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Abstract

The discovery of neutrinoless double beta decay (0v33) would revolutionise our
understanding of physics. It would prove that neutrinos are their own antiparticles,
lepton number is not conserved and matter can be produced without balancing an-
timatter. The LEGEND collaboration is pursuing a discovery-oriented Ov 5 search
using hundreds of high-purity germanium detectors made of Ge-76, a Ov3 candi-
date isotope. The running stage, LEGEND-200, is projected to provide the world’s
best 0v 53 discovery power for the next 5 years.

This thesis work focuses on the design and implementation of the LEGEND-
200 analysis pipeline, and its application both to the characterisation of novel
detectors and its first physics data. It shows how the design performance of
LEGEND-200 has been largely met, in particular in terms of the resolution and sta-
bility of the energy scale, livetime, and background rates. The background across
the array was thoroughly characterised and proved uniform within the statistical
uncertainties. This enabled a single parameter treatment in the Ov /55 statistical
analysis, significantly reducing its complexity.

Building on this optimised analysis pipeline and the detector performance char-
acterisation and background contributions extracted through it, a blinded 0v3p3
analysis was enabled on the first LEGEND-200 data set corresponding to an ex-
posure of 48.3 kg yr. In addition to performing the entire data reduction and sam-
ple preparation, the work presented in this thesis also covers the definition of the
main sources of systematic uncertainties and key performance parameters en-
tering the collaboration’s statistical analysis. A background index of 5.3 + 2.2 x
10~ counts / (keV kg yr) was measured proving that LEGEND-200 will deliver
its physics programme. Combining this data set with those of past Ge-76 exper-
iments, a combined constraint on the 0v33 half life of > 1.9 x 10%° yr at 90% CL
was derived. This is the world leading limit in Ge-76 and one of the most sensitive
ones in the field.
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The discovery of neutrinoless double beta decay would be revolutionary for par-
ticle physics, nuclear physics and cosmology. It would be evidence of beyond
Standard Model physics providing proof of both the Majorana nature of neutrinos,
of lepton number violation and of a purely matter creating process explaining why
the universe is here rather than empty. Due to the extreme difficulty in detecting
this decay the experiments are carried out in large collaborations with the focus of
this thesis on my work for the LEGEND experiment which consists of more than
200 scientists across more than 50 institutions.

The focus of this thesis work is on the design, development and implemen-
tation of a sophisticated analysis pipeline addressing the challenging reliability
needs of a discovery experiment along with its application to perform the first
search for O35 with LEGEND, achieving world-leading sensitivity to constrain this
process. The limit obtained is the most stringent limit in Ge-76 and only behind
KamLAND-ZEN globally. This limit is just the first step in the LEGEND-200 ex-
periment with future limits passing into previously unexplored parameter space.
LEGEND-200 will likely be the leading neutrinoless double beta decay experi-
ment for the next few years and the work outlined in this thesis will form the basis
of these future results. Beyond LEGEND-200 is the next generation experiment
LEGEND-1000, the work outlined here will both inform the development of this
exciting project and likely form the basis of the data processing for it. In particular,
the work on the energy optimisation and calibration which places LEGEND-200 at
the leading edge of energy resolution for these experiments, the work validating
the performance of the large high purity germanium detectors which will be crucial
to the success of LEGEND-1000 and the work on pulse shape analysis with novel
approaches to enhance the performance of these new large detectors. LEGEND-
1000 was the top project in the US Department of Energy’s downselection for
neutrinoless double beta decay.

Outside academia germanium detectors are used in a variety of applications
related to nuclear spectroscopy, including nuclear safeguarding and medical imag-
ing. In particular in the UK, they see use in nuclear decommissioning which is
of utmost importance as older reactors are being taken offline and new reactors
start to be built again. The work in this thesis, especially on the validation and
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troubleshooting of large, novel geometry detectors will inform the work of the man-
ufacturers to improve the detector design, potentially leading to more advanced
detectors which require less time to make measurements and therefore lower
costs. The novel signal processing developed by LEGEND as well as advanced
energy reconstruction will be of wider interest.
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1. Introduction

Chapter 1
Introduction

The discovery of neutrinoless double beta decay has the potential to revolutionise
our understanding of particle physics. By finding this decay, we would determine
not only the existence of a Majorana component to the neutrino mass (a long hy-
pothesised but not yet realised new theory of fermion masses) but also lepton
number violation and the first purely matter creating process leading to an expla-
nation for the baryon asymmetry of the Universe.

In the first few chapters of this thesis | will lay out the path both in theory and in
experiment to the current situation in the field with an overview of both the current
theoretical understanding and experimental status. Before introducing the LEG-
END experimental program with the current generation LEGEND-200 the focus
of this thesis. In the following chapters | will then discuss my work on the analysis
routines and data processing alongside their application to both characterisation
data and LEGEND-200 data. Finally, the results of the last year of data taking
will be presented in terms of the performance of the experiment, the background
measured and the final constraint on the 0v 35 half life.

| will start with a high level overview of the pivotal moments in the field extracted
from Refs. [1, 2].

History of Neutrino Mass

In 1914, James Chadwick found that the beta decay spectrum was continuous, in
contrast to the discrete lines of alpha and gamma decay [3]. This was a problem as
it would mean that the conservation laws of energy and momentum were violated.
A number of solutions were proposed such as Bohr’s idea that the conservation
laws did not apply in particle interactions, but it was Wolfgang Pauli’s idea that with
the passage of time proved to be correct. In a now famous letter, he put forward
the idea that a new particle was being emitted carrying away some of the energy
and momentum which he originally named the neutron but came to be called the
neutrino (little neutral one) [4]. This came with the small issue that the neutrino
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Figure 1.1: Feynman diagram for 2035 from Ref. [9]. Here 2 neutrons decay to 2
protons emitting 2 electrons and 2 neutrinos.

was likely to be so hard to detect that it would never be observed, in fact he was
so confident that he bet a case of champagne on it [5].

The idea of a neutrino really gained traction in 1933 due to Enrico Fermi who
developed a theory of 4 point interactions for beta decay that included the neu-
trino [6, 7]. The success of this theory in explaining the beta decay spectrum led to
its application to electron capture and beta plus decay but also to Maria Goeppert
Mayer in 1935 predicting the existence of another more exotic decay where two
neutrons decayed to two protons emitting two electrons and two neutrinos which
was christened double beta decay [8] (shown in Figure 1.1).

Subsequently, in 1937, Ettore Majorana showed that this theory of beta decay
was unchanged if the neutrino was its own antiparticle [10] which led to Racah
proposing that beta decay could be immediately followed by electron capture if
the neutrino was a Majorana particle [11]. Although he showed that this decay
could occur, he caveated that an experimental observation was not possible due
to the extremely low neutrino fluxes involved.

Bringing these two strands together, in 1939, Wendell Furry built on Goeppert-
Mayer’s double beta decay and Majorana’s neutrino to propose the idea of a neu-
trinoless double beta decay (0v33) where two neutrons decay to two protons emit-
ting two electrons but no neutrinos (shown in Figure 1.2). This would be a single
monochromatic peak, as opposed to the spectrum of 25, and could be used to
ascertain the nature of the neutrino, whether it was Dirac like the other particles
or something new a Majorana particle.

Up until this point, Pauli’s bet was still going with the neutrino only a theoretical
construct with no direct detection, but the experimental side was catching up.
Perrin and Fermi suggested that its mass could be measured using the endpoint of
the Tritium spectrum [6, 7, 12, 13]. This measurement was first done in the 1940s
placing the first limit on the lightest neutrino mass [14], indeed this method is still
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Figure 1.2: Feynman diagram for Ov 35 from Ref. [9]. Here 2 neutrons decay to 2
protons emitting 2 electrons but no neutrinos.

being used by the state-of-the-art experiment in the field KATRIN. It should be
noted that these are all upper limits and therefore at the time it was still not known
if the neutrino even had a mass. However, even then the limits being orders of
magnitude lower than other particles implied that the coupling of the neutrino had
to be much lower than any of the other particles found. This in turn implied that the
mass of the neutrino was generated through an alternate mechanism and revived
interest in Majorana’s work.

Alongside this, the first measurements of the half life of double beta decay
were being made on Tin using Geiger counters. At the time it was thought that
the half life of 2v33 would be longer than that of 033, so the experiments placed
limits on the first. It did not take long for the first claim of a detection to be made
in 1949 with a half-life of 4 — 9 x 10! yr [15], but this was ruled out soon after in
1951-53 [16]. Meanwhile, in 1950, double beta decay was experimentally verified
in Te using radiochemical methods [17]. These methods measured the number
of Xe atoms produced from the decay of Te to Xe to ascertain the half life and
therefore are not sensitive to which double beta decay is occurring. It was not
until the 1980s, when the first direct detection of 2v 35 was made in Se-82 using
aTPCatT=1.140.8 x 10% yr [18] with measurements in many other isotopes
following soon after.

The years of 1956 and 1957 were a turning point for the field of neutrino
physics, in 1956 with the advent of nuclear fission technology it was possible for
the neutrino to become experimentally verified which was achieved by Cowan and
Reines in Project Poltergeist using the neutrino flux from a nuclear reactor [19].
In the next year (1957), two beautifully simple experiments radically changed the
field of particle physics and in particular of weak interactions. Firstly, it was dis-
covered that parity was violated in 5 decay by Wu et al. [20]. Secondly, Goldhaber
et al. using electron capture on Eu-152 showed that only left-handed neutrinos
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were produced in weak interactions [21]. These results directly impacted Ov53 as
it meant that the half life of Ov35 could be much longer than that of 2v33, mean-
ing more advanced experiments with larger masses would be needed to discover
Ovpp. It also meant that radiochemical methods would not be able to measure
the half life of Ov 33 as they were only sensitive to the total of both decays.

Neutrinos had now been seen from an artificial source but not from a natural
one, in the 1960s, Ray Davis set out to change this by measuring the solar neu-
trino flux using a large tank of cleaning fluid (detecting neutrinos via inverse beta
decay on the Cl atoms, producing Ar) in the Homestake mine in South Dakota.
He found that the flux was only a third of what was expected [22]. This came to
be known as the solar neutrino problem. A solution had in fact already been put
forward by Pontecorvo in 1957. At the time two leptons were known the elec-
tron and the muon [23], with the tau not to follow until 1975 [24] (completing the
3 generations of particles), each hypothesised to have a corresponding neutrino
(the confirmation of the muon neutrino would come in 1962 [25] and the tau in
2001 [26]). Pontecorvo therefore speculated that these neutrinos could oscillate
between flavours which meant they must have a mass [27, 28] (as otherwise there
would be no evolution of the mass states with time). Incidentally, Pontecorvo had
also been the one to propose the idea of using CI to detect neutrinos in the first
place [29]. However, it would take a few decades for this idea to be experimentally
verified and for the community to believe the result of Ray Davis (he eventually
won the Nobel prize in 2002).

Moving back to the theory side, in the 1970s the Standard Model of particle
physics was developed by Salam, Glashow and Weinberg [30, 31, 32]. In the
Standard Model all masses are Dirac masses arising from the coupling of left-
handed particles to their right-handed counterparts (this is in contrast to Majorana
masses which couple particles of the same chirality). Therefore, as Goldhaber had
shown that the only neutrinos produced in weak interactions were left-handed, and
no right-handed neutrino had been detected, the Standard Model did not include
neutrino masses, meaning the neutrino is massless. It took until the discovery of
neutrino oscillations in 1998, independently by Super-Kamiokande and SNO [33,
34], definitively showing that neutrinos must have 3 distinct mass states (with at
least 2 non-zero) that the first evidence that the Standard Model was incomplete
arose. Neutrino oscillation experiments have continued to measure both the mass
splittings and the mixing angles to higher and higher precision, with the latest
results at the percent level. The confirmation of neutrino masses reinvigorated the
question of the neutrino mass generation mechanism and in particular whether it
is Majorana or Dirac in nature. In turn this revived interest in neutrinoless double
beta decay to answer this question.

This brings us to the current situation. We know there are three neutrinos, at
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least two of which must have a mass. The nature of this mass is however still
unknown although the limits on both the mass of the neutrino, the half life of O35
and the sum of neutrino masses are improving all the time. In the next chapters
| will lay out the current understanding of the parameter space with the advances
made in the theoretical understanding and the experimental techniques now used
to constrain the parameter space further.
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Chapter 2
Background: Theory

In this chapter | will elucidate the theoretical background of the neutrino mass and
the reasoning for the expectation of the existence of neutrinoless double beta de-
cay. | will also discuss the theory of this decay and how it can occur. A full descrip-
tion of the Standard Model and anomaly cancellation can be found in Ref. [35],
while more details on neutrino physics can be found in Ref. [36].

2.1 Symmetries of the Standard Model

The Standard Model is currently the most complete description we have of the fun-
damental particles and their interactions. It consists of 3 generations of fermions (6
quarks and 3 leptons with their associated neutrinos) along with 4 gauge bosons
and the Higgs boson, depicted in Figure 2.1. At its core is the idea of gauge
symmetries which are local symmetries that the Lagrangian is invariant under.
The 3 gauge symmetries are: SU(3)c x SU(2), x U(1)y, corresponding to the
colour/strong and electroweak symmetries. These gauge symmetries are respon-
sible for the interactions between particles through the bosons they generate.
Alongside these fundamental symmetries there are a number of accidental sym-
metries of the Standard Model. These are symmetries that are not explicitly in the
model’s construction but in writing down the Lagrangian are found to be also con-
served. The question then arises whether these are true gauge symmetries with
an associated symmetry group and boson or only partial with certain interactions
where they are violated. The three accidental symmetries are baryon number, lep-
ton number and lepton flavour number. However, due to constraints from anomaly
cancellations in the standard model (Figure 2.2) these symmetries do not come
by themselves but in linear combinations. The four possible combinations are
therefore:

B-L

. Le—L, L.—L. L,—L, (2.1.1)

e
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2.1. Symmetries of the Standard Model 2. Background: Theory

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I II I
mass ~ =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c* 0 ~125.2 GeV/c
charge % % % 0 0
spin | % U Y2 C Y2 t 1 0 H

up charm top gluon l higgs

=4.7 MeV/c? =~93.5 MeV/c? ~4.183 GeV/c 0
-1 ¥ ¥ 0
Y2 d Y2 S Y2 b 1

down strange bottom photon l

=~0.511 MeV/c? ~105.66 MeV/c? =1.77693 GeV/c? ~91.188 GeV/c?

-1 -1 -1 0

x & » » " &
electron muon tau Z boson

————

<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?

0 0 0 +1

% Ve % Vp % V’[ 1 V\//
electron muon tau
neutrino neutrino neutrino W boson

Figure 2.1: The particles of the Standard Model consisting of 6 quarks, 3 leptons,
4 gauge bosons and the Higgs boson arranged into 3 generations of particles.

U(l)p-t SU(2)L

Ul)p_1 Ul)p-L
U(l)s-1 SUQ2)L
SU(3). grav

Ul)p-r U(l)p_1
SU(3). grav

Figure 2.2: The 4 relevant triangle diagrams for showing that B-L is anomaly free.
On the left side of each diagram are the known forces of the Standard Model and
gravity while on the right is the new U(1) force.
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2.2. Majorana and Dirac Mass 2. Background: Theory

The discovery of neutrino oscillations [34, 33] means that lepton flavour num-
ber is not conserved, and therefore the only accidental symmetries left are baryon
number and lepton number. The only accidental symmetry group leftis then B—L.
Numerous experiments have, and are being, carried out to find if this symmetry
is also violated. In fact one of the discoverers of neutrino oscillations, Super-
KamiokaNDE, was an experiment originally designed to search for proton decay
which would violate baryon number [37, 38] (the proton is the lightest baryon with
baryon number 1, any decay it has would by necessity violate baryon number
conservation as quarks can only be arranged in particles with baryon number 1 or
0). Alongside proton decay B — L violation is searched for through exotic muon
decays (such as to 2 positrons and an electron [39]) and of course neutrinoless
double beta decay.

The reason so many experiments are searching for this violation is to try and
explain the baryon asymmetry of the universe. We know there is more matter
than antimatter in the local universe and the Standard Model does not provide a
mechanism for this because matter and antimatter are always produced in equal
amounts if this conservation holds. Many theories have been put forward to solve
this problem such as sphalerons [40] and leptogenesis models [41], but all require
that B — L is not a fundamental symmetry.

2.2 Majorana and Dirac Mass

Neutrino oscillation show that neutrinos have a mass (the simplest explanation for
this is that a massless particle travels at the speed of light and does not have a
sense of time so its wavefunction does not evolve), but how can this be added into
the Standard Model? The simplest way would be to simply add in a right-handed
neutrino for the left-handed to couple to, via the Higgs, giving a Dirac mass term
for the neutrino:

“p =uLHve (2.2.1)
= mp(VLvg + VgrL)

where y, is the Yukawa coupling, L is the lepton SU(2) doublet, H is the conju-

gate Higgs doublet, vz/v;, is the right-handed/left-handed neutrino and mp is the

Dirac mass acquired after spontaneous symmetry breaking of the Higgs field so

mp = y,v. This is the simplest way to add a mass for the neutrino, but it has the

issue that the Yukawa coupling for this mass has to be much, much smaller than

for any of the other fermions in the Standard Model as illustrated in Figure 2.3. An

alternative way to add a mass term for the neutrino is to instead add a Majorana
mass term.

All the particles in the Standard Model are Dirac spinors this means they have
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Figure 2.3: The masses of the fermions. It can be seen that the neutrino has a
mass 10 orders of magnitude smaller than the other fermions. From Ref. [42]

21 of 134



2.2. Majorana and Dirac Mass 2. Background: Theory

a left and a right chiral component (Weyl Spinor). Instead, a Majorana spinor is a
spinor that only has a left-handed or right-handed component [10]. This means a
Majorana particle has to be the same as its antiparticle, and it cannot be charged
under any of the Standard Model symmetries as otherwise the charges would be
inverted for its antiparticle making them non-identical. This can easily be seen for
a U(1) symmetry where when transformed U — exp(:6)¥ and ¥. — exp(—if)¥,
so ® cannot equal ..

As stated above, Majorana spinors only involves spinors of the same chirality
and therefore the mass term is:

Or equivalent for a right-handed particle. In the Standard Model all left-handed
particles are doublets under SU(2), and all right-handed particles are singlets.
This means all left-handed particles have a charge under the weak force whereas
all right-handed particles do not (the opposite is true for antimatter particles).
Therefore, this term cannot be in the Lagrangian for the Standard Model as the
neutrino has charges: it is charged under both SU(2),, and U(1)y. It could how-
ever be written down for a theoretical right-handed neutrino and the implications
of this will be discussed next.

2.2.1 Seesaw Model

One way of adding masses to the neutrinos is the so-called seesaw model [43].
In this mechanism a heavy right-handed neutrino 'gives’ mass to the SM neutrino.
There are many ways that this can be achieved, but first the simplest case will
be discussed; the type 1 seesaw. This mechanism relies on rotating between the
mass and flavour basis of neutrinos. While in the flavour basis the neutrino might
not have an explicit mass term, when rotated into the mass basis it picks up a
mass through mixing. For example if considering the 2 x 2 matrix:

(7 Ng) (]\04 ]\34) (JVVZ) (2.2.3)

where v /v, are the left-handed neutrino and its antiparticle, Ng/vg is the
right-handed neutrino. The top left term of the matrix tells us there is no Majorana
mass term for the standard model neutrinos, the bottom right (B) would be the
Majorana mass term for the new neutrino (e.g. m/2N N) and the other terms (/)
could be related to a Yukawa coupling between the two (e.g. (LH)N) such as
the Dirac mass term discussed above. Calculating the eigenvalues of this matrix
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gives (2.2.4).

B+ B? +4M?
5 .

The eigenvalues must multiply to the determinant, which is how the seesaw name
arises, if one eigenvalue increases the other must decrease. For neutrinos the

A= (2.2.4)

case where B is much larger than M is considered. In this case the larger eigen-
value is approximately B and the smaller ‘TW. The mass is then the magnitude of
these eigenvalues. This means that if the new neutrinos are sufficiently massive
or if the coupling is sufficiently small, the SM neutrinos only gain a small mass as
observed.

This is the simplest case as only a new right-handed neutrino has been added.
There are 2 other similar types of seesaw, imaginatively named type 2 and 3
which add extra scalars and extra fermions respectively but operate on similar
principles [44, 45]. The seesaw mechanism is a very attractive way of explaining
the smallness of the neutrino masses.

2.3 Neutrinoless Double Beta Decay

Neutrino oscillations mean that there is a mixing between the various neutrino
flavours. It is therefore useful to think of the neutrino mass eigenstates (v4, s, 13)
as a linear combination of the flavour eigenstates (v., v, v.) where the mixing is
defined by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [46]:

1 0 0 C13 0 sp3¢7% ci2 S12 O eia1/2 0 0

U=|[0 ¢y 593 0 1 0 —512 c12 0 0 e/2

0 —sSo3 Co3) \—s13€¢® 0 ¢35 0 0 1 0 0 1
(2.3.1)

Here the cos and sin terms of each mixing angle have been abbreviated such
that ¢35 = cos(613), s13 = sin(f13) and so on. This PMNS matrix, (2.3.1), consisting
of three mixing angles (6, 013, 623) and a CP violating phase (d.,), occurs along-
side 3 mass splittings (Amq2, Amy3, Amos). In addition, we can add 2 Majorana
phases to the matrix to parameterise this new Majorana mass without affecting the
oscillation observables [47] as they only depend on the splitting between the neu-
trino masses and are not sensitive to its mechanism or absolute scale. This gives
a total of 9 parameters. Currently, from oscillation experiments, the 3 mixing an-
gles have been measured along with the 3 mass splittings to fairly high precision.
The CP violating phase is unknown as is the ordering of the mass states (shown
in Figure 2.4, in normal ordering v3 the heaviest mass eigenstate while in inverted
it is the lightest) and the Majorana phases. The first two are the main goals of the
next generation of neutrino oscillation experiments such as DUNE [48], JUNO [49]
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Figure 2.4: The two possible hierarchies of the neutrino masses: normal and
inverted. In normal ordering ms is the heaviest state whereas in inverted ordering it
is the lightest. Shown here are the masses squared as the mass splittings squared
are measured from oscillations. From [51]

and Hyper-Kamiokande [50] while the last can not be measured by oscillation ex-
periments.

The Majorana phases are not observable in neutrino oscillation experiments,
but they can be probed in neutrinoless double beta decay experiments. In dou-
ble beta decay two neutrons in the nucleus decay into two protons releasing two
electrons and two neutrinos. However, if a neutrino is a Majorana particle then an
alternative form is possible with no neutrinos emitted. | have laid out one method
of generating a Majorana mass for the neutrino but in fact many exist. Thank-
fully, Schechter Valle or the black box theorem [52] states that if 0v 35 exists then
whatever the mechanism is that generates it the neutrino must have a Majorana
component to its mass.

The simplest mechanism that can generate Ovj35 is light Majorana neutrino
exchange. This would contribute a term to the Lagrangian:

1
L= 5 Z I/ltc_lMll/I/l/ (232)

where C'is the charge conjugation matrix and M, is the Lepton mass matrix.
The term of interest involves the two electron neutrino part which is proportional
to M., and often written as mgsz. This matrix can be written in terms of the known
mass eigenstates and the mixing matrix allowing us to define an effective Majo-
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rana neutrino mass, mgg, as [53]:

mgg =| > Uimil (2.3.3)

i=1,2,3
where the U,; are the PMNS matrix elements and m, are the neutrino masses.
Experimentally though the parameter measured is the half life of the decay which
is related by:

_ 1
(t12) ™" = —5Gou|M[*(m35)° (2.3.4)

Where G, is the phase space factor which describes the kinematics of the
decay, m. the mass of the electron and M is the nuclear matrix element which will
be described next.

2.3.1 Nuclear Matrix Elements

The nuclear matrix element encodes the nuclear structure physics of the decay.
It is highly dependent on the isotope used and is the main source of the uncer-
tainty on mgs. There are a number of different ways of calculating it which give
slightly different values making the conversion from half life to effective mass chal-
lenging. These nuclear matrix elements are still being updated with uncertainty
in the quenching of the axial coupling and in additional nucleon current contribu-
tions [54]. In recent years there has been the development of ab-initio methods
for calculating these matrix elements which show promise in answering some of
the remaining questions and remove the need for quenching.

These matrix elements make comparing experiments more difficult as the con-
version from half life to effective mass carries a large uncertainty due to the matrix
elements used. Furthermore, not all isotopes have been calculated for all the dif-
ferent methods with larger isotopes being more challenging than smaller ones
due to the larger number of nucleons with their corresponding interactions. For
example the matrix element for Mo-100 has not been calculated for the nuclear
shell model (NSM). Figure 2.5 is a summary of the situation for one part of the
matrix element for the major isotopes showing the variation in the result between
the different calculation methods and uncertainties for each method.

2.3.2 Possible Isotopes

In most isotopes that can undergo Ov 33 decay the signal is swamped by the single
beta decay background. For this reason it is beneficial to use isotopes where the
single beta decay is forbidden. This means you want an even-even nucleus so
that the beta decay would change it to odd-odd. In some cases this odd-odd
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Figure 2.5: Matrix element calculations for some of the major isotopes being used
in Ov33 searches. From: [2].

nucleus is energetically unfavourable, so the beta decay is forbidden and only the
double beta decay to the next even-even nucleus is possible. An example of this
is shown in 2.6 for "*Ge. Alternatively, an isotope where the single beta decay is
suppressed due to angular momentum conservation considerations can also be
used.

2.4 Neutrino Mass Parameters

As well as the effective Majorana mass defined above there are two other param-
eters generally considered in the neutrino mass space which is the absolute mass
scale of the electron neutrino and the sum of the masses.

The parameter space for Ov35 is summarised in Figure 2.7 for both the in-
verted and normal orderings. One feature of this plot is the presence of cases
where mgs goes to extremely small values making O35 detection extremely chal-
lenging. It should be noted, however, that these values, while possible, require
more fine-tuning of the parameters and are therefore disfavoured if one assumes
naturalness as can be seen in Figure 2.8. Indeed, this shows that by covering the
inverted ordering the parameter space for the normal ordering is also covered for
around 50% of cases. Neutrino oscillation experiments such as JUNO will hope-
fully be able to resolve this mass ordering in the next decade which will narrow
down the parameter space further [49]. Additionally, many experiments are seek-
ing to measure the other 2 parameters which will limit the Ov 3/ parameter space
even more and these will be described now.
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Figure 2.6: Energy diagram for the possible decays of °Ge [2]. The decay to As-
76 is energetically forbidden making the double beta decay to Se-76 observable.
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Figure 2.7: Parameter space for the neutrino mass parameters. For each plot the
inverted ordering is shown in blue while the normal ordering is shown in red/o-
range. On the left is mgs in terms of the lightest neutrino mass my;4,:, which is
the so-called Lobster plot. In the middle is mz which is measured in tritium beta
decay experiments, the best limit from KATRIN is shown. On the right is the sum
of neutrino masses measured in cosmological experiments, the limit from Planck
is shown which is close to ruling out the inverted ordering space. In all cases the
limits from current Ov35 experiments are also shown. Lower mgs values are al-
lowed in the normal ordering than the inverted ordering due to there being 2 low
mass states and 1 higher mass state in the inverted case while the opposite is
true in the normal case as seen in Figure 2.4. From ref. [2].
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Figure 2.8: Discovery sensitivity parameter space for mgs for both the inverted
and normal orderings for one matrix element (QRPA: the quasiparticle random
phase approximation). From: Ref. [55].

2.4.1 Absolute Neutrino Mass

A number of experiments are currently trying to measure the absolute neutrino
mass with the current leader being KATRIN which is a kinematic measurement of
the endpoint of the Tritium beta decay spectrum. Its newest limit is m, < 0.45 eV
at 90 % CL [56]. Interestingly the best fit value for the mass squared is currently
negative. The eventual goal is to achieve a sensitivity of 0.3 eV. Beyond that
a new experimental approach could be needed as there is a limit to how large
a mass spectrometer can be built. ldeas include measuring the neutrino mass
through cyclotron radiation emission spectroscopy (CRES) being pioneered by
the PROJECTS8 collaboration [57] and using the endpoint of the spectrum from
the electron capture on Ho-163, such as HOLMES [58].

2.4.2 Sum of Neutrino Masses

With the advent of precision cosmology, it became possible to measure the sum
of the neutrino masses. It can be calculated through the equation:

n,2Mm,,
Pe
where ), which is the fraction of the critical density of the universe in neutrinos,
h is the Hubble constant, n, is the number density of neutrinos, ¥m,, is the sum

O h2 = (2.4.1)

of the neutrino masses and p. is the critical energy density which depends on the
number of neutrinos. Experiments therefore seek to measure 2, then convert this
to a limit on the sum of the neutrino masses.

), affects cosmic structure formation and the effect of it can be seen in the Cos-
mic Microwave Background (CMB) and in large scale structures such as Baryon
Acoustic Oscillations (BAO). These two measurements are combined to give the
best limits. On the CMB side this generally means using data from the Planck
satellite and on the BAO side using data from the Dark Energy Spectroscopic
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Instrument (DESI). Other measurements such as from gravitational lensing, Su-
pernova data and Lyman Alpha Forest data can also be added to this to improve
the constraints.

The current best limits are ¥m, < 0.072(0.113) eV at 95% CL [59] in the ACDM
paradigm, excluding the inverted ordering and placing it very close to the minimum
sum in the normal ordering. Interestingly some analyses extending the analysis
to ¥m, < 0 even place the best fit value at 160 + 90 meV at 68% CL [60] implying
a negative neutrino mass.

However, it is important to bear in mind a few things: firstly these measure-
ments assume standard cosmological models, are currently very sensitive to the
datasets used [61] and the parameter being measured is not exactly the same as
the sum of neutrino masses but an effective parameter. With the launch of the
Euclid satellite in 2022 the measurements of large scale structure will improve
significantly, so this will be a very active area of interest in the coming years.

The field of neutrino mass is, as can be seen, an extremely active one on both
the theoretical side, with the new ab initio methods for calculating matrix elements,
and on the experimental side for all the different parameters of interest. The con-
straints placed on the neutrino mass parameter space will provide insights on the
mechanism behind fermion mass and also on cosmological questions regarding
the evolution of the universe.
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Chapter 3
Experimental Overview

In this section | will present a brief overview of how searches for Ov5 are per-
formed along with a brief description of the leading experiments excluding the
LEGEND project which will be discussed in the next chapter. | will conclude with
a look to the future of the field and the next generation of experiments seeking to
explore fully the inverted ordering.

3.1 Searching for 0v3s

As | have laid out in previous chapters, there is a great deal of interest in the
search for Ov35 and, therefore, there are many experiments searching for it. In
standard double beta decay 2 neutrons decay to 2 protons releasing 2 electrons
and 2 neutrinos while in 0v5 the neutrinos are not emitted. In both types of dou-
ble beta decay, it is also possible to decay into excited states which may then
decay to the ground state emitting additional gamma rays. Unfortunately, these
gamma rays would be common to both 0v53 and 2v53 searches and therefore
again cannot be used to separate the two (although it could be used to separate

A ZVB/B
g
=
= O3B
Energy Qps

Figure 3.1: An idealised spectrum with the 235 continuum and the Ov 33 peak at
the end. From Ref. [2].
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background). As described in Sec. 1 the first experiments to search for O35 were
radiochemical methods identifying the daughter nucleus. However, these meth-
ods cannot separate the 2v 35 decay from the Ov53 decay. Instead, information
from the leptons must be used.

As the mass of the daughter nucleus is much larger than that of the other
particles emitted, the recoil energy can be neglected, while the neutrinos emitted
in 2435 will not be detected. This means that in 2v55 the Q-value of the decay
is split between the 4 leptons, and therefore the energy spectrum of the summed
electrons is continuous up to the Q-value. While in Ov33 the summed energy
of the electrons is monochromatic as shown in Figure 3.1 at the Q-value, Q3.
The summed energy of the electrons, therefore, is the most used discriminator
between the two decays. Here, one is searching for an accumulation of events
at the Q-value of the decay (there will still be an irreducible background here of
2v 33 events which will depend on the energy resolution of the detector).

Broadly there are 2 categories of Ov 33 experiment designs: the "source as
detector” designs and the "source and detector” designs. In the first the detector
itself is formed from the isotope of interest. This can take the form of a liquid TPC
filled with the isotope of interest, a liquid scintillator detector where the scintillator is
doped with the isotope or a solid state detector (such as a Ge detector or cryogenic
calorimeter) where the isotope is the detector itself and the energy is detected as
a charge or phonon. Instead, in the "source and detector” designs the isotope and
detector are separate which can take the form of a source foil surrounded by a
tracker and calorimeters or a balloon of isotope in a liquid scintillator detector.

The great benefit of the "source as detector” designs is that the electrons’ en-
ergy is more easily contained within the detector and energy losses are minimised.
Although this does mean the electrons’ energy is deposited within a few mm of the
decay site and therefore no topological information such as the energy of the indi-
vidual electrons or the angle between can be gained from the decay. Otherwise,
one can use foils, but these must be very thin to ensure the electrons can escape
the source with few scatters and therefore minimal energy loss or a low density
medium such as gaseous time-projection chambers which are becoming an in-
creasingly promising technology for topological study of the electrons’ kinematics,
as their absorption requires centimetres of gas.

OvSp is of course an extremely rare decay with half life limits now greater than
10% yr. This means one needs to observe a very large mass of the isotope of
interest (of order 100 moles and greater) for a significant period of time (multiple
years with some experiments running for a decade). Additionally, a low enough
background is needed to be able to see the signal over it. To take an example,
for a half life of 102 yr and an eventual exposure of 10 ton yr, LEGEND-1000
would expect to see around 3 events within 5 keV of ()55 over the lifetime of the

31 of 134



3.1. Searching for Ov3 3. Experimental Overview

experiment, so the background in this region needs to be at the single event level
to make a discovery.

Experimentally the half life sensitivity scales as:

0vBB
T1/2 ~

bAE (3.1.1)

Mt with background
Mt background-free

where M is the active mass, t the exposure, b the background index at ()3 and
AF the energy resolution. If the experiment was completely background free then
the sensitivity would grow linearly just as the active mass times the exposure,
whereas otherwise it goes as the square root. Of course every experiment has
some background and therefore cannot scale exactly linearly. Instead, at a low
enough background one enters the quasi-background free region. This is shown
in Figure 3.2 for various backgrounds. Here the scaling approaches linear as the
background decreases. A low background is therefore crucial to achieving the
best discovery sensitivity for a given mass.

Experiments are generally talked about in terms of their discovery sensitivity
and exclusion sensitivity. The discovery sensitivity corresponds to the expected
number of signal events for which an experiment has 50% chance to observe
an excess of events over the background at 99.73% CL. The exclusion sensitiv-
ity corresponds to the expected number of signal events that an experiment has
50% chance of excluding at 90% CL [2]. The best exclusion sensitivity on 0v53
would be achieved by maximising sensitive exposure while staying under the sig-
nal threshold above. Instead, it is more important for the best discovery sensitivity
to minimise the background. LEGEND’s focus is on the discovery sensitivity and
therefore the minimisation of background.

Figure 3.3 shows the parameters of interest for Ov33 experiments. Here ex-
periments are characterised by two main quantities related to these sensitivities:
sensitive exposure and sensitive background. The sensitive exposure is the prod-
uct of the number of moles of isotope, the live time and the signal efficiency, while
the sensitive background is the number of events in the signal region divided by
the sensitive exposure [2]. The mass and total efficiency are self-evident, these
define how much isotope is needed and how likely its decays are to be detected.
The energy resolution is also important as it allows the 253 background to be sep-
arated from the Ov 3 signal. Experiments with a low energy resolution will have
to deal with this irreducible background. Approximately, the ratio of the number of
2vi events to Ov 35 events is given by:

S (Qpp 6T,
=~ (38) T 812

where AE the energy resolution and therefore AE/(Q) 35 is the fractional energy
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Figure 3.2: Exclusion sensitivity curves for various background indexes.
LEGEND-200 will have a total exposure of 1 ton yr and LEGEND-1000 a total
exposure of 10 ton yr. From Ref. [62].

resolution. Full details can be found in [63]. However, this also shows that it does
depend on the isotope as to how good an energy resolution is needed.

In this way, the isotope used defines the optimal strategy for the experiment.
In particular whether to increase the exposure or decrease the background. For
example Te experiments can increase the mass more easily due to the high nat-
ural abundance of Te (as shown in Figure 3.4). By contrast due to the cost of
Ge/Xe isotopic enrichment it makes more sense to reduce the background than
to increase the mass. This difference can be seen in Figure 3.3 where Ge ex-
periments have a much lower mass but better energy resolution and sensitive
background, while Te experiments have a much higher mass and sensitive back-
ground. Both, however, end up with similar sensitive exposures.

The isotope chosen also has a real bearing on the backgrounds the experiment
has to deal with. Isotopes with a high @) zs value (Figure 3.4) will be above much
of the background from radioactive isotopes present in the environment. In par-
ticular, the uranium and thorium backgrounds which produce a range of gamma
lines with the highest being Bi-214 at 2.2 MeV and TI-208 at 2.6 MeV respec-
tively. Above the TI-208 gamma line, radioactivity is mainly in the form of alpha
decays which necessitates either the use of shielding or a pulse shape discrim-
ination (PSD) method to remove. Building the experiment from clean materials
is also essential in mitigating this. Finally, all experiments deal with backgrounds
from cosmic rays such as muons passing through the experiment or cosmogenic
activation, this is why all experiments are located deep underground and many
have some cooldown time for their materials.
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Figure 3.3: Experimental parameters of current and future Ov 35 experiments (cur-
rent filled bars and points, future split/unfilled bars and points). The colours refer
to the different isotopes used: Red for Ge-76, Orange for Xe-136, Blue for Te-130,
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Figure 3.4: The natural isotopic abundance and the ()gs value for the leading
isotopes used in Ov53 searches. Values from: [2].

Finally, the isotope defines the conversion from the half life to the ultimate
parameter of interest the effective Majorana mass, mgs, through the phase space
factor and nuclear matrix elements. For example, isotopes with a higher nuclear
matrix element value will have a lower mgs for the same half life.

Below is a table of the leading isotopes with their ()33 value and the current
lower limits on the decay half life, the experiment that gave this limit along with
the main experimental techniques used for each isotope. This highlights the main
techniques in the field, High Purity Germanium (HPGe) will be discussed in the
next chapter, LS is liquid scintillator which can be doped with isotope and the
light detected with photomultiplier tubes, TPC is a time projection chamber these
can be single or dual phase in both cases the ionisation is drifted to a readout
plane with dual phase also having light readout, finally bolometers are cryogenic
calorimeters which will be discussed more below.

3.2 Current Experiments

I will now describe the current leading experiments in the field of O3 searches.
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Isotope | Qg3 TP Lower | mgs Upper Limit | Experiment Techniques
(keV) | Limit 90 % CL | 90 % CL (meV)
(yr)
Ge-76 2039.0 | > 1.9 x 10% 79-180 GERDA [64] HPGe
Se-82 | 29955 | > 4.4 x10* 263-545 CUPID-0 [65] Tracking Calorimeter,
Bolometer
Mo-100 | 3034.4 | > 3.0 x 10 210-610 AMORE [66] Bolometer
Te-130 | 2527.5 | > 3.8 x 10% 70-240 CUORE [67] LS, Bolometer
Xe-136 | 2457.8 | > 3.8 x 10% 28-122 KamLAND-ZEN LS, TPC
[68]

Table 3.1: Table of the experimental parameters of the leading isotopes, featuring
the Q-value for the decay in keV, the current best constraint on the half life with
the experiment that achieved that constraint and the techniques generally used
for the isotope.

KamLAND-ZEN

The current leading limit is set by the KamLAND-ZEN experiment. Based in the
Kamioka mine in Japan, it reuses the KamLAND infrastructure (a neutrino oscilla-
tion experiment looking at antineutrinos from nearby nuclear reactors [69]), adding
a nylon balloon containing Xe dissolved in liquid scintillator. This rests in an even
larger volume of liquid scintillator. The outer sphere is instrumented with photo-
multiplier tubes to detect scintillation light. Currently, 745 kg of Xe is being used
which is isotopically enriched to 90% in Xe-136. The main backgrounds come
from: the 2v35 due to the poor energy resolution (6.7%), radioactive impurities
on the balloon and spallation products from cosmic muons. The final result used
2 ton yr of exposure and is the leading constraint in the field with a half life lower
limit of 3.8 x 10%% yr at 90% CL corresponding to an upper limit of 28—=122 meV on
mgs [68].

CUORE

Based at the Laboratori Nationale di Gran Sasso in Italy, CUORE uses bolometers
(cryogenic calorimeters) to search for Ov35. These bolometers are made from Te
O, (Te-130 being the isotope of interest) which are coupled to thermal sensors
(neutron transmutation doped Ge thermistor) to detect heat via phonons. 742 kg
of Te which is 34% Te-130 corresponding to 200 kg of the isotope of interest. This
is split into 988 bolometers which are arranged in 19 towers and placed in a large
dilution refrigerator to keep them at very low temperatures (10 mK). Finally, this is
surrounded by multiple layers of lead to reduce backgrounds with the innermost
of these consisting of lead from a Roman shipwreck which is depleted in Pb-210
(this isotope is at the bottom of the uranium chain which features an alpha from
the decay of Po-210 which would be a background for the experiment). Due to
the large number of phonons produced in particle interactions, bolometers have
a very good energy resolution in CUORE this is (7.32 + 0.02) keV (FWHM), cor-
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responding to 0.3% relative resolution at ()z3. They also have the ability to use
PSD and the high granularity of the detector to further suppress backgrounds.

CUORE has run for 5 years, achieving 2039 kg yr of total exposure (567 kg yr
exposure of the isotope of interest). It has a background index of background
index of (1.42 + 0.02) counts / (keV kg yr) in the region of interest which is domi-
nated by degraded alphas from close by components [70]. This allowed them to
set a lower limit of 3.8 x 10%° yr (90% CL) which corresponds to a upper limit of
mgs < 70 — 240 meV [67].

Other Experiments

There are a number of other experiments currently running of which | will only men-
tion a couple. SNO+ is another liquid scintillator experiment. Based in Canada
it uses Te which is dissolved in the liquid scintillator. It is currently loading to
0.5% Te by mass, beginning next year, corresponding to 1.3 tonnes isotope, with
the eventual aim to reach 3%. At 0.5% this would give a projected sensitivity of
9.20 x 10% yr (90% CL) after 1 year of data taking [71]. Finally, SuperNEMO uses
a very different technique. Based at LSM in France it uses a source foil sand-
wiched between 2 tracking detectors and calorimeters. This, uniquely, would give
the ability to study the kinematics of the decay if found. It is currently using Se-82
with 6 kg of isotope. The projected sensitivity is 4.6 x 10%* yr (90% CL) [72].

3.3 Future Experiments

The current range of experiments aim to touch the top and start delving into the
parameter space of the inverted ordering. The next generation of experiments will
push further to reach the bottom of the inverted ordering and beyond. The major
contenders are discussed here. Figure 3.5 shows the projected sensitivities for
some of these experiments along with a band for lowest m 33 value for the inverted
ordering. The width of this band depends on the values of the neutrino oscillation
parameters while the distribution of the sensitivities for each experiment are due
to the nuclear matrix elements uncertainties.

CUPID

The next version of CUORE, CUPID will use the same bolometer technology but
with a switch from Te to Mo as the isotope of interest. It will be increasing the mass
used to 253 kg of Mo-100. It will improve its background suppression by adding
particle identification capabilities through the addition of light readout which will
allow it to separate alphas (the main background in CUORE). The shift from Te to
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Figure 3.5: Discovery and exclusion sensitivities for the next generation of Ov 3
experiments (LEGEND-1000, CUPID and nEXO). The bands show the bottom of
the inverted ordering for variations of the neutrino oscillation parameters while the
points are the values of the sensitivity for each of the various matrix elements
calculations. From: [73].

Mo will also mean the Q-value is higher (3034.4 keV as compared to 2527.5 keV)
placing it above the gamma line from TI-208 the highest energy gamma line in the
Thorium and Uranium decay chains, further reducing backgrounds. The back-
ground target is 10~* counts / (keV kg yr) and the sensitivity is improved by a
factor of 5to 1.5 x 107 yr (90% CL) [74].

KamLAND2-ZEN

KamLAND-ZEN will also have a newer version, KamLAND2-ZEN. This will use a
higher mass of 1 tonne of Xe-136 and again improvements to the energy resolution
by using new light concentrators, new PMTs and improved scintillator purity. This
will lead to improvements in background as the 2v55 will be better resolved from
OvSBp. Alongside this there will be further improvement from improved balloon
purity. The background target is a reduction by a factor of 20 over KamLAND-
ZEN and the sensitivity target is 1.1 x 10?7 yr [75].

NEXO

NEXO is the latest version of the liquid Xe TPC technology developed in EXO-200.
It uses a 2 phase read out of both ionisation and scintillation light giving it particle
identification capabilities for background discrimination. The total mass is 5 tonnes
of Xe isotopically enriched to 90% in Xe-136 (4.5 tonnes). The background is
expected to be improved by a factor of 1000 over EXO-200, giving a discovery
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sensitivity of 77, = 7.4 x 10%" yr after 10 years [76].

Other Experiments

There are a number of other experiments in the pipeline which are simply listed
here, parameters can be found in Figure 3.3:

« PandaX is a high pressure gas time projection chamber using Xe to search
for dark matter as well as Ov 35 [77]

* NEXT is a high pressure gas time projection chamber using Xe, develop-
ing daughter isotope tagging to reduce backgrounds, the current version is
NEXT-100 with 87 kg of enriched Xe-136 under construction [78]

* The dark matter time projection chambers such as LZ [79], DARWIN [80]
and XLZD [81]. Due to their very large masses these will be competitive in
Ov (3 searches, especially with the possibility of runs with enriched isotopes.

3.4 Conclusion

As can be seen, the field of Ov5 searches is very active and a high priority in
particle physics. In the near term (next 5 years) the main experiments will be
LEGEND-200, KamLAND-ZEN and SNO+ which will start to probe the inverted
ordering region. Then, hopefully towards the end of this decade, the next gener-
ation of experiments will start to come online, featuring masses of over a tonne
these will run into the 2030s probing in some models the entire inverted ordering
region and a considerable part of the normal ordering.
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Chapter 4

The LEGEND Experiment

In this chapter | will introduce the LEGEND experimental program, giving a de-
scription of the current phase: LEGEND-200 and a look to the future with LEGEND-
1000.

4.1 History of Ge-76 based experiments

There has been a long history of using Ge detectors for Ov35 searches as can
be seen in Figure 4.1. The first constraint on the half life of Ov33 decay in Ge
was set in 1968 by Fiorini et al. [83] using a single natural Ge(Li) detector (this is
Lithium-Drifted Germanium which is Ge counter doped with Li). Since then, there
have been many experiments using Ge detectors to search for Ov3/ decay. The
development of High Purity Germanium crystals (HPGe) and of improved crystal
geometries (semi-coaxial to point contact to inverted point contact) has helped
improve the sensitivity of these experiments. It would be remiss to talk about
Ge experiments without mentioning the Heidelberg-Moscow experiment which is
the most recent experiment to claim a discovery of 0v53 in 2002 at 1.5 x 10% yr
(this claim was made by a subgroup of the experiment [84] and not accepted by
the community). Which brings us to the most recent experiments in GERDA and
MAJORANA.

GERDA, based at the Laboratori Nationale di Gran Sasso in lItaly, achieved
both the lowest background of any 0v33 experiment and set the best limit on
Ov3f decay in Ge at 772 > 1.8 x 10%° yr at 90% CL [64] (ruling out the Heidelberg-
Moscow claim). It innovated the use of bare Ge crystals immersed in liquid ar-
gon which acts both as a coolant, a shield against external radiation and, with
instrumentation, as an active veto against background events due to radioactive
contaminations on the materials surrounding the detectors. 15.6 kg of detectors
were used in the first phase of the experiment and 45.2 kg in the second phase
giving a total exposure of 160 kg yr.

Meanwhile, MAJORANA has the best energy resolution at 2.5 keV (FWHM) at
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Figure 4.1: History of Ge-76 experiments in terms of the lower limit set and the
background index achieved. The solid lines and circles show the progression
of the lower limit on the half life while the dashed lines and diamonds show the
background index. Adapted from Ref. [82].

()3 and pioneered the use of various ultra-clean components such as low mass
front end electronics and underground electroformed copper for detector holder-
s/shielding. It operated up to 40.4 kg of detectors achieving a total exposure of
64.5 kg yr. lIts final limit was 8.3 x 10* yr (90% CL) [85]. These 2 experiments
joined forces to form the LEGEND collaboration building the next generation of
Ge Ov(53 experiments.

4.2 LEGEND-200

LEGEND-200 is the first phase of the LEGEND program. Reusing the GERDA
infrastructure in hall A of LNGS (Figure 4.2), it will eventually use 200 kg of HPGe
detectors. It is designed as a series of layers to reduce background with the Ge
detectors at the centre as shown in Figure 4.3.

The first step in the background reduction is the location, with the mountain
overburden of 1800 m water equivalent reducing the muon flux and therefore
background from cosmogenically activated isotopes in the detector materials. The
first layer of the experiment consists of a large water tank instrumented on the
bottom and sides with PMTs. This water tank serves both as a neutron modera-
tor and as an active veto where muons passing through the experiment will emit
Cerenkov light which can be detected by the photomultiplier tubes (PMTs), a time
based veto can then be applied to the whole experiment.
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Figure 4.2: Render of the LNGS underground laboratory. LEGEND-200 is located
in hall A reusing the GERDA infrastructure. While LEGEND-1000 will be located
in hall C taking over the BOREXINO infrastructure, from Ref. [86].
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Figure 4.3: Render of the LEGEND-200 experiment with the major components
labelled.
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The next layer is a large 64 m? cryostat containing liquid argon (LAr). LAris a
scintillator so any background event which deposits part of its energy in the LAr
will produce scintillation light. This light will be read-out by optical fibres immersed
in the LAr which sit both on the inside (the inner barrel) and outside (the outer
barrel) of the Ge detector array and are coupled at the top and bottom to silicon
photomultipliers (SiPM). Compared to GERDA the LAr subsystem underwent a
number of upgrades to improve its light collection including: the addition of this
inner barrel, a higher number of fibres and SiPMs, and greater spacing between
the germanium detector strings. All these changes should enhance the efficiency
of the LAr subsystem.

Finally, at the centre of the experiment sits the Ge detector array. An ideal Ge
detector would be large mass to reduce the number of detectors needed with their
associated support material and cabling which contribute to background, have
excellent energy resolution and PSD capabilities to separate signal from back-
ground events, and finally be fully depleted at a reasonable voltage (we require
<5000 V). Over time developments in Ge detector technologies have sought to
improve these properties. LEGEND-200 utilises detectors from throughout this
development and for this reason uses 4 different categories of Ge detectors (with
each detector subtly different) which are shown in (shown in Figure 4.4). Two
different manufacturers were used for the detectors Mirion and Ortec. These are:

» Semi-coaxial detectors (COAX) originally from IGEX and Heidelberg-Moscow
are characterised by a well with a large p+ electrode and an n+ electrode
wrapping the outside with the well enabling a large mass detectors at around
2 kg,

* Broad Energy Germanium (BEGe) detectors from GERDA and made by
Mirion have instead a small p+ electrode which creates common drift paths
for charges enhancing the PSD capabilities when compared to COAX de-
tectors where charges in the detector all follow different path (this will be
discussed more in the next chapter), they however can only be made at
relatively low masses of around 1 kg,

» Point Contact Germanium (PPC) detectors from MAJORANA and made by
ORTEC are similar to the BEGes with a small p+ electrode for the PSD
properties but instead of the n+ electrode wrapping totally around have a
passivated surface on the bottom of the detector,

* Inverted Coaxial Point Contact (ICPC) detectors which are new for LEGEND
and combine the small p+ electrode design with a borehole on the opposite
side to enabling larger mass detectors with the improved PSD properties.
They are made by both Mirion and Ortec with the Ortec detectors having a
smaller p+ contact than Mirion detectors.
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N \A/ | | l

Figure 4.4: Renders of the different types of germanium detectors operated in
LEGEND-200. The n+ electrodes are shown in grey while the p+ electrodes are
shown in red. From left to right the detector types are: PPC, BEGe, ICPC and
COAX.

An additional benefit of these small p+ electrodes is the reduced capacitance
of the detectors which leads to lower noise and therefore better energy resolution.
These detectors all have different charge collection characteristics and therefore
signal shapes which will be discussed later.

The Ge detectors are organised in strings, varying from 5 to 12 detectors per
string, which are hung from a top copper plate. They are supported by a base-
plate made of Poly Ethelyne Naphthalate (PEN) which is a low background plastic
with scintillating properties (shown in Figure 4.5). Each detector is connected to a
charge sensitive amplifier which is split into two pieces with the low mass front end
(LMFE) consisting of the most radiopure components bonded to the detector and
the amplifier (CC4) located further away in the birds nest. The baseplate is held
by copper rods, these are screwed together to build the string and along which
the cables are run for the high voltage and readout of each detector. Finally, each
string is then surrounded by a nylon mini shroud to reduce drift of cosmogenically
activated isotopes in the LAr onto the detector surfaces which was a major back-
ground seen in GERDA Phase |. 4 additional nylon tubes are also used to guide
the calibration sources when they are lowered into the array. At the top of the array,
above the copper plate, is the birds-nest where the electronics already mentioned
are situated, this ensures they are further away from the detectors to reduce back-
grounds. These electronics are connected to the data acquisition system which
is located in the cleanroom above the cryostat and consists of FlashCam [87]
digitizers recording the waveforms at 16 ns sampling.

The components of the experiment (and therefore the possible sources of
background in the array) can be thought of in terms of their distance from the
germanium detectors. At close range we have the detector holders, copper rods,
LMFE, cables and mini shrouds. At mid-range, the fibres and copper of the inner
and outer barrels that comprise the LAr subsystem and finally, at long range, the
wavelength shifting reflector (WSLR) which is a copper sheet coated in tetraphenyl
butadiene (TPB) outside the outer barrel to reflect light back to it, as well as shifting
its wavelength to minimise attenuation.
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Figure 4.5: On the left is a render of the germanium detector array surrounded
by the optical fibres with the major components labelled. On the right is a render
of a germanium detector and its holder. This render is inverted compared to the
deployment in LEGEND-200 where the plate and LMFE sit on the bottom.
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All the materials used in LEGEND-200 underwent a radioassay campaign to
ensure low radioactivity components. There are broadly two main types of ra-
dioactive contamination that can be present in the materials: a bulk contamination
where the material itself has high radioactivity levels, and surface contamination
where just the top few microns of the material are contaminated. Surface con-
tamination comes from the handling of the material where radioactive isotopes
are introduced while machining or handling the material. To combat this many
materials in LEGEND are surface etched with acid to remove the top few microns
of material and cleaned before being used in the experiment.

Alongside these passive background reduction techniques, LEGEND also uses
active background mitigation, as depicted in Figure 4.6. The design philosophy of
LEGEND is to minimise the amount of inactive material in the experiment so that
we can use active vetoes to remove events that do not follow the 0v 3 topology.
This is that a candidate 05 event should deposit 2039 keV of energy in a single
detector. Any coincident energy deposition in another detector or LAr subsystem
means the event has more than 2039 keV of energy and is therefore not a Ov 3
event and can be vetoed. Additionally, for a Ov35 event the two electrons will de-
posit their energy within a few mm of each other in the detector, so if our pulse
shape analysis sees multiple scatters in a single detector the event is removed.
Finally, if the event is near the detector surface we may not see the full energy
due to dead layer effects (the outer surface of the detector has a Lithiated layer
to form the n+ contact, but this is only partially active) so these events are also
removed by PSD. Therefore, we remove at the analysis level any events which
do not pass these conditions.

LEGEND-200 was first commissioned using 60 kg of ICPC detectors in 2022,
before increasing to 140 kg of detectors at the end of 2022. It entered physics data
taking in March 2023 and took data for just less than 1 year. A series of background
runs were then taken with various components removed (first the outer barrel and
then the mini shrouds) to study the background. Later this year more detectors will
be added with the eventual plan to reach 200 kg of detectors sometime next year.
The goal of LEGEND-200 is a background index of 2x 10~ counts / (keV kg yr) and
a discovery sensitivity of 10?7 yr.

4.3 LEGEND-1000

The next phase of the program is LEGEND-1000. This will be a larger experiment
with 1000 kg of Ge detectors. It will still be located at LNGS with the benefits this
gives as described above but instead will be taking over the BOREXINO infras-
tructure in hall C. A render of the experiment is shown in Figure 4.7. The main
changes compared to LEGEND-200 will be: the move to just ICPC detectors,
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SIGNAL-LIKE GRANULARITY CUT PULSE-SHAPE LA
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Figure 4.6: Comparison of a signal like event to the background events removed
through active vetoing. A Ov 33 event should consist of a single energy deposit in
a single detector as depicted on the far left. Background events can be removed
from left to right via: the granularity cut when a hit is seen in multiple detectors,
LAr anticoincidence when scintillation light is seen alongside the energy deposit in
the Ge detector, and finally PSD cuts which separate single from multiple energy
deposits in a single detector.

Figure 4.7: Render of the future LEGEND-1000 experiment. The detector is lo-
cated on the right with the cleanroom for assembly above.

47 of 134



4.3. LEGEND-1000 4. The LEGEND Experiment

D

=~ ot

Observed counts / 1 keV
w

1940 1960 1980 2000 2020 2040 2060 2080
Energy (keV)

0

Figure 4.8: Example spectrum of the LEGEND-1000 experiment after 10 years
of data taking with a signal at 10?® yr. This shows one of the advantages of the
experiment where a signal can easily be seen by eye above the background.

which will reduce the background as fewer detectors will be needed so less sup-
port material and less cabling and also simplify the analysis, the use of a single
string lock design which will ease maintenance and allow issues in single strings
to be fixed without lifting the entire array enabling a greater uptime and number of
working detectors, and most importantly the innermost volume inside the copper
reentrant tube will be using underground liquid argon to reduce the background
from cosmogenically activated isotopes in the LAr. On top of this, all the subsys-
tems will see many upgrades from: upgraded electronics with the move to ASICs
from LMFEs, a fibre shroud around each detector string and an improved neutron
tagging system. An example of what the spectrum could look like after 10 years
of data taking, when 10 ton yr of exposure is reached, is shown in Fig.4.8. The
ultimate discovery sensitivity of the experiment will be 10?® yr with a background
index of 1075 counts / (keV kg yr) .

LEGEND, therefore, is a very exciting program aimed at discovery of 0v53,
with scalable and well understood technology while the low background and great
energy resolution would make for a clean, unambiguous signal.
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Chapter 5

HPGe Detector Modeling and
Analysis Routines

In this chapter | will describe the analysis routines for the germanium detectors
used in the LEGEND-200 experiment. | led and personally carried out most of the
design, implementation and testing of these routines which drew on the experi-
ence of MAJORANA and GERDA. Some parts such as the pulse shape analysis
are very close to the GERDA approach [88] while others such as the data cleaning
and energy optimisation are almost entirely new.

5.1 Ge Detector physics

5.1.1 Signal Formation

The detectors used in LEGEND are High Purity Germanium (HPGe) crystals en-
riched up to 92% in the isotope of interest, Ge-76. These detectors are grown
using the Czochralski method where a seed crystal is slowly pulled out of the
molten material while rotating [89]. This produces an exceptionally pure crystal
with a low concentration of impurities at the level of 1 part in 10 million (although
some impurities are required to give the necessary charge drift characteristics).

Two electrodes: a small p+ electrode, made through boron implantation and a
larger n+ electrode, made through lithium diffusion, are added along with a groove
between the two which is passivated to reduce leakage current. The dead layer
will grow with time due to continued diffusion of the Li and this depends on the
temperature of the detector. In LEGEND, we assume no dead layer growth while
in the cryostat but during storage the detectors are kept around room temperature,
so the dead layer will grow. A large reverse bias is applied to the n+ electrode to
fully deplete the crystal, the size of which will depend on the geometry of the crystal
and its impurity profile. A diagram of a detector is shown in Figure 5.1.

When a particle interacts with the crystal, it creates, through ionisation, electron-
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Figure 5.1: Diagram of the main parts of a germanium ICPC type detector.

hole pairs (the number of which is proportional to the energy deposited) which are
then drifted to the electrodes by the electric field. Germanium’s low band gap at
only 0.67 eV at 300 K [90] means that the number of charge carriers created is
very large which is why germanium has such great energy resolution. Holes drift
to the p+ electrode while electrons drift to the n+ electrode. Their drift induces on
the read-out electrode a change of voltage which translates into a current signal
described by the Shockley Ramo theorem [91, 92].

I=qvE, (5.1.1)

Where | is the current induced, q is the charge, v the velocity and E, the elec-
tric weighting field. As the electrons move twice as fast (due to the effective mass
of the holes being twice as large) and generally have a shorter path to the n+ elec-
trode, they are collected quickly. They therefore contribute negligibly to signals in
the bulk of the detector [89]. The holes take longer to drift to the p+ electrode
and as they pass through the strongest electric field form the majority of the sig-
nal. The charge sensitive amplifier then converts this current into a voltage signal
giving a characteristic exponentially rising shape as shown in Figure 5.2.

In LEGEND-200, we digitise a 148 us long waveform with this rising edge sec-
tion at its centre. This ensures we have a baseline section before the pulse of
around 45 us and a tail section after the pulse of around 68 us. This is shown in
Figure 5.3. The tail section consists of an exponential RC decay. When process-
ing this signal the main quantities to extract are: the amplitude of the signal which
is proportional to the total energy release within the detector, the start/end time
of the rising edge as it is proportional to the time of the energy deposition and its
distance from the electrode thus needed for vetoing and timing based correction
and the maximum current and other shape information which is used in the pulse
shape discrimination. Other quantities related to the physical nature of the signal
are also calculated.

The first steps in the processing of the signals is to shift them down to 0 and
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Figure 5.2: Example of an event in a germanium crystal and the associated volt-
age generated in dark blue with the current in light blue. The interaction point is
shown with the holes drifting to the p+ electrode in orange and the electrons to
the n+ electrode outside.
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Figure 5.3: Example waveform with the 3 main sections. The waveforms in
LEGEND-200 are 148 us long, the first 45 us is the baseline section followed
by 15 us of leading edge and 88 us of tail. The shape of the rising edge is de-
termined by the interaction point in the detector. For most interaction points the
electron contribution is negligible and the hole contribution dominates. The rising
edge section is set conservatively large as slow pulses from surface betas can be
several us long.
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correct the RC decay (pole zero correction). Once this is done, more advanced
filters can be run over the signal. Shown in Figure 5.4, as an example, is the filter
used to extract the start point (10) of the signal which is using a modification of an
asymmetric trapezoidal filter | developed.
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Figure 5.4: Example of the digital signal processing of a waveform. Here in blue is
the waveform after baseline subtraction (bringing baseline section to 0), in orange
is it after the pole zero correction to remove the RC decay and in green is the output
of the tO filter. Finally, the vertical line shows the t0 value which is obtained by
walking down the filter output until a threshold is reached. On the right is the kernel
of the t0 filter used which is convolved with the pole zero corrected waveform. It
consists of a linear rising section to average the leading edge while preserving the
shape followed by a negative flat section to average out the noise.

Every detector operated in LEGEND-200 is slightly different due to the manu-
facturing method. We have 2 detector manufacturers Mirion and Ortec who pro-
duce subtly different detectors. The shape and size of each detector is informed
by the concentration gradient of the impurities in the crystal which means that ev-
ery detector has a different electric field and therefore different charge collection
characteristics, meaning the signal shape generated is different for each detector.
Consequently, the analysis of the detectors needs to account for this by develop-
ing routines to optimise the performance individually. These routines need to be
exceptionally reliable and robust with some such as the calibration applied every
week on over 100 detectors; this means in the last year they were applied over
4000 times. Additionally, they need to be able to handle well a broad spectrum of
problems which may arise when applying to such varied detectors.

5.1.2 Energy Reconstruction

When an interaction occurs in the crystal a number of electron hole pairs are
created. Due to the low band gap in germanium (0.67 eV at 300 K [90]) this
number is very large which is why germanium has such good energy resolution.
Naively, the number of charge carries created would be a Poisson process with
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mean \ = £;/E,, where E; is the energy deposited and E, is the germanium band
gap, and therefore the energy resolution would be the square root. However, in
reality the resolution is even better as the creation of these electron hole pairs are
not independent. This improvement in energy resolution is encapsulated in terms
of a fudge factor known as the Fano factor.

On top of this fundamental limit on the energy resolution, there are 2 other fac-
tors that can degrade the energy resolution the electronics noise and incomplete
charge collection. Incomplete charge collection effects consist mainly of charge
trapping (where defects in the crystal trap an electron or hole and release it after
some time delay) and ballistic deficit (when a filter is too short it can integrate only
part of the charge). The first is being increasingly mitigated by the producers and
is nowadays sub-dominant, any lingering effects can be mitigated through correc-
tions while the second is almost completely removed with good filtering choices.

Finally, the electronics noise affects the accuracy in which we can estimate the
number of charge carriers created. Ideally it would be completely white where all
frequencies are equally represented and therefore easily minimised. However, in
reality, it will, depending on the experimental setup, vary with frequency which will
determine the optimal filtering to use in reconstruction. Putting this all together
the total energy resolution is:

+ FWHM?

charge

FWHM? = FWHM3, + FWHM?

noise

(5.1.2)

where FWHM,., = 2.35Ve.F.E is the detector resolution (e is the germanium
ionisation energy, F is the Fano factor and E is the energy deposited, the 2.35 is
the conversion factor from sigma to FWHM), FW H M, ;5. is the electronic noise
and F'W H M_pqr4. 18 the charge collection resolution [93].

In our pulses the height of the pulse corresponds to the energy deposited.
Therefore, the simplest estimate of the energy would be the difference between
the maximum and minimum of the pulse. However, this would mean the noise term
above would be large as the energy output would be dependent on the statistical
fluctuations of the noise. Therefore, to mitigate this term and the charge collection
term we make use of optimal filtering and corrections. These terms vary from
detector to detector which motivates the development of routines to optimise the
energy resolution for each detector. This also motivates the decision to record
as long traces as possible using the DAQ. Longer pulses mean more samples to
characterise the different frequencies that are present in the noise and remove
them.
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Figure 5.5: Weighting field of an ICPC detector, with lines showing the drift paths
of electrons/holes [94].

5.1.3 Pulse Shape Discrimination

GERDA and MAJORANA pioneered the use of small p+ electrode detectors with
their excellent pulse shape discrimination (PSD) properties. The benefit of these
detectors can be seen from its weighting field (Figure 5.5).

Due to this, the holes are funnelled into the middle of the detector and then
towards the p+ electrode. This gives the detector powerful PSD properties as all
charges follow a common path. Figure 5.6 shows how the signal generated for
a single site event (SSE) such as neutrinoless double beta decay is different to
that of a multi-site event (MSE) which would be a background e.g. from Compton
scattering. This motivates the use of the A/E parameter which is the maximum
current of the pulse divided by the energy. An acceptance band can be defined
for single site events and anything outside this band cut. Multi-site events will
be lower than this band as for a given energy they will have a lower maximum
current. In addition, we can also identify surface events from either alphas on the
p+ electrode where the holes are collected very quickly leading to a very fast rise
and an elevated A/E or betas on the n+ electrode which give rise to very slow
events due to diffusion in the semiconductor region where the field is null.

As the charge cloud drifts collective effects will affect its shape. In particular
self repulsion of the charge cloud will cause the charge cloud to spread out lower-
ing the A/E, and stochastic diffusion means there is some amount of randomness
in the path expanding the single site band. This leads to an energy dependence in
the position and width of the single site band as more energy means more charge
carriers and a wider charge cloud. Additionally, there will be some position depen-
dence as events further from the p+ contact will take longer to drift in the detector
and therefore are more likely to have charges removed by trapping. As with ev-
erything else this will be detector dependent and means that an A/E calibration
will be needed for each detector.

The calibration of a cut on the A/E parameter to discriminate between MSE and
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Figure 5.6: Comparison of the signal generated for single-site, multi-site events
and surface events. The recorded voltage signal is shown in dark blue with the
corresponding current signal in light blue. The energy of an event is proportional
to the amplitude of the signal. On the left are surface events composed of betas on
the n+ electrode which are characterised by a slower signal due to slower charge
diffusion in the Lithiated n+ surface and therefore a lower peak current, and alpha
events on the p+ contact on the p+ electrode which have a very fast signal and
therefore a high peak current as the holes are collected very quickly. Second from
the right are multi-site events which are events with multiple scatters in the same
detector. These differ from single site events (on the furthest right) in that they
have multiple peaks all with a lower peak current for a given energy.

SSE can be performed using calibration datasets, in particular a good source of
single site events is a double escape peak, DEP. These lines are produced when
the primary gamma undergoes pair production; the electron’s energy is deposited
while the positron annihilates in the detector producing two 511 keV gammas back
to back. For the single escape peak, SEP, one of these gammas escapes the
detector and the other is absorbed, while for the DEP both escape. This gives
these peaks unique topologies which can be used for PSD calibration. The DEP
is just a single energy deposit in the detector and therefore is a proxy for single site
events such as Ov33. The SEP is composed almost entirely of multi-site events
which are background-like events. However, one thing to bear in mind is that
these events are not homogeneous in the detector volume as the probability for
gammas to escape is higher at the edges and corners. The final type of gamma
line is the full energy peak (FEP) where even if pair production occurs the full
energy is deposited in the detector. These are generally more multi-site like due
to pair production.

In Figure 5.7 we can see the different shapes in the A/E spectrum for different
event populations. For the DEP we expect a gaussian shape in the A/E spectrum
as it consists mainly of single site events. Compton events will be a mixture of
single and multi-site events depending on how many times the gamma has scat-
tered. We therefore see a single site gaussian with a tail of multi-site events which
we want to remove with the cut.
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Figure 5.7: Example of the shapes in the A/E spectrum for different event popu-
lations in a Th-228 calibration. The DEP is a single site proxy so has a gaussian
shape while the Compton bands have both a multi and single site component so
have a gaussian with a tail to lower A/E values. SSE here is single site event. Two
different Compton regions, below and above the DEP, are plotted to show the dif-
ference in peak to tail ratios for different energy regions (below the DEP the peak
to tail ratio is higher than above only a single gamma is scattering in the detector
while above multiple gammas are scattering so multi-site events are more likely).
From Ref. [95].
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5.2 Data Cleaning

One of the first steps in the analysis of the data is the cleaning. This work was
carried out by a team of people with my focus on the choice of the parameters
and digital signal processing routines used, as well as the implementation of the
cut logic. The data cleaning is essential to remove non-physical events such as
discharges, micro-discharges and noise bursts. In LEGEND, we could potentially
claim a discovery of 033 with a single digit number of events, therefore it is impor-
tant that the only events we keep are fully physical on all channels (no discharges
or noise bursts). Even if one channel has a normal looking pulse if another chan-
nel has a non-physical pulse it is not possible to be certain that the non-physical
pulse is not affecting the other channels. Therefore, we require, for an event to
be valid, that all channels have either physical or empty signals.

A complicating factor is the presence of crosstalk, this is still a valid signal but
can be a different shape to physical signals. The main type of crosstalk we see
is negative going and looks like an inverted pulse, although some can be positive
pulses also (an example is shown in Figure 5.8). We therefore have to make sure
that we are not removing these events.

Finally, it is important that all cuts, if possible, are energy independent so that
we do not have varying efficiencies. This could cause issues, for example in the
background model where a varying efficiency could change the relative intensity
of gamma lines causing the background to be misconstructed.

The cuts are applied to both calibration and physics data. The major difference
here is the presence of pileup in calibration data. This is where 2 events are close
together in time so either a second signal is seen in the trace or the signal sits on
the decay tail of a previous event. In all cases the energy of the main signal will
be misreconstructed. We could add routines to reconstruct the true energy, but
as the event rate is so low in physics data that these events are not expected, we
wish to remove these events. This also ensures our calibration sample passed to
subsequent routines is similar to physics data.

Shown in Figure 5.3 is an example waveform from a HPGe detector. We split
the waveform into 3 main sections: the baseline section which corresponds to the
44.5 us before the trigger and should be flat and featureless, the leading edge
which is the 15.5 us around the trigger and the tail which is the last approximately
60 us of the waveform which should be dominated by the pole zero decay. The
leading edge window is generously sized to allow for the different event topologies
we expect such as surface betas which can have slow pulses of several ys.

The quality cuts are applied in sequence starting from the simplest cut and
working up. The cuts in the order applied are:

+ Discharge cut
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Figure 5.8: On the left are two examples of unphysical waveforms we want to
remove: a discharge where the ADC has hit 0 and, in the middle, a noise burst.
On the right is a crosstalk event which we don’t want to remove but instead to flag.
The noise burst here is shown for the windowed waveforms around the leading
edge while the others are the full waveform.

« Baseline and tail cuts

* Leading edge cuts

The first two are applied to all waveforms while application of the leading edge
cuts varied based on the amplitude of the pulse. | will now describe each of these
cuts in more detail.

The simplest cut to apply is to remove discharges, these are identified by a
flash ADC channel hitting 0. When this is seen we apply a time veto on all channels
after this to remove any recovering signals. It was found using special runs that
a 10ms window was sufficient to remove all these types of events. Applying a
time veto is also advantageous as this simply adds a dead time into the array
the efficiency of which can be easily calculated. Additionally, vetoing the whole
array makes sense as often times a discharge on one channel is associated with
unphysical events on neighbouring channels. Possibly, in the future, the dead
time could be decreased by only vetoing associated channels e.g. same string
and/or CC4 (amplifier).

The next cuts are common between empty traces and those with an energy
deposition. In both cases we want the baseline and tail sections to follow the ex-
pected shape (for the baseline flat in both cases, for the tail either flat or exponen-
tially decaying) with no unexpected features such as small energy depositions.
3 parameters were found that satisfied the energy independent requirement: 2
for the baseline and 1 for the tail (detail in appendix). The baseline parameters
were chosen by injecting exponential decays and simulated pulses onto empty
traces and investigating parameters which could separate these from the remain-
ing empty traces. In all cases the distributions are gaussian with a tail of non-
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physical events. Cuts are determined by performing a fit to the top of the gaus-
sian to extract the centroid and standard deviation and then a double-sided cut
is applied at 4 standard deviations from the mean. This method was chosen due
to its robustness and simplicity in comparison to more complex fitting methods
which were more prone to failure, especially when applied to a large number of
detectors.

The cuts effectively remove pileup events in calibrations where 2 energy de-
posits are close together in time. You can see the effect of this cut clearly on the
2.6 MeV peak where the low energy tail is reduced and even removed in some
cases (Figure 5.9). The main type of pileup removed is where the energy deposit
sits on the exponential tail of a previous pulse which always results in an underes-
timate of the energy of the main pulse leading to a tail forming on the low energy
side of the peak (Figure 5.10).

The final set of cuts are on the leading edge. For empty traces we simply
check that the energy is in line with empty events as determined from forced trig-
gers. Whereas for physical signals, a series of time cuts are applied to ensure
the event is of standard shape and will be reconstructed correctly. These cuts
were developed using calibration data and are placed conservatively to ensure
no physical pulses are removed and that there was no overlap with the pulse
shape analysis. Simulated pulses were also used to investigate signal-to-noise
dependencies. We check: the pulse is in the position expected in the trace, the
point the energy is sampled is in the position expected, the rise and drift times of
the pulse are reasonable and that there are no oscillations in the initial section.
Additionally, there is an energy cut off for these cuts where they are only applied
above 100 standard deviations of the forced trigger energy distribution. Below this
we do not expect the start point of the pulse to be reconstructed correctly due to
the lower signal-to-noise. Only routines with a high degree of smoothing can be
applied at these lower energies so only the requirement on the energy sampling is
retained. This does introduce a discontinuity in the efficiency with energy, but it is
well below the energy threshold of current analyses. For future analyses looking
at this low energy region a different set of cuts should be used.

5.3 Energy Reconstruction

An accurate and high resolution energy reconstruction is essential for the analysis
of the data. We tested a number of different filters and decided the CUSP filter [96]
was the best for our noise environment as it gave the optimal energy resolution.
To improve the resolution further we performed an optimisation of the parame-
ters of this filter using calibration data and also implemented a charge trapping
correction to remove the detector position dependencies. This optimised energy
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Figure 5.9: Example calibration spectrum for an ICPC detector with and without
quality cuts (qc), for the full spectrum on the left and for the 2.6 MeV TI-208 gamma
line on the right. The effect of the quality cuts in removing pileup events on the
left tail can clearly be seen.
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Figure 5.10: Survival fraction vs energy for one detector in calibrations. The er-
rorbars, shown in grey, are increased by a factor of 10 to make them visible above
the T1-208 FEP. The survival fraction is generally flat in energy with dips in the tails
of the major gamma lines from pileup events. Above the 2.6 MeV TI-208 gamma
line we are limited by statistics.
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Figure 5.11: An example of a peak fit for the 2.6 MeV TI-208 gamma-line for 1
detector. The 3 components can be seen: the Gaussian peak with an exgaussian
tail and the step background. The exgaussian tail is used to model incomplete
charge collection effects in the detector e.g. from charge trapping. While the step
models the background from Compton events. In this case a tail was found to be
needed for this detector but in some cases this is dropped.

reconstruction was done individually for each detector as they each have unique
charge collection and noise properties. The optimal filter was then applied to all
waveforms to obtain a raw energy estimate.

The next step is to calibrate this energy estimate into a physical quantity.
Naively we would expect that this should be a simple scaling factor as the energy
is directly proportional to the number of charge carriers. However, from studies
using the pulser and calibration data we found that there were some small non-
linearities in the system, and therefore, we determined that a quadratic treatment
was necessary. This means the calibrated energy is determined using the follow-
ing equation:

B = a0+ bEyeq + cE? (5.3.1)

ncal

In a stable period of data taking these non-linear terms are expected to be con-
stant in time. A two-step energy calibration procedure was therefore developed.
Firstly, for each calibration run, the TI-208 2.6 MeV peak was fitted to determine
the gain of the system as shown in Figure 5.11. This peak was used as it is the
most prominent high energy peak in the spectrum and is present in all detectors.
It is also reasonably close to the ()35 value of 2039 keV. From this, a simple scal-
ing could be applied to correct for this gain. Secondly, all calibration data in a
stable period were grouped together and all possible peaks fitted. The non-linear
terms could then be extracted using a fit to these positions and the peak energy
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Figure 5.12: Example calibration fit for 1 detector. We fit a quadratic function to
the distribution of peak positions vs expected energy. The residuals of this fit are
shown in the bottom panel.

as shown in Figure 5.12. By combining the calibration runs in this way many more
peaks could be used in this fit, due to the increased statistics, which helped in the
determination of the non-linearities.

For detectors put in anti-coincident/veto mode (not deemed suitable for full
analysis) only the first step of this energy calibration was applied as the more
precise calibration is not required. This was done with a simple peak top fit as
often the fit would not converge due to the differing shapes of the peaks.

Additionally, the energy resolution of the detector is also determined by fitting
the variation of the energy resolution of the peaks with energy. A simple interpo-
lation can then be performed to extract the energy resolution at ()s3. This is an
important input for the statistical analysis and for simulations of the data. Finally,
the validity of both the energy resolution and energy calibration were checked
using peaks in the physics data which will be discussed in further chapters.

The last important part of the energy reconstruction is the crosstalk correction.
This is essential for the multiplicity determination as a signal on one channel can
cause a smaller signal in another channel causing a mislabelling of a multiplicity
one event as multiplicity two if not corrected for. This is also important for the
background analysis where crosstalk can cause multiplicity two events to move
outside the gamma peaks throwing off the background model. Special calibration
runs are taken in global mode, so all detectors are triggered to see the effect of
a pulse on other channels. From this a crosstalk matrix is built using the method
outlined in [97] (example in Figure 5.13). The crosstalk is an event level quantity
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Figure 5.13: Example crosstalk matrix for LEGEND-200. This shows the expected
amount of crosstalk between two channel pairs. On the y-axis is the triggered
channel while on the x-axis is the response channel.

where all deposits on all germanium channels are needed. A simple correction
is then applied to the uncalibrated energy for channels above a certain threshold
(in our case 50 keV) using this matrix and then all the channels have the cali-
bration reapplied. The multiplicity of the event can then be determined after this
correction.

5.4 Pulse Shape Discrimination

The final step in the calibration of the detectors is the pulse shape discrimination.
This is crucial for separating signal events from background. The main parameter
used in the PSD is the A/E parameter. This is the maximum current of the pulse
divided by the energy (for the PPCs a subtly different parameter was used based
on the maximum slope, this is essentially equivalent but with a larger averaging
window).

The calibration of the A/E is needed to remove any energy, position or time
dependencies and to determine the cut value. This was done using all the cal-
ibrations in a stable period combined to give sufficient statistics in the Compton
region and in the single site proxy, the DEP. In LEGEND due to the increased
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use of ICPC detectors a drift time correction was added for these detectors. This
was to ensure we were not biased in the regions of detector being accepted or re-
jected. The drift time correction was determined from DEP events by fitting in both
the drift time and A/E distributions. The energy correction followed the GERDA
approach [88] of slicing the Compton region into 20 keV bands and fitting the A/E
distribution for each band to extract the centroid and width. These were both then
fit vs energy and a classifier built that was independent of energy as shown in Fig-
ure 5.14. Finally, the cut was determined as the value that gave a 90% efficiency
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Figure 5.14: A/E Classifier for a single detector. The single site event band is
shifted to 0 by our calibration with the gamma lines extending down from it. The
DEP can also be seen in this band located at 1592 keV. A diagonal band also ex-
tends from the DEP to the SEP composed of pair production events. The gamma
lines can also be seen to extend in some cases above the single site band due to
events near the p+ contact.

for the DEP. This was determined using fits of the distributions of the surviving
and failing events in energy for various cut values (shown in Figure 5.15).

The effect of the cut can be seen in Figure 5.16 where the TI-208 DEP is pre-
served while the Bi-214 gamma line at 1620 keV is suppressed. A high cut is also
added to remove surface events. This is fixed at a value of 30 from the single site
band. Whereas for the PPCs and Ortec ICPCs it was found that a different param-
eter, late charge (LQ), was more effective as used in the MAJORANA DEMON-
STRATOR [85]. As for the other steps, these calibrations were calculated for each
detector individually. The performance was checked using the peaks and Comp-
ton region around (g in the calibration spectrum and the 234 region in physics
data.
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Figure 5.15: An example of the fit to determine the A/E cut value. We sweep

through various cut values, calculating the survival fraction for each and then fit
with a sigmoid function.
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Figure 5.16: The effect of the A/E cut on the DEP and nearby Bi-214 gamma line.
The DEP is preserved while the gamma line is suppressed. The top panel shows
the energy spectrum while the bottom shows the A/E distribution. A typical cut
value is between -1.5 and -2 on the low side.
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Chapter 6

Routine Application to
Characterisation Data

In this chapter | will discuss my work on the characterisation of the germanium
detectors for LEGEND. Many of the routines and methods initially developed here
evolved into the LEGEND data production pipeline. My work on the characterisa-
tion consisted of the development of the python/pygama based data processing
software and the initial analysis of the data with this. The collaboration used this
data to extract information such as the active volume of the detector. Previous to
my work all data processing was done with an older C++ based software package.
By switching to the python based software it brings us more in line with the other
LEGEND processing along with improvements to the routines such as in energy
resolution. These improvements were essential to assess the performance of the
newest detectors which are the largest produced and require more sophisticated
routines than used previously to correct for the longer charge drifts. Additionally, it
allowed for the validation of these routines before they were used in the LEGEND
data processing.

6.1 HADES setup

All new Mirion detectors for LEGEND-200 are first characterised at the HADES
underground laboratory in Belgium (Ortec detectors are characterised separately
in the US). This is necessary firstly to ensure the detectors meet the required
specifications for LEGEND, secondly to understand their performance and thirdly
to find issues which the manufacturer may need to fix. The HADES laboratory is
located close to the manufacturing site of Mirion at Olen for precisely this reason.
As it is underground, it can also serve as a place to store the detectors, so they
are shielded from cosmic rays to reduce the production of cosmogenic isotopes
such as Ge-68. Minimising the time on the surface for all detectors is crucial to
keep their internal backgrounds as low as possible.
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The choice of measurements has been developed through the experience of
the GERDA and MAJORANA collaborations. In particular certain parameters such
as the active volume are very difficult to extract in situ and therefore have to be
done in the characterisation campaign. The detectors undergo a series of mea-
surements with a variety of radioactive sources to determine they meet the re-
quired specifications for LEGEND in terms of depletion voltage, energy resolution
and PSD performance and homogeneity. Additional measurements are taken to
determine the dead layer thickness/ active volume of the detector. When the de-
tectors are made an n+ electrode is added via Li diffusion in which no charge
collection of deposited events occurs. This is done to reduce the number of sur-
face events, however, it does mean we have some inactive mass. It is therefore
essential that this is measured so that in the final statistical analysis we know the
amount of exposure of the enriched isotope.

3 types of measurement are made at HADES: flood sources where the un-
collimated source is simply placed on the side for lateral measurements and on
the top for top measurements, collimated, so the energy depositions are localised
and finally scan measurements which use the collimator and a scanning table to
perform a series of measurements in steps around the detector. Below is a table
which summarises the sources used, the type of measurement and the use of
each:

Source Measurement Type Uses

Co-56 Flood Depletion voltage determination
Th-228 Lateral and top flood Energy and PSD characterisation
Ba-133 Top flood Dead layer
Am-241 | Top flood and surface scan Dead layer and PSD

As can be seenin Figure 6.1, the data is taken in a vacuum cryostat cooled with
liquid nitrogen which is surrounded by a lead castle to reduce the background from
the environment. In total 39 new detectors have been characterised at HADES
by the characterisation team along with some older detectors to study the dead
layer growth as discussed in the previous chapter.

6.2 Processing

HADES data is taken with the same Flashcam DAQ as used in LEGEND-200.
The waveforms are considerably shorter than those in LEGEND-200 at 60 us
long with a sampling of 16 ns. As mentioned above, these measurements are
performed in a vacuum cryostat at liquid nitrogen temperature (77 K) so the noise
conditions are quite different to those in LEGEND-200 where, the immersion of the
crystals in LAr (87 K) can produce slightly different behaviour (characterisation is
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Figure 6.1: Photo of the HADES setup with the vacuum cryostat in the centre
surrounded by the lead castle.
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not done in liquid Argon due to the complexity of decryostating the detectors and
operating sources in LAr). However, overall the waveforms are very similar and
this similarity to the LEGEND-200 data made it an extremely useful test bench for
the development of the LEGEND processing routines. It was in particular used for
studies on the best baseline subtraction method, t0 estimation and early quality
cuts work. Work is now ongoing to incorporate the latest versions of the routines
back into the HADES data processing software.

On the dataflow side, HADES data is considerable simpler to process in some
ways than LEGEND data as only a single channel is present. The only complica-
tion is the large number of different measurements which require different calibra-
tions and different routines. A specialised data processing version was developed
for this data which also informed the development of the dataflow software before
LEGEND data was available. In total around 1 Tb of data was taken per detector
with processing taking a few hours per detector.

6.3 Energy Characterisation

One of the first checks performed on a detector is the energy resolution. In LEG-
END we have an overall goal of an energy resolution at or better than 2.5 keV.
Additionally, one of the main areas of development has been the size of the de-
tectors with a lot of effort going into producing larger and larger detectors. As of
writing the largest detector produced is more than 4 kg which is close to the limit of
the manufacturers’ methods, the limiting factor being the size of the crystal boule
and the voltage needed to deplete the detector. These detectors are very bene-
ficial to LEGEND as it reduces the channel count and therefore the background
due to less supporting material and cabling. It is crucial, however, when produc-
ing these larger detectors, to avoid a degradation in the performance compared to
smaller crystals. As a detectors size increases it is possible that the charge trap-
ping will increase because of the longer drift times so the control of the impurities
in the crystal is extremely important. From HADES data we can see that even
at the highest masses there is no discernable difference in the energy resolution
and, as shown in Figure 6.2, when plotting mass against energy resolution there is
definitely no overall trend. This validates the production and gives us confidence
in continued production of the larger detectors. The feedback loop from the char-
acterisation to the production as the detectors grew in size was crucial to enabling
this development.

The development of the analysis routines as described in the previous chapter
could be benchmarked against previous analysis routines with this data. As shown
in Figure 6.3 for all the filters included in the new routines an improvement was
seen giving us confidence in their performance before application to LEGEND-
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Figure 6.2: Energy resolution vs mass for detectors characterised in HADES. The
different colours refer to the different batch numbers of the detectors. This shows
we can make larger detectors without losing energy resolution.

200.

6.4 PSD Characterisation

One of the most important parts of the detector characterisation is the PSD. This
is crucial as every detector is slightly different in geometry and charge collection
characteristics and our routines are extremely sensitive to any inhomogeneity or
geometry issues, Again, as above, the new larger detectors are of particular in-
terest. The PSD is characterised using 3 measurements: a top and a lateral flood
measurement with a Th-228 source, and a surface scan with an Am-241 source.
| will focus here on the lateral flood measurement as the variation with height is
the most important characteristic, as this is the axis where the charge collection
paths differ and is also along the impurity gradient. To study the response, maps
were made of drift time vs A/E for energy ranges of interest, namely the DEP, Bi
FEP, Compton continuum at ()35, the SEP and Tl FEP. For a BEGe detector only
a single "blob” is seen as we only have a single drift time region (most clearly in
the DEP) whereas for an ICPC 2 "blobs” are expected due to drift time saturation
effects and DEP events clustering in the corners as the gammas are more likely to
escape [98]. The drift time saturation occurs due to the time it takes for a germa-
nium signal to rise out of the noise especially for events at the top of the detector
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Figure 6.3: Energy resolution comparison for the old C++ processing (in blue)
versus 3 different filters in the new python pygama processing. All show an im-
provement in the energy resolution over the old processing. For some detectors
showed similar performance across all the filters and so the points may be over-

lapping.

their initial drift will be below the noise level, and therefore they will all appear
to have similar drift times. An example of a 'good’ detector with this structure is
shown in Figure 6.4.

6.4.1 Batch 5 Detectors

One batch of detectors of interest in the PSD is the batch 5 detectors. These de-
tectors were made with a slightly larger p+ electrode than previous detectors and
in some cases a deep borehole was needed to achieve depletion (to maximise the
n+ contact error and ensure all parts of the detector were close to it). However,
these changes caused some issues in the charge collection. These issues are
divided into 2 categories: named 3 blob and 4 blob detectors. In the 3 blob detec-
tors the lower blob is extended out to higher A/E values (as shown in Figure 6.5),
this is an issue as it hurts both the signal acceptance and the background rejec-
tion. The signal acceptance will be lower for these detectors if a high A/E cut is
added as it will cut events in this tail. The background rejection will also be lower
because background events in this region could have their A/E boosted into the
signal band. Finally, this distribution causes an issue for the calibration routines
as the peak is not the usual shape so either a drift time cut is needed to remove
the tail before calibrating or a different peak shape definition. After this was found
the collaboration went through a simulation campaign to try and understand the
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Figure 6.4: A/E vs drift time distribution for the DEP in a good ICPC detector for
a Th-228 lateral flood measurement. Here DEP events are events within 10 keV
of the DEP energy. The 2 blobs are clearly visible for the low and high drift time
regions with the multi-site tail extending below. There is a slight shift between
the upper and lower blobs due to collective effects which are more prevalent in
the upper part due to the longer drift times giving more time for self repulsion and
other effects.

issue which was traced back to the p+ electrode area. This was causing some
charge paths in the lower parts of the detector to not follow the normal path and
instead to "hop” over the groove. These detectors are still usable for LEGEND
analyses but with a lower efficiency than the other detectors.

The other class of detectors is the 4 blob detectors. In these detectors instead
of just the lower blob being extended the entire detector spectrum is extended to
higher A/E values. This means we have no way to calibrate these detectors using
our standard methods as the peak is not well-defined. Currently, the collaboration
has not managed to simulate why these detectors’ behaviour is different, but it is
suspected that as well as the p+ issue above the borehole depth is also a factor.
Unfortunately these detectors are not usable for LEGEND 0v 3/ analyses due to
the lack of calibration, although they can be used for background studies. This is
an issue which could have been caught earlier in the process and possibly rectified
but was only seen once | developed the production tools.

6.5 Conclusions

The characterisation of the detectors is crucial to the success of LEGEND. In this
case it gave us a perfect springboard to develop, test and refine our analysis rou-
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Figure 6.5: A/E vs drift time distribution for the DEP in a batch 5 detector. The
extended tail for low drift time events can be seen. This hurts the background
rejection for the low A/E cut for these detectors.

tines before the LEGEND data was available. It also informed the development of
the dataflow software, metadata and production environment. The feedback loop
from the characterisation to the production was crucial in the program to produce
larger detectors which will be useful in reducing the background. Finally, the in-
vestigation of the batch 5 detectors showed the importance of the characterisation
campaign in catching issues early, providing also insights on aspects of the geom-
etry that weren'’t previously considered. In the end all these detectors were used
in the first phase of LEGEND-200 although 2 have subsequently been removed
for reworking (the "4 blob” detectors).
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Chapter 7

Data Production Pipeline and
Structure

In this chapter | will give an overview of the data production for the LEGEND-200
experiment. | led the development and implementation of this pipeline along with
the supporting metadata packages. In some cases such as the dsp, hit, tcm and
raw tiers the framework for running these was written by others, but | implemented
the specific routines for LEGEND and integrated them into the pipeline. The gen-
eral design of the data production is shown in Figure 7.1. This is managed in a
production cycle whose inputs (software and metadata) is version controlled for
preservation and replication. The software is run in a container, so it is portable
with all processing being done on a dedicated server at LNGS with 200 CPUS and
200 Tb of storage. The production was validated by running on a subset of the
data and a comparison to a secondary stack written in Julia is also in progress.

The challenge of the processing is managing the over 100 channels of germa-
nium detectors all needing their own optimisation and calibrations. Additionally,
there are 60 SiPM channels and 40 PMT channels, again all requiring their own
processing. This necessitates a high level of automation with exceptionally reli-
able routines to minimise the number of failures. Typically, 1 Tb of data is taken
per run and this is processed in as close to real time as possible to enable fast
monitoring and feedback to the hardware team to maximise livetime and detec-
tor performance. Larger reprocessings are then run on analysis worthy datasets
typically every few months, processing around 100 Tb of data in around 1 week.
The whole analysis pipeline is able to run with no user interventions or issues
validating the design and approach.

7.1 LEGEND Data

As described in previous chapters LEGEND consists of 3 different subsystems all
of which have different types of detectors: germanium detectors (geds), the LAr
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Figure 7.1: Diagram showing an overview of the data production steps. The data
production follows a tiered structure reducing the over 100 Tb of raw data to a
few Mb of final event data. The data is split into two streams calibration and
physics data. Both run through the same pipeline steps but the calibrations are
used to generate parameters/metadata which are then used in the processing of
the physics data, and this is done on a channel by channel basis. DAQ is the
data taken by the experiment, this is then converted to our Ih5 format in the raw
tier. The tcm (time coincidence map) tier groups the channels together in time, the
DSP tier processes the data to extract parameters of interest, the hit tier calibrates
these parameters and the evt tier puts all this together into our final events.
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Figure 7.2: Example waveforms for the different subsytems in LEGEND-200. The
germanium detectors have a slow signal with a typical rise time of around 1 us.
By contrast, the SiPM signals are much faster with a rise time of around 100 ns.
They also have multiple individual SiPMs per channel which are readout together,
so often multiple signals are seen. Finally, PMT signals from the muon vetoare
also very short with a fast spike signal.

system with its silicon photomultipliers (spms) and the muon veto system (muon)
using photomultiplier tubes. These all have different signal structures and there-
fore different processing requirements as shown in Figure 7.2. The processing of
the germanium detectors is the most complex and has already been discussed in
a previous chapter.

For the LAr system, the SiPM signals are considerably faster (with rise times of
around 100 ns) than the germanium signals and as each SiPM channel consists of
multiple SiPMs we often see multiple signals. They are digitised in the same way
as the germanium signals with the same length (128 us) and sampling rate (62.5
MHz). We have a mixture of SiPM decay shapes due to different manufacturers
being used. Some have a single decay constant like the germanium channels
while others have a fast and slow component. The two quantities of interest here
are the energy and the time of the signal. The energy is the integral of the signal
but due to the rate we use the maximum of the derivative of the signal instead
which is also proportional to the energy due to the fixed shape of the SiPM signals.
The timing information is very easy to extract with high resolution in comparison
to the germanium detectors because of the fast nature of the signals.

The situation is similar for the muon system, but the integral can be used for
the energy. The time resolution is of less importance here as a larger veto window
is applied around muon events. These have their own DAQ system and therefore
can have much shorter traces (4 us) with the same sampling (16 ns).

Finally, there is also a series of auxiliary (aux) channels, the most important of
which are: the forced trigger channel, which is used to force a trigger to provide
empty waveform data this is done every 20 seconds; the pulser channel, which
pulses the front end of all detectors at an energy of roughly 1 MeV, and is used
for monitoring the system this occurs every 20 seconds but out of phase with the
forced triggers; and finally the muon veto channel, which provides a logic signal
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for whether the muon veto system fired (this is no longer used in the analysis,
as an offline reconstruction is preferred). All of these subsystems are stored in
the same files and formats and are processed together. The requirements for
these different processings drove the design of the data production pipeline with
specialised routines for each subsystem.

A neutrinoless double beta decay event should consist of a single energy de-
posit in a single detector with no energy in any of the other subsystems. This
drives the design of our triggering scheme which has 2 different modes: global
and sparse. In global if any germanium channel is triggered then all channels for
the germanium and LAr subsystems are read out. This is used for all physics data
so for each event we can see all channels and check if events fulfil the require-
ment for a Ov35 event. We have recently also added the ability for the array to
trigger also on the SiPM channels to widen the physics reach of this subsystem
such looking for Bi-Po events(bismuth decays to polonium that then decays itself,
due to the short half life of the polonium these decays are close together in time)
and other LAr subsystem only events. The muon channels trigger independently
of the other subsystems. We also have a sparse mode where only single channels
are read out. This is used for calibration data to limit the data volume recorded as
we do not need the full event information to calibrate a detector.

To store the data LEGEND uses a customised version of the hdf5 data format
called Ih5 [99]. This is a columnar format where all channels are stored in the
same file but in separate tables. In global mode all of these tables are the same
length whereas in sparse only the triggered channels are read out, so the tables
are different lengths. The lengths of the tables will be the same across all our
data production steps. It is only at the event tier where the format changes as all
channels are combined to give the final event structure.

We also apply some 'trimming’ to the data to reduce this size of the files. The
germanium signals are split into two waveforms one full length but downsampled
by a factor of 8, and one windowed on the leading edge. We also drop 2 bits
on the SiPM to reduce their data volume. This combined with data compression
routines reduces the data volume by around a factor of 5.

7.2 Data Taking

In LEGEND-200 we split our data taking into blocks called partitions defined as a
continuous period in which the analysis parameters such as energy resolution are
stable. At the hardware level we have a similar structure with the data being split
into blocks called periods where our hardware is stable through the whole block.
If any change is made for example to the voltage applied to detectors this triggers
the start of a new period. A period can have multiple partitions if a detector is not
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Figure 7.3: Example calibration spectrum from Th-228 showing major peaks split
by detector type. The highest peak is the TI-208 2.6 MeV gamma line with Q45
sitting just below the TI-208 SEP at 2.1 MeV. The range of peaks allows for an
interpolation of the calibration parameters to ().

stable for the whole period, but the change of a period nearly always necessitates
a new partition. This is done to ensure that we can easily group this data together
for calculating efficiencies and calibration parameters as described previously.

Furthermore, the physics data is split up into week long runs in order to mon-
itor the stability needed for the Ov 35 search. These are always bracketed at the
beginning and end by a calibration. For this we use a Th-228 source due to the
distribution of the gamma lines in its spectrum as shown in Figure 7.3. The highest
full energy peak (FEP) line is at 2.6 MeV from TI-208 (above the energy of Qss
allowing interpolation of calibration parameters), producing also 2 further lines of
interest the Single Escape Peak (SEP) at 2.1 MeV and the Double Escape Peak
(DEP) at 1.6 MeV for calibrating PSD. The weekly calibrations are used to gen-
erate parameters such as calibrations curves which are handled on a channel by
channel basis before grouping into a single parameter file. This metadata can
then simply be passed in at the appropriate tier for the physics data as shown in
Figure 7.1.

Additionally, a number of plots are also generated for each channel at each tier
of the production to monitor the data and provide easy checks for the analysts. For
example plots showing the validity of the energy and PSD calibrations, the stability
during the calibrations and the performance of the detectors are all created (see
one below Figure 7.4).

7.2.1 Detector Status

One of the major inputs needed for the data production is the detector status. For
this the weekly calibration data is combined with information from the physics data
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Figure 7.4: Example of a stability check in a single calibration run. Here events
within 30 keV of the TI-208 2.6 MeV gammma line are plotted in time to check for
drifts or jumps.

such as the pulser data to check for gain drifts or PSD instability. For a detector
to be included in the Ov 35 analysis it must be stable in both energy and PSD. We
require for the energy that the detector’s gain drifts by no more than half its FWHM
at Qg over the course of a run, while for the PSD we require that the centroid of
the A/E distribution drifts by no more than 40% of its width over the course of a
partition and also that its width is stable within its error. However, even if a detector
is not stable it could be still used for anti-coincidence purposes. The detectors are
therefore split into three groups:

+ off detectors - these detectors are either too unstable in energy, don’t have
a valid spectrum, or have other issues such as leakage current so can’t be
used.

+ ac detectors - these detectors aren’t stable enough in PSD or energy to be
used in the main analysis but are stable enough to use as a veto, for example
if a detector is not fully depleted it could still be usable as a veto

» on detectors - these detectors are stable in both energy and PSD and are
used in the main analysis

An example of the detector statuses for the first run in the dataset is shown in
Figure 7.5.
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Figure 7.5: Example detector statuses for the first run in the dataset. 13 detectors
were in ac, 12 detectors were off, leaving 76 detectors on

7.3 Data Pipeline

The data pipeline, depicted above, is common to all subsystems although the
specifics of processing at each tier will differ. It was implemented in a custom
package [100] using Snakemake, a python based Make [101]. This was chosen
due its ability to run on a cluster, and its dependency handling so only steps after
a change need to be re-run limiting the computational and time requirements for
re processing data. All steps in the data processing output either a metadata file
in JSON format or a data file in our Ih5 format to allow Snakemake to track any
changes.

The collaboration developed a python package: pygama to handle the routines
specific to LEGEND [102]. For each tier, we use calibration data, which is taken
weekly and described above, to generate parameters such as calibration curves.
This is done separately for each channel and then grouped into a single file. This
metadata is then passed to the data processing at the appropriate tier as shown
in Figure 7.1.

At a high level we have 5 tiers of processing which in sequential order are: raw,
tcm, dsp, hit and evt. The raw tier contains the waveforms without manipulations,
the tcm the mapping of the channels in an event, the dsp tier the output of the
signal processing, the hit tier the calibrated parameters, and the evt tier the final
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event structure. Each successive tier represents a massive step in data reduction,
with the data volume dropping by order of magnitudes. This allows for effective
reprocessing of high-level tiers without the need to rerun the 10 intensive raw-file
generation and CPU/IO intensive DSP tier. A more detailed description of each
tier is given below.

* Raw: The analysis group receives files from the DAQ in a format optimised
for I/O performance compared to that used in the analysis which is optimised
for processing, storage and usability. Therefore, the first step is simply to
take these binary files and convert into the legend data format outlined above
using the dag2lh5 package [103]. This step is performed continuously dur-
ing data taking and only needs to be done once in a dedicated production
cycle. We also split the waveform into 2 versions, a fully sampled wave-
form windowed on the leading edge and a downsampled version of the full
waveform. This drops our data volume by around a factor of 5 when applied
with data compression. Additionally, the blinding is applied for the physics
data at this step. From here the higher level processing steps can be run as
many times as needed.

* TCM: The second step is the time coincident map (tcm) tier, this uses the
timestamp information in the files to group together the channels present
in all subsystems in some time window using just the raw tier. This time
window can be adjusted to suit the needs of the analysis. As we are in a
global trigger mode for physics data, all channels are readout for each event
and have the same timestamp so no time windowing is needed. However,
for the calibration data we are in sparse mode, and so we need to group the
channels if we want to look at multiplicity 2 and greater events or to help with
pulser identification.

* DSP: The third step is the digital signal processing (DSP). It is handled by
the dspeed package [104] and as can be seen in Figure 7.1 only relies on
the raw tier. In this, we run a series of discrete processors over the data to
extract quantities of interest. These are divided into 3 main areas: energy,
data quality and shape/timing parameters which have been discussed in pre-
vious chapters. The processing is done on a channel by channel basis, so
different processors can be run for different channels with many of the filters’
parameters optimised for each channel. This means that the best possible
energy resolution/PSD performance can be obtained for each channel. The
optimisation steps are run prior to the DSP processing and use the weekly
calibration data.

» Hit: At the fourth step, the hit tier, the quantities obtained in the dsp tier are
calibrated to give the final variables. This is where the checks on the physical
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nature of the waveform are calculated, the energy is calibrated and the PSD
acceptance is decided. Similarly to the dsp, this is handled in blocks where
each block is a simple mathematical operation such as applying a calibration
curve or deciding if a hit passes a cut.

« Evt: Finally, the event tier is where individual hits in all the subsystems
are combined into the final events using the tcm. The only information that
changes between the hit and event tier is the energy estimate as we need
the full event information in order to apply a crosstalk correction to the en-
ergy. This will not affect multiplicity one events but will affect higher multi-
plicity events. It is also crucial in deciding the multiplicity of the event. This
is also where the muon veto and LAr cuts are calculated by combining all
the detectors in these subsystems.

7.4 Blinding

All physics data in LEGEND is blinded for the Ov 35 analysis. This is done by using
the online DAQ energy estimator to remove all events within plus/minus 25 keV of
the ()gs value. This DAQ energy estimator is calibrated at the start of each data
taking period with the validity of these curves checked manually. The calibration
curves are then stored in the metadata. For every calibration the validity of the
blinding is checked to make sure no channel has shifted more than 5 keV from
the blinding curve. If any channel has moved the data production is stopped until
a manual check is performed.

For the physics data, if any channel has a hit in this window (Qz3+25 keV)
the event is removed for all channels to preserve the data structure. The non
blinded data is stored on a separate area of the disk and is only accessible by
a few analysts. This blinding is done to remove biases in the analysis that may
come from, for example, tuning cuts to get the lowest number of surviving events in
window. Alarger window around the ()5 value is used as the fitting window for the
analysis and can be used to estimate the background in the region. All analysis
methods and procedures are reviewed and frozen before the data is unblinded
which is done by running the same analysis chain but on the non-blinded files.

The spectrum after blinding can be seen in Figure 7.6. A small amount of leak-
age is expected at the edge of the blinding window as a different energy estimator
is used for the blinding to the offline analysis. This is not a concern as the window
is large enough in comparison to the difference between the filters that no event
close to (35 should pass unintentionally.
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Figure 7.6: L200 physics spectrum with blinding applied. The effect can be clearly
seen with all events in a 50 keV window around @33 removed. A small amount
of leakage is expected at the edge of the window due to the different energy filter
used in the offline analysis to that used for the blinding.
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Chapter 8
Dataset and Detector Performance

In this chapter | will introduce the dataset used for the first 053 analysis of LEGEND-
200, how much exposure was accumulated and how the dataset was split up. |
will then discuss the performance of the germanium detector array in this dataset
in terms of the energy and PSD, along with the LAr subsystem performance.

In the first section | will discuss the work of the data quality team in deciding the
set of usable detectors for the LEGEND-200 analysis. | contributed to this work
by developing routines to check the performance of the detectors during calibra-
tions as well as the baseline version of the detector usability from the calibrations
before these were further refined by the team. The second section will discuss the
work on the performance of the detectors, with my work looking at their stability
in energy and PSD performance in calibrations, and the energy scale team also
looking at physics performance as a cross-check. Finally, for completeness, | will
present the collaboration’s work on the performance of the LAr subsystem.

8.1 Neutrino 2024 Dataset

The LEGEND-200 array was deployed with 101 detectors corresponding to 142 kg
in November 2022. It underwent a commissioning phase for 3 months and then
started physics data taking in March 2023. It continued physics data-taking until
February 2024, as shown in Figure 8.1. The exposure gain was fairly constant in
time with a high duty cycle in stable periods, the two large gaps seen were peri-
ods of hardware operations where the array was not in a sufficiently stable state
for physics data-taking. At the end of February 2024, it was decided to undergo
campaign to characterise the background to gain experience for LEGEND-1000.
In the next month the outer barrel was removed and data was taken. Finally, the
mini shrouds and some calibration guide tubes were removed and another month
of data was taken.

In total 242 days of physics data were taken. This data is split into 6 peri-
ods (numbered p03-p09 with p05 removed) with a change of period defined by

84 of 134



8.1. Neutrino 2024 Dataset 8. Dataset and Detector Performance

LEGEND-200 - 06-2024
0.4 80

1 Run exposure gain Cumulative exposure

03 1P~y - - T— e

T
[o]
o

0.2 1

N
o
Exposure (kg-yr)

o
-a
T
N
o

Exposure gain (kg-yr / d)

2023-04 2023-06 2023-08 2023-10 2023-12 2024-02

Figure 8.1: Plot of the data taking of LEGEND-200, showing the exposure ac-
cumulated in each run in the bars and the cumulative exposure of the dataset in
time. 76.3 kg yr was accumulated in total.

a change in the hardware status most often due to an adjustment to the detector
biasing voltages to optimise performance (for example a couple of detectors took
much longer to ramp up to operational voltages due to leakage current issues
that stabilised over the course of the data taking). The bias settings of the tran-
sistors in the front-end electronics were also retuned at the start of p08 to reduce
harmonic oscillations (ringing) affecting the read-out signals of some PPC/Ortec
detectors. Of the 142 kg deployed 12 kg was not usable due to either becom-
ing disconnected when immersed in LAr or not achieving depletion because of
leakage current issues.

For a detector to be usable for the 053 analysis it needs to have both a stable
energy scale and a stable PSD at below the per-mille level. Once a week 3 sets
of Th-228 calibration sources were lowered into the array and data taken at 2
different positions for 2-3 hours each. This procedure was chosen to ensure at
least 1000 events were accumulated in the 2.6 MeV gamma-line. The energy
scale is tracked using these calibrations by looking at the change in gain with the
TI-208 gamma line at 2.6 MeV and using the pulser injected into the front-end
electronics. However, it was found that the pulser itself fluctuated more than the
germanium detectors due to temperature dependencies in the fanout cards (this
was reproduced using a heat gun on the cards) so only large movements could
be tracked. Finally, the energy resolution is checked to make sure it is stable. A
run is considered usable for a detector if it is stable (any fluctuations in gain less
than half the FWHM at ()35 for that detector) between the calibrations at the start
and end.

A major effect was seen when the temperature of the cleanroom changed be-
cause of failures in cooling, for example due to power outages. Time periods
where the temperature was elevated were removed using the slow control. The
PSD is tracked using just the calibrations and this was done using a sample of
events from the low energy (1-1.3 MeV) Compton continuum of the TI-208 gamma
line at 2.6 MeV which consists about 50% of single Compton scattered events. We
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fit these events in A/E to extract the centroid and width of the peak and track these
over time to ensure the centroid is not moving by more than 25% of the width and
the width is stable at the percent level. Some detectors were not usable from a
PSD standpoint due to uncertainty in their performance, for example the ringing
detectors mentioned above, or due to the routines not yet being developed, for
example the COAX detectors need a specialised machine learning routine due to
the different charge collection in these detectors. These can hopefully be used in
the future when more studies are completed.

In the end the dataset was divided into 2 categories: firstly a background
dataset which consists of all detectors with a stable energy scale for use in back-
ground studies and secondly a 033 dataset which consists of only detectors with
full PSD. The background dataset has 76.2 kg yr of exposure and the Ov 35 dataset
48.3 kg yr. Here we use the full background dataset for discussions until the PSD
cut which can only be applied for the 0v 53 dataset. The final exposures for each
detector can be seen in Fig. 8.2 for the background dataset on the left and the
Ovp[ dataset on the right. The largest contribution came from the big detectors
on string 5 in both cases. We hope to recover much of the exposure difference
between the two plots with further studies on the PSD.

8.2 Detector Performance

First before looking at the physics data the results from the calibration runs will
be discussed. In particular, we are interested in 3 main quantities that make up
the energy systematics: the energy bias which is the difference between the re-
constructed energy and the true energy, the energy resolution and the calibration
stability which is how much the gain is changing over a run. For the energy bias
the validity of the calibrations was first checked by looking at the peak residuals
of 3 major gamma lines: the line at 583 keV, the TI-208 SEP at 2.1 MeV and the
TI-208 2.6 MeV line for each individual calibration run, shown in Fig. 8.3.

The stability of the calibrations was looked at as shown in Figure 8.4. The sta-
bility is measured by taking the fitted centroid of the 3 gamma lines all from TI-208:
the 583 keV line the SEP at 2.1 MeV and the 2.6 MeV gamma line, for subsequent
calibrations run and looking at the shift between these in raw energy values. This
can then be converted to keV by applying the calibration constants from the first.
As you can see from Figure 8.4 the array is very stable at well below the keV level.
As the resolution of the detectors can be thought of as the combination of the in-
trinsic resolution and the additional smearing from any instability, the effect from
this is subdominant to the energy resolution of the detector themselves which is
above the 2 keV level.

Moving on to the energy resolution, which was also checked for each detector.
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8.2. Detector Performance
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Figure 8.2

the Ov 35 dataset due to their PSD still being under development, they will hope-

fully be included in the future.
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Figure 8.3: Residuals of the final calibration for 3 major peaks in the calibration
data. This is the difference between the reconstructed position and the true value
from literature, done for the TI-208 gamma lines at 583 keV and 2.6 MeV and
the SEP at 2.1 MeV. This is used to check the accuracy of the energy calibration.
There is a slight bias in the SEP indicating we are under correcting the non linear-
ities in the system, although this is well below the level of our energy resolution
which is around 2 keV. This will be studied more to improve in the future.
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Figure 8.4: Stability of the array between calibrations. Measured by looking at
the shift of three peaks between subsequent calibrations. The array is extremely
stable at well below the keV level which means this effect is subdominant to the
energy resolution of the detectors.
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Figure 8.5: Energy resolution of the detectors against their mass. A line with the
goal of 2.5 keV is shown. Two thirds of detectors are below this level, with the
average compatible with this goal. The COAX detectors are around 1 keV higher,
as expected, due to their higher noise. The slightly degraded performance of the
largest detectors when compared to characterisation in Figure 6.2 indicates this
can be improved further with optimised electronics.

The resolution is defined as the full width at half maximum of the gamma lines
interpolated to ()4, this is shown against the mass of the detector in Figure 8.5.
The BEGe detectors have the best resolution at a weighted average by mass of
2.1 keV, while the COAX detectors have the worst resolution at 4.29 keV (as seen
in GERDA [105]). This is due to the high noise in these detectors which are all
grouped together in the array. The performance of the ICPC detectors was in line
with expectations at 2.6 keV.

Overall, LEGEND-200 achieved its goal of 2.5 keV for the average energy
resolution which is the leading resolution in the field. This directly translates to
an improvement in the sensitivity of the experiment as the energy region of in-
terest shrinks, increasing the signal- to-background. The BEGe detectors saw a
marked improvement of 0.5 keV in energy resolution over GERDA [105] due to the
improved electronics and energy optimisation routines. The largest detectors still
have a good energy resolution validating that we can produce these large detec-
tors with good performance. In fact in commissioning deployments the resolution
was even better due to lower noise, so an improvement in their resolution could be
achieved with optimised electronics which will be pursued in the next data-taking
phase.

The residuals and energy resolution were also checked for the physics data
using the two K gamma lines at 1460 (from K-40) and 1525 keV (from K-42) to
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Figure 8.6: Residuals of the two potassium peaks for each partition for each de-
tector. This was found by fitting the peaks in physics data with a gaussian for each
detector and comparing the fitted centroid to the true value. The good agreement
validates that our calibration is accurate.

ensure the validity of the calibrations. These were fit and the position and FWHM
extracted to compare to the expected values from the calibrations. The bias is
shown in Figure 8.6 and the comparison of expected to measured resolution in
Figure 8.7. The good agreement in both cases between the measured value and
the expected value from our calibration confirms that the energy calibration was
accurate and applies well to the physics data. The collaboration found the bias at
()pp using an interpolation between the TI-208 DEP at just below 1.6 MeV and the
TI-208 SEP at 2.1 MeV as these are the two closest gamma lines with sufficient
statistics for interpolation.

Moving on to the PSD performance from calibrations. For all the high statistic
gamma lines above 1 MeV survival fractions were calculated by fitting the peaks in
energy for events passing and failing the PSD cut. This was done for all detectors
with valid PSD, In addition, the survival fraction of the Compton Continuum after
PSD application in the region of ()53 was also looked at and this is shown against
the mass of the detector in Figure 8.8. All the detectors are in the expected re-
gion of <50% with the bigger ICPCs having a higher rejection due to the higher
probability of multiple Compton scatters.

The collaboration calculated the efficiency of the PSD for each detector in each
partition. This was done by taking the survival fraction of the TI-208 DEP and ad-
justing for the difference between the DEP and 0v3/ efficiency. This is related
to both the different topologies with DEP events concentrated at the corners and
edge of the detector while 0v 35 events are homogenous and the energy depen-
dence with the DEP at 1592 keV and Q35 at 2039 keV. For the energy depen-
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Figure 8.7: Comparison of measured to expected energy resolution for each par-
tition for each detector. The measured energy resolution was extracted from a
gaussian fit for each detector while the expected resolution is found from an in-
terpolation of the resolution curves from calibrations. The correlation coefficient
is also shown. The good agreement validates our calibrations.
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probability of multiple scatters.
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Figure 8.9: Plot of the efficiency of the PSD grouped by the different detector
types. The COAX detectors do not feature in this plot as their PSD is not yet
validated.

dence the best estimate is to use Co-68 data which has a range of DEP gamma
lines both above and below ()s3, while the topology difference is estimated us-
ing the pulse shape simulations. As we do not yet have fully processed Co-68
with LEGEND-200 test stand data was used instead. The final efficiency was cal-
culated by multiplying the A/E low side efficiency with the chosen surface cuts
efficiency after this adjustment. The final efficiencies are given in Figure 8.9 with
the colours corresponding to the different detector types. As stated above the
COAX detectors are not yet validated for PSD so are not included in this plot.

8.2.1 LAr Subsystem Performance

Away from the germanium detectors the performance of the LAr subsystem was
also looked at. | include this work from the LAr group to give a complete overview
of the performance of the detector with my contribution solely being on the data
processing management tools and routines.

The LAr subsystem is upgraded considerably from GERDA as can clearly be
seen in Figure 8.10 comparing the Ar-39 light yield in physics data between the
two. In addition to using physics data, the performance of the LAr subsystem was
checked using special calibration data. With the standard calibration sources the
rate was too high for the SiPM arrays therefore low activity Th-228 sources were
used as well as Cs-137 sources. The Cs-137 run is shown in Figure 8.11 and
shows that we see 1 p.e. per 8 keV deposited in the LAr and that the system is
highly linear with energy. The Th-228 low activity run also shows the improve-
ment in light yield compared to GERDA Figure 8.12. Here, a comparison of the
light yield of the TI-208 DEP between GERDA and LEGEND-200 is shown. This
gamma line occurs when both photons from the annihilation of the positron cre-
ated in pair production escape the germanium detector. As described above this
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Figure 8.10: Comparison of the Ar-39 light yield between GERDA and LEGEND-
200. LEGEND-200 has a higher median light yield than GERDA. The shape of the
spectrum is determined by the Ar-39 beta spectrum and the geometry of the LAr
subsystem. GERDA had only an outer barrel in contrast to LEGEND-200 which
has optical fibres on either side of the Ge detectors. GERDA's detectors were
also clustered more tightly together increasing the shadowing effects.

gamma line is preserved by the PSD cut, so the high light yield here illustrates the
complementarity of the analysis cuts where this peak is preserved with the PSD
cut but would be suppressed with the LAr anticoincidence cut.

One issue found was the presence of crosstalk from the germanium detectors
to the SiPMs. This was particularly hard to tag and remove due to the variance in
the signal shapes. It might that a simpler veto condition had to be used for the LAr
anticoincidence cut than would have been used ideally. This is an area of active
work to understand and improve for the future both at the hardware and software
level.
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Figure 8.11: Light yield in the special calibration run with Cs-137 showing we see
1 p.e. per 8 keV deposited in the LAr and validating the linearity of the system. In
grey is the light deposited in the Ge detectors for each event. The energy in the
LAr will decrease as more energy is deposited in the Ge detectors.
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Figure 8.12: Light yield for the DEP in the special calibration run with a low activity
Th-228 source. A comparison is shown to GERDA showing the higher light yield
in LEGEND-200
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Chapter 9

Physics Data Characterisation and
Background Analysis

This chapter will discuss the work on characterising the background in LEGEND-
200. An elevated background compared to expectations was found before anal-
ysis cuts were applied. My work focused on using the data to look at the homo-
geneity of this background which was studied by detector, string, detector type
and in time to investigate the source. This work and the work on the production
were built on by the background working group for more in depth studies such as
the analysis of the counts in the major gamma lines and building a background
model to identify the possible sources of the elevated rate which | will describe
here for completeness. | will then show the effect of each of the analysis cuts on
the data. Finally, the background in the region of interest (BIl) before unblinding
will be shown. The background rate in the ROI after all cuts was found to be still
compatible with the goal of 0.2 counts / (keV ton yr).

9.1 Quality Cuts and Muon Veto

The first set of cuts applied to the data are the quality cuts discussed in earlier
sections. These are used to remove non-physical events. In total 50.2% of the
data was removed by these cuts with the majority removed by the discharge cut
(95.7% of cut events) which simply flags any event which exceeds the DAQ range.
The large number of discharges was likely due to the larger detectors being too
close to the copper supports and due to the electronics. The effect of these are
shown in Figure 9.1. In the top panel is the full spectrum before and after quality
cuts, showing that these unphysical events can be reconstructed with energies
throughout the spectrum. In the bottom panel is the effect on low energy where
the effect is particularly apparent as we move from an irregular spectrum with spike
features to a smooth spectrum dominated by Ar-39 (one of the isotopes present
in the LAr).
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Figure 9.1: Effect of quality cuts on LEGEND-200 data. The top plot shows the
full energy spectrum from 0-6 MeV. As discharges are reconstructed with an es-
sentially random energy we see that the quality cuts have an effect across the full
energy range. The quality cuts do, however, have a larger effect at lower energy
as many unphysical events will be reconstructed to have a low energy. The bot-
tom plot shows just the energy range from 0-1 MeV. Here the effect of the quality
cuts is very clear as before we have spikes in the energy spectrum, and after we
recover a smooth spectrum dominated by Ar-39.
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Figure 9.2: On the top panel is the effect of the muon cut on LEGEND-200 data
after quality cuts. Most events removed are at very high energies. On the bot-
tom panel is the effect of the multiplicity cut which is more even in energy. After
applying the multiplicity cut we obtain the raw physics’ spectrum for background
analysis. At low energy around 100 keV the spectrum is dominated by Ar-39 beta
decay, above this is the 2v33 region with the two prominent K-lines at around
1.5 MeV. Between the K-lines and the TI-208 line at 2.6 MeV is the (g3 region.
Above the TI-208 line is the alpha region which is dominated by Po-210 at around
5 MeV.

As our rates are dominated in the germanium detectors by these discharges
work went into understanding them. It was found that these rates were dominated
by a few detectors. In particular two COAX detectors were found to be at the
multiple mHz level possibly due to their lower capacitance and one of the new
very large ICPC detectors which might be due to it being closer to the copper
supports. This will be minimised in the next deployment.

The muon veto is applied to remove muon events which are primarily found at
very high energies as shown in Figure 9.2. Then the final cut applied at this stage
is the multiplicity one cut which means that each event only is in a single detector.
Higher multiplicity spectra can also be analysed with multiplicity two of particular
use in the background model (closer background sources are more likely to have
higher multiplicity events) and even higher multiplicities used for BSM searches.
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The multiplicity all spectrum is compared to the multiplicity one spectrum in the
bottom panel of Figure 9.2. With these cuts applied we get what will be termed
the raw physics’ spectrum.

9.2 Prominent Backgrounds Before Analysis Cuts

The physics spectrum for LEGEND-200 is shown in Figure 9.2 along with a la-
belled version split down by region in Figure 9.3. At low energy (<0.5 MeV) the
raw spectrum is dominated by the beta decay from Ar-39 which is abundant in at-
mospheric Ar. This is the limiting factor in the low energy physics of LEGEND-200
as many possible BSM searches are swamped by this background and is why
LEGEND-1000 will be using underground LAr. Above this is the 2v35 spectrum
which is mixed with the Compton spectrum from the K-lines, K-40 and K-42, at
1460 and 1525 keV respectively. K-42 is formed from the beta decay of Ar-42
but has a longer half life, forming charged ions that may drift in the liquid argon
volume after formation through the convection currents and possibly under the
influence of the electric fields. This causes it to collect on the outside of the nylon
mini shrouds around the germanium detectors, or, for the small amount already
inside, on the n+ electrode of the detector (where the high voltage is applied) and
cabling. In LEGEND-200 we see that any changes in the electric field configu-
ration, such as voltage changes on detectors, can cause spikes in the K-42 rate
while the electric field stabilises. K-42 always undergoes beta decay followed by
gamma decay which can be strongly suppressed by an anticoincidence cut on
the LAr scintillation light as will be shown in future sections. K-40, meanwhile, is
a primordial isotope and is present in many components such as the cables. Due
to this, we see a strong position dependence in the K-40 rate. It can undergo a
range of decays: [+, 5— and electron capture. The gamma line at 1461 keV is
from the electron capture branch and therefore has no associated beta. For this
reason it is not suppressed by the LAr but is suppressed instead by the PSD cut.

Above the K-lines the spectrum is dominated through the ()33 region around
2039 keV by Bi-214 from the U-238 decay chain and TI-208 from the Th-232 decay
chain as well as to a lower level beta decays from the K-42. Both decay chains
are shown in Figure 9.4 with these two gamma lines towards the bottom of each
chain. U-238 and Th-232 and their daughters are present in low activities in many
components the other gamma lines from these chains extend all the way down
to 200 keV, many of which are visible in LEGEND-200 and are labelled in 9.3.
In general the Th-228 decay chain lines are suppressed more by the LAr, due to
the presence of coincident gammas and betas, than the U-238 chain lines. For
the two main background isotopes, it can be seen from Figure 9.4 that the TI-208
2.6 MeV gamma line often comes (85% of the time) with an associated gamma
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Figure 9.3: Raw physics’ spectrum for LEGEND-200 split by energy range with the
major gamma lines labelled. The top inset is 200-500 keV where the prominent
background is the Ar-39 beta decay spectrum. The middle is the region below
the two K-lines which is the 2v53 dominant region and finally the final plot is the
region above the K-lines which includes ()33 and the surrounding region used to
estimate the background index. A comparison with GERDA Phase |l data is also
shown.
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Figure 9.4: On the left is the decay scheme of Th-232 and on the right the decay
scheme of U-238. For Legend-200 the major gamma lines of interest are towards
the bottom of each chain with TI-208 for Th-232 and Bi-214 for U-238. Apart from
the gamma lines, the alpha decays of Po, Ra and Rn are also of interest. Alpha
decays will only be detected when they occur near the p+ electrode and due to
the dead layer will be at lower energies than the decay Q value. This means they
can appear in the ROI if sufficiently depressed. From Ref. [2]
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at 583 keV for example, while Bi-214 is a beta decay which can have a range
of different coincident gammas but for LEGEND-200 the most important is the
2204 keV line and the 2448 keV line as these are above ()35. Therefore, how well
these backgrounds are suppressed varies with source location, a further away
Th-228 source will not be well suppressed as the coincident gamma is likely to be
emitted in the opposite direction away from the detector. While for the Bi-214 if
the beta can’t escape the material or is in a close location then it is less likely to
be suppressed.

Finally, above the TI-208 line at 2614 keV the spectrum comprises mainly of al-
pha decays in particular from non lead supported Po-210 at around 5 MeV. These
are events in the p+ electrode, which, produced by B implantation, is a conductive
layer only a few tens of micrometer thick. It is much thinner than the conductive
layer of the n+ electrode (the dead layer) which is produced by Li diffusion and can
exceed 1 mm in depth. Electron hole pairs produced in this p+ electrode layer will
recombine right away and are therefore not collected within the detector. This cre-
ates the distinctive shape we see in the spectrum of Figure 9.2 at around 5 MeV
of a peak populated by the events in which alpha particles penetrate the detector
at shallow angles (albeit still below the Q value of the decay as some energy will
be lost in this dead layer), and a tail extended at lower energy for those at larger
angles. They are suppressed almost totally by the PSD cut. The lack of events
above 5.2 MeV implies low contamination of Ra-226 on the detector surfaces.
Finally, the dip in the energy spectrum at ()5 is due to the blinding.

In Figure 9.3 a comparison between the LEGEND-200 and GERDA spectra
is shown. We expect to see some increase over GERDA in the spectrum due to
more supporting materials for the increased mass of detectors and the increase in
individual detector’s mass which results in high gamma-ray detection efficiency.
In both cases the improved LAr anti coincidence in LEGEND-200 ensures we veto
this background more efficiently. Looking at the spectrum it can be seen that many
of the gamma lines are more prominent in LEGEND-200 than seen in GERDA,
as well as the Compton continuum being systematically higher also. In particular,
the U-238 decay chain lines such as Ac-228 and Bi-214 are much more prominent
implying elevated levels of background. Most clear is the TI-208 line from the
Th-232 chain at 2614 keV which is more prominent. Interestingly the Kr-85 line
at 514 keV (seen in the GERDA spectrum as a widening of the 511 annihilation
peak) which is a possible impurity in the LAr does not appear to be present in
LEGEND-200. This could be due to a different LAr source for LEGEND-200.

9.2.1 Background Homogeneity Studies

To understand whether the background is homogeneous or concentrated in parts
of the array | broke the rates down by various selections including by: string,
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position and detector. Additionally, | studied how the rates of specific samples of
events changes across strings, positions in the array and detector type. The event
samples include full-energy absorbed gamma-lines, which can be sharply tagged
by their energy and provide direct and robust info on the presence of the gamma-
ray emitters such as the K-peaks, TI-208 and Bi-214. Other samples contain in
large windows events which are expected to be dominated by specific background
contributions such as 2v3/ and alphas. A simple counting analysis was done in
a 20 keV window around the peak for each of these regions. The 2v5/ region in
particular (1-1.3 MeV) was used both to find detector issues and to validate that
detectors were working well as we know the expected rate in this region so lower
rates could indicate a detector issue.

The region of interest (ROI) used in LEGEND-200 is from 1930-2190 keV
which is limited by the gamma lines at 1921 keV from K-42 and 2204 keV from
Bi-214. Additionally, a 10 keV window around the two gamma lines from the TI-
208 SEP at 2104 keV and the Bi-214 FEP at 2118 keV are excluded from the ROI.
Finally, as this data is blinded we have a 50 keV window in the centre of this region
which is excluded leaving a region of 190 keV in total.

First, breaking the rates down by detector. Figure 9.5 shows the rates in the Tl-
208 gammal line. On the top of the panel is the background rate (in counts / (keV ton yr))
for each individual detector showing their positions in the array and on the bot-
tom is the raw number of counts in each string (note strings 6 and 12 are empty
strings). In general the rates are homogeneous within statistical uncertainties,
although there is one possible hotspot at the bottom detector of string 1 in the
TI-208 peak. A similar picture is also seen in the Bi-214 gamma line at 2204 keV.
Comparing this to the same break down in the ROI region (Figure 9.6) we do not
see a hotspot, but this might simply be down to lower statistics. This hotspot is
not significantly higher than the other detectors but after disassembly the compo-
nents nearby have been kept separately for assay to see if there was any surface
contamination (we do not expect a difference in bulk contamination as the compo-
nents are identical to other detectors). Of the other detectors nothing conclusive
can be said from the detector breakdown as some are higher in TI-208 and others
in Bi-214.

The next splittings were by time period and by detector type. The data in LEG-
END is divided into periods where we have a consistent hardware status, this
means they may be of different lengths. The background rates here, of course,
take into account the exposure, but the statistical uncertainties will be larger for the
shorter periods. For the breakdown by detector type we have 4.5 times more ex-
posure in ICPC detectors than the other detector types which are all with 1kg yrof
one another.

In Figure 9.7 is a look at the background rates for each period, the exposure
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Figure 9.5: Background rates in the TI-208 FEP at 2614.5 keV broken down by
detector on the left. On the right is the number of counts in each string. There is
a possible hotspot at the bottom detector of the first string.
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Figure 9.6: Background rates in the ROI from 1930 to 2190 keV, excluding the 2
gamma lines, broken down by detector on the top. On the bottom is the number
of counts in each string. No particular hotspots are seen in the ROI, the highest
detector BO0O089C had a low exposure, so its rate is compatible with the other
detectors.
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weighted average is also included as the orange band on the plot. On the left
side of the plot is the Bl which is decreasing in time, this is expected as the tail
of alpha-induced events with degraded energy in the ROl decays away. This was
found to be consistent with the rate of events in the alpha-dominated part of the
spectrum between 3-7 MeV (shown on the right side of the plot) where we see the
same effect by period. This implies that to a large extent the Bl is dominated by
Po-210.

Figure 9.8 instead shows the same plot but by detector type, on the left-hand
side it can be seen that the PPCs have a slightly higher Bl but due to the lower
statistics this is not significant. This may be down to degraded alpha events on the
passivated surface of the PPC detectors as we do not see any alphas for these
detectors at higher energies. Otherwise, all detector types are consistent within
uncertainties. The difference between the detector types which are higher in the
alpha region and those higher in the ROl seems inconsistent with Po-210 being
the dominant background in the ROI but may be explained by the location of the
events on the detector surfaces and how this impacts the ratio of the tail to peak
in the alpha spectrum.

Looking at the right-hand side for the alpha region, we see a strong detector
type dependence. COAX detectors with their p+ electrodes covering a larger area
have the highest rate, while ICPC detectors and BEGes are lower with both having
similar electrode areas but the ICPCs having large masses. Finally, the PPC rate
is very low due to having the smallest p+ electrode but also possibly due to alphas
in these detectors being degraded to lower energies due to the passivated surface.
This shows that having a smaller p+ contact is beneficial for reducing the alpha
background, but we expect to remove these events with a very high efficiency
using PSD cuts.

Finally, the data was broken down by position. We split the array into 5 regions,
the top, top middle, middle, bottom middle and bottom. This position dependence
is shown in Figure 9.9 for K-40 which has particularly clear gradient down the
array with the top detectors almost a factor of 2 higher than the bottom detectors.
This is likely due to the K-40 being present in the cables. No significant position
dependence was seen in the other gamma lines except those due to the possible
hotspot detectors.

In summary, the Bl was found to be homogeneous across the array both by
detector, by position and by detector type albeit within the limited statistics. A de-
crease in time was seen which was consistent with the alpha background decaying
away. One possible hotspot was identified in both TI-208 and Bi-214 gamma lines
at the bottom detector of the first string.
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Background before analysis cuts by period
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Figure 9.7: Breakdown of the background rate in the ROI by period on the left.
On the right is the equivalent for the alpha region from 3-7 MeV. The background
in the ROI is decaying in time as expected which coincides with the decrease in
the ROI background. This is likely due to the alpha background decaying away as
seen in the right plot. The rates in the alpha region were fitted to an exponential
decay and found to be consistent with the half life of Po-210.
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Background before analysis cuts by detector type
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Figure 9.8: Breakdown of the background rate in the ROI by detector type on the
left. On the right is the equivalent for the alpha region from 3-7 MeV. There is a mild
hint that the Bl for PPC detectors might be higher than for BEGes and ICPCs, but
this is not statistically striking as it is still compatible within about 20. The COAX
detectors have a higher rate of alpha events due to the larger p+ electrode while
the PPCs have a very low alpha rate in this window. This is likely due to the smaller
p+ electrode and alphas being degraded to lower energies due to the passivated
surface.
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Figure 9.9: Breakdown of the rate in the K-40 per position in the array. A clear
trend can be seen from the top to the bottom, implying the source is likely to be
the cabling or another source that decreases through the array.
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9.2.2 Background Model

Building on the work described above, a background model was built based on
Ref. [106] by the background team. This also used data from special background
runs as well as inputs from the radioassay campaign. Acomparison was first made
between the expectations just from the radioassay measurements and the data
as shown in the top panel of Figure 9.10. The data showed a significant excess
over the assay results.

Monte Carlo simulations were run for various components of the array and a
binned likelihood fit to the data performed. Multiplicity two data was also used
to better constrain the background location as closer components are more likely
to have events in multiple detectors. This model works mainly on distance from
detectors where close sources will have a different ratio of peak to Compton and
different ratios of the various peaks compared to farther sources. This means that
it is ambiguous for sources that are at a similar distance, i.e. it will not separate
the detectors support plates from their front end electronics. The full background
model fit is shown in the bottom panel of Figure 9.10.

The model’s validity was confirmed using both the goodness of fit and projec-
tions, for example the reconstructed counts for each string. These confirmed the
results of the homogeneity studies described above indicating a uniform back-
ground and disfavouring having hotspots in the array. The background model
favours this increased activity being at a mixture of close and far distances from
the detectors, and it disfavours all of this excess being on a single component.

9.3 Liquid Argon Anti-coincidence

From this point onward the dataset discussed will be the smaller 0v33 dataset
which has a lower exposure (48.3 kg yr). It also means some detectors are no
longer used such as the COAX detectors for which PSD routines are still being
developed. The raw physics spectrum for this dataset is shown in Figure 9.11.
The first requirement of a Ov 35 event is that all the energy is contained within a
single detector. We have two analysis cuts to remove events where this is not the
case. The first was described and applied above which is the multiplicity cut where
energy is split between detectors, the other case is a coincidence between the
LAr scintillation and a hit in a germanium detector which we remove by applying a
threshold on the light detected by the LAr instrumentation. For this data release it
was decided to use a simple condition of either 4 SiPMs above the noise threshold
or a reconstructed energy of more than 4 photoelectrons in total. A more complex
likelihood based classifier was also developed but not used in this release due to
issues with crosstalk between germanium and SiPM channels. It is expected that
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Figure 9.10: In the top panel is the priors from assay for the background model
fit compared to data. It is seen that the data has an excess over the expectations
from assay. In the bottom panel is the background model fit for LEGEND-200.
The inset shows the residuals of the fit showing it fits the data well.
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Figure 9.11: The full physics spectrum of LEGEND-200 for the Ov35 dataset.
The effect of the PSD and LAr anticoincidence cuts are shown. After the LAr
anticoincidence we obtain a clean 2v33 spectrum. The combination of the two
cuts suppress the gamma lines and their Compton continuum by more than an
order of magnitude.
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Figure 9.12: Spectrum for LEGEND-200 after LAr cut. Here the suppression of
the K-42 line (1525 keV) which comes with an accompanying beta decay is clearly
seen. While the K-40 line (1460 keV) is not suppressed as it has no coincident
decay. The inset shows the distribution of the total energy deposited in the LAr
in photoelectrons. A fit to the 2v3 region is also shown to illustrate that after the
LAr cut we obtain a very clean spectrum.

this will improve the performance of the LAr anticoincidence cut in future releases.

Shown in Figure 9.12 is a zoomed in plot of the effect of the LAr cut on the
data from 500-1700 keV with the inset showing the distribution of the energy in
photoelectrons produced by the LAr group. The cut removes almost all the back-
ground in the 2v54 region (0.5-1.3 MeV) as expected giving us an almost clean
spectrum. The K-42 peak is strongly suppressed as this comes with a correspond-
ing beta decay which is easily detected in the LAr. In contrast, the K-40 peak is
conserved as it has no coincident decay. The LAr cut removes 74% of the events
in the ROI and, as shown in Figure 9.13, efficiently suppresses the TI-208 SEP
which comprises events where one photon from the pair production escapes the
detector.

After the LAr anticoincidence is applied we obtain a very clean spectrum in the
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Figure 9.13: Events in ROI after each analysis cut is applied. In the top panel is
the raw physics’ spectrum after the multiplicity one cut, muon cut and quality cuts,
second is the application of the LAr anticoincidence cut then the PSD cut (without
the LAr anticoincidence cut) and finally the applying both the LAr and PSD cuts.
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2v 3/ region. The collaboration used this as a cross-check of the analysis and in
particular of the active volume calculations as we know the expected rate for this
decay. This cross-check proved particularly useful in identifying detectors which
were not fully depleted. The rates for each detector are shown in Figure 9.14
along with the average for each detector type. This is expressed as a ratio of
the rate to the expected rate. The ratios are all greater than 1 as we do still
have some background in this region even after the cut. The COAX detectors
have a higher rate of background as seen in other regions. Interestingly the PPC
detectors are quite a bit lower implying a lower background in this region than the
other detectors or possibly some issue in their active volume calculation such as
the enrichment fraction or dead layer growth as these detectors have had their
dead layers remeasured.

94 PSD

The second analysis cut applied are the PSD cuts which is applied to remove multi-
site and surface events in the detectors. First to check the validity of the PSD cut
we look at the survival fraction in the 2v 33 region after the LAr anticoincidence is
applied to remove most of the background. This is expected to be around 90%
(as this is what we expect from the PSD calibration using the DEP) depending on
the detector. Of course due to the presence of background this number is almost
always slightly lower. This region is also used as an input for the efficiency of
the PSD cut where unfolding this background is the major source of uncertainty.
We found that all detectors are compatible with the expected value and therefore
the PSD is performing well. The BEGe detectors are slightly (around 10%) lower
than the ICPC detectors, although compatible due to the lower statistics. The
PPCs were also slightly (around 5%) lower despite having a lower background
here which could mean this background estimate is low.

Looking at the energy spectrum in the ROI in Figure 9.13, we see PSD re-
moves around 78% of the data. This is higher than would be expected from cal-
ibrations where the efficiency in the Compton region is around 40% and could
hint at a higher multi-site rate than expected due to a close source of background
which would be more likely to have multiple scatters in a single detector than a
source further away. The two gamma lines from the TI-208 SEP and Bi-214 are
both suppressed by more than 90% as expected especially for the SEP which is
highly multi-site.

Figure 9.11 shows the energy spectrum after PSD is applied in the third panel.
It can be seen that the whole spectrum is suppressed with the alphas being com-
pletely removed. All the gamma lines are also heavily suppressed with the TI-208
decreased by a factor of 10 and similarly for the two K-peaks. No events survive
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Figure 9.14: Ratio of observed to expected rate for the 2v57 region after LAr an-
ticoincidence cut made by the collaboration. The average for each of the detector

pected due to the higher background while the PPC detectors are lower which
could imply a lower background in this region or an issue with the active volume

calculation estimated during the detector characterisation.

types is also shown. The COAX detectors come out slightly higher which is ex-
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Figure 9.15: Scatter plot of the A/E Classifier for background data. In orange are
the events passing the PSD cut and in blue are the events failing. The single
site band can thus be clearly seen. At lower energy the background is mainly
multi-site events which extend to lower A/E classifier values. With the two K-lines
(1460 keV and 1520 keV) and the TI-208 line (2.6 MeV) are clearly visible and
also stretching up to higher values in the case of the K-lines due to events near
the p+ electrode. The background in the ROI is mainly multisite but with some
surface events. At higher energies the background is mainly surface alpha events
at higher A/E values.

above the TI-208 line which is a mixture of highly multi-site events and betas just
above until the summation line at 3175 keV and alphas above this.

In Figure 9.15 is the A/E classifier for the background data with the events
surviving in orange. The single site band can be clearly seen at 0 as these are the
events surviving and the multi-site events extending below it. The two K-lines and
the TI-208 line are clearly visible stretching into this band with a few events also at
higher values due to events near the p+ electrode. At higher energies above the
TI-208 line we are dominated by alpha events which are at high A/E values more
than 100 from the single site band. The background in the ROl is mainly multi-site
events but with some surface events. One interesting feature is the presence of
events at high A/E values surviving the cut, these are events in PPC detectors
where instead of applying a high A/E cut we apply the LQ cut. This is a PSD cut
looking at the end of the leading edge of the waveform which was found to work
well in MAJORANA, more details can be found in [85]. The decision was made
to only apply LQ and not both LQ and high A/E after a sensitivity study showed
no improvement with both. This may change when higher statistics are available
and will be discussed further in the next chapter.

The effectiveness of the PSD at removing surface events can be clearly seen
with no events surviving above the TI-208 line. Of course this only applies to the
BEGe and ICPC detectors as we do not see many events in this region for the
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PPC detectors.

9.5 LArand PSD

Figure 9.11 shows the full energy spectrum before and after applying both the LAr
and PSD cuts together, again only for the Ov 53 dataset. The effect of the analysis
cuts in reducing the background is clear with an almost complete suppression of
the gamma lines, a very clean 2v 3 region and no high energy alpha events.

Figure 9.16 displays a scatter plot of the A/E classifier against the recon-
structed amount of LAr scintillation light in the ROI. This illustrates the comple-
mentarity of the two cuts with the LAr anticoincidence removing events at high re-
constructed light intensity and the PSD cut removing events at low reconstructed
light intensity. For example, a clear band of surface events can be seen with very
low reconstructed light intensity in the LAr so are kept by this cut but very high A/E
values so are removed by the PSD cut.

This brings us to the energy spectrum in the ROI after both cuts which is shown
in Figure 9.13. In total only 5 events survive both cuts with more details on the
counts in Table 9.1. No detector had more than one event and no time based cor-
relations were found. Additionally, all waveforms surviving both cuts were checked
by eye for any issues. One event was close to the LAr threshold at more than
3.5 p.e. with another just under 3 p.e. If a more sophisticated classifier was used,
this event might have been rejected.

Taking these 5 events we can calculate an estimate for the final Bl. This is
shown in Figure 9.17 with the left panel showing the Bl for each period and the
right for each detector type. The orange band is the exposure weighted average
for LEGEND-200 and the green is the GERDA result from [64] for comparison.
After PSD and LAr anticoincidence the statistics are obviously very low, but we
don’t see any significant differences between periods or detector types. The final
background estimate before unblinding was 0.54753% counts / (keV ton yr) which
is compatible with the GERDA result of 0.5071% counts / (keV ton yr) and also
with the LEGEND-200 goal of 0.2 counts / (keV ton yr) at 1.50. More exposure
would be needed to confirm this result. The errors here are calculated using the
Feldman-Cousins method [107].

time Period | Detector | Energy (keV) | A/E value | Drift Time | LAr Energy | LAr Multiplicity
17-06-23 07:32:02 | p06 V09374A | 1974.73 -1.04 1296.0 3.66 3
22-08-23 04:53:22 | p07 V04199A | 1955.22 0.56 876.0 2.04 2
23-08-23 10:23:20 | p07 BO0061A | 2095.72 -0.48 407.0 0.77 1
05-11-23 19:17:40 | p08 V08682B | 1996.49 -1.19 756.0 2.99 2
18-12-23 02:58:15 | p08 V07647A | 1953.14 -0.46 451.0 0.0 0

Table 9.1: Counts in the ROI after LAr and PSD cuts.
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Figure 9.16: Scatter of the A/E Classifier against the light in LAr in the ROI energy
window. This illustrates the complementarity of the two cuts. The grey dotted lines
indicate the cuts on the two parameters. For the LAr energy this corresponds to

4 p.e. while for the PSD

cuts these correspond to a high cut of 3 and a low cut of

-2 (the actual cut value varies from detector to detector, but all are between -2.5
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Figure 9.17: Background rate per period and per detector type in the ROI. The
total background is shown in orange with a band for the 1 sigma uncertainties.
Additionally, the GERDA background is included for comparison.
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9.6 Summary

In this chapter the background in the LEGEND-200 dataset was studied. An ele-
vated background compared to assay expectations was found in the raw dataset.
This background was studied for its homogeneity, with one possible hotspot and
some time dependence found. The background model built to explain this excess
rules out a single source and instead favours a mixture of close and far sources.
Additionally, data is being taken to investigate further. The LAr anticoincidence
cut and PSD cuts were applied and the effects on the background shown with a
nice suppression of the gamma lines and alphas from the PSD and a clean 2v 3
region achieved by the LAr cut. Finally, both cuts were applied together with 5
events surviving in the ROI. The Bl was measured and found to be compatible
with the GERDA result and also with the LEGEND-200 goal at 1.5¢.
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Chapter 10
Unblinding and Final Result

In this chapter the unblinding of the 0v 3/ dataset is described. This is then con-
verted into a half life limit for the O3/ decay of Ge-76 when combined with MA-
JORANA and GERDA. | wrote the blinding scheme for the data using the DAQ
energy to remove events within 25 keV of (35. The unblinded data was stored on
a separate area of the disk that only a few people had access to. As described
in Sec. 7.4 it was checked automatically in each run to ensure the validity of the
blinding and | designed it so if any channel failed the data production would stop.
As the data production lead | led the unblinding of the data, running the data pro-
duction on the unblinded data and checking its validity.

The collaboration performed a statistical analysis using the systematic uncer-
tainties and performance parameters derived in earlier chapters to extract the
background index of LEGEND-200 and, when combined with GERDA and MA-
JORANA, to set a lower limit on the half life of the 0v 53 decay of Ge-76.

10.1 Unblinding

With the routines frozen, the unblinding of the ROI proceeded in two stages.
Firstly, one fifth of the data (which had been analysed previously before the blind-
ing was applied) was unblinded to check the validity of the analysis. Then the rest
of the data was unblinded to produce the final result.

After unblinding 2 more events were seen in the ROI bringing the total to 7.
These events are shown in Table 10.1. As the data production lead | checked the
events visually for any obvious issues.

One event was observed with an energy of 2040.26 keV, which corresponds
to 1.6 keV above the ()33 value, which converts to 1.40 when considering the
specific detector energy resolution of 2.9 keV (FWHM). This event is in a PPC
type detector with the pulse shape suggesting an event close to the p+ surface
as seen in Figure 10.1, but probably still in the bulk-volume. Its fully compatible
with our expectations and detailed simulations will be performed to pin down the
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Figure 10.1: Scatter of the A/E Classifier against the light in LAr in the ROl energy
window after unblinding. The two new events are shown in red. Both have only
around 1 photoelecton worth of energy in the LAr. One has a very high A/E value
while the other is more typical of a bulk event.
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Figure 10.2: Events in unblinded background region after LAr and PSD cuts. 2
new events are added after unblinding, one at 2017 keV and one at 2040 keV. This
gave a final number of 7 events in the ROI. The regions within 5 keV of the TI-208
SEP and Bi-214 gamma line are shown in grey. These regions are removed when
calculating the background index and performing the final fit.
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time Period | Detector | Energy (keV) | A/E value | Drift Time | LAr Energy | LAr Multiplicity
17-06-23 07:32:02 | p06 V09374A | 1974.73 -1.04 1296.0 3.66 3
22-08-23 04:53:22 | p07 V04199A | 1955.22 0.56 876.0 2.04 2
23-08-23 10:23:20 | p07 BOO061A | 2095.72 -0.48 407.0 0.77 1
05-09-23 03:31:03 | p07 P00661C | 2040.26 13.02 374.0 1.05 1
29-10-23 05:16:24 | p08 V0O0048A | 2016.76 0.63 1367.0 0.99 1
05-11-23 19:17:40 | p08 V08682B | 1996.49 -1.19 756.0 2.99 2
18-12-23 02:58:15 | p08 VO7647A | 1953.14 -0.46 451.0 0.0 0

Table 10.1: Counts in the ROI after unblinding.

exact location inside the detector where energy was deposited.

For these detectors it was decided to apply the LQ cut instead of high A/E
due to the superior efficiency in removing surface events. However, in a very
small number of cases, this means that events survive which would be cut by
high A/E (our cut removes all events with an A/E value of more than 3). More data
is needed to understand the interplay of these 2 cuts, which hopefully some of the
background runs will help with as these are likely to have more surface events
especially from K-42 betas. The other event is at lower energy and is in an ICPC
type detector. It is a standard event with no particularly notable features. Both
events have very little light in the LAr and are not near the LAr anticoincidence cut
threshold of 4 p.e. or LAr multiplicity 4.

With this unblinding we can now show the full ROI which is presented in Fig-
ure 10.2. The events are, to first approximation, uniformly distributed in the ROI,
although we do see more events below ()35 than above and there is no obvious
clustering of events at a particular energy. The events are also uniformly dis-
tributed in time, again with no obvious clustering.

10.2 Final Result

Using the unblinded data the collaboration performed a frequentist analysis to ex-
tract the background index of LEGEND-200 and, when combined with the data of
GERDA and MAJORANA, to set a limit on the half life of the Ov 35 decay of Ge-
76. As described previously the data in LEGEND-200 is grouped into partitions for
each detector where for each partition we have: an exposure, an active volume
estimate and containment efficiency, efficiencies on the PSD and data quality, ef-
ficiency of the muon and LAr anticoincidence cuts, and finally the energy bias and
resolution at ()gs all with their associated uncertainties. The background index
was taken to be common across all partitions as following the findings discussed
in the last chapter we could not find any evidence of inhomogeneities in the back-
ground.

A simple gaussian was used for the signal energy distribution with the full like-

=

lihood function given our events () as:
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where FE; are the energies of each of the IV, events within a partition k. Each event
has an energy bias A, a resolution ¢, which are both constrained by Aki%k and
o £ oa, respectively, and an efficiency ¢,. The number of background counts in
the fit window of width AE is given by 14, = B AE &, where B is the background
index. Finally .,  is the number of signal counts given by :

In 2 NA
mre

Hs ke = (Gk + aaek)SkFl/g (1022)

where N, is Avogadro’s number, mrq is the molar mass of Ge-76, ¢, is the effi-
ciency of the partition, &, is the exposure of the partition, I'; /, is the half life and
« is a nuisance parameter to correlate all of the efficiency uncertainties together.

Put simply this likelihood takes in each event seen in the ROl which each come
with a corresponding energy bias and resolution, various efficiencies from e.g. the
PSD and containment, and the exposure of the partition. It calculates for each of
these the likelihood that that event is a signal (Ov53) event and multiplies these
together.

A frequentist analysis to constrain T}, was run using a profile-likelihood two-
sided test statistic calibrated using a parameteric bootstrap based on the best fit
parameters. The Bl of LEGEND-200 extracted from the best fit was 5.3 + 2.2 x
10~ counts / (keV kg yr) .

GERDA Phase Il and MAJORANA were then included as extra partitions based
on their final publications [64, 85]. MAJORANA, GERDA and LEGEND’s weight
in the combined analysis scales to first order with their exposure of 64.5, 103.7
and 48.2 kg yr respectively. The events in each dataset are shown in Figure 10.3.

No statistically significant signal was found and a 90% CL lower limit of >
1.9 x 10%° yr was set, with LEGEND-200 contributing 30% to the limit's median
expectation. The limit is considerably lower than the median value of 2.8 x 1026 yr
expected assuming there is no signal (i.e. the median sensitivity). This is primarily
due to an event seen close to ()3 and be attributed by the statistical analysis to a
potential signal. However, this results was not intepreted as a hint for a signal by
the collaboration, as the combined p-value of 26% for the no-signal hypothesis is
still very reasonable As shown in Figure 10.4, this result is now the leading limit
in Ge-76, and it strongly motivates the pursuing of the LEGEND program with the
expectation of exploring in discovery-mode the entire parameter space allow by
the inverted ordering by 2040.
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Figure 10.3: Events in unblinded background region after all analysis cuts from
GERDA, the MAJORANA Demonstrator and LEGEND-200. Along with the rele-
vant background index and lower limits on the half life.
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Figure 10.4: The evolution of the Ge-76 half life lower limit over time. The newest
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200 and LEGEND-1000 are shown in navy.
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Chapter 11
Summary and Outlook

This thesis focused on the development of the analysis routines analysis frame-
work and automated data processing pipeline for the LEGEND-200 experiment.
| have presented these routines and their performance from the low level data
processing, to the higher level energy and PSD calibrations and the overall data
processing design. These routines were first applied to characterisation data en-
abling the development of novel detectors and then to LEGEND-200 enabling the
first result of the experiment.

In total, 76.2 kg yr of exposure was accumulated and processed with 48.3 kg yr so
far used ofr the O3 search. | showed that both performance of the detectors and
the analysis routines were excellent with the energy resolution at ()53 achieving
our goal of 2.5 keV FWHM. The PSD performance was also fantastic with an ef-
ficiency of greater than 80% in all partitions. The analysis routines proved to be
robust and reliable with all data (over 100 Tb) being processed with no issues
on the LNGS server, in particular | would highlight the performance of the inno-
vative calibration routines | developed which ran more than 5000 times without a
miscalibration.

On analysing the physics data, it was found that the background was higher
than expected from radioassay measurements. An extensive campaign was un-
dertaken to understand the background better. This included my studies of the
background homogeneity before and after cuts, and the building of a background
model by the collaboration. The conclusion of this work was that the background
showed high homogeneity and a single source was ruled out. The current hy-
pothesis is that it is formed of a mixture of sources both near and far from the
germanium detectors. Further, background runs were taken with components re-
moved to break degeneracies and rule out components. These runs are still being
analysed.

The background after analysis cuts was then presented with the expected high
level of suppression at more than 2 orders on magnitude in the ROI. | showed
that only five events remained in the ROI after all cuts giving a background index
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estimate compatible with the LEGEND-200 goal and with GERDA. These stud-
ies gave strong confidence in the analysis methods and led to the collaboration
approving the unblinding and first release of the LEGEND-200 flagship analysis
results. As the data production lead, | led the unblinding process with 2 further
events seen in the ROI after unblinding. One of these events was close to (s,
in fact only 1.40 away. More work and data is needed to understand whether it
should be considered a likely signal or background event as this is a region of the
parameter space which is not yet well understood.

A frequentist analysis was performed by the collaboration after the unblinding
on this data. A final background index of 5.3 & 2.2 x 10~* counts / (keV ton yr) was
obtained for LEGEND-200. The data from LEGEND-200 was then combined with
the GERDA and MAJORANA data to produce a combined lower limit on the half
life of > 1.9 x 10%¢ yr at 90% CL. This result is now the leading limit in Ge-76.

LEGEND-200 will be redeployed later this year with a higher mass of working
detectors and additional improvements to the array. With these improvements we
can expect to obtain an even better energy resolution, an improved LAr anticoinci-
dence performance and an improved sensitivity. LEGEND-200 will be the leading
experiment in the search for Ov3j for the next few years, with KamLAND-ZEN
and CUPID currently undergoing upgrades, as it moves towards the top of the
inverted hierarchy.

This will set the stage for LEGEND-1000 later this decade which will use 1
tonne of enriched germanium. With an eventual sensitivity of 10%® yr, LEGEND-
1000 will be able to probe the entire inverted hierarchy and half of the normal
hierarchy. The work outlined here on the routines developed for LEGEND-200 can
scale up to fulfil the needs of LEGEND-1000 and already constitutes the baseline
design. With a number of other experiments also moving towards the tonne scale,
the next decade will be an exciting time for the field of 0v 5 with the potential of a
discovery that will revolutionise the field of particle physics and cosmology as we
know it.
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Appendix A

Routines

A.1 Data Cleaning

As laid out in Sec. 5.2, the data cleaning is split into 3 types of cuts: the baseline
cuts, tail cuts and leading edge cuts. For the baseline and tail cuts we want to
check that these are regular and conforming to the expected shape of flat for the
baseline and exponential for the tail.

Starting with the baseline cuts, two parameters are used to check for the flat-
ness of the tail. The first is the slope of a linear fit to the baseline and the second
is the rms of the baseline relative to this linear fit. In calibrations, the slope cut
will remove waveforms on the tail of previous events and the rms cut will remove
pileup of low energy events on the baseline. For both these cuts the peak of the
distribution is fit with a Gaussian and the mode and sigma extracted, a double-
sided cut is then applied to remove events 4c0utside of the peak as shown in
Figure A.1.

The tail is simpler with only a single cut. However, as the tail is not a sin-
gle exponential but a mixture of exponentials of different time constants finding a
parameter that was independent of the energy was challenging. In the end the
procedure found was to log the decay tail and then fit with a quartic polynomial,
the rms was then calculated relative to this fit after exponentiating to return to
the original space (otherwise the energy information is stored in the level of the
noise). Similar to the baseline cuts a double-sided cut was applied to remove
events 4ooutside of the peak. In calibrations this cut removed events with energy
on the decay tail. A quartic polynomial was chosen to give plenty of freedom in
the fit to the tail and so the cut was not too tight as it is possible to have a delayed
charge collection in the tail which could affect the shape.

Finally, the leading edge cuts. These are split into 4 categories, depending on
if the waveform is : empty, low energy, higher energy and crosstalk. For the empty
waveforms we perform our standard procedure of fitting the distribution of in this
case the maximum and minimum of our energy filter and performing a 4 sigma cut.
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Figure A.1: Example of the 4 sigma double-sided cut for the baseline slope on 1
detector.

At low energies our time resolution is poor due to the low signal-to-noise of the
signals. We therefore need to apply smoothing to the waveform to get accurate
values. A simple trap filter is applied and the time of the max of this filter found,
the waveform is cut if this falls outside the expected region. The same check is
done for the crosstalk but with the minimum of the filter instead. Finally, for higher
energy waveforms the same check is applied but in addition we can use more
timing information. Checks are done on the t0 (start point of signal), rise time and
the time of the maximum.

A.2 Energy

A.2.1 Pole Zero Correction

As already described in LEGEND-200, we do not have a single pole zero exponen-
tial decay but instead an admixture of two or more exponentials. In the analysis
currently we only correct for a single long time constant although, work is ongoing
to include a full treatment of the pole zero correction.

Aroutine was developed for deriving the pole zero constants for each detector.
This was done by taking a few thousand waveforms, baseline subtracting and then
apply a linear fit to the logged decay tail. This gives a distribution of slopes which
should be Gaussian with some tail due to pileup events. The top of this Gaussian
is fit and the mode extracted. The pole zero constant is then simply 7 = —1/s
where s is the slope.
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A.2.2 Peak Fitting

Apeak fitting routine was developed to give the best performance in terms the least
number of failed fits. This was implemented as an extended maximum likelihood
fit using the iminuit package [108]. The basic peak shape to fit was a Gaussian
on a step background.

n N2
9(E) = ——exp (—@202“)) (A2.1)
futer = 01TC (%é;) (A.2.2)

For high statistics peaks a low energy tail is also included. If the tail was used
then the fit was performed in two stages. First the Gaussian and step were fit, and
then the tail was added, and the fit performed again. The fit with and without the tail
was compared and the best fit chosen based on the higher p-value. Additionally,
if the error on the tail fraction was greater than the tail fraction itself then the fit
without the tail was chosen.

b E — N o? —u,
ftazl - eXP( c 262> erfc ( \/—0_ \/§c> (A23)

A.2.3 Energy Optimisation

The energy optimisation was performed for all the 3 possible energy filters in the
analysis: the trap filter, cusp filter and zac filter. Each of these have 2 parameters:
the flat top time and a shaping parameter. The flat top time is essentially a delay
in the filter where the samples are not used in the energy calculation. It should be
longer than the leading edge section of the signal to avoid ballistic deficit effects.

For LEGEND, the flat top time was chosen for all three filters by taking events
in the 2.6 MeV gamma line. A full drift time estimate (¢,0o — to) was calculated for
all events in the peak and the 99th percentile of this distribution found to remove
any extreme outliers. The flat time was then taken to be this value times a factor
of 1.5 as a buffer. This method was found to be simple and robust. Once this
was done the shaping parameter could be optimised for each filter. A selection
of events in the 2.6 MeV gamma line were taken and an initial set of filter values
were tested. For each filter value the energy was calculated and then different
charge trapping values (alphas) were swept through implemented using:

ECTC = E(l + Oédteff> (A24)

For each value of alpha, a fit was performed as above with the FWHM and
the maximum extracted. This gave a distribution of the FWHM/max versus alpha

152 of 134



A.2. Energy A. Routines

which was then minimised to find the optimal value of alpha. Finally, the full width
at 20% max was returned for that value of the shaping parameter. This was cho-
sen to minimise the tail of the distribution as it is more sensitive than the FWHM
After the initial values were calculated a full Bayesian optimisation was performed
to find the global minimum. This gave an optimal shaping parameter and charge
trapping value for each filter.

A.2.4 Energy Calibration

As described in Sec. 5.3 the energy calibration was performed in two steps. For
the run to run calibration, the 2.6 MeV peak was first found by binning the 95" to
99.9" percentile of the energy spectrum and taking the maximum as above the
FEP very few events are expected in single calibrations. The peak fitting algorithm
above was then run on the 2.6 MeV peak to extract the mode of this peak and then
the energy spectrum was scaled using:

mode
Ecall = -Euncal
2614.511

(A.2.5)

For the second step the calibrations were then grouped together and the peak
fitting routine above was run for each expected peak. In total 26 peaks were
searched for from the low energy gamma at 277 keV to the high energy summation
line at 3475 keV. A couple of prominent peaks such as the 511 electron annihilation
line could not be used as these are double lines. In the future however with an
improved treatment these could be included.

For each fit the output was tested for validity with the following criteria:

iminuit status was valid

the p-value of the fit was greater than 10 % x — 20

the covariance matrix was finite and non-zero

the errors were finite, non-zero and the fractional error was greater than
10+ —7

to ensure only good fits were used in the calibration. Additionally, we required that
the number of events in the peak was greater than 100 to remove cases where
the peak was not present and instead a statistical fluctuation in the background
was fit. The calibration parameters were then found by fitting the peak position
(the mode of the fit) versus the known energy of the peak. Additionally, the FWHM
was also fit from these fits as shown in Figure A.2. The DEP and SEP were first
excluded as these lines are Doppler broadened then both a quadratic and linear
fit was performed for the FWHM and the difference between the two used as a
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Energy Isotope Peak shape
238.632 Pb-212 excluded double line
240.986 Ra-224 excluded double line

277.371 TI-208 gauss on linear
288.2 Bi-212 gauss on linear
300.087 Pb-212 gauss on linear
452.98 Bi-212 gauss on linear
510.77 TI-208 excluded double line
511 ete” excluded double line
549.73 Rn-220 gauss on linear

583.187 TI-208 gauss with tail on step
727.330 Bi-212 gauss with tail on step

763.13 TI-208 gauss on linear
785.37 Bi-212 gauss on linear
860.557 TI-208 gauss with tail on step
893.408 Bi-212 gauss on linear
927.6 TI-208 gauss on linear
952.120 Bi-212 gauss on linear
982.7 TI-208 gauss on linear
1078.62 Bi-212 gauss on linear
1093.9 TI-208 gauss on linear
1512.7 Bi-212 gauss on linear

1592.511 | TI-208 DEP | gauss with tail on step
1620.50 Bi-212 gauss with tail on step
1679.7 Bi-212 gauss on linear
1806.0 Bi-212 gauss on linear
2103.511 | TI-208 SEP | gauss with tail on step
2614.511 TI-208 gauss with tail on step

3125.511 | summation gauss on linear
3197.7 | summation gauss on linear
3475.1 summation gauss on linear

Table A.1: Table of peaks used in partition level calibration with the isotope and
peak shape used.

systematic on the energy scale. The quadratic term is generally only needed for
modelling incomplete charge collection effects such as charge trapping. If our
charge trapping correction is working well then this term should be small.

FWHM(E) = Va + bE + cE2 (A.2.6)
FWHM(E) = va + bE (A.2.7)
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Figure A.2: FWHM fit for 1 detector. In blue is the linear fit and in orange the

quadratic. In this case they are very close together implying the quadratic term is
not necessary.

A.3 PSD

A.3.1 Current Filtering

The current is determined using the windowed waveform around the leading edge.
After pole zero correction the waveform is differentiated, it is then upsampled from
16 ns samples to 1ns simply by assigning the same value to all the 16 samples in
the previous sample. Finally, we apply 3 moving windows of 96 ns to smooth this
pulse. The maximum of this pulse is then taken.

This method is used for all Mirion detectors: ICPC and BEGe. For the PPCs
the current is determined using a slightly different parameter which was found to
work better for these detectors. The current is determined using a moving slope
filter. This sweeps through the waveform performing linear fits in a 200 ns window.
The current parameter is then taken as the maximum of this.

A.3.2 Calibration

In the Compton bands the A/E distribution is characterised by a Gaussian single
site band with a tail of multi-site events to lower A/E values. We therefore fit
this distribution with a Gaussian signal and an exgaussian tail background A.2.3.
This is done in a staged manner fitting first the Gaussian by itself in the signal
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region, then the tail in the background region and then both together. The fit is
only performed from -15 standard deviations of the signal peak to +5 standard
deviations of the peak as in this region the background is approximately linear.
All these fits are done as unbinnned extended maximum likelihood fits using the
iminuit package [108].

To monitor the time stability of the A/E the low energy region from 1 to 1.3 MeV
is fit with the centroid and standard deviation of the Gaussian extracted. Runs
where is centroid deviates by less than 0.4 standard deviations can be grouped
together for the final calibration. In the future we would like to switch to a run by
run correction as in the energy calibration by this requires further improvements
to the stability of the fitter.

Once this is done the runs are grouped together into a single spectrum. For
the ICPCs the next correction is the drift time correction. This is done using DEP
events as these have a clear 2 blob structure due to the topology of these events.
The procedure is shown in Figure A.3. First the drift time spectrum is fit to extract
these two areas and then each is fit in A/E. The drift time correction is then applied
to the A/E using:

A/Ecre = AJE(1 + adt.s) (A.3.1)

The final correction is the energy correction. The Compton region from 900 keV
to 2.3 MeV is sliced into 20 keV bands with the gamma lines excluded. The A/E
is then fit in each band and the centroid and standard deviation extracted. These
are both then fit versus energy, as shown in Figure A.4, and a classifier defined
using the equations below. The validity of this approach can be seen in Figure A.5
where after correction the Compton bands are more uniform.

W(A/E) = a+bE (A.3.2)
o(A/E) = Va+ b.E° (A.3.3)

_ A/E/wA/E) —1
A/EclassifieT - o'(A/E>

Finally, the cut value is calculated using DEP events. A sweep through of
possible cut values from -8 to 0 is performed and for each the survival fraction is

(A.3.4)

calculated. This is extracted by fitting both the events surviving and failing each cut
value in energy to get the number of events in the DEP peak. We can then simply
interpolate using this distribution to 90 % survival fraction to get the cut value. The
survival fractions for the other peaks are also calculated to track performance and
this is shown for different cut values in Figure A.6.
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Figure A.3: Example of drift time correction. The detector is first fit in the drift time
space using 2 peak top fits as in the bottom left panel. Each peak top is then fit
in A/E as shown in the top panels and the correction calculated. The effect of the
correction is shown in the bottom right panel.
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Figure A.4: Fits for the A/E energy correction.
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Figure A.5: Compton bands before and after A/E energy correction.
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Figure A.6: Survival fractions for varying values of the A/E cut.
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