy bin, E;, and integrating over the arrival direction, is defined by:

dN™ A Ad}* (E;)

= At Nyo(E) + NooC (E; 43

where Ny and Ny are the number of targets of H and O in water molecules in
the considered amount of tonnes, At is the exposure time, ®; is the flux in the
energy bin i in units of GeV-'m™2s~! and ¢" is the cross section in the energy
bin i, in units m? for each target nuclei and considering charged and neutral
currents.

Analogously to the expected interaction spectrum computed for supernova
neutrinos in the whole water tank, the atmospheric neutrino rate is obtained
using as input the FLUKA LNGS flux for each neutrino flavor and GENIE cross
section splines of the LFG-NAV model, considering the total cross section on
hydrogen and oxygen targets (CC+NC). Additionally, as shown in Eq. this
convolution is performed by considering the number of H and '°O targets in
700 tonnes of water and their associated cross sections. An exposure time of
one year is considered, due to the low atmospheric rate. The obtained spectra
considering Eq. [43]are shown in Fig.[53] Note that the FLUKA tables provide the
flux at the center of equally spaced log;oE bins in the 0.010 and 1 GeV range.

It is worth noting that in the low-energy region, the only interaction signif-
icantly contributing to the spectrum is that of electron antineutrinos on free
protons. Furthermore, according to the previously introduced predictions, the
dominant interactions across the full energy range are those of muon and elec-
tron neutrinos with oxygen. This is due to their relatively large charged-current
cross sections and fluxes, combined with the fact that oxygen constitutes the
majority of the water’s mass.
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Figure 53: Differential atmospheric neutrino interaction spectrum in one year
and the whole water tank. The left figure shows the sum of the two electron
neutrino contributions as a solid black line and the ones with the two targets,
hydrogen and oxygen, separately for each neutrino. The right figure displays
the same, but in the case of muon neutrinos.

Expected atmospheric events in one year: WT, MV and NV

From these spectra, and considering that the NV contains approximately 34
tonnes of water while the MV corresponds to the remaining volume, we inte-
grate over the full energy range Eq. [43|and obtain the following total number
of atmospheric neutrino-induced events in the Water Tank, with their sharing
between the Neutron and the Muon Veto.

Flavor NV | MV | NV+MV
Ve 1.2 | 24.3 25.5
Ve 04| 7.9 8.3
Va 2.1 (408 | 429
Vu 0.8 | 15.3 16.1
Total [yr~'] | 4.5 | 88.3 92.8

Table 8: Expected atmospheric neutrino interactions per year for each flavor in
the Neutron Veto, Muon Veto, and in the whole Water Tank.
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The uncertainties of these values, according to what was mentioned earlier
in Sections4.1.1{and |4.1.2|and considering that flux and cross section uncer-
tainties are independent, should be of about 30%.

Final-state spectra of atmospheric neutrino interactions in water

In contrast to the simplified analytical computation of the positron spectrum
that was performed in the supernova neutrino study, in the case of atmospheric
neutrinos the multi-particle final-state spectra must be obtained from simula-
tions. To do so, we have generated four simulations, one for each flavor, of 10°
neutrinos interacting with a water target, using as inputs the FLUKA LNGS at-
mospheric neutrino flux and the LFG-NAV cross section splines.

In the following, some of the output spectra of these simulations will be
presented. Charged leptons of the same flavor are represented in the same
figure, as shown in the first row of Fig. Charged (red) and neutral (blue)
pions produced by different interactions are also shown in the second and
third rows of Fig.

Considering the Cherenkov thresholds of the particles shown, which are
associated with total energies of 0.77, 160, and 211 MeV for e*, p*, and n*,
respectively, it should be noted that most of these particles have energies
above their corresponding thresholds, so they will contribute to the overall
signal.

Moreover, as summarized in Table[7} in fact the only interaction that will sig-
nificantly contribute to pion generation is the resonant pion production (RES)
since the other three channels account for only ~1% in this energy region. It is
worth mentioning that some leptons are not generated by their corresponding
CC neutrino interaction, but can instead arise from other processes. Electrons
generated in NC neutrino-electron elastic scattering are an example, although
their contribution accounts for less than 1%.
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Figure 54: Atmospheric neutrino final state spectra for v, Ve, v, and v,.. The to-
tal spectra, from all neutrinos and interactions, of electrons and positrons are
shown in the left figure of the 1st row, while + muons are displayed in the right
one. The four dominant pion production channels are shown in the 2nd and
3rd rows, with charged pions (red) and neutral pions (blue) spectra.
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4.2 Atmospheric neutrino simulations in the XENONNnT Water
Cherenkov Vetoes

4.2.1 Event area for atmospheric neutrino products

The GENIE simulation output files shown in the panels of Fig. [54 were con-
verted into a format suitable for a multi-particle vertex GEANT4 generator.
This generator was custom-designed to read a plain-text file containing, for
each neutrino interaction generated with GENIE, the event ID, the number of
final-state particles, followed by one line per particle with its PDG code, three-
momentum, and total energy.

In this way, we generated 5-10% isotropically distributed events within the
XENONNT model in GEANT4, sampled from the original 10° GENIE interac-
tions. To increase the Neutron Veto statistics, two independent sets of simula-
tions were produced, one confined to a volume slightly larger than the NV and
another covering the full water tank. These outputs were subsequently pro-
cessed by the MV and NV Hitlet Simulators, applying afterwards the NV selec-
tion cut, following the same procedure used for supernova-induced positron
and neutron simulations. The primary interaction vertex position was also se-
lected in the same way as in the SN simulations.

A relevant difference in the NV detected output is that the NV Hitlet Simu-
lator groups hits depending on their arrival time at the PMT (within a ~200 ns
processing window). As a result, more detected events are obtained than were
originally generated, since some particles within the same GEANT4 event
produce hits recorded more than 200 ns after the previous ones. However, as
these events are associated with their corresponding GEANT4 event ID, both
the selection and the final efficiency calculation remain correct.

The event area results of the NV and MV Hitlet Simulators, after applying
the NV selection cut and vertex position selection, are shown in Figs. and
56|, respectively, only for events generated inside the detector considered
(internal events).

Moreover, note that some non-relativistic charged particles are detectable.
For instance, while sub-Cherenkov muons and charged pions are themselves
invisible, their decays or nuclear captures almost always produce detectable
signals. Also, neutral pions quickly decay to gamma rays which produce de-
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tectable electrons through Compton scattering and pair production.

A relevant example supporting the former statement is the bump visible in
the muon spectra of both detectors. Figs.[39/and [40[show the positron spectra
peak at approximately at 400 PE in the NV and 20 PE in the MV, which could
correspond to the 20 MeV maximum of the positron spectra. Accordingly, the
bump observed at about 1000 PE in the NV detected signal and at ~50 PE in
the MV is compatible with a characteristic signal in the 40-50 MeV range, cor-
responding to the Michel spectrum from muon decay (Eq. to one e*, with
a maximum energy of 53 MeV, and two neutrinos.

MYV generated events also contribute to the signal detected in the NV, as il-
lustrated in Fig. [57}left. This is mainly due to events generated close to the
openings present in the NV roof, allowing in some cases the light generated
outside the NV to penetrate into it and be detected by the NV PMTs. A simi-
lar effect occurs in the reverse direction (right), although with a significantly
smaller contribution as a consequence of the smaller NV volume and MV de-
tection efficiency.

Simulated NV Event Area Spectra - atmospheric neutrino flavor products

Electron flavor (ve, De) Muon flavor (v, v,)
NV v — NV PMTs NV v, — NV PMTs
NV ve — NV PMTs NV v, — NV PMTs
0%y selection cut (>5PE) | {{ . selection cut (>5 PE)

Events

101 i

100 i

0 2000 4000 6000 8000 10000 12000 140000 2000 4000 6000 8000 10000 12000 14000
Event NV Area [PE] Event NV Area [PE]

Figure 55: Simulated event area [PE] for all neutrino-induced products de-
tected by the Neutron Veto. The left panel shows electron flavor neutrino prod-
ucts, while the right panel displays the muon flavor ones. Final-state interac-
tions are color-coded, showing only the events generated in the NV. The dashed
black line in both panels indicates the NV selection cut.
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Simulated MV Event Area Spectra — atmospheric neutrino flavor products
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Figure 56: Simulated event area [PE] for all neutrino-induced products de-
tected by the Muon Veto. The left panel shows electron flavor neutrino prod-
ucts, while the right panel displays the muon flavor ones. Final-state interac-
tions are color-coded, showing only events generated in the MV.
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Simulated Event Area Spectra - atmospheric neutrino flavor products
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Figure 57: Simulated event area [PE] for all neutrino-induced products de-
tected by the NV (left) and MV (right). Final-state interactions are color-
coded, showing only events generated outside the detector under considera-
tion. Muon neutrino histograms are left unfilled for visualization purposes.

4.2.2 Simulated atmospheric neutrino detection efficiency

Considering the initial 5-10° GEANT4 simulated events in the full WT and the
MYV HitSim output, the MV atmospheric neutrino-induced particle detection
efficiency has been estimated as the ratio of the latter to the former. This
estimation has been performed after selecting only the MV generated events.
Similarly, for the 5-10° GEANT4 simulated events in the reduced volume
surrounding the NV and after the selection of its generated events, we have
obtained the GEANT4 events that posses at least one associated NV HitSim
event. Consequently, the ratio between the events processed by the HitSim
over the NV generated GEANT4 events was computed.

Note that less than 1% of GEANT4 output events producing light in water
were not neutrino-induced particles. This is produced by a function contained
in the XENONNnT model in GEANT4 that separates events of radioisotopes
activated through the interaction of primary particles with water and detector
materials. These isotopes have half-lives long enough to produce a signal
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separated from the primary particle signal. An example is O, which has a
half-life of about 2 minutes. Nevertheless, this only changes the efficiency by
<0.1%.

The Neutron Veto and Muon Veto detection efficiencies of electron and
muon neutrino- and antineutrino-induced products are shown in Table [9
Note that the detection efficiencies of the two detectors are summarized in de-
creasing order for the four neutrino flavors. This effect may be due to the lower
antineutrino cross section compared to that of neutrinos, as well as to the lower
muon Cherenkov light yield relative to electrons and positrons in the same to-
tal energy range (0.01-1 GeV), among other factors (steeper fall-off of the event
area spectrum at higher amount of collected PEs in Figs. [55/and [56).

The Neutron Veto detects about 55% of the events generated in the Muon
Veto. Of these, roughly 1.3% are observed exclusively by the NV. Although these
"external" events are not produced inside the NV, their number is non negligi-
ble, corresponding to about 15-20% of the internally NV generated events.

In contrast, the Muon Veto detects about 30% of the events generated in
the NV, but less than 1% are seen exclusively by the MV. This contribution in
therefore negligible since the NV water volume is about 20 times smaller than
the MV.

Flavor ENV (%) EMV (%)

Ve 87.0+0.7 | 69.0 £0.7
Ve 83.7+0.7 | 65.4+0.7
Vu 83.7+0.7 | 62.6 £ 0.7
Vu 79.8+0.8 | 57.2+£0.7

Table 9: Simulated atmospheric-neutrino detection efficiency in the Neutron
Veto and the Muon Veto, only for events generated inside the detector consid-
ered.

The relative contributions of CC and NC interactions to the total cross sec-
tion for all neutrino flavors are typically of about 60% CC and 40% NC. Taking
into account that only ~30% from 40% NC component can be detected through
y-rays or neutrons, we conclude that at least ~10% of atmospheric neutrino fi-
nal states are intrinsically undetectable.

As an example, for v,-induced interactions detected in the NV, where the

neutron detection efficiency is ~80%, an additional 3-5% of events may be
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missed. This is fully compatible with the efficiency of the third row of Table[9}

Table 10| summarizes the expected number of atmospheric neutrino in-
teractions in the Neutron and Muon Vetoes (Table , considering the LNGS
FLUKA angle- and solar-averaged flux without taking into account oscillations,
and cross section splines from GENIE LFG-NAV model. Then, their convolu-
tion with the efficiencies, displayed in Table[9} yields the expected number of
detected events with uncertainties of the order of 30%. The last column shows
the additional contribution from Neutron Veto detecting events generated out-
side it and not observed by the Muon Veto, the so-called NV external events.

Flavor Exp. NV | Det. NV | Exp. MV | Det. MV | Det. NV
(int) (int) (ext)

Ve 1.2 1.1 24.3 16.8 0.3

Ve 0.4 0.3 7.9 5.2 0.1

vy 2.1 1.7 40.8 25.6 0.7

Yy 0.8 0.6 15.3 8.7 0.2

Total [yr~'] 4.5 3.7 88.3 56.3 1.3

Table 10: Expected (Exp.) and detected (Det.) atmospheric-neutrino interac-
tions per year in the Neutron Veto and the Muon Veto. Detected (internal) in-
teractions refer to the application of the detection efficiency (Table@, obtained
from MC simulations, to its computed expected value in the NV or MV (Table
). External interactions detected by the NV refers to MV-generated interac-
tions which remain undetected by the MV itself.

4.2.3 XLZD projection for atmospheric neutrino detection

Based on the expectations for atmospheric neutrino detection obtained in this
work for the XENONNT vetoes, we make projections based on the larger vol-
ume of the XLZD vetoes. For reference, the proposed configuration for the
XLZD vetoes introduced in Section 3.3.3|will be considered. In this configura-
tion the Neutron Veto and the Muon Veto contain 337 and 955 tonnes of water,
respectively.

In this study and as in the SN case, we assume that the XLZD vetoes will
achieve atmospheric neutrino-induced particle detection efficiencies compa-
rable to those of XENONNT (see Section by maintaining a similar PMT
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coverage, reflectivity, and water absorption length. By applying Eq. and
convolving their expected number of interactions with their corresponding
detection efficiencies derived from simulations, the estimates displayed in
Table [11] are obtained. Note that NV external events are not considered for
simplicity. A total annual atmospheric rate of 118 events is obtained as the
sum of the Neutron and Muon Veto contributions (black square in Fig. [58), for
the benchmark configuration.

Fig. shows the dependence of the XLZD NV (blue) and MV (red) detected
annual rate as a function of the water volume. The blue vertical dotted lines
indicate the NV configurations at which it would detect 10 and 100 events per
year, corresponding to NV cylinder of 5.8 m and 11 m in diameter (and height),
respectively, keeping the assumed 65 m? cryostat volume fixed. In contrast, the
red vertical dotted lines show the MV configurations at which it would detect
100 and 1000 events per year, corresponding to MV cylinder with diameter (and
height) of 12.6 m and 25 m.

For reference, the Neutron Veto volume of the two mentioned configura-
tions would be approximately 90 and 900 tonnes of pure water while the ones
from the Muon Veto would be of about 1.2 and 12 kilotonnes of pure water. For
comparison, the first NV configuration would be four times smaller than the
proposed one, whereas the latter would be approximately three times larger,
as shown in the blue line and square of Fig. |58 Similarly for the MV results, the
former configuration would be similar to the proposed one, whereas the latter
would have a volume of about ten times larger, as shown in the red line and
square of Fig.

The total XLZD water tank volumes needed to detect 100 and 1000 atmo-
spheric neutrino events per year are 1100 and 11700 t of pure water approx-
imately, as show in the black line of Fig. This curve has been obtained
by assuming the benchmark NV configuration with a volume of 337 tonnes of
pure water (cylinder of 12 m height and diameter), added to the full MV volume
range considered in Fig. 58| (red line), which spans from 400 to 12000 tonnes.
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Flavor Exp. XLZD | Det. XLZD | Exp. XLZD | Det. XLZD
NV NV MV MV

Ve 12.3 10.7 34.8 24.1

Ve 4.0 3.3 11.3 7.4

Vu 20.6 17.3 58.5 36.6

Vu 7.7 6.2 21.9 12.5

Total [yr~!] 44.6 37.5 126.5 80.6

Table 11: Expected (Exp.) and detected (Det.) atmospheric-neutrino interac-
tions per year in a proposed XLZD Neutron (337 water tonnes) and the Muon
(955 water tonnes) Veto configuration. Detected interactions refer to the ap-
plication of the detection efficiency (Table[9), assumed to be equal to those of
XENONNT, to its computed expected value in the NV or MV.

— XLZD NV .
— XLZD MV

—— XLZD Total NV(337 t) + MV
XLZD NV (337 t)

XLZD MV (955 t)

XLZD Total NV+MYV (1292 t)
XENONNT NV

XENONNT MV

XENONNT Total NV+MV
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Figure 58: XLZD projection: atmospheric neutrino detected annual rate as a
function of the water volume for the Neutron Veto (blue) and the Muon Veto
(red). The black solid line represents the whole XLZD MV+NV configuration
rate behavior considering the benchmark NV contribution (337 t) and the full
MV volume range (red line). The XLZD proposed configuration for NV, MV and
NV+MV and the simulation results from XENONnNT (Table[10) are shown as col-
ored squares and circles, respectively. Vertical dotted lines indicate the corre-
sponding veto water mass for 10, 100 and 1000 detected events per year.
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Conclusions

The XENONNT search for a rare WIMP Dark Matter signal in the nuclear re-
coil spectrum is primarily affected by neutron backgrounds and coherent
neutrino-nucleus scattering. While neutrinos can represent one of the most
significant backgrounds, particularly for the next generation of dark matter de-
tectors, they remain an important signal on their own. The study presented
in this work investigated the XENONNT veto system’s ability to detect some of
these neutrino sources, namely supernova and atmospheric neutrinos, by first
reporting their fluxes and cross sections in pure water. The working principle
and components of the XENONnNT experiment were described to provide the
experimental foundation for this work. After introducing the unified Monte
Carlo simulation framework for its subsystems and the Neutron and Muon Veto
Hitlet Simulators, their application to supernova and atmospheric neutrino in-
teractions in the vetoes was described. All analyses were performed consider-
ing the demineralized water phase of the XENONNT Vetoes, developed during
SRO and SR1.

The results of these simulations showed that, in the scenario where a galac-
tic core collapse supernova produced by a 27M,, progenitor star with a LS220
equation of state occurs at 10 kpc from the Earth, the Neutron Veto would
detect 8 events while the Muon Veto would register 108 out of the 170 total
events generated over approximately 10 s through inverse beta decay (IBD) in
the whole water tank. These estimates were obtained by focusing on the IBD
positron signal, followed by the modeling of its detection efficiency curve in
terms of the initial positron total energy. This study concluded that the NV
would feature a positron detection threshold of about 0.5 MeV, while the MV
would exhibit a ~5 MeV detection threshold. Convolving this curve with other
supernova neutrino signals showed that the expected number of detected in-
teractions varies significantly with the mass of the star, decreasing by roughly
afactor of two for an 11.2 M, star.

This study has also helped to establish the relevant region of interest and
characteristic features of these signals in the vetoes. These results imply that
the IBD signals of the XENONNT Vetoes, used in coincidence with the Time
Projection Chamber CEVNS signal, could enhance the supernova neutrino de-
tection capabilities of XENONNT.

Moreover, the projections performed for the vetoes of the next-generation
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direct Dark Matter detector, XLZD, yielded an expected number of at least 100
detected IBD positrons up to a supernova distance of about 15 kpcin the 27 Mg,
L.S220 EoS supernova model. This result was obtained by assuming a bench-
mark XLZD veto configuration with NV and MV volumes of 337 and 955 tonnes
of pure water, corresponding to two cylinders of 8 and 12 m in height and di-
ameter, respectively.

A promising approach for further development would be to use an initial
positron spectrum obtained directly from simulations rather than from an an-
alytical approximation. Studying the sensitivity of the Vetoes to this signal in
the presence of backgrounds is another possibility for further extensions of this
work. In addition, deepening the study of coincidence between the prompt
IBD positron and the ~200 us delayed neutron signals, particularly considering
the Gd-loaded water phase of the Vetoes, could provide a possibility of further
background discrimination, increasing detection sensitivity.

The simulation study of atmospheric neutrino interactions in the vetoes,
considering a flux given by the FLUKA for the INFN Laboratori Nazionali del
Gran Sasso, yielded an expected annual rate of 4 events detected in the Neu-
tron Veto and 56 in the Muon Veto, out of the 93 total events expected in the
water tank. These numbers highlight the need for very large detector volumes
to achieve significant statistics for the atmospheric neutrino source, even in
extremely low-background environments.

Although the expected number of atmospheric neutrino events is relatively
low, this study allows us to characterize their detectable signatures and define
the range of photoelectron event area that contributes to the veto response,
complementing the supernova neutrino analysis.

The detectability of atmospheric neutrinos in the vetoes of Dark Matter de-
tectors will be of crucial importance for the next generation of detectors, where
the "neutrino fog" will be approached. For reference, assuming the XLZD
benchmark configuration mentioned above, a total annual atmospheric rate
of 118 events was obtained in this work as the sum of the Neutron and Muon
Veto contributions.

Furthermore, if phenomena such as the solar modulation of the atmo-
spheric neutrino flux are taken into account, the resulting signal time varia-
tion could provide an additional method for identifying these events. In ad-
dition, employing atmospheric neutrino flux predictions that include vacuum
and matter oscillations should be investigated to refine the expected interac-

tion rates for each flavor.
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