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Abstract

The LEGEND experiment deploys high-purity germanium (HPGe) detec-
tors enriched in the target isotope "°Ge by up to 90%, in an active liquid
argon shield to detect the neutrinoless double beta (0Ov353) decay, a process
generating two matter particles without the emission of any antimatter. In
this work, the analyses of the calibration data for the LEGEND-200 experi-
ment are addressed, with the aim of calibrating the 101 HPGe detectors used
for this experiment. In the search for the monochromatic peak as the signa-
ture of OB decay a stable energy scale and an excellent energy resolution
around the Q-value of the decay (Qzs = 2039.061(7) keV for "0Ge) are es-
sential. Meticulous calibration procedures and data analysis techniques are
employed to ensure the accuracy and reliability of these detectors, which are
crucial for the search for the 038 decay in “°Ge.

This work builds upon established calibration methodologies used in the
GERDA and Majorana experiments, extending the calibrated energy range
from 50 keV to 583 keV, an energy range that is not considered in the regular
calibration procedure of the LEGEND-200 experiment. Three investigations
were conducted using LEGEND-200 calibration data. An analysis in the en-
ergy range from 50 keV to 230 keV revealed the presence of two distinct lines at
74.815 keV and 77.107 keV emerging in the two-dimensional energy histogram,
indicating a complete energy deposition of individual photons. Both photons
are attributed to emissions from the 2'?Pb isotope. An energy correlation
analysis across the entire detector range (50 keV - 2.6 MeV) successfully iden-
tified anti-diagonal lines at 583 keV and 2.6 MeV indicative of partial energy
depositions. Finally, the potential of including the newly identified peaks in
the standard calibration procedure was explored. While the inclusion offered
minimal improvement in detector resolution, the investigation highlights the
continued importance of precise calibration in the 50 keV to 583 keV range
relevant to future LEGEND-200 endeavors beyond the search for Ov55 decay.
As a future direction, this thesis proposes an investigation into the efficacy
of linear versus quadratic calibration curves to further refine the calibration
protocols for the LEGEND-200 experiment.



Introduction

In the pursuit of advancing our understanding of fundamental particles and their
interactions, modern experimental physics endeavors, such as the LEGEND-200 ex-
periment, play a central role. The LEGEND-200 experiment is dedicated to probe
neutrinoless double-beta decay in "°Ge and represents a cornerstone of scientific
exploration of exotic nuclear processes. Within this context, the precise energy cali-
bration of detectors emerges as a crucial aspect, ensuring the accuracy and reliability
of the energy scale and the resolution of the HPGe detectors. This thesis seeks to
contribute to the ongoing calibration efforts within the LEGEND-200 experiment by
digging into the analysis of calibration data with a specific focus on incorporating
low-energy peaks that have not been utilized in the current standard calibration rou-
tine. By exploiting features of conventional energy peaks, particularly those arising
from possible coincident events in nearby detectors, we aim to refine the calibration
process and enhance the performance of the detectors. Crucial for this investigation
is the energy of the v peaks, since it need to be inside an energy range, where the
cross section for Compton scattering is sufficiently high.

This thesis consists of five chapters. In chapter 1, a concise overview of particle
physics is presented, covering the three primary types of nuclear decays and introduc-
ing the concept of neutrinoless double-beta decay. Chapter 2 provides an overview
of the LEGEND experiment, including details about the experimental setup, the
high purity germanium detectors, and the relevant steps for the calibration of such
detectors; the importance of calibration is underlined in this section. This is followed
by the central focus of the thesis, chapter 3, where calibration data from LEGEND-
200 is examined, with particular attention paid to the low-energy region. Next,
the results of the studies are presented in chapter 4, and the concluding chapter 5

summarizes the work presented throughout this thesis.



1 THEORY

1 Theory

Astroparticle physics is a branch of particle physics that seeks to understand the na-
ture of elementary particles coming from astronomical origin. This field merges the
realms of particle physics, astrophysics, and cosmology all into one exciting frontier
of scientific exploration. By studying the interactions of elementary particles with
cosmic phenomena, astroparticle physicists aim to unravel the mysteries of the Uni-
verse, shedding light on its origins, evolution, and fundamental laws. Astroparticle

physics encompasses a wide range of phenomena and concepts, including [1]:

e Cosmic rays: High-energy particles, such as protons and atomic nuclei that
originate from sources beyond the solar system and interact with the Earth’s

atmosphere.

e Neutrinos: Nearly massless particles, which are produced in various astrophys-

ical processes, such as nuclear reactions in the Sun or supernova explosions.

e Dark Matter: A mysterious form of matter that does not emit, absorb, or
reflect electromagnetic radiation but exerts gravitational influence on visible

matter.

Our journey begins with the introduction of the most fundamental concept in

particle physics, the Standard Model.

1.1 The Standard Model of particle physics and nuclear de-
cays

The Standard Model (SM) of particle physics serves as the framework that explains
three out of the four fundamental forces known to us in the Universe, namely the
electromagnetic, weak, and strong interactions (excluding gravity). Additionally,
it categorizes and defines all known elementary particles. As depicted in Fig. 1,
in the SM, particles with a spin of 1/2 are divided into two categories: quarks
and leptons, each with three generations. The first generation of these particles
constitutes ordinary matter, forming stable substances such as protons, neutrons,
or atoms. Bosons, which have a spin of 1, are responsible for carrying the forces that
affect fermions (particles with half-integer spins). As mentioned, the SM accounts

for three fundamental forces: the strong force (transmitted by massless gluons), the
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electromagnetic force (transmitted by massless photons), and the weak force, which
is mediated by the massive W and Z bosons. Among these, only the W bosons
possess electric charge. The Higgs boson lacks both electric charge and color, yet

particles interact with it through the Higgs field [2].
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Figure 1: The Standard Model of particle physics. The schematic is based on the
information provided in Ref. [3].

However, particle physics is not isolated from other realms of physics. Indeed, it
intersects with nuclear physics, particularly in understanding processes like nuclear
decays. Let us delve into this intersection to explore how the principles of the
Standard Model extend to phenomena such as nuclear decays. There are three

leading types of nuclear decays [4]:

e « decay: Parent nucleus emits an alpha particle consisting of two protons (p™)

and two neutrons (n°)

2X 55 aY +aa. (1)
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e 3% decay: Known as positron emission, occurs when a p™ within the nucleus

0

is transformed into a nY, resulting in the emission of a positron (e¢*) and an

electron neutrino (v,)

2X =4 Y +et +u.. (2)

e 3~ decay: Known as electron emission, occurs when a n® within the nucleus is
transformed into a p™ |, resulting in the emission of an electron and an electron

antineutrino ()

72X 9z Y +e +7. (3)

e 7 decay: Transition of a nucleus from an excited state to a lower energy state

by emission of a high-energy photon, known as the v particle

2X* =3 X 4. (4)

In particle physics, several conservation laws must be fulfilled for a process to
occur. These laws govern fundamental properties such as mass, electric charge,
baryon number, and lepton number. According to the SM, each one has to be
fulfilled. One important conservation law is the conservation of lepton number,
which states that the total lepton number before a reaction must equal the total
lepton number after the reaction. Leptons are a type of fundamental particle that
includes electrons, muons, taus, and their corresponding neutrinos. Each lepton has
a lepton number of +1, while their antiparticles have a lepton number of -1. Other
particles, such as quarks and bosons, have a lepton number of 0. The conservation
of lepton number is crucial in processes involving weak interactions, such as the
aforementioned beta decay, and it ensures that the number of leptons is conserved
in these reactions. Even though the conservation of lepton number is a fundamental
principle in particle physics, theoretical frameworks suggest the possibility of lepton
number violation in certain exotic processes. This would indicate the existence of
extensions of the SM. The physical processes that violate the SM are referred to as
physics beyond the Standard Model (BSM). In the forthcoming section, an exotic
process known as neutrinoless double-beta decay is introduced. This phenomenon

presents an opportunity to probe potential violations in lepton number conservation.

6



1 THEORY

1.2 Neutrinoless Double-3 Decay

In order for the 8 decay to occur, the binding energy of the daughter nucleus must
exceed that of the parent nucleus, as the conversion of a neutron into a proton
within the parent nucleus requires an energetically favorable configuration in the
resulting daughter nucleus. For some nuclei, such as “°Ge, the isobar one atomic
number higher, ®As, has a smaller binding energy, preventing a common 3 decay
[5]. However, the isobar with atomic number two higher, °Se, has a larger binding
energy. Under these conditions, it is possible for the parent nucleus to undergo
a double-beta decay (2vB(), where two neutrons are converted into two protons,
accompanied by the emission of two electrons and two antineutrinos as shown in
Fig. 2 left. This process was already proposed by Goeppert-Mayer in 1935 [6], and
only occurs when the single 5 decay is highly suppressed. As the (2v33) decay

process satisfies all conservation laws, it is consistent with the Standard Model.
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Figure 2: Left: Feynman diagram of 2v3/3 decay compliant with the rules of the
SM. Right: Feynman diagram of the Ov33 decay, which indicates an extension of
the SM, since it violates the conservation of lepton number.

In 1937, the Italian physicist Ettore Majorana revolutionized our understanding
of particle physics by hypothesizing the existence of particles that are their own
antiparticles [7], a unique property that defies the conventional distinction between
matter and antimatter. Particles of this nature were named Majorana fermions, a
term often used in opposition to a Dirac fermion, which describes fermions that are
distinct from their antiparticle. If the neutrino is indeed a Majorana particle by
nature, a second possibility would open for this decay to occur, namely without the

emission of antineutrinos. The two antineutrinos would annihilate themselves dur-

7



1 THEORY

—— 2v3B decay
—— O0vfpp decay

=

2

v

i

5

]

a

£

<

0 500 1000 1500 2000

Combined electron energy (keV)

Figure 3: Schematic view of the expected Ov3S and 2vf5(5 decay amplitude as a
function of the combined energies of the emitted electrons. Note that Ov33 decay
amplitude is unknown.

ing the process, leaving the two electrons as the only emitted particles in the decay,
as illustrated in Fig. 2 right, and violating the conservation of lepton number by two
units. The observation of the Ovg3 decay would confirm the possible Majorana-
nature of neutrinos [8]. In addition, the observation of lepton number violation, via
leptogenesis [9], would give information about the origin of baryon number viola-
tion, which is one of three necessary conditions proposed by A. Sakharov in 1967
[10], to possibly explain the production of matter and antimatter at different rates.
The OvBp3 decay is an extremely rare process. The GERmanium Detector Array
(GERDA) experiment states in Ref. [11] that the most recent limits on the half-life
T2 of neutrinoless double-beta decay are on the order of 1026 years, depending on
the isotope. Its signature is a monoenergetic peak at the Q-value of the reaction,
which corresponds to the summed energies of the two emitted electrons, whereas in
the case of the 2v53 decay it is a continuum ranging from zero up to the Q-value,
as shown in Fig. 3. To separate a potential signal from various backgrounds, such
as neutrino-accompanied double-f decays allowed by the Standard Model, both the

energy reconstruction and resolution of the employed detectors are crucial.
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2 The LEGEND Experiment

The Large Enriched Germanium Experiment for Neutrinoless double-beta Decay
(LEGEND) collaboration was formed as a merger of the two collaborations carrying
out leading based Ov/3( decay experiments, namely the MAJORANA DEMONSTRA-
TOR (MJD) and GERDA, plus additional international institutions. In the first
phase of the experimental program, LEGEND-200, up to 200 kg of HPGe detectors
will be operated in the cryogenic infrastructure previously installed by the GERDA
collaboration at the Laboratori Nazionali del Gran Sasso (LNGS). The targeted sen-
sitivity for discovering 0v33 in “®Ge is to reach a half-life of TIO/”2 > 1027 years after
five years of data collection. In the second phase of LEGEND, LEGEND-1000, the
experiment plans to operate up to 1000 kg of HPGe detectors for a time period of
about 10 years. The detectors will be deployed in several payloads. A completely
new infrastructure is being built and a more ambitious signal discovery sensitivity
on the order of 10?® years is targeted [12]. To reach this goal, LEGEND aims to
combine the best strategies of both predecessor experiments. The cornerstones are
the direct deployment of High Purity Germanium (HPGe) detectors in an active
liquid Argon (LAr) shield, as done in GERDA, and the use of ultra-low-activity
detector near parts and low-noise front-end electronics, as deployed in MJD [13,
14]. As the successor of the experiments achieving the best energy resolution of 2.52
keV FWHM at the Qs (MJD) [15], and the lowest background rates in the field of
5.2x107* counts/(keV kg yr) (GERDA) [11], LEGEND has the combined expertise
required to achieve the 77/, sensitivities needed to search for the Ov33 decay signal.

In this section, the technical details of the LEGEND-200 experiment, a cutting-
edge endeavor at the forefront of the Ov33 decay research, will be discussed. This
experiment employs a sophisticated experimental setup, featuring HPGe detectors
as its foundation. The crucial role of these detectors in the quest for Ov5S decay
is addressed, highlighting their exceptional resolution. Additionally, the calibration
procedures employed in LEGEND-200 experiment are illustrated, underscoring the
significance of precise calibration of the HPGe detectors in achieving reliable and

accurate results.

2.1 Experimental setup of LEGEND-200

The LEGEND-200 experiment is located at the Laboratori Nazionali del Gran Sasso
(LNGS), in I’Aquila, Italy. The experimental halls at LNGS are located under the
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Gran Sasso mountain, covered by about 1400 m of rock to protect the experiments
from cosmic rays, which is equivalent to 3500 meters of water. Overburden reduces
the cosmic muon flux by six orders of magnitude compared to surface levels [16],
making it ideal for OvgB3 decay search, since an ultra-low background is required.
Currently, LEGEND-200 operates 101 HPGe detectors summing up to approxi-
mately 142.4 kg of mass distributed over ten strings, whereas more detectors will
be installed in summer 2024 to reach its planned total mass of 200 kg of "Ge.
The array contains around 70 kg of detectors taken over from MJD and GERDA,
with the remainder being new inverted coaxial point contact (ICPC) detectors [17].
Details about the different detector types are described later in this chapter. The
detector strings are placed inside a cryostat filled with 64 m? of liquid argon (LAr),
which cools the detectors to around 87 K, shields them from external backgrounds,
and acts as an active scintillation medium. To detect scintillation light, the volume
is instrumented with wavelength-shifting fibers surrounding the detector strings (in
green in Fig. 4, left), silicon photomultipliers installed on the top and the bottom
ends of the fibers, and wavelength-shifting reflectors hung around the detector array
(white surface in Fig. 4, right). These can be used to veto background events that
deposit their energy in the LAr [18]. The cryostat is immersed in a water tank with
a volume of 590 m?, as shown in Fig. 4, equipped with 64 photomultiplier tubes
(PMTs) installed inside the water tank, which serves as a Cherenkov muon detector
[19, 20] to further identify background radiation.

LEGEND-200 relies on HPGe detectors, pivotal due to their advantageous prop-
erties, particularly well-suited for Ovf3( decay searches. As briefly mentioned in
section 1.2, the search for Ovf5f decay is based on the detection of a signal peak
over the background on the energy spectrum of the summed energies of the emitted
electrons. Since the only decay products are the two electrons, their energy is equal
to the Q-value of the interaction, which is Qgs = 2039.061(7) keV [21] for Ce.
HPGe detectors have the best energy resolution with respect to any other compet-
itive technique with a relative full width at half maximum (FWHM) better than
0.1% at the Q-value of the Ov3f decay of "®Ge. This feature allows to identify the ~
peaks of the various background sources as well as to isolate the tail of the 2v 35 de-
cay spectrum from the Ovf5 decay signal. Since natural germanium has a relatively
low natural isotopic abundance of 7.8% for "Ge, it has to undergo an enrichment
process first. Isotopic enrichment is performed in large centrifuge facility. The ger-

manium is converted to the stable gas GeF4 and introduced into a long series of
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Figure 4: Left: LEGEND-200 Ge detectors mounted in strings and surrounded by
optical fibers (in green) that are used to detect the LAr scintillation light. Right:
Detector systems positioned in the center of a LAr veto system equipped with
wavelength-shifting reflectors. The cryostat is placed in the water tank. Figure
taken from [19].

centrifuges. When the required isotopic enrichment is achieved (> 87%), the gas is
bubbled into cold water and hydrolyzed [22]. Additionally, the HPGe-based experi-
ments feature a high detection efficiency since the detector is also the source of the
Bp-decay. HPGe detectors also guarantee a low background level since they have an
extremely high intrinsic radio-purity (no measurable U or Th contamination) [23].
Furthermore, delicate analysis techniques such as pulse shape discrimination (PSD)
[19, 24] are applied to distinguish signals from background events. Another advan-
tage of the use of the isotope "®Ge is its long half-life of T17/62Ge = (2.022+ 0.0184as
0.0384ys) x 102! years [25], allowing long-duration experiments and the accumulation
of large datasets, increasing the statistical power of experiments searching for rare
processes like Ov53 decay.

HPGe detectors are semiconductor diodes biased at a reverse voltage. Their
detection principle is based on collecting charges induced by radiation [18]. There
are four different HPGe detector types used in LEGEND: broad energy germanium
(BEGe), coaxial (Coax), p-type point contact (PPC), and inverted-coaxial-point-

contact (ICPC) detectors. In the Coax design, a bore-hole is excavated along the
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central axis to accommodate the pt electrode. With such a configuration, rela-
tively large detector masses can be achieved, on the order of 2-3 kg [8]. One major
disadvantage of this detector type in comparison to the others is its limited PSD
performance [17]. Details about how the PSD technique works is described in Sec.
2.2. The BEGe design, does not include a bore-hole; therefore, the p™ contact is a
small, dot-shaped surface at the center of one of the two detector sides. The ab-
sence of a bore-hole makes this kind of detectors harder to be electrically depleted,
requiring lower impurity levels and smaller masses, generally less than 1 kg |24, 26].
The main performance feature of the BEGe detectors is their energy resolution of
~ 3 keV FWHM at Qs [11]. An excellent resolution does not only allow precise
discrimination of the 2v3 continuum from the sought-after signal peak, but also en-
ables optimal identification of background v events [17]. The PPC detectors come
originally from the MJD experiment. PPC detectors feature an excellent energy
resolution, low detection thresholds down to the sub-keV range, and enhanced back-
ground rejection capabilities due to an optimal PSD performance [27]. The newest
type of HPGe detectors are the ICPC detectors. These feature a new geometry with
respect to the previously used germanium detectors. As shown in Fig. 5, a small
pT electrode is placed on the opposite face with respect to the bore hole and the
nt outer contact covers all the remaining surfaces (cylindrical part and bore hole).
Detectors without the well (e.g., BEGes or PPCs) are limited to less than 1 kg of
mass while ICPC detectors could be produced with a mass larger than 3 kg [28].
This allows increasing the active mass while reducing the amount of nearby materi-
als contributing to the background, such as cables, electronics, and detector holders.
Furthermore, because of the long drift time inside the crystal and the small p* elec-
trode, the energy resolution and the pulse shape characteristics are very similar to
those of BEGe and PPC detectors [29]|, making this new type of HPGe detectors
suitable for Ovff decay experiments [24].

The geometries of the three best types of HPGe detectors are illustrated in Fig. 5.
The plot shows the weighting field (E,) within a cross section of each detector
geometry [19]. The weighting potential refers to the electric potential distribution
inside the detector crystal. This distribution determines how the generated charges

by incoming radiation move within the detector.
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Figure 5: The three detector geometries used in the LEGEND-200 experiment.
From left to right: The PPC detector (originally used in MJD), the BEGe detector
(originally used in GERDA), and the ICPC detector (originally used in GERDA).
Figure from [19].

2.2 Pulse Shape Discrimination

Pulse shape discrimination (PSD) is an analysis method employed in semiconductor
detectors, such as germanium crystals, to discern various types of interactions based
on the distinctive shapes of the electronic signals they produce. A deep understand-
ing of PSD is crucial in the search for Ovg3 decay. First, the characteristics of
different event-types in the context of the Ov53 decay need to be clarified. Events
can be classified into single-site (SSE) or multi-site events (MSE). On the one hand,
an SSE, as observed in the case of the OvS3 decay, is characterized by a single-
site energy deposition in the detector bulk of around 1 mm?® volume [17]. On the
other hand, in the case of an MSE, the energy is deposited in multiple parts of the
detector, as in the case of many background processes involving high-energy  inter-
actions. Single-site and multi-site events lead to different shapes of waveforms of the
produced charge and current signals. An SSE is characterized by a single current
signal, whose amplitude enters a so-called signal acceptance window [17], as shown
in the upper left graph in Fig. 6. An equivalent waveform for an SSE is a smoothly
rising charge signal, while in the case of an MSE, edges in the charge signal or mul-
tiple peaks in the rising current signal are expected. Additionally, this method is
also applied to identify events coming from alpha and beta particles depositing en-
ergies on the surface of the detectors [20]. Alpha events are characterized by a rapid
increase of charge and current signal in a very short time interval, whereas events
coming from beta decays are recognizable by a low amplitude in the current signal.
This enables a further background rejection by the analysis of the waveforms. The

shapes for a few exemplary events are shown in Fig. 6.
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Figure 6: Shapes of waveforms for different event types. The charge signal waveforms
are marked in blue and the corresponding current signal waveforms are shown in
orange. Top left: Expected waveforms from SSE. Top right: Expected waveforms
from MSE. Bottom: Expected waveforms from surface beta (left) and alpha (right)
events. Figure from [17].

2.3 Calibration of LEGEND-200

Achieving the necessary precision to detect a signal of Ovg[ decay requires each
HPGe detector’s energy scale and resolution to be calibrated with extreme accu-
racy. To ensure the stability of the energy response and the measured resolution,
calibration must be performed frequently. In the LEGEND experiment, radioactive
sources are regularly used to irradiate the detector array under controlled condi-
tions. These sources emit v rays of known energies, allowing precise calibration of
the detectors’ response within a certain energy range. Additionally, it is crucial to
keep any background events induced during calibration below acceptable levels for
physics analysis. In this context, the capture of neutrons emitted by the sources is
the main concern. Therefore, each source is characterized before being deployed into
the experiment [30]. In this section, the strategic selection of the calibration source
and the meticulous procedure of the calibration of the LEGEND-200 experiment are
addressed.

14
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2.3.1 Energy scale and resolution

The region of interest (ROI) for the Ov5/5 decay search is around Qgz = 2039.061(7)
keV. For the calibration, certain radioactive sources are employed, which emit ~
rays as part of their decay processes. These emitted v rays possess energies rang-
ing from keV to MeV, which cover up the ROI. When these gamma rays interact
with the detector, they produce discernible electronic signals, which are typically
measured in analog-to-digital-converter (ADC) counts. The energies of these  rays
are well-known and can be accurately determined. This knowledge allows for the
establishment of a correspondence between the energy of the detected v rays and
the number of ADC counts recorded. As a result, by histogramming the ADC
counts, it becomes feasible to identify energy peaks associated with specific v ray
energies. Following this identification process, a conversion from electronic ADC
units to physical energy units (keV/MeV) is conducted. This conversion enables
accurate quantification of the energies of the detected v rays. In Germanium detec-
tors, the energy response is linear to a very good approximation [17]; therefore, it
is simple to convert from uncalibrated ADC counts to calibrated energy in keV by
applying a linear calibration function. However, due to the different assumptions
and approximations in the calibration procedure, slight biases in the energy scale
may remain. Such biases may, for example, be caused by the integral non-linearity
of the ADCs [31]. Small non-linearities in the energy scale are neglected due to
the use of the linear calibration function. Therefore, a peak from a ~ ray with a
well-defined energy could be displaced towards higher or lower energies. One way of
mitigating the bias is to correct for the energy bias of the events that fall into the
energy range considered for the O3 decay search (1930 keV to 2190 keV) by adding
the amount of bias to the calibrated event energy [32]. This is possible since the
Ov 3 decay search is extremely sensitive to the energy of the events close to (35 and
was already done in the final GERDA analysis [11]. Another important aspect of
calibration is the energy resolution. As the continuum from the 2v55 decay ranges
from zero to the (Qgs, and the monoenergetic signal from Ov 33 decay is precisely at
(03, a limited resolution of the peak could potentially lead to an overlap of both
signatures [17]. If the calibration is not precise enough, it is difficult to differentiate
between potential events and background. To determine the position and resolution
in terms of the full width at half maximum (FWHM = 2.35 - ) of the identified
energy peaks, fits are performed locally in an energy window of 10-20 keV around

the peak position obtained from the calibration. These are configured manually
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and separately for each energy peak to avoid interference from neighbouring energy
peaks [32]. Finally, all FWHM of the fitted energy peaks are plotted as a function
of energy, ranging from 583.19 keV up to 2614.53 keV, as used in the LEGEND-
200 standard calibration procedure, and fitted with a best-fit curve, from which the
resolution at Qs = 2039.061(7) keV can be interpolated for each detector.

2.3.2 Calibration procedure

As the LEGEND-200 experiment reuses the GERDA cryostat with more detector
materials and multiple upgraded subsystems, the calibration procedure is very sim-
ilar to the one used in GERDA. A total of 16 calibration sources evenly distributed
on four source insertion systems (SIS) are located around 8 m above the detector
array when not in use during physics runs [30|. During calibrations, the sources are
lowered by the SIS into the cryostat to the close vicinity of the detectors. They
are attached to a stainless steel band whose lower end is connected to a tantalum
absorber as shown in Fig. 7. The Ta absorber serves two purposes. First, with a
weight of ~ 500 g, it makes sure that the sources are lowered in a vertical path, and
the steel band does not fold or rotate, which could lead to a misplacement of the
sources in the cryostat. Second, during physics runs, it prevents the v rays irradi-
ated from the sources from reaching the HPGe detectors. The sources are inserted
through a copper funnel into the LAr and positioned next to the detector array. The
funnel is needed as the detector array is found to rotate when being deployed into
the LAr. The bottom of the absorber is equipped with a polytetrafluoroethylene
(PTFE) plate, which enables smooth sliding over the funnels surface to avoid the
Ta absorber from getting stuck.

The calibration is performed at the beginning of each week, where calibration
data is collected for four to five hours, which corresponds to one calibration run.
During the remainder of the week physics data is taken. By irradiating the HPGe
detectors with sources of known energy spectra, the detectors’ energy responses can
be calibrated. It is important to remark that the HPGe detector strings are around
one meter long, whereas the sources are distributed over a length of only 320 mm.
Thus, to ensure all HPGe detectors get sufficient irradiation, the relative position of
the sources is changed after half of the calibration run. The relative positions can be
seen in Fig. 12, where the pink squares indicate the position before and blue squares
represent the positions after the change of the calibration positions. Currently, only

three out of four SIS are operating, because of a technical problem concerning SIS-4.
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Therefore, there are no sources depicted in the figure at its position.

Figure 7: Calibration hardware used in the LEGEND-200 experiment. Left: Source
insertion system (SIS) which is mounted on top of the cryostat, from where the
calibration sources are lowered. Middle: Stainless steel band with source holders
attached. Right: Ta absorber with a PTFE plate fixed at its bottom side to ensure
smooth sliding of the absorber over the funnel’s surface.

2.3.3 Calibration source

There are many radioactive isotopes that produce ~ rays, but not everyone is suit-
able. For LEGEND-200, as was previously used in GERDA and MJD [32, 33|,
the isotope ?**Th was selected based on the following reasons. Firstly, ***Th un-
dergoes numerous « and /8 decays before reaching the stable ***Pb isotope. The
decay products of the ***Th involve the decay to excited states of several isotopes,
subsequently generating monoenergetic v rays, where a substantial number of high-
statistics v lines lie between 500 and 2614.5 keV, which can be used for calibration
up to the Qg value. Additionally, the dominant « line (BR = 33%) at 2614.5 keV,
referred to as the full energy peak (FEP), originated from the decay of the isotope
20877, is extremely useful for the PSD. This high-energetic v ray may undergo ete~
pair production in the germanium detectors, where the electron deposits energy in
the detector while the positron annihilates with an atomic electron in the germa-

nium and creates two annihilation photons [30]. In the HPGe detectors, energy
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deposition occurs in one of the three scenarios: both photons deposit energy, only
one photon deposits energy, or neither photon deposits energy as shown in Fig. 8. If
both photons are detected within the detector, the energy of the FEP is measured.
If only one photon is detected and the other escapes from the detector, an energy
of 2614.5 - 511.0 = 2103.5 keV is measured. This event is referred to as the single
escape peak (SEP). In the case where both photons escape the detectors, an energy
of 2614.5 - 2-511.0 = 1592.5 keV is measured. This event is called the double es-
cape peak (DEP). The DEP is topologically equivalent to the signal coming from
0vf3f3. As both the DEP coming from the ***T1 decay and the Ov3/3 signal are SSE,
they produce similar waveforms; therefore, the DEP is used to calibrate the PSD

techniques.

Figure 8: The three scenarios from the interaction of the 2614.5 keV 2**T1 line. From
left to right: double escape peak (DEP), single escape peak (SEP), full energy peak
(FEP). Figure from [17] made by C. Scaffidi.

An additional benefit of utilizing ?**Th is its relatively long half-life of approx-
imately T/, ~ 1.9 years. However, the sources still decay away during the typical
experimental runtime of around 5 years. Consequently, while source replacements
are necessary, they are less frequent compared to isotopes with shorter half-lives.
An undesirable feature of ***Th is its neutron emission via (alpha, n) reaction. This
emission can lead to the activation of “*Ge, resulting in the production of “"Ge (half-
life 11.3 h) and ""™Ce (half-life 53.7 s) isotopes. These isotopes subsequently undergo
B decays with Q-values exceeding 2 MeV. Additionally, neutrons can be captured
by surrounding materials, producing high-energetic v rays [30]. Fortunately, the
neutron flux can be reduced by embedding the ***Th sources in gold. The neutron
background in LEGEND-200, as induced by calibration runs, was estimated to be
O(1075) (O(1077)) events/(keV-kg-yr) before (after) background reduction cuts [19].
Compared to the LEGEND-200 background goal of O(107°) events/(keV kg-yr) after

cuts, the estimated value is considered sufficiently low to safely deploy the radioac-
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tive sources in the experiment [30]. The production method and the characterization
of the **Th sources deployed in LEGEND-200 is detailed in Ref. [30].
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3 Data Analysis — Calibration in the low-energy
regime

In this section, the results obtained from two calibration runs of different periods
are shown. Fig. 9 shows the energy spectrum of an exemplary ICPC detector. The
dashed gray lines are seven energy peaks used in general LEGEND-200 analysis
ranging from 583 to 2614.5 keV. From 500 keV downwards, no further energy peaks
are used for calibration. The main reason is that the ROI of the Ov3f decay in "°Ge
lies around the Q-value of Qgs = 2039.061 keV [32].
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Figure 9: Top: calibrated energy spectrum for the detector channel V02160B. The
dashed grey lines indicate the detected peaks. Bottom: linear calibration curve for
the corresponding detector as determined by a linear fit of the mean positions of the
detected peaks.

Adding low energy peaks might make the HPGe detectors more sensitive to
other BSM processes involving lower energies. In this section, the initial focus lies
on the exploration of potential coincidental occurrences within proximate detectors.
A comparative analysis of energy spectra from paired detectors was undertaken,
aiming to search for preferred combinations of the partial energy depositions in each
detector in a pair. Subsequently, energy peaks that are not used in the standard
LEGEND-200 calibration were found, and we studied the potential of integrating

these peaks into the standard calibration procedure.
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3.1 Coincident events in nearby detectors to look for possible

low-energy events

One of the primary objectives of our study is to explore the phenomenon wherein a
photon emitted from a v decay event may deposit its energy in two nearby detectors.
Specifically, the aim is to investigate scenarios where a photon initially interacts
with and deposits some energy in one detector (referred to as detector A) before
continuing its trajectory and depositing the remaining energy in an adjacent detector
(referred to as detector B), as shown in Fig. 11. The goal is to examine, if there is
a preferred combination for the measured energy depositions. A preferred partial
energy deposition, where the deposited energies stay constant over time, result in
an energy peak in the corresponding energy spectrum, which could be used for
calibration of the HPGe detectors. As this process involves more than one detector,
a method where data from multiple detectors can be examined concurrently, is
needed. A two dimensional histogram is a suitable method for carrying out this
analysis, as the data from two detectors can be superimposed and thus any traces
of simultaneity recognized. This process involves the photon undergoing Compton
scattering within detector A, resulting in a partial energy deposition. Subsequently,
the photon continues its path, potentially interacting with detector B and depositing
the remainder of its energy via photoelectric absorption. This is only possible, if
the initial energy of the photon lies in the energy range, where the cross section for
Compton scattering of photon processes in "°Ge is dominant over other processes.
The absorption coefficients for photon processes as a function of the photon’s energy
are depicted in Fig. 10.

Understanding and characterizing such energy deposition patterns is important
for several reasons. Firstly, it provides information about the behavior of photons
in detector materials, as well as their interactions and energy transfer processes.
Secondly, this phenomenon has implications for the accurate calibration of detector
systems, particularly in scenarios where multiple detectors are arranged nearby, as
is the case in the LEGEND experiment. Fig. 12 illustrates the spatial configuration
of the 101 HPGe detectors, categorized by their respective types, alongside the
distribution of the radioactive ***Th calibration sources across three strings. It is

noteworthy that a fourth string, designated for the SIS-4, is presently inactive.
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Figure 10: Attenuation coefficients for photon-matter interactions as a function of
energy. Data from [34].
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Figure 11: Concept of coincident events in nearby detectors. An exemplary photon
of 2.6 MeV undergoes Compton scattering in detector A, while depositing part of
its initial energy, e.g., 1.6 MeV. The scattered photon deposits the remaining 1 MeV
of its energy in detector B via photoelectric absorption.

3.1.1 Coincident events in two nearby detectors

To increase the probability of observing coincident events, strategic selection of
detector pairs is crucial. Preference is given to pairs positioned next to each other,
ideally in close proximity to calibration sources. Furthermore, in our investigation
into the detector dependence, combinations involving various detector types were

explored. To ensure the proper working of our code, firstly the focus lied on the full
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Figure 12: Locations of the HPGe detectors and calibration sources in the LEGEND-
200 experiment. Detectors are identified by their detector ID: Detector IDs in orange
and starting with "V’ are ICPC detectors. Detector IDs in green and starting with ‘B’
are of BEGe type. Detector IDs in purple and starting with 'C’ are Coax detectors.
Detector IDs in xellow and starting with P’ are PPC detectors.

energy range. As depicted in Fig. 9, the presence of peaks is expected to manifest
as distinct vertical and horizontal lines corresponding to their respective energies.
Note that the manifestation of a vertical or horizontal line serves as a definitive
indication of a single detector absorbing the entirety of the photon energy. From
Fig. 13 the signatures of the expected distinct energy peaks from the decay chain of
22T can be seen as straight lines. A large area appears saturated at lower energies,
characterized by more than 15 counts per bin, reflecting the imposed limit on the
plot.

In this study the focus lies on the energy range of 50 keV to 238 keV. This selec-
tion is deliberate, as in the LEGEND-200 experiment, the detectors are calibrated
down to 583 keV, which is the lowest energy peak used for the usual calibration.
The potential of calibrating down to 238 keV has been studied; however, beyond this
point downwards, lies unexplored territory concerning the calibration of the HPGe
detectors in LEGEND-200. The lower bound of 50 keV for the energy range is es-
tablished as it serves as a threshold to mitigate background noise originating from

electronic sources. As was already introduced in Sec. 3.1, the initial energy of the
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Figure 13: 2D histogram of energy depositions in two nearby detectors BOO0O61A
and B00061C. The energy peaks coming 7 rays of the ***Th sources are visible for
both detectors shown as vertical and horizontal lines.

photon must lie in the energy range, where the cross section for Compton scattering
is dominant over other processes. For photons inside the energy range of 50 keV to
238 keV this is not the case, since the cross section for photoelectric absorption is
higher by up to two orders of magnitude as can be seen from Fig. 10. Therefore the
probability of observing coincident events in this energy range is low. As previously
mentioned, the presence of a horizontal or a vertical line serves as an indicator of
complete photon energy absorption by a single detector, a key signature to iden-
tify. Another notable signature is the appearance of a hotspot in a 2D histogram.
A hotspot suggests partial energy deposition across multiple detectors, where the
combined X and Y coordinates of the histogram should align with the total energy
of the scattered photon. This study was conducted for ten detector combinations,
which were selected based on their positions with respect to the source and their
detector types. Detector combinations of pure ICPC and BEGe as well as mixing
of ICPC with BEGe, ICPC with Coaxial, and BEGe with Coaxial detectors were
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selected to investigate on the possible detector type dependence. The results of this
study are summarized in Fig. 14 with more histograms shown in appendix A. As
some detectors recorded more counts than the others, the scale for each detector
combination had to be adjusted individually, such that the data became visible. All
histograms exhibit a large blot of counts, ranging from approximately 80 to 200 keV,
which can be seen from the calibrated energy spectrum as shown in Fig. 9 mani-
festing a high level of counts in lower energies. Clear hotspots that would indicate
a preferred combination in the partial energy depositions in two detectors were not

observed.
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Figure 14: Top left: ICPC detector combination: VO1387A vs V05261A. Top right:
BEGe detector combination: B0O0035A vs B00035B. Bottom left: ICPC detector
combination: V01240A vs V01389A. Bottom right: BEGe detector combination:
B00000C vs BOOO61A.
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At around 74-77 keV, a line is visible; hence, further analysis was carried out
to examine this energy region. To refine the estimation of the energy associated
with the observed gamma peak, Fig. 15 shows a histogram with smaller bin sizes
(0.5 keV instead of 1 keV). This allows a more detailed visualization of the peak.
Additionally, a one-dimensional energy spectrum was constructed specifically for

the detectors that captured the peak, focusing on the energy range between 50 and

25



3 DATA ANALYSIS - CALIBRATION IN THE LOW-ENERGY REGIME

100 keV to enhance clarity and precision. Upon employing smaller bin sizes, it
was observed that the energy line originally sought after is a combination of two
energy peaks, as can be seen from the one-dimensional energy spectrum shown in
Fig. 15. To confirm this hypothesis, attention is turned to the one-dimensional
energy spectrum of detector BOOOOOC. Here, the conjecture finds support as two
distinct peaks within the 74-77 keV range are observed. Furthermore, the literature
values from the gamma energies in the ?**Th decay chain in the energy range of
74-T7 keV were investigated, to see if there is an actual physical process behind the
observation, or if it was just background signals from the electronics. The possible

candidates are summarized in table 1.

H Isotope Energy [keV] Intensity [%] H

28T 74.400 3.9 x 1074
26p, 74.969 7.0x 1076
2Zpp 74.815 9.9%
2Zpp 77.107 16.4 %
2087 74.969 3.35%

Table 1: Physical gamma energies in the ***Th decay chain in the energy range
74-77 keV with their respective intensity [35, 36].

The gamma peaks from ***Th and ?'°Po show intensities of at least four orders
of magnitude less than the other candidates. The peak from *'*Pb at 74.815 keV is
close to the one from ?°*T1 at 74.969 keV and has a larger intensity by a factor of
three. So from now on, only the two candidates with the largest intensity will be

considered:

e 212Ph at 74.815 keV,

e 22Ph at 77.107 keV.

In Fig. 15, the two energies of the candidates are marked with dashed lines in
the one-dimensional energy spectrum. The observed energy peaks in the spectrum
align well with the inserted lines. It is worth noting that a linear polynomial fit
was employed to convert the analog ADC counts to the unit of energy. This is an
indicator for the high accuracy of the linear conversion between uncalibrated and
calibrated energy.

Having found energy peaks at 74.815 keV and 77.107 keV opens up the opportu-

nity to use them in the usual calibration procedure. As mentioned in Sec. 2.3, the
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Figure 15: Top: 2D histogram of detectors BO0061A and BOO00OC with a bin size of
0.5 keV. Bottom: 1D energy spectrum of detector BOOOOOC in the range of 50-100
keV.

HPGe detectors are calibrated by matching the observed peaks in the uncalibrated
energy spectrum to known energy peaks. The study to investigate the potential
of integrating these two energy peaks into the standard calibration procedure is
detailed in Sec. 3.2.

3.1.2 Energy correlation for two detectors

In many different gamma-ray detection systems, the events are registered in coin-
cidence, i.e., within short time intervals, by two or more detectors, when coming
from the same initial photon. In calibration, this phenomenon is useful for many

reasons. On the one hand, if the photon interacting with multiple detectors leads
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to a preferred combination of the partial energy depositions, this would manifest
as a peak in the 1D energy spectrum, which can be used to calibrate the detector,
as already motivated in Sec. 3.1. On the other hand, observing events of partial
energy depositions can also be favorable for PSD. As a photon undergoes Compton
scattering in the first and then is absorbed via photoelectric effect in a second de-
tector, the scattered photon would most likely deposit its energy in a very localized
part of the germanium materials in the second detector, categorized an SSE. The
produced waveforms of these events can be used to train PSD algorithms. In order
to investigate coincident events of a corresponding ~, the energies of the deposited
events of nearby detectors were displayed in a 2D histogram, and we searched for
an anti-diagonal line between a given energy peak in both detectors. This anti-
diagonal line is evidence for coincident events in both detectors coming from the
same initial photon with the given energy. This means that the sum of X and Y
coordinates of the events within the line is constant and equal to the initial energy of
the photon. An essential consideration in this study revolves around the temporal
dimension. Given our focus on identifying coincidental events, it is important to
restrict our analysis to a very brief time interval. As the time interval extends, the
correlation between events diminishes, making it increasingly challenging to discern
the anti-diagonal correlation line [37]. Therefore, in order to avoid this, a At ma-
trix was constructed, where the entries represent the absolute value of difference in
timestamps of all recorded events in two nearby detectors. An illustration of At
matrix is shown in Eq. 5. The minimum entry value of the matrix was computed,
and a threshold value slightly higher than that minimum was chosen to increase the

probability of including coincident events.

[t(event 1 detector A) — t(event 1 detector B)| --- |t(event 1 detector A) — ¢(event n detector B)|

(5)

[t(event m detector A) — t(event 1 detector B)| --- |t(event m detector A) — t(event n detector B)|

For this study, the focus lied on two combinations of neighboring detectors where
the newly discovered low-energy peak has been observed: B00061C/B00076C and
B00035B/B00061B. As depicted in Fig. 16, the anti-diagonal correlation line is ob-
servable for both detector combinations when analyzing the two peaks at 2614.5 and
583 keV. As mentioned in Sec. 3.1.1, the energy threshold of individual detectors is
50 keV, making it in principle impossible to observe coincident events coming from
a photon with an energy of less than 100 keV, since any combination of energies

adding up to less than 100 has at least one component below the energy threshold
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of 50 keV and is not recorded.
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Figure 16: Energy correlation of two detectors in calibration period 07, run 002. Due
to the small amount of statistics, the color bar of the 2D hist has been removed. The
plots are no longer 2D histograms, but scatter plots of events. Every event represents
one single count. Top: Energy correlation of the 2614.5 keV peak. Bottom: Energy
correlation for the 583 keV peak.

As previously stated, the anti-diagonal correlation line for the 77 keV peak cannot
be observed because of the electronic threshold at 50 keV for HPGe detectors. If
there were supposedly no data cuts below 50 keV, it would still be improbable to
observe coincident events for such low energy events. The reason is provided by the
cross sections of photon-matter interactions in germanium in Fig. 10. We recall that
to observe coincident events the photon must undergo Compton scattering in the
first and photoelectric absorption in the second detector. For an energy of 77 keV
the dominant process is the photoelectric effect, as its cross section is higher by one

order of magnitude with respect to the Compton effect, making the observation of
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coincident events unlikely. Furthermore, due to the relatively small signal-to-noise
ratio (SNR) in the low-energy regime, energy correlation would become even more
difficult to observe. Higher SNR enhances correlation visibility, as illustrated in
Fig. 9, where the SNR for the FEP and 583 keV peak is notably higher compared to
lower energies. Another potential limitation can be the presence of the LAr shield
surrounding the HPGe detectors in LEGEND-200, functioning as a veto system for
background processes. It is conceivable that photons with low energies deposit part
of their energy in one detector but lack sufficient energy to penetrate the LAr shield
and deposit the remaining energy in the second detector. These factors suggest that
the chance to observe coincident events in nearby detectors originated from photons
at 74-77 keV is close to zero.

As mentioned above, if a photon undergoes Compton scattering in a first detector
and photoelectric absorption in a second detector, this could be useful for pulse-
shape analysis, since the energy deposition in the second detector is an SSE and
thus has a topological analog waveform as the signal from a candidate of Ovj3(
decay. Depicted in Fig. 16 are events close to the edges of the correlation lines, as
one of the two energy depositions has lower energies, they have a high probability
to undergo photoelectric absorption. Hence, this type of events can be used for
machine learning algorithms to train the PSD and thus improve the background

analysis methods.

3.2 New low-energy peaks for calibration of HPGe detectors

In the preceding section, it was concluded that no preferred combination of the par-
tial energy depositions serve as additional energy peaks for calibration was observed.
Furthermore, the 74.815 and 77.107 keV energy peaks are not suitable for the coinci-
dence study because of the 50 keV energy threshold of the experiment. However, the
observed 74.815 and 77.107 keV peaks could be included into the calibration proce-
dure, enhancing sensitivity of our detectors to low-energy processes. Furthermore,
the potential of improving the resolution at the Q-value of Qgs = 2039.061 keV was
investigated. In the usual calibration procedure of LEGEND-200 the peaks at 583.2
keV, 727.3 keV, 860.5 keV, 1592.5 keV (DEP), 1620.50 keV, 2103.5 keV (SEP), and
2614.5 keV (FEP) [32] are selected. To increase the coverage of the calibrated energy
range, five additional low energy peaks used in the Majorana Demonstrator [33] and
the two peaks at 74.815 and 77.107 keV, are included. The used energy peaks as
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well as their respective parent nuclei and intensities are summarized in table 2.

H Isotope Energy [keV| Intensity [%] H
2Zpp 74.815 9.9%
22py, 77.107 16.4 %
*2I2pY, 238.63 43.3%
*221R4a 240.99 4.1%
*208] 277.36 2.3%
*2I2pY, 300.09 3.2%
*208T] 510.77 20.60 %

K208 583.19 30.4%
k2R 727.33 6.5 %
k208 860.56 4.4%
#+205T] (DEP) 1592.5 3.35%
*k2I2R4 1620.50 1.47%
25T (SEP) 2103.5 3.35%
#+205T] (FEP) 2614.53 35.6 %

Table 2: Used energy peaks for the calibration of the HPGe detectors with their
respective parent nucleus and intensity.

*additional peaks used in MJD

**peak used in LEGEND-200

All 101 HPGe detectors were calibrated for two different and randomly selected
calibration runs, period 07, run 008 and period 08, run 002, using these additional
low-energy peaks. The calibration procedure is divided into several steps. First, the
raw data (ADC counts) were histogrammed using a function from the pygama library
to obtain the uncalibrated energy spectrum of the detector. The pygama library in
Python is a package specifically designed for data processing and analysis related to
cryogenic germanium detectors. Then, a peak search was conducted, where a peak
was defined as a five sigma deviation from the neighboring bins. Next, the electronic
signals were calibrated to physical energy units (keV) using a polynomial fit to the
known energy peaks. In this step, a polynomial fit of first and second degree was
performed to investigate, if the linear energy response of HPGe detectors was still
valid in lower energies. Furthermore, fit functions modified from the pygama library
were employed to fit the peaks, followed by the generation of the resolution curve,
used to interpolate the energy resolution at ()sg, a critical step of the calibration
procedure. After running the calibration code for all 101 HPGe detectors for both

calibration runs, the following results were obtained:
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e period 07, run 008: 12/101 HPGe detectors detected 77.107 keV as a peak
5/12 HPGe detectors detected 74.815 keV as a peak

e period 08, run 002: 10/101 HPGe detectors detected 77.107 keV as a peak
2/10 HPGe detectors detected 74.815 keV as a peak

The 74.815 keV peak has only been observed in conjunction with the 77.107
keV peak, with no instances of solitary detection recorded. The detailed list of the
detectors that identified the 77 .107 keV peaks can be found in the appendix B. Upon
comparing their locations relative to the source positions shown in Fig. 12, it was
observed that only detectors situated in close proximity to the calibration sources
successfully detected the peaks mentioned above. Detectors positioned within strings
1, 2, 3, or 9, strings that are not directly adjacent to the calibration sources, failed
to register these peaks. Notably, string 6, which is currently empty, is omitted from
this discussion. In both selected calibration runs, the detector BOOOOOC, which is
positioned in string 4 second from the top and is of a BEGe type, identified both
low energy peaks. Besides, a source is in close proximity, which is crucial for the
identification of the low-energy peaks. In Fig. 17, the uncalibrated and the calibrated
energy spectra are shown, as well as the calibration curve and the residuals, both
with linear and quadratic approximations. Note that in the figure of the calibration
curve only the red curve (quadratic fit) is observable, since both calibration curves
overlap exactly. The residuals vary from +0.5 keV to -0.5 keV. It is difficult to
decide if the linear or the quadratic approximation is more suitable based on these
results. One could conduct a study, where the residuals of both approximations are
histogrammed together. The mean values could be extrapolated and one should be

able to decide, which one is more suitable by comparing their deviation from zero.
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Figure 17: From top to bottom: Uncalibrated energy spectrum, calibrated energy
spectrum, linear/quadratic calibration curve, linear/quadratic residual plot for de-
tector BOOOOOC. The dashed lines in the top two plots indicate the position of the
identified peaks in the respective energy spectra.
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4 Results

In this chapter, the results of the resolutions of the HPGe detectors are presented.
As mentioned in Sec. 2.3.1, to find the resolution at gz, the used peaks need
to be fitted and the FWHM calculated. The FWHM of all peaks is then plotted
as a function of energy and by using a best fit curve, the resolution (FWHM), at
(Qsp 1s interpolated. Furthermore, the obtained resolutions for the detectors will
be compared to the resolution values from the official LEGEND-200 data. The
corresponding calibration steps for an exemplary detector BOOOOC are shown here,
whereas the results for the other HPGe detectors are similar.

After identifying the peaks from the energy spectrum, all energy peaks were
fitted with predefined fit functions from the pygama library. These fit functions
incorporate key components to accurately model the observed data. They com-
prise a Gaussian peak, representing the primary energy emission, characterized by
parameters including the peak position and the width. Additionally, a low-energy
tail factorizes tailing effects, while a noise pedestal accounts for background signals
and electronic noise. Overall, these components collectively enable precise extrac-
tion of peak parameters and background estimation in ~-ray spectra. In particular,
the fitting of the peaks at 74.815/77.107 keV and 238.62/240.99 keV respectively
caused difficulties, as in both cases there are two energy peaks that are close to each
other, making the distinctiveness challenging. In this case, a special double-peak
fit function was employed. On the one hand, the double peak at 238/240 keV was
fitted properly. For the previously found low-energy peaks, on the other hand, slight
manual adjustments had to be made on the individual fit parameters and the fitting
had to be performed multiple times until an acceptable result was accomplished.
Nevertheless, a precise fitting of the tails remained a challenge. A possible reason
for the difficult fitting is the low SNR of the peaks at 74-77 keV, which can cause
challenges for recognition of the peaks. This resulted in a relatively small p-value
compared to other fitted peaks. Remember, a p-value less than 0.05 is typically
considered to be statistically insignificant, in which case the null hypothesis, i.e.,
our fitted curve, should be rejected meaning that the fit is not precise enough. An
example of the fitted peaks is depicted in Fig. 18. The double peaks of 74.815/77.107
keV were fitted well at the peak positions albeit the low p-value, which is most likely
because of the misfitted tails. An alternative useful approach for this specific case
would have been to utilize the branching ratio. Since both 77.107 keV and 74.815
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keV are emitted from the *?Pb, the relative branching ratio (given in table 2 as
the intensity) can be used to eliminate a fit parameter by expressing the amplitude
of the 74.815 keV peak as a function of the amplitude of the 77.107 keV peak. By
reducing the number of fit parameters the fits might potentially improve as they are

more constrained.
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Figure 18: Fitted energy peaks for detector BOOOOOC. Note that for the double peaks
e.g. 74.815/77.107 keV and 238.63/240.99 keV, only the FWHM of the peak with
the greater intensity was implemented. In this case, the FWHM from 77.107 and
238.63 keV.

Next, the resolutions on the calibrated energy F were then fitted with the func-

tion

o(E) = Va + bE (6)

where a and b are fit parameters. The former accounts for the contributions from
electronic noise, while the latter accounts for statistical fluctuations in the number
of charge carriers [32]. The FWHM and the corresponding uncertainties of each

peak are extracted and via Eq. 6 to model the resolution as a function of energy.
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The resulting resolution curve is shown in Fig. 19. Interpolating the resolution at
()pp yields a result of (2.03+0.05) keV. It is worth noting that the SEP (red dot in
Fig. 19) is excluded from the fit of the detector’s resolution because of the Doppler
effect. The motion of the electron—positron pair prior to annihilation is the source
of Doppler broadening of the resulting 511-keV annihilation gamma rays [38|. The
Doppler effect could add 2 keV to other uncertainties contributing to the width of
spectrum peaks [39]. The grey dashed lines indicate the spread within one standard

deviation.
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Figure 19: Resolution curve of the detector BOOOOOC with the corresponding uncer-
tainties on the FWHM of the fits. The intersection of the vertical dashed line with
the grey continuous line indicates the resolution of the detector at Qggs.

This procedure was applied to all 12 detectors, which identified the 77 keV peak.
The resolution of all these detectors before and after implementing the low energy
peaks are shown in Fig. 20. It was observed that the uncertainties on the new res-
olution values including the low energy peaks are clearly higher for most detectors.
A probable explanation lies in the fit functions used in this work. In the standard
LEGEND-200 calibration, peak fitting is well taken care of for different detectors by
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selecting optimal peak-fit functions for individual detectors, whereas in this work, a
universal peak-fit function as mentioned in the beginning of Sec. 4 was applied to
all energy peaks. Also, to ensure a clear comparison between resolution data with
and without the implementation of the 74.815/77.107 keV peaks, peak-fit results for
all energy peaks were included even for fit results with small p-values. This opened
the possibility for bad fits with large uncertainties to influence the resolution and
its uncertainty. In the majority of the detectors, the resolution remained constant
with respect to the previous value. Looking at the detector type, it can be seen
that the resolution for both, before and after including low energy peaks in the
resolution fit function, is best for the BEGe detectors. For this detector type, no
significant deteriorations are observed in the resolution, even some light improve-
ments were achieved, such as BOOO61A and B00089D in period 07, run 008 as well
as B00061C and B00002C in period 08, run 002. For the previously introduced de-
tector, BOOO0OOC, the resolution remained constant for both investigated calibration
runs. The biggest mismatches in resolution values before and after implementation
of low energy peaks were obtained by the ICPC detectors. A posterior discussion
with representatives from the LEGEND-200 experiment confirmed that these out-
liers resulted from the malfunction of several ICPC detectors, including V05261A,
V01389A and V05612B.
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resolutions refer to the resolution obtained from the calibration with the seven peaks
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All employed energy peaks are

summarized in Tab. 2. Top: period 08 / run 002. Bottom: period 07 / run 008.
LEGEND-200 data version: v1.0.0.
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5 Conclusion and Outlook

In this work, the calibration data of the LEGEND-200 experiment was analyzed.
The goal was to explore new energy peaks in detectors’ energy spectra, useful for
calibration in lower energy regions not used in the current LEGEND-200 standard
calibration procedure. Three studies were conducted with LEGEND-200 calibration
data.

The investigation commenced with an examination of coincident events in nearby
detectors. The anticipation was that such occurrences would manifest as discernible
hotspots within a 2D histogram, if there were preferred combinations in the de-
posited energy combinations. However, no clear hotspot indicating coincident events
was observed due to the low cross section for Compton scattering in the investi-
gated energy range. Instead, distinct vertical and horizontal lines emerged within
the histogram, unequivocally indicative of complete energy deposition attributable
to individual photons in a singular detector. To ascertain a precise estimation of
energy, scrutiny extended to the one-dimensional energy spectrum, subsequently
compared against established values within relevant literature. This analysis re-
vealed two energy peaks centered at 74.815 keV and 77.107 keV, consistent with
emissions originating from the *?Pb isotope. These results were expected, as for
energies between 50 keV and 230 keV, the cross section for the photoelectric effect
dominates over the one for Compton scattering by up to two orders of magnitude
in low energies.

Subsequently, an energy correlation analysis was undertaken, aimed at identi-
fying an anti-diagonal correlation line within the two-dimensional histogram. This
analysis was conducted over the whole energy range between 100 keV and 2.6 MeV,
revealing the presence of an anti-diagonal correlation line for both the **®*T1 FEP at
2614.5 keV and the 583 keV peak, indicative of partial energy depositions occurring
in proximate detectors. Due to the 50 keV threshold, the study was limited to ~
rays with a total energy superior to 100 keV. Therefore, the two 74.815/77.107 keV
lines are not suitable.

In the last study, the low-energy peaks were implemented in the usual calibration
procedure. The goal of this investigation was to probe the potential of including
the 74.815 and 77.107 keV energy peaks into the standard calibration procedure,
and how this implementation would affect the resolution of the HPGe detectors.

The probability of identifying these two energy peaks in detectors’ energy spectra
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is about 10% for two randomly selected calibration runs. In most of the considered
detectors, the resolution stayed constant or worsened.

For future studies the regime of 50 keV to 583 keV in the LEGEND-200 exper-
iment will remain important, as, besides the search for the Ov53 decay, there are
many other BSM processes in lower energies, which are explored by the LEGEND
collaboration. Therefore, a precise calibration of the HPGe detectors is crucial. A
prospective study includes the examination of the efficacy of linear versus quadratic
calibration curves. This analysis would involve investigating the residuals of the
energy values for all detectors and determining the preferred degree for the poly-
nomial fit with smaller residuals. The results gleaned from this investigation could

then inform the calibration protocols of the LEGEND-200 experiment accordingly.
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Appendix A

2D histograms

B00002C B00032C with 1 keV per bin
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Figure 21: Further examples of 2D histograms for different detector combinations.
Top left: vertical line visible for detector combination B00002C and B00032C. Top
right: vertical line visible for detector combination V00048B and CO0ANG4. Bot-
tom left: No signatures for detector combination V02162B and V02166B. Bottom
right: faint vertical and horizontal line visible for detector combination VO7646A
and V07302B.
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Appendix B
Period 07 run 008
‘ Detector  Mass [g] String ‘

B00000CH 315 1 Period 08 run 002 .
BO00GLCH 634 1 ‘ Detector  Mass [g] String ‘
B00079C 812 4 B00000C* 815 4
VO01406A  1382.6 4 B00061A 731 4
V05261A 1797 8 B000798B 736 4
V07302A 1803 8 V01406A  1382.6 4
B00002C* 788 10 B00089D 526 8
B00032C 743 10 V05261A 1797 8
B00032D 720 10 B00002C 788 10
B00035B* 810 10 B00035A 768 10
VO01240A%* 2100 10 B00035B* 810 10
VO01389A  2093.1 10 P00573B 1067.8 11
V05267A 2183 10

V056128 2092 10

Table 3: List of detectors that detected the 77.107 keV peak, with each detector’s
mass and string in the periods/runs of p07/r008 and p08,/r002.
*74.815 keV peak also detected.
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List of abbreviations

OvBp, neutrinoless 53 decay

2v 33, two-neutrino 3 decay

ADC, analog-to-digital converter
BEGe, broad-energy germanium detector
BSM, beyond Standard Model

Coax, coaxially shaped detector

DEP, double escape peak

FEP, full energy peak

FWHM, full width at half maximum
GERDA, Germanium Detector Array
HPGe, high-purity germanium detector

ICPC, inverted coaxial point-contact detector

LAr, liquid argon

LEGEND, Large Enriched Germanium Experiment for Neutrinoless 83 Decay

LNGS, Laboratori Nazionali del Gran Sasso

MJD, Majorana Demonstrator
MSE, multi-site event

PMT, photo-multiplier tube
PPC, p-type point-contact detector
PSD, pulse shape discrimination
PTFE, polytetrafluoroethylene
ROI, region of interest

SEP, single escape peak

SIS, source insertion system
SM, Standard Model

SNR, signal-to-noise ratio

SSE, single-site event
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