ABSTRACT

GALA, RUSHABH. A Projected Background Model for the LEGEND-1000 Experiment.
(Under the direction of Matthew Green).

Neutrinos are very fascinating particles — extremely light, electrically neutral and in-
teracting only via the weak force and gravity. Because of their weakly-interacting nature,
a lot of their properties are not known such as the exact value of their mass, or whether
neutrinos are their own anti-particles. Gaining a deeper understanding of these properties
could help unravel the nature and the origin of the universe, and help explain why there is
so much matter around us and so little anti-matter. Numerous experiments are currently
operating or are planned to gain more insights on one or more of these properties. One
important class of such experiments are designed to look for neutrinoless double-beta
decay.

Neutrinoless double-beta decay (0vff) is a hypothetical nuclear process in which an
unstable nucleus emits two [ particles simultaneously without the emission of any corre-
sponding anti-neutrinos. Observation of Ov 3 would indicate that neutrinos are Majorana
particles i.e., their own anti-particles regardless of the underlying mechanism. Existence
of such a process would vioate the lepton number conservation by two units and provide
insights to explain the matter-antimatter asymmetry in the universe. Additionally, it
would offer a way to probe the absolute neutrino mass scale. One such experiment aimed
at searching for Ovf5 is LEGEND.

The Large Enriched Germanium Experiment for Neutrinoless 55 Decay (LEGEND)
is a "®Ge-based phased experimental program aimed at observing 0v33 decay. The first
phase, LEGEND-200, is operational and collecting data while the next phase, LEGEND-

1000, is currently under design and review phase with an aim to reach a sensitivity



to OvB33 half-lives (T1=2) beyond 10* years. To successfully reach our target sensitiv-
ity and the background goal, it is essential to understand and identify the sources
of background expected in LEGEND-1000, constraining backgrounds to a rate of <
1 10 ®cts/(keVkgyr) in the region of interest (ROI) around @ = 2039 keV

In this dissertation, I provide an introduction to neutrino physics, present a detailed
discussion of the various aspects of the LEGEND experiment, including the expected
sources of backgrounds and the software suite designed to simulate and model these
backgrounds using various analysis cuts. I also describe how LEGEND-200 data is used to
validate the simulations and assess the effectiveness of the cuts, and construct a projected

background model for the LEGEND-1000 experiment.
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Chapter 1

Neutrinos

1.1 Introduction

The standard model (SM) of particle physics is one of the most successful theories in
physics which attempts to describe three of the four known fundamental interactions
namely, the Electromagnetic, Weak and Strong interactions. Discovered in 2012, the
Higgs boson was one of the predictions of the SM [1]. This particular discovery is vital as
it provides a mechanism (known as the Higgs mechanism) by which all the fundamental
particles acquire their masses [2]. Thelectron g-factor(g.), one of the most precisely
measured quantity in all of physics, is a direct consequence of the success of the SM [3].
However, the SM is far from perfect as it fails on numerous places. The most glaring
failure of the SM is its inability to describe gravitational interactions at all scales within
its framework [4]. It does not successfully explain the matter-antimatter asymmetry as
seen in the universe [5]. It fails to explain the existence of dark matter, which has been
indirectly observed in various astrophysical experiments [6]. Finally, neutrinos are as-

sumed to be massless within the SM framework, however the successful observation of



neutrino oscillation which led to the Nobel Prize of 2015, demonstrates that neutrinos
have a non-zero mass [7]. Various attempts are being made to x the shortcomings of the
SM including the birth of a new eld: Beyond Standard Model (BSM) physics.

In this chapter we will focus on neutrinos, their discovery, properties and what makes

them so interesting in the realm of the BSM physics.

1.2 Discovery of Neutrinos

Neutrinos were rst postulated by Wolfgang Pauli in 1930 to explain the continuous
energy spectrum of electrons in nuclear beta decay [8]. Beta decay, being a continuous
spectrum, posed a problem for the conservation of energy and angular momentum since
the emitted particle was expected to have a monoenergetic signature in a 2-body decay
like alpha and gamma decays.

et p! n+e (1.1)

Neils Bohr suggested that for individual interactions, energy and angular momentum
conservation might not be applicable and that they are only conserved in a statistical
ensemble [9]. On the other hand, Pauli suggested the presence of yet another undiscovered
particle in beta decay to explain the continuous spectrum and conservation of energy and
angular momentum; he named the particle "neutron’, which was later changed to neutrino
by Fermi in his theory of beta decay to avoid naming con ict with the actual neutron. It
wasn't until 1956 that neutrinos were discovered experimentally by Cowan and Reines in a
nuclear reactor experiment which observed electron antineutrinos [10]. They made use of
inverse beta decay (Eq. 1.1) to detect the incoming electron antineutrinos from the nuclear

reactor. The principle of the experiment was based on the annihilation of the positron



upon interaction with matter, resulting in the emission of two -rays coupled with an
additional signal of neutron capture a short interval later. Cadmium was used to capture
neutrons as it has a high neutron capture cross-section. The coincidence of positron
annihilation and neutron capture events gave a de nitive proof of the antineutrino's
interaction with the protons in the water tank. Cowan and Reines predicted this cross-
section to be arounds 10 %4 cm? and their measured cross-section w&s3 10 4 cm?
signifying the discovery of antineutrinos [10]. This discovery led to a Nobel Prize in

physics in 1995.

1.3 Neutrino Oscillations

Shortly after the rst experimental con rmation of neutrinos, Ray Davis set out to ob-
serve neutrino ux from the sun in 1960 in the famous Homestake experiment in South
Dakota, USA [11]. The experimental apparatus consisted of around 100,000 gallons of
tetrachloroethylene (PCE), a common dry-cleaning uid, placed in a tank478 munder-
ground to minimize the cosmic ray background. PCE is rich in chlorine and undergoes

the following reaction if an electron neutrino () interacts with it:

c+3Cll ¥Ar+ e (1.2)

The resulting 3’Ar has a half life of 35 days and hence the gas was collected every
few weeks by purging the tank with helium gas. Davis managed to collect about tens
of atoms of%’Ar and detect its decays. However, it was found that the measured ux
was only about1=3 of that predicted in theoretical calculations by Bahcall [12]. This
was known as the solar neutrino problem, and it was only solved after the discovery

of neutrino oscillation in Super-Kamiokande and subsequent observation qf and to-



tal solar neutrino ux in Sudbury Neutrino Observatory (SNO) [13][14]. Later in 2003,
KamLAND reported disappearance of reactor, over long baselines, providing terrestrial
con rmation of neutrino oscillation [15].

Neutrino oscillation is a process in which a neutrino of a known avor has a non-
zero probability of changing to a di erent avor after a time interval. Analogous to the
guark mixing, the concept of neutrino mixing was rst proposed by Maki, Nakagawa and
Sakata in 1962 [16] and in 1968, Pontecorvo explained its connection to the neutrino
avor oscillation [17].

Neutrino oscillations can be explained if we consider the three avors of neutrino
(e; ; ) tobe a superposition of the three neutrino mass eigenstates; ,; 3). Then

each neutrino avor can be expressed as a linear combination of the mass eigenstates as

given below:
X - -
] 1= Ui Jil;
X (1.3)
j il = Uij i
where = e;; are the three neutrino avor states;i = 1, 2, 3 are the three mass

states andU ; are elements of the mixing matrix called thePontecorvo Maki Nakagava

Sakata (PMNS) matrix and is written as follows:



2 3
E el Ue2 Ue3i
U=
2

1
U: U, Us
2 32 32 32 3
Ci3 0 si3e i S1» O el 172 0
= 0 1 0 S1» Cp O 0 e 22 0
Soz3 Cp3 S;|_3ei 0 Ci3 0 0 1
2 32 3
C12C13 S12C13 Si3€ | g 172 0
= S12C23  C12523S13€ | C12Cp3  S12523S13€ | S23C13 0 e 72 0
S12S23 C12(323513ei C12S23 312(323513ei C23C13 0 0 1

(1.4)
wherec; = cog ) ands; = sin( ;) with ( ;) being mixing angles determined ex-
perimentally, and ; and , are Majorana phase factors, associated with neutrinos being
Majorana fermions,i:e: neutrinos are their own antiparticles [18]. The phase factor
is non zero if the neutrino oscillation violates CP symmetry; this is yet to be observed
experimentally.
The probability of neutrinos of avor being observed as avor after traveling a

distancelL is given as:



X Lm?. 2
Po=h L 7= UUep( it (1.5)

which can be simpli ed further as

X ., miL
P, = 4 Re U UjU;U; s —2—
i>]
X m? L
+2  Im U;U;U; U; sin :

i>j

(1.6)

where mﬁ = m? mj2 is the mass squared di erence in the mass eigenstates. Thus
neutrino oscillation can only be observed if at least one mass eigenstate has a non zero

value [19].

1.4 Neutrino Mass

Observation of neutrino oscillations depend on the mass squared di erences of the neu-
trino mass eigenstates. Since mﬁ 6 0, neutrinos must have non-zero mass contradicting
the SM assumptions. However, since the neutrino oscillation is sensitive to only the mass
squared di erence, the absolute value of the mass is unknown.

Neutrino mass is one of the most important subjects of study in the eld of neutrino
physics with many experiments being developed to estimate the neutrino mass using
di erent mechanisms. Direct mass measurement experiments involve studying the beta
decay end-point energy. The energy released in adecay is shared between the emitted
electron, neutrino and the recoiling nucleus. Since the recoil energy of the nucleus can be
neglected, the energy is almost entirely shared between the beta particle and the anti-
neutrino. The maximum energy a beta particle can achieve is the di erence between the

Q value of the decay and the mass of the emitted neutrino. Thus, by precisely measuring



the shape of the decay spectrum near the end-point energy, one can estimate the
mass of the neutrino. The current best limits on the neutrino mass are placed by the
KATRIN experiment which studies the end-point energy of tritium decay. As of 2025,
the upper limit on the neutrino mass ism < 0:45eVc ? at a 90% con dence limit,
wherem = i  jUeij* m? [20].

Cosmological experiments place an upper limit of m = 0:12eV, where m s
the sum of the three neutrino mass states obtained by measuring the CMB lensing e ect
[21]. This refers to the de ection of the CMB photons by the gravitational potential of
the intervening matter. The amount of lensing observed is sensitive to the total neutrino
mass.

Since oscillation experiments cannot tell us about the absolute masses of the neutrino,
we do not know the ordering of the mass staten;, m, and ms. The solar-mass splitting,
measured in solar-neutrino and long baseline reactor experiments, gives uss, ' 7:6
10 ® e\, a positive value. Thus, we known, > m; [22]. The atmospheric mass splitting
j m3jis25 10 ®eV? which is about 30 times larger than m3, [22]. This signi cant
di erence arises from the experimental observation that neutrinos oscillate over di erent
energy and length scales, depending on the mass splitting involved. The sign ah3,
is unknown; therefore there are two possible orderings of the neutrino mass states as
shown in Fig. 1.1, namely, Normal Hierarchy (NH) wheren; m, < m3 and Inverted
Hierarchy (IH) wheremz mj; < m,. Determining the mass hierarchy and the absolute

mass of the neutrinos are two main unsolved problem in neutrino physics.

1.4.1 Dirac vs. Majorana Neutrinos

With the experimental observation of neutrino oscillations and evidence of non-zero neu-

trino mass, the fundamental nature of neutrinos whether they are Dirac or Majorana



Figure 1.1: A pictorial representation of the two possible mass hierarchies[23]. The colors
in each horizontal bar indicate the fraction of mass each neutrino avor contributes
towards each mass state.



particles remains one of the most intriguing open questions in modern particle physics.
This distinction has profound implications on our understanding of lepton number con-
servation, the origin of neutrino masses, and the broader theoretical framework of parti-
cle interactions. In the current SM framework, neutrinos are treated as Dirac particles,
similar to the charged leptons and quarks. Dirac particles are fermions which could be
described using the Dirac equation devised by Paul Dirac in the early twentieth century
[24]. The state of a charged Dirac fermion can be described using a 4-component spinor.
Two components are needed to describe the spin-up and spin-down states of the fermion
and the other two components are needed to describe the anti-particle of the fermion. A
Dirac neutrino is a spin—; fermion that requires both left-handed and right-handed com-
ponents. The left-handed neutrino, , participates in the weak interaction; meanwhile
the right-handed neutrino, g, is a SM singlet, meaning it does not participate in the
weak interaction. The Dirac mass term can be generated through the Higgs mechanism

as follows:

Lpirac = Y L R (1.7)

wherey is the neutrino Yukawa coupling, is the Higgs eld, and | and r are left
and right-handed neutrino elds respectively. An important feature of this framework is
that the lepton number is conserved, i.e., neutrinos and anti-neutrinos remain distinct
particles. However, the smallness of experimentally observed neutrino masses leads to
very small Yukawa coupling maxtrix eigenvalues (of the order of0 %) compared to
those for quarks and leptons. For instance, the Yukawa coupling for top and bottom
quark is 10*2 and 10'° times larger thany while the Yukawa coupling for electron isl(P

times larger thany



However, if neutrinos are considered Majorana particles, they are their own anti-
particles. This possibility was rst proposed by Ettore Majorana in 1937 [25]. In contrast
with the Dirac formulation, Majorana neutrinos can acquire mass by a mechanism di er-
ent than the Higgs Mechanism. One such mechanism is the seesaw mechanism, discussed
in the next section. However, if neutrinos are massless, it is a di erent story. The Dirac
equation for a fermion eld can be written in terms of its Weyl components | and

R as:

@@L =m g (1.8)

i@r=m (1.9)

If a fermion is massless, the above equations, called Weyl equations, get decoupled. Thus
a massless fermion can be described by a single chiral eld which has two independent

components. For a Majorana eld , the Majorana condition for the eld can be written

in terms of its complex conjugate as [19]:

= (1.10)

which implies that the equality of particles and anti-particles. Thus only a neutral
fermion, like neutrino, can be a Majorana patrticle. In the massless Majorana theory,
the Weyl equations from above still hold and the left and right-handed chiral elds are

related by the following equation [19]:

rR= C | (1.11)
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where is an arbitrary phase factor such thatj j> = 1 and C is the charge conju-
gation matrix. However, only the left-handed component of the neutrino eld interacts.
Therefore, if neutrinos are massless, the left-handed chiral component of the neutrino
eld obeys the Weyl equation in both the Dirac and Majorana descriptions. Hence, for
massless neutrinos, the Dirac and Majorana theories for neutrinos are physically equiva-
lent.

In practice, one can distinguish a Dirac neutrino from a Majorana neutrino only
by measuring some e ect due to the neutrino mass. The most promising way to nd if
neutrinos are Majorana particles is to search for the existence of neutrinoless double beta
decay 0 ) which is discussed in Section 1.5 and forms the majority of the discussion

for this dissertation.

1.4.2 The Seesaw Mechanism

The seesaw mechanism is a model developed to help explain why neutrino masses are
10 0 times smaller than the proton mass [26, 27, 28, 29, 30]. The fundamental idea behind
the seesaw mechanism is that neutrinos acquire their masses through the introduction
of very heavy right-handed Majorana neutrinos. The interplay between the Dirac and
Majorana mass terms results in an e ective suppression of the observed neutrino masses,
placing them in the experimentally observed sub-eV range.

The simplest mechanism involves introducing heavy right-handed neutrino eld$yr,
that are singlets under the SM gauge group. The relevant terms in the Lagrangian can

be written as:

L= yLNg Z>MNESNg (1.12)
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whereL = ( ;e )" is a left-handed neutrino doublet, M is the Majorana mass for
the right-handed neutrino, andNSNg is the charge conjugated right-handed neutrino
eld. The full mass term for the neutrinos can be given using the mass matrid

2 3

0 Mp
M = E § (1.13)

mp M

wheremp y v is the Dirac mass term withv being the vacuum expectation value
acquired by the Higgs eld. Diagonalizing the matrix gives us two eigenvalues; M
and ,=m TA—% Since M is assumed to be much larger than the electroweak scale,
m becomes very small. For example, if we choos  GUT scale (about 10" GeV)
and mp 1 MeV, we getm 1 meV, consistent with the current limits. The name
seesaw is derived from the fact that increasing the mass of the heavy neutrino directly

decreases the mass of the smaller left-handed neutrino.

1.5 Neutrinoless Double-Beta Decay

Beta decay is a common type of decay by which an unstable nucleus emits its excess
energy in the form of particles and reaches a more stable con guration. Depending on
whether the emitted particle is negatively or positively charged, or if the nucleus has
captured an electron from the nearest orbital of the atom, beta decay can be classi ed in
three di erent ways, viz., decay, * decay or electron capture respectively. A simplistic
decay mechanism for each of the three processes is shown in the equations 1.14, 1.15 and
1.16 respectively. As discussed in Section 1.2, Pauli hypothesized the existence of another

particle, now known as the neutrino, and its anti-particle, the anti-neutrino, to explain

12



energy-momentum conservation. These are represented as the last terms in the Egs. 1.14

1.16.

2X 1 2. X%+ e + (1.14)
oX 1 8 X%+ e+ (1.15)
X+e ! 5 X% (1.16)

There exist many nuclei in which any type of decay is forbidden or highly suppressed.
Speci cally, in some even-even nuclei close to the valley of stability, a singledecay is
kinematically forbidden but two simultaneous decays can occur. Such a process, called
double-beta () decay, was rst postulated by Maria Goeppert Mayer in 1935 [31]. A
mass parabola diagram of such a process is shown in Fig. 1.2 ®s8e. While a decay
from "°Ge to "®As is forbidden,’®Ge undergoes decay leading to the formation of®Se
with a Q-value ofQ = 2.039 MeV, which is kinematically allowed. decay is a second
order weak process, meaning it is highly suppressed relative to the single-beta decay and
extremely rare.  decay with two simultaneous anti-neutrinos being emitted is called
2 decay and it has been observed experimentally in about 10 isotopes, each having a
half life T,-,  10'® years [32]2 decay is an SM-allowed process and does not violate
any conservation laws. A simplistic way to write2 decay process for any isotope is

given in Eq. 1.17.

2X 1 2, X%+2e +27, (1.17)
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Figure 1.2: Even-even and odd-odd mass parabola curves for isobars A=76. The Y-axis
denotes the di erence between the isotopic mass and the mass of unbound equivalent
number of nucleons. As seen in the gure, the odd-odd parabola sits higher than the
even-even parabola because of the “pairing e ect' which increases the binding energy of
the nucleus. As a result of this, a single decay is forbidden in®Ge, while a  decay is
kinematically allowed. The excess energy releaseq, , is shared amongst the outgoing
leptons. Figure credit [33].
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Figure 1.3: A Feynman diagram for the theorized decay mediated by the light
neutrino exchange mechanism [35].

0 decay is a type of decay where no anti-neutrinos are emitted. This is a
hypothesized process not yet experimentally observe@. decay is many orders of
magnitude suppressed relative t@ decay. The current best limits on the half-life of
0 decay arelC® times smaller than those of2 decay [34]. We can write0
decay as shown in Eg. 1.18. A Feynman diagram showiflg  decay process through

light neutrino exchange mechanism is shown in the Fig. 1.3.

EX 1 2,X%+2e (1.18)
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1.5.1 Implications of 0 Decay

Experimental observation of thed decay through any mechanism will have far reach-
ing e ects on our understanding of modern physics [36]. According to the Black Box
theorem, if O is observed, then neutrinos must have a non-zero Majorana mass, no
matter what the underlying mechanism is [37]. In addition, since this process violates
the lepton number conservation by 2 units (L = 2), it would point towards some new
physics beyond the SM to describe our universe. Existence@f decay would strongly
support the seesaw mechanism and explain the smallness of the neutrino mass by intro-
ducing a heavy right-handed neutrino.

Assuming the simplest light neutrino exchange process, the half-life @f  decay

can be given as follows [38]:

[TL,] = Go jMgj? hm i? (1.19)

where G, denotes the phase space factav), denotes the nuclear matrix elements
(NME) and hm i = P .m;UZ is the e ective Majorana mass withm; being the neutrino
masses andJe; being the elements of the PMNS matrix de ned in Eq. 1.4.

As seen in Eg. 1.19, measuring the half-life &f decay can provide us insights
about the absolute neutrino mass scale which is not accessible in the normal neutrino
oscillation experiment. If neutrinos are Majorana particles, the CP-violating phases could
play a crucial role in explaining the leptogenesis mechanism and thus explaining matter-

antimatter symmetry in the universe [39, 40]
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1.5.2 Experimental Requirements for Measuring 0 Decay

As we have seen in the previous section, an experimental observationOof decay
will open up exciting new avenues in the eld of particle physics and will reshape our
understanding of the universe. Therefore, e orts are underway to develop experiments
that are capable of detecting the faint signal 00 decay.

Unlike 2 decay, where the energy is divided between theand its corresponding
antineutrinos leading to a continuous distribution in the energy of the emitted particles,
in 0 decay, there are no antineutrinos emitted; hence, almost all of the energy is
carried by the particles. The resultantO signal is a mono-energetic peak near the
Q-value of the decay as shown in Fig. 1.4. Asti@  decay is highly suppressed relative
to the 2 decay, the signal of0 decay peak will be orders of magnitude fainter
than the broad 2 decay spectrum. The width of the mono-energetic peak is de ned
by the resolution of the detector used to measure the energy of the emitted electrons.

Since0 process is very rare, an experiment needs to be optimized br  decay
sensitivity. This sensitivity is dependent on two factors: sensitive exposur&) and the
background rate in the region of interest (ROI) [42].

E can be de ned as the product of thed candidate isotope mass and the live-time
of the detector. Also, the number of0 decay events are to the number of available
atoms of the candidate isotope. Using this, we can write an equation for the number of

counts of0 signal N, ) and background (Npg) as follows [42]:

_In(2 Ns E

No
. T,

. Npg=B E; E= Mt (1.20)

where, N is Avogadro's number,m, is the molar mass of the isotope, is the

e ciency of detecting a 0 signal, is the isotopic abundance, M the total mass of
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Figure 1.4: A representative distribution for the ordinary?2 decay andO decay
for °Ge. The blue spectrum shows the distribution of energy of the outgoingparticles
in the 2 decay while the red peak is what &  signal from "°Ge would look like in
(High Purity Germanium) HPGe detectors [41].

the detector and t is the live-time of the detector. Background rateR) can be de ned as
any signal that has a non@ origin in the ROI after performing all analysis cuts. One,
of course, does not have to worry abouB if a successful background-free experiment is
developed, but often, it is more realistic to minimizeB using various techniques.

Using these constraints, we can develop and desi@n  decay experiments in a
number of di erent ways. Each of these techniques try to maximize the number 6f
signal events that can be observed,e., Ng . To maximize the detecting e ciency |,
experiments are usually designed such thatti®  decay candidate itself is the detector.
The isotopic abundance, , refers to the fraction of0 candidate mass to the total mass
of the detector. A higher isotopic abundance increases the probability of detecting a signal
as more candidate isotopes are available that can under@o  decay. In materials such

as Ge, which has a low natural isotopic abundance of tile  candidate, an additional
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enrichment process is performed. The last two termgl t together form the exposure.

A balance between a large mass and a large live-time is often used to obtain the desired
sensitivity. For example, an experiment with 100 kg material 00 candidate isotope
can be run for 100 years or a 1000 kg material can be used to lower the live-time to
10 years to achieve similar sensitivity.

Like signal counts, the background ratd3 is important too. Most O decay exper-
iments are designed to run for a long duration and the number of background counts
increase proportionally with exposure.

After rearranging and combining the terms in Eq. 1.20, th® half-life discovery

sensitivity can be expressed using the following equation:

8
% aM t Background-free

SO/ s q (1.21)
“a M Background rateB

B E

Half-life discovery sensitivity can be de ned as the half-life at which there is 50%
chance of a3 discovery. Half-life exclusion sensitivity, on the other hand, is the median
half-life that will be excluded given that there is no signal. The sensitivity to &
signal in "°Ge as a function of exposure and background can be seen in Fig. 1.5.

As evident in Eqg. 1.21, for a background free experiment, the discovery sensitivity
scales linearly with the exposure, detection e ciency and mass abundance of the candi-
date isotope. However with the introduction of backgrounds, we are limited by the rate
of backgrounds,B, and the energy resolution of detectors, E. The discovery sensitivity
of the experiment also scales as the square root of the exposure instead of linearly which
can severely impact the success of the experiment. Thus, it is essential to minimi&as

much as possible in the ROI. Improving E will also help in narrowing down the ROI
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Figure 1.5: The sensitivity to a0 decay signal in"®Ge as a function of exposure and
background for a (left) 90% CL exclusion sensitivity and (right) 3 (99.7% CL) discovery

sensitivity (DS). Note, the background rates are normalized to a 2.5 keV at Full width
half maximum (FWHM) energy resolution. Figure and caption from [43].

and in turn reduce B from outside of ROI.
In the next chapters of this dissertation, | will discuss the construction of the LEGEND
experiment, the major background sources we predict to encounter and the steps taken

to identify, eliminate, and model the backgrounds to help build future experiments.
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Chapter 2

LEGEND Experiment

2.1 LEGEND Overview

LEGEND (The Large Enriched Germanium Experiment for Neutrinoless Decay) is

a '®Ge-based phased experimental program aimed at searching @or  decay. The ex-
perimental program will be conducted in phases, commencing with LEGEND-200 and
concluding with LEGEND-1000, a ton-scale experiment. LEGEND combines the best
technologies developed by the previous two experiments: Th&jorana Demonstra-

tor [44] and GERDA [45].

2.2 MAJORANA DEMONSTRATOR

The Majorana Demonstrator located at the Sanford Underground Research Facility
(SURF) housed about30 kg of enriched’®Ge detectors andl5 kg of natural-abundance
Ge detectors. These detectors were split in two copper cryostats. The cryostats were

placed in a multi-layer shielding as seen in Fig. 2.1.
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Each Ge detector was housed in a detector unit which consisted of the detector itself,
the necessary cables for bias voltage and signal readout, front end electronics to read and
amplify the signal at the p* contact as well as copper hex rods and a support plate to
support the detector. About 4-5 such detectors were placed vertically to form a “string’;
and each cryostat contained 7 such strings. To provide the necessary cryogenic temper-
atures for optimal operation, the cryostats were connected to vacuum and cryogenics

equipment through a thermosyphon crossarm tube.

Figure 2.1: A layout of the Majorana Demonstrator . The two copper cryostats
can be seen inside an inner and outer copper shield. The copper shields are further
shielded by a 45 cm thick layer of bricks and nitrogen purged radon shield and muon
veto panels placed on the outside of the lead shield. Towards the right of the gure,
vacuum and cryogenics equipment can be seen which is connected to the cryostat through
a thermosyphon crossarm which itself is shielded by copper.

To minimize the background exposure to the detectors, custom-made cables with a

very small diameter were used with low-mass front end electronics (LMFE) to reduce
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the mass of the components near the detectors. Instead of using commerically available
copper, an underground electroformed copper (UGEFCu) was used to make detector
support structures and other components near the detector. This helped minimize the
Uranium and Thorium contamination from the copper components.

In addition to being low-mass and radiopure, the LMFESs also exhibited extremely low
noise pro les which allowed theMajorana Demonstrator to achieve a record energy
resolution of2.52 0:08 keV (0:124% FWHM for the p-type point contact (PPC) detec-
tors and2:59 0:09keV (0:125% FWHM for the Inverted coaxial point-contact (ICPC)
detectors atQ [46]. The nal background spectrum of theMajorana Demonstra-
tor before and after analysis cuts with a total exposure of 64.5 kg yr is shown in the
Figure 2.2. At the end of its run period, theMajorana Demonstrator achieved a
nal background rate of 1573 cts/(FWHMkgyr) and a 0 half-life sensitivity (T1=,)
> 83 10%° years at 90% C.L.

2.2.1 Analysis of the Backgrounds

To achieve the quoted background rate of57}:5 cts/(FWHMkgyr), various analysis
cuts were applied to the data in addition to the usage of low-mass and radiopure compo-
nents [46]. To remove the events that deposit energy on the surface of HPGe detectors,
surface cuts such as delayed charge recovery (DCR), late charge (LQ) and higisE were
applied. Surface events such as particles depositing energy on the passivated surface
of the detectors experience charge trapping. This charge is collected slowly, increasing
the slope of the falling tail of the waveforms compared to those of the bulk events. DCR
cut successfully identi es and eliminates such events [48]. LQ cut, on the other hand,
removes the events with partial energy deposition in the™ surfaces and detector bulk

which have waveforms with a slow-rise component [46)vsE parameter compares the
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Figure 2.2: The nal background spectrum ofMajorana Demonstrator [46]. The

black spectrum includes quality cuts, muon veto cuts and multiplicity cuts. The Surface

event cuts in the grey spectrum includes a delayed charge recovery (DCR) cut, late

charge (LQ) cut and highAvsE cut [47]. Multi-site cut includes lowAvsE and degraded
events. The inset gure zooms into the background estimation window aroun@

The grey bands include known rays from 2%¢T| and ?'“Bi decays; the blue band covers

Q and hence they're not included in calculating the background index.
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maximum amplitude of the current pulse (A) with the energy (E) of the eventAvsE
parameter is tuned for each detector to accept 90% &®TI double escape peak (DEP)
events at 1592 keV. Events with highAvsE are surface events near the point-contact with

a faster-rising waveform compared to the bulk events. Such events are removed using the
high AvsE cut [47]. Events with low AvsE are identi ed as multi-site events (MSE) i.e.,
events that deposit energy in multiple locations inside a single HPGe volun. decay
are single-site events (SSE) as both the emitted electrons deposit all their energy very
close to the decay location. A lowAvsE cut successfully removes the backgrounds that
are multi-site events [47].

After the application of all analysis cuts, the background index in the 360-keV-wide
analysis window, excluding known peaks at 2104, 2114 and 2204 keV, and % keV
window around 2039 keVQ value is measured. The low-background data with an
exposure of 63.3 kg yr results in a background index 8573 10 2 cts/(FWHM kg yr).

This measured background index is higher than the initial assay-based projection<of
25 10 3 cts/(FWHMkgyr) [49]. Current evidence suggests that the source of the
excess background is located far from the HPGe detectors, most likely near the interface
of the Module 1 cross arm and cryostat [46]. Further simulations and analysis are being

performed to better identify and measure this source of background.

2.3 GERDA

The GERDA Experiment operated about 20 kg of enriched Broad energy germanium
(BEGe) detectors and 15.6 kg of enriched semi-coaxial detectors immersed in a volume
of liquid argon (LAr) which acted as a cooling medium, a radiation shield as well as a scin-

tillation detector at Laboratori Nazionali del Gran Sasso (LNGS), Italy. A cross-section
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of the GERDA experimental layout is shown in Fig. 2.3. This novel technique enabled
an extremely low mass shielding as well as active background suppression techniques
because of LAr's scintillation properties. Since all the energy deposition fromQa

decay event will happen very close to the decay, energy depositions in LAr coincident
with any Ge detector can be classi ed as background events and rejected. To increase the
e ciency of light collection of scintillation photons generated from a radioactive event

in LAr, tetraphenyl butadiene (TPB)-coated optical bers are used. The TPB coating
helps convert the 128 nm scintillation photons to green photons which are guided to the

silicon photomultipliers (SiPM) attached to both ends of the bers.

Figure 2.3: A layout of the Cryostat and the water tank used in the GERDA experiment.
Inside the cryostat, a thin layer of copper shields the detector array from the laboratory
contamination and suppresses the background. At the center, strings of Ge detectors are
immersed in a volume of LAr which lls up the cryostat.
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This technique enabled GERDA to achieve a record, world-leading background index
of 5:2"4:8 4 cts/(keV kg yr) with a half-life sensitivity Ti-, > 1:8 10 years at 90% C.L.

Figure 2.4 shows the nal energy spectrum of the full data set of the GERDA experiment.

2.3.1 Analysis of the Backgrounds

The world leading background index for GERDA was achieved due to the novel experi-
mental techniques combined with statistical analysis. The analysis cuts included an A/E
cut, similar to Majorana Demonstrator 's AVsE cut, to reject multi-site events and
surface events due to or decays. A/E is successful in removing multi-site and surface
events for BEGe and ICPC detectors. For the semi-coaxial detectors, an arti cial neural
network (ANN) is used to discard such events [50, 51]. A feature unique to GERDA
Phase Il is the implementation of LAr veto. For LAr veto cut, any event which has a
photosensor detecting a signal of at least one photoelectron within & of a germanium
detector trigger, the event is classi ed as a background and rejected. Full statistical treat-
ment of the data is carried out using Bayesian analysis to model the background. For
this purpose, an in-house software, Bayesian analysis toolkit (BAT), is used [52]. Upon
tting the data, it was found that majority of the background contribution was from
sources close to the array while the far away components contributed much less [53]. The
posterior distribution agrees well for the screening measurement and the spectral content
of each source of background can be accounted for by the screened hardware components
[53]. The only exception i'°K for which a higher contamination is found, dominantly in
hardware components close to the detector array. This indicates contaminations intro-
duced during production and mounting procedures di erent from the screened reference

samples [53].
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Figure 2.4: Background energy spectrum before and after analysis cuts for the GERDA
Phase Il experiment [34] for a total exposure of 103.7 kg yr.

2.4 LEGEND-200

LEGEND-200 is the rst phase of LEGEND. It currently houses about 140 kg worth
of "8Ge detectors in the GERDA cryostat at LNGS. In its nal stage, it will comprise
200 kgworth of HPGe detectors enriched if®Ge immersed in a LAr cryostat. At present,
LEGEND-200 uses the existing 70 kg worth of enriched detectors from tivdajorana
Demonstrator and GERDA and an additional 70 kg of newly produced detectors
speci cally for LEGEND. A planned upgrade in Fall 2025 will include installation of
more detectors to achieve a total mass more than 190 kg.

In its 5 year runtime, LEGEND-200 is expected to achieve a 3discovery sensitivity

of beyond1l 10* years [54]

2.4.1 Infrastructure

As mentioned earlier, LEGEND-200 is housed in the existing cryostat used by the
GERDA Experiment in Hall A at LNGS, Italy. Situated below the Gran Sasso mountain,
LNGS is the largest underground research center in the world. A 1400 m of rock over-

burden provides the experimental facilities at LNGS with a 3400 meter-water-equivalent
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(m.w.e.) shielding. This overburden helps in reducing the muon ux for LEGEND-200 to
an average of3:5 0:.03 10 * m 2s ! [55]. Fig. 2.5 shows an artist's rendering of the

experimental facility at LNGS.

Figure 2.5: Location of LNGS Laboratory under the Gran Sasso Mountain in Italy. As
shown, LEGEND-200 is housed in experimental Hall A while LEGEND-1000 is planned
to be installed in Hall C of the experimental facility

In addition to the rock overburden, a5 m water tank surrounds the cryostat to detect
and tag the muons surviving the rock overburden. For this detection, the water tank is
equipped with 53 8" PMTs to detect Cherenkov radiation generated by muons traversing

the water. The inner walls and the oor of the tank are also coated with VM2000 foil
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because of its high re ectivity & 99 %) which increases the light yield from the Cherenkov
radiation as well as acts as a wavelength shifter,it shifts the wavelength of UV photons
to around 400 nm, a wavelength at which the PMTs are more e cient. As observed in
the GERDA Experiment, using this approach, we are able to veto more than 99% mouns
from cosmic rays [56].

In the middle of the water is a64 m? stainless steel cryostat that is lled with LAr.
The cryostat has an outer and an inner layer separated by vacuum. To suppress the
backgrounds originating from stainless steel, 56 ton 3-cm-thick copper shield is installed
at the center of the cryostat. The inner surface of the copper shield is lined with a thin
layer of TPB coated tetratex as seen in Fig. 2.7. The tetratex allows the scintillation light
to re ect and direct towards the bers placed in the array for maximizing light collection.
TPB acts as a wavelength shifting (WLS) material, shifting the wavelength from near-
UV and UV region to about 450 nm where our light sensitive silicon photomultipliers

(SiPM) are more e cient [57].

2.4.2 Experimental Setup

At the center of the cryostat, the main experimental setup is located. HPGe detectors
enriched in’®*Ge have been installed installed in a vertical arrangement called a “string'.
Twelve such strings are placed in a circular arrangement. The strings are numbered such
that they represent the hours of a clock. Strings 6 and 12 are empty as of now and will
be installed at a later scheduled upgrade of the setup. The strings are arranged in this
fashion to achieve maximal separation between two strings and minimize background
from the neighboring strings.

In the interior and exterior of the strings arrangement, there are optical bers arranged

in a circular array. These bers are supported by long, cylindrical and hollow inner and
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