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ABSTRACT

Neutrinoless double-beta decay (0 ) is a hypothetical nuclear transition which, if observed,
would prove that neutrinos are Majorana particles. In addition, the decay rate could provide an
effective neutrino mass scale. The decay violates lepton number conservation and could offer a po-
tential path to explain the matter-antimatter asymmetry in the universe via leptogenesis. However,
the experimental observation of this decay is very challenging and would require excellent energy res-
olution of detectors, low background levels, and high exposure. The Majorana Demonstrator
experiment searches for this decay in "®Ge using P-type Point Contact (PPC) High Purity Ger-
manium (HPGe) detectors. In addition, the Demonstrator is probing a broad range of physics,
including both Standard Model (SM) physics and Beyond the Standard Model (BSM) physics,
thanks to the experiment’s excellent energy performance, low analysis energy threshold, and low
background. This dissertation will begin with an overview of neutrinos and neutrinoless double-
beta decay physics. It will then briefly outline the Majorana Demonstrator experiment and its
result on 0 search. The Demonstrator has achieved the best-in-field energy resolution, which
is the result of intrinsic properties of detectors and analysis efforts. A brief description of the energy
calibration procedure and the energy systematic study of Demonstrator will be presented. Then,
the dissertation will describe an experimental study of 3C( ,n)!0 reactions in Majorana’s cali-
bration data. The findings and impacts in low-background experiments will be presented. Finally,
it will describe the machine learning approach of analyzing waveforms to discriminate signal-like

and background-like events for 0 searches.
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Neutrinos and Neutrinoless Double-Beta Decay

1.1 A Brief Introduction of Neutrino

1.1.1 Discovery of Neutrino

In nuclear decay, it was expected that the energy of the emitted -particle would be discrete. In
contrast, extensive experimental e orts by J. Chadwick, C. D. Ellis, W. A. Wooster, L. Meitner,
W. Orthmann, O. Hahn, and others observed a continuous energy spectrum with a well-de ned
endpoint energy [1 4]. Experimental uncertainties were settled after multiple measurements ended
up with similar observations. However, theoretically, this observation resulted a dilemma as it
violates energy conservation.

In 1930, Wolfgang Pauli suggested that some unknown, electrically neutral spin-1/2 particle may
be produced additionally in nuclear decay. Both energy and angular momentum are conserved
in the presence of this particle. In 1934, three years after Chadwick discovered neutron [5], Enrico
Fermi proposed the theory of weak interaction to explain the nuclear -decay [6] and called the
unknown particle neutrino. The postulated particle was electron anti-neutrino with the assumption
that it is involved in the weak force transformation of a neutron into a proton, as shown in Fig. 1.1.
The theory of decay was not only capable of explaining the continuous energy spectrum but also
the inverse decay. The inverse decay is the nuclear process in which a nucleus captures either
neutrino or anti-neutrino and gives positron or electron, respectively. Two possible inverse decays

are given in Eg. 1.1. The theory also predicted that the cross section of inverse decay would be



exceedingly tiny, given that a weak force would mediate the process.

(1.1)

Figure 1.1 : (Top Left): A schematicofa  decay, where a neutron changes into a proton releasing
an electron and an electron anti-neutrino. (Top Right): A Feynman diagram of  decay. (Bottom
Left): decay energy spectrum of tritium measured by KATRIN experiment [7]. (Bottom Right):
The same spectrum near the endpoint energyk o, considering neutrino masses of 0 and 1 eV.

The inverse decay process provides a method for establishing the existence of neutrinos. In
1956, Fred Reines and Clay Cowan detected electron anti-neutrinos for the rst time through inverse
decays [8]. In this experiment, electron anti-neutrinos from the Savannah River nuclear reactor

were captured in a large water tank containing cadmium chloride (CdCI2) solution. The reaction



produced neutrons and positrons, which annihilated with electrons, and the neutrons get di used
into the solution. The secondary particles that resulted from this reaction were 511 keV -rays from

the annihilation, and high energy 8 MeV -rays when the di used neutrons were detected.
1.1.2 Parity in Weak Interaction

Parity symmetry was considered to be conserved in weak interaction like in strong and electro-
magnetic interactions. However, in 1956, T.D. Lee and C.N. Yang suggested that parity could be
violated in weak interaction [9] as well, based on the Theta-Tau Puzzle observed in experiments.
After a year, Wu and collaborators [10] con rmed that parity symmetry is violated in the weak
interaction. In 1958, the Goldhaber experiment measured the helicity of the neutrinos and found
that neutrinos are left-handed particles and anti-neutrinos are right-handed particles [11], suggest-
ing that parity is maximally violated in weak interaction; equivalently, charge symmetry is violated.
However, the combinedCP symmetry seems to be conserved in the weak interaction involving only
the leptons, although it is known to be violated with quarks. For example,C on | gives | which

is not observed but addingP on it gives r which exist.
1.1.3 Three Flavors of Neutrinos

In 1948, a continuous energy spectrum of muon decay was observed, suggesting that two neutral
particles must have emitted with an electron [12]. Two neutral particles were assumed to be two
neutrinos, leading to the two-neutrino hypothesis. In 1962, a pion decay study using Alternating
Gradient Synchrotron (AGS) accelerator showed that the neutrino beam that was produced along
the way produced muons in the detector [13]. The observation veri ed that the second neutrino
was muon-neutrino,  associated with a muon. The third charged lepton was discovered in
1975 ine e collisions [14]. So, a third neutrino was expected to be associated with this charged
lepton. After nearly 25 years, the observation of tau-neutrino, , associated with was con rmed

by DONUT experiment [15]. There exist three avors of neutrinos (¢, , ) that are associated

with three leptons.



1.1.4 Neutrinos in the Standard Model

By the 1970s, the Standard Model of particle physics emerged based on rapid expansion of knowledge
in both lepton and hadron sectors. The Standard Model of particle physics is a theory that is an
expanded form of electroweak uni cation to include strong interaction based orsUp3q SUp2q Uplq
symmetry. The SURq Uplq refers to symmetry group in electroweak interaction [16 18], and
SUp3q refers to the symmetry group in strong interaction [19]. The Standard Model explains the
way particles interact with one another by exchanging the fundamental particles. It consists of
spin-1/2 fermions that are quarks and leptons each with three generations, four spin-1 bosons, and
a spin-0 Higgs boson, as shown in Fig. 1.2. The photon mediates the electromagnetic forgé,and

Z bosons mediate the weak force, and the gluon mediates the strong force.

In the Standard Model, elementary fermions acquire their mass through the Higgs mechanism,
where they interact with the Higgs eld and acquire e ective masses. The frequency of interaction
measures how massive the particle could be. Also, the particle's handedness changes after the inter-
action with the Higgs eld, i.e. left-handed particles become right-handed and vice-versa. However,
neutrinos and anti-neutrinos were found to have a single-handedness, and the Higgs mechanism no
longer applies for neutrino mass in the Standard Model. Therefore, they are the only fermions in
the Standard Model with zero mass.

The Standard Model is a well-tested and powerful theory for understanding how the nature
works in the most fundamental ways. However, it fails to include gravity and can not explain
some compelling questions, for example, what is dark matter? Why is there a matter-antimatter
asymmetry in the Universe? More importantly here, why do neutrinos have non-zero mass which

was indicated by neutrino oscillation as discussed in next Section 1.2?

1.2 Non-Zero Neutrino Mass

1.2.1 Neutrino Oscillation

In 1958, Pontecorvo hypothesized a concept of neutrino mixing [20], which was further re ned by
Maki, Nakagawa, and Sakata in 1962 [21]. It assumed the existence of three mass eigenstatgs,

2, 3 corresponding to three neutrinos called avor eigenstates. The mass eigenstates and avor

eigenstates are di erent from one another. One set of eigenstates can be expressed as a quantum
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Figure 1.2 : Summary of all experimentally observed Standard Model particles. All left-handed
and right-handed fermions are shown separately, with a gap in right-handed neutrinos which are not
observed. Four spin-1 bosons and a spin-0 boson are shown. The diagram is adapted from CERN
document server pttps://cds.cern.ch/record/2262550/plots ).

mechanical superposition of another set. For example, a avor eigenstate, , where ise, or
is a mixture of three mass eigenstates;, » and 3 with a mixing determined by the components

of U; as given by Eq. 1.2.

Ui i Ui11 U222 Ugzg (1.2)

i
The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, also called a leptonic mixing matrix as-

suming neutrino obeys the Dirac equation, is given by Eq. 1.3.

1 0 0 C13 0 si3e i cp Ci2 Si2 O
U 0 Co3 S23 O_ 1 0 S12 €2 O (1.3)
0 S»>3  So3 si3¢ P 0 C13 0 0O 1

Here, ¢; and s; refer to mixing angle terms; cos jj, and sin j respectively. The cp is the
CP-violating phase term.

The observation of neutrino oscillation is compelling evidence that indicates neutrinos have
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non-zero mass. The Solar Neutrino Problem in the 1960s was the rst hint behind the neutrino
oscillation [22, 23]. The problem refers to the discrepancies in the measured and predicted solar
neutrino ux, where only one-third of neutrino ux was measured. In comparison with the prediction
based on the well-established solar fusion model [24].

Mixing neutrino eigenstate directly leads to the phenomenon of neutrino oscillation [25]. Pon-
tecorvo hypothesized this process in 1969 to explain the missing neutrinos in the Solar Neutrino
Problem. It refers to the change of neutrino avor eigenstates after traveling through some macro-
scopic distance. For a simple illustration, we can assume just two neutrino eigenstates and
The neutrino produced in  eigenstate at the source can be detected as a di erent eigenstate

at the detector. The probability of measuring such avor change in a vacuum is given by Eq. 1.4.

P & n%e2 | in? - 1.4
N sin“@2 jj ogin AE (1.4)
Here, j, m2 = m? - mjz, L, and E are the mixing angle, mass splittings, distance, and neutrino

ij

energy, respectively. In Eqg. 1.4, probability of oscillation would be zero if either of ; and mﬁ
are zero. Therefore, observation of non-zero oscillation probability represents the evidence of both

neutrino mixing and oscillation.

Figure 1.3 : (Left) A diagram depicts neutrino oscillation. A neutrino in avor eigenstate is
created with corresponding charged leptorl at source travels some distance and produces dif-
ferent charge leptonl . The amplitude of the process gives the probability of such avor change
contributed by all mass eigenstates. The diagram is adapted from [26]. (Right) Neutrino oscillation
pattern measured by KamLAND [27]. The survival probability, i.e. P g ., as a function of'-E—0
expected based on best t oscillation parameters is well tted with the data.



The evidence of neutrino oscillation observed by SNO collaboration [28] resolved the Solar Neu-
trino Problem. Similar to the Solar Neutrino Problem, the de cit in atmospheric neutrino was
observed by SuperKamiokande in 1998 [29] and reactor neutrino by KamLAND in 2003 [30]. The
discrepancies in the ux of solar neutrinos, atmospheric neutrinos, and reactor neutrinos were direct
evidences behind the neutrino oscillation. Di erent experiments reported a good agreement between
data and prediction after considering neutrino oscillation. For example, KamLAND observed a good
agreement between data and prediction, as seen in Fig. 1.3. As seen in Eg. 1.4, the probability of
neutrino oscillation oscillates as a function ofL{E. An expected oscillation pattern measured in
KamLAND experiment is shown in Fig. 1.3.

Neutrino oscillation experiments measure the oscillation parameters, including mixing angles,
mass splittings, and the CP-violating phase. For example, atmospheric neutrino experiments are
mostly sensitive to measuresin? 53 and m3;. There are many experimental e orts to precisely
measure the parameters. The current status of those parameters is summarized in Ref. [31]. While
these experiments can measure the precise value of mixing angles and mass splittings, they can
not measure the absolute values of mass eigenstates. Furthermore, the sign of3; is unknown,
which brings the neutrino mass ordering problem. It is known thatm, j my but an unknown sign
of m3; brings two possibilities in the mass ordering called Normal Ordering (NO) and Inverted

Ordering (10). The term NO refers to the case ofmz j m> i mjy and IO referstom, j my | ms.
1.2.2 Neutrino Mass Mechanism

As discussed earlier, neutrino oscillation provided evidence of non-zero neutrino mass, unlike pre-
dicted in Standard Model. However, the mechanism of how neutrino acquires mass can not be
explained as other Standard Model particles do. The other spin-1/2 fermions in the Standard

Model are the Dirac particles [33] and acquire mass through the Higgs mechanism. The Dirac

equation and Dirac Lagrangian (p) for relativistic spin-1/2 particles is given in Eq. 1.5.

(1.5)
Lp i B m

where, are the Dirac spinors, and the Dirac mass of the particle is given by Eq. 1.6.
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Figure 1.4 : A depiction of normal and inverted mass ordering with the measured mass splitting
values (not shown in the scale), adapted from Ref. [32].

m m | R m rR L (16)

Therefore, Dirac particles acquire mass through couplings of left-handed and right-handed elds.
However, right-handed neutrinos are not observed.
An alternative mass mechanism proposed by Ettore Majorana exist for neutral fermions [34].

The Majorana equation and Lagrangian are given by Eq. 1.7.

i B m©% 0
1.7)
Ly i B m ©
where,
€ is charge-conjugated eld given by:
C=C , isthe complex conjugate spinor.

Under this assumption, the Majorana eld no longer needs left-handed and right-handed spinors like

in the Dirac eld. Instead, it can be constructed from either left-handed or right-handed spinors
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as given by either equation in Eq. 1.81. Furthermore, in any of the elds in Eq. 1.8 under the
above assumptions, it can be shown that © = , which tells that a Majorana particle is its own
anti-particle. However, the Standard Model does not hold charge conjugation symmetry for other
charged fermions. Therefore, neutrinos are the only Standard Model particles that could obey the

Majorana equation.

0

(1.8)

a0

In the case of the neutrino, the Dirac mass term can be generated from left-handed and right-
handed neutrino elds. However, Majorana mass term can be generated from eithef or . Itis
expected that if neutrinos have Dirac mass term, then it is likely to contain Majorana mass term
as well. Another key di erence is that the Majorana mass term violates the total lepton number
conservation while the Dirac mass term does not, as seen in Fig. 1.5. However, lepton number
conservation is an accidental symmetry in Standard Model without being associated with a known
fundamental symmetry. At the same time, total lepton number violation could be highly related to
baryon number violation.

If the neutrino mass eigenstates are Majorana, the PMNS matrix may contain additional Ma-

jorana CP phases; ; and ». The PMNS matrix for Majorana neutrinos would take the form as:

d2 0 0
Uv Up 0 % 0 (1.9)
0 0 1

where,
Up is the matrix represented by Eq. 1.3.

The generation of Majorana neutrino mass can be realized by various models, but all require
BSM physics. Here, | will explain the well-motivated Type-l See-Saw mechanism that requires
a minimal extension of the Standard Model. For other models, see Ref. [36]. The type-l See-Saw

model assumes that an extremely heavy right-handed neutrino eld exists so that Lagrangian would

! https://warwick.ac.uk/fac/sci/physics/staff/facademic/boyd/stuff/neutrinolectures/lec_

neutrinomass_writeup.pdf



Figure 1.5 : The e ect of Dirac and Majorana mass terms in the Lagrangian. Since the lepton
number (L) for neutrino is 1 and anti-neutrino is 1, the Dirac mass term conserves the lepton
number while the Majorana mass term does not. The diagram is adapted from Ref. [35].

have both Dirac mass term and right-handed Majorana mass term. Using the similar notation as

in Ref. [35], the Lagrangian would now appear as:

1 .. 0 mp L
L 2 UR mp omg & (1.10)
where,
M = mO mD is the neutrino mass matrix. mp and mgr are the Dirac and right-handed
D R

Majorana mass, respectively. The Dirac massnp, can be regarded as the mass scale comparable
to the masses of other fermions in the Standard Model, whilang jj mp. Also, M can be

diagonalized [35], which gives two mass eigenvalues:

m sz
. Mo

MR (1.11)
mo mgr

In Eg. 1.11, m; would be a light neutrino mass and there exists a heavy neutrino with mass2.
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Therefore, lighter neutrino mass also opens a window for unprobed high-energy physics in a See-Saw

model.

1.3 Implication of Majorana Neutrinos

A con rmation of neutrinos to be a Majorana fermion could answer some of the fundamental

guestions in particle physics:

" It is possible to answer why neutrino mass is very tiny compared to other spin-1/2 fermions

in the Standard Model.

" It could shed light on the mystery of matter-antimatter asymmetry in the universe. The pos-
sibility of the existence of very heavy neutrinos gives the idea of a process callé&zpbtogenesis
which refers to the generation of lepton-antilepton asymmetry in the early universe. Through
the Sphaleron process [37], net lepton number can be transferred into net baryon number as a
from of baryogenesisj.e. the generation of baryon-antibaryon asymmetry Sakharov proposed

the three conditions for baryogenesis[38].

Violation of Baryon number

Violation of C and CP

Violation out of thermal equilibrium
Leptogenesis is an attractive solution to the baryogenesis. Therefore, if neutrinos were proven
to be a Majorana fermion, the missing anti-matter in the current universe could be explained.

One of the practical methods to test whether neutrinos are Majorana fermions is called neu-

trinoless double beta decay, which will be discussed in the next section.

1.4 Neutrinoless Double-Beta Decay

In some nuclei with even number of protons and neutrons, single -decay might be forbidden
due to the excess mass of their daughter nuclei. In 1935, Goeppert-Mayer pointed out that such
nuclei, however, could undergo a second-order weak interaction process, , and calculated the

probability of such process [39]. In such decay, two bound neutrons in the nucleus decay to two
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protons emitting two electrons and two anti-neutrinos as:
PA;ZqNpA;Z 29 2 2. (1.12)

Such decay is extremely rare and has been measured in 11 isotopes so far (with half lives on the order
of 10* - 10?* year) as listed in Table 2 of Ref. [40]. The rst direct measurement was performed

with 8Se in 1987 [41].

Figure 1.6 : A mass parabola for A = 76 isobar representing allowed single -decay by the green
arrow and double -decay by the pink arrow. The nuclei on the blue parabola have odd-odd A and
Z numbers, while the orange parabola nuclei have even-even. A singledecay is forbidden for’®Ge,
so the  to 7®Se is the only allowed decay. The diagram is adapted from J. Menendez's Ph.D.
thesis.

In 1937, Giulio Racah pointed out that if neutrinos are Majorana particles, then it is possible
to undergo double beta decay without emitting neutrinos [42, 43], a process known as neutrinoless
double-beta decay. This is a SM-forbidden process as it violates lepton number conservation (before

decayL = 0, after decay L = 2). In 1939, Wendell H. Furry calculated the approximate rate of
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0 [44] for the rst time.

PA;ZgNpA;Z 29 2e (1.13)

1.4.1 Modeling

Figure 1.7 : A depiction of three possible double-beta decay modes. (Left): 2 mode in which
two anti-neutrinos are emitted with two electrons. (Middle): 0 decay mode in which no neutrinos
are produced. The diagram shows 0 decay via light neutrino exchange, which is possible if
neutrinos are Majorana particles. (Right): 0 decay mode via a short-range mechanism in which
all exchanged patrticles are heavy.

Several models could potentially mediate0 , including the simplest one; light neutrino ex-
change (See [45], [46] for other models in detail). However, the observation of this decay will
undoubtedly prove the neutrinos as Majorana particles in a model-independent manner. A simple
depiction of light neutrino exchange and short-range mechanism are shown in Fig. 1.7.

Figure 1.8 is a Feynman diagram of the light neutrino exchange model, which is expected to
be one of the dominant mechanisms fof . A pair of W bosons exchange light neutrino mass
eigenstates and produce two outgoing electrons. The whole process can be regarded to complete
in two steps, where one of the light neutrino emitted together with an electron is re-absorbed at
another vertex to give a second electron. The process is possible only when neutrinos are Majorana

particles, i.e ; i
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Figure 1.8 : Feynman diagram of0 via light neutrino exchange process. Two neutrons decay
by emitting a pair of virtual W bosons, which exchange light neutrinos to produce two outgoing
electrons.

The O process also generates the Majorana mass [47] referred to e ective Majorana neutrino

mass, and the contribution comes from all light neutrino mass eigenstates [26].

B

m Ugimi (1.14)

Here, m is the e ective Majorana mass of electron neutrinom; is the mass of mass eigenstatg
and Ug; is the component of PMNS matrix for electron neutrino avor with Majorana CP-violating
phases included as given in Eq. 1.9.

The half-life of 0 is related with m and it can be expressed as:

1
Tio (1.15)

GopQ ;ZgMo |? m

The other terms appearing in Eq. 1.15 are described below.
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" Go pPRQ ;Zqg ltis a phase space factor that primarily depends onQ . It determines the
kinematics of electrons emitted from the parent nucleus. The phase-space factor can be

calculated precisely using di erent approaches (See Review article [48] for more detail).

M ¢ : It refers to the Nuclear Matrix Element (NME), which describes the actual decay and

depends on the nuclear physics of parent and daughter nuclei. It can be expressed as:

9
Mo MST g7M5 M (1.16)
A

Here, gv and ga are vector and axial coupling strengthsM S$T and M § refers to transition
probabilities from Fermi and Gamow-Teller components andM | is a tensor form of NME.
It is di cult to calculate the total NME without making some assumptions, especially since
the exact contribution of ga to the decay is unknown. Therefore, signi cant uncertainty is
associated with the calculation of total NME (See the Review article [49] for the status of

current and future NME calculations).
1.4.2 Experimental Requirements

In the O , the transition energy (Q-value) is shared entirely by two outgoing electrons because
no neutrinos are emitted. Consequently, the summed energy of two electrons is equal to the Q-
value of decay,Q , in the given isotope. Ideally, the summed energy spectrum would be delta
function at Q-value. Conversely, the summed energy spectrum d? is continuous as in single

decay. Experimentally, other e ects such as the detector's energy resolution a ect peak shape
in the spectrum. Therefore, a tiny peak at the tail of the 2 spectrum (at Q ), as shown in
Fig. 1.9 is expected for the discovery o0

The measurement ofQ  of the given isotope that can undergd can be measured precisely.

Therefore, the number of signal events oD are counted based on the region of interest (ROI)
around Q value. The ROI is de ned based on the energy resolution of detectors. The number of

signal events (N) found in the ROI is given by:

Na aMt

N Inpays TS,

(1.17)
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Figure 1.9 : (Top): Summed energy distribution of two emitted electrons in double-beta decays.
The dotted curve corresponds to2 and the solid curve corresponds td . The curves were
drawn assuming that the O rate is suppressed by a factor of 2 compared td . Also, the 1
energy resolution of 2% was assumed. Figure is taken from Ref. [50]. (Bottom): A similar spectrum
expected in "®Ge assuming the given half-life values for the corresponding decays and normalized
with exposure. Figure is adapted from Y. KERMAIDIC, Neutrino 2020.
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Figure 1.10 : Allowed regions ofm in the case of inverted-hierarchy (IH) and normal-hierarchy

(NH) as a function lightest neutrino mass. Them value is calculated based on the parameters
from neutrino oscillation experiments, and the bands refer to 3 regions due to propagation of

uncertainties in those parameters. Figure adapted from [51].

Here, N is Avogadro constant, W is the molar mass of the isotopea is an isotopic abundance of
the given isotope,M is an active mass of the detector, and is the life-time. Not all observed events
in the ROI might be true signal events. The above relation holds true only for a background-free
experiment. The sensitivity to Tf{z for an experiment with some background indeb at ROI (usually
expressed in counts/(keV.kg.yr)) drops from background-free experiment as:

Tﬂ29 a Iglti for zero background (1.18)

a gL for non-zero background

In an experiment with background index b, an additional term E, which refers to the energy
resolution of the experiment atQ  also suppresses the sensitivity as given in Eq. 1.18.
There are various factors to consider for the direct searches 6f , including isotope selection,

background suppression, and detection technology. Equation 1.18 clearly demonstrates that the
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Figure 1.11 : The Discovery sensitivity of O in °Ge as a function of exposure with di erent

background indexes at the ROI. The band in the plot is the goal of the next-generation experiment
to achieve the half-life sensitivity. The background rates are normalized to 2.5 keV Full Width at

Half Maximum (FWHM). Plot is adapted from Ref. [52].

condition required for each parameter to achieve higher sensitivity. Some of the criteria for ideal

experiment are described brie y below.

" |Isotope Selection: An isotope with higherQ , slower rate of 2 decay, and intrinsically
radio-pure is an ideal choice. However, there does not exist an ideal isotope that satisfy all
the criteria mentioned. There are about 35 isotopes reported that can undergo double-beta
decay [53] among them, some isotopes currently used intife  experiments are’%Ge, 13¢Xe,

130Tg, 128Tg, 150N, 100\ etc.

~ Background Suppression: Suppression of background at the ROI is one of the vitally important

things for O searches. In addition to the intrinsic background in the detector materials,
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various other background sources exist, for example, background from nearby parts of the
detector and cosmic-ray muons. Since this is an extremely rare process, an extremely stringent

background index should be achieved.

Detection Technology: The detection technology depends on the type of isotope selected.
Five types of technology are adopted: semiconductors, bolometers, time projection chambers,
organic scintillators, and tracking calorimeters (See Review article [54] for further details).
One key feature is the detector's energy resolution, which is best achieved in a semiconductor-
based experiment by theMajorana Demonstrator [55]. The other important thing is
the discrimination ability of the experiment between signal and background events that could
fall in the ROI. Therefore, an ideal experiment should be able to reject all other types of
backgrounds while preservingd signal events by developing techniques; for example, one

is the pulse shape analysis technique described in 2.3.

It is almost impossible to build an experiment in a background-free environment. Eqg. 1.18
indicates how important it is to reduce the background and improve the energy resolution to achieve
a higher sensitivity. Figure 1.10 shows allowed region ain  based on the oscillation parameters
for two mass ordering cases. Sincen is related with half-life of the decay by Eqg. 1.15, one can
calculate approximately the expected value of‘l’f{2 which is  10%® year at m 0.01 eV [54].
The band in Fig. 1.11 represents the half-life at 3 discovery sensitivity for the best-case scenario of
inverted mass ordering. To probe this region a tonne-scale experiment is required even in the lowest

background considered as in Fig. 1.11. The next-generation experiment has a goal of probing the

inverted mass ordering [52].
1.4.3 Current Status of0 Measurement

As described earlier, tonne-scale experiment is required to probe the inverted mass ordering param-
eter space. Table 1.1 summarizes the latest results from sorle  experiments, where KamLAND-
Zen has set the leading limit for e ective neutrino mass. Many of the current generation experiments
successfully nished their data-taking and moving toward the tonne-scale experiment. For example,

Majorana Demonstrator and GERDA collaborations are jointly building a the Large Enriched
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Germanium Experiment for Neutrinoless Double-Beta Decay (LEGEND) by using the best tech-

nologies of the two experiments [52].

Table 1.1: Recent results of some experiments are shown. The lower limit fo{z and upper limit
ofm are given at 90% C.L.
Experiment Tlo{2 ( 10%%year) m (meV) Reference

GERDA i 1.8 97-180 [56]
Majorana i 0.83 113-269 [57]
CUPID-0 (82Se) i 0.046 263-545 [58]
KamLAND-Zen i 1.07 61-165 [59]
CUORE i 0.17 75-350 [60]
EXO-200 i 0.35 78-239 [61]
NEMO-3 (82Se) i 0.0025 1200-3000 [62]

1.5 Summary

Neutrinos are the yet least understood particles in the Standard Model. The observation of neutrino
oscillation con rmed that they have non-zero mass, unlike predicted in Standard Model. Further-
more, the mass mechanism and the particle's nature, whether Majorana or Dirac, are unknown.
Neutrinoless double-beta decay is a most compelling test for the Majorana nature of neutrinos.
There are various models to explain how this process could occur, all beyond the Standard Model,
where the light neutrino exchange model is one of the dominant. However, if this decay is ob-
served, an observed symmetry in Standard Model (lepton number conservation) would be violated
in a model-independent manner and also provide the neutrino's mass. The violation of the lep-
ton number has fundamental implications in particle physics. It could answer the mystery behind
matter-antimatter asymmetry in the universe through a process called leptogenesis.

The observation of 0 is, however, very challenging as it is an extremely rare process. Some

of the critical parameters for the experimental requirements include tonne-scale exposure, mini-

20



mum possible background environment, and excellent energy resolution of the detectors. However,
before building a tonne-scale experiment, the feasibility of achieving those parameters has to be
demonstrated with a middle-scale experiment. Chapter 2 will explain one such experiment called
Majorana Demonstrator , Which has achieved the best-in- eld energy resolution. The rest of

the chapters describe multiple works, all based on the calibration data. Chapter 3 describes the
energy calibration and systematic of theMajorana Demonstrator . Radiogenic neutrons from

(alpha,n) reaction could be one potential source for the next-generation experiment. Chapter 4 and
Chapter 5 discusses radiogenic (alpha,n) reactions and validation of TALYS-generated (alpha,n)
cross-sections. Chapter 6 will describe the machine learning approach to discriminating signal and

background.
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Overview of theMajorana Demonstrator

The Majorana Demonstrator is a neutrinoless double-beta decay experiment operating at
4850-foot level underground at Sanford Underground Research Facility (SURF) in Lead, South
Dakota [63]. The data-taking for the O search was completed in March 2021, and it continues
taking data for other physics and background studies. The next-generation experiment aims to
achieve a half-life discovery sensitivity of 10?8 yr and beyond, which corresponds to the e ective
neutrino mass,m of 15 meV. The experiment capable of achieving thisn  sensitivity will probe
the inverted mass ordering parameter space [64]. To achieve this sensitivity, a tonne-scale experiment
with extremely good energy resolution and ultra-low background at a level of 0.1 count/(FWHM
t yr) is required. Before building a tonne-scale experiment, it is crucial to develop technologies to
achieve low background, excellent energy resolution, and detector operating techniques to be scaled
up to future tonne-scale experiments. With these requirements under consideration, théajorana
Demonstrator experiment was built.

The Majorana Demonstrator is primarily searching for 0 in "Ge and sets the compet-
itive limits on half-life sensitivity and e ective neutrino mass. The latest result with the full dataset
will be described in Sec. 2.4. In addition to theO search, theMajorana Demonstrator is
able to probe some other BSM physics [65 69]. The wide range of physics analyses results from
the low background, low analysis energy threshold, and superior energy resolution achieved in the

Majorana Demonstrator
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This chapter will provide an overview of the experimental design and pulse-shape analysis tech-

nigues to reduce the backgrounds, and the latesh results.

2.1 Experimental Design

High Purity Germanium (HPGe) detectors with P-type Point Contact (PPC) geometry are used
in the Majorana Demonstrator . The PPC geometry exhibits excellent energy resolution and
allows robust pulse shape analysis over other geometries. It utilized 29.7 kg of enriched and 14.4 kg
of natural germanium detectors, with a mass range (0.5-1.1) kg, during its data-taking campaign
from 2015 to 2021. Those detectors were divided into two modules, as shown in Fig. 2.3. The
enriched detectors were enriched to 87% té°Ge, where 7% comes from the natural abundances.
These enriched detectors are both source and detector for searches, while the natural detectors
are used to study background and some other physics. Additionally, thélajorana Demonstra-
tor operated 6.7 kg Inverted Coaxial Point Contact (ICPC) enriched germanium in the nal run
con guration of the 0 search (DS8 data set). Those ICPC detectors were manufactured for
LEGEND and also used in theMajorana Demonstrator for low background vacuum testing.
The experiment was built using ultra-clean materials. The materials were selected based on
an extensive radioassay campaign [70]. The nearby components of the detector, for example, de-
tector holders, cables, and connectors, were built with underground grown electroformed copper
(UGEFCu). The experiment had a facility to fabricate UGEFCu at the 4850-foot level of SURF
by electroforming. The copper was selected to make the components of the detector due to its
higher mechanical strength and low radioactivity. UGEFCu is the purest form of copper ever pro-
duced [71]. The detector components were built in the underground machine shop with UGEFCu.
The Demonstrator also focused on the low-mass design of the components, including front-end
electronics, called LMFE [72]. Figure 2.1 shows the photos of the electroforming copper bath, some
nearby components, and a detector unit. The detector units were installed in a modular array. A
module refers to a cryostat and outer hardware components, for example, vacuum and cryogenics.
The Demonstrator had two modules, each containing a cryostat and external hardware. A cryo-
stat contains strings of detectors. The main advantage of the modular approach was that they run

independently of each other so that data-taking was continuous from one module while installation
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or upgrades were done on the other. Figure 2.2 on the left is a photo during the installation of the

detectors into the strings, and the right photo is before a module was moved into the main shield.

Figure 2.1 : (Left): Underground electroforming for the fabrication of purest copper. (Middle):
Detector nearby components made with UGEFCu. (Right): A detector unit with a LMFE board
on top.

Figure 2.2 : (Left): An array of detector units. (Right): A cryostat with a lead shield ready to be
installed in the main shield.

The detectors were operated inside multiple layers of active and passive shielding in a class-1000
clean room environment at 4850-foot level of SURF. Figure 2.3 is the cross-sectional view of the
Majorana Demonstrator . Each shielding layer is cleaner as it reaches closer to the center of
the experiment where the detectors are installed. These shielding layers are brie y described below

in order, with the outermost at rst.

A

Poly Shield: It has a thickness of 12-inches and consists of high-density polyethylene and
borated polyethylene. The purpose of the layer is to moderate the environmental neutrons in

the lab and is referred to as passive shielding.
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Figure 2.3 : The diagram for the cross-sectional view of theMajorana Demonstrator . De-
tectors are divided into two modules, which are surrounded by passive and active shielding layers.
Each module has its own vacuum and cryogenic systems. Diagram adapted from [65].

Muon Veto Panels: This layer consists of a total of 32 muon veto panels that surround the
inner layers from all directions. The bottom has 12 panels and each other remaining sides has
4 panels [73]. These panels are plastic scintillators used to tag the muons passing through the
detectors. Any germanium events that are in coincidence with muons are removed from the

analysis.

Radon Enclosure: In an underground experiment, radon gas is one of the potential problems.
222Rn and its progeny produce high energy -particles, which could contribute to the back-
ground. The radon enclosure is aluminum box in which the normal air that might have radon

gas is purged continuously by dry nitrogen gas.
Lead Bricks: A 45cm-thick layer of lead bricks shields environmental -rays.
Outer Cu Shield: It is a 5cm thick rectangular box made of pure commercial copper.

Inner Cu Shield: It is the last and purest shielding layer made of UGEFCu and has 5cm
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thickness.

Finally, the detector modules sit at the heart of all these layers of shielding. These shielding layers
and the use of detector components with ultra-pure materials helped reduce the background and

demonstrated the scalability of this technology for the tonne-scale experiment.

2.2 Detector Signal

The cross-sectional view of a PPC detector unit used by thdlajorana Demonstrator is shown

in Figure 2.4. It has an outer n contact created by lithium di usion while a small p  contact is
created by boron implantation. A dead layer with thickness 1 mm is formed at the surface of the
detector by the lithium di usion process. However, there is no de nite separation of the dead layer
from the active bulk region. This is because the concentration of lithium ions drops from the dead
layer's outer surface to its inner surface. Therefore, there exist two regions within the dead layer;
the rst region where charge collection e ciency is zero and the second where charge collection
e ciency is non-zero [74]. The second region is called the transition region. The passivated surface
is the region about 1 m thick which is created by amorphous germanium to separate the p and

n contacts.

Figure 2.4 : Cross-sectional view of a detector unit with its internal weighting potential, hole drift
path (black), and loci of equal drift time (grey). Weighting potential is localized near the point
contact and very low elsewhere.
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In semiconductors, electron-hole pairs are created by the excitation of an electron from the
valence band to the conduction band. The excitation of an electron occurs when su cient energy
is provided. For example, in germanium, one electron-hole pair is produced for every 0.7 eV energy
deposition. Therefore, the induced charge signal is a measure of the initial energy deposited in the
detector.

Electron-hole pairs are produced when more than 0.7 eV energy is deposited inside the detector.
Energy might be deposited by external radiation or internal decays. The electrons and holes are
then drifted towards n and p contact under the application of reverse bias voltage. The typical
depletion voltage varies from 1-5 kV for the Majorana PPC detectors. Due to the motion of
the charge carrier, current is induced at the contacts. The induced charge from such current at
p contact is collected by low-mass front end board (LMFE) [75]. A LMFE is a charge-sensitive
preampli er that is mounted on each detector at 1cm from the point contact. One end of a LMFE
is electrically connected with the p contact and the other with a second stage ampli er that sits
outside the shield layer. To reduce the background from the electronics, only the LMFEs reside
inside the shield layer. The second stage ampli er produces two signals di ering in gain. Finally,
two digitized charge signals are recorded from each interaction in the detector. Chapter 3 describes
digital signal processing and energy determination in detail from these digitized charge signals. The

Majorana electronics and readout system is describe in detail in Ref. [72].

2.3 Majorana Approach to Backgrounds

First of all, the detectors used by the Majorana Demonstrator are intrinsically very pure and
were provided by two vendors. The natural detectors were manufactured by MIRION/CANBERRA 1
and the enriched were manufactured by AMETEK/ORTEC 2. The dedicated method of enrichment,
zone-re ning, and crystal growth removes the radioactive impurities present inside the detector. Fur-
thermore, to reduce cosmogenic activation, they were transported with additional shielding with a
minimum time exposed above the ground after they were manufactured.

Muon-induced backgrounds are a key concern for a low-background experiment [76]. The exper-

! hitps://www.mirion.com

2 https://www.ortec-online.com
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iment runs at 4850-foot feet below the surface equivalent to a rock overburden of 4300 m.w.e [63]
to attenuate muons and minimize muon-induced backgrounds. A muon-veto cut is developed by
the collaboration to remove muons-related events with very high e ciency ( 99.9%).

In addition, the experiment was built with extremely pure materials in a heavily shielded en-
vironment, as discussed in Sec. 2.1 to reduce external backgrounds from outside of the shield and
internal backgrounds from the detector materials. Furthermore, the modular array form helped to
develop a granularity cut to remove the events that occur in multiple detectors. An event that
deposits energy in multiple detectors is a background fo® search.

In addition to the above approach, theMajorana collaboration developed various pulse-shape-
based analysis cuts to remove various types of backgrounds. Those analysis cuts are brie y described

in the following subsections.
2.3.1 Multi-Site Event Rejections

The PPC detector technology provides robust pulse shape analysis (PSA) techniques. The weighting
potential is strong in the vicinity of point contact and low elsewhere throughout the detector, due to
which induced charge is collected during a short period during its arrival at the electrodes. Therefore,
the rise time of the waveform is much shorter than the drift time of the charge carrier and carries
information on whether the interaction occurred in multiple locations within the detector or in a
single location. If the current pulse of the charge waveform is measured, the multi-site interaction
has multiple peaks, while the single-site has a single peak. The current pulse amplitude (A) is
smaller in multi-site interaction than in single-site interaction for the same initial interaction energy
(E), as seen in Fig. 2.5. In neutrinoless double-beta decay, the energy released is carried out by
two electrons which deposit energy within a short distance and produce single-site interaction.
Therefore, single-site events are signal-like, while multi-site events are backgrounds.

A multi-site cut, Avsk, is developed [77] to remove multi-site events. The cut is tuned and
the cut e ciency is estimated based on the calibration data. The double escape peak (DEP) and
single escape peak (SEP) events are inherently single-site and multi-site events. These events are
produced as a result of pair production of a 2615-keV -ray interaction in the detectors. When a

2614-keV -ray interacts with a germanium detector, an electron-positron pair is produced, which
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then annihilates and produces two 511-keV -rays. If both -rays escape from the detector, a single
energy deposition occurs at 1593 keV, which refers to a DEP peak. Similarly, if only one 511-keV
escapes from the detector, energy will be deposited in two locations totaling 2103 keV, which
is refered to as a SEP peak. Hence, SEP events are backgrounds and DEP events are signal-like
events. The recommended cut of multi-site event discriminator,avse corr 1, is tuned to
accept 90% single-site events. The AvsE cut reduces the Compton continuum background by 50%

and suppresses events in the background estimation window by a factor of three [77].

Figure 2.5 : (Left): Schematic of single-site and multi-site interaction. events are inherently
single-site, and Compton scattering of external events are multi-site interactions. (Right) Charge
waveforms (black) and corresponding current pulse (red) of single-site and multi-site events. Figure
is adapted from [77]

2.3.2 Surface Alpha Rejection

High energy -particles, a potential source from?22Rn-progeny, may be incident at the detector
surface. Most of the outer surface of a detector is a dead layer, where signals from the interaction
can not penetrate the dead layer, and not a problem. However, an-particle may be incident at
the passivated surface and produce signals, which are highly degraded in energy. The signals with
degraded energy can fall in thed ROI. The induced charge from such interaction can be trapped
and slowly re-released, resulting in a waveform tail with a positive slope called Delayed Charge

Recovery (DCR), as shown in Fig. 2.6. To remove such events, a DCR parameter is developed. The
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cut parameter dcr_corr  2:326is used to remove the surface -events while retaining 99% signal
events. The recommended cut of the DCR discriminator removes the background at ROl by one
order of magnitude [78].

An -particle interaction near the point contact could, however, cause a sharp rise in the wave-
form resulting in a fast charge collection. Such waveform have higlAvsEvalue and are removed by

implementing a higher value of AvskE

Figure 2.6 : An example of a waveform for an interaction in the bulk of the detector(blue) and
event incident at the passivated surface (red). The waveform tail of the surface alpha interaction
has a positive slope called DCR.

2.3.3 Late Charge Event Rejection

Some typical types of multi-site events, if their one site of interaction is near the point contact,
might pass the regular AvsE cut. Such events are removed by applying a new cut calldd) 2.7.
The recommended cut for such event discriminator id.Q 10, which retains 99.9% single-site

events [57].
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Figure 2.7 . A waveform with the slow component (blue) and without (red). The highlighted
region is the area based on which the LQ parameter is calculated.

2.4 Majorana Results and Summary

The Majorana Demonstrator started data-taking with one module in 2015 and both modules
in 2016. The changes in detector con gurations over time are shown in Fig. 2.8. The exposure from
enriched and natural detector data-taking over time is shown in Fig. 2.9. TheMajorana Demon-
strator  has published two results regarding the0 searches. The rst result was published
with 10 kg-yr of enriched Ge exposure [79] and the second result with26 kg-yr of enriched Ge
exposure [55].

The nal result with 64.5 kg-yr exposure has been released recently [57]. Figure 2.10 is the energy
spectrum from total exposure. TheMajorana Demonstrator measuredl15:3 }5‘3‘ cts/(FWHM t
y), which is higher than assay-based projections [70]. However, a careful investigation, which will be

published soon, shows that excess background is not from the nearby components of the detectors.
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Figure 2.8 : Schematic ofMajorana Demonstrator run con guration and timeline since 2015.

The Majorana Demonstrator nal result sets a lower limit of O in °Ge to be8:3 10%°
yr (90% C.L.), and an upper limit of e ective neutrino mass to be (113-269) meV (90% C.L.)

The Majorana Demonstrator was not limited only for O searches in"®Ge. The excel-
lent energy resolution, low energy threshold, and low background achieved in thBemonstrator
resulted in a wide-range of physics program. Thddemonstrator probed variety of physics in-
cluding Standard Model physics [80, 81], exotic physics [66, 82], tests of fundamental symmetries
and conservation [67, 68, 83], and some additional BSM physics [67, 84, 85].

The Majorana Demonstrator and GERDA [56] are the most sensitive germanium-based ex-
periments for0 search. These experiments adapted di erent techniques for background suppres-
sion and concluded their data-taking. The two collaborations are combined to form the LEGEND
collaboration, a next-generation tonne-scale germanium-based experiment. The best of the two
experiments will be adapted for LEGEND. For example,Majorana demonstrated the technology
to use extremely pure nearby components and low-noise electronics, while GERDA demonstrated
low background by using active liquid argon veto and low-mass shielding without the use of lead.

These proven technologies are key assets for LEGEND [52].
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Figure 2.9 : Cumulative exposure of data-taking with enriched and natural detectors over time.
The enriched data-taking is completed with 64.5 kg-yr exposure from enriched detectors. The data
is divided into data sets DSO through DS8 based on the detector con gurations, as shown in Fig. 2.8
and slight changes in the DAQ system.

Figure 2.10 : Energy spectrum above 100 keV for all data sets with only data cleaning and muon
veto applied (black), after applying the background cuts targeted at surface events, such as DCR,
high Avsk, and LQ (gray), as well as multi-site cut, low AvsE (red). The inset shows the 400 keV
region used to compute the background index; the gray regions contain known gamma peaks, and
the shaded blue region is the 10 keV region aroun® for setting the half-life limit [57].

33



Energy Determination in thévlajorana Demonstrator
Experiment

Energy resolution is a critical parameter that a ects the sensitivity to the half-life, Tlo{z, of 0
experiments. A smaller energy resolution value provides a higher half-life sensitivity and better
rejection of 2  -decay backgrounds. The excellent energy resolution is the result of detector
selection as well as energy calibrationMajorana Demonstrator experiment has achieved the
best energy resolution among all current-generatio® experiments. This chapter will discuss the
mechanism of raw energy extraction, energy calibration, and systematic study in thélajorana

Demonstrator

3.1 Raw Energy Estimation

In Majorana Demonstrator , each signal from a detector is ampli ed to produce two outputs
which di er in gain by a factor of s 3 so-called low-gain and high-gain outputs. The outputs are
then digitized by using GRETINA digitizer modules [86] with a sampling frequency of 100 MHz with
14 bits of precision and records 2020 samples per waveform. A typical digitized raw waveform is
shown in Fig. 3.1. The digitized raw waveforms are then subjected to trapezoidal lIters to estimate
the corresponding raw o ine energy. However, two e ects have been considered and applied to

improve the energy estimation prior to the application of trapezoidal lters.
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3.1.1 ADC Nonlinearity Correction

Periodic non-linearity present in the digitizer modules may cause the deviation in energy estimation
up to 0.8 keV in high-gain and 2.8 keV in low-gain channels near th& . Such deviations, if
not corrected, degrade the energy resolution and a ect the aspect of pulse shape analysis. There-
fore, non-linearity is measured in each digitizer channel, and correction is applied to the digitized
waveforms prior to further signal processing [87].

The non-linearity in each digitizer channel is measured using two external signal generators.
The slow ramp signal with a higher amplitude covers the entire ADC range, while the fast ramp
with a lower amplitude modulates the signal from the slower ramp. Figure 3.2 shows the measured
non-linearity in one of the digitizer channel in the Demonstrator . The measured non-linearities

are used to correct each waveform sample with 10 ns sampling period.

Figure 3.1 : A typical digitized raw waveform shaped by signal electronics. The waveform baseline
is the electronic response prior to the collection of charge. The sharp rising edge is the period during
which the charge drifts near the point contact of the detector. The exponential falling edge is due
to the discharge of the capacitor in the preampli er through the resistance feedback network. The
Demonstrator uses the preampli er with the decay constant of 72 s.
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3.1.2 Charge Trapping Correction

Charge trapping is the phenomenon in which charge carriers are trapped and released by the local
impurities present in the detector as they drift towards the charge collection electrodes. In the case
of PPC detectors, charge collection due to the drift of holes is reduced near the point contact; con-
sequently, the height of the waveform is reduced. The loss of charge causes attenuation in recorded
energy, produces the low-energy tail in the -peak shape, and degrades the energy resolution. This
e ect is linearly related to the drift time of the charge carriers, which is dependent on the initial
location of the charge carriers produced. A slower signal is attenuated to a greater extent than the
fast signal waveform.

The exponential decay tail of the waveform shown in Fig. 3.1 is mainly due to the signal shaping
by the preampli er. In the pulse-height analysis, this tail can be corrected by applying a pole-zero
correction [88]. Such correction would atten the exponentially decaying tail of the non-linearity
corrected waveforms with a di erent extent of charge trapping e ect as shown in Fig 3.3 to the left

plot of Fig. 3.4. The pulse amplitude can be extracted, which would be the uncalibrated energy that

Figure 3.2 : An example of measured non-linearity in a digitizer. The zig-zag patterns show the
deviation due to non-linearity at each ADC bin. The X-axis is the ADC channel due to the scan
of the slow ramp, and Y-axis is the deviation measured by the fast ramp at a given ADC channel
referred to as integral non-linearity. Plot adapted from [55].
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is proportional to the initial energy of the interaction. However, the pulse height might di er for
waveforms generated by the same initial interaction energy due to charge trapping. For example,
a signal with a longer drift time would experience more charge trapping, which reduces its pulse
height.

The exponential loss of charge carriers along the drift path due to the e ect of charge trapping

from the initial charge amplitude, Qq, can be described by:

Qrq Qoe 3.1)

Where is the e ective pole-zero time constant. The charge trapping e ect a ects the rising edge

Figure 3.3 : A schematic of two non-linearity corrected waveforms corresponding to the same initial
interaction energy with di erent charge trapping e ects.
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of the waveform during the drift of the charges, while the falling edge is due to the decay time
constant of the preampli er. The e ective pole-zero constant has an extra term of charge trapping

constant, c7, in addition to the standard pole-zero constant, rc, described by:

- = = (3.2)

In Eq. 3.2, rc is approximately 70 s [55] but ¢t is unknown and depends on each detector.
Therefore, in practice, the assumed value of is varied until the minimum FWHM value of the
detector is achieved. Based on the optimum value of that minimizes the energy resolution as seen
in Fig. 3.5, ¢t is 100 s. The value of is estimated for each detector for each data set based on
the energy resolution at 2614 keV -peak in the calibration data. After applying optimized pole-
zero correction, the falling edge of the waveforms that correspond to the same initial interaction

energy aligned with each other as in Fig. 3.5.
3.1.3 Uncalibrated Energy Estimators

The energy of each event is estimated based on the height of the waveform at a xed pick-o time

relative to the start time, tg, of the waveform by applying a recursive trapezoidal Iter [89]. The

Figure 3.4 : (Left): A schematic of two waveforms corresponding to the same initial interaction
energy. The falling edge of the waveforms becomes at after applying the pole-zero correction.
(Right): The same waveforms after the modi ed pole-zero correction, which takes into account the
standard pole-zero and charge trapping corrections.
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xed pick-o time is the same for all events and is set to 0.5 s so that height is calculated along
the overlapping falling edges of the waveforms. A precise calculation of is necessary to correctly
calculate the pick-o time. The tp of each waveform is evaluated by using a leading-edge algorithm.
The waveform is rst smoothed by applying a short trapezoidal Iter called a trigger trapezoidal
Iter with a ramp time of 1 s and at-top of 1.5 s to reduce high-frequency noise. The maximum
of the trapezoidal Iter output is found between the time window of 4-14 s. Then the tg is found
by walking backward from the maximum of trapezoidal Iter output until a threshold crossing of 2
ADC units, then interpolating between the samples before and after the threshold crossing. Once
to is obtained, a trapezoidal lter is applied by combining xed-time pick-o with optimized pole-
zero correction as described in Sec. 3.1.2 to estimate the uncalibrated energy of the event. The
symmetrical trapezoidal Iter has a ramp time of 4 s and a at-top of 2.5 s. Thety and hence
the energy estimation technique is illustrated in Fig. 3.6. The uncalibrated energy of the waveform
estimated in this way is calledtrapENF.

The Majorana Demonstrator has achieved the best energy resolution and the excellent
energy linearity of any current generationO experiments by using thetrapENF energy estima-

tor [55]. However, it was possible to further improve it, especially in the low-energy region, by

Figure 3.5 : ((Left): Variation of FWHM/Mean verses % with the quadratic t function which
shows the minimum resolution at ¢t 100 s. (Right): The falling edge of the waveforms
overlaps after optimized pole-zero correction is applied. Uncalibrated energy is estimated as a
xed-time picko value relative to the tg of the waveform wheret = tigmp + tar - 0.5 s. Here,
tramp and tso are the ramp time and at time of the longer trapezoidal Iter shown in Fig. 3.6.
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improving the to estimation. Improvement is possible because at lower energy, a small energy-
dependent systematic drift in to was observed withtrapENF. Therefore, a new energy estimator
is developed with improvement in theto estimation. We improved the estimation by using??®Th
calibration data by looking at the time di erence between two hits, 583 keV, and a second -ray,
that are in coincidence. The average time di erence between two hits in an event should be close
to zero. Therefore, the energy-dependent correction to the time di erence is applied empirically
to make the di erence close to zero, as shown in the right plot of Fig. 3.7. The energy estimator

obtained after improvement in to estimation is trapENFC

Figure 3.6 : An illustration of a xed-time pick-o technique to estimate the uncalibrated energy
of the waveform. (Top): A normalized raw waveform. (Bottom): A short trapezoidal output for
the t0 estimation and a long trapezoidal lter to estimate the uncalibrated energy of the waveform.
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3.2 Energy Calibration

In the Majorana Demonstrator , custom-build %?8Th calibration line sources manufactured
by Eckert & Ziegler Analytics, Inc! are used for energy calibration. Each calibration source is
4.7 m long with an integrated activity of 10.36 0.6 kBg measured on May 1, 2013, along the last
2 m of the source. During background data-taking, these sources remain seated outside the shield
layers. They were inserted in the calibration track made of polytetra uoroethylene (PTFE) that
surrounds the cryostat in a helical path, as shown in Fig. 3.8 during the calibration data-taking.
The calibration system is described in detail in Ref. [90].?28Th source was chosen since its decay
chain provides a large number of prominent -rays from 238 keV to 2615 keV that spans the&Q
These -rays are used to calibrate and characterize the detectors. Table 3.1 summarizes some of the
most prominent -rays from the decay chain used in characterizing the detectors in thiajorana
Demonstrator

For each module, calibration data is taken every week with a source deployed in the track for
approximately 60 to 120 min. The calibration time is increased in later data sets to compensate for
the decaying activity of the sources. Also, an approximately 17-hour long calibration data is taken

about once every two months. The long calibration data have enough statistics for tuning pulse

! https://www.ezag.com/home/

Figure 3.7 : (Left): A schematic showing a coincidence hit of 583 keV and a second from the
Compton scattering of a 2615 keV -ray from the calibration source in the detectors. (Right): Time
di erence between two hits of the signal with correction (red) and without correction (blue) in tg
estimation.
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Table 3.1: The overview of some most prominent -rays from the decay chain of??Th that are

used in the Majorana Demonstrator energy calibration.
Energy (keV) | Isotopes] Intensity per ?Th decay
238.63 212pp 0.433
240.99 22%Ra 0.041
277.36 208T] 0.023
300.09 212pp 0.032
583.19 2087 0.304
727.33 212g; 0.065
785.37 212pj 0.011
860.56 2087 0.044
2614.53 2087 0.356

shape analysis parameters such as/se[77] anddcr [78]. In addition, calibration data with a %°Co
source deployed in each track for one week at a time was taken in January 201%¥Co source emits
a large number of -rays above 1.5 MeV and hence produces several double escape peaks, which
were used for the systematic study of pulse shape analysis parameters.

The Demonstrator ~ puts a dedicated e orts to convert raw energies trapENF, and tapENFC
to the calibrated energies which are used for the physics analysis. The spectrum is calibrated by
comparing the real energies of known -peaks in the 222Th decay chain to their positions in the

uncalibrated energy spectrum. Figure 3.9 shows the high-level ow chart for the energy calibration

Figure 3.8 : (Left): A drawing of a module and calibration track. (Right): A photo of a module
and its calibration track inside the shielding. Calibration sources sit outside the shield layers during
background data-taking and are deployed through the track during calibration data-taking. Adapted
from [90].
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