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"In the matter of physics, the first
lessons should contain nothing but
what is experimental and interesting
to see. A pretty experiment is in

itself often more valuable than twenty
formulae extracted from our minds"
(Albert Einstein)






Abstract

The search for neutrinoless double beta (0 ) decay is a topic of broad and current
interest in modern physics. Its detection would imply the violation of lepton number
conservation as predicted to occur in many extensions of the Standard Model. Among
many experiments in the field, the LEGEND-200 experiment is searching for 0 decay
in "5Ge isotope, using about 200 kg of High-Purity Germanium (HPGe) detectors. The
detectors are operated bare within a cryostat filled with Liquid Argon (LAr), serving as
cooling medium and an active shield. LAr scintillates upon interaction with ionizing ra-
diation, a feature utilized in LEGEND-200 to reject background events with coincident
energy deposition in the LAr and HPGe detectors. The rejection capability is given by the
implementation of the LAr instrumentation. This thesis work details the assembly, com-
missioning and subsequent integration of the LAr instrumentation with HPGe detectors in
the LEGEND-200 setup. The front-end electronics of the LAr instrumentation has been
successfully integrated achieving a remarkable overall noise level of 250 V. The signals
from the LAr instrumentation has been investigated leading to three category of pulses. A
dedicated setup has been used to study the scintillation time profile of LAr, resulting in a
triplet lifetime of 1.147 s. SiPM coincidence rates of the LAr instrumentation suggest
a uniform scintillation light production in the LAr. Additionally, the thesis presents the
development of a novel signal processing algorithm for the LAr instrumentation. An opti-
mum filter has been developed to effectively account for the noise levels of the experiment
and has been integrated in the LEGEND-200 analysis framework. It achieves an excellent
95.8% accuracy in energy reconstruction and an efficiency for single photoelectron peak
reconstruction of 99.7 %. This achievement allows LEGEND-200 to effectively suppress
92.2% of “?K background events in coincidence with the HPGe detectors while maintain-
ing a 95% signal acceptance. By utilizing the first LEGEND-200 dataset, corresponding
to an exposure of 10.1 kg yr, one background event remains after applying all cuts, includ-
ing the LAr veto. This corresponds to a background index of 4.1 10 * cts/(keV kg yr).
This reflects the successful commissioning of the LAr instrumentation and affirms the
overall readiness of LEGEND-200 for the acquisition of physics data. Beyond that, the
present work introduces innovative algorithm for particle and background tagging using
LAr instrumentation signals. This demonstrates the capability of the LAr instrumentation,
employed not only as a veto but as an independent detector. A pulse shape discrimination
technique has been developed and applied to select a sample of events from °Ar and “?Ar

decays. A preliminary analysis has been conducted to determine the specific activity of
39 Ar using a simplified model, resulting in 1.109 Bg/kg, and to establish a framework to
study the activity of *?Ar, a crucial background component in LEGEND-200 experiment.
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Riepilogo

Laricerca del decadimento doppio beta senza emissione di neutrini (0 ) € un argomento
attuale di notevole interesse nella fisica moderna, poiché la sua scoperta implicherebbe
la non conservazione del numero leptonico. Tra i numerosi esperimenti dedicati a questa
ricerca, I’esperimento LEGEND-200 si concentra sul decadimento O dell’isotopo "®Ge,
utilizzando circa 200 kg di rivelatori di germanio ad alta purezza (HPGe). Questi riv-
elatori operano all’interno di un criostato riempito di argon liquido (LAr), che oltre a
fornire raffreddamento funge anche da schermo prottetivo. Il LAr emette scintillazioni
quando interagisce con radiazioni ionizzanti, caratteristica utilizzata in LEGEND-200 per
discriminare gli eventi di fondo che causano depositi di energia coincidenti con i rivelatori
HPGe. Tale capacita di discriminazione ¢ ottenuta grazie all’utilizzo della strumentazione
LAr. Questo lavoro di tesi fornisce una descrizione dell’assemblaggio, della messa in fun-
zione e dell’integrazione della strumentazione LAr con i rivelatori HPGe di LEGEND-
200. Lelettronica di front-end della strumentazione ¢ stata integrata con successo, rag-
giungendo un notevole livello di rumore complessivo pari a 250 V. L’analisi dei segnali
provenienti dalla strumentazione ha portato all’identificazione di tre categorie di impulsi.
E stato utilizzato un setup dedicato per studiare il profilo temporale di scintillazione del
LAr, risultando in un tempo di vita del tripletto di 1.147 s. Itassi di coincidenza dei SiPM
della strumentazione LAr indicano una produzione uniforme di luce di scintillazione nel
volume di argon liquido intorno ai rivelatori HPGe. Inoltre, la tesi presenta lo sviluppo
e I'integrazione di un nuovo algoritmo di elaborazione dei segnali per i SiPM, che uti-
lizza un filtro ottimo per gestire in modo efficace i livelli di rumore dell’esperimento.
Tale algoritmo ha raggiunto una precisione del 95.8% nella ricostruzione dell’energia e
un’efficienza nella ricostruzione del picco di singolo fotoelettrone del 99.7%, consentendo
a LEGEND-200 di sopprimere il 92.2% degli eventi di fondo dovuti al *’K in coinci-
denza con i rivelatori HPGe, mantenendo al contempo un’accettazione del 95% dei seg-
nali. Utilizzando il primo set di dati di LEGEND-200, corrispondente a un’esposizione di
10.1 kg yr, un solo evento di fondo rimane dopo I’applicazione di tutti i tagli, incluso il LAr
veto, risultando in un indice di fondo di 4.1 10 4 cts/(keV kg yr). Oltre a cid, il lavoro
introduce un algoritmo innovativo per 1’identificazione di particelle utilizzando i segnali
della strumentazione LAr, dimostrando la capacita di quest’ultima di essere utilizzata come
un rivelatore indipendente. E stata sviluppata e applicata una tecnica di discriminazione
della forma dell’impulso per selezionare gli eventi dai decadimenti ~ dell’3°Ar e dell’*?Ar.
Infine, & stata condotta un’analisi preliminare per determinare 1’ attivita specifica dell’*°Ar,
risultando in 1.109 Bg/kg, e per stabilire una base per lo studio dell’attivita dell’*?Ar, un
componente di fondo cruciale nell’esperimento LEGEND-200.
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Introduction

The discovery of the neutrinoless double bé&a ( ) decay would reshape our fundamen-

tal understanding of neutrinos and of matter in the Universe. The searth fordecay

tests whether there is a fundamental symmetry of Nature associated with lepton number,
probes the quantum nature of neutrinos, and allows the measurement of their e ective
mass. It is the only practical way to demonstrate if neutrinos are their own antiparticles,
that is, if neutrinos have a Majorana mass. The discovery of Majorana neutrinos would
open the door to new physics beyond the discovery of neutrino oscillation, and would sig-
nify a paradigm shift in our understanding of the origins of mass and matter. The neutrino
non-zero mass impacts the evolution of the Universe from the beginning of time to the
formation of large-scale structures in the present epoch, and Majorana neutrinos play a
key role in viable scenarios that explain the matter-antimatter asymmetry in our Universe.

Among several experiments in the eld, the LEGEND-200 experiment, at Laboratori
Nazionali del Gran Sasso (LNGS) of INFN, operates about 200 kg of germanium detectors,
made from material enriched 7AGe, in a Liquid Argon (LAr) cryostat. The experiment
aims to probe th@® decay of’®Ge isotope with a sensitivity on the half-life of about
10?7 yr (at 90% CL), which translates in a range of the e ective Majorana neutrino mass
of m < (34 - 78) meV. To achieve such results LEGEND-200 requires a background
decreased by a factor of 3 below the measured levels of its predecessors using germanium
detectors. Therefore, the experiment needs a careful selection of highly radiopure ma-
terials and the development of e cient background suppression techniques. Among the
active techniques employed by LEGEND-200 for background suppression is the use of the
LAr instrumentation, which allows to veto background events in coincidence with HPGe
detectors.

My thesis work covers three main aspects related to the LAr instrumentation. A signif-
icant part has been dedicated to the installation and commissioning of the LAr instrumen-
tation. Once the system has been integrated in the LEGEND-200 setup, the work has been
moved to the development of signal processing routines aimed to the improvement of the
LAr instrumentation performance. After the start of LEGEND-200 data taking, the main
focus of my work has been shifted to explore the potential of the LAr instrumentation, that
allowed to perform studies on the observed background independent of the germanium
detectors.

In particular, throughout the commissioning phase of the LEGEND-200 experiment,
my responsibilities included assembling and testing the LAr instrumentation, integrating
the new front-end electronics, and analyzing the corresponding test and commissioning
data. Several tests have been performed to check the stability and the noise level of the

1



2 Introduction

overall setup. Speci cally, | worked on realization of di erent shielding and grounding
schemes of di erential lines between the SiPM detectors and the front-end electronics in
order to reach a remarkable noise level. The optical response of the LAr instrumentation
system has been investigated takiigr decays as a benchmark.

In the second part of this thesis | worked on the development of a digital Iter for the
events energy reconstruction. This marked improvement in noise separation from SiPM
signals and contributed to an enhancement in the performance of the LAr instrumentation.
Furthermore, an investigation has been conducted on the e ectiveness of background sup-
pression by the LAr instrumentation when coinciding with HPGe detectors.

The last part of the thesis work is dedicated to the analysis of the energy distribution
spectrum obtained with the LAr instrumentation. This involves estimating both the light
yield and resolution of the LAr instrumentation. Furthermore, employing a simpli ed
tting model allowed a preliminary estimation of the speci ¢ activity 8fr and establish
a framework to study th&Ar speci ¢ activity.

The thesis is structured as follow. Chapter 1 provides an overview of various aspects
of neutrino physics, with a speci ¢ focus on the nature (Dirac and Majorana) of neutrino
mass. Both theoretical and experimental considerations are discussedon theecay,

a powerful approach to gain insights about the neutrino nature and mass.

Chapter 2 outlines the experimental goals of the LEGEND program and provides com-
prehensive details regarding the LEGEND-200 experimental setup. The primary back-
ground sources and the innovative techniques applied for their active suppression are also
presented. The ongoing status of the LEGEND-200 experiment, along with the rst per-
formance results, are also reported.

Chapter 3 provides an overview of the LAr instrumentation and details the work per-
formed during the installation and commissioning, o ering insights into the front-end elec-
tronics of the LEGEND-200 LAr instrumentation. It includes an investigation of the pulse
shapes generated by the LAr instrumentation, studies of the LAr scintillation pro les and
a discussion on pulse coincidence rates of the SiPM from the LAr instrumentation.

Chapter 4 illustrates a novel signal processing algorithm for SiPM, describing the syn-
thesis of an optimum Iter based on the DPLMS method. This method allows e cient
treatment of the noise observed in the SiPM traces. The chapter demonstrates the al-
gorithm e ectiveness in reconstructing SiPM charge and outlines the e ciency of back-
ground suppression of the LAr instrumentation when coinciding with HPGe detectors.

Chapter 5 presents a technique for pulse shape discrimination which has been devel-
oped and implemented to identify events frétr and*?Ar  decays, two naturally oc-
curring radioactive isotopes in the LAr. A preliminary analysis has been conducted to de-
termine the speci ¢ activity of°Ar using a simpli ed model and to establish a framework
for studying the activity of?Ar, a critical background component in the LEGEND-200.

Appendix A details the Th and U decay chain, while Appendix B encompasses the
LEGEND-200 detector con guration. In Appendix C, the scheme of the LEGEND liquid
argon puri cation system is presented. The connection schemes of the front-end elec-
tronics of the LAr instrumentation can be found in Appendix D. The stability test re-
sults of the front-end electronics of the LAr instrumentation are reported in Appendix
E. Appendix F illustrates the working principle of the SiPM. Additional plots of the SiPM
super-pulses and decay times are provided in Appendix G. Examples of pulser crosstalk
and muon events from the LAr instrumentation are included in Appendix H. The compar-
ison between the LAr energy distribution calculated with the developed digital Iter and
the default charge estimator is illustrated in Appendix I. A preliminary distribution of
contamination is shown in Appendix J.



CHAPTER 1

LNeutrinos and Physics Beyond the Standard Model

Neutrinos remain the most enigmatic elementary particles known to science. Within the
framework of the Standard Model (SM), they are considered fundamental particles, and the
way they interact has shaped their theoretical formulation over time. Despite the passage
of ninety years since Wolfgang Pauli initial hypothesis and almost seventy years since their
rst experimental detection, several fundamental properties of neutrinos continue to elude
us, such as their precise mass and their nature. Additionally, compelling evidence suggests
that the unknown neutrinos attributes may be linked to new physics mechanism beyond the
SM (BSM).

This chapter provides an extensive description of various aspects of neutrino physics.
Section 1.1 examines the fundamental characteristics of neutrinos with a particular fo-
cus on neutrino oscillation phenomenon, that provided the initial insights into non-zero
neutrino masses. Section 1.2 is focused on the nature (Dirac and Majorana) of neutrino
mass. The current limits on neutrino mass, considering di erent detection techniques,
are presented in Section 1.3. The second part of the chapter (Section 1.4) is dedicated
to the neutrinoless double betd ( ) decay, a highly powerful method to gain crucial
information about the neutrino nature and mass. Both theoretical and experimental con-
siderations will be discussed. The signi cant experiments conducted over the years will
be brie y summarized in Section 1.5. Since this thesis focuses on the seafth fode-
cay using germanium detectors, Section 1.6 will provide a comprehensive overview of the
advantages and disadvantage associated with the selection of these speci ¢ detectors.

1.1 Present neutrino knowledge

Neutrinos rst captured scienti ¢ attention through explorations in the study i@dioac-
tive decay. Initially, it was believed that only one particle was emitted in the nal state,
and a monochromatic energy spectrum of thearticle was expected. However, in 1914,
Chadwick made a signi cant observation: the energy spectrum was continuous, challeng-
ing the conservation of energy, momentum, and angular momentum [1]. It wasn't until
1930 that Pauli postulated the existence of a third particle in ttiecay [2], even though
the technology at that time couldn't detect it.

Four years later, Fermi formulated the theory of weak interaction [3], o ering a the-
oretical explanation for Pauli hypothesis. The "discovery" of the neutrino was eventually
conrmed in 1956 when Cowan and Reines experiment detected electron antineutrinos

3



4 1. Neutrinos and Physics Beyond the Standard Model

Figure 1.1: Leptonic sector of the SM. For each particle the mass, electric charge and spin are
indicated.

emitted alongside electrons during nuclear decay inside a reactor [4].

Following the discovery of the muon in 1937, Pontecorvo proposed the existence of
another avor of neutrino: the muon neutrino, associated with the muon [5]. This predic-
tion was validated in 1962 through Lederman, Schwartz and Steinberger experiment [6].
Subsequently, with the identi cation of the third charged lepton (1975), called tau, the
corresponding tau neutrino was observed in 2000 by the DONUT experiment [7]. This
completed the picture of the SM with three types of neutrinos and their corresponding
charged leptons.

As shown in Figure 1.1, the leptonic sector of the SM is made of six fermionic parti-
cles with a spin of 1/2, categorized into three groups: electrons, muons, and taus. Com-
plementing these, there are also their corresponding six antileptons, possessing identical
characteristics but with opposite electric charges. According to the SM, the neutrino is a
fermion with no charge and no mass. However, this last property is a challenging research
topic in particle physics. Thanks to the observation of the neutrino oscillation phenomenon
[8, 9], we know that there exist at least two neutrino mass eigenstates with non-null mass
eigenvalues, but the nature and the size of their mass are still open issues in the neutrino
sector BSM.

1.1.1 Neutrino oscillation phenomenon

The concept of neutrino mixing, similar to what is observed in the quark sector, was ini-
tially proposed by Maki, Nakagawa, and Sakata in 1962 [10]. However, it was not until
seven years later, with the work of Gribov and Pontecorvo [11], that the rst connection
to potential neutrino avor oscillations was established. This avor oscillation, similar to
the quark avor oscillation described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix,
becomes a possibility only if neutrinos have non-zero mass.

The basic assumption for neutrino oscillation is that the weakly interacting avor eigen-
states |, with | = e; ; , are not identical to the three neutrino mass eigenstafgs (
(i=1, 2, 3) with massn;. The relationship between avor and mass eigenstates can be
represented as a superposition of one another, which can be formulated as:

1= U (1.1)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing unitary matrix. The
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PMNS matrix can be expressed in its standard parametrization as:
|

C12C13 S12€C13 sise '
U= S12C23  C12523513€ C12C3  S12523513€ S23C13
S12S23  C12C23S13€ C12S23  S12C23S13€  C3Cis
1 0 0
0 €% 0 (1.2)
0 0 €&
whereg; = cos j,s; = sin j; isthe Dirac phase responsible of the charge conjugation

parity (CP) violation, while ,; and s3; are the two Majorana phases responsible of the
CP violation and are physical only if neutrinos are Majorana particles (see Section 1.2.2).
The observable oscillation, however, does not depend on the Majorana phases. Assuming
the existence of three neutrinos, the matrix is expressed by six physical parameters: three
mixing angles »1; 31; 32 and three phases ,; and ;.

The probability of neutrino oscillation depends on the neutrino en&yytiie distance
between source and detectan(and the elements of the PMNS matrix. The probability
that a neutrino produced with avdrcan be detected with avdfis given by:

X .,  miL
Pijpo= 1o 4 Re(U“ U, Uik U|ok)S|n
i>k 4E
X m2 L
+2 |m(U” Ui U U|ok)Sin2 2Ek|
i>k

(1.3)

where mZ = m2 m?is the squared mass di erence between the mass eigenktates
andi.
Note that avor oscillations can only manifest whemm?, 8 0, which means thany
must not be equal to;, and at least one of the mass eigenstates must satisfy the condition
my 6 0. Neutrino oscillation experiments exclusively probe the mass squared di erences
mz;, the three mixing angles; and the CP violating Dirac phase They are neither
sensitive to the absolute mass scale nor to the Majorana phases;, i.e. no conclusion
can be drawn about the Majorana or Dirac nature of the neutrinos (Section 1.2).
Experimental con rmation of neutrino oscillations has been observed in various con-
texts, including solar [12], atmospheric [13], reactor [14], and accelerator [15] neutrinos.
These experimental data have provided insights into the elements of the PMNS matrix and
the absolute values of the mass squared di erences.

Neutrino mass ordering

The determination of the neutrino mass hierarchy is a central and challenging research
topic in particle physics. By utilizing the Mikheyev-Smirnov-Wolfenstein (MSW) e ect

in the propagation of solar neutrinos [16], the sign ah3, has been determined as pos-
itive, meaningm; < m, [17]. However, the sign of m3; remains undetermined as it
necessitates the observation of muon neutrinos over very long distances. Consequently,
there are two possibilities for the hierarchy of neutrino masses:

" Normal hierarchy: mgl >0, m<m,<mgs;

1CP-symmetry states that the laws of physics should be the same if a particle is interchanged with its
antiparticle (C-symmetry) while its spatial coordinates are inverted (P-symmetry).
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" Inverted hierarchy: m3, < 0,mz<mj<mo,.

Prospective long-baseline reactor oscillation experiments like Dune [18] and T2HK [19]
are dedicated to establishing the sign ah3, with a notably high level of statistical sig-
ni cance. Very sensitive neutrino oscillation experiment is also JUNO [20], built to in-
vestigate the neutrino mass ordering and the possibility of CP violation of neutrinos.

1.2 Neutrino mass enigma

Within the framework of the SM, the masses of charged fermions are attributed to their
Yukawa couplings with the Higgs eld. These interactions result in a mass component
when the Higgs boson acquires a vacuum expectation value during the electroweak sym-
metry breaking process. In contrast, the origin of neutrino masses is less certain and more
speculative due to the various potential mechanisms involved [21].

In the minimal SM version that excludes the introduction of right-handed neutrinos
and includes only the standard SU(2joublet Higgs boson, there is no viable mecha-
nism for generating mass terms for neutrinos through Yukawa couplings, as is the case for
charged fermions. Hence, it is frequently asserted that, within the SM, neutrinos are con-
sidered to have strictly zero masses. From this standpoint, the observed non-zero neutrino
masses, inferred from diverse experimental observations, constitute the initial compelling
experimental proof necessitating the inclusion of physics BSM.

1.2.1 Dirac neutrinos

The most straightforward approach to give mass to neutrinos involves the incorporation
of right-handed neutrinos and their coupling through a Yukawa interaction. Following the
electroweak symmetry breaking process, this yields the resulting neutrino mass term:

Lm=mp(r L+ L R): (1.4)

which in principal is not diagonal in avor space, but it can be diagonalized via a bi-unitary
transformation, such that:

U, mp U’ = diagimy; my; mj): (1.5)

De ning the mass-eigenstates agr = (U_.r)i Lr , the Dirac neutrino elds be-
comes:

i= it R, (1.6)
and thus the Dirac mass term can be rewritten as:
X
L m= m;— i: (17)

For each neutrino mass eigenstate, the eldsontain four degrees of freedom, ac-
counting for both left and right neutrino chiralities as well as their corresponding antineu-
trinos. Furthermore, this term upholds the global lepton number symmetry, which corre-
sponds to the transformation! € ji-

While this method for generating neutrino masses is quite straightforward, its primary
limitation arises from the fact that the Higgs vacuum expectation value (VEV) is at the
electroweak scale (arourdd!! eV). To achieve neutrino masses below 1 eV, the Yukawa
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couplings must be exceedingly tiny, falling well bel@® **, which is signi cantly smaller

than the smallest known Yukawa couplings for charged fermions (arb@r®). In the ab-

sence of a compelling explanation for such a vast hierarchy between the Yukawa couplings
of neutral and charged fermions, Dirac neutrino masses appear to be unnaturally small.

1.2.2 Majorana neutrinos

The two experimentally observed neutrino states with electron avor are the left-handed
electron neutrino, generated in & decay, and the right-handed electron antineutrino,
produced ina decay. These states can be conveniently described using Weyl spinors,
which possess well-de ned chiralities and thus contain only two degrees of freedom. Con-
sequently, one can contemplate the possibility of expressing a mass term with the necessary
L$ R transition using just two degrees of freedom. This concept was initially proposed by
Majorana in 1937 [22]. According to his hypothesis, the mass eigenstate of the neutrino
eld and its antiparticle eld coincide, similar to what occurs with particles like the photon
or the neutral pion ©, which are identical to their antiparticles.

Majorana attempted to characterize the massive neutrino by solely using the left-handed
eld. He achieved this by expressing interms of | through the application of the charge
conjugation operatér

r=C = C (1.8)

In this way the neutrino eld becomes:

=+ r= L+ & (1.9)
that means© =  or that neutrino and antineutrino are the same particle. In this way the

Majorana mass terms for left-handed neutrino becomes:

1
Lom=5m( c+ L) (1.10)
It exists an analogous term fog introducing the massg. Taking into account the
relation (1.9), the mass term can be rewritten as:
m
L m = o ; (111)
2
and one can see that this mass term does not preseri&@hphase symmetry, violating
the so-called lepton number by 2 units.
In summary, there are two possible scenarios to consider:

" if g exists, it is feasible to have both mass terms (Dirac and Majorana);
" if g does not exist, and the neutrino is exclusively left-handed, a Dirac mass is not

possible, and only a Majorana mass is viable, which results in a violation of lepton
number conservation by 2 units.

2Under charge conjugation (C) a particle transforms into its respective antiparticle, that carries opposite
sign in all charge-like quantum numbers.
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See-saw mechanism

Various models have been proposed to account for neutrino mass, including the Zee and
supersymmetric models [23, 24]. The simplest and most natural way to introduce the very
small neutrino masses in the SM is the see-saw mechanism [25].

The most comprehensive Lagrangian, encompassing both Dirac and Majorana terms,
can be writtem as:

1
L w= é( C RM ¢ +hc; (1.12)
R
where the mass matriM is:
M= Mo (1.13)
Mp Mg

Choosingm_ = 0 andmg Mmp, the mass eigenstates which result from the diagonali-
sation of this mass matrix are two Majorana elds with masses:
1 m2
Miight m—D;
R
. (1.14)

' mD ' .
mheavy Mg 1+ F mg:

R

The eigenstate associated withig: is mostly the familiar left-handed light Majorana
neutrino, while the one associated withea,y is mostly the heavy sterile right-handed
partner.

Sincemp =mg 1, thanmyignt mp, and hence the lightness of the known neu-
trinos is related to the heaviness of the sterile stateThis is the famous type | see-saw
mechanism: when one state mass increases, the other decreases. It 0 ers an elegant solu-
tion to the question of why the neutrino mass is signi cantly smaller than that of the other
charged leptons.

The assumption thah, = 0 is a natural one, as a Majorana mass term for the left-
handed chiral eld | would break both the symmetries and the renormalizability of the
SM. For example, when the Dirac neutrino mass is @(I&eV, and the scal# is on
the order of 10, the resulting neutrino massiis  0.01 eV. This value aligns with
experimental data and is considered a plausible scale for the neutrino mass.

Synopsis

The presence of a Majorana mass term results from the oscillations between particles and
their corresponding anti-particles, causing the violation of the lepton number conservation.
Consequently, investigating instances of lepton number non-conservation may provide in-
sights into the nature of neutrinos.

Majorana neutrinos, with their intrinsic property of violating the lepton number, play
a crucial role in leptogenesis scenarios. They contribute to the creation of a lepton asym-
metry in the early universe. These lepton asymmetries, arising from the potential decay
of heavy neutrinos with CP-violating phases in the early universe, can be transformed into
the observed baryon asymmetry through sphaleron proéd&6&sThis o ers a potential
explanation for the prevalence of matter over antimatter in our universe.

One of the most promising process for probing the neutrinos Majorana nature, and thus
the lepton number violation, is the neutrinoless double beta decay (Section 1.4).

3Sphalerons are non-perturbative quantum eld theory phenomena capable of altering the di erence
between baryon and lepton numbers.
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1.3 Current limits on neutrino mass

The limits on neutrino mass are determined through various experimental methods and
studies. Cosmological measurements provide the most robust limits on the sum of the
three neutrino masses [27]: X

= m; < 0:12 eV, (1.15)

but it's important to note that these limits are contingent on the speci ¢ cosmological
model. To mitigate the model-dependent factors, direct kinematic approaches, like Kurie-
plot analyses, stand out as the most model-independent method for investigating neutrino
mass, yielding limits on the e ective electron neutrino mass:
S
m = jUZj m2: (1.16)

Recent constraints from the KATRIN experiment have set an upper limit on e ective elec-
tron neutrino mass ah < 0:8eV [28].

By exploring variations in neutrino oscillation parameters within theirr@nges, it
becomes feasible to construct plots for the e ective Majorana neutrino mmass e ned
in Equation (1.19)), the e ective neutrino mass () from decay kinematics, and the sum
of neutrino masses (), accessible by cosmology, as depicted in Figure 1.2.

The left panel of Figure 1.2 delineates the parameter space availabie fas a func-
tion of the lightest neutrino mass(gr: ). In the context of the normal ordering scenario,
Miigh: COrresponds tan;, whereas in the inverted ordering scenario, it corresponds to
m3. These ordering scenarios occupy distinct regions in the parameter space; however, at
higher values ofjg,: and correspondingly elevated valueswf , the two bands degen-
erate.

The central panel of Figure 1.2 showcases the connection betweeandm while
considering the anticipated sensitivity of the KATRIN experiment. In the hypothesis of
normal orderingm can potentially approach zero, whereas in the case of the inverted
ordering scenario, there exists a minimum value of approximately 0.013 eV. This minimum
value represents a signi cant target for ongoing and forthcoming neutrinoless double beta
(0 ) decay experiments.

Figure 1.2: The parameter space allowed for is shown as a function @fgr; ,m and . The

light-blue and dark-blue bands show the parameters spaces allowed for the normal ordering and the
inverted ordering scenario, respectively. The grey-shaded areas show the parameter space already
excluded, taking the limit om  from KamLAND-Zen [29], them limit set by KATRIN [28],

and the constraint on from Planck [27]. Adapted from [30].
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Lastly, the right panel of Figure 1.2 illustrates the relationship betweenand ,
incorporating the cosmological constraints on

In summary, as of now, there are only upper limits on all three observables related
to neutrino mass, leaving the absolute neutrino mass scale shrouded in uncertainty. Nev-
ertheless, the collective objective of upcoming experiments dedicated to the search for
0 decay is to enhance sensitivity to a level approachini§ g6 thereby enabling a
de nitive examination of the parameter space where exceeds 10 meV, as depicted in
Figure 1.2. This particular region aligns with the parameter space allowed in the inverted
ordering scenario. Consequently, these future experiments hold the potential to detect
theO decay, assuming that neutrinos exhibit Majorana properties and that the mass
hierarchy follows an inverted con guration.

1.4 Neutrinoless double beta decay

TheO decay search is a topic of broad and current interest in modern physics. The
experiments searching fOr  decay have the potential to provide information on some
fundamental questions, including the precise values of neutrino eigenstate masses, the
ordering of neutrino mass states, and even the potential for discovering CP violation in the
lepton sector. Additionally, this matter-creating process would not only validate but also

0 er insights into leptogenesis scenarios, which seek to elucidate the universe asymmetry
between matter and antimatter.

1.4.1 Theoretical considerations

The double beta ( ) decay is a second-order weak nuclear decay process with the longest
lifetime ever observed. The idea of such a decay was rst suggested by Maria Goeppert-
Mayer in 1935 [31]. The two-neutrino mode ofthe (2 ) decay is a nuclear transition

in which two neutrons are simultaneously converted into two protons with the emission of

two electrons and two antineutrinos, as depicted in Figure 1.3 Left.

This process may be observed experimentally in scenarios where single beta decay
is prohibited due to energy conservation constraints or signi cantly suppressed due to a
substantial spin change. It becomes viable only when the initial isotope is less stable than
the resulting product, and both must be more stable than the intermediate nucleus. These
conditions are met exclusively by certain even-even nuclei (even number of protons and
neutrons). There are 41 isotopes for which this happens (35 and 6 * *) and the
2 decay has indeed been directly observed in about a dozen of them, sud8@a, in
6Ge, 1Mo, 1*6Xe and'*°Te, which have lifetimes of the order of #0107 yr [32].

In 1939, Wendell H. Furry presented a new decay mode: the neutrinoless double
beta@ )decay[33]. Asinth@ decay, in thé® decay a nucleus with Z protons
decays into a nucleus with Z + 2 protons and the same mass number A, accompanied by
the emission of two electrons but no antineutrinos (Figure 1.3 Right):

(A;Z)! (AZ+2)+2e (1.17)

Furthermore, in contrastto tt®e  decay, thé decay violates the law of lepton
number conservation by two units. While several extensions of the SM propose mecha-
nisms to account for this decay, in accordance with the Schechter-Valle theorem [34], all
realizations of relation (1.17) are linked to a Majorana neutrino mass. The conventional
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Figure 1.3: Left: double beta decay with the emission of two antineutrifRight: the neutrino-
less double beta decay with the exchange of massive Majorana neutrino.

interpretation of th® decay can be categorized as a mediation process involving mas-
sive Majorana neutrinos [35].
Following the Fermi golden rule, the rate of the  decay, in the assumption that
the decay is mediated only by the two massive Majorana neutrinos, can be factorized as
[36]:
0 1 m ?

= 5-=6G"(Q ;z) M° ?
7o (Q :2) m

(1.18)

whereT., is the half-life of thed ~ processG° is the phase space facttf,® is the
nuclear matrix element (NME) and. is the electron mass. The expression features also
a key quantity, the e ective Majorana mass of the electron neutrino, de ned as:

X3
m = uzm; ; (1.19)

i=1

whereU is the PMNS mixing andn; are the mass eigenvalues of the three neutrinos.
In this way, by studying th@ decay, it is possible to measure the half-life and then
estimate the neutrino Majorana mass.

Phase space factor

The phase space factdf can be considered almost independent of the mechanism when
two electrons are emitted during the process. Itis of the order df30 * and can be cal-
culated to a satisfying degree of accuracy (0.1%) [37, @8]. scales with the end-point
energy of2 decay to the fth powerQ® ). The so called Q-value or end-point energy,

Q =M; My 2me,isgiven by the di erence of initiali¥1;) and nal mass ;) of

the nuclei involved and the mass of the two electr@ns.. It de nes the maximal kinetic
energy of the two electrons in the nal state of the decay. TheD signal is ex-
pected at this energy. In general, valueQof are measured experimentally. In Table 1.1
numerical values oB° , Q-value and natural abundance of target isotopes, currently being
pursued by leading decay experiments, can be found.

Nuclear matrix element

The main source of systematic uncertaintyTgh, is introduced byM °® [39, 40]. The
calculation of these matrix elements is a challenging task due to the complex nature of
nuclear structure: it involves several nuclear physics ingredients, including the nuclear
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Isotope G° (10 Py ) Q (keV) nat. abundance (%)
% Ca 24.81 4267.98(32) 0.187

6 Ge 2.363 2039.061(7) 7.8

82 Se 10.16 2997.9(3) 9.2

9 7r 20.58 3356.097(86) 2.8
100 Mo 15.92 3034.40(17) 9.6

116 16.70 2813.50(13) 7.6

130 Tg 14.22 2 527.518(13) 34.5

136 X 14.58 2457.83(37) 8.9

150 Nd 63.03 3371.38(20) 5.6

Table 1.1: Phase space fact@® from [37], Q-value and natural abundance from [30] for
0 candidate isotopes (see Section 1.4.2).

wave functions, the two-body nuclear Hamiltonian, and other factors that describe the
nuclear structure. Exact calculations for the isotopes are currently not possible,
leading to various approximations and truncations. Several nuclear structure models and
techniques have been employed to calculate these matrix elements, marking substantial
progress in their evaluation over the past decade. In Figure 1.4 a comparison between
the values of the NMEs calculated with the di erent models is illustrated. The models
predict NME values with 2-3 factors of di erence for the candidate nuclei, which has to
be taken into account when making predictions about experimental sensitivities and when
comparing0 searches with di erent isotopes.

In literature, the NME is commonly rede ned by taking out the contribution of the
axial-vector coupling constagi: M° = gzM © . Typically, the value ofj for the free
neutron is employed, ranging between 1.25 and 1.27. A challenge arises when comparing
predicted and measuré&d  decay half-lives of various isotopes, consistently smaller
than the estimated values. A potential explanation lies in the "quenchingg’, afither
induced by limitations in the calculation or by the omission of non-nucleonic degrees of

freedom:
eff

On =0 A (1.20)
where varies from 0.12 to 0.18, depending on the employed nuclear model [41]. Con-
sidering0 decay, the question arises whether the valugs 66 quenched in a manner
similar to 2 decay or not. Currently, there is no universally agreed-upon answer, and
the question remains a subject of debate. Since the correct vaiiei®in open issue,
this introduce signi cant uncertainty into the determinationnof from theO rate
formula of expression (1.18).

E ective Majorana mass vsG® & M ©

Various calculations oM° andG° for all candidates are compared in [42]. The

results depicting the e ective Majorana mass limits as a function of arenormalized speci ¢

phase space and the squared nuclear matrix element are presented in Figure 1.5 for selected
candidates. A nearly uniforminverse correlation between phase space and the square of

the nuclear matrix element is observed. Consequently, nsotope demonstrates a clear

preference or disadvantage; all exhibit approximately the same sensitiity todecay

per unit mass.
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Figure 1.4: Predictions of NME values for light-neutrino exchange from di erent many-body mod-
els. Figure from [30].

Figure 1.5: Limits on e ective Majorana neutrino mass in relation to the speci c phase space
and squared matrix elements for the candidates?’5Ge, 13°Te, 136Xe, and!®°Nd. The vertical
span represents the rangegﬁf, which di ers for the adopted models, leading to non-rectangular
boundaries. The lines indicate the e ectine that would correspond to a count rate of 1 event
per tonne per year. Figure taken from [42].
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Figure 1.6: lllustration of2 and0 decay spectra. Image from [30].

1.4.2 Experimental considerations

From the experimental point of view, the most direct approach in the search for ade-

cay signal consists in the detection of the two emitted electrons. The recoil energy of the
nucleus is negligible and the energy is almost entirely carried away by the two electrons.
Therefore thé® decay signal will manifest as a characteristic peak in the energy spec-
trum at Q of the decay process. Figure 1.6 shows an illustration of the two-electrons
spectra: amonochromatic peak at @ expected for th® decay, while th@ pro-

cess has a continuous spectrum with @s end point.

An important aspect in the search for he decay is the choice of the isotope. The
rst requirement is a high Q of the  emitter; an ideal choice would be Qlarger
than 2.6 MeV, which represents the end point of the dominant natural gamma radioactiv-
ity. Another fundamental requirement is high isotopic abundance of themitter; the
majority of candidate isotopes have a natural isotopic abundance < 10% (Table 1.1), the
only exception being*°Te with 34.5% of natural isotopic abundance. For these reasons,
among the 35 nuclei capable of undergoihg decay, 9 isotopes emerge as particularly
promising candidates for ti@  decay search*Ca, '°Ge, Se, %Zr, 1°°Mo, 16Cd,
130Tg, 136X e and!®°Nd.

Detecting thed decay is extremely challenging due to the inevitable presence of
background events from radioisotopes. Stringent low-background techniques must be em-
ployed due to the signi cantly higher environmental radioactivity levels compared to the
expected decay rate. Firstly, experiments need to be conducted underground to shield the
detectors from cosmic rays. Subsequently, a shield with minimal radioactivity, along with
detector materials with low intrinsic contamination, must be employed to neutralize natu-
ral radioactivity. The residual background contamination can be eliminated through either
event topology discrimination or the implementation of a secondary detector operating in
anti-coincidence with the primary detector (e.g. muon veto, scintillation light detection,
neutron moderator). Moreover, the source material of the detector it self must not only
contain a substantial fraction of the decay isotopes but must also maintain a high level
of purity.

Neutrinoless double beta decay sensitivity

The sensitivity of an experiment searching forthe decay is expressed by a "detection
factor of merit" 8° ) de ned as the process half-life corresponding to the maximum signal
that could be hidden by the background uctuations (at a given statistichhCL It can

4Con dence Level.
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be expressed as [43]: i

_In(2) Na a M T

s° :
Map N Bl E

(1.21)

This expression highlights the role of the experimental parameters used on the search for
0 decay:

the detection e ciency is a critical parameter and it depends on the experimental

technique; the highest detection e ciency is typically achieved in a detector = ab-

sorber con guration, where the isotope is by itself, or at least directly embedded in,
the detector material,

the isotopic abundanceof the  emitter: as mentioned before, the natural iso-
topic abundance of many emitters is < 10%, consequently, isotopic enrichment
procedures are employed, contributing to an increase in the overall costs of the ex-
periment; only*3°Te may o er a use without enrichment, but even here, enrichment
may provide a substantial enhancement in the ratio of detector mass to isotope mass;

the target mashl : expanding the target mass usually corresponds to a parallel in-
crease in expenses;

the experimental lifetiméd ;

the Background IndeBI , de ned as the rate of background events per unit of en-
ergy in the region of interest, mass and time; it depends on the chosen experimental
technique and the radio-purity of materials; furthermore, it can be also improved
through the implementation of additional selection criteria and techniques designed
to discriminate signal from background events;

the energy resolution E of the detectob de ned as the Full Width at Half Maxi-
mum (FWHM) atQ : E =FWHM=2 2In(2) ,where isthe expected stan-
dard deviation of th® decay peak; it is a crucial parameter also to minimize
the background produced by tBe  decays.

Background-free condition

Of particular interest is the situation wheBd is so low that the number of expected
background events is less than one count in the energy region a@undhe so-called
background-free condition. The advantage of such a condition lies in the linear increase
of the sensitivityS® with the experimental exposure (masietime) [43], instead of the
square root as in the expression (1.21):

_ IN(2) Na a

SO
mA Ns

M T: (1.22)

whereNs is the number of observed events in the region of interest arQundTherefore,
the optimal experimental conditions are achieved when a zero-background limit is upheld
for the majority of the experimental runtime.
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1.5 Present and future e orts on0 decay search

Starting from the middle of the $0century, numerous experiments have been carried out

to investigate double beta decays. Di erent isotopes and detection approaches have been
employed to track particles and measure the sum of the energies of the two emitted elec-
trons. The main technologies used within the eld can be classi ed as: scintillator detec-
tors, semi-conductor detectors, cryogenic bolometers, Time Projection Chambers (TPCs)
and tracking calorimeters.

The status of the decays search is in continuous evolution: many experiments are
running, under construction or proposed. Several experimental approaches are now avail-
able to search with high sensitivity and low background<for decay in a variety of
isotopes covering the entire region of the inverted mass ordering and beyond. Lower limits
for the O half-life were established in last years by KamLAND-Z&grda, Majo-
rana , EXO-200, CUORE and CUPID experiments.

Table 1.2 lists the most stringe@it  decay limits currently available (limits above
10°* yr are reported), including half-life lower limits and upper limit ranges on the e ec-
tive Majorana neutrino mass. Whereas Table 1.3 highlights the discovery sensitivity on
0 decay half-life for 10 years of lifetime and the corresponding sensitivity onah
the next-generation experiments, which will reach a8nsitivity higher than 23 yr. The
following list of experiments is not exhaustive; however, it aims to provide an overview of
the key projects and experimental techniques currently available.

Scintillator detectors

Liquid scintillators are frequently chosen for extensive, multi-ton rare event searches.
They operate by emitting characteristic light during the de-excitation of the scintillator
molecules, which is then detected by an wide array of photosensors, usually after under-
going wavelength shifting. By employing meticulous puri cation and vetoing techniques,
it is possible to achieve exceptionally low background levels. These detectors o er a cost-
e ective approach to increase the isotope mass, particularly wheisotopes are incor-
porated into the scintillator mixture, making them particularly suitable for repurposing in
solar/reactor neutrino experiments. Nevertheless, their energy resolution is limited, typi-
cally around few % level.

KamLAND-Zen experiment involves employing a nylon balloon lled with liquid scin-
tillator enriched in**Xe. The rst phase, KamLAND-Zen-400, yielded strong half-life
limits, despite unexpected background due to the Fukushima nuclear disaster. The sec-

isotope T2,(10%yr) m (meV) experiment

136X e > 23 < 36 156 KamLAND-Zen [44]
> 3.7 < 129 555 EX0-200 [45]

°Ge > 18 <79 180 Gerda [46]

> 83 < 113 269 Majorana [47]
130Te > 2:2 <90 305 CUORE [48]
825e > 0:46 < 263 545 CUPID-0 [49]
100Mo > 0:18 <280 490 CUPID-Mo [50]

Table 1.2: Recent experimental lower limits on t@e  decay half-life for light Majorana neu-
trino exchange and upper limit ranges on mboth at 90% CL, with the corresponding experi-
ments. Note that only recent result reaching aboé §0are reported.
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isotope T2,(10°7yr) m (meV) experiment
®Ge > 15 <27 63 LEGEND-200 [52]

> 13 <9 21 LEGEND-1000 [53]
100Mo > 11 <12 34 CUPID [54]
136X e > 74 <6 27 NEXO [55]

> 2:2 <12 50 NEXT-HD [56]

> 11 <17 72 Darwin [57]

> 1:1 <17 71 KamLAND2-Zen [44]

Table 1.3: The discovery sensitivities on tlile  decay half-life and the corresponding sensi-
tivity on m  of next-generatio® experiments. Note that only experiments that will reach a
discovery sensitivities above 40yr are reported.

ond phase, KamLAND-Zen-800, achieved world-leading half-life limits [44] (see Table
1.2). The KamLAND-Zen collaboration is planning a follow-on phase, KamLAND2-Zen,
which will deploy approximately 1 ton of enriched xenon, aiming to signi cantly reduce
background by improving energy resolution and implementing upgrades such as new light
concentrators and photomultiplier tubes, leading to a background reduction by a factor of
20 and enhanced sensitivity.

SNO+ is a successor to the SNO experiment, utilizing its infrastructure. Its setup
involves lling SNO acrylic sphere with around 780 tons of liquid scintillator containing
tellurium, while the surrounding SNO water lled cavity serves as a water Cherenkov
active veto. The project follows a multi-stage plan. Initially, it will use about 1.3 tons
of 13%Te with an expected energy resolution of about 7% FWHBI@ In a subsequent
phase, the goal is to increase #i&Te mass to 6.6 tons and improve the energy resolution
to 5%. This ambitious initiative is projected to yield a sensitivityTdh, > 107° yr [51].

Semiconductor detectors

Semiconductor detectors, primarily using High-Purity Germanium (HPGe), are integral to
the search fod decay. These detectors 0 er exceptional energy resolution (< 0.1 %),
enabling the precise measurement of particle energies, critical for distinguishing rare sig-
nal events from background radiation. Enriched isotopes, sutiGas are often used to
enhance sensitivity. Techniques like pulse shape discrimination and operation in cryogenic
environment are employed to reduce background contamination and noise.

Gerda andMajorana Demonstrator experiments used p-type HPGe detectors en-
riched in"®Ge isotope Majorana focused on re ning background reduction techniques
within the traditional approach of operating germanium detectors in a vacuum environ-
ment, whileGerda pioneered an innovative approach involving liquid argon. Gleeda ex-
periment achieved the highest sensitivity on the half-life, of 1L&° yr at 90% C.L., col-
lecting more than 100 kgr of total exposure in a background-free regime [46]. The
Majorana experiment achieved the best energy resolution of 0.12% FWIEM@47].

By combining technological expertise and experience from both previous experiments,
the LEGEND program is expected to reach a design sensitivity two orders of magnitude
greater than its predecessors. In particular, LEGEND-200 experiment aims to reach a
sensitivity on the half-life ofLl(?” yr by operating about 200 kg of HPGe detectors [52].
Together with its scienti ¢ purpose, it will also serve as a testing ground for all R&D
solutions in view of LEGEND-1000 experiment. The latter aims for discovery potential
beyondL(?® yr [53, 58]. Since this thesis work focuses on the LEGEND project, additional
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details will be provided in Chapter 2.

Cryogenic bolometers

Cryogenic bolometers operate at extremely low temperatures, close to absolute zero, and
are designed to measure temperature changes caused by the energy deposited by parti-
cles. Cryogenic bolometer experiments@or decay typically involve high-purity crys-
tals or scintillating materials, sensitive thermometers like superconducting thermistors or
transition-edge sensors and shielding to minimize background radiation. Signal gener-
ation is slow, taking milliseconds, but they achieve excellent energy resolutions (about
0.1%) at MeV energies. Scintillating crystals can collect light signals for particle discrim-
ination. Multiple detectors can be used in a granular array but require complex cryogenic
infrastructure.

The leading experiment, CUORE [48], employs Fdidlometers operating at 10 mK
and within a radiopure lead shield, cooled in a helium dilution refrigerator. CUORE has
demonstrated the feasibility of a ton-scale bolometric experiment, achieving an impres-
sive energy resolution of 0.3% FWHM@ . However, the experiment currently lacking
particle identi cation and facing a background from surface alpha particles. The CUPID
experiment [54] is planned to succeed CUORE in the same cryostat, using isotopically
modi ed Li,MoO, crystals and implementing particle discrimination. The goal of CU-
PID is to explore the inverted hierarchy region of neutrino mass, achieving a sensitivity of
T2, > 1077 yr.

Time projection chambers

TPCs detect and characterize particles using scintillation and ionization channels. TPCs
reconstruct positions and energies of particles, with ionization-to-scintillation ratios aiding
particle identi cation. Xenon is often the medium of choice due to its low background.
TPCs o er remarkable energy resolution, close to 1 % for liquid xenon and down to about
0.5 % for high-pressure gas TPCs in electroluminescence mode. Self-shielding properties
of xenon can reduce background, but outer regions may need additional shielding.

The up-to-date best decay result of a TPC is achieved with the EXO-200 exper-
iment [45]. EXO-200 comprises a cylindrical TPC containing liquid xenon enriched in
136Xe. The anti-correlation between ionization and scintillation signals #ixe facili-
tates the reconstruction of event topology, energy, position, and particle type, allowing to
achieve a resolution of about 3% FWHM® . The upcoming nEXO experiment [55] is
setto employ ve tonnes of enriched liquid xenon, aiming to increase the energy resolution
below 2% and attain a sensitivity 3., 10?8 yr after 10 years of data taking.

The NEXT experiment [56] uses a high-pressure gaseous xenon TPC with an elec-
troluminescent region. NEXT-White, a proof-of-principle detector with 5 kg%Ke,
demonstrated an energy resolution ofil% atQ and tracking performance capable of
distinguishing electron track events, reducing background by a factor of 27. NEXT-100,
the second stage of the project, contains 87 ktf®{e, with a projected background in-
dex of 4 10 “ cts/(keVkg yr). NEXT-HD is a future ton-scale phase of NEXT, with an
expected signi cant reduction in background, by replacing PMTs with an all-SiPM light
readout at both TPC ends and using wavelength-shifting bers to enhance further the light
collection. The main goal is to reach a sensitivityT¢f, ~ 10°" yr.

DARWIN experiment [57] is a dual-phase natural-xenon TPC with electrolumines-
cent readout, designed for direct searches for Weakly Interacting Massive Particle (WIMP)
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Dark Matter. This detector also possess sensitivify to decay, even with natural xenon
targets. However, the instrumentation required for the detection of nuclear recoils from
WIMPs naturally leads to higher levels of external background compared to detectors op-
timized for O decay experiments. DARWIN will use 40 tons of Xe and aims for a
discovery sensitivity oL, 10?7 yr.

Tracking calorimeters

Tracking calorimeters are also specialized detectors used in the seafth fodecay.

They di er in having distinct source and detector components, which minimizes self-
absorption within the source. A thin-foil source material is employed to mitigate absorp-
tion issues, surrounded by a low-density gas tracker that reconstructs electron paths. These
detectors provide detailed topological information about particle interactions and energy
measurements, enabling the study of the underlying decay mechanism. Although tracking
calorimeters are e cient, they have limitations when it comes to handling mass.

NEMO-3 [59], the most sensitive tracking calorimeter to date, set competitive con-
straints on various target isotopes. Its successor, SuperNEMO [60], follows similar design
principles and is in preparation. SuperNEMO includes a SuperNEMO Demonstrator with
7 kg of82Se and a full-scale experiment featuring multiple modules with até®a& mass
of 100 kg. By reducing the background to 20%, SuperNEMO aims to a 10-year discovery
sensitivity of T2,  10**yrandT2, 10 yr for SuperNEMO-D and SuperNEMO,
respectively.

1.6 Pros and cons of Germanium fol0 decay search

Germanium detectors are particularly suitabledfor decay search, despite some theo-
retical disadvantages. The decay rate, expressed by Equation (1.18), depends on the phase
space factor@® ), resulting in an expected half-life higher than many other candi-
dates, as illustrated in Figure 1.7. Additionally, the maximal valud 8f for "°Ge is over

2.5 times larger than the minimally predicted one, introducing signi cant uncertainty to
T2,. This uncertainty has to be taken into account when making predictions about exper-
imental sensitivities and when comparidg searches with di erent isotopes. From an
experimental standpoint, tlig  value is relatively low compared to the endpoint of natu-

ral gamma radioactivity (Table 1.1), and germanium detectors require isotopic enrichment
due to low natural abundance, contributing to the overall cost of the experiment. However,
this cost challenge is a common issue acros8 all experiments.

Despite these theoretical and experimental challenges, germanium detectors o er com-
pensatory advantages. The relatively long expected half-lie of decay is partly com-
pensated by the exceptional energy resolution achievable with germanium detectors, a cru-
cial factor in sensitivity of & experiment, as demonstrated by Equation (1.21). Given
that2 decay acts as an irreducible background source for decay searches, the ex-
cellent energy resolution becomes essential to distinguish the expected peak from the tail of
the2 decay distribution (Figure 1.7 Right). Additionally, germanium detectors exhibit
high detection e ciency, being both the source and detector of themitter, and possess
intrinsic radiopurity. The background rejection ability of germanium detectors, stemming
from their proven technology with a long historyGn  search [61], play a pivotal role in
discriminating signal-like events from backgrounds. This discrimination power facilitates
the e cient reduction of the background index, achieving the background-free condition.
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Figure 1.7: Left: expectedd half-lifes for di erent candidate isotopes. Figure from [62].
Right: summed electron energy spectrum for decay and) decay with two di erent
energy resolutions for the peak. Adapted from [63].



CHAPTER 2

The LEGEND Experimental Program

The LEGEND (Large Enriched Germanium Experiment for Neutrinoless double beta De-
cay) collaboration works to develop the larg€&e-base® decay experiment in his-

tory. The collaboration was born from the synergy of @erda andMajorana collab-
orations, and additional new international institutions. The experimental program will be
phased: LEGEND-200 and LEGEND-1000 will search@or decay in’®Ge isotope,
using about 200 kg and 1000 kg of High-Purity Germanium (HPGe) detectors, respec-
tively. LEGEND-200 is currently taking data with about 140 kg of HPGe detectors at
Laboratori Nazionali del Gran Sasso (LNGS) of INFN Italy.

The chapter unfolds with a discussion of the experimental goals for both LEGEND
phases (Section 2.1). It then provides more detailed information about the LEGEND-
200 experiment (Section 2.2), main focus of this thesis work, covering aspects such as
the experimental setup, HPGe detectors descriptions and an overview on data acquisition
system. Primary background sources, the innovative techniques applied for their active
suppression and the LEGEND-200 data processing are also presented. The Section 2.3
contains an update on the current status of LEGEND-200 experiment and performance
results. Finally, in the Section 2.4, a brief description of the next-generation experiment,
LEGEND-1000, is presented.

2.1 LEGEND goals

The primary goal of the LEGEND collaboration is to build upon the achievements of
the Gerda andMajorana experiments, exploring a new background regime within the
region of interest, centered around @e = 2039keV, for ®Ge isotope. LEGEND staged
approach provides a low-risk path to world-leading sensitivity. Its expected sensitivity to
a0  decay signal if®Ge as a function of exposure (magane) is shown in Figure 2.1
and is described below.

The goal of the rst phase, LEGEND-200, is to reach a background index ap2*
cts/(keVkg yr) or 0.5 cts/(FWHMt yr) atQ of the decay. With such a low background
level, LEGEND-200 will attain a 3 discovery sensitivity o, of the order ofLG? yr
with 1 t yr of exposure over a period of 5 years of data taking. Thdi8covery sensitivity

Listituto Nazionale di Fisica Nucleare.
21 cts/(keVkgyr) = E 10° cts/(FWHMtyr), E of 2.5 keV has been considered.

21
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Figure 2.1: LEGEND sensitivity to the measurement oDa  decay signal in®Ge isotope

as a function of exposure for a 399.7% C.L.) discovery sensitivity and previous results from
Gerda andMajorana experiments. The maximum expected Bl scenario is indicated by the red
dashed line. Adapted from [53].

of LEGEND-200 will translate to an upper limit on the e ective Majorana mass {rm
the range of 34-78 meV [52]

LEGEND overarching goal is to reach a 8iscovery sensitivity across the entire re-
maining parameter space for the inverted neutrino mass ordering, assuming that light left-
handed neutrino exchange dominates. The LEGEND-1000 experiment is expected to sur-
pass the signal-to-background discrimination achieved by current-generation experiments.
The background target for LEGEND-1000 is a Bl of less thariQ ° cts/(keVkg yr) or
less than 0.025 cts/(FWHMyr). With this reduced background, LEGEND-1000 will at-
tain a half-life discovery sensitivity of 1.310?® yr, corresponding to an upper limit on
m in the range of 9-21 meV over a span of 10 years of data taking [53].

2.2 LEGEND-200 experiment

The LEGEND-200 experiment takes place at LNGS of INFN, bene ting from the natu-

ral shielding e ect of the rock overburden (3500 m water equivalent), which e ectively
attenuates the hadronic components of cosmic ray showers and decreases the muon ux
by six orders of magnitude. During this phase, about 200 kg of HRIB®ctors (about

70 kg fromGerda andMajorana , and 130 kg of newly produced p-type detectors) are
employed within a modi ed infrastructure inherited from t@erda experiment.

2.2.1 Experimental setup

The LEGEND-200 setup follows a multi-layer approach in order to minimize the main
background sources. Figure 2.2 Left shows an artistic representation of the LEGEND-200
experiment and its components are discussed below.

3Assuming the current matrix element calculations and an un-quenched axial-vector coupling constant.
4The impurities concentration is 10 ** atoms/Ge.
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Figure 2.2: Left: Artistic view of LEGEND-200 setupRight: HPGe detector strings surrounded
by the LAr instrumentation and an HPGe detector element. Main components are marked. Images
credit to P. Krause.

A 10 m-diameter and 8 m-height tank with 59¢ wof ultra-pure water shields from
neutron and gamma backgrounds. It works also as a muon veto for residual cosmic muons
through the detection of Cherenkov light with 66 encapsulated PhotoMultiplier Tubes
(PMT) [64, 65].

Inside the water tank a 4 m-diameter vacuum-insulated stainless steel cryostat with
64 nm? of puri ed Liquid Argon (LAr), at a temperature of about 89 K, is present. The
internal walls are covered with a 6 cm low-background copper layer to shield the
dioactivity originating from the steel. The ultra-pure LAr acts as cooling medium for
germanium detectorsnd additional shield for external radiation [64, 66]. At the bottom
of the cryostat, the LEGEND LAr Monitoring Apparatus (LLAMA) is placed, allowing
to monitor the puri cation levels of the LAr continuously. The system consists of a 85
cm-height copper frame; &ét'Am light source, contained in a triangular shaped copper
vessel and equipped with Silicon-PhotoMultipliers (SiPM), is positioned at the base of
the frame support and 13 peripheral SiPMs are located at di erent distances to the light
source. O -line analysis is applied in order to provide the LAr optical properties [67].

The center of cryostat contains a 1374 mm-diameter and 3 m-height cylinder, made of
copper-tetratex foil coated internally with TetraPhenyl Butadiene (TPB), called WaveLength-
Shifting Re ector (WLSR) [68]. The WLSR is designed to separate the innermost LAr
volume (about 6 t of LAr), working as further shielding for detector systems and as a
re ector of the LAr scintillation light (see Section 3.4). Inside the WLSR the LAr in-
strumentation is present. It is composed of two concentric WaveLength-Shifting (WLS)
ber shrouds, which surround the HPGe detector (Figure 2.2 Right), coupled to SiPMs on
both ends. The LAr instrumentation plays a key role in detecting background events that
deposit energy in the LAr volume surrounding the HPGe detectors. Further details of the
system will be elaborated upon in Chapter 3, as it is the central focus of this dissertation.

5The germanium detectors narrow energy band-gap of 0.67 eV require cryogenic cooling to operate
e ectively, minimizing thermally induced current.
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The HPGe detectors are mounted on supports made of active PolyEthylene Naphtha-
late (PEN), a scintillating plastic material known for its ability to improve background
rejection [69], and are arranged in 12 strings. In order to uphold a high radiopurity of
components near the detectors array, low-niMaprana -style components have been
employed and underground electroformed copper has been introduced to mitigate the im-
pact of the?®®U and?*’Th decay chains and the cosmogenic activatiof°Gb in cop-
per [70]. Each HPGe string is placed inside a TPB-coated nylon cylinder, called Nylon
Mini Shroud (NMS), to limit the volume of LAr around them from which radioactive
ions, such a4’K (see Section 5.2), can be captured by electric elds on the detector sur-
faces [71].

The assembly of HPGe detectors, surrounded by LAr instrumentation, takes place
within an ISO7 clean room, inside a glove box. The nitrogen atmosphere in the glove box
facilitates clean handling and deployment. After the installation the LAr instrumentation
and HPGe strings are lowered to the cryostat through a lock system.

The High-Voltage (HV) supply is realized by 160 6 kV HV power-supplies from CAEN
An asymmetric 3-pole RC lter, designed for LEGEND-200, is employed to eliminate AC
noise from the DC voltage. The signhals from HPGe and SiPM detectors are driven via
10 m long Kapton at-band cable to the outside of the lock where they are digitized by a
ash analogue-to-digital (ADC) converter, see Section 2.2.3.

2.2.2 HPGe detectors

The HPGe detectors form the core of LEGEND-200 experiment. They are semiconductor
diodes sensitive to ionizing radiation andays, with an excellent energy resolution and
a high detection e ciency.

The HPGe detectors work with a reverse bias voltage, such that almost the entire vol-
ume is depleted of free charge carriers [72]. The high voltage (up to 5 kV) is appliéd to n
electrode, a Li-di used relatively thick ( 0.7 mm) dead layer, while the signal is readout
on the very thin ( 0:3 m) p" electrode, obtained via Boron implantation.

LEGEND-200 is using p-type germanium detectors used in previous experiments:
Broad Energy Germanium (BEGe) and semi-Coaxial (Coax) detectorsGenaa [73],
and P-type Point Contact (PPC) detectors figlmjorana [74]. In order to reach the
200 kg array, newly developed detectors are incorporate, namely the Inverted Coaxial
Point Contact (ICPC) detectors [75], which form more than 60 % of total mass. This
detector type has been already tested in the last phaGermla experiment [76]. All of
them are made from isotopically enriched material®Ge at 86 - 91%. Few details on
the germanium detector types used in LEGEND-200 are listed below:

" Coax detectors(Figure 2.3 left) typically have a mass around 2-3 kg and they have
a "wrap-around" h conductive Li layer and a B implanted gontact in the central
hole, separated by a groove which is covered by an insulating silicon monoxide layer
(passivation layer). This con guration leads to a strong eld across the detector vol-
ume, enabling the fabrication of large detectors (8-10 cm). However, a disadvantage
of this layout is the dependence of the pulse shape on the location where the charge
is created within the detector volume.

PPC and BEGe detectorgtwo central images of Figure 2.3) have an average mass
of about 700 g and, unlike in the Coax, the pontact is very small (especially for

Shttps://www.caen.it/products/al560h/
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Figure 2.3: Electric elds of the HPGe detector types used in LEGEND-200. The red color indi-
cates the p electrode, where the signals are readout. Credit to D. Hervas Aguilar.

PPC detectors), called the point contact readout electrode. The smeadinpact

is located in the middle of the bottom side while the Li-di usetl contact covers

the whole outer surface. The special geometry of BEGe and PPC allows enhanced
signal discrimination against background events and register also an excellent energy
resolution in a broad energy range.

" ICPC detectors(Figure 2.3 right) have similar characteristics of BEGe and PPC de-
tectors in terms of energy resolution and pulse shape discrimination. Moreover, they
provide more active volume per readout channel with a larger mass (1.5-4 kg) and
lower surface-to-volume ratio. The increased detector mass allows the overall num-
ber of detectors operated in LEGEND-200 to be reduced, also reducing the number
of cables, readout channels, and detector support materials that are all sources of
background. The reduction of the surface-to-volume ratio also helps in mitigating
the background due to radioactive decays on the detector surfaces.

Readout electronics

The signal produced by the HPGe detectors are read-out by a resistive-feedback Charge-
Sensitive Ampli er (CSA), operating in LAr [77]. The CSA is designed with low elec-
tronic noise (< 1 keV FWHM) and to guarantee an energy resolution of about 2.5 keV at
Q . Itfeatures a fast rise time (< 100 ns) which allows for pulse shape discrimination,
high linearity and dynamic range up to 10 MeV for detecting high enerdgcays.

The CSA is separated into two stages in order to meet stringent radiopurity constraints
and to improve the over-all performance: the rst stage is based oNl#jerana Low-

Mass Front-End (LMFE) [78], placed in the proximity of the HPGe detector and has a total

activity lower than 1 Bq of radioactivity; the main ampli er stage (called CC4), based

on theGerda design [79], is placed 30-150 cm above the HPGe detector (the distance
depends on the detector location in the array) and has a total activity budget of about
50 Bq per channel. The connection between the rst and second stages involves four
low-mass AXON pico-coaxial cables, which are custom made using carefully selected
and tested copper wires and dielectric material.

A dynamic receiver positioned at the cryostat ange, called Head Electronics, is de-
signed to serve as termination for signals originating from the CC4 and to drive them to
the Data AcQuisition (DAQ) system. The incorporation of an active termination holds
the potential to signi cantly reduce the power dissipated by the CSA within the liquid
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