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A B S T R A C T

The hypothesis of the existence of the neutrino was raised to explain the
energy spectrum of β-decay. Once again, a nuclear transition could shed
light on the nature of this elusive particle: the simultaneous β-decay of two
neutrons inside a nucleus without accompanying neutrinos. This transition
has been called neutrinoless double beta decay (0νββ) and, if observed, would
determine that neutrinos are Majorana particles, i.e. they are indistinguish-
able from antineutrinos.

The Germanium Detector Array (Gerda) experiment has searched for this
nuclear transition in 76Ge, by operating bare high purity germanium (HPGe)
detectors in a liquid argon (LAr) bath, which was instrumented as an active
shield. After fulfilling all the design goals in a decade of operation, Gerda

ended its experimental program and stopped the data taking in November
2019. With the lowest background level in the field, it achieved operation in
the background-free regime, thus allowing to explore half-life sensitivities
above 1026 yr with only 44.2 kg of high purity germanium (HPGe) detectors
enriched in 76Ge. The Large Enriched Germanium Experiment for Neutrino-
less double beta Decay (Legend) experiment will take over the search with
a factor of 5 more isotope mass, in its first stage. Its baseline detector ge-
ometry is the inverted coaxial (IC): these detectors have the same electrode
structure as the broad energy germanium (BEGe) detectors of Gerda, but
have masses which are a factor 3 higher. This gives a similar factor in the
reduction of the dead material (cables, holders, electronics) deployed in the
setup to instrument the detectors, which is a known source of background.

This dissertation accompanied the transition of this geometry from being
a prototype to baseline design for Legend. With an extensive modeling cam-
paign, it has been shown that the collective motion of the charge carriers in a
cluster creates features on the pulse shape which were not observed in other
geometries. Such modeling allowed to evaluate the tagging efficiency of
0νββ events for the standard event discrimination technique in IC detectors
with high accuracy.

The experimental characterization campaign of a prototype IC detector
proved that this geometry exhibits excellent performances in terms of en-
ergy resolution (2.1 keV full width at half maximum (FWHM) at 2MeV),
charge collection and pulse shape discrimination (PSD). Their values are
competitive with the best detectors from the previous generation. Thanks
to these encouraging results, five IC detectors of ∼2 kg each have been pro-
duced from material enriched to 88% in 76Ge, for future use in Legend.
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Their performance in the vendor’s cryostat have been tested comparable to
the prototype in all the investigated fields. To benchmark their behavior in
LAr, they have been deployed in the Gerda apparatus, where they accu-
mulated an exposure of 8.5 kg · yr in one year of operation. They proved a
remarkable stability in the energy scale and PSD parameters. The energy
resolution in the Gerda setup was 2.76–3.00 keV FWHM at 2MeV and their
PSD performances exceeded those of most BEGes. With a background level
of (4.9+7.3

−3.4) · 10−4 cts/(keV · kg · yr), they contributed to keep Gerda operat-
ing in the background-free regime and thus to set the limit on the half-life
of 0νββ to T0νββ

1/2
> 1.8 · 1026 yr at 90% C.L..



Z U S A M M E N FA S S U N G

Die Hypothese der Existenz des Neutrinos wurde aufgestellt, um das En-
ergiespektrum des β-Zerfalls zu erklären. Wieder einmal könnte ein nuk-
learer Übergang Licht auf die Natur dieses schwer fassbaren Teilchens wer-
fen: der gleichzeitige β-Zerfall von zwei Neutronen innerhalb eines Kerns
ohne begleitende Neutrinos. Dieser Übergang wird als neutrinoless double
beta decay (0νββ) bezeichnet und würde, wenn er observiert wird, zeigen,
dass Neutrinos Majorana-Teilchen sind, d. h. sie sind nicht von Antineutri-
nos zu unterscheiden.

Das Germanium Detector Array (Gerda)-Experiment hat nach diesem
Kernübergang in 76Ge gesucht, indem nackte high purity germanium
(HPGe)-Detektoren in einem liquid argon (LAr)-Bad betrieben wurden, das
als aktiver Schild instrumentiert war. Nachdem Gerda in einem Jahrzehnt
des Betriebs alle Planungsziele erfüllt hatte, beendete es sein experimentelles
Programm und stellte die Datenaufnahme im November 2019 ein. Mit
dem niedrigsten Hintergrundniveau im Feld erreichte es den Betrieb im
hintergrundfreien Bereich und ermöglichte so die Erforschung von Halbw-
ertszeiten über 1026 yr mit nur 44.2 kg von high purity germanium (HPGe)
Detektoren, die mit 76Ge angereichert sind. Das Experiment Large Enriched
Germanium Experiment for Neutrinoless double beta Decay (Legend) wird
in seiner ersten Phase die Suche mit einem Faktor von 5mehr Isotopenmasse
übernehmen. Seine Basisdetektorgeometrie ist die des inverted coaxial (IC):
Diese Detektoren haben die gleiche Elektrodenstruktur wie die broad energy
germanium (BEGe)-Detektoren von Gerda, haben aber um einen Faktor 3
höhere Massen. Dies führt zu einem ähnlichen Faktor bei der Verringerung
des toten Materials (Kabel, Halterungen, Elektronik), das im Aufbau zur
Instrumentierung der Detektoren eingesetzt wird und das eine bekannte
Quelle für den Hintergrund ist.

Diese Dissertation begleitete den Übergang dieser Geometrie von einem
Prototyp zu einem Basisdesign für Legend. Mit einer umfangreichen Mod-
ellierungskampagne wurde gezeigt, dass die kollektive Bewegung der
Ladungsträger in einem Cluster Merkmale der Pulsform erzeugt, die in
anderen Geometrien nicht beobachtet wurden. Diese Modellierung er-
möglichte die Bewertung der Tagging-Effizienz von 0νββ-Ereignissen für
die Standard-Ereignisunterscheidungstechnik in IC-Detektoren mit hoher
Ganauigkeit.

Die experimentelle Charakterisierungskampagne eines Prototyps eines
IC-Detektors hat gezeigt, dass diese Geometrie hervorragende Leistun-
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gen in Bezug auf Energieauflösung (2.1 keV full width at half maximum
(FWHM) bei 2MeV), Ladungssammlung und pulse shape discrimination
(PSD) aufweist. Diese Werte sind konkurrenzfähig mit den besten Detek-
toren der vorherigen Generation. Dank dieser ermutigenden Ergebnisse
wurden fünf IC-Detektoren von jeweils ∼2 kg aus mit 88% an 76Ge angere-
ichertem Material für den künftigen Einsatz in Legend hergestellt. Ihre
Leistung im Kryostat des Herstellers wurde in allen untersuchten Bereichen
vergleichbar mit dem Prototyp getestet. Um ihr Verhalten in LAr zu be-
werten, wurden sie in der Gerda-Apparatur eingesetzt, wo sie in einem
Betriebsjahr eine Exposition von 8.5 kg · yr erreichten. Sie bewiesen eine
bemerkenswerte Stabilität der Energieskala und der PSD-Parameter. Die
Energieauflösung im Gerda-Aufbau betrug 2.76–3.00 keV FWHM bei 2MeV
und ihre PSD Leistungen übertrafen die der meisten BEGes. Bei einem
Hintergrundpegel von (4.9+7.3

−3.4) · 10−4 cts/(keV · kg · yr), trugen sie dazu bei,
Gerda im untergrundfreien Bereich zu halten und damit die Grenze der
Halbwertszeit von 0νββ auf T0νββ

1/2
> 1.8 · 1026 yr bei 90% C.L. zu setzen.



C O N T E N T S

List of Abbreviations x

i Theoretical and experimental background on double-beta decay
1 A nuclear decay for particle physics 3

1.1 Introducing neutrinos . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Massive neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Dirac or Majorana neutrinos? . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Dirac neutrinos . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.2 Majorana neutrinos . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Double beta decay and the creation of matter . . . . . . . . . . . 7

1.4.1 Double beta decay . . . . . . . . . . . . . . . . . . . . . . 7

1.4.2 A particular double beta decay . . . . . . . . . . . . . . . 8

1.5 Experimental search for neutrinoless double-beta decay . . . . 11

1.5.1 Double-beta experiments . . . . . . . . . . . . . . . . . . 13

1.6 Neutrino mass absolute scale . . . . . . . . . . . . . . . . . . . . 15

1.6.1 Cosmology . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.6.2 Kinematic tests . . . . . . . . . . . . . . . . . . . . . . . . 17

1.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 The experimental approach of Gerda and Legend 25

2.1 Germanium as double-beta decay detector . . . . . . . . . . . . 25

2.2 The Gerda experiment . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2.1 The experimental apparatus . . . . . . . . . . . . . . . . . 26

2.3 The Gerda detectors . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.4 Pulse shape analysis with the Gerda detectors . . . . . . . . . . 29

2.4.1 Signal formation in the Gerda detectors . . . . . . . . . 30

2.4.2 The A/E technique . . . . . . . . . . . . . . . . . . . . . . 32

2.5 The Legend experiment . . . . . . . . . . . . . . . . . . . . . . . 35

2.5.1 Present status of Legend . . . . . . . . . . . . . . . . . . 36

2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

ii Modeling germanium detectors for Legend
3 Charge cluster evolution and signal development 45

3.1 Charge-carriers collection and signal formation in germanium
detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Charge-carrier collective effects . . . . . . . . . . . . . . . . . . . 47

3.3 Event discrimination in 0νββ experiments . . . . . . . . . . . . 52

3.3.1 Event discrimination in standard A/E analysis . . . . . . 52

vii



viii contents

3.3.2 Event discrimination after A/E correction based on the
rise time . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3.3 Validation of the simulation . . . . . . . . . . . . . . . . . 57

3.4 Conclusions and discussion . . . . . . . . . . . . . . . . . . . . . 58

4 Topologies of 0νββ events and calibration procedure biases 63

4.1 Characterization of the event spatial distribution . . . . . . . . . 63

4.1.1 Absorption of electrons in Ge . . . . . . . . . . . . . . . . 63

4.1.2 From single electron to 0νββ . . . . . . . . . . . . . . . . 67

4.2 0νββ-event identification techniques . . . . . . . . . . . . . . . . 68

4.2.1 Event reconstruction with A/E and correlation with R90 68

4.2.2 Standard A/E calibration samples and limitations . . . . 69

4.3 0νββ-tagging efficiency and systematic uncertainties . . . . . . 70

4.3.1 Energy dependent 0νββ-tagging with a 56Co source . . 71

4.4 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . 75

iii Production and performance of novel detectors for Legend
5 Performance of a prototype inverted coaxial detector 79

5.1 Detector production . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2 Detector characterization . . . . . . . . . . . . . . . . . . . . . . . 82

5.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . 82

5.2.2 Operational voltage and list of measurements . . . . . . 83

5.2.3 Energy resolution and linearity . . . . . . . . . . . . . . . 83

5.2.4 Surface response homogeneity . . . . . . . . . . . . . . . 86

5.2.5 Estimation of charge collection time . . . . . . . . . . . . 89

5.3 Pulse shape analysis . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.3.1 Pulse shape dependence on the interaction position . . . 92

5.3.2 Event discrimination performance . . . . . . . . . . . . . 95

5.4 Rejection of α-decays . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.4.1 State-of-the-art alpha rejection efficiency . . . . . . . . . 97

5.4.2 The p+ spoiler . . . . . . . . . . . . . . . . . . . . . . . . 98

5.4.3 Preliminary results . . . . . . . . . . . . . . . . . . . . . . 99

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6 Enriched inverted coaxial detectors for Legend 107

6.1 Detector production . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.2 Characterization in vacuum cryostats . . . . . . . . . . . . . . . 108

6.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . 108

6.2.2 Operational voltage and list of measurements . . . . . . 110

6.2.3 Energy resolution . . . . . . . . . . . . . . . . . . . . . . . 112

6.2.4 Surface response homogeneity . . . . . . . . . . . . . . . 112

6.3 Pulse shape analysis . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.3.1 Pulse shape dependence on the interaction position . . . 116

6.3.2 Event discrimination performance . . . . . . . . . . . . . 118



contents ix

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7 Enriched inverted coaxial detectors for Legend in Gerda 125

7.1 Performances from calibrations . . . . . . . . . . . . . . . . . . . 125

7.1.1 Energy calibration . . . . . . . . . . . . . . . . . . . . . . 125

7.1.2 Calibration of PSD techniques . . . . . . . . . . . . . . . 127

7.1.3 0νββ-tagging efficiencies from Monte Carlo . . . . . . . 129

7.2 Physics results in the Gerda cryostat . . . . . . . . . . . . . . . 132

7.2.1 Calibration and physics data . . . . . . . . . . . . . . . . 132

7.2.2 Physics spectrum of IC detectors in liquid argon . . . . 133

7.2.3 238U and 232Th bulk contamination . . . . . . . . . . . . 135

7.2.4 0νββ search with IC detectors . . . . . . . . . . . . . . . 136

7.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

8 Final results of Gerda 139

8.1 Data taking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

8.2 The final spectrum of Gerda Phase II . . . . . . . . . . . . . . . 140

8.2.1 The search for 0νββ . . . . . . . . . . . . . . . . . . . . . 141

Synopsis

9 Conclusions and outlook 149

Appendices

a Details on simulations 155

a.1 Monte Carlo simulations . . . . . . . . . . . . . . . . . . . . . . . 155

a.2 Pulse Shape Simulations . . . . . . . . . . . . . . . . . . . . . . . 155

b Characterization of enriched inverted coaxial detectors 159

b.1 Pulse shape discrimination performances . . . . . . . . . . . . . 159

b.2 Pulse shape position dependence . . . . . . . . . . . . . . . . . . 160

b.3 Surface response homogeneity . . . . . . . . . . . . . . . . . . . 160



L I S T O F A B B R E V I AT I O N S

PA R T I C L E / N U C L E A R P H Y S I C S :

0γe+e− pair-production with double escaping gammas

0νββ neutrinoless double beta decay

2νββ two neutrino double beta decay

ββ double beta

EC electron capture

BSM beyond the Standard Model

CC Compton Continuum

DEP double escape peak

FEP full energy peak

IO inverted ordering

NME nuclear matrix element

NO normal ordering

NSM nuclear shell model

PMNS Pontecorvo-Maki-Nakagawa-Sakata

SEP single escape peak

G E R M A N I U M R E L AT E D :

BEGe broad energy germanium

HPGe high purity germanium

IC inverted coaxial

ICaro inverted coaxial application for rare observations



LD low depleted

MSE multi-site event

PPC p-type point contact

PSA pulse shape analysis

PSD pulse shape discrimination

SAGe small anode germanium

SP survival probability

SSE single-site event

E X P E R I M E N T S :

Gerda Germanium Detector Array

Legend Large Enriched Germanium Experiment for Neutrinoless double
beta Decay

MJD Majorana Demonstrator

CUORE Cryogenic Underground Observatory for Rare Events

CUPID CUORE Upgrade with Particle IDentification

EXO Enriched Xenon Observatory

HdM Heidelberg-Moscow

IGEX International Germanium Experiment

KamLAND-Zen KamLAND - Zero Neutrino double beta decay search

KATRIN Karlsruhe Tritium Neutrino Experiment

NEMO Neutrino Ettore Majorana Observatory

nEXO next-generation Enriched Xenon Observatory

SNO Sudbury Neutrino Observatory

L A B O R ATO R I E S :

HADES High Activity Disposal Experimental Site

xi



HEROICA Hades Experimental Research Of Intrinsic Crystal Appliances

HZDR Helmholtz-Zentrum Dresden-Roßendorf

LNGS Laboratori Nazionali del Gran Sasso

MPIK Max Planck Institut für Kernphysik

TUM Technical University of Munich

G E R DA -S P E C I F I C :

AC detector anti-coincidence

BI background index

S O F T W A R E / C O D E :

Geant4 GEometry ANd Tracking

BAT Bayesian Analysis Toolkit

MaGe Majorana-Gerda

M I S C E L L A N E O U S :

ROI region of interest

BSI Baltic Scientific Instruments

cps counts per second

DAQ data acquisition

DSP digital signal processing

FADC flash analog-to-digital converter

FWHM full width at half maximum

HV high voltage

LAr liquid argon



xiii

LMFE low mass front-end electronics

LN2 liquid nitrogen

MCA Multi-Channel Analyzer

PEN polyethylene naphtalate

PMT photomultiplier tube

SiPM silicon photomultiplier

TPB tetraphenyl butadiene

TPC time projection chamber

VME VERSABUS Module Eurocard

WLS wavelength-shifting

WLSR wavelength-shifting reflector





Part I

T H E O R E T I C A L A N D E X P E R I M E N TA L B A C KG R O U N D
O N D O U B L E - B E TA D E C AY





1 A N U C L E A R D E C AY F O R PA R T I C L E
P H Y S I C S

Our understanding of the physics of neutrinos followed a tortuous history,
where accidental discoveries boosted to the development of robust theoretical
infrastructures. Over time, the theories have somehow adapted and merged
to build a uniform description of all the forces of nature (but gravity), which
we now call the Standard Model of particle physics. This has proven to be
robust in both explaining experimental phenomena, as well as predicting
not yet observed ones. As physics milestones piled up on its shoulders, the
room once occupied by accidental discoveries has been filled by decade-long
experimental efforts aimed at observing phenomena which could provide ev-
idence of beyond the Standard Model (BSM) physics. An important evidence
of physics BSM would be the observation of the simultaneous beta-decay of
two neutrons inside a nucleus without accompanying neutrinos: this has
been called neutrinoless double beta decay (0νββ) for decades and, if observed,
would imply that neutrinos and antineutrinos are the same particle. In ad-
dition, it would be the first experimental evidence that processes creating
matter without producing anti-matter do exist in nature.

In this chapter, the present knowledge of the neutrino physics will be
briefly reviewed. In particular, key concepts will be provided to understand
the implications that an observation of 0νββ would have on particle physics.
The status, at the time of writing, of the worldwide experimental effort in
its search will also be presented, together with considerations on how its
observation might contribute to the determination of the absolute neutrino
mass scale.

1.1 introducing neutrinos

Neutrinos were first hypothesized in 1930 by Pauli, as a remedy to pre-
serve energy conservation in beta-decays, and then put into the rigorous for-
malism of weak interactions by Fermi in 1933 [1]. Although both Pauli and
Fermi considered neutrinos so elusive that no experiment could ever reach a
detection, the first free neutrino was detected in 1956 by Cowan and Reines
[2, 3] through inverse beta-decay. Thanks to the advancements of accelera-
tors and detectors, we now know that those detected by Cowan and Reines
were electron neutrinos, νe, and that in general neutrinos come in three va-
rieties, called flavours, one for each family of quarks and leptons: νe,νµ and

3



4 a nuclear decay for particle physics

ντ [4–6]. Considered to be massless for more than 50 years, neutrinos are
nowadays known to have a tiny mass, though neither the exact value nor the
theoretical mechanism which generates it has been determined, yet.

1.2 massive neutrinos

All the fundamental particles in the standard model are spin 1/2 particles
and their dynamics is described by the Dirac theory of fermions [7, 8], ex-
tended by the work of Feynman and Gell-Mann [9]. In this context, mass
terms appear in the lagrangian LD in the form:

Lmass
D =MDψψ =MD(ψLψR +ψRψL) (1.1)

where MD is called a Dirac mass, the field operators ψL,R and ψL,R re-
spectively annihilate and create a fermion with left- or right-chirality. AThe Standard Model does not

predict a mass for neutrinos mass term of the type of Equation 1.1 requires the existence of fermions of
both left and right chirality, which is experimentally verified for all charged
fermions. In the neutrino sector, however, a right-handed neutrino has
not been detected (yet), and it would be a particle which does not inter-
act through any force described in the standard model. It was also for this
reason that neutrinos have been considered massless for several decades.

However, from a fundamental point of view, the masslessness of the neu-
trino does not have solid bases. Photons and gluons, the only massless par-
ticles in the standard model, cannot be massive because terms of the type of
Equation 1.1 would violate the gauge symmetry which governs the whole
dynamics of the interactions of bosons with fermions. No such a fundamen-
tal symmetry requests a zero value for the neutrino mass.

Indeed, oscillation experiments starting at the end of the millennium [10–Oscillation experiments
proved neutrinos to be

massive
18] showed that the (flavour) neutrinos να detected in correspondence to a
lepton α = e,µ, τ are superpositions of states with non-vanishing physical
masses, hence called mass eigenstates νi. In formulas:

να =

3∑
i=1

Uαiνi (1.2)

where the index α indicates the lepton families (α = e,µ, τ), i runs over 3
mass eigenstates νi with definite massmi and Uαi is a unitary matrix, called
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, whose elements are
the probability amplitude for a να to be in the stationary state νi. This
proved neutrinos to have mass and was the first evidence of physics BSM.

As can be easily proved, oscillation experiments are not directly sensitive
to the values of the neutrino masses, but rather to their (squared) difference



1.3 dirac or majorana neutrinos? 5

∆m2
ij = m2

i −m
2
j . Also, while the sign of ∆m2

12 has been determined from
solar neutrinos, that of ∆m2

32 has not, yet. For these reasons, neither the
mass eigenvalues nor their ordering are currently known: with the present
knowledge, their values could be ordered both as m1 < m2 < m3, which is
normally referred to as normal ordering (NO), and as m3 < m1 < m2, called
inverted ordering (IO).

1.3 dirac or majorana neutrinos?

Being electrically neutral, a neutrino can be distinguished from an antineu-
trino only by its lepton number L. It is known, however, that the global U(1)
symmetry which gives the conservation of L is accidental, meaning that it
does not rule the dynamics of fermions and is rather a consequence of the dy-
namics and the field contents of the standard model. In other words, there
is no fundamental reason why the neutrino and the antineutrino should not
be exactly the same particle. As this was first pointed out by E. Majorana in
[19], we talk in this case of Majorana particles.

Whether neutrinos are Majorana or Dirac particles, like all other fermions,
is still an unanswered question, which could be clarified by experiments
looking for processes violating the conservation of lepton number, like 0νββ,
as we shall see in Section 1.4.2. If observed, they would reveal the Majorana
nature of neutrinos.

In either case, a mass term for neutrinos can be accounted for with mi-
nimal extensions in the fermionic sector of the Standard Model. We shall
see in the following sections how this is done for Dirac (Section 1.3.1) and
Majorana (Section 1.3.2) neutrinos. For the sake of completeness, one could
account for a neutrino mass also by extending the Higgs sector, though this
won’t be discussed in this dissertation, and we refer to [20] for further clari-
fications.

1.3.1 Dirac neutrinos

The standard model contains left and right chiral projections of all fer-
mions, except the neutrino. A minimal extension would then be to let the A Dirac neutrino would be a

particle like all other
fermions...

neutrino be a Dirac particle like other fermions and add right-handed neu-
trinos in the game. In this scenario, spontaneuos symmetry breaking would
give rise to the Dirac mass term of Equation 1.1.

Despite its simplicity, in the sense that it treats the neutrino masses in the
same way as other fermions, this model does not give any information on
the Yukawa coupling included in the mass matrix MD. Specifically, there is ...though with unnaturally

small Yukawa coupling
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no physical reasons why the elements inMD should be orders of magnitude
lower than for the other fermions of the same family.

1.3.2 Majorana neutrinos

In 1937 Majorana opened up the possibility for neutrinos to be their own
anti-particles [19]. He showed that, with a proper choice for the γ matricesA Majorana neutrino is

equal to an antineutrino of the Dirac equation, a neutrino field ψ could be costructed, which is equal
to its charge conjugated ψ̂. Moreover, considering the chiral projections, he
showed that the charge conjugate of a left (right) field is right (left), allowing
to build non-zero mass terms of the type:

Lmass
MB =MB(ψ̂RψR +ψRψ̂R) (1.3)

Although these terms obviously violate U(1)L, there is no fundamental prin-
ciple which should prevent it, for electrically neutral particles. Charged
fermions, conversely, cannot have terms such as in Equation 1.3, as this
would violate the conservation of electric charge. Neutrons, as explicitly
pointed out by Racah [21], cannot be Majorana particles, as the evidence of
a neutron magnetic moment prevents the construction of a field ψ which
satisfies the Majorana formalism. Also, from the experimental point of view,
Majorana neutrons could decay to anti-protons through β+ with the same
probability as they decay β− to protons, which is not observed.

An important consequence of this scenario is that it can provide a reasonThe see-saw mechanism

for the smallness of the neutrino mass, as we shall now see. In the most
general case, the lagrangian can have both a Dirac and a Majorana mass
term:

Lmass = Lmass
MD +Lmass

MB (1.4)

Of course, writing such mass terms implies the existence of a right-handed
neutrino. Equation 1.4 can be re-written in matrix form (here in the sim-
plified case of 1 generation of leptons, so that the mass terms M are 1-
dimensional scalars):

Lmass =
(
ψ̂L ψR

)
(

0 MD/2

MD/2 MB

)(
ψL

ψ̂R

)
+ h.c. (1.5)

From Equation 1.5 the physical masses of neutrinos can be found by diago-
nalizing the central matrix. It can be easily found that the resulting eigenval-
ues are:

m1,2 =
1

2

(
MB ±

√
M2

B + 4 ·M2
D

)
(1.6)

If we now recall that MD comes from the Yukawa coupling, it is natural to
assume that it is of the same order as for the other fermion in the same gene-
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ration. Conversely, no constraints apply on MB, which could be arbitrarily
large. Assuming MB ≫ MD, the eigenvalues of the matrix of Equation 1.6
are:

m1 ≃M2
D/MB m2 ≃MB (1.7)

This gives the desirable property that m1 ≪MD, which means that the neu-
trino mass is much smaller than the mass of the fermions of the same gener-
ation, without any fine-tuning on the Yukawa coupling. On the other hand,
to accomplish this goal, the introduction of a heavy right-handed neutrino
is necessary. This mechanism of making one particle light at the expense of
creating another heavy one is called the see-saw mechanism [22, 23].

1.4 double beta decay and the creation of mat-
ter

1.4.1 Double beta decay

All radioactive decays proceed towards final states which are more tightly
bound than the initial states. So is the case for the standard β− decay, where
a neutron turns into a proton via the emission of an electron and an antineu-
trino. The process for a nucleus N with mass number A and atomic number
Z reads:

N(A,Z) → N(A,Z+ 1) + e− + νe (1.8)

In this way, β-decaying nuclei move on isobars towards a minimum in the
energy. In the case where the mass number A is even, a particular pattern
appears for the isobars, which is shown in Figure 1.1 for nuclei with A =

76. Due to the peculiar stability of α-particles [24], nuclei with even-even
number of protons-neutrons are more stable than those with an odd-odd
number, so that the formers are distributed on a curve which is lower than
the curve for the latter by a roughly constant amount. In this configuration,
β-decay marks the passage between one curve and the other, in the direction
of the minimum in the energy. In particular cases, such as the one shown
in Figure 1.1 for 76Ge, (all possible cases are listed in [25]), single β-decay
is energetically forbidden1, so the run towards the minimum can proceed
only if two simultaneous β-decays occur. For an initial nucleus N with mass
number A and atomic number Z, it reads:

N(A,Z) → N(A,Z+ 2) + 2e− + 2νe (1.9)

1 This is not always the case. Single beta decay can also be strongly suppressed by a large
difference of angular momentum between mother and daughter nuclei [26].
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IV. NUCLEAR PHYSICS THEORY AND IMPLICATIONS

Most atomic nuclei are unstable because of the weak
interaction. Nuclei decay by emitting or capturing elec-
trons — known as � decay or electron capture (EC), re-
spectively — resulting in a final nuclide more bound than
the initial one and with the same number of nucleons. In
� decay a neutron turns into a proton, while the oppo-
site occurs in EC, so that electric charge is conserved. In
addition, either neutrinos (in EC) or antineutrinos (in �
decay) are emitted to conserve energy, momentum and
lepton number. In a nucleus, � decay can also turn a
proton into a neutron, but this is disfavored with respect
to EC because a positron needs to be produced, reducing
the available energy: Q�+ = QEC � 2me.

When dominant first-order weak processes occur,
second-order �� decay or double EC (ECEC) are in prac-
tice impossible to observe, due to the small coupling as-
sociated with the weak interaction. For some selected
nuclei, however, �� decay and ECEC dominate, for in-
stance when first-order decays are energetically forbid-
den while second-order channels are not. The attractive
nuclear pairing interaction brings additional binding to
nuclei with even numbers of protons and neutrons, so
that some even-even nuclei are more bound than their
odd-odd neighbors, but less bound than the even-even
systems that result from the � decays of the odd-odd
nuclei. The decay is thus of second order. Figure 5 illus-
trates this by showing the mass excess for isobars with
A = 76 nucleons. Alternatively, � decays can be very
suppressed because of a large mismatch in total angular
momentum between the initial and final nuclei, so that
�- and ��-decay rates are comparable (Alanssari et al.,
2016a). In these special cases, �� decay or ECEC can
be measured. The nucleus decays into a more bound sys-
tem with two more protons and two fewer neutrons, or
the other way around, emitting or capturing at the same
time two electrons and the corresponding (anti)neutrinos.
Such measurements demand extremely sensitive experi-
ments, because of the very long associated half-life values:
T 2⌫��

1/2 > 1018 yr (Barabash, 2020).

In this chapter, we first summarize in Sec. IV.A the
0⌫��-decay rate as given by an e↵ective field theory
(EFT) that exploits the separation of scales between par-
ticle (BSM), hadron, and nuclear structure scales. Sec-
tion IV.B presents expressions for the NMEs for 0⌫�� de-
cay mediated by the exchange of “light” and “heavy” par-
ticles — with respect to the typical momentum transfer
p = |p| ⇠ 200 MeV — including the recently recognized
short-range contribution to light-neutrino-exchange. Sec-
tion IV.C discusses critically current NME calculations,
while Sec. IV.D is devoted to the so-called “gA quench-
ing” puzzle that could a↵ect NME predictions. Addi-
tional nuclear observables that test calculations and can
provide information about the values of the NMEs are
outlined in Sec. IV.E.
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FIG. 5 Mass excess � = (mA � A) · u for isobars with mass
mA and mass number A = 76, where u is the atomic mass
unit. Even-even nuclei are distributed on the lower curve,
odd-odd nuclei on the top one.

The content of Secs. IV.A, IV.C.1 and IV.D is tar-
geted to both nonexperts and experts, while Sec. IV.B,
the remaining of Sec. IV.C and the final Sec. IV.E cover
somewhat more technical aspects.

A. 0⌫��-decay rate in e↵ective field theory

0⌫�� decay is necessarily triggered by BSM physics.
As discussed in Sec. III, the experimentally best moti-
vated and most studied mechanism is the exchange of
the known light neutrinos — if they are Majorana par-
ticles — corresponding to the diagram in Fig. 6. This
scenario predicts a 0⌫��-decay rate that only depends
on the mass of the lightest neutrino and the neutrino
mass ordering, in addition to a NME. Nonetheless, in
general any BSM extension that violates lepton num-
ber leads to 0⌫�� decay. Because BSM models are typ-
ically defined at higher energy-momentum scales than
the electroweak scale (⇠ 250 GeV), or the relevant scales
for hadrons (⇠ 1 GeV) and nuclei (⇠ m⇡ ⇠ 200 MeV),
an EFT approach is best suited to organize di↵erent
0⌫��-decay contributions (Cirigliano et al., 2017, 2018c;
Prezeau et al., 2003). Including information from all
these energy scales provides an advantage for assigning
the importance of each decay channel, but valuable alter-
native EFTs usually neglecting chiral (m⇡/GeV) aspects
have also been proposed (Deppisch et al., 2018, 2020a;
Graf et al., 2018; Horoi and Neacsu, 2016a; Pas et al.,
1999, 2001).

Figure 1.1: Mass excess ∆ = (mA − A) ∗ u for nuclei with mass mA and mass
number A = 76, with u being the atomic mass unit. Taken from [28].

with a Q-value which ranges between 1 and 4MeV according to the isotope.
Goeppert-Mayer was the first to conceive such a process and calculated the
theoretical rate in 1935 [27]. She first named it double beta-disintegration and is
now commonly referred to as two neutrino double beta decay (2νββ). Its Feyn-
man diagram is shown on the left side of Figure 1.2. Being a second-order
weak process, its half-life is extremely long, ranging from 1017 to 1024 years
according to the double-beta isotope. For this reason, the first direct detec-
tion had to wait almost 50 years, until 1987, when Elliott et al. provided the
first tracks of the two electrons from the double-beta decay of 82Se in a time
projection chamber (TPC) [29]. To date, double-beta decay has been mea-
sured with high precision in several isotopes, using different experimental
techniques [30–35].

1.4.2 A particular double beta decay

As the reader might have already noticed, the theory of Majorana for neu-
trinos implies that in a single β-decay the emission of an electron can be ac-
companied by either a neutrino or an antineutrino. This was pointed out by
Racah in 1937, who ventilated the hypothesis for (anti)neutrinos to induce
inverse (β−) β+ decays [21]. A few years later, Furry combined this idea
with the double disintegration of Goeppert-Mayer and conceived a particu-
lar double-beta decay "in which only the two charged particles are emitted,
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a) b)

Figure 1.2: Feynman diagrams for a) 2νββ and b) 0νββ as emission and absorption
of a Majorana neutrino, as it was first conceived.

unaccompanied by neutrinos" [36]. Keeping the same description as above,
the process reads:

N(A,Z) → N(A,Z+ 2) + 2e− (1.10)

which is obsviously the same as 1.9, with the exception that no antineutrinos
are emitted. It was originally considered as an emission and absorption of a
neutrino, made possible by its Majorana nature, as shown in Figure 1.2. For
its similarity with Equation 1.9, with an unfortunate choice for the naming,
it was later called neutrinoless double beta decay (0νββ). As Equation 1.10 sug-
gests, and as a consequence of the Majorana theory for neutrinos, it violates
lepton number by two units: it creates matter particles, without compensa-
tion of anti-matter. Building on this idea, in the last years there has been a
small (and rising) consensus among the scientific community to drop the for-
mally correct name neutrinoless double-beta decay in favor of a more evocative
creation of matter [28]. The interesting (and somewhat provocative) argument
used in [28] is that, as we don’t define a hippo as a "trunkless elephant", we
should not describe Equation 1.10 for being "neutrinoless".

The spectra of the summed energy of the 2 electrons from the processes of
Equation 1.9 and Equation 1.10 are shown in Figure 1.3. As a consequence
of the kinematics, the 2νββ spectrum is continuous from 0 to the full Qββ-
value, and peaks at Qββ for 0νββ.

Given the much larger parameter space available for the electrons com- Why 0νββ is suppressed

pared to the 2νββ case, 0νββ was originally considered to proceed with
much shorter half-lives. However, after the discovery of the maximal vari-
ation of parity from Wu [38] and the consequent formulation of the V −A

nature of the weak interaction [9], it became clear that the process as simple
as the one shown on the right side of Figure 1.2 could not proceed, as the
massless virtual neutrino emitted in the first step always has the wrong he-
licity to interact with the second neutron and produce the second electron.
Today we know that a mass term for the neutrino enables the transition to
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Figure 1.3: Spectrum on the summed energy of the two electrons emitted in 2νββ
(blue) and 0νββ (grey). The energy shown here refers to the Qββ =

2039 keV of 76Ge. The ratio of the rates for the two processes is un-
known. The analytical formula for 2νββ was taken from [37].

states with opposite helicity, whose probability is proportional to the square
of this tiny mass, making 0νββ possible, though suppressed [39].

As 0νββ violates lepton number, physics BSM is needed to describe theRate of 0νββ with exchange
of light neutrinos interaction. The minimal and most natural extension is to consider the pro-

cess as mediated by the light neutrinos of which we have experience. The
Feynman diagram for this case is shown in Figure 1.4. Using Fermi’s Golden
Rule, we can write the rate of the decay, which thus gets the form:

Γ0ν =
ln(2)

T
0νββ
1/2

= G0ν · g4A
∣∣M0ν

∣∣2 ·
m2

ββ

m2
e

(1.11)

where G0ν is the phase space factor, which can be calculated with high
accuracy [40, 41], gA is the weak axial vector coupling constant, me the
mass of the electron and M0ν the nuclear matrix element (NME) for the
decay, which is calculated considering the initial and final states, as well as
the virtual states of the intermediate odd-odd nucleus; as the process has
not been observed, M0ν can only be calculated. For the 0νββ isotopes, exact
calculations are not feasible at the moment and different approximations
and truncations are made, leading to results which differ of about a factor
2 to 3 [42]. The last term mββ is called the effective Majorana neutrino massmββ is the link between

nuclear and neutrino physics and it contains the information on the physics of the neutrinos, in the form
of a coherent sum of the mass eigenvalues mi and the mixing matrix Uei,



1.5 experimental search for neutrinoless double-beta decay 11

14

n p

n p

MD

MD

e�

e�

MM

W�

W�

⌫L

⌫L

⌫R

⌫R

Uei

Uei

⌫i=
P

i

FIG. 2 Feynman diagram of 0⌫�� decay with light neutrino
exchange. On the left, we highlight the mass mechanism, with
a Majorana mass term MM inducing the non-conservation of
the leptonic current (red), and the Dirac mass terms MD cou-
pling the left-handed neutrinos to their right-handed coun-
terparts. On the right, we show the corresponding scheme
in terms of neutrino mass eigenstates and the PMNS mixing
matrix U .

where m can be chosen to be real and positive by chang-
ing the phase of ⌫. Adding the total derivative term
�i/2@µ(⌫̄L�

µ⌫L) does not change the action, and intro-
ducing the Majorana spinor2

� = ⌫L + C⌫̄t
L, (14)

the Lagrangian density reads the same as the usual free
case, apart from the factor of 2 because the field is self-
conjugated:

L =
i

2
�̄ @µ�

µ �� m

2
�̄�. (15)

Noting that ⌫L = PL�, we find the lepton number vio-
lating propagator that describes the exchange of virtual
Majorana neutrinos:

PLh0|T [�(x)�̄(y)]|0iPL =

= m ⇥
Z

d4q
i PL e�iq(x�y)

q2 � m2 + i0+

= �h0|T [⌫L(x)⌫L(y)]|0iC†. (16)

Considering the SM electron neutrino, ⌫e =
P

i Uei⌫i,
the only modifications required to describe the propaga-
tor that enters 0⌫�� decay are i) including the factor
U2

ei and ii) using also mi for each massive neutrino state.
Using this propagator to compute the decay rate, only
the absolute value of the parameter matters. Thus the

2 Majorana means self-conjugate: from �̄ = ⌫̄L � ⌫t
LC†, we find

immediately C�̄t = �. In some sense, the particle and anti-
particle nature of a Majorana particle coexist.

practical recipe is to replace m ! |Pi U2
ei mi| ⌘ m�� .

Figure 2 shows the Feynman diagram for 0⌫�� decay
with light neutrino exchange.

Note finally that Majorana mass terms violate the SM
hypercharge symmetry. However, this violation can be
attributed to the Higgs field vacuum expectation value,
i.e., to SSB of the electroweak group.

3. Implications for 0⌫�� decay

As previously discussed, several operators can con-
tribute to 0⌫�� decay. Regardless of the responsible
BSM mechanism, the decay rate can be divided into four
pieces. The first is the phase-space factor G that in-
dicates the feasibility of the decay according to its kine-
matics. Its value depends mainly on the energy di↵erence
between the initial and final states, or Q�� . The second
piece is a hadronic matrix element g that encodes the
coupling of the weak interaction to nucleons. In Fermi
and Gamow-Teller (GT) transitions this is given by gV

and gA, respectively, while for 0⌫�� decay a genuine two-
nucleon coupling gNN needs to be considered as well. The
third piece is a nuclear matrix element (NME) M that
represents the amplitude for the nuclear transition from
the initial to the final state nucleus. NMEs depend on the
nuclear structure of the initial and final nuclei, and also
on the nuclear transition operator, and are covered exten-
sively in Sec. IV. Finally, the decay rate also depends on
the responsible BSM mechanism, introducing the scale ⇤
associated with lepton-number violation. Considering all
possible decay channels i, the schematic expression for
the 0⌫��-decay rate can be written as

�0⌫

ln 2
=

1

T 0⌫
1/2

=
X

i

Gi g4
i M2

i fi(⇤) + interference terms,

(17)

where fi is a dimensionless function encompassing BSM
physics. In the case of light neutrino exchange, fi is
conventionally written as the square of m�� normalized
by the square of the electron mass.

The evidence of neutrino masses and the fact that
the Weinberg operator has the lowest dimension suggests
that the leading contribution to 0⌫�� decay is likely due
to Majorana neutrino masses. From this point of view,
the discussion of a full model might be considered pre-
mature, as was the W -boson hypothesis right after the
discovery of Fermi interactions. On the other hand, it is
not possible to exclude a priori the possibility that the
scale of lepton number violation is not far from the one
probed with accelerators or rare decays.

In this case a new question arises: how do we avoid an
exceedingly large value of neutrino masses and in partic-
ular of m��? A more detailed discussion on this topic is
given in de Gouvea and Jenkins (2008) and Mitra et al.
(2012). Solving this type of situation is possible if the

Figure 1.4: Complete Feynman diagram for 0νββwith light neutrino exchange. On
the left, the mass mechanism is highlighted. A Majorana mass termMM

induces the non conservation of the leptonic current (in red) and a Dirac
mass term MD couples the left-handed neutrino νL to its right-handed
counterpart νR. On the right, the mixing of the electron neutrino νe
is explicit through the probability amplitude, in every vertex, of the
neutrino eigenstate νi to couple to the electron, Uei. Taken from [28].

which represents the probability amplitude that the virtual neutrino in the
mass eigenstate νi couples to the electron. Explicitly:

mββ =

∣∣∣∣∣
3∑

i=1

U2
eimi

∣∣∣∣∣ =

=

∣∣∣∣
∣∣Ue1

∣∣2m1 +
∣∣Ue2

∣∣2e2iαm2 +
∣∣Ue3

∣∣2e2iβm3

∣∣∣∣

(1.12)

The parameters |Ue1|, |Ue2|, and |Ue3| are known from oscillation experi-
ments, but no information is available for the phases α and β, called Majo-
rana phases, which could in principle lead to (with some severe fine tuning)
cancellation effects and make the observation of 0νββ impossible. Never-
theless, since the |Uei| are rather large (in the range of 0.8, 0.6 and 0.2, re-
spectively for i = 1, 2, 3 [43]), Equation 1.11 and Equation 1.12 imply that a
measurement of 0νββ gives information on the mass scale of neutrinos (in
the assumption that the decay is mediated by a light neutrino exchange).

1.5 experimental search for neutrinoless double-
beta decay

As Equation 1.11 suggests, the higher the sensitivity of an experiment on
T
0νββ
1/2

is, the smaller values ofmββ can be probed. Following the discussion
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on [44], we shall now briefly see how the experimental parameters contribute
to push the sensitivity S0ν on the half-life T0νββ

1/2
.

Let us now call ns and nb the expected number of signal and background
events of a generic experiment with a live time t. The number of expected
signal events ns from a number N0 of double-beta decaying nuclei with
decay time τ = T0νββ

1/2
/ln(2) is:

ns = ϵN0

(
1− e−t/τ

)
≃ ϵN0

t · ln(2)
T
0νββ
1/2

(1.13)

where ϵ the detection efficiency of the experimental setup, and the approx-
imation leading to the last term in Equation 1.13 is allowed for t ≪ τ. The
number of expected background events ns is normally given in terms of
the background index (BI), which is extracted from data and is often given
in units of cts/(keV · kg · yr). With this quantity, the number of expected
background events nb in the energy region ∆E in the time t is:

nb = BI ·∆E ·M · t (1.14)

In the best-case-scenario, no background event is in the dataset and nb < 1.Background-free experiments

The limit that can be placed in this case is given by the maximum signal rate
that is consistent at some confidence level with zero observed events. In
Poisson statistics, the probability of observing 0 events for expected ns is:

P = e−ns (1.15)

Setting Equation 1.15 to be greater than a certain threshold P0 (for instance
90%) implies that

ns < −ln(P0) (1.16)

which is the limit for ns at the confidence level set by P0. This in turns gives
the sensitivity on T0νββ

1/2
:

S0ν = ϵN0t
ln(2)

−ln(P0)
∝ ϵ ·Mt (1.17)

where in the last step we used the mass M of the decaying isotope instead
of the number of nuclei N0, as the quantity Mt, called exposure and given in
mol ·yr, is often used in experiments searching for rare-events. Equation 1.17

is of particular importance for double-beta experiments as it says that, in case
of no background, the sensitivity scales linearly with the exposure.

The presence of background events makes the analysis more complicated.Experiments with
background In the approximation of a gaussian distributed background (σb ∝ √

nb),
however, an analitical relation between the sensitivity and the exposure can
also be found. In this approximation, the limit on the number of signal
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events is set at the value determined by random fluctuations of the back-
ground:

ns < σb =
√
nb =

√
BI ·∆E ·M · t (1.18)

which means that the sensitivity will be:

S0ν ∝ ϵ ·Mt√
BI ·∆E ·M · t

= ϵ

√
Mt

BI ·∆E (1.19)

Compared to Equation 1.17, in case of background the sensitivity increases
with the square root of the exposure, and is inversely proportional to the
background level (through BI) and the energy range where the peak is
searched for.

As it’s clear from the general case of Equation 1.19, different approaches
can be adopted to increase the sensitivity for the decay:

1. High detection efficiency ϵ: in most of the experiments, the detector is
built out of the double-beta decaying isotope, thus maximizing the
containment efficiency of the decay products

2. High exposure Mt: next-generation experiments will target exposures
of 103–104 mol yr

3. Excellent energy resolution: asQββ±2σ contains 95% of the signal, small
energy resolutions allow a peak search in narrow windows

4. Low background index (BI): the experimental goal is to reach the back-
ground-free regime in the region around Qββ (often referred to as the
region of interest (ROI)), so that the sensitivity increases linearly with
the exposure

As we shall see in Section 1.5.1, the experimental campaigns succeeded in
setting the strongest limits on the half-life of 0νββ by targeting these chal-
lenges.

1.5.1 Double-beta experiments

A very complete and extensive description of the present status and fu-
ture plans for 0νββ experiments has been recently presented in [28]. In the
following we shall give an overview of the diverse technologies adopted in
the global search, which presently includes:

• Large liquid scintillators

• Time projection chambers

• Cryogenic calorimeters
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• Tracking calorimeters

• Germanium detectors

All of them, but tracking calorimeters, use the concept of coupling the source
and the detector together to maximize the detection efficiency, either in
the source=detector paradigm (as it is the case for Xenon TPCs, cryogenic
calorimeters and germanium detectors), or by loading the ββ-decaying iso-
tope in a liquid scintillator.

large liquid scintillators Liquid scintillators use photomultiplier tu-
bes (PMTs) to measure the scintillation photons produced by any energy
deposition within the medium to extract the energy, location and topology
of the event. Liquid scintillators can be loaded with relative ease with iso-
topes which undergo double-beta decay, so high exposures can be reached
without particular effort. That’s the approach of the KamLAND - Zero Neu-
trino double beta decay search (KamLAND-Zen) and Sudbury Neutrino Ob-
servatory (SNO)+ experiments, looking for the 0νββ of 136Xe and 130Te,
respectively [45, 46]. Despite their great scalability, liquid scintillators have
energy resolutions O(100) keV at Qββ, meaning that, in addition to potential
environmental background, their ROI always includes a population of 2νββ
events.

Time projection chambers A similar approach is to use Xe in a TPC.
In this case, additionally to the scintillation light, the ionization products
are also collected through a strong electric field, so that the topology of
the event can be reconstructed with higher precision. The Enriched Xenon
Observatory (EXO)-200 experiment has proved that the energy resolution in
Xe TPCs can be as small as 30 keV [47], and could be even improved [48].
The next-generation Enriched Xenon Observatory (nEXO) experiment, the
successor of EXO-200, plans to use 5 tons of liquid Xe enriched in 136Xe,
with a foreseen energy resolution of 20 keV at Qββ [49].

cryogenic calorimeters The approach of cryogenic calorimeters, also
called bolometers, is to operate crystals at a temperature of 10–20mK and
measure the heat induced by phonon recombination, which occurs after
an energy deposition. The Cryogenic Underground Observatory for Rare
Events (CUORE) experiment is presently taking data with crystals contain-
ing natural Te (i.e. with an abundance of 34% in the double-beta decaying
130Te), and obtained an excellent energy resolution of 3.2 keV at Qββ. Given
an average mass of 0.2–0.8 kg per detector, experiments with bolometers are
not easily scalable. Also, having 100% of sensitive volume, these detectors
are very sensitive to α decays from the (many) open surfaces. However, us-
ing crystals with scintillating properties, like ZnSe or Li2MoO4, the CUORE
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Upgrade with Particle IDentification (CUPID)-0 and CUPID-Mo experiments
showed that αs can be tagged and rejected with high efficiency [50, 51], open-
ing the space for the future experiment CUPID, which plans to use 472 kg of
Li2MoO4 enriched in 100Mo [52].

tracking calorimeters Tracking calorimeters are the only experimen-
tal approach in which the source is completely decoupled from the detec-
tor. The source comes in thin foils, which are sandwiched in drift cham-
bers, where a magnetic moment is applied to discriminate electrons and
positrons, after which calorimeters are placed to measure the energy of the
event. These experiments will probably never reach high exposures, but
are those providing the biggest information on the kinematics of the decay
products. Examples of this technology are the Neutrino Ettore Majorana Ob-
servatory (NEMO)-3 and Super-NEMO experiment, looking for the 0νββ of
100Mo and 82Se [53, 54].

germanium detectors Among the others, experiments with germa-
nium detectors provide the best energy resolution, which is σ = 1.1 keV
at Qββ

2 [55]. The detectors are high purity germanium (HPGe) crystals,
enriched in the double-beta decaying 76Ge, with intrinsically low levels of
radio-impurities [56]. Their use in combination with a surrounding scintil-
lating liquid argon (LAr), which is the approach of the Germanium Detector
Array (Gerda) experiment, has proven to be the most efficient technology
in rejecting background events, indeed allowing to reach the lowest back-
ground levels in the field [57] and operate in the background-free scenario.
After the successful results of Gerda and Majorana Demonstrator (MJD)
[55], the Large Enriched Germanium Experiment for Neutrinoless double
beta Decay (Legend) experiment [58, 59] is presently being commissioned at
the Laboratori Nazionali del Gran Sasso (LNGS) in its first stage with 200 kg
of detectors, while its second stage, with 1 t of enriched material, is already
partly funded. More details on the Gerda and Legend experiments will be
given in Chapter 2.

1.6 neutrino mass absolute scale

We have seen in Section 1.4.2 that, in the assumption of light neutrino ex-
change, the observation of 0νββ provides information on the neutrino mass
eigenvalues, through mββ. The value of mββ is normally given in combina-
tion with the other experimental mass observables, coming from kinematic

2 In gamma spectroscopy, the resolution is commonly given in full width at half maximum
(FWHM), which is a factor 2.35 higher than the σ of the normal distribution fitting the peak.
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Figure 1.5: Maximally allowed parameter space for mββ as a function of the other mass observables mlight,
mβ and Σ, using the central value for the oscillation parameters from [60]. The orange and green
areas show the parameter space allowed assuming normal and inverted ordering, respectively.
The shaded areas indicate the already excluded regions from 0νββ experiments (for the most and
least favorable scenarios of the nuclear matrix element (NME)) [61], cosmology [62] and β-decay
[63]. On the central panel, the projected sensitivity of the KATRIN experiment is also reported
[64]. Taken from [28].

tests and cosmology, to provide an overall picture of the absolute scale of
the neutrino mass. This defines a set of parameter spaces, according to the
chosen observable, where limits from various experiments can be combined.
This is shown in Figure 1.5, where mββ is given as a function of the mass
mβ from kinematic experiments and the sum of neutrino masses Σ, coming
from cosmology; often, mββ is also given as a function of the mass of the
lightest neutrino mlight, which is not directly constrained by cosmology or
kinematic experiments. Because of the lack of knowledge on the Majorana
phases in Equation 1.12, the relation between the mass observables is not
determined by a line, but rather by a range of allowed values. The colored
bands in Figure 1.5 define the sets of maximally allowed parameter spaces
in case of normal (orange) and inverted (green) ordering.

1.6.1 Cosmology

Astrophysical observations on energy and matter distribution in our Uni-
verse at different scales give information on the neutrino mass. These nor-
mally include the temperature anisotropies in the cosmic microwave back-
ground (CMB) [62] as well as the distribution of the galaxies, the so-called
large scale structures (LSS). The reason why an information on the mass of
neutrinos can be extracted from such observations is that massive neutrinos,
interacting only weakly, could have had a significant impact on the stream-
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Figure 1.6: Endpoint of the energy spectrum of the electron from β-decay of Tri-
tium. The mass observable for this kind of experiments is an incoherent
sum of the mass eigenvalues mi (here set to 1 eV as example), which
gives an offset between the experimental count rate and the prediction
for mν = 0. Note that the shaded area is 2 · 10−13 of the total integral.
Taken from [68].

out of materials from clusters, and thus in their gravitational evolution. For
this reason, cosmology is sensitive to the sum of the neutrino masses:

Σ =
∑
i

mi (1.20)

The strongest limit up-to-date is provided by the Planck survey [62], where
the sum of neutrino masses is constrained to

∑
imi < 0.12 eV/c2. An im-

portant point is that the neutrino mass extracted from Planck data relies on
the existence of the cosmic neutrino background, the footprint of neutrinos
when they decoupled from matter, for which we don’t have a direct evidence,
yet [65].

1.6.2 Kinematic tests

In contrast with the other methods, kinematic tests don’t need further
assumptions to extract the neutrino mass observable. These are experiments,
allowed in the standard model with mν = 0, involving a neutrino in the
final state. The determination of the mass mν is obtained by measuring
the kinematic variables in the final state and imposing energy-momentum
conservation.

In β-decays, which historically have set the most stringent limits on the
neutrino masses among all kinematic tests [66, 67], the presence of a non-
zero mass for the neutrino would manifest as a distortion at the endpoint
of the energy spectrum of the electron, as shown in Figure 1.6. The mass
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observable β-decay experiments are sensitive to can be obtained from the
phase space factor of the process:

ρ(E) ∝ peEe(Q− Ee) ·
√

(Q− Ee)2 −m2
νe

(1.21)

where pe and Ee are the momentum and energy of the electron, Q is the
Q-value of the decay and mνe is the mass of the electron neutrino, which,
as we know from Section 1.2, is not a well defined quantity. As it is a super-
position of mass eigenstates νi, each with a probability |Uei|

2 to couple to
the electron, the energy spectrum is the sum of the contributions from every
eigestate, so that Equation 1.21 reads:

ρ(E) ∝ peEe(Q− Ee) ·
3∑

i=1

|Uei|
2
√
(Q− Ee)2 −m2

i (1.22)

Now, in an ideal experiment, one could distinguish the contributions from
the different eigenstates as three kinks in the proximity of the endpoint. In
reality, both the energy resolution (which presently is O(1) eV) and a poor
signal-to-background ratio in the proximity of the endpoint prevent such a
precise determination. The analysis compares the theoretical prediction with
the experimental spectrum further in the β spectrum, where (Q− E) ≫ mi.
This allows for a series expansion of the root argument in Equation 1.22,
and gives the final proportionality of the count rate on mβ, which is then
the incoherent sum of the mass eigenvalues and is normally referred to as
the electron neutrino mass:

mβ =

√∑
i

|U2
ei|m

2
i (1.23)

The stringest upper limit for mβ has been recently set by the Karlsruhe
Tritium Neutrino Experiment (KATRIN) collaboration, which for the first
time explored mass scales below 1 eV : mβ < 0.8 eV/c2 (90%C.L.) [69].

1.7 summary

0νββ is a second-order weak process in which two neutrons decay into
two protons with only two electrons in the final state. If observed, it would
reveal that neutrinos and antineutrinos are the same particle. In the as-
sumption of light neutrinos mediating the process, it would also provide
information on the neutrino mass scale. The worldwide search for 0νββ in-
cludes several isotopes, embedded in many different experimental tecniques.
Experiments with 76Ge provide the best energy resolution and background
level in the field, and will be described in detail in Chapter 2.
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2 T H E E X P E R I M E N TA L A P P R OA C H
O F G E R DA A N D L E G E N D

The Gerda experiment has operated bare germanium detectors enriched
in the double-beta decaying 76Ge in LAr from 2011 to 2019 and, as will be
presented in Chapter 8, provided among the most stringent constraints on
the half life of 0νββ. In this chapter the experimental setup of Gerda Phase
II will be described, with emphasis on the advantages of using germanium
in ββ-decay searches. The experimental approach and status of the next-
generation experiment Legend will also be reviewed.

2.1 germanium as double-beta decay detector

Since the invention of transistors in 1948 [1], germanium has been used
in a broad variety of applications, ranging from gamma-ray detection [2]
and fiber optics [3, 4], to measurement of the coherent neutrino-nucleus
scattering [5] and search for dark matter [6–8]. The state-of-the-art tech-
nology allows the production of detector blanks with lengths and diame-
ters of 8–9 cm using the Czochralski method. With a level of impurities
of O(1010) atoms/cm3, such crystals can be converted into HPGe detectors.
A HPGe detector is a semiconductor device, where two electrodes on the
crystal surface are used to apply a bias voltage and extend the semiconduc-
tor junction throughout the full detector volume. When a gamma-ray or
charged particle interacts within the detector it creates a large number of
charge carriers, i.e. electrons and holes. Charge carriers of the same sign
drift together towards the electrodes as a cluster, following the electric field
lines. Their motion induces a signal at the electrodes that is typically read-
out by a charge sensitive amplifier. Similar to a time projection chamber, the
analysis of the time structure of the read-out signal contains information on
the topology of the event, i.e. on the number and location of the energy
depositions.

In Section 1.4 we have seen that the signature of a ββ-decay is the emission
of two electrons, which, summed, have an energy E in the range E ∈ [0,Qββ[

for 2νββ events, or exactly Qββ for 0νββ. Fiorini et al. recognized in 1967

that such a signature could be detected with high precision using HPGe
detectors [9], which naturally contain 7.75(12)% [10] of the ββ-decaying
isotope 76Ge. This approach offers several advantages: Ge detectors have
negligible radioactive internal contaminations [11], a per mil energy resolu-
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26 the experimental approach of gerda and legend

tion, and advanced event reconstruction capabilities [12]. In addition, the
high density of germanium crystals ensures that the two electrons sharing
Qββ = 2039.061(7) keV [13] are absorbed within a few millimeters from the
decay vertex, generating well localized energy depositions which are fully
contained within the detector. Also, in the 1990s, the Heidelberg-Moscow
(HdM) [14] and International Germanium Experiment (IGEX) experiments
[15] showed that HPGe could be built from material isotopically enriched to
∼ 90% in 76Ge, opening the way to large scale double-beta experiments with
germanium.

2.2 the gerda experiment

The Gerda experiment benefited from the success of the HdM and IGEX
experiments and developed a novel experimental concept to pursue the
search for 0νββ: the operation of bare HPGe detectors in a LAr bath, acting
both as cooling material as well as a passive and active shield, as we shall
see in more details in Section 2.2.1.

The experiment was designed to reach an exposure of 100 kg · yr with a
BI of O(10−3) cts/(keV · kg · yr), with the goal of exploring half-lives beyond
1026 yr [16]. The data taking began in November 2011 with Phase I, which
operated 18 kg of enriched material from the HdM and IGEX experiments
[17]. Phase II started in December 2015, after a major hardware upgrade
where novel broad energy germanium (BEGe) detectors [18] (for a total mass
of 35.6 kg) and improved veto techniques have been deployed in the setup
[19]. Additionally, in May 2018, 10 kg of detectors with the inverted coaxial
(IC) geometry [20] have been added to the experiment [21], marking the
transition to Phase II+. Their testing in the vendor’s cryostats and their
performances in the Gerda environment are described in Chapter 6 and
Chapter 7. After reaching the targeted exposure of 100 kg ·yr, the data taking
stopped in November 2019. The final results will be presented in Chapter 8.

2.2.1 The experimental apparatus

The HdM and IGEX experiments proved that the highest contribution to
the background budget is not internal to the detectors (intrinsic bulk con-
tamination or cosmogenically activated nuclei) but rather from environmen-
tal radioactivity. For this reason, the Gerda setup was optimized for the
suppression of background from external sources.

The experimental apparatus was located in Hall A of the LNGS, shieldedThe Gran Sasso massif is
part of the experiment by 1400m of rock overburden (corresponding to 3500m.w.e.), which reduces

the muon flux to 1.25m−2 h−1 [19].
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Extended Data Figure 1 | GERDA Phase II experimental set-up.   
a, Overview. 1, water tank with muon veto system PMTs (590 m3, diameter 
10 m); 2, LAr cryostat (64 m3, diameter 4 m); 3, floor and roof of clean 
room; 4, lock; 5, glove box; 6, plastic muon veto system. b, LAr veto 
system: 1, bottom plate (diameter 49 cm) with 7 3-inch PMTs (R11065-
10/20 MOD) with low radioactivity of U and Th (< 2 mBq per PMT);  
2, fibre curtain (height 100 cm) coated with wavelength shifter; 3, optical 
couplers and SiPMs; 4, thin-walled (0.1 mm) Cu cylinders (height 60 cm) 

covered with a Tyvek reflector on the inside; 5, top plate with properties 
as bottom plate 1 except for 9 3-inch PMTs; 6, calibration source entering 
slot in top plate; 7, slot for second of three calibration sources. c, Detector 
array. 1, Ge detectors arranged in 7 strings; 2, flexible bias and readout 
cables; 3, amplifiers. d, Detector module, view from bottom. 1, BEGe 
diode; 2, signal cable; 3, high voltage cable. 2 and 3 are attached by 4, 
bronze clamps to 5, silicon support plate; 6, bond wire connections from 
diode to signal and high voltage cable; 7, Cu support rods.
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as bottom plate 1 except for 9 3-inch PMTs; 6, calibration source entering 
slot in top plate; 7, slot for second of three calibration sources. c, Detector 
array. 1, Ge detectors arranged in 7 strings; 2, flexible bias and readout 
cables; 3, amplifiers. d, Detector module, view from bottom. 1, BEGe 
diode; 2, signal cable; 3, high voltage cable. 2 and 3 are attached by 4, 
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© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

(b) LAr veto (c) Detector array

Figure 2.1: Gerda Phase II experimental setup. (a): 1. Water cherenkov detector
(590m3 with 10m diameter), equipped with 66 PMTs; 2. LAr cryostat
(64m3 with 4m diameter); 3. Floor and roof of clean room; 4. Lock
system; 5. Glove-box; 6. Plastic scintillators. (b): 1. Bottom plate, with 7

PMTs; 2. Fiber curtain; 3. Optical coupling and silicon photomultipliers
(SiPMs); 4. Thin-walled Cu cylinder; 5. Top plate, with 9 PMTs; 6.
Calibration source entering slit; 7. Second slit for calibration sources.
(c): HPGe detectors are arranged in 7 strings, labeled with S, which
make up the array; here is the layout after the upgrade of May 2018. (a)
and (b) were taken from [22]. (c) was produced with [23].

Germanium detectors are shielded from residual muons and environmen- Muon veto

tal radioactivity by a shell structure, which is shown in Figure 2.1. The
outer layer is a 10m diameter water tank, equipped with 66 PMTs, aimed
at detecting the Cherenkov radiation produced by the passage of charged
radiation. For the same purpose, plastic scintillators are placed on top of the
experiment [24, 25].

Inside the water tank is a 4m diameter cryostat containing high-purity LAr veto

LAr, which acts as both a cooling medium for germanium and a passive
shield. After the upgrade to Phase II, the cryostat was equipped with light
sensors, exploiting the scintillating properties of Ar and thus allowing its
usage as an active shield: its scintillation light is collected by PMTs lo-
cated above and below the detectors, and by a system of wavelength-shifting
(WLS) fibers surrounding germanium and optically coupled to silicon photo-
multipliers (SiPMs). Together, they constitute the LAr veto system sketched
in Figure 2.1b, which acts in anti-coincidence with a signal in the germa-
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nium. An excellent description of the LAr veto system and its triggering
scheme is given in [26].

At the innermost core of the setup, germanium detectors are arranged inThe Germanium Detector
Array vertical columns, referred to as strings, as is shown in Figure 2.1c. Altogether

they form the array which gives the experiment its name.

Located on top of the experiment is a clean room, where detectors are
assembled in strings and can be deployed into the setup through the lock
system.

2.3 the gerda detectors

(a) Semi-coaxial (b) BEGe (c) Inverted coaxial

Figure 2.2: Detector geometries used in the Gerda experiment. The p+ electrode
is colored in orange and the n+ covers the rest of the surface, except
for the small groove that guarantees the electrical insulation. Produced
with [23].

The detectors used in Gerda are p-type HPGe detectors, with a Lithium-
diffused n+ electrode and a B-implanted p+ electrode. The formation of the
electrodes creates a dead layer where the electric field is zero and therefore
charges are not collected. In case of the p+ electrode, it consists in O(100)nm
while for the n+ electrode it extends for O(1)mm.

Gerda used three different germanium detector geometries, which are
shown in Figure 2.2:

• Semi-coaxials (Figure 2.2a): these detectors have a cylindrical shape and
a hole along the symmetry axis which extends over almost the full
length. The entire surface of the hole (marked in orange in Figure 2.2a)
is B-implanted and makes up the p+ electrode, which extends also
to the bottom horizontal surface, until a passivated groove, whose
thickness and depth are ∼ 3mm. The rest of the detector surface is
Li-diffused and makes up the n+ electrode. This structure ensures a
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strong field along the full crystal length, allowing the production of
long detectors (8 to 10 cm), which can be operated with voltages in the
order of a few kV. Seven detectors of this type have been acquired
from the HdM and IGEX experiments and were used, after refurbish-
ment, in Gerda Phase I and Phase II. With the upgrade to Phase II+,
one of these detectors, which had poor background discrimination per-
formances, has been discarded. Their masses summed up to 15.6 kg in
Gerda Phase I and II and 14.6 kg in Phase II+.

• Broad energy germanium (BEGe) detectors (Figure 2.2b) [18, 27]: com-
pared to semi-coaxials, BEGe detectors are much shorter and the struc-
ture of the elecrodes is different. No hole is present on BEGes and the
p+ electrode covers only the flat surface enclosed by the passivated
groove, which has a diameter of up to ∼15mm. As for semi-coaxials,
the BEGe detectors’ n+ electrode extends down to the groove, wrap-
ping around the crystal on all surfaces. This structure of the electrodes
has a strong impact on the trajectories of charge carriers, which, as
we shall see in Section 2.4, allows for a very efficient signal and back-
ground discrimination. A total of 30 BEGes have been produced out of
enriched material for Gerda Phase II [28], for a mass of 20.0 kg.

• Inverted coaxial (IC) detectors (Figure 2.2b) [20, 29]: these detectors have
the same electrode structure as a BEGe, though they are about two to
three times as long. To ensure a high electric field throughout the
whole volume, a hole is drilled from the top surface to within 25

to 35mm from the p+ electrode and forms part of the n+ electrode.
This geometry was developed to achieve the performance of BEGes in
terms of signal and background discrimination, with a factor 3 higher
mass per detector. This ensures a reduction of the same factor of the
dead material surrounding the detectors (cables, holders...), which is a
known source of background events. In the framework of the upgrade
to Phase II+, five IC detectors have been added to the Gerda array,
with a summed mass of 9.6 kg.

2.4 pulse shape analysis with the gerda detec-
tors

With the information from the muon and the LAr veto, the Gerda exper-
iment can efficiently tag events from environmental radioactivity. Nonethe-
less, some background events could produce a signal only in germanium
(for instance, a γ-ray from nearby the detector array, not depositing energy
in LAr). In these cases, germanium detectors offer the possibility to distin-
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guish potential 0νββ events from background through the analysis of the
shape of the electrical signals. This kind of analysis is commonly referred to
as pulse shape analysis (PSA) or pulse shape discrimination (PSD). As this
will be heavily used over the course of this dissertation, details on signal
formation in germanium and on the PSA technique used in Gerda will be
given in the following.

2.4.1 Signal formation in the Gerda detectors

When gamma-rays or charged particles interact within the germanium
detector they release energy. About 106 electron-hole pairs are created for
each MeV deposited in the active detector volume. Once produced, the two
kinds of charge carriers drift as two clusters in opposite directions following
the electric field lines until they reach the electrodes. The signal induced by
the motion of these charges can be modeled by the Shockley–Ramo theorem
[30, 31]. The theorem states that the instantaneous current I(t) induced at aThe Shockley–Ramo theorem

given electrode by a drifting cluster of charge q is given by

I(t) = q v(x(t)) · Eω(x(t)) (2.1)

where v(x(t)) is the instantaneous drift velocity, which is determined by the
electric field, and Eω(x(t)) is the weighting field at position x(t). The weight-
ing field is defined as the electric field created by the considered electrode
set at 1V, all other electrodes grounded and all charges inside the device
removed. A visual representation of the quantities involved in Equation 2.1
is given in Figure 2.3. The signal generation is the product of its two rows
(times the cosine of the angle between the vectors). As the weighting field
spans over 3 to 4 orders of magnitude, while the values of the drift velocity
are within a factor 2 range, it is the former that primarily determines the
shape of the signal.

Semi-coaxial detectors feature big volumes where the weighting field is
high and roughly homogeneous. Since both electrons and holes drift in these
regions, they both contribute significantly to the signal formation. However,
due to the higher drift velocity of electrons, their contribution is a factor 2
higher. Because the drift paths of the two charge carriers change significantly
according to the starting position, these detectors feature a mild dependence
of the pulse shape on the interaction position.

The structure of the electrodes in a BEGe detector, conversely, creates a
region of high weighting field only in the volume surrounding the p+ elec-
trode. This means that the pulse shape is mostly determined by the holes
drifting in that region, while the contribution of electrons is almost negligi-
ble. Since in the region of high weighting field, thanks to the wrap-around
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(a) Module of the weighting field Eω
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(b) Module of the drift velocity vd of holes

Figure 2.3: Module of (a) the weighting field Eω and (b) the drift velocity vd of holes on a cross section of the
three geometries used in Gerda: (from left) semi-coaxial, BEGe and inverted coaxial. The orange
and gray borders mark the p+ and n+ electrode, respectively. The golden circles are locations
of an energy deposition, the white trajectories connecting them to the p+ electrode are the drift
paths of holes and those connecting them to the n+ electrode are the drift paths of electrons.

of the n+ electrode, holes are pushed to the same trajectories (this is called
the funnel effect), all pulses are alike, independently on the interaction posi-
tion. The only exception is for interactions occurring directly in the region
of high weighting field, where the drifting of the electrons also contributes
significantly to the pulse shape.

Thanks to the same electrode structure, IC detectors show the same fea-
tures of a BEGe. Being a factor 2 to 3 longer, they feature a much bigger
volume where the weighting field is low. Although this has a minimal im-
pact on the pulse shape, it could prevent a precise determination of the start
time of the drift.
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2.4.2 The A/E technique

As mentioned, one of the advantages of using germanium on the search
for 0νββ is that the decay occurs inside the detector and the electrons are
absorbed within O(1)mm. Therefore, a potential 0νββ event consists of a
point-like energy deposition, what is often referred to as single-site event
(SSE).

Conversely, background events can have different origins and exhibit dif-
ferent topologies. For instance, a γ-ray in the MeV range is likely to deposit
energy in germanium through multiple Compton scatterings, what is of-
ten referred to as multi-site event (MSE). For ββ-experiments it is hence of
primary interest to discriminate single-site from multiple-site energy depo-
sitions. Moreover, because the p+ and n+ electrodes have a thickness of
O(100)nm and O(1)mm, respectively, they are susceptible to α- (on the p+)
and β- (on both) decays from surface contaminations. To discriminate MSE
and surface events, Gerda exploits PSA techniques, which are based on the
recognition of a few specific features in the signal time evolution [12].

The fact that semi-coaxial detectors exhibit a position dependence of the
pulse shape makes the features which could separate a 0νββ from back-
ground less recognizable. For this reason, the analysis for these detectors
yields worse discrimination performances than in BEGes. Since this is not
relevant for the present work, we refer to [12] for further details on this
analysis. Consequently, the rest of this section will be dedicated to the PSA
technique used for BEGes and ICs, which is the standard in the field and
will be used in the whole dissertation: the A/E technique.

The A/E technique is based on a single parameter that is the maximumThe A/E technique

value of the current signal (A), normalized to the total deposited energy (E)
(or q in Equation 2.1). In case of a single energy deposition, the signal has aA/E for 0νββ

single peak structure with amplitude A, which corresponds to the moment
when the cluster of holes crosses the region of maximum weighting field.
Such an event is shown in grey in Figure 2.4: an energy E = 2039 keV is
deposited in the grey circle on the left side of the detector, creating holes
and electrons which follow the dashed and dotted trajectories, respectively,
until collection at the electrode. The current signal I(t) generated by such
event is shown in grey on the right side: its maximum value is marked with
ASSE and its energy E is the shaded area below the curve.

If the same energy E is deposited in multiple locations, like the two oran-A/E for γ-rays

ge circles on the left side of Figure 2.4, multiple clusters are simultaneously
created and the total signal is the superposition of the signals induced by
the motion of each of them. Different clusters will reach the region of max-
imum weighting field at different times, creating a multiple peak structure,
as visible on the right side of Figure 2.4, with the orange curve. Since the
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Figure 2.4: Topology and A/E of a SSE (grey) and a MSE (orange). An energy
deposition of E = 2039 keV in the grey circle on the left side creates
a cluster of electrons and a cluster of holes which, drifting to the elec-
trodes following respectively the dotted and dashed lines, generate the
grey current signal on the right side, with a maximum ASSE. If the
same energy E is deposited in two sites, as marked in orange, the area
below the current signal is the same, but the maximum AMSE is lower.

amplitude of each peak is proportional to the total charge in the relative clus-
ter, events with multiple energy depositions Ei ∝ qi < q will have a lower
A value compared to single-site events in which all energy is contained in
a single cluster E ∝ q =

∑
i qi. This is also shown on the right side of

Figure 2.4, where the signal generated by a multiple site interaction, marked
in orange, exhibits a maximum AMSE, which is lower than the case where
the same energy is deposited in one single point, ASSE. The normalization
to the total energy E allows to extend the concept to all energies.

The A/E parameter is independent of the interaction position and its dis- A/E for surface αs

crimination efficiency is constant throughout the whole detector volume [32].
As mentioned in Section 2.4.1, the only exception is for interactions nearby
the read-out electrode, for which A/E is larger than usual because of the
extra contribution of the electrons: moving in a region of strong electric
and weighting field, they give in this case a contribution to the signal shape
which is not negligible as in the rest of the detector. Since this volume region
is separated from the external world only by a thin layer of inactive mate-
rial (O(100)nm), these regions are susceptible to α or β decays. A detailed
study of the rejection of events in the region surrounding the p+ electrode
can be found in [33]. A work to extend those results will be presented in
Section 5.4.

Furthermore, β-particles can occasionally penetrate the O(1)mm Li- A/E for (n+) surface βs

diffused layer and deposit part of their energies into the sensitive region
of the detector. Since the transition from the n+ electrode to the active vol-
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ume is not step-like, the energy can be deposited in a layer between the two
regions, where the electric field is nearly zero. If this occurs, the only way
charges can be collected is by diffusing into the region of high electric field.
For this reason, events of this type induce signals which are characterized
by the slow time-scale of the diffusion process (of the order of several µs);
they have therefore been called Slow pulses and exhibit very low A/E values
[32].

To strongly suppress background events from α, β and γ-rays, the PSA isCalibration of A/E with
0νββ-like events calibrated on 0νββ-like events to set lower and upper thresholds and thus

select a range of accepted A/E values. Samples of 0νββ-like events can
be produced by irradiating the Ge detectors with a 228Th calibration source,
which provides a 2.6MeV gamma-ray due to the decay of 208Tl. The 2.6MeV
gamma-rays can interact through pair-production, creating an electron and
positron that share the whole energy. If the secondary gamma-rays emitted
by the positron annihilation escape the detector, the pair-production events
have a topology similar to 0νββ. These events are often called double escape
peak (DEP) events after the peak they produce in the energy spectrum. They
can be tagged through a selection based on their energy, which is precisely
equal to 2614− 2 · 511 = 1592 keV, i.e. the difference between the incoming
photon energy and the energy of the two annihilation photons escaping the
detector. A second sample of 0νββ-like events is created by the 2.6MeV
gamma-rays scattering only once within the detector. This second samples
is composed of events with energy values between zero and the Compton
edge at 2382 keV. The standard analysis makes use of single Compton events
to calibrate the energy dependence of the A/E parameter (see Chapter 4 for
a detailed study on its origin). After the correction, a lower threshold is set
on A/E at the value which accepts 90% of DEP events: this is referred to as
low or 1-sided cut. In addition, in order to reject surface events from regions
which are close to the p+ electrode, the mean µA/E and width σA/E of the
A/E distribution of DEP events are used to set an upper threshold to the
value of µA/E + 3σA/E. The setting of both thresholds results in a range of
accepted A/E values and is referred to as 2-sided cut.

Both DEP and single Compton samples come with a certain contamination
of undesired events, whose topology is not 0νββ-like: the contamination in
the sample of single-Compton-scattered events is due to multiple-Comptons,
which typically account for about 50% of the sample size; multiple-Compton-
scattered events contaminate the pair-production sample, too, but at the level
of just a few percent, thanks to the strict energy cut used to select the events.
The difference between calibration samples and the actual 0νββ signal might
lead to biases which are difficult to evaluate and are the focus of Chapter 4.

228Th also provides samples of background-like events on which PSDA/E performances are
benchmarked on

background-like samples
can be tested. These are the γ-lines from 208Tl and 212Bi at 2.6MeV and
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1.62MeV, respectively, which are mainly composed of multiple Compton
scatterings, and the single escape peak (SEP) from the 2.6MeV γ-ray, which
includes those pair-production events where only one annihilation γ escapes
detection, hence producing a peak at 2614−511 = 2103 keV; being composed
of an energy deposition of a 511 keV photon in addition to the electron and
the positron, SEPs are intrinsically MSEs. Last, but certainly not least, 228Th
being a daughter nucleus of the primordial 232Th, is expected to be present
(although with very low concentrations) in the materials surrounding the
detector array in Gerda. Its 2.6MeV γ can deposit part of its energy in a
dead material and exactly Qββ in germanium. Therefore, the fraction of
events surviving the A/E cut at Qββ from a 228Th source is an important
information for the background budget of the experiment.

2.5 the legend experiment

In 2016 the Gerda and MJD experiments joined their efforts and formed
the Legend collaboration. The Legend experiment will pursue the search
for 0νββ towards a ton-scale experiment with 76Ge, in a phased approach:
Legend-200 and Legend-1000, which will operate 200 kg and 1 t of enriched
detectors, respectively.

The initial phase Legend-200 aims at a BI ⩽ 2 · 10−4 cts/(keV · kg · yr) to
operate in the background-free regime, which, as we will see in Chapter 8,
is a modest improvement to the Gerda result and hence within reach. At
this background level, Legend-200 will reach a 3σ discovery sensitivity of
1027 yr with an exposure of 1 t yr within five years. This corresponds to an
upper limit on mββ in the range 34–78meV, which does not yet probe the
full parameter space corresponding to the inverted neutrino mass ordering.

The ultimate goal of the Legend experiment is to cover it completely and
to explore a large fraction of the parameter space corresponding to the nor-
mal ordering. To do that, its second phase Legend-1000 requires a significant
improvement in the BI, which should not be higher than 1 · 10−5 cts/(keV ·
kg · yr). With this background level, as shown in Figure 2.5, the Legend ex-
periment will reach a 3σ discovery sensitivity of 1.3 · 1028 yr within 10 years
of operation. This converts to a value of mββ which covers the whole pa-
rameter space corresponding to the inverted neutrino mass ordering within
a few standard deviations, for the state-of-the-art values of the NMEs [34, 35].
In addition to the values reported in [35], in March 2022 the first results from
nuclear shell model (NSM) calculations for 100Mo have been published [36],
which correspond to a 99.7% C.L. discovery sensitivity for mββ of 33.8meV
and a 90% C.L. exclusion sensitivity of 28.9meV.
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FIG. 1. Comparison of m�� 99.7%-CL discovery and 90%-CL median exclusion sensitivities for di↵erent isotopes at stated
half-life sensitivities [30, 31, 48], grouped by nuclear many-body frameworks with matrix element ranges from Table I. The
horizontal bands show the variation on (mmin

�� )IO under variation of the neutrino oscillation parameters.

given to each calculation would be to some extent ar-
bitrary. Given the lack of objective criteria to compare
experimental sensitivities in di↵erent isotopes, and the
lack of a clear estimate of the uncertainties, we advocate
to refrain from ranking experiments’ reach quantitatively,
and focus instead on the fact that we have a global, multi-
isotope endeavor that will fully test the inverted ordering
scenario.

A broad e↵ort to reduce uncertainties is ongoing within
the nuclear theory community, with significant advances
made in the last few years. Ab initio calculations that
incorporate wider nuclear correlations and two-body cur-
rents have recently succeeded in predicting single � decay
rates [49] with no need for “quenching” – an ad hoc reduc-
tion of the value of calculated matrix elements involving
the nuclear spin required by less sophisticated calcula-
tions [13]. The first available ab initio 0⌫�� matrix ele-
ment calculations in medium-sized nuclei, supported by
studies in lighter systems [50, 51], indicate a relatively
mild suppression by tens of percent with respect to the
lower limit of the range given in Table I [52]. E↵orts are
underway to improve the quality of these results, extend
them to heavier nuclei, and include two-body currents
at finite momentum transfers [53]. On the other hand,
the contact term introduced in Refs. [34, 54], which until
recently went unrecognized, is a leading-order contribu-
tion to M . E↵ective field theory and ab initio nuclear
structure provide a scheme for estimating this contribu-
tion [55, 56]. A first study in 48Ca suggests that this
term can enhance M by about 40% percent [57], leading
to a faster decay rate. In heavier systems, preliminary

results suggest a roughly similar impact for all 0⌫�� iso-
topes, only slightly dependent on the nuclear many-body
method [58]. Complementary studies using e.g. lattice
QCD [59, 60] will test whether this claimed enhancement
is robust. If so, it may compensate the reduction in de-
cay rate due to the inclusion of the “quenching” physics,
leading to a picture similar to the one represented by
Fig. 1. Thus, should the current theoretical results be
confirmed, the proposed global 0⌫�� decay experimental
e↵ort would still fully probe the inverted ordering param-
eter space.

In this letter, we have focused on the inverted order-
ing scenario as a prominent goalpost for the proposed
experimental 0⌫�� decay program. However, the discov-
ery power of these experiments is high even assuming
other, equally reasonable scenarios. By reaching a sen-
sitivity of the order of tens of meV, these searches will
probe a significant fraction of the remaining parameter
space for left-handed neutrino exchange even if neutrino
masses follow the normal ordering. Bayesian analyses
suggest up to 50% discovery probabilities for the normal
ordering scenario [61, 62], and a non-vanishing discovery
probability even assuming the most unfavorable value
of the Majorana phases [63]. Significant advancement
would also be made in probing the exchange of heavy
mediators. For many such models, 0⌫�� decay searches
probe energy scales beyond the reach of current accelera-
tor technology [9]. Additional physics mechanisms could
completely change the parameter space of interest, po-
tentially even increasing the discovery power of future
experiments [64–67]. In general, pushing 0⌫�� decay

Figure 2.5: Comparison of mββ (a) 99.7% C.L. discovery sensitivity and (b) 90%
C.L. median exclusion sensitivity for different isotopes for given half-
life sensitivities, for different values of NMEs. The horizontal line shows
the smallest value for mββ in inverted neutrino mass ordering, and
the colored bands indicate the standard deviations coming from the
uncertainties in the determination of the oscillation parameters. Taken
from [35]. The new NSM calculations for 100Mo [36] correspond to a
99.7% C.L. discovery sensitivity for mββ of 33.8meV and a 90% C.L.
exclusion sensitivity of 28.9meV.

The Legend experiment adopts the successful Gerda experimental con-
cept, i.e. the operation of bare HPGe immersed in LAr, instrumented as an
active veto. The experimental challenge will be to operate many more de-
tectors in the background-free regime, so that the sensitivity scales linearly
with the exposure. Among the numerous strategies being pursued for this
goal, the most relevant in the framework of this thesis is the development
of the IC geometry [29]. As mentioned in Section 2.3, the goal for IC detec-
tors is to achieve the same PSD performances as for BEGes, with a factor 3
higher mass per detector. This would result in a factor 3 fewer detectors for
the same isotope mass, thus reducing the background from the surrounding
dead material (cables, holders, electronics) by the same factor.

The understanding of the response of IC detectors to radiation has largely
benefited from the present dissertation. Their extensive modeling will be
discussed in Chapter 3 and Chapter 4, and the characterization of one of the
first prototypes in Chapter 5. After the positive results from such character-
ization and from [37], five IC detectors have been produced from enriched
material and have been deployed in the Gerda apparatus. Their charac-
terization in the vendor’s cryostat will be presented in Chapter 6 and their
performances in the Gerda setup in Chapter 7.

2.5.1 Present status of Legend

The first phase, Legend-200, is being commissioned at LNGS at the time
of writing and is scheduled to start taking data in 2022. The technical draw-
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ing of its LAr cryostat is shown in Figure 2.6a. Legend-200 uses most on
the existing Gerda infrastructure, though several upgrades have also taken
place. First, the number of detector strings increased from 7 to 12, which
will be arranged in a ring-shaped structure, as shown in Figure 2.6b, with
the possibility to add an additional string at the center. This design was
selected as it allows the installation of both an inner and outer fiber shroud,
resulting in a more efficient collection of the scintillation light from Ar. With
the same purpose, a thin copper shroud covered with tetraphenyl butadiene
(TPB) [38] coated Tetratex [39], which has been called wavelength-shifting
reflector (WLSR), surrounds the detector array and serves the task to reflect
light back in the direction of the fibers. Additionally, detector base plates
made out of polyethylene naphtalate (PEN) [40] will be used, in combina-
tion with a holding structure made out of electroformed copper [41]. Both
these materials have extremely low level of radioactive impurities; moreover,
PEN being a scintillating material, it will provide additional light for events
originating in the proximity of the detectors (or from PEN itself), increasing
the probability that they will be tagged by the LAr veto. Finally, the joint
expertise on electronics of Gerda and MJD allowed to develop low mass
front-end electronics (LMFE) which will guarantee lower electronics noise
levels and possibly better signal and background discrimination.

2.6 summary

The Gerda experiment has searched for the 0νββ of 76Ge, by operating
bare HPGe detectors in an instrumented LAr bath. The choice of germa-
nium offers several advantages, such as the intrinsic radio-purity of germa-
nium crystals, the possibility to be used in the source=detector paradigm,
the high containment efficiency for the electrons in the final state and the
possibility to do PSD. The Legend experiment will use the same experimen-
tal concept as Gerda and, with the expertise from the MJD experiment on
electroformed copper and LMFE, will continue the search for 0νββ with a
factor 5 more mass in its first stage, Legend-200, and a factor 25 in the sec-
ond, Legend-1000. With about a factor 50 improvement in the background
level with respect to Gerda, Legend will cover the whole parameter space
corresponding to the inverted ordering of the neutrino masses and explore
a large fraction of the normal ordering.
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(a) Technical drawing of the LAr cryostat. (b) Detector array and fiber shroud (6
strings are removed from the drawing
for clarity).

Figure 2.6: The Legend-200 cryostat and detector array. Image courtesy of Patrick
Krause.
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3 C H A R G E C L U S T E R E V O L U T I O N
A N D S I G N A L D E V E LO P M E N T

In this chapter we investigate the collective effects in a cluster of charge
carriers and their impact on signal formation in the detector geometries of
interest for 0νββ searches. We performed comprehensive simulations of
germanium detectors and validated them against the data acquired with the
custom designed IC detector of Chapter 5. Its geometry is the one used as
reference for this chapter. Our work builds on the results of [1], which re-
ports the first observation of such collective effects in p-type point contact
(PPC) detectors and discusses how to accurately model them. Our simula-
tions have been carried out with the Majorana-Gerda (MaGe) [2] software
framework based on GEometry ANd Tracking (Geant4) [3], and a modified
version of the SigGen software package [4] which already included the mod-
eling of the collective effects and was used in [1]. More details on simulations
are given in Appendix A.

This work has been published in [5].

3.1 charge-carriers collection and signal for-
mation in germanium detectors

In Section 2.4.1 we have seen that the signal formation in germanium is
described by the Shockley–Ramo theorem [6, 7], which we recall here: Shockley-Ramo for point-like

cluster

I(t) = q v(x(t)) · Eω(x(t)) (3.1)

(with q being the charge generated by an energy deposition, v(x(t)) the
instantaneous drift velocity and Eω(x(t)) the weighting field at position x(t))
and we have evaluated the weighting field Eω appearing in the equation on
the three geometries used in the Gerda experiment. In this chapter we will
drop the analysis for semi-coaxials and consider p-type point contact (PPC)
detectors used in the MJD experiment [8], for their similarities with BEGes
and ICs. The three detector types are shown in Figure 3.1 along with the
resulting weighting field and illustrative trajectories.

The PPC detectors are also small contact p-type detectors, with a Li-
diffused n+ electrode and a B-implanted p+ electrode; they have a cylin-
drical shape and masses up to 1 kg. Their geometry is characterized by a

45
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Figure 3.1: Weighting field Eω for a cross section of the three geometries used in current and future 0νββ
experiments: (from left) PPC, BEGe and inverted coaxial. The thick black and gray lines are
the p+ and n+ electrode, respectively. The yellow points are locations of an energy deposition,
the white trajectories connecting them to the p+ electrode are the drift paths of holes and those
connecting them to the n+ electrode are the drift paths of electrons.

small (∼2mm diameter) p+ electrode on one of the flat surfaces, while the
rest of that flat surface is passivated. The remaining surface of the detector
is covered by the n+ electrode. Electrons are collected on the n+ electrode
that is kept at a few kV operational voltage, while holes on the p+ electrode,
that is grounded and used to read-out the signal. This geometry creates
a weighting field that increases rapidly in the immediate vicinity of the
p+ electrode, resulting in a characteristic peak-like structure in the current
signal when the hole clusters approach the p+ electrode.

Compared to PPCs, BEGe detectors are shorter but have a larger radius.
The major difference between the two geometries is the structure of the elec-
trodes: the p+ electrode is larger for BEGes (up to ∼15mm diameter) and
surrounded by a passivated groove with typical depths of ∼3mm. The BEGe
detectors’ n+ electrode extends down to the groove, wrapping around the
crystal on all surfaces. As mentioned in Section 2.4.1, this structure creates
the funnel effect [9]: holes are pushed towards the center of the detector and
then move to the p+ electrode along a fixed path that is independent of their
starting point. Since that is the volume in which the weighting field is high-
est, according to Equation 3.1, the majority of the induced signals in a BEGe
detector share the same maximum value of the current I(t).

The IC detector has the same electrode structure as a BEGe, though it is
about twice as long. In order to keep a high electric field throughout the
whole volume, a hole is drilled on the opposite side of the p+ electrode
and constitutes part of the n+ contact. It normally extends down to within
25–35mm from the p+ electrode. With the wrap-around n+ electrode, the
funneling is preserved and the trajectories converge in the region of high
weighting field.
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3.2 charge-carrier collective effects

The modeling of the signal formation presented in the previous section
does not account for the cluster spatial extension that is O(1)mm for a MeV
energy deposition. It can be extended to account for the non-null dimen-
sions of the cluster. If we define r(t) as the distance of every charge in the
cluster from the center of the distribution, the instantaneous signal induced
at the electrode will be the integral of Equation 3.1 over the spatial charge
distribution Q(r(t)) of the cluster: Shockley-Ramo for extended

cluster

Ĩ(t) =

∫
drQ(r(t))I(t) (3.2)

If the electric field varies on scales similar to the cluster size, charges at the
opposite side of the cluster will experience different forces (accelerations), Charge-carrier collective

effects modify the size of the
cluster during the drift

leading to a deformation of the cluster during its drift towards the elec-
trodes. Moreover, the stochastic diffusion and self-interaction of the charge
carriers will progressively increase the size of the cluster during its motion.
The diffusion consists of a random thermal motion of the carriers while
the self-interaction is the result of the Coulomb force. In this work, such
processes are treated as collective effects [4]. That allows an analytical treat-
ment and keeps the computational requirements to an affordable level. We
compared this approximated collective description with a full multi-body
simulation1 and found that it does not introduce noticeable inaccuracies, as
will be shown further down (Figure 3.3).

In our collective treatment, we consider the effects of mutual repulsion
and diffusion separately from those of acceleration, because the formers act
in all directions, while the latter breaks the spherical symmetry and acts
exclusively in the direction of motion.

The dynamics of drifting charges in the presence of mutual repulsion and
diffusion can be treated assuming spherical symmetry, and is described by
the continuity equation [10]:

∂2Q

∂r2
−
2

r

∂Q

∂r
−
1

D

∂Q

∂t
−Q

∂Q

∂r

1

VT

1

4πϵr2
= 0 (3.3)

where D is the diffusion coefficient, ϵ the permittivity in germanium and
VT the thermal voltage VT = kBT/q with q being the elementary charge,
kB the Boltzmann constant and T the temperature of the crystal. The gen-
eral solution of Equation 3.3 when the Coulomb repulsion term is neglected Impact of diffusion

describes a gaussian profile for the charge cluster, whose width is

σD =
√
2Dt (3.4)

1 We simulated the individual motion of 10000 charges in the field generated by the detector
and the instantaneous configuration of the other charges.
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When charges drift in an electric field, the diffusion coefficient D has a lon-
gitudinal and transverse component. Both are calculated in SigGen [4] in the
respective direction, but only the longitudinal is the responsible for the de-
formation of the signal. As reported in [11], this component is lower as the
electric field strength increases. This implies that, with a sufficiently high
impurity concentration, the effect of diffusion can be strongly limited (as
stated also in [1]).

Neglecting the first two terms of Equation 3.3 and considering only theImpact of Coulomb
self-repulsion Coulomb self-repulsion, we obtain a solution in which the charge distribu-

tion behaves like an expanding sphere of radius σR:

σR =
3

√
3µq

4πϵ
Nt (3.5)

where N is the number of charge carriers in the distribution and µ is the
mobility of the carrier, which is related to the diffusion coefficient by the
Einstein equation D = µkBT/q. Both Equation 3.4 and Equation 3.5 describe
a distribution which gets monotonously broader with time, with the differ-
ence that Equation 3.4 is completely determined by the detector properties,
while Equation 3.5 depends on the deposited energy.

The drifting in the electric field of the detector, on the other hand, enlargesImpact of acceleration

or decreases the size of the cluster, according to whether it experiences accel-
erations or decelerations. The modeling of such effect is obtained from basic
kinematics, and can be easily calculated for each time-step ti as:

σA(ti+1) = σA(ti) ·
v(ti+1)

v(ti)
(3.6)

where v(ti) is the drift velocity at the time-step ti. It is clear that in the
direction of motion there is a strong interplay between the three described
effects, which can give rise to non-linear effects on the cluster size.

Figure 3.2 displays the contribution of the mentioned processes to the
charge cluster deformation2. The top-left plot shows the drift velocity field
on an IC detector cross section, where superimposed in brown is the trajec-
tory of holes for an energy deposition on the position marked with the star.
As holes travel through the detector, they experience accelerations (decelera-
tions) according to the electric field, stretching (shrinking) the cluster size in
the direction of motion as shown in the top-right panel (light blue curve). In
the same plot, the broadening effect due to the described Coulomb and dif-
fusion processes are shown with the yellow and green curves, respectively:
as described by Equation 3.4 and Equation 3.5, their effect is a monotonic en-
largement of the cluster size, which, for an initial size of 0.5mm, produce a

2 The initial cluster size is given here in Full Width Half Maximum, and it has been determined
as a function of energy through Monte Carlo simulation.
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Figure 3.2: Breakdown of the collective effects on a charge cluster. The top-left
plot shows the drift velocity field of an IC detector with superimposed
in brown the drift path of the holes’ cluster for an interaction location
marked by the star. The cluster’s drift velocity along the path is shown
in the bottom-left plot. The evolution of the cluster’s size and στ is
displayed in the top-right and bottom-right plot, respectively. The ini-
tial size of the cluster is 0.5mm, the average for energy depositions of
1.6MeV.

final cluster of about 1mm. Finally, the dark blue curve shows the evolution
of the cluster dimensions, when all effects act simultaneously. This results
in extremely elongated clusters, which can reach sizes of about 3mm. As an-
ticipated, the total size is not just the simple sum of the three contributions,
as they are not independent: an enlargement of the cluster size, for instance
due to Coulomb or diffusion effects, emphasizes the difference in the drift
velocity field of charges at the edge of the distribution, thus amplifying the
effect of acceleration.

This amplification effect has been benchmarked with a full multi-body Collective approach
benchmarked with full
multi-body simulation

simulation. To keep the computational time to an affordable level, we lim-
ited the study to ∼ 7000 charges (corresponding to an energy deposition of
20 keV), whose motion has been simulated individually from creation in the
upper volume of an IC detector until collection at the electrode. Their initial
distribution has been approximated to have a gaussian profile with a stan-
dard deviation given by dedicated Monte Carlo simulations. The motion of
every charge in such configuration is determined by the electric field gen-
erated by the position of the other charges, superimposed to the detector
internal field. While the latter is a constant property of the detector, the
former obviously depends on the instantaneous configuration of all charges
and has been calculated, for a charge at distance ri from the center of the
distribution, as the Coulomb field generated by the charges contained in a
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Figure 3.3: Comparison of the evolution of the cluster size as calculated by SigGen
and by a dedicated multi-body simulation. In both cases, an energy
deposition of 20 keV was simulated. The amplification effect of acceler-
ation and self repulsion is well reproduced in SigGen.

radius r ⩽ ri. The conversion from the resulting electric field to drift veloc-
ity has been performed using the same parametrization as in SigGen and the
instantaneous position of charges has been calculated on a time step of 1ns.
Considering either of the electric fields or both at the same time allowed to
evaluate the impact of acceleration and repulsion on the cluster size, both
separately and together. Random scattering leading to diffusion was not im-
plemented, as it would impact the results only quantitatively. The results
of the full multi-body approach are shown in Figure 3.3 in comparison to
those calculated by the collective approach of SigGen. Both the approaches
produce results which are in good agreement when considering acceleration
and self repulsion effects separately. More interestingly, the multi-body sim-
ulation reproduces the amplification effect coming from their interplay and
therefore confirms the collective approach of SigGen.

As seen in Section 2.4.2, the pulse shape for small anode detectors isFrom cluster deformations to
signal formation mostly determined by the cluster of holes approaching the p+ electrode.

Therefore, its size at collection is the parameter which mostly affects it. More
precisely, as the readout signal is in the time domain, its time profile depends
on the time spread of the cluster (rather than its spatial extension), which we
define in the following as στ(t). The evolution in time of such parameter is
displayed in the bottom right plot of Figure 3.2. The light blue curve shows
that στ is constant if only acceleration effects are considered. As other effects
are switched on, their interplay gives a total time spread which can be up to
a factor 5 larger than the initial value, reaching values of about 40ns.
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Figure 3.4: Top: values of the στ parameter as a function of the interaction position, for the three geometries
considered. Bottom: simulated signals for the interactions and drift paths indicated by the brown
point and curve, with and without Collective Effects (CE). Higher values of στ, as in inverted
coaxial detectors, imply lower values of the current I(t).

The enlargement of the cluster size through the parameter στ as a function
of the interaction position is shown in Figure 3.4 (top), separately for the
three considered geometries. For PPC detectors, the maximum enlargement
is for interactions in the corners, where στ reaches about 15ns. The corners
are the part of the detector from which the hole drift path is the longest. For
BEGe detectors the maximum is slightly larger, up to 20ns for radii larger
than 30mm. For inverted coaxial detectors the effect is much stronger, up to
a factor 2 and it affects more than half of the detector volume. The impact
on the signal shape is shown in the bottom row of Figure 3.4, where signals
are shown with (light blue) and without (dark blue) the deformation caused
by collective effects. The difference between the two cases is less than 0.5%
of the signal amplitude in BEGe and PPC detectors (see green curve), but it
is larger for inverted coaxials, where the maximum of the current signal is
lowered by ∼ 2% when collective effects are switched on.

The collective effects described in this section are expected for all detector
geometries. Their impact on the signal shape, however, depends on the
geometry and the impurity profile. In the second part of this chapter, we
will evaluate such impact on advanced event reconstruction techniques such
as those for 0νββ experiments.
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3.3 event discrimination in 0νββ experiments

3.3.1 Event discrimination in standard A/E analysis

0νββ experiments using HPGe detectors rely heavily on PSA in order
to reconstruct the topology of the energy deposition and thus discriminate
between 0νββ and background. The effects discussed in Section 3.2 have the
net result of blurring any features on the pulse shapes and, consequently,
of worsening the performance of any PSA technique. In this section we
evaluate their impact on the A/E method, the standard PSA technique in
0νββ experiments, which we have described in Section 2.4.2.

The A/E parameter is independent of the interaction position and its dis-Collective effects and A/E

crimination efficiency is constant throughout the whole detector volume.
This is due to the fact that the holes approach the region of maximum weight-
ing field along the same trajectory3, regardless of the original location where
the cluster was created. Without considering the collective effects, the A/E
parameter is expected to have the same value for clusters with a given en-
ergy generated in most of the detector volume (The only exception, as we
have seen in Section 2.4.2, is for interactions nearby the read-out electrode).
Collective effects do depend on the interaction position (as shown by the
στ parameter in Figure 3.4) and this creates an A/E dependence from the
interaction position.

Figure 3.5 shows the value of the A/E parameter for mono-energetic en-
ergy depositions simulated throughout the whole detector volume consid-
ering the collective effects described in Section 3.2. The A/E value varies
by a few percent between the corners and the center of the detector in the
BEGe and PPC geometry. As already mentioned, the value is significantly
amplified only in about 3% of the detector volume around the p+ electrode.
For inverted coaxial detectors, while the bottom half of the volume exhibits
features similar to the BEGe geometry, the upper part shows a consistent
0.3% reduction of the A/E value.

Maximizing the detector volume is of primary importance for 0νββ ex-
periments. However, the larger the collection path, the stronger the impact
of these collective effects will be. In the following we evaluate the event-
reconstruction performance of inverted coaxial detectors and discuss possi-
ble analysis techniques to correct for these collective effects. To quantify the
performance we focus on the acceptance of 0νββ-like events and of typical
backgrounds of the experiments.

3 This is true for BEGe and IC detectors. The funneling effect is not present in the PPCs,
because for that geometry the weighting field at the p+ electrode is spherical, hence the
signal does not depend on the angle from which the holes arrive.
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Figure 3.5: A/E (top) and rise time (bottom) values for the three analyzed geometries. In PPC and BEGe
detectors rise times range up to 600–800ns, while for inverted coaxials they can be twice as big,
and saturate for high z-positions, where the threshold at 0.5% is no longer a good approximation
of the beginning of charge collection. A correlation between A/E and rise time is visible for the
inverted coaxial detector.

3.3.1.1 0νββ acceptance

We have seen in Section 2.4.2 that the event discrimination based on the From DEP to 0νββ with
Monte Carlo simulationsA/E parameter is calibrated using DEP events from 208Tl. The A/E distribu-

tion of DEP events is used to set a cut value which keeps 90% of their total
number. This value cannot be directly translated to 0νββ acceptance, for
two reasons: the first is that DEP and 0νββ events have a different energy.
The second, DEP events are concentrated on corners, 0νββs are homoge-
neously distributed. Chapter 4 will be dedicated to the investigation of their
topological differences and the impact on signal acceptance.

In order to estimate the 0νββ acceptance, we performed a Monte Carlo
simulation of the energy deposited in 300 000 0νββ and DEP events. The
Monte Carlo simulation takes into account all the physical differences be-
tween the two classes of events and their spatial distribution within the
detector. For each event, the total signal is computed using the modeling
described in Section 3.1 and Section 3.2 and analyzed to extract the A/E pa-
rameter. From the A/E distribution of DEP events, we set the cut value
and applied it to the 0νββ population. This resulted in a final 0νββ accep-
tance of (86.1± 0.1(stat))%, which is compatible with the typical values for
BEGe detectors [12] (see Table 3.1). Technical details on Monte Carlo and
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Simulations
IC BEGe [9, 12]

Event class Standard RT corr Standard
208Tl DEP 90.00 (8) 90.08 (8) 90 (1)
208Tl SEP 5.1 (3) 5.8 (3) 8 (1)
208Tl FEP 7.4 (1) 8.1 (1) 12 (2)

CC @Qββ (208Tl) 45.1 (3) 46.7 (3) 42 (3)
CC @Qββ (214Bi) 20.3 (4) 21.8 (4) –

0νββ 86.07 (6) 85.47 (6) 88 (2)

Data
IC BEGe [9, 13]

Event class Standard RT corr Standard
208Tl DEP 90.1 (8) 90.1 (8) 90 (1)
208Tl SEP 5.0 (3) 5.3 (3) 5.5 (6)
208Tl FEP 7.64 (5) 7.92 (5) 7.3 (4)

CC @Qββ (208Tl) 32.3 (2) 33.1 (2) 34 (1)
CC @Qββ (214Bi) – – 21 (3)

Table 3.1: Percentage of events classified as single-site for different event samples
and detectors, taken from simulations and experimental data. For in-
verted coaxial detectors, the results are given both before (Standard) and
after a correction based on the rise time (RT corr).

pulse shape simulation, as well as on the signal processing can be found in
Appendix A.

3.3.1.2 Background rejection

From the Monte Carlo simulation of 208Tl, we also extracted the A/E dis-
tributions of events from 208Tl full energy peak (FEP), 208Tl SEP as well
as from the Compton continuum (CC) at Qββ from 208Tl and 214Bi. We
applied the cut obtained from DEP events to these distributions and ob-
tained the survival fraction of (5.1± 0.3)% and (7.4± 0.1)% for SEP and FEP
events, respectively (see Table 3.1), and (45.1± 0.3)% and (20.3± 0.4)% for
the Compton continuum at Qββ from 208Tl and 214Bi, respectively. The
values, reported in Table 3.1, are in agreement with the typical theoretical
values for BEGe detectors [9].

3.3.2 Event discrimination after A/E correction based on the rise time

As pointed out above, the impact of the collective effects is correlated with
the time needed to collect the hole cluster. Following the proposal of [14],
we tested a correction on the A/E parameter based on the reconstructed
collection time of the signals, in order to restore the position independence.
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In this work we reconstruct such a quantity by taking the time between
two arbitrary thresholds on the signal, i.e. what is called the rise time4.
Noise conditions can prevent accurate determination of the start time for
thresholds below 0.5% at the energies of interest for 0νββ search. Hence, for
this work we refer to rise time as the time between 0.5% and 90% of signal
development5. A map of the mean rise time as a function of the interaction
position within the detector is shown in Figure 3.5 for the three geometries
considered. These rise time and A/E values are correlated in the inverted
coaxial geometry. This is shown explicitly in Figure 3.6 for DEP (3.6a) and A/E and charge collection

time are correlated in IC
detectors

0νββ (3.6b) events. Both plots suggest that a linear correlation could be used
to align the A/E values in the bottom and top part of the detector volume.

This double peak structure has been first reported in [15, 16]. Its origin is A/E has a double-peak
structure in IC detectorsconnected by our work to the collective effects and the spatial distribution

of DEP events within the detector. Indeed, the configuration of the inverted
coaxial detector creates a region on the top and one on the bottom part of
the detector in which rise time and A/E saturate to a limit value, which gets
more represented than the others. This effect is even more pronounced for
DEP events, which are more likely to occur on the detector edges.

Motivated by the correlation shown in Figure 3.6, we explored the impact A/E correction on rise time

of a first order linear correction of the A/E value based on the rise time for
each event. The A/E maps before and after such correction are shown in
Figure 3.7. The linear correction reduces the difference among A/E values:
the volume that exhibits an A/E value of (1.000± 0.002) increases from 71%
before correction to 89% after. At the same time, it creates a bulk volume
where A/E values get lowered by almost 0.5%. This is due to the interplay
between collective effects, which combine in such a way that the cluster de-
formation (hence A/E) is not univocally associated to the length of the drift
paths. In order to determine whether it is convenient to apply the rise time
correction or not, we tested it on the simulations of 208Tl and 0νββ. The re-
sults are reported in the second column of Table 3.1. The survival fraction of
0νββ events decreases after rise time correction from a value of (86.1± 0.1)%
to (85.5± 0.1)%. In terms of background, the rise time correction increases
the survival fraction of events at Qββ by (1.5± 0.3)%. The correction does
not improve the overall efficiencies, but reduces the volume dependence of
the PSA performance, possibly reducing the systematic uncertainties of the
experiment.

4 Normally, the thresholds are set on the signal which is experimentally accessible, which
means the output of the charge sensitive pre-amplifier. That is the charge signal V(t), which
is the integral of the current signal I(t).

5 Other techniques, based on the convolution of the signal function with a well tuned impulse
response function (e.g. an asymmetric trapezoidal filter), could lead to the identification of
lower thresholds, such as 0.1% of the signal amplitude.
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Figure 3.6: Distribution of the A/E and rise time for (3.6a) DEP events and (3.6b)
0νββ events. The distributions are shown for experimental data (color
maps) and simulated data (contour lines).
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3.3.3 Validation of the simulation

The distribution of the A/E and rise time from experimental data is shown Data and simulations agree
if collective effects are
considered

in the coloured filled contour of Figure 3.6a, in comparison with simulations,
represented by the gray contour lines. The 0.3% displacement in A/E be-
tween the two blobs is well reproduced by our work. This is not the case if
collective effects are not included. The excess in data at low values of A/E is
expected, as DEP events cluster on corners, where a fraction of events occurs
in a transition layer where there is no electric field and the charge carriers
move because of diffusion. This effect is not included in our simulation. The
rise time is systematically underestimated by ∼ 30 ns in our simulation. This
disagreement does not affect the conclusions of our work and could in prin-
ciple be improved by tuning the unknown parameters of the crystal, such
as the impurity profile along the symmetry axis, or the temperature of the
crystal, which impacts the hole mobility.

Experimental data for 208Tl have been collected using a 228Th source,
which we described in Section 2.4.2, and used to extract the survival frac-
tions of the different classes of events, both before and after rise time correc-
tion. The numbers, reported in Table 3.1, show an agreement < 0.5% with
simulations for SEP and FEP events. Some tension appears when compar-
ing the survival fractions of the Compton continuum at Qββ. This can been
traced back to inaccuracies in the positioning of the source. The distance be-
tween radioactive source and detector changes the fraction of multiple-site
events from cascade of gammas (this was also observed in [9]). This does
not affect the populations of SEP and FEP events, since for them a knowl-
edge of the underlying background is available from the side-bands (details
in [17, 18]). The impact of the rise time correction on data, even if not sta-
tistically significant, reflects what is found with simulations, namely that it
increases the acceptance of FEP and SEP events, as well as of background



58 charge cluster evolution and signal development

0.75 0.80 0.85 0.90 0.95 1.00
DEP acceptance (1-sided)

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

0
 a

cc
ep

ta
nc

e

before correction
after RT correction
after DT correction

Figure 3.8: Acceptance of 0νββ events as a function of DEP’s, in the case of no-
correction on A/E (blue curve), or after rise time (green curve) and drift
time (yellow curve) correction.

at Qββ. In summary, the modeling developed reproduces the A/E results
within 0.2% and hence its systematic uncertainties are lower than the impact
of the collective effects that we wanted to study.

3.4 conclusions and discussion

In this chapter we discussed the collective effects in clusters of charge
carriers in germanium detectors and the impact of such effects on signal
formation, with particular focus on the consequences for 0νββ experiments
with 76Ge. We determined that the deformation of the signal due to col-
lective effects is relevant for detectors with long drift paths. In particular,
we observed in the inverted coaxial geometry a position dependence of the
standard pulse shape discrimination parameter used in 0νββ experiments
(A/E). With the combined use of Monte Carlo and pulse shape simulations
of 208Tl and 0νββs of 76Ge, we determined that such volume dependence
does not impact the pulse shape discrimination performances significantly.
This proved to be the case both using the standard A/E analysis, and imple-
menting a correction based on the reconstruction of the drift path.

As detector volumes keep on increasing, the impact of collective effects
on A/E might become stronger (see Chapter 6). Moreover, the background
composition at Qββ will change, too, for different detector geometries. WithDetector performances

should be compared at the
same 0νββ acceptance

such conditions, it is meaningful to compare detector performances at the
same 0νββ acceptance. This could be used in the future to fix the A/E cut
on DEP events. A visual representation of the 0νββ acceptance as a function
of the acceptance of DEP events is displayed in Figure 3.8, both before and
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after rise time correction. No appreciable difference was observed when the
true drift time (extracted from the simulations) was used for the correction.

As planned by Legend, inverted coaxial detectors will be deployed in en-
vironments which are more challenging than a vacuum cryostat and exhibit
different electronics noise conditions. In this work we explored the impact of
a factor 5 higher noise level. This has the effect of blurring the features on the
pulse shape (resulting in a higher A/E resolution) and of worsening the pre-
cision on the determination of charge collection time. The impact on PSD is
(for a cut at 90% DEP acceptance) an increase in the 0νββ acceptance of 3%,
but at the same time an increase of 5% in the background events surviving
the A/E cut at Qββ. This is compatible with values of other BEGe detectors
already in use in Gerda [12]. We also explored the performances of inverted
coaxial detectors with lengths in the range 8–9 cm and determined that are
still compatible with those presented here.
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4 TO P O LO G I E S O F 0νββ E V E N T S
A N D C A L I B R AT I O N P R O C E D U R E
B I A S E S

A 0νββ event in Ge detectors would manifest as a mono-energetic and
well-localized energy deposition inside the detector. The whole decay en-
ergy is transferred to the two emitted electrons, whose summed kinetic en-
ergy is equal to the Q-value of the decay, i.e. Qββ = 2039 keV for 76Ge.
The two electrons are likely to share evenly the decay energy, but extreme
cases in which one electron takes most of the energy are also possible. Elec-
trons at these energies have an absorption length of about a millimeter in
Ge. However, secondary Bremsstrahlung photons produced during the elec-
tron absorption can occasionally travel several millimeters from their produc-
tion vertex before interacting, producing secondary energy deposition sites.
Thus, the topology of 0νββ events is complex and its understanding is fun-
damental to develop techniques for discriminating the sought-after events
from those due to background, for instance gamma-rays scattering multiple
times within the detector.

The results of this chapter are ready for submission as [1].

4.1 characterization of the event spatial distri-
bution

4.1.1 Absorption of electrons in Ge

Electrons lose energy mainly through collisional losses, i.e. ionization and Electrons lose energy
through collisions...excitation. As the energy loss occurs via interaction with orbiting electrons,

a large fraction can be lost in a single collision. For this reason, their trajec-
tory follows a tortuous path, where the energy loss per collision is inversely
proportional to the energy of the electron. An example of the path for an
electron depositing 2MeV through collisions on a germanium medium is
shown in Figure 4.1a. Every point in the plot corresponds to a collision,
where an energy proportional to the size of the marker is transferred to the
medium. The color code marks the time evolution, which flows from darker
to brighter and is O(10)ps. In this case, because of its starting momentum,
the electron moves from left to right almost undisturbed, until its energy
is comparable to that of the orbiting electrons. This occurs at a distance of
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(a) Trajectory of an electron with an initial energy of 2MeV,
losing energy in germanium through collisions.
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(b) Trajectory of an electron with an initial energy of 2MeV,
losing energy in germanium through collisions and ra-
diation.

Figure 4.1: Energy depositions of a 2MeV electron in germanium, through collisional (a) and collisional plus
radiative (b) losses. The orange circle is centered around the center of energy and its radius is the
R90 parameter described in the text. The path was simulated in 3 dimensions, and is reported
here in cylindrical coordinates with respect to the starting point, which was taken as origin.

∼1mm in Figure 4.1a, where the electron begins to move in Brownian mo-
tion.

In addition to this, electrons, as every accelerated charged particle, lose en-...and radiation

ergy also radiating Bremsstrahlung gammas, which can occasionally travel
up to a few centimeters in the detector, producing secondary interaction sites.
This is shown in Figure 4.1b, where a gamma with an energy of 216 keV is
emitted from the cluster around the origin and travels several millimeters
upwards before undergoing multiple Compton scatterings.

Therefore, according to the case, energy depositions from electrons with
the same energy can produce very different spatial distributions. How broadSpatial distributions of

electrons in a medium can be
described with R90

they are can be captured using the R90 parameter. This is defined as the min-
imum radius of the sphere which is centered around the energy-weighted
mean of the coordinates of energy depositions (what is often referred to as
center of energy), and contains 90% of the total deposited energy. Although
we have seen that the spatial distributions of electrons are not a perfect
sphere, R90 does give an effective indication of their broadness: as shown
in Figure 4.1, in the case of energy loss through collisions (Figure 4.1a) this
parameter is ∼0.6mm, while it can increase by an order of magnitude if a
gamma-ray with sufficient energy is also emitted (Figure 4.1b).

We can thus use this definition to parametrize the size of the spatial dis-
tributions of electrons depositing energy in germanium and estimate both
qualitatively and quantitatively how they are affected by the emission of
Bremsstrahlung gammas. As an example, we extracted the R90 parame-
ter for energy depositions of electrons with an initial energy of 2MeV. As
shown with the empty histogram in Figure 4.2a, the majority of events haveCollisional losses produce a

peak in R90 distributions
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tron with an energy of 2MeV. The line
histogram shows the total distribution,
and the filled ones represent the subsets
of events where an energy Eγ higher
than 50 and 200 keV is converted into
Bremsstrahlung radiation.
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Figure 4.2: R90 and A/E distributions from absorption of monoenergetic electrons
in germanium, and their dependence on energy.

an R90 value centered around 0.6mm, and a fraction of them populate a tail
at higher values. In order to confirm the radiative origin of such tail, we built
the R90 distributions of the subset of events where a gamma-ray with energy
higher than 50 keV and 200 keV is emitted. These are the filled histograms Radiative losses produce a

tail in R90 distributionsof Figure 4.2a, which show that these events are entirely responsible for the
tail in the R90 distributions.

The event topology is affected by the electron initial kinetic energy, both
in the collisional and in the radiative sector. As summarized in Table 4.1 and
as we shall see in the following, this has an impact on both the peak and the
tail of R90 distributions.

As the scattering length of electrons increases with energy, the spatial dis- Collisional losses with higher
energy shift R90 peak
position

tributions get on average broader. This is captured by the position of the R90
peak (shown with the green line labeled with R90 peak in Figure 4.2b), which
shifts from a value of 0.2mm at 1MeV, to 0.8mm at 2.5MeV. Obviously, the



66 topologies of 0νββ events and calibration procedure biases

Energy R90 peak σR90
peak-to-tail

[MeV] [mm] [mm] [%]

1.0 0.25 0.07 4.7
1.5 0.43 0.13 5.4
2.0 0.63 0.18 6.5
2.5 0.84 0.24 6.5

Table 4.1: Summary of the parameters of interest for the description of spatial dis-
tributions of electrons in germanium, and their evolution with energy.
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Figure 4.3: Probability of emitting a photon with energy greater than 200 keV, as
a function of the energy of the primary electron. Both the marker size
and color indicate the 90% quantile of the photons’ energy spectrum.

variance σR90
of the peak also increases, as reported in Table 4.1. Moreover,

with increasing energy of the electron, the emission probability for a high
energetic gamma-ray increases, too. This is shown in Figure 4.3, where the
fraction of events p200γ where an energy greater than 200 keV1 is converted
into Bremsstrahlung is given as a function of the energy of the primary elec-
tron. From 1 to 2.5MeV, this fraction increases from 1 out of 100 events, to 1
out of 25. With the help of the color scheme and the marker size, both indi-
cating the 90% quantile of the Bremsstrahlung energy spectrum, Figure 4.3
also shows that, with increasing primary energy, Bremmstrahlung gammas
are also more energetic. Therefore, with increasing energy, not only the spa-
tial distributions get on average broader, but the fraction of exceptionally
enlarged ones increases, as well. This is reflected in the R90 distributions asRadiative losses with higher

energy change peak-to-tail
ratio in R90

a shift of events from the peak to the tail, as is shown in Table 4.1, under the
peak-to-tail label2. This change in the shape of the R90 distributions can be
captured tracking the evolution of their quantiles with energy. As shown in

1 200 keV is the energy threshold which corresponds to photon scattering length of ≈ 10mm
in germanium

2 This value is calculated taking the ratio of the integral outside and inside the main R90 peak.
The delimiting point was arbitrarily taken 4σ away from the centroid of the peak.
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Figure 4.4: Comparison of the R90 distribution from 0νββ (empty histogram) and
a single electron with initial energy equal to Qββ (filled histogram).

Figure 4.2b, the quantiles of the distributions increase with energy, although, R90 peak and quantiles
follow different energy
dependences

because of the shift of events from the peak to the tail, with different propor-
tionality constants than the R90 peak centroid.

4.1.2 From single electron to 0νββ

The experimental signature of 0νββ is an energy deposition of 2 electrons
sharing the full Q-value of the decay (Qββ = 2039 keV). The two electrons
are likely to share evenly the decay energy, though extreme cases in which
one carries most of it are also possible. According to the energy share, their
spatial distributions can exhibit features which are typical of those of a 1MeV
electron as well as those of a 2MeV. Overall, as shown in Figure 4.4, the Single and double electron

cannot be distinguishedR90 distribution of 0νββ events and a single electron with an initial energy
equal to Qββ largely overlap, meaning that their spatial distributions have
on average the same size and that a discrimination between the two cannot
be pursued based on this parameter.

Every technique aiming to select 0νββ events must be calibrated with sam-
ples with a topology which is similar to 0νββ. The topological differences
between these samples and the actual 0νββ signal can lead to biases which
are the focus of the next sections.
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4.2 0νββ-event identification techniques

4.2.1 Event reconstruction with A/E and correlation with R90

According to what we have said in Section 2.4.2 on theA/E technique, elec-
tron events characterized by only collisional losses will produce point-likeCollisional losses produce a

SSE, radiative losses produce
a MSE

energy depositions, i.e. SSEs. Those accompanied by hard Bremsstrahlung
are MSEs and thus will be characterized by A/E values lower than the aver-
age, signaling a larger spatial distribution with secondary interaction sites.
This is shown explicitly in Figure 4.2c, where the A/E reconstruction of the
events of Figure 4.2a is reported. As for the R90 distribution, the majority of
the events fall into a narrow peak at A/E ∼ 1. The Bremsstrahlung gamma
events populating the tail at large R90 values are now responsible for the tail
at low A/E values.

Similarly to what we have done for the R90 parameter, we studied the
energy dependence of the centroid and a few quantiles of the A/E distri-
butions. Figure 4.2d shows that the peak in the A/E distribution decreases
linearly with energy by about 1% per MeV. The quantiles of the distributionA/E peak and quantiles

follow different energy
dependences

decrease faster and non-linearly with the energy.
With a similar approach as in [2], we studied explicitly the correlation

between R90 and A/E plotting in Figure 4.5 one against the other for the
absorption of electrons between 1 and 2.5MeV. The main feature is the

Figure 4.5: Correlation between A/E and R90 for absorption of electrons between 1
and 2.5MeV.

densely populated band with A/E values between 0.99 and 1, and R90 be-
tween 0.2mm and 0.8mm, representing the correlation between the narrow
peaks of R90 and A/E. This reflects that, as R90 gets larger, the energy depo-
sitions tend to be less localized, thus giving lower values of A/E. Outside the
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band, we observe events with A/E > 1, which are known to be generated by
interactions in the volume surrounding the anode [3], and Bremsstrahlung
events, populating the region of A/E < 0.99 and R90 > 0.3mm.

Though an inverse proportionality between A/E and R90 is expected for
all small anode detectors, the magnitude depends on the detector geometry
and the resulting electric field. For this work, the inverted coaxial detector
studied in Chapter 3 (and which will be characterized in Chapter 5) was
taken as a reference.

4.2.2 Standard A/E calibration samples and limitations

As we have seen in Section 2.4.2, the standard calibration samples are
obtained by irradiating the detectors with a 228Th source. The 2.6MeV gam-
mas from its daugher 208Tl can provide two classes of 0νββ-like events in
the interaction with the detector:

• Single Compton Scattering: events in which the gammas scatter only
once in the detector, before leaving the active volume. In such cases the
energy between zero and the Compton edge at 2.4MeV is transferred
to a single electron

• Pair-production with double escaping gammas (0γe+e−): events in which
the 2.6MeV gammas interact through pair-production inside the de-
tector creating an electron-positron pair3. If the two photons from
the annihilation of the positron escape the detector, the energy deposi-
tion occurs only through the electron and the positron, which deposit
2614− 2 · 511 = 1592 keV in the detector

As the first class provides samples of 0νββ-like events at all energies up to Single Compton events are
used to calibrate the A/E
energy dependence...

the Compton edge, it is used to calibrate the energy dependence of A/E and
correct for it. The correction is performed by tracking the centroid of the
A/E peak for samples of selected energies between 1 and 2.4MeV, and fit
its energy dependence with a linear function. Such samples come with a
contamination of multiple-Compton scatterings that populate the tails of the
A/E distributions. For this reason, the energy dependence of the peak value ...but they have an unknown

contamination of multiple
Compton

of A/E can be tracked, but the quantiles, like we have done in Section 4.2,
cannot.

On the other side, 0γe+e− events always deposit the same energy, hence 0γe+e− events are used to
fix the A/E cut...the contamination of single- and multiple-Compton-scattered events can be

limited to a few percents by selecting a strict energy range. This can be
further reduced using the knowledge of the sides of the energy peak, and

3 In the rest of the dissertation these events are referred to as DEP after the peak they produce
in the energy spectrum. In the present chapter we use this new terminology to emphasize
their similarity with the two electrons of 0νββ events.
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an almost pure sample of 0νββ-like events can be obtained. For this reason,
0γe+e− events are taken as main proxy of signal-like events and the A/E
cut is set to the value corresponding to their 90% quantile. The drawback of...but they occur at energy

lower than Qββ this procedure is that 0γe+e− events from 228Th deposit an energy which is
∼500 keV lower than Qββ.

4.3 0νββ-tagging efficiency and systematic un-
certainties

The 90% quantile of 0γe+e− events does not translate directly into aDifferences between 0γe+e−

and 0νββ 0νββ-tagging efficiency, because using 0γe+e− events as a proxy of 0νββ
has two biases. First, the former occurs at 1592 keV, while the latter at
Qββ = 2039 keV. As the standard A/E correction follows the energy depen-
dence of the peak value and not of the quantiles, the different composition
of the tails (which, in turn, depends on the Bremsstrahlung composition and
changes with energy) is not taken into account. Ideally, in order to keep the
tagging efficiency of 0νββ-like events constant through energy, one would
need to correct for the energy dependence of the chosen quantile (e.g. 90%)
and not of the peak value. However, such a tracking would require pure
samples of point-like events at all energies, which are not accessible with
228Th. Second, 0γe+e− and 0νββ have a different geometrical distribution.
Given the dynamics of 0γe+e− events, they are more likely to occur on de-
tector lateral surfaces and corners, where the probability for the annihilation
photons to escape detection is maximal. Conversely, 0νββ events are homo-
geneously distributed within the detector.

The differences between calibration samples from a 228Th source and
0νββ were early recognized [3], and have been accounted for in the com-
putation of the systematic uncertainties of the 0νββ-tagging efficiency in
the Gerda experiment [4]. In the next section, we will present a precise mea-
surement of these systematic uncertainties, which represent the biases intro-
duced in the 0νββ-tagging efficiency by using 228Th as a calibration source.
Additionally, by adopting a two steps approach, we will estimate quantita-
tively how the two sources of bias separately impact the central value of the
0νββ-tagging efficiency. Specifically, we will study:

1. The difference between 0γe+e− events at 1.6MeV and at Qββ

2. The difference between 0γe+e− at Qββ and 0νββ.

The first step studies the bias of a calibration based on a sample of events
with different kinetic energy than 0νββ. The advantage of breaking down
the two contributions is that this step can be investigated experimentally
using a 56Co source, which provides 0γe+e− events below and above Qββ.
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The second step quantifies how the 0νββ-tagging efficiency is biased when
using a calibration sample with a different geometrical distribution than
0νββ and will be discussed with the support of Monte Carlo simulations.

4.3.1 Energy dependent 0νββ-tagging with a 56Co source

For this study, a custom-made 56Co source was produced by the Jagiel- The 56Co source

lonian University in Krakow. Its decay is characterized by several high-
energy gamma-lines up to 3.6MeV. For this reason, it was early recognized
as a valuable source to calibrate germanium detectors [5, 6]. In the frame-
work of our study, 5 gammas with energy higher than 2.5MeV and branch-
ing ratio bigger than 1% are particularly interesting, as the probability of
creating electron-positron pairs for them is high enough to give statistically
significant samples of 0γe+e− events (an additional gamma line at 3451 keV
also produces a 0γe+e− event at 2429 keV, which was however excluded
from the analysis for a peculiar shape of its A/E distribution). Their ener-
gies, listed in Table 4.2 next to their original gamma-lines, lie in the range
between 1.5 and 2.5MeV, which means they constitute samples of almost
pure 0νββ-like events both below and above Qββ. Therefore, 56Co offers
the unique opportunity to interpolate the tagging efficiency of signal-like
events at Qββ.

The 56Co source provided by the Jagiellonian University had a starting ac-
tivity of 90 kBq at the beginning of the data taking. In order to gain sufficient
statistics, we acquired data for 2 weeks with the source positioned at 20 cm
from the lateral surface of our inverted coaxial detector. The resulting spec-
trum is shown in the top plot of Figure 4.6, in the range where the 0γe+e−

events occur. The empty grey and filled blue histograms show the spectrum
respectively before and after the A/E cut calibrated on 228Th. The ratio be-
tween the two is shown in the middle plot, where the 6 peaks from 0γe+e−

events are clearly visible. The bottom plot shows how all the events from
the decays of 56Co populate the A/E spectrum. Its description is analogous
to Figure 4.5: the high density horizontal band centered around 1 represents
all the energy depositions which occurr in a single location, while the band
below contains all the events which deposit energy in more than one site,
and the region where A/E is higher than 1 represents those which occur in
the volume surrounding the anode. In this spectrum, 0γe+e− and single
Compton events are distributed around A/E = 1, while multiple Compton
scatterings populate the region where A/E < 1.

In order to quantify the biases in the standard 0νββ-tagging efficiency, Analysis followed standard
calibration with 228Thdata from 56Co have been calibrated with a 228Th source. Specifically, the

energy correction was performed using the energy dependence of the Comp-
ton samples from 228Th, and the cut value was set on the 90% quantile of
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Figure 4.6: Region of interest of the energy (top) and A/E (bottom) spectrum ob-
tained from a 56Co source. The middle plot shows the Survival Prob-
ability (SP) of every energy bin after an A/E cut calibrated on a 228Th
source. The position of the 0γe+e− events in the energy spectrum are
marked with a solid gray line.

the A/E distribution of the 0γe+e− events at 1592 keV. The resulting tagging
efficiencies for the 0γe+e− events from 56Co are listed in the fourth column
of Table 4.2, under the Data label, and shown with the light blue squares in
Figure 4.7.

The fraction of tagged events is systematically lower than 90%, even at
1576 keV. Even though a small decrease is expected due to the effect of the
higher A/E threshold, the tagging efficiency for this peak is 1% smaller than
the value at 1592 keV from the calibration on 228Th. This constitutes a lim-
itation of the analysis, which, due to the complexity of the 56Co spectrum
(which exhibits many different features in the A/E space, see Figure 4.6),
does not select a completely pure sample of 0γe+e− events. For this rea-Signal-tagging efficiency

decreases with energy
because calibration with

228Th tracks energy
dependence of the A/E peak

and not of the quantiles

son, we take 1% as systematic uncertainty of the method. Additionally, the
tagging efficiency decreases as a function of the energy, reaching a value of
(86.3± 0.4)% at Qββ. This behaviour was expected, as the energy correction
based on 228Th tracks the centroid of the A/E distributions, but not the 90%
quantile.

In view of extending the discussion to 0νββ itself, we crosschecked theSimulation of a 56Co source
agrees with data
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Data Simulations
E (FEP) E (DEP) BR SP SP
[keV] [keV] % % %

2598.5 1576.5 17 88.8 (5) 88.6 (4)
3009.6 1987.6 1 86.0 (30) 87.4 (27)
3202.0 2180.0 3 84.6 (11) 85.9 (10)
3253.5 2231.5 8 85.6 (6) 85.0 (5)
3273.1 2251.1 2 83.9 (18) 85.4 (16)

Table 4.2: Energies of the DEPs used in our 56Co analysis and respective Survival
Probability (SP) after A/E cut. Information on the energy and Branching
Ratio (BR) of the relative FEPs are also given as reference.
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Figure 4.7: Survival probability of 0γe+e− events from 56Co after A/E cut. Light
blue squares indicate results from simulated data, dark blue circles from
simulations.

accuracy of our simulations tools with these data. We performed a Monte
Carlo simulation of a 56Co source shining on the side of our detector and
produced the electrical signals accordingly, including the collective effects
of Chapter 3. After the calibration of A/E with a (simulated) 208Tl source,
we obtained the efficiencies for 56Co events listed in the fifth column of
Table 4.2, under the Simulations label, and shown with the dark blue circles
in Figure 4.7. Simulations agree with data within the statistical uncertain-
ties, yielding a tagging efficiency of (86.2± 0.3)% at Qββ, which is in good
agreement with the experimental value.

As a corroboration of this result, we explicitly simulated a 0γe+e− event Simulation of a 0γe+e−

event at Qββ and
comparison with 0νββ

occurring directly at Qββ. The tagging efficiency for such an event is (86.5±
0.4)%, in excellent agreement with the value from the interpolation. Further-
more, this simulation allows to compare directly the A/E distributions of
0γe+e− events at 1.6MeV and Qββ, as shown in Figure 4.8 with the yellow
and dark blue lines, respectively. Though some discrepancies are expected
in the shape of the A/E peak because of the different volumes sampled by
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the primary gamma rays, we observe that the difference in energy between
the two samples impacts most significantly the tails for A/E values around
0.95, but not at very low values.
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Figure 4.8: A/E distributions of pair production events and 0νββ.

Comparing the tagging efficiency of 0γe+e− events at Qββ with 0νββ

gives the estimation of the bias of calibrating the 0νββ-tagging using a
0γe+e− event, which has a different geometrical distribution than 0νββ.
The value for 0νββ has been determined through Monte Carlo simulation,
similarly to how it was done in Chapter 3, yielding an acceptance of (85.2±
0.4)%4, i.e. a further reduction of 1% in the tagging efficiency. As can be
seen from the comparison of the A/E distributions in Figure 4.8, this further
reduction is a complex balance of features at low and high A/E values. First,
0γe+e− events exhibit a higher tail at very low A/E values. Being present
for 0γe+e− events at 1.6MeV as well, it suggests its origin to be intrinsically
related to the dynamics of pair-creation. Regarding the high A/E side, be-
ing 0νββ homogeneously distributed, a higher fraction of events occurs in
the volume surrounding the p+ electrode, which gives electrical signals with
higher A/E.

As a final remark, the discrimination efficiency depends also on the elec-
tronics noise. In order to be comparable with the Gerda noise environment,
we injected a factor 5 higher electronics noise into our dataset and performed
the same analysis. This yielded a 0νββ-tagging efficiency of (87.1± 0.4)%5,
which is consistent within the systematic uncertainties shown in [4].

At the end of Phase I, an experimental effort with a 56Co source was
carried out with semi-coaxial detectors in the Gerda infrastructure, and no
evidence for an energy dependence of the 0νββ-tagging efficiency was even-

4 The value here shows some tension with what we reported in Chapter 3, as it has been
obtained with a slightly changed analysis routine.

5 Though an increase in the 0νββ-tagging efficiency is desirable, this comes at the expense of
a higher increase in the acceptance of background, as also stated in [7]
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tually stated [8]. However, the pulse shape analysis to reject multiple-site
interactions in semi-coaxial detectors is based on an artificial neural network
and not on the A/E parameter [4]. Also, for that work, the experimental
conditions were far more challenging than a vacuum cryostat, which led the
statistical fluctuations to be larger than the effect we observed in this work.

4.4 conclusions and outlook

In this chapter we characterized the spatial distributions of the energy de-
position of electrons in germanium and studied their evolution as a function
of their initial kinetic energy. We identified a connection between the spatial
distributions and the estimator used in 0νββ experiments to discriminate
single and multiple interaction sites. We used these information to inves-
tigate the topological differences between 0νββ events and those used to
calibrate its tagging, and evaluate the consequent biases in the standard cali-
bration procedures. With the help of a 56Co source, we determined that the
bias of a calibration based on 228Th is a 5% reduction in the 0νββ-tagging
efficiency, in the best noise conditions of a vacuum cryostat. We estimated
that, using an electronics noise comparable to the level in the Gerda envi-
ronment, this reduces to 3%. In the future Legend experiment, which aims
at intermediate noise levels between the two configurations, a 0νββ-tagging
efficiency within 85% and 87% could be foreseen.

With the support of simulations, we found that, out of the 5% reduction,
a 4% contribution comes from the procedure for the energy dependence cor-
rection of A/E, which follows the centroid of the A/E distributions and does
not track the different number of events in the tails due to Bremsstrahlung
events. We also found that the remaining 1% comes from the difference in
the geometrical distribution between 0γe+e− events and 0νββ. Although in
the Gerda analysis this bias is accounted for in the systematic uncertainties,
we have also shown that, with a proper detector modeling, the central value
of the 0νββ-tagging efficiency can be accurately estimated.

In view of future experiments, 56Co offers the opportunity to estimate
experimentally the tagging efficiency of 0νββ events, without relying heav-
ily on a single-detector basis Monte Carlo. Indeed, as it provides samples
of almost pure 0νββ-like events in a broad energy range, the 90% quantile
can be tracked as a function of energy, and used as correction of the en-
ergy dependence of A/E instead of Compton events. Using this procedure
would still suffer from the geometrical bias, but would be bias-free in terms
of the difference in energy. As three out of five 0γe+e− events of 56Co come
from very low branching ratio γ-rays, a calibration with sufficient statis-
tics to observe the 2− 4% reduction in the tagging efficiency requires very
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long acquisition times. For a ton-scale experiment like Legend-1000, which
is scheduled to acquire data for a decade, the required counting statistics
could be gained with multiple or periodical calibration campaigns. Given
56Co’s half-life of only 77.3 days, this would require a regular production
of radioactive sources and a calibration plan optimized for this application,
which is beyond the scope of this work.
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5 P E R F O R M A N C E O F A P R OTOT Y P E
I N V E R T E D C OA X I A L D E T E C TO R

We have seen in Chapter 2 that the baseline detector geometry for the Le-
gend experiment is the IC. The final decision on this geometry followed a
few milestones which we shall now briefly discuss. In 2011, D. Radford et
al. [1] proposed the IC geometry as a promising candidate for 0νββ exper-
iments. Following this idea, Mirion started producing commercial IC detec-
tors, which were called small anode germanium (SAGe)-Well detectors [2].
In 2017 the Dresden group purchased two of such commercially available
detectors and carried out a first characterization campaign in the framework
of 0νββ experiments [3]. Thanks to the encouraging results from this first
campaign in terms of energy resolution and PSD, the Gerda collaboration
placed an order of enriched material with the plan to convert it into IC de-
tectors to be deployed in the Gerda apparatus during the upgrade of 2018.
In parallel, the Max Planck Institut für Kernphysik (MPIK) and Technical
University of Munich (TUM) groups purchased two custom designed proto-
types IC detectors, which were then thoroughly characterized to benchmark
the geometry. The final decision on the adoption of enriched IC detectors in
Gerda (and on the manufacturer) was taken after the expertise acquired in
these characterization campaigns.

This chapter reports on the characterization of the TUM prototype, a 1.6 kg
IC detector to which we will refer as ICaro. A deep understanding of IC de-
tectors was gained from the experimental data presented in this Chapter, in
combination with the simulations of Chapter 3 and Chapter 4. These results,
in addition to the performances of the enriched IC detectors in the vendor’s
cryostat and in the Gerda apparatus (which will be presented in Chapter 6

and Chapter 7, respectively) corroborated the choice of the IC geometry for
Legend.

5.1 detector production

The feedstock for the production of non-enriched HPGe detectors is
widely available electronic-grade polycrystalline germanium, which nor-
mally comes with a level of impurities of 1013 to 1014 cm−3. For a working
detector, this needs to be lowered to ∼1010 cm−3, and is normally done via
zone refining [4]. This technique uses the principle that most impurities Zone refining

tend to concentrate in the liquid phase as the material begins to freeze. A
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(a) (b)

Figure 5.1: (a) Sketch of ICaro in the vacuum cryostat provided by the vendor.
Marked in yellow is the B-implanted p+ electrode and in blue the Li-
diffused n+. (b) Close look of bare ICaro.

small section of the germanium ingot is melted with radiofrequency heating
coils, which are then moved slowly along the length of the ingot, causing
the liquid phase to move along with them. In this way, the impurities tend
to follow the coils and are thus swept to one end of the ingot, which can
eventually be cut off. By following this procedure many times, the impurity
concentration can be reduced by several orders of magnitude.

The ingot resulting from the zone refining operation is the starting mate-Crystal pull

rial to pull single large germanium crystals using the Czochralski technique.
This consists of dipping a seed crystal into germanium kept slightly above
the freezing point and slowly withdrawing it while rotating it [4].

The crystal pulled with the Czochralski method, which can have diametersCrystal cutting and electrode
formation of up to 9–10 cm and lengths of tens of cm, is then cut according to the

selected geometry. A Lithium-diffused and a Boron implanted layer are then
formed on the selected surfaces of the crystal to form respectively the n+ and
p+ electrodes of the detector, thus completing the fabrication process.

For the detector studied in this chapter, the germanium crystal was pulledICaro: history and
specifications from standard electronic-grade germanium by Umicore, Olen (Belgium) in

March 2017 and the conversion to diode was assigned to Baltic Scientific
Instruments (BSI). The detector geometry is a small-anode inverted coaxial,
where the p+ electrode (marked in yellow in Figure 5.1a) extends on the en-
tire surface enclosed by the circular groove, while the n+ electrode (marked
in blue in Figure 5.1) covers the rest of the surface, wrapping up the detector
down until the groove, which physically separates the electrodes. In order
to guarantee its electrical and chemical neutrality, a passivation is normally
carried out, which in most of the cases consists of a layer of either SiO2 or
amorphous germanium on the surface of the detector [5]. Alternatively, the
Gerda collaboration proved that stable operation of detectors without a pas-
sivation layer is also possible [6]. As no information was given regarding
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Figure 5.2: Weighting potential Wpot and strength of the electric field E for a cross
section of ICaro.

ICaro, a visual inspection of the groove only led to the conclusion that it is
not passivated with SiO2, as no colored shades typical of such process are
visible (see Figure 5.17c).

The dimensions of ICaro have been customized at TUM (with a great
contribution at this stage by Y. Kermaïdic from the MPIK in Heidelberg)
to allow a depletion voltage lower than 4 kV and minimize the regions of
low electric field (< 200V/cm). The values of the electric field on a cross
section of ICaro are shown on the right side of Figure 5.2. The left side
shows the weighting potential Wpot, the quantity which, according to the
Shockley–Ramo theorem [7, 8], determines the time profile of the signal1.
Like for all small anode detectors, the weighting potential of ICaro exhibits
a small region around the p+ electrode with a high gradient, and is roughly
homogeneous in the rest of the volume (color maps in Figure 5.2 are in
logarithmic scale). As we have seen in Section 2.4.1, this guarantees that
the largest contribution to the signal formation comes from the region close
to the p+ electrode, where holes follow the same trajectories for collection,
independently of the starting position. Quantitatively, in the top part of the
detectorWpot takes values < 0.1%, which means that charges drifting in this
region contribute in less than one part out of thousand to the total signal.

As BSI did not have in 2017 the facility to perform the B-implantation of B-implantation as a joint
effort of TUM and HZDRthe p+ electrode on such big crystals, this operation has been carried out

with a joint effort of the TUM group and the Helmholtz-Zentrum Dresden-

1 The weighting potential is the integral of the weighting field Eω used in Chapter 2 and
Chapter 3.
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(a) (b) (c)

(d) (e) (f)

Figure 5.3: ICaro (a), was mounted on a mockup frame ((b), (c), and (d)) and
masked (e) for B-implantation of the p+ electrode (f) .

Roßendorf (HZDR), in June 2017. A few pictures from the implantation
campaign are shown in Figure 5.3.

After the B-implantation, the crystal was sent back to BSI for final manu-
facturing of the detector. After that, in August 2017, ICaro was shipped to
Munich, where the characterization took place.

5.2 detector characterization

5.2.1 Experimental setup

ICaro was shipped to Munich inside the vendor’s vacuum cryostat (which
has been used for all the measurements of this work) and cooled down
via a cold finger immersed in liquid nitrogen (LN2). Two electronics data
acquisition (DAQ) chains have been used for the data taking:

• Digital chain: the output from the detector is amplified by a non shap-
ing amplifier (Genius II) and digitized at 100 MHz by the VERSABUS
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Module Eurocard (VME) Struck 3301 flash analog-to-digital converter
(FADC). For each triggered event, a 10µs long trace with a 10ns sam-
pling step, and a down-sampled 160µs long trace with a 40ns sam-
pling step are recorded for offline analysis.

• Analog chain: the output from the detector is shaped and amplified
by a Spectroscopy Amplifier (ORTEC 672) for analysis with a Multi-
Channel Analyzer (MCA) (ORTEC ASPEC 927), which provides as
output an energy spectrum and no information on the pulse shape.

5.2.2 Operational voltage and list of measurements

For the present characterization, positive voltage was applied to the n+ Depletion voltage at 2.3 kV,
operational voltage at 3 kVelectrode while the p+ was grounded and used as read-out. Full depletion

voltage was found by increasing the high voltage (HV) in steps from 1 kV to
3.3 kV and tracking the main parameters (peak position, energy resolution
in FWHM and counts per second (cps)) of the 1.3MeV energy peak from a
60Co source. Full depletion is defined at the voltage where such parameters
reach their maximal (minimal) and stable value. As shown in Figure 5.4, this
was estimated to be 2.3 kV. The operational voltage for the following mea-
surements in vacuum cryostat was set at the value of 3 kV as recommended
by the manufacturer, which is 700V above depletion. At the operational
voltage, the following sources have been used for the characterization:

• 60Co, 241Am, 228Th, 56Co to determine the energy resolution and
linearity of the detector-electronics system (Section 5.2.3)

• 241Am to scan the detector surface and investigate the response (in
terms of charge collection and pulse shape) as a function of the inter-
action position (Section 5.2.4)

• 22Na for a measurement of the charge collection time (Section 5.2.5)

• 228Th for PSA (Section 5.3)

In addition, an Autunite ore has been used as a constant 222Rn emanator to
create a population of 210Po on the p+ surface of the detector and study its
response to α decays. Details in Section 5.4.

5.2.3 Energy resolution and linearity

5.2.3.1 Energy Resolution

At the operational voltage, 60Co, 241Am and 228Th have been used with- Energy resolution:
2.1 keV FWHM @ Qββout collimation to study the energy resolution of the detector. The main
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Figure 5.4: HV scan of ICaro. From top to bottom: peak position, FWHM normal-
ized to 1.3MeV and cps for the 1.3MeV peak of 60Co as a function of the
applied HV. The uncertainties are smaller than the size of the markers.

peaks from the sources have been fitted with a gaussian function plus a
sigmoid. The spectra from 60Co and 228Th are shown in Figure 5.5a and
Figure 5.5b, where a fit of the highest energy peak is also shown in the
inset. The resolution (in FWHM) was found to be 1.8 keV @1.3MeV and
2.5 keV @2.6MeV. A plot of the FWHM as a function of energy is shown
in Figure 5.5c. A function of the type FWHM(E) =

√
a+ b · E was used to

interpolate the energy resolution at Qββ, which resulted in FWHM(Qββ) =

2.1 keV.

5.2.3.2 Linearity

Given the abundance of γ lines from 1 to 3.6MeV, the 56Co source of
Chapter 4 was also used to determine the linearity of the detector-electronics
system. This has been done by comparing the deviations of the peak posi-
tion from a 1st and 2nd order polynomial calibration curve. As shown in
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(a) 60Co energy spectrum for ICaro with fit on the 1.3MeV peak.
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(b) 228Th energy spectrum for ICaro with fit on the 2.6MeV peak.
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(c) Energy resolution (in FWHM) as a function of energy for ICaro.

Figure 5.5: Energy spectra ((a) and (b)) and resolution in FWHM (c) for ICaro.
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Figure 5.6: Plot of the residuals for 1st (dark blue) and 2nd (light blue) order energy
calibration

.

Figure 5.6, deviations from linearity slowly increase (within the specifica-
tions from BSI (< 0.04%)) for incident energy exceeding ∼2.6MeV, which is
not the case when a 2nd order term is added. As in the present chapter the
energies of interest are ⩽2.6MeV, a linear calibration is used. For the exper-
imental part of Chapter 4, which involved higher energy γ-rays, a quadratic
term was added to the calibration curve.

5.2.4 Surface response homogeneity

The homogeneity of the detector response along the surface has been in-Side and top surface scanned
with 60 keV γ-rays spected by means of a collimated 60 keV γ-beam from a 241Am source. As

a collimator, a 26mm long copper cylinder with a 2mm diameter hole was
used, resulting in a 2.8mm diameter spot on the detector surface. Since 95%
of the 60 keV γ-rays are absorbed within the first 3mm of germanium, such
a setup allows for a study of the parameters of interest with a reasonably
precise knowledge of the interaction position. Specifically, the countrate and
the position of the 60 keV peak have been monitored to investigate charge
collection efficiency and charge trapping as a function of the interaction po-
sition. Also, the rise time 0.5% − 90% and A/E for the events in the range
(60± 2σ) keV have been extracted to study how the pulse shape changes as
a function of the interaction position.

Two main sets of measurements have been taken: a longitudinal scan of
the side of the detector and a radial scan of the top surface, and the results
are shown in Figure 5.7, on the left and right column, respectively. The
shape of the detector (and its holder in case of the side scan) is also superim-
posed for quick identification of the source position relative to the detector.
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In Figure 5.7 the coloured lines indicate obstacles, coordinates where some
inhomogeneity in the parameters is expected: the yellow lines indicate the
edges of the detector, the blue lines the thicker ring on the side of the detec-
tor holder (see Figure 5.1a), and the green ones the borehole2.

5.2.4.1 Side longitudinal scan

The charge collection efficiency has been investigated by monitoring the Thicker Li layer in the top
halfcountrate of events at (60± 2σ) keV for every scanned position (Figure 5.7a).

A 15% lower countrate was observed at around Z =20mm, which reflects
the structure of the detector internal holder. A ∼ 22% reduction was also
observed in the top half of ICaro, corresponding to an additional 0.1mm
layer with respect to the bottom half, which is probably due to how the
detector is handled during Li-diffusion at BSI. The visual difference in the
reflectivity of the two halves of the bare detector in Figure 5.1b is a hint in
this direction. A detailed study of the pulse shape of events in the upper
half of ICaro allowed to conclude that this additional layer is not completely
dead, as a higher fraction of slow pulses (see Section 2.4.2) is generated there
with respect to the case in which an additional dead material (yielding the
same attenuation) was manually added in front of the bottom half.

It is well know that traps in semiconductor devices and, specially, large No evidence for charge
trapping from side scanvolume germanium detectors, lead to partial reconstruction of the incident

energy [9, 10]. For the present measurement, it would result in a lower
reconstruction of the position of the 60 keV energy peak for longer paths
(higher Z positions). Its mean position has thus been monitored along the
scan using a fixed calibration (Figure 5.7c) and no evidence for a dependence
on the Z coordinate was observed. Given some electronics instabilities for
this measurement, this measurement set an upper limit for charge trapping
on ⩽ 0.05%.

As expected from the simulations in Chapter 3, the rise time (0.5% − 90%) Rise time 150ns longer in
top halfof events occurring along the surface for Z below 20mm is constant at the

value of 1200ns (see Figure 3.5), it increases rapidly with increasing Z val-
ues, and reaches a plateau of 1350ns for Z above 40mm, where the 0.5%
threshold is not sensitive to the beginning of charge collection (Figure 5.7e).

Finally, the mean value of the A/E parameter was extracted for every A/E 0.2% lower in top half

scanned position. As seen in Chapter 3, charge carriers’ collective effects
combine in such a way that interactions occurring in the upper part of the
detector exhibit lowerA/E than those occurring in the lower part. The results
of the side scan confirm the effect, showing a 0.2% lower A/E for events
occurring in the top part of ICaro (Figure 5.7g), compared to those occurring
in the bottom part.

2 The lines are slightly shifted compared to the coordinates of the obstacle because they indicate
when the edges of the γ-ray beam start shining on it.
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Figure 5.7: Results of the side longitudinal (left) and top radial (right) scan of ICaro
for the 60 keV γ-rays from 241Am. The colored lines indicate the coor-
dinates for which the γ-beam is expected to encounter an obstacle (see
text).
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5.2.4.2 Top radial scan

Charge collection on the top surface of ICaro is compatible with the val- Thicker Li layer around
boreholeues of the side scan for high Z values and exhibits two prominent features

(Figure 5.7b). The most significant is the countrate around the center of
the detector, which is strongly reduced on the sides of the borehole and in-
creases at the very center. This reflects the geometry of the beam, which,
shining diagonally on the vertical surfaces, sees thicker layers of dead mate-
rial before getting into the active volume. Moving towards the center, this
effect is reduced. The second prominent feature is that the charge collec-
tion is less efficient already for radii smaller than 30mm, which is not close
enough to the borehole to experience its effects. This suggests that a second
Li-diffusion was performed around the position of the borehole after the
mechanical drilling.

The analysis of the peak position gives indication of trapping of ∼ 0.08% Indication of small charge
trapping (0.08%)of the deposited charge, as a higher reconstructed energy was observed for

events occurring on the bottom of the borehole compared to those on the top
surface (Figure 5.7d). Indeed, for the formers the charge collection path is
more than twice shorter than the latters. This value is higher than the limit
set from the side scan, as the difference in the collection paths is maximal
when comparing events occurring on the top surface and at the bottom of
the borehole.

With no surprise, the rise time (Figure 5.7f) takes the constant value of Rise time agrees with upper
position of side scan1350ns (in agreement with the highest Z values of the side scan) for events

on the detector top surface and it decreases to 700ns for interactions in the
borehole.

Finally, the A/E distributions have the same peak value for all interactions A/E is 0.5% higher in the
boreholeoccurring on the top surface of the detector (Figure 5.7h). At the bottom

of the borehole, A/E is 0.5% higher as in the top surface. As for the side
scan, this difference comes from collective effects, as no difference is seen in
simulations without implementation of the charge cloud dynamics.

5.2.5 Estimation of charge collection time

As detector dimensions keep on increasing, charge trapping can have a
significant impact on the reconstruction of the event true energy [10]. As
this is intrinsically proportional to the charge collection path, a correction
on the energy can be carried out using the charge collection time, which is
often referred to as drift time. Its experimental determination is equivalent to
the identification of the rising edge of the electrical signal, what is normally
called the t0, which, for interactions occurring in regions of low weighting
field, can be at (or below) the edge of the electronics noise. An important
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Figure 5.8: Coincident 511 keV γs in ICaro (top) and NaI(Tl) crystal (bottom).

parameter for IC detectors is thus how precise the determination of the t0
is. For ICaro, this accuracy has been determined by comparing the rise time
0.5% − 90% with the drift time obtained using a 22Na source and a NaI(Tl)
crystal, following and adapting the procedure of [11].

The two 511 keV photons following the β+ decay of 22Na have been usedSignal in NaI(Tl) marks the
t0 to select coincident events in germanium and NaI(Tl). Exploiting the fact

that signal generation is an order of magnitude faster in NaI(Tl) than in
germanium, the 10% threshold on the signal from the scintillator was used
as an estimation of the t0. The end of charge collection in germanium was
then considered as the 90% of the signal. An example of a coincidence is
shown in Figure 5.8, where the dashed lines mark the beginning and the
end of charge collection, as selected in our analysis.

In the present work the source was placed in a double 4 cm long copperDetermination of the drift
time for four interaction

positions
collimator between ICaro and the NaI(Tl) crystal at 4 different Z-positions
(Z = 17mm, Z = 27mm, Z = 37mm, Z = 57mm) and the coincident events
have been selected for each dataset to estimate the drift time as a function of
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Figure 5.9: Comparison of drift time (green), estimated with a collimated 22Na
source, with rise time 0.5% − 90% (blue), extracted from collimated
228Th data, for ICaro.

the interaction position. The distributions of the drift time for the coincident
events at the 4 Z-positions are shown with the green histograms in Figure 5.9.
As we saw in Chapter 3 for the rise time (Figure 3.6), drift time distributions
have a two-peaks structure, where the lower peak includes the events which
occur in the lower part of the detector, and the higher those occurring in
the upper part. Additionally, as 511 keV γs have a non negligible multiple-
site component, some events starting at low Z-values can end up in higher
regions and vice-versa. As visible in Figure 5.9, the drift time in the upper
volume of ICaro reaches values of 2µs, which is roughly double the typical
amount for BEGes.

A direct comparison of the rise time 0.5% − 90% and the drift time for the Drift time vs rise time

same events is unfortunately not possible, as the 0.5% threshold for events
at 511 keV is at the edge of the electronics noise. However, since charge
collection time is energy independent, DEP events from a collimated 228Th
source at comparable positions3 have been used for the comparison; their
rise time distributions are shown in blue in Figure 5.9. As expected, the
difference between rise time and drift time is not significant for the lower

3 The difference in the position of the two collimators is at most 4mm, and the size of collima-
tor’s hole for 228Th is 10mm.
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peak, as it contains events occurring in the bottom part of the detector, where,
according to the configuration of the weighting potential (see Figure 5.2), the
contribution to the total signal is higher than the 0.5% threshold of the rise
time. Conversely, as is visible from Figure 5.2, charges drifting at Z >35mm
give a contribution which is smaller than 0.5%. In these regions, the 0.5%
threshold is not a precise determination of the real t0. Therefore, the rise
time for these events is ∼300ns shorter than the drift time, as is visible in the
second row of Figure 5.9. Additionally, the comparison between rise and
drift time for the lowest Z position (top-left panel in Figure 5.9) shows an
excess of DEP events with low rise time values. This is due to the different
volumes sampled by the 2.6MeV gamma-ray (which interacts through pair
creation and creates the DEP), compared to the 511 keV from 22Na. With an
attenuation length λ ≃ 5 cm, the former also probes the volume around the
p+ electrode, which the latter (with a λ ≃ 2.4 cm) only poorly accesses.

The 300ns difference between rise time and drift time represents the un-
certainty on the estimation of the charge collection time in the top part of
ICaro, if a 0.5% threshold is chosen. Despite more refined digital signal
processing (DSP) techniques are being developed to access lower thresholds
(such as 0.1%), this uncertainty can still be significant in longer IC detec-
tors, and could ultimately prevent a precise reconstruction of the event true
energy.

5.3 Pulse shape analysis

We have seen in Section 2.4.2 that PSA is a powerful tool to discriminate
signal-like events from background. In this section the performances of the
A/E technique for ICaro will be evaluated. The results which will follow
have been partially anticipated in Chapter 3, where little emphasis was given
to the experimental characterization campaign, as the main goal was to cor-
roborate the accuracy of the modeling of collective effects in charge clusters.
This section takes up the discussion on the dependence of the pulse shape on
the interaction position and expands it with the support of results from mul-
tiple experimental configurations. After this discussion, the performances of
ICaro in terms of background discrimination will be given for all the experi-
mental configurations and with different analysis techniques.

5.3.1 Pulse shape dependence on the interaction position

As seen with the surface scan with 241Am, an event occurring in the upper
part of ICaro exhibits a smaller A/E value compared to the same event in
the lower part. In the following, this effect will be investigated for SSEs
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Figure 5.10: Experimental correlation of A/E on the rise time for DEP events from
a flood irradiation with 228Th of the lateral surface of ICaro.

at higher energy, using samples of DEP events from a 228Th source in 3

different configurations:

• Flood source illuminating the full lateral surface

• Flood source illuminating the top surface

• Collimated source at 4 lateral positions

As rise time carries the information on the interaction location, its correla-
tion with A/E makes the dependence of the pulse shape on the interaction
position explicit.

This is shown for the flood lateral measurement in Figure 5.10. For this Flood lateral irradiation with
228Thconfiguration, DEP events are distributed along the whole detector height,

particularly on the top and bottom corners, where the chance for 2 back-to-
back photons to escape detection is higher. As exhaustively explained in
Section 3.3.2, the combination of charge cluster’s collective effects with the
geometry of ICaro creates two populations of almost constant rise time and
A/E, in the bottom and top halves of the detector. The actual values of the
rise time for events from 228Th differ from those extracted in Section 5.2.4
with 241Am. This is because the 60 keV collimated γ-rays from 241Am probe
a small angle of the detector, hence generating charges drifting with a veloc-
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Figure 5.11: Experimental correlation of A/E on the rise time for DEP events from
a flood irradiation with 228Th of the top surface of ICaro.

ity which is characteristic of the closest crystallographic axis, which is not
the case for 2.6MeV γ-rays from 228Th.

In order to clearly distinguish the two populations in the A/E space, in
Figure 5.10 DEP events have been divided into two groups, according to the
median value of rise time, which have been called Short and Long (in blue
and green, respectively). This emphasizes the physical origin of the two,
where Short labels events occurring in the bottom part of the detector, and
Long those in the top half. Furthermore, this division triggered the idea of
the Split analysis, which will be presented in Section 5.3.2.

The same correlation of rise time and A/E is shown in Figure 5.11 for theFlood top irradiation with
228Th flood irradiation of the top surface of ICaro. For this configuration, only

⩽ 20% of the 2.6MeV γ-rays reaches the bottom of the detector, of which
only a small fraction will interact through pair creation. Hence selecting DEP
events from this dataset results in probing mainly the top part of the crystal
height. For this reason, Figure 5.11 does exhibit a single peak structure, with
very few events in the Short group.

In addition to the flood datasets, collimated measurements with 228ThCollimated scan with 228Th

have been performed, using a 7 cm long lead collimator with a 1 cm diam-
eter aperture (resulting in a ∼1.2 cm wide spot on the detector surface) to
scan the lateral surface of the detector at 4 different heights. This allowed
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Figure 5.12: Experimental correlation of A/E on the rise time for DEP events from
a collimated scan with 228Th of the lateral surface of ICaro.

to have a considerably high number of DEP events in controlled volume re-
gions. The result of this scan is shown in Figure 5.12 in the rise time - A/E
space, where the collimator height is indicated in the top right corner of
each plot. Moving towards higher Z-positions, DEP events gradually shift
from the Short to the Long population. In particular, the Z = 27mm posi-
tion (top, right) probes the central part of the detector, which is only poorly
represented in the flood measurements. Here the transition volume between
Short and Long is probed, thus showing the gradual dependence of A/E on
the rise time.

5.3.2 Event discrimination performance

The survival probability (SP) of the standard event samples from a 228Th
source after cut is listed in Table 5.1 and Table 5.2 for the experimental con-
figurations with 228Th presented in Section 5.3.1. In particular, the first
column of Table 5.1 reports the standard PSD performance for the lateral
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flood measurement. Additionally, motivated by the correlation shown in

Side
Event class Standard Corrected Split
208Tl DEP 90.1 (8) 90.1 (8) 90.3 (8)
208Tl SEP 5.0 (3) 5.3 (3) 5.0 (3)
208Tl FEP 7.64 (5) 7.92 (5) 7.49 (5)
212Bi FEP 8.9 (4) 9.1 (4) 8.8 (4)
CC @Qββ 32.3 (2) 33.1 (2) 32.5 (2)

Table 5.1: Survival probabilities for the flood lateral measurement of ICaro with
228Th.

Figure 5.10, a linear correction of A/E on the rise time has been investigated.
This is extracted by fitting the two A/E and rise time blobs of DEP events, as:Rise time correction of A/E

A/EDEP(RT) = a+ b · RTDEP (5.1)

and then applied to all events i as:

A/Ecorri = (A/Ei − b · RTi)/a (5.2)

The results of this Corrected analysis are listed in the second column of
Table 5.1 and, as anticipated in Chapter 3, do not provide a significant im-
provement of the discrimination capabilities. However, such correction re-
duces the volume dependence of the PSA performance, possibly reducing
the systematic uncertainties of the procedure.

As suggested by the separation into Short and Long datasets made inSplit analysis

Section 5.3.1 (and highlighted in blue and green in Figure 5.10), a different
analysis, which has been named Split, has also been carried out: it consists
of carrying out the A/E standard routines separately on the two populations,
and evaluating the final SP on the total number of events, so that the perfor-
mance can be directly compared to the other methods. As for the Corrected
analysis, the Split method does not show a significant improvement in the
MSE rejection capability. Its performance for detectors where the depen-
dence of A/E on the rise time is stronger will be investigated in Chapter 6.

As shown in Section 5.3.1, the configurations where the 228Th source sits
on the top of the detector or is collimated do not exhibit a double peak in
A/E, hence only the standard analysis was carried out, and its results are
reported on Table 5.2.

Overall, the measurements performed with 228Th show excellent rejection
power of MSEs in all experimental configurations. The values for ICaro are
compatible with typical values of BEGe and PPC detectors, and even better
than many of them [12–14].
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Flood Collimated
Event class Top Z1 Z2 Z3 Z4
208Tl DEP 90 (2) 90.1 (7) 90.0 (7) 90.0 (6) 90.3 (5)
208Tl SEP 5.7 (5) 6.1 (2) 5.8 (2) 6.8 (2) 5.9 (2)
208Tl FEP 8.9 (1) 7.82 (3) 7.57 (3) 9.59 (3) 9.98 (3)
212Bi FEP 7.9 (6) 8.6 (3) 7.8 (3) 9.6 (2) 10.1 (3)
CC @Qββ 24.5 (3) 33.1 (1) 31.7 (1) 34.9 (1) 35.0 (1)

Table 5.2: Survival probabilities for the flood top measurement and for the colli-
mated lateral scan of ICaro with 228Th. The collimated Z-positions are,
from the bottom of the detector, Z1 = 14mm, Z2 = 27mm, Z3 = 40mm,
Z4 = 53mm.

5.4 rejection of α-decays

Several times throughout this dissertation we have mentioned that events
in the vicinity of the p+ electrode generate signals with high A/E values. Be-
ing separated from the external world by a O(100)nm thick B layer from the
implantation process on the p+ electrode, or a layer of unknown thickness
from the passivation process on the groove, this volume is the only sensi-
tive region to α-decays. This section shall present the ongoing work on the
estimation of the rejection efficiency of events occurring in the region sur-
rounding the p+ electrode (i.e. on the surface of the electrode itself and of
the groove) to which we will refer simply as p+ events.

5.4.1 State-of-the-art alpha rejection efficiency

The rejection efficiency of p+ events can be determined in two ways:

• In-situ: during the production and handling stage, germanium de-
tectors are exposed to (tiny) concentration of 222Rn. Its progeny can
deposit on the surface of detectors, thereby causing a (small) contami-
nation of the α-decaying 210Po; this can be a background when detec-
tors are operated in Gerda, as α particles can deposit an energy equal
to Qββ in the active volume, without producing any light in LAr. The
fraction of events surviving analysis cuts gives the performance of the
discrimination methods.

• Custom setups: a detector’s vacuum cryostat can be customized to
host an α-decaying source shining on the p+ electrode, thus providing
a sample of external αs on which the rejection efficiency of different
analysis techniques can be evaluated.

In-situ measurements in the Gerda setup benefit from the cleanest environ-
ment around the 210Po α-peak, so that above the Qβ of 42K at 3.5MeV, only
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α-decays populate the energy spectrum. At the same time, the contamina-
tion of 210Po is so low that the number of the available α-decays is just a
handful per detector per month (and none survive the analysis cuts in small
anode detectors). Therefore, only upper limits at O(0.1)% level are available
for the α survival probability with this method [15].

The advantage of custom setups is that they can reach a significantly higher
statistics of α events using a radioactive source. The disadvantage is, how-
ever, that ad-hoc setups are needed, which are hardly as clean as the Gerda

core. A pathfinder in this direction was conducted in [16], using a collimated
241Am source shining on the p+ electrode of a modified BEGe detector (an
enlarged version of a BEGe detector with extremely low level of impuri-
ties, which was called low depleted (LD)-BEGe) inside a customized vacuum
cryostat. The setup was operated in the shallow underground laboratory of
TUM, shielded by a 15m.w.e. overburden. Although a scintillator panel was
placed on top of the cryostat and used as an detector anti-coincidence (AC)
veto, the background from cosmic rays worsened the signal-to-background
ratio, and the analysis yielded survival probabilities compatible with 0, and
upper limits at O(1)% level. As the experiment was carried out using a
collimated source, the analysis yielded also a qualitative study of the A/E
response depending on the interaction position, which was also a milestone
for the field.

5.4.2 The p+ spoiler

To get the best out of the two worlds, a high contamination of 210Po di-
rectly on the surface of a detector would be desirable. This could be obtained
by exposing it to a constant 222Rn emanator, thus accelerating the natural
process which creates the normally undesired contamination. An AutuniteAutunite ore as constant

222Rn emanator ore fulfills this requirement as it contains the 222Rn progenitor 238U in form
of Uraninite (UO2) in ∼ 50% of its weight [17]. A ∼ 1 g ore has been pur-
chased for this purpose, providing an activity of 25 kBq.The p+ spoiler setup

With the engineering support of L. Papp at TUM, the setup shown in
Figure 5.13 was designed and assembled, which could host the source in the
proximity of the p+ electrode of a generic germanium detector. The setup
consists in standard CF components from Kurt J. Lesker with a VCR fitting
(for flushing/pumping) and a HV feedthrough welded on the top flange,
allowing to set the detector on HV. The internal components are made out
of aluminum, and the electrical insulation is ensured by delrin screws on the
bottom and side of the detector. The internal volume is filled with material,
except for the volume region around the p+ electrode, where 222Rn can
accumulate and decay. Applying a negative HV to the detector (ensuring
analogous field strengths as in [18]), increases the collection efficiency of the
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(a) Cross section of the setup. (b) Zoom in the detector and holder.
The electrical insulation is granted
by delrin screws.

Figure 5.13: (a) Technical drawing of the p+ spoiler setup: (1) VCR fitting for flush-
ing or pumping. (2) HV feedthrough. (3) Aluminum volume filler (4)
Cup-like aluminum detector holder. (5) ICaro. (6) Source holder with
Autunite. (7) Pressure gauge. (b) Zoom in the detector surrounding
volume.

progeny ions of 222Rn. Once collected at the detector surface, the α-decaying
nuclei of 218Po and 214Po can recoil in the direction of the detector and thus
create a contamination of 210Po4 on its surface, which can be subsequently
measured either in the vendor’s cryostat or with the detector bare in LAr.

5.4.3 Preliminary results

The first deposition campaign has been carried out as a proof-of-principle First campaign with
LD-BEGeon the same detector where the aforementioned scan had been performed

[16]. As it developed an increasingly high leakage current during the HV
ramping up, the detector could not be fully depleted, resulting in a poor
energy resolution. Great experience in the deposition mechanism as well as
in the technical work has been gained with this campaign. After 180 days
of exposure in the p+ spoiler setup under nitrogen gas overpressure5, the

4 The decay to 210Po goes through the β-decaying 210Pb, which, with an half-life of 22 yr,
continuously increases the 210Po population.

5 The exposure was interrupted several times to monitor the number of 210Po decays and
optimize the hardware configuration
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detector was installed in a vacuum cryostat and, in a 30 days long mea-
surement, a total number of ∼ 60000 potential α events have been identified
above 3300 keV, which are shown in Figure 5.14 in the A/E-Energy space.
After a comparison with the collimated scan of [16], the events occurring ei-

Figure 5.14: A/E vs energy for the LD-BEGe detector after 180 days of exposure in
the p+ spoiler setup and 30 days of measurement in the vacuum cryo-
stat. The recognition of the event location was possible via comparison
with the work in [16].

ther around the p+ electrode or in the groove could be recognized; these are
marked in Figure 5.14 with the green and orange circle, respectively. This
has proven that the deposition of 210Po was successful on both the p+ elec-
trode and the groove. A new low statistics population extending from the α
peak towards the SSE band was identifed, whose origin could not be traced.
Although the analysis of this dataset did not improve the limits of [16], be-
cause the rate of 210Po decays was still comparable to the rate of background
events (from cosmic or environmental background), it nonetheless fulfilled
the goal of proving that a 210Po deposition on the surface of a working de-
tector is indeed achievable, and that a high count rate can be reached within
a few months of exposure.

After the experience gained with the first campaign , ICaro was takenSecond campaign with ICaro

out from the vendor’s cryostat and deployed in the p+ spoiler setup for
a long-term deposition. Pictures from the de-cryostating and deployment
are given in Figure 5.17. The spoiling has started in June 2021 and is still
ongoing. With the deposition efficiency extracted from the previous run,
the foreseen number of α-candidates can be predicted as a function of the
exposure time in the p+-spoiler setup. This has been done using the laws of
radioactive-series decay which can be found in [19] and the result is shown
in Figure 5.15. As an intermediate step, the exposure was interrupted at the
end of November 2021 and the number of α-events was cross-checked: it was
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Figure 5.15: Simulation of the α candidates as a function of the exposure in the p+

spoiler setup. The smooth steps are interrumptions in the exposure
due to measurements or hardware exchanges.

found to be ∼ 1500/d, in agreement with simulations. A preliminary look
at the results of this measurement is shown in Figure 5.16: despite having
very different statistics compared to Figure 5.14, it suggests that not all the
populations observed in the A/E − E space for the LD-BEGe detector can
be found for ICaro. This would indicate a detector-specific response to p+

events, which needs to be further investigated in future spoiling runs with
more detectors. Since the two detectors have been passivated using different
methods (presumably SiO2 for the LD-BEGe and amorphous germanium for
ICaro), further studies could possibly investigate a correlation between the
A/E populations and the passivation technique.

Figure 5.16: A/E vs energy for the ICaro detector after 100 days of exposure in the
p+ spoiler setup and 6 days of measurement in the vacuum cryostat.
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As a work in progress at the time of writing, the exposure in the p+

spoiler of ICaro will now proceed until July 2022, when the α events will get
to ∼ 10000 per day. In order to maximize the signal-to-background ratio, the
detector will then be operated in the LAr setup in the TUM underground
laboratory, instrumented with a Gerda-like LAr veto system.

5.5 conclusions

A 1.6 kg prototype IC detector has been custom designed and successfully
produced as a result of the joint collaboration between TUM, MPIK, BSI and
HZDR. It showed excellent performance in terms of charge collection and
energy resolution. The peculiar double peak structure in the A/E param-
eter has been extensively investigated and understood thanks to the work
reported here and in Chapter 3. Despite this feature, the detector showed
excellent background discrimination performances in all experimental con-
figurations. Thanks to the success of [3] and corroborated by the results of
the present characterization campaign, five enriched IC detectors have been
produced for deployment in the Gerda infrastructure and as a benchmark
for Legend, as we shall discuss in Chapter 6 and Chapter 7.
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Figure 5.17: Pictures from the de-cryostating and deployment of ICaro into the p+

spoiler. (a) The author of this dissertation holding ICaro in front of
the p+ spoiler setup. (b) Top view of ICaro in the cup-like aluminum
holder, with indium patch and cable for HV connection. (c) View of
the p+ electrode of ICaro, next to the p+ spoiler.
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6 E N R I C H E D I N V E R T E D C OA X I A L
D E T E C TO R S F O R L E G E N D

After the promising results from the prototypes of Chapter 5 and [1], five
IC detectors made out of material enriched to 88% in 76Ge have been pro-
duced in collaboration with Mirion Technologies [2], and their performances
have been benchmarked in the vendor’s cryostats. In preparation for the Le-
gend experiment, they have also been deployed bare in the Gerda appara-
tus for long-term characterization in LAr. This chapter reports on their first
characterization in the vendor’s cryostats, where the performances in terms
of energy resolution, charge collection and background discrimination have
been investigated. Their long-term operation in LAr will be exhaustively
discussed in Chapter 7.

The author of this dissertation has given a significant contribution to the
measurements and results presented in this chapter, which have been pub-
lished in [3, 4].

6.1 detector production

In 2017, the Gerda collaboration purchased ∼ 20 kg of germanium, en- 20 kg of enriched GeO2

powder have been reduced
and zone-refined...

riched to 87.7(5)% in 76Ge, in the form of GeO2 powder. The enrichment
has been carried out in the Production Association Electrochemical Plant
(ECP) [5] of the Isotope Joint Stock Company (JSC) [6] in Zelenogorsk, Rus-
sia. As for the Gerda BEGe detectors for Phase II [7], the reduction and
purification process took place at the PPM Pure Metals company in Goslar,
Germany [8]. About 95% of the material had the required quality and 1.6%
was lost during etching and cutting of the bars. The rest was too little for
another purification process and has been stored for future processing.

The enriched bars have been shipped to Mirion Technologies - Oak Ridge,
US, for crystal pulling. Three detector blanks have been pulled, from which
five crystals have been obtained. Their final conversion to diodes took place ...and converted to 5 working

detectors, of ∼2 kg eachin February 2018 at Mirion Technologies - Olen, Belgium, where a total mass
of 9.618 kg was converted into 5 working IC detectors. Their identifiers were
assigned to give information on the detector geometry and the crystal where
they had been cut from: being all inverted coaxial detectors and cut from
crystal numbers 48, 50 and 74, they were named IC74A, IC48A, IC48B,
IC50A, IC50B. More information on their dimensions and weight can be
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108 enriched inverted coaxial detectors for legend

Det. ID Diameter Height Well depth Mass
[mm] [mm] [mm] [g]
[±0.2] [±0.3] [±0.5] [±0.5]

IC48A 74.6 80.4 47.4 1918.9
IC48B 72.6 80.5 56.0 1815.8
IC50A 74.7 80.4 40.0 1881.1
IC50B 72.6 85.4 53.9 1928.7
IC74A 76.6 82.3 52.4 2072.9

Table 6.1: Dimensions and mass of the 5 enriched IC detectors characterized during
the 2018 campaign.

found on Table 6.1. Overall, the estimated mass yield was 51%, slightly be-
low the achieved 53.3% during the previous BEGe detectors production [7].

As for ICaro in Chapter 5, the geometrical dimensions have been cus-
tomized by the Gerda collaboration to allow a depletion voltage lower than
4 kV and to minimise the regions of low electric field (<200V/cm). The re-
sulting electric field and weighting potential are shown in Figure 6.1 for all
the 5 detectors. Compared to ICaro, these IC detectors are ∼2 cm longer and
∼0.5 kg heavier. This creates bigger volumes where the weighting potential
is very low (Wpot < 0.1%), i.e. where the determination of the starting point
of the drift is less accurate.

6.2 characterization in vacuum cryostats

Most of the characterization campaign took place in the High Activity Dis-
posal Experimental Site (HADES) underground facility in Mol, Belgium. It
benefits from a 500m.w.e. overburden, which is desirable to minimize the ac-
tivation rate of 77Ge. This campaign largely benefited from the characteriza-
tion of the 30 BEGes for Gerda Phase II [9], as the same Hades Experimental
Research Of Intrinsic Crystal Appliances (HEROICA) platform [10] has been
used and similar protocols have been applied. Due to burocratical delays in
sending a 250 kBq 228Th source from TUM to HADES, the measurements
with such source have been carried out at the TUM shallow underground
laboratory, shielded by a 15m.w.e. overburden.

6.2.1 Experimental setup

The detectors have been installed in vacuum cryostats and cooled down
via a cold finger immersed in LN2. A DAQ system similar to the one pre-
sented in Chapter 5 was set up:



6.2 characterization in vacuum cryostats 109

Figure 6.1: Module of the electric field ∥E∥ and weighting potential Wpot of the 5

enriched IC detectors produced in 2018.

• Digital chain: the signal is amplified by a non shaping amplifier (Genius
II) and digitized at 100 MHz by the VME Struck 3301 FADC. For each
triggered event, a 10µs long trace at full sampling rate, and a down-
sampled 160µs long trace at 25 MHz are recorded for offline analysis.

• Analog chain: after a 10µs shaping with a spectroscopy amplifier, the
signal is recorded with a MCA, which provides an energy spectrum as
output and no information on the pulse shape.

Most of data have been acquired using the digital chain, with full informa-
tion on the trace. Due to occasional failures of the FADC, part of it was
recorded with the analog chain. A sketch of the experimental setup used for
the characterization is shown in Figure 6.2.
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Fig. 1 Left: Main IC detector features. Middle: ADL calculation of
the weighting potential. Right: Electric field strength in kV/cm. The
minimum required electric field is 200 V/cm (dark blue). The black

dashed lines show electron drift paths ending at the n+ contact while
white solid lines are the hole drift paths reaching the signal contact

Fig. 2 Configurations used for detector characterization. Left: Setup
for depletion voltage estimation with a mixed 1.5 kBq source of 60Co–
137Cs–241Am; bias and readout circuits are indicated. Middle: Setup for
PSD studies with a flood top and side 13 kBq 228Th source and with a
collimated 250 kBq 228Th source for lateral scans. The vacuum cryostat

(cyan) and detector holder (orange), both made of aluminum, are added
here for illustration. Right: Setup for scans with the collimated 4.3 MBq
241Am source: lateral at 3 azimuthal angles (dashed lines), 2 orthogonal
directions on top (solid lines) and a circular one (dotted lines)

123

Figure 6.2: Configurations used for detector characterization. Left: Setup for de-
pletion voltage estimation with a mixed 1.5 kBq source of 60Co –137Cs
–241Am. Middle: Setup for PSD studies with a flood top and side
13 kBq 228Th source and with a collimated 250 kBq 228Th source for
lateral scans. The vacuum cryostat (cyan) and detector holder (orange),
both made of aluminum, are added here for illustration. Right: Setup
for scans with the collimated 4.3MBq 241Am source: lateral at 3 polar
angles (dashed lines) and 2 orthogonal directions on top (solid lines).

6.2.2 Operational voltage and list of measurements

For all detectors, positive voltage was applied to the n+ electrode while
the p+ was grounded and used as read-out. Full depletion voltage was
found by increasing the HV in steps from 2 kV to 4.7 kV and tracking the
main parameters (peak position, energy resolution and count rate) of the
peaks from a mixed 1.5 kBq 60Co - 137Cs - 241Am source. The resulting
energy spectrum is shown in Figure 6.3 for detector IC50A at a bias voltage
of 3 kV.

As in the previous Gerda campaigns, full depletion was defined at the
value where the energy resolution reaches its minimal and stable value. The
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Figure 6.3: Left: Energy spectrum for IC50A with the mixed 60Co-137Cs-241Am
source. Right: fit of the 1332.5 keV line from 60Co.
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Det. ID Exp Manufacturer Set in HADES Set in Gerda

[V] [V] [V] [V]

IC48A 2900 3500 4000 3300

IC48B 3200 3500 4000 3200

IC50A 2900 3000 4000 3700

IC50B 3200 3500 4000 3800

IC74A 3800 4000 4500 4400

Table 6.2: Depletion voltages extracted from the experiment (Exp), in comparison
to those provided by the manufacturer, for the 5 enriched IC detectors.
Operational voltages applied when the detectors were used in vacuum
cryostats (in HADES) and in the Gerda setup are also reported.

results of the high voltage scan relatively to the 1.3MeV peak from 60Co are
shown in Figure 6.4, and Table 6.2 reports the depletion voltages following
this definition (Exp). As a reference, the values provided by the manufac-
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Figure 6.4: Energy resolution (in FWHM) of the 1332.5 keV line from 60Co for all
detectors. The arrows show the depletion voltages reported by the man-
ufacturer.

turer and those used in HADES and Gerda are also reported. All deple- All depletion voltages below
4 kVtion voltages were lower than 4 kV, fulfilling the required specification. For

the characterization measurements in vacuum cryostats, the voltages recom-
mended by the manufacturer, which are typically 500–1000V higher than
depletion, were applied (see Manufacturer in Table 6.2). As done in the pre-
vious campaigns, the operational voltages in the Gerda cryostat were set to
400–600V above depletion.

At the operational voltage, the following measurements have been taken:

• Estimate the best energy resolution achievable: the gamma lines from
the 60Co –137Cs –241Am and 228Th sources have been used to con-
struct the energy resolution in FWHM as a function of energy in the
optimal electronics noise condition of a vacuum cryostat.
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• Probe the geometrical detector response: the homogeneity of the de-
tector surface has been probed with a collimated 60 keV γ-beam from
a 4.3MBq 241Am source embedded on a 3D movable arm [10].

• Pulse shape analysis: a 13 kBq 228Th source was used flood on the top
and the side of the detector to test the background discrimination per-
formances. As for ICaro in Section 5.3.1, an additional 250 kBq 228Th
source was used collimated to study the pulse shape as a function of
the interaction position. A total of 4 collimated source positions were
probed along the Z-axis of each detector. As this source was located
at the shallow underground laboratory of TUM, this special measure-
ment was conducted there.

6.2.3 Energy resolution

The γ-lines from the 60Co –137Cs –241Am and 228Th sources have beenEnergy resolution:
2.04–2.19 keV FWHM @

Qββ

fitted with a gaussian function sitting on a sigmoid-like background, and the
resulting resolution in FWHM as a function of the γ-ray energy is shown in
Figure 6.5 for all detectors. The data points have been fitted with a function
of the type f(E) = a + b ·

√
E to interpolate the resolution at Qββ, which

ranges from 2.04 to 2.19 keV (FWHM) in the vacuum cryostat.
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Figure 6.5: Energy resolution (in FWHM) as a function of the γ-ray energy, for all
detectors. The statistical uncertainties are smaller than the marker size.

6.2.4 Surface response homogeneity

Similarly to what has been done for ICaro in Chapter 5, the homogeneitySide and top surface scanned
at different polar angles with

60 keV γ-rays
of the detector response along the surface has been investigated by means
of a collimated 60 keV γ-beam from a 4.3MBq 241Am source. Compared to
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Chapter 5, in the present characterization campaign the collimator consisted
of a 30mm long copper cube, with a 1mm diameter aperture, resulting in
a ∼2mm2 diameter spot on the detector surface. The parameters of interest,
as in Section 5.2.4, are the count rate and position of the 60 keV peak for
the investigation of charge collection efficiency; the rise time (0.5− 90%) and
A/E for PSA.

As sketched in Figure 6.2, two main sets of measurements have been taken:
a scan of the detector side over its full height, and a radial scan of the top
surface. The side scan was repeated at 3 polar angles (see Figure 6.2), and
the top scan at 2 orthogonal directions. The source was typically moved in
steps of 1mm every 5 minutes and a total number of approximately 1500
measurements have been taken. For the sake of conciseness, only the results
for IC50A (Figure 6.6) and the common features for all the 5 detectors will be
reported in the following (Table 6.3). The detailed analysis for all detectors
can be found in Appendix B.

6.2.4.1 Side longitudinal scan

The count rate of events at (60± 2σ) keV (Figure 6.6a) exhibits two specific Increased count rate in
upper part of IC50A due to
tapering

wells around Z = 10 and 60mm, which reflect the two 9mm long ditches
on the detector holder (sketched in Figure 6.2, middle). This profile is well
reproduced at all angles. Additionally, this specific detector shows an in-
creased count rate starting from Z =40mm. Indeed, IC50A has a light ta-
pering starting from that value up to the top surface, which was obtained
by milling the already Li-diffused surface. As this operation removes part of
the dead layer, it explains the effect.

The ∼ 0.05% decrease in the value of the peak position for interactions Indication of small charge
trapping (0.05%)occurring further away from the p+ electrode (Figure 6.6c) is interpreted as

an indication for a modest charge trapping, analogously to Section 5.2.4.

The rise time shown in Figure 6.6e is the mean value of all the events in the Rise time 200ns longer in
top half60 keV peak. It exhibits the same features as ICaro (see Figure 5.7e), namely

a plateau for Z <20mm, a linear increase in the middle region, and another
plateau in the top part of the detector, characterized by values which are
200ns higher. Compared to ICaro, however, the present IC detectors feature
bigger volumes of low weighting field, which implies a larger volume of
constant rise time.

Finally, the average A/E for the 60 keV γ-rays features two plateaus with a A/E 0.3% lower in top half

∆A/E = 0.3%, as visible in Figure 6.6g. This fact, and its correlation with the
rise time, is explained by the charge cloud dynamics described in Chapter 3.
The deviations at different polar angles are explained by small instabilities in
the electronics, as no difference in the crystallographic properties is expected
at angles multiple than 90◦.
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Figure 6.6: Results of the side longitudinal (left) and top radial (right) scan of IC50A
for the 60 keV γ-rays from 241Am.
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6.2.4.2 Top radial scan

The top radial scan exhibits interesting features due to the presence of the Thinner Li layer in the
boreholeborehole. While the count rate (Figure 6.6b) outside is compatible with the

values for high Z from the side scan, an increase for interactions occurring
inside is explained by a thinner dead layer originating from the fabrication
process.

The analysis of the peak position (Figure 6.6d) yields, as for ICaro, indi- Indication of a mild charge
trapping (0.07%)cations of a slightly stronger charge trapping (0.07%) than observed in the

lateral scan, which is explained considering the much shorter trajectories for
interactions occurring at the bottom of the borehole.

The rise time values (Figure 6.6f) outside the well are compatible with the Rise time agrees with upper
position of side scanhigher plateau at ∼1200ns from the lateral scan, and decrease to 800ns at the

bottom of the borehole, as a result of the much shorter trajectories for those
events.

The A/E analysis (Figure 6.6h) reproduces the increased A/E values for A/E is 0.3% higher in the
boreholeinteractions occurring at the bottom of the borehole, which was observed for

ICaro. This effect, as explained in Section 5.2.4, is due to the charge cloud
dynamics. Additionally, a small angular shift in A/E is observed, which
can be attributed to some instabilities in the electronics chain. Due to time
constraints, it has not been investigated further.

6.2.4.3 Remarks on the surface scan

An overview of the surface scan campaign is given with Table 6.3, which Charge trapping smaller
than resolution in the Gerda
cryostat for all detectors

provides the maximum variation of the parameters of interest for the 5 ICs.

Det. ID ∆PP ∆A/E Min RT Max RT
[%] [%] [ns] ns

IC48A 0.06 0.16 970 1190

IC48B 0.20 0.26 925 1200

IC50A 0.08 0.25 980 1240

IC50B − − − −
IC74A 0.13 0.10 920 1150

Table 6.3: Maximal variation ∆ of Peak Position (PP) and A/E for the 60 keV γ-ray
events. The minimum and maximum value of the rise time (RT) are also
reported for comparison with data from 228Th. No information on the
pulse shape of signals for IC50B is available, as data were taken with a
MCA.

The values of the maximal variation of the peak position (∆PP) suggest
that the amount of charge trapping observed for these detectors is not trou-
blesome for Gerda, as the shifts in the peak position lie in the same range of
the energy resolution atQββ (which, as we will see in Section 7.1.1 is ∼ 0.15%
in the Gerda cryostat). The A/E shifts range from 0.1% to 0.25%, which is of A/E shift is within the

resolution achievable in
Gerda
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the same order as, or lower than, the typical A/E resolution (which, as will
be shown in Section 7.1.2, is O(1)%). As collective effects are energy depen-
dent1, however, A/E shifts need to be investigated at higher energies, too, as
will be presented in Section 6.3.1. In Table 6.3 the minimum and maximum
values of the rise time obtained from the lateral scan are also reported, as
will be relevant to benchmark data from the 228Th source. Data for IC50B
were taken with a MCA due to a failure of the FADC system, hence no in-
formation on the pulse shape is available. Also, due to some instabilities,
the variations in the peak positions were not considered as reliable as in the
other datasets.

6.3 pulse shape analysis

For this characterization campaign, three types of data were collected with
a 228Th source: two flood measurements (from top and lateral position of
the detectors) and a collimated lateral scan at 4 different heights, using the
same collimator as in Section 5.3.1. This last set of measurements has been
carried out at the TUM shallow underground laboratory.

6.3.1 Pulse shape dependence on the interaction position

In order to confirm the dependence of the pulse shape on the interactionA/E dependence on the
interaction position

confirmed for all five
detectors

position for these detectors, the correlation between A/E and rise time for
DEP events from a 228Th source has been investigated for all the experimen-
tal configurations. For the sake of conciseness, only the results of the lateral
collimated scan for IC50A (Figure 6.7) will be described in the following,
while the plots for all detectors can be found in Appendix B.

As we have seen in Section 5.3.1, moving from lower to higher positions
(marked with Z in Figure 6.7), DEP events gradually shift from the Short to
the Long population. This feature was observed in all the 5 detectors in all
experimental configurations, thus confirming the dependence of A/E on the
interaction position for these detectors, too.

The difference ∆A/E between the Short and Long A/E populations is re-∆A/E on average higher
than for ICaro ported in Table 6.4 for all detectors, next to the values of the mean rise time

of both. These IC detectors, being ∼ 25% longer than ICaro, exhibit a differ-
ence in the values of the rise time between upper and lower half which is
higher (∼200ns). Due to the complex interplay between collective effects, the
higher separation between these two values is responsible for a higher ∆A/E
between the two populations. Indeed, the two A/E peaks could be resolved
in the low noise environment of the vendor’s vacuum cryostat.

1 Due to the Coulomb self-repulsion, see Chapter 3.
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Figure 6.7: Experimental correlation of A/E on the rise time for DEP events from a
collimated scan with 228Th of the lateral surface of IC50A.

Compared to the maximal variations of A/E from the surface scan with
241Am (Table 6.3), the ∆A/E for DEP events is larger. This is expected, as
the Coulomb self-repulsion depends strongly on the number of generated
carriers. Some tension also arises in the values of rise time, as was observed
in Section 5.2.4, to which we refer for clarification.

Det. ID ∆A/E Short RT Long RT
[%] [ns] [ns]

IC48A 0.40 870 1180

IC48B 0.43 915 1205

IC50A 0.47 920 1260

IC50B 0.31 820 1080

IC74A 0.23 880 1190

Table 6.4: Parameters of interest of the Short and Long populations of DEP events
from a flood lateral measurement with 228Th. ∆A/E is the difference
between the A/E peak positions of the Short and Long populations. The
mean risetime (RT ) for both is also reported.
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6.3.2 Event discrimination performance

Analogously to the characterization of ICaro, a 228Th source was used
to investigate the event discrimination performance of the present detectors.
Compared to the analysis of ICaro, however, the higher separation of the twoNew tools developed to track

energy dependence of double
A/E peak

A/E peaks in the flood lateral measurements (as can be seen in Figure 6.8)
required the development of new tools to track the energy dependence of
the two peaks separately. These have been fitted with a double gaussian
plus the standard tail function of [11], and the energy dependence of the
lower peak was chosen for the correction on A/E.

Figure 6.8: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the lateral surface of IC50A.

The survival probability (SP) of the different event samples is reported in
the first column of Table 6.5 for the analysis of the data from the flood lateral
measurement for detector IC50A. As this analysis deals with a double peak
in the A/E space, it was labeled as Double.

Additionally, the second column, labeled as Corrected, reports the eventEnergy dependent rise time
correction of A/E discrimination performance of IC50A after a correction based on the rise

time, which was performed in a modified version compared to Section 5.3.2.
Specifically, as these detectors feature a stronger energy dependence of the
separation between the two A/E populations, the correlation between rise
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time and A/E was fitted for many j Compton continuum regions above
1MeV, as:

A/E(RT)j = aj + bj · RTj (6.1)

The values of aj and bj obtained from the fits of the j Compton continuum
regions are shown in Figure 6.9. From those, the energy dependent a(E) and
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Figure 6.9: Fitting parameters of the A/E dependence on the Rise Time for all the j
Compton regions between 1 and 2.2MeV, for detector IC50A.

b(E) are determined via linear interpolation (shown with the orange curve
in Figure 6.9); these parameters have then been used to correct the A/E value
on a single event basis:

A/Ecorri = (A/Ei − b(E) · RTi)/a(E) (6.2)

Such a correction is physically motivated, as the collective effects which are
responsible of the double A/E populations are strongly energy dependent,
and brings as a consequence a minimization of the resolution of the A/E pa-
rameter. Indeed, as shown in Figure 6.10 and Figure 6.11 the A/Ecorr after
correction does not exhibit a double peak structure anymore. As was the
case for ICaro, the correction does not significantly improve the background
discrimination performance, nevertheless it reduces the volume dependence
of the PSA performance, possibly reducing the systematic uncertainties of
the analysis.

Side
Event class Double Corrected Split
208Tl DEP 90 (2) 90 (2) 90 (2)
208Tl SEP 6.3 (4) 6.2 (4) 6.2 (4)
208Tl FEP 8.05 (8) 8.47 (8) 8.62 (8)
212Bi FEP 9.3 (4) 8.3 (4) 8.7 (4)
CC @Qββ 33.4 (6) 33.8 (6) 35.2 (6)

Table 6.5: Survival probabilities for the flood lateral measurement of IC50A with
228Th for different analysis techniques.
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Figure 6.10: A/E spectrum from the lateral flood irradiation with a 228Th source
for detector IC50A before (top) and after (bottom) the correction based
on the rise time described in the text.

The performance of the Split analysis proposed in Section 5.3.2 have beenSplit analysis

investigated for these detectors, too, and the results for IC50A are reported
in the last column of Table 6.5, under the Split label. From an overview
of all detectors (available in Appendix B), we do not find strong statistical
evidence of improvements in the background discrimination capabilities for
this method. Considering also its technical complexity for O(100) detectors,
we do not foresee its future use in double beta (ββ)-decay experiments with
76Ge.

For what concerns the flood measurements from the top, given the geo-
metrical distribution of DEP events, only the Long population is represented,
hence the standard A/E analysis has been carried out, and the results are
reported in Table 6.6 for all detectors.
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Figure 6.11: Correlation of the rise time corrected A/Ecorr on rise time for DEP
events from a flood irradiation with 228Th of the lateral surface of
IC50A.

Top
Event class IC48A IC48B IC50A IC50B IC74A

208Tl DEP 90 (2) 90 (1) 90 (1) 90 (1) 90 (3)
208Tl SEP 6.4 (7) 6.6 (3) 6.5 (3) 5.6 (3) 7.6 (6)
208Tl FEP 9.8 (1) 8.70 (7) 9.28 (8) 8.51 (7) - -
212Bi FEP 6.9 (9) 8.0 (5) 8.6 (4) 7.9 (4) 12.1 (9)
CC @Qββ 37.1 (8) 35.8 (4) 35.7 (6) 36.6 (5) 34.5 (8)

Table 6.6: Survival probabilities for the flood top measurement of all detectors with
228Th.

6.4 conclusions

Five enriched IC detectors have been successfully produced and charac-
terized in terms of surface response, energy resolution and background re-
jection capabilities. Their performances in vacuum cryostats were excellent
in all the investigated fields. The dependence of the pulse shape on the in-
teraction position found in Chapter 5 was confirmed for these detectors, too.
Despite that, all the 5 enriched detectors proved an excellent level of back-
ground discrimination, fulfilling the requirements for operation in Gerda
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and Legend. Chapter 7 will describe their long term operation in LAr, in-
side the Gerda cryostat.
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7 E N R I C H E D I N V E R T E D C OA X I A L
D E T E C TO R S F O R L E G E N D I N
G E R DA

After proven excellent performances in vacuum cryostat, the 5 enriched
IC detectors of Chapter 6 have been integrated in the Gerda setup. Being
the first time of long operation in LAr, this was a crucial benchmark for the
adoption of IC detectors in the Legend experiment. IC detectors contributed
with 8.5 kg · yr exposure (i.e. 8.2%) to the total exposure of 103.7 kg · yr of
Gerda Phase II. They proved excellent long-term performances in LAr, and
indeed showed that a high efficiency, background-free search for 0νββ is
possible with big (mass >1.5 kg) detectors.

7.1 performances from calibrations

The Gerda setup is exposed to radiation from a 228Th source on a weekly
basis for the calibration of the energy scale and PSD methods. Since the
upgrade of 2018, when the enriched IC detectors had been deployed in LAr,
∼ 50 calibrations have been carried out. A complete description of the cal-
ibration procedures for the full Gerda array can be found in [1, 2]. In the
following, details on the performances (and their stability in time) evaluated
with such calibration data will be given for the enriched IC detectors. Un-
fortunately, after deployment in LAr and due to electronics issues, detector
IC48B exhibited an increasing leakage current. Notwithstanding several at- IC48B operated in AC mode

tempts to recover its functionality, it was operated around depletion (3200
V) and therefore used only in AC mode.

7.1.1 Energy calibration

The exhaustive description of the routines for energy calibration can be Periodical energy
calibrations with γ-peaks
from a 228Th source

found in [1], to which we refer for technical details. The position of the
prominent gamma peaks of 208Tl and 212Bi from a 228Th source is estimated
by fitting the uncalibrated spectrum with different functions according to
their intensity: for those with lower statistics, a gaussian function sitting
on a linear background is used. For the stronger ones, the background is
modeled as a step function (which represents the asymmetric composition
of Compton scatterings on the left and right side of the full-absorption peak),
and a tail is added to model the effect of incomplete charge collection. The

125
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central values from the gaussian functions are then used to obtain the cal-
ibration curve. Before the upgrade of 2018, a linear function had always
proved to be the best approximation. For the enriched IC detectors (and forQuadratic energy calibration

for IC detectors and one
semi-coaxial after the

upgrade in 2018

one single semi-coaxial detector, ANG2), however, larger deviations than in
the past (∼1 keV in the residuals at 1.6MeV for IC50B and 2.5 keV for ANG2)
were observed, hence a quadratic term was added in their calibration curve.
After the quadratic correction, the remaining residuals were within a few
tenths of a keV as for the other detectors. The combined spectrum which
sums all calibration runs for detector IC48A is shown in Figure 7.1, with a
zoom on the fit of the high statistics 2.6MeV peak.
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Figure 7.1: Summed energy spectrum of detector IC48A for irradiation with 228Th.

The time stability of the energy calibration is carefully monitored, throughEnergy scale and resolution
were stable the observation of the shift in the position of the (uncalibrated) 2.6MeV peak

between calibrations: datasets which come before a jump >1 keV are dis-
carded from the analysis. As can be seen from Figure 7.2, the energy scale of
IC detectors was very stable during data taking and only a couple of datasets
were not considered for the 0νββ analysis.

As the final determination of the T0νββ
1/2

(or its limit) depends on the en-
ergy resolution of the detector where it is observed, this is also monitored
as a function of time. For this purpose, the 2.6MeV peak is chosen, whose
width stability (in FWHM) during the course of the data taking is shown in
Figure 7.2 for the IC detectors. The fluctuations on such parameter for these
detectors are comparable to the most stable BEGes [3].

As experienced in Gerda, energy resolution can potentially change sig-Energy resolution:
2.76–3.00 keV FWHM @

Qββ

nificantly in time. For this reason, in order to produce resolution curves
which are representative of the full data taking, the average value of each
peak from the different calibration is taken, weighted with the time span
for which the calibration curves are applied to physics data. The result of
this operation is shown in Figure 7.3. Similarly to Section 6.2.3, data points
have been fitted with a function of the type f(E) = a+ b ·

√
E to interpolate

the resolution at Qββ, which ranges from 2.76 to 3.00 keV FWHM in the
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Figure 7.2: Shift of the position of the 2.6MeV peak between calibrations, for IC
detectors. Energy resolution (in FWHM) of the IC detectors during the
course of the data taking. Adapted from [3].

Gerda cryostat. These values, though higher than in vacuum cryostat, are
comparable to those of BEGe detectors and better than semi-coaxials’ [1].

7.1.2 Calibration of PSD techniques

Compared to the A/E analysis described in the previous chapters, since A/E stability is also
monitored in timedetectors are operated on a long-term basis, time is an additional variable

to consider. The full A/E analysis chain for long-term operation of BEGe
detectors in Gerda was developed in [4]. As the double peak structure in
the A/E space was not resolvable in the higher electronics noise environment
of the Gerda cryostat, this same analysis was conducted for IC detectors as
well.

The first step in the calibration procedures is to check for drifts or jumps
of the A/E parameter occurred during the data taking. This is done by mon-
itoring the mean A/E value of events with energy between 1 and 1.3MeV. A
jump is classified as such when the difference between calibrations exceeds
0.4 ·σA/E. A drift is a smaller, but constant, deviation in time. While a drift is
normally compensated for, in case of a jump the dataset betwen calibrations
is not considered for further analysis. The stability of A/E for the enriched
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Figure 7.3: Energy resolution (in FWHM) curves for the IC detectors.

IC detectors is shown in the top plot of Figure 7.4. From there, we see thatNo worrisome instabilities in
the A/E parameter the ICs exhibited no constant drift. A jump occurred in November 2018 for

all detectors, which followed some hardware operations. Other than that,
some instabilities are present, mostly with detector IC48A, which were not
related to hardware changes. The overall instabilities caused an exposure
loss of 0.197 kg · yr (of which, 0.127 kg · yr due to IC48A). After these losses,
the exposure gained with IC detectors was 8.541 kg · yr.

In Figure 7.4, the resolution (in FWHM) ofA/E is also plotted as a functionA/E resolution slightly
larger than BEGes of time. As the two peaks in A/E observed in vacuum cryostats contribute to

the A/E width of the single peak observed in Gerda, such parameter is ex-
pectedly larger than for BEGe detectors. Indeed, ICs showed a ∼ 50% higher
A/E resolution compared to BEGes [4]. Overall, we see that a very stable
regime was achieved after ∼ 4 months of operation in the Gerda cryostat.

After data selection based on the stability in time, the A/E values arePSD performances stable
and better than majority of

BEGes
normalized detector-wise using the mean value of events between 1 and
1.3MeV, and all calibrations are merged together. At this point, the dataset
for every detector is analogous to that obtained from a vacuum cryostat,
and indeed the analysis follows the same steps as in Chapter 6. The result-
ing discrimination efficiencies (2-sided) for the standard event samples from
228Th are shown in Figure 7.5. Though higher than in vacuum cryostat (see
Table 6.6 for comparison), these values are better than the majority of the
BEGes [2]. In the same Figure 7.5, the discrimination efficiency for a sample
of 2νββ events is also shown as crosscheck for the discrimination efficiency
on signal-like events. This sample is defined as those events (in the physics
datasets) with energy between 1 and 1.3MeV in anticoincidence with the LAr
veto, which are expected to be predominantly 2νββ events. A small fraction,
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Figure 7.4: Stability in time of the A/E mean and width (in FWHM) of events be-
tween 1 and 1.3MeV, for IC detectors.

however, consists of Compton events from the K lines which do not produce
light in LAr and can have a multiple-site nature. For this reason, although
not statistically significant, the efficiencies for this sample are slightly lower
than for DEP events.

With the cut being the same for all calibrations, the discrimination effi-
ciencies can also be investigated as a function of time, as a crosscheck on
the time stability of the A/E analysis. This is shown in Figure 7.6, which, al-
though with limited statistics per calibration, proves the effective stability of
the PSD technique for IC detectors over the course of the whole data taking.

7.1.3 0νββ-tagging efficiencies from Monte Carlo

As we have thoroughly discussed in Chapter 4, setting the 90% accep- 0νββ-tagging efficiency
from Monte Carlo used in
the final Gerda systematic
uncertainties

tance of DEP events does not translate into a 90%-tagging efficiency of 0νββ
events, because of the difference in energy and geometrical distributions be-
tween the two samples. As in Chapter 3 and Chapter 4, we estimated the
0νββ-tagging efficiency on a single detector basis, using the MaGe [5] soft-
ware framework to simulate Monte Carlo samples of 208Tl and 0νββ decays
and the SigGen [6] software to generate the electrical signals produced by
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Figure 7.5: Discrimination efficiencies for the standard event samples from a 228Th
source and for 2νββ events for IC detectors in the Gerda cryostat. The
dash-dotted lines (and the numbers above them) indicate the mean val-
ues of the efficiencies for DEP, 212Bi and Compton events at Qββ.

the interactions of their decay products with the detectors. The validation of
the electrical signals was done by tuning the impurity profile of the crystals
in two steps. We used as a first constraint that simulations should reproduce
the depletion voltage as found in HADES (Section 6.2.2). In a second itera-
tion, we adjusted the parameters by tuning the simulated rise time popula-
tions from DEP events on the experimental ones. After freezing the crystal
parameters, we used these signals to carry out the standard A/E calibration
analysis on 208Tl and extract the efficiency of tagging 0νββ events, which
are reported in Table 7.1 and shown in Figure 7.7 for all detectors.

IC48A IC50A

Event class Experiment Simulation Experiment Simulation
208Tl DEP 89.0 (6) 89.3 (1) 87.7 (7) 88.3 (1)
208Tl SEP 6.7 (3) 4.8 (2) 5.5 (3) 4.4 (2)
208Tl FEP 9.43 (8) 8.58 (3) 7.62 (9) 7.79 (3)
0νββ - 88.19 (4) - 86.55 (4)

IC50B IC74A

Event class Experiment Simulation Experiment Simulation
208Tl DEP 88.7 (7) 89.1 (5) 89.0 (6) 89.3 (5)
208Tl SEP 6.8 (3) 6.2 (1) 6.4 (3) 6.6 (3)
208Tl FEP 8.61 (9) 10.18 (2) 8.09 (8) 9.6 (1)
0νββ - 88.0 (1) - 88.6 (3)

Table 7.1: Comparison of the experimental and simulated discrimination efficien-
cies for the standard event samples from a 228Th source for IC detectors.
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Figure 7.7: Comparison of the experimental (filled markers) and simulated (empty)
discrimination efficiencies for the standard event samples from a 228Th
source for IC detectors.

As mentioned in Chapter 4, the final Gerda analysis does not use directly
these numbers for the central value of the 0νββ-tagging efficiency, but rather
runs a data-driven analysis (all details are in [2]) using the electrical signals
from DEP and Compton Continuum (CC) events with rescaled energy. The
difference between the discrimination efficiency of 0νββ and DEP events
obtained with the present work is then considered as contribution on the
systematics of the method.
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7.2 physics results in the gerda cryostat

After each calibration, the 228Th sources are moved away from the ar-
ray, the LAr veto is active and the setup is ready to register all the physics
events depositing energy in germanium and/or in LAr. These include signal
events, like 2νββ and 0νββ, and background, e.g. decays from the primor-
dial 238U and 232Th chains occurring in the surrounding materials as well
as radioactive decays in LAr itself. The accurate analysis of the signal and
background components in the full Gerda spectrum can be found in [7–9],
while details on the components relative to the IC detectors will be discussed
in Section 7.2.2.

Before getting to the physics spectrum, one last crosscheck is performed
on A/E, as will be described in Section 7.2.1.

7.2.1 Calibration and physics data

Since A/E is the combination of O(year) of data, a quality control for theA/E centered at the same
value for calibration and

physics data
full A/E calibration procedure is carried out to ensure that the acceptance
region is the same for calibration and physics data. Also, as calibration and
physics data are taken using a different triggering scheme, this serves also as
a crosscheck on the DAQ. Practically, this is done by checking that the A/E
populations of 2νββ (from physics data) and DEP events (from calibrations)
are centered on the same value. As visible in Figure 7.8, no misalignment
was observed in such comparison for IC detectors, meaning that neither
an inaccuracy in the calibration procedure nor any instability of the DAQ
sneaked into the final IC dataset.
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IC detectors in Gerda.
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Figure 7.9: Summed energy spectrum (top) of all physics runs for the enriched IC
detectors in Gerda and relative A/E values (bottom). In grey are all
events after AC cut, in yellow after PSD and in blue those surviving
both PSD and LAr cuts. The main features of the spectrum are labeled
after the nucleus which originates them.

7.2.2 Physics spectrum of IC detectors in liquid argon

After the sets of crosschecks described above on energy scale and PSD, the
summed energy spectrum before and after analysis cuts is constructed. This
is shown in Figure 7.9 for the total exposure of 8.5 kg · yr gained from July
2018 to November 2019 with the IC detectors. For a better event identifica-
tion, Figure 7.9 also shows how the events in the spectrum are distributed
in the A/E space. Since the description of the main γ-lines (but one, see
Section 7.2.2.2) in the energy spectrum is not IC-specific but rather depends
on the surrounding materials, we refer to [7, 9] for further details, and report
their count rates for IC detectors only in Table 7.2 for reference.

7.2.2.1 2νββ

With the half-life of T2νββ
1/2

= (1.926± 0.094) · 1021 yr extracted from Phase
I [10], the 2νββ of 76Ge dominates the energy spectrum between 1 and
2MeV. As it features the same topology of 0νββ, this spectral component
survives all cuts. The half-life of the process can be estimated with just IC
detectors in several ways. The final results of Gerda Phase II uses data
(from a selection of BEGe detectors) after LAr veto to minimize the impact
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of background events on the analysis [11]. We report here the result from a
multi-variate fit of all background components of the spectrum of IC detec-
tors before analysis cuts [12]. This yields the results:

T
2νββ
1/2

= (1.90± 0.02 (stat)) · 1021 yr (7.1)

Although compatible with the value of Gerda Phase I, this is in tension with
the latest results from Phase II [11], which is

T
2νββ
1/2

= (2.022± 0.041) · 1021 yr (7.2)

The lower value from the multi-variate fit suggests an underestimation of
the background components before analysis cuts. This is not surprising
since the method used for IC detectors relies on the precise knowledge of all
background components, while the Gerda approach is almost background-
free. Indeed, as pointed out in [11], the historical trend on the estimation of
the half-life of 2νββ shows a gradual increase as experiments succeeded in
lowering their background levels.
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Figure 7.10: Summed energy spectrum (top) of all physics runs for the enriched
IC detectors in Gerda and relative A/E values (bottom), in the energy
range of 2νββ. In grey are all events after AC cut, in yellow after PSD
and in blue those surviving both PSD and LAr cuts.
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Compared to the energy spectra of BEGes and semi-coaxials in Gerda Internal 65Zn decay
suppressed by PSDPhase II, an additional γ-line was found at 1125 keV, before cuts, on the

energy spectrum of IC detectors. This originates from the cosmogenically
produced 65Zn, which decays via electron capture (EC), with the emission
of a γ-ray at 1116 keV in 50% of the cases. As the decay occurs internally to
the detectors, the probability for an X-ray or an Auger electron to deposit the
full energy in the detector active volume is high, hence its energy would add
up to that of the γ. Indeed, the signal appears 9 keV higher than the energy
of the γ-ray, at 1125 keV. Being instrinsically multi-site-ish, this line is highly
suppressed by the PSD cut, as shown in Figure 7.10. Such detector bulk con-
tamination had been reported at the beginning of the Heidelberg-Moscow
experiment [13]. However, with a half-life of 244 days, this γ-line has not
been observed in the other Gerda Phase II datasets since semi-coaxial and
BEGe detectors had been stored at least 2 years underground before being
deployed.

7.2.2.3 210Po

Above the Q-value of the β-decay of 42K at 3.5MeV, the spectrum is pop- No α-decay survives
analysis cutsulated by α particles from the decay of 210Po which penetrate through the

thin p+ electrode and reach the active volume of germanium detectors. Their
mean path is however O(1)µm, which means they only probe the small vol-
ume around the electrode, where, as we discussed in Chapter 2, signals with
high A/E are generated. As visible in Figure 7.9, all the events above 3.5MeV
are characterized by high values of the A/E parameters, and thus discarded
by the high A/E cut.

As these events come from a surface contamination while detectors are
exposed to 222Rn, their count rate is used as validation of the handling pro-
cedures. With a constant rate of 4.5α particles per month, the surface con-
tamination of IC detectors is compatible with the typical values for BEGes,
meaning that detectors have been handled in clean environments.

7.2.3 238U and 232Th bulk contamination

In [14], with no candidate events over an exposure of 26.14 kg · yr, a limit No evidence of 238U and
232Th internal
contamination

of 3nBq/kg was derived for the 238U and 232Th bulk contamination of ger-
manium crystals. For the 8.5 kg · yr exposure of IC detectors, this would
result in 0.8 decays of the long-lived mother isotope, accompanied by the
consequent decays of the daughters in secular equilibrium. On the search
for such decays, the fact that αs have mean free paths which don’t exceed a
few µm is a powerful ally, as it brings two important consequences. Firstly,
the detection efficiency for a bulk α-decay is almost 100%, which in turn im-
plies that the whole decay chain down to the stable isotope can be tracked.
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Secondly, such a decay would have (in more than 95% of the cases) an A/E
value in the SSE band. With no surprise, no hints for a bulk contamination
in the 8.5 kg · yr exposure of IC detectors was observed, as no event of in the
SSE band above 3.5MeV is present in this dataset. A limit for the activityAIC

of 238U and 232Th in IC detectors has been set in [15] to AIC < 9.2nBq/kg.

Count rates [cts/(kg · y)]

Isotope Energy [keV] Before cuts After LAr Coincident with LAr

65Zn 1123.5 10.2+1.7
−1.4 9.5+1.5

−1.2 0.8+0.7
−0.5

40K 1460.8 100.6+3.7
−3.2 97.8+3.6

−3.2 2.8+0.7
−0.6

42K 1524.6 121.2+3.6
−3.2 19.4+1.5

−1.6 101.8+3.2
−3.7

214Bi 1764.5 2.3+0.7
−0.5 0.8+0.4

−0.3 1.5+0.5
−0.4

214Bi 2204.1 1.3+0.4
−0.4 0.3+0.3

−0.2 0.9+0.4
−0.3

208Tl 2614.5 1.7+0.5
−0.4 0.1+0.2

−0.1 1.7+0.5
−0.4

Table 7.2: Count rates of the main γ peaks above 1MeV. Taken from [9].

7.2.4 0νββ search with IC detectors

As shown in the inset of Figure 7.9, in the energy window between 1930
and 2180 keV, only one event, occurred at the energy of 2059 keV in detector
IC74A, survives all analysis cut. With this event, the BI is calculated as the
mode and smallest 68% interval of a Poisson signal expectation, which yields
the final results of

BIIC = (4.9+7.3
−3.4) · 10−4 cts/(keV · kg · yr) (7.3)

This is compatible with the value reported in [7] for BEGe detectors, i.e.
(3.8+3.6

−2.1) · 10−4 cts/(keV · kg · yr). Compared to them, IC detectors feature a
factor ∼ 3 more mass per detector, hence a significantly smaller quantity of
dead material (holders, cables...) per isotope mass. This means that the BI
is expected to be lower by a same factor if only (or mainly) ICs are used, as
foreseen in Legend.

The full analysis to extract the limit on the half-life of 0νββ from the
complete Gerda dataset will be described in Chapter 8. Nonetheless, it’s
interesting at this point to use the unified approach of [16] to extract a 90%
C.L. limit with IC detectors, only. With a number of expected background
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counts calculated from Equation 7.3 and 0 observed events in the Qββ ± 2σ
region, the upper limit on the number of 0νββ events is set to:

N0νββ < 2.40 counts (7.4)

In the more than reasonable approximation of a measurement time t
which is much smaller than the 0νββ half-life, the number of measured
decays N0νββ in time t is

N0νββ ≃ Nge ·
ln(2)

T
0νββ
1/2

· t · ϵ0νββ (7.5)

where Nge is the number of 76Ge nuclei and ϵ0νββ the 0νββ detection
efficiency (which folds in several factors and will be clarified in Chapter 8).
Using ϵ0νββ = 66% (as reported in [9] for ICs), this gives the lower limit on
the 0νββ half-life:

T
0νββ
1/2

> 1.29 · 1025 yr (90% C.L.) (7.6)

7.3 conclusions

This chapter has reported the first and successful long-term operation of
IC detectors in LAr. The standard analysis of Gerda yielded for them a
background discrimination power compatible with that of BEGe detectors,
with the advantage of having a factor ∼ 3 higher mass. In the 14 months
of operation in the Gerda cryostat, IC detectors collected an exposure of
8.5 kg ·yr and reached a background level of (4.9+7.3

−3.4) ·10−4 cts/(keV ·kg ·yr),
thus giving a significant contribution to the final and successful results of
Gerda, which will be presented in Chapter 8.
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8 F I N A L R E S U LT S O F G E R DA

With the IC detectors studied in Chapter 6 and Chapter 7 contributing
with 8.5 kg · yr, Gerda Phase II accumulated an exposure of 103.7 kg · yr.
Thanks to the experimental design and the choice of materials, Gerda suc-
ceded to operate with an unprecedentedly low background index of BI =
(5.2+1.6

−1.3) · 10−4 cts/(keV ·kg ·yr), which fulfills the design goal [1] and makes
Gerda the experiment with the lowest background in the ββ-decay field.
Combining data from Phase I and Phase II, Gerda set a limit on the half-
life of the process to T0νββ

1/2
> 1.8 · 1026 yr. In this chapter the final energy

spectrum of Gerda Phase II will be presented. An overview will also be
given on the statistical analysis which combines the results of Phase I and II
to set the limit on T0νββ

1/2
. These results have been published by the Gerda

collaboration in [2].

8.1 data taking

Gerda phase II started taking data in December 2015 with 15.6 kg of semi-
coaxial and 20.0 kg of BEGe detectors. In summer 2018, the 5 ICs studied
in Chapter 6 and Chapter 7 were added to the array, and one semi-coaxial
was taken out, so that Gerda resumed operation with 44.2 kg of detectors
until the end of the data taking, in November 2019. The live time fraction
was higher than 90% for the vast majority of the data taking, with short
interruptions due to hardware failures or to the upgrade, as can be seen
in Figure 8.1. This allowed Gerda to gain a final exposure of 103.5 kg · yr,
fulfilling the exposure design goal.
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Figure 8.1: Live time fraction and cumulative exposure during the Gerda Phase II
data taking.
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8.2 the final spectrum of gerda phase ii

After a careful data selection (details can be found in [3]) and periodic
calibrations of energy and PSD methods [4, 5], the energy spectrum is con-
structed as the sum of the single energy spectra from all detectors. This
is shown in Figure 8.2 for the three detector families separately, before and
after analysis cuts.
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Figure 8.2: Final energy spectrum of Gerda Phase II for the three detector fami-
lies, before and after analysis cuts. Its main features are labeled and
described in detail in the text.

As seen in Chapter 6, from 1 to 2MeV the spectrum is dominated by the2νββ

population of electrons from the 2νββ of 76Ge. As the energy is deposited
(in most of the cases) in a O(1)mm range in germanium (like 0νββ), these
events are neither cut by PSD nor LAr veto. As can be seen from the zoom at
Qββ of Figure 8.3, thanks to the excellent energy resolution of germanium
detectors, the high energy tail of this population does not overlap with a
possible peak at Qββ.
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The second most prominent feature is the presence of several gamma γ lines

lines, which are labeled in Figure 8.2 according to the isotope which pro-
duces them. Their origin is attributed to a small contamination from 40K
and the 238U/232Th primordial chains of the materials surrounding the de-
tectors. As in the MeV range the full absorption of γ-rays in germanium
occurs mainly through multiple Compton scatterings, these lines are highly
suppressed by PSD. Also, as the γs from 42K, 214Bi and 208Tl follow quite
energetic β-decays (3.5, 3 and 5MeV, respectively), even when the γ is fully
absorbed in the detector, light is also produced in LAr1. Indeed, the LAr
veto strongly contributes to their suppression, too. This complementarity
of PSD and LAr veto is even enhanced for events with partial energy depo-
sition of γ-rays, as is visible in Figure 8.2, in the regions between γ peaks.
These events could deposit part of their energy in germanium through sin-
gle Compton scattering, thus surviving the PSD cut, but are very likely to
deposit the rest in Ar, triggering the veto. The case of 40K is different, be-
cause the γ-ray at 1460 keV is only emitted after EC. Therefore, if this γ is
fully absorbed in germanium, the event does not produce light and the LAr
veto will miss it. For this reason, this line is suppressed only by PSD.

The last feature of the spectrum is the alpha peak at 5.4MeV from 210Po. α peak

As seen in Section 2.4.2 and Section 5.4, αs can reach the active volume of
germanium detectors only through the p+ electrode or the groove. Since
semi-coaxials’ p+ electrode covers a surface which is a factor ∼ 30 bigger than
for BEGes, most of the alphas are expected on their dataset. For BEGes and
ICs, p+ events produce peculiar pulse shapes and are thus easily tagged. In-
deed, as shown in Figure 8.2, for BEGe and IC detectors the PSD cut removes
all the α-candidates above the Qβ value of 42K at 3.5MeV. Those surviving
the cut in the energy spectrum of Figure 8.2 are from semi-coaxial detectors,
for which the structure of the weighting field does not allow an equally ef-
ficient tagging of surface events. Stronger analysis cuts could grant a more
efficient background reduction, however, this would come at the expense of
a lower acceptance of 0νββ events. Therefore, the trade-off described in [5]
has been selected, leading to the spectrum of Figure 8.2.

8.2.1 The search for 0νββ

In order to avoid possible biases, a blind analysis is carried out for the
search of 0νββ. For Gerda, this means that no access is given to collabora-
tors in the blinded window Qββ± 50 keV , before all the analysis parameters
(energy calibration, LAr veto, PSD thresholds...) are fixed. Once everything
is frozen, data are unblinded and the events inside the blinded window are

1 This would not be true if the contamination were internal to detectors. Searches in this
direction did not provide any evidence of a bulk contamination in germanium crystals [6]
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used to perform the analysis for the search of 0νββ. The unblinded energy
spectrum in the region around Qββ is shown in Figure 8.3.

The statistical analysis assumes a gaussian signal on a flat background,
and its free parameters are the signal strength S = 1/T

0νββ
1/2

and the BI. As
we have seen in Section 7.2.4 for ICs, the number of expected 0νββ events
µs for a measurement time t is given by

µs ≃ Nge · ln(2) · S · t · ϵ0νββ (8.1)

where Nge is the number of 76Ge nuclei and ϵ0νββ the 0νββ detection effi-
ciency. This last factor folds in several efficiencies: the active volume fraction
(provided by characterization measurements with 241Am), the containment
efficiency of the two electrons emitted in the decay (calculated from Monte
Carlo simulations) and analysis efficiencies, which include both the accep-
tances of the LAr veto and PSD methods. As such, it is detector specific and
can change over time, according to the experimental conditions.

The number of expected background events µb in an energy range ∆E for
an exposure Mt is given in terms of BI, as:

µb = BI ·∆E ·Mt (8.2)

The statistical analysis is carried out as an unbinned extended likelihood fit,
in the energy window between 1930 and 2190 keV (excluding the two regions
around the expected γ lines from the decays of 208Tl and 214Bi at 2103 and
2119 keV, respectively), in both a frequentist and bayesian framework. The
dataset is divided in partitions, which are time intervals, for each detector,
where the analysis parameters are stable. All partitions share the same signal
strength S and BI (except the partition relative to Gerda Phase I, which has
its own BI) but have different efficiencies ϵ0νββ and energy resolutions. By
dividing the dataset in this way, the most detailed information is available to
describe an event around Qββ. With this approach, the likelihood function
for Nk events in k partitions is the product of k gaussian distributions on a
flat background, weighted by a Poisson term:

L =
∏
k

[
(µs,k + µb,k)

Nk e−(µs,k+µb,k)

Nk!
×

×
Nk∏
i=1

1

µs,k + µb,k

(
µb,k

∆E
+

µs,k√
2πσk

e
−

(Ei−Qββ)2

2σ2
k

)]
(8.3)

Under the frequentist approach, the best fit for the number of signal eventsFrequentist result

is zero, and the lower limit on the half-life is:

T
0νββ
1/2

> 1.8 · 1026 yr at 90% C.L. (8.4)
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which is also the result shown in Figure 8.3. The best fit result for the BI is:

BI = (5.2+1.6
−1.3) · 10−4 cts/(keV · kg · yr) (8.5)

which is the lowest background level ever achieved in a ββ-decay experi-
ment, fulfilling (and exceeding) the design goal of Gerda [1]. Furthermore,
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Figure 8.3: Analysis window (marked by the dashed lines) of the Gerda experi-
ment and result of the frequentist analysis.

with this BI, Gerda Phase II succeeded in operating in the background-free
regime for the full duration of the experiment, which allowed the sensitivity
for T0νββ

1/2
to scale linearly with the exposure, as shown in Figure 8.4.

In the bayesian framework, the prior distribution for the signal S is as- Bayesian result

sumed flat between 0 and 10−24 yr−1, and the one-dimensional posterior
probability density function P(S|data) of the signal strength is obtained by
marginalizing over the other free parameters by using Bayesian Analysis
Toolkit (BAT) [7]. The analysis yields:

T
0νββ
1/2

> 1.4 · 1026 yr at 90% C.I. (8.6)

as a lower limit on the half-life of the process.
Assuming a light neutrino exhange as mediator of the decay, the limit on

the half-life T0νββ
1/2

can be translated into a limit on the effective Majorana
mass mββ using Equation 1.11. As pointed out in Section 1.4.2, the calcula-
tions for the NMEs of Equation 1.11 are only approximate, leading to results
which differ of a factor 2 to 3. For this reason, the upper limit on mββ lies in
a range, which is set by the most and least favorable scenarios of the NMEs
[8, 9]:

mββ <
[
79, 180

]
meV (8.7)

Equation 8.7 is comparable to the most stringent constraints from other iso-
topes [10–12].
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9 C O N C L U S I O N S A N D O U T LO O K

This dissertation has been conducted in the framework of the Gerda and
Legend experiments, in the search for the neutrinoless double beta decay
(0νββ) of 76Ge.

The baseline detector design for Legend is the inverted coaxial (IC) geom-
etry. These detectors have the same electrode structure as the broad energy
germanium (BEGe) detectors of Gerda, but have masses which are a factor
3 higher. This gives a similar factor in the reduction of the dead material
(cables, holders, electronics) deployed in the setup to instrument the detec-
tors, which is a known source of background. The benchmarking of this
geometry has been the goal of the present work.

In the first part of the dissertation a detailed modeling of the signal for-
mation in IC detectors has been presented. The long drift paths of charge
carriers in this geometry led to the observation of previously unnoticed ef-
fects on the pulse shape. These have been attributed with the present work
to the collective motion of the charge carriers during the drift to the elec-
trodes. Collective motion includes random thermal scattering, Coulomb
self-repulsion and acceleration. It has been observed that their combination
leads to non-linear effects on the size of the cluster of charge carriers, which
ultimately determines the rate at which they are collected at the electrodes.
Although this has the effect of blurring some features on the pulse shape,
it nevertheless does not compromise the signal and background discrimina-
tion performance of IC detectors. The work on this topic has been published
in [1].

With the information from the signal formation, the impact of different
event topologies on the pulse shape has also been investigated. This allowed
to study the discrimination efficiency of 0νββ-like events at different ener-
gies and to evaluate possible biases of the standard calibration procedures.
A custom-produced 56Co source was used to corroborate the results of these
simulations with experimental data. Nothwithstanding the practical difficul-
ties of its use, its employment in the second stage of Legend is also proposed
as an additional calibration source. This part of the work has been submitted
for publication in [2].

The second part of the dissertation was dedicated to the experimental char-
acterization of IC detectors. An IC prototype has been custom designed and
produced in collaboration with an industrial partner. Its performances in
terms of energy resolution, charge collection efficiency and pulse shape dis-
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crimination (PSD) have been extensively investigated at TUM using γ-rays
with energies between 60 keV and 3.6MeV. The detector has demonstrated
excellent performance in all the investigated fields. The effects of the col-
lective motion of charge carriers on the pulse shape have been thoroughly
evaluated with this prototype, which has been an important benchmark for
the correct interpretation of the phenomenon. After the characterization
campaign, the detector has been deployed in a custom setup for the depo-
sition (still in progress) of a 210Po layer on the surface of the p+ electrode.
This will allow to study the detector response to α-decays and, possibly, to
determine their rejection efficiency with unprecedentedly high statistics.

Corroborated by the positive results from the characterization campaign
of the prototype, five IC detectors of ∼2 kg each have been produced out of
material enriched to 88% in 76Ge. They have been characterized inside the
vendor’s cryostat in the HADES underground laboratory and confirmed the
excellent performance of the prototype, fulfilling the requirements for Le-
gend. As a final benchmark of the IC geometry for the Legend experiment,
they have been deployed in the Gerda apparatus for long term operation in
LAr. Four out of five detectors showed very stable operation both in terms of
the energy scale and PSD. One IC could not be operated above depletion due
to hardware issues not related to the HPGe detectors. Overall, in 14 months
of operation, IC detectors collected an exposure of 8.5 kg · yr, i.e. 8.2% of
the total exposure of Gerda Phase II. With a background index of (4.9+7.3

−3.4) ·
10−4 cts/(keV · kg · yr), IC detectors contributed to achieve the background-
free regime for the full duration of the data taking of Gerda Phase II. This
allowed the experiment to set the limit on the half-life of 0νββ in 76Ge to
T
0νββ
1/2

> 1.8 · 1026 yr at 90% C.L., which is one of the strongest constraints
for the process. Part of the contents of this section have been published in
[3]. The author of this dissertation also gave a significant contribution to the
results published in [4].

IC detectors have been extensively modeled and experimentally charac-
terized. They proved excellent performances in all the investigated fields,
and showed stable operation in LAr. The results of this dissertation con-
tributed significantly to a deep understanding of their response to radiation,
and strongly corroborated the hypothesis of adopting them as baseline de-
tector design for Legend. Building on this knowledge, ∼100 kg of enriched
IC detectors have been produced for deployment in the Legend experiment,
which is being commissioned at LNGS at the time of writing.
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A D E TA I L S O N S I M U L AT I O N S

This section deals with the technical details of the simulations carried out
for this dissertation. The physics model for 0νββ and 208Tl decays has been
simulated within the MaGe software framework [1], while the generation of
signals in germanium detectors has been simulated using the SigGen soft-
ware [2].

a.1 monte carlo simulations

The Monte Carlo simulations have been performed using the MaGe soft-
ware, a Geant4 based framework oriented to low background experiments.
MaGe gives the opportunity to select the track precision of the simulated
particles, by choosing what is called the realm. For this work, we used the
DarkMatter realm, in which the precision for gamma-rays and e± are 5 µm
and 0.5 µm, respectively. For a germanium detector, this means that every
energy deposition of O(1) keV is stored as a hit.

Additionally to what explicitly mentioned in Chapter 3 and Chapter 4,
we also simulated a collimated 241Am source shining on the side of the
detector at different heights. The low energy (59.5 keV) gammas from it
have been selected as samples of known and localized interaction position.
The comparison of this dataset with analogous experimental data has been
used to tune the physics parameters of the detector in SigGen.

a.2 pulse shape simulations

SigGen is a software tool to simulate signals from germanium detectors.
The signal generation consists of two parts: the first one, called fieldgen,
calculates the electric and weighting field of a given geometrical configura-
tion. The second part, siggen, simulates the signals generated by the drifting
charges in the detector field.

For this work, the fields from fieldgen are simulated on a 0.1mm grid,
and the signals fom siggen are generated on a time step of 0.1ns. The crystal
properties, such as the temperature and the impurity profile, are tuned using
the combination of Monte Carlo and experimental data with a 241Am source.
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The output of MaGe is a list of hits which constitute an event. In order
to build the event-waveform (e.g. a 0νββ waveform), we generate signals
for every hit and sum them all up, each with a weight corresponding to the
energy deposited in the hit. The waveform obtained in this way, however,
does not yet include the collective effects discussed in Chapter 3, as every hit
is processed separately. In order to take them into account, two steps more
are needed. The first is to use the position of the first energy deposition to
calculate the associated time spread of the cluster, στ. The second step is to
convolute the event-waveform with a gaussian function of with στ.

Before the analysis, every waveform goes through the electronics response
function developed by [3], whose parameters are again tuned using the com-
bination of Monte Carlo and experimental data with a 241Am source. Fur-
thermore, electronics noise, taken from our experimental setup, is added on
top of the electronics processed waveform.

The relevant parameters for the analysis are calculated from differently
processed waveforms. The rise time is extracted directly from the waveforms
with noise, while the A parameter has been calculated after applying 5 times
a moving window average of 100ns width. Finally, the energy E, given by
Monte Carlo, has been smeared using a gaussian function whose width σE
has been inferred from the experimental resolution curve.

For a comparison with data, the standard Gerda analysis [4, 5] has been
carried out for both simulated and experimental data.
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B C H A R A C T E R I Z AT I O N O F
E N R I C H E D I N V E R T E D C OA X I A L
D E T E C TO R S

This Appendix completes the characterization described in Chapter 6 with
the results of the surface scan and of PSA for the remaining four IC detectors:
IC48A, IC48B, IC50B and IC74A.

b.1 pulse shape discrimination performances

The PSD performances from the flood top scan with 228Th are found in
Table 6.6; those from the flood side scan are reported in Table 6.5 for detector
IC50A and in the following for IC48A, IC48B, IC50B and IC74A. All detec-
tors feature excellent PSD performances, in all experimental configurations,
for every analysis method investigated.

Side
Event class Standard Corrected Split
208Tl DEP 90 (2) 90 (2) 90 (2)
208Tl SEP 6.8 (3) 6.5 (3) 6.0 (3)
208Tl FEP 9.25 (8) 8.86 (8) 8.52 (8)
212Bi FEP 10.0 (6) 9.6 (6) 9.2 (6)
CC @Qββ 34.1 (6) 33.9 (6) 33.5 (6)

Table B.1: Survival probabilities for the flood lateral measurement of IC48A with
228Th.

Side
Event class Standard Corrected Split
208Tl DEP 90 (2) 90 (2) 90 (2)
208Tl SEP 5.5 (3) 5.4 (3) 5.6 (3)
208Tl FEP 8.64 (7) 8.23 (7) 8.08 (7)
212Bi FEP 8.3 (4) 7.7 (4) 8.0 (4)
CC @Qββ 35.2 (5) 35.1 (5) 35.9 (5)

Table B.2: Survival probabilities for the flood lateral measurement of IC48B with
228Th.
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Side
Event class Standard Corrected Split
208Tl DEP 90 (1) 90 (1) 90 (1)
208Tl SEP 6.6 (3) 6.2 (3) 6.3 (3)
208Tl FEP 9.08 (6) 9.50 (6) 8.47 (6)
212Bi FEP 8.9 (3) 8.4 (3) 9.4 (3)
CC @Qββ 36.5 (5) 36.4 (5) 37.6 (5)

Table B.3: Survival probabilities for the flood lateral measurement of IC50B with
228Th.

Side
Event class Standard Corrected Split
208Tl DEP 90 (1) 90 (1) 90 (1)
208Tl SEP 6.8 (3) 6.2 (3) 6.9 (3)
208Tl FEP - - - - - -
212Bi FEP 10.0 (4) 9.4 (4) 10.6 (4)
CC @Qββ 34.6 (4) 33.4 (4) 35.9 (4)

Table B.4: Survival probabilities for the flood lateral measurement of IC74A with
228Th.

b.2 pulse shape position dependence

The flood and collimated measurements with 228Th, as described in
Section 6.3.1, were used to investigate the dependence of the pulse shape on
the interaction position. All detectors showed the transition of events from
the Short to Long population for increasing Z-position of the interaction.

b.3 surface response homogeneity

The surface response homogeneity has been investigated with an 241Am
source. The results of the scan for detector IC50A are in Figure 6.6; those
for IC48A, IC48B and IC74A are presented here. Due to time constraints,
the scan of the top surface of detector IC48A and the full scan of detector
IC50B have not been carried out. Except small instabilities in the electronics,
all detectors exhibit the same feature described in Section 6.2.4.
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Figure B.1: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the lateral surface of IC48A.

Figure B.2: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the top surface of IC48A.
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Figure B.3: Experimental correlation of A/E on the rise time for DEP events from a
collimated scan with 228Th of the lateral surface of IC48A.

Figure B.4: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the lateral surface of IC48B.
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Figure B.5: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the top surface of IC48B.

Figure B.6: Experimental correlation of A/E on the rise time for DEP events from a
collimated scan with 228Th of the lateral surface of IC48B.
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Figure B.7: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the lateral surface of IC50A.

Figure B.8: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the top surface of IC50A.
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Figure B.9: Experimental correlation of A/E on the rise time for DEP events from a
flood irradiation with 228Th of the lateral surface of IC50B.

Figure B.10: Experimental correlation of A/E on the rise time for DEP events from
a flood irradiation with 228Th of the top surface of IC50B.
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Figure B.11: Experimental correlation of A/E on the rise time for DEP events from
a collimated scan with 228Th of the lateral surface of IC50B.

Figure B.12: Experimental correlation of A/E on the rise time for DEP events from
a flood irradiation with 228Th of the lateral surface of IC74A.
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Figure B.13: Experimental correlation of A/E on the rise time for DEP events from
a flood irradiation with 228Th of the top surface of IC74A.

Figure B.14: Experimental correlation of A/E on the rise time for DEP events from
a collimated scan with 228Th of the lateral surface of IC74A.
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Figure B.15: Results of the side longitudinal scan of IC48A for the 60 keV γ from
241Am.
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Figure B.16: Results of the side longitudinal (left) and top radial (right) scan of
IC48B for the 60 keV γ from 241Am.
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Figure B.17: Results of the side longitudinal (left) and top radial (right) scan of
IC74A for the 60 keV γ from 241Am.
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