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Abstract

The discovery of the non-zero neutrino mass, not predicted by the Standard Model, is a
direct evidence of new physics.
Several open questions arise from this observation, regarding the mechanism originating
the neutrino mass, the neutrino mass hierarchy, the violation of lepton number conserva-
tion in the neutrino sector and the generation of the baryon asymmetry via leptogenesis.
All these questions can be addressed by the experimental search for neutrinoless dou-
ble beta (0νββ) decay, a nuclear decay consisting of two simultaneous beta emissions
without the corresponding emission of two antineutrinos. 0νββ decay is possible only
if neutrinos are identical to antineutrinos, namely if neutrinos are Majorana particles.
Several experiments are actively searching for 0νββ decay. Among these, CUORE (Cryo-
genic Underground Observatory for Rare Events) is employing 130Te embedded in TeO2

crystals operated as bolometers.

Rare event searches, such as CUORE, need to have an accurate understanding of the
background contribution in the energy region close to the Q-value of the decaying iso-
tope. In CUORE one of the main contributions is given by particles coming from the
decay chains of contaminating nuclei, mainly 232Th and 235,238U, present in the active
crystals of the detector or in the support structure. The main goal of this thesis is to
use the 1 ton·yr CUORE data, corresponding to the first 3 years of data taking, to study
these contamination by looking for events belonging to precise sub-chains of the Th and
U decay chains and reconstructing their energy and time difference distributions, in a so-
called delayed coincidence analysis. These results in combination with the reconstruction
efficiency coming from the Monte Carlo simulations of the decay chains are then used
to evaluate the specific activity of the contaminants. This is the first time this analysis
technique is applied to the real CUORE data and this thesis highlights the feasibility of
it while providing a starting point for further more refined studies.
A part of the obtained results are in agreement with the ones coming from previous
analysis, demonstrating that additional work on delayed coincidence searches for the
characterization of natural radioactive contamination might improve the understanding
of the CUORE experiment background and provide a more precise determination of the
contribution of specific components to the CUORE background model.

This kind of delayed coincidence analysis can also be reused in the future once the
CUPID (CUORE Upgrade with Particle IDentification) experiment data will be ready
to be analyzed, with the aim of improving the experiment sensitivity to the 0νββ decay
of 100Mo.
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Introduction

The Cryogenic Underground Observatory for Rare Events (CUORE) is an experiment
hosted at the Laboratori Nazionali del Gran Sasso of INFN, Italy, searching for 0νββ
decay in 130Te in form of TeO2 crystals operated as bolometers. CUORE employs 988
such crystals for a total active mass of 206 kg of 130Te.

Rare decay experiments such as CUORE need to have a precise understanding of the
possible background contributions that will impact the detector sensitivity to the rare
0νββ decay of 130Te. One of the main contributions is particles coming from radioactive
decays of natural contaminating nuclei present in the TeO2 crystals and in the surface
of the copper structures that hold the CUORE towers in place inside the cryostat. The
main topic of this thesis is the study of the background events coming from Th and U
contamination and the search of them in the CUORE data using a delayed coincidence
analysis.

The first three chapters of this thesis cover the relevant physics aspects for CUORE
and describe all the experiment components together with the CUORE data processing
techniques. Chapter 1 begins with a theoretical view of neutrinos in the Standard Model
and on the possible descriptions of their mass generation, which is still an open problem
of particle physics. Moreover, an overview of double beta decays, both with and without
neutrinos, is provided. The chapter ends with a brief discussion on experimental pos-
sibilities for neutrinoless double beta decay searches. Chapter 2 describes the CUORE
experiment in detail, from the bolometric detectors to all the cryostat components. Some
details about the bolometric technique for particle detection are also discussed. Chapter
3 is dedicated to the CUORE data acquisition and processing which first consist of the
acquisition of the signals coming from particles interacting in the crystals, and then the
analysis techniques needed to produce the final datasets.

The fourth chapter is devoted to the explanation of the CUORE background model
and all the analysis and simulations related to it, together with a brief introduction of
the relevant background sources. Chapter 5 begins with the description of the considered
decay chains, namely the 232Th and 235,238U ones, and the explanation of the analysis ap-
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proach is given. Then the results of the studies on the various coincidences are reported.
Finally, Chapter 6 describes the simulations used for the evaluation of the containment
efficiency, and the determination of the specific activities (in Bq/cm2 or Bq/kg) of the
considered contaminants.
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Chapter 1

Physics of Neutrinoless Double Beta
Decay

1.1 Neutrinos in the Standard Model
The Standard Model (SM) of particle physics has been built around a well known gauge
symmetry, namely SU(3) × SU(2)L × U(1)Y . Within this model, neutrinos, which are
still the least understood and most interesting particles, are SU(3) singlets and form
SU(2)L doublets with their corresponding leptons. In the SM framework, neutrinos are
massless, electrically neutral particles with a −1 hypercharge and comes in three flavours:
electron, muon and tau neutrinos (νe, νµ, ντ ). This distinction arise dynamically from the
fact that weak processes involving charged leptons (e±, µ±, τ±) create or destroy neutri-
nos, so the ν flavour is linked to that of the corresponding charged lepton involved in the
considered process. Moreover another important fact is that neutrinos να (α = e, µ, τ)
are produced in a left-handed (LH) chiral state while antineutrinos ν̄α in a right-handed
(RH) one; this distinction is needed since the whole theory needs to be invariant under
CPT transformations.

The history of these peculiar particles started with their first theorization in 1931 by
the Austrian physicist W. Pauli; he needed to introduce a new particle with no electric
charge and close to zero mass to explain the observed continuum spectrum of beta decay,
which until then was thought to be a two-body decay. Then after three years Enrico
Fermi finalized the beta decay theory by including this new kind of particles and he also
proposed their name: "neutrinos". However the Fermi theory predicted very rare inter-
actions between neutrinos and matter such that their experimental observation required
more than 20 years of researches.
In 1956 the Cowan and Reines experiment provided the first experimental evidence of
the electron antineutrino. They used a flux coming from a nuclear reactor of the Sa-
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Figure 1.1: Fundamental particles predicted by the Standard Model of Particle Physics with
some characteristic quantities.

vannah River complex and were able to observe the inverse beta decay ν̄ep → ne+ in
a liquid scintillator with dissolved cadmium chloride, and combining the prompt signal
from the positron kinetic energy and its annihilation, together with the delayed signal
from the (n,γ) reaction on 108Cd. Moreover they also measured the inverse beta decay
cross section obtaining a result compatible with what the Fermi theory predicted [1].
Then in 1962 the discovery of the muon neutrino νµ was achieved at the Brookhaven
National Laboratories by L.Lederman, M.Schwartz and J.Steinberg by looking for long
muon tracks produced by the reaction ν̄µX → µX ′ using neutrinos coming from pions
decay. So they were able to highlight that the electron and muon neutrinos are two
different particles [2].
The discovery of tau neutrinos came almost 40 year later, due to the fact that the τ
lepton was discovered only in 1975. The last of the three neutrinos was observed by
the DONUT experiment at Fermilab where ντ was produced by the decay of charmed
mesons [3].

1.2 Neutrino Masses
Initially neutrinos were considered to be massless particles and the SM description of
particle physics rely deeply on this property. However, several indications that neutri-
nos are indeed massive particles were accumulated over several decades, until the first
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undisputed proofs in the late nineties by two different and independent experiments: the
Sudbury Neutrino Observatory [4] and the Super-Kamiokande experiment [5]. They were
able to observe neutrino flavour oscillations in solar and atmospheric neutrinos, which is
a possible phenomenon only for massive particles.
Neutrinos flavour oscillations are possible since neutrinos of a precise flavour α = e, µ, τ
are not mass eigenstates, but they can be expressed as a combination of them, namely

να =
3∑
i=1

Uαiνi . (1.1)

The three neutrinos flavour states να can be expressed as the linear combination of the
mass states νi = (ν1, ν2, ν3) with given mass mi = (m1,m2,m3) through the so called
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Uαi [6]. This matrix is parametrized
by three mixing angles θij ∈ [0, π/2) and one phase δ ∈ [0, 2π) which takes into account
the possible CP violations in the ν-sector. For the sake of simplicity cij = cos θij and
sij = sin θij; then

Uαi =

 c13c12 c13s12 s13e
−iδ

−c23s12 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ c13s23

s12s23 − c12s23s13e
iδ −c12s23 − s12s23s13e

iδ c23c13

 . (1.2)

If neutrinos are Dirac particles, the PMNS matrix has the same number and types of
parameters as the Cabibbo-Kobayashi-Maskawa quark mixing matrix. Instead, if they
are Majorana particles (i.e. ν = ν), two additional phases φ21, φ31 have to be added [7].
From existing data it is currently impossible to clearly prove that neutrinos are Dirac or
Majorana particles.

In this framework one can compute the oscillation probability P (να → νβ) which de-
scribes the probability for a ν created with flavour α to be detected as a ν of flavour β;
in the vacuum it takes the form

P (να → νβ) =

∣∣∣∣ 3∑
j=1

UβjU
∗
αj exp

(
− i

∆m2
j1L

2Eν

)∣∣∣∣2, (1.3)

where Eν is the neutrino energy, L is the distance between the creation and detection
point, Uαi are the entries of the PMNS matrix (Eq. 1.2) and ∆m2

ij = m2
i − m2

j is the
mass squared difference, with i, j = 1, 2, 3 and i 6= j. In the 3ν framework only two of
the possible mass squared differences are independent: ∆m2

21 and ∆m2
31(32) [8].

Oscillation experiments cannot provide information on the absolute values of neutrino
masses since the oscillation probability 1.3 depends only on their squared differences
∆m2

ij. While this kind of experiments can give precise measurements of ∆m2
21, they do

not permit the determination of the sign of ∆m2
31 which is needed to solve one very

important open problem about neutrino phenomenology, their mass ordering:
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• If ∆m2
31 > 0 we have Normal Ordering (NO), where m1 < m2 < m3.

• If ∆m2
31 < 0 we have Inverted Ordering (IO), where m3 < m1 < m2.

• If the mass of the lightest neutrino m0 is much greater than
√
|∆m2

31| we have the
Quasi Degenerate (QD) mass spectrum, where m1 ' m2 ' m3.

In the Standard Model, neutrinos are the only neutral fundamental fermions and so they
are the only particles that can be either of Dirac or Majorana type, as first theorized by
Ettore Majorana in 1937 [9]. In the first case particles and antiparticles are different, for
example the electron and the positron; whereas in the Majorana case particles and an-
tiparticles are the same. This two possible natures are strictly related to the conservation
of a quantum number, namely the total lepton number L, defined as

L = Le + Lµ + Lτ . (1.4)

If this quantity is indeed conserved then the neutrinos are Dirac particles, otherwise they
are of the Majorana type. If a process that violates the total lepton number is observed
the nature of neutrinos can be determined. The most important and sensitive process
that would prove the Majorana nature of neutrinos is the neutrinoless double beta decay

(A,Z)→ (A,Z + 2) + 2e− , (1.5)

where A and Z are the mass and atomic number respectively and the total lepton number
conservation is violated by two units.
The fact that neutrinos can be of different types with respect to charged fermions is
widely used in many theories that have the goal to extend the minimal SM by also
including neutrino masses. One example is the Seesaw mechanism of neutrino mass
generation, predicting that neutrinos are of the Majorana type; this mechanism is par-
ticularly significant because it can explain the smallness of neutrino masses as well as
the observed baryon asymmetry in the Universe.

The search for neutrinoless double beta decay is driven by crucial theoretical motiva-
tions: it will allow us to understand the nature of neutrinos and the mechanism that
generates their masses while verifying if the total lepton number is violated. This latter
motivation is both important for the extension of the SM and for the possible explanation
of the matter/antimatter asymmetry in the Universe, so it is directly linked to matter
generation.

1.2.1 Dirac and Majorana Mass Terms

To build a consistent SM Lagrangian for the lepton sector, a term that takes into account
the non zero neutrino masses should be added.
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A Dirac mass term can be built only through a RH neutrino field ναR and a LH field
ναL. Then neutrino masses can be generated in the same way as other fermionic masses,
exploiting the standard Brout-Englert-Higgs (BEH) mechanism via Yukawa interaction.
Before the electroweak symmetry breaking, this term of the Lagrangian can be written
as

L = −
√

2
∑
α,β

LαLYαβνβRΦ̃ + h.c. , (1.6)

where α, β are the flavour indices;

LαL =

(
ναL
lL

)
, (1.7)

is the lepton doublet, νβR the RH neutrino singlet, Φ̃ is the Higgs doublet and Yαβ is
the matrix of dimensionless Yukawa couplings. After spontaneous electroweak symmetry
breaking the Dirac mass term becomes

LDmass = −
∑
α,β

ναL(MD)αβνβR + h.c. , (1.8)

where MD is the product of the vacuum expectation value v ' 246 GeV with the Yαβ
matrix. MD can be diagonalized, allowing to write the Dirac mass term as

LDmass = −
3∑
i=1

miνiνi , (1.9)

where mi > 0 are the neutrino masses, that can be also be written as

mi = vyi , (1.10)

where the yi are the terms of the diagonalized Yukawa matrix.
Considering the NO scenario, one can assume the heaviest neutrino mass to be equivalent
to the largest mass splitting:

m3 '
√

∆m2
31 ' 0.05 eV , (1.11)

where the current best fit value for ∆m2
31 is ∼ 2.52 × 10−3 eV2 [10] [11]. By doing this

it is possible to give an estimation of the Yukawa couplings, from Eq. 1.10 one can get

y3 ' 10−13 , (1.12)

while y1,2 are even smaller. If I compare this value with the Yukawa couplings of other
fermions it is clear that the neutrino Yukawa couplings are strangely small, by at least
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10 orders of magnitude. This fact is usually seen as one of the main evidences against
the neutrino mass generation via SM mechanisms, together with the presence of sterile
RH particles that do not participate in SM interactions.

On the other hand, a massive Majorana fermion can be described by a 4 dimensional
complex spinor χ similar to the classical Dirac one, but satisfying the so-called Majorana
condition

χC = CχT = χ , (1.13)

where C is the charge conjugation operator which inverts all the quantum number of a
particle and it is defined as

C = iγ2γ0 with γ = Dirac Matrices. (1.14)

From this it follows that the independent components of χ are only two with respect to
the four of the Dirac spinor.
Consider now a U(1) global gauge transformation of χ, namely

χ→ eiαQχ , (1.15)

then the condition 1.13 holds true only if Q = 0 which implies that χ cannot carry
quantum numbers such as the electric charge or the lepton number. Moreover as stated
earlier, the PMNS matrix should be extended including also the two extra CP violating
phases φ21 and φ31 [7]. Then the PMNS matrix can be rewritten as

U = UM, with M = diag(1, ei
φ21
2 , ei

φ31
2 ) , (1.16)

where U is the PMNS matrix of Eq. 1.2.
Within the SM neutrinos are the only particles that could be described by a Majorana
spinor χ so it is possible to require that the RH neutrino field has to be equal to the
charge conjugated of the LH one

ναR = CναL
T = (ναL)C , (1.17)

which is an application of the Majorana condition 1.13. Then the Majorana neutrino
field can be written as

να = ναL + ναR = ναL + (ναL)C , (1.18)

and then its charge conjugate νCα will be clearly equal to να itself, meaning that Majorana
neutrinos are their own antiparticles.
Since Majorana fields cannot carry a nonzero additive quantum number, like the total
lepton number (see Eq. 1.4), the mass term will not be invariant under a global U(1)
transformation and so it will be explained only by an extension of the SM. A simple
way to introduce such a mass term is to write a dimension 5 term which is suppressed
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by a very large new energy scale Λ so that the total term will have mass dimension 4,
compatible with what the Lagrangian needs. A possibility is given by

L = − 1

Λ

∑
α,β

LαLΦ̃YαβΦ̃T (LαL)C + h.c. . (1.19)

After the spontaneous electroweak symmetry breaking the Majorana mass term will be
written as

LMmass = −1

2

∑
α,β

ναL
v2

Λ
Yαβ(νβL)C + h.c. , (1.20)

with
MM =

v2

Λ
Yαβ . (1.21)

By diagonalizing Y with the PMNS matrix (Eq. 1.16), the neutrino masses are obtained

mi =
v2

Λ
yi =

v

Λ
vyi . (1.22)

This latter equation allows to estimate the scale Λ, assuming that the largest of neutrino
masses mi is m3 ' 0.05 eV and that the parameter y3 is of the order of 100 − 10−1, one
gets

Λ ' 1014,15 GeV , (1.23)

which is a very large energy scale that cannot be currently probed in a laboratory. This
is an example of the so-called Seesaw mechanism (Type I) [12].

1.3 Double Beta Decay
Neutrino oscillations cannot be used to study the nature of neutrinos because of one
main reason: flavour oscillations conserve the total lepton number.
To test the nature of these particles, it is necessary to look for processes that violate
lepton number conservation. The most sensitive and important one is the neutrinoless
double beta decay (0νββ). In this process, which takes place in nuclei, two neutrons
(down quarks) undergo β− decays at the same time producing two protons (up quarks)
and two electrons, without neutrino emission. This missing ν emission, νe to be precise,
is possible if and only if neutrinos are Majorana particles because this process violates
lepton number by two units and so it is not allowed in the minimal SM. For this reason
the detection of this peculiar process will give clear evidence of the Majorana nature of
neutrinos.
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1.3.1 Two Neutrino Double Beta Decay (2νββ)

To better understand the physics of neutrinoless double beta decay, I will first introduce
two neutrino double beta decay (2νββ). It still is a very rare process that takes place
in nuclei, but here the two electron anti-neutrinos are present in the final state, which
means that in this kind of process the total lepton number is conserved. The reaction in
nuclei is written as

(A,Z)→ (A,Z + 2) + 2e− + 2νe, (1.24)

while considering elementary constituents

d+ d→ u+ u+ 2e− + 2νe (1.25)

and its Feynman diagram is

d u
e−

νe

d u

νe

e−

W

W

Figure 1.2: Feynman diagram for the 2νββ decay involving elementary particles.

This process is heavily suppressed since it is a second order weak process that takes
place in nuclei when the single beta decay is energetically forbidden. Some suitable
isotopes for which 2νββ decay searches can be made are: 76Ge, 100Mo, 130Te and 136Xe.
Because of the heavy suppression the half-lives of these isotopes vary between 1018 and
1024 years.
The 2νββ half life is expressed by:

1

T 2ν
1/2(A,Z)

= G2νg
4
A|mec

2M2ν(A,Z)|2 , (1.26)

where G2ν is the phase space factor, gA is the axial vector coupling constant, me the mass
of the electron and M2ν(A,Z) is the nuclear matrix element, that can be determined by
studying nuclear properties of the isotopes present in the reaction and it is the main
source of uncertainty in the calculations.
For the majority of double beta experiments, the significant quantity that can be mea-
sured in the final state of double beta decays, both with or without neutrinos, is the sum
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of the kinetic energy of the produced electrons. In the 2νββ case it forms a continuous
spectrum from 0 up to the endpoint energy, where the two neutrinos are produced close
to at rest. This endpoint energy is the Qββ of the reaction and it is defined as

Qββ = m(A,Z)c2 −m(A,Z + 2)c2 , (1.27)

where m refers to the atomic masses.
Figure 1.3 reports the 2νββ decay spectrum, which will be very important for the dis-
cussion about 0νββ decay and it is similar to the well known spectrum of the single β
decay.

Figure 1.3: Energy spectrum for 2νββ decay (black) and, as an anticipation, for 0νββ decay
(red). In the x-axis label Q Value stands for the Qββ of Eq. 1.27.

1.3.2 Neutrinoless Double Beta Decay (0νββ)

Neutrinoless double beta (0νββ) decay is a theorized beyond SM process that involves
total lepton number violation, because in this case the final state consists of only two
electrons and two up quarks. As for 2νββ, the reaction is expected to take place in nuclei
and it is written as

(A,Z)→ (A,Z + 2) + 2e−, (1.28)

and with only elementary constituents

d+ d→ u+ u+ 2e−, (1.29)

then the Feynman diagram becomes
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d u

e−

d u

e−

W

W

X

Figure 1.4: Feynman diagram for the 0νββ decay involving elementary particles.

In the simplest case, which does not involve the introduction of new particles, the
exchanged particle X is one of the three known light neutrinos. Since the exchanged
neutrino needs to be both emitted and absorbed it has to be equal to its antiparticle,
which is possible if and only if neutrinos are Majorana particles.
Many research programs for 0νββ decay are working or are under development (see
Section 1.4) because its discovery would prove that lepton number is not one of the
fundamental symmetries of nature and that neutrinos are indeed Majorana fermions.
Moreover, precise measurements would also give information about the neutrino mass
hierarchy and mass scale [13].
Considering the light neutrino exchange, the decay half-life T 0ν

1/2 can be obtained starting
from the interaction Lagrangian [14], it can be expressed as

1

T 0ν
1/2(A,Z)

= G0ν(Qββ, Z)g4
A|M0ν(A,Z)|2 |mββ|2

m2
e

, (1.30)

where an additional term related to beyond SM physics, the effective Majorana mass
mββ, is present with respect to Eq. 1.26. mββ is defined as

mββ =
3∑
i=1

U2
eimi, (1.31)

where U is the PMNS matrix of Eq. 1.16. A measurement of T 0ν
1/2 would give information

on the effective Majorana mass which contains the physics not explained by the minimal
SM. The equation 1.31 can be expanded to make the PMNS matrix elements explicit:

mββ = m1|Ue1|2 +m2|Ue2|2eiφ21 +m3|Ue3|2ei(φ31−2δ), (1.32)

where mi are the three neutrino masses, Uei are the elements of the first row of the
matrix 1.2 and φ21, φ31 and δ are the two Majorana and one Dirac phases.
The main concern in the derivation of mββ from experimental measurements is the cal-
culation of the nuclear matrix element M0ν , which can be determined by using different
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nuclear models with their chosen approximations, and does not depend on neutrino re-
lated quantities. Different nuclear models can provide very different values forM0ν , so its
precise determination will be very important for 0νββ searches in the future. A review
about this theoretical subject can be found in [15].

The determination of the effective Majorana mass would give important information
on the neutrino mass spectrum and on the overall neutrinos mass scale. A deeper look
into mββ will allow us to better understand what is already known and what will be
studied by 0νββ experiments. The expanded Eq. 1.32 takes the form

mββ = c2
12c

2
13m1 + c2

13s
2
12e

iφ21m2 + s2
13e
−i2δeiφ31m3, (1.33)

which is a complex number; if for simplicity φ31 − 2δ = Φ then its absolute value is

|mββ| = |c2
12c

2
13m1 + c2

13s
2
12e

iφ21m2 + s2
13e

i(φ31−2δ)m3| =
= |c2

12c
2
13m1 + c2

13s
2
12(cosφ21 + i sinφ21)m2 + s2

13(cos Φ + i sin Φ)m3| =

=
√

(c2
12c

2
13m1 + c2

13s
2
12m2 cosφ21 + s2

13m3 cos Φ)2 + (c2
13s

2
12m2 sinφ21 + s2

13m3 sin Φ)2.

(1.34)

Some of these parameters are well know while others need to be probed experimentally
in the future:

• the two mixing angles θ12 and θ13 are obtained with good precision (∼ 3%) by
oscillation experiments, respectively by solar and short baseline nuclear reactor
experiments [16];

• the neutrino masses mi are not currently known, but the effective Majorana mass
could also be written in terms of neutrino squared mass differences; oscillation ex-
periments have measured ∆m2

21, which is also called solar squared mass difference,
and the absolute value of ∆m2

3l (related to the atmospheric squared mass differ-
ence). The sign of the latter quantity depends on the mass ordering: it will be pos-
itive for NO, with l = 1 and negative for the IO, with l = 2 [10][11][17]. Moreover,
information on neutrino masses can be extracted from cosmological studies that
can set upper bounds of around 0.9 eV on the total neutrino mass Σ = m1+m2+m3

[18];

• no experimental evidence or predictions are available on the two Majorana phases
φ21 and φ31.

In the Table 1.1 the results of the most recent fits of the effective Majorana mass
parameters are outlined [10][11].
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Table 1.1: Most recent values for the parameters of the effective Majorana mass mββ , excluding
the two Majorana phases for which an experimental measurement is not currently available.

Parameter Normal Ordering Inverted Ordering

θ12 [°] 33.45+0.77
−0.75 33.45+0.78

−0.75

θ13 [°] 8.62+0.12
−0.12 8.61+0.14

−0.12

δ [°] 230+36
−25 278+22

−30

∆m2
21

10−5
[eV2] 7.42+0.21

−0.20 7.42+0.21
−0.20

∆m2
3l

10−3
[eV2] +2.510+0.027

−0.027 (l = 1) −2.490+0.026
−0.028 (l = 2)

It is important to have predictions of the effective Majorana mass because it is di-
rectly linked to the half-life of the decay (see Eq. 1.30). Notice that all the numerical
bounds onmββ are obtained considering the 3σ error on the oscillation parameters, which
are not listed in this thesis but are accessible in Ref. [11]. Moreover, notice that all the
predictions for the mββ depends on the two Majorana phases, which are not precisely
known, then to obtain the different bounds these two phases are varied in their allowed
range [0°,360°].
Depending on the value of the lightest neutrino mass m↓, mββ behaves in different ways
for the possible mass orderings, see Figure 1.5.
If m↓ > 10−2 eV the mββ bands are degenerate and the mass spectrum is considered QD.
If the value of m↓ is between 10−3 eV and 10−2 eV there are combinations of the param-
eters entering the mββ definition that might lead to it vanishing and other combinations
that allow a bound in the IO case. Then if m↓ < 10−3 eV more precise bound on mββ

can be found for both normal and inverted mass orderings:

• In NO m1 < m2 < m3, then in Eq. 1.34 the m1 contribution can be neglected and
an approximation of the effective Majorana mass is given by

|mββ|2NO ' c4
13s

4
12∆m2

21 + s4
13∆m2

31 + 2c2
13s

2
12s

2
13

√
∆m2

21∆m2
31 cos(φ21 − φ31 + 2δ) ,

(1.35)
The first term is suppressed by ∆m2

21, the second by sin4 θ13 and the last one by
the same dependencies. The obtained prediction is then

|mββ|NO ' (1.1− 4.2) meV . (1.36)

In this case the scale is much smaller than the sensitivity of planned 0νββ decay
experiments. The observation of anomalies in short-baseline oscillations experi-
ments [19] might suggest the existence of sterile neutrinos in the eV scale; their
contribution to the effective Majorana mass will then make this spectrum verifiable
with future 0νββ decay experiments.
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• Instead in IO m3 < m1 < m2, so the m3 contribution can be neglected. One has

|mββ|2IO ' |∆m2
32| cos4 θ13

(
1− sin2 2θ12 sin2 φ21

2

)
. (1.37)

In this case the prediction is one order of magnitude higher than the one in the
Normal Ordering case, namely

|mββ|IO ' (15− 50) meV . (1.38)

Current and planned ton scale 0νββ decay experiments aim to cover a part of this
interval, thus the nature of neutrinos in the inverted ordering hypothesis will be
probed.

4−10 3−10 2−10 1−10 1
 [eV]lightm

4−10

3−10

2−10

1−10

1

 [
eV

]
ββ

m

 decay limit (90% CL), largest NMEββν0

 decay limit (90% CL), smallest NMEββν0

Figure 1.5: Allowed regions for mββ as a function of the lightest neutrino mass, assuming the
central values of the PMNS matrix parameters [20]. The orange area refers to the normal
ordering while the green to the inverted one. Grey areas are regions already excluded by 0νββ
decay experiments.

In the QD spectrum case some approximations can be done, here three neutrino
masses are similar m1 ' m2 ' m3 = m0. With this spectrum hypothesis the mββ takes
the form

|mββ|QD ' m0

∣∣(cos2 θ12 + sin2 θ12e
iφ21) cos2 θ13 + ei(φ31−2δ) sin2 θ13

∣∣ , (1.39)
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then by plugging in the numerical predictions

|mββ|QD ' (0.29− 1.0) m0 . (1.40)

As expected this prediction depends on the scale of neutrino masses which its determi-
nation is currently an open problem [21]. In the last years, the KATRIN experiment,
exploiting the tritium β decay, were able to put an upper bound on m0 at the order of 0.9
eV (at 90% confidence level) [22]; improving previous results from other 3H decay searches
such as the Mainz [23] and Troitsk [24] experiments. In the future the KATRIN experi-
ment will aim to investigate this upper bound on m0 with a better sensitivity (∼ 0.2 eV).

Another very useful way to look at the effective Majorana mass is by writing it as a
function of the lightest neutrino mass m↓: m1 in the NO spectrum and m3 within the
IO one. Because the masses of the other two neutrinos can then be written in terms of
m↓ and the mass squared differences (∆m2

21, ∆m2
31(32)). In the NO case

m1 = m↓ ,

m2 =
√
m2
↓ + ∆m2

21 ,

m3 =
√
m2
↓ + ∆m2

31 .

(1.41)

While in the IO one

m1 =
√
m2
↓ −∆m2

32 −∆m2
21 ,

m2 =
√
m2
↓ −∆m2

32 ,

m3 = m↓ .

(1.42)

This descriptions allow to obtain the graph shown in Figure 1.5, where the allowed re-
gions of mββ are obtained by computing it using its two possible approximations (in NO
and IO) while propagating the uncertainties of the known parameters and considering
the extreme values of the ranges of the unknown Majorana phases [25].

Before discussing about the current and future experimental 0νββ decay searches, one
has to keep in mind that present data cannot predict effectively what is the correct or-
dering, but future experiments will aim to have an high enough sensitivity to be able
to cover the lower part of the inverted ordering mββ allowed region (see green band in
Figure 1.5); if possible this will give crucial information about this open problem in
neutrino physics.
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1.4 Experimental 0νββ Decay Searches

1.4.1 T 0ν
1/2 and mββ Dependences on Experiment Features

To better understand current results and bounds obtained by 0νββ decay experiments,
one has to acknowledge how the main observable of this kind of searches (i.e. the decay
half-life T 0ν

1/2) depends on quantities directly linked to the experimental set up.
Figure 1.3 shows that 0νββ experiments need an excellent energy resolution and detection
efficiency in a Region Of Interest (ROI) around Qββ.
During a time interval t, the number of occurring decays is

ND = N0

(
1− e

− ln 2

T0ν
1/2

t
)
, (1.43)

where N0 is the initial number of the emitting isotopes. Since T 0ν
1/2 is much greater than

the usual experimental time scale t, ND can be expanded as

ND ' N0
ln 2

T 0ν
1/2

t . (1.44)

A common solution to maximize the sensitivity of the detector is to build them directly
with material that contains the decaying isotope. Some materials can be isotopically
enriched, yielding an increase of N0, which can be written as

N0 =
NA

ma

fenm , (1.45)

where NA is the Avogadro number, ma the atomic mass of the isotope, fen is the enrich-
ment fraction and m the total mass of decaying material. This the expected number of
signal events becomes

NS = ND · fAV · ε =
NA ln 2

T 0ν
1/2ma

fen · fAV · ε ·mt (1.46)

where fAV is the active volume fraction and ε the total efficiency. The quantitymt is also
called exposure (expressed in kg·yr), and captures the rate with which an experiment
can collect signal events.
It is very important to consider the number of background events NB in the ROI. These
kinds of events might be caused by a lot of different sources, but the most relevant ones
are radioactive contamination of the detector components or the cosmic radiation. NB

can be expressed as
NB = BI ·∆E ·mt , (1.47)

BI stands for Background Index which is the average background level in the ROI and
it is expressed in counts/(keV·kg·yr) and ∆E is the width in keV of the ROI.
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To have a higher sensitivity to possible 0νββ decay events NB has to be minimized, that
is feasible via a lower BI or by minimizing the ROI so that fewer background events will
be present in it. The background can be suppressed in an active or passive way: the
latter means by screening the detector from external events while the former means by
implementing particle discrimination or by looking to events topologies. While the ROI
minimization is related to an optimization of the energy resolution ∆E.

The sensitivity to T 0ν
1/2 can be estimated by considering it as the time needed to col-

lect a number of signal events NS equal to the uncertainty on the number of background
events NB, this holds for high background experiments like the CUORE experiment.
Since NB follows the Poisson distribution this condition becomes

NS =
√
NB , (1.48)

then from Eq. 1.46 and 1.47

NA ln 2

T 0ν
1/2ma

fen · fAV · ε ·mt =
√
BI ·∆E ·mt , (1.49)

and by isolating T 0ν
1/2

T 0ν
1/2 =

NA ln 2

ma

fen · fAV · ε ·
√

mt

BI ·∆E
. (1.50)

The result from this description is that the half-life T 0ν
1/2 depends on the square root of

the exposure divided by the BI. Additionally, from Eq. 1.30, |mββ| depends on 1/
√
T 0ν

1/2;
so an exposure increase and a background reduction will correspond to an improvement
on the effective Majorana mass.

1.4.2 Current Results from 0νββ Decay Experiments

There are a lot of experiments focused on this open problem of neutrino physics, but at
present times 0νββ decay events has not been observed yet. Then a variety of projects
are currently arising, aiming to reach an improved sensitivity.
Neutrinoless double beta decay experiments mainly differ depending on the chosen iso-
tope, because different isotopes have distinct Qββ and its position in the energy spectrum
is correlated to the possible background events in the ROI.

• If the Qββ is lower than 2615 keV, which is the 208Tl γ line and it is the end
point of natural gamma radioactivity, then the background coming from this kind
of radiation is not negligible and has to be accounted for in the design of the
experiment.
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• If Qββ is above the 2615 keV threshold the background is much lower and mainly
consists of cosmic rays and α radiations. So an isotope with high Qββ is typically
favored for 0νββ searches.

Other factors that impact the choice of the isotope are its natural abundance, the en-
richment possibility and its availability or cost.
At the same time, the isotope choice is related to the features of the detector such as
the efficiency and the energy resolution, but also the possibility to scale the technology
in terms of time of work and active mass (exposure) while maintaining the detector sta-
bility.
Moreover, background reduction aspects of the detector have to be taken into account
when considering the possible isotopes and detection technologies. The most important
ones are the level of radiopurity of the material and the possibility to shield itself from
external background sources.
Table 1.2 reports the reaction, the Qββ and the natural isotopic abundance of the most
studied ββ emitting isotopes that might undergo neutrinoless double beta decay.

Table 1.2: List of the most commonly used isotopes in 0νββ decay experiments. Listed here
are the reactions, the values of their Qββ and the isotopic abundances (from [26]).

Isotope Reaction Qββ [keV] Isotopic Abundance [%]
48Ca 48Ca→48Ti 4268 [27] 0.2
76Ge 76Ge→76Se 2039 [28] 7.7
82Se 82Se→82Kr 2998 [29] 8.7
96Zr 96Zr→96Mo 3356 [30] 2.8

100Mo 100Mo→100Ru 3034 [28] 9.8
116Cd 116Cd→116Sn 2813 [31] 7.5
130Te 130Te→130Xe 2527 [31] 34.1
136Xe 136Xe→136Ba 2456 [32] 8.9

In the last part of the first chapter I will briefly review two 0νββ decay experiments,
namely GERDA and KamLAND-Zen, because they obtained the best results related
to the investigated isotope. They used different isotopes and analysis strategies and of
course these are only an example of the many experiments in working in this research
field or planned for the future. This review about them will be useful if compared with
the CUORE experiment description, which will be discussed in a deeper way in the next
chapters.
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GERDA

The GERmanium Detector Array (GERDA) experiment, was located at the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy, searched for the 0νββ decay of 76Ge using
high purity Ge detectors made of a material enriched in 76Ge.
GERDA used a total mass of 35.6 kg of high purity Ge detectors placed inside a liquid
Ar cryostat that was used both for cooling and shielding from external particles coming
from cosmic rays. This cryostat was then surrounded by a tank containing very pure
water that serves as an additional shield and as a Cherenkov muon veto, surrounded by
Photo Multiplier Tubes (PMTs), and instrumented with plastic scintillators at the top.
A scheme of the GERDA experimental setup is shown in Figure 1.6 [33] [34].

Figure 1.6: GERDA experimental setup. Above the tank there was a clean room with a glove
box and a lock for the assembly and placement of the inner part of the detector. For an in
depth description of all components see [34].

Phase-II of the GERDA experiment was designed to improve the sensitivity on T 0ν
1/2

by at least one order of magnitude with respect to their phase-I results [35]; to do this
the energy resolution and the background events discrimination had to be improved too.
They moved from traditional high purity Ge detectors to broad energy ones (BEGe) ones
and instrumented the liquid Ar cryostat to behave as veto.
The phase-I already reached almost an optimal background rejection, so to improve it
even more they noticed that:

• Most background events came from radioactive nuclei in materials close to the main
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detectors. So they opted to reduce to the minimum these materials around it or to
replace them with ones with a lower level of radioactive contamination.

• 0νββ decay events will deposit the Qββ energy closely to the detector (R ∼ mm),
while background events (such as 2νββ decay events) might deposit their energy
also in the liquid Ar. So using the topology of background events and applying
scintillation readout technologies to the liquid Ar cryostat (LAr veto system), the
background contribution was decreased even more.

The GERDA experiment was crucial because of its capability of rejecting background
events. This property can be compared with other non-76Ge experiments via a normal-
ized BI. The GERDA BI was at least a factor five smaller than the one obtained by other
experiments. In particular they reached a BI in ROI of 0.6× 10−4 counts/(keV·kg·yr).
During phase-II a clear signal event wasn’t detected, so the GERDA collaboration was
able to set a lower bound on the 0νββ decay half life: T 0ν

1/2 > 8.0× 1025 yr at a 90% con-
fidence level (CL). This limit, using the knowledge on phase space factors and nuclear
matrix elements, was translated into an upper bound on the effective Majorana mass
mββ, namely mββ < (120− 260) meV [33].
The energy spectrum in the analysis range around Qββ is portrayed in Figure 1.7.

Figure 1.7: Energy spectrum, in a zoomed region around the Qββ , for phase-I/II coaxial Ge
detectors and phase-II BEGe ones. The blue lines show the supposed 0νββ signal for T 0ν

1/2 =

8.0 × 1025 yr on top of their own constant background. The grey vertical bands are excluded
from known photon lines. For a full depiction of the energy spectra see Figure 1 in [33].
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This experimental research group has subsequently teamed-up with the one of the
MAJORANA Demonstrator experiment, which also exploits the 76Ge as 0νββ decay
source in a "background free" regime but uses different data acquisition technologies
[36]. Having two independent experiments that work with similar background is leading
to the construction of the LEGEND experiment that will combine the strengths of the
two research collaborations. This experiment will use 200 kg of 76Ge and will aim to a
half life scale of 1027 yr [37].

KamLAND-Zen

KamLAND-Zen [38] is a very high sensitivity experiment searching for neutrinoless dou-
ble beta decay of 136Xe, with Qββ at 2456 keV. This experiment is located in the Kamioka
mine in Japan and it uses the KamLAND (Kamioka Liquid scintillator AntiNeutrino De-
tector) facility. It is placed nearly 1 km underground because of the needed screening of
the cosmic rays, which contribution is predominant at sea level.
The main components of the detector are: a steel tank containing a very pure liquid
scintillator (LS), made of mineral oil, benzene and other fluorescent chemicals; at the
heart of it, is placed an inner balloon made of a very thin casing of transparent nylon
and filled with enriched Xenon dissolved in a decane (C10H22) based LS. The scintillation
photons produced by the electrons coming from the 0νββ decay are observed by a grid
of PMTs placed around the steel tank. Outside of it there is water acting as a Cherenkov
detector for muon identification, that also acts as a radiation shield from the surrounding
rock.
This experimental setup has the pros to be relatively low costed, to be capable of doing
observations in other physical fields in parallel to the main one and it can easily scale up
its statistics, proportional to the quality of its results, for example via the addition of
Xe in the inner balloon or by improving the radioactive purification of the environment.
In Figure 1.8 is shown a scheme of the KamLAND-Zen experiment [38].
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Figure 1.8: The KamLAND-Zen detector, placed at the KamLAND facility. A figure of a man
is placed on the top to better understand the dimensions of the apparatus.

The first phase of data acquisition, using 320 kg of enriched Xe, was strongly influ-
enced by the 110mAg β− decay (Q = 3.01 MeV). The presence of the decay of this Ag
metastable state and also other contamination coming from the 238U chain were con-
sidered to be caused by the 2011 Fukushima nuclear accident, that happened when the
main part of the reactor was being built in a University ∼ 120 km from the location of
the nuclear reactor.
After the first phase, a purification campaign started in which the inner balloon and the
Xe sample were purified via different procedures.
The phase-II started with an increased enriched Xe sample (380 kg) and a decrease of
order 10 was observed in the 110mAg contamination. Other types of background processes
were present.
Very recent results from the KamLAND-Zen collaboration exploited a very high expo-
sure, namely 970 kg·yr, allowed them to set a lower limit on the 136Xe 0νββ decay half life
of T 0ν

1/2 > 2.3×1026 yr at a 90% CL. From this limit they also obtained the corresponding
upper limit on the effective Majorana mass as mββ < (36 − 156) meV, using improved
phase space factor and nuclear matrix elements calculations [39]. Figure 1.9 reports the
energy spectra in the central region with the experimental data and the models for the
background processes together with the limit on 136Xe 0νββ decay events.
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Figure 1.9: Energy spectra of the events in the inner part of the detector. Notice the limit on
the 136Xe 0νββ decay events in light blue, together with the best-fit for various background
contributions. Plot courtesy of [39].

In the future the KamLAND2-Zen experiment plan to achieve a sensitivity on the
effective Majorana mass that would cover the whole IO region and the branch point of
the NO/IO mass spectrum, targeting a value for the mββ of around 20 meV with the
need for better background discrimination techniques and improved energy resolution at
Qββ[40].
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Chapter 2

The CUORE Experiment

2.1 Introduction
The Cryogenic Underground Observatory for Rare Events (CUORE) is an experiment
designed to search for the neutrinoless double beta decay of 130Te using Te02 crystals. It
is located at the LNGS in Italy and it is the first ton-scale bolometric detector that looks
for this very rare decay. It started its operation in 2017, after many years of research
and tests with its predecessors CUORICINO [41] and CUORE-0 [42], and it is expected
to perform data taking until reaching a total exposure of 3 ton·yr [43].
The CUORE detector is composed of 19 towers of 988 TeO2 crystals working as bolome-
ters at cryogenic temperatures (∼ 10 mK). The total mass of TeO2 is 742 kg which
corresponds to 206 kg of active isotope (130Te). The cryogenic conditions allow the crys-
tals to detect particles thanks to the rise of temperature induced by their energy deposit.
In CUORE the emitting source and the detector are the same since the crystals contains
the active isotope and operate as particle detectors.
The CUORE main goal is to reach a discovery sensitivity of 4× 1025 years on the 130Te
0νββ decay half life. This goal can be achieved with a BI of 10−2 counts/(keV·kg·yr)
and at an energy resolution of 5 keV in the ROI, which is around the Qββ = 2527 keV
[44].
As well as other 0νββ decay experiments (see Section 1.4.2), CUORE aims to reconstruct
the energy spectrum of the double beta emitter and try to distinguish an event excess
in the ROI. CUORE chose 130Te as the candidate isotope mainly because of its high
isotopic abundance, already shown in Table 1.2, that allows to grow the TeO2 crystals
without the need of an enrichment procedure. Moreover the Qββ of the reaction is above
most of the relevant radioactive γ background but still below the 2615 keV end-point.
The background suppression is another key point of rare event searches like CUORE.
To achieve this various shields are used in the experiment, like lead shield for γ rays
and polyethylene ones for neutron induced background; together with the natural shield
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which is the Gran Sasso mountain.

In this chapter I will discuss the design of CUORE, starting from the external part
of the detector, and how the search for 0νββ decay is performed.

2.2 Experimental Setup

2.2.1 LNGS Underground Site

To reduce the ubiquitous background coming from cosmic rays, experiments looking for
very rare processes must be located underground. The CUORE experiment has been
built in Hall A of the LNGS, an INFN underground facility located in central Italy
(Assergi, AQ).
The site is below the Gran Sasso mountain and it is shielded by 1400 m of rock (equivalent
to 3600 m of water). This shield allows a reduction of the cosmic rays flux by 6 orders
of magnitude with respect to the surface flux, thus reducing the possible background
induced by these external particles [45].
Figure 2.1 shows a sketch of the LNGS underground laboratories.

Figure 2.1: Sketch of the LNGS laboratories below the Gran Sasso mountain. The hall names
are shown in the figure. The only way to access the underground site is by car through the
highway tunnel that passes below the mountain.
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2.2.2 TeO2 Bolometric Detectors

In CUORE the TeO2 bolometric detectors measure energy deposits by measuring a tem-
perature increase ∆T in the TeO2 absorber that is induced by the energy deposited by
the particle. The cryogenic temperature is needed for the correct functioning of the
bolometers and so that the detector will be sensible to small temperature increases.
The main advantage of bolometric techniques is the excellent energy resolution of 0.2-0.3%.
However one has to take into account the technological challenge of cooling a very large
mass to milliKelvin temperatures and maintaining this conditions for the entire duration
of the experiment.

Cryogenic temperature calorimetry using crystals made with active ββ emitting isotopes
was already developed in the early 1980s [46]. This early researches activities already
highlighted TeO2 crystals as suitable candidates for the search of 130Te 0νββ decay in
cryogenic conditions because of their thermodynamic and optical properties, as well as
their commercial availability [47]:

• Tellurium dioxide (TeO2) can easily be produced on a large scale.

• The established production techniques together with very low natural contamina-
tion allow the crystals to also have a very good radio-purity.

• TeO2 is both dielectric and diamagnetic. At low temperatures its heat capacity C
is described by the Debye law

C(T ) ∝
(
T

TD

)3

, (2.1)

where TD = 232 K is the Debye temperature of the material, which can be obtained
experimentally [48]. Since TD is much greater than T , the heat capacity C is very
low giving rise to a large temperature difference ∆T when some energy deposition
occurs. In fact, the energy deposition is given by the formula:

∆T =
E

C(T )
. (2.2)

Therefore, the small heat capacitance yields an excellent energy resolution.

• Furthermore, the thermal expansion coefficient of TeO2 crystals is close to the
copper (Cu) one [49], making copper suitable for the construction of the detector
support structure.

CUORE employs 988 TeO2 cubic crystals of 5 cm per side. Each crystal weighs in average
750 grams, which corresponds to 208 g of 130Te per unit. A picture of a CUORE crystal
is shown in Figure 2.2.
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Figure 2.2: Closer look at a CUORE TeO2 crystal, figure courtesy of [50].

The sensor used to measure temperature variation is a Neutron Transmutation Doped
Germanium (NTD-Ge) thermistor which works as a voltage transducer. This thermis-
tors converts the thermal signal produced by the deposited energy in the absorber into
a voltage pulse, that is read out by the data acquisition system.
This kind of thermistors were chosen for CUORE because they have a wide temperature
range of work, their readout technology is simple and their response is quite stable with
respect to temperature variations. On the other hand they have a slow response, of the
order of tens of ms, so they can not sustain high rates of events. However 0νββ decay
experiments aim to have very low background rates and so the NTD-Ge are appropriate
for rare event searches.
The NTD sensor is glued to the crystal using 9 spots of epoxy glue. Laying the glue in
spots and not in a uniform way, will deliver a better thermal coupling and a lower risk of
crystal fractures during the cooling procedure. The spots have a 0.5 mm diameter and
a 50 µm thickness, they are all posed by a mechanical arm so that they will be always
in the same position and with the same spacing for all the single detector units. This to
guarantee the uniformity between all detectors [51].
For future bolometric experiments, like the CUORE update CUPID (CUORE Update
with Particle Identification), this thermistor technology can be improved and research
and development around this topic is currently ongoing [52].
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Figure 2.3: On the left a picture of a CUORE NTD-Ge thermistor. While on the right a picture
of a CUORE silicon heater chip. Pictures taken from [51].

In addition to the NTD, each crystal is equipped with a silicon joule heater, see Figure
2.3 (right), consisting of a strongly doped Si semiconductor with a resistance of 300 kΩ.
They are designed to periodically deliver a precise amount of heat to the detector for
gain stabilization meanings. As well as the NTD thermistors, the Si heaters are glued to
each unit using mechanically placed epoxy glue.
Each crystal is supported at its vertices by 8 PoliTetraFluoroEthilene (PTFE) holders
mounted on a copper support structure. The PTFE holders act as thermal link to the
copper heat bath. The copper used by CUORE is of type NOSV, chosen because of
its low radioactivity component and absence of hydrogen, which makes it suitable for
cryogenic operation. Figure 2.4 (left) shows the entire CUORE detector setup.

2.2.3 CUORE Cryostat System

The sensitivity of CUORE detectors to energy deposition depends on the temperature
of the heat bath (see Eq. 2.2) and a very low T is needed to have a higher Signal to
Noise Ratio (SNR). The CUORE cryostat system has been designed to fulfill the need to
have the experiment operating at cryogenic temperatures, around 10 mK, in a stable way
for 5 years. The cryogenic cooling system consists of three main parts: the Fast Cool-
ing System (FCS), the Pulse Tube cryocoolers (PTs) and the He Dilution Unit (DU) [53].

Figure 2.4 (right) shows a schematic view of the CUORE cryostat system. The CUORE
cryostat is a multi stage system made of six nested Cu vessels with six different tempera-
tures, decreasing going deeper towards the detector. Their temperatures are (see Figure
2.4 right): 300 K, 40 K, 4 K, 800 mK, 50 mK and 10 mK. From now on, every vessel will
be indicated by its temperature. The 300 K and 4 K vessels define two vacuum volumes,
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Figure 2.4: Picture of the CUORE towers (left) after the installation of all components. Ren-
dering of the CUORE cryostat (right). The different stages are labeled with their temperatures.
The lead shields are also highlighted in this picture. The CUORE detectors in the internal stage
is said to be the coldest cubic meter of the known Universe. Pictures taken from [50].
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the Outer and Inner Vacuum Chambers (OVC and IVC), and are kept at pressures of
the order of 10−6 and 10−8 mbar respectively. The choice of the vessel material was very
important because its possible contamination would impact the CUORE background.
Vessels and plates, beside the 300 K upper plate, are made of very high purity copper.
Two types of Cu were used:

• the 10 mK vessel is made of the same type of copper as the detector Cu frame
(NOSV-Cu) which, together with the low radioactive component, needs to have a
low hydrogen content. This is needed because at ∼ mK temperatures H2 molecules
can slowly convert from ortho to para H2 causing heat leaks that will impact the
detector stability [54];

• the other vessels are made of a different type of copper called Oxygen-Free Elec-
trolytic (OFE) Cu, which has a purity of 99.99%.

The main radioactive components of the Cu vessels, and also the inner frame, comes from
Th and U bulk contamination. Therefore, a systematic campaign of material selection
has been performed to select the copper with the highest radiopurity.

Fast Cooling System and Pulse Tubes

The CUORE cooling procedure is divided in stages. The first one has the goal to cool the
whole system to a temperature around 30-40 K. This first cooling is initially performed
by the FCS [53] [55] thanks to a flow of a cold 4He gas pumped through the IVC volume
using PTFE tubes and then extracted from the inner vacuum chamber. The helium gas
allows the IVC to reach a temperature of 200 K, then at this point the PTs are turned
on and drive the temperature to the needed 30-40 K; then only the PTs stay on for
subsequent cooling phases.
PTs will then take over for the second cooling phase. A PTs cryocooler uses 4He gas
in a closed circuit to cool down the IVC, exploiting its iso-enthalpic expansions. These
expansions are obtained by varying the pressure inside the circuit, which is connected
to the 4 K vessel. The pressure varies periodically thanks to a room temperature valve
that connects the PTs to an external compressor.
The nominal values of the cooling power of the PTs, found in [53], lead to a minimum of
three PTs needed to reach the 4 K temperature during the second cooling phase. How-
ever the CUORE experiments mounts five of them, for redundancy.
The main advantages of a gaseous cooling system, commonly referred as "dry", with
respect to a system based on liquid helium (referred to as "wet"), are the higher duty
cycle granted by the absence of frequent refills, and the reduced operation cost pro-
vided by the negligible losses of 4He. A disadvantage encountered with the PTs system
are the possible vibrations due to pressure variation in the tubes that might be induced
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to the cryostat. Extensive work has been put into minimizing this noise contribution [56].

Dilution Unit

The last phase of the cooling procedure is driven by the DU and allows the detector
to reach ∼ 10 mK working temperature. The DU is filled with a 3He-4He mixture
(17%-83%) cooled at around 4 K by the PTs in an initially homogeneous state. The
mixture is then pumped along the DU by a room temperature pump. Below 0.87 K
(see Figure 2.5 left) the mixture separates in two distinct phases: one 4He Bose liquid
with a low 3He concentration (3He dilute phase) and an almost pure 3He Fermi liquid
(3He concentrate phase). The two phases have different densities and so they remain
separated inside the DU. The enthalpy of the 3He dilute phase is higher than the 3He
concentrate one so 3He atoms will move from the concentrate phase to the dilute one in
order to reach equilibrium. This reaction is endothermic and subtract energy from the
cryostat environment, generating the cooling power of the DU [57].
To achieve the continuous cooling required by CUORE, the 3He dilute phase is kept out
of equilibrium by extracting 3He atoms and injecting them back in the DU. The CUORE
DU consists of two lines containing the 3He-4He mixture; this allows the DU to continue
its operation even if one of the two lines fails.

Figure 2.5: 3He-4He mixture phase space (left) [57] and rendering of CUORE Dilution Unit
(right) [53]. The Still, HEX and Mixing chamber are connected to the 800, 50 and 10 mK
vessels respectively.
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Lead Shields

Another very important part of the CUORE experiment are the lead shields placed
inside the cryostat (see Figure 2.4 right). Their goal is to shield the detector crystals
from external radioactivity and from the radioactive contamination coming from the
other cryostat elements.
The Modern Lead Shield (MLS) is a 30 cm thick lead disk placed above the detector
towers, made of ∼ 2 tons of modern lead and is maintained at a temperature of 50 mK. It
mainly shields the crystals from the radioactivity coming from the cryostat components.
The Roman Lead Shield (RLS) is a thinner layer of lead placed around and on the
bottom of the detector. It weighs roughly 5 tons and it is thermalized to the 4 K plate.
This lead is dated I century B.C. and was obtained from ingots found on a Roman
shipwreck near Sardinia (Italy) coast; it was chosen for the CUORE shield structure
because of its very low radioactivity since it has been below sea water for more than 21
centuries, also protecting it from cosmic rays. Measurements have been performed on
the RLS radioactive contamination obtaining an upper bound on the specific activity of
715 µBq/kg [58] which is way less than the one of modern lead [59].

Figure 2.6: Picture of the recovery of the roman lead (left) [57] and of the CUORE RLS (right).
The final installation of the shield is 6 cm thick, with a radius of 64 cm and height of 178 cm.

2.2.4 CUORE Auxiliary System

The CUORE auxiliary system consists of all the experiment components outside the
cryostat whose main goals are to mechanically support the experiment and reduce the
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possible noise induced on the detectors, such as the vibrations caused by the cooling sys-
tem, earthquakes or human activity in the laboratories. Figure 2.7 reports a rendering
of the whole CUORE support system. The red structure is called Main Support Plate
(MSP) to which the cryostat is secured. The MSP stands on four 4.25 m tall columns
filled with sand held by a concrete structure. At the base of the latter are placed four
seismic insulators that aims to isolate the experiment from the earthquakes vibrations.

Figure 2.7: Rendering of the CUORE auxiliary system. The upper structure in red is the
MSP, the orange cylinder is the cryostat , the dark grey octagon is the ELS and in white the
polyethylene panels.

To further reduce the noises on the crystals, the detector is not directly connected
to the MSP but it is held in place by a Y-shaped structure called Y-beam placed above
the MSP (in grey in Figure 2.7) and mechanically isolated from it by means of three
insulators (Minus-K insulation system) which are devices built with a precise spring
scheme that allow to tolerate heavy loads while reducing the possible noises induced on
the cryostat. The CUORE detector is connected to the Y-beam thanks to three vertical
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Detector Suspensions (DS) wires that pass through all temperature and pressure stages
of the cryostat. The DS have to be built with pure materials and by taking into account
the difficult cryostat conditions, while reducing the vibrations coming from the Y-beam.
The last part of the auxiliary system is the External Lead Shield (ELS), it is a 25 cm
thick and ∼ 70 tons modern lead shield that will additionally screen the CUORE crystals
from γ rays coming from the environment. The ELS is covered by polyethylene panels
(in white in Figure 2.7) that aims to thermalize and capture neutrons mainly caused by
cosmic rays interactions and radioactive decays. This shield component is usually placed
below the cryostat and it is raised up only during the data taking periods.

2.3 Bolometric Technique
Bolometric detectors convert the deposited energy in the crystals into thermal phonons
and measure it as a temperature variation. The two main parts of a bolometer are
the absorber (TeO2 crystal), where the energy is deposited, and the temperature sensor
(NTD thermistor). Figure 2.8 shows a simplified thermal model of a CUORE bolometer.

Figure 2.8: Simplified bolometer scheme. The detector can be considered as the crystal with
heat capacity C, coupled with a T0 copper thermal bath through a conductance G. Figure from
[50].

2.3.1 Energy Absorber

The TeO2 energy absorber has a heat capacity C and it is coupled with a thermal bath,
at a constant temperature T0, through a thermal conductance G. A particle releasing an
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energy E will induce a temperature increase

∆T =
E

C
. (2.3)

Then the produced heat will flow to the heat bath until the absorber returns at its initial
temperature. Two assumptions have to made, i.e. that ∆T (t) = |T (t) − T0| is much
smaller than the temperature of the bath T0, where T (t) is the temperature of the ab-
sorber, and that C and G are constant in time.
The time evolution of the signal (see Figure 2.9) can be approximated as a single expo-
nential decay

∆T (t) =
E

C
· e−

t
τ , (2.4)

where τ = C/G is the decay time.

Figure 2.9: Example of a CUORE signal. The amplitude depends on ∆T , the decay time τ on
the ratio C/G and the baseline level is T0. Plot from [50].

Eq. 2.4 shows that to have a high ∆T and so a detectable signal the heat capacity
needs to be as small as possible. For the CUORE crystals C follows the Debye law (see
Eq. 2.1), so C depends on the temperature of the detector. This, together with the need
to have a very low thermal noise, explains the need to run the experiment at cryogenic
temperatures. For CUORE crystals C is typically around 10−9 J/K at T0 = 10 mK then
the temperature rise for a 1 MeV deposited energy is close to 100 µK, which is still very
low but detectable by the NTD thermistor.

The energy deposited in the absorber is converted to thermal phonons, which are vi-
brational excitations of the lattice. A detailed description of phonon production and
interaction can be found in [60] and [61]. In a simplified way phonons are produced
when a particle interact with the nuclei or the electrons of the absorber:
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• in the first case the interaction of particles with the lattice nuclei causes vibrational
excitations;

• while when a particle interacts with the electrons of the crystal an electron-hole
pair is created and phonons are produced by the interaction of these pairs.

The production of phonons imply possible fluctuations in the detected energy; one can
estimate the intrinsic energy resolution of a bolometer by means of simple considerations
[62]. The number of phonon modes at equilibrium can be written as

N =
C(T )

kB
, (2.5)

where C(T ) is the usual heat capacity and kB is the Boltzmann constant. While their
mean energy is

ε = kBT . (2.6)

The intrinsic energy fluctuations will depend on this two quantities as

∆E = ε ·
√
N =

√
kB · T 2 · C(T ) , (2.7)

since the number of phonons follows the Poisson statistic. Using typical values of the
CUORE bolometers and considering the right unit conversion, one get a prediction of
the energy uncertainty of around 10 eV which is orders of magnitude smaller than the
CUORE energy resolution at Qββ, since it is dominated by thermal1 and vibrational
noise.

2.3.2 Temperature Sensor

Phonons produced by particles interacting in the crystals can be considered as coherent
vibrations of the lattice that after a short period of time become incoherent vibrations
of single atoms which are the heat that will cause the temperature increase in the de-
tectors. The sensors used in bolometric experiments convert temperature variations into
an electric signal. To achieve this, CUORE uses NTD-Ge thermistors. They are semi-
conducting Ge chips doped with thermal neutrons; the electric signal is obtained by a
resistance variation in the thermistor. They are slow sensors, however they were chosen
for the CUORE experiment because they are sensitive to phonon-caused temperature
increases, can be operated in a wide range of temperatures and have a simple readout
circuit [63].

Semiconductors at room temperature behave as insulators because the energy gap be-
tween the full valence band and the empty conduction band is 0.67 eV for Ge, while the

1The thermal noise is generated by the heat exchange between the TeO2 crystals and the heat bath.
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average electron thermal energy is kBT ∼ 0.025 eV. So conduction is possible only at
higher temperatures. Thanks to the impurities added to the Ge lattice, new energy levels
are added that will reduce the gap between the valence and conduction bands allowing
conduction also at lower temperatures.
At T < 10 K the conduction is driven by the migration of the charge carriers between the
impurities sites. Conduction happens when electrons move from a donor site to another,
without using the conduction band; this is possible thanks to the quantum tunneling
throughout the potential wall that separates the donor sites. This is called hopping con-
duction mechanism [64], in Figure 2.10 (left) displays a simple scheme of this conduction
mechanism.

Figure 2.10: Scheme of the hopping mechanism (left) and bias circuit for NTD-Ge thermistor
readout (right). R(T ) is the varying resistance that will induce a voltage pulse.

The CUORE NTDs are obtained by bombarding Ge wafers with thermal neutrons to
create the required impurity level. The thermistor resistance depends on the absorber
temperature as

R(T ) = R0e
γ
T0
T , (2.8)

where R0 depends on the sensor geometry and is about 1 Ω, T0 ∼ 3 K and γ = 0.5.
These three parameters are all obtained experimentally [65].
When energy is released in the absorber, the temperature increases and, from Eq. 2.8,
R(T ) decreases. This variation in the thermistor resistance can be measured if the NTD
is connected to a bias circuit (see Figure 2.10 right) characterized by a load resistor RL,
VBIAS the bias voltage and the varying voltage on the NTD-Ge thermistor Vbol(T ) can
be obtained as

Vbol(T ) = Ibol ·R(T ) =
VBIAS
RL

·R(T ) , (2.9)

if the load resistance is much greater than the bolometer one [66].
The linearity between Vbol and Ibol is lost if the power dissipated by the current is con-
sidered, this dissipation causes the thermistor to heat up and decrease its resistance.
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The new non-linear relation between Vbol and Ibol allow to build the Load Curve, see
Figure 2.11 for an example, which allow to choose the so-called Working Point of the
bolometer that, in static conditions (no interactions in the absorber), defines the VBIAS.
This procedure needs to be performed for each bolometer separately.

Figure 2.11: Example of load curve of a NTD-Ge thermistor.
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Chapter 3

CUORE Data Acquisition and
Processing

This chapter describes the CUORE data processing, which consists of the acquisition of
a continuous data stream for each detector, and its processing for the reconstruction of
physical events.

3.1 Read-Out Chain
The CUORE Read-Out Chain (ROC) consists of three components, located at room
temperature above the cryostat: the front-end electronics, the digitizers, and the pulser
boards. A scheme of the read-out chain is given in Figure 3.1. The Front-End (FE) elec-
tronics was customly developed for the CUORE experiment and consists of 180 boards
reading 6 channels each [66]. The FE system provides the bias voltage to the NTD of
each bolometer and also acts as a dual stage amplifier for the voltage signals, namely the
digital preamplifier and the Programmable Gain Amplifiers (PGA) in Figure 3.1. All
the parameters of the FE electronics, like VBIAS, RL and the gains, can be controlled
independently for each channel.
The signal is then sent to the Bessel board, which acts as antialiasing filters. Each board
controls 12 channels. The filter is an active six-pole Bessel-Thompson filter whose main
feature is the preservation of the pulse shape while avoiding possible deformation of the
signals [67].
The data digitization is performed by 64 digitizer modules that receive the output of
the Bessel filter. The digitizers have a noise corresponding to an energy resolution of
∼ 150 eV, which is negligible if compared to the resolution of the CUORE bolometers,
and a sampling frequency of 1 kHz to fully preserve the timing information of the sig-
nals. The DAQ consists of seven computers placed in the CUORE control room, above
the cryostat: six of them perform an online trigger of the data streams from the 988
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Figure 3.1: Scheme of the CUORE Read-Out Chain. The DVP and PGA are the two amplifier
stages while the CanBUS control system allow the Data AQuisition (DAQ) system to manage
the pulser and filter boards. Scheme adapted from [51].

channels, while one computer controls all the digitizers and writes the data to disk. The
data is divided into Raw and Continuous data. The latter consist of files containing the
continuous waveforms while the former contain the triggered data [68] [69].
Lastly the pulser boards are used to send very short and precise voltage pulses to the
silicon heater chips. This will simulate the energy release in the crystal by the interaction
of a particle. The heater signals are used to study the temperature dependence of the
signal amplitude, and correct for it [70].

Data Triggering

The events can be divided in three categories

• physics events consist of particles interacting with the crystals and releasing energy;

• heat pulse events, one in each channel every ∼ 6 minutes;

• noise events.

CUORE uses two types of triggers to detect the signal events in the detectors. The DAQ
computers run a Derivative Trigger (DT), which fires when the derivative of the waveform
is higher than a previously set threshold. The DT is characterized by a threshold of 50-
100 keV, depending on the channel. Additionally a dead time of 1 second is placed after
the trigger to avoid multiple events to be triggered too closely (pile-up events).
A more advanced trigger algorithm, called Optimum Trigger (OT), is run offline at a
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later time. The OT uses a filtered waveform (the so-called optimum filter) to suppress
the noise and exploit the information from the full signal waveform, and allows to lower
the threshold well below 10 keV [71].

Data Collection and Storage

The CUORE data are structured in runs of about one day, and grouped in datasets with
a duration ranging from few weeks to two months. Before and after each dataset there
are calibration runs.

3.2 Data Production and Analysis
The data production is done via the DIANA software, based on C++ and ROOT, de-
veloped by the CUORE collaboration. This software takes the triggered events and
applies to them different procedures in a specific order. The DIANA workflow includes
the reconstruction of event-related quantities such as the baseline or amplitude, the gain
stabilization and energy calibration, the quality cuts and the reconstruction of multi-
channel quantities such as the event multiplicity.

Bad Intervals

Prior to the signal processing, the periods affected by sub-optimal detector performance
(so-called bad intervals) are identified and removed from the data stream. The bad
intervals can be caused by a variety of reasons, including maintenance operations, earth-
quakes, or the malfunctioning of some cryogenic or electronic component [72].

Preprocessing

The first part of the event processing, denoted as preprocessing, starts with the analysis
of the first 3 s (pre-trigger) of the event for baseline parameters evaluation. To obtain
the average baseline and its slope a fit with a straight line is done in a part of the
pre-trigger interval. Moreover the baseline noise is computed as the Root Mean Square
(RMS) of the data in that time interval. At this point, the signal is differentiated and
the number of pulses is computed as the number of times the derivative is higher than a
given threshold.
Figure 3.2 shows two waveforms with 3 and 2 physical events, respectively. In the first
case, all events are correctly triggered, while in the second case only one pulse is identified.
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Figure 3.2: Example of two CUORE events with multiple pulses. On the left 3 pulses are found
by the online DT and triggers are assigned to each event, while on the right the offline analysis
found 2 close pulses but only one trigger time is assigned to it because the second pulse is not
identified by the DT, due to its dead time [73].

Amplitude Evaluation

The amplitude of the events is evaluated via a time-modeled waveform defined as

v(t) = A · s(t) + n(t) + b , (3.1)

where A is the amplitude of the pulse, s(t) the signal response function, n(t) the time-
dependent noise and b is the baseline. A can be decomposed in two terms as

A = G(T ) · A(E) , (3.2)

the first being the bolometer gain depending on the thermistor temperature while A(E)
is the real amplitude of the signal and depends on the energy deposited in the crystal.
The signal response s(t) is determined using signals: heater ones and pulses at the 208Tl
2615 keV γ-peak; averaging this pulses allow to have a measurement of s(t) with reduced
noise [74]. The so-called Optimum Filter (OF) [71] is then built using the power spectrum
of the Average Pulse (AP) and of the Average Noise Power Spectrum (ANPS) obtained
from randomly triggered noise events.
An important feature of the OF is that it will estimate the amplitude by leveraging the
whole waveform and not only some points around the peak. In frequency space a filtered
pulse can be written as

V OF (ω) = GeiωtM S
∗(ω)

N(ω)
Vi(ω) , (3.3)

where G is a factor accounting for the gain, tM is the time at which the signal reaches
the maximum, while S(ω), V (ω) and N(ω) are the Fourier transform of the respective
quantities of Eq. 3.1 and are the power spectra of the AP, the ANPS, and the power
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Figure 3.3: Example of the AP (left) and ANPS (right) before and after the application of the
OF [73]. In the AP plot both pulses are moved to have a zero baseline for a better comparison.

spectrum of the event to be filtered, respectively. Then from the filtered pulse the
amplitude of the signal is obtained as the height of its maximum. An example of the AP
and the ANPS before and after the filtering procedure is shown in Figure 3.3.

Thermal Stabilization

The amplitude obtained from the OF does not correspond yet to the energy released in
the crystal. Bolometers operation depends on the temperature of the detector and even
small variations could induce significant effects on the measured amplitude.
To overcome this CUORE exploits two kinds of Thermal Gain Stabilization (TGS): the
heater-TGS and the calibration-TGS [75]. In the heater-TGS, the amplitude of heater
events is plot against their baseline and fit with a linear function, which is then inverted
and applied to all heater and physical events. An example of the heater-TGS effect can
be seen in Figure 3.4.
The second type of TGS is called calibration-TGS and uses pulses at exactly 2615 keV.
This additional TGS procedure is used for channels with a non-working heater, but can
also be useful for channels with dataset-long baseline drifts, which cannot be corrected
by the heater-TGS algorithm.

Calibration

The signal amplitude is converted to energy (in keV) using the calibration data collected
at the beginning and end of each dataset. The calibrations are performed deploying
232Th and 60Co sources between the CUORE cryostat and the external lead shield [76].
The most prominent peaks in the stabilized amplitude spectrum of each channel are
identified (see Table 3.1).
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Figure 3.4: Example of the effect of the heater thermal gain stabilization. On the left is shown
the amplitude from the OF versus the baseline before the stabilization with the gain function in
red. While on the right the same data is shown after the amplitude correction. Plots courtesy
of [73].

Table 3.1: List of the γ peaks from the 232Th and 60Co sources used in CUORE for energy
calibration.

Peak Energy [keV] Source

2615 232Th
1332 60Co
1173 60Co
511 e+e−

After the peak identification, they are fitted using a specific probability density func-
tion that consists of a Gaussian with a power-law low-end tail plus a flat background.
The output of the fit are the peak positions and if expressed in unit of stabilized ampli-
tude they are used to obtain the calibration function, which is a second order polynomial
in terms of AS without a constant term, namely

E(AS) = a · (AS) + b · (AS)2 , (3.4)

where a and b are the calibration coefficients.

3.3 Pulse Quality and Multi-channel Parameters
The last part of the offline data analysis goes from the calibrated events to the final data.
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Pulse Shape Analysis

The Pulse Shape Analysis (PSA) is used to discriminate between clean physical events
and various types of spurious events that might be triggered. For each pulse 6 quantities
are calculated and then appropriate cuts on them will select the pulses that can be related
to useful signals in the detector. Important kind of events that PSA aims to discard are
noise pulses, piled-up events and electronic spikes.
The PSA parameters are:

• Pulse Rise Time: the pulse rise time is defined as

PRT [ms] = t(90%)− t(10%) , (3.5)

where t(n%) is the time when the pulse is n% of its maximum height. For example
electronic spikes have very short rise time, while it is longer for pile-up events.

• Pulse Decay Time: in this case the time difference is calculated in the falling
part of the pulse and it is defined as

PDT [ms] = t(30%)− t(90%) . (3.6)

Noise pulses also have a very short decay time.

• Baseline Slope: is the angular coefficient of a linear fit in the first part of the
pre-trigger region (first 2.25 s out of the 3 s). It has to be as close to 0 as possible
to discard events triggered on the tail of the previous one.

• Peak Delay: is the time, in milliseconds, between the beginning of the event
window and the maximum of the pulse.

• Test Variable Left and Right: are the point by point sum of the squared
difference between the detected pulse and the signal template pulse. The Left and
Right refers to the fact that the sum is performed on the points on the left or right
of the pulse maximum.

The distributions of these PSA parameters are energy dependent but there are also differ-
ences from channel to channel, due to different detector response, and between datasets
[74]. To overcome these dependencies a new pulse shape discrimination technique, called
Principal Component Analysis (PCA), is implemented. The main idea of PCA is to
transform obtained data into a new basis ordered by how much of the data’s variance
is related to each coordinate [77]. First the PCA algorithm is trained with a sample of
carefully chosen events, then the PCA decomposition is computed for signal-like events
coming from calibration peaks obtaining a waveform very similar to the AP. In reality
the AP of each detector within a dataset is treated as a sort of PCA eigenvector, then
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every event coming from the same detector can be projected on it.
PCA for pulse shape discrimination exploit the fact that while it is not known how a
"bad" pulse looks like, it is instead known that a "good" pulse should be similar to
the AP, which is the obtained leading component. For each detected pulse the so-called
Reconstruction Error (RE) can be calculated as

RE =

√∑
i

(xi − (x · p)pi)2 , (3.7)

where p is the leading component related to the AP and x are the values of the data
vector, related to the analyzed waveform. Pulses similar to the average one have a low
RE, while pulses that show atypical features are not well reconstructed and have a high
RE. Therefore is possible to remove "bad" pulses from the obtained data by cutting on
this calculated quantity.
PCA showed an improvement in the overall efficiency with respect the the usual PSA
technique, along with a reduction in the pulse shape discrimination systematics and a
higher robustness in the determination of the cut for all channels [50]. Moreover, precise
details on the PCA used in CUORE can be found in [78].

Coincidence Analysis

The coincidence of events in different channels is very important, specifically for back-
ground rejection, because expected ββ events, both with or without neutrinos, will release
their energy in a single crystal almost 90% of the times1 while other radiations (β or γ)
might trigger multiple detectors.
A variable called Multiplicity (M) is then attributed to each event, typically an event
is said to be an Mn one, where n is the number of bolometers that detected an energy
deposit. Understanding which is the value of the Multiplicity variable is what coinci-
dence analysis part of the high level processing does. The difficult part is to being able
to separate the true coincidence events, like Compton scattering in various crystals, from
the accidental ones, which can be multiple M1 events occurring simultaneously.
Since different bolometers might have different response times, it is possible to define
the Jitter as the time difference between the occurrence of the pulse maximum for two
events in coincidence. An example is in Figure 3.5 where the two events, coming from
calibration data, have a Jitter of about 27 ms and are compatible with the multiple
Compton scattering of the 2615 keV 208Tl γ ray.

1Obtained from Monte Carlo simulations [74].
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Figure 3.5: Example of the Jitter between two events in the same tower and in true coincidence.
The vertical dotted lines highlight the position of the maximum and so the different response
times of the bolometers.

For the analysis runs the coincidence time window on the Jitter is of ±5 ms; moreover
a geometrical condition can be implemented to select events that trigger detectors that
are all in a small radius, since is more probable that true correlated events will deposit
their energy in nearby crystals with respect to ones in opposite towers. Also an energy
constraint is placed on the single pulses of this kind of events, E > 40 keV, since it is
above the trigger threshold of the majority of the channels.
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Chapter 4

CUORE Simulations and Background
Model

The CUORE spectrum ranges from 40 keV to∼ 8 MeV, and can be divided in two regions.
The energy region below the 2615 keV γ line from 208Tl is dominated by the continuum of
130Te 2νββ spectrum, and by gamma events induced by radioactive contamination of the
TeO2 crystals and of the cryostat components, while the energy region above the 208Tl
line is dominated by alpha events induced by radioactive contamination of the crystals
and the crystal holders.
Figure 4.1 shows the latest measured CUORE spectrum together with a zoom into the
ROI [50]. After the standard analysis cuts are applied, the continuum background at Qββ

is estimated as composed by ∼ 90% of degraded α particles coming from the radioactive
decays of nuclei in the support structure, while the other ∼ 10% comes from 208Tl γ
events at the 2615 keV peak. To quantify these background sources and how to suppress
them, the so-called Background Model (BM) has been developed by fitting simulated
spectra of all possible backgrounds to the data. This chapter will be dedicated to the
description of the BM and the most important CUORE background sources.

4.1 CUORE Background Sources
A substantial number of background sources must be considered when studying the
energy spectrum. The most important ones, for underground experiments, are events
coming from the radioactive decays in the construction materials and from specific ex-
ternal sources, like cosmic rays.
The contribution from the latter type of events (e.g. cosmic muons or environmental
photons and neutrons) is small thanks mainly to the natural shield which is the Gran
Sasso mountain. Within the first category a distinction is required between events com-
ing from the decay of long-lived radionuclide (natural 40K and daughters of 232Th and
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Figure 4.1: Physics spectrum for 1 ton·yr of TeO2 exposure. The different colors shows the
effect of the most important analysis cuts, namely anti-coincidence (AC) and pulse shape dis-
crimination (PSD). The most prominent γ and α peaks are labeled. The inset shows the ROI
with the best-fit curve (red), the same curve with the 90% CL limit on the 0νββ half-life (blue)
and the background-only fit (black). Plot courtesy of [50].

235,238U decay chains) and cosmogenically activated isotopes, like 60Co, decays coming
from the activation of Cu in the detector supports.

The CUORE BM is very similar to the one of its predecessor CUORE-0 [42], since
the fabrication and cleaning of the detector towers is the same and also the underground
location in the LNGS has not changed. The main difference between the two experiments
is in the new CUORE cryostat, that has to be considered in BM studies.
In the following tables I report limits on the specific activity of different kinds of radioac-
tive contamination of detector components, namely the TeO2 crystals, the PTFE holders
and the NOSV-Cu frames. In Table 4.1 are listed the specific activities obtained in the
material screening campaign [59] while in Table 4.2 and 4.3 the ones from the CUORE-0
BM [42].
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Table 4.1: 90% CL upper limits on surface contamination from material screening campaign.
The measurement was performed at different depths in the material, listed in the second col-
umn, and the limit refers to the depth that yields the highest background contribution. The
measurements are reported in Bq/cm2.

Detector Component Depth [µm] 238U Activity 232Th Activity 210Pb Activity

TeO2 Crystals 0.01-10 < 8.9 × 10−9 < 1.9 × 10−9 < 9.8 × 10−7

PTFE Holders 0.1-30 < 6.8 × 10−8 < 1.9 × 10−8

NOSV-Cu Frames 0.1-10 < 6.5 × 10−8 < 6.8 × 10−8 < 8.6 × 10−7

Table 4.2: 90% CL upper limits and values of surface contamination from the CUORE-0 BM.
Within the contamination type column if only the progenitor of the decay chain is reported then
the rest of the chain is considered in secular equilibrium, otherwise single isotopes or sub-chains
are taken into account.

Detector Component Contamination Type Depth [µm] Activity [Bq/cm2]

TeO2 Crystals 238U 10 < 3.3 × 10−11

238U-230Th 0.01 (2.07 ± 0.11) × 10−9

232Th 10 (7.8 ± 1.4) × 10−10

232Th (single) 0.01 (3 ± 1) × 10−9

230Th (single) 0.01 (1.15 ± 0.14) × 10−9

228Ra-208Pb 0.01 (2.32 ± 0.12) × 10−9

226Ra-210Pb 0.01 (3.14 ± 0.10) × 10−9

210Pb 10 < 2.7 × 10−9

210Pb 1 (8.6 ± 0.8) × 10−9

210Pb 0.001 (6.02 ± 0.08) × 10−8

PTFE Holders 238U 10 (1.38 ± 0.16) × 10−8

232Th 10 (5.0 ± 1.7) × 10−9

210Pb 10 < 1.9 × 10−8

210Pb 1 (4.3 ± 0.5) × 10−8

210Pb 0.001 (2.9 ± 0.4) × 10−8
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Table 4.3: Values and 90% CL upper limits on bulk contamination in TeO2 crystals from
CUORE-0 BM. In the first column if only the progenitor of the decay chain is reported then
the rest of the chain is considered in secular equilibrium, otherwise single isotopes or sub-chains
of 232Th and 238U are considered.

Contamination Type Activity [Bq/kg]
210Po (2.39 ± 0.11) × 10−6

210Pb (1.37 ± 0.19) × 10−6

232Th (single) (7 ± 3) × 10−8

228Ra-208Pb < 3.5 × 10−8

238U-230Th < 7.5 × 10−9

230Th (single) (2.8 ± 0.3) × 10−7

226Ra-210Pb < 7 × 10−9

Figure 4.2 shows the CUORE expected background spectrum over a wider energy
range, obtained by considering the contaminants activities non-compatible with zero
together with CUORE-0 results on high activity background sources, like 130Te 2νββ
decay, NOSV-Cu bulk contamination and the 40K ones in the crystals.

Figure 4.2: CUORE expected background spectrum considering most prominent background
sources. The red distribution refers to natural radiation coming from far components such
as insulation layers and support rods, the blue one refers to environmental muons, the light
violet depends on TeO2 crystals contamination and the 130Te 2νββ decay, while the green one
is obtained from NOSV-Cu contamination. Lastly, the grey dotted contour displays the total
spectrum [59].
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4.2 Background Reconstruction
The various backgrounds are simulated by means of two softwares: qshields, a Geant4 [79]
code that simulate particles interacting and propagating in the whole detector geometry,
and Ares, which will reprocess the simulated data including all the detector response
parameters.
In qshields the whole CUORE geometry is implemented (from the crystals to the external
shields) and it is possible to generate different kinds of events, like: single particles with
precise energy or with a given distribution, the single decay of a nucleus and all the
particles coming from it, a more complex decay chain or specific ββ decays.
Together with the detector geometry, other inputs are needed to perform an accurate
simulation, like the particle source, its position in the volume and other parameters.
Then several models can be used to simulate the interaction and all the propagation
needed.
On the other hand, the Ares codes handles and processes the qshields output to obtain
a data format similar to the one produced directly by the CUORE detector. Moreover,
Ares will apply to Monte Carlo (MC) data the detector response and all the data analysis
algorithms. Having two separated codes will allow a faster analysis if only some detector
parameters change. To obtain simulated CUORE data which is as close as possible to
real one, Ares needs to be able to reproduce all of the typical properties of real data. The
most important ones being the energy resolution, the trigger threshold (which is different
for each channel) and also a time information is needed to reproduce the expected event
rate.

4.2.1 Reconstruction of the Background Sources

The cited simulation codes are used to study the effect of the various CUORE background
sources. First we need to define the contamination source by specifying the radioactive
nucleus, the contaminated part of the detector (e.g. crystals, NOSV-Cu, shields etc.)
and the geometrical distribution of the contamination (surface or bulk).

The different types of background sources have been discussed in Section 4.1 and are
mainly extracted from the BM of the CUORE-0 experiment. The main radioactive
sources (232Th and 235,238U) are present in all the detector parts and 60Co and copper are
present in the crystals and in the frames, while cosmic and neutron fluxes information
were obtained by previous measurements performed at LNGS [80].
The distinction between surface and bulk contamination has to be taken into account
when α decays are considered, since the measured spectrum depends on the distribution
of the radioactive contaminants:

• bulk contamination is uniform in the volume. Alpha decays induced by bulk con-
tamination of the crystals will release their full energy, corresponding to theQ-value
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of the reaction. On the other hand, alpha decays produced by bulk contamination
of passive material will not release any energy in the crystals.

• Surface contamination is only present in a thin part of the volume. They are
simulated only in the crystals and in the near part of the NOSV-Cu frames; more-
over only fixed depths are analyzed (0.1, 1 and 10 µm). A shallow contamination
(≤ 10 nm) on the crystal surface will release the α energy in one crystal and the
recoil energy in a neighboring one. A deep surface contamination of the crystal
will release the nuclear recoil energy and a large fraction of the α energy on one
crystal, and the remaining α energy on a neighboring one. On the other hand, a
surface contamination on a passive material (PTFE or copper holders) will release
a fraction of the energy in the passive material, and the remaining in the crystal,
giving rise to a continuum spectrum of degraded α events.

Then the Ares parameters need to be set in order to go from MC data to CUORE-like
one. For the energy resolution a true resolution curve response function is used and a
fixed 40 keV trigger threshold is selected for all channels. A small event rate is then
chosen to resemble the one of physics data.

4.3 Background Analysis
The CUORE BM is the fit of the combination of data coming from all background con-
tributions. The data used for the BM belong to three spectra: M1, M2 and M2Sum,
this latter refers to the spectrum of the sum on the energies of two events in coincidence.
With M referring to the Multiplicity variable, see Section 3.3.
The M1 spectrum is selected because MC simulations predict that double beta events
release their energy in one single crystal ∼ 90% of the time; while the two M2 ones
because the majority of background events deposit their energy in two bolometers, like
α particles coming from the radioactive decay of surface contamination. Therefore, M2
spectra contain a significant amount of information that can significantly improve the
reconstruction of the M1 spectrum components.

Each of the expected spectra is obtained via MC simulations of the relative background
source, then a linear combination of them is used to fit the observed spectra, via a
Bayesian approach.
In the following, we denote the data as D, and the fit parameters (connected to the
activity of all background sources and the half-life of the 130Te 2νββ decay) with θ. We
apply the Bayes theorem to evaluate the posterior distribution P (θ|D) [81]:

P (θ|D) ∝ P (D|θ) · P (θ) , (4.1)
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where P (θ) is the product of the prior probability of all parameters θ and P (D|θ) is
the likelihood, namely the probability of obtaining exactly the data D assuming the
underlying parameters θ.
The CUORE BM is written as a linear combination of theN background spectra obtained
by MC simulations as:

BMi =
N∑
j

Kj · Cij , (4.2)

where i = M1,M2,M2Sum is the index referring to the multiplicity spectra, Kj is
the normalization factor for the j-th background source (which are the parameters of
the theory) and Cij is the number of counts in the j-th simulated spectrum for a given
multiplicity i.
The likelihoods are defined using the observed counts in the experimental (Cexp

i ) and
simulated (CMC

ij ) spectra, both following the Poisson statistics. Then directly from the
Bayes’ theorem, the joint posterior probability is:

P (Kj, 〈CMC
ij 〉|C

exp
i , CMC

ij ) =
∏
i

Pois(Cexp
i |〈C

exp
i 〉)×

∏
ij

Pois(CMC
ij |〈CMC

ij 〉)×

×
∏
j

Prior(Kj)× Prior(〈CMC
ij 〉) ,

(4.3)

where the counts in brackets refers to the expectation values of the counts in a single bin
of the distribution. Prior(Kj) express the knowledge about the background sources1,
while for Prior(〈CMC

ij 〉) a uniform prior is chosen.
To simplify the fitting procedure while also trying to reduce the systematics, the BM is
considered as a binned analysis with a varying bin size. The minimum bin size is first
set to 15 keV, however for example in regions near γ or α peaks some bins are merged
to suppress the systematic uncertainties related to the peak shape. Moreover, less pop-
ulated bins (counts < 30) are combined with their closest bin.

The fit is performed via Markov Chain Monte Carlo (MCMC) which aims at mapping
the posterior by performing a random walk in the parameter space. Then the MCMC
fit is performed using the Just Another Gibbs Sampler (JAGS) tool [82].
The evaluation of the parameters obtained by the corresponding fit of the BM can be
used to obtain values or upper limits on the activity of the contamination.

1Gaussian prior for sources with a measured activity or uniform prior for lesser known sources.

55



Chapter 5

Study of Delayed Coincidences Events

5.1 Introduction
In the framework CUORE and its successor CUPID, the radiopurity of active and passive
materials composing the experiment is a central parameter that influences the scientific
potential of the experiments. Therefore different analysis methods are required to mea-
sure or set limits on the specific activities of the contaminating nuclei.
The contamination can have two different spacial distributions in all the experiment
components; can be bulk, if its density is homogeneous in the component, or surface
contamination, if instead is concentrated on the surface of the material. The former
type can be entirely determined by the production history of the material, while the lat-
ter depends on many more factors like the possible exposure to contaminating sources or
on how the cleaning of the component has been performed. Within my work I centered
my attention on the evaluation of both bulk and surface contamination of the TeO2 crys-
tals, which induce event of different multiplicities: for example events with multiplicity
M equal to 1 are more likely to be coming from bulk contamination while if M > 1 the
event probably happened in the surface of the crystal.
Measurements from material screening campaign and from the CUORE-0 experiment on
surface and bulk contamination of the most worrying radio nuclei are in Table 4.1 and
4.2-4.3 respectively.
For a more precise evaluation of such contamination, a more precise identification and
measurement of the lower parts of the decay chains is needed. This is performed by
the analysis of time-Delayed Coincidences (DC) produced by events belonging to the
relevant decay chains occurring with precise time differences. In this thesis I focused on
232Th and 235,238U decay chains since they are the most common contamination of the
active TeO2 crystals and of the passive copper structure holding them.
DC analysis is very useful because it can provide additional information to the CUORE
BM in an independent way, since this analysis exploits time correlations in order to high-
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light the particular signatures of different radioisotopes; mainly when information taken
from the energy spectrum does not allow for a distinct identification of the contaminants
effect [50].

The first part of my analysis consists in searching in the CUORE data for pairs or
triplets of events belonging to the selected sub-chain by imposing constraints on the
multiplicity of the single event, on the energy of the involved particles and on the time
difference between the decay of the nuclei. First I looked for events with energy compat-
ible with a parent decay and then the same is done for events related to the decay of the
daughters. A time constraint between the events is then put to consider only the ones
that happened within 5 half-lives from each other, moreover for some specific signatures
also a spacial condition is needed. The events are then stored to perform subsequent
analysis on their energies and on the time difference.
All the selected sub-chains are chosen by taking into account the decay times of the
involved nuclei; if is too short (order of ms) the events coming from the short-lived nu-
cleus are piled up with the ones from its daughter and so it is not possible to distinguish
between them, on the other hand if the decay time of a nucleus is too long (more than
some days) the contamination of the selected events by random coincidences increases
significantly since the time window is much larger. Moreover, the time duration of each
CUORE dataset should be higher than all the decay times considered.
These cuts on the half-lives decrease the number of DC that it is possible to distinguish
in the CUORE data, however thanks to the various signatures of the decays I managed
to analyze relevant parts of the decay chains.

5.2 Decay Chains, Searched Signatures and Results
Figure 5.1 shows the 232Th, 235U and 238U decay chains, together with information on
the various types of decays taking place within the single chains. The important feature
of a decaying nucleus are: its half-life (that can span from microseconds to 1010 years),
the type of decay, with the energies of the relevant emitted radiations (α, β, γ) and their
intensities.
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232
90Th (1.4 · 1010 yr)

α: 3947 keV (22%)
α: 4012 keV (78%)

228
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maxQβ: 40 keV
γ: 13.5 keV (1.6%)

228
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Qβ: 2076 keV (7%)
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γ: 968 keV (16%)
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α: 5340 keV (26%)
α: 5423 keV (73%)
γ: 84 keV (1.2%)
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212
82Pb (10.6 h)
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γ: 239 keV (44%)
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208
81Tl (3.05m) 212

84Po (294 ns)

208
82Pb (stable)

BR: 36%
α: 6051 keV (25%)
α: 6090 keV (10%)

BR: 100%
maxQβ: 1800 keV
γ: 511 keV (23%)
γ: 583 keV (85%)
γ: 860 keV (13%)
γ: 2615 keV (100%)

BR: 64%
Qβ: 2250 keV (55%)
γ: 727 keV (7%)

BR: 100%
α: 8785 keV (100%)

235
92U (7.0 · 108 yr)

α: 4596 keV (5%)
α: 4397 keV (58%)
α: 4364 keV (19%)
α: 4216 keV (6%)
γ: 186 keV (57%)

231
90Th (25.5 h)

maxQβ: 392 keV
γ: 84 keV (7%)

231
91Pa (3.3 · 105 yr)

α: 5059 keV (11%)
α: 5028 keV (20%)
α: 5013 keV (25%)
α: 4951 keV (23%)

227
89Ac (21.8 yr)

maxQβ: 45 keV
227
90Th (18.7 d)

α: 6038 keV (24%)
α: 5978 keV (24%)
α: 5757 keV (20%)
α: 5709 keV (8%)

223
88Ra (11.4 d)

α: 5747 keV (9%)
α: 5716 keV (53%)
α: 5607 keV (26%)
α: 5540 keV (9%)

219
86Rn (3.96 s)

α: 6819 keV (79%)
α: 6552 keV (13%)
α: 6425 keV (8%)
γ: 271 keV (11%)

215
84Po (1.78ms)

α: 7386 keV (100%)
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82Pb (36m)

maxQβ: 1367 keV
γ: 832 keV (3.5%)
γ: 405 keV (3.8%)

211
83Bi (2.14m)

α: 6623 keV (84%)
α: 6278 keV (16%)

207
81Tl (4.77m)

maxQβ: 1418 keV
207
82Pb (stable)

238
92U (4.5 · 109 yr)

α: 4151 keV (21%)
α: 4198 keV (79%)

234
90Th (24.1 d)

maxQβ: 274 keV
234m

91Pa (1.16m)
Qβ: 2268 keV (98%)

234
92U (2.5 · 105 yr)

α: 4722 keV (28%)
α: 4776 keV (71%)

230
90Th (7.5 · 104 yr)

α: 4620 keV (23%)
α: 4687 keV (76%)

226
88Ra (1600 yr)

α: 4601 keV (6%)
α: 4784 keV (94%)
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86Rn (3.8 d)

α: 5490 keV (100%)
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84Po (3.1m)

α: 6002 keV (100%)
214
82Pb (27m)

maxQβ: 1018 keV
γ: 242 keV (7%)
γ: 295 keV (18%)
γ: 352 keV (36%)
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Qβ: 3269 keV (19%)
γ: 609 keV (46%)
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γ: 1238 keV (5%)
γ: 1764 keV (15%)
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210
82Pb (22.2 yr)
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γ: 47 keV (4%)
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83Bi (5.01 d)
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α: 5304 keV (100%)
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82Pb (stable)

Figure 5.1: From left to right: 232Th, 235U and 238U decay chains. For each nulcei in the decay
chains the half-life is shown in brackets. The blue and green dotted lines represent α and β
decays respectively. For each isotope I report the emitted radiations with relevant intensities.
In the bottom part of the 232Th decay chain, where more than one decay is possible, also the
branching ratio is reported. The branches with a branches ratio <1% have been neglected.
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Before reporting on the search of each DC, I will describe here the event selection
procedure applied on the CUORE data. The first step was the selection of sub-chains
and understanding which signatures to look for in the data. Each of them consist in
two or three subsequent decays which generates events with a specific multiplicity. Then
constraints are put on the multiplicity and on the energy of the particles taking place in
the decays; for all the events satisfying these conditions, I stored the following quantities:

• Energies: the energies of the emitted radiations, stored in a vector of length equal
to the M of the event;

• Channels: the M -vector of channels in which the particles released their energies;

• Coordinates: the tridimensional coordinates of each channel with a non-zero
energy deposition, that are useful if spacial cuts are needed for the identification
of the DC;

• Time: the time stamp of the event, also important for the DC identification.

Subsequently, spacial and time conditions were put on the stored quantities to iden-
tify the DC belonging to the searched signature. The spacial cuts can be translated
as constraints on the channels and on the distances between them, obtained from their
coordinates. Then for each event identified as the decay of a parent nucleus I opened
a time window of 5 times the half-life of the daughter nucleus to search for an event in
coincidence with the parent one.
When the events in coincidence are found, they are stored for subsequent analysis of their
properties and also flagged so that they were not considered for following DC, removing
in this way the possibility to have duplicates in the output data.

For each signature I will explain in detail the selection criteria and report the significant
plots, e.g. the one and two dimensional energy distributions and the one of the time
difference between the parent and daughter decay. The latter is fitted with a decaying
exponential, namely

A(∆t) = B + A exp

(
− ln 2

t1/2
∆t

)
(5.1)

where B, A and t1/2 are the fit parameters. B is a constant component referring to
possible background counts, while A is the amplitude of the exponentially decaying term,
which is important for the activity evaluations. This fit is also performed to extract the
half-life t1/2 of the daughter nucleus and its comparison with tabulated values allow to
understand if the DC has been well reconstructed.
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5.2.1 Thorium-232 Decay Chain

Analysis of 228Th → 224Ra DC

The first part of the 232Th decay chain that I analyzed is the 228Th → 224Ra DC. It
is suitable for this kind of search since the 224Ra half-life t1/2(224Ra) = 3.66 days is
compatible with CUORE datasets duration.
For this decay sub-chain I analyzed three signatures, starting with M1-M1 α decays
for both nuclei without the emission of other radiations, then I looked for M1-M2 and
M2-M1 DC, where the M2 events consist of an α signal coming from the decay to an
excited state with the emission of a de-excitation γ. An example of a simplified scheme
of such DC can be seen in Figure 5.2. Notice that the light blue part is labeled as the
"Superficial" part of the crystal; here and for all the signature schemes in this thesis the
proportion between "Bulk" and "Superficial" part is exaggerated, since in reality the
surface of the crystals is considered as the first few µm.

Figure 5.2: Scheme of 228Th → 224Ra DC signatures. The colored squares refer to the crystals
in which the decay takes place. Top left M1-M1, top right M1-M2 and bottom M2-M1.

The correlated events should satisfy the following energy requirements: theM1 228Th
events must have an energy compatible with its decay Q-value (5520 keV), while for M1
224Ra events the Q-value is 5789 keV. When M2 events are considered the energy of the
de-excitation γ emitted should be compatible with 84 keV for 228Th and 241 keV for
224Ra, while the energy of the αs should be instead compatible with

Eα = Q− Eγ . (5.2)
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Moreover events identified as the daughter decay need to be within 5 · t1/2(224Ra) from
the ones associated with the parent decay. The imposed spacial cuts are: the αs needs to
be detected in the same channel while the γ must release its energy within a 30 cm radius
from the channel of the αs. As an example, the following plots (Figure 5.3) displays the
results relative to the M1-M1 signature, while results on the other two signatures are in
Appendix A, namely in Figure A.1 and A.2.
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Figure 5.3: Results of M1-M1 228Th → 224Ra DC search. Top left/right: one/two dimensional
energy distribution. Bottom: time difference distribution fitted with Eq. 5.1.

Analysis of 212Pb → 212Bi DC

The lower part of the 232Th chain can be studied via the

212Pb→ 212Bi→ 208Tl

sub-chain since the half-lives of the daughter nuclei are relatively small.
For the 212Pb → 212Bi DC I looked for only one signature (see Figure 5.4) consisting
of an M2 β decay with a 238 keV γ emission for 212Pb and an M1 α decay for 212Bi.
To select the correlated events the energy of the β emission should satisfy the following
requirement

Eβ < Emax
β = Q(212Pb)− Eγ , (5.3)
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where Q(212Pb) = 569 keV is the 212Pb Q-value and Eγ is the energy of the emitted
photon, while the 212Bi event must have an energy compatible with its own Q-value
(6207 keV) and be within 5 · t1/2(212Bi) = 5 · 60.5 min from the 212Pb decay. In this case
further spacial conditions are needed: the channel in which the 212Bi decay is detected
must be the same in which the β emission releases its energy, while the γ needs to be
detected within a 30 cm radius. See Figure A.3 for the results of this search.

Figure 5.4: Scheme of the M2-M1 212Pb→ 212Bi DC signature. Notice that a β decay, such as
the Pb one, will cause a close to zero recoil of the nucleus, here is exaggerated to better portray
the searched signature.

Analysis of 212Bi → 208Tl DC

A very interesting DC that can be considered is the coincidence of 212Bi and 208Tl decay
events. It fact the daughter Tl nucleus can decay with various signatures involving
both β and γ emissions, while also having a short half-life, t1/2(208Tl) = 3.05 minutes.
Moreover, being sensitive to this DC is useful since the main 208Tl γ emission is the very
sharp 2615 keV γ line, which is close to the 130Te Qββ (see Table 1.2) which is also used
for the calibration of the CUORE detectors.
The chosen signatures always consist of a M1 212Bi α decay with energy deposited
compatible with its 6207 keV Q-value, while for the 208Tl event I considered its β decay
with γ emissions, the event can have various multiplicities (M2, M3 or M4 are the ones
analyzed) depending on how many γ rays are emitted. The 208Tl β emission should
have an enery below the Q-value of the decay (∼ 4999 keV) minus the energies of the
considered photons1, in this search I selected a combination of the 2615, 583, 510 and
860 keV γ emissions. The spacial cuts for this DC search are: the decay of the two
nuclei should take place in the same crystal and the emitted photons should be detected
in a 30 cm radius. The time constraint only selects the 208Tl decays happening in a
5 · t1/2(208Tl) = 5 · 3.05 minutes time window opened when a 212Bi decay is identified.
The usual schemes of the signatures are in Figure 5.5. A peculiarity of the M1-M2
signature is that the first event of 208Tl decay is considered as a single energy deposition
coming from two or more particles (the β emission and one or more γ).

1Since 208Tl almost always decays to excited states of 208Pb and then de-excitation γs are emitted
to reach its ground state.
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Figure 5.5: Scheme of 212Bi → 208Tl DC signatures. Top left M1-M2, top right M1-M3 and
bottom M1-M4.

The considered 208Tl events are:

• M4: 208Tl β with the 2615, 860 and 511 keV γs or with the 583 keV one instead
of the 860 keV.

• M3: 208Tl β with the 2615 and 583 keV γs.

• M2: The M2 events always consist of the 2615 keV photon and the other energy
deposition here comes from the β and one or more γ in the same channel. I searched
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for: β+ 860 keV γ, β+ 583 keV γ and β+ 583 + 511 keV γs. Figure 5.6 shows here
the results of the former M2 signature listed here.

Regarding the DC involvingM4 208Tl events the combination of a very energetically con-
strained search with the consideration of low intensity emissions provided non-significant
results, therefore they were removed from the analysis. In a similar way, for M3 208Tl
events only the 583 keV photon is considered with the 2615 keV one, since it is the only
combination laying out noteworthy results.
All graphical results regarding this DC can be found in Appendix A, from Figure A.4
throughout Figure A.6.
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Figure 5.6: Results of M1-M2 212Bi → 208Tl DC search. The top plots shows the one dimen-
sional energy distribution of the particles emitted in the decays, while on the bottom is shown
the distribution of the time differences between the 212Bi decay and the 208Tl, together with
the fit results.

As a summary of the results of the performed DC searches, Table 5.1 lists the number
of DC found for each of the explained signatures and the value of the fit parameter A
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obtained by the time difference distributions. These results will then be useful for 232Th
specific activity evaluation.

Table 5.1: Summary of DC results for 232Th decay chain.

Decay Sub-Chain Signature DC Found A

228Th → 224Ra M1-M1 7703 178.7 ± 4.8
M1-M2 56 2.5 ± 0.8
M2-M1 229 4.8 ± 0.7

212Pb → 212Bi M2-M1 243 4.1 ± 0.7

212Bi → 208Tl M1-M3, 583 keV γ 39 3.1 ± 0.8
M1-M2, β + 860 keV 116 8.4 ± 1.4
M1-M2, β + 583 keV 115 8.6 ± 1.4

M1-M2, β + 583 + 511 keV 116 8.2 ± 1.4

5.2.2 Uranium-235 Decay Chain

Similarly to the last section, here I report the results of the DC searches for the 235U decay
chain. In this case I considered two decay sub-chains: 227Th→ 223Ra and 211Pb→ 211Bi.

Analysis of 227Th → 223Ra DC

Starting from the 227Th → 223Ra search, the 223Ra half-life t1/2(223Ra) = 11.4 days is
suitable for DC analysis. Notice that such long decay half-life might induce the presence
of random DC due to other background sources in the considered energy ranges.
The selected signatures (see Figure 5.7) are: an M1 α emission from each nuclei both
with energies compatible with their respective Q-values, namely 6146 keV for 227Th and
5979 keV for 223Ra, and detected in the same crystal; while for the slightly more complex
M2-M1 signature, the M2 227Th event consist of the detection of both the α emitted
and the recoil of the nucleus, in this case the α energy should be compatible with the
6038 keV 227Th α emission, while the energy of the recoil is consistent with what obtained
via

ER = Q(227Th)− Eα = (6146− 6038) keV = 108 keV . (5.4)

For this latter signature the spacial requirements is that the channel which detected the
223Ra decay is the same as the one which detected the 227Th recoil. Also in this case the
time cuts requires that the 223Ra decay happens within 5 ·t1/2(223Ra) = 5 ·11.4 days from
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the 227Th decay. Here I explicitly show the results obtained for the M2-M1 signature
(see Figure 5.8) while other relevant results can be found in Appendix B.

Figure 5.7: Scheme of 227Th → 223Ra DC signatures. Left M1-M1 and right M2-M1. The R
labeled arrow refers to the recoil of the nucleus and it is made explicit in the schemes only if
the recoil is explicitly a part of searched events.

Analysis of 211Pb → 211Bi DC

Another possible DC search is the one involving the 211Pb decay into 211Bi. While 211Bi
offers a very clear α decay easy to select in the CUORE data, 211Pb decays with the
emission of a β radiation with the possible presence of low intensity (∼ 3%) photons. In
principle the daughter half-life (t1/2(211Bi) = 2.14 minutes) is suitable for DC searches.
However, the continuous β energy spectrum and the very low intensity of the emitted
γs together with the fact that more random coincidences are present if a searched decay
(211Pb) only involves β and γ radiation, does not allow a significant DC search for
this particular sub-chain. Therefore to characterize the 235U contamination I will only
consider the results obtained from the 227Th→ 223Ra DC, that are summarized in Table
5.2.

Table 5.2: Summary of DC results for 235U decay chain.

Decay Sub-Chain Signature DC Found A

227Th → 223Ra M1-M1 3653 34.2 ± 4.2
M2-M1 854 8.5 ± 1.7
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Figure 5.8: Results of M2-M1 227Ra → 223Th DC search. Top left: one dimensional energy
distributions. Top right: two dimensional energy distribution of α emissions. Bottom left: two
dimensional energy distribution of 227ThM2 events. Bottom right: time difference distribution
between the two decays fitted with Eq. 5.1.
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5.2.3 Uranium-238 Decay Chain

The last contamination analyzed in this thesis is the one relative to natural 238U. Within
this decay chain I was able to select various signatures all belonging to the same

226Ra→ 222Rn→ 218Po

sub-chain. This part of the 238U is easy to identify in the CUORE data since all three
nuclei decays via α decay without the emission of other relevant radiations, while also
having half-lives compatibles with what is needed to perform DC analysis, namely being
around 186 seconds for 218Po and 3.8 days for 222Rn. This latter 222Rn half-life is fairly
long, in fact if only the 226Ra → 222Rn sub-chain is considered a lot of random DC
are found. To avoid this, I did not focus on 226Ra → 222Rn DC searches but I rather
considered coincidence events made of three decays, instead of the usual pairs; one for
each nucleus of the sub-chain. This kind of DC search also allowed to select more complex
signatures even if the three decays only involves α emissions.
Moreover, I also studied the 222Rn→ 218Po part of the sub-chain independently.

Analysis of 222Rn → 218Po DC

The simpler 222Rn→ 218Po DC search offers very clean α decay for both involved nuclei.
CombiningM1 andM2 events for both nuclei one can obtain the four signatures searched
for this DC. M1 events consist of energy depositions compatible with the Q-values of
decaying nucleus, these being

Q(222Rn) = 5590 keV and Q(218Po) = 6115 keV . (5.5)

While M2 events are composed by first the energy deposition caused by the emitted α
particle and the one related to the recoil of the nucleus. By knowing the energies of the
α emissions, namely

Eα(222Rn) = 5489 keV and Eα(218Po) = 6002 keV , (5.6)

then energies of the recoils of the nuclei can be obtained by subtracting Eα to the relative
Q-value, as in Eq. 5.4.
A scheme of the four signatures considered in my analysis is shown in Figure 5.9.
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Figure 5.9: Scheme of 222Rn → 218Po DC signatures. From top left to bottom right: M1-M1,
M1-M2, M2-M1 and M2-M2 signatures.

To select events belonging to this DC the 218Po event should release its energy in a
time window of 5 · t1/2(218Po) = 5 · 186 seconds, opened when a radon event is detected.
While spacial conditions are different for each signature (listed below), with a general
requirement on the nucleus recoils that should be detected within a 12 cm radius from
the channel impinged by the relative α particle.

• M1-M1: both events detected in the same crystal.

• M1-M2: one of the two energy depositions coming from the M2 218Po event
should be in the same channel which detected the 222Rn decay.

• M2-M1: the M1 218Po event has to release its energy in the crystal in which the
222Rn recoil is detected.

• M2-M2: lastly forM2-M2 DC, one can have two possibilities. The channel of the
222Rn recoil should be the same as the one of either the 218Po recoil or α emission.

Figure 5.10 displays the graphical results for the M1-M1 DC search, while additional
results can be found in Appendix C.
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Figure 5.10: Results of M1-M1 222Rn → 218Po DC search. The top plots show the energy
distribution of the two M1 events, while the middle one combines them in a two dimensional
distribution. On the bottom there is the distribution of the time differences between the two
events, fitted with Eq. 5.1.
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Analysis of 226Ra → 222Rn → 218Po DC

The last DC analysis performed in this thesis adds another α decaying nucleus to the
discussed 222Rn → 218Po DC. This allowed me to consider more specific signatures and
further improve the study of the 238U contamination. The energetic properties of the
additional 226Ra decaying nucleus are

Q(226Ra) = 4870 keV, Eα(226Ra) = 4784 keV and ER(226Ra) = 86 keV , (5.7)

so an M1 226Ra event consist of one energy deposition compatible with Q(226Ra), while
an M2 one with two depositions compatible with Eα and ER.
The considered signatures are: M1-M1-M1,M2-M1-M1,M2-M2-M1 andM2-M2-M2,
schematically2 shown in Figure 5.11.

Figure 5.11: Scheme of 226Ra → 222Rn → 218Po DC signatures. From top left to bottom right:
M1-M1-M1, M2-M1-M1, M2-M2-M1 and M2-M2-M2 signatures.

To select the events in coincidence first I looked for a 222Rn decay happening within
5 · t1/2(222Rn) = 5 ·3.8 days from the identified 226Ra event, then a 218Po event in delayed
coincidence with the 222Rn one will complete the triplet of events in DC.
The spacial conditions for each pair of consecutive events within the triplet are the same
as the one discussed above in the 222Rn→ 218Po search section, always with the require-
ment that the recoil of the nucleus must be detected in a 12 cm radius with respect to
the channel in which the relative α emission is identified.

2Notice that these are just examples, in reality the combination of channels in which the particles
release their energy can be much more complex.
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In the following plots (Figure 5.12) I report the results relative to the M2-M1-M1 sig-
nature, while the rest are all grouped in Appendix C.

The numerical results obtained from the study of the 238U decay chain are outlined in
Table 5.3. Here two A parameters are present, one for each time difference distribution;
the one relative to the 226Ra → 222Rn events (A′) is only present for triplet searches.

Table 5.3: Summary of DC results for 238U decay chain.

Decay Sub-Chain Signature DC Found A A′

222Rn → 218Po M1-M1 4497 175.2 ± 4.7
M1-M2 723 54.2 ± 3.3
M2-M1 640 31.3 ± 2.1
M2-M2 312 26.1 ± 2.7

226Ra → 222Rn → 218Po M1-M1-M1 2020 79.4 ± 3.2 29.3 ± 2.7
M2-M1-M1 550 40.6 ± 3.2 22.6 ± 2.4
M2-M2-M1 68 4.6 ± 0.9 4.8 ± 1.6
M2-M2-M2 56 4.2 ± 1.2 4.8 ± 0.9
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Figure 5.12: Results of M2-M1-M1 226Ra → 222Rn → 218Po DC search. The first row shows
the energy distribution of the four events in the delayed coincidence, then the two dimensional
distributions in the second and third rows allow a better understanding of the correlation
between the events. Finally the last two plots reports the time difference distribution between
the 226Ra-222Rn events (left) and 222Rn-218Po ones (right), notice how the two t1/2 obtained
from the exponential fits are compatible with their tabulated values t1/2(222Rn) and t1/2(218Po),
also shown in Figure 5.1.
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Chapter 6

Monte Carlo Simulations and
Contamination Activity Results

The last part of this thesis is dedicated to the analysis of the simulated data and then,
by combining the results of the DC searches with what is obtained from the analysis
of Monte Carlo simulations, I will evaluate the specific activities of the contaminants of
interests (238U, 235U and 232Th).

6.1 Monte Carlo Simulations of the Decay Chains
The MC simulated data used for this analysis is obtained thanks to the two softwares
qshields and Ares (see Section 4.2), with the first one being utilized to simulate precisely
the events coming from bulk and surface contamination of thorium and uranium in the
CUORE TeO2 crystals. A total of six simulations were performed, two for each contami-
nant, one for a bulk contamination and one for a surface one. In CUORE, contamination
are modeled with a depth distribution behaving as a decaying exponential with different
decay constant. DC analysis is sensible to shallow contamination with a 10 nm decay
constant and to very deep ones.
Then Ares handles the simulation outputs, so that the data will be as similar as pos-
sible to the CUORE real data. I reprocessed Ares output to explicitly have the same
variables for each event as in the real data used for the DC searches and also to have
the simulated data in the same format, for an easier analysis. Then the DC searches
that I implemented for real data can be repeated on the simulated one to obtain the
reconstruction efficiency for every considered DC signature.

First a very important distinction needs to be made: having two kinds of MC data,
simulating a bulk or a surface contamination, it is important to appropriately apply the
DC search to the proper set of simulated data. As an example an M1-M1 delayed coin-
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cidence is more likely to be generated by a bulk contamination, since both events release
their energy in a single crystal and so it needs to be searched in the bulk MC data; while
a DC having one or more M2 events in the signature is more probable to be caused by
a shallow contamination, therefore this kind of signatures should be searched instead in
the MC data simulating a surface contamination.

6.1.1 Delayed Coincidence Search applied to Monte Carlo Data

The final goal of this work is to evaluate the specific activity, in Bq/cm2 for surface
contamination or Bq/kg for bulk ones, of the three main contaminants. The analysis of
simulated data allows to extract the signature dependent reconstruction efficiency εR,
defined as

εR =
NDC(signature)

Nev(DS)
, (6.1)

where NDC is the number of delayed coincidences found in the simulated data for a given
signature and Nev is the total number of events in the MC dataset in which the DC are
searched.
The considered signatures are the same for which the real data analysis results are dis-
cussed in Chapter 5 and the conditions required on the events are also coherent with
those applied to real data.
For each simulated signature the usual plots are obtained: the one dimensional energy
distribution of the radiations involved in the decays together with the two dimensional
one when relevant and the time difference distribution with the decaying exponential fit.
As an example, Figure 6.1 shows the results of the M1-M1 222Rn → 218Po DC search
using the MC simulation of a bulk 238U contamination. The exponential fit of the time
difference distribution is applied to the MC only to evaluate the quality of the DC re-
construction and does not enter the evaluation of the contamination.

Before showing the results of Monte Carlo data DC analysis, Table 6.1 lists the to-
tal number of events in each simulation dataset together with the number of generated
decay chains per datasets; the latter will be used in the following section for the direct
evaluation of the specific activity uncertainties, while the former enters Eq. 6.1. Then
Table 6.2 summarize the results of DC searches in the simulated data, by reporting the
number of DC found NDC and the value of εR for each signature, as defined in Eq. 6.1.

6.2 Results on the Specific Activity of the Contami-
nants

The last part of my thesis will be dedicated to the explanation of how to extract the
specific activity of the contaminants from the results of the DC searches with both real
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Figure 6.1: Example of DC search in simulated data for M1-M1 222Rn → 218Po signature.
From the time difference distribution, bottom plot, one can understand that the DC is very
well reconstructed even in the simulated data.

Table 6.1: Number of generated chains and events for each type of contamination.

Contaminant Type of Contamination Nchain [× 107] Nev [× 107]
232Th Bulk 0.556 2.859

Surface 1.111 6.335

235U Bulk 0.500 2.786
Surface 0.500 2.783

238U Bulk 1.667 8.123
Surface 1.667 7.997

76



Table 6.2: Results of DC analysis on MC simulated data. The first column exposes the type
of simulated contamination, while the second and third defines the searched signature and the
results of the analysis are shown in the last two columns. Notice that the enumeration of the
M1-M2 212Bi → 208Tl signatures follows their explanation in Section 5.2.1.

Contamination Decay Sub-Chain Signature NDC εR

Bulk 232Th 228Th → 224Ra M1-M1 4770060 1.67 × 10−1

Surf 232Th " M1-M2 22676 3.58 × 10−4

" " M2-M1 90854 1.43 × 10−3

" 212Pb → 212Bi M2-M1 30455 4.81 × 10−4

" 212Bi → 208Tl M1-M3 6047 9.55 × 10−5

" " 1st M1-M2 17510 2.76 × 10−4

" " 2nd M1-M2 17510 2.76 × 10−4

" " 3rd M1-M2 17510 2.76 × 10−4

Bulk 235U 228Th → 224Ra M1-M1 3372699 1.21 × 10−1

Surf 235U " M2-M1 49050 1.76 × 10−3

Bulk 238U 222Rn → 218Po M1-M1 14811299 1.82 × 10−1

Surf 238U " M1-M2 1231304 1.54 × 10−2

" " M2-M1 1143931 1.43 × 10−2

" " M2-M2 584663 7.31 × 10−3

Bulk 238U 226Ra → 222Rn → 218Po M1-M1-M1 14497333 1.78 × 10−1

Surf 238U " M2-M1-M1 433077 5.42 × 10−3

" " M2-M2-M1 245240 3.07 × 10−3

" " M2-M2-M2 153405 1.92 × 10−3
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CUORE data and the simulated one. Then I will provide a comparison between the
obtained results with the ones coming from past studies, such as material screening cam-
paign (Table 4.1) and the CUORE-0 background model (Tables 4.2 and 4.3).

The specific activity of a contaminants is defined from the expression that connects
the number of decays of interest N caused by the given contaminant, namely

N = A · E · εR , (6.2)

where A is the specific activity measured in Bq/kg or Bq/cm2, εR is the reconstruction
efficiency obtained from MC data, while E is the exposure expressed in proper units: E
needs to be in Total Detector Mass[kg]·yr if a bulk contamination is being evaluated, or
in Total Detector Area[cm2]·yr if a superficial one is being appraised instead. The two
values EB and ES, for bulk and surface contamination evaluations respectively, are

EB = 1038.4 kg · yr , ES =
EB

0.75 kg
· 6 · 25 cm2 = 2.08× 105 cm2 · yr , (6.3)

where 0.75 kg and 6 · 25 cm2 are the average mass and the total surface of each cubic
TeO2 crystal. Then by isolating A from Eq. 6.2, the specific activity can be written as

AB,S =
N

EB,S · εR
, (6.4)

where N can be identified as the A value obtained from the exponential fit of the time
difference distribution for each searched delayed coincidence signature.

Table 6.3 summarize the results of both AB and AS evaluation for all the DC signa-
tures searched in this work. The uncertainties are carefully evaluated by combining
what is provided by the exponential fit of the time difference distributions with the bi-
nomially distributed εR. The results obtained for the 226Ra → 222Rn → 218Po DC are
derived by combining what is found from the two time difference fit, namely from the A
and A′ values reported in Table 5.3.
An important comment needs to be done, in this work the specific activities are evaluated
assuming that all M1-M1 DC came from bulk contamination while the DC containing
M2 events from surface ones. On the other hand, based on their depth distribution,
surface contamination can also generate M1-M1 DC events. Then a subsequent step,
not performed in the context of this thesis due to time constraints, is a bulk-surface
combined analysis, that will provide more precise results.

A comparison between the specific activities evaluation from DC analysis with what
has been obtained by previous research yields encouraging results for all types of con-
taminants. Some noteworthy results are:
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• The 232Th bulk contamination is a factor two lower than the known one and the
measurement is more precise, while the surface contamination measurements are
overall compatible with the CUORE-0 values.

• For the 235U decay chain, these are the first measurements of this particular con-
taminant within the CUORE experiment, thus it is clear that additional studies
must be carried out to refine these results.

• Lastly, for the 238U bulk contamination I obtained a discrepancy between the one
from the 222Rn→ 218Po DC and the one from the triplet search; moreover they are
not compatible with CUORE-0 BM results. Therefore in this case improvements
in the DC analysis technique are required. Whereas the surface contamination
measurements yielded an overall lower specific activity with respect to what was
obtained by previous searches.

This suggests that a further refinement of such an analysis procedure for the characteriza-
tion of natural radioactive contamination might lead to promising results; and highlights
the possibility to extend it to other 0νββ decay experiments, such as the CUORE experi-
ment upgrade, CUPID. Where DC analysis can be extended to superficial contamination
of the copper holders, with a relevant impact on the evaluation of CUPID background
budget. This is of course feasible only if MC simulations describing such contamination
can be adequately implemented. Moreover, DC studies can be used to directly suppress
the CUPID background, as it was done in CUPID-Mo [83].
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Table 6.3: Summary of Specific Activity evaluation for each searched DC.

Contamination Decay Sub-Chain Signature AB [nBq/kg] AS [nBq/cm2]

Bulk 232Th 228Th → 224Ra M1-M1 32.7± 0.9

Surf 232Th " M1-M2 1.1± 0.3

" " M2-M1 0.51± 0.07

" 212Pb → 212Bi M2-M1 1.3± 0.2

" 212Bi → 208Tl M1-M3 5.1± 0.9

" " 1st M1-M2 4.7± 0.8

" " 2nd M1-M2 4.8± 0.8

" " 3rd M1-M2 4.6± 0.8

Bulk 235U 228Th → 224Ra M1-M1 8.6± 0.9

Surf 235U " M2-M1 0.74± 0.01

Bulk 238U 222Rn → 218Po M1-M1 29.4± 0.8

Surf 238U " M1-M2 0.54± 0.03

" " M2-M1 0.33± 0.02

" " M2-M2 0.55± 0.06

Bulk 238U 226Ra → 222Rn → 218Po M1-M1-M1 9.3± 0.5

Surf 238U " M2-M1-M1 0.89± 0.08

" " M2-M2-M1 0.23± 0.06

" " M2-M2-M2 0.36± 0.09
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Conclusions

This thesis presents an evaluation of surface and bulk contamination of the TeO2 crystals
employed by the CUORE experiment with a delayed coincidence approach. The studied
contamination, namely the ones from 238U, 235U and 232Th, are investigated by looking
into the 1 ton·yr CUORE data for events that can be identified as coming from particular
decay sub-chains of the cited above nuclei.
To find events in delayed coincidence correctly associated with a decay chain, various
constraints on single event properties must be applied, such as: multiplicity selections,
cuts on the energy released and where is detected within the CUORE detector geome-
try and, most importantly, on the time at which the events are identified. The decays
related to each contaminant can consist of different emissions (α, β or γ) with various en-
ergies and a single decay can also cause more than one energy deposition. Therefore even
within the same pair or triplets of events in coincidence many signatures can be searched.

After selecting the events in delayed coincidence in the CUORE data, I studied their
energy and time difference distribution. Through an exponentially decreasing fit of this
latter distribution, the half-life of the daughter nucleus in the coincidence is extracted
and compared with its tabulated value with the intention of verifying if the coincidence
has been well reconstructed. Moreover, I applied the delayed coincidence search to Monte
Carlo data simulating the expected effect of precise bulk and superficial contamination
on the CUORE tellurium detectors to obtain the geometrical efficiency of each signature.
By combining the results of the studies on the two types of data I was able to obtain an
evaluation of Th and U activities ranging from 10−1 to 101 nBq, which some are in agree-
ment with previous results from material screening campaign and from the CUORE-0
experiment background model, while others highlights that a more refined analysis is
required.
This is the first time that delayed coincidence analysis is carried out using the real
CUORE data and, while providing promising results, it offers a solid starting point for
additional research activities. The possible following steps consist of: a bulk-surface com-
bined analysis, the introduction in the specific activities evaluation of the reconstruction
efficiency in a channel dependent way and the consideration of the systematics on the
depth distribution for surface contamination.
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Appendix A

232Th Decay Chain DC Analysis
Additional Results

A.1 228Th → 224Ra Results
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Figure A.1: Results ofM1-M2 228Th→ 224Ra DC search. Top left/right: one/two dimensional
energy distribution. Bottom: time difference distribution fitted with Eq. 5.1.
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Figure A.2: Results of M2-M1 228Th → 224Ra DC search.
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A.2 212Pb → 212Bi Results
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Figure A.3: Results of M2-M1 212Pb → 212Bi DC search.

A.3 212Bi → 208Tl Results
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Figure A.4: Results of M1-M3 212Bi → 208Tl DC search. Considering the 2615 keV and the
583 keV γ emissions, together with the β from the 208Tl decay.
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Figure A.5: Results of M1-M2 212Bi → 208Tl DC search. Considering the M2 208Tl event as a
β decay with the emission of 583 keV γ in the same channel and the 2615 keV photon.
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Figure A.6: Results of M1-M2 212Bi → 208Tl DC search. Considering the M2 208Tl event as
a β decay with the emission of low energy (511 and 583 keV) γs in the same channel and the
2615 keV photon.

85



Appendix B

235U Decay Chain DC Analysis
Additional Results

B.1 227Th → 223Ra Results
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Figure B.1: Results of M1-M1 227Th → 223Ra DC search. The top left plot shows the one
dimensional energy distribution of the two events around their respective Q-value and the top
right the two dimensional one. While the bottom plot reports the time difference distribution
fitted with the usual decaying exponential function.
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Appendix C

238U Decay Chain DC Analysis
Additional Results

C.1 222Rn → 218Po Results
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Figure C.1: Results of M1-M2 222Rn → 218Po DC search.
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Figure C.2: Results of M2-M1 222Rn → 218Po DC search.
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Figure C.3: Results of M2-M2 222Rn → 218Po DC search.
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C.2 226Ra → 222Rn → 218Po Results
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Figure C.4: Results of M1-M1-M1 226Ra → 222Rn → 218Po DC search.
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Figure C.5: Results of M2-M2-M1 226Ra → 222Rn → 218Po DC search.
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Figure C.6: First part of the results of M2-M2-M2 226Ra → 222Rn → 218Po DC search.
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Figure C.7: Second part of the results of M2-M2-M2 226Ra → 222Rn → 218Po DC search.
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List of Abbreviations

0νββ Neutrinoless Double Beta Decay

2νββ Two Neutrino Double Beta Decay

ANPS Average Noise Power Spectrum

AP Average Pulse

BEGe Broad Energy Ge Detectors

BEH Brout-Englert-Higgs

BI Background Index

BM Background Model

CL Confidence Level

CP Charge Parity

CUORE Cryogenic Underground Observatory for Rare Events

DAQ Data AQuisition

DC Delayed Coincidences

DS Detector Suspensions

DT Derivative Trigger

DU Dilution Unit

ELS External Lead Shield

FCS Fast Cooling System

FE Front End
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INFN Istituto Nazionale di Fisica Nucleare

IO Inverted Ordering

IVC Inner Vacuum Chamber

JAGS Just Another Gibbs Sampler

LH Left-Handed

LNGS Laboratori Nazionali del Gran Sasso

LS Liquid Scintillator

MC Monte Carlo

MCMC Markov Chain Monte Carlo

MLS Modern Lead Shield

MSP Main Support Plate

NO Normal Ordering

NTD-Ge Neutron Transmutation Doped Germanium

OF Optimum Filter

OFE Oxygen-Free Electrolytic

OT Optimum Trigger

OVC Outer Vacuum Chamber

PCA Principal Component Analysis

PGA Programmable Gain Amplifiers

PMNS Pontecorvo-Maki-Nakagawa-Sakata

PMT Photo Multiplier Tubes

PSA Pulse Shape Analysis

PTFE PoliTetraFluoroEthilene

PTs Pulse Tube

QD Quasi Degenerate
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RE Reconstruction Error

RH Right-Handed

RLS Roman Lead Shield

RMS Root Mean Square

ROC Read-Out Chain

ROI Region Of Interest

SM Standard Model

SNR Signal to Noise Ratio

TGS Thermal Gain Stabilization
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