G S GRAN SASSO SCIENCE INSTITUTE

I ScUOLA INTERNAZIONALE SUPERIORE DI STUDI AVANZATI

Improvement of Performances
and Background Studies
in GERDA Phase 11

PhD thesis
submitted April 20th, 2017

PhD Candidate
Valerio D’Andrea

Advisors Tutors

dr.ssa Carla Maria Cattadori dr. Francesco Salamida

INFN Milano Bicocca Universita degli Studi dell’Aquila

dr. Luciano Pandola dr. Stefano Riboldi

INFN Laboratori Nazionali del Sud Universita degli Studi di Milano e INFN Milano

Gran Sasso Science Institute
Ciclo XXIX — A.A 2013-2016



If you’re not failing every now and again,
it’s a sign you’re not doing anything very innovative.

Woody Allen

I have done a terrible thing.
I invented a particle that cannot be detected.

Wolfgang Ernst Pauli
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Introduction

The GErmanium Detector Array (GERDA) experiment, located at the Labo-
ratori Nazionali del Gran Sasso (LNGS) of INFN, searches for the neutrinoless
double beta (0v33) decay of ©Ge, a process that implies the violation of the
lepton number conservation as predicted to occur in extensions of the Standard
Model (SM) of particle physics.

High Purity Germanium (HPGe) detectors enriched to 87% in the double
beta emitter "°Ge are deployed being both source and detectors of the 0v3/3
decay. The experiment was planned in two stages. Phase I had been running
from November 2011 to May 2013 using 18 kg of enriched semi-coaxial HPGe
detectors from previous experiments. Since 2013 the GERDA setup has been
upgraded to perform its next step in the OvfSS searches, aiming to reach a
sensitivity to the OvB33 decay half-life larger than 10%° yr in about 3 years of
physics data taking. This is achieved operating a total detector mass of about
35 kg of "*Ge and with a background reduction of factor ten with respect to
the Phase I.

The major upgrade of Phase II is the deployment of 30 new enriched BEGe
detectors so as to both double the target mass of "°Ge and reduce the back-
ground by a superior pulse shape discrimination (PSD).

GERDA Phase II data taking started in December 2015. After 6 months
a first data release with 10.8 kg-yr of exposure was performed, showing that
the design background has been achieved and setting a new limit on the Ovf303
decay half life of "®Ge of 5.3 -10%° yr (90% C.L.).

My thesis work can be divided in two main sections: a significant part
moved in the framework of the upgrade to Phase Il and, after the start of the
data taking, the focus moved to the study of the new physics data and the
Phase II OvBp3 decay sensitivity.

In particular, during the upgrade phase, I worked on test and integration
with Ge detectors of the new front-end electronics and on the analysis of the
tests and commissioning data. In addition I worked on the development of an
optimized digital signal processing for the events energy reconstruction. The
goal was to exploit the superior energy resolution and the powerful PSD of the
new BEGe detectors.

The second part of this thesis focuses on the study of the background spec-
trum and related sources and on the statistical analysis to assess the GERDA
Phase II Ov3p3 decay sensitivity in different background scenarios.

The thesis is structured as follow. In chapter 1 an overview on the neutrino
physics and Ovf3f decay is given. The state of art on the Ovf5S search and
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viii INTRODUCTION

the future prospects are also presented. Chapter 2 focuses on the GERDA
experiment: the description of the experimental setup, the main results from
Phase I, the upgrade program and the first results from Phase II are described.

The main original content of the thesis is presented in the following chap-
ters.

Chapter 3 describes the work performed with the front-end electronics for
GERDA Phase II: the proposed design, the integration tests, the results and the
final configuration are reviewed. The development of the new digital shaping
filter and the results from its application to the new Phase II data are presented
in chapter 4.

The study of the Phase II background spectrum is shown in chapter 5: the
main visible structures, the o and v contaminations are studied in detail.

Finally, chapter 6 describes the study of the GERDA sensitivity on the
neutrinoless double beta decay of “Ge. A new time-dependent background
model has been developed and applied to Monte Carlo realizations of Phase 11
datasets, under the hypothesis of not-constant background, that follows from
the analysis of the o contamination.

In chapter 7 are summarized the main results of the thesis.

Appendix A reports the final GERDA Phase II detector configuration and
the energy resolution obtained in the Phase II global calibration. The de-
scription of the method to evaluate the cross-talk between the 40 channels in
Phase II and the table with all cross-talk values are presented in appendix B.
The results reported in the appendices, that have been provided within the
present thesis, are implemented in the GERDA official analysis and in the re-
cent publications [1, 2.



Chapter 1

Neutrinoless double beta decay

The observation of the neutrinoless double beta (0v3/3) decay would have im-
portant consequences in particle physics and other fields, including cosmology.
It would prove that lepton number is not conserved and that the neutrino
has a Majorana mass term. In addition, it represents a powerful method to
determine the absolute neutrino mass.

The importance of the topic has stimulated the development of several
experiments to search for Ov53 decay on a number of isotopes which undergo
double beta decay.

In this chapter a theoretical introduction on neutrino and neutrinoless dou-
ble beta decay is presented. The state of art concerning the neutrino physics
and its mass is reported in Sec. 1.1 with a brief historical introduction. In
Sec. 1.2 is presented the theory behind the double beta decays, in particular
regarding the Ov 35 process and the formula of the decay rate, with the basis of
the calculation of the phase space factor and the nuclear matrix element. Fi-
nally, the status of the experimental search and the future prospects on double
beta decays are given in Sec. 1.3.

1.1 Present knowledge on neutrinos

In 1930 Wolfgang Pauli postulated a very light, neutral particle with spin 1/2
to explain the continuous energy spectrum of electrons in 3 decays [3]. This
particle was later called neutrino (indicated with v) by Enrico Fermi in 1933
to avoid a naming conflict with the newly discovered neutron. The neutrino
discovery took 26 years until 1956 when Frederick Reines and Clyde L. Cowan
performed a nuclear reactor experiment observing electron anti-neutrinos [4, 5|.
As foreseen by Pauli, the measured cross section was extraordinary small and
well in agreement with the prediction of 6.3 - 1074 c¢m?2.

In 1933 Enrico Fermi developed the first theory for the weak interactions
[6]: a 4-fermion vertex was introduced to describe weak decays and weak in-
teractions (later it became clear that this theory is an approximation of the
complete electroweak theory).

In 1937 E. Majorana introduced a new quantization for the fermionic field
[7], as an alternative to the Dirac formalism (see Sec. 1.1.2).
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A further step in the understanding of neutrino physics was represented
by the introduction, in 1953, of the concept of total lepton number by E. J.
Konipinski and H. M. Mahmoud for the explanation of the missing observation
of some decays [8]. A few years later, B. Pontecorvo suggested the use of
separate lepton numbers for electrons and muons in order to explain the non-
observation of pn — e+ [9].

Goldhaber measured the helicity of the neutrino in 1957 [10], showing that
neutrinos are only left-handed and anti-neutrinos right-handed. This exper-
iment was in agreement with the Wu experiment which had showed parity
violation in weak interaction just one year earlier [11]. Additionally, 5 decay
experiments at the time showed that the neutrino mass is smaller than 0.5 keV
[12]. With these properties, neutrinos are included in the Standard Model (SM)
as part of the electroweak theory which was developed by Glashow, Salam and
Weinberg in 1961 [13].

1.1.1 Neutrino oscillations

The idea of neutrino mixing, analogous to the quark sector, was introduced by
Maki, Nakagawa and Sakata in 1962 [14], but the first connection to possible
neutrino flavor oscillations was introduced seven years later by Gribov and
Pontecorvo [15]: the neutrino flavor oscillation, similar to the quark flavor
oscillation with the Cabibbo-Kobayashi-Maskawa (CKM) matrix, is possible
only if neutrinos have a non-zero mass.

The basic assumption for neutrino oscillation is that the weak flavor eigen-
states are not identical to the mass eigenstates. The flavor and mass eigenstates
are a superposition of each other which can be described as:

L = ZUliViL (1.1)

where [ = e, u, 7 are the lepton flavors, ¢ = 1,2,3 are the mass eigenstates
and L indicates the left-handed component of the neutrino field. U is the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix that can be parametrized
as [16]:

0

C12C13 $12€C13 S13€
i i
U = | —s12c23 — c12523513€"°  c12¢23 — 512523513¢€" sa3c13 | X
6 i
512523 — C12€23513€"°  —C12523 — $12C23513€"  C23C13
1 0 0
G921
x |10 ez 0 (1.2)
931
0 0 e 2

where ¢;; = cosb; , s;; = sinf;; (6;; are the mixing angles), ¢ Dirac is the
charge conjugation parity (CP) violation phase and aw;, a3; are the two Ma-
jorana CP violation phases, present only if neutrinos are Majorana particles.
The observable oscillation, however, does not depend on the Majorana phases.

The neutrino oscillation probabilities depend on the neutrino energy E, the
distance between source and detector L and the elements of the PMNS matrix.
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The transition probability that a neutrino created with flavor [ is detected with
a flavor I’ is:

. . Am?2. L
Pl‘)l’ = 5”’ - 4ZR€(UliUl’iUlkUl’k) Sln2 <4E]m> +
>k

* * . AinL
+221m(UliUl’iUlkUl’k) SIH2 (2-5) (13)
i>k

where Amzi = mi — m? is the squared mass difference between the mass

7
eigenstates k and ¢. In order to determine the unknown Am%i an experiment
has to know precisely E and L of the neutrinos.

The experiments with solar, atmospheric, reactor and accelerator neutrinos
have proved the existence of neutrino oscillations. Disappearance of the solar
Ve, reactor 7, and of atmospheric v, and 7, due to the oscillations have been
observed respectively, in the solar neutrino [17, 18, 19, 20, 21, 22|, KamLAND
[23] and Super-Kamiokande [24] experiments.

Strong evidences for v, disappearance due to oscillations were obtained
also in the long-baseline accelerator neutrino experiments K2K [25] and in the
MINOS [26] and T2K [27] long baseline experiments. Evidences for v, appear-
ance due to v, — v, oscillations were published by the Super-Kamiokande [28§|
and OPERA [29] collaborations.

In 2011 the T2K [30] an the MINOS [31] collaborations also obtained data
consistent with v, — v, oscillations, confirmed in 2013 [32]. Subsequently,
the Double Chooz Collaboration reported [33] indications for disappearance of
reactor 7, at L ~ 1.1 km. Strong evidences for reactor 7, disappearance at
L ~ 1.65 km and L ~ 1.38 km and were obtained in the Daya Bay [34], RENO
[35] and Double Chooz [36] experiments.

The most recent measured oscillation parameters are shown in Tab. 1.1: the
two Majorana CP violation phases cannot be measured with these experiments,
since the flavour neutrino oscillation probabilities of Eq. (1.3) do not depend
on them.

Table 1.1: The best-fit values of the 3-neutrino oscillation parameters, derived from
a global fit of the current neutrino oscillation data (from [37]). Are reported both the
values for NH and TH. Am? = m2 — (m? + m3)/2.

Parameter hierarchy  best fit value £1o

Am3, [107° éV?] NH or TH 7.37$§;é§
NH 2,500

2 -3 2 —0.04
AmT 0T VE 2.4600%
sin 615 [ 107']  NH or IH 2.97101%
NH 2141011
2 -2 —0.09
sin” 63 [ 1077 TH 2.18+0:09
, i NH 4.3770-23
sin® 05 [ 1071] IH 5.607028
NH 1.35%029

d/m
IH 1.321032
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Experiments measuring oscillations are only sensitive to the mass squared
differences Amfj and not to the absolute mass scale. In Tab. 1.1 are reported
the value of Am2; and the absolute value of Am? = m3 — (m? + m3)/2, the
sign of Am? determines the spectrum of the neutrino mass eigenstates. In
addition Am3, < Am?, creating a possible hierarchy.

Until now the mass of the lightest mass state is not known, depending on
its value the neutrino mass spectrum (in literature also called hierarchy) can
take different forms:

e normal hierarchy (NH): m; < mg < mg, Am? > 0;
e inverted hierarchy (IH): m3 < my < ma, Am? < 0;
e quasi-degenerate (QD) mass spectrum: my ~ mg ~ mg, m? > Am?.

The determination of the neutrino mass hierarchy is a central and chal-
lenging research topic in particle physics. Dedicated experiments are the at-
mospheric neutrinos Cherenkov detectors PINGU [38] and the magnetized de-
tectors INO [39].

The mass of the electron anti-neutrino can be directly probed in precise
measurements of the 5 decay spectrum close to the end-point by measuring the
spectral distortion by a small but finite neutrino rest mass. The current best
limit are from the Mainz and Troitsk experiments with a mean upper limit of
mg < 2 eV [40, 41]. The KATRIN experiment [42], with an expected ten-times
improved sensitivity, is currently in the commissioning phase.

1.1.2 Dirac and Majorana mass

A neutrino field v follows the Dirac equation [43, 44| because it is a spin 1/2
fermion:
(iv*0y —mp)r =0 (1.4)

with the Lagrangian:
L =v(iv"0, —mp)v (1.5)

where mp is the Dirac mass for the neutrino field. The mass term of Eq. (1.5)
can be written as:

Lp=—mpiv = —mD(ﬁRVL + 17LVR) (1.6)

where v (vg) is the left (right)-handed field. The Dirac mass is thus created
by the coupling of the chiral fields.

In the case of electrons (or other charged fermions) the mass is created
as indicated by Eq. (1.6). For the neutrino, there is no evidence about the
existence of the right-handed field v and therefore about the Dirac mass: this
means that for the neutrino either mp = 0 or there is vg.

This is the starting point of the problem of neutrino mass.

Another possibility to write the neutrino mass has been introduced by
Ettore Majorana in the 1937 [7]. He tried to describe the massive v using only
the left-handed field (the one observed), rewriting v as function of vy using
the charge conjugation operator.
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Majorana requires the condition:
vp = Col =u¢ (1.7)
and the neutrino field becomes:

V:VL—l-I/R:VL—i-Vg (L.8)

that means v = v or that neutrino and anti-neutrino are the same particle.

Using the Eq. 1.7 it is possible to rewrite the Dirac equation using only
left-handed neutrino (the same is true for the right-handed) and is also possible
add a new mass term in the Lagrangian with only vy:

1
Ly = _imL(ﬁLyg + ﬁgVL) (1.9)

this is the Majorana mass term for left-handed neutrino (it exists an analogous
term for vg introducing the mass mpg).
To summarize there are at least two scenarios:

e if vp exists it is possible to have both mass terms (Dirac and Majorana);

e if vp does not exist and neutrino is only left-handed we cannot have
a Dirac mass mp but only a Majorana mass that violates the lepton
number conservation by 2 units.

See-saw mechanism The most general Lagrangian to describe to neutrino
mass, including both Dirac and Majorana terms can be written as:

1 _C vy,
L= —§(I/L VR)M(V%) +h.c. (1.10)

where the mass matrix M is:
mrp m
M = ( L > .
mp Mg
From the mass matrix, it is possible to obtain the mass eigenvalues:

det[M —mI] =0 = (1.11)

m=g [(mL+mR):t\/(mLmR)2+4m2D] : (1.12)

Choosing my, = 0 and mpg > mp it is possible to obtain the eigenvalues:

2
my ~ _% (1.13)
R
2
ma ~ mpg <1+:ZQD> ~mpg . (1.14)
R

The eigenstate associates with my is mostly the familiar left-handed light
Majorana neutrino, instead to one associates with mg is mostly the heavy
sterile right-handed partner.
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This is the famous See-saw mechanism of type I [45, 46, 47| (if one state goes
up the other goes down); it provides an elegant explanation to the question of
why the neutrino has a mass so much smaller than the other charged leptons.
The assumption my = 0 is natural, since a Majorana mass term for the left-
handed chiral field vy, breaks the symmetries and the renormalizability of the
SM. Taking m1 ~ 0.05 eV and mp ~ myep ~ 180 GeV the result is mpr ~
0.3 x 10'° GeV.

The experiments studying flavour neutrino oscillations (described in previ-
ous section) cannot provide information on the nature of the neutrino mass.
The only feasible experiments having the potential of establishing that the mas-
sive neutrinos are Majorana particles are at present the experiments searching

for Ov BB decay.

1.2 The neutrinoless double beta decay

The neutrino mass nature (Dirac or Majorana), the type of neutrino hierarchy
and the absolute scale of neutrino masses are open problems. New information
can be obtained by searching for the neutrinoless double beta decay.

This section focuses on the double beta decay theory and its importance.
Recent detailed reviews on the state of art of the Ovg3 decay are in Ref. |48,
49, 50].

1.2.1 Double beta decays

The double beta decay, consisting in the transformation of a pair of neutrons
into two protons and two electrons as a single process, was first considered
by Maria Goeppert-Mayer in 1935 [51]. Two year later the new formalism to
describe the neutrino mass of Majorana, Wolfgang Furry considered for the
first time the neutrinoless double beta (0v3/5) decay [52].

The double beta decay is a second order weak nuclear decay process with
extremely long half-lives and it corresponds to the transition from a nucleus
(A,Z) to (A, Z + 2). It can be experimentally observed in nuclear configura-
tions in which two consecutive single beta decays are energetically forbidden or
strongly suppressed. Therefore, candidate isotopes for detecting the 33 decays
are even-even nuclei that, due to the nuclear pairing force, are lighter than the
nearby odd-odd (A, Z + 1) nucleus, making single beta decay kinematically
forbidden.

A double beta process can be described as follows: starting from an initial
nuclear state, one nucleon decays into another nucleon producing a pair of
leptons (electron and neutrino); this is a virtual transition since the ground
state of the parent nucleus has a lower energy than the intermediate state (with
a nucleus and 2 leptons); the 3/ takes place when there is a second virtual
decay with a second pair of leptons. The final state can or cannot conserve
lepton number and the result is a two anti-neutrinos or a neutrinoless double
beta decay.

The standard model predicts the double beta with 2 anti-neutrinos (2v30)
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Figure 1.1:  Double beta decays. On the left, double beta decay with the
emission of 2 anti-neutrinos, lepton number is preserved. On the right, the
neutrinoless double beta (Ov33) process due to the exchange of massive Ma-
jorana neutrino (indicated by vjs) with lepton number violation.

mode:
(Z,A) - (Z +2,A) + 2e + 20,

which has been observed in a few isotopes (see Sec. 1.3). In Fig. 1.1 on the
left the Feynman diagram for the 2v83 process is displayed. This process can
be described as a second-order perturbative treatment of the SM Hamiltonian,
with only left-handed couplings since the transition is allowed by the selection
rules of the weak interaction.

The other kind of double beta decay is not predicted by the Standard Model
and its final state consists in the emission of only two electrons:

(Z,A) = (Z+2,A) + 2 .

This decay violates the leptonic number by 2 units (AL = 2), Fig. 1.1 on the
right shows a possible Feynman diagram of this process, due to the exchange
of massive Majorana neutrinos v;.

Other possible mediators of this decay, which differ in the various extensions
of the SM, could be right-handed weak currents, super-symmetric particles
or massive neutrinos. Independently on the mechanism, the observation of
Ov@p decay would prove the existence of physics beyond the SM, the non-
conservation of total lepton number and that neutrinos have a Majorana mass
component.

The last statement is supported by Schechter and Valle [53], that described
the transition between U, — v,, present in the OvfSS decay, as radiative cor-
rections with a black box as shown in Fig. 1.2. Anyway, a recent calculation
[54] proved that the contribution to the Majorana mass term of the electron
neutrino mass provided by these radiative corrections is of ~ 10724 eV. This
implies that other Majorana and/or Dirac mass terms must exist in order to
explain the known mass splittings and mixing angles.

Extensions of the standard model accommodate right-handed currents and
corresponding couplings between left-handed and right-handed terms. These
are included in the framework of the grand unification theories (GUT), like
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Figure 1.2: Diagram representing the contribution of the “black box” operator
to the Majorana mass. Adapted from [54].

for example the simple SO(10) gauge theory [55] and several more compli-
cated scenarios. However, a complete theory able to explain the nature of the
neutrino mass and to provide predictions of new phenomena does not exist yet.

1.2.2 Lifetime of neutrinoless double beta decay

In the low energy limit (the energy is much smaller than W bosons mass
and the weak interaction is reducible to an effective theory) the interaction of
neutrinos can be described by the current-current four fermion interactions. In
this approximation the expression for the lifetime of double beta decays can
be derived (detailed description can be found in the work of Doi et al. of 1981
[56])-

The general formula for the rate of neutrinoless double beta decay can be
factorized into three factors as follows:

v\t m ?
<T10/2) = GOV’MOV’2 < ’rnﬁﬁ> (115)

e

where Tlo/”2 is the half-life of the Ov3S processes, Gg, is the phase space factor
(PSF) and My, is the nuclear matrix element (NME).

In the expression of Eq. (1.15) a fundamental quantity appears, the effective
Majorana mass mgg defined by:

3
mpg = Y Usm; (1.16)
=1

where U is the PMNS mixing matrix and m; are the neutrino mass eigenvalues.
This quantity appears in the Eq. (1.15) because the Majorana neutrino prop-
agator enters in the amplitude. It follows that the decay rate is proportional
to m%B. The key idea is that, by studying the Ovf3S decay, it is possible to
measure its half-life and then estimate mgg.

Given Eq. (1.15), the half-life of Ov33 can be obtained by the independent
computation of PSF and NME. These two quantities are the main ingredients
of 55 studies and in the latest years systematic works allowed to better evaluate
both quantities. In the following part of this section the basis of the calculation
of them are presented.
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Figure 1.3: Phase space factor for 07 — 0% 0v33 decay obtained by Tachello
et al. (black) and by previous works (blue) [57].

1.2.3 Phase space factors

The phase space factor contains the available final state density and depends
mainly on the Q-value of the decay. The numerical calculation is obtained
through the integration of the electron wave functions (for detailed description
see [57]).

One of the first theories to calculate the phase space factors Gg, in double
beta decays was developed in the 1981 [56]. In the following years the theory
was reformulated by other groups, with calculation for a certain number of
BB nuclei (presented for example in [58]). In these works the results were ob-
tained approximating the electron wave function at the nuclear radius without
electron screening.

Recent developments in the numerical evaluation of Dirac wave functions
and in the solution of the Thomas-Fermi equation allowed to calculate accu-
rately phase space factors for 2v35 and Ov33 decays [57].

Starting from the relativistic electrons theory, the radial wave function is
evaluated using a robust numerical method. Then is included a correction due
to the finite nuclear size, introducing an uniform charge distribution, and the
contribution of screening, using the Thomas-Fermi approximation. Finally the
result is used for the evaluation of the phase space factor Gy, .

Fig. 1.3 shows the values for GY, (transition between ground states of
the nuclei 0t — 07) obtained in [57] in comparison with previous results
that adopted an approximate electron wave function. The difference between
the new calculation and the older ones is increasing with Z: for light nuclei
(Z = 20) is order of a few percent, about 30% for Nd (Z = 60) and larger than
90% for U (Z = 92).
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1.2.4 Nuclear matrix elements

The most critical ingredient in the evaluation of the lifetime of the Ov3f3 de-
cay (Eq. (1.15)) is the nuclear matrix element (NME) My,. It depends on
the form of the hadronic current of the weak Hamiltonian and on the struc-
ture of the initial and final nuclei. It is a difficult task for the double beta
decays because the ground and many excited states of open-shell nuclei with
complicated nuclear structure have to be considered.

Nuclear matrix elements have been evaluated in a variety of models using
the concepts of general nuclear structure, the most important being the inter-
acting shell model (ISM) [59], the quasiparticle random phase approximation
(QRPA) [60] and the interacting boson model (IBM) [61, 62].

Given a model one can write the associated hadronic current, write a transi-
tion operator and evaluate its matrix elements between initial and final states.
This evaluation is in general quite difficult, because in the decay from an even-
even nucleus to another even-even nucleus the structure of the intermediate
odd-odd nucleus must be known. However for Ov35 decay one can use the
closure approximation (because of the momentum transfer carried by the neu-
trino propagator is ¢ ~ 100 MeV) and the calculation of the NME becomes the
calculation of a 2-body matrix element. The starting point is the transition
operator of the process (in this case is mentioned the formulation adopted in
Refs. [60, 61]).

The transition operator in momentum space is written as:

T(p) = H(p) 22 (1.17)

Me

where H(p) is the 2-body operator:

H(p) = _ mhrt[=hF (p) + hT (p)G - Gn + BT (p)SP,) (1.18)

where hF*¢TT are the Fermi (F), Gamow-Teller (GT) and tensor (T) contri-
butions and Sk, is a tensor operator defined by:

Sﬁm :3[<5m'ﬁ)(5n'ﬁ)} —Om " On - (1-19)
The terms hF>¢TT of Eq. (1.18) can be factorized as:
W (p) = w(p)h T (p) (1.20)

where v(p) is the neutrino potential and AF¢TT(p) are form factors that de-

pends on the coupling constants gy = 1 and g4 = 1.269 (for a more detailed
discussion see [61]).

Considering the decay of a nucleus g‘X ~ into a nucleus , +"2‘YN,Q, the nu-
clear matrix elements between the ground state of the initial nucleus and the
final state with angular momentum Jr is:

MOI/ = <AX3 01+|H(p)|AY7 JF> (121)

in the case of Ov5S the final angular momentum cannot be greater than one,
the only possibility is final nucleus with Jp = OT, 03‘ .



1.2. THE NEUTRINOLESS DOUBLE BETA DECAY 11

To evaluate the nuclear matrix elements normally the Eq. (1.21) is split in
many terms following the definition of the transition operator (1.18).

The results for My, depend on the model and approximation schemes
adopted for the description of the nucleus and interactions between nucleons;
in the following part is briefly described the basis of the principal methods
used in literature.

Interacting Shell Model In the interacting shell model (ISM) [59] the cal-
culations are based on the independent particle model that works with the
assumption that nucleons are moving independently in a mean field with a
strongly attractive spin-orbit term:

1 - -
U(r):iﬁwr2+Dl2+C’l-§ (1.22)

the harmonic oscillator part describes the bound nucleon and the spin-orbit
term is added to give the separation of the sub-shell and explain the nuclear
magic numbers.

When the number of protons and neutrons departs from magic numbers, it
is mandatory to include the residual 2-body nucleon interaction that contains
both a kinetic (K) and a potential (V') term:

+ +
ZKU“@' aj — Z Vijki afaj apay . (1.23)
1, ik

Given a good residual interaction Vj;z; the problem is reduced to diagonalize
a matrix in a large basis. In the evaluation of nuclear matrix, a limited valence
space is used but all configurations of valence nucleons are included. The
ISM model describes well properties of low-lying nuclear states, but there are
technical difficulties and only few Ov33 decay can be studied with this method.

Quasiparticle Random Phase Approximation The idea of the QRPA
model is that the important part of the residual interaction between nucleons
is the pairing force, that favors the coupling of neutrons with neutrons and
protons with protons and accounts for the tendency to form especially stable
configurations with even N and Z (like in 58 nuclei). The result is that the
ground state is mainly composed of Cooper-like pairs of neutrons and protons.
In QRPA the nucleon pair is introduced using the Bardeen-Cooper-Schrieffer
(BCS) theory of superconductivity.

In the QRPA is performed an unitary transformation to change from a
particle to a quasiparticle basis. Quasiparticles are generalized fermions which
are partly particles (with probability ujz) and partly holes (with probability 0]2-);
this is just a mathematical construct to account for the pairing force between
nucleons.

After the basis transformation, the QRPA evaluates the transition ampli-
tude that connect the 07 vacuum of quasiparticles with any Jp excited state,
described as harmonic oscillator above the vacuum. The transition amplitude
is then modified as needed, since the creation of a particle-hole pair from the
BCS vacuum (the so-called forward-going amplitude X) can lead to the same
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Figure 1.4: Most updated NME calculations for the Ovg8 with the IBM-2
[62], QRPA [60] and ISM [59] models. Picture from Ref. [62].

final state Jr as the destruction of a particle-hole pair from a 2-particle, 2-hole
excitation (the backward-going amplitude Y). The amplitudes X and Y and
the corresponding energy eigenvalues w are determined by solving the QRPA
equations of motion for each Jpg:

(s ) ()=+() 1

the terms A and B depend on the interaction matrix elements between quasi-
particle configurations; these interaction matrix elements are multiplied by
adjustable coupling constants.

Interacting boson model The IBM [61, 62] aims to share both strengths
of ISM and QRPA and describes excitation spectra and electromagnetic tran-
sitions among collective states up to heavy nuclei.

The IBM adopts the algebra of boson creation and annihilation operators
to provide simple Hamiltonians that generate complex and realistic collective
spectra. In its original form (referred as IBM-1), the degrees of freedom are N
bosons, each can be in six positive parity states: an angular-momentum-zero
state (labeled as s) and five angular-momentum-two states (labeled as du, with
u the magnetic projection). In the IBM-2, which is used to study 353 decay,
there are separate s and d boson states for neutrons and protons. The IBM is
an interesting model since has clear connections between the other models.

Fig. 1.4 shows a comparison among the most recent NME calculations of the
nuclear matrix elements computed with the most common models ISM, QRPA
and IBM-2. It can be seen that the discrepancies can be generally quantified in
some tens of percent. As it will be discussed in next section, the main source
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of uncertainty in the inference does not rely on the NME calculations, but on
the determination of the quenching of the axial vector coupling constant g4.

1.2.5 The quenching problem

The estimation of g4 is an even more delicate topic. A convenient parametriza-
tion for the NMEs is the following [63]:

2
i =4 (0t - (22 o 129

where gy and ga are the vector and axial coupling constants of the nucleon,
Mgf’T is the Gamow-Teller operator matrix element between initial and final
states (spin-spin interaction), M% is the Fermi contribution (spin independent
interaction) and MY is the tensor operator matrix element.

The form of Eq. (1.25) emphasizes the role of g4. In fact in literature the
NME is usually redefined as Mg, = giMOV taking out the contribution of g4.

As pointed out in [61], typically the value of g4 for the free neutron is
used. In literature, this ranges between 1.25 and 1.27. A problem arises from
the comparison between the predicted and measured 2v65 decay half-lives of
several isotopes, systematically smaller than the estimated ones.

A possible explanation is the “quenching” of g4 induced by either some
limitation in the calculation or by the omission of non-nucleonic degrees of
freedom. The quenching of g4 is function of the mass number A:

97 =ga-A° (1.26)

where a depends on the model used for the NME calculation and varies between
—0.12 and —0.18 (A = 1 for free neutrons). Going back to the case of Ov3f
decay, we can ask if the value of g4 is quenched in the same way as for 2v65
decay or not. So far, no commonly accepted answer exists, and the question
is topic of debate. What is the correct value of g4 is still an open issue and
introduces a considerable uncertainty in the determination of mgg from the
Ovff rate formula of Eq. (1.15) (more detailed description on this topic are in
Refs. [48, 50]).

1.3 Search for double beta decays

From the experimental point of view, the search for a Ov3 signal consists in
the detection of the two emitted electrons. The energy of the recoiling nucleus
is negligible and the sum of two electrons energy corresponds to the Q-value
of the 8 process (Qgg). Fig. 1.5 shows a schematic view of the two-electrons
spectra: a monochromatic peak at Qg is expected for the Ov33 decay, while
the 2v33 process has a continuous spectrum with Qg as end point.

An important aspect in the search of the Ov3S5 decay is the choice of the
isotope. The first requirement is an high Qgg of the 33 emitter, since it
directly influences the background; an ideal choice would be Qgg larger than
2614.5 keV, which represents the end point of the dominant natural gamma
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Figure 1.5: Schematic view of the 2v33 and the Ov58 decay spectra.

radioactivity. Another fundamental requirement is high isotopic abundance
of the B emitter; the majority of candidate isotopes have a natural isotopic
abundance < 10%, the only exception being 3°Te with 34.5%.

A recent work [64] compared the available calculations of matrix elements
and phase space factors for all 83 candidates. The results on the effective
Majorana mass limits as function of a renormalized specific phase space and
the squared nuclear matrix element are shown in Fig. 1.6 for selected 88 can-
didates. A nearly uniform inverse correlation between phase space and the
square of the nuclear matrix element has been found. As a consequence, no
B3 isotope is clearly favored or disfavored, all have about the same sensitivity
to OvBB decay per unit mass.

Among all possible candidate 8/ emitters, the isotopes adopted in OvS503
experiments are 4¥Ca, %Ge, 82Se, %7Zr, 109Mo, 116Cd, 3Te, 136Xe and 5ONd.

1.3.1 Neutrinoless double beta decay sensitivity

The number of signal events expected from Ov33 decay (referred as N%) in
an experiment with mass M after a live-time of 7" can be written as [65]:

_ In2-Ng-M-T-€- fo

. 70v
ma T1/2

N (1.27)

where N4 is the Avogadro constant, m4 is the molar mass of the 83 emitter,
€ is the detection efficiency of Ov53 events and f,p is the isotopic abundance.

On the other hand, any Ovfgf decay experiment has a background, the
number of background events can be written as:

b=BI-M-T AE (1.28)

where the background index (BI) is defined as the rate of background events
per unity of mass, energy and time; AFE is the search energy window of the
Ov @S decay, proportional to the energy resolution of the detector.
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Figure 1.6: Limits on the effective Majorana neutrino mass as function of
the specific phase space and the squared matrix elements for the 85 candi-
dates "0Ge, 130Te, 136Xe and ' Nd. The vertical span reflects the range of
ga, the matrix elements are evaluated following all the available theoretical
calculations. From [64].

The sensitivity of a given OvB3 experiment is expressed by a “detection
factor of merit” S%, defined as the process half-life corresponding to the maxi-
mum signal that could be hidden by the background fluctuations. To obtain an
estimation for S% as a function of the experiment parameters, it is sufficient
to require that the Ov3p signal exceeds the statistical fluctuations of the total

detected counts:
N% > ng/NO +b (1.29)

where n, is the confidence level expressed in units of o. From Egs. (1.27)—(1.29)
can be derived the expression for the Ov/3 sensitivity [48]:

In2-Ng-€-fop 1 | M-T
S = — = 1.30
ma Ny BI.- AFE ( )

This formula emphasizes the role of the essential experimental parameters
needed in the search of the Ov35 decay:

e detection efficiency e: it depends on the experimental technique; in
GERDA, € is factorized into an active volume fraction and individual
cut efficiencies;

e isotopic abundance fu;: as already mentioned, the natural isotopic abun-
dance of many 8 emitters is < 10%; often is performed an isotopic en-
richment to increase the abundance, which also increases the costs of the
experiment;

e target mass M: the increase in target mass typically comes with a similar
increase in cost;
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e experimental live-time T}

e background index BI: it depends on the experimental technique and on
radio-purity of material; the BI can be improved by additional cuts and
techniques to discriminate signal and background events (as in GERDA);

e energy resolution: crucial parameter also to minimize the background
produced by the 2v33 decay (see Fig. 1.5).

Of particular interest is the case in which BI is so low that the expected
number of background events (Eq. (1.28)) is less than one count (b < 1) within
a given exposure: this is called “background free” condition. Next generation
experiments aim to this condition. As will be shown in chapter 2, the first
Phase II data showed that GERDA will be the first background free experiment
in the Ov3p field, since will remain in this condition up to its design exposure.

In this case the number of the background events can be considered as a
constant and hence the expression of the O3 sensitivity of Eq. (1.30) is not
more valid; now is given by [48]:

In2-Ng-e-fo M-T

SOV
ma N

(1.31)

where N; is the number of observed events in the region of interest. The
advantage of the formula of Eq. (1.31) is that the sensitivity S grows linearly
with the experimental mass and time, instead of by square root like Eq. (1.30).

1.3.2 History of the double beta experiments

Starting from the middle of the XX century, several experiments studied the
BB decays. In all cases the most advanced methods and detectors at that time
were adopted, aiming to a background reduction more and more strict. In
this section are presented the most important experiments; more on the long
history of 5/ search can be found in Refs. [66, 67].

The first experiment on the search for the 2v38 decay was performed in
1948 by Fireman with the isotope ?4Sn using Geiger counters; he obtained a
positive result with an half-life of T’ 12/”2 =4-9-10" yr [68]. This result was not
confirmed later in more sensitive experiments performed in following years, the
best bound for the 2v33 decay of 24Sn was T12/”2 > 2-10'7 yr [69].

The 2v58 decay was discovered for the first time in a geochemical exper-
iment: Inghram e Reynolds in 1950 with the isotope '3“Te detected a signal
with T2, = 1.4 - 10*! yr [70]; the result initially was not considered seriously
because the half-life was orders of magnitude higher than previous results. It
was considered correct only after 15-20 yr.

Around the 1960 it became clear the importance of studying the Ovf3g3
decay. Many experiments started to make an effort giving limits on the half-
life of this process. A sensitivity of the order of 10?! yr was reached for the
"6Ge isotope, using a Ge(Li) detector [71], and for **Ca and %2Se, with two
experiments based on a streamer chamber in a magnetic field plus plastic
scintillators [72, 73].
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Between the 1960s and the 1970s, several research groups carried out geo-
chemical experiments observing the 2v33 decay in *°Te [74], 82Se |75| and
128Te [76].

In the 1980s [77] the activity on the OvSS decay search increased strongly,
in particular numerous measurements were performed with "°Ge using High
Purity Germanium (HPGe) detectors obtaining limits on the Ov 3 half-life of
10%2-10%% yr. In the 1991 the new limit of TP;’Q > 1.2-10%* yr was obtained
with ~ 7.2 kg of Ge detectors [78]. Two large experiments with HPGe detectors
made of germanium enriched in "®Ge (*"*Ge) were constructed in the following
years: Heidelberg-Moscow (HDM) [79, 80] and the International Germanium
Experiment (IGEX) [81, 82], that obtained a limit of 1.9-10%° yr and 1.6-10% yr
(90% confidence level (C.L.)), respectively.

A stringent limit on 0v33 decay was also obtained for the !35Xe by the
Gotthard experiment with a time projection chamber with 3.3 kg of xenon
enriched in '**Xe to 62%, the limit of 77}, > 4.4- 10 yr was obtained [83].

In the same period the Milano group operated a '36Xe multiwire chamber at
Laboratori Nazionali del Gran Sasso (LNGS) [84].

In this period was also observed the first 2v33 decay of 82Se in a direct
counter experiment with a time projection chamber [85]. The measurements
of the 2v86 half-life was performed also for other isotopes with ELEGANT V
[86] and the NEMO-2 detector [87, 88, 89].

In 2001, after the publication of the HDM experiment final results [80],
part of the collaboration published a claim to have observed the Ov3[3 decay
for the "Ge [90], reporting an half-life of Tlo/"2 = 1.197337.10% yr [91]. Later,
pulse shape discrimination was used to strengthen the claim [92]. This claim
aroused a number of replies and was strongly criticized by many physicists
[93], the situation was clarified only in 2013 by the results from the first phase
of the GERDA experiment [94] that strongly disfavored the Ov(33 observation
(see Sec. 2.2).

1.3.3 Present status of the double beta search

The status of the 85 decays search is in continuous evolution: many exper-
iments are running, under construction or proposed. The 2v53 decay have
been observed in 12 isotopes (*¥Ca, "Ge, 82Se, %7r, 100Mo, 16Cd, 128Te,
130T 136Xe, 159Nd, 238U and !3°Ba). The updated half-lives are reported in
Tab. 1.2.

Lower limits for the Ov 58 half-life were established in last years by GERDA,
NEMO-3 [107], EXO-200 [108], KamLAND-Zen [109], CUORE [110] and AU-
RORA [100]. Since the work of the present thesis is performed in the framework
of the GERDA experiment, the entire chapter 2 is dedicated to the description
of its experimental setup and results. The other Ov53 experiments are briefly
described in the following text.

The NEMO-3 detector [107] had been operating in the Modane Under-
ground Laboratory from 2003 to 2010. It uses a tracking calorimeter technique
in order to investigate double beta decay processes for different 55 isotopes:
thin foils made out of seven [ emitters are located in a drift chamber with
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Table 1.2: Present 2v3( decay half-life results with respective experiments. The first
error is statistical and the second is systematic.

isotope T [yl experiment
8(Ca (6.470E+52) . 1019 NEMO-3 (2016)[95]
6Ge (1.926 + 0.094) - 10! GERDA (2015) [96]
82Ge (9.6 £0.3+1.0) - 10 NEMO-3 (2005) [97]
%7Zr (2.35 4 0.14 + 0.19) - 10* NEMO-3 (2010) [98]
100Mo (7.11 £ 0.02 + 0.54) - 1018 NEMO-3 (2005) [97]
H6Cq (2.74 £0.04 £ 0.18) - 10*? NEMO-3 (2016) [99]
H6Cq (2.62 £ 0.14) - 1019 AURORA (2016) [100]
128Te (2.040.3) - 10%4 geochemical (1991-2008) [101]
130Te (7.0£09+1.1)-10% NEMO-3 (2011) [102]
130Te (82+0.2+0.6) - 10 CUORE-0 (2016) [103]
136Xe (2.38 £ 0.02 4 0.14) - 10*! KamLAND-Zen (2012) [104]
136Xe  (2.165 + 0.016 + 0.059) - 102 EX0-200 (2013) [105]
150Nd (9.3440.2270-82) . 1018 NEMO-3 (2016) [106]
28U (2.0 +0.6) - 10! radiochemical (1991) [101]
130Ba ~ 102 geochemical (1996-2009) [101]

a magnetic field. Outside of the drift region there is a calorimeter made of
large blocks of plastic scintillator coupled to low radioactivity photomultipliers
(PMTs). The tracking detector is used to identify electron tracks and can mea-
sure the delay time of any tracks up to 700 us after the initial event. Recent

published limits (at 90% C.L.) for the Ov3f half-life are Tf/”2 > 1.1-10% yr
for 1Mo [111], T7/, > 2.0-10%% yr for **Ca [95], T7}, > 2.0-10%? yr for 1*°Nd

[106] and 777, > 1.0 - 10%° yr for '%°Cd [99].

The EXO-200 experiment [108] operates a cylindrical liquid xenon time
projection chamber of 40 cm diameter and 40 cm length, enriched to 80.6%
in 136Xe. It is installed at the Waste Isolation Pilot Plant near Carlsbad,
New Mexico. The energy resolution of around 3.5% (FWHM) is achieved by
measuring both the ionization and scintillation signals. In 2014, after two years
of data taking, EXO-200 set an half-life limit for the Ov33 decay of ¥6Xe of
Tl% > 1.1-10% yr (90% C.L.) (with a sensitivity of 1.9 - 10% yr) [108].

KamLAND-Zen is a 88 decay experiment which exploits the existing de-
tection infrastructure and radio-purity of KamLAND [112]|. The detector con-
sists of a spherical inner balloon located at the center of 13 tons of Xe-loaded
liquid scintillator with about 320-380 kg of 135Xe. The energy resolution is
9.5% (FWHM). A first experimental phase, started in 2011, was limited by
the presence of an unexpected background peak from "9 Ag. After a scintil-
lator purification campaign that produced a significant background reduction,
in December 2013 the second phase started. Combining the data from the two
phases, the collaboration published a new lower limit for the OvS3 decay of
1%Xe of T7}, > 1.07-10%° yr (90% C.L.) (with a sensitivity of 5.6 - 10% yr)
[109].

CUORE [113], continuation of CUORICINO [114], is a 3°Te experiment
with TeOgy cryogenic bolometers. The experiment is now in the final stages of
construction at LNGS and consists of 19 towers containing 52 TeQOq crystals
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Table 1.3: Recent experimental lower limits on the 0vS88 decay half-life for light
Majorana neutrino exchange and upper limit ranges on mgg (both at 90% C.L.) with
respective experiments. The evaluation of mgg is taking into account the uncertainties
on the NME and PSF calculations.

isotope 17, [yr] mga [eV] experiment
BCa  >20-10% < 6-26 NEMO-3 [95]
Ge >53-10% <0.15-0.33 GERDA [1, 2]
100Mo  >1.1-10* < 0.33-0.62 NEMO-3 [111]
H6cd  >1.9-10% <1.2-1.8 AURORA [100]
130Te  >4.0-10** < 0.27-0.76 CUORE-0 [110]
136Xe  >1.1-10%% < 0.061-0.165 KamLAND-Zen [109]
10Nd  >2.0-10%2 <1.6-5.3 NEMO-3 [106]

each (in total ~ 200 kg of ¥°Te). After a commissioning phase is expected
to start in 2017. A first CUORE tower was already operational (referred
as CUORE-0 [110]), achieving a detector energy resolution of 5.1 &+ 0.3 keV
(FWHM) and a background level in the region of interest of (5.8 £ 0.6) -
1072 cts/(keV-kg-yr). Combining CUORE-0 and CUORICINO data a limit for
the Ov3 decay of ¥°Te of TIO/”2 > 4.0-10%* yr (90% C.L.) was published [110].
The goal of the CUORE experiment is reach a sensitivity of Tlo/”2 > 1026 yr.

The AURORA experiment [100], in progress at LNGS, is investigating on
B decays of 16Cd with 1.162 kg cadmium tungstate crystal scintillators en-
riched in 1'6Cd to 82%. Recently AURORA set a new limit for the Ov33 of
HOCd of T/, > 1.9-10% yr (90% C.L.) [100].

Tab. 1.3 summarizes the most recent results on Ov36 decay, including half-
life lower limits and upper limit ranges on the effective Majorana neutrino mass
mgg, evaluated using Eq. (1.15) with the commonly PSF and NME calculations
(see Sec. 1.2.2) and assuming axial coupling constant g4 = 1.269.

The current situation on the Qv search is graphically shown in Fig. 1.7:
the most stringent limits on mpgg for 6Ge, 19Mo, 139Te and '36Xe are su-
perimposed to the predictions of mgg from oscillations as a function of the
lightest neutrino mass in case of normal (in red) and inverted (in green) hi-
erarchy. Up to now the most stringent upper limit on mgg is established by
the recent KamLAND-Zen result [109], value that anyway still not enters into
the TH region. Besides the hope of discovering a O35 signal, the goal of near
future experiments is the investigation of this region.

1.3.4 Future double beta experiments

In addition to the above mentioned GERDA, CUORE, KamLAND-Zen and
EX0-200, many experimental double beta groups are extensively working to
increase the sensitivity on the Ov83 search. Some of them are described in this
section.

MAJORANA [115] uses similar germanium diodes like GERDA (~ 27 kg of
6Ge) in vacuum in a compact cryostat made out of electro-formed copper. A
new world wide collaboration, including GERDA and MAJORANA, has formed
under the name of LEGEND. It aims to a ton-scale future experiment by
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100Mo [111], 139Te [110] and 136Xe [109]. Picture from [48)].

selecting the best techniques, the goal is reach a Ov3f sensitivity up to 10?8 yr
corresponding to mgg < 10-20 meV.

nEXO [116] is an expansion of EX0O-200 by using a low background and
2.3% energy resolution. The expected half-life sensitivity for *6Xe is around
1028 yr (mps < 6-15 meV) by using 5 ton of 1¥6Xe isotopes for 5 yr.

SuperNEMO [117] is a planned continuation of NEMO-3 with much im-
proved performance (in reconstruction efficiency, energy resolution and back-
ground) that aims to study the IH region with 100 kg of 82Se isotopes. The
expected sensitivity on the OvB3S decay is around 10%6 yr. A SuperNEMO
demonstrator with 7 kg of 82Se is in preparation.

CUPID (CUORE Upgrade with Particle Identification) [118] is a proposed
ton-scale bolometer experiment that aims to reach a sensitivity for mgg of the
order of 10 meV. The collaboration is starting with 40 crystals of LisMoOy4
(6 kg of 190Mo).

SNO+ [119] is a large liquid scintillator-based experiment located under-
ground at SNOLAB, Sudbury, Canada. Designed as a multipurpose neutrino
experiment, the primary goal of SNO+ is a search for the Ov33 of 139Te. In
the first phase, foreseen for 2017, the detector will be loaded with 0.3% natural
tellurium (~ 800 kg of 13Te), with an expected effective Majorana neutrino
mass sensitivity in the region of 55-133 meV.

Other double beta prospects with respective references are here listed:
NEXT [120], LUCIFER [121], AMoRE [122], COBRA [123], LUMINEU [124],
MOON [125], CANDLES [126].
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1.4 Conclusions

The neutrinoless double beta (0vf3) decay is the best way to test lepton
number violation and the nature of the neutrino (Majorana or Dirac type).
The search of this process is up to now one of the leading fields in particle
physics that is involving both theoretical and experimental groups.

In recent years progress has been done in the calculation of the expected
Ovp3S half-life: precise evaluation of the phase space integrals and nuclear ma-
trix elements with different nuclear models. The critical point of determining
the uncertainties is the quenching of the axial current.

From experimental point of view, some experiments (e.g. KamLAND-Zen,
GERDA) are reaching Ov(3f3 sensitivity of the order of > 10?6 yr. Many other
experiments are already running or planned. The common future goal is in-
vestigate the inverted hierarchy region and a bound for the effective Majorana
neutrino mass of < meV.
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Chapter 2

The GERDA experiment

The GErmanium Detector Array (GERDA) [127, 128] is one of the leading ex-
periments searching for the neutrinoless double beta decay. The recent results
[2] presented at the NEUTRINO 2016 conference set a new limit for the Ov3/
decay half-life of "°Ge and also showed that GERDA will be the first background
free experiment of the field [1].

The experiment was proposed in March 2004 [129] with the new concept of
operating an array of HPGe detectors in a large volume of liquid argon [130].
GERDA is located at the Laboratori Nazionali del Gran Sasso and started its
operation in November 2011. The first physics data taking, denoted as Phase I,
was carried out until June 2013 with the purpose to test the HDM claim of a

Ov33 signal [91]: a limit of Tf/”z > 2.1-10% yr (90% C.L.) was found [94] with

an exposure of 21.6 kg-yr and a background index of 1072 cts/(keV-kg-yr) at
Qpp = 2039 keV; from statistical test, the compatibility of the Phase I results
with the claim is 2%.

In 2013, at the completion of Phase I, the setup upgrade was started. After
a commissioning phase, since December 2015 the Phase II physics data taking
is ongoing. The goal is an improvement of the Ovgf half-life sensitivity to
> 10?0 yr with an exposure of about 100 kg-yr by reducing the background
level of an order of magnitude with respect to Phase 1.

The present chapter is organized as follow: the description of the general
GERDA experimental setup is presented in Sec. 2.1; in Sec. 2.2 the physics
results from Phase I are discussed; then Sec. 2.3 describes the upgrade to
Phase I1 with particular consideration for the new Broad Energy Germanium
(BEGe) detectors deployed in GERDA. Finally the commissioning runs, the
final setup (Sec. 2.4) and the first results from Phase II (Sec. 2.5) are presented.

2.1 Experimental setup

GERDA is located in the Hall A of the underground Laboratori Nazionali del
Gran Sasso (LNGS) [131] of INFN, one of the largest underground facility
worldwide. Fig. 2.1 shows a view of the laboratory and an external picture
of GERDA. A rock overburden of about 3500 m water equivalent removes the
hadronic components of cosmic ray showers and reduces the muon flux by six
orders of magnitude to 1.2 /(m?-h).

23
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Figure 2.1: Map of the Laboratori Nazionali del Gran Sasso [131] of INFN,
three main halls provides the installation of the experiments. GERDA is located
in the north wing of the Hall A, occupying an area of 10.5 x 10.4 m?.

The GERDA setup, illustrated in Fig. 2.2, is designed to minimize the main
background sources which affected the previous generation experiments. The
shielding concept follows a layers approach.

HPGe detectors, made from germanium with the "®Ge isotope fraction
enriched to 87% (“"*Ge), are exposed acting both as sources and detection
media. The detectors are mounted in low mass ultra-pure holders and are
directly inserted in 64 m? of liquid argon (LAr), acting as cooling medium and
shield against external background radiation.

The argon cryostat is complemented by a water tank with 10 m diameter
which further shields from neutron and v backgrounds. It is instrumented with
PMTs to veto the cosmic muons by detecting Cerenkov radiation. The muon
veto hermeticity is provided by plastic scintillators installed on the top of the
structure.

Above the water tank is a clean room with a glove box to handle the
germanium detectors and assembly them into strings.

2.1.1 HPGe detectors

The GERDA detector array is composed of strings of two HPGe detectors types
(the working principles of these detectors are described in Sec. 3.1): semi-
coaxial detectors refurbished from previous experiments and newly produced
BEGe detectors (described in Sec. 2.3).

The major fraction of the Phase I exposure was collected by “""Ge semi-
coaxial detectors from the HDM [79] (five detectors named ANG1-5) and IGEX
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Figure 2.2:  View of the GERDA experiment [127|. The germanium detector
array is inserted in the LAr cryostat with an internal copper shield, all is
surrounded by a water tank housing the Cherenkov muon veto.

[81] (three detectors named RG1-3) experiments. Five newly produced “**Ge
BEGe detectors were also deployed at the end of Phase 1. Three coaxial de-
tectors with natural germanium ("**Ge) isotopic abundance from the Genius
Test Facility (GTF) project [132, 133] were also installed.

In Phase I, each string was surrounded with a 60 pm thin copper foil called
mini-shroud (MS) to prevent 2K migration to the detector surface. The detec-
tors were mounted into low mass Cu holders allowing a modular assembly of
multiple detectors into strings. The electrical contact to the detectors was re-
alized with copper screws and calibrated pressure. Fig. 2.3 shows some picture
of a Phase I string assembly inside the glove box.

The detector configuration and the improvements developed for Phase II
are described in Sec. 2.3.

2.1.2 Data acquisition and data flow

The germanium detectors are read out with a front-end electronics that satisfy
several requirements due to the non standard working conditions of GERDA.
Part of the work of this thesis concerns the development and test of the new
electronics for Phase 11, described in chapter 3.

The signal from the detectors are digitized by a Flash Analog to Digital
Converter (FADC) in a binary raw data format, that are then converted to
standardized format based on the MAJORANA-GERDA Data Objects (MGDO)
[134], a software library jointly developed by GERDA and MAJORANA, provid-
ing general-purpose interfaces and analysis tools to support the digital pro-
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Figure 2.3: Phase I detector string mounting in glove box. Each detector
string was surrounded by a thin copper Mini-Shroud.

cessing of experimental or simulated signals.

The MGDO data objects are stored as ROOT [135] files, by the conversion
of raw data; the FADC provides a coarse energy estimation of the event. Those
events with a FADC energy within £25 keV from ()gg are blinded; they remain
saved in the backup of the raw data until all the analysis criteria are finalized.

The event reconstruction is performed with GELATIO (GErda LAyouT for
Input/Output) [136], a software framework that contains independent modules
that are applied to the input ROOT file in order to extract several informations
(e.g. energy, baseline, rise time, amplitude of the current signal). A description
of the analysis modules is presented in Ref. [137].

The new procedure to extract the energy from each waveform developed
for GERDA Phase Il is part of this thesis and is widely described in chapter 4.

2.2 GERDA Phase I results

From November 2011 to May 2013 a global exposure of 21.6 kg-yr has been col-
lected. Data blinding was implemented for the first time in a O35 experiment
data analysis protocol. Events with energies close to Qgs were not processed.
After the fine energy calibration, the pulse shape discrimination (PSD) criteria
[138] and the background model [139] were finalized, the blinded events were
revealed except for £ 5 keV (£ 4 keV) around Qgg for the coaxial (BEGe)
detectors; only at the very end the ()gg region was unblinded and analyzed.

The GERDA background model [139] predicts a flat energy distribution
between 1930 and 2190 keV from Compton events of 7 rays of 2%T1 and 24Bi
decays, degraded o events and 3 rays from 42K and 2!Bi.

In the range (Qgg &+ 5 keV seven events are observed before the PSD, to be
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Figure 2.4:  Combined energy spectrum from all **"Ge detectors without
(with) PSD is shown by open (filled) histogram. The lower panel shows the
region used for the background evaluation. In the upper panel, the spectrum
zoomed to (Qgg is superimposed with the expectations (with PSD selection)
based on the Ovf3f claim [91] (red dashed) and with the 90 % upper limit from
[94].

compared to 5.1£0.5 expected background counts. Three out of the six events
from the semi-coaxial detectors are classified as single site event (SSE) by the
artificial neural network (ANN) method [138], consistent with the expectation.
The event in the BEGe dataset is rejected by the A/E cut (the powerful PSD
method for the BEGe detectors that uses the ratio between the amplitude
of the current pulse A and the total energy FE, described more in detail in
Sec. 2.3.1), hence no events remain within Qzg £ op after PSD.

The combined energy spectrum around @Qgg, without (empty) and with
(filled) the PSD selection, is shown in Fig. 2.4.

To derive the signal strength N% and a frequentist coverage interval, a
profile likelihood fit was performed [94, 140|. The fitted function consists of
a constant term for the background and a Gaussian peak for the signal with
mean at )gg and standard deviation og according to the expected resolution.

The best fit value is N% = 0 that means no signal events above the back-
ground. The derived half-life limit on Ov55 decay is:

TYy > 2.1-10%yr (90% C.L.) (2.1)

including the systematic uncertainty.

GERDA Phase I data show no indication of a peak at Qgg and the claim
for the observation of Ov33 [90, 91] decay in "Ge is not supported.

This result is consistent with the limits by HDM and IGEX experiments and
extending the profile likelihood fit including the data sets of those experiments
the best fit yields is still N% = 0 and a new limit for the Ov33 decay is
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established:
17y > 3.0 - 10%yr (90% C.L.) (2.2)

In addition to the new limit on the Ovf33, the Phase 1 data allowed to
establish the new value for the two neutrino accompanied 55 decay (Tf/”2 =

1.926 4 0.094 - 102! yr), to search for neutrinoless 33 decay processes accom-
panied with Majoron emission (no signals were found and lower limits of the
order of 10?2 yr were set) [141] and to study the two neutrino 33 decay of
6Ge to excited states of "%Se [96] (no signal observed and new bounds deter-
mined for three transition, two orders of magnitude larger than those reported
previously).

2.3 Upgrade to Phase 11

The GERDA Phase II goal is the tenfold reduction of the Phase I background;
this can only be achieved with an optimized experimental design. After several
years of R&D, a version of the Broad Energy Germanium (BEGe) detector from
Canberra with a thick entrance window has been selected. The advantages of
using the BEGe detectors are their superior rejection of background with a
simple and powerful analysis and their optimal energy resolution due to a very
low detector capacitance.

In addition an active suppression of background by detecting the LAr scin-
tillation light is introduced.

Fig. 2.5 shows the core of the Phase Il GERDA setup: the Ge detector array,
whose mass is doubled compared to Phase I, is at the center of a vetoed LAr
volume.

The design allows to assemble both the detector array and the surrounding
LAr veto system in the closed lock under dry nitrogen atmosphere and to lower
both systems together into the cryostat.

2.3.1 BEGe detectors

The BEGe detectors for Phase II (5 of them already used in Phase I) are a
modified model BE5030 available from Canberra Semiconductor (Olen) [143,
144]. A schematic view of a BEGe detector is shown in Fig. 2.6.

The detector is made of p-type HPGe with the Li~ drifted n™ contact
(0.7 mm specified thickness) covering the whole outer surface, including most
of the bottom part. The small p™ contact is located in the middle of the
bottom side. The working principles of the germanium detectors are presented
in Sec. 3.1.

The raw material for the BEGe diodes enriched in "®Ge has been produced
in form of 53.3 kg of ®*GeQy from ECP (Zelonogorsk, Russia) with the "6Ge
isotope enriched to ~ 88%. The reduction and purification of the GeOy was
achieved with an efficiency of 94% yielding 35.5 kg “**Ge(6N) for crystal pro-
duction at Canberra (Oak Ridge), a total of 9 crystals could be pulled. The
crystals were cut into 30 slices and sent to Canberra (Olen) where they were
transformed into working BEGe detectors with a total mass of 20.0 kg.
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Figure 2.5: Phase II assembly of detector array and LAr veto system as it is
immersed into the GERDA cryostat [142].
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Figure 2.6: Scheme of a BEGe detector. The p* electrode is separated from
the n* electrode by a groove covered by an insulating passivation layer. The
weighting potential is strongest close to the p™ electrode as indicated by the
color. Examples of a SSE and a MSE events are illustrated by means of the
hole trajectories of the individual energy depositions. Adapted from [143].
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All detectors have been characterized in the HADES underground facility
close to Olen; the relevant operational parameters including active volumes,
dead layers and pulse shape performances have been defined. 29 out of 30 de-
tectors (the only exception is GD02D) work according to specifications reach-
ing full depletion with bias voltages below 5 kV and an energy resolution at
1.3 MeV of < 1.9 keV of FWHM when operated in a standard vacuum cryostat
and standard Canberra Ge detector front-end electronics. In a final step, Al
pads for wire bonding were evaporated on the p™ and n* substrates of each
crystal.

During all production steps, the exposure of the enriched material to the
cosmic radiation has been reduced significantly by shielded transport and un-
derground storage of the material.

The two main advantages of these detectors are their optimal energy reso-
lution, due to the very low input capacitance (~ pF), and the powerful pulse
shape discrimination. This thanks to the particular shape and configuration
of the p* and n™ contacts that produce a highly non-uniform electrical field
(discussed in the following).

Pulse shape discrimination with BEGe detectors In the BEGe detec-
tors the dimensionless weighting potential is strong close to the p™ electrode,
as is shown in Fig. 2.6 by the color code. A ionization inside the detector
creates electrons and holes which drift due to the applied potential and the
field created by the space charge of the depleted diode (see Sec. 3.1 for more
details on Ge detectors). The time dependent induced current I(¢) on the p*
electrode is given by the Shockley-Ramo theorem [145] as:

I(t) = ¢ 9(7(t)) - V(7(?)) (2.3)

where ¢ is the drifting charge, ¥(7(¢)) the drift velocity at position #(t) and @
is weighting potential when the detector is reverse biased. The holes drift to
the p* electrode along the central BEGe region, independently of the starting
point; following Eq. (2.3), I(t) has a peak at the end of the drift where V@
is largest. This means that the maximum A of I(t) is directly proportional
to the deposited energy E. The contribute from electrons is negligible since
they drift through volumes with low V®. The result is that the A/F ratio is
constant for all SSEs except for ionizations in a small volume close to the p*
electrode

In contrast, for MSEs the energy is released in several depositions, hence
the A/E of the summed signal is reduced. Fig. 2.7 shows the comparison of the
charge and current pulses produced by a single site (in black) and a multi-site
(in blue) event with the same energy.

For ionizations close to the n* contact (e.g. surface 3 events) the diffusion
time is comparable to the drift time and hence A/F is also reduced. For
pt surface events electrons drift through the volume with largest V®, in this
case the A/FE ratio is larger than for SSE. Detailed description of the BEGe
behaviour depending on ionization type can be found in Refs. [146, 147].

A Qv signal is characterized by the absorption of two emitted 8 particles
within a small volume of few mm?, interpreted as SSE. On the contrary - events
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Figure 2.7: Comparison of the signal generated by a MSE (blue lines) and
by a SSE (black lines). Upper and lower panels show the charge and current
pulses respectively. The MSE is a superposition of two smaller pulses, the
maximum of current pulses A is very different, while the energy is the same.

with similar energy can undergo multiple Compton scattering leading to MSE.
Based on this pulse shape differences, background events can be efficiently
identified and suppressed through the A/FE ratio.

The pulse shape discrimination (PSD) power of the BEGe detectors is
studied in GERDA with 222Th calibration sources. The double escape peak
(DEP) of the 228Th 2614.5 keV photon, that shows up at 1592.5 keV, is mostly
populated by SSE like the Ov83 decay. On the other hand, full energy peak
(FEP), single escape peak (SEP) and Compton continua events are usually
MSE. A low side A/FE cut which keeps the 90% of the DEP events is set, then
the survival fractions of the FEP, SEP and Compton events is studied. A
high side A/E cut is needed to reject surface events occurring close to the p*
electrode.

The A/E distributions of DEP events exhibits a Gaussian peak, in order
to obtain a good PSD efficiency, a FWHM of ~ 1% is required.

The detailed PSD procedure adopted for BEGe detectors is described in
[138, 148], the PSD efficiency obtained in the first Phase II release is presented
in Sec. 2.5.

2.3.2 Liquid argon instrumentation

Fig. 2.5 shows the LAr veto instrumentation: 9 top and 7 bottom PMTs
[149, 150] collect light from a LAr volume of 220 cm height and 49 diame-
ter surrounding the Ge detector array. A curtain of wavelength shifting fibers,
coupled to silicon photomultipliers (SiPMs) [151, 152], encloses the middle
100 ecm length of this volume and can collect light also outside the diameter
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of the enclosed cylinder. Hence the diameter of the vetoed LAr volume at the
Ge detector array level is enlarged.

The upper and lower parts of the vetoed volume, 60 cm in height each,
consist of thin-walled (0.1 mm) copper cylinders lined by wavelength shifting
reflector foils (Tetratex + TPB), while the fiber curtain is made of 1 x 1 mm
wavelength shifting fibers coated with TPB and coupled in groups of nine to
3 x 3 SiPM arrays.

Pointing with their diagonals to the central axis, the total of 810 fibers
covers almost 80% of the circumference.

2.3.3 Detector assembly

To provide a further background reduction a new holder for detectors, new
contacts and new read-out electronics were implemented for Phase II. The
development of the new electronics is active part of the present thesis and is
described in detail in chapter 3.

Since the model of the GERDA Phase I background [139] showed that a large
fraction of the background is originated from sources close to the Ge detectors,
in Phase IT most of the material close to the Ge detector array were replaced
by material of higher radio-purity and reduced mass, Fig. 2.8 shows the design
of the new detector holder. The Phase I spring-loaded detector contacts have
been replaced by wire bonded ones. Moreover the new holder is made by a
plate of 40 g of mono-crystalline silicon which is intrinsically radio-pure. The
silicon plate provides also the fixation of both the signal and the high voltage
(HV) contacts to the front-end electronics.

2.4 Phase II commissioning and final configuration

After several integration tests conducted in the Germanium Detector Labora-
tory (GDL) and in the main GERDA cryostat between the 2013 and the 2015,
where germanium detectors were tested with the new instrumentations, the
commissioning of the Phase Il started in summer 2015. During this period I
worked as active member of the GERDA Integration Team, in particular on the
integration and test of the new front-end electronics with the detectors (see
Chap. 3), on the preparation and maintenance of the cabling to read out the
signals from Ge detectors and on the installation of the HV filters.

The preparation of a complete detector array is a delicate operation con-
sisting in several sequential steps: first of all the detectors are mounted in the
holders (two BEGes in a pair holder, see Fig. 2.8, or one coaxial in a single
holder) and connected to the HV and signal cables through wire bonding; then
the string is assembled with eight BEGe or three coaxial detectors per string
and installed in the lock through a copper bar. Fig. 2.9 shows some step of a
BEGe string assembly performed in the nitrogen flushed glove box.

The first commissioning run was performed in July 2015, 28 detectors (23
BEGe and 5 coaxial) were mounted in 5 strings. Some detector showed prob-
lems connected with the design of the new electronics front-end (see Sec. 3.4)
and other detectors showed high leakage current and did not reached the oper-
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Figure 2.8: Schematic view of the new Phase II holder for a pair of BEGe
detectors.

(b)

Figure 2.9: Steps of a BEGe string assembly: (a) mounting of a pair of BEGe
detector in an holder, (b) complete string with eight detectors and (c) view
of the Cu structure holding the string and the electronics front-end inside the
lock.
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ational voltage. In total only 15 detectors were working properly with a total
mass of 12.3 kg (the performance obtained during the commissioning regarding
energy resolution and discrimination power are presented in Sec. 3.5). After
this run, detectors with excessive leakage current were sent to Canberra for
repair.

Due to an incident during the string immersion, the second commissioning
was performed in September 2015 only with only 12 detectors (8 BEGe and 4
coaxial) arranged in 3 strings. Still few detectors show an high leakage current,
but the ratio of the working detectors increased with respect to the first run
(see Sec. 3.5 for results).

The third commissioning run was performed in November 2015 with a total
of 28 detectors (22 BEGe and 6 coaxial). In this case all the detectors worked
properly, only two of them showed electronic instabilities. The achievement of
this run put the basis to build the complete GERDA array.

During the commissioning runs many detectors were sent to Canberra,
they underwent the groove passivation to reduce the problems of the leakage
current. In addition it became clear that several BEGe detectors with excessive
leakage current were facing upward, this arrangement it seems to increase the
particles floating in the LAr deposit in the groove triggering the reverse current.
The back-to-back detector mounting assembly (see Fig. 2.8) were modified to
have the groove looking downward. As a consequence of the taken actions the
fraction of detectors showing reverse current significantly decreased.

The final installation of the GERDA Phase II detectors took place in De-
cember 2015 after the detectors were reprocessed by Canberra. On December
20th, 2015 the Phase II configuration with all the detectors mounted in the
array was achieved and the data taking has been started.

Fig. 2.10 shows a picture of the full array just before the immersion in LAr:
seven “™Ge plus three natural coaxials and thirty “"Ge BEGe detectors for a
total of 40 detectors accounting for 35.6 kg of ®Ge and 7.6 kg of "'Ge are
organized in seven strings.

A schematic view of the detector arrangement and the list of the detector
names is reported in App. A. The BEGe detectors (20 kg of “**Ge) are organized
in three strings of eight and one string of six detectors, the coaxial detectors
(15.6 kg of ™ Ge) are organized in three strings of three detectors, plus one
coaxial in a BEGe string. Each detector string is surrounded by a nylon mini
shroud [153], preventing the “?K ions from being drifted and diffused at the
detector surfaces (see Sec. 5.3.3 for more details on the mini shroud).

After the immersion of the array all 40 detectors are working, most of them
are at operational voltage showing a leakage current < 100 pA, three BEGe
and one coaxial detectors are showing a value of leakage current 2> 100 pA and
needed a decrease of the bias voltage.

2.5 First results of GERDA Phase 11

After six months of data acquisition, the first Phase II data were released and
new results on the Ov33 decay were extracted [1] combining the datasets from
Phase I (also including an extra period with respect to published results [94])
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Figure 2.10: Full GERDA Phase II detector array mounted on December 2015.
In the top picture, one string of coaxial and two of BEGe detectors are visible,
the bottom one shows also the fiber curtain with the SiPMs.
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and the new data acquired from December 2015 until June 2016, corresponding
to an exposure of 10.8 kg-yr of “"Ge (5.0 kg-yr from “""Ge coaxial and 5.8 kg-yr
from BEGe detectors).

During the Phase IT data taking an energy region of 50 keV around ()gg was
blinded as in Phase I. The average duty cycle is 82%, mostly due to calibrations
and hardware adjustments. Only data recorded in stable conditions are used
for physics analysis, corresponding to ~ 85% of the total data. In addition a
set of quality cuts provide the rejection of the signals originated from electrical
discharges in the high voltage line or bursts of noise [154].

The energy deposited in the Ge detectors is reconstructed offline with a
digital filter developed in this thesis and described in detail in chapter 4. The
procedures to determine the energy scale and the energy resolution at (Qgg are
also presented.

The cross-talk between the 40 Phase II channels has been evaluated during
the thesis work, the adopted procedure and the results are reported in App. B.
The average cross-talk is —0.15% and —0.41% in BEGe and coaxial strings
respectively. Excluding few cases, typical values between detectors in different
strings are > —0.1%.

The events are rejected as background if a muon trigger occur within 10 us,
referred as muon veto (MV), or signals are detected simultaneously in multiple
detectors, the anti-coincidence (AC) cut. Then, as described in Sec. 2.3, a fur-
ther background suppression detecting the LAr scintillation light and through
the pulse shape discrimination is applied to the events.

An event is rejected by the LAr veto if a PMT or a SiPM record a signal
of amplitude above 50% of the expectation for a single photo-electron within
5 us from the germanium trigger. Accidental coincidences between the LAr
veto system and the detectors create a dead time of (2.3 +0.1)%.

As already discussed in Sec. 2.3.1, the PSD for BEGe detectors is based on
the ratio of the peak amplitude of the current signal A and the total energy F
[148]. Low values of A/E are typical for multi-site events and high values for
surface events. The average survival probability of a Ovg3 event is (87 4 2)%,
estimated from 20°T1 DEP events.

For the coaxial detectors the PSD is based on two neural networks to
discriminate multi-site and degraded « events. The first one is identical to the
one used in Phase I [138, 155| and shows a Ov3 survival fraction of (85+5)%.
The second neural network algorithm is applied for the first time and identifies
surface events on the p™ contact, in this case the survival probability of a
OvpBB event is (93 +1)%. The combined PSD efficiency for coaxial detectors is
(79 £5)%.

Fig. 2.11 shows the Phase II spectra separately for coaxial (a) and BEGe
(b) detectors. The prominent features of the spectra and the visible v peaks
are part of the studies of the present thesis and are discussed in chapter 5.
The light Grey spectra in Fig. 2.11 show the effect of the LAr veto (i.e. a
factor ~ 5 reduction at K lines and ~ 2 in the range 1940-2140 keV), then the
background is further reduced by applying the pulse shape discrimination cut
(red spectra).
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Figure 2.11:  Full energy spectrum of first Phase II release for “""Ge coaxial
(a) and BEGe (b) detectors. The dark-gray spectra are obtained after anti-
coincidence (AC) and muon veto (MV) cuts, the light-gray ones include the
liquid argon veto (LAr), in red are reported the final spectra after the pulse
shape discrimination (PSD).

Ovf3B analysis The blinded events in the ()gg region were processed after
fixing all data selection criteria and analysis parameters. Tab. 2.1 lists the
relevant parameters for the datasets used in the new OvfS[ analysis: three
datasets from Phase I already used in previous publication [94], the additional
Phase I exposure (called “Phase T extra”) and the new Phase IT data (labeled
as “Phase I1a”).

The analysis range is from 1930 to 2190 keV without the intervals (2104 +
5) keV and (2119+5) keV of known 7-lines predicted by the background model
[139]. For the coaxial detectors four events survive the cuts, corresponding to
a background index of 3.57%1 . 1073 cts/(keV kg-yr), a reduction by a fac-
tor of three compared to Phase I (see Tab. 2.1). Thanks to the better PSD
performance, only one event remains in the BEGe data which corresponds to
BI = 0.7} - 1073 cts/(keV-kg-yr). These results show that the challenging
background goal of Phase II has been achieved.

Fig. 2.12 shows the final spectra in the blinded region: Phase I data (23.6
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Table 2.1: List of datasets used in the new Ov3f analysis [1]|: exposures (for
total mass), energy resolutions in FWHM, efficiencies (including enrichment,
active mass, reconstruction efficiencies and dead times) and background indices
(BI) in the analysis window.

exposure FWHM . BI
dataset lke-y1] lkeV] efficiency [ets/(keV -kg-y)]
Phase I golden 17.9 4.3 (1) 057 (3) 11+£2-1073
Phase I silver 1.3 43(1) 057(3) 30+10-1073
Phase I BEGe 2.4 2.7(2)  0.66 (2) 575.1073
Phase I extra 1.9 42(2) 057 (3) 5731073
Phase Ila coax 5.0 4.0 (2) 051 (7) 357211073
Phase IIa BEGe 5.8 3.0(2) 060 (2) 0.7753-1073
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Figure 2.12: Zoom on the region around Q)gg. Left: Phase I data, right: first
Phase II data. The abbreviations are the same of Fig. 2.11. The blue lines
show fitted background level and 90% C.L. limit on Ov33 decay.

kg-yr) and new Phase IT data (10.8 kg-yr). At Qg £ 30 keV only two events
survives all the cuts (Fig. 2.12(b)): the closest is at 20 keV from Q3.
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Both a Frequentist and a Bayesian analysis based on an unbinned extended
likelihood function were performed combining Phase I data and the new data
(more detail on these statistical methods are discussed in Sec. 6.1). The fit
function for every dataset is a flat distribution for the background (one free
parameter per set) and for a possible signal a Gaussian centered at Qgg with
a width according to the corresponding resolution listed in Tab. 2.1.

In the Frequentist analysis the best fit yielded no OvBj signal, setting a
90% C.L. limit on the "°Ge 0v3f decay half-life:

Ty > 5.3-10% yr . (2.4)

The result is close to the median sensitivity of 4.0 - 1025 yr (90% C.L.).

The Bayesian fit for a prior flat in 1/7" yields a limit of Tlo/l’2 > 3.5-10% yr
(90% credible interval (C.I.)). The sensitivity assuming no signal is 3.1-10%° yr
(90% C.L.).

The first data from Phase II showed the quality of the GERDA design
and the effectiveness of background suppression techniques, consisting in the
powerful pulse shape discrimination of BEGe detectors and the detection of
the argon scintillation light. GERDA is the first background free experiment
in the field, since it will remain in the background free condition up to its
design exposure. Therefore the sensitivity grows approximately linearly with
exposure. In three years of data taking the background level will lead to a
sensitivity for the 033 decay up to 1026 yr.
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Chapter 3

Germanium detectors readout
electronics in GERDA

The requirement of both ultra-low background and cryogenic operation are
stringent conditions for the design and manufacturing of the GERDA readout
electronics. In the framework of the setup upgrade to the second experimental
phase, a not minor fraction of this thesis work focused on the development,
test and integration of the front-end electronics to read signals from germanium
detectors.

In Sec. 3.1 a brief introduction on the working principles and the common
configurations of germanium detectors are presented. Then the core of the
chapter is described. Sec. 3.2 reviews the typical readout of a germanium
detector. In Sec. 3.3 the solution adopted in Phase I is presented: the trade
off between minimizing the background and maximizing the energy resolution
defined the location of the front-end electronics. In order to optimize the
detector performances, a new front-end electronics design has been proposed
for Phase II that is reviewed in detail in Sec. 3.4. The tests performed during
the Phase Il commissioning, the results and the final front-end electronics
configuration are summarized in Sec. 3.5.

3.1 Germanium detectors

Germanium detectors are ionization detectors largely adopted in v spectrom-

etry. They are characterized by an excellent energy resolution, a response

proportional to the absorbed energy and a good full-energy peak efficiency.
They can detect:

e photons, by photoelectric effect (transferring the energy to an electron),
Compton scattering (scattering with loosely bound electrons) and pair
production (if the energy is larger than the e™—e™ pair mass of 1022 keV);

e clectrons and positrons, via ionization (scattering with other electrons in
the material) or Bremsstrahlung (scattering in the strong Coulomb field
of a nucleus);
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e « particles, via inelastic collision with atomic electrons (described by the
Bethe-Bloch formula).

Germanium is a semiconductor material having a fully occupied valence
band, as for the insulators, but with band-gap of the order of 1 eV only (while
in insulators is ~ 10 eV) so that the thermal excitation is enough to move
electrons to the conduction band, creating the so called leakage current. When
a semiconductor is used as particle detector, the leakage current induces noise
in the signal, which can be reduced by operating the detector at cryogenic
temperature.

In real semiconductors some impurities, affecting the band levels and the
conductivity, are always present. To take advantage of the semiconductor
properties, the impurities are inserted in controlled way in order to introduce
band levels: this operation is called doping. In the case of germanium with four
valence electrons, the n-type doping consists in the introduction of an atom
with five valence electrons, producing an electron in excess and the atom is
called donor; the p-type doping is when an atom with valence three is present,
a hole is generated and the atom is called acceptor. For germanium, the n-
type (or n™) junction is normally obtained via lithium deposition and drift
for a thickness of about 0.5-2 mm, while the p-type (p™) junction is done via
boron implantation for a thickness of few dozens nm.

The semiconductor detectors are based on a p-n junction, creating an elec-
trostatic system named diode. In the junction, the free electrons and holes
present in the n-type and p-type region diffuse into the opposite materials,
hence generating a region depleted of free charge carriers. This region is called
depletion zone and is used as the active volume of a semiconductor detector
in which particle interaction creates electron-hole pairs that can be collected.
Normally the depletion zone is very small, it can be significantly extended by
applying a bias voltage of the order of a few kV: a positive voltage applied to
the n-type side further depletes electrons, a negative voltage to the p-type side
depletes holes. The voltage required to achieve full depletion of the crystal is
the depletion voltage.

When a particle enters the depletion region, it releases energy creating
electron-hole pairs, the produced charge @ is proportional to the released en-
ergy E:

E-e
n

where e = 1.6 - 10719 C is the elementary charge, 7 is the average energy
required to create an electron-hole pair. In Ge (n = 2.96 €V) a released energy
of E =1 MeV produces a charge of Q) = 54 fC.

Moreover, the leakage current increases with the applied voltage, with
strong consequences on the electronic noise. For these two reasons it is neces-
sary to minimize the impurities of the semiconductor. One of the most exten-
sively employed types of detectors are the High Purity Germanium (HPGe),
where the impurities concentration is ~ 10713 atoms/Ge.

Q= (3.1)
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Figure 3.1:  Schematic view of a semi-coaxial HPGe detector (top) and a
BEGe detector (bottom) with their different surfaces and dead layers.

3.1.1 Configurations of Ge detectors

High Purity Germanium detectors are produced in various configurations. In
the planar geometry the p* and n* contacts are on the basis of a cylindric
crystal, in a p-type detector the HV is applied to the n™ contact and the signal
is read out on the pT.

A largely used geometry is the coaxial one: it consists of a cylinder with
a central bore hole. In p-type detectors the n™ contact, a Li-diffused thick
dead layer, is present in all the detector surface, except the bore hole where
the p* contact is obtained via boron implantation. The n™ and p™ contacts
are separated by a groove, which is typically passivated. The dimensions of
a semi-coaxial detector can range from ~ 4 cm to ~ 10 cm in both diameter
and height, while the bore hole diameter is ~ 1 cm. The most common HPGe
coaxial detector commercially available is the semi-coaxial (or close-ended)
type, where the bore hole has not the same height of the cylinder.

Another type of germanium detector, relevant in GERDA, is the Broad En-
ergy Germanium (BEGe) detector, installed in GERDA Phase II and described
in Sec. 2.3. Fig. 3.1 shows a schematic view of the semi-coaxial and the BEGe
detector.

To determine the drift velocity of the charged particles in the detectors, is
needed the study of the electric field, solving the Poisson equation V2¢ = —p/e
(where p = —eN, N is the impurities concentration). In the coaxial geometry
the field can be expressed as [156]:

_ . V@RI
E(r) = 2" rin(re/r) (32)
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where r1 and ro are the internal and external radius of the coaxial detector, V'
is the applied voltage and p the impurities density.

The detector capacitance is a crucial parameter, the energy resolution de-
pends on it (as will be presented in the following). In HPGe coaxial detectors
the capacitance per unit length is Cye; = 27e/In(r2/71), reducing 71 it can be
minimized, usually Cge; ~ 30 pF.

When a cloud of electron-hole pairs is created, they are attracted to the
opposite electrodes due to the presence of the electric field. The time dependent
charge Q(t) and the induced current I(t) on the p™ electrode are given by the
Shockley-Ramo theorem [145] as:

Qt) = —Q - [2(rp(t)) — P(re(t))] (3.3)
I(t) = Q- [0a(ri(1)) - VO(ri(t)) — ve(re(t)) - VO(re(t))] (3.4)
where @ is the total charge generated by the incoming particle, vy(e) (74(e) ()

the drift velocity at position 7),(.)(t) for the holes (electrons) at time T and o
is the weighting potential.

The weighting potential can be calculated solving the Poisson equation; for
an arbitrary detector geometry it is possible only with numerical methods. For
BEGe detectors a computation of the signal pulses can be found in Ref. [147].

3.2 Signal readout with germanium detectors

The front-end electronics for a germanium detector operating as a fully de-
pleted reverse-biased diode is a charge sensitive preamplifier (CSP). Its pri-
mary function is to extract the signal from the detector preserving the intrinsic
signal-to-noise ratio while transforming a charge into a voltage signal.

The classical CSP consists of a Junction Field-Effect Transistor (JFET) as
input device and a subsequent amplifier, both coupled to an RC feedback cir-
cuit. The capacitor integrates the charge generating a steep change in voltage
at the output. The resistor, connected in parallel to the capacitor, is needed
to restore the voltage to its baseline value.

The CSP output signal is characterized by a fast step with a rise time of
10-100 ns and an exponential tail that can be written as [157]:

Q 1— —t/Tp
{—cF'tﬁ/m 0=t<to

Q (etO/TF—l) ¢
— e It >t

V,(t) = (3.5)

where () is the charge released in the detector, ¢g is the duration of the signal,
Cr and Rp are the feedback capacitor and resistor, 77 = Cp - Rp is the time
constant of the circuit. Since generally to < 77, Eq. (3.5) can be simplified as:

V() = — et (3.6)
Cr
For germanium detectors operated in standard conditions in a cryostat, the
input JFET and the feedback components of the CSP are located as close as
possible to the detector in order to reduce the electronic noise, the rest of the
circuit is located at room temperature at a small distance, within 0.5 m.
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Figure 3.2: The scheme of the Phase I front-end circuit including grounding
and cable lengths. The parts within the dotted box are on the CC2 CSP. The
red dashed line shows the limits of the argon volume. The resistor values are
given at room temperature. From [127].

In GERDA this scheme cannot be implemented as the distance from the
detectors to the room temperature exceeds 10 m. The signal propagation
time to close the feedback loop would consequently be longer than 100 ns.
This would limit the bandwidth or lead to oscillations and the pulse shape
information would be largely lost. Hence in the GERDA setup the CSP is
entirely working at cryogenic temperatures.

3.3 Front-end electronics for Phase 1

A few circuits have been designed and tested as the front-end electronics of
the GERDA experiment, e.g. the “PZ0” CSP [158, 159]. After several tests,
the preamplifier chosen for the Phase I was the “CC2” CSP [160], a low-noise
hybrid CSP, based on 2 main active components: the BF862 n-channel JFET
(NXP Semiconductors) as input stage and a subsequent CMOS AD8651 (Ana-
log Devices) operational amplifier. Both components are used in commercial
packages.

Specific design attention has been dedicated to both the circuit schematic
(visible in Fig. 3.2) and the Printed Circuit Board (PCB) layout in order to
achieve high immunity to the electrical disturbances conducted by the low
voltage power supply cables. In the final scheme, the CC2 is a PCB printed
on an high-purity Cuflon® substrate (delivered by Poliflon [161]), 3 channels
are integrated on a single layer (see Fig. 3.3(a)).

The CC2 is located inside a copper box that provides electromagnetic
shielding. The input wires connecting to the detectors are copper strips with
PTFE tube insulators. All copper strips are fixed along the detector sup-
ports to avoid microphonics. Fig. 3.3(b) shows the CC2 circuit connected to a
Phase T coaxial detector string.

The CC2 with the component values given in Fig. 3.2, has: dynamic range
of at least 10 MeV, power consumption of less than 45 mW /channel, cross talk
between channels of less than 0.1%, rise time of typically 55 ns and decay time
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(b) Phase I detector string

Figure 3.3: (a) The CC2 CSP manufactured on a Cuflon® PCB with radio-
pure components, also input and output connectors are visible. (b) Phase I
BEGe detectors string coupled with the three channels CC2 preamplifier inside
a copper box about 30 cin above the string.
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of 180 us. For a 600 g coaxial detector the energy resolution achieved was
1.96 keV at the 1274 keV 7-line of ?2Na (that correspond to ~ 0.15%).

A pulser signal is sent periodically to the test pulse input of the CC2. The
voltage step at the capacitor Cp injects a fixed charge at the input of the CC2
and thus allows a monitoring of the entire readout chain during data taking.

3.4 New Phase II front-end electronics

The front-end configuration for GERDA Phase II aimed at both the reduc-
tion of the radioactivity budget from the CSP and the improvement of the
performance in terms of noise, bandwidth and energy resolution.

To achieve these requirements the split of the CSP in two sections was at-
tempted: the very front-end (VFE) section, mounted close to the detector and
consisting of the input JFET and feedback components, and a main amplifying
section with the rest of the circuit.

In this context two new CSP have been proposed and tested: the GeFRO
CSP [162, 163], an extremely radio-pure and innovative solution with the VFE
alone in the cryostat and the amplifying circuit at room temperature, and a
revised Phase I front-end electronics, the CC3 CSP [164, 165].

In the GeFRO the output of a slow feedback loop, optimized for the max-
imum achievable closed-loop bandwidth, and a feedback diode (instead of the
RC devices) was providing the energy information, while a fast open loop out-
put provides the complementary information at high frequency.

After several tests performed from 2011 to 2013, the CC3 has been selected
as new front-end device for Phase II, since it was showing better performance
in terms of energy resolution and stability. The GeFRO behavior was strongly
dependent on the input signal rate: with a rate order of few 100 Hz, relevant
for calibrations, the energy resolution was degraded as the circuit suffered of
gain variations (a detailed description is reported in [166]).

The CC3 has the same conceptual scheme of the CC2, with the big dif-
ference of the attempt to separate the CSP in two stages: the VFE section
designed to be positioned very close to the detector with extremely radio-pure
components, and the rest of the CC3, about 1 m far away. Fig. 3.4 shows the
scheme of the new circuit: the green box includes the VFE section, the blue
box includes the main section. Both will be reviewed in detail in the following.

3.4.1 Very front-end section

One of the main challenges in the development of the new front-end electronics
for Phase II was to accomplish the stringent radio-purity requirement for the
realization: a total activity per detector of ~ uBq in the most relevant isotopes
?28Th and **Ra.

After several implementations the final design of the VFE stage is a flex
cable made on a Pyralux® substrate (by Tecnomec [167], 3 mils of thickness
and up to 1 m long); at the detector side the electronic components are located
and contacted, at the other side the connections to the second stage are printed.
The flex cable is designed as a coplanar waveguide of ~ 50 €2 impedance. It
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Figure 3.4: Scheme of GERDA Phase Il front-end electronics: the CC3 CSP.
The green box includes the VFE section, containing input JFET, feedback
components and test capacitor, the blue box includes the main section of the
CSP, where 2 operational amplifiers and passive components are placed.

drives three signals (the thin Cu traces visible in Fig. 3.5(a)): the input test,
the JFET output signal and the feedback signal. The flexibility allowed to
route the cables along the detector string avoiding connection at the detector
level.

Fig. 3.5(a) shows a picture of the VFE circuit. The JFET SF291 (by Se-
mefab [168]) replaces the BF862 of Phase 1. The latter is not a good candidate
as it is commercially available only in the standard package, hence is not fit-
ting the radio-purity requirements. The SF291 features are comparable to the
BF862’s and it is available in die. Its measured activity is < 4.5 uBq of 2?8Th
and 1.3 +£0.4 uBq of 226Ra [169]. The feedback and test capacitors (of 0.35 pF
nominal value) are the strays of custom designed copper traces. The feedback
resistor (still not mounted in Fig. 3.5(a)) is a 500 MS2 in 0402 SMD size with
a specific activity of 0.2 = 0.1 uBq of 28Th and 0.7 4+ 0.1 uBq of ?26Ra [170].

A picture of the assembly of 2 BEGe detectors, made of extremely radio-
pure materials (copper, silicon and teflon) is shown in Fig. 3.5(c). The silicon
plate provides the fixation of the VFE cable through bronze springs and an
aluminum bonding wire connects the detector to the cable.

The radioactivity requirements impose the use of a die JFET electrically
connected through bonding wires. Critical issues in the realization of the VFE
are the JFET die-attach and electrical contact on the substrate:

e the JFET die-attach requires an adequate glue with low radio-activity
and cryogenic. As the original SF291 had the gate contact on its back,
a conductive glue was required. A gold eutectic bonding onto Si chips
properly shaped was attempted; this solution was poorly stable at low
temperatures and was abandoned when the Semefab provided the front
contacted JFET; the die-attach was then realized with the Stycast®
2850FT, a two component glue with a low coefficient of thermal expan-
sion and that provides an excellent insulation;

e the JFET wire bonding operations have been made critical by the flexi-
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(a) VFE section circuit: JFET SF291, (b) Zoom of a JFET SF291 bonded with
capacitors designed with copper traces, the TPT machine at LNGS.
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(c) View of a BEGe detectors holder that provides also
support for the VFE cable.

Figure 3.5: VFE section of the CC3 preamplifier.
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bility of the Pyralux® substrate due to its little thickness (2-3 mils) and
by the small size of the JFET SF291 (0.9 x 0.9 mm, 300 pm of thickness)
and of the bond pads (between 70 ym and 100 pm).

The JFET connections were performed on the semi-automatic bonder ma-
chine from TPT [171] (model HB 10) placed in a glove box of the GDL lab-
oratory at LNGS. After a training period, needed to familiarize with the not
easy working conditions and to find the optimal bonding parameters, several
VFE cables have been prepared, an example is shown in Fig. 3.5(b).

3.4.2 Second stage of the CC3 CSP

The second stage of the CC3 is designed to improve the performances of the
front-end electronics with respect to previous CSP and to account for the
negative effects introduced by the VFE flex cables on the CSP feedback loop.

Fig. 3.6 shows the final version of the CC3 CSP, manufactured with radio-
pure materials on a 0.8 mm thick Cuflon® substrate and integrating 4 channels
on the same PCB. The figure shows also the connections to the VFE sections
through 4 interconnecting PCBs and to the 10 m coaxial cables bundle that
provide the power supply of the circuit, the injection of the test pulse and drive
the output signals out of the cryostat. The total activity of the final version is
< 50 uBq per channel.

The scheme of the CC3 (Fig. 3.4) shows that two operational amplifiers
are installed in the main section (only one was mounted on the CC2, Fig. 3.2).
The new low noise amplifier LMH6654 (Texas Instruments [172]) in SiGe tech-
nology, not available when CC2 was designed, is inserted in the new front-end
electronics in order to improve the bandwidth of the CSP.

The geometry of the VFE flex cables is intrinsically introducing a stray
capacitance of about 80 pF/m in the feedback loop; to reduce the negative
effect produced on the JFET output signal a compensative capacitor (called
Cc in Fig. 3.4) is placed in the CSP, whose value depends on the length of the
VFE cable connected to the specific CC3 channel (in the range 0-10 pF [170]).
It is possible to remove this effect at the cost of limiting the bandwidth.

3.4.3 Performance of the CC3 CSP

The front-end electronics developed for GERDA Phase II has been tested in
several steps. First tests with prototype versions of the CC3 CSP took place
in the INFN laboratory at the Milano Bicocca University, where the CSP has
been coupled to an encapsulated BEGe detector depleted in "9Ge. These tests
allowed to fully characterize the circuit and its performances.

Then several tests took place in the GDL laboratory at LNGS, here the CC3
was coupled to two bare BEGe detectors (also depleted in “°Ge) reproducing
a setup very close to the final GERDA working conditions. The results showed
very good performance in terms of stability, energy resolution, bandwidth and
dynamic range. As an example the results obtained in the GDL test of June
2014 with the depleted BEGe detector “1/D” will be reported (results from
[173]): in more than one day of data acquisition the baseline was stable within
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Figure 3.6: Final version of the 4 channels CC3 CSP, manufactured with
radio-pure materials on a 0,8 mm thick Cuflon® substrate. Adapted from
[170].
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1%, the energy resolution in terms of FWHM was 2.62 £+ 0.01 keV at the
2614.5 keV peak (~ 0.1%), the rise time for pulser events was ~ 100 ns and
the FWHM for the A/FE ratio of the DEP was 1.2%. All values are within
the requirements, the energy resolution is at the level of the one obtained by
Canberra working in a standard configuration and the pulse shape features
(rise time and A/E resolution) allow to exploit the efficient PSD of the BEGe
detectors.

Starting from August 2014 the CC3 CSP was adopted in the GERDA cryo-
stat in several detector integration tests, needed to install and integrate all
the final Phase II hardware elements: detector holders, readout electronics,
detectors and LAr veto. These tests pointed out a critical issue concerning
the VFE components: during the procedure of the detector strings assembly
in the glove box there was a not negligible probability to break the bonding
wires of the die JFET and, in addition, in some cases the JFET was burned
out through electrostatic discharges produced during the handling inside the
glove box (highly flushed with argon gas).

In the following months many attempts to solve this problem were done,
trying to strengthen the bonding connection between JFET and the VFE ca-
ble by improving the bond quality and, on the other side, trying to avoid
the production of electrostatic discharges by grounding the JFET termination
during the string assembly. Also a try to protect the JFET through potting
with araldite after the bonding has been performed [174]. Unfortunately all
the attempts did not solve completely the problem and the JFET mortality
remained too high to be acceptable. In order to achieve a reliable front-end
electronics for the GERDA setup, the CC3 CSP has been revised and a backup
solution following the Phase I scheme, described in the next section, has been
applied.

3.5 Final front-end electronics design

The commissioning of Phase Il started in the summer 2015 when all the in-
strumentation to build the detector array was ready. Before achieving the final
Phase II configuration with 40 detectors three attempts had been performed
with different detector number and setup configuration (see Sec. 2.4 for more
details on the Phase II commissioning).

Due to the problems described in the previous section, the VFE components
are no longer installed on the cable head, close to the detector, but are mounted
on a PCB near the CC3 main section, reproducing a CSP similar to the one
used in Phase I. The CC3 CSP general scheme of Fig. 3.4 is still valid since only
the location of the VFE section is different and this requires only few minor
changes concerning value and type of the components of the main amplifying
stage.

In Tab. 3.1 the specifications of the two CSPs tested during the upgrade
to GERDA Phase II are reported: the original version of the CC3 with VFE
components mounted close to the detector on the cable head (indicated with
CC3*) and the Phase I like version of the CC3 (CC3**). For comparison the
specifications of the CC2, adopted in Phase I, are also reported.
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Table 3.1: Charge sensitive preamplifiers adopted or tested for Phase II, in compar-
ison with the Phase I CSP, CC2. The specifications and a brief Summary of each
circuit are reported. CC3* is referring to the version with VFE components mounted
close to the detector, CC3** is the Phase I like version, adopted in the final Phase II
configuration.

dynamic power
gain range consumption rise time
CSP  [mV/MeV]  [MeV] [mW /chn] [ns]
cC2 150 10 45 59 adopted in Phase I
CC3* 150 > 15 60-70 60-80 tested in 2011-2015; me-
chanical problems and
not reliable
CC3** 150 > 15 60-70 2040  adopted in Phase II

Fig. 3.7 (left) shows the final CC3 CSP with the interconnecting VFE-
PCBs: the JFET can be now the well-known encapsulated BF862 (also used
in Phase I), feedback resistor and capacitors are unchanged. Fig. 3.7 (right)
shows a schematic of the signal cable connections to CC3: a single trace flexible
strip (instead of coplanar waveguide used in the previous design) coming from
the detector is inserted in the space between a gold leaf and a copper peace
inside a PTFE structure, then fixed with a screw.

The final VFE location has both pros and cons with respect to the origi-
nal Phase IT electronics. The increased distance between detectors and VFE
section is positive with respect to the total activity budget, as no electronic
components are close to the detector. The only contribution to the radioac-
tivity budget comes from the single trace signal and HV cables whose mass
is of few grams (0.4 g/m the signal and 2.7 g/m for the HV cable). In the
final Phase II configuration achieved in December 2015, different ribbon cables
were installed for the signal and HV contact: the HV contacts are in 10 mils
Cuflon® (from Haefele [176]) or in 3 mils Pyralux® (from Tecnomec [167]);
the signal contacts are 3 mils both for Pyralux® and Cuflon®. The Cu trace
is 18 um thick for all ribbon contacts. The measured activity of these cables
is reported in Tab. 5.1, their contribution to the background is discussed more
in detail in Chap. 5.

The installation of the VFE components close to the main section of the
CC3 CSP not only allows to use an encapsulated and soldered JFET, but also
removes the stray capacitance of the VFE cable allowing to increase the band-
width. To take advantage of this, the amplification of the second operational
amplifier (the LMH6654) has been increased reflecting in a reduction of the
waveform rise time of a factor of ~ 3 improving the PSD performances.

On the other hand the new front-end design introduces also negative ef-
fects. When the input JFET is close to the detector the input referred noise
is minimized, while here we have an input connection from 40 to 80 c¢m long,
hence a degradation of the signal-to-noise ratio is expected.

The Phase II commissioning runs tested the performances of the detectors
and their readout (CC3 with close VFE) in terms of resolution and PSD.
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Figure 3.7: Phase I like front-end electronics. Left: picture of the 4 channels
CC3 CSP manufactured on Cuflon® substrate and with interconnecting PCBs
where the VFE components (input JFET, feedback components and test ca-
pacitor) are placed. Right: schematic view of the copper frame with two CC3,
showing the new system to provide the connection of the signal cables from
detectors [175].

Table 3.2: Performances obtained in the GDL test of June 2014 with the depleted
BEGe detector “1/D” [173] and in the three commissioning runs of Phase I [177, 178],
in terms of average energy resolution in calibration at the 2.6 MeV peak for BEGe and
coaxial detectors and resolution of the A/F ratio of DEP events for BEGe detectors.

FWHM: smev FWHM,,
test BEGe Coax [%]
GDL test 2.62£0.01 / 1.2
1st commissioning 3.3:1):3 4.2f8:§ 2.0-4.2
2nd commissioning  3.1+0.2 4.0+0.1 1.7-2.8
3rd commissioning  3.070 2 4.01573 1.5-3.4

3.5.1 Results from Phase II commissioning

In the first commissioning of July 2015 (see Sec. 2.4 for more detail on the
setup) the average energy resolution achieved in 3 calibration runs at the
2614.5 keV peak (values from [177]) is 3.3753 keV FWHM for the BEGe de-
tectors and 4.2f8:§ keV for the coaxial detectors. As expected the energy
resolution is worse than for VFE close to the detectors but still acceptable.
About the PSD, the resolution range of the A/E parameter of the DEP for
the BEGe detectors is 2.0-4.2% (from [178]). The 100 MHz signals are strongly
affected by high-frequency noise superimposed to the waveforms that in turn
affects significantly the discrimination power. The results are listed in Tab. 3.2,
in comparison with a GDL test of June 2014.

Before starting the new run a devoted work session to find and mitigate
the high-frequency noise sources was performed. They were mostly generated
by the HV power supply and, both improving the grounding connections and
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modifying the HV filter schematic, a significantly noise reduction was achieved
[179].

In the 5 calibration runs performed in more than one month of data ac-
quisition of the second commissioning (September 2015) the average energy
resolution (FWHM at the 2614.5 keV peak) [177] was 3.1 £ 0.2 keV for BEGe
detectors and 4.0 4+ 0.1 keV for coaxial detectors, i.e. compatible with pre-
vious results. On the other hand, an improvement was visible in the PSD
side thanks to the mitigation of the high-frequency disturbances: selecting the
events from the DEP the resolution of the A/E for the BEGe detectors ranges
between 1.7% and 2.8% [178], not as good as in the GDL tests but acceptable
to discriminate background events (see Tab. 3.2).

The last commissioning (November 2015) was performed after a further
attempt to reduce the disturbances and noise sources, in this case no signifi-
cant improvement was achieved and the performances were at the same level
of the second run both in energy and A/FE resolution (the results are listed
in Tab. 3.2). Some residual unexpected noise was still superimposed to the
waveforms, the origin is probably connected to the long contacts from the de-
tector to the JFET. In Sec. 4.5 a detailed study of the noise observed during
the Phase II data taking is presented.

3.6 Conclusions

A new charge sensitive preamplifier has been developed during the upgrade to
GERDA Phase II (the CC3 [164]). The initial design foresaw a separation of the
CSP in two stages: the VFE section, including JFET and feedback components
positioned very close to the detector, and the rest of the circuit, about 1 m
away. The integration tests performed between 2013 and 2015 showed some
problem in the reliability of the VFE, hence the latter has been moved and
located close the amplifier (40-80 cm from the detector as in Phase I) where
an encapsulated JFET could be used.

The results obtained in the commissioning indicate that the modified ver-
sion of the Phase II front-end electronics, as expected, is performing worse
than the original design, both in terms of energy resolution (~ 10%) and pulse
shape discrimination (measured with the resolution of the A/FE parameter).

On the other hand the solution is quite robust and reliable, unlike in the
original Phase II scheme, and the major advantage is the strong reduction of
the radioactivity budget from the readout electronics.

Including also the need to start the Phase Il data acquisition as soon as
possible, this scheme has been adopted as it is an acceptable compromise be-
tween all the stringent requirements. Fig. 3.8 shows the final installation of
the front-end electronics for Phase II: six copper frames, with two modified
version of CC3 preamplifiers each, are mounted above the array location on
the copper structure that holds up the seven Ge detectors strings.
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Figure 3.8: Final design of the front-end electronics mounted in the GERDA
lock, six copper frames with two CC3s are installed on the Cu structure. The
signal cable coming from the detectors are connected with the PCBs after the
string assembly.



Chapter 4

Energy reconstruction in GERDA
Phase 11

Most radiation detectors require signal processing so that both energy or time
profile of the interacting radiation can be properly extracted, this is the case
of germanium detectors.

In Ge detectors the preamplifier output signal is either shaped and then
processed by an analog to digital converter or directly digitized by a FADC and
then shaped offline with a dedicated algorithm. The latter is named Digital
Signal Processing (DSP), the advantages with respect to the analog process are
the large (in principle infinite) number of shaping filters that can be applied
and that the recorded data remain available for further reprocessing, while in
the analog processing the original pulse shape is lost.

In GERDA the energy is evaluated by DSP. In this chapter the development
of a novel filtering technique is described; it was first already applied to the
data from Phase I with a significative improvement in the energy resolution
[180, 181, 182].

In Sec. 4.1 the possible sources of the electronic noise and the factors that
determine the energy resolution of a Ge detector readout are discussed. Then
in Sec. 4.2 the GERDA Phase I DSP is reviewed. The development of the new
shaping filter, the Zero Area Cusp-like (ZAC), is presented in Sec. 4.3. The
new filter has been applied in recent GERDA Phase II data: the implementa-
tion details and the detector performances achieved with the ZAC filter are
discussed in Sec. 4.4. Finally, in Sec. 4.5 the actual noise affecting the GERDA
germanium readout is discussed and related to the array configuration and the
front-end electronics design.

4.1 Noise sources and energy resolution in germa-
nium detectors
4.1.1 Noise sources in a Ge detector readout system

A germanium detector and its readout can be modeled as in Fig. 4.1. The
detector is considered a noiseless source of a d-like charge pulse with capaci-
tance Cge. The trace recorded by the FADC can be modeled as the output
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Figure 4.1: Signal and main noise sources in a germanium detector readout
system. Picture adapted from [180].

of a noiseless preamplifier connected to the detector, a series voltage generator
with spectral density s(f) (green in Fig. 4.1) and a parallel current genera-
tor with spectral density p(f) (red in Fig. 4.1). C; is the preamplifier input
capacitance.

The amplitude of the electronic noise is usually expressed in terms of the
Equivalent Noise Charge (ENC), defined as the input-referred amount of charge
that may theoretically be uniquely responsible for the actual output-referred
measurement noise; measured in electrons input charge.

The intrinsic ENC with shaping time 7, is given as [183]:

1 2kpT

Ts Gm

ENC? =«

Cio + BA;Cly + (eftot + g) Ts (4.1)
where Ciot = Cget + Cr + C; is the total capacitance, Rr and Cr are the
feedback resistor and capacitor, Iiot = Iget + Igate is total current (sum of
the detector leakage current I4; and the gate current Iyqc), gm is the JFET
transconductance (~ 10 mA/V in GERDA), kp is the Boltzmann constant and
T the operating temperature (87.3 K for LAr). The constants «, 8 and =
depend on the adopted signal shaping filter (i.e. for a Gaussian filter o = 0.89,
g =1and vy = 1.77, for an infinite cusp a =1, § = 0.64 and v = 1) [183|.

The first term of Eq. (4.1) is the series noise and is proportional to the
square of total capacitance Cyop. Assuming that the shaping time is 7, = 10 us,
a = 1 and C; = 10 pF, the contribution of the series noise is ~ 100 e? for
detectors with Cge; ~ 1 pF (BEGe detectors) and ~ 1500 e? for detectors
with Cge; ~ 30 pF (coaxial detectors).

The second term of Eq. (4.1) represents the 1/f noise of the JFET with
amplitude Ay and is also proportional to C2,; its value depends on the specific
setup and is in the range of 102-10* e2. Both the series and the 1/f noise
scale with C2, and this explains why the BEGe detectors have better energy
resolution than the coaxial ones.

The third term of Eq. (4.1) is the parallel noise generated by the total
current I,; and the thermal noise of the feedback resistor Rp. Considering
that Igqse is typically below 1 pA and assuming that Ij; = 10-100 pA and
Ry = 500 MQ, the parallel noise is ~ 2000 e2.
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The parallel noise is proportional to 75 and the series noise to its inverse
while the 1/ f noise is independent of 75. Therefore, the optimal shaping time is
the one which minimizes the sum of the series and parallel noises. More detailed
descriptions of the noise origin and its treatment in germanium detectors can

be found in [183, 184].

4.1.2 Energy resolution

The energy resolution of a Ge detector depends on several factors: the elec-
tronic noise, the charge production process in the detector volume and the
detector charge collection and integration.

The electronic noise is described in the previous section and is independent
from the energy. In terms of Full Width at Half Maximum (FWHM) can be
written as:

FWHM,;, = 2.355 - ENC (4.2)
e

where 7 is the average energy necessary to generate an electron-hole pair (n =
2.96 eV in Ge) and ENC is given by Eq. (4.1). With the example values used
in the previous section (and assuming the 1/f contribution of 1000 e?), this
term contributes with about 0.5 (0.7) keV for BEGe (coaxial) detectors to the
total FWHM, imposing a lower limit to the achievable resolution.

A second contribution to the energy resolution is given by the charge pro-
duction process in the detector volume and is due to the fluctuation of the
number of electron-hole created by the particle interaction. The contribution
to the FWHM is:

FWHM, = 2.355 \/n F E (4.3)

where F' is the Fano factor (F = 0.13 for Ge [185]); this term is increasing
with the energy, its contribution to the total FWHM at the 2614.5 keV peak
is ~ 2 keV.

The last contribution to the FWHM is given by the charge collection of the
detector and by the charge integration properties of the shaping filter. This
term, negligible for fully depleted working detectors, is normally expressed by
the empirical formula:

FWHM, = 2.355 ¢ E (4.4)

where ¢ is a parameter related to the quality of the charge collection and
integration.

The three terms of Egs. (4.2), (4.3) and (4.4) have independent origins,
hence they can be summed in quadrature to give the overall FWHM:

2
FWHM(E) = 2.355\/"2 ENC2 4+ F E+c2 B2 (4.5)
e

4.2 Signal processing for GERDA Phase I

In GERDA the signals are digitized with 14 bits precision (2'4 = 16384 samples
are recorded) and 100 MHz sampling frequency. To improve the data transfer
rate, for energy reconstruction only, the traces are rebinned summing up 4



60 CHAPTER 4. GERDA ENERGY RECONSTRUCTION

2 62500

[T
62000
61500
61000
60500
60000
59500

59000

L | L ‘
100 120 140 160
time [us]

58500 P P R L

HI\‘\IH‘I\H|\H\‘\II\‘HH“HI‘\II ‘\I
N
o
| {
o
@D
o
<o
o

o

Figure 4.2: Typical GERDA waveform. A ~ 80 us baseline is recorded before
each signal, the fast signal (~ 100 ns) is followed by an exponential decay tail
of 7 ~ 150 us due to the discharge of the feedback capacitor.

consecutive bins. In this way, the waveforms contain 4096 bins of 40 ns width.
Fig. 4.2 shows the typical acquired waveform: a ~ 80 us long baseline is
recorded before each signal, then the charge signal rises up (fall down in the
figure) in ~ 100 ns followed by a 7 ~ 150 us long exponential tail due to the
discharge of the feedback capacitor, as described in Eq. (3.5).

Since Phase I, in GERDA is implemented an offline energy reconstruction:
the digitized charge pulses are recorded and then analyzed with the software
tool GELATIO [136]. The standard energy reconstruction algorithm, used in
Phase I and for reference purposes also in Phase 11, is a digital pseudo-Gaussian
filter, consisting of different steps:

e first the signal is reversed and the baseline is subtracted;
e then the signal (z¢[t]) is differentiated with time constant L =5 us:
zo[t] = x1[t] = xo[t] — zo[t — L] (4.6)
this corresponds to a CR analog circuit;
e finally a series of 25 Moving Average (MA) of 5 us length are applied:
1
zilt] = @il = 7 Y omft] i=1...25 (4.7)
t'=t—L
this corresponds to (RC)?’ analog shaping.

The main steps of the algorithm are illustrated in Fig. 4.3, the final signal
has a shape close to a Gaussian function, the energy is given by the height of
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Figure 4.3: GERDA Phase I energy reconstruction procedure. Top left: typical
waveform after inversion and baseline subtraction. Top right: waveform after
the differentiation operation described in Eq. (4.6). Bottom: signal after one
(left) and 25 (right) MA operations (see Eq. (4.7) ).

the output signal. The choice of a 5 us shaping time and of 25 MA iterations
allows a good filtering of the high-frequency noise.

This algorithm is stable and relatively fast, but is limited by several factors.
This pseudo-Gaussian shaping is a high-pass filter followed by n = 25 low-
pass filters. The resolution obtained with the pseudo-Gaussian shaping is very
close to the optimal when the low frequency noise is negligible [183]. This
is not the case for GERDA where the charge sensitive preamplifier (CSP) is
placed at a distance of 40-80 cm from the detectors due to the low background
requirements.

Another negative aspect, is that the adopted pseudo-Gaussian shaping is
the same for all detectors, although the signal formation properties and the
noise conditions are individual. An improvement in energy resolution can
therefore be obtained by tuning the parameters of the shaping filter individu-
ally for each detector.

4.3 Optimum filter for energy estimate: ZAC filter

Several methods have been developed to achieve the optimum digital shaping
for a given experimental setup [183, 184, 186, 187, 114]. During the upgrade to
Phase IT many of them were applied to data from integration tests [166]. Also
a tentative to develop the optimal Wiener filtering [188] has been implemented:
the computation time needed is longer than other adopted methods, since it is
calculated in the frequency domain, and the shape is similar to the innovative
filter subject of this chapter, directly created in the time domain. For these
reasons the Wiener filter was abandoned.
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It can be proven [186] that in case of series and parallel noise only and with
infinitely long waveforms the optimum shaping filter for energy estimation of
a 0-like signal is an infinite cusp when sides have the form exp(¢/7) where 7 is
the reciprocal of the corner frequency, the frequency at which the contribution
of the series and parallel noise of the referred input becomes equal. In real
case, with waveforms of finite length, a modified cusp is obtained building the
two sides with sinh-curves.

As pointed out in the previous section, in GERDA 1/ f low-frequency noise
is a significant component due to the detector to front-end distance. In this
case the energy resolution is optimized using filters with total area equal to
zero [189]. In addition, the low-frequency baseline fluctuations (e.g. due to
microphonics) are well subtracted by filters with parabolic shape [190].

Following these arguments an optimized shaping filter for the GERDA setup
can be achieved with a Finite Impulse Response (FIR) cusp-like filter with zero
total area. This can be obtained by subtracting two parabolas from the sides
of the cusp filter keeping the area under the parabolas equal to that underlying
the cusp.

The Ge detector output current is not a pure §-function, but has a width of
approximately 1 us. If a cusp filter is used, this leads to the effect of a ballistic
deficit [191, 192] and consequently to the presence of low-energy tails in the
spectral peaks.

This can be avoided by inserting a flat-top in the central part of the cusp
with a width equal to almost the maximum length of the charge collection in
the diode. The resulting filter is a Zero-Area finite-length Cusp-like (ZAC)
filter with central flat-top, implemented as:

sinh (L) +A[(t-5) = (§)*| foro<t <L
i L
ZAC(H) = sinh = for L<t< L+ FT (4.8)

sinh (2EEL1) + 4 [(3L+ FT - 1)° = (§)’]
for L+ FT <t<2L+ FT

where 75 is the cusp parameter that has to role of the shaping time, L is the
length of one cusp side, F'T is the flat-top length and the constant A is chosen
such that the total integral is zero. The ZAC filter is realized numerically
following Eq. (4.8) with the substitution t — At - i (where At = 40 ns is
the sampling time, ¢ is sampling index) therefore ZAC(t) —ZAC[i] for i =
1,...; Noae(= 2L 4+ FT).

Fig. 4.4 shows an example of the ZAC filter construction: a cusp-like filter
(green dashed line) and two negative parabolas (blue dashed line) are summed
up to obtain the final filter (red full line).

Since the filter has to be applied to a current pulse, a deconvolution of the
preamplifier response function, i.e. an exponential curve with decay time 77 =
RpCp, is needed on the charge waveform (Fig. 4.2). This is achieved through
convolution with a filter consisting of two elements f; = [1, —exp(—At/7r)].
Given that the convolution is commutative, for convenience the ZAC filter
is immediately convoluted with the inverse preamplifier response function f;
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Figure 4.4:  ZAC filter construction: finite-length cusp (green dashed line)
and two negative parabolas (blue dashed line) are summed to obtain the ZAC
filter (red full line).

obtaining:
ZAC i) = ZAC[i] - (—e 2™ ) 4 ZAC[i +1] - 1 (4.9)

for i =1,..., Nyqe — 1. An example of the result of this operation is shown in
Fig. 4.5. The resulting filter ZACge. is then convoluted with the charge pulse,
namely the preamplifier output signal z:

i+NZaC_2
ylil= Y alk]- ZACqccli + Nzac — 1 — K] (4.10)
k=i

fori =1,..., N — N.4c + 2, where N is the number of x samples (N = 24 /4 =
4096). The energy is then calculated as the maximum of the convoluted signal

Y.

4.4 Application of the ZAC filter to Phase II data

The ZAC filter, developed to optimize the energy resolution of GERDA detec-
tors, has been already applied to the Phase I data [180] obtaining a significative
improvement in the range of 5-23% for both BEGe and coaxial detectors with
respect to standard filtering.

The work of this thesis is addressed to the application of the ZAC filter to
the new data from Phase II collected starting from December 2015. In this
section the strategy used to implement it and the performances achieved are
described.



64 CHAPTER 4. GERDA ENERGY RECONSTRUCTION

3 i — final filter
i L
£ 0.004—
0.002|—
ol L
-0.002{—
-0.004(—
=1 Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il
0 20 40 60 80 100 120 140 160
time [us]

Figure 4.5: ZAC filter after the convolution with the inverse preamplifier
response function. This filter is then convoluted with the output waveform.

4.4.1 ZAC filter optimization strategy

Egs. (4.8) and (4.9) show that the final shaping filter (Fig. 4.5) depends on
four parameters: L, F'T and 75 describe the ZAC filter and 7p the preamplifier
discharge time. In order to obtain the best energy resolution, the parameters
are tuned separately for each detector.

The optimization strategy developed in this thesis (and used on Phase II
data) is slightly different with respect to Phase I [180]. Because of the in-
creased number of detectors (40 versus 11), an effort in the reduction of the
computation time needed to run the ZAC optimization is performed. Moreover
the new setup configuration shows a different trend of the energy resolution as
function of the ZAC filter parameters.

Before filtering the charge waveforms, some quality cuts are applied in
order to reject those events which are non-physical or not properly formed. In
particular only pulses with a trigger position between 79.5 and 82.5 us and a
rise time in the range 0.2-3 us are selected.

The ZAC optimization flow is as in Phase I: the energy spectrum obtained
in 228Th calibration runs is reconstructed only in the region of the 2614.5 keV
peak with different ZAC parameters. Then this peak is fitted and the FWHM
is extracted. The set of parameters that maximize the energy resolution is
adopted to reconstruct the entire spectrum.

The 298T1 peak is fitted with the function [193]:
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Figure 4.6: ZAC optimization graphs: FWHM of the 2614.5 keV peak in a
Phase IT calibration run as function of the F'T' (a) and the 77 (b) parameters.
The 4 colors correspond to different BEGe detectors of the GERDA setup.
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corresponding to a Gaussian peak with a low-energy tail (second line) sitting
on flat background and on a step-like function (last line). The FWHM is
obtained from the resulting fit function as 2.355 - 0.

Hence the ZAC optimization is the study of the energy resolution depen-
dence on the four parameters. It will be presented in the following by the
analysis of the FWHM as function of each parameter.

The length of the filter L is chosen as long as possible following the ar-
guments in [186]; no significant variation of the FWHM is visible with L in
the range 140-163 ps. The value adopted to produce all the ZAC filters is
L =155 ps (as the example in Fig. 4.4).

The flat top F'T is related to the detector charge collection time, typically
between 0.5 and 1.0 us. In order to find the optimal F'T for each detector, it was
varied in the range 0-2 us with steps of 0.1 us. Fig. 4.6(a) shows an example
of the F'T optimization graph for four detectors in a Phase IT calibration run:
as expected the FWIHM is decreasing until F'7T" is 0.6-0.8 us in all cases, then
it is nearly constant. This is because the energy resolution improves until the
F'T collects all the charge released in the detector; any further increase is no
effective. Following this argument and thanks to the very low detector leakage
currents, the flat top is fixed to 1 us for all the detectors and it is not scanned
during the optimization.

The exponential decay time of the preamplifier output 77 can be calculated
once the feedback components (7p = Rp - Cp = 500 MQ - 0.3 pF = 150 pus)
are known. Due to the presence of long front-end cables, which translates
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into paragitic capacitance, a signal deformation could arise and the search of
the optimal 77 could be needed. Fig. 4.6(b) shows the FWHM values at the
2614.5 keV peak as function of 7r in the range from 100 to 300 us. In all the
cases the best energy resolution is obtained with 77 ~ 150 us, corresponding
to the circuital value. This fact encouraged to fix also this parameter during
the ZAC optimization (7p = 150 us), reducing significantly the computation
time and still ensuring an optimal filtering.

The situation is different for the 75 parameter that is the filter shaping
time and its value depends on the actual electronic noise, as described in
Secs. 4.1.1 and 4.3. The optimal 75 is individually searched in 1 us steps for
each detector in each calibration run in the range 1-30 us. Fig. 4.7 shows some
examples of optimization graphs for this parameter: in red, green and blue the
FWHMSs obtained in 3 calibration runs of Phase 1I taken during March 2016
are reported.

The energy resolution is optimized by very different 75 values, depending
on the detector and also on the specific calibration run. In particular three
typical situations can be distinguished:

e detectors with very good energy resolution (FWHM ~ 2.6 keV for BEGe
detectors) have the minimum FWHM with shaping time 7, ~ 10 us;
Fig. 4.7(a) shows the FWHM vs 75 graph for the BEGe detector GD91A;

e a second type of graph is obtained when the energy resolution is worse
than expected (FWHM > 3 keV for BEGe detectors), here a minimum
FWHM cannot be clearly observed and the best shaping time is 75 >
15 ps, as showed in Fig. 4.7(b) with the example of the GD35A detector;

e finally, when the detector is showing a leakage current of = 100 pA
the parallel noise dominates, as described in Sec. 4.1.1, and the FWHM
minimum is very pronounced at 75 ~ 4 us; an example of the optimization
graph for the detector GD91B is reported in Fig. 4.7(c).

The behaviour of the ZAC optimization graphs is strongly related to the specific
noise spectrum, this topic is detailed discussed in Sec. 4.5 where a study of the
possible noise sources is presented.

To summarize, the new ZAC optimization developed for GERDA Phase 11
is performed running the shaping time 75 from 1 to 30 us and fixing the flat
top to 1 us and the preamplifier decay time to 150 us. This strategy leads to
an optimal energy resolution for all Ge detectors with a minimal computation
time of few hours per calibration run. In Phase I instead a brute force approach
was adopted, running all the parameters in a wide range to find the minimum
FWHM.

4.4.2 Performances and stability in calibration data

The ZAC filter was used to produce the energy spectra in the GERDA Phase 11
first release [1, 2|, corresponding to 6 months of data acquisition from December
20th, 2015 to June 1st, 2016. In this section the detector performance of this
period are reviewed.
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Figure 4.8: Energy resolution in terms of FWIHM at 2614.5 keV obtained for
three calibration runs during the first months of GERDA Phase II, are included
all BEGe and coaxial detectors. From [194].

During the data acquisition the Ge detector array is weekly irradiated by
three 222Th sources; the calibration was performed in total 31 times during
this six months. The ZAC filter has been optimized in each of them following
the recipe described in the previous section.

The performance of the 40 detectors in terms of energy resolution at the
2614.5 keV peak obtained with optimal ZAC filter is shown in Fig. 4.8. The
figure shows the FWHMSs in three Phase II calibrations for all BEGe, “Ge
and " Ge coaxial detectors, the horizontal axis gives the detector progressive
number and the top legend reports the string number. Strings 1, 3 and 4 con-
tain only BEGe detectors, string 2 and 5 only " Ge coaxial detectors, string 6
contains six BEGe and one " Ge coaxial detector (number 36), string 7 con-
tains the three "'Ge coaxial detectors (one of them, number 38, is not working
properly and its FWHM value is not reported). The detector configuration of
Phase 1I is reported in App. A.

Fig. 4.8 reveals that the energy resolution for the BEGe detectors correlates
to the position in the string: in most cases the best FWHM values are achieved
for the top detectors, then the resolution degrades with the position. This can
be connected to the fact that the detector number within the string scales with
the length of the signal contact. For the coaxial detectors the same trend is not
found; this is probably due to their larger intrinsic capacitance. However this
trend is not completely understood, a possible explanation and its connection
with the electronic noise is presented in Sec. 4.5.

Excluding two BEGe detectors with known problems, i.e. GD02D (num-
ber 6) having imperfections in the crystal impurity distribution and GD91B
(number 25) that is driving a leakage current of 2 100 pA, the Phase II en-
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Figure 4.9: FWHM at 2614.5 keV obtained in all the 31 calibration runs for
a BEGe (a) and a “"Ge coaxial (b) detector string.

ergy resolution is in the range from 2.5 keV to about 4.0 keV for the BEGe
detectors and from 3.2 keV to 4.2 keV for the coaxial detectors. The aver-
age FWHM evaluated for the three considered calibrations is of 3.18Jj8:§§ keV,
3.73 4+ 0.22 keV and 3.87 £+ 0.15 keV respectively for BEGe, ®*'Ge coaxial and
natGe coaxial detectors.

With respect to the pseudo-Gaussian shaping (the method adopted in
Phase I and described in Sec. 4.2, here used as reference), the ZAC filter
leads to an average energy improvement of 0.20 keV that corresponds to 6.2%
for BEGe detectors and 0.37 keV (9.6%) for coaxial detectors.

The FWHM values obtained in the three considered calibration runs and
reported in Fig. 4.8 describe the situation of the entire Phase Il data taking.
The same plot for the energy resolution has been created also with the super-
calibration data (that is including all the 31 calibrations) and is presented in
App. A, together with a table of the FWHM for the 40 detectors: the values are
all compatible with Fig. 4.8. As described in Sec. 4.4.4, the super-calibration
results are used to extract the FWHM at Qgg.

The performances of the Ge detectors remain quite stable during the entire
data acquisition. Fig. 4.9 shows the FWIIM at 2614.5 keV obtained in all
the 31 calibration runs for the string 1 containing eight BEGe detectors and
the string 2 containing three “*Ge coaxial detectors. The FWHM for BEGe
detectors (Fig. 4.9(a)) is stable within 5-10% in all the cases and, excluding
the first period where the detector marked in red is not working properly, the
energy resolution for coaxial detectors is stable within 5% (Fig. 4.9(b)).

4.4.3 Energy calibration

After the ZAC optimization, the energy spectra are calibrated in order to
determine the energy scale for the physics data. This operation is performed
through a dedicated ROOT [135] based software that for each detector first
searches and finds the central position in the uncalibrated spectrum of the
peaks produced by the ?22Th sources and then gives the calibration curve as
output (a description of the calibration software is presented in [195]).

Fig. 4.10 shows an example of 22Th spectrum acquired during a Phase II
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Figure 4.10: Example of ??®Th calibration spectrum: the prominent lines
are searched in the calibration software to determine the conversion between
FADC channels and energy in keV.

calibration run, summing the contribution of all detectors. In order to reduce
the disk space usage, in calibration the hardware trigger threshold is set to
~ 400 keV. Since the major contribution to the physics spectrum below 500 keV
is from the 3Ar 3 continuum (for more details see Chap. 5) there is no need
to have a very precise calibration at low energy in GERDA.

The peaks used for the energy calibration are the main + lines in the 2?8Th
decay chain, in particular: the full energy peaks (FEPs) at 583.2, 860.6 and
2614.5 keV, the double escape peak (DEP) at 1592.5 keV and the single escape
peak (SEP) at 2103.5 keV from 2%8T1, and the FEPs at 727.3 and 1620.7 keV
from 2'2Bi.

The software starts searching for the 2614.5 keV line that is fitted with the
function of Eq. (4.11). Then, using a raw calibration realized with the position
of the first line, the other lines are identified and fitted with a Gaussian function
on a flat constant, to take into account the continuum spectrum. The seven
peak positions are then extracted from the fits and a linear calibration curve
is produced for each detector:

E=a+b- Efad (4.12)

where FE is the calibrated energy (in keV) and FEyqq. is the uncalibrated one,
a and b are the calibration parameters. Fig. 4.11(a) shows an example of the
linear curve for the BEGe detector GD91A in a calibration of March 2016.

In order to investigate the linearity of the system, a quadratic calibration
curve is also produced for each spectra:

E=a+b-Efage+ ¢ Ef e (4.13)

with respect to Eq. (4.12) there is a third parameter c.

An example of results from calibration is reported in Tab. 4.1: the first
column shows the nominal value of the peaks from [196], then the second and
the third columns report the values of the fitted calibration curve in correspon-
dence of the peak positions, respectively for the linear and the quadratic case.
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Figure 4.11: Energy calibration for the BEGe detector GD91A in the run of
March 17th, 2016: (a) linear calibration curve and (b) residuals of the peak
positions for linear and quadratic curves (b). Value from Tab. 4.1.

Table 4.1: Calibration results for the BEGe detector GD91A in the run of
March 17th, 2016: nominal value [196] and peak position using a linear and a
quadratic calibration curve.
Enom Elinear Equadratic

2614.51 2614.53 £0.06 2614.44 +0.02

2103.51 2103.36 =0.09 2103.97 +0.02

1620.74 1620.69 +0.09 1621.45 £+ 0.01

159251 592.32+0.07 593.08 = 0.01

860.564  860.70 £0.05  860.68 + 0.01

727.33 727.42 4 0.04 727.14 £ 0.01

583.187 582.57+£0.09 581.96 +0.01
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In addition, the residuals from the two fits are calculated and plotted as
function of the energy:
AE = Epom — Epit (4.14)

where Ey;; is the value from the calibration curve and Eyop,, is the nominal
peak value. Fig. 4.11(b) shows the plot of the residuals of the values listed in
Tab. 4.1 corresponding, as before, to the GDI1A detector.

Both Fig. 4.11(b) and Tab. 4.1 show that values from the linear calibra-
tion (red) are closer to the nominal ones with respect to the quadratic (blue),
supporting the system linearity (detailed description in [195]).

In the analyzed calibration data there is no need for a quadratic description
of the energy scale. Hence for all the detectors in the Phase II data production
the energy reconstruction is performed through linear calibration curves.

Once the energy scale is determined from a calibration run, it is applied
to the physics energy spectra acquired in the time between two consecutive
calibrations. Both the optimal ZAC parameters from the minimization of the
FWHM (described in Sec. 4.4.1) and the linear calibration curve of Eq. (4.12)
are applied to the physics data in a specific validity time window of the calibra-
tion run, established by monitoring the detectors stability in terms of baseline,
energy and test pulse position.

4.4.4 Energy resolution in physics data

An important parameter to validate the procedures of energy reconstruction
and calibration is the energy resolution in the physics data, extracted from
the fit of the y-lines at 1461 keV and 1525 keV from “°K and #?K respectively.
Thanks to the low background, these two lines, as later reported in chapter 5,
are the only with sufficient statistics for the extraction of a reliable FWHM.

The K lines resolution is used also for the determination of the energy
resolution at ()gg, crucial value in the search of the Ov33 decay. The procedure
to extract the FWHM at (Qgs and the final value adopted in the Phase 1I
analysis |1, 2] is presented in the second part of this section.

The fit of the “°K and “2K ~-lines is performed on three independent
datasets, BEGe, ®*Ge coaxial and "'Ge coaxial detectors, integrated over
the entire time period.

For the three datasets, the energy region between 1440 and 1560 keV is
selected and fitted through an extended unbinned maximum likelihood with
two Gaussians on a flat background. This method does not depend on binning
and works better in low statistics cases. The standard deviation of the two
Gaussian functions is fixed to the same value since the energy of the two peaks
is close and the same peak width is expected. The extracted value is used to
determine the energy resolution in physics data.

Fig. 4.12 shows the plot of the energy spectra reconstructed with the ZAC
filter in the selected region. In the same figure the energy resolutions obtained
in the fits are also plotted: for the BEGe detectors the resulting FWHM is
2.66 £ 0.08 keV, for the ®*"Ge coaxial detectors is 3.81 + 0.12 keV and for the
natGe coaxial detectors is 3.79 = 0.14 keV. The corresponding values obtained
with the pseudo-Gaussian shaping are 2.75 + 0.08 keV, 4.03 4+ 0.12 keV and
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Figure 4.12: “°K and #2K ~-lines of the GERDA Phase II background spectrum
reconstructed with the ZAC filter.

3.88 £0.14 keV, showing an improvement with the implementation of the new
shaping filter.

Energy resolution at (Qgg Since some instability can occur during the
physics runs, to determine the energy resolution at ()gg is performed a com-
parison between the FWHM obtained on the K peaks and the value expected
at the same energy from the calibration data. If the two values are compatible
within 1 o, the FWHM at Qg is simply extracted from the resolution curve
of the calibration data, otherwise a correction term is computed.

A global calibration, referred as super-calibration, including all the 31
Phase II calibration runs, is used to extract to energy resolution at Qgg for
the BEGe and ®™Ge coaxial datasets. The "3 Ge coaxial detectors are not
included in this analysis since this case is not interesting for the search of the
OvpBp decay. App. A reports the FWHM obtained in the super-calibration for
the 40 detectors.

As described in Sec. 4.4.3, the 228Th calibration peaks are identified and
fitted getting the FWHM. Then these values are fitted with the function that
describes the energy resolution for Ge detectors (see Sec. 4.1.2), neglecting the
charge collection term®, Eq. (4.5) becomes:

FWHM(E) = \/c1 + ¢ - E (4.15)

where ¢1 and co are the fit parameters that take into account the electronic
noise and the fluctuation of the charge collection process. The DEP and the
SEP are not included in this fit since they are wider than the other «-lines due
to Doppler broadening [197], hence the fit of Eq. 4.15 is performed with five
points.

Lthis because low energy tails are not observed in the ZAC optimal filtered energy spectra
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Figure 4.13: Energy resolution obtained in calibration data (filled symbols)
and at the K ~-lines from physics data (open symbols).

Table 4.2: Comparison of the energy resolution obtained in calibration and
physics data and final @gg resolution for BEGe and the “*"coaxial detectors.

BEGe nrCoax
FWHM%,. | 2.78 £0.01 3.34 £0.01
FWHMPY | 2,66 +0.08  3.81 +0.12
offset 0.474+0.12
FWHMg,, | 3.00+0.08 4.03+0.12

Fig. 4.13 shows the resolution curves obtained for the BEGe (blue) and
the “Ge coaxial datasets (red); the filled symbols are the FWHMSs of the
calibration data, the open ones are from the fit of the K ~-lines from physics
data.

The energy resolution at 1525 keV is extracted from the resulting curves
and is compared with the values obtained from the background spectrum fit
(Fig. 4.12). Tab. 4.2 reports a summary of the FWHM values: the results from
the super-calibration are indicated as FWHM{%Z%, the ones from physics data
as FWHMELY, .

For the BEGe detectors the resolution comparison shows that in physics
data the FWHM is compatible with the value from calibration. In this case
the FWHM at Qg that is directly extracted from the resolution curve. For
the “'Ge coaxial detectors, the FWHM at Qg is taken from the resolution
curve plus the difference between the FWHM at 1525 keV obtained in the
calibration and in the physics data. All the values are reported in Tab. 4.2. In
both cases the error on the FWHMg,, is computed summing in quadrature
the uncertainties of the two FWHM values.

The energy resolution at (Qgg are then used in the statistical analysis of
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the OvB3S decay search [1, 2] to fix the width of the Gaussian function for the
expected signal.

4.5 Noise studies in GERDA Phase 11

As already pointed out, a noise investigation in the GERDA setup has been
performed [198]. Given the results presented in the previous sections, the
purpose of this study is to characterize the actual noise and possibly identify
the sources.

In Sec. 3.5 the preamplifier installed in the final Phase II configuration is
described: as in Phase I, it is a classical CSP, named CC3 (see Sec. 3.4), where
JFET and feedback components are mounted close to it and connected to the
detector through Pyralux® /Cuflon® flex contacts 40 to 80 cm long.

Since the commissioning runs (see Secs. 2.4 and 3.5), an additional noise
was observed. It was not observed neither in Phase I (CSP and front-end
components in the same configuration as in Phase II) nor in Phase II tests
with the front-end components close to the detector. This noise causes a
degradation of the detector performance both in term of energy resolution
and pulse shape discrimination power; for the BEGe detectors the latter is
evaluated as the resolution of the A/E parameter (defined in Sec. 2.3) for
1592 keV DEP events.

The same noise is observed in Phase I data. Fig. 4.8 shows how the BEGe
energy resolution worsen with the detector position in the string: averaging
on all the positions, the FWHM at the 2614.5 keV peak is ~ 3.2 keV, about
20% higher than the optimal value expected for BEGe detectors and actually
achieved in top detectors and in the individual detector in GDL tests.

To evaluate the BEGe performance, another relevant parameter is the res-
olution of the A/F parameter. Fig. 4.14 shows the percentage FWHM of A/FE
for BEGe detectors (indicated as FWHM 4 /g), combining three 228Th Phase 11
calibration runs. It shows the same trend of Fig. 4.8: the FWHM 4 /g also scales
with the position of the detector in the string and best values (~ 1.5%) are
obtained for the top detectors (i.e. close to the front-end). Moreover, for the
PSD parameter resolution of Fig. 4.14 the degradation is quantitatively larger
with respect to the energy resolution following the BEGe position: many bot-
tom detectors show a FWHM 4/ around 3%, doubled with respect to the best
values achieved for top detectors.

This shows that the noise in Phase II impacts on the BEGe performance in
terms of PSD, hence to distinguish Ov33 decay events from the background.
This, in addition to the energy resolution deterioration, seems connected to
the detector to front-end distance hence to the length of the signal cable.

The purpose of the study presented in this section is to better understand
the noise figure and the detector performances, and try to identify the source
of the extra noise.
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Figure 4.14:  Percentage FWHM of the A/E parameter of DEP events for
BEGe detectors in Phase II. The detectors GD02D (number 6) and GD91B
(number 25) are not considered for this analysis. Values from [199].

4.5.1 Spectral power density study

The starting point of the noise study is the analysis in the frequency domain of
the baseline signals. A ROOT [135] software including MGDO [134] libraries
has been developed to analyze the long baseline traces of 160 us (acquired
during the physics runs), perform the Fast Fourier Trasform (FFT) and then
calculate the power spectral density.

Fig. 4.15 shows typical frequency spectra for the BEGe detectors of the
string 1 (a) and the °"*Ge coaxial detectors of the string 2 (b) in Phase II,
the different colors correspond to the detectors of the strings. This situation
is reached after several work sessions, performed during the commissioning,
to identify and mitigate the noise sources. In particular (as also described in
Sec. 3.5) an improvement on the noise situation was obtained reinforcing the
grounding connections on the HV filters of Ge detectors and photomultipliers
[200].

Both spectra of Fig. 4.15 exhibit a white noise continuum that decreases
with the frequency and some noise pickup between 3 and 7 MHz and above
9 MHz, much more intense in the coaxial detectors. The BEGe frequency
plot (Fig. 4.15(a)) shows an evident trend of the noise power at frequencies
< 4 MHz with the detector position in the string; the same trend is less evident
in the coaxial string (Fig. 4.15(b)).

The trend observed in the BEGe power spectral density corresponds to
the degradation of the energy resolution, described in Sec. 4.4.2 and visible in
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put waveforms for the string 1 (a) and the string 2 (b). The different colors
correspond to the detector of the strings.
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integral at low (< 3 MHz) and high (> 3 MHz) frequencies for the Phase 11
detectors.

Fig. 4.8, and of the A/FE resolution, as showed Fig. 4.14. To quantify the noise,
the integral of the frequency spectra in the region up to 3 MHz (referred as low
frequencies) and in the region above 3 MHz (high frequencies) is performed.

Fig. 4.16 shows the plot of the FWHM at the 2614.5 keV peak in the
Phase IT super-calibration (see App. A) and the FWHM of the A/E parameter
(values of Fig. 4.14) as function of the noise integral at low and high frequencies.
The different colors and symbols indicate the two frequency regions, each point
corresponds to one Phase II detector (in the case of the A/E resolution only
BEGe detectors are considered).

Both the plots of Fig. 4.16 show a correlation between the resolution and
the noise integral at low and high frequencies. The A/E correlation is much
more evident (Fig. 4.16(b)): the increase of the noise reflects in a significative
broadening of the A/E peak of DEP events.

This is explained by the different frequencies relevant for the energy and the
A/E ratio (in particular the current amplitude A). In the energy reconstruc-
tion the ZAC shaping provides an optimal reduction of noise, filtering low and
high frequency noise. Different story for the amplitude of the current pulse A,
in this case is not possible filter the high frequency noise because the structures
important for the PSD would be also removed, losing in discrimination power.
Attempts to improve the filtering of the current signal have been performed
but no conclusive results were obtained [182, 201]. The crucial point is that
the PSD performance of the BEGe detectors are strongly sensible to the high
frequency noise figure, more than the energy resolution.

4.5.2 Fit of the energy resolution

The analysis of the energy resolution of the Ge detectors as function of the
filter shaping time 7, (see Secs. 4.1.1 and 4.1.2) indicated a trend of the BEGe
detectors with the position in the strings: top BEGe detectors show a very
good resolution (~ 2.6 keV at the 2614.5 keV peak) and an optimization graph
(Fig. 4.7(a)) with a low level of both series and parallel noise; going down in the
BEGe strings the FWHM worsen and the ZAC optimization graph (Fig. 4.7(b))
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shows an increase of series and 1/ f noise; finally, when the detectors are driving
leakage current there is a third kind of graph (Fig. 4.7(c)), clearly dominated
by the parallel noise induced by this current. These statements follow by the
electronic noise formula described in Eq. (4.1): the contribution of the series
and the parallel noise are dominant at low and high values of the shaping time
Ts respectively; while the contribution of the 1/f noise is constant with 7.

The frequency spectra and the particular trend observed in the energy
resolution motivated to better investigate the noise situation. On February
24th, 2016 a pulser-only data acquisition has been performed and used to
study the electronic noise as function of the ZAC shaping time and the string
position. The goal is qualify and quantify the electronic noise sources and
possibly identify the source of the extra noise causing the energy and A/FE
resolutions deterioration.

The pulser energy is reconstructed with the ZAC filter using different values
of the shaping time 75, the FWHM is extracted with a Gaussian fit and then
converted in terms of ENC following Eq. (4.2). The resulting ENC? as function
of 75 is finally fitted with Eq. (4.1):

1 2kpT

Ts

ENC? =«

Ct20t + 5Afct20t + Y <€Itot + f) Ts

F
the constants a, 5 and « are fixed to the value for a finite cusp-like filter from
[183], the value of the JFET transconductance is independently measured g,,, =
10 mA/V and the feedback resistor is Rp = 500 M(2; the total capacitance is
written as:

Ctot = Caet + Ci + Cr + Cstray (4.16)

including an additional stray capacitance produced by the signal cable; the
total current is Iior = Iget+1gate and the assumption of Ije = I101/2 is adopted,
i.e. Igate = Idet~

The parameters extracted from the fit are the total capacitance Ciy, the
amplitude of the 1/f noise A and the intensity of the total current I;..

Fig. 4.17 shows examples of pulser ENC? plotted as function of the ZAC
shaping time for the BEGe detectors GD91A and GDO0O0D, in blue is reported
the fit function and the results are in the legend.

Comparing the fit from the different detectors it appears that in some cases
the parameters are not well defined, in particular the parallel noise contribution
due to the low values of the detector and gate current.

However an interesting situation seems to appear: the stray capacitance
Cstray, calculated with Eq. (4.16), is increasing with the BEGe position in
the string and may be the responsible of the observed excess noise. Fig. 4.18
shows the extracted Cipqy for the 40 detectors: the values in BEGe detectors
are between 10 and 80 pF with a trend similar to the one observed in the
energy (Fig. 4.8) and the A/E (Fig. 4.14) resolution. The origin of this stray
capacitance could be in the capacitive couplings of the long signal front-end
contacts that run overlapped along the BEGe detector string, the front-end
contacts length scales with the position in the string and could explain the
increase of Cstrqy, but such high values are difficult to explain.
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Figure 4.17: Pulser ENC? as function of the ZAC shaping time for the BEGe
detector GD91A. The fit function (in blue) is Eq. (4.1), the resulting parame-
ters are reported in the legend.
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Also in the coaxial detectors the Cgirqy extracted from the fit increases
with the position (in particular string 2 and 5 in Fig. 4.18), showing values
between 5 and 30 pF. On the contrary this trend was not found in the coaxial
detector resolution (Fig. 4.8): apart from individual detector peculiarities, this
may be related to the different ratios of parasitic and intrinsic detector capaci-
tance. BEGe detectors have Cye; ~ pF, while coaxial detectors Cyer ~ 10 pF:
hence the stray capacitance accounts for a larger fraction of their intrinsic
capacitance. This hypothesis has to be verified.

The use of signal cables with length between 40 and 80 cm (responsible of
this Csiray) is a consequence of the final front-end electronics solution adopted
in Phase II. As described in chapter 3, in the original Phase II design the JFET
and the feedback components were mounted in the proximity of the detector,
in order to avoid the signal-to-noise ratio degradation that has been instead
observed in the Phase II data. On the other hand the final solution shows
several advantages with respect to the original design (see Sec. 3.5), like the
good reliability and the lower contribution to the radioactivity budget.

Anyway the situation is not clear and further work is needed on this side;
for this a GERDA prototype setup has been constructed in the Max Planck
Laboratory of Heidelberg in order to better investigate on the noise sources of
the GERDA setup.

4.6 Conclusions

A new digital signal processing, applied successfully in GERDA Phase T [180],
has been used on the new Phase II data showing an improvement with respect
to the standard filter both in calibration and in physics data.

The performance of the Phase Il detectors in terms of FWHM at the
2614.5 keV in the calibrations show an average resolution of 3.187031 keV,
3.73 £ 0.22 keV and 3.87 £ 0.15 keV respectively for BEGe, **"Ge coaxial and
natGe coaxial detectors. The energy resolution at @ g integrated over 6 months
is 3.00£0.08 keV (4.03 £0.12 keV) for BEGe (“*"Ge coaxial) detectors, values
adopted in the first Phase II release [1].

In addition the study of the energy resolution as function of the position
of the BEGe detectors in the strings show a peculiar trend that can be related
to the detector to front-end distance, as expected from the design of the front-
end electronics installed in Phase II. A similar trend is observed also in the
resolution of the A/E parameter for DEP events. The amount of the extra
noise is instead larger than expected.

The noise studies confirmed the strong correlation between the performance
of Ge detectors and the measured noise figure, both in terms of energy reso-
lution and PSD. A possible source of the extra-noise has been identified: the
stray capacitance of the signal contacts that increases with the distance from
detector to the front-end, hence connected with the Phase II front-end design.

This fundamental extra noise is at present a limit for the PSD of the BEGe
detectors. The GERDA future developments deploying larger mass of "6Ge will
need longer strings, hence a clear picture on the extra noise from capacitive
coupling of the detector surfaces and contact cables will be crucial, mostly in
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case of front-end components located at CSP side.



Chapter 5

Study of the GERDA Phase 11
background spectrum

The second part of this thesis is devoted to the study of the new physics data
from GERDA Phase II. In particular in this chapter a detailed analysis of the
background spectrum and the background sources is presented.

The screening measurements of the material adopted in the construction of
the Phase II array and the background observed in Phase I [139, 202| gave in-
dications on the structure expected in the new spectrum: contaminations from
280U and 23¥Th chains and from 4°K, in addition to the structures produced
by the unstable Ar isotopes present in the 64 m? liquid argon bath.

The OvBS decay analysis is performed in GERDA after the application of
LAr veto and PSD: these cuts provide a strong reduction of the background, in
particular in the Qg region, where an ultra-low background has been already
observed in the first Phase II data [1]. Anyway, a study of the background
before these cuts is crucial to determine the residual contaminations and to
understand how the background can be further reduced in future experiments.

After the description of general information on the Phase II data, Sec. 5.1
reports the main results from the screening measurements and the full back-
ground spectrum collected in the first months of Phase II for the three datasets
(BEGe, ®Ge coaxial and " Ge coaxial detectors). Then in Sec. 5.2 a study
of the observed « spectrum, the distribution per detector and the trend of the
a events as function of time are presented and discussed. The study of the
~-lines is presented in Sec. 5.3, where the visible peaks in the spectrum are
analyzed.

Part of this study is published in [203].

5.1 Phase II data, contaminations and background
spectrum
The physics data of GERDA Phase II collected from December 20th, 2015 and

until October 30th, 2016 are used in this background study. The data from
June 1st, 2016 are unpublished and corrently blinded in the region around the

Qpap-
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Table 5.1: ~-ray screening measurements for the relevant components of Phase II.
The activity of 4°K, 226Ra (from 21*Bi) and 2?8Th (from 2°T1) is reported. The
values are from [153, 207, 208, 209].

component amount units 40K 226Ra 228Th

Pyralux® cables 41 pc uBaq/pc 34+ 12 341 441
Cuflon® signal cables 29 pc uBq/pc 100 £ 50 25+£5 <11
Cuflon® HV cables 10 pc uBq/pc 300 £ 80 22+5 <22

Si plate ~1kg uBq/kg 2600 £ 1400 < 350 < 480
nylon-shroud 7 pc uBa/pc 130 + 40 3+1 241
LAr veto fibers ~ 0.85 kg uBq/kg 460 + 90 42+3 58+1

As already mentioned in Sec. 2.1, the output waveforms from the Ge de-
tectors are digitized and converted in ROOT files and then processed with the
GELATIO framework [136]. In order to reject non-physical events, various qual-
ity cuts are applied to the data: the trigger position is required to be between
77.5 and 82.5 us, the rise time in the range 0.1-4 us and also a limitation on
the slope of the baseline is applied in order to remove pile-up events (signal
superimposed to the exponential decay tail of the previous one). The study of
the quality cuts is in Ref. [154].

Data are reconstructed with the ZAC shaping filter and then calibrated
following the procedure described in Sec. 4.3. The information extracted by
each calibration run are applied to the physics data in a validity time defined
according the hardware operations on the setup (ordinary and extraordinary
maintenance).

In total 253.4 days of live time have been acquired: 130.7 days until June
1st, 2016 (that has been used for the first Phase II data release |1, 2]) and
additional 122.7 days acquired in the following months until the end of October
2016. The duty cycle in the entire data acquisition is 86.5%.

The data from each detector are validated through the monitoring of the
test pulse position and gain stability (see |204, 205]). The analyzed data cor-
respond to an exposure of 11.1 kg-yr, 9.3 kg-yr and 3.8 kg-yr respectively for
BEGe, " Ge and "2*Ge coaxial detectors.

5.1.1 Contaminations expected from screening results

The GERDA hardware components have been tested for their radio-purity prior
the installation, with a gamma ray spectroscopy using HPGe screening facili-
ties (in particular the GeMPI [206] facility located at the LNGS underground
laboratory) or with mass spectrometry through Inductively Coupled Plasma
Mass Spectrometers (ICP-MS).

The main expected contaminations, according to screening results, are from
materials located close to the detector array. Firstly, the contribution of the
LAr volume surrounding the Ge strings, in particular the long-lived isotopes
39Ar and “?Ar. The other relevant components with their activity budget of
40K, 226Ra and 2?Th are listed in Tab. 5.1.

The signal and HV cables contribute to the background spectrum. As dis-
cussed in Sec. 3.5, in Phase II array are installed Pyralux® cables (11 signal +
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30 HV) with thickness of 3 mils, Cuflon® signal cables (29 pieces, 3 mils thick)
and Cuflon® HV cables (10 pieces, 10 mils thick), all with length between 40
and 80 cm. The activity budget from cables are listed in Tab. 5.1: they show
the larger contamination of 4°K, with a total activity of ~ 7.3 mBq, and ??Ra,
with ~ 1.1 mBq; in both cases the strongest contribution is coming from the
Cuflon® cables.

Contributions are expected also from the detector holders. They consist in
one Si plate of 1.5 mm and three Cu bars as vertical fixture per detector (as
shown in Figs. 2.8 and 3.5(c)), plus a Cu star and a Cu bar on top detectors
needed to hold up the string (visible in Fig. 2.9(c)). The Cu contribution is
negligible. The specific activities of the Si plate are reported in Tab. 5.1: it
contributes to the total “°K budget with ~ 2.6 mBq.

Other components located close to the array are the mini shrouds that
surround each string. They are made of nylon with tetraphenyl butadienne
(TPB) coating and consist of three parts (lateral, bottom and top surfaces)
with thickness of 0.125 mm [153]. The contaminations are listed in Tab. 5.1:
the seven mini-shrouds mounted in the Phase II array contribute to the total
budget of °K (with ~ 0.9 mBq), ?*Ra (with ~ 21 uBq) and ??8Th (with
~ 14 uBq).

In addition a minor contribution is expected also from the LAr instru-
mentation, in particular from the wavelength shifting fibers [151, 152] located
~ 10 cm far to the external strings. The activity budgets evaluated through
the ICPMS measurement of the fibers [209] are listed in Tab. 5.1.

5.1.2 Phase II background spectrum

Fig. 5.1 shows the background spectra of Phase II before pulse shape discrimi-
nation and LAr veto cuts for the three types of detectors (BEGe in blue, " Ge
coaxial in red and " Ge coaxial in green), normalized by their exposure. The
events in an energy window of 50 keV centered at Qg (2039 keV) are not
available for this study: a blinded Ov33 decay analysis is performed and this
region will be open only after fixing the analysis procedure.

The spectra of Fig. 5.1 show the expected prominent structures:

e the low energy region up to 500 keV is dominated by the long-lived 39Ar
isotope, whose expected activity in LAr is 1.01 & 0.08 Bq/kg [210]; 3°Ar
is a [-emitter with Ty /5 =269 yr and Q = 565 keV;

e the spectrum of the 2v33 decay is dominating the energy region from
600 to 1400 keV and it is extending up to QJgg. This structure is not
visible in the "' Ge coaxial spectrum; the half-life of the 2v33 decay of
the "8Ge was measured in Phase I and is (1.926 4 0.094) - 10%! yr [141];

e at 1461 keV and 1525 keV the ~-lines from °K and 2K respectively
are visible. They are the most intense lines of the GERDA spectrum,
hence adopted to determine the energy resolution in the physics data (see
Sec. 4.4.4); more details on these two isotopes are reported in Sec. 5.3;

e 7-lines from 2Bi and 2°®T1 are also visible, they occur in the radioactive
decay chain of 22Ra and ?2*Th. Both isotopes decay by A~ with Q-value
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Figure 5.1: Normalized GERDA Phase II spectra, before pulse shape discrim-
ination and LAr veto, for BEGe (blue), ®*Ge coaxial (red) and "#'Ge coaxial
(green) detectors. The prominent features and the Q) gg region (where the Ov33
decay is expected) are indicated.
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at 3.27 and 5.00 MeV respectively, producing several v lines also in the
Qg region; the analysis is reported in Sec. 5.3;

e the high energy region (Fig. 5.1(b)) shows a prominent « structure from
210pg in all three datasets: a peak at Q-value and a tail on its left side
extending to lower energies is visible. In addition the " Ge coaxial spec-
trum shows also other a contaminations; the analysis of the a structures
is reported in Sec. 5.2.

In the following sections a detailed analysis of the observed a and + con-
taminations is presented.

5.2 Alpha-induced background

The high-energy spectra of Fig. 5.1(b) shows a strong contribution from ?!°Po,
an a-emitting isotope with @ = 5.41 MeV and T; 5 = 138.4 days. Other peak
structures with lower intensities are observed in the "'Ge spectrum (green in
Fig. 5.1(b)) around 4.7 MeV, 5.4 MeV and 5.9 MeV, that indicate a contribution
from the successive a decays in 2?Ra decay chain: ??Ra with Q = 4.87 MeV
and T /5 = 1600 yr, 22Rn with Q = 5.59 MeV and T/ = 3.8 days and 218p,
with @ = 6.11 MeV and T}/, = 3.1 min [196].

a particles with energies between 4 and 9 MeV have a short range in ger-
manium and LAr of the order of 10 pm. For this reason only decays occurring
on or in the close proximity of the detectors p™ contact surface can contribute
to the background spectrum. The p™ dead layer is ~ 1 pm, while the n*
electrode ~ 1 mm thick shields from o [127, 143].

The a structures of Fig. 5.1(b) have a peak with a maximum at energy lower
than the corresponding @-value (e.g. the peak of the 219Po is at ~ 5.25 MeV
while @ = 5.41 MeV) and a tail towards lower energy. Simulations of o decays
from 2'°Po and ??Ra sub-decay chain in Phase I [139] show that this effect
is due to the detector dead layer thickness: thicker dead layer reflects in a
shift of the maximum peak at lower energies. The 21°Po « structure for BEGe
detectors is slightly shifted with respect to the coaxial detectors, accounting
for a thicker p* dead layer (1 pum).

Fig. 5.1(b) also shows that the two spectra from coaxial detectors (in red
and in green) have a stronger « contamination with respect to the BEGe
detectors (in blue). This can be related to their larger p™ contact surface
(around factor of ten) due to the bore hole and some radio-purity variability
of the implantation process at time of detector production.

Nevertheless the study of the distribution of the « events among the de-
tectors is not completely in agreement with this statement: Fig. 5.2 shows
the detector count rate per unit of surface and time, of events with energy
between 3.5 and 5.3 MeV. An evident trend is not observed since there is a
large variation of the rate in the 40 detectors.

The strongest contaminations are in one ®*Ge and one "'Ge coaxial de-
tector, that show a rate larger than 2 cts/(cm?-yr). They correspond to ANG4
(number 29) and GTF45 (number 39), that are mounted in the lowermost side
of the relative string (see App. A). A high a count rate (> 1 cts/(cm?-yr)) is
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Figure 5.2: « detector count rate per unit of surface and year for BEGe (not
passivated in light blue and passivated in dark blue), ®*Ge coaxial (red) and
1t Ge coaxial (green) detectors.

observed also in the bottom “**Ge coaxial detector of string 2 (ANG3, number
10).

The BEGe detectors (light and dark blue in Fig. 5.2) have a count rate
between ~ 0.05 cts/(cm?-yr) and ~ 0.4 cts/(cm?-yr), showing in some case a
value comparable with two “**Ge coaxial detectors (number 27 and 28). This
is not in agreement with an o contamination from the p™ contact surface only:
a similar rate for detectors with compatible dimensions would be expected.
Another a source is therefore plausible, but the origin is not understood so
far.

A possible explanation for the variation of the o count rate in the BEGe de-
tectors is the presence of a passivation layer on the groove in the detectors that
showed an high leakage current during the commissioning runs (see Sec. 2.4).
Fig. 5.2 reports with different blue tones the not passivated (light) and pas-
sivated (dark) BEGe detectors: the majority of the cases with a very low «
count rate (< 0.1 cts/(kg-yr)) corresponds to passivated ones. The average «
rate for passivated and non-passivated BEGe detectors is of 0.10 cts/(cm?-yr)
and 0.24 cts/(cm?-yr) respectively. This result gives an indication that passi-
vated detectors have smaller rate: the passivation with thickness of ~ 100 nm
may act as further dead layer shielding the o events. Anyway the explanation
is not conclusive and is under investigation.

5.2.1 Alpha count rate variation in time

An analysis of the time distribution of the event count rate above 3.5 MeV is
performed to confirm the origin of the o spectrum from 2'°Po, given that the
half-life of this isotope is of the order of the present Phase II life time.

If only 21%Po is present as a contamination, the a count rate should de-
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crease with an half-life of 138.4 days, while contaminations coming from the
226Ra decay chain in secular equilibrium would cause an event rate constant
in time, since the half-life in this case is much longer than the life time of the
experiment.

The event rate distributions as function of the time is fitted with an expo-
nential decreasing rate plus a constant rate:

F(t) =a+b-exp < log(2)t> (5.1)
Iny'
with 77 /5 fixed to the 210Pg half life of 138.4 days, a and b are the fit parameters.
The x? method with a ROOT software has been implemented to perform the
fit. In addition to Eq. (5.1), a fit with an exponential rate only is also performed
and the resulting x? values in the two models have been compared.

The counts in the energy region between 3500 and 5300 keV are selected
for the three kinds of detectors in time intervals of At = 10 days. A correction
that takes into account the live time fraction of each interval has to be applied
to the counts, following:

counts|[t;] = counts|t;]/live-time][t;] (5.2)

where the live time is calculated through the number of pulser events in the
interval i:

L pulser|[t;]
live-t ti| = ————— 5.3
ive-timelt; maxPulser|t;] (5:3)
and
At .
maxPulser[t;] = DulserRaie activeDetectors[t;] . (5.4)

Fig. 5.3 shows the time distributions of the normalized « count rate for
BEGe, ®Ge coaxial and "' Ge coaxial detectors fitted with the function of
Eq. (5.1), the fit results are reported in the legends. In this analysis the data
from the first month of the acquisition (first two points in Fig. 5.3) are not
considered since a stronger ?22Rn contamination, due to the array mounting
operations, is visible.

The case with higher statistics of the ®*Ge coaxial detectors (Fig. 5.3(b))
shows a x?/ndf value close the to unity (1.02) and the model of Eq. (5.1) is
clearly preferred with respect to a simply exponential fit (Ax? = 3.8). The
other two datasets of BEGe and " Ge coaxial detectors (Figs. 5.3(a) and
5.3(c)) have a lower statistics and the fits show higher x?/ndf values of 1.37
and 1.62 respectively, however preferring this fit to the model without the
constant rate (with Ay? = 6.7 for the BEGe and Ax? = 12.7 for the "*Ge
coaxial case).

The observed « count rate clearly shows that the majority of the events
comes from a 2!'%Po contamination on the detector surfaces as was also observed
in GERDA Phase I [139]. On the other hand, the time analysis shows that
adding a small constant rate to the fit function the agreement with the observed
data improves, reflecting in the presence of a minor contamination from the
226Ra decay chain. The new background simulations of Phase II [211, 212] is
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also reporting that a model with a small contribution of the ?26Ra daughters
in LAr is preferred, as expected from the LAr screening measurements [127].

The results of the « analysis provided the motivation to perform a study of
the Ov58 decay sensitivity of Phase IT including a time dependent background
model. This is described in chapter 6.

5.3 Gamma-contaminations

The background spectrum of Fig. 5.1(a) shows the presence of 7-lines that orig-
inate from the contaminations of the materials surrounding the detector array
(see Tab. 5.1). In this section a systematic analysis of the observed vy-peaks is
presented, the goal is to better understand the location of the contaminations
and to give indication for the full background modeling.

Additional information on the «-lines can be found studying the spectrum
in (anti-)coincidence with the LAr veto: this study is anyway preliminary since
the detection efficiency of the LAr instrumentation for contaminations located
in different position is not known precisely until now and results would generate
only more confusion.

5.3.1 Count rate evaluation

The count rate at each v-line is evaluated by fitting binned spectra in a region
of 20 keV around the peak, with a model consisting in a gaussian function
centered in the expected peak position energy on a flat background. The
probability of the model and its parameters are given from Bayes theorem as:

_ PININBR(A)
~ [ P(N|N)Po(N)dA

P(\N) (5.5)
where A are the model parameters and N the experimental data; P(N|\) is the
likelihood function and Py(A) the prior probability of the parameters. Taking
into account the Poissonian nature of the processes that generates the events
in the peak region, the likelihood can be written as:

Nbins NN, — (0l
() + )N e tes)
P(N|)\) = H b EP (5.6)
=1 I

where N7 is the number of bins, N; is the observed number of counts and ug

and v are the expected background and signal counts in the bin j; the latter
are defined as:

) Ejyn A
J_ b gr = b (B —E.
K /Ej 0 kv T 0 key Pt~ Fi) (5.7)

. E7+1 )\S (fl:' — /’L)Q
vl = cexp | ——=— | dzx 5.8
-/ o p(-50) (5.8)

where A\, and A; are the expected total background and signal counts in the
fit window of 20 keV and the {E;} are the left edges of the bins; u and o are
the mean and the standard deviation of the gaussian function.
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For all the model parameters Ay, As, 0 and p are used flat priors. Strong
constraints are adopted for the peak positions p (1 keV of interval around the
nominal peak value) and the gaussian width o (extrapolated by the super-
calibration at the relevant energy, see Sec. 4.3).

The parameter of interest Ag, the expected number of counts, is extracted
by marginalizing the global posterior probability distribution of Eq. (5.5). The
mode and the 68% probability smallest interval are reported to quote the
expected counts for each ~-line. When the mode of the distribution is close
to zero and the smallest interval starts from zero, the 90% quantile of the
distribution is reported as an upper limit. The signal rates reported in this
thesis are calculated normalizing the results obtained for A; by the exposure
of the considered dataset, the rate is indicated as r;.

The analysis was carried out using the Bayesian Analysis Toolkit (BAT)
[213].

The ~-line rates of all considered isotopes are listed in Tab. 5.2 for the
BEGe, “*Ge coaxial and " Ge coaxial datasets; as reference in the table are
inserted also the Phase I results taken from Refs. [139, 214].

Table 5.2: Count rate of indicated ~-lines for BEGe, ®*Ge coaxial and **'Ge coax-
ial detectors. The mode and smallest 68% interval or 90% quantile are reported.
For comparison the Phase I results taken from [139, 214] are shown. The dataset
exposures, energy and branching ratios [196] of the 7-lines is also reported.

Phase II Phase I
BEGe enrCoax natCoax BEGe enrCoax
11.1 kg'yr 9.3 kg:yr 3.8 kgyr 2.4kgyr 19.2 kgyr
energy BR rate rate rate rate rate
keV % cts/(kg-yr) cts/(kg-yr) cts/(kg-yr) cts/(kg-yr) cts/(kg-yr)
2K 15247 176 861725 111.8730 1250738 466100 60.672-9
0K 1460.8 106  51.673% 53.2%35 100875 %F 127757 141773
214 +1.3 +2.7 +3.5 +9.2 +4.3
P S e B« S cs < Sics s B £
. . 0_1.3 D14 “*_2.3 YV_53 Lo25
1120.3  14.9 16710 3.5712 431729 6.77%9 <29
17645 153  0.61573 1.6790°5 3.0059 <25 3.2+05
2204.2 4.9 <05 0.3103 11752 1.0758 09403
234mPpa  1001.0 0.8 2.477°% 2.0713 <32
2081 5832 850 49711 <39 <32 <110 4.0122
2614.5  99.8  0.67073 11704 0.979:8 0.6707 1.5+04
28Ac 9112 26.2 <37 <39 <28 <8.0 31738
969  15.9 <24 <39 <24 < 8.2 6.715%
60Co  1173.2 100 1.879:9 <32 <23 <86 2.9+1-5
1332.3 100 14700 19752 44178 <6.3 <19
207Bj  569.7 97.8 < 3.6 <32 1.8717
1063.6  74.6 <1.2 3.7118 <31
108mAg 4339  90.1 <27 < 4.9 <47
614.3  90.5 <24 51151 <22
722.9  90.8 <21 <34 <23
efann  511.0 41752 6.8714 6.573-2 16.5784 10.4722
85Kr 5140 0.4 6.1+%2 58758 <3.7

As mentioned in Sec. 5.1, the spectra (Fig. 5.1(a)) at small energies are
dominated by the 39Ar 3 continuum. For this reason only 7-lines above 300 keV
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are considered in the analysis. In next sections is reported the study of several
y-lines: the prominent peaks from 2K and 4°K, then the lines occurring in
the natural decay chain of 223U and 232Th and finally other potential minor
contaminations.

5.3.2 Likelihood-ratio test

The likelihood-ratio test is used to compare the model defined in Eq. 5.6 with
a background-only model, in order to investigate on the presence of uncer-
tain contaminations. The likelihood function in the latter case, indicated as
Py(N|)\y), can be defined as P(N|A) with the condition \s = 0 and depends
only on one parameter.

The use of the likelihood-ratio as statistical test can be justified by the
Neyman-Pearson lemma [215], which states that this test is the most powerful
among all others.

The likelihood-ratio can be defined maximizing the likelihood functions of
the two models, as follows:

B (N )

A =
Pmax(N’Abv ASv g, /’L)

(5.9)

where the maximum likelihood P"** and P™%" are obtained by the Bayesian
fit.

If one model represents a special case of the other (as in this case), the prob-
ability distribution of the test statistic —2log A is expected to be distributed
as the x? with degrees of freedom equal to the difference in the number of
parameters between the two models. Here the background only model has one
parameter, while the model including also a gaussian signal has four param-
eters (three for the gaussian, in addition to the constant). Two of them (o
and p) are practically fixed and the test statistic can be approximate to the
x? distribution with 2 — 1 = 1 degrees of freedom (indicates as x2(1)).

In the present work an investigation of uncertain ~v-lines has been performed
and the likelihood-ratio is used as statistical test: a o-equivalent significance
is calculated from the x?(1) distribution. Depending on the case, different
situations can be found:

o if —2log A > 1 the model including a signal is strongly preferred with
respect to the simple background model (in this case the significance is
larger than 30 and no further discussion is needed);

e —2log A = 9 corresponds to 3o significance, this value is used to quote
the “evidence” on the observed peak;

e if 4 < —2log A < 9 it means that the significance is between 20 and 30,
in this case the signal is considered as “hint”;

e if —2log A 2 1 no conclusion can be set on the observed peak.

Detailed analysis for each isotope is presented in the following.
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Figure 5.4: Decay scheme of the 2K isotope in the levels of 42Ca.

5.3.3 K

The 42K is produced homogeneously in LAr by the 3 decay of the long-lived
42 Ar via cosmogenic activation (@Q-value of 599 keV and half-life of 32.9 yr).
After the production, the *2K ions are transported in the LAr by electric fields
and convective flows. They decay with an half-life of 12.4 hours via § decay
with a Q-value of 3525.4 keV to the stable 2Ca. In 18% of the cases, 4>K decays
to an excited level of *2Ca, which de-excites under emission of a 1524.7 keV
photon, explaining the observed line in the energy spectrum. Fig. 5.4 shows
the 2K decay scheme.

The presence of 42K is a potential background problem for LAr based ex-
periments, in particular for GERDA since the end point of the 8 spectrum is
above the Q-value of the Ov35 decay.

At beginning of Phase I an unexpected *?Ar level, established by the
1525 keV line, was observed. Its concentration depends crucially on the spa-
tial distribution of the electric field and the high voltage of ~ 4 kV applied
to Ge detectors leads to an accumulation in their vicinity. To mitigate this
effect, a cylindrical 120 pm thick Cu shroud (referred as mini-shroud) was in-
stalled around each detector string, reducing significantly the background in
the Qgp region [216]. The *2Ar concentration then measured in Phase I was
about a factor 2 higher than the limits available in literature at that time
(< 41uBq/kg at 90% C.L. |217]), but in agreement with a new study of the
42Ar concentration that reports a specific activity of freshly produced liquid
argon of 68737 1 Bq/kg [218].

In Phase II the detector strings are also surrounded by a mini-shroud, but
the new setup configuration does not allow to adopt the Phase I solution.
This is due to the fact that the Phase II LAr veto works by reading the LAr
scintillation light (see Sec. 2.3). A new mini-shroud made of nylon film with
very low intrinsic radioactivity and good transparency for the optical photons
has been developed [153] and installed in the new Phase II detector array (the
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seven nylon shrouds surrounding the strings are visible in Fig. 2.10).

The count rate of the 7-line at 1524.7 keV in the new Phase II data is
calculated as described in the previous section and the values for the three
kinds of detectors are reported in the relative row of Tab. 5.2.

The rate in Phase II is about twice compared to Phase I for both BEGe
detectors (with 7y = 86.11%3 cts/(kg-yr)) and *™Ge coaxial detectors (with
rs = 111.8J_r§:g cts/(kg-yr)). This may be explained by the use of a different
mini-shroud: the transparent non-metallic shrouds of Phase II allow electric
field to be dispersed in LAr hence to move “?K ions. In addition, the new
setup features unshielded HV cables, while in Phase I coaxial cables with a
PTFE tube were installed. This seems to increase the 42K concentration in
the proximity of the detectors.

Tab. 5.2 also shows that the rate of the 2K ~-line for BEGe detectors
is lower than the other detectors of Phase II (visible also in Phase I rates).
This is explained by the smaller size of this kind of detectors with respect to
the coaxial ones, that decreases the probability to full absorb the 1524.7 keV
photon. The different detector geometry also yields differences in the rate of
other ~-lines.

In addition to the presented count rates, for the 42K ~-line is performed
also a study of the distribution of the contamination per detector, per string
and per position in the Phase II array.

Fig. 5.5 shows the distribution of the counts in the 1524.7 keV line nor-
malized by the exposure in the different cases. The rate in single detectors
(Fig. 5.5(a)) is highly variable and shows that in many cases the largest values
are in top detectors and low values in central detectors. This trend appears
evident in the plot of the rate as function of the position for both BEGe and
coaxial detectors (Figs. 5.5(c) and 5.5(d)). This can be related to the statement
presented also before: the unshielded HV cables are attracting 2K ions, affect-
ing top detectors more than the others. In addition bottom and top detectors
see more LAr volume with respect to the central detectors. The distribution of
the 1524.7 keV rate per string (Fig. 5.5(b)) shows higher values for the coaxial
strings (2, 5 and 7) with respect to the BEGe strings (as observed also in the
value of Tab. 5.2), which is related to the different detector geometry.

5.3.4 K

The ~-line at 1460.8 keV derives from the “°K isotope, that decays with an
half-life of 1.3 - 10° yr via B decay and electron capture. The @Q-values are
with 1311.1 keV and 1504.9 keV, well below Qgg. It is expected in small
concentration in the material surrounding the detectors (as listed in Tab. 5.1),
in particular in the cables and in the detector holders.

The count rate of *°K is reported in the second row of Tab. 5.2. The
Phase II values are: 51.63%, 53.2f?:? and 109.8f§:§ cts/(kg-yr) respectively
for BEGe, ®Ge coaxial and "' Ge coaxial detectors.

These rates are higher with respect to Phase I by a factor of ~ 4, probably
related to the increased number of cables and detector holders and by the
introduction of the LAr instrumentation. In addition the rate of the "a'Ge



96 CHAPTER 5. GERDA PHASE II BACKGROUND SPECTRUM

_ Stringl String? __String3 Stringd ___ Swings__Sring6 String? o
5150} §1zoj
3. F 3 -
£ 160 g [
g F g 100~
140~ C
120— 80;
100 C
F 60—
80— C
60— 40—
40— C
r 1625 keV 20— 1525 keV
20— ° C
o e | | | | | | |
0 15 20 25 30 35 0 1 2 3 4 5 6 )
detector number string
(a) Counts per detector. (b) Counts per string.
> r >160—
< 140~ 1525 keV s 1525 keV
R < 1401~
8 120 &
F 120
100~ r
F 100~
80— E
r sor—
60; cof
40— 40—
20 20—
o1 | | | | | | | E | |
1 2 3 4 5 6 7 8 1 2 3
position in the string position in the string
(c) Counts per position in BEGes. (d) Counts per position in coaxials.

Figure 5.5: Counts rate of the 2K ~-line per detector (a), per string (b), per
position in BEGe detectors (c¢) and in coaxial detectors (d).
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Figure 5.6: Counts rate of the “°K ~-line per detector (a), per string (b), per
position in BEGe detectors (c) and in coaxial detectors (d).

coaxial detectors is factor of two greater than the other two datasets, also
hinting to the presence of contaminations inside the detector array: the "'Ge
coaxial detectors are in fact mounted in the central string and have a larger
amount of material in the close proximity (e.g. the cables of all strings).

As for the #2K ~-line, also for the 1460.8 keV line is performed a study of
the distribution of the events in the different detectors, strings and positions.
Fig. 5.6 shows the count rate in the various cases.

The single detector distribution (Fig. 5.6(a)) shows a variation of the
rates between 10 and 80 cts/(kg-yr), with the exception of the "*Ge coax-
ial detector GTF112 (number 37) that reports a value significantly higher
(~ 140 cts/(kg-yr)). This detector is mounted in the top position of the cen-
tral string: an higher rate can be expected by the fact that all the 80 detector
cables pass in its proximity. Anyway the observed big difference cannot arise
only from the cables and other *°K contributions may be present, as follow
from the comparison between data and simulations performed in [208]. A
clear trend is not observed in the 1460.8 keV rate of the other detectors.

Fig. 5.6(b) shows the count rate of the °K ~-line per string: the GTF112
detector contamination dominates the string 7 value, the other strings show a
variation in the range 40-60 cts/(kg-yr) not related with known reasons.

The count rate per detector position (Figs. 5.6(c) and 5.6(d)) is reporting
an higher value in the top detectors for both BEGe and coaxial, connected with
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Figure 5.7: 23U and #*?Th decay chains. Adapted from [219].

the mentioned cables contamination. In addition the rate as function of the
BEGe position reports a strange values for the positions 5 e 6, not explained
with the expected sources of the “°K contamination. More investigation is
needed on this side with the contribution of the simulations.

5.3.5 23U chain

e 238U chain, shown in Fig. 5.7, can be broken at 2?°Ra (T2 = 1600 yr)
and at 2'Pb (T, = 22.3 yr).

The screening measurements of Phase IT indicate that the 26Ra contamina-
tion is present in the vicinity of the detector array (see Tab. 5.1). Additionally
this is also expected on the detector p™ surface and in its close surrounding
resulting from 22°Ra on the detector surfaces [139]. This contamination re-
flects in the presence of several v-lines from 2'4Bi and 2'4Pb in the background
spectra. Contribution also from the upper part of the 233U chain is therefore
possible, as this isotope is expected in any natural material and surround-
ing. Its contamination will be investigated through the 1001 keV ~-line from
234mPa not observed in Phase I [139)].

214Bi and 2*Pb The 2!“Pb isotope decays by B~ emission (Q = 1019 keV)
to excited levels and ground state level of 214Bi. Only low energy photons are
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emitted, the three most abundant ~-lines are at 242 keV (7.3%), 295.2 keV
(18.4%), and 351.9 keV (35.6%). In this work only the 351.9 keV line is consid-
ered since the 39Ar continuum does not allow to study the lower energy lines.
The rate from this line is reported in Tab. 5.2 for the three datasets of Phase II
in comparison with Phase I values.

The 21Bi disintegrates by 5~ decay to the 2MPo levels with Q = 3270 keV.
The dominant v-lines from 2'*Bi are more in number and higher in energy than
the 214Pb. Fig. 5.8 shows the simplified 2'4Bi decay scheme reporting only the
main 7-lines. The range of useful energies is from about 600 keV to about 2.5
MeV. The most probable line is at 609.3 keV (45.5%), then there is a -line at
1120.3 keV (14.9%), one at 1764.5 keV (15.3%) and one at 2204.2 keV (4.9%).
The others have individual branching ratios lower than 5% and are not studied
here.

The rates of the mentioned four v-lines from 2'*Bi are listed in Tab. 5.2.
The study of the 2'4Bi is crucial in the GERDA background since part of the
contribution in the (g region is expected from its -y emissions, together with
the mentioned « events (see Sec. 5.2) and 3 spectrum from *?K (see Sec. 5.3.3)
and also other s from 29871 presented in the next section.

The results obtained in Phase II for the 2'4Pb and ?'*Bi show that the 2?5Ra,
contamination is lower with respect to Phase I: both rates of the 351.9 keV
and the 609.3 keV lines are a factor of < 2 lower in Phase I for the BEGe and
®M'Ge coaxial datasets. The values are anyway compatible within the errors in
most cases.

The comparison of these two lines in Tab. 5.2 (351.9 keV from 2“Pb and
609.3 keV from 2!4Bi) in Phase II datasets show higher rate for BEGe detectors,
this may be related with the different ratio between the amount of materials
in their vicinity and the detector volumes: any detector has a Si plate plus two
cables, this affect more the BEGe than the coaxial detectors since their smaller
size. On the contrary, high energy v peaks from 2'*Bi (1120 keV, 1765 keV and
2204 keV) have a lower rate in BEGe detectors with respect to coaxial ones.
Also this is expected from the different geometry: the probability to full absorb
photon decreases with the energy faster in small sized detectors (BEGe).

Fig. 5.9 shows the fit of the 609 keV line for the three datasets, performed
with two gaussians plus a constant to take into account the concentration at
~ 614 keV visible in the ®*Ge coaxial datasets. This may be an indication of
108m Ao contamination, discussed in Sec. 5.3.7

An interesting study can be performed with the 2'4Bi through the ratio of
the observed ~-lines in the same dataset. The values obtained in experimental
data can be compared with the results from the simulation of 26Ra sources in
expected positions. This study may allow to better understand the location of
the contaminations.

Tab. 5.3 reports the ratios between the 609 keV and the 1120 keV lines and
between the 1120 keV and the 1764 keV lines for the three Phase IT datasets: the
ratios from the experimental data of Tab. 5.2 are reported in the first row, then
are shown the results from the 226Ra source simulations in the detector holders,
in the cables, in the mini-shrouds and in the fibers of the LAr instrumentation
(the measured contaminations are in Tab. 5.1). The simulations are from
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Ref. [208].

The table shows how the ratios from simulations are similar when the source
is in the materials located in the close proximity of the detectors (holders,
cables and mini-shrouds). On the contrary the simulation in fibers produce
two visible effects in all the datasets, the ratio 609/1120 decreases and the
ratio 1120/1764 increases:

e the first is due to the fact that the low energy line (609.3 keV) is more
attenuated by the surrounding LAr, when increasing the distance source-
detectors;

e the variation of the 1120/1764 ratio is connected with a summation effect:
the 1120.3 keV photon is produced by the transition from the excited level
at 1729.6 keV to the first excited level at 609.3 keV of 214Po, then going to
the ground state with the emission of a 609.3 keV photon (see the decay
scheme in Fig. 5.8); there is a probability to detect the two 7 emitted in
cascade and hence to see a 1729.6 keV line (sum of 609.3 and 1120.3) in
the spectrum: the probability decreases with distance, adding counts to
single lines and therefore increasing the ratio 1120/1764.

In some case of Tab. 5.3 the ratio from data are not compatible with any
of the different simulations, this may be related to the fact that the simula-
tions are not taking into account some effect due to the 2'Bi contamination
location and/or geometry (i.e. the 1120/1764 ratio is always less than one in
the simulations, while the data shows higher values). However the comparison
can be useful to have indications for future studies.

For BEGe detectors, since the rates are in many cases lower than coaxial,
the values from data reported in Tab. 5.3 suffer of big errors and the com-
parison between data and simulations is not feasible. The ®*Ge and "*'Ge
coaxial datasets indicates that the simulation in the fibers is more close to the
measured ratio, leading anyway to a not definitive conclusion and opening to
the possibility of the presence of other 26Ra contaminations outside to the Ge
array.
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Table 5.3: Ratio of the 2'*Bi 7-lines. The values from data are obtained from the
v-rates listed in Tab. 5.2, the others are from 2!4Bi simulations (marked with *) in
the different materials where the 26Ra contamination is expected, from [208].

609/1120 1120/1764

data 4.2 +2.7 2.7+2.1
holders* 5.09 0.65
BEGe cables* 4.77 0.73
mini-shroud* 4.53 0.75
fibers* 3.26 0.99

data 1.24+0.6 22409
enr Coax holders* 4.25 0.56
cables* 3.99 0.65
mini-shroud* 4.04 0.67
fibers* 2.95 0.92

data 1.6 £0.8 1.44+0.8
nat holders* 4.10 0.47
Coax cables* 3.75 0.56
mini-shroud* 3.92 0.57
fibers* 2.16 0.81

4mPpa  The 234mPa isotope decays by B~ emissions to 24U levels (with
Q- = 2.27 MeV), to the ground state with 97.6% and excited states with
~-emissions. The most intense ~ is at 1001.0 keV with branching ratio of 0.8%.
To investigate on the presence of the early 23%U chain this line is studied and
the rates are reported in Tab. 5.2. In Phase I this line was not observed. This
contamination is a potential problem for GERDA since the ()-value of the g
decay is above the (Qgg.

An excess is observed for the 1001 keV line (see Tab. 5.2) in BEGe and *™Ge
coaxial detectors with a rate of 2.417 and 2.0777 cts/(kg-yr) respectively. The
likelihood-ratio test (see Sec. 5.3.2) gives values for the test statistic —2log A
of 4.4 (3.0), corresponding to 2.1 (1.8) of o equivalent for the BEGe (*"Ge
coaxial) dataset. The resulting combined significance, assuming that the two
datasets are independent, is 3o. This results can be considered as hint for the
presence of 234MmPa contamination.

Despite the absence of the 2v3( spectrum, the **'Ge coaxial detectors do
not show the line and an upper limit is set in this case (< 3.2 cts/(kg-yr)).
Since the natural string is mounted in the central part of the array, this may
be an indication of 233U source external to the Ge array. Anyway the statistics
does not allow to give solid statements, more exposure is needed to proceed.

5.3.6 232Th chain

The ?**Th chain can be broken at ***Ra (T} 2 = 5.75 yr) and at **Th (T}, =
1.91 yr), as is shown in Fig. 5.7. The presence of ??®Th is expected from
screening measurements of the relevant materials surrounding the Ge detectors
(see Tab. 5.1). 232Th contamination may be anyway expected and its search
is performed through the study of the +-lines from 22®Ac.
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20871 From the 2?8Th sub-decay chain, the main v-lines of the 208T1 are
studied, the other 7-lines (e.g. from 2'2Bi) are not taken into account since
the branching ratios are lower.

The 2%8T1 isotope decays by S~ emission (Q = 5 MeV) to various excited
levels of 2°Pb and can induce background in the (s region via v ray inter-
action. The characteristic v-line at 2614.5 keV can be clearly identified in the
spectra of Fig. 5.1(a) in the three datasets. In addition is searched also for the
583.2 keV line (85%). The rates obtained from the Bayesian fit for the Phase II
and Phase I datasets are reported in Tab. 5.2.

The low energy peak (583.2 keV) in Phase IT data is visible only in the BEGe
detectors with a rate of 4.971% cts/(kg-yr) (corresponding to a significance of
3.7 o-equivalent). Upper limits are set for the two coaxial datasets. This fact
can be related to the same argument presented for the low energy ~-lines of the
226Ra, chain: the BEGe detectors see a larger amount of materials per volume
unit than the coaxials due the different size. In Phase I the situation was the
opposite but the BEGe exposure was only 2.4 kg-yr.

As mentioned, the 2614.5 keV line is visible in all datasets with a rate
around 1 cts/(kg-yr). Here the same situation of the 2!4Bi high energy line is
found: the different detector geometry allows to the coaxial detectors to absorb
with an higher probability the high energy photons, reflecting in a lower rate
for the BEGe dataset.

228Ac¢  The ?2Ac is the naturally occurring decay daughter of 232Th and
228Ra, it decays by S~ emission (Q = 2124 MeV) to the ?2*Th levels. The
most probable ~-lines are at 911.2 keV (26.2%) and 969.0 keV (15.9%) that
are considered here, in Tab. 5.2 are reported the resulting rates in the relative
rows. In all the cases only upper limit are set.

With the present statistics in Phase 1T there is no evidence of peaks above
the background from 2?8Ac, hence 23?Th and ??®Ra contaminations are not
observed. Different situation compared Phase I where visible -lines were found
for the ®**Ge coaxial dataset.

5.3.7 Other isotopes

In addition to the peaks from the potassium isotopes and from the natural
decay chains, other potential contaminations, that may be produced through
different mechanisms, are studied in the Phase II spectra. As described in
Sec. 5.3.2, the likelihood-ratio is used to test on the presence of the signal for
uncertain peaks.

60Co Potential background sources that can lead to a background at Qpp of
"6Ge are the long-lived radioisotopes 3Ge and ®°Co, produced via cosmogenic
activation in the Ge detectors. In GERDA several actions have been performed
to minimize activation of germanium [143, 220|, anyway a contribution is ex-
pected. In addition a background contribution from %9Co is expected due to
contamination of materials [139].
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In Tab. 5.2 are reported the rate of 4-lines emitted by the %°Co isotope. It
decays by 8~ to excited levels of %°Co, leading to two photon lines at 1173.2 keV
and 1332.5 keV both with 100% probability. The Q-value of the § decay is
2823.9 keV and the half life is 5.3 yr.

At 1332.5 keV an excess is observed in the three datasets of Phase II.
The measured count rates is 1.4705 cts/(kg-yr) (corresponding to 1.8 signif-
icance), 1.9702 cts/(kg-yr) (2.50) and 4.477¢ cts/(kg-yr) (2.90) respectively
for BEGe, " Ge coaxial and "Ge coaxial detectors. On the contrary, the
1173.2 keV line only in the BEGe detectors shows a positive signal above the
background (1.879-) cts/(kg-yr), corresponding to 3.30). This result is limited
by the available statistics since the two s occur in cascade and should have
almost the same count rate. A better investigation on the 5°Co contamination
can be performed with larger exposures.

207Bi Another isotope studied in this work is the 297Bi, a long-lived nuclide
that disintegrates by electron capture (with an half-life of 32.9 yr and a Q-
value of 2397.5 keV) to 207Pb with the emission of 7 rays, the main ones being
at 569.7 keV (97.8%) and 1063.6 keV (74.6%). These two ~ lines from this
isotope were observed also in the final spectrum of the HDM experiment [80],
here the 2°7Bi was marked as anthropogenic radio nuclide.

In the Phase II spectra (as listed in Tab. 5.2) a signal for the 1063.6 keV
line from 297Bi is observed in the ®*Ge coaxial detectors: the count rate is
3.7715 cts/(kg-yr) and the likelihood-ratio test reports a significance of 2.90-
equivalent. This gives an hint on the presence of this contamination in these
detector type. Anyway the low energy line at 569.7 keV is not visible. Also in
this case, more statistics is needed to better investigate on the presence of this
isotope.

108m Ag The ™ Ge coaxial dataset shows a concentration at ~ 614 keV, visible
in Fig. 5.9, hint of a '"®™Ag contamination. This isotope mostly disintegrates
by electron capture to the 1771 keV excited state of 1°Pd, followed by the
emission of three y-rays in cascade at 433.9, 614.3 and 722.9 keV.In Phage I the
108m Ao was observed in the coincidence spectrum between two Ge detectors.
The same analysis can be performed also in Phase II.

In Tab. 5.2 are reported the count rates of the three «-lines expected from
108m A g a positive indication is observed only in the 614.3 keV line for the ***Ge
coaxial dataset (peak clearly visible in Fig. 5.9(b)) with ry = 5.173-1 cts/(kg-yr)
corresponding to 3.00 of significance. Not conclusive statements can be set
with the current statistics on the presence of this contamination.

511 keV peak and 8°Kr The last two count rates reported in Tab. 5.2 are
from the 511 keV and the 514 keV ~v-lines.

The first is produced by the annihilation positron-electron following the
creation of a positron via 7 pair production or 3% decay. The production mech-
anism of annihilation radiation introduces Doppler broadening [197] therefore
has a peak width larger than the other ~-lines. The 511 keV ~-line (“e™ ann”

in Tab. 5.2) is visible in all datasets, as shown in Fig. 5.10 with rates of 4.173,
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Figure 5.10: Bayesian fit [213] of the 511 keV peak and the 514 keV from 8Kr
for the three datasets.

6.8114 and 6.5 cts/(kg-yr) respectively for BEGe, " Ge coaxial and "*Ge
coaxial detectors.

In addition is visible a ~-line at 514 keV (not observed in Phase I), in
particular in the BEGe (with 6.1722 cts/(kg-yr)) and *™*Ge coaxial spectra
(with 5.875% cts/(kg-yr)). This line, together with the 511 keV, creates double
peak structures visible in Fig. 5.10. For this reason the Bayesian fit in this
cage is performed with two gaussians centered at the two peak positions plus
a constant for the background.

The presence of the 514 keV line is an indication of ®Kr contamination,
a long-lived anthropogenic isotope that disintegrates by 3~ to the °Rb with
@ = 687 keV and half-life of 10.7 yr. The low energy spectrum produced by
the 8°Kr is one of the most serious problems in the xenon based dark matter
experiments: several method are implemented to reduce its contamination. In
GERDA the 8°Kr f spectrum is superimposed to the 3?Ar spectrum and it is
not a big problem since low energies are not particular interesting in the search
of the Qv decay; anyway, the simulation of new Phase II background model
is introducing this contamination as further fit component [221].

5.4 Conclusions

The study of the GERDA Phase II background spectrum showed the presence of
the expected structures also visible in the Phase I spectrum. The composition
of the observed background and the localization of the various sources are
information needed to build the background model and to understand which
contributions are expected in the region around the Qgg value.

The spatial distribution of 2K (from the *?Ar isotope of LAr) is largely
influenced by the electric field distribution near the detectors and by the sealing
of the mini-shrouds. In Phase II it was shown that the count rate of the
1524.7 keV ~-line is increased with respect to Phase I; this is probably due to
the plastic mini-shroud mounted around the strings and the use of unshielded
HYV cables. If the mini-shrouds are not perfectly sealed, this could be a critical
point since the 8 spectrum of the 42K can produce events in the Qpp region.

The presence of YK is also increased with respect to Phase I. This can be
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related to the larger amount of material in the close proximity of the detectors,
in particular the signal and HV cables made in Cuflon® that shows a bigger
concentration of 49K,

The contaminations from the natural decay chain of 233U and 232Th, ex-
pected from the screening measurements, produce an « structure mostly com-
ing from the 219Po and various 7-lines from 24Bi and 2%8T1 decays. Both «
and v events from the natural decay chain can potentially induce background
events in the region interesting for the study of the Ov33 decay. In addition, an
indication of the early 22U chain is given by the study of a y-line from 234™Pa.
This contamination, if confirmed, is another potential background for GERDA.
The count rate of the ~-lines from 2'“Bi indicates that this contamination is
decreased with respect to Phase I.

Other minor contamination have been also studied: %°Co, 297Bi, 108mAg
and 8°Kr. The presence of the listed isotopes has to be confirmed when more
statistics will be available. Anyway, the ~-lines from these isotopes are su-
perimposed to the 2v80 spectrum, hence an increased exposure may not be
enough to improve their significance. The only exception is the 3Kr, visible
in BEGe and ™ Ge coaxial detectors. This isotope produces a low energy (8
spectrum, superimposed with the 3YAr spectrum, far from the () region.

The studied background spectrum is then further suppressed by the LAr
veto and the pulse shape discrimination before performing the Ov 35 analysis,
giving a very low background as result with a Bl an order of magnitude lower
then Phase I (see Sec. 2.5). Anyway, the work presented in this chapter may
become crucial for future GERDA implementations, in order to further reduce
the background and increase the sensitivity on the Ov58 decay.



Chapter 6

Sensitivity studies with a
time-dependent background
model in GERDA Phase 11

The last part of this thesis deals with the study of the GERDA sensitivity
to the neutrinoless double beta decay of ®Ge. The purpose is to assess the
Ov 3 decay sensitivity in different background scenarios following the observed
Phase II data and background model.

The first Phase II data release with an exposure of 10.8 kg-yr of ™' Ge,
combined with the Phase I data (23.6 kg-yr), set a new limit for the Tlo/”2 (see

Sec. 2.5). The achieved BI in the Qg4 region is of 0.7733-1073 cts/(keV-kg-yr)
for BEGe detectors and 3.5722 - 1073 cts/(keV-kg-yr) for ®*Ge coaxial detec-
tors. This fulfills the challenging background goal of Phase II. Anyway a further
reduction can be expected: the study of the background spectrum (Chap. 5)
and the Phase II background model [211, 212] shows that a contribution in the
(Qpp region is due to a contaminations, in particular from the 210Pg jsotope
and hence is decreasing in time.

A new background model including a time-dependent component has been
developed and applied to simulated Phase II datasets in order to predict the
sensitivity in the next future of the GERDA experiment.

A short review on the statistical methods adopted in GERDA is presented
in Sec. 6.1, then the new model with a time-dependent component is described
in Sec. 6.2. Various simulation of Phase II datasets in different background
scenarios, under the hypothesis of not-constant background in the (Qgg region,
are produced and analyzed with the new model. The procedure to create them
is described in Sec. 6.3. Sec. 6.4 shows the results on the projection of the Ov 35
decay sensitivity.

6.1 Statistical approaches for the GERDA sensitivity
study

The statistical analysis for the search of the Ov3f5 decay in GERDA is per-
formed using both a Frequentist and a Bayesian method based on an unbinned
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extended likelihood function.

The energy spectrum around @gg of each dataset is fitted with a normal-
ized function, sum of a flat distribution for the background and a gaussian
distribution centered at Qg for a possible Ov34 signal.

The parameter of interest for this analysis is the strength of a possible Ov 503
decay signal, defined as:

S=1/T{}, . (6.1)

The number of the expected Ov33 events in the dataset i (indicated as )
as function of S is given by [65]:

1112'NA'5¢'€Z"S
w = (62)

ma

where N4 is the Avogadro constant, m4 = 0.0756 kg the molar mass of the
enriched material, ¢; is the efficiency and &; the exposure of the dataset i (the
equation has been already introduced in Sec. 1.3 with a different parameteriza-
tion). The efficiency ¢; is the product of the "®Ge enrichment fraction (~ 87%),
the active volume fraction of the detectors (~ 90%), the probability that 0vS33
events deposit all energy in the active volume (~ 90-92%) and the efficiency
of the analysis cuts (PSD and LAr veto).

The total number of expected background events u for a specific dataset
1, as a function of the background level Bl;, is:

p? =Bl - & - AE (6.3)

where AE = 240 keV is the energy region used for the fit, from 1930 keV to
2190 keV excluded the intervals (2104 £5) keV and (2119+5) keV from known
lines.

The unbinned likelihood function for the dataset ¢ is defined as:

NL'ObS
Li(data;|S,BL) = ] f(E;|S,BL) (6.4)
j=0
1 up pf (E; — Qpp)?
E;|S,BL) = d i, _ B~ %) _
SEISBL) = s [ hi e (1B (6.5)

where j runs over the Nfbs observed events of dataset i, Ej; is the energy of
the single event and o; is fixed to the resolution of the dataset i.

The total likelihood is constructed as product of the £; from Egs. (6.4) and
(6.5), weighted with a Poissonian term:

obs

el’LL

L(data|S, BL;) H 'u’ V)]

L’i(datai\S,BIi) (6.6)

where p; = ufg + MZS is total number of expected events in dataset i. The
likelihood L is function of the event energies and has one background parameter
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BI; per dataset, while the signal strength S is common among the datasets (in
Phase 1 |94] with 3 datasets the likelihood had 4 parameters).

The frequentist analysis uses the Neyman construction of the confidence
interval and the two-side profile likelihood as test statistic [16, 222] with the
restriction to the physical region S =1/ Tlo/”2 > 0: the frequency distribution of
the test statistic is generated by Monte Carlo simulations for different assumed
S values. The limit is determined by the largest value of the signal strength
S for which at most 10% of the simulated experiments had a value of the test
statistic more unlikely than the one measured in the data (see Phase II results
in Sec. 2.5).

In the Bayesian analysis [213, 223] the parameters are extracted by defining
the posterior probability density function as:

E(data|$, BIZ) : Po(S) : Po(BIl)

P(S. Blildata) = o tals, BL) o (S) Ry (BLd(S)aBL, 0

where L is from Eq. (6.6), Py(S) and Py(BI;) are the parameter priors, that
in all the cases are chosen flat (in particular the § = 1 /TIO/”2 prior is limited

between 0 and 10724 yr=1). With flat priors the parameter estimation using
the posterior probability is equivalent to a maximum likelihood estimation.

To have the probability distribution for each parameter the full posterior
of Eq. (6.7) is then marginalized. In the OvfS search, in case of no signal, an
upper limit for the sensitivity is calculated as the value that contains the 90%
of probability of the marginalized posterior probability for S, indicated as 90%
credible interval (C.I.).

In GERDA both the frequentist and Bayesian analysis are performed to
quote the limit on the Ov35 decay sensitivity [94, 1, 2|. In the study developed
in this thesis and presented in the following only the Bayesian approach is
adopted; the outcome has in any case general validity.

6.1.1 Sensitivity projection in Phase II

Fig. 6.1 reports the evolution of the 90% C.I. limit on Tlo/l’2 as function of
the ®*'Ge exposure: the first Phase II data release is used as base for the
simulations (more details in Sec. 6.3) and a Bayesian analysis as described in
the previous section is adopted.

In the figure the median sensitivity evaluated in 10000 realizations is re-
ported, the regions contain the 68% and the 90% probabilities. Following
Fig. 6.1, GERDA Phage II will reach a median sensitivity on the Ov35 decay
of 15.3 - 10%° yr after a *"Ge exposure of 100 kg-yr.

This result is the reference for the study presented in this chapter: the
inclusion of a time-dependent background will be implemented and compared
with the constant background case showed in Fig. 6.1, an increase on the
median sensitivity would be expected.
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Figure 6.1:  Evolution of the Ov3f sensitivity as function of the exposure
in Phase II projections in simulations of a constant background. The blue
line is the median sensitivity, the regions contain the 68% and the 90% of the
realizations.

6.2 Background model with a time-dependent com-
ponent

The study of the Phase 1I background spectrum (see Chap. 5) and the pre-
liminary background model [211, 212] show that the most important contam-
inations that can produce events in the ()gg region are <ys from the 214Bj and
2081, B from *?K and degraded o from 2°Po and ??6Ra chain. A rough es-
timate from the available data gives the same fraction of contribution to the
three contributions: 1/3 from 3, 1/3 from v and 1/3 from « events.

On the other hand, the study of the o background (see Sec. 5.2) showed that
the majority of the events comes from a 2'°Po contamination on the detector
surfaces, with a minor contribution from the 2?Ra decay chain. The o count
rate of Phase II as function of the time is compatible with an exponential
distribution with a decay time of 138.4 days (T}, of 210Po) plus a minor
constant component (see Fig. 5.3).

Following these arguments, it can be expected a further reduction of the
total background level in future Phase II data, since the >'Po contamination
is going to decay away.

To take into account the time dependence of the background in the OvS503
search, the likelihood function of Egs. (6.4)-(6.6) has to be redefined.

The background parameter for each dataset BI; is split in two contribu-
tions: a constant component BI¢ and a time-dependent component BI:. The
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total number of events still follows Eq. 6.3, the number of constant and time-
dependent background events for the dataset i, referred as u§ and u} respec-
tively, are defined as:

pé =BI¢- & - AE (6.8)
pt=BIL- & - AE (6.9)

hence the total number of background events can be written as the sum of two
contributions p? = u¢ + ul; the definition of the total number of events is the
same as before p; = uP + p = pé + b + p?.

The new likelihood must depend on the event time, not only on the energy,
and, in addition to the flat distribution and the gaussian distribution centered
at (Qgg, an exponential decaying component has to be added. The likelihood
for the dataset i is:

Nzg)bs
Li(data;|S,BI{, BLY) = [[ f(E;,t,1S,BI{, BI) (6.10)
j=1

1

E: t:|S,BI$,Bll)) = —— _x
f( J ]| 1 2) 'ulc_i_lui_i_'u;g

AE At + AE (1 — e*Tm'”/T) + At - o,V 27 e < 202

(2

I T e bl (s (B — Q56)2>]

(6.11)

where t; is the time of the event (starting from December 20th, 2015), 7 is
fixed to the 2'Po life-time, At is the total time range and T}, is the final
time. Since the initial time is fixed to ¢ = 0 the time range coincides to the
final time At = Tyuq. in case of a duty cycle of 100%. The other terms are
the same of Egs. (6.4) and (6.5). The total likelihood function is calculated
following Eq. (6.6).

The number of parameters of the time-dependent model is increased with
respect to the standard GERDA model: now there are two background param-
eters per dataset (BI¢ and BI!) in addition to S = 1/T10/”2.

The new likelihood function of Egs. (6.10) and (6.11) is used to perform a
Bayesian analysis of the Phage II datasets to study the Ov 35 sensitivity. Flat
priors for all parameters S, BI and BI! are adopted. The fits are performed
with BAT [213].

The time-dependent background model is applied to various toy simulations
of the GERDA background spectrum with different exposure and live time.
To validate the procedure a first analysis is performed on simulated datasets
projection of spectra before PSD and LAr veto cuts, then to projections of the
final background spectra after all cuts.

6.3 Simulation of Phase II background

The simulated datasets contain a random number of events extracted from the
expectation of OvB8 and background events. The energy and time of each
event are generated following specific criteria.
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All simulations are performed with the TRandom3 ROOT class [224], a
pseudo-random number generator based on the Mersenne Twister algorithm
[225], with an automatic computation of the seed via a TUUID object [226].

The number of expected background events for each dataset ,uf is calcu-
lated according to the relative BI; following Eq. (6.3), then the events in each
simulation are generated following the Poisson distribution:

(oM et

P(N9) = T (6.12)

2

the notation Nib " is introduced to indicate the simulated background events
for each dataset; this quantity enters in the likelihood function (Egs. (6.10)
and (6.11)) summed to the signal events in N* = Nibkg + NPv.

The energy of the Nibkg events is simulated with an uniform distribution
between 1930 keV and 2190 keV, excluding the intervals 2104 £ 5 keV and
2119 £ 5 keV, as indicated by the background model.

To generate the event occurrence time, the total number of background
events Nib k9 is split in two components: a constant N; and a time-dependent
one N/, then the following procedure is adopted.

Simulation of time in background events After six months of data tak-
ing in Phase II, the background model predicts that the composition of the
background in the energy interval AE around ()gg, before applying of the PSD
and LAr veto cuts, is equally distributed between «a, § and v contaminations.
From the point of view of the simulation this means that 2/3 of the total back-
ground events are from § and -, constant in time, and the rest is from the «
contamination. Assuming the latter is entirely from 2'°Po, it decays in time
with Ty /5 = 138 days.
Hence to generate the background events time this recipe is followed:

e 2/3 of the total counts is generated with an uniform distribution in time,
starting from the Phase II initial date (December 20th, 2015) and with an
time interval equal to the live time (to simplify the duty cycle is always
100%);

e 1/3 of the total counts is generated with an exponential decaying distri-
bution in time with Ty, = 138 days.

Fig. 6.2 shows an example of simulated background for a dataset with
live time of 130.7 days, the expected uniform and exponential components are
marked in green and in blue respectively.

Simulation of time in Phase II projections The described recipe for
the simulation of the time of background events is valid only for datasets with
a live time equal to the Phase II first release (130.7 days). The background
model predicted a background composition with the same contribution from
«, B and y on the basis of these data. This means that in the following months
a relative reduction of the o component with the time is expected, hence the
relative « fraction has to be corrected accordingly.
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Figure 6.2: Time of the simulated background to reproduce the first Phase 11
data release with 130.7 days of live time and assuming a duty cycle of 100%. 2/3
of the events are generated with an uniform distribution, 1/3 with exponential
distribution in time with T/, = 138 days.

The simulation of the projections of the Phase II datasets is performed
by increasing the exposure and the live time by a factor ¢ (& — (- &).
Consequently the expected total background events is also increased of (:

pP =BL - & - AE — ¢-uP . (6.13)

then the total simulated counts Nib "9 are generated following Eq. (6.12). The
constant background component is obtained in all the cases as:

2 bk
Ny = 3 N9 (6.14)
To take into account the decay of the o contamination, the time-dependent
component N! is not increased by a constant number (as for Nf), a factor
depending on the considered time interval is used instead. This is defined as
the ratio between the area of the exponential function in the total time interval

and in the first six months:

B fOT e t/mat 11— e~ T/T
- J e tat Cl—et/T

(6.15)

where t* is the live time of first six months and T" = ( - t* is the live time of
the simulated projection; hence:
N[*9

1
NE=2.¢9.2 6.16
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the division by ( is introduced to remove the increase by this factor contained
in Nib 9 To generalize the formula of the number of background events to a
not fixed a component, that until now is 1/3, Egs. (6.14) and (6.16) can be
written as:

Nf = (1 — afrae) - N (6.17)
NP
N! = aifpac 0 - : (6.18)

where afpqc is the initial fraction of « events from 210pg. Also values different
from 1/3 are used in the background simulations.

6.4 Phase II sensitivity projection

The Phase II first release performed after 6 months of data taking, with an
exposure of 5.8 kg-yr (5.0 kg-yr) for BEGe (“**Ge coaxial) detectors and a
live time of 130.7 days, is used as unit of the simulations: 10% realizations of
various configurations of these datasets are performed, until the total exposure
of ~ 100 kg-yr of ®Ge (as is planned in Phase II) is reached.

The 0v 3 sensitivity and the background parameters are extracted from the
marginalized posterior probability from the Bayesian fit of each realization. To
study the 1/T’ 10/”2 parameter, Monte Carlo repetitions of GERDA are performed
without the Ov8 signal, then producing the distribution of the 90% C.I. limit.
For the background parameters BI¢ and BI! the distribution of the mode in
the marginalized posterior probability is also studied.

6.4.1 Projections of spectra prior PSD and LAr veto cuts

In order to increase the statistics of the Phase Il background spectra, a first
analysis using the time-dependent background model on simulated datasets is
performed on spectra prior the PSD and LAr veto cuts. This analysis is useful
to validate the procedure and gives some hint to properly process the final
spectra.

All simulations are based on the BEGe and “"*Ge coaxial datasets of the
Phase II first release before the cuts: all information of these datasets are
reported in Tab. 6.1. The values of the FWHM are calculated as described in
Sec. 4.4.4, the efficiency includes the enrichment fraction, the active mass and
reconstruction efficiencies.

Table 6.1: Information of the Phase II datasets before the PSD and LAr veto cuts
used for the study of the Ov3S decay sensitivity.

dataset live time exposure FWHM efficiency BI

[days] [kg-yr] [keV] fav - fr6 - frep |cts/(keV-kg-yr)]
BEGe 130.7 5.8 3.0+£0.2 0.70 18.71’?‘2 -1073
coaxial  130.7 5.0 4.0 £0.2 0.68 17.4%38.1073

The distribution of the events observed in the two datasets in the interval
for the BI evaluation is reported in Fig. 6.3 both in energy and in time.
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Figure 6.3: Distributions of the events in the energy region between 1930 keV
and 2190 keV in the first 10.8 kg-yr of exposure in Phase II before the PSD
and LAr veto cuts.

The analysis is performed in steps: first the simulations reproduce the
datasets of Tab. 6.1, then both the exposure and the live time are increased
by a factor of 2, 4 and 6.

Simulation of Phase II datasets Fig. 6.4 shows the distribution of the
background parameters BI¢ and BI! of the time-dependent background model
obtained in the Bayesian analysis of 10* simulated realizations of the Phase 11
datasets before the PSD and LAr veto cuts. The reported values in Fig. 6.4
are the mode of the marginalized posterior probability of each parameter.

The constant and time-dependent background parameters (Figs. 6.4(a) and
6.4(b)) show a similar distribution: a large amount of realizations have values
near to zero for both BEGe and coaxial datasets, then a broad peak around
0.012 cts/(keV-kg-yr) is visible. This means that the model is not able to dis-
entangle to two background components with such low exposure: it attributes
randomly the entire value to one component assuming zero to the other.

The correlation graphs between BI¢ and BI* (Figs. 6.4(c) and 6.4(d)) con-
firm this statement: the parameters are strongly anti-correlated and the ma-
jority of events is concentrated in the two regions with values zero and ~
0.012 cts/(keV-kg-yr) for both datasets.

Simulation of Phase II datasets increasing exposure and live time
Increasing exposure and live time brings to a different situation: the time-
dependent model works better, separating the two background components.
Fig. 6.5 shows the results of the analysis on the simulated datasets increasing
exposure and live time by a factor of six with respect to Tab. 6.1.

The distribution of the constant background parameter BI¢, reported in
Fig. 6.5(a), shows a clear peak around 0.013 (0.012) cts/(keV-kg-yr) for the
BEGe (“""Ge coaxial) dataset. This is expected since this value corresponds to
2/3 of the total BI (listed in Tab. 6.1). Also in the time-dependent background
component BI' (Fig. 6.5(b)) a peak is visible at lower value. The correlation
graphs of Figs. 6.5(c) and 6.5(d) report a clear anti-correlation between BI¢
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Figure 6.4: Results from the Bayesian analysis of the simulation of the Phase 11
background before the PSD and LAr veto cuts.
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Table 6.2: Relevant parameters of the Phase II datasets after the PSD and LAr veto
cuts used for the study of the Ovg/ decay sensitivity.

dataset live time exposure FWHM efficiency BI

[days] [kg'yr] [keV] fav f76 ffepfpsdflar [Cts/(kev'kg'yr)]
BEGe  130.7 5.8 3.0+ 0.2 0.60 % 0.02 0.7 1073
coaxial  130.7 5.0 4.0+0.2 0.53 = 0.05 3.5732.1073

and BI' for both datasets, as expected.

The important point is that with this statistics the model is able to disen-
tangle the two components and the results are in agreement with the expecta-
tion.

Sensitivity distribution Fig. 6.6 shows the distribution of the 90% C.I.
limit on Tlo/”2 in the different simulated datasets: (a) the decaying background
with afrqe = 1/3 and (b) the constant background case. In both figures the
four distributions, corresponding to different exposure and live time values, are
reported: in red the case of Tab. 6.1 and in blue, green and violet increasing
by factor of 2, 4 and 6 respectively. The figure legend reports the median
sensitivity for each distribution.

In all cases of Fig. 6.6 there is an end point corresponding to the maximum
limit on the Tlo/"2 parameter that can be set with that exposure, with a final
peak less visible in the cases with higher exposure. This peak is due to the 90%
limit on a Poisson variable, of 2.3 counts, given 0 observed events in the region
of interest (ROI) around @gg. The end point is scaling with the exposure: in
the red distributions it is at around 3 -10%° yr, then is increasing proportional
to the factor (.

The comparison of the distributions in the simulation of time-dependent
(Fig. 6.6(a)) and constant (Fig. 6.6(b)) background show that they have a
very similar behaviour. The median sensitivity further distinguish while the
exposure increases. This is an interesting result that encouraged to repeat the
same analysis on the Phase II datasets after PSD and LAr veto cuts.

6.4.2 Projections of spectra after PSD and LAr veto cuts

The final analysis on the Ovf3S decay seunsitivity is performed on the spectra
after all cuts. As reported in Sec. 2.5, the data from the first Phase II release
set a new limit on the TIO/”2 of ™Ge. The more interesting studies on the Ov33
sensitivity are performed through the projection of these datasets. Tab. 6.2
shows the relevant information. The efficiencies here include also the survival
fraction of OvB3 events after the PSD and LAr veto cuts (values described in
Sec. 2.5).

The background indices reported in Tab. 6.2 are calculated on the residual
events observed in the two datasets in the window between 1930 keV and
2190 keV. Tab. 6.3 shows time and energy of these events: four events in the
°M'Ge coaxial and only one event in the BEGe dataset; the big suppression
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Table 6.3: Time and energy of the events in the region between 1930 keV and
2190 keV in the first 10.8 kg-yr of exposure in Phase II after the PSD and LAr veto
cuts.

dataset event time energy [keV]
BEGe 13 Mar 2016 05:40:59 1958.6
10 Feb 2016 13:04:08 1995.2

13 Mar 2016 04:42:33 1968.0
28 Mar 2016 16:00:18 2063.6
22 May 2016 11:44:40 2060.5

coaxial

in the latter case is due to the powerful PSD performances of this kind of
detectors.

The results presented in the previous section showed that with an exposure
of only 10.8 kg-yr of “*Ge the time-dependent model is not able to distinguish
between the two background components. This is true also in this case, due
to the even lower statistics. For this reason a simulation with an exposure of
~ 100 kg-yr is performed without intermediate steps.

Fig. 6.7 shows the distribution of the mode of the background parameters
BI¢ and BI! obtained in 10 realizations of datasets of Tab. 6.2, increasing
exposure and live time by a factor of ten.

The behaviour is similar to the one observed in Fig. 6.5: the constant back-
ground parameter BI¢ shows a peak both in BEGe and °*"Ge coaxial detectors
at values corresponding to 2/3 of the total BI. The time-dependent background
BI is distributed close to zero, this is expected since the o component decreases
with the time and its fraction goes to zero when the simulated live time is very
large compared the 2'°Po half life.

Sensitivity distribution The Ov30 sensitivity extracted in the analysis of
simulations of the final Phase II spectra shows very interesting results.

Fig. 6.8 reports the evolution of the 90% C.I. limit on Tlo/”2 as function
of the ™ Ge exposure. In blue is reported the median sensitivity obtained
in simulations of a background constant in time, in this case the analysis is
performed with the standard likelihood function (see Sec. 6.1) also adopted in
the GERDA official analysis.

The red line and the red regions of Fig. 6.8 show the results of the Ovj303
sensitivity with a time-dependent component in the background, in particular
the initial fraction of o from 2!°Po is set to 1/3. The line corresponds to the
median sensitivity, the two colored regions contain the 68% and the 90% of
the realizations. The results are extracted from the Bayesian analysis with the
time-dependent model.

The comparison of the two median sensitivity evolution confirms what was
observed in the previous section (see Fig. 6.6): with a low exposure (< 30 kg-yr)
the two background models show similar sensitivities, then the time-dependent
background show higher values. Anyway after ~ 60 kg-yr the gap between the
two lines remain almost the same. This can be explained by the fact that after
this exposure the a component is gone and only the constant background is
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Figure 6.7: Results from the Bayesian analysis of the simulation of the Phase 11
background with increased exposure and live-time.

left, hence there is no way to further improve.

To quantify the gap observed in the median sensitivity in the two back-
ground scenarios, the distributions in the case (expected in the Phase II pro-
gram) are compared in Fig. 6.9. In blue the case of constant background, in
red the time-dependent background with a fpq. = 1/3.

The 90% C.I. limit on the Tlo/"2 is in both cases distributed starting from
~ 10% yr and with an end point to 25-10%° yr. A big peak is visible just before
the end point, more pronounced than distribution of Fig. 6.6 due to the higher
probability to have zero counts. The major difference between the constant
and the time-dependent background is the quantity of realizations that yield
a sensitivity value in this peak: the red distribution of Fig. 6.9 shows a larger
concentration of events around 24 - 10?° yr than the blue one, this leads to a
different median sensitivity of 16.2 - 1025 yr for the constant background case
and 17.6 - 10%® yr for the time-dependent background.

This is an important result since it shows that the projected median sen-
sitivity for the final Phase IT exposure of ~ 100 kg-yr improves of ~ 8% with
respect to a constant background. This under the assumption of background
fraction from 2'°Po as in the Qpp region is 1/3. The assumption used until
now for the background composition is anyway not strongly supported. The
background model of Phase II is in fact based to the spectra before the PSD
and LAr veto and is not taking into account the efficiencies of these cuts. The
« contamination is strongly suppressed by the PSD, in particular in the BEGe
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Figure 6.8: Evolution of the Ov3f3 sensitivity as function of the exposure in
Phase II projections after PSD and LAr veto cuts in simulations of a constant
background (blue) and a time-dependent background with 1/3 of & component
from 2'%Po. The lines are the median sensitivity, the regions contain the 68%
and the 90% of the realizations of the time-dependent case.



6.5. CONCLUSIONS 123

é 600 I—--- - constant background _______________________________ ____________
© — : {
N B
e - I:I bkg = 2/3 const + 1/3 exp
£ 500 P
B median senS|t|v1ty medlan: sensitivity
- 16.2 10%yr | 17.6 10°°yr
400 — 5 :
300[—
200—
100
of

5 10 15 20
90% C.l. limit on T”2 [10 % yr]

Figure 6.9: Comparison of the Ov58 sensitivity distribution with ~ 100 kg-yr
in Phase II projections after PSD and LAr veto cuts in simulations of a constant
background (blue) and a time-dependent background with 1/3 of & component
from 219Po.

detectors where the « structures are no more visible in the final spectrum (see
Fig. 2.11). This means that the fraction of 1/3 for o events from 2'°Po can be
considered as an upper limit: also datasets with a different « contamination,
following the recipe described in Sec. 6.3, are simulated.

Fig. 6.10 shows the Ov3f sensitivity distribution in three different back-
ground scenarios, changing the fraction of the time-dependent component in
the background simulations of the Phase II projection with ~ 100 kg-yr of
exposure. In red, violet and green are reported the cases with afpq. of 1/3,
1/4 and 1/5, respectively.

The distributions are very similar but are yielding different values for the
median sensitivity (reported in the legend of Fig. 6.10) that is scaling with the
fraction of the time-dependent events, as can be expected. In the case with a
lower fraction (afrqc = 1/5) the median sensitivity is 17.0-10% yr, then is still
~ 5% higher than the constant background case.

6.5 Conclusions

The preliminary Phase II background model predicts a composition of the
events in the (Jgg region equally distributed between o, 8 and v contamina-
tions. The study of the a structures observed in the background shows that a
strong contribution is coming from the ?'°Po isotope that decays with an half
life of 138.4 days.
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Figure 6.10: Qv sensitivity distributions in Phase II projections after PSD
and LAr veto cuts in simulations of time-dependent background with a different
fraction of the a component from 2'°Po. The background composition and the
median sensitivity are reported in the legend.

Simulations of projections of the Phase II datasets with a time-dependent
component are generated following these arguments. Then they are analyzed
with a Bayesian method in order to extract the prevision on the Tlo/"2 limit that
can be expected in the Phase II data taking.

The median sensitivity in different background scenarios with a fraction
of a events from the 2'°Po is improved by 5-8%, due to the fact that the
time-dependent background has been considered in the analysis models.

Moreover this work successfully developed and tested a new statistical
model, including a time-dependent background component. This model can
be in principle applied to various situation.



Chapter 7

Conclusions and Outlook

Since December 2015 the GERDA experiment is taking data with the upgraded
apparatus (Phase II) searching for the neutrinoless double beta (0v33) decay
of Ge. This thesis work was carried out both on the hardware upgrade to
Phase II and on the analysis of the new physics data.

The main challenge of OvB3 experiments is minimize the background.
To achieve it, while preserving the intrinsically excellent Ge detector perfor-
mances, severe boundary conditions for both the design and the implementa-
tion of the front-end electronics are fixed.

Following different approaches, two front-end circuits have been designed
and tested. The circuit finally selected is an upgraded version of that adopted
in Phase I. To accomplish both requirements, first it was attempted to separate
the front-end device from the main amplifying stage locating the first at the
detector site and the latter 40 to 80 cm away.

The integration tests performed in the GERDA environment, showed some
problem in the reliability of the proposed front-end device: hence a backup so-
lution, with an encapsulated JFET moved back at the amplifying stage (40 to
80 cm from Ge detectors), has been developed and installed during the Phase 11
commissioning. Because of the increased detector to front-end distance, the
new front-end performs slightly worse than the original solution both in energy
resolution (~ 10%) and pulse shape discrimination (PSD) power, nevertheless
allowing to achieve high quality physics results. It is both robust and reli-
able and minimizes the radioactivity budget. For these reasons, it was finally
adopted for Phase II.

Another important tool to fully exploit the performances of the GERDA
detectors is the digital signal processing. I worked in the development of an
optimized shaping filter that produces the best estimate of the energy reso-
lution: the Zero Area Cusp-like (ZAC) filter. This filter, once tuned on the
detector properties and their noise figure, was applied to the new Phase II
data. An improvement in the energy resolution with respect to the standard
semi-gaussian filter, adopted in Phase I, has been obtained: the energy reso-
lution at Qg integrated over six months is 3.00 + 0.08 keV (4.03 & 0.12 keV)
for BEGe (“*"Ge coaxial) detectors.

A detailed noise investigation in the GERDA setup has been also performed:
both energy resolution and PSD power of the BEGe detectors correlate with the
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position in the strings and this is in turn strongly correlated to the measured
noise figure. The study identified a possible source of the observed extra-noise
that degrades the detector performance: the stray capacitance of the signal
cables and/or the detector themselves. A clear picture is still not available.
Future GERDA developments will definitely need to individuate and mitigate
this noise source in order to improve the PSD in the BEGe detectors, while
increasing the detector string length.

The first Phase II data release showed that GERDA is the first background-
free experiment in the field, this thanks to the selection of very radio-pure
materials and to the use of efficient techniques to actively discriminate the
possible Ovf3f signal from the background: the LAr veto and the PSD. The
achieved background in the Qg region is of ().7:1)% 1073 cts/(keV kg yr) for
BEGe detectors and 3.5772 - 1073 cts/ (keV kg-yr) for ®*Ge coaxial detectors.
This allowed to set a new limit on the "°Ge Ov3f3 decay half-life of 5.3 -10% yr
(90% C.L.) with the new data.

A study of the observed background before the LAr and PSD cuts is how-
ever needed to fully determine the residual contaminations and their location,
and to understand how to further reduce the background in future develop-
ments. An analysis of the background spectrum observed in recent Phase 11
data has been performed in the thesis: the sources were characterized through
the study of the observed « structures and ~-lines. In spite the actual GERDA
background is very low hence the individual contaminations are quite difficult
to be identified.

The potential background in the region of the Ov8g3 signal may come in
equal fraction from «, 8 and ~ events. The « spectrum is mostly coming from
the 219Po, hence it decays away with an half-life of 138.4 days. 3 events can be
induced by the 2'4Bi and 2°®T1 isotopes, occurring in the natural decay chain
of 238U and 2?Th, and by the K contamination, produced in LAr by the the
long-lived 42Ar isotope. The ~ events are from 2'4Bi and 2°®T1 isotopes: their
contribution is lower with respect to Phase 1.

A statistical analysis to assess the GERDA Phase 11 Ov35 decay sensitivity
in different background scenarios is performed as last part of the thesis. A
new statistical model, including a time-dependent background component, has
been developed and adopted to simulated Phase II realizations. The results
showed that, including a fraction of a events from ?'9Po, the prediction for the
median sensitivity at the Phase II final exposure of ~ 100 kg-yr is 17.6-10%° yr,
namely 5-8% larger than expected for a constant background.

On the basis of the GERDA Phase II results, a new world wide Ov3g3 col-
laboration named LEGEND, including GERDA and MAJORANA, was recently
formed. The first goal is the deployment of 150-200 kg of “**Ge detectors
in the further upgraded GERDA cryostat, aiming to a sensitivity on the °Ge
0vB3B decay of ~ 10?7 yr in three years of data taking and with a background
reduction of factor 5 with respect to Phase II. The final goal of the new col-
laboration is the realization of a "%Ge ton-scale Ov3f experiment in order to
reach a sensitivity of ~ 10%® yr, corresponding to an upper limit on the effective
Majorana neutrino mass of 10-20 meV.



Appendix A

Detector configuration and
energy resolution in Phase 11

A.1 Detector configuration
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Figure A.1: Schematic view of the GERDA Phase II array: the name of the

40 detectors is indicated. The BEGe detectors are arranged in 4 strings (in
string 6 there is also a coaxial), the coaxial in the other 3 strings. In blue are

marked the passivated detectors. From [227].

A.2 Resolution in the Phase II super-calibration
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Table A.1: FWHM at the 2614.5 keV line for the 40 Phase II detectors in
the super-calibration, obtained including all the 31 runs performed during the
first six months of the data taking. The progressive number and the detector
names are also indicated.

string number.det | FWHM [keV]

0.GD91A 2.72+£0.01

1.GD35B 2.90+£0.01

2.GD02B 3.22+£0.01

3.GD00B 3.32+£0.01

STRING 1 4.GD61A 3.6 £0.01
5.GD89B 4.04 £0.01

6.GD02D 4.65+0.02

7.GD91C 3.98£0.01

8. ANG5 3.650 £0.01

STRING 2 9.RG1 3.88+0.01
10.,ANG3 3.56 £ 0.01

11.GD02A 2.69+£0.01

12.GD32B 3.24£0.01

13.GD32A 3.44 4+ 0.01

14.GD32C 3.02+£0.01

STRING 315 GD89C | 3.44+0.01
16.GD61C 3.50£0.01

17.GD76B 3.48£0.01

18.GD00C 2.88+0.01

19.GD35C 2.65£0.01

20.GD76C 2.80£0.01

21.GD89D 2.93+0.01

22.GD00D 3.02+0.01

STRING 4 23.GD79C 3.92+£0.01
24.GD35A 3.51+£0.01

25.GD91B 5.58 £0.01

26.GD61B 3.29+£0.01

27.ANG2 4.34£0.01

STRING 5 28.RG2 4.09 £0.01
29.ANG4 3.37£0.01

30.GDO0OA 3.27+£0.01

31.GD02C 3.02+£0.01

32.GD79B 3.24+£0.01

STRING 6 33.GD91D 3.11+£0.01
34.GD32D 3.22£0.01

35.GD89A 3.41+£0.01

36.ANG1 3.64£0.01

37GTF112 3.561+0.01

STRING 7 38.GTF32 3.66 £+ 0.01
39.GTF45 4.20£0.01
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Figure A.2: FWHM at the 2614.5 keV line in the Phase II super-calibration

as function of the detector number.
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Appendix B

Determination of the Phase 11
cross-talk matrix

The cross-talk is an undesired effect produced by the transmission of the signal
from one channel to the others, e.g. when there is a real waveform in one
detector a little signal, usually with opposite polarity, is observed also in the
others. In GERDA the cross-talk is evaluated through the GELATIO [136]
module that extracts the energy with a pseudo-gaussian shaping (described
in Sec. 4.2). A special calibration, where all the detector traces are acquired
at each trigger, and the reconstruction also of the waveforms with opposite
polarity are needed.

The method adopted to calculate to cross-talk in Phase II consists in se-
lecting good high energy events on channel i (Energy[i] > 2 MeV) and then
evaluate the cross-talk between channel ¢ and j as:

_ EnergyRevPol[j] — offset]j]
B Energy|i]

CrossTalk[i][7] (B.1)
where EnergyRevPol[j] is the reverse polarity energy in channel j and offset|j]
is an offset value needed bhecause of the reconstruction algorithm and evaluated
through the average of EnergyRevPol[i] in baseline events.

The distribution of CrossTalk[é][j] for each combination of i and j (in total
40 x 40 = 1600 cases) is then fitted with a gaussian function and the mean is
extracted. The resulting matrix with all the cross-talk values in % is reported
in Fig. B.1: in the row there is the triggering detector (channel i in Eq. B.1),
in the column the channel with a cross-talk event (j in Eq. B.1). The higher
values are with detectors in the same string, the average cross-talk is —0.15%
and —0.41% in BEGe and coaxial strings respectively. In gray are indicated
the cross-talk values < —0.4% between detectors in different strings. Another
method to evaluate the cross-talk using the average pulses has been developed
and compared with the one presented here, all the values of Tab. B.1 are well
in agreement [228|.
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Acronyms

Ov3p
2uBp

(OF%
eane

nat Ge
GERDA
HpM
[GEX
GTF
AC
ANN
BAT
BCS
BEGe
BI
C.L
C.L.
CKM
Cp
CSP
DEP
DSP
ENC
FADC
FEP
FFT
FIR
FWHM
GDL
GUT
HPGe
HV
IBM

neutrinoless double beta.

double beta with 2 anti-neutrinos.
QQ-value of the 8 process.
germanium enriched in "®Ge.
natural germanium.

GErmanium Detector Array.
Heidelberg-Moscow.
International Germanium Experiment.
Genius Test Facility.
anti-coincidence.

artificial neural network.
Bayesian Analysis Toolkit.
Bardeen-Cooper-Schrieffer.
Broad Energy Germanium.
background index.

credible interval.

confidence level.
Cabibbo-Kobayashi-Maskawa.
charge conjugation parity.

charge sensitive preamplifier.
double escape peak.

Digital Signal Processing.
Equivalent Noise Charge.

Flash Analog to Digital Converter.
full energy peak.

Fast Fourier Trasform.

Finite Impulse Response.

Full Width at Half Maximum.
Germanium Detector Laboratory.
grand unification theories.

High Purity Germanium.

high voltage.

interacting boson model.
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ICP-MS | Inductively Coupled Plasma Mass Spectrom-
eters.
IH inverted hierarchy.
ISM interacting shell model.
JFET Junction Field-Effect Transistor.
LAr liquid argon.
LNGS Laboratori Nazionali del Gran Sasso.
MA Moving Average.
MGDO | MAJORANA-GERDA Data Objects.
MS mini-shroud.
MSE multi-site event.
MV muon veto.
NH normal hierarchy.
NME nuclear matrix element.
PCB Printed Circuit Board.
PMNS Pontecorvo-Maki-Nakagawa-Sakata.
PMT photomultiplier.
PSD pulse shape discrimination.
PSF phase space factor.
QD quasi-degenerate.
QRPA quasiparticle random phase approximation.
ROI region of interest.
SEP single escape peak.
SiPM silicon photomultiplier.
SM Standard Model.
SSE single site event.
VFE very front-end.
ZAC Zero Area Cusp-like.

Acronyms
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