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Introduction

Neutrinos are fundamental particles that keep challenging our knowledge about the
Universe. They are the most abundant particles of matter and yet many myster-
ies remain about them. In the last 60 years, since they were first observed, many
experiments have provided knowledge about their properties, but they have also
added more questions about them and the Standard Model of particle physics. For
example, it has been demonstrated that they can oscillate between three lepton
flavours and thus that they have a mass, but this raised many questions: what
mechanism gives such small masses to neutrinos? What is their nature? Could
they oscillate toward sterile neutrinos? During this thesis, I have worked on two
different experiments that investigate these issues: SuperNEMO and SolLid.

The Majorana mass mechanism could explain the smallness of neutrino masses,
but it implies that they should be their own antiparticle. This can be investigated by
looking for neutrinoless double beta decay which is the purpose of the SuperNEMO
experiment. A demonstrator, composed of a tracker and a calorimeter, is being
assembled at the Modane Underground Laboratory. Six kilograms of the double
beta emitter ¥2Se will be placed at the center of the detector. The search for 0v3/3
decays is very challenging as this process, if it exists, is very rare so the backgrounds
have to be reduced and controlled with high precision.

The SoLid experiment searches for sterile neutrinos close to the BR2 nuclear
reactor in Belgium. The first prototype, SM1, has demonstrated that the very seg-
mented technology used for this experiment is efficient to reject backgrounds. A lot
of R&D has been conducted to improve the energy resolution of the detector. The
SoLid phase I detector has been built in 2017 and is now taking data. The hunt for
sterile neutrinos has started.

This thesis is divided in two parts. The first part is about the SuperNEMO
experiment and the search for neutrinoless double beta decay. The second part
concerns the SoLid experiment and the search for sterile neutrinos.

The first chapter describes our current knowledge and questions about neutrino
physics. It explains why the search for neutrinoless double decay and sterile neutri-

nos is important and describes the experimental status of these fields of research.

The second chapter is about the SuperNEMO experiment. A description of
the demonstrator is given as well as the different backgrounds it will have to fight
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against.

The third chapter focuses on the work done during this thesis to understand the
impact of the external background on the SuperNEMO experiment. It also shows
a study of the utility to use copper foils in the detector to control this background.

In the fourth chapter, the principle of the Solid experiment is given. The
detector technology is explained, then the results of the first prototype SM1 are
discussed.

The fifth chapter shows the work done during this thesis to increase the light yield
in order to improve the energy resolution of SoLid phase I. The test bench built at
LAL is described and the results of the different tests are presented.

The sixth chapter is dedicated to the SoLid phase I experiment. The detector de-
sign and performance and the calibrations are described.

The seventh chapter provides a preliminary reactor neutrino search with the first
SoLid phase I data.
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Chapter 1

Neutrino physics

1.1 Neutrinos: what 1s established

In a century, we have discovered and learnt a lot about a whole new world: the
world of the infinitesimally small, the world of particles. While physicists have
managed, with giant detectors and accelerators, to create a standard model of
particle physics which seems to work well, there is a particle whose properties are
still elusive because it interacts very weakly with matter: the neutrino. It is very
important to learn more about it because it could help us to improve or even go
beyond the Standard Model.

1.1.1 Discovery of neutrinos

The beginning of the XXth century was the beginning of particle physics. In 1896,
H. Becquerel discovered radioactivity by showing almost accidentally that uranium
emits a radiation that exposes photographic plates [80]. He did not know what this
radiation was. By investigating cathode rays, J. J. Thomson and other physicists
discovered the electron the following year. In 1899, E. Rutherford showed the exis-
tence of av and [ rays while P. Villard detected in 1900 a third type of radiations: y
rays. At the same time, several physicists, including P. and M. Curie, or W. Kauf-
mann, demonstrated that £ rays and cathode rays were the same particle: electrons
[69]. This was the knowledge physicists had at the beginning of the history of neu-
trinos: they had just discovered a new physics phenomenon, radioactivity, and they
had started to distinguish some particular radiations.

The history of the neutrino starts with the controversy on the g spectrum conti-
nuity. After the recent and very exciting discoveries of radioactivity and electrons,
some physicists, like Kaufmann or Becquerel, started to study the electrons emit-
ted in [ decays. They saw that these electrons had a wide energy spectrum which
seemed continuous. It surprised the physicists at that time as they had seen that
the a and ~ radiations had discrete lines in their spectrum. The argument lasted
for a few years even after J. Chadwick’s experiment in 1914: instead of detecting
electrons with photographic plates as it used to be done, he started to use newly
developed Geiger counters [57]. With his apparatus, he demonstrated the conti-
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nuity of the S spectrum. Still, some physicists like Lise Meitner asked for more
evidence. Chadwick’s result was confirmed in 1927 by C. Ellis and W. Woodster
with a calorimetric measurement of the electron energy [67].

However, this discovery lead to another polemics: why is the g spectrum con-
tinuous? N. Bohr thought that the energy conservation was violated in single
interactions, and conserved only statistically. This idea was first suggested by W.
Nernst in 1916 and several physicists, like G. C. Darwin or A. Sommerfeld, used
it in an attempt to explain the young quantum theory. However, W. Pauli who
did not like this idea, proposed another “desperate way out” in his famous letter to
“radioactive ladies and gentlemen” [105] : the existence of a new neutral particle
with spin 1/2 emitted at the same time as the electron that he called the neutron.
He also wrote that this neutron should “satisfy the exclusion principle” and its mass
“should be of the same order of magnitude as the electron mass”. Although he ad-
mitted that his idea “may not seem very probable”, it was quite attractive as it
explained why the electron did not have always the same energy in the g decay
(the neutrino could take on a variable part of the decay energy) and it also solved
the problem of nuclear statistics and spin considering that the neutrino was part of
the nucleus. This last problem was actually solved by the discovery of the neutron
by J. Chadwick in 1932, which was tied to the belief in the conservation of the
energy. E. Fermi’s theory, published in 1934, gave a satisfying answer to all these
issues. He assumed that the nucleus was composed of protons and neutrons, and
that W. Pauli’s neutrons, which he called “neutrinos” were created in the 5 decay.
In his theory, 5 decay consisted of a neutron decay inside a nucleus into a proton,
an electron and a neutrino. As it will be seen later, the neutrino emitted is actually
an antineutrino (1.1):

n—pt+e+v (1.1)

This solution preserved the conservation laws. This theory also shows that the neu-
trino mass was nearly zero because of the form of the tail of the g energy spectrum.

As A. Franklin explains, at that time physicists seem to have accepted the exis-
tence of the neutrino and Fermi’s theory, but “there is something a little troubling
about the argument. The conservation laws support the neutrino, but the neutrino
saves the conservation laws.” [69]. This is why other experimental proofs of the
existence of the neutrinos were needed.

In 1936, using E. Fermi’s theory, H. Bethe and R. Bacher explained that “there
is only one process in which neutrinos can certainly cause. That is the inverse
B-process” [52]. This process, also called inverse beta decay (IBD), is the following
(1.2):

V+p—on+e (1.2)
This process is very important because it is still used nowadays to learn more about
neutrinos. However, like all neutrino processes, its cross-section is very small which
makes it very difficult to be observed. H. Bethe and R. Bacher explained that “a
neutrino has to go, in the average, through 10'% km of solid matter before it causes
such a process. The present method of detection must be improved at least by a
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factor 103 in sensitivity before such a process could be detected” [52]. Tt seemed al-
most impossible to detect neutrinos at that time. However, 12 years later, H. Crane
moderated this sentence as he calculated that the increase in sensitivity needed was
107 and the use of a chain-reacting pile to get a high neutrino flux could help the
detection.

The detection of neutrinos using the IBD process finally happened 20 years
later. To detect this particle which has a low probability to interact, physicists
needed an intense source of neutrinos and a big neutrino target. F. Reines, who
had taken part to the Manhattan project and nuclear trials in the Pacific ocean,
imagined with C. Cowan, his colleague at the Los Alamos laboratory, that they
could use the explosion of a nuclear bomb as a source of neutrinos. They calculated
that by installing their detector at 50 m from the bomb, they needed several tons
of scintillation liquid. They called such a big neutrino detector “El Monstro”. TIts
construction started in 1951 but in 1952, they considered they could use a nuclear
reactor as the neutrino source instead of a bomb. Despite obvious security rea-
sons, an advantage was that they could let their experiment run for a long time
to detect more IBD events, although the flux was much lower than the one of an
atomic bomb. Their detector was composed of 2 tanks of 400 1 of a mix of water
and cadmium chlorure. When a 7 entered the detector, it interacted with a proton
to create a positron and a neutron. The positron immediately annihilated with
an electron by emitting 2 back-to-back gammas of 511 keV (the prompt signal).
After a few microseconds, the neutron was captured by a cadmium atom emitting
other gamma rays (the delayed signal). To detect these gamma rays, there were
liquid scintillation tanks around the water and cadmium tanks and they built an
electronic circuit to detect the 2 gamma signals of the positron and the neutron in
time delay coincidence.

They ran a first experiment in 1953 at the Hanford reactor without enough
shielding. They had several complications due to cosmic background with a first
signal over background ratio (S/B) of 1/20 so only a vague signal was observed
[108]. They improved their experiment at Savannah River with a better segmen-
tation using more tanks to distinguish more easily muon tracks (figure 1.1). They
could define a prompt signal if scintillation signals were found in 2 tanks, as a
positron creates 2 gammas of opposite direction, but no more than 2 tanks as a
scintillation signal in 3 tanks would sign a crossing atmospheric muon interaction
(figure 1.2). This segmentation idea to reject backround is important and has been
used a lot in other experiments (including SoLid). They improved their S/B to 3/1.
To calibrate in energy their detector, they used atmospheric muons and radioactive
sources. In 1956, F. Reines and C. Cowan managed to detect a signal depending
on the reactor power in agreement with the predicted cross-section at 4 o [108].

The neutrino was first postulated theoretically to explain an experimental prob-
lem: the continuity of the 5 spectrum. However, to get the status of a well accepted
particle in the physicists community, it still had to be detected directly. This was
done by F. Reines and C. Cowan in 1956. A very similar process will happen several
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Figure 1.1: F. Reines and C. Cowan neutrino detector at Savannah River. The protons in the
water in blue are the neutrino target. The scintillation signal from the positron and then the
neutron are detected in the tanks I, IT and III.
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Figure 1.2: Left: schematic diagram of the neutrino detector. Right: a characteristic signal of an
IBD record by F. Reines and C. Cowan [108].
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times in neutrino history. While several particles were first detected directly and
then included in the theory of particle physics, neutrinos, and later sterile neutrinos
(if they exist), have first been imagined by theoreticians to explain experimental
issues and will (or may) then be detected directly.

1.1.2 Neutrino spin and helicity

In Fermi’s theory, the neutrino is a spin 1/2 particle, so it is a fermion. In 1956,
T. Lee and C. Yang [91]| suggested parity non conservation in weak interaction. C.
Wu [113] and her colleagues demonstrated it by studying the angular distribution
of the electron in the %°Co decay after polarizing the %°Co atoms.

This demonstration was very important for theorists. Some of them had already
assumed parity non conservation, like T. Lee and C. Yang or L. Landau in 1957. It
led them to propose a theory of neutrino with 2 components instead of 4 compo-
nents usually required for fermions (2 particle and 2 antiparticles with a spin +1/2
or a spin -1/2). This meant that the neutrino should have only a spin antiparallel
to its momentum (we call this a left-handed neutrino, meaning that its helicity is
-1) and the antineutrino should have only a spin parallel to its momentum (we call
this a right-handed neutrino, meaning that its helicity is +1).

M. Goldhaber and others proved indeed in 1958 that the helicity of the neutrino
is always -1 using the electron capture of ?Eu and measuring the gamma helicity
from '52Sm* deexcitation which was the same as the emitted neutrino helicity [94].

By measuring the neutrino helicity in agreement with the 2-component theory,
this experiment established that parity violation was maximal in 8 decay. However,
the 2-component theory also predicted that the neutrino mass should be zero. We
will see later that this is a problem.

1.1.3 Neutrino and anti-neutrino

In 1955, R. Davis demonstrated that v, have different behaviour from v, by showing
that their cross-section when interacting with neutrons are different. To show this,
he used a radio chemical experiment, the same principle as the one used to detect
the first solar neutrinos. In 1948, B. Pontecorvo proposed radiochemical detection
methods to study neutrinos based on the reaction:

Ve +3TCL =" Ar + e~ (1.3)

R. Davis used the Brookhaven reactor, in the USA, as a source of neutrinos. To
detect their interaction with neutrons of 3"Cl, he detected the produced 3" Ar which
he extracted by flooding He through the detector and then trapped. The 37Ar de-
cays were then counted. He did not see any 7, interacting with neutrons while it
was proven that v, did interact with neutrons (this detection principle with v, was
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used later to detect solar neutrinos). It was deduced from this experiment that
v, and v, are different particles. However, the discovery of parity violation and
the different helicities for neutrinos and antineutrinos could explain the different
cross-sections for neutrino and antineutrino weak interaction. It means that Davis
experiment was discriminating between left-handed and right-handed particles but
did not prove that neutrinos and antineutrinos were different particles. Similar re-
sults concerning the weak interaction cross-sections were obtained later at CERN
for v, and 7,,.

This is not the end of the story for the comparison of neutrinos and antineutri-
nos. As we will see, whether neutrinos and antineutrinos are the same particle is
still an open question.

1.1.4 Discovery of neutrino flavours

After the detection of the first neutrinos, many questions arose. One of these ques-
tions was: are there different neutrinos? Although several physicists thought it was
useless to introduce more complexity with different neutrinos, the failure to observe
the decay: u — e+~ which would be possible if the muon decay was y — e+v+7v
lead theoreticians to propose the existence of 2 neutrinos: the electron neutrino
(ve) and the muon neutrino (v,) with two different lepton flavors. To answer this
question, B. Pontecorvo proposed to try to detect the reaction: 7, +p — et +n
which had already been detected by Reines and Cowan with 7, (the IBD reac-
tion) [107]. In the 1960’s, L. Lederman, M. Schwartz et J. Steinberger used the
Brookhaven AGS accelerator which produced pions to check if neutrinos emitted in
[f-decay were the same as the one emitted in pion decay. As they saw less electrons
than muons after these neutrinos interacted with the protons and neutrons of their
detector, it meant that neutrinos emitted from pion decay (or v,), did not have the
same cross-section as the one emitted in beta decay which were observed in nuclear
reactors. This was the discovery of v, and it also seemed to imply the conservation
of the lepton number.

In 1989, the number of active (not sterile) light neutrinos have been measured
with the width of the Z° boson at LEP and was in agreement with the existence of
3 neutrinos. This third neutrino was then thought to be the tau neutrino (v,) as
the 7 particle was a lepton discovered in the 1970’s. This v, was detected in 2000
at Fermilab by the DONUT experiment. It used v, produced by protons from the
Tevatron accelerator which decayed into charmed mesons. The v, interactions were
then detected in an emulsion cloud chamber. Four events of v, were found which
was a clear signal compared to their background [89].

We have seen that several types of neutrinos have been discovered corresponding
to the 3 lepton flavours. The study of this flavour neutrino fluxes will lead to the
discovery of another intriguing property of neutrinos. Indeed, we are going to see
that some anomalies in the neutrino fluxes have bothered physicists for some time.
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1.1.5 Neutrino Oscillations
Experimental discovery of oscillations: the solar neutrinos issue

Solar neutrinos are a very important source of information to understand the energy
process which take place in the sun. Indeed, as neutrinos interact very weakly, the
ones which are produced inside the sun can get to us very quickly while photons
scatter a lot in the core of the sun. R. Davis decided to search for interactions of so-
lar neutrinos with CI using the reaction 1.3. In the 1960’s, after several failures, he
installed a tank of 600 t of C5Cl, in the Homestake gold mine in Dakota. Detecting
v, appeared to be more difficult than not detecting 7.. His detector was based on
the same principle as the one he used previously. He installed this solar neutrino
experiment in a mine to decrease the backgrounds, like atmospheric muons. After
letting the Ar atoms accumulating during several months, he detected a very low
neutrino flux. In 1968, the first published results showed a deficit of solar neutrinos
[62]. After several years of data taking, different experiments and more precise cal-
culations of the solar neutrino flux, the problem remained. There were 3 possible
explanations to this result: either the solar model used for calculations was wrong,
or Davis had made some mistakes in his experiment, or neutrinos could have a
flavour that changes with time and Davis experiment would be sensitive to only
one type of flavour.

Other radiochemical experiments were conducted with gallium including the
Gallex [8] and SAGE [9] experiments, which will be very important later for the
sterile neutrino problem. Both experiments detected a neutrino flux lower than
the predicted one. However, it was hard to conclude with all these radiochemical
experiment as they did not give much information on the neutrinos: neither their
energy nor their capture time.

In 1996, the Super-Kamiokande experiment [11], in the Kamioka mine in Japon,
started operation. This experiment used the Cherenkov effect produced by electrons
and muons in water interacting via neutral or charged current with neutrinos. It
has the advantage to give information on the direction, time and energy of the neu-
trinos. Solar v, could be detected via v, scattering on electron. The observed solar
neutrino flux was about 45% of the flux predicted by the solar standard model.
Atmospheric v, and v, could also be detected as atmospheric v, have higher energy
which allows them to produce muons. v, and v, could be differentiated with the
form of the Cherenkov light pattern. This experiment showed that atmospheric v,
travelling across the earth seemed to disappear while it was not the case for v,. A
deficit of neutrinos was observed for both atmospheric and solar neutrinos.

The conclusive experiment on the solar neutrino issue was the SNO experiment
[24]. Tt started to take data in 1999. It worked on the same principle as Super-
Kamiokande but instead of water (HO), heavy water (D20) was used. It has the
advantage to be sensitive to the total neutrino flux (v, v, and v, fluxes) and not
only to the v, flux. Indeed, it could also detect flavor-blind neutral currents while
previous experiments like Super-Kamiokande could only detect v, scattering via
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charged current and elastic scattering. The SNO experiment could detect the ratio
of solar v, over the total solar neutrino flux independently of the solar model. The
measured total solar neutrino flux was in good agreement with the predicted flux
from the solar model. However, the v, flux was much lower. This was a proof that
v, produced in the sun arrived at earth with a different flavour: neutrinos oscillate.

These last two experiments received a Nobel Prize in 2015 “for the discovery of
neutrino oscillations, which shows that neutrinos have mass”.

Phenomenology of oscillations

A formalism has been introduced to explain how neutrinos can oscillate. This
formalism will be introduced here to understand how oscillation can imply that
neutrinos have masses. The study will be simplified considering oscillations in vac-
uum.

The oscillation mechanism comes from the fact that the flavour eigenstates (v,
vy, vr) are different from the mass eigenstates (14, v, and v5). The mixing between
flavour and mass is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [114]:

Ve Uel UeQ UeS n
v, = Uyl Uuz U'ug 1%, (14)
Vr U’?’l U7'2 U7'3 g

This unitary PMNS matrix which has 9 parameters can also be written with 3
mixing angles (612, 013, 023) and 3 CP violation phases: 1 Dirac phase (0) and 2
Majorana phases (o, f):

1 0 0 C13 0 813671’6 C12 s12 O 1 0 0

Upuns = [0 ca3  S23 0 1 0 —S19 C¢13 0 0 e 0
0 —S93 Cog s13€°9 0 cp3 0 0 1 0 0 ¢#
(1

where ¢;; = cos(6;;) and s;; = sin(6,;;). We will see later that this description is
useful to discriminate between the different types of oscillations observed experi-
mentally.

To determine the evolution of the mixing with time, quantum mechanics is re-
quired. A neutrino of a certain flavour v, (v.,v, or v.) can be described as a
superposition of different mass eigenstates ;. These mass eigenstates evolve ac-
cording to the Schrédinger equation. As the neutrino masses are very small and
their speed is relativistic, their energy calculation can be simplified:

2

m2
E, =/ 24 m?2 i + — 1.6
pz mz P 2pl ( )

Using the fact that neutrinos propagate almost at the speed of light (¢t ~ L
with L the travelling distance of neutrinos), the Schrédinger equation describing
the evolution of a mass eigenstate becomes:
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vi#)) = e FPE 1(0) = e A 1 0)) (1.7)

It leads to a desciption of a neutrino of flavour v,:

m2 —i(m?
(L E)) = 3 Ui O Z(Z “/QE’)LUm) v (18)

with F ~ p the average energy of the different mass eigenstates. The probability
to detect a neutrino of flavour vg when the source neutrino had a flavour v, is then:

Py (L E) = | (vs] [va(L, E)) Z 5 UgiUnUs e~ (Ami /2001 (1.9)

where Am?; = m? —m?.

We can either look for appearance of v in the v, flux (P, _,,) or for disap-
pearance of v, in the v, flux (1 -3 5, Prooy)-

If all the v; mass eigenstates were null, then Am?j would be null and we would not
observe any oscillation between flavours. It shows also that the oscillations are only
sensitive to the square mass difference, this is why the absolute v mass can not be
determined with oscillations in vacuum. The amplitude of the oscillations is given
by the PMNS matrix terms (U;,UpiU,;Uj;) that are determined experimentally.
From 1.9, we see that the observed oscillation phase (Amg;/2E)L depends on the
distance between the source and the detector (L), and the neutrino energy (E). To
be sensitive to a particular square mass difference and be able to determine it, the
observed oscillations must be sensitive to a particular phase (so equal to 27):

Am?2. AT E
— =21 — L;; = 1.10
oF Y T I Amgj ( )

This is why neutrino oscillations observed at different distances and energies are
required to determine the different square mass differences and PMNS matrix terms.

Natural neutrinos, created in the sun or in the atmosphere, have led to the dis-
covery of oscillations. To study this phenomenon in more detail, artificial neutrinos
from reactors and accelerators were also needed. Specific oscillations correspond-
ing to particular square mass differences or mixing angles in 1.5 have been observed:

e the solar (and reactor) sector: sensitive to Am3, and 6,
e the atmospheric (and accelerator) sector : sensitive to Am2; ~ Am32; and 603

e the reactor and accelerator sector: sensitive to Am32, and 6,3
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For example, 015 and 6,3 can be studied with the 7, survival probability (equa-
tion 1.11) which can be deduced from 1.9:

L
Py. 5. =1 — cos* 013 5in%(26,5) sinQ(AmeE)

. PN CREY
— sin®(263) <Cos2 019 sinQ(Am%E) + sin? 0y sinQ(Am§3E))

For solar experiments, as 6;3 is small but L/E is large enough to compensate
the smallness of Am?,, the last term can be neglected and P,,_,5, is approximated
as:

L
Py 5. (solar) = 1 — sin?(2615) sinz(Am§2E) (1.12)

Solar neutrinos are thus sensitive to |Am3,| and 6;5.

For reactor neutrino experiments, L /E is much smaller and as Am2, << Am?; ~
AmZ,, in eq. 1.11, the second term can be neglected.
By defining an effective mass splitting m,,. such that:

L L
Am?2, = cos® 01, sin2(Amf3E) + sin? 0, sin2(Am§3E) (1.13)

it can be shown that a very good approximation leads to [104]:

L
Py i (reactory = 1 — sin®*(20;3) sinQ(AmzeE)) (1.14)

This shows that reactor neutrinos allow the determination of ;3 and |Am?2,|.

0,5 sector: solar and reactor neutrinos

As seen previously, solar neutrinos have led to the discovery of neutrino oscillations
because of the solar v, disappearance. This effect is actually not due to oscillations
in vacuum but to oscillations in matter: the Mikheiev-Smirnov-Wolfenstein (MSW)
effect [114]. It takes into account the interaction between v, and electrons in mat-
ter via charged currents by adding a new energy to the Shrédinger equation for v,
from which we deduced the oscillation probabilities. The Sun produces only v, but
because of the electrons present in its plasma, their probability to be detected as
v, or v, increases. These oscillations depend mostly on Am%l and 04,.

Solar neutrino experiments which look for the value of 615 include Homestake,
Gallex, SAGE, SNO and Super-Kamiokande.

Long baseline reactor experiments are also sensitive to these parameters. The
KamLAND experiment [12]| detected 7, from 55 reactors in Japon at an average
distance of 180 km. It used liquid scintillator and photomultiplier tubes (PMT) to
detect 7, via inverse beta decay. Neutrons from IBD were detected via capture on
free protons which produces 2.2 MeV gammas.
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Figure 1.3: Allowed region for neutrino oscillation parameters from KamLAND and solar neutrino
experiments. The side-panels show the Ax? profiles projected on the axis [71]

With current data from different experiments (figure 1.3), the values for the
parameters are [1]:

Am3, =753 +£0.18 x 1077 eV? (1.15)

sin*015 = 0.307 +0.013 (1.16)

03 sector: atmospheric and accelerator neutrinos

When cosmic rays enter the atmosphere, they produce mesons and muons which
decay into neutrinos or antineutrinos of electronic or muonic flavour. Some experi-
ments, like the IMB experiment, had shown issues with atmospheric neutrinos due
to oscillations by comparing the fluxes of v and 7 of electronic and muonic flavours
[50]. The Super-Kamionande experiment had seen a v, disappearance depending
on the azimuthal angle of the neutrino. All these were hints of atmospheric neutrino
oscillation. These ones have the baseline and energy which allow computing Am3,

(% AWL%Q) and 923.

Current experiments which study atmospheric neutrinos can use the Cherenkov
effect in water like Antares [83| or in ice like IceCube [6]. They installed strings
of optical modules with PMTs in the Mediterranean Sea or the South Pole, re-
spectively, to detect the Cherenkov light created by charged particles induced by
neutrino interactions.

Experiments with accelerators which create v, beams allow also to study these
parameters and are the most constraining ones. The v, beam is created from a
proton beam which produces pions and kaons when hitting a target. These pions
and kaons can then decay into v and 7. Some experiments like NovA [59], Minos
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|19] and T2K [20]| are very competitive in the determination of the atmospheric
neutrino oscillation parameters. NOvA is the longest baseline experiment with a
810 km baseline in the USA. It searches for v, disappearance and v, appearance
from a v, beam of Fermilab. The neutrinos that travel through the Earth are very
sensitive to matter effects. T2K (The Tokai to Kamioka experiment) looked for v,
or v, appearance from the v, beam of the J-PARC accelerator facility in Tokai.
The detector used is the Super-Kamiokande detector described previously that also
detects atmospheric neutrinos.
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Figure 1.4: Allowed region at 90 % C.L. for atmospheric neutrino oscillation parameters from
IceCube, MINOS, T2K, Super-Kamiokande and NOvA [5]

With current data from different experiments (figure 1.4), the values for the o3
sector parameters are [1]:

AmZ,(~ Am3,) = 0.00251 4 0.00005 eV? (1.17)

sin®0y3 = 0.417 4+ 0.028 (1.18)

f,3 sector: reactor and accelerator neutrinos

613 is the smallest angle of the PMNS matrix, thus it is more difficult to measure
it. In 2011, the accelerator experiment T2K was the first one to prove that 63 is
non zero [10]. Dedicated experiments have since measured with more precision this
mixing angle. To do so, they used neutrinos from reactors as their energies and
accessible baselines can correspond to oscillations associated to 3.

A first reactor experiment has already been described: the one of F. Reines and

C. Cowan which led to the first detection of neutrinos. Indeed, contrary to the
solar or atmospheric experiments, reactors have a big neutrino flux (10%° 7, GWy,
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~1 s7! for fission reactors), bigger than backgrounds which make the neutrino de-

tection easier with more compact detectors. Most of these oscillation experiments
use 2 detectors: a near one to measure the neutrino flux and a far one to study
the oscillations. The oscillation phenomenum observed is 7, disappearance. The
detectors are based on the detection of IBD reactions, i.e. a detection in delay
time coincidence of a positron and a neutron via radiative capture which sign the
interaction of a 7, with a proton of the detector (eq. 1.2).

The Double Chooz experiment, located in France, detected IBD events with
Gd-doped liquid scintillator [15]. Neutrinos originated from 2 reactor cores of 4.25
GWy, at 1.05 km from the detector. The prompt signal is the positron annihilation
and the delayed signal is the neutron capture on H or Gd which produces 2.2 MeV
or 8 MeV gamma rays respectively.

In 2012, the Double Chooz experiment confirmed that ;3 is non-zero [15] and
the Daya Bay [31] and RENO[110] experiments have since improved this measure-
ment.

Daya Bay, in China, has done the most precise measurement of the reactor
mixing angle. It observes neutrinos from six 2.9 GWy;, reactors with eight detectors
located at different baselines. The detector technology used is Gd-doped liquid
scintillator to detect IBD events. The RENO experiment in Korea works on the
same principle with 6 reactor cores and 2 detectors: a near one and a far one.

90,99% C.L.
1 8 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 I 1

90,99% C.L. |

0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
. 26 . 26
Sin 13 Sin 13
Figure 1.5: Allowed region at 90 and 99% C.L. for 63 sector from Daya Bay, RENO and Double

Chooz reactor experiments for normal hierarchy (left) and inverted hierarchy (right) (see section
1.2.1) [109]

With current data from different experiments, the value for the 6,3 parameter
is [1]:

sin*6h3 = 0.0212 & 0.0008 (1.19)
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1.1.6 Conclusion: recap of which neutrino properties are es-
tablished

A picture of our admitted knowledge on neutrinos from experimental data has
been established. We know that neutrinos are fermions with no charge and spin
1/2. Neutrinos are left-handed and antineutrinos are right-handed. There are 3
different leptonic flavours of neutrinos (v, v, and v;) which are different from the 3
mass eigenstates (v, 1o and v3). This allows neutrinos to oscillate from a flavour to
another. They interact only via weak interaction. They can interact with matter via
the exchange of a W-boson, i.e. via charged-current interaction, and are converted
to a charged lepton of the same flavor:

v+ X -1+ X (1.20)

Neutrinos can also interact with matter via the exchange of a Z-boson, i.e. via
neutral-current interactions:

V1+X—>VZ+X, (121)

This process can be tagged by observing the system against which the neutrino
is recoiling.

However, this is not the end of the story. With this picture of the neutrino,
there are several inconsistencies and anomalies like the small masses of neutrinos
which disagree with the Standard Model of particle physics. These issues are very
important to solve as they are currently one of the most promising path towards
new physics.

1.2 Neutrino mysteries

1.2.1 Questions about neutrinos

The existence of neutrinos has been demonstrated sixty years ago. However, as they
are difficult to detect, they remain the most mysterious particles of the standard
model. Indeed, there are still many questions about them that are not answered:

e What is the absolute neutrino mass scale?
e What is the neutrino mass hierarchy?

e What are the precise values of all the PMNS matrix parameters? Why is this
matrix so different from the CKM matrix (the quark flavor mixing matrix
which is almost proportional to the identity matrix)?

e Do neutrinos violate CP? What are the CP violating phases in the PMNS
matrix? More broadly, is there CP violation in the lepton sector?

e What is the neutrino nature: Majorana or Dirac (i.e. are neutrino and an-
tineutrino states equivalent)?
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e Are there only 3 types of neutrinos? Could there be sterile neutrinos?

In the following, these issues will be developed along with the description of cur-
rent experiments trying to solve them. In my thesis, I have worked on two of these
experiments, SuperNEMO and SoLid, which try to answer questions concerning the
nature of neutrinos.

Absolute neutrino mass

Before discovering neutrino oscillations, physicists thought neutrino masses were
null. Although it was proven that it is false, their masses are very small, at least
six orders of magnitude smaller than the electron mass. This is why finding the
absolute neutrino mass scale is very difficult. Oscillation experiments give many
informations on neutrinos but they can not bring any information on the absolute
neutrino masses. Measurements of the end-point on the [ decay spectrum have
always been the most sensitive and model-independent experiment to find neutrino
masses. The end of the energy spectrum is cut off m, before the zero-mass end-
point so the absolute neutrino mass can be known from the shape of the 5 energy
spectrum.
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Figure 1.6: The end-point of the § decay energy spectrum in case neutrino have a zero mass or a
1 eV mass [64].

As [ decay spectrum measurements are done with only one flavor, v., which
is a superposition of at least three mass eigenstates vy, vo and 3 whose weight
depends on the mixing matrix elements, the spectrum observed is a superposition
of three spectrum whose endpoint cutoffs are the three mass eigenstates. A neu-
trino effective mass is defined: mg =Y, |U.,|*m; and the 3 decay spectrum can be
approximated as a single neutrino spectrum. To measure such a small effect (figure
1.6), dedicated experiments must have a very high energy resolution. A [ decay
nuclide used a lot for these experiments is tritium because it has a low energy end-
point (@3 = 18.6 keV) and a high decay rate. Tritium experiments have already
put limit on the neutrino mass: mg < 2 eV [40]. The current most ambitious exper-
iment is KATRIN. It aims at a precision study of the tritium beta decay and may
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start to be sensitive to the mass hierarchy if it achieves a sensitivity of 200 meV.
Some R&D is also conducted to improve the energy resolution of neutrinos mass
experiments using bolometers or cyclotron radiation emission spectroscopy like in
Project 8 [43].

Cosmology and Ovf3( experiments can also put constraints on the absolute neu-
trino mass but they are much more model dependent. Current cosmological con-
straints are the most stringent and consider the sum of neutrino masses to be below
tenths of an eV [78].

Mass hierarchy

The pattern of the neutrino masses is still unknown. We have a good idea of the
value of 2 square mass differences thanks to neutrino oscillations, but it does not
tell how neutrino masses are ordered. As we have seen, Am?, << Am?; &~ Am3,.
So there could be either a “normal hierarchy” consisting of two light and one heavy
neutrino, or an “inverted hierarchy” with two heavy and one light neutrino (figure
1.7). Resolving the issue of the neutrino mass hierarchy would have impacts on the
search for CP violation, the absolute neutrino mass and the search for neutrinoless
double beta decay to discover the neutrino nature.
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Figure 1.7: The two possible neutrino mass hierarchies

The mass hierarchy can be determined thanks to oscillation effects. Indeed,
oscillation probabilities (equation 1.9) depend on the different Amfj as long as the
different U;; are non-zero and distinct. By measuring these probabilities and know-
ing the U;; parameters, one can have a measurement of Am?,; and AmZ; which
allows distinguishing which one is the largest if the measurement is precise enough.
This is a challenging measurement as Am?2, << Am?,; and sin® ;3 << 1 so it re-
quires a very good energy resolution. However, the mass hierarchy could also be
determined thanks to matter effects in oscillations.
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Accelerator experiments like NOvA and T2K are trying to solve this issue.
Other sources of neutrinos can be used like reactor neutrinos (JUNO in China
and RENO50 in South Korea will tackle this issue) or atmospheric neutrinos (with
Cherenkov detectors like Hyper-K, MEMPHYS, PINGU and ORCA for example).
Current data seem to favor normal hierarchy mostly because NOvA and T2K have a
better agreement in the value of 053 with normal hierarchy [109] but this is prelimi-
nary. Future accelerator experiments like DUNE in the USA or Hyper-Kamiokande
in Japan will have a better sensitivity to the mass hierarchy.

If we were lucky enough to observe a supernova, it could also help to determine
the mass hierarchy as their matter effects are quite different from the one which
happen on earth. They are a big source of neutrinos but are not frequent and
can not be predicted, plus there are model-dependant effects to take into account.
Experiments aiming at detecting supernovae neutrinos include Super-K, IceCube,

ORCA, KamLAND, Borexino, Daya Bay or JUNO.

To solve this problem of mass hierarchy, other observables than neutrino oscil-
lation can also be used like measurements of absolute neutrino masses, Ov33 or
cosmology, which would be sensitive to the mass hierarchy if the sum of neutrino
masses is less than 0.1 eV (|7], see figure 1.8).
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Figure 1.8: Constraints on the neutrino mass hierarchy by cosmology, long baselines and direct
neutrino mass (KATRIN) measurements [7]. my;ghsest 1S the smallest neutrino mass.

CP violation

CP violation plays a crucial role in the history of the universe as it could be respon-
sible for the asymmetry between matter and antimatter. It has first been observed
in kaon systems in 1964 [58|. It comes from the CP-odd phase parameter in the
CKM quark mixing matrix. If it exists in neutrino oscillations (via the CP-odd
phase 4), it would be a completely new source of CP violation which would be
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really interesting to observe.

The CP conjugate of v, — vg is U, — Vg so CP violation implies that:
P(l/a — l/ﬁ) 7é P(ﬁa — ﬁﬁ) (122)

with a # [ else the equality is guaranteed by CPT invariance. To measure these
oscillation probabilities, beams of neutrinos and anti-neutrinos are needed. CP-
violation in the lepton sector can also be searched with a precise determination of
the neutrino mixing matrix elements. In the PMNS matrix (equation 1.5), there
are 3 phases which can be sources of CP violation: one Dirac phase ¢ and two Ma-
jorana phases v and 3. The two Majorana phases are physical only if neutrinos are
Majorana fermions but the nature of the neutrino is still unknown and these phases
do not affect oscillations. However, the Dirac phase can be explored in oscillation
experiments. If it is different from O or m, then neutrino oscillation probabilities
violate CP invariance.

Atmospheric neutrinos and antineutrinos can be used to study CP violation but
they require huge statistics to contain the uncertainties on their baseline and energy
distributions.

CP violation can also be searched with long-baseline experiments using accel-
erators which can produce either neutrinos or antineutrinos. Although there is no
statistical evidence, there are hints from accelerators experiments for the value of
0 from T2K, NOvA or MINOS. The current best fit value for the Dirac CP phase,
which is dominated by T2K results, is dcp =~ 37/2 [109].

1.2.2 Neutrino nature: Dirac, Majorana

The mechanism responsible for the generation of neutrino mass is still unknown.
Neutrino masses are so small, particularly compared to other known fermion masses,
that they rise lots of questions. Indeed, neutrino masses are at least six orders of
magnitude smaller than the electron mass, so there is a surprising energy gap be-
tween neutrino masses and other fermions masses which may indicate that the
neutrino mass mechanism is different from the other fermions.

Currently, we consider two different mechanisms which can occur: the Dirac
mass mechanism or the Majorana mass mechanism. Proving that the neutrino
is a Majorana or Dirac particle would have a huge impact on neutrino physics
and particle physics. Indeed, a Majorana neutrino would violate lepton number
conservation, which has never been observed, and neutrino masses would come
from a new fondamental energy scale in physics.

Dirac mass

A natural way to give a mass to neutrinos is to copy the way quarks and charged
leptons acquire their mass through Yukawa coupling to the Higgs field. The Dirac
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mass can be defined as: mp = gy\/i5 where gy is the Yukawa coupling constant and
v the expected vacuum value.

In the case of a free field without interaction, the Lagrangian which describes
the evolution of the neutrino wave function ¢ can be written:

L=1 (W% - mD) ) (1.23)

It is composed of a first term which corresponds to the kinetic energy and a second
term which is the Dirac mass term of the neutrino.

The chirality operators P, = 1(1 — 75) and Pg = 3(1 + 75) can be used to
decompose the neutrino wave function:

VY =P+ Prp =t +¢r (1.24)

This definition of the chirality operators implies :

Y0 = Y PrPp =0 (1.25)

It follows that the Dirac mass term of the lagrangian is given by:

Lp=—ympp = —mp(, + ¢¥g) (W1 + ¢¥r) = —mp(Yhr + Yribr) (1.26)

This solution to give a mass to neutrinos requires that there exists both left-
handed and right-handed neutrinos. But as we have seen, only left-handed neutrinos
have been detected. This would mean that if it is the right way to create neutrino
mass, there should exist right-handed neutrinos which do not interact weakly to
explain why they have not been detected yet. Another issue is that the Yukawa
coupling constant should be very small for neutrinos as their mass are so small
compared to other fermions. Taking the upper limit from tritium experiments, a
neutrino mass of 2 €V requires a Yukawa coupling of the order of 1072, This mass
mechanism does not give any explanation for this smallness.

Majorana mass

In 1937, Ettore Majorana proposed the idea that ¢);, and ¥z may not be indepen-
dant. The Majorana relation between ¢ and ¢z would be:

Yr = ECD;, (1.27)

With ¢ an arbitrary phase factors which can be absorbed by defining ¢ — £Y/24)
and C the charge conjugation matrix. This way the neutrino wave function (eq.
1.24) can be written:

¥ = +Yr = P + Cy, (1.28)
which implies:

=09 =y (1.29)
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This means that the charge conjugate of the neutrino, the antineutrino, is the
same particle as the neutrino. This is possible for neutrinos because they are neu-
tral. The only difference is the helicity as in this description if neutrinos are left-
handed then antineutrinos are right-handed.

As the observed neutrinos are only left-handed, a mass term should be generated
in the Lagrangian from equation 1.26 with only ;. The Majorana relation allows
doing so since one can prove with eq. 1.27 that ¢ is right-handed.

Thus a Majorana mass term my; can be generated in the Lagrangian by using ¢¢
in place of ¥ in equation 1.26:

1 _ _
L= —gmu (0] + 0 i) (1.30)

The factor 1/2 avoids double counting. The advantage of this mechanism is that
neutrinos can acquire their mass through this Majorana mass term which does not
require a Yukawa coupling.

Seesaw mechanism

A possible explanation to the smallness of neutrino masses has been found with
the seesaw mechanism involving both Dirac and Majorana mass mechanisms. A
general Lagrangian can be defined including the Dirac mass term mp of equation
1.26, another Dirac mass term (same mp) with the charge conjugate fields, and the
Majorana mass terms from equation 1.30 for left-handed and right-handed neutrinos
with masses my and mp respectively:

1 _ - __ _
Ly+p = —§(mD¢R@/}L + mptC G + mp© br + mey© pir) + hec.

1 — —_ myp Mmp ¢L
N e
Here 1) are not mass eigenstates as the mass matrix is not diagonal. The mass

matrix can be diagonalised with the mass eigenstates ¢/, and ¢)_ to determine the
mass eigenvalues m, and m_:

(1.31)

1

me =5 (mL+mR:t \/(mL—mR)2~|—4m2D> (1.32)

The mixing angle ¢ which describes the mass eigenstates ¢/, and ¢)_ as a mixing
of ¢ and ¥R is then:

2mD

tan 20 = (1.33)

mpr — My,
For the seesaw mechanism, one considers that my; = 0 and mp < mpg. In this
case, the two mass eigenstates and the mixing angle become:

2
my ~ mpg m_~ D (1.34)
mp
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2mD

tan 20 = <1 (1.35)

mg
This would imply the existence of a heavy sterile neutrino ¢, of mass mgr and

2
a light neutrino ¥ _ of mass % As the mixing angle is very small, ¢_ is almost
. . R . .

entirely composed of 1, so it corresponds to the observed left-handed light neutrino
while 1, is almost entirely composed of g which would be a right-handed heavy
neutrino not observed yet. This seesaw mechanism could explain the smallness of
the observed neutrino mass independently from the value of the Yukawa coupling
with the existence of a heavy neutrino. This model could be real if neutrinos are
Majorana particles but this has to be proven.

B~ 5~ phenomenology

Oscillation experiments can not distinguish the nature of the neutrinos. The best
way to know if neutrinos are Majorana or Dirac particles is to search for lepton num-
ber violation. Indeed, if they are Dirac particles, neutrinos have a lepon number L
= 1 and antineutrinos have a lepton number L. = -1, just like other leptons accord-
ing to the Standard Model. However if they are Majorana particles, neutrinos and
antineutrinos must have the same lepton number so lepton number is violated. It
can be shown [79] that the Majorana mass term generates transitions with AL= £2.

The most sensitive experiments to lepton number violation we can think of is
the search for neutrinoless double beta decay (Ov$3). Neutrinoless double beta de-
cay would imply lepton number violation by 2 units. The detection of such process
would have a huge impact in particle physics because lepton number violation has
never been observed for any force although we do not know any symmetry that
could explain this conservation law.

The first idea of the existence of 2v33 (1.36) was formulated by Goeppert-Mayer
in 1935. A nucleus (A, Z) could emit two electrons and two neutrinos in one decay
when a simple beta decay is energetically disfavored for nucleus with an even num-
ber of protons and neutrons.

(A, Z) = (A, Z +2) +2¢ + 27, (1.36)

Observing 2v3f3 decay is very challenging. This process is extremely rare with
half-lives bigger than 10'Y years. Only a few nuclei are concerned as it requires
that (g is positive and that the nucleus can not decay via simple 3 decay, else the
half-life of # decay is much smaller that the one of 2v53 decay (figure 1.9). There
are only 35 nuclei in nature that undergo 2v3/ decay.

In 1939, Furry considered the idea of OvS3 (reaction 1.37): no neutrino would
be emitted in the 55 decay process if neutrinos and antineutrinos are the same
particle. A virtual 7 which is emitted in the decay of the nucleus toward an inter-
mediate state is absorbed by this intermediate nucleus while decaying and emitting
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Figure 1.9: Allowed 3§ transition

a second electron. This process is forbidden by the Standard Model and could
be possible only if neutrinos and antineutrinos are the same Majorana particle.
Although several theories exist to explain Ov53, they all impose neutrinos to be
Majorana particles.

(A, Z) = (A, Z +2) + 2¢ (1.37)

An experimental way to identify 2v50 from OvSg is to look at the energy spec-
trum of the two final electrons (figure 1.10). For 203/, there are 4 leptons in the
final state so the energy sum spectrum of the two electrons is continuous from 0 to
Qps = M; — (Mg +2m,) with M, and M, the masses of the initial and final nucleus
and m, the electron mass. However in the Ov/3, the only light particles of the final
states are the 2 electrons so their energy sum spectrum should be a peak at the

value ()gg.

ANIE(E/ Q)
2

Figure 1.10: Energy spectrum expected for 2v343 in black and OvS5f3 in red. The Ovf3S peak is
smeared by the detector energy resolution.
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The half-life of the Ov33 decay can be calculated:

2
_ m
(L) = G x (Msa)? x (2] (139
€
With Gg,ps the two particle phase space factor, My, gs is the nuclear matrix
element and mgg the effective Majorana neutrino mass which takes into account
the neutrino mixing.

e The phase space factor Go,3s depends on ()gs and details of the kinematics.
It is known with good precision today.

e The nuclear matrix element My, 55 is difficult to calculate because of the high
number of nuclei which requires precise many-body nuclear models. Differ-
ent models are developped and tested like the Nuclear Shell Model or the
Quasiparticle Random Phase Approximation. The nuclear matrix elements
are different for 2v83 and Ov3 3. Measuring the half-life of 2v 50 is a good way
to check the model predictions but is not sufficient to predict unambiguously
the Ov (5 ones.

e The effective Majorana neutrino mgg is defined as:
mas = | > _ Ulmi| (1.39)

It depends on the PMNS parameters including the Dirac and Majorana CP
violation phases. We see that observing OvSf3 could constrain the PMNS
matrix elements and the absolute neutrino mass. This effective Majorana
mass also depends on the neutrino mass hierarchy as it can be written as
a function of the different square mass differences. Figure 1.11 shows that
knowing the minimum neutrino mass would help to know which region of
mgg has to be reached in order to search for Ov3p.

Double beta decay experiment status

The observation of Ov53 requires the detection of 2 electrons emitted at the same
time whose sum energy is equal to (Qsg. Double beta decay experiments try to
optimize three factors: the biggest exposure (massxtime), the best radiopurity and
the best background rejection. No signal has been observed yet although several
experimental techniques have been developed to tackle this issue.

These experiments require a very low background environment as the signal
they are seeking is very rare. This is why the detectors are placed underground to
be shielded against cosmic rays. The source and all the materials in the detector
have to be purified to tremendously lower radioactivity. The isotopes with high (g3
are more suited as the background from natural radioactivity decreases with energy.
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Figure 1.11: The effective Majorana neutrino mass as a function of the minimum neutrino mass
for both hierarchies. Observing a O30 signal could determine the mass hierarchies. However, if
the hierarchy is normal, Ov 33, even if it exists, may never be observed.

The choice of the 5 isotope is very important to get a good sensitivity to Ov 3.
BB decay experiments prefer isotopes with a high transition energy Qg and a high
2v 36 half-life to avoid backgrounds in the region of interest, large phase space fac-
tors and nuclear matrix elements to expect more signal, a high natural abundance
to facilitate the enrichment.
Various types of experiments searching for Ov/35 have to be considered.

Germanium experiments

Germanium semiconductor diodes can be both the source and the detector with
excellent detection efficiency and energy resolution (down to a few keV) when cooled
to low temperature. In this calorimetric approach, the charge carriers (electrons
and holes) created by a particle interaction in the semiconductor are collected by
electrodes and converted into a voltage pulse by preamplifiers. Pulse shape dis-
crimination techniques are used to discriminate multi-sites (more likely ~y signals)
and single-site events (including [/ signals). These diodes are enriched in the 35
emitter Ge. Tts low Qgs of 2039 keV makes them sensitive to natural radioactive
backgrounds like 2°8T1,

Previous germanium experiments like Heidelberg-Moscow or IGEX have already
put constrains on the Ov343 half-life of more than 10% years.

GERDA is a germanium experiment located in Italy at the Gran Sasso un-
derground laboratory (LNGS). It reprocessed coaxial germanium detectors from
Heidelberg-Moscow and IGEX experiments. It achieved a mass of 17.67 kg of ger-
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manium enriched at 86% in phase I. It is cooled down with ultra-pure liquid argon
which also acts as an external v shield and an active muon veto. For phase II,
GERDA has used new broad energy germanium (BEGe) that doubled its mass
(figure 1.12). BEGe allow better pulse-shape discrimination leading to a better
background rejection. GERDA aims to become the first background-free experi-
ment searching for OvS3 with less than 1 count expected in the energy region of
interest (figure 1.13). When combining data from phase I and phase 11, GERDA
reaches a lower limit for Ov3f half-life of 5.3x10% years [21].

65-80 mm

L
BEGe /4

!

p+ electrode
(read-out) n+ electrode
ov 3-4 kV

25-50 mm

Coaxial

=

70-110 mm

L p-type
Ge

60-80 mm

Figure 1.12: Two types of germanium detectors from GERDA: BEGe and Coaxial with their
corresponding photos on the right.

The MAJORANA demonstrator located in the Sanford Underground Research
Facility in Lead, South Dakota is also a germanium detector with 44.8 kg of Ge.
It was built to establish the feasibility of a Ge-based ton-scale experiment with the
GERDA collaboration by showing the expected background will be low enough [66].
To do this, they use ultra-low background electroformed copper for the construction
of the cryostat and other detector components.

Bolometer experiments

Bolometers can measure the heat increase generated by a particle interacting in
its crystal. They work at very low temperature (around 10 mK) to detect phonons
with semiconductor thermistors. The crystals are both the source and the detector.
They have a great energy resolution and low intrinsic background but there can be
issues with signal pile-up as they have slow response and backgrounds from surface
contamination due to limits of the crystal geometry.

The CUORE experiment (Cryogenic Underground Observatory for Rare Events)
is also located at LNGS. It is a ton scale experiment that uses the isotope 13°Te with
TeO, crystals. It is the successor of the CUORICINO and CUORE-0 experiments
and is currently in its commissioning phase. The CUORE detector is composed of
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988 TeO, cubic crystals of 750 g [27]. With CUORICINO and CUORE-0, a limit
on the 0v33 half-life of 4.0x10%* years had been set. With CUORE, the expected
limit is 9 x 10%° years [27].

Modern Pb

Roman Pb

Detector
owers

Roman Pb

Figure 1.14: Schematic view of the CUORE detector (left) and its photo (right) [27]

CUPID is a project of CUORE upgrade to use scintillating bolometers. The
first stage is LUCIFER (Low-background Underground Cryogenics Installation For
Elusive Rates) with 15 kg of ZnSe. LUMINEU (Luminescent Underground Molyb-
denum Investigation for NEUtrino mass and nature) uses ZnMoQOy crystals to search
for double beta decay of 1Mo [34]. Scintillating bolometers can measure both light
pulses and heath pulses. With scintillation light, a better background rejection can
be achieved. However, scintillating bolometers are not used for Te crystals because
of their low light yield.

Time projection chamber

Time projection chambers (TPC) using gas provide a 3-dimensional reconstruc-
tion of particle trajectories. Electrons from ionization of the medium by a charged
particle, drift in an electric field towards an anode with a readout system.

Ex0-200 is located in a salt mine in the USA and uses 200 kg of xenon enriched
at 81% in 3Xe. It has a cylindrical liquid xenon TPC detector with the cathode
at the center. The scintillation light in the TPC is registered by avalanche pho-
todiodes (APD) and the signal charge is registered by anode wire grids. It can
discriminate between single-sites and multiple-sites. As shown in figure 1.16, there
are still several backgrounds in the energy region of interest. Exo-200 found a lower
limit for the Ov(3f half-life of 1.8x10% years [26]. Their half-life sensitivity should
be improved to 10%® years with nEXO, a ton-scale liquid xenon TPC detector.

NEXT-100 will be a high-pressure gaseous xenon TPC detector at the Canfranc
underground laboratory in Spain [68]. Particle tracks will be longer than in liquid
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Figure 1.15: Left: energy spectrum of single-site events for EXO-200 experiment with a zoom in
the energy region of interest. Right: schematic view of the EXO-200 TPC detector. [55]

xenon detector and background rejection with tracks topology will be easier. It
will also have a better energy resolution but as gas have lower density than liquids,
reaching a large exposure will be more difficult. NEXT-100 aims to reach a lower
half-life limit of 6.0x10?° years for an exposure of 275 kg.years.

Liquid scintillator experiments

Liquid scintillator experiments introduced here are very large detectors. Kam-
LAND and SNO have already been presented. Although they were originally built
to study neutrino oscillations, they can look for double beta decay by adding (0
isotopes in their detectors. They both use PMTs to detect the scintillation light.
The inconvenience of this kind of experiments is the lower energy resolution and
absence of event topology information but they have the largest amounts of isotopes.

KamLAND-ZEN, located under mount Tkenoyama in Japan |72], is a liquid scin-
tillator experiment with xenon. It uses the existing KamLAND detector where a
balloon of 13 ton of Xe-loaded liquid scintillator is suspended at the center. The
main liquid scintillator (1 kton) is used as a shield against cosmic rays and as a
detector for internal radiation from the xenon liquid scintillator in the balloon.
Despite an issue with %" Ag background on the balloon and 2'4Bi contamination,
they put the best lower limit so far on the 0v33 half-life of 1.07x10%° years.

SNO (Sudbury Neutrino Observatory) located in SNOLAB, in a nickel mine in
Canada, is the world’s largest liquid scintillator experiment. The SNO-+ detector
will be filled with 780 tons of liquid scintillator and 800 kg of 3Te in 2018 and
2019. The projected lower limit on the Ov3/3 half-life is 9x 1025 years after 5 years.

Tracker-Calorimeter experiments: NEMO
One series of experiments, called NEMO (Neutrino Ettore Majorana Observa-
tory), uses both a tracker and calorimeter technology with a passive source. The

tracker can reconstruct full topology of events, including tracks of individual elec-
trons and the calorimeter can measure the particle energies. This way electrons and
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Figure 1.16: Left: KamLAND-Zen energy spectrum of selected Ovf3S candidates within a 1 m
radius spherical volume in Period-2 drawn together with best-fit backgrounds, the 2v34 decay
spectrum, and the 90% C.L. upper limit for Ov33 decay. Right: schematic view of the KamLAND-
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~ are easily distinguished. A magnetic field in the tracker allows the discrimination
of positrons from electrons. This technology offers a great background rejection
and could also allow to distinguish between different mechanisms of Ov53 decay.
However, it brings several challenges: the smallness of target foils, a modest energy
resolution or a reduced detection efficiency.

The NEMO-3 detector was located in the Modane underground laboratory
(LSM) in the Frejus tunnel [38]. It was made of several sectors with thin source
foils containing 7 different 56 isotopes. The source foils were suspended between
two trackers made of drift cells operating in Geiger mode in a concentric cylindrical
volume. The tracker was surrounded by plastic scintillator calorimeters with low
radioactivity PMTs. The NEMO-3 experiment took data from February 2003 to
January 2011 with seven isotopes. After reducing the radon background thanks to
the installation of a radon reduction factory in October 2004, it has set limits on
the Ov33 half-life of these 7 isotopes between 0.9x 10! and 1.1x10%* years [54] [39]
[36] [37].

The next experiment, SuperNEMO, aims to reach a total mass of 82Se of 100-200
kg [46]. The detector will be composed of about twenty modules housing 5-7 kg of
isotopes each. The first module, the SuperNEMO demonstrator, is being built at
Modane. More information on this experiment is given in chapter 2.

1.2.3 Sterile neutrinos
Anomalies in the neutrino flux

Sterile neutrinos have already been introduced in 1.2.2. If right-neutrinos exist,
which can be required for the Dirac mass mechanism, they would have no weak
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interactions except through mixing with left-handed neutrinos. The seesaw mech-
anism implies also the existence of heavy sterile neutrinos to explain the smallness
of neutrino masses.

The existence of sterile neutrinos is not only suggested by possible mass mech-
anisms. Some experimental anomalies in neutrino oscillations are also indications
that new types of neutrinos may exist with a mass at the eV scale. Three types of
anomalies have been detected in different experiments: an excess of 7, with LSND,
excess of v, and 7, with MiniBooNE, a deficit of v, in SAGE and GALLEX source
calibrations and a deficit of 7, in reactor neutrino experiments.

LSND and MiniBooNE

The LSND experiment [22] detected neutrinos created from a proton beam in-
teracting on a target. It was located at Los Alamos LAMPF accelerator National
Laboratory and took data between 1993 and 1998. Neutrinos traveled over 30 m be-
fore reaching the detector which was made of a cylindrical tank filled of 167 tons of
scintillating liquid (mineral oil doped with scintillator) and covered of 1220 PMTs.
The goal was to detect both the scintillation and Cherenkov lights.

The first type of oscillations searched was 7, — U, with energies between 20 and 200
MeV. The 7, were detected via IBD interactions. The positron signal is associated
to a first Cherenkov and scintillation light. The neutron signal was the detection
of a 2.2 MeV v from neutron capture on hydrogen.

LSND observed an excess of 87.9 7, (3.8 o) which could correspond to oscillations
with Am? between 0.2 and 2 eV? or around 7 eV2. The KARMEN experiment, which
also studied accelerator neutrinos with a segmented liquid scintillation calorimeter
did not observe such an excess and set limits compatible with LSND results for
oscillations with Am? < 10 eV2.
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Figure 1.17: The LSND excess indicating possible v, and 7. appearance. The shaded region shows
the expected distribution from a combination of neutrino background plus neutrino oscillations
at low Am? [22].
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The SCiBooNE/MiniBooNE experiment used a FERMILAB beam which can
produce both v, and 7, [60]. Its goal was to verify the LSND oscillations for the
same Am? but at different distance and energy. It was a two detector experiments
as the flux is not predicted well enough. The SciBooNE detector used 10.6 tons of
scintillator strips at 100 m from the proton target which produced the beam. The
MiniBooNE detector was located at 540 m from the proton target. It was filled
with 800 tons of mineral oil and covered by 1280 PMTs. As the oil was not doped
with scintillator, the particles were detected via their Cherenkov light. The v, and
U, interact via charged current quasi elastic scattering. An excess of 381.2 4 85.2
v. events (4.50) was observed. Combining it with the 7, appearance data, a total
ve plus U, event excess of 460.5 £ 95.8 events (4.8 o) is found. The MiniBooNE
data are consistent in energy and magnitude with the excess of events reported by
LSND, and the combined LSND and MiniBooNE excesses have a significance of
6.1 . The best fit of these data occurs for neutrino oscillations at Am?_, = 0.041
eV?2 and sin® 20,0, = 0.958 [23].
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Figure 1.18: The MiniBooNE total event excess as a function of neutrino energy in both neutrino
(in red) and antineutrino (in blue) mode. The dashed curve show the best fits assuming standard
two neutrino oscillations [23].

SAGE and GALLEX

Other neutrino flux anomalies come from the SAGE (USA, Russia) and GALLEX
(Europe) experiments which have both searched for solar neutrinos with great vol-
umes of liquid gallium. To perform their calibration, they used intense artificial
radioactive sources, >'Cr and 37Ar, placed inside their detectors. These sources
produced monoenergetic v, via electron capture. The emitted neutrinos were de-
tected via the reaction:

"Ga+v, =" Ge+e” (1.40)

The produced germanium was then extracted and the counting of Ge nuclei was
made via electron capture decays, inverse reaction of reaction 1.40, which produces
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Auger electrons and X-rays detected with proportional counters.

GALLEX, the European experiment, had a detector of 101 tons of GaCls at the
LNGS and recorded data between 1991 and 1996. The Soviet-American experiment
SAGE had twice more gallium than GALLEX and was operated in the Baksan un-
derground laboratory.

These experiments measured a ratio of observed number of neutrinos over pre-
dicted number of neutrinos for their calibrations R = 0.86 + 0.05. It represents a
neutrino deficit of 2.9 o [76]. The gallium anomaly could be explained by oscilla-
tions toward sterile neutrinos at very short distance with Am?2_, > 0.35 eV? and
sin?(20,,¢,0) > 0.07 [76].
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Figure 1.19: Ratios of the measured over calculated number of number of v, events in the GALLEX
and SAGE radioactive source experiments. The horizontal shadowed red band shows the average
ratio and its uncertainty [73].

Reactor antineutrino spectrum

The search for neutrino oscillations in reactor experiments is based on disap-
pearance measurements of the 7, via IBD reactions. Experiments which use nuclear
reactors at very short baseline (< 100 m) such as ILL-Grenoble, Bugey, Goesgen,
Rovno, Krasnoyarsk or Savannah River have only one detector contrary to oscilla-
tion experiments with longer baseline which often use 2 detectors: a near and a far
one to have a precise measurement of the neutrino flux. The calculation of neutrino
flux and spectrum emitted by nuclear reactors rely thus on precise theoretical pre-
dictions instead of detector measurements. Until the end of 2010, results of these
experiments were in agreement with the 3 neutrinos oscillation model: their ratio
of observed event rate over predicted was 0.976 + 0.024 [99].

However, for the Double Chooz experiment preparation, the Saclay and Subatech-
Nantes neutrino groups have reevaluated the reactor neutrino spectrum for 23°U,
239Py, 24'Pu and 238U. They have improved the conversion of electron to neutrino
data with a better treatment of nuclear data and corrections to Fermi theory. The
previous model used a simpler conversion procedure. At the ILL-Grenoble reactors,
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thin targets of °U, 29Pu and *'Pu had been irradiated with thermal neutrons.
Their electron spectrum had been converted to 7. spectrum using 30 effective beta
branches. The new conversion method used the ILL spectrum but it took into ac-
count decays of thousands of fission products.

They published their results in 2011 showing that for reactor experiments with
a baseline smaller than 100 m, the ratio of observed over predicted event rate is
0.943 4+ 0.023 [99]. There are several reasons for this deficit. First, the reevaluation
of the conversion of the 8 spectrum to 7, spectrum measured at ILL increased the
predicted flux by 3.5 %. This shift comes from two main systematic effects. The
first one is the use of Coulomb and weak magnetism corrections from Fermi theory
which has an effect at low energies below 4 MeV. The second one is the use of the
complete distribution of the charge of the nucleus which contributes to the total
spectrum and have an important effect at high energy above 4 MeV. Moreover,
off equilibrium effects due to long-lived isotopes have been taken into account and
increased the predicted flux by 1 %. In addition, the reevaluation of the neutrino
detection cross section via IBD that depends on the neutron life-time whose mea-
sured value decreased in the past years led to a shift of the predicted detected 7,
flux by 1.5 %.

The data of the previous experiments have been reworked and show a deficit of
V. that could correspond to an oscillation with Am? > 1.5 eV? [99)].
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Figure 1.20: Ratios R of reactor experiments as a function of the reactor-detector distance L.
The horizontal band shows the average ratio R and its uncertainty. The error bars show the
experimental uncertainties [74].

Some solutions to the reactor antineutrino anomaly could be a systematic error
of the reactor neutrino experiments or an error in the spectrum evaluation. How-
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ever, as it happened several times in the neutrino history, rate anomalies can be
hints for new types of neutrino oscillations so it has to be investigated.

Combining the reactor data with those of the gallium and MiniBoone experi-
ments, new oscillation parameters can be found, compatible with |[Am?2_ | > 1.5

new

eV? and sin?(20,,.,,) = 0.144+0.08 at 95% [99]. This Am?_, is much larger than the
ones already presented so this could be a hint for oscillations toward a new sterile

neutrino.

Another anomaly has also been found with reactor neutrinos: the 5 MeV bump.
Experiments like Daya Bay, RENO and Double Chooz have all reported an excess
of events for prompt energies around 5 MeV. The Double Chooz experiment has
shown that this excess is correlated with the reactor power [14].

Sterile neutrinos would be neutral with no known weak interaction except those
induced by mixing. However, they could interact through new physics interactions
beyond the Standard Model.

Status of first generation of sterile neutrino experiments

Several possibilities exist to investigate the existence of sterile neutrinos at the eV
scale.

For example, the SOX experiment (Short distance neutrino Oscillations with
BoreXino) [51] aimed to use the solar neutrino detector BOREXINO to search for
new oscillations of neutrinos coming from an artificial radioactive source [51|. Using
artificial radioactive neutrino source allows one to have a very short baseline and
to put the detector underground with a large overburden to shield against cosmic
rays. However, the large gamma ray background from the source and the low event
rate compared to nuclear reactors are challenging. The detector supposed to be
used for the SOX experiment, Borexino, is a liquid scintillator detector that detects
7, via IBD. The SOX experiment was supposed to deploy a 5'Cr v, source and a
144Ce-1"Pr 7, source in the detector. With this technology, they intended to cover
most of the reactor anomaly region. However, because of difficulties to produce the
radioactive source, the experiment has been cancelled.

As several hints come from reactor neutrinos, it is a natural idea to search for
sterile neutrinos near a nuclear reactor. To cover the Am? around 1 eV searched for
oscillations toward a new sterile neutrino, constraints are put in the L /E parameter.
As it has been seen, reactor antineutrinos (7.) are most of the time detected via
IBD interaction. The energy spectrum of neutrinos interacting via IBD is smoothly
peaked around 3 MeV. This imply that L, the baseline, must be very short (only a
few meters) to be sensitive to this Am?. There are several other requirements for
this type of experiments:

e Experiments need a very compact reactor core to keep a low systematic error
on the baseline. It is also a good point to have a simple fuel composition (only

46



2357) as flux and energy spectrum evaluation become simpler.

e To install a detector as close as a few meters to a reactor core, materials must
be chosen carefully with safety considerations (no flammable liquids...).

e A good sensitivity to the IBD vertex position is also required. This can be
achieved with a good segmentation of the detector.

e To create efficiently IBD events, the neutrino target must contain a lot of free
protons. This is why plastic or liquid scintillators are favoured.

All these reactor neutrino experiments at very short baseline face several chal-
lenging backgrounds. There are fast neutrons and vy coming from the reactor but
also cosmogenic muons as they do not have a high overburden. Thermal and ep-
ithermal neutrons are often removed with polyethylene or water shielding. Lead
(Pb) is used to protect the detector against v rays. Moreover, active muon vetos
made with scintillators are often used.

Different technics are used to detect the IBD signal (a positron and a neutron in
delayed time coincidence). The energy threshold of the IBD reaction is 1.804 MeV.
This is why low energy neutrinos which are specially emitted by long-lived part of
the fission products can not be detected. By detecting only IBDs, the spent fuel or
radioactive waste can not be studied. However IBD detectors are useful to monitor
the fission processes.

Most of the neutrino energy after subtraction of the threshold energy is trans-
ferred to the positron which annihilates with an electron creating 2 v of 511 keV.
The isotopes used to detect neutrons need to have a high neutron capture cross-
section and be detected easily. The most commonly used are gadolinium (Gd),
hydrogen (H) or lithium (Li). Neutron capture on Gd creates a 7 ray cascade of 8
MeV. Neutron capture on H releases a 2.2 MeV gamma. Gadolinium is widely used
but the emitted v rays are similar to the ones emitted by neutron capture on iron
so it can be an issue because of the high neutron background in the environment
of a reactor. Neutron capture on lithium produces an alpha and a tritium with a
total energy of 4.78 MeV. The advantage of this reaction is that it can be localised
with precision as alpha and tritium are ionising particles so they do not travel a lot
in materials (contrary to v which can cross several tenth of cm of material).

A first generation of very short baseline reactor experiments has taken data
recently. These experiments are Nucifer and NEOS. However they were not seg-
mented detectors so they could measure the neutrino flux at one location only.
They were followed by several new experiments in different countries that look for
oscillations toward a new sterile neutrino by searching for different patterns in the
neutrino spectrum. To do so, they are very segmented experiments. These new
experiments are numerous. They include DANSS, Prospect, Stereo or SoLid which
will be described in the following.
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First generation of very short baseline reactor experiments

The Nucifer experiment [53| has been built for online monitoring of nuclear re-
actors. The detection of antineutrinos from a reactor can help to assess its thermal
power and its fissile content. The advantage of this type of detector is that they
can monitor the reactor in real-time from outside the reactor containment.

The Nucifer detector was located at the Osiris research reactor in Saclay, France,
at 7.2 m from the core. The maximal thermal power of the reactor is 70 MW, and
its volume is 80 x 70 x 70 cm?®. Its fuel is enriched at 19.75 % in 2*°U. The Nucifer
detector was a liquid scintillator tank of 0.847 m? coated with reflective Teflon. The
liquid scintillator was doped with gadolinium (Gd). Antineutrinos were detected
via IBD reactions. The neutron were captured by Gd or H. The light was detected
by 16 PMTs at the top of the detector vessel. Its overburden was around 12 meters
water equivalent (m.w.e.) but it used also more than 50 tons of passive shielding.
Polyethylene (PE) was used as a neutron shielding and lead layers protected the
detector against gamma rays. An active veto made of plastic scintillator was also
installed to tag muons.

The Nucifer experiment detected 281 + 7 7, per day for 272 4+ 23 7, per day
predicted which allows reactor monitoring. However, because of large backgrounds
and uncertainties on the reactor neutrino flux predictions, it could not reach a con-
clusion concerning the reactor neutrino anomaly as the detector was not segmented.
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Figure 1.21: The Nucifer detector [53]

The NEOS experiment (Neutrino Experiment for Oscillation at Short baseline)
[87] was built to search for new oscillations towards a sterile neutrino. It is a Ko-
rean experiment deployed at the Hanbit nuclear power complex at 24 m from a 2.8
GWy, reactor core. It is the same reactor complex as the one used for the RENO
experiment. The active core size is 3.1 m in diameter and 3.8 m in height. NEOS

48



detector (figure 1.22) is filled with 1008 L of 0.5 % Gd-loaded liquid scintillator.
The light is readout by 19 PMTs at each end of the target vessel. As the detector
is located 10 m below ground level and is under the wall of containment building,
the minimum overburden is 20 m.w.e. The detector is protected from neutrons
with borated PE and from gamma rays thanks to lead layers. Plastic scintillator
surround the detector to act as muon counters.
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Figure 1.22: The NEOS detector from [87]

The NEOS experiment has measured a rate of 1976 antineutrinos per day and
a signal to background ratio of 22 [88]. The IBD energy spectrum can be seen in
figure 1.23. No evidence of a new oscillation toward sterile neutrino was found.
A limit on 0,., for Am?_, ~ 1 eV? was set: sin?(20,c0) < 0.1. The exclusion
curves in the sin® 26, — Am?2, parameter space are shown in figure 1.24. This is a
model-dependent result, however, as Daya Bay result has been used to study the
oscillations while it has different systematics. Like in Double Chooz, Daya Bay and

RENO, an excess around 5 MeV has been observed.

Status of new generation of sterile neutrino experiments

Many new reactor neutrino experiments at very short baselines have been built in
the past few years and are currently taking data. They are segmented detectors to
make a relative measurement of the antineutrino flux.

STEREO

STEREO installed its detector at 10 m from the core of the ILL researched
reactor at Grenoble (France) [96]. The reactor is highly enriched at 93% in #°U.
The detector is made of six cells, placed between 9 and 11 m from the reactor core,
filled with (Gd-loaded liquid scintillator. The light is readout by 24 PMTs placed
on top of the cells (figure 1.25). A gamma catcher is built around the detector
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Figure 1.23: (a) The IBD prompt energy spectrum of the NEOS experiment. The last bin is
integrated up to 10 MeV. The orange shaded histogram is the background spectrum obtained
with reactor OFF data. The detector response matrix in the inset shows the relation between the
neutrino energy and the prompt energy. (b) The ratio of the observed prompt energy spectrum
to the Huber-Mueller flux prediction weighted by the IBD cross-section with the 3 v hypothesis.
The predicted spectrum is scaled to match the area of the data excluding the 5 MeV excess region.
(¢) The ratio of the data to the expected spectrum based on the Daya Bay result with the 3 v
hypothesis, scaled to match the whole data area. The solid green line is the expected oscillation
pattern for the best fit of the data to the 34+1 v hypothesis and the corresponding oscillation
parameters (sin® 20,,,,, Am2,,,) is (0.05, 1.73 éV?). The dashed red line is the expected oscillation
pattern for the reactor antineutrino anomaly (RAA) best fit parameters (0.142, 2.32 eV?). The
gray error bands in (b) and (c) are estimated total systematic uncertainties, corresponding to the
square roots of diagonal elements of the covariance matrices. [88]
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Figure 1.24: Exclusion curves of the NEOS experiment for 341 neutrino oscillations in the
sin? 26,4 — Am?, parameter space. The solid blue curve is 90% C.L. exclusion contours based
on the comparison with the Daya Bay spectrum, and the dashed gray curve is the Bugey-3 90%
C.L. result. The dotted curve shows the Daya Bay 90% C.L. result. The shaded area is the
allowed region from the reactor antineutrino anomaly fit, and the star is its optimum point. [88]

consisting of an outer crown of liquid scintillator without Gd and 24 other PMTs.
It can detect the 8 MeV gammas from neutron capture on Gd as well as the 511
keV gammas from positron annihilation. The experiment is placed under the ILL
water channel and benefits from 65 t of passive shielding. A lead (Pb) and polyethy-
lene (PE) shielding is placed around the detector. An active muon veto is also used.

The energy resolution, measured with a **Mn calibration source (0.835 MeV 7,
is op/E = 9%. The first results have been published using 66 days of reactor on
and 138 days of reactor off data [30]. A pulse shape discrimination (PSD) analy-
sis, based on the ratio of the pulse tail charge over the pulse total charge allowed
to discriminate antineutrino signals from backgrounds due to electronic or proton
recoils for example (see figure 1.26). The PSD distribution of the correlated back-
ground induced by cosmic rays is parametrised using reactor off data. It is modeled
with multi-gaussian functions for different time and energy bins that correspond to
electronic recoils, proton recoils or accidental coincidences. The PSD distribution
of reactor ON data is then fitted with this background model plus an additional
gaussian for the reactor antineutrino component.

The STEREO experiment measured 396.3 + 4.7 7, per day with a signal over
background ratio S/B = 0.9. They have searched for oscillations in the antineu-
trino energy spectrum by comparing the energy spectrum of each cell. Figure 1.27
shows that they could exclude a large region of the sterile oscillation parameters
including the former best fit value of the reactor anomaly sin?20,. = 0.14 and
Am?, =24eV?at 97.5 % CL.
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Figure 1.25: The STEREO detector with its 6 cells of Gd-loaded liquid scintillator readout by
PMTs in yellow, the different layers of shielding and the muon veto in blue[97].
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Figure 1.26: Example of pulse shape discrimination of the STEREO experiment for events with
reconstructed energy in [3.125,3.625] MeV, collected in 22.8 days of reactor-on. The dashed curves
show the components of the neutrino signal (in green) and backgrounds model. [30]
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Figure 1.27: Exclusion contour of the oscillation parameters of the STEREO experiment using 66
days of reactor on data [30].

DANSS

DANSS [28] is a Russian experiment located at the industrial Kalinin Nuclear
Power Plant. The core of the 3.1 GW,, reactor is 3.7 m high and has a diameter
of 3.2 m which smears the oscillation pattern. A first prototype DANSSino has
already demonstrated the feasibility of this experiment. The DANSS detector is
moved to vary the neutrino baseline from 10.7 to 12.7 m thanks to a lifting gear. It
uses highly segmented plastic scintillator strips (figure 1.28). The 1 x4 x 100 ¢cm?
plastic scintillator strips are made with polystyrene similar to those of the MINOS
experiment. The strips are wrapped in thin (d-containing coat. In each strip,
three wavelength shifting optical fibers are glued. The middle one is connected to
a silicon photomultiplier (SiPM) and the other two are coupled to a single PMT
common for all the fibers of one module (50 parallel strips).

The scintillator strips are laid in two perpendicular directions and held by cop-
per frames, which act also as passive shielding and neutron reflector. This strips
are assembled in modules in a total volume of 1 m®. A passive shielding of lead and
borated polyethylene surrounds the detector and an active muon veto with plastic
scintillators is used. As the detector is placed under the reactor core, it benefits
from a passive shielding of 50 m.w.e that reduces the cosmic background by a factor
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Figure 1.28: A strip of the DANSS detector [28].

The light yield of 38 photo-electrons (PE)/MeV gives an energy resolution of
20.3%. It takes advantage of the spatial and time difference distributions between
prompt and neutrons to discriminate IBDs from accidental backgrounds as seen
in figure 1.29. DANSS detects around 5000 7, per day |29]. The distance of the
detector to the reactor is varied to get a relative measurement of the antineutrino
flux. Using 9.66x10° antineutrino events, they excluded the reactor antineutrino
anomaly optimum point with a confidence level of more than 5 ¢. The exclusion
curves in the sin® 26,4, — Am?, parameter space are shown in figure 1.30. However,
their systematic uncertainties are still being studied.
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Figure 1.29: Left: distance between prompt and delayed reconstructed positions. Right: time
between prompt and delayed signals. Errors are smaller than sizes of points [29].

PROSPECT

PROSPECT (Precision Reactor Oscillation and Spectum Experiment) is located
at the High Flux Isotope Reactor at Oak Ridge National Laboratory (USA) that
operates at 85 MW for 24 days cycles [41]. The reactor core has a diameter of 0.435
m and a height of 0.508 m and is highly enriched in 23U (more than 99%).

A movable 4 ton detector was built and placed between 7 and 9 m from the
reactor core. The detector uses segmented liquid scintillator doped with °Li. The
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Figure 1.30: Exclusion areas (90 % C.L. in cyan and 95 % in dark cyan) of the DANSS experiment
for 3+1 neutrino oscillations in the sin® 2914—Am?11 parameter space. Curves show allowed regions
from neutrino disappearance experiment, and the star is the best point from the RAA and GA fit
[29].

scintillator volume is segmented by optical separators into a two-dimensional array
of 154 rectangular segments. Each segmented part of 14.5 x 14.5 x 117.6 cm? is
readout by PMTs at both end (figure 1.31). The overburden is only 1 m.w.e.

The neutron capture on °Li produces an o and a tritium. A pulse shape dis-
crimination is used to differentiate neutron and positron signals. It is based on the
ratio tail over total of the integral of the waveforms. Their energy resolution is 4.5
% at 1 MeV.

With 33 days of reactor ON data, 24698 + 277 (stat) IBDs were detected after
subtracting accidental and correlated backgrounds [41]. The IBD excess between
reactor ON and OFF can be seen in figure 1.32. The signal-to-background ratios
for accidentals and correlated are respectively 2.25 and 1.36. The data disfavor the
reactor antineutrino anomaly at 98.7% confidence level. The exclusion curves in
the sin? 20,4 — Am?, parameter space are shown in figure 1.33.

SoLid

The SoLid experiment is installed at the BR2 research reactor at Mol in Belgium
[16]. A first prototype SM1 (288 kg) took data in 2016. The SoLid phase I detector
(1.6 tons) commissioning started in November 2017 and is now taking data. More
information on these detectors can be found in chapters 4 to 7.
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Figure 1.32: Number of daily IBD-like events from the PROSPECT experiment after acciden-
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1.2.4 Sterile neutrinos influence on (5 decay search

As we have seen, the search for sterile neutrinos and neutrinoless double beta decay
are very active with many experiments addressing neutrino issues. All the open
questions we have about neutrinos are related to each other and finding any new
piece of information has implications on every experiment. Indeed, the existence of
sterile neutrinos would for example dramatically change the interpretation of Ov 5[
decay experiments results.

A fourth sterile neutrino would have huge implications on the neutrino mass
issues. Different experimental hints favor a new neutrino mass in the eV range
while other known neutrinos would have sub-eV masses. This new neutrino would
contribute a lot to the signal searched in the g3 decay experiments. According to
[99], it would contribute such that mgs > 0.02 eV (95 % C.L.).

As seen previously, the half-life of the Ov55 (eq. 1.38), which can be measured
with the OvB3 decay rate, depends on the effective Majorana mass mgg (eq. 1.39).
This effective mass can also be written:

|mﬂﬁ| = |m1Ue21 + 77”L2U§2€m2 + m3U33em3| (1~41)

We have already seen in figure 1.11 that finding the value of mgg with double
beta decay experiments could help figure out the neutrino mass ordering (normal
or inverted hierarchy). A similar plot from Giunti and Zavanin [75] is shown in
figure 1.34. In the 3 neutrino mixing scheme, there is a range of m; between 2.3
and 6.6 1072 eV for normal hierarchy where there can be a complete cancellation
of mgg. In this case, it would be impossible to prove the Majorana nature of the
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neutrino with double beta decay experiments. In the case of a 3 + 1 neutrino scheme
(i.e. the existence of a fourth sterile neutrino), mgs has to take into account the
new neutrino mass my:

Imgs| = [miUZ + maU%be™ + maUZe' + myUZe™™| (1.42)

The prediction of mgg in function of the lightest neutrino mass is thus altered
a lot as we can see in fig 1.35. In the case of normal hierarchy, a new neutrino
mass shifts the allowed region to higher mpgg values. The allowed region for the
inverted hierarchy is expanded and there is a wide range of values of the lightest
mass mg for which mgg is canceled. This would be dramatic for the Ov35 decay
search. The next generation of double beta decay experiments aims to reach an
effective neutrino mass down to 15 meV. This would cover the entire allowed pa-
rameter space in the case of the assumption of inverted hierarchy and the existence
of only 3 neutrinos. It is thus crucial to know if a new neutrino mass state exists
for the ability of double beta decay experiments to reach a conclusion.
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Figure 1.34: Case of 3 v mixing. Left: mgg as a function of the lightest neutrino mass m; in
the Normal Hierarchy. Right: mgg as a function of the lightest neutrino mass ms in the Inverted
Hierarchy. The signs in the legend indicate the signs of e/@2, ei® = 41 for the four possible
cases in which CP is conserved. The intermediate yellow region is allowed only in the case of CP
violation. The 90 % confidence limit takes into account KamLAND-Zen results [75].

We have seen how the existence of a new sterile neutrino would impact the Ov5g3
decay search. But we can also see how Ovf3 decay search can give information on
the sterile neutrino search. Indeed, the distribution of mgs versus the sum of the
three neutrino mass: ¥ = my +mgy + my (figure 1.36) is also shown in [75]. ¥ is an
interesting variable as it can be measured in both the 3 and 3+1 neutrino schemes
with cosmology. There is a wide range of mgg and X in purple in figure 1.36 for
which double beta decay experiments and cosmological measurements could show
the existence of sterile neutrino given that oscillation experiments have found the
neutrino mass hierarchy.
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Figure 1.35: Case of 3+1 v mixing. Left: mgg as a function of the lightest neutrino mass m; in
the Normal Hierarchy. Right: mgs as a function of the lightest neutrino mass m3 in the Inverted
Hierarchy. The intermediate yellow region is allowed only in the case of CP violation [75].
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Figure 1.36: Comparison of the 3 v (in orange) and the 3+1 v (in purple) mixing. Left: the 3o
allowed regions in the ¥—|mgg| plane for the normal hierarchy Right: the 3o allowed regions in
the X—|mgg| plane for the inverted hierarchy [75].
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1.2.5 Conclusion

This chapter has shown that many questions remain about neutrinos concerning
their oscillation matrix, their masses, their nature or the existence of sterile neu-
trinos for example. All these questions are entangled. Pushing the limits of our
knowledge on one parameter like the existence of a new sterile neutrino brings
knowledge on the other parameters searched like the half-life of the Ov 35 process.
This is why working on two very different experiments like SuperNEMO and SolLid
at the same time is really interesting to get a better understanding of neutrinos.
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Chapter 2

The SuperNEMO demonstrator

2.1 SuperNEMO technology

As explained in the first chapter, the goal of Ov3 decay experiments is to determine
the nature of neutrinos, either Majorana or Dirac, by searching the Ov53 energy
peak. A peak in the two electron sum energy spectrum at the ()gs value, if not due
to background, would prove the Majorana nature of the neutrinos. This chapter is
about the SuperNEMO demonstrator that is being built at LSM to look for Ov53
decays. The detector principle with the tracking and calorimetry technology will
be first introduced. Then the main challenges that the experience will face with
the background reduction will be presented as well as the simulation and analysis
tools that have been developed.

2.1.1 Detection principle

To measure precisely the energy of the two electrons from Ov33 decays and remove
background efficiently, the NEMO experiments have chosen a tracking and calorime-
try technology. The electrons coming from the source foils cross the tracking cham-
ber where their trajectories are reconstructed. They end up in the calorimeter
where they deposit all their energy (fig. 2.1). Although the energy resolution and
detection efficiency are modest compared to germanium or bolometer experiments,
the particle tracking provides a powerful background rejection. In addition, the
discrimination between different types of events thanks to the good particle iden-
tification, allows us to measure backgrounds in different channels and can help to
study [ decays to excited states.

This kind of experiment allows to separate the source from the detector so any
B isotope can be studied. The previous NEMO-3 experiment which has run from
February 2003 to January 2011 has measured 2v/3( decay for seven isotopes. For
the SuperNEMO demonstrator, 6.23 kg of 82Se will be studied. The mass of isotopes
studied with this technology is lower than for experiments using liquid scintillator
or liquid TPCs but the flexibility to choose the most interesting isotopes, as long
as it can be produced in a foil shape, is a great advantage.
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The SuperNEMO demonstrator is currently being built at LSM. The calorimeter
and the tracker have been assembled. The electronics commissioning has begun in
June 2018 at Manchester. The 3/ source foils will be installed in September and the
detector will then be closed. The goal of the demonstrator is to take data during 2.5
years to demonstrate that a zero background experiment is feasible before building
a bigger experiment with 100 kg of 32Se or 'Nd.

Particle | Decay vertex I Charged particles
energy & TOF trajectories

& q &
O W@ =
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¢ & S
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Figure 2.1: Detection principle of SuperNEMO with the tracker and the calorimeter. Two electrons
are emitted from the source foil (in purple). Their tracks (in red) are detected in the tracking
volume before they deposit their energy in the calorimeter blocks (red cubes).

2.1.2 Mechanical design

The SuperNEMO demonstrator is composed of several parts: the sources, the
tracker and the calorimeter arranged as a sandwich as shown in fig.2.2. The source
foils are installed at the center of the detector. They are surrounded by the tracker
so that it can detect the electron tracks that originate from the foils. The next
layer after the tracker is the calorimeter where the electrons deposit all their ener-
gies after being tracked. The calorimeter is composed of several blocks of plastic
scintillators and PMTs around the tracker.
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Figure 2.2: Schematic view of the SuperNEMO demonstrator.

2.1.3 The source foils

While in NEMO-3 several 303 isotopes (mainly 7 kg of ®Mo and 1 kg of 32Se) were
used to produce different source foils and thus look for O35 of different isotopes, in
the SuperNEMO demonstrator, only %2Se is used to validate the technology. Indeed,
82Se has a high transition energy (Qgs = 2.998 MeV), its enrichment is feasible us-

ing standard technique (centrifugation) and it has a high 2v3/ half-life (Tf/”f =

9.39 4+ 0.17 (stat) + 0.58 (syst) x 10 years from the NEMO-3 experiment [35]).
A second phase with °°Nd should be taken if its enrichment is achievable.

The #2Se is first enriched and purified in Russia via double or quadruple dis-
tillation or reverse chromatography. Powders of 32Se are then transformed into
source foils. The powder is mixed with a radiopure glue (PolyVinyl Alcohol) and
ultra pure water and then smeared between two 12 um thick Mylar backing films.
To dry these demonstrator sources, two techniques are used. The first one is the
NEMO-3 technique that uses Mylar perforated by irradiation. However this tech-
nique could contaminate the source so a second technique has been developed. In
the Laboratory of Annecy le Vieux (LAPP), it has been decided to unmould the
foils and cut them into pads. These pads are then sandwiched between two mylar
sheets with welding. In the detector, 34 foils of 2.7 m long are placed representing
a total mass of ®2Se of 6.23 kg.

In addition to these Se foils, it will be shown in this thesis that it would be
interesting to install copper foils in the detector, as it was done in NEMO-3. Cu
is not a B emitter so it allows to control the external background (see chapter 3).
The copper foils that will be used in the SuperNEMO demonstrator are 4 NEMO-3
Cu foils of 2500 mm long, 64 mm large and 57.5 pum thick.
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2.1.4 The tracker

The tracker allows reconstructing precisely in three dimensions the trajectories of
individual electrons. When a charged particle like an electron enters the tracker, it
ionizes the gas. The tracker gas is a mixture of He (95%), ethyl alcohol (4%) and
Ar (1%). The ionization electrons are then detected in the tracker cells.

The two trackers on each side of the source have a total of 2034 Geiger cells
that are 3 m long and divided in 9 layers parallel to the source foils. Each cell
is composed of one anode wire at the center with eight ground wires around it.
The high electric potential between the anode and the grounded wires makes the
ionisation electrons drift towards the anode and create an electron avalanche by
ionising more atoms. The Geiger mode is obtained when the avalanches created
by the electrons are saturated. A current is created by these moving electrons in
the anode which shows in which cell the first charged particle has passed. Other
avalanches are created all along the anode wire by de-excitation and recombination
UV photons (fig. 2.4). The longitudinal position is obtained with the time needed
for these avalanches to reach both ends of the cell. In the SuperNEMO operating
conditions, the avalanche is expected to spread through a cell in about 50 us. They
are readout by cathode copper rings placed at each end of the cells (fig. 2.3).

Figure 2.3: Picture of a half tracker module (9 layers of cells x 113 rows) assembled at the Modane
underground laboratory (LSM) before the coupling with the calorimeter on the open side.

The wiring of the cells has been done by a robot in a clean room to automate
the process and reduce the risk of contamination by radioactive impurities.

The tracker is isolated from the calorimeter to avoid radon emanation from the
PMTs and the outside with a nylon radon-tight film.

2.1.5 The magnetic field

Some positrons can be created in the detector, mostly because of pair creation from
high energy gammas emitted after a neutron capture, event thought the neutron
shielding should reduce a lot this background. To distinguish more easily the elec-
trons from positrons, it has been decided to use a magnetic field, as in NEMO-3, to
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Figure 2.4: A Geiger cell principle: a charged particle ionizes the gas and creates a first avalanche.
UV photons from this avalanche create themselves other avalanches. The electrons of the
avalanches create a current in the anode wire.

curve the charged particles trajectories. Copper rods recycled from NEMO-3 and
reshaped to surround the demonstrator with iron return field plates should provide
a 25 G magnetic field. As the PMTs are highly sensitive to the magnetic fields, they
are shielded with 3 mm thick pure iron sheets that will disrupt the homogeneity
of the magnetic field but it should not have an important impact on the particle
identification efficiency according to simulations [56].

2.1.6 The calorimeter

The energy of the electron is the variable used to discriminate between Ov33 and
2v[3, which is an irreducible background, or background from natural radioactivity.
Thus it must be known with the highest accuracy achievable. In the SuperNEMO
experiment, six calorimeter walls are built around the tracker to measure the parti-
cle energies. These walls are made of 712 optical modules (OM) which are composed
of a plastic scintillator and a PMT. Two main walls parallel to the source foils and
the tracker are 20 OM long and 13 OM tall (fig. 2.5). Two other calorimeter
walls of 64 OM are installed on the top and the bottom of the detector to serve as a
~ veto and two other walls of 128 OM, called x-walls, cover the sides of the detector.

The plastic scintillator is made of polystyrene (PS) doped with POPOP (1,4-
di-(5-phenyl-2-oxazoly)benzéne), a wavelength shifter, and pTP (para-terphenyl)
to increase the light yield. Charged particles and gammas, thanks to Compton
scattering, lose their energy in these blocks via ionization. Thus the scintillator
emits photons proportionally to the charged particle deposited energy. The plastic
scintillators are carved so that the PMT bulb is coupled with a RTV615 glue to
the scintillating blocks (figure 2.6). The main wall PMTs are 8 inch R5912-MOD
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Figure 2.5: Pictures of one of the main calorimeter wall, seen from outside the detector, at the
LSM. The back of the PMTs is shown.

Hamamatsu PMTs. The other walls and the first and last raws of the main walls
are covered by 5 inch PMTs. These 5 inch optical modules have a lower energy res-
olution but also a lower probability to detect electrons originating from the source
due to their position.

The calorimeter electronics, realised at LAL, will digitize the signals at the 1
GHz sampling frequency so that a pulse shape analysis can be done off-line. The
same electronics has been used for the SoLid test bench (chapter 5). The energy
will be computed from the charge of the pulses.

The scintillation blocks are wrapped with Teflon on their side to increase the
photon collection efficiency and aluminised Mylar on the sides and the front face to
further increase the light collection and protect the scintillator against UV photons
from the tracker or from other scintillator blocks. This calorimeter has a mean
energy resolution (FWHM) of 8.3% at 1 MeV [47].

During my thesis, I got the opportunity to take part to the calorimeter construc-
tion at the LSM. I have tested some optical modules before they were installed on
the calorimeter walls. A ?2Na source that emits two back-to-back 511 keV gammas
in coincidence was used to compare the amplitude spectra of the tested OM with a
reference OM.

2.1.7 The calibration system

To know well the energy and the time scales of the detector, two different calibra-
tion approaches will be used.

A source deployment system will be installed to get an absolute energy measure-
ment with 2°“Bi sources. They emit electrons at 3 different energies (482 keV, 976
keV and 1682 keV). 2°“Bi sources will be described in more details in chapter 5 as
we have used them for the LAL test bench for the SoLid detector R&D. The sources
will be automatically deployed for regular calibration runs and then removed.

68



Figure 2.6: Picture of an optical module (scintillator in violet with a PMT) seen with UV photons.

A light injection system will also be deployed to calibrate the calorimeter re-
sponse. Pulses of UV LED light will be regularly injected through optical fibers
in every optical module to monitor their gain (fig. 2.7). To check that the light
level remains the same, a reference optical module compares the UV LED light to
an 2*'Am source placed close to it. Deviations of the PMT gains due to applied
voltage fluctuations can thus be tracked and corrected at the 1% level. This system
is also useful to perform time calibration and to check the energy linearity of the
PMTs at high energies around the ®2Se Qgp.

Figure 2.7: Schematic view of the light injection system to calibrate the optical modules of the
SuperNEMO demonstrator [102].
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2.1.8 Expected sensitity

With 6.9 kg of ®“Mo, the NEMO-3 experiment set a limit on the half-life of the
Ov 33 process of Tl% > 1.1 x 10%* years.

Some of the main expected improvements between NEMO-3 and SuperNEMO
are the decrease of the foils contamination in 2°°T1 and 2!4Bi, as well as the decrease
of radon in the tracker and the improvement of the energy resolution by a factor 2.
The sensitivity of the demonstrator and the full detector have been computed con-
sidering an energy resolution of 4% FWHM at 3 MeV and the following background
activities:

e A(*™TI) < 2 uBq/kg
e A(*"Bi) < 10 uBq/kg
e A(**’Rn) < 0.15 mBq/m?

Unfortunately, the 28T activity in the source foils has been measured and is
around 50 uBq/kg. However, the goal to reduce the energy resolution by a fac-
tor 2 compared to NEMO-3 has been achieved thanks to an R&D program. The
expected sensitivity of the demonstrator considering an exposure of 17.5 kg.year
at 90 % confidence limit is 777, > 6.5 x 10** years. With 100 kg of **Se, the
full-scale SuperNEMO detector should reach a limit after 5 years of data-taking of
Tlo/”2 > 1 x 10%° years.

2.2 Backgrounds

2.2.1 Types of background

Several types of backgrounds, mostly due to S emitters isotopes from natural ra-
dioactivity, can mimic the Ov3f signal. It is very important to know precisely their
activity as the Ovf measurement is very difficult because of its very long half-life.

The background is mostly due to the presence of natural radioactive isotopes
from the 28U and #*Th decay chains (figure 2.8). The more troublesome isotopes
for the search of Ov33 are the ones with a Q3 higher than the #Se Qg5: 2Tl (Qp
— 4.99 MeV) and 2“Bi (Q5 = 3.27 MeV).

Backgrounds can be discriminated with their origins:

e Internal background for decays occurring in the source foil

e Radon background for events due to radon contamination in the tracker vol-
ume

e External background for decays occurring outside the source and the tracker
volume.
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Figure 2.8: 238U (left) and 232Th (right) natural radioactivity decay chains. [2]

Internal background

The internal background events mimic 3/ decays in different ways. Starting with
a simple [ decay event, a second electron can be produced either by internal con-
version of a deexcitation v from the daughter nucleus, or by Méller scattering or
Compton scattering in the foils (fig. 2.9).

A way to estimate the 2!Bi background which decays via 8~ to 2!4Po (BiPo
events) (see fig. 2.8, left) is to use the ea(y) topology. Indeed, the ?'*Po decays via
the emission of an « particle with a half-life of 164 us. The trigger allows tagging
S events followed by « particles so BiPo events are measured via the ea(y) channel
and [ events followed by a delayed o can be removed.

For 208T1 (see fig. 2.8, right), ey, eyy and eyy7y topologies are used as the decay
of 2%8T1 is accompanied by several 7 rays.

2v(B0 decays are themselves an irreducible background to Ov3/ decays when
the two electron sum energy is too close to (Qgs. Indeed, the calorimeter energy
resolution can be too large to say if these events are in the Ov53 energy window.
The measurements of the 2v3/3 energy spectrum and rate are thus very important
and must be as precise as possible. However, isotopes like “°K, ®°Co and 23*™Pa in
the source foils are a background for this 2v33 half-life measurement as shown in
the NEMO-3 experiment [33].
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Figure 2.9: Contributions of the internal background in the source foil to the 58 background.

Radon (***Rn)

Radon in the detector is another type of background. It can be outgased in the air
from the rock walls of the laboratory or other materials. As it is a highly diffusive
gas, it can enter the detector through materials like seals. When ?*Rn decays to
28Pg (see fig. 2.8, left), the ejected « particle can free several electrons of this
last atom transforming it to a positively charged ion. Some of these charged 2'*Po
are neutralized by recombining with negative ions in the gas for example. Many of
their daughter nuclei, 2!4Pb, are deposited on the surface of the cathode wires in
the tracking chamber or on the foils surface.

One of the more troublesome progenies of radon (**Rn) that can mimic 8
signals is 214Bi. However, BiPo events can be used to measure the radon activity
via the ea channel.

Another source of background due to radon progenies is the 3 decay of 2'°Pb to
210Bi. Tts end-point Qs of 1.16 MeV is too low to be an issue for Ov33 but it has
to be taken into account to get a precise measurement of the 2v53 spectrum.

External background

There are different contributions to the external background that can mimic 83
decays:

e [ixternal high energy ~ emitted by natural radioactivity outside the detector
(mostly ‘K, 2"Bi and 2°®T1) although it has been shown in the NEMO-3
experiment that it accounts for ~ 2% of the external background after cuts
were applied thanks to the efficient shielding [32].

e Neutrons coming from cosmic muon spallation or radioactivity in the environ-
ment of the detector can produce 7 rays via neutron capture. However it has
been shown that in the NEMO-3 detector, the neutron background represents
only 0.93% of the total background at energies below 4 MeV [32].
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e Radioactive contamination of detector material. It is mostly due to the PMT
glass, made of silicon dioxide. Despite a selection with HPGe detectors, the
contamination in ?*’Ra, 2 Ra and “°K remains important. Their troublesome
progenies are 2'4Bi, 208T1, 228Ac and “°K. This represented one half of the ey
events observed in NEMO-3 [32].

All these external backgrounds can produce external gamma which can them-
selves produce 23-like events by pair creation (with misidentification of the charge),
2 Compton scatterings or one Compton and one Moller scattering in the source foil
(fig. 2.10).
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Figure 2.10: Contributions of the v external background to the 58 background in the source foil

As a consequence, the external gamma ray flux has to be measured precisely.
It can be done using the crossing electron channel or the ~ye-external channel (in
opposition to ye-internal events coming from the source foil) (fig. 2.11). This will
be studied in more details in chapter 3.
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Figure 2.11: Results of the phase 2 fit for the whole NEMO-3 detector: a) energy sum of crossing
electron events, b) energy sum of the electron and v-ray for ye-external events, c) detected electron
energy for ~ve-external events [32].

2.2.2 Background reduction
Radiopurity

To prevent any radioactive contamination in the detector, every material has to be
very carefully selected so that it is the most radiopure as possible (activity below
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the mBq/kg or uBq/kg). All the material radiopurities have been tested with High
Purity Germanium detectors (HPGe).

One of the main challenge was to reduce the PMT glass contamination. A work
has been done with Hamamatsu Photonics to reduce this contamination. Ten PMTs
from different lots have been crushed by Hamamatsu to measure the radiopurity of
the glass and the insulators. Then they have been sent to LSM to cross-check the
measurements with HPGe detectors. The total expected activities for 8 and 5 inch
PM'Ts and their insulators can be found in table 2.1. It shows that the radiopurity
is better than in NEMO-3 for °K and ?*Ra (which leads to 2'*Bi) but it is worse
for 252Th (that leads to 2°8T1) [106].

SuperNEMO activities (Bq) | NEMO-3 activities (Bq)
isotope | 8" PMTs | 5" PMTs | total total
24pi 141 56 197 324
2087 41 3 44 27
0K 417 123 540 1078

Table 2.1: Total activities of the PMTs for SuperNEMO and NEMO-3.

The 33 sources had also to be purified to prevent radioactive contamination. To
control the source contamination, the BiPo detector has been built at the Canfranc
underground laboratory in Spain. It is made of 2 layers of 40 PMTs and scintillator
blocks each that takes the source foils in sandwich. It can detect possible hot
spots thanks to the segmentation. The following internal contaminations have been
obtained: [92]

e an upper limit of 300 uBq/kg for 2Bi

e a weighted average over different Se foils which gives a measurement of 52 uBq/kg
for 20871

Radon facility

We have seen that the radon which is highly volatile in the laboratory air can be
an issue if it comes in the detector tracker. The radon level in the LSM is around
15 Bq.m~3. The goal is to achieve a radon level inside the detector of 0.15 mBq.m 3.

In NEMO-3, a residual radon contamination had been observed due to leaks in
the external shielding joints and calorimeter walls. To reduce this contamination,
an anti-radon facility and a tent made of plastic films to isolate the detector have
been installed which have reduced the level of radon by a factor 6. A similar system
will be used for the SuperNEMO demonstrator. An anti-radon tent made of PMMA
panels will surround the detector. To get rid of radon inside the tent emanating
mostly through possible leaks or from PMTs, the air inside the tent will be flushed
with radon-free air thanks to an anti-radon factory (a charcoal column will trap the
radon atoms long enough for them to decay).
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Shielding and underground laboratory

To prevent external background contamination, a good shielding of the detector is
very important.

The SuperNEMO experiment, like the previous NEMO experiments, takes place
at LSM, inside the Frejus tunnel between France and Italy (fig. 2.12). The 1700 m
of rock of the mountain above this laboratory is used as a shielding against cosmic
rays. It represents 4800 m.w.e which makes it the deepest underground laboratory
in Europe. The cosmic ray flux is reduced by a factor more than 10° so only 4
cosmic rays per m? per day are expected. This very interesting environment is also
used for astrophysical, biology or geology experiments.

Fréjus peak
Fréjus road tunnel Altitude 2 932 m

FRANCE

Altitude
1298 m

Altitude
1228 m

Distance 0 m ASEI 6 210m 12 868 m

Figure 2.12: Schematic view of the underground laboratory of Modane (LSM).

The cosmic rays are not the only annoying external background. The rocks of
the laboratory are also radioactive so the detector needs to be protected against
photons and neutrons emitted by them. Shielding made of layers of iron will be
placed around the detector against v rays. Bricks of borated water may be used
also against neutrons.

After removing all the possible backgrounds with passive shielding, a precise
simulation has to be done to investigate the impact of the remaining background.

2.3 Simulation and analysis tools

2.3.1 Monte-Carlo simulation

A simulation software has been created to investigate the impact of the different
backgrounds on the OrSf measurement. Simulations help to assess the detector
efficiency.

The software simulation is based on Geant4 [3]. The definition of the primitive
detector geometry, the database of the materials, the vertex generator, the kine-
matics of the radioisotopes are implemented with the C+4++ library Bayeux. The
generator of 55 and other radioactive backgrounds is called Genbb/Decay0 and is
implemented in Bayeux. The Bayeux library also takes care of data handling. It
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is used by several experiments in nuclear or particle physics. The Falaise package
depends on the Bayeux library but is used specifically for the SuperNEMO exper-
iment. It defines the geometry and materials of the SuperNEMO demonstrator as
well as the reconstruction algorithms and the analysis tools.

Events are first simulated by Genbb and their vertex is located in the detector
by the Bayeux vertex generator. The particles are propagated through the virtual
detector with the Geant4 based-model which takes into account possible interactions
like scattering, ionisation or Bremsstrahlung. To get a realistic simulation, the
detector response has to be taken into account with for example the 8% FWHM
energy resolution of the calorimeter at 1 MeV that smears the true simulated energy
of the particle. The events are then reconstructed before being analysed. The same
software is used for reconstructing and analysing Monte-carlo and recorded data
to reduce systematic errors. The simulated data are thus as similar as possible to
recorded data.

2.3.2 Analysis chain
Event reconstruction

The data pass through several algorithms to identify the physical event that hap-
pened. Tracker hits are grouped in clusters and fitted to reconstruct tracks in the
wire chamber. These tracks are then associated with possible calorimeter hits if
they exist (fig. 2.13). The tracks are defined as positive or negative depending on
the curvature of a positively or negatively charged particle going from the source
to the detector under the 25 G magnetic field.

1.43 +0.04 MeV
2.06 +0.34 ns

0.55 +0.03 MeV
2,62 +0.55 ns

Figure 2.13: A SuperNEMO simulated event with two electron tracks (in blue) and one gamma (in
orange) reconstructed. All the particles emerge from the source foil (in dark blue). The electrons
are tracked in the wiring chamber. The red and blue circles show the fired cells that were used
to reconstruct the electron tracks. The three particles deposit their energy in calorimeter blocks.
The gamma particle corresponds to a calorimeter block not associated with a track.
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Particle identification

To continue the event reconstruction, particles must be identified in the detector.
The following criteria have been used to identify the different particles (fig. 2.14):

e Electrons from the source are negatively curved tracks in association with a
calorimeter hit.

e Positrons from the source are positively curved tracks in association with a
calorimeter hit.

e Alphas are short straight tracks with no associated calorimeter hit.

e (Gammas are one or several calorimeter hits unassociated with any track.
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tracking

calorimeter
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Figure 2.14: Schematic view of the different types of particles interacting in the detector. The
electrons (in blue) are negatively curved tracks from the source with at least one calorimeter hit.
The positrons (in red) have a similar definition but with positively curved tracks. The alpha
particles (in violet) have only very short tracks. The gammas (in orange) are reconstructed if a
calorimeter hit is not associated with any track.

Once the particles of an event are identified, they can be assembled to be clas-
sified in a channel event like two electrons, a crossing electron, one electron and
one or several gammas... All these channels are interesting to study the different
backgrounds. The final channel is of course the two electron channel to look for 53
decay.

Variables measured

Thanks to the tracker and the calorimeter, the SuperNEMO experiment has a
great advantage compared to the other 538 decay experiment: it has access to the
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kinematics of the events. Some variables that can be reconstructed and used for
the analysis are:

e The individual energy of the particle deposited in the calorimeter blocks.

e The vertex barycenters, each vertex computed as the extrapolation of the
track fit on the source.

e The angle between 2 particles calculated as the angle between the tangent of
the 2 track vertices at the extrapolated vertex of origin.

e The internal and external probabilities based on the time of flight (ToF) of the
particle for events with two particles that have both an associated calorimeter
hit, including one charged particle.

The internal probability is used to measure the probability that two particles
come from the source. The external probability tests if one of the particles at least
comes from somewhere else. For example, a crossing electron could mimic a 3f3
event from the source. In that case the curvature of one of the two tracks separated
by the source should be different from the 55 events. However, in many cases the
curvature can be changed by scattering of the electrons in the wire chamber so the
internal probability is very useful to discriminate these kinds of events.

To compute these probabilities, we start with a x? calculation for both hypothe-
ses (hyp = int or ext):

(Atmeas - Atth)}%yp (2 1)
(ngp + Ufh)hyp

where At,,.qs is the time difference between the particles measured by the
calorimeter and Aty, is the predicted one, using relativity to compute the trav-
eling time of the particles, which depends on the internal or external hypotheses.

2

0oy and o2, are the experimental and theoretical errors. Probabilities are then de-

rived from the x? computation using the error function that transforms a gaussian
distribution into a flat distribution between 0 and 1:

2 __
thp -

2e” 2dx (2.2)

—+00
_1 =z
x
2

P() = 5= /
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2.4 Conclusion

It has been seen that the main challenge of the SuperNEMO demonstrator, like
other 53 experiments, will be to fight against backgrounds induced by natural
radioactivity. Thanks to its tracker and calorimeter detector, several observables
will be available to characterize and identify particles. The next chapter will focus
on the strategies to measure and reject the external background using simulations.
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Chapter 3

External background analysis

3.1 Simulation to study the external background

3.1.1 Motivations of the study

As explained before, 03[ search is so complicated that the background has to be
reduced at the maximum and controlled very well. It is first reduced using shield-
ings and very radiopure materials for the detector construction. However, some
backgrounds remain and need to be cut off from the signal searched. This chapter
mostly focuses on the external background. In NEMO-3, it was not the biggest
background but as the radon and internal backgrounds are expected to decrease
for the demonstrator, it could become one of the major issue for SuperNEMO. Al-
though it is expected to be negligible in the energy window of the Ovgf decays, it
has to be taken into account for the measurement of the 2v53 decays. The latter
is indeed the most important and irreducible background to Ov(f3 signals. It has
thus to be measured as precisely as possible. As 2v3(3 signals covers all energy
range from 0 to (Qgg, its half-life measurement is more sensitive to the external
background.

The external background study shown in this chapter has been made in three
steps. The first step studies the possibility to reject the external background in the
BB channel. The second step demonstrates that this background can be measured
very precisely. Indeed, the SuperNEMO technology has the advantage to be able
to separate the events in different channels using their topologies. Finally, the util-
ity to install copper foils in the detector has been be studied. As copper is very
radiopure, it should be sensitive mostly to external background and thus provide
an independent way to control it.

3.1.2 Simulations and estimation of the expected backgrounds
Simulation of the external background

As already explained in chapter 2, there are several sources of external background:
neutrons coming from cosmic muon spallation, external v or neutrons emitted by
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radioactivity outside the detector and radioactive contamination of detector ma-
terials. Unfortunately, the simulation of all these backgrounds would require too
much CPU time. Thus for a first estimation of the external background, only the
most important contributions detected in NEMO-3 have been simulated during this
thesis.

In the NEMO-3 experiment, an external background model has been built to
account for the detected events in different channels [33]. In this model, the contri-
butions of the v ray flux from the surrounding rocks are supposed to be negligible
thanks to the shielding but the contributions of the detector components are taken
into account. Table 3.1 shows that according to the measurements, the PMTs con-
tamination in *°K, 2Bi and 2°®T1 are the most important contributions to the
external background. The iron shielding is the most radioactive component but as
iron can absorb the gammas before they leave the shielding, it does not produce
much background in the detector.

Components of NEMO-3 TOtal_ activity (Bq)

40K 214B1 208T1 GOCO
Photomultiplier tubes 1078 + 32 324 + 1 27.0 £ 0.6
Plastic scintillators 21.5 £ 0.9
p-metal PMT shield 14.6 £+ 2.6
Iron petals 100 £ 4 9.1+£1.0 31+05 | 6.1 £1.8
Copper on petals 18.4 + 0.8
Iron shield 73600 £ 200 | 484 + 24

Table 3.1: Activities of the different components of the external background model in NEMO-3
[33]. Apart from the iron shielding that absorbs the emitted gammas, the PMT contributions are
dominant.

For the SuperNEMO demonstrator, the radioactivity of the different components
has been measured to make sure it is low enough. Although work has been done with
Hamamatsu to lower the activities of the PMT glasses, they are still high enough
to become likely the most important contribution to the external background.

As seen in the previous chapter, there are two types of PMTs in the calorimeter:
5 inch and 8 inch PMTs. The total activity of the 5 inch PMTs is lower than for
8 inch PMTs as they are smaller and less numerous. Furthermore, the particles
emitted by these 5 inch PMTs have a lower probability to reach the source foils due
to their place as it will be seen in section 3.4.1. Thus for most of this work, only
backgrounds in 8 inch PMTs have been simulated.
The measured total activity for the 8 inch PMT glass and their insulator, which are
the less radiopure components of the PMTs, are the following (with 7% systematic
uncertainty):

o A("K ext) = 417 Bq
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o A(*MBi ext) = 140.5 Bq

o ATl ext) = 41.4 Bq

Estimation of the external background contributions

As a first estimation of the external background, °K, 2*Bi and 2°*T1 contaminations
inside the PMT glass have been simulated. The simulations give the detection
efficiency of each isotope. The number of events expected can be calculated with
3.1:

N, =A; xe Xt (3.1)

With A; the total activity of the isotope i, €; the detection efficiency of the isotope
i and ¢ the running time of the experiment (2.5 years). The detection efficiency is
extracted from simulation data by dividing the number of detected events in the
channel studied by the number of simulated events.

Simulation of other backgrounds and estimation of their contributions

To compare the impact of the external background due to PMTs with the impact
of the other types of backgrounds, simulations of radon and internal backgrounds
have also been realised.

The gas of the tracker can be contaminated by ?*?Rn. When it desintegrates to
218Po, the ejected alpha particle can free several electrons transforming the 28Po
into charged ions. Most of their daughter nuclei, 2'4Pb are deposited at the surface
of the cathode wires in the tracking chamber or at the foils surface [33]. This is an
issue as there is 2!Bi in their decay chain. 2'“Bi has thus been simulated at the
surface of the wires of the tracker. To compute the number of expected events, the
formula 3.2 has been used:

NRn:ARnXVXERnXt (32)

With Ag, the expected radon activity (150 uBq/m?), V the tracker volume (15
m?), er, the detection efficiency (extracted from the simulation) and ¢ the running
time of the experiment (2.5 years).

The internal background is also troublesome. According to the foil activity

measurement done with the BiPo detector [48], there are contaminations of 2'4Bi
and ?°°T1 inside the foils of the order of:

e A(*Bi int) = 300 uBq/kg (limit obtained with the BiPo detector)

o A(®®TI int) = 52 uBq/kg (weighted average measurement over different Se
foils)

Like in NEMO-3, there may be also other contamination in the source foils like
234mPy and “°K but their activities have not been measured yet.
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The number of events expected from the source foil contamination is calculated
with 3.3:
Ni:AiXEZ’Xth (33)

with A; the measured activity of the isotope 7, €; the detection efficiency of the iso-
tope i (extracted from the simulation), m the mass of *Se (6.23 kg), ¢ the running
time of the experiment (2.5 years).

Simulation of the 2v3( events

The signal interesting in this analysis is the 2033 desintegration of 32Se. These
events are themselves background events for the Ov3f desintegrations of ¥2Se so it
is important to know well the half-life of 2v3/3 which is impacted by the external
background. To know accurately the half-life of 2083 decays, one can calculate it
from the number of decays observed. Indeed, the expected number of 2v38 for 32Se
can be computed this way:

NAXZRQXEggmet

M(®Se) x T}

(3.4)

Noygp =

With N, the Avogadro number, €55 the detection efficiency (extracted from the
simulation), m the ¥2Se mass (6.23 kg), ¢ the running time of the experiment (2.5
years), M (¥2Se) the mass number of 32Se and Tf/”zﬁﬁ the half-life. Tn this work, the
goal is to compare the number of external background events expected with the
number of 2v303 events expected from %2Se so a half-life of le/”fﬁ = 9.39 £ 0.17

(stat) + 0.58 (syst) 10 years, that was measured with NEMO-3 [35], has been
used. When the experimental data will be available, the number of 2v3( events
detected will be used to extract a more accurate half-life measurement.

Simulation conditions

The simulation has been run with the Falaise simulation software developed for
the SuperNEMO experiment (see part 1.4.1). The detector configuration in this
simulation is very close to the reality. The main difference is the use of a uniform
25 G magnetic field in the whole detector as it has not been measured yet. However,
it has been proven that it does not change the particle identification significantly
[56].

An energy resolution of 8% at 1 MeV (FWHM) and a time resolution of 400 ps
at 1 MeV have been used. The energy thresholds have been set to 150 keV for the
highest energy electron and 50 keV for the lowest energy electron which correspond
to the values planned for the SuperNEMO thresholds.

Two different simulations were performed. One was done putting Se in all the
strips of the detector to be as close as possible to the final configuration and eval-
uate the impact of the external background on the 2v33 measurement. Another
one was done replacing the selenium by copper in all the strips and removing the
mylar backing film. The goal was to evaluate the usefulness to install copper strips
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in the detector in order to control the external background, to see if the place of
the copper strips would have an impact and to know the number of expected events
for different thickness of copper foils.

As the simulation of “°K, 2'4Bi and 2°%TI inside the PMT glass can not be ne-
glected but is very inefficient to create S3-like events in the source foils, it required
to simulate hundreds of millions of events. However, the number of events simu-
lated was limited by CPU time. It took several days with hundreds of jobs running
in parallel in the Computing Center of Lyon to simulate these events. Still, the
statistical error remains important in the following results with only around one
hundred of events selected in the interesting channel. To limit this statistical un-
certainty, a simulation will be run for the whole collaboration so that more CPU
time can be used. The external background has been simulated only for 8" PMTs.
The simulation of external background in 5” PMTs for copper foils has shown that
it could be neglected in a first approximation. The simulations of radon, internal
backgrounds and 2v35 of Se have also been done. As these ones are much more
efficient, the statistical uncertainty due to CPU time limitation was not an issue.

Event selection

Only two types of particles are used in this study: electrons and gammas.

e Electrons are defined as a negatively charged particle track intercepting the
foil associated with a hit in a calorimeter block. The charge of the particle
is accessible thanks to the curvature of the track in the wire chamber. It
is defined as negative if the track turns anti-clockwise when looking at the
detector from the top.

e Gammas also deposit energy in the calorimeter blocks but are not visible in
the tracker. Thus a gamma is defined as at least one hit in a calorimeter block
with no associated track. The timing information is used to associate them
with electrons.

For all the electron tracks, a vertex position is extrapolated from the source
foil. A requirement on the distance between the different vertex positions of all the
tracks of a same events is used. The horizontal distance between the vertices has
to be less than 6 cm and the vertical distance less than 7 cm. It has been shown
that it keeps 95 % of 3 events from the source.
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3.2 External background expected in the 2 electron
channel

The 2vff half-life of Se will be measured in the internal two electron (2e-int)
channel. Internal refers to the fact that the two electrons should be emitted from
the source foil at the same time.

3.2.1 Contributions to the external background

By looking at the external background simulated data in the two electron channel,
three types of events have been noticed.

e Two successive Compton scatterings in the foil (figure 3.1).

e A first Compton scattering in the foil from an external gamma releases an
electron that undergoes itself a Moéller scattering creating another electron
(figure 3.2).

e A crossing electron: an external electron can travel trough the detector and
cross the foil (figure 3.3). It can be reconstructed in this channel if the cur-
vature of one part of its track is badly reconstructed and the timing badly
measured.

Figure 3.1: Top view of an external gamma (in yellow) arriving on the Cu foil (between the two
white lines) releasing two electrons (in blue) by two Compton scattering.

Figure 3.2: Top view of an external gamma (in yellow) arriving on the Cu foil (between the two
white lines) releasing one electron (in blue) by Compton scattering. This electron releases itself
another electron (in blue) by Moller scattering.



Figure 3.3: Top view of an external electron (in blue) arriving on the Cu foil. It is deviated by a
few scatterings before leaving the source and hitting the calorimeter on the opposite side of the

source.

The most frequent events in this 2e-int channel are crossing electrons. Using
cuts on the internal and external probability, introduced in chapter 2, should reduce
these events as their time of arrival on the calorimeter is different.

3.2.2 External and internal probability cuts

The simulation results shown in figure 3.4, requiring only 2 electron tracks with
vertex in the source foils, show that the external background, in blue, is the dom-
inant one. Such a level of background would not allow a measurement of Se 2v50
signal (S/B = 0.6). However, the tracko-calorimetry technology of the SuperNEMO
demonstrator has the great advantage to give access to several variables like the
energy, position or detection time of each particle.

Events

2nu, N(signal) = 87798
Ntot{bkg) = 142120

2nu, Nsignal) = 87788 + 282
Tlin PMT, Next =36752 + 435
Biin PMT, Nest = 46441+ 735

K in PMT, Next = 32253 + 683

e Tl source, N =31 £ 0672
Biin source, N =277 +4.78

10° Rnbkg, N(Rn) = 35 + 1.76
10°
10
1
10 _LI_'_I_L_
10 ol L D . . N |

0 0.5 1 1.5

3.5 4
Esum [MeV]

Figure 3.4: Energy spectrum of 2 reconstructed electron events coming from the source foils for
different types of background or signal. The number of expected events is given in the legend.
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The internal and external probabilities are very useful to distinguish particles
coming from the source foils or other parts of the detector. They are thus very suit-
able to reject external background. In the following, the NEMO-3 selenium analysis
cuts have been set [35], in order to check if the background can be measured and
controlled efficiently with a similar analysis. An event is considered as internal if
its internal probability is above 4% and its external probability is below 1%.

In figure 3.5, where the internal and external probabilities of external back-
ground and signal are shown, we can see a clear separation between the two popula-
tions. Cuts on these parameters (internal probability > 4% and external probability
< 1%), in red in figure 3.5, should improve greatly the signal over background ratio.
They keep 87.2% of the 2v3/3 events and remove 97.6% of the external background.

Pext vs Pint - 2e channel - Bi, K, Tl from PMT Pext vs Pint - 2e channel - Se 2beta

log(Pext)

.
J
B
10
.
- s
I E 1 1 |
P S ‘
2 o ©
log(Pint)

-20 -18 -16 14

Figure 3.5: External probability vs Internal probability for external background on the left and
2v36 of Se on the right. The part in the red rectangle shows the events that are kept after the
standard internal and external probability cuts.

Figure 3.6 shows that the external and internal probability cuts have reduced
most of the external background although it is still the dominant contribution with
2580 + 282 events expected. The 2v3( signal can be clearly seen with 76899 +
273 events expected which gives a signal over background ratio S/B = 27 taking
into account other background contributions. This is, however, an optimistic S/B
as contributions to the internal background from several isotopes are still missing.

3.3 External background measurement

The external background can be observed with much more statistics in other chan-
nels than the 2e-int one. It allows to measure the activities of the different isotopes
that contribute to this background using equation 3.1 in order to predict the number
of external backgrounds expected in the 2e-int channel.
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2nu, N(signal) = 76899 + 273

2nu, N(signal) = 76899 Tlin PMT, Next = 591+ 55.1

4
10 Ntot(bkg) = 2864
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Biin PMT, Next = 1035 + 110
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s K in PMT, Next =954 + 117

102 Tlin source, N = 26 + 0.61
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Figure 3.6: Stacked energy spectrum of 2e-int events for different sources of background or 2v53
signal after internal and external probability cuts.

3.3.1 The crossing electron channel

The crossing electron channel is used to measure the activities of T1, Bi and K in
the PMT glass. In this section, a study based on simulation will show how sensitive
this channel is to these backgrounds.

In the crossing electron channel (figure 3.7), an electron is created via several
possible mechanisms like in a Compton scattering of an external v with the scintil-
lator or a 3 decay on the surface of the scintillator. This electron deposits part of
its energy in the scintillator before crossing the tracker and the source foil to reach
another scintillator block where it deposits the rest of its energy.

To tag crossing electrons, two tracks with a compatible vertex on the source foil
must have opposite curvature, since this variable is defined for particles originating
from the source, and the external probability has to be high enough. Using similar
cuts as in NEMO-3, the external probability has to be > 1% and the internal proba-
bility has to be < 4%. In this crossing electron channel, the sum energy is computed
using one electron track going from a calorimeter block to a source foil and another
one from the source foil to a calorimeter block in the other wall with the same vertex.

The sum energy deposits of the electron is shown in figure 3.8. The external
background dominates largely in this channel. Tt represents 99.97 % of the events.
The internal background may increase if all the isotopes are taken into account but it
should remain low. Besides, it will be measured accurately in other channels like the
single electron channel. Using the shape of the crossing electron energy distribution,
the 29T1 contribution can be separated easily from the 2'4Bi and *°K contributions.
With (1700 £ 5.9) x 10® external background events that should be observed after
2.5 years of data taking, the statistical uncertainty on this measurement should be
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Figure 3.7: Display of a 2'*Bi event coming from a PMT surface contamination, reconstructed
in the crossing electron channel. The 2'4Bi emits a gamma on the left wall that deposits energy
on a calorimeter block (not seen in the figure) and emits an electron by Compton scattering.
This electron (violet track) crosses the left part of the tracker and the source foils before reaching
another scintillator block on the right.

around 0.08 %. The crossing electron channel will thus be very efficient to measure
the external background activities. A precise measurement per strip of selenium
could even be performed to get a more accurate background model.

3.3.2 The vye-ext channel

The ve-ext channel (figure 3.9) has also been used in NEMO-3 to measure the
external background activities although it can be less efficient than the crossing-e
channel as the v detection efficiency is lower for the electron and it requires a sec-
ond interaction from the v in the source foils. In addition, the reconstruction of the
energy deposited by the 7 is less good than for electrons. This channel is thus used
to cross-check the measurements performed in the crossing electron channel. The
creation of such events comes from an external photon that deposits some energy
in a scintillator block before reaching the source foil. In the source, it creates an
electron via Compton scattering for example that will be detected in the tracking
chamber and the calorimeter.

To tag ye-ext events, one electron track and one gamma detected in a calorime-
ter block are required to have a compatible vertex on the source foil and a good
external probability. The requirements set on the time of flight variables are: in-
ternal probability smaller than 4% and external probability greater than 1%.

The energy sum distribution of the gamma and the electron is presented in fig-
ure 3.10 for all the background isotopes simulated and the 2033 of #2Se. It shows
that in this channel, the external background represents 99.8 % of the events. It is
thus a very interesting channel to measure it. With (5874 3.7) x 10? external back-
ground events that should be observed after 2.5 years of data taking, the statistical
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Figure 3.8: Sum energy distribution of the two electron deposits in the calorimeter blocks for
the crossing electron channel. Top: Logarithmic scale. Bottom: Linear scale. The external
background isotopes have a dominant contribution compared to the events from the 32Se source
or from radon.

89



p—
—
-

E=9.24 +£0.02 Vv
t =491+0.831fs

Figure 3.9: Display of a simulated 2°®TI event in the PMT glass reconstructed in the ye-ext
channel. The 2°8TI emits several v on the right and one of these gammas creates an electron via
Compton scattering in the source before leaving the detector on the top.

uncertainty on the measurement of this background should be around 0.13 %.

3.3.3 Impact of the external background of the Se 2v 33 half-
life measurement

As explained previously, the main issue with the external background is its impact
on the %2Se 2v3( half-life measurement. The latter can be calculated using equation
3.4. Ny, the number of 2033 events measured, is computed by subtracting the
number of background events to the total number of events measured in the 2e-int
channel:

N2V,BB = Ntotal - (Nznt bkg + NRn bkg + Ne:vt bk:g) (35)

With Ny the total number of events measured in the 2e-int channel and Nj,; ppg,
Nin vkg, Next kg the number of internal, radon and external background events ex-
pected in the 2e-int channel. These numbers of background events are obtained by
using the activities measured in dedicated channels.

One of the uncertainties on the number of external background events expected
in the 2e-int channel is induced by the measurement of the activities of the isotopes
contributing to this background. These activities are measured more accurately
in the crossing electron channel as seen in section 3.4.1. One of the uncertainty
on these activities come from the statistical uncertainty on the number of crossing
electron events which is 0.08% according to simulations.
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Figure 3.10: Energy sum distribution of the gamma and the electron in the lely-ext channel. The
contributions from the external background isotopes are dominant compared to the events from
the source or from radon.
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As no data is available yet, a first impact of the external background on the
82Se 2v4f half-life measurement can be evaluated using this uncertainty value on
the external background measurement. The systematic uncertainty on the %2Se
2v 33 half-life measurement due to the external background is evaluated with the
error propagation method. To make the calculation, the number of expected events
Noypg and Negt g are taken from the 2e-int distribution presented in figure 3.6.
The calculated uncertainty on the number of expected external background events,
due to the statistical uncertainty on the measured activities, leads to an error of
0.003% on the 82Se 2033 half-life measurement which is very low. This is of course
very optimistic but it shows that the large statistics acquired in the crossing elec-
tron and ye-ext channels will allow to reduce the impact of this background on the
82Se 2133 half-life measurement. To be more accurate, the large statistics in these
channels will allow to measure the external background for each strip to adapt this
uncertainty with the source foil position.

In NEMO-3 [35], the systematic uncertainty on the external background mea-
surement for 82Se was +10% which is much higher than the statistical uncertainty
on the measured activities of the isotopes of 0.08%. Indeed, this takes into account
the systematic uncertainty of the fit of the background model to the data and the
differences in activities found between different channels.

The total systematic uncertainty for the measurement of the ¥2Se 2v34 half-life
was evaluated to be 6.3%. The uncertainty due to the external background activity
estimation was 0.6%. The most important systematic uncertainty for this measure-
ment was due to the uncertainty on the detector acceptance, reconstruction and
selection efficiency. It was estimated with calibration runs with 2°“Bi sources whose
activities were measured independently with HPGe detectors with a systematic er-
ror of 5%. For the SuperNEMO experiment, it should be reduced thanks to a new
calibration of the 2°"Bi sources.

3.4 Control of the external background with copper
foils

Copper foils have been used in NEMO-3 in order to control the external background.
As the copper is not a 3 emitter, all the events detected from these foils are from
internal or external backgrounds or radon. The number of events detected in the 2e-
int channel is not high enough to measure the external background accurately but
it is an interesting way to control it independently from the internal backgrounds
coming from the #2Se foils.

The expected background has been simulated on copper foils to see if they should
be efficient to detect enough external background in the SuperNEMO detector in
2.5 years. The goal of this study was also to estimate the best thickness for these
Cu foils. The more external background events are detected on these copper foils,
the more accurate it is to control it.
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3.4.1 Events expected in the two electrons channel in copper
foils

To start the simulation, a first approximation of NEMO-3 Cu foil thickness of 63
pm has been used. Copper has been simulated in all the source strips as the possible
positions of these foils were to be determined. Then the obtained results have been
normalised considering a quantity of 0.41 kg of Cu which corresponds to two strips
of Cu in the demonstrator. This is a reasonable quantity compared to the 36 strips
of 82Se needed to keep a good sensitivity on the measurement of its Ov33 half-life.

The Copper foils are not totally radiopure. Internal backgrounds in the NEMO-3
Cu foils have been measured using the single electron channel. The internal activity
of # emitters can be determined by fitting the energy spectra in different channels
as it was done in NEMO-3 for the single electron channel (see figure 3.11). The
activities measured in NEMO-3 have been considered for this study as the same Cu
foils should be used for the demonstrator:

e A(*Biint) = 0.16 mBq/kg
e A(*®Tlint) = 11 uBq/kg
e A(*K int) = 3.7 mBq/kg
o A(®MPa int) = 1.5 mBq/kg
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Figure 3.11: Single electron energy spectra for copper in NEMO-3 phase 2 data [33].

The external background has to be controlled in the two electron internal (2e-
int) channel as it is the one in which §f is searched for. An estimation of the
internal and radon backgrounds in this channel for the Cu foils has been done.
Figure 3.12 shows that radon and thallium contributions can be neglected. After
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2.5 years, around 86 events of internal background are expected.
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Figure 3.12: Sum energy distribution of the two electrons for the isotopes that contribute the
most to the internal background and radon background.

In figure 3.13, the contributions to the external background in the 2e-int channel
are shown. As said previously, the 8" PMT backgrounds dominate largely compared
to the 5” PMT backgrounds. The contributions of the latter can thus be neglected
in the external background simulation. In total, 95.6 events of external background
are expected in this channel which allows to control it with a statistical uncertainty
of around 10%. This number of events is in the same order as the number of internal
background events. Fortunately, the measurement of the activities of the Cu foils
can be done using other channels as it was seen like the single electron channel. It
is thus useful to add Cu foils in the detector as there is some place available, in
order to check the validity of the external background model.

3.4.2 Copper foil thickness study

The possibility to increase the Cu foils sensitivity to the external background by
increasing their thickness has been investigated. The larger the Cu foil thickness,
the higher the probability for an external gamma to undergo Compton scattering
or for an electron to undergo Moller scattering. However, an increase of the foil
thickness also leads to a decrease of the probability of a particle to escape the foil.

A possibility of stacking several foils together has been considered. Copper foils

of thickness of 63, 126, 189 and 252 um have been simulated. The result in fig-
ure 3.14 shows that Cu foils are more sensitive to the external background with a
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Figure 3.13: Sum energy distribution of the two electrons for all the isotopes that contribute the
most to the external background.

thickness of 189 pum. The biggest increase in efficiency is between 63 ym and 126
pm. Thus it was advised to install double or triple thickness Cu foils.

Unfortunately, because of mechanical constraints in the construction, it has
been decided to use only one layer of copper foils. Some tests have been done
and it showed that it is very difficult to keep several layers together without full
gluing. The NEMO-3 Cu foil thickness has been measured more precisely during
the preparation of the foils for the demonstrator and is equal to 57.5 um. As this
study shows, it should decrease a bit the sensitivity to the external backgrounds
compared to the 63 pum thick Cu foils which has been simulated. Still, these foils
should detect around 90 events of external background and thus be sensitive enough
to it in the 2e-int channel with a precision of around 10%.

3.5 Conclusion

This work gave a first overview of the impact of the external background in the
demonstrator results. With a reduction of the internal and radon backgrounds,
it will be much more important than in the previous NEMO-3 experiment. For-
tunately, the crossing electron and 7ye-ext channels used in NEMO-3 analysis will
also be useful for the demontrator analysis to measure precisely this external back-
ground. A statistical uncertainty of around 0.1% is expected for the measurements
of these backgrounds in these channels. Unfortunately, the demonstrator did not
start data taking before the end of the thesis so the simulations that I have done
will be used for future analysis.
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Figure 3.14: Energy sum of the two electrons reconstructed in the 2e-int channel for different
thickness (w) of the copper foils.
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This work has also been very useful to decide on the utility to install copper foils
in the demonstrator. It has shown that in 2.5 years, two strips of NEMO-3 copper
foils would be sensitive enough to the external background to control its model in-
dependantly from the 32Se internal background model with around 10% of accuracy.
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Chapter 4

The SoLid experiment principle and
SM1 prototype results

4.1 Introduction

As already presented in chapter 1, several experimental anomalies, including a re-
cent revaluation of the reactor 7, spectrum, have put our understanding of neutrino
oscillations and reactor flux models into question. New measurements at the closest
possible distance to a reactor are required to shed light on these questions. To inves-
tigate the hypothesis of an oscillation toward a sterile neutrino, detectors must have
fine energy and spatial resolution to measure the 7, flux as a function of distance
and energy. The SoLid experiment addresses this issue with a highly segmented
detector and an important work on the improvement of the energy resolution.

In this chapter, the Soliid technology will first be presented with its neutrino source
and the environmental backgrounds. Then the SM1 prototype that took data just
before the beginning of this thesis will be introduced as well as its results.

4.2 Antineutrino source: the BR2 reactor

4.2.1 Antineutrinos from nuclear reactors

In a pressurized water reactor (PWR), the reactor fuel, composed of rods of enriched
uranium dioxyde, produces heat by fission. The fission process is self-sustained as
the core isotopes fission under a high neutron flux releasing themselves neutrons.
To create fissions efficiently, the neutrons have to be moderated. In PWR, the mod-
erator is pressurized water. It also serves as the primary coolant. The pressurized
water circulates and transfers the heat to a secondary circuit via a steam generator.
The generated steam flows to turbines that spin an electric generator.

Nuclear reactors are huge sources of 7.. A one gigawatt reactor produces around
2x 10?2 7, per second. The reactor fuel is composed of fissile elements, mostly 22°U,
2381, 239Pu and ?*'Pu. Each fission can lead to very different fission fragments. The
fission products undergo cascades of 5~ decays until they reach stability. In aver-
age, they undergo three §~ decays, emitting 7, each time.
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The prediction of the 7, flux from the reactor is necessary to know the number
of expected events in the detector. However it is not trivial as it has to take into
account each possible fission fragment and [ branches. To get the fission rates, a
simulation of the neutrons flux inside a detailed 3D model of the BR2 core is run
with MCNPX [86]. The MURE code is then used to track the burn-up of the fissile
products [100].

There are two possibilities to compute the 7, spectrum: the summation method
or the conversion method.

The summation method is based on individual fission product beta decay sum-
mation as presented in eq. 4.1.

NeMHE) = S Yo (Z,A ) x 3 bu (B PA(By, B, Z) (4.1)

with n a fission product, ¢ a B-branch of the n fission product, N"*(E) the
number of 7, expected, Y, (Z, A,t) the cumulative fission yields obtained from sim-
ulations with the MURE code which takes into account the reactor power evolu-
tion, b, ;(FEy) the branching ratios of the i'® 3 decay branch with endpoint Ej and
P,(E,, E}, Z) the normalized shape function of each 3 decay. It requires knowledge
on the thousands of § branches involved and the weighting factors of the fission
products which is called fission yields. The spectra obtained may lack of accuracy
because of the uncertainties on some [ decay end-points, the branching ratios or
some effects like the impact of weak-magnetism corrections. This leads to system-
atic uncertainties of the order of 10% [101].

The conversion method relies on the electron spectra obtained at ILL reactor
at Grenoble in the 80’s. These electron spectra are converted into antineutrino
spectra. The number of 7, emitted with the conversion method is calculated as in
equation 4.2:

Nemit(F) = / % X ;ak(t)Sk(E)dt (4.2)

with & the fissile isotope (?*°U, 233U, 239Pu,241Pu), P(t) the reactor power, ay
the number of fissions of the k' isotope at the considered time, E}, its mean energy
released per fission and Si(FE) the corresponding 7, spectra normalized to one fis-
sion.

The first part P

> o (t) B
k

second part uses Si(FE) which corresponds to the converted 7, spectra obtained with
the revisited conversion of ILL 3 spectra for 23U and 23?21 Pu. For 238U, the recent
measurement of its 3 spectra done by Haag et al. [81] is used. The conversion of (3
spectra to U, spectra is obtained by adjusting with several virtual § branches the
measured electron spectra and then convert it to 7, spectra for each branch using
the conservation of energy (equation 4.3):

corresponds to the fission rates computed with MURE. The
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Ey, = Ey, — E, (4.3)

With Ey, the antineutrino energy, E, the electron energy and Ey; the maximum
available energy of the branch b.

The two methods are used in the SolLid experiment to cross-check the results.

4.2.2 The BR2 reactor

The antineutrino source of the SoLid experiment is the Belgian Research Reactor
2 (BR2) located at the SCK-CEN research center in Mol, Belgium. It is a research
reactor of the type PWR (Pressurized Water Reactor). It is involved in several
programs like research on materials or the production of medical isotopes and semi-
conductors.

The BR2 reactor operates at an average thermal power of 60 MW. It is active
roughly half a year in periods of around a month. The Solid experiment should
benefit of 150 days of reactor on per year during 3 years. This research reactor has
several advantages to conduct a sterile neutrino experiment.

e The core provides a very high neutrino flux thanks to its twisted geometry. It
is also very compact, compared to power reactors, with a diameter of around
0.5 m and a height of 1 m. This gives a good precision on the emission
point of the 7, compared to the baseline studied of a few meters. It is an
advantage because a good resolution on the v, travelling distance is necessary
to investigate an oscillation towards sterile neutrinos.

e The reactor fuel is highly enriched, at 93.5%, in 2*°U. Thus the reactor v, flux
prediction will be easier as contributions from the other fissile isotopes can be
neglected.

e The detector can be placed at the same floor as the reactor core and as close
as 5.5 m from the latter thanks to the layout of the reactor hall (fig. 4.1).
It will also benefit from a very effective shielding against the reactor induced
background.

4.3 The IBD reaction

Like most of the experiments that detect antineutrinos from reactors, including the
neutrino discovery experiment in 1956, SoLid detection uses the inverse beta decay
(IBD). It is the charged current interaction of a 7, with a proton:

Ve+p—e +n (4.4)

IBD is the highest cross-section interaction at the reactor neutrinos energy (3 MeV
in average). It also allows to measure the 7, energy. The antineutrino signature
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Figure 4.1: Picture of the BR2 reactor and the installation of the SM1 detector in the reactor
hall.

from IBD is the detection in time delayed coincidence of a positron and a neutron.
As the nuclear recoil can be neglected, the measurement of the positron energy
gives a good estimate of the 7, energy using the formula 4.5

Ep, ~ Eetr + (my —my) (4.5)

with m,, and m, the neutron and proton masses.

However, the IBD process can only happen if the 7, has an energy higher than a
relatively high threshold. This threshold value depends on the nucleus on which
the 7, interacts. For hydrogen nucleus, as the proton is considered to be free, the
energy threshold can be computed as in equation 4.6:

2

Metr +mp)% —m
(mer S =™ 1806 Mev (4.6)

thresh __
Ethresh —

2m,,

With me+, m, and m, the positron, neutron and proton masses.
The detected 7, energy spectrum is obtained by multiplying the IBD cross section
with the reactor 7, energy spectrum as shown in fig. 4.2.

The positron deposits very quickly its energy inside the detector before anni-
hilating with an electron creating two gammas of 511 keV. The positron and the
2 annihilation gammas are detected within a few nanoseconds. This is called the
prompt event of the IBD signal. The energy deposits of the two annihilation gam-
mas can be detected separately from the positron energy deposits thanks to the
high segmentation.

The neutron has to thermalise before it can be captured tens of microseconds
later. Its signal is called the IBD signal delayed event. Neutrons travel a few cm
before being thermalised. The IBD signal is thus very correlated in time and space
which is an advantage to reduce backgrounds in segmented detectors.
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Figure 4.2: The energy spectrum of the detected 7, in blue that comes from the folding of the
IBD cross section in green and the reactor 7, energy spectrum in red [93].

4.4 The backgrounds

All the processes that can mimic a prompt and a delayed signal in the detector are
backgrounds for the experiment. They have different origins, they can come from
the reactor, cosmic rays or natural radioactivity.

4.4.1 Cosmic background

Like most of the research reactor experiments, the SoLid detector can not be in-
stalled underground. Its overburden is approximately of 10 meters water equivalent.
The cosmic-ray background radiations are thus large. Neutrons, muons and hadrons
produced in the atmosphere interact in the detector orders of magnitude more fre-
quently than the reactor 7.. Backgrounds can be created by muon spallation (when
the collision of a muon with matter expels nucleons) and neutron activation (a sta-
ble nuclei captures a neutron and can then decay to a more stable nuclei). A
spallation neutron entering the detector can produce a proton recoil that mimic the
prompt event before thermalising and being captured tens of microseconds later
producing a delayed signal. Slow neutrons are also an issue as they can contribute
to the accidental background if a gamma ray is detected in coincidence for example.

105



4.4.2 Reactor background

Many particles are emitted from the reactor core, in addition to neutrinos, but
fortunately, their fluxes are attenuated by the reactor pool. Yet some of them can
reach the detector and interact in it. The most troublesome reactor backgrounds
are fast neutrons and high energy gammas. The latter can also be produced by
activation from the reactor fast neutrons on materials.

4.4.3 Natural radioactivity

Natural radioactivity can induce background in the detector. The °Li sheets used
to detect neutrons could contain 2'*Bi contamination. The 2“Bi comes from the
238U chain and is also a background for the SuperNEMO experiment. When 2'Bi
decays to ?'Po, it can emit an electron with a Qg = 3.27 MeV which corresponds
to possible IBD prompt energy. The ?'Po then decays towards 21°Pb with a half-
life of 163.6 us by emitting an « particle. This can reproduce the neutron capture
scintillation signal in the °LiF:ZnS(Ag). The *'*Po half-life is similar to the neutron
thermalisation and capture time and the o emitted with an energy of 7.69 MeV can
excite the ZnS. These 2!Bi decays background are called BiPo in the following.

4.4.4 Background measurement

The backgrounds can be either accidentals or correlated. For accidental background,
the prompt and the delayed events have different origins. For the correlated back-
ground, however, they have the same origin.

Because of the high rate of singles (i.e. events not correlated with other events)
like gamma rays or muons, there is a high probability to find an electromagnetic
(EM) single in time coincidence with a ZnS signal. These accidentals events have to
be measured precisely. Their topology is different from IBD signals: they are more
separated in space and have often lower prompt energy. The accidentals may vary a
lot depending on the reactor operations. It has to be measured for each data taking
period. An off-time window method is used to measure their rate. The delayed
signal (neutron signal) timestamp is shifted by a time window (1 us for example) so
that the prompt and the delayed signals can not be correlated (fig. 4.3). A negative
time window can also be used by looking for a neutron signal before the prompt
event.

The correlated background is due to prompt and delayed events produced via
the same mechanism. The dominant contribution to this background is expected to
be fast neutrons which produce proton recoils during thermalisation. The correlated
cosmic background is measured using data from reactor off periods. The acciden-
tals for this period have also to be subtracted using the previous off-time window
method. The fast neutrons from the reactor are neglected as they are slowed down
by 50 cm of water from the reactor pool and the concrete wall. A normalization
factor has to be applied to these data in order to match the correlated background
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Figure 4.3: Illustration of shifted time window method to measure accidental background. Top:
example timeline of prompt (in blue) and neutron (in red) events. Bottom: The timestamp of
the neutron is delayed by At,fr_time so that coincidences that are formed within At;pp are not
correlated anymore.

for reactor on data. It depends on the pressure variations in the atmosphere for
example as pressure affects the muon or fast neutron rates.

4.5 SolLid technology

The main features of the SoLid technology are the high segmentation and the use
of 2 separate solid scintillators to detect the neutron and ionising particles. To
achieve this, the SoLid detector is made of thousands of Polyvynil-Toluene (PVT)
cubes with thin sheets of °LiF:ZnS(Ag) laying in one or two sides of each cube. The
PVT scintillator is sensitive to ionising particles while the °LiF:ZnS(Ag) scintillator
is sensitive to neutrons (fig. 4.4). Tyvek wrapping is used to isolate cubes from
each other in order to know where the interactions took place and to improve light
collection. The scintillating light is brought by wavelength shifting optical fibers
crossing the cubes to Silicon Photon Multiplier (SiPM).

4.5.1 Scintillator detection principle

The PV'T scintillator is used to detect ionising particles such as positrons, electrons,
gammas or muons. It also serves as a proton target for IBD interactions and an
effective moderator for neutrons. The PVT has the advantage to have high light
yield and optical transparency.

The cubes are made of ELJEN Technology EJ-200 PVT based plastic scintillator
and have a side of 5 cm. To place the optical fibers for light extraction, square
grooves are cut in the sides of the cubes.
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The positron interaction in the PVT gives a sharp electromagnetic (EM) signal
(tens of ns). It deposits most of its energy in the cell where the IBD interaction
took place. The positron annihilates quickly with an electron producing two 511
keV ~. These v often deposit their energy in cubes away from the positron cube. A
simulation study has shown that around 30 % of annihilation gammas have a Comp-
ton interaction in the same cell where annihilation occurred. In many cases, the
positron energy can thus be reconstructed independently of the v energies thanks
to the high segmentation.

SLiF:ZnS scintillator layer

WLS shifting fibre

L

PVT Scintillator

Figure 4.4: Left: Schematic of a neutrino interaction inside a SoLid cube. Right: Picture of the
two scintillators under UV light: the PVT cube and the °LiF:ZnS(Ag) sheets with their Tyvek
wrapping.

The SLiF:ZnS(Ag) scintillators from Scintacor are used to detect neutrons via
the breakup reaction 4.7:

n+Li—a+3H (4.7)

The °LiF:ZnS(Ag) scintillators have a square surface of 5x5 ¢m and a thickness
of 250 pm. The o and ®H particles can travel a few tens of um and thus excite
surrounding ZnS grains. This produces scintillation light in the ZnS(Ag). Neutrons
are likely to be detected in a neighbouring cell of the IBD interaction as they have
to thermalise in the PVT before they react efficiently with L.

The two scintillators have different signal shapes: the ZnS(Ag) scintillation
signal is longer in duration (tens of us) than the PVT signal and its waveform
shows several peaks. The neutron capture produces a high density of ionisation
energies that lead to a large population of excited states that deexcites to the ground
state with many different transitions. This signal shape difference between the two
scintillators allows distinguishing neutrons from electronic scintillation signals with
pulse-shape discrimination using the ratio of integral over maximum amplitude of
the waveforms (fig. 4.5).
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Figure 4.5: Example of an IBD signal with the positron and the neutron signals in time delayed
coincidence. A pulse shape discrimination allows one to distinguish easily the neutron and the
positron signals.

4.5.2 Wayvelength shifting optical fibers

The Solid technology uses wavelength shifting optical fibers to extract the light
from the scintillators. The scintillating photons of both scintillators are emitted
with a wavelength in the blue visible spectrum around 420 nm. They are captured
by optical fibers after internal reflections inside the PVT cube. The Tyvek wrap-
ping around the cube enhance light collection by reflecting photons and avoids light
leakage to neighbouring cubes. The incident light from the wavelength shifting op-
tical fibers is re-emitted as green photons. The wavelength is shifted to change the
refraction angle in order to keep the light in the fiber.

Each cube is coupled to two or four fibers depending on the SM1 or Phase I
detector. The fibers are in the horizontal and vertical direction in order to localise
the signals in specific cubes. The fibers are readout by Silicon Photon Multipliers
at one end. To decrease the light loss, the other end of the fiber is covered with a
reflective material.

4.5.3 Silicon photomultipliers

The sensors that readout the scintillating light are MPPCs (Multi-Pixel Photon
Counter) also known as SiPM (Silicon Photon Multiplier) from Hamamatsu. The
SiPMs employed are Hamamatsu S12572-050 [82]. They can perform single photon
counting. They are formed of an array of 60x60 avalanche photo-diodes within
an active area of 3x3 mm?. The photo-diodes are connected in parallel with a
quenching resistor for each one. These resistors are used to limit the signal current

and decrease it quickly.

The avalanche photo-diodes operate in Geiger mode. An over-voltage (the dif-
ference between the set voltage and the break-down voltage), is applied to the sensor
to create a depletion region without charge carriers. When incident photons enter
the photo-diode silicon, they may create electron-hole pairs in the depletion region.
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These electrons and holes move towards the respective P-doped or N-doped regions.
The charge carriers collide with atoms when travelling in the crystal lattice. The
resultant ionisation creates more electron-hole pairs that can cause further ionisa-
tion resulting in a divergent pixel avalanche. The signal amplitude is discretised
as it depends on the number of pixels that have been triggered. The gain of the
SiPM reflects the number of charge carriers per incident photon. It is linear with
the over-voltage.

SiPMs represent several advantages:

They have a fast response

They are relatively cheap. Given the high segmentation of the detector, many
sensors are required so it is important that their price is not too important.

They do not require high voltages

They have a high photon detection efficiency (PDE) with a peak sensitivity
at a wavelength around 400 - 500 nm. The PDE can be increased by increas-
ing the over-voltage. For 12572-050P SiPMs, the PDE is around 25% for an
over-voltage of 1.5 V (fig. 4.6).
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Figure 4.6: Left: Photon detection efficiency vs over-voltage for 3 different sensors. SoLid SiPMs
are S12572-050. Right: Cross-talk probability vs over-voltage.

Some effects can however influence the SiPM signals:

The cross-talk (fig. 4.6) is a phenomenon that happens when a pixel is fired
by another pixel even though no incident photon crossed it. It is due to an
electron from the avalanche that emits a UV photon which travels to another
pixel thus firing it. It increases artificially the signal amplitude by ~ 10% and
degrades the energy resolution.

The quenching is due to two photons arriving one after the other on the same
pixel. The second photon can not increase the signal amplitude. The photon
counting is thus falsified. However, due to the low number of photons arriving
from the SoLid detector, it can be neglected.
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e Dark counts come from thermal agitation of electrons that create a pixel
avalanche. This effect is random and very high for SiPMs (typically 1000 kHz
at 20°C). It depends on the over-voltage and the temperature so the phase I
detector has been cooled down to decrease it.

4.6 SoLid sensitivity

To study Sol.id sensitivity to the neutrino experiment anomalies, and the existence
of a sterile neutrino, a software, SoLid Oscillation analysis framework (SoLO), has
been developed. It generates signal and backgrounds to make an oscillation analysis.

In the study performed with Sol.o, the reactor is considered to run at 60 MW
and only 7, from the dominant *°U isotopes are taken into account. It is assumed
that the signal to background ratio (S:B) will be equal to 3 and the IBD detection
efficiency will be 30%. The background shape is taken from SM1 data. In this sim-
ulation, the SoLid detector has a mass of 1.6 tons and a relative energy resolution
op = 14%/v/ Eyis with E,;s the detected energy.

The IBD candidate events are binned in energy and in distance. The measured
number of events is fitted with a model of signal, that assumes oscillations towards
a sterile neutrino, and background. A gaussian y? that compares the measurement
with the fit is then minimized for various sin?(26..) and Am?, values. The exclusion
regions for 150 and 450 days of reactor on are shown in fig.4.7. The 95 % confidence
limit (C.L.) are shown in brown for 150 days of reactor on data (around 1 year) and
in dashed black line for 450 days of reactor on data (around 3 years). The black
solid line is the 3o line for 450 days of reactor on data. The global best fit point
from experimental anomalies is within the exclusion region.

4.7 SM1 prototype

The goal of the prototype SoLid Module One (SM1) was to demonstrate the fea-
sibility of the technology. The SM1 detector had a scintillator mass of 288 kg and
was in direct line of sight with the center of the reactor core at a distance of 6 m. Its
commissioning started in early 2015 while the reactor was operational at nominal
power of 60 MWth. After a few days of data taking, the reactor shut down for 1.5
year for an overhaul of its Beryllium fuel core matrix. Long reactor off runs were
taken to study the background as long as some calibration runs.

4.7.1 SM1 mechanical design

The SM1 detector was composed of 9 planes of 16 x 16 cubes. Each 2304 PVT
cube had one SLiF:ZnS(Ag) scintillator sheet placed on the face perpendicular and
closest to the reactor. The cubes and the ZnS sheet were wrapped in DuPont
Tyvek of 75 g/m?. They were all coupled to two perpendicular fibers so each plane
had 32 fibers (16 verticals and 16 horizontals) to bring the scintillating light to
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Figure 4.7: SoLid sensitivity plot.

SiPMs. The fibers were single clad wavelength shifting fibers of type BCF-91A
from Saint-Gobain. Each plane of cubes sat in an aluminium frame. High Density
Polyethylene (HDPE) bars of 2 cm were used between the aluminium frame and the
cube array to compensate for cube misalignment and to reflect escaping neutrons
(fig. 4.8). Sheets of HDPE with 2 mm thickness were also placed on each face of
the plane. Holes in the HDPE bars and the aluminium frame allowed the fibers
to go outside the frame so that SiPM could be attached to them. The SiPMs,
Hamamatsu S12572-050P, were coupled to the fibers with optical grease. A thin
aluminium tape covered the other end of the fibers to reflect the light. The position
of aluminium tape and SiPM (bottom or top for example) are alternated from a
fiber to another to increase the detector uniformity. The 9 planes were stacked
together perpendicularly to the reactor neutrinos direction (fig. 4.9). A passive
shielding of 9 cm thick HDPE surrounded the detector. The detector was protected
from the reactor backgrounds by the concrete reactor pool wall and an additional
20 cm lead wall.

4.7.2 SM1 electronics readout

In the SM1 detector, each 288 fibers was coupled to one SiPM. Custom analogue
front-end boards (AFE) coupled to a front-end trigger board with an FPGA formed
the read-out system. One AFE was coupled to the 32 SiPMs of one plane in or-
der to digitise and amplify the signals. The analogue signals from the SiPM were
digitised at a rate of 65 MHz. The waveforms readout lasted for 256 samples, i.e.
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Figure 4.8: Picture of a decomposed plane of SM1. The 16 x 16 PVT cubes with Li sheets form
the detection plane. Optical fibers (in green) cross the cubes array. HDPE bars all around the
cubes array reflect neutrons. The planes lay in aluminium frames and are covered with HDPE
sheets.

Figure 4.9: Picture of the SM1 detector with its 9 planes
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4.096 us. The first 25 samples were prior to the trigger time. It allowed to study
the structure of the ZnS signal to discriminate neutrons from EM events. The AFE
also provided a programmable bias voltage for each SiPMs. It was necessary to get
the same photon detection efficiency for all the sensors as they had different break-
down voltages. The SiPM over-voltage was set at 1.5 V to get a photon detection
efficiency of around 25%. The cross-talk probability was measured to be 18%. The
SiPMs were equalised online at the level of 20%. Further offline calibration allowed
to have a better detector uniformity with an achieved RMS of 3%. The dark count
rate was evaluated to be of 0.5 MHz per channel.

A coincidence threshold trigger required coincidence between 2 fibers in a same
plane within 48 ns. To get a manageable data rate, the amplitudes of the two
channels had to be above a threshold of 6.5 SiPM photo-avalanches (PA) resulting
in an average energy cut-off of roughly 500 keV.

4.7.3 Event reconstruction

There are three types of objects reconstructed in SM1: electromagnetic signals
(EM) cubes, neutron cubes and muon tracks.

EM cubes

An EM cube signal requires a coincidence between one horizontal and one vertical
fiber. The amplitude of these PVT signals is proportional to the energy deposited
in the reconstructed cube. The amplitude of each peak is corrected from variations
in the light detection efficiency, the gains of the channels and the attenuation effects
in the optical fibers.

Neutrons

The neutrons interactions in the °LiF:ZnS(Ag) scintillator can be distinguished
from EM signals in the PVT with pulse shape discrimination. The integral over
amplitude ratio (IoA) of the waveforms is used to distinguish the two scintillation
types. For each channel the IoA is corrected by the ratio of its mean value over the
median of all values across the detector. The PID (Particle Identification) variable
used to identify neutrons is then computed by adding the corrected ToA of both
vertical and horizontal channels. Examples of PID distributions with two peaks well
separated can be seen in figure 4.10. An AmBe neutron calibration source shows
that neutron rich data have PIDs at high values. Reactor on, off and ®*Co runs are
depleted in neutrons and show lower PIDs. Signals with a PID > 10 are considered

as neutron signals and those with a PID < 10 are considered as electromagnetic
(EM) signals.
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Figure 4.10: Neutron discrimination plot for several data sets. The reactor ON, OFF and %°Co
(black, grey and red) runs are depleted in neutrons. The AmBe calibration data (blue and green)
have an increased neutron rate compared to the other data sets.

Muons

Muons can be tracked easily thanks to the high segmentation of the SM1 detector
(fig. 4.11). Muon tracks are used for calibration as their pathlength through each
cube can be reconstructed.

It is very important to tag muons efficiently since muon spallation can be an
important background for IBD reconstruction. Crossing muons are tagged as events
for which more than 8 MeV was deposited in the PVT. According to simulation,
it represents 93% of muons crossing the detector. For the remaining low energy
deposits by muons, it has been shown that half of them involve at least one outer
edge cube of the detector. The outer layer of cubes is thus used as a veto region.

4.8 SMI1 results

4.8.1 Neutron detection study
Neutron capture efficiency

In order to know the number of detected IBD events, the neutron detection effi-
ciency, €,, had to be measured. It depends on the neutron capture probability on
°Li (e;) and the neutron signal detection probability (€z):

€n = €L; X €det (48)
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Figure 4.11: Example of a muon track in SM1 prototype. The blue squares show the clusters of

triggered channels in the two SiPM arrays. The black straight line shows the result of the linear
regression to reconstruct the positions of the cubes in which the muon deposited energy.

The neutron capture probability on °Li (er;) is a function of the thickness of the
SLiF:ZnS(Ag) screen and the °Li to ZnS ratio. This efficiency is raised by the fact
that a neutron can cross the same screen several times through multiple scattering
on protons of PVT cubes. However, it can also be captured on the hydrogen of the
PVT or escape the detector through air gaps. The neutron capture efficiency has
been estimated using Geant4 and MCNPX simulations to:

eri = 52.01 £ 0.53(stat) + 3.06(syst)% (4.9)

The scintillation in the ZnS(Ag) screen produces up to 175 000 optical photons
per neutron capture. However lots of these photons are lost due to attenuation in
the screen, light losses in the wavelength shifting optical fibers or absorption in the
PV'T. In the end, around a hundred of photons distributed in over tens of microsec-
onds reach the SiPM.

The neutron signal detection probability depends on the trigger efficiency and
the off-line reconstruction efficiency. It has been estimated using calibration data
with neutrons from an AmBe source. €4, is computed as the ratio of the num-
ber of neutrons identified in each cube per the expected number of neutrons from
simulation. The average value for cubes across the detector gives:

€der = 5.51 £ 0.02(stat) + 1.21(syst)% (4.10)

This was much less than expected. The final neutron detection efficiency is thus:

€n = 2.87 + 0.65% (4.11)
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To understand this low neutron detection efficiency, a test bench has been built
[16]. A PVT cube with a *LiF:ZnS(Ag) screen was coupled to a PMT on the op-
posite face of the screen. The scintillating light was also readout by 8 cm long
wavelength shifting fiber with an attached SiPM. The PMT signal was used as a
trigger to get a nearly unbiased neutron amplitude spectrum. The result is the red
curve in figure 4.12. A substantial part of the events are below 3 PA amplitude.
The blue curve shows the neutron amplitude spectrum when using the SM1 trigger
condition. The coincidence threshold trigger had to be set high enough to get a
manageable data rate because of SiPM dark noise for example. It can be seen,
however, that it decreases a lot the neutron detection efficiency. Furthermore, the
required time delayed coincidence of 48 ns between fibers in X and Y was too strict
and the light yield not high enough. A more complex triggering method that ex-
ploits the neutron waveform properties has thus been implemented for the Phase
I detector. In addition, the light yield has been increased thanks to R&D done
during my PhD thesis (see chapter 5).
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Figure 4.12: Neutron peak amplitude distribution from SiPM coupled to a fiber and a cube cell.
The red curve has been obtained by triggering on a PMT signal. The PMT is directly coupled
to a PVT cell on the opposite face of the SLiF:ZnS(Ag) screen. The blue distribution has been
obtained by using the SM1 trigger conditions.

Neutron thermalisation and capture time

The neutron thermalisation and capture time, 7,, represents the time needed for a
neutron to thermalise by scattering before being captured by a SLiF:ZnS(Ag). It
has been estimated using AmBe sources. The prompt event is defined as a proton
recoil and the delayed event is the neutron capture on %Li. The measurement result
gave 7, = 91.56 £ 1.07 ps which is in agreement with the Geant4 simulation value
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of 7, =91.454+0.94 us .

To decrease the neutron capture time in the Phase I detector, it has been de-
cided to add a second SLiF:ZnS(Ag) screen for each cube. According to simulations,
it will increase the neutron capture efficiency on °Li up to 66% and decrease the
mean capture time down to 65 us.

4.8.2 Light yield and energy resolution

The PVT cubes have been calibrated on site using crossing muons. The track length
of the muons in each cube can be obtained by fitting the muon track through the
detector with a straight line as shown in fig. 4.11. Thanks to the high segmentation
of the detector, it has been shown with simulations comparisons that the precision
of reconstructing the pathlength through a cube is around half a centimeter. The
ratio of the integral of the waveform over the reconstructed pathlength is computed
and corrected for each channel (fig. 4.13). It can be compared to the theoretical
value for a minimally ionising muon in the PVT, 1.776 MeV /cm, in order to cali-
brate all the cubes in energy.
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Figure 4.13: dE/dx distribution for a single cube after one day of data taking (reactor off). The
top scale uses the number of SiPM pixel avalanches, and the bottom scale shows the energy scale
per length from comparisons with simulation .

The measured light yield was in average 12 PA per fiber and per MeV of energy
deposited in the same cube. This corresponds to an energy resolution of 20% for 1
MeV electrons.
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4.8.3 Detector response

Several types of events induced by backgrounds are easily detectable and can be
used to check the detector response and the object reconstruction.

After muon events

Michel electrons are high energy electrons created by a stopping muon that decays
in the detector. They are identified in the detector by selecting a tagged muon
followed by an EM event with E,;; > 3.5 MeV within a [1, 26| us time window. To
estimate the accidental background, a shifted time window of 1 ms is used. After
the subtraction of the flat accidental background, the muon lifetime is measured
by fitting the At,. with an exponential function (fig. 4.14). The value found is
7, = 2.281 £ 0.002 (stat) £0.052 (syst) ps. The good agreement with the theo-
retical values (2.197 us) [25] demonstrates the efficicency of the time reconstruction.
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Figure 4.14: Left: Distributions of the time difference between a muon and a Michel electron for
the on-time (black dots) and off-time (yellow) windows. Right: The muon lifetime is fitted using
an exponential function after accidental subtraction.

Spallation neutrons constitute a background induced by muons. They are iden-
tified as a neutron following a tagged muon in a time window of [1, 1001] us. A
shifted time window of 1 ms is used to estimate the accidental background. By
fitting the result obtained in fig. 4.15 with an exponential and a flat background,
the neutron capture time is found to be 7, = 89.81 + 2.63 (stat) ps. It is in
agreement with the simulation and AmBe calibration values. It validates the time
synchronisation of the detector readout as well as the particle identification.

BiPo events

BiPo can be identified by selecting events with a prompt and a neutron in the
same cube, a time difference between neutron and prompt smaller than 1 ms and
a prompt energy greater than 0.6 MeV and smaller than 3 MeV. After applying a
muon veto cut, the distribution of At between prompt and neutron can be fitted
with two exponentials plus a constant (fig. 4.16). The first exponential corresponds
to fast neutron contamination and the constant corresponds to the accidental rate.
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Figure 4.15: Distribution of the time difference between a muon and a neutron for the on-time
(black dots) and off-time (yellow) windows. By fitting the distribution with an exponential and a
flat distribution, the obtained neutron capture time found is: 7,, = 89.81 £ 2.63(stat)us

The second exponential corresponds to the BiPo decays. After the fit, the second
exponential gives a 2'4Po half-life of 167 4 34 us which is consistent with the
expected value of 164.3 us.
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Figure 4.16: Distribution of the time difference between a prompt and a neutron for the on-time
(black dots) and off-time (green) windows. By fitting the distribution with two exponentials and
a flat distribution, the fraction of BiPo events can be measured and compared to the fraction of
cosmic or spallation neutrons.
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4.8.4 1IBD search

IBD event selection

IBD-like interactions in the detector are tagged as an EM cube followed by a neu-
tron cube in delayed time coincidence. To select specifically IBD interactions and
reject backgrounds, several cuts have been applied.

Two types of background, accidentals and correlated, have been measured in
order to study the efficiency of the IBD cuts to reduce them. The accidental rates
and energy spectrum depend on the reactor operations. An off-time window anal-
ysis allows to measure the accidental background for reactor on and off conditions.
It has been assumed that the correlated background does not change regarding the
reactor operation by considering that no fast neutrons are induced by the reactor

operating at full power thanks to the shielding. Thus it is estimated using reactor
Off data.

Using the previous studies on the neutron capture time, the time difference
between the prompt and the neutron At was required to be < 220 us. To take
advantage of the high segmentation of the detector, cuts on the distance between
the prompt and the neutron have also been set: Ar =|0,2] cubes. Furthermore, a
multiplicity cut requiring that the prompt is localised in maximum 2 cubes side by
side is used. As lots of background events have low energies, the prompt energy
Eprompt has to be within [1, 8] MeV. A muon veto is finally set. The time between
any IBD candidate and any muon, At;pp_, must be > 250 ps. The efficiency of
these cuts to reduce background is shown in fig. 4.17. The preselection data set
contains coincidence pairs using timing information alone. All these cuts allow to
reduce the accidental background by almost a factor 100 and the correlated back-
ground by a factor 10. According to the IBD event simulation, the relative signal
efficiency is 57% (without taking into account the neutron detection efficiency).

Unfortunately, because of the small reactor On data set (50 hours) and the
low neutron detection efficiency, only 10 +1(stat) 7, events were expected to be
observed which is too low compared to the number of background events. The
prompt energy distribution for the accidentals and correlated backgrounds as well
as for the IBD simulated events are shown in fig. 4.18. The number of observed
events is 10 = 18 with a signal over background ratio of 1:30.

Correlated background components

The different correlated background contributions have been measured with the 578
hours of data reactor off by using the same cuts to select IBD events except for the
distance between the prompt and the neutron. The accidentals were estimated by
using a negative time window of -450 us and their contribution was substracted.
The distance between neutron and EM cubes (AR) distribution was fitted using the
simulated shapes for the combined atmospheric and spallation neutron background
(FN) and the BiPo background to estimate the fraction of each correlated back-
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Figure 4.17: Signal and Background relative rates for each selection cut applied sequentially. The
relative rates are obtained by normalising to the number of EM-neutron signals pairs reconstructed
in delayed time coincidence. The topological cuts in blue are applied last.
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Figure 4.18: Comparison between data and background model for the prompt energy distribution
of selected IBD candidates. The backgrounds for accidentals and correlated are obtained with
respectively reactor on and reactor off data. The IBD events spectrum from simulation is shown
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ground. By selecting events with AR = [1, 2| cubes, it was found that atmospheric
and spallation neutrons are the dominant correlated background for the IBD event
selection (fig. 4.19). With the BiPo, they contribute to about 82 % to the total
number of IBD like events.
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Figure 4.19: Comparison between data and background model for the prompt energy distribution
of selected IBD candidates.

4.9 Conclusion

The first prototype detector SM1 has shown very interesting features, the particle
identification and the segmentation of the detector have been very helpful to reject
backgrounds.

At the beginning of my thesis, I have been involved in SM1 analysis to study
the spatial distribution of the backgrounds and IBD cuts. I have also performed a
cosmogenics search (°Li and '?B) that has shown that the SM1 detector was not
sensitive enough to these backgrounds compared to the accidental rate.

To improve the energy resolution for SoLid phase I, an R&D program has started
at LAL to test different designs of the detector cells in order to increase the light
yield. This increase would also allow to lower the detection threshold to get a
more efficient neutron trigger and improve the background rejection. Furthermore,
a better detector uniformity would be helpful.
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Chapter 5

Optimization of the light yield for
SoLid phase I

5.1 Introduction

The initial goal of the test bench built at LAL was to test polystyrene scintilla-
tors from the previous NEMO-3 experiment to see if they could be used instead of
buying new PV'T scintillators for SoLid phase 1. This test bench was also a conve-
nient way to run several tests to look for improvements of the light yield. Indeed,
in SM1, the energy resolution was 20% at 1 MeV (26 photo-avalanches (PA) per
cube). For SoLid phase I, the goal was set to 14% at 1 MeV requiring to detect
at least 50 PA per cube. To do so, the light yield had to be increased by a factor two.

The experience of the LAL group in the NEMO experiments has inspired the
test bench setup we have built. Indeed, the trigger system used is similar to the trig-
ger system of an electron spectrometer [98| used for the NEMO-3 and SuperNEMO
experiments to qualify the plastic scintillators. The use of a 2°"Bi source was also
motivated by the regular deployment of this source to perform energy calibrations
in the NEMO detectors.

In this chapter, the test bench setup will first be presented. Then the data
analysis strategy and the results we have obtained to improve the light yield will
be explained. Finally, the proposed configuration for the Solid detector will be
described as well as the control of the cube production.

5.2 Test bench setup

Our test bench is composed of four parts (figure 5.1): a radioactive source, an ex-
ternal trigger, the SoLid type scintillator and the electronics. It has been designed
to be as flexible as possible in order to test various configurations for the SoLid
scintillator cubes: wrapping, position and type of fibers, effect of the ZnS neutron
screen, machining and cleaning of the cubes, SiPMs and fiber reflectors...
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Figure 5.1: Schematic description of the scintillator test setup in the standard configuration used
for most of the measurements. The calibration source, the PMTs and the scintillator cube are
mounted on a rail in order to allow their translation all along the fiber.

5.2.1 The 2"Bi source

The detected reactor antineutrino spectrum extends from 1.8 to 8 MeV so a 2'"Bi
source is suited to study the energy resolution of SolLid cubes as it produces mono-
energetic electrons at the same energy scale, around 1 MeV. We use a 37 kBq 2°"Bi
source which decays almost exclusively through electron capture to excited states
of 297Pb (figure 5.2) [49]. The decay is followed by *"Pb deexcitation with vy-ray
emission. Some of the gammas produced can convert in K, L or M shell conversion
electrons (table 5.1). Most of these conversion electrons have an energy of 976 keV
with 7.1 % probability, 1050 keV with a 1.8 % probability or 1060 keV with a 0.4
% probability. Regarding our energy resolution, we expect to observe only 1 peak
at 995 keV average energy in our test bench. A second lower energy peak could be
observed around 500 keV but it is less frequent and it is drowned in the Compton
background of 1 MeV gammas.
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Figure 5.2: 29"Bi decay scheme to excited states of 2°“Pbh (from [49]). The energies are given in
keV.

The 2°"Bi source emits mainly gammas so an external trigger system is needed
to select only the 1 MeV electrons entering the cube.
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Table 5.1: Main internal conversion electrons emitted by the deexcitation of 207Pb after 2°7Bi
decays (from [49]).

Transition | Shell | Energy (keV) | Probability (%)
K 482 1.5
270 = 0 L 5955 0.43
M 066 0.12
K 976 7.1
L 1049 1.8
1633 = 5701y 1060 0.44
N 1063 0.12

5.2.2 The external trigger system

An external trigger (figures 5.4 and 5.3) is used to trigger only on the 1 MeV conver-
sion electrons and not on all the gammas from the source which are more frequent
than conversion electrons and do not give a clear energy peak because of Compton
interactions.

This external trigger is made of a thin scintillator BC 400 with a thickness of
110 pm, 2 light-guides in PMMA and 2 photomultiplier tubes (PMTs) from Hama-
matsu (R7899-01 1") (figure 5.4). The optical coupling is ensured by optical grease
(BC 630) between the thin scintillator and the light-guides and by an optical epoxy
silicone rubber compound (RTV 615) between the light-guides and the PMTs. The
electrons coming from the source are detected in the thin scintillator before entering
the cube to be tested. No external background is expected as there is almost no
trigger when we remove the source. This system has been designed to minimize the
distance between the source and the scintillator in order to increase the source solid
angle and reduce the energy loss by the electrons before entering the scintillator
cube. We trigger in coincidence between the 2 PMTs at -5 mV.

Figure 5.3: The external trigger with the thin scintillator in the middle and the 2°"Bi source .
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Figure 5.4: The 2 PMTs and the light-guides of the external trigger .

As shown in figure 5.5, without external trigger, the 1 MeV peak (around 40
PA) in the energy spectra (in blue) is drowned in the gamma spectra. Requiring
trigger from the thin scintillator (in magenta), we select mostly 1 MeV electrons.
The external trigger system can also be used as a veto (in cyan) to look at gamma
response of the SoLid cubes. Gammas interact in the whole volume of the scintilla-
tor cube while electrons are contained in less than 1 cm? in front of the source. The
Compton edge of the 1 MeV gammas can also be fitted. Less than 2% difference
between the Compton edge fit and the 1 MeV peak fit is observed. It can thus
be concluded that both interactions produce the same light yield as the systematic
errors are around 5%. However, to test light yield improvements, the test bench
has to be sensitive to small light yield variations so the electron 1 MeV peak is more
suited than the gammas Compton edge.
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Figure 5.5: Comparison of the energy spectrum registered by the 2 SiPMs in different trigger
modes. In blue is the spectrum in coincidence with the 2 SiPMs only, in magenta the spectrum in
coincidence with the small scintillator and in cyan using the small scintillator as an electron veto.
The 1 MeV peak can be seen around 40 PA.
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5.2.3 The scintillator detector

The test bench is designed to study SoLid scintillator cubes and to make transfor-
mations in order to test light yield improvements very easily. It is a much more
simple SoLid-like detector with only one cube. To be as close as possible to the
SoLid detector, the light is guided by optical fibers to SiPMs. It allows us to study
also the propagation of the light to the SiPMs and to look for improvements.

The detector (figure 5.1) is composed of:

e a cube wrapped in Tyvek with or without ZnS sheets

e one or several optical squared fibers with a length of about 90 cm and a width
of 3 mm (we tested single clad and multi clad fibers: BCF-91A)

e one or two Hamamatsu SiPM (S12572-050P) at the end of the fibers (or
mirrors, depending on the configurations we want to study).

The scintillator cubes and the triggering system are both mounted on a rail and
can be moved with a light tight manual jack from outside the black box (figures 5.6
and 5.7). A support allowed to install a row of 16 cubes above the rails. With this
design, the external trigger and the source could be translated along the fibers to
measure the light attenuation as a function of the cube position along the fiber.

Figure 5.6: Picture of the test bench setup designed at LAL. The external trigger with the source
is mounted on rails (in white) and can translate under the scintillator cubes (in grey) with their
optical fibers (in green). The light is readout at the end of the fibers by SiPMs fixed in the red
supports.

The detector had to be installed in the dark. We have built a black box made of
black polyethylene with a volume of 120 x 120 x 15 cm?® to be able to install optical
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Figure 5.7: Pictures of the test bench setup. Left: a single cube with 2 fibers, Right: a row of
cubes. The external trigger (PMTs) and the source can be moved thanks to the rails by pulling
the jack.

fibers in 2 perpendicular directions as in SoLid.

Most of the measurements were taken with the same setup called standard setup
(figure 5.1). It uses the external trigger and the 2°"Bi source. The SoLid type de-
tector in this standard configuration is composed of one cube, one multi-clad fiber
and two SiPMs (one at each end of the fiber).

5.2.4 Electronics and Acquisition

The photo-detectors selected for SoLid are the Hamamatsu SiPMs S12572-050P
with a photon detection area of 3x3 mm?. These SiPMs (like in SM1) were soldered
on custom-made PCBs installed in 3D printing supports also used to maintain the
optical fiber. The optical contact between the SiPM and the fiber is ensured by
optical grease (BC 630). The power supply and signal collection of the photo-
detectors are provided by a single mini-coaxial cable per SiPM (figure 5.8).

The SiPM electronics board is a prototype board to supply voltage to the SiPM,
amplify and shape the output signal. Two power supplies (EA-PSI 6150-01) are used
to supply this board (figure 5.9). They have a resolution of 10 mV and a stability
of 5 mV which is important to get stable measurements with SiPMs. One power
supply is set at 5 V to amplify the signal and the other one is set to put an over-
voltage of 1.5 V. An over-voltage of 1.5 V is used like in SM1 to maximize the SiPM
gain and minimize the dark count rate. With this setup, the same voltage must be
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Figure 5.8: Picture of the SiPMs in their white support to maintain the fiber with their electronics
board.

provided to the two SiPMs. We have selected the two photo-detectors to have close
operating voltages: 67.40 and 67.46 V. We define the voltage as the good regime for
the first one (instead of an average) in order to allow comparison with data sheets
at least for this detector. The two PMTs of the external trigger are supplied with
one high voltage power supply (Ortec 556) at -1400 V.

An electronic sampling board from the SuperNEMO experiment is used for
the acquisition of the amplified SiPM signal and external trigger PMT signals.
The WaveCatcher ASIC-based waveform digitizer module developed at LAL has 16
channels which digitise up to 3 GS/s over 1024 samples. It has an average noise of
0.7 mV RMS. Given the amplifiers and the single photo-avalanche signal amplitude,
this noise is not negligible for the measurements but working with the charge of the
pulses instead of amplitude gives good enough precision. We use 1.6 GS/s to have
a good return to the baseline after the pulses.

5.2.5 Simulation of energy losses of the electrons

The energy deposited in the cube by the electrons has been simulated in order
to determine the mean energy of the ~1 MeV conversion electron peak from the
207Bi source and to compute the energy losses in the thin triggering scintillator
and the wrapping of the cubes. The setup has been simulated (figure 5.10) using
the Bayeux [4] software developed for the simulation of the SuperNEMO experi-
ment [46] and GEANT 4 [3].

This simulation indicates that only ~25 keV (figure 5.11, left) is lost on average
by the electrons in the triggering scintillator. This fraction of the mean electron
energy (~3 %) is negligible compared to the energy resolution of the SoLid scin-
tillators at 1 MeV: ~14% for SoLid and ~20 % for SM1. The conversion electrons
from the 570 and 1064 keV transitions (doubled by the K and L atomic shells) are
visible on the right plot of figure 5.11 where no detector energy resolution has been
applied. Applying these energy resolutions to the simulation one can see in figure
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Figure 5.9: Picture of the electronics of the test bench. On the right there are two power supplies
for the SiPM with the computer to acquire the data. In the middle we can see the acquisition
board and the black box with the setup on the left

Figure 5.10: Display of a simulated event with one conversion electron (blue track) and three
gammas (yellow tracks) emitted by the active area (dark red) of the calibration source. The
conversion electron is detected both by the thin trigger scintillator (cyan) and the SoLid scintillator
cube (magenta).
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5.12 that the double peak structure disappears. It can also be seen that the smaller
peak around 500 keV is no longer visible over the Compton background of the 1064
keV gamma ray. There is hence no chance to observe both conversion electron en-
ergy peaks in our setup.
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Figure 5.11: Simulated energy deposition by the 2°"Bi conversion electrons in the trigger thin
scintillator (left) and in the SoLid cube (right) wrapped in thick Tyvek (270 pum). The conversion
electrons from the 570 and 1064 keV transitions are visible on the right plot where no detector
energy resolution has been applied.
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Figure 5.12: Simulated energy deposition by the 207Bi conversion electrons in the SoLid cube
wrapped in 270 pm thick Tyvek after applying 3 energy resolution values og/FE = 10,15,20 %.

Different cube wrappings have been tested to improve the light reflectivity in
SoLliid cubes. It will be explained in section 5.4.2 that the Tyvek revealed to be
the most suitable material to wrap the scintillators. In the simulation of this setup
it has been added as a uniform material of a given thickness and density around
the cubes. However Tyvek as a non-woven product consisting of HDPE fibers is
quite non-uniform in thickness. In table 5.2 the properties of SM1 and SoLid Tyvek
sheets are presented. The ranges are estimates given by the producer DuPont based
on individual specimen measurements. These different values have been simulated
to estimate the electron energy losses before entering the scintillator cube as shown
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in the left plot of figure 5.13. The average density value is used to get a reference
peak position to be compared to the measured values.

Table 5.2: Properties of the Tyvek sheets from DuPont datasheets. The density is computed by
ourselves from the average thickness and weight.

Weight (gm™2)

Thickness (jm)

Density (gcm™3)

Sample Reference
average [range| average [range] average
SM1 Tyvek | DuPont 1073D 75 |72 - 78| 205 [135 - 275] 0.366
SoLid Tyvek | DuPont 1082D | 105 [101.5-108.5] | 270 [190 - 350] 0.389
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Figure 5.13: Left: fitted value of the simulated 2°7Bi energy peak of SoLid cube wrapped in Tyvek
as a function of Tyvek thickness after applying energy resolution corrections (og/E = 10,15, 20
%). Right: variation of the fitted peak value as a function of energy resolution for 270 pm Tyvek.
The graph is fitted with a second order polynomial function.

Figure 5.13 right shows that the energy losses are also of the order of few tens of
keV. The difference in peak positions as a function of energy resolution is certainly
due to the averaging of different portions of lower energy events seen before the elec-
tron peak. For SM1 wrapping with 20 % energy resolution, the peak is expected
around 900 keV and around 915 keV for SoLid with 15 % energy resolution. These
values will be our references to convert our light-yield results at 1 MeV.

The function fitted on the right plot of figure 5.13 will be used at each measure-
ment to determine the energy peak position as a function of the energy resolution
measured. One can also note here that the strong non-uniformity of Tyvek should
not disturb the measurements (the electron source can face different thicknesses
of Tyvek because of this non-uniformity) since the mean energy peak position is
changing of only ~1 % in these ranges.

5.3 Data measurement processing

Before taking measurements, there are several effects that have to be taken into
account. It includes correction from temperature, SiPM cross-talk and pedestal.
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5.3.1 Correction from temperature

Before supplying the SiPMs with the correct over-voltage, the latter needs to be
corrected from temperature variations. Indeed, the SiPM gain is temperature de-
pendent. A thermometer inside the black box (EL-USB-TP-LCD) records the tem-
perature every minute. Before taking a measurement, we correct the over-voltage
with the formula:

Vop = VBR + Vov — 0.060 x (25 — t) (51)

where Vpp is the operating voltage, Vi the breakdown voltage given by the pro-
ducer for a gain of 1.25x10° at 25°C, Vo the over-voltage selected for SoLid (1.5
V for example) and using the temperature ¢ in °C given by our probe at the start
of the measurements.

As the setup is in an air-conditioned room, the temperature variations in half
a day are not very high. The maximum temperature variation noticed in 24 hours
was of the order of 2°C. Given that the room temperature is around 19+£1°C, the
voltage correction is about 0.3-0.4 V. The 2'Bi source has a high activity so a mea-
surement takes only a few minutes. A serial of measurements for a given comparison
takes place then in a few hours and the temperature variations should be negligible.
This is verified by reference measurements at the beginning and the end of the series.

5.3.2 Correction of pedestal

Before taking a measurement, we have also to check the pedestal. Since we are able
to set the pulse position in our 640 ns acquisition window we have kept around 100
ns to compute the pedestal before the pulse. The WaveCatcher system is calibrated
before taking measurements so the baseline is well centered at zero. We have tested
the difference between the average pedestal measured in this pre-pulse window or
during internal trigger runs and the pedestal value remains within 1o. The pedestal
value is typically around 0.1 V-ns while the 2°7Bi peak is around 2.5 V-ns in a single
channel.

5.3.3 Correction from cross-talk

After each measurement, another correction has to be taken into account: the SiPM
cross-talk. Optical cross-talk occurs in SiPMs when, during the primary avalanche
multiplication some photons are emitted and start secondary avalanches in one or
more neighbor cells. A single avalanche emits few tens of photons and the cross-talk
probability is high when no optical barrier (metallic trench) is implemented. This
is not the case of SolLid’s generation photo-detectors so the cross-talk probability
is rather high (few tens of percent). In our case we are only interested in the di-
rect (i.e. simultaneous) cross-talk since we work in coincidences with several SiPMs.
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To correct the measurements from SiPMs pixel cross-talk, a dark count rate
run is taken for each SiPM in a black box, triggering with a low threshold on each
SiPM, each day. In figure 5.14, the first single avalanche peaks are visible in these
dark count rate runs. The crosstalk probability is computed as the ratio of dark
count hits exceeding a threshold of 1.5 PA, to those exceeding a threshold of 0.5
PA, so by calculating the ratio of the integral of the charge spectrum above 1.5 PA
over the integral of the charge spectrum above 0.5 PA (figure 5.14).

[(spectrum > 1.5PA)
[ (spectrum > 0.5PA)

crosstalk = (5.2)

10°

Entries 45471

Mean —-0.0356

0.5 PA threshold Std Dev  0.7468

10?
1.5 PA threshold

10

-1 4 5
charge [V.ns]

Figure 5.14: Determination of the direct cross-talk probability using dark count events. The first
peak is the pedestal given by the internal trigger and the following peaks correspond to 1, 2, 3...
photo-avalanches.

The average cross-talk probability has been measured at 17 + 1 % (statistical
only) at 1.5 V over-voltage.

The cross-talk probability is increasing with the over-voltage since the gain in-
crease produces more carriers that can produce photons. In our case we could
be interested to increase the over-voltage and thus the gain and the photon de-
tection efficiency to have more light yield. We have measured the cross-talk as a
function of the over-voltage. The result is presented in figure 5.15 where we can
observe cross-talk probabilities increasing quickly from 10 to 60 % from 1.0 to 3.0 V.

5.3.4 Pulse reconstruction

From the WaveCatcher acquisition, we get a data file with the digitisation points
of the pulses with a sampling period of 625 ps. After comparing the charge and the
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Figure 5.15: Variations of cross-talk probability for the two SiPMs as a function of over-voltage.

maximum amplitude of pulses for energy considerations, it seems that the resolu-
tion is better for charge, because of the baseline noise. To calculate the charge of
each pulse, the maximum amplitude is identified and we integrate the amplitudes
around this maximum from 50 ns before to around 190 ns after (figure 5.16). This
point is not exactly at the end of the pulse (which is hard to identify because of the
noise) for high amplitude pulses but it avoids noise fluctuations. Variable integra-
tion windows as a function of the pulse amplitude have also been tested but since

no improvements were seen, the simplest method was kept.
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Figure 5.16: The same pulse on a linear scale on the left and on a logarithmic scale on the right.
We calculate the charge of the pulses by integrating betwen 80 samples before the maximum (50

ns) and 300 samples after the maximum (190 ns).
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5.3.5 Conversion from pulse charge to photo-avalanches

The posibillity to see single photo-avalanche peaks at low energy is used to convert
the charge of the pulses in photo-avalanches. The procedure is the following (figure
5.17):

1. Look for the maxima bins of each of the first single photo-avalanche peaks
and then fit each peak around its maximum with a gaussian.

2. The charges of these maxima are reported in a graph as a function of the
number of single photo-avalanches.

3. Fit this graph with a linear function. The slope coefficient gives the conversion
factor between the charge of the pulses and the number of PA. We neglect a
possible constant term due to pedestal subtraction, it should have no impact
for 20-30 PA peaks at 1 MeV.
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Figure 5.17: The procedure to convert charge in photo avalanches: we look for the single PA peaks
by zooming in the 1 MeV peak. We find the conversion factor to rescale the spectrum with the 1
MeV peak.

5.3.6 Fit of the conversion electron peak

After rescaling histograms so that the pulse charges are in PA, we need to get the
number of PA at 1 MeV. The following procedure is thus used:

1. Sum the charges of the pulses (in PA) of both SiPMs for every event.

2. Plot the charge spectrum of the sum of the 2 SiPMs signals in PA and see the
1 MeV peak in photo-avalanche.
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3. Fit the 1 MeV peak of SiPM 1, SiPMs 2 and of the sum of both SiPM with
gaussians, the means of these fits give the number of photo-avalanches de-
tected for 1 MeV electrons.

4. Plot also for each event the charge of SiPM1 vs the charge of SiPM2 to check
that the correlation factor is correct.

MPPC 1 charge MPPC 2 charge

Entries 49999 Entries 49999
Mean 18.3 Mean 19.04
Std Dev 8.028 Std Dev 8.272
X2/ ndf 798.8/351 X2/ ndf 605.5 /335
Prob 6.471e-37 Prob 7.812e-18
Constant 1579+11 Constant 1549+1.0
Mean 19.1+0.1 Mean 20+0.1
Sigma 6.877 + 0.060 Sigma 6.944 + 0.070

50 60 50 60
charge [PA] charge [PA]
Sum of MPPC charges MPPC 2 charge vs MPPC 1 charge

60

Entries 49999 & ion = m, =2 =" [Enries 49999
Noan 3735 5 correlation 0.635_,_ . -F'\-_u = m::::; 103
Std Dev 4.7 £ StdDevx B8.019
X2/ ndf 94.88/78 s

Prob 0.09388 o

Constant 497.1+ 4.0 g

Mean 40.5+0.1 =

Sigma 9.262 + 0.115

40 50
MPPC 1 charge [P

60
Al

100 120
charge [PA]

Figure 5.18: Result of the measurement after the calibration procedure. On top is shown the two
calibrated charge spectra in PA for each SiPM with the Gaussian fit (in red are also presented the
pedestal spectra after calibration). Bottom left is the sum of the 2 SiPM charges and the right
one shows the correlation between them.

5.3.7 Measurement uncertainties

As a large amount of events is acquired for each measurement (between 20000 and
50000 most of the time), the statistical uncertainties are not significant. For a
measurement with 20000 events, the statistical error on the mean of the Gaussian
function that fits the 1 MeV peak is only 0.2%. Our systematic uncertainties are
much larger so for the following we will not consider the statistical uncertainties
anymore.

The systematic uncertainties can have two origins: the setting up of a measure-
ment or the analysis of the data. The last one should be dominated by the final
fit of the sum of the SiPM signal distribution. This gaussian fit has been tested
in different ranges and binnings on a reference measurement. The variations of the
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starting and stopping fitting point in reasonnable ranges give less than 2 % varia-
tion in the fitted mean position. The fit quality is always very good in these ranges
with x2/NDF = 1. The histogram binning before the fit has also been tested and
show even smaller variations of the mean value (=1 %).

The setting up of the experiment can introduce different sources of uncertainty
like the source positioning, the cube rotation, small curving or twisting of the fibers,
the voltage setting... To control these systematics, we always take a reference mea-
surement with the same setup, cube and fibers. These reference measurements
have been done at different moments with different temperature and voltage set-
tings. Thus comparing their results gives a good estimation of the systematic un-
certainties. The variations in photo-avalanches measured for 32 of these reference
measurements is shown in figure 5.19. We find on average 40.3 PA for the 1 MeV
peak and a standard deviation of 2.3 which corresponds to about 5 %.
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Figure 5.19: Light yield measurements performed at different moments for the same reference
setup. The standard deviation of this distribution is taken as a measure of the systematic uncer-
tainty.

As this study should take into account all the systematic uncertainties, the 5%
error is used as our error on the light yield measurements.

5.4 Light collection study

With the test bench, we have started to look for improvements of the light yield
using different materials used to build the detector. We have tested different scin-
tillators, optical fibers or wrappings for example.
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Most of the time, the numbers given in the following are averages over several
measurements. All these measurements are corrected from the 17% cross-talk prob-
ability. If the contrary is not written, the results given are the sum of PA of both
SiPMs in the standard setup. The measurements presented in the same table have
been done the same day, at the same temperature and the same voltage to reduce
the systematic uncertainties. There might be some small differences in light yield
for similar measurements between different tables because they have been done at
different days, but they are always consistent.

5.4.1 Scintillating material

Having a good light yield for the scintillating cube is very important to get a
good estimation of the antineutrino energy. In SM1, the cube scintillator used was
polyvinyltoluene (PVT with reference EJ-200) since it is one of the best plastic
scintillator in terms of light yield (~10000 photons/MeV) and it has good timing
properties (2.1 ns decay time).

As more scintillator was needed to build the Solid detector, an idea was to
reuse some polystyrene based scintillator with PTP as primary fluor and POPOP
as wavelength shifter available at LAL from the NEMO-3 experiment [38]. It is
expected to give ~8000 photons/MeV.

To compare both SM1 and NEMO-3 scintillators, we have machined NEMO-3
scintillators (PS cubes) that were bigger (~ 10 x 10 x 10 cm?® ) so that their shape
was similar to SM1 cubes (5 x 5 x 5 ¢cm® with grooves for fibers). Different cubes
have been measured several times. In figure 5.20 the average measurement of each
cube is presented. They are classified in 2 groups depending if they are PVT cubes
from SM1 or polystyrene cubes machined from NEMO-3 scintillators.

Cubes light yield

2~ | PS cubes
B VT cubes
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Figure 5.20: Measurement of the number of PA for PVT and polystyren (PS) cubes.
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There are differences in light yield between the PS cubes from LAL that can be
explained by different POPOP and PTP concentrations. PS cubes have 50 % less
light yield than PVT cubes. A 20 % difference only was expected, but it might be
due to different polishing, or to the fact that POPOP concentration was adapted to
the bigger size of the PS blocks which was not optimal for SoLid size scintillators.
It was decided not to use NEMO-3 cubes but to order new PVT cubes for SoLid
phase I.

Concerning the cube scintillator, we have also investigated the cleaning. We
have shown that cleaning the cubes by hand with water, soap and a rag could in-
crease the light yield by 25%. A cleaning procedure for cubes and fibers has been
set up for the SoLid construction.

The surface roughness influence on light yield has also been tested. It has been
measured with a roughness meter. For SM1 cubes the surface roughness average
was around 0.44 pm. For SoLid phase I, the scintillator cube machining has been
improved to optimize the surface quality. The average roughness of the new PVT
cubes was around 0.04 ym. The test bench measurements have shown that this led
to an increase of light yield of 10 %.

5.4.2 Cubes wrapping

A way to increase the light yield of the detector is to wrap cubes with a better
reflector. SM1 cubes were isolated optically by Tyvek wrapping. We have tested
different wrapping for the Solid detector.

To check some possible systematic effects, a first test has been conducted about
the looseness of the Tyvek wrapping. We have not seen any consequence of a looser
Tyvek on the light yield so this should not be a source of uncertainty for the mea-
surements.

We have first tried to improve the reflectivity by increasing the number of SM1
Tyvek wrapping layers around a cube (figure 5.21). As a ZnS sheet is used in SoLid
which absorbs photons on one face of the cube, we did the measurements with ZnS
(in red) and without ZnS (in orange). It is shown that adding one layer of Tyvek
improves well the light collection but the improvements with more layers is smaller.
As there are more than 12000 cubes to wrap for the SoLid detector, it is not efficient
to use several layers of Tyvek. However this test shows that the reflectivity of SM1
wrapping can be improved with better reflectors.

We have tested several types of reflectors (see table 5.3) including Teflon, well-
known as one of the best reflective material for scintillators, thicker Tyvek, and
other materials found in the laboratory like aluminised mylar or paper. The results
are shown in table 5.3. As expected, the 0.2 mm thick Teflon tape (80 g.m™2) is the
best one as it improves the light yield by 31% compared to SM1 Tyvek. However
this soft tape is not convenient at all to wrap thousands of cubes so it can not
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Figure 5.21: Light yield for different number of SM1 tyvek layers. The error bars correspond to
the 5 % systematic errors.

be used for SoLid. Paper and aluminised mylar are not as good as Tyvek. Using
the thicker Tyvek from DuPont does improve the light yield by 9%. For the SoLid
detector, thicker Tyvek has been ordered (105 g.m?). We have tested it and seen
that it improves the light yield by 10%.

5.4.3 SLiF:ZnS(Ag) neutron screens

The SoLid neutron screen is a SLiF:ZnS(Ag) scintillator with a surface of 5x5 cm?
and a thickness of 250 pm. In SM1, there was one screen per cube. To improve the
neutron detection efficiency and decrease the neutron capture time, it was decided
to put 2 neutron screens in each cube for SoLid phase I. However, these screens are
not as reflective as Tyvek so we have tested the effect of the neutron screens on
the cube light yield to check that it would not decrease too much by adding more
neutron screens.

To investigate the influence of the number of neutron screens placed around
the plastic scintillator we have measured the light yield of a SoLid cube adding
consecutively neutron screens up to 3 to quantify the light attenuation. Table 5.4
shows that 12 % of light is lost by adding 2 neutron screens. However the decrease
is 8 % when only one neutron screen is added while it is ~4% when the second one
is added. This seems to be due to the fact that the second neutron screen has been
placed along the fiber. Indeed, adding the third screen not along the fiber gives
again 8 % light-yield loss. In conclusion the light loss in the final detector with two
neutron screens instead of one like in SM1 is limited to 12% thanks to the fact that
one of the two neutron sheets will go all along an optical fiber between the PVT
scintillator and the Tyvek instead of covering a full face.
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wrapping PA in 1 MeV %
SMT1 thin Tyvek (75 g.m?) D 33.6 1
Thick Tyvek (118 g.m?) m 36.7 1.09
Thin aluminised mylar 18.8 0.56
Teflon u 44 1.31
Paper D 22.2 0.66
Table 5.3: light yield for different wrapping materials.
- = —

ZnS position - i ‘ p |

PA per MeV 33.6 30.9 29.6 27.1
variation to no screen ) 8.0 11.9 193

7]

Table 5.4: Light yield for an increasing number of neutron screens (in red).
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The first neutron screens used in SM1 and in a part of SoLid phase I were very
fragile (SM1 ZnS and Solid ZnS - old production in table 5.5). A new generation
of screens (Solid ZnS - new production in table 5.5) was produced for the rest of
SoLid construction with a better substrate (plastic backing MELINEX 339). We
have tested different screens used for the SoLid detector to see if the SLiF:ZnS(Ag)
fabrication has an impact on the plastic scintillator light collection. To be closer
to the SoLid design and to increase the effect, we have used two neutron screens
for these measurements. The results are shown in table 5.5. Given our uncertain-
ties, there is almost no influence of the neutron screen fabrication techniques to the
plastic scintillator light collection. This is understandable since only the substrate
which is toward the Tyvek has been modified. These 3 types of screens have been
used for Soliid detector construction. In order to limit the effect of a slightly lower
light yield and the fragility of SM1 ZnS, the oldest ZnS from SM1 production have
been used in the outer layer of the SoLid detector. The detector uniformity should
thus be preserved.

ZnS type SM1 ZnS | SoLid ZnS - old production | SoLid ZnS - new production

PA per MeV 27.2 29.9 29.8

Table 5.5: Light yield for different type of neutron screens. We do not see any change within our
5% uncertainties.

5.4.4 Optical fibers

Optical wavelength shifting fibers are used to bring scintillation light to the SiPMs.
We have tested some possible systematic errors due to the positioning of the fibers
on the cubes grooves. The fiber grooves in the Solid scintillator cubes have been
set to 5 mm for the 3 mm squared fibers. The goal is to facilitate the fiber insertion
once the frame is assembled. Indeed, pilling up the cube machining tolerances could
prevent the fiber to go through. The consequence of that is some possibilities for the
fiber to move in the free space. We have measured different exagerated positioning
effect of the fibers relatively to the cube to quantify the strength of the results.

First the rotation of the fiber along its axis has been tested. When rotating the
fiber with an angle of 45°, 90°, -45°, we see an effect of less than 4% difference in
light yield compared to the 0° position. This is within the systematic uncertainties
so this effect seems negligible.

SoLid optical fibers are produced by Saint-Gobain which was the only producer
able to make double clad squared fibers of 3x3 cm? well adapted to the SiPM di-
mensions. At the time of SM1 prototype construction, only single clad fibers were
available. As we managed to get double clad fibers from Saint Gobain after SM1
construction, we have tested the differences in light collection and attenuation be-
tween single clad and double clad fibers to figure out whether it would be worth
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to change the fibers. Thanks to the rails in the setup, we were able to translate
the whole trigger and detector setup (**’Bi source, external trigger and cube) along
the fiber. We could thus measure the attenuation along the fibers. We have fit-
ted the different measurement points along the fiber with the following function 5.3:

flx)=Cxeb (5.3)

with [y the attenuation length and C' the capture coefficient.
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Figure 5.22: Light attenuation along a single-clad fiber (as in SM1) and a multi-clad fiber. The
attenuation is fitted with the function 5.3 with two parameters: C, constant, and [y, att. length.

We see that the multi-clad fibers can bring more light to the SiPMs than the
single-clad fibers. The capture coefficient C' is 14% higher (18.3 for double-clad
instead of 16.1 for single-clad) which means that the double-clad fibers can trap
more photons. Thus it has been decided to use double-clad fibers for the SoLid
phase I detector.

5.4.5 Mirrors

Mirrors are installed at one end of the fibers to reflect the light to the SiPM which
is at the other end. In SM1, aluminum sticky mirrors were used. For SoLid, we
have considered using aluminised mylar mirrors. These mirrors could be attached
to the fiber with a 3D printed connector instead of gluing it. Using a mirror should
not improve the light collection from the cube or the attenuation length of the fiber
but it has an impact on the reflectivity at the end of the fiber so the attenuation
can thus be fitted by the following function 5.4:

—(2x92—x)

fl@)=Cx (e fre” B ) (5.4)
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With f the light yield in PA/MeV, z the distance from the SiPM, [, the atten-

uation length (in cm), r the reflectivity coefficient and C' the capture coefficient.
The fiber length is 92 cm.
Several measurements have been taken along the same fiber and cube with a mir-
ror from SM1 and an aluminised mylar mirror. The capture coefficient C' and the
attenuation length [y of the fitting fuction 5.4 have been fixed according to the
properties of the double-clad fiber that was used for this measurement. As we can
see in figure 5.23, using an aluminised mylar mirror does increase the light detected
by the SiPM as the reflectivity measured for the aluminised mylar mirror is 0.98
while the one of SM1 mirror is 0.73.

S 32
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Figure 5.23: Comparison between SM1 mirror and aluminised mylar mirror at the end of a multi-
clad fiber. The fit is done by fixing the capture coefficient and the attenuation length of the fiber
to compare the reflectivity only.

5.5 Configuration study

5.5.1 Optical fiber configuration

There are several ways to improve the light yield. We have first tested several
detector materials and another way was to investigate the detector configuration:
the optimal number of fibers and their positioning. Several options were possible
to collect the light from the scintillator through the fibers. It was of course mainly
constrained by the cost of the material, electronic channels, and the ease to build
the detector. In SM1 two squared 5x5 mm? grooves at the surface of the cube was
chosen to receive the two 3x3 mm? fibers with one SiPM and one mirror at each
end. It was convenient for machining and easy for detector integration in planes.

For SoLid we have tested other possibilities that could be more efficient like hav-
ing the fiber going through the cube to have more scintillating material surrounding
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the fiber. We have tested cubes with circular holes going through the scintillator
and observed indeed 10 % increase in light yield. But considering the machining
time, cost and possible local heating (that could damage scintillating properties)
during drilling for this cube design, this solution was not selected.

After deciding to keep the fibers on the cube side, we have tried to find the
optimal number of fibers that should be attached to each cube. To do so, we have
measured the light yield of one cube in the standard configuration (with 1 fiber and
2 SiPMs at each end of the fiber). Then we have added fibers around this cube
and we kept measuring the light yield of the same fiber. We have found with the
results in table 5.6 that increasing the number of fibers decreases the light yield
per fiber (down to 60% from 1 to 4 fibers) but it increases the light yield per cube
(up to 240% from 1 to 4 fibers). This is because there is a finite amount of scin-
tillating photons created which is divided between the number of fibers available.
However increasing the number of fibers increases the probability to collect photons.

number of fibers

PA per MeV per fiber 33.1 27.6 24.1 19.8
PA per MeV per cube 33.1 55.2 72.3 79.0

Table 5.6: Light yield for an increasing number of fibers. Increasing the number of fibers decreases
the light yield per fiber but it increases the light yield per cube.

For SoLid construction we were limited by the number of SiPMs because of
electronics cost. It has been decided to use two SiPMs per channel instead of just
one like in SM1. So four SiPMs were available per cube. We could either keep SM1
design with 2 fibers per cube and double readout per fiber, one SiPM at each end
of the fiber, or we could use four fibers per cube with one SiPM and one mirror at
each end of the fiber. With this work we have shown first that mirrors allowed to
reduce the number of photons lost in the fibers and second that using four fibers
per cube instead of two could increase the light yield per cube by 140% while the
relatively small decrease of light yield per fiber would not be a problem. It has thus
been decided to use four fibers per cube with one mirror and one SiPM at each end
of the fiber.

5.5.2 Comparison between SM1 and SoLid configurations

After all these tests, several changes have been decided to improve the light yield
and the neutron detection efficiency of the Soliid detector compared to SM1:

e use PVT cubes

e use a thicker Tyvek wrapping
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e use 2 neutron screen sheets per cube

e use double-clad fibers

e put aluminised mylar mirror at the end of the fibers
e use four fibers per cube instead of two

We have tried to make a comparison of the light yield expected for SM1 and for
SoLid according to test bench measurements. To do so, we have used the closest
configurations to the SM1 and Solid phase I detectors as possible.

For the SM1 configuration we have used a SM1 cube with one SM1 neutron
screen, SM1 Tyvek, two single-clad fibers with one SiPM and one SM1 mirror at
each end. We have done several measurements with the cube at different distances
from the SiPMs. Then we have extrapolated this measurements for a whole plane
using the measured attenuation length.

For the SoLid configuration, we have used a SoLid cube with 2 neutron screens
from SoLid, a SoLid thick Tyvek, 4 double-clad fibers used for the detector construc-
tion with one aluminised mylar mirror and one SiPM at each end. As we could plug
only two SiPMs for each measurement, we have repeated the measurement twice
with the four fibers, changing only the SiPM positions for the two measurements.

SM1-like setup: 18.6 PA/MeV

SoLid-like setup: 51.6 PA/MeV

Table 5.7: Light yield (PA/MeV /cube) for a configuration close to the SM1 detector (top) and
close to the SoLid phase I detector (bottom). The cube is installed at the center of the fibers. The
SoLid phase I like measurements have been done in two times by changing the SiPM positions.

The results are shown in table 5.7. At this point, we can already compare ex-
trapolation of SM1-like test bench measurements to SM1 detector light yield. As
seen in the previous chapter, after calibrating SM1 detector with muon, the light
yield was found to be 24 PA/MeV per cube. This is more than what is measured
with the test bench. Possible explanations to the fact that we measure less light
than SM1 (and SoLid as we will see later) detectors are the differences of setup
and electronics. However, this difference is likely dominated by the main change
between our test bench and the real-size detectors: the number of cubes. Some
light can be lost in the neighboring cubes but picked up by the fiber if there is a
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whole row of cubes around it. Measurements have thus been done with a whole row
of cubes. They show that the light yield increases by 12 % if there is a row of 16
cubes instead of just one cube along a fiber. With the SoLid-like setup, the light
vield increases by a factor 2.8 (51.5 PA/MeV) which is a great improvement.

The extrapolated maps for a whole plane could be made using these measure-
ments (table 5.7) and the attenuation length previously measured for SM1 fibers
and mirrors (figure 5.24) and SoLid phase I fibers and mirrors (figure 5.25). The
first thing that we see is the improvement of the uniformity of the detector. The
maximum light yield difference between cubes is 43% in the SM1-like configuration
while it decreases to only 6% for SoLid phase I configuration. This is mostly due
to the fact that we are using four fibers with alternated readout instead of two.
According to the extrapolation of the test bench measurements, the light yield per
cube for SoLid phase I detector should be increased by 2.8. We will see later that
this factor is very close to the improvement factors found after SM1 and SoLid
calibrations.

The studies made with the test bench have been very successful. With all the
improvements found, an average light yield of 52.3 PA /MeV was expected for SoLid
phase I detector which corresponds to an energy resolution of 14 %.

SM1 - 16x16 cubes plane
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Figure 5.24: Map of SM1 light yield (number of PA per MeV per cube) extrapolating test bench
measurements. The average light yield is 18.9 PA/MeV with a maximal difference of 43 %.
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SolLid Phase 1 - 16x16 cubes plane
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Figure 5.25: Map of SoLid light yield (number of PA per MeV per cube) extrapolating test bench
measurements. The average light yield is 52.3 PA/MeV with a maximal difference of only 6 %.
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5.6 SoLid cube production performance

After conducting a fruitful R&D for the SoLid detector, the test bench has also
been helpful to control the cube production for the detector construction. We have
tested several cubes along the construction in the standard configuration with the
same Tyvek and same fiber in order to check that their light yield is similar enough
to avoid a large non-uniformity of the detector. In figure 5.26, we see that cubes
from different batches are quite uniform, their light yield lies within two sigma de-
viation and most of them are within one sigma.

Optical fibers are another component for which uniformity could be tested with
the test bench. All the optical fibers were produced by Saint-Gobain at the same
time. The production is expected to be very uniform. We have tested few samples
with our setup but we could not see real differences even if the attenuation lengths
mentioned from these samples could differ up to 20 %. As we have shown with our
setup we are not precise enough in measuring the attenuation length. We have also
tested some fibers that were rejected during the detector assembly because they
were showing some localized defaults. In our test setup we didn’t see bad results
with these fibers.

5.7 Conclusion

The test bench built at LAL to investigate the light yield of Soliid detector has been
very useful. It has helped us a lot to understand better the detector and several
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Deviation in light yield for cubes of different batch
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Figure 5.26: Light yield deviation for cubes of different batch for the SoLid detector construction.
Points represent the number of PA measured for a cube divided by the average number of PA for
a whole measurement serie.

improvements have been found for the phase I-like using four double-clad fibers,
thicker Tyvek or aluminised Mylar mirror.

I have been involved a lot in the building of the test bench and its commision-
ning. T have written all the programs to analyse the data and done many of the
measurements to test improvements of the light yield and the construction materi-
als.

The effects of these improvements have been quantified and it was found that
it is reasonable to expect an energy resolution of 14 % for phase I. In the next
chapter, the construction of the SoLid phase I detector will be described as well as
its performance. This work has been published on ArXiv [17] and is being reviewed
to be published in JINST.
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Chapter 6

SoLid phase I detector

6.1 Introduction

The SoLiid phase I detector is a new detector that took advantage of the experience
gained from the SM1 prototype detector, the R&D done in England to increase the
neutron detection efficiency and at LAL to increase the light yield as seen in chapter
5. The detector has been built in 2017 at Ghent University and was then moved
to the BR2 reactor site. It started data taking for commissioning in December 2017.

In this chapter, the design and the characteristics of the SoLid detector will first
be presented. Then the different calibrations and the data taking campaigns will
be described.

6.2 Mechanical design

The SoLid phase I detector is around five times larger than the SM1 detector. It
is made of 5 modules of 10 planes. Each plane is an array of 16 x 16 cubes. The
total fiducial mass is 1.6 tons.

To increase the light yield, as seen in chapter 5, some changes have been done
on the detection cells. They are still composed of a PVT cube (EJ-200 PolyVinyl-
Toluene) of 5 cm width. There are, however, two SLiF:ZnS(Ag) sheets to detect
neutrons per cell on two faces of each cube instead of one (figure 6.1). These Li
sheets have also been rigidified with a plastic backing (MELINEX 339). The cubes
are wrapped in a thick Tyvek of 105 g.cm™2. The PVT cubes have four grooves to
increase the number of fibers from two in SM1 to four in phase I. The 92 cm long
fibers are wavelength shifting double-clad fibers from Saint-Gobain. One extremity
of each fiber is connected to a SiPM with optical grease and the other is connected
to an aluminised Mylar mirror with a 3D printed plastic connector. The SiPMs em-
ployed are still Hamamatsu 512572-050 devices with a photon detection efficiency
of 35% and a typically dark count rate of 1000 kHz at room temperature [82].

The cubes array lay in an aluminum frame with four polyethylene tight sealing
reflector bars. To improve the neutron reflection, the bar thickness has been in-
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Figure 6.1: Schematic view of a cube in the SoLid phase I detector.

creased to 5 cm. Tyvek sheets wrap each face of the planes (figure 6.2).
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Figure 6.2: Schematic view of a plane in the SolLid phase I detector.

The detector has been installed inside a container where the 5 modules are mov-
able on a rail system. The external size of the container is 244 x 259 x 385 cm?. In
order to decrease the SiPM dark count rate by one order of magnitude, the detector

is cooled down to 11°C.

Different shielding have been used against backgrounds induced by cosmic rays or
the reactor. A water wall was built all around the container. It consists of poyethy-
lene (PE) tanks filled with water. The water wall is 50 cm thick and 3.4 m high.
A 50 cm thick PE ceiling has been installed on top of the container (figure 6.3)
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and 10 cm thick PE plates below. The back of the water wall was completed at
the beginning of 2018, after the first December data taking period in order to get
access to the detector during the commissioning. There are also 2 mm thick cad-
mium sheets inside the container that absorb residual thermal neutrons. Finally, a
lead wall between the detector and the reactor core has been built.

Figure 6.3: Schematic views of the SoLid phase I detector inside the container which is surrounded
by the water wall (grey) and the polethylene ceiling.

6.3 Electronics and trigger

The readout electronics of each plane are placed in electronic boxes located on sides
of the frames. The readout system is composed of two parts: the analog front-end
and the digital front-end. The analog front-end provides the bias voltage to the
SiPMs. It shapes and amplifies the signals with a band-pass filter. The signals
are then sampled and processed by the digital board’s components. The trigger is
implemented on a Field-Programmable Gate Array (FPGA) chip included in the
digital front-end.

For the phase I detector, 3200 SiPMs are used and have to be equalised. To set
precisely the voltage of all SiPMs, a first global voltage is applied per analog board.
As the SiPM breakdown voltages vary within a large range, an additional voltage
per channel that can vary in a range of 3.8 V is set. To set this accurate voltage, a
voltage scan is first performed iteratively to fit single PA peaks in order to measure
the over-voltage value for each channel. An over-voltage of 1.5 V was used for the
first data until April. Then it has been increased to 1.8 V. Almost all the channels
(99 %) are operational and their gains vary within 1.4 % after equalisation (figure
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Figure 6.4: Gain of the detector SiPMs after equalisation.

Each channel digitises waveforms with 14 bit resolution at a rate of 40 MHz.
With 3200 SiPMs to record data, the high data rate that comes out of the FP-
GAs to the online software has to be controlled with zero-suppression and efficient
triggers. A zero suppression is applied to reduce the data rate depending on the
trigger type. It allows recording only parts of the signal waveforms above a certain
threshold. Three types of triggers are implemented in parallel for SoLid phase I.
The firmware has been updated in April and some trigger conditions have changed
so only the trigger logic is explained in this part, the precise conditions for each
data set will be given in the analysis part.

e The first one is a random trigger to monitor SiPMs. It reads all channels
during 6.4 us at a rate of 0.5 Hz.

e The second one is a threshold trigger set at about 2 MeV which is used to tag
muons. Once this trigger happen, all the channels are readout during 12.8 us
with a zero-suppression of 1.5 PA.

e The last trigger is set to detect neutrons if a minimum number of peaks
are detected within a sliding time window (figure 6.5). The zero-suppression
is lowered for a local time window to the neutron in order to increase the
neutron reconstruction efficiency. A buffer of several hundreds of us around
the neutron is used to register EM signals in &= 3 planes around the neutron.
This trigger is used to tag IBD events like the one presented in figure 6.6.
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With these triggers, the data rate is around 1.5 TB/day. The neutron trigger
and reconstruction efficiency is 79 + 3 % which is much better than for SM1.
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Figure 6.5: Example of a neutron triggered waveform (black). The number of peaks over thresh-
old (PoT) is represented in blue and used to trigger on neutron events. All signals in the +6
planes around the neutron are readout for several hundreds of us. The zero-suppression threshold
(horizontal dashed lines) is lowered for a time window around the neutron.
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Figure 6.6: An example of IBD candidate signal.

6.4 Construction planning

The phase I detector has been built at Ghent University. The construction started
at the end of 2016. The 12800 cubes machined by a company have been washed,
weighed and wrapped with Li sheets manually. All the cube informations were
registered in a database to simulate accurately the proton content of the detector
(figure 6.7). After being wrapped, cubes were assembled in aluminum frames and
PE bars (figure 6.8). The position of each cube has been carefully recorded. The
fibers were then inserted inside the grooves before SiPMs and mirrors were fixed at
their extremities. The plane construction ended with the cabling of all SiPMs and
the closing of the aluminum frames. Each plane has been calibrated with radioac-
tive sources at Ghent in order to fix possible issues with channels like bad contacts
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between fibers and SiPMs.
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Figure 6.7: Masses in grams of PVT cubes (in blue) and Li sheets (in red) for each detector plane.
The Li sheets with lower masses had been produced for SM1. They have been put at the edges of
each plane.

The first four modules have been shipped to BR2 in October 2017. The fifth
module was delayed because of a batch of Li sheets that was defective and had to be
replaced, and the electronics that had to be completed. Most of the shielding with
the PE roof and the left and right water walls have been installed in November.
The fifth module was completed and brought to BR2 at the beginning of 2018. The
back water wall and the lead wall in front of the reactor core have been completed
at the beginning of April.

6.5 Individual cube calibration

Two types of calibrations with different goals have been performed with two different
automated systems at Ghent University and in-situ at the BR2 reactor.

Each detector plane has been first calibrated at Ghent University during the
construction of the detector. The goal was to check the quality of the response of
each cube in the detector in order to identify possible defects and fix them.

Calibration campaigns have then been run on the BR2 site. EM calibrations
have been done to get the EM signal energy calibration constants. Neutron cal-
ibrations have also been performed to measure the neutron signal detection and
reconstruction efficiency.

The calibration of the Solid detector is very challenging as each of the 12800
cubes has to be calibrated at the 2% level for the energy scale and at the 3% level
for the neutron capture efficiency.
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Figure 6.8: Picture of a plane being assembled (top) and a module being installed inside the
container (bottom).
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6.5.1 Calibration at Ghent with Calipso

A preliminary calibration during the detector construction was performed at Ghent
University. This calibration was used for quality assurance purposes and allowed
early identification of defective components. Furthermore, it provided a good knowl-
edge of the detector response before the installation at BR2.

A robot, called Calipso, has been built to carry out this calibration. It allowed
placing automatically radioactive gamma and neutron sources in front of each cube
(figure 6.9).

It took around one day to calibrate a full frame. All the 50 planes have been
calibrated before being installed in the container. Minor construction problems
have been identified and fixed.

Figure 6.9: Picture of the Calipso robot with a frame installed to be calibrated. The source is
located in the black box in the red square. The electronic box is on the right of the plane.

EM calibration

A %Na source has been used to calibrate EM signals and thus check the PVT
cubes. This source emits two 511 keV gammas back-to-back together with a 1.27
MeV gamma in about 90.3% of its decays. While one of the two 511 keV gammas
was used to start an external trigger, the Compton edge of the 1270 keV gamma
interaction in the cubes of the detector could be fitted to measure the light yield
(figure 6.10). The 4.4 MeV gammas from an AmBe source, as well as the 2.2 MeV
gammas from neutron capture on hydrogen, have also been exploited to check the
energy scale linearity of the PVT cubes.
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The energy scale has been assessed with two independent approaches. The
first one uses the Kolmogorov-Smirnov method to compare the calibration data
with Geant4 Monte-Carlo simulation. The Monte-Carlo distributions are rescaled
and smeared by a light yield and an energy resolution. The second one performs an
analytical fit to extract the calibration constants. It computes a probability density
function (pdf) based on Klein-Nishina cross-section [90] and fit the calibration data
with this pdf to find the Compton edge and the energy resolution. Both methods
agree at the 1 % level.
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Figure 6.10: Left: schematic of the ?2Na calibration system on Calipso. One of the 511 keV
gammas is used to trigger and the 1270 keV gamma Compton edge is measured on the SoLid
plane. Right: the 22Na energy spectrum measured in a cube of the SoLid detector. The first
peak around 200 ADC is due to the 511 keV gammas and the compton edge around 500 ADC
corresponds to the 1270 keV gammas.

This calibration has shown that all the frames are very uniform in light yield
(figure 6.11). A preliminary average light yield of 87.3 PA /MeV /cube was estimated
before cross-talk subtraction which exceeds SoLid requirements and the test bench
results. Comparing AmBe and ??Na calibrations for a same cube has demonstrated
that the energy scale is linear (figure 6.12).

Neutron calibration

AmBe and 52Cf sources with polyethylene collimator have been employed to study
the neutron signals from the Li sheets. The sources were placed in 25 positions
per plane. The calibration data have been compared to Geantd/MCNPX predic-
tions. In addition, in order to have a comparison independent from the simulation,
a relative measurement among all the planes was realized. During this calibration
campaign, it was observed that one batch of °LiF:ZnS(Ag) was worse than the oth-
ers, thus it has been replaced, and one cube over the 12800 cubes had a missing Li
sheet that has been added afterward (figure 6.13). The average neutron detection
efficiency was around 66 % and is uniform between planes (figure 6.14).
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obtained with a ?2Na calibration source installed on the Calipso robot. A frame represents 16 x
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plane 16 : Data/Monte-Carlo Data/MC : plane 20 (corrected)

Figure 6.13: Neutron detection efficiency for each cube computed by comparing calibration data
with a 252Cf source and simulation. On the left, the bad batch of Li sheets is clearly visible as
well as the cube with a missing Li sheet on the right. These defective batch and cube have been
replaced.
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Figure 6.14: Average neutron detection efficiency per plane
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6.5.2 Calibration on site with CROSS

To calibrate regularly the detector on site, another robot, named CROSS, has been
built. It sits above the detector planes and mechanically opens gaps between sets
of ten planes to move the sources inside. Nine positions per gap have been used
(figure 6.15).
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;?\l L
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Figure 6.15: Left: Schematic view of the CROSS robot and the different source positions (yellow
dots). Right: and its picture inside the container.

The first calibration campaign on site happened in March 2018 and lasted for
11 days. Three radioactive sources were used: *?Na, to calibrate EM signals, AmBe
and 252Cf to calibrate neutron signals.

EM calibration

To calibrate in energy the EM signals for each cube, the Compton edges at 1.057
MeV from the 1.270 MeV gammas of **Na have been fitted. The AmBe source
was also used as it emits 4.438 MeV gammas with a Compton edge at 4.198 MeV.
The two methods, Kolmogorov and analytical fit from pdf have been employed to
extract calibration constants.

The ??Na data give an average light yield of 77.1 PA/MeV /cube without cross-
talk subtraction (figure 6.16). The 10 % lower value compared to Calipso results can
come from temperature effects, or different over-voltage settings. The cubes energy
calibration was also performed with the AmBe source and it gave a light yield of
76.9 PA/MeV /cube. An excellent agreement is thus observed between calibrations
at 1.27 MeV and at 4.4 MeV which confirms the linearity of the energy response.
The whole detector has been calibrated in energy with uncertainties at the 3 % level.
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Figure 6.16: Average number of PA/MeV /cube (not corrected from cross-talk) for each frame
obtained with a #?Na calibration source (in violet) and an AmBe source in (dark blue) installed
on the CROSS robot.
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Neutron calibration

AmBe and ?*2Cf sources have been used for neutron calibration. Monte-Carlo simu-
lations have been run to compare the neutron reconstruction efficiency with calibra-
tion data in each cube for each position of the sources. The neutron reconstruction
efficiency takes into account the neutron trigger probability and the off-line recon-
struction efficiency that will be explained in more details later. It was measured per
cube with a statistical error of 2.5 % and is greater than 75 % (figure 6.17). The
statistical error will decrease with the next calibration campaigns. The increase
in neutron detection efficiency compared to Calipso calibration results is due to
changes in the neutron trigger: the number of peaks over threshold required, the
zero-suppression and the over-voltage have been optimised.

Reconstruction Efficiency (Trigger + ID)
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Figure 6.17: Neutron reconstruction efficiency from calibration campaigns with CROSS.

6.6 Data taking campaigns

Since the installation of the detector at BR2, data have been taken during 3 reactor
cycles in December 2017, February and May 2018 (table 6.1). The comissioning of
the detector has been finished in February 2018.

The periods between cycles when the reactor turned off have been used to run cali-
bration campaigns with radioactive sources, record reactor Off data to understand
the environmental backgrounds and update the firmware in March.

The data taking is monitored remotely. The trigger rates and SiPM variables are
very stable for both reactor On and Off (figure 6.18). An issue with humidity in-
creasing in the container has been solved by flushing the container with compressed
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air.
In 2018, 6 reactor cycles are expected to provide around 150 days of reactor On data.

Online Monitoring Trending - 2018
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Figure 6.18: Online monitoring of the SoLid phase I detector in 2018. On top, the different
trigger rates were very stables. In the middle, the environmental sensors inside the container
show low variations of the pressure and the temperature. However, the humidity has varied a lot
so compressed air has been flushed in the container to decrease it. In the bottom, the SiPM gains
and pedestal were very stable over time.

6.7 Conclusion

The SoLid detector design, although similar to SM1, has been improved in order to
increase the light yield and the neutron detection efficiency. The first calibration
campaigns have shown that great improvements have been made since the SM1
prototype. In the next chapter, a first IBD analysis with this detector will be
presented.
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Dates 02/12/17 | 12/12/17 | 06/02/18 | 26/02/18 | 19/03/18 | 25/04/18 | 23/05/18
12/12/17 | 25/12/17 | 25/02/18 | 01/03/18 | 28/03/18 | 22/05/18 | 11/06/18
data type ON OFF ON OFF Calibration ON OFF

Table 6.1: Data taken since the detector commissioning. The reactor status is indicated by ON

and OFF.
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Chapter 7

SoLid phase I data analysis

7.1 Introduction

In this chapter, a preliminary analysis of the first SoLid phase I data will be pre-
sented. Some work has first been done to reconstruct properly the different physical
objects to tag IBD events and backgrounds. These objects include electromagnetic
(EM) cubes, neutron cubes, muon veto cubes and muon tracks. The object re-
construction has been studied with the commissioning data from December 2017.
After introducing all the cuts to select IBD-like events, a search for these events
will be presented.

7.2 SoLid phase I data taking

The data sets have already been presented at the end of last chapter. Here we focus
on the December 2017 and May 2018 data used for this analysis.

The first December commissioning data were taken with only 4 modules. The
back of the water wall shielding was not completed either. These data have been
used to start studying the object reconstruction.

The reactor On data from February were taken with the fifth module and the
full water wall shielding. However, they have not been analysed yet as the hardware
has been improved in April. The data taken in the following period were thus of a
better quality.

The reactor On data from May have been used to search for IBD events. They
were taken with the full detector and an improved hardware. Indeed, the SiPM
over-voltage was raised from 1.5 to 1.8 V to increase their gains and photon de-
tection efficiencies. The minimum number of peaks over threshold for the neutron
trigger was increased from 9 to 17 thanks to the SiPM gain increase and the peak
finder trigger was lowered from 1.5 PA to 0.5 PA. The IBD buffer size around a
neutron signal was also increased from [-380, 100] s to [-500, 200] ps. In the follow-
ing work, it can be noticed that the accidentals are measured in a shorter negative
time window than the correlated. This is due to the asymmetric IBD buffer size
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that was made to keep more correlated events for the data analysis.

As the object reconstruction study was done with December data, it does not
take into account all the advantages acquired by the improved trigger for May data.

7.3 Object reconstruction

7.3.1 Saffron analysis software

The SoLid Analysis Framework (Saffron2) is dedicated to the reconstruction and
analysis of SoLid data. It is a standalone C-++ code.

From DAQ binary files consisting of a collection of samples, Saffron2 emulates
the triggers and reconstructs different objects: waveforms, peaks and more sophis-
ticated objects like electromagnetic (EM), neutron, muon cubes or muon tracks. It
can also apply calibration constants to the reconstructed objects.

Saffron2 uses a buffer structure to process DAQ data. The reconstruction is
performed over a processing cycle. A cycle is defined as a set of data with no gap
in the trigger rate of more than 3 ms. The data from a cycle in a file are loaded
into memory and reconstructed. Saffron2 first loads binary files to parse waveforms
and merge them. The data are then time ordered. Peaks are searched by looking
for local maxima in the waveforms. A peak threshold is set at 200 adc (around 300
keV) to reduce the noises due to dark rate for example. The peaks from different
channels are then grouped in a time cluster of 80 ns to form an event (a channel is
defined as the signals from one SiPM attached to one fiber). Events are the basic
reconstructed objects of Saffron2. They are used then to reconstruct EM cubes and
muons. Neutrons are reconstructed independently as explained in the next section.

7.3.2 Neutron reconstruction

A dedicated neutron trigger has been implemented as explained previously. Neu-
trons are also reconstructed offline with the Saffron2 software.

To reconstruct neutrons, a first step is to emulate the neutron trigger on the
reconstructed peaks. This is done by determining for each available sample from
the emulated neutron trigger, the number of peaks in the previous 6.4 us time win-
dow. A block of 6.4 us is kept if it has a minimum number of peaks over threshold
(PoT), for example more than 17 peaks above 0.6 PA for May data. The number
of PoT computed on a neutron waveform is shown in green in figure 7.1. All the
blocks in time coincidence or continuous to each other are grouped. Once a channel
with a neutron waveform is found, other channels that can form a neutron cube are
searched. First, if a neutron waveform is found in the parallel channel that belongs
to the same cube, it is added to the neutron cube. All the orthogonal channels in
the same plane are then parsed to find the pair of channel with the highest PoT
value within + 6.4 us. A neutron cube is thus a collection of neutron waveforms in
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2 to 4 channels that form a same cube. The amplitude and integral of each channel
are then computed.

The neutron signal amplitude is the maximum sample in a [-12.8, 0] us window
where 0 ps corresponds to the maximum PoT time. The neutron signal integral is
computed in the range [-0.225, 12.575| us with the reference time being the time of
the peak with maximum amplitude (figure 7.1).

Amplitude
g E— A -X (bottom) =
— a
= | 4
700 =— : lonA : 36.381015 20
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Trigger Window Integral

Figure 7.1: Neutron signal reconstruction from a waveform that passed the neutron trigger. The
X axis represents the time in samples of 25 ns. The integral is shown in red sripes. The zero-
suppression (ZS) is shown in blue. The number of peaks over threshold within a sliding time
window of 6.4 us is represented in green.

The ratio integral over amplitude (TonA) is computed to reject misidentified
neutrons. Neutron candidates with a IonA that do not pass the condition from
equation 7.1 or with an amplitude higher than 10000 adc are rejected as shown in
figure 7.2. The neutron time is computed as the mean value of the two closest times
of maximum amplitude for orthogonal channels that constitute the cube.

TonA < 10 + 0.005 x Amplitude (7.1)

7.3.3 Muon reconstruction

Two types of muon objects are reconstructed in Saffron2: muon tracks and muon
veto cubes.

Muon tracks consist of events with at least 8 horizontal channels and 8 vertical
channels. An example can be seen in figure 7.3. The energy of the event, corre-
sponding to the sum amplitude of the peaks of the event converted from adc to
MeV, must be above 3 MeV. The channel positions are fitted with straight lines to
reconstruct the 3D coordinates of the tracks. The tracks that are within a single
plane can not be fitted because of ambiguities to reconstruct cubes but they are
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Figure 7.2: Neutron signal selection based on the ratio of the signal integral over amplitude vs
the amplitude (IonA) with AmBe calibration data.

tagged for the muon veto. The rate of muon tracks varies between 203 and 221 Hz
in the data.

To identify clipping muons, a muon cube object has been introduced. They
consist of cubes with 2 horizontal and 2 vertical channels with at least one channel
at the edge of the detector and a total amplitude above 4 MeV. Cubes in the outer
layer with a total amplitude above 8 MeV are also tagged as muon cubes. These
objects have a higher efficiency to tag muons than tracks but a lower purity as high
energy - can also be tagged. The muon tracks and cubes have a tagging efficiency
of 94.9% according to simulations.

The muon rate has been compared to pressure variations. As seen in figure 7.4,
a clear correlation of the muon rate with pressure is visible as expected. Indeed, an
increase of pressure leads to higher probability for a muon to be absorbed in the
atmosphere.

7.3.4 EM cube reconstruction

EM cubes are reconstructed within an event of 80 ns as explained in section 7.3.1.
For each peak that has not been associated to a cube yet, a peak in an orthogonal
channel of the same plane is looked for. If a peak is found, it creates a new cube.
All the remaining peaks in the event in channels with the same X, Y and Z posi-
tions are added to this cube. This cube reconstruction algorithm recreates thus all
possible cubes in an event. The next section is a study of the cube reconstruction
performance.

The cube energy is given by the sum amplitude of all the channels belonging to
this cube. The gain equalisation and the calibrations have already been presented
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Muon Track Candidate - 2017/12/05, 00:10:01

Figure 7.3: Example of reconstructed muon track.
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Figure 7.4: Reconstructed muon rate vs pressure for reactor On (in violet) and reactor Off (in
orange) data.

173



in chapter 6. To scale the energy in adc into MeV, a constant gain of 32 adc/PA
for May data is applied. Tt is measured using random trigger runs. An average
calibration constant of 77 PA /MeV, obtained from calibration with CROSS, is used
to convert the cube energy into MeV. A more precise cube per cube calibration will
be implemented soon.

7.4 EM cubes reconstruction cuts

7.4.1 Cube reconstruction performance

As all possible cubes within an event are reconstructed, several cubes can be misre-
constructed and artificial (i.e. non physical) cubes can be created due to ambiguities
as shown in figure 7.5. Cubes misreconstruction can come from two peaks from the
same channel added to a same cube while they come from two different cubes along
this channel (orange cubes in figure 7.5). This would lead to a misreconstruction of
the energy. Artificial cubes are created by peaks from different cubes in the same
plane and the same event that are assembled together to form another cube (red
cubes in figure 7.5). A study of commissioning data from December to improve the
cube reconstruction is presented in the following.

A AN A AN
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Figure 7.5: Left: cubes with physical signals. The peak number 4 can be due to noise like dark
count. Right: reconstructed cubes. The green cube is well reconstructed. The orange cubes are
physical cubes whose total amplitude is misreconstructed. The red cubes are artificial cubes that
were reconstructed by Saffron2 algorithm but that are not physical. The drawing are simplified
considering only 2 channels per cubes instead of 4.

The number of peaks per channel and the number of fibers (i.e. channels) per
cube has first been studied. Figure 7.6 shows that most of the cubes have the same
number of peaks and fibers which means that the misreconstruction issues shown
in orange in figure 7.5 are rare. However, one can notice that many cubes are re-
constructed with 2 or 3 fibers. These cubes are likely to be artificial cubes.
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Figure 7.6: Number of peaks associated to the same reconstructed cube as a function of the
number of fibers associated to this cube.

Figure 7.7 shows the minimum of the peak amplitudes for cubes depending
on the number of channels that form the cubes. This figure demonstrates that
the detector is sensitive to single photo-avalanche peaks and that cubes with low
number of fibers also have a very low minimum amplitude. Such low amplitude
signals are likely to be due to noise like SiPM dark counts. This motivated the 200
adc peak threshold to reconstruct cubes for the first data analysis and the rejection
of cubes with less than 4 fibers.
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Figure 7.7: Distribution of the peak amplitude (in adc) of the channel with minimum energy for
each reconstructed cube for different numbers of fibers (i.e channels) per reconstructed cubes.
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7.4.2 Asymmetry cut

To furthermore reject artificial cubes created because of ambiguities in the cube
reconstruction, an energy asymmetry variable has been introduced. The asymmetry
is computed as in equation 7.2:

_ Ey(hor) — Eyy(ver)
"~ Eu(hor) + E,,(ver)

A (7.2)

With E,,(hor) the average energy (converted from peak amplitude) of horizon-
tal channels and F,,(ver) the average energy of vertical channels.

Physical cubes should have similar peak amplitudes so the energy asymmetry
should be low. Figure 7.8 shows the energy asymmetry for cubes with different
number of fibers. The histogram that represents cubes with 2 fibers, in blue, shows
bumps at asymmetries below 0.7. These are due to very low amplitude signals
assembled with each other for which single PA peaks are well distinguished. Tt
demonstrates that the energy asymmetry variable is not efficient to remove very
low amplitude signals which is why the peak threshold has been set at 200 adc.

In these figures, it can also be seen that cubes with 3 or 4 fibers present a peak
at very high asymmetry, above 0.8, which is even more important for 3 fiber cubes
and is very likely due to misreconstructed cubes. The asymmetry should thus be
useful to remove ambiguities as physical cubes have only low asymmetry values as
it will be demonstrated in section 7.4.4. Cubes with an energy asymmetry above
0.7 have been removed.
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Figure 7.8: Energy asymmetry distribution for cubes with a different number of fibers.
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7.4.3 Multiplicity cuts

The first reconstruction cuts that are set to select EM cubes are thus: a minimum
peak energy of 200 adc (around 300 keV), signals on the 4 fibers, and an energy
asymmetry below 0.7. Although it reduces a lot the number of artificial cubes, a
multiplicity cut is then required to avoid creating several EM-neutron pairs with
different EM signals from the same physical event.

For this first analysis, it has been decided to keep events with only one recon-
structed EM cube with energy above 1 MeV. It allows to have cubes with energy
below 1 MeV in the same event but prevent from linking 2 prompt candidates with
energy above 1 MeV of the same event with the same neutron. However in the
future, the cube multiplicity within a same physical event will be used to discrimi-
nate between IBD signals and backgrounds. It could allow for example to tag IBD
events by detecting the two annihilation gammas at 511 keV in different cubes from
the one where the positron annihilated.

7.4.4 Validation of the cuts with AmBe data

In order to understand the efficiency of the asymmetry variable to distinguish phys-
ical and artificial cubes, the 4.4 MeV gammas in the AmBe calibration data have
been used. In the energy spectrum (figure 7.9) obtained during the AmBe calibra-
tion campaign, the Compton edge of the 4.4 MeV gammas can be seen around 300
PA. To select these gammas, only the cube in front of the source has been kept and
an energy cut requires the minimum cube energy to be above 1.5 MeV.
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Figure 7.9: Energy distribution in PA for a cube in front of the AmBe source.

The asymmetry distribution in figure 7.10 is peaked at 0 and shows that most
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of these physical events have an asymmetry below 0.6. It demonstrates that an
asymmetry cut at 0.7 has no impact on physical events and is thus justified to
remove most of the artificial cubes.

0.6 0.7 0.8 0.9 1
asymmetry

Figure 7.10: Energy asymmetry distribution for the cube in front of the AmBe source with a
minimum energy of 1.5 MeV.

As the AmBe calibration source emits neutrons in coincidence with 4.4 MeV
gammas, neutron and EM cubes with an energy above 2 MeV detected within 300
us are paired. The time difference between the delayed and the prompt signal is
shown in figure 7.11. The accidental contribution, in green, is measured by searching
neutron events in the 100 us before the EM signals. The distribution is fitted with
two decreasing exponentials plus a constant (equation 7.3):

At At
f(At) = ¢; x exp(—T—) + co X e:vp(—T—) + Cace (7.3)
1 2

The constant term c,.. 1s fixed with the fit of the accidental distribution. The
time constants extracted from the fit are 73 = 11.1 £ 2.9 us and » = 66.7 £ 1.0
us. It is consistent with the expected values from AmBe calibration simulations
presented in figure 7.12: 74 = 12.9 £ 0.7 us and 7, = 67.96 £ 0.15 us. This
demonstrates the good reconstruction of EM and neutron cubes.

7.5 1IBD cuts study with simulation data

To start a first analysis of SoLid data and look for IBD signals, some preliminary

studies have been performed on simulation data. A set of preliminary cuts has been
defined.

The Solid phase I detector has been simulated using the GEANT4 software.

IBDs were generated uniformly in the whole detector. A preliminary readout simu-
lation has also been used to get simulation data as similar as possible to the detector
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Figure 7.11: Distribution of the time difference between the neutron and the prompt for AmBe
calibration data. The green filled histogram shows the accidental distribution obtained by selecting
neutrons before the prompts. For convenience, the accidentals negative time window is plotted in
the positive time window. The blue points show the correlated events. The distribution is fitted
with two decreasing exponentials (with time constants 71 and 72) plus a constant (obtained from
the fit of the accidentals Cge.).
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data. The readout simulation converts the energy depositions from the GEANT4
simulation to waveform signals taking into account various effects like scintillation
time characteristics, losses due to the fiber attenuation, the SiPM quantum effi-
ciency, the probability for a photon to miss the SiPM surface... The number of
photo-avalanches is also increased with the cross-talk, after-pulses and dark counts.
The SiPM pulse shapes are tuned to match the amplitude and integral spectra.
Only the simulated signals that pass the trigger conditions are kept.

EM cubes that passed the reconstruction cuts have been paired with the recon-
structed neutron cube of the same IBD generated event. Figure 7.13 shows that the
distribution of the delayed time between prompt and neutron can be fitted with 2
decreasing exponentials with time constants 7, = 13.3+2.3 us and 7 = 63.7£0.5 us.
This is quite consistent with the neutron thermalisation and capture times found
with AmBe data. Removing events with a time difference above 100 us should keep
80 % of the IBD events.
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Figure 7.13: Time difference between a reconstructed neutron cube and a reconstructed EM cube
for IBD simulations. The distribution is fitted with two decreasing exponential with time constants
71 and To.

The distance between the prompt and the neutron is also shown on figure 7.14
and figure 7.15. It demonstrates that the fine segmentation of the SoLid detector is
useful to set strict cuts on these variables as the IBD signals are very localised. An
asymmetry can be seen on the AZ and AX distributions. It is due to the position
of the two Li sheets in the cube. By requiring AX = AY = [-2,2] cubes, AZ = [-2,3]
cubes and AR = [0,3] cubes, with AR the distance reconstructed in 3 dimensions,
96% of the IBD events are kept. The asymmetry in Z is justified by the boost of
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the neutron due to the reactor antineutrino flux direction.
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Figure 7.14: Distance between a reconstructed neutron cube and a reconstructed EM cube ex-
pressed in cube units for IBD simulation data. The red line represent the IBD cut.

The energy distribution of the simulated prompt signal is shown in figure 7.16.
A maximum energy cut has also been studied. Keeping only prompts with an en-
ergy below 3000 adc which corresponds to 6.5 MeV keeps 99.6% of the simulated
IBD events. These first cuts may not be optimized but are used as a starting point
for a preliminary analysis. They keep 76% of simulated IBD events.

7.6 BiPo background study

7.6.1 BiPo search

BiPo is a background from 2*¥U natural radioactivity described in chapter 5 that
contaminated SLiF:ZnS sheets in SM1. While the electrons and gammas emitted
by the 2'Bi decay to 2'*Po have an energy up to the end-point Q5 = 3.27 MeV and
can thus mimic a prompt interaction in the PVT, the o emitted in the ?'*Po decay
to 21°Pb can mimic a neutron signal in the Li sheet.

A search for BiPo contamination has been done in the December commission-
ing data. In addition to the reconstruction cuts, several dedicated cuts have been
used to look for BiPo events. Pairs of EM and neutron cubes have been done by
requiring, like in SM1 analysis, the prompt and the neutron signals to be in the
same cube. The prompt energy had to be above 1 MeV and below 3 MeV to get a
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delta z

Figure 7.15: Distance in X, Y and Z between a reconstructed neutron cube and a reconstructed
EM cube expressed in cube units for IBD simulation data. The asymmetry in X and Z is due
to the Li sheets positions and the direction of the reactor antineutrino flux for Z. The red lines
represent, the IBD cuts.
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Figure 7.16: Prompt energy distribution in adc from IBD simulations.

clear BiPo signal. Neutron signals were searched in a time window of [-100, 300] us

around the prompt as the 2!4Po half-life is Til/zp" = 163.6 = 6 pus.

Figure 7.17 shows the distribution of the time difference between the prompt
and the delayed signal for the BiPo selection data. These distributions have been
fitted with equation 7.4 in order to check if the BiPo half-life could be measured.
This would be indeed an indication for BiPo contamination in the Li sheets of the
SoLid detector.

At At
f(AL) =1 x eacp(—T—) + o X exp(—T—) + Cace (7.4)
n 2

The first exponential in equation 7.4 fits the contribution of fast neutron events
with the neutron thermalisation and capture time 7,, measured previously as 7» in
equation 7.3. The first exponential of equation 7.3 was neglected as 7; is small com-
pared to the fit range values between 20 and 300 ps. The constant c,.. corresponds
to the accidental distribution. It is fitted for negative At,_, above 100 pus. The fit
parameters are thus ¢, co and 75. Both values of 7 are consistent for data reactor
On and Off. The measured value of 75 is 75 — 250 4 20 us which gives a 2“Po
half-life Til/zpo = Ty X In2 = 173414 ps. This is consistent with the expected value.

This good measurement of the 2'*Po half-life shows that there is BiPo contami-
nation in the Li sheets so work will have to be done to discriminate these events from
the IBD signals. It also demonstrated that the object reconstruction, particularly
the position and time of EM and neutron cubes, is working well.

183



Atneutron-prompt Atneutron-prompt

35

[ on e, = 1.69e404 evtsiday

correlated fit T, =248 + 19.1ps

- on time, N = 1.66e+04 evts/day

correlated fit T, =251+ 21.1ps

— off time, N = 52.6 evts/day —— Off time, N = 59.9 evts/day

w
(=]

accidentals fit R=0.0532 + 0.0147 evts/6 ps accidentals fit R=0.0773 + 0.0232 evts/6 ps

N
a1

=
=
o
<
=
%)
@
=
o
>
[
—
5]
st
<
o
IS
S
z

Number of events / hour

50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
At,, [mus] At , [mus]

Figure 7.17: Time difference between delayed and prompt signals for the BiPo event selection.
On the right the search is done with reactor On data and on the left with reactor Off data. The
distributions are fitted with equation 7.4 in order to measure the 2'*Po half-life. The accidentals
are fitted in the range At,,_, < 100us with a constant. They are selected using a negative time
window.
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7.6.2 BiPo removal

BiPo events have been simulated in the Li sheets. It has been shown that most of
BiPo interactions remain in the same cube as most of the time, the electron emitted
in the 2“Bi decay deposits the largest part of its energy in the PVT cube close to
the Li sheet where the disintegration takes place. By removing events with prompt
and neutron interacting in the same cube (i.e. AR = 0), the BiPo contribution can
be reduced by 73% while IBD events are only reduced by 15%.

To remove the BiPo background even more, a minimum energy cut can be set.
The maximum prompt energy deposit by BiPo events is 3.27 MeV. However, remov-
ing IBD-like events below this energy would reduce the signal too much. According
to a preliminary analysis of simulations, cutting events with a prompt energy below
2.8 MeV is a good compromise to remove most of the BiPo events as it decreases
the number of BiPo events by 91% while the number of IBD events is reduced by
27 % compared to a minimal energy cut at 2 MeV.

Li sheets scintillation light is currently under study to remove the BiPo back-
ground using pulse-shape discrimination. Indeed, for BiPo the a energy is greater
than for IBD neutron capture on °Li.

7.7 Study of background from after-muon events

To avoid selecting muon induced background, a veto on IBD-like events after re-
constructed muons has been studied and optimised.

Using the reactor Off data, IBD-like events were formed with previous IBD cuts:
AR,_, = |0; 3| cubes, AX,_, = AY,_, = [-2; 2| cubes, AZ,_, = |-2; 3| cubes,
At,_, = [0; 100] ps. Different time windows between muons and neutrons have
been tested to reject IBD-like events after muons. A negative time window between
neutron and muons has been used to subtract the accidentals. Figure 7.18 shows
the fractional excess of IBD-like events for different muon veto times in blue. A
good compromise between muon-induced background rejection efficiency and dead
time has been found using a muon veto time of 200 us. The same veto time has
been used between two neutron cubes to remove neutrons induced by cosmic rays.

7.8 Search for IBD events

IBD-like events have been searched for reactor On and OFF data. 18 days of reactor
On and 7 days of reactor Off data have been used. The following cuts, discussed
previously, have been set:

e A, < 0.7 (prompt asymmetry cut)
e Only one prompt with energy above 1 MeV per event
e £, —[2.8, 6.5] MeV
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Figure 7.18: Fraction of after-muon IBD-like events remaining when using different muon veto
times (in blue) and fraction of dead-time induced by these muon veto time (in orange). It has
been chosen to use a muon veto time of 200 us to remove muon induced background by 95.34%
and limit the dead time to 5.82%.

186



AR,,_, = |0, 3| cubes

AX,—p, Yoop = [-2, 2| cubes
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Aty > 200 ps
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Figure 7.19, top, shows the number of events per day selected with these cuts
after subtracting the accidentals. The accidental distribution, shown on the bot-
tom plot, is obtained using a negative time window of 100 us. An excess of around
172 IBD-like events per day on average appears between reactor On (in blue) and
reactor Off (in pink) data. For reactor On data, 35578 IBD-like events were found
between the 5th and the 21st of May while for reactor Off data, 13442 IBD-like
events were found between the 23rd and the 29th of May.

The distributions of the time difference and distance between neutrons and
prompts for reactor On (in red) and reactor Off (in blue) are shown in figure 7.20
along with the prompt energy distribution. The excess seems consistent with IBD
simulation distributions but it is not statistically significant enough to perform a
precise comparison.

To compute accurately the IBD excess, the spectra for reactor On and OFF
have to be carefully normalised. One parameter to take into account is the pres-
sure. The pressure variations are plotted at the middle of figure 7.19. It has been
shown in section 7.3.3 that the muon rate, and thus muon induced backgrounds,
vary with pressure. However, it has also been shown that BiPo is a background
from natural radioactivity present in the Solid detector and it can not be scaled
according to pressure variations. Some work is ongoing to understand accurately
the contributions of the different backgrounds and how to rescale rigorously the
reactor On and reactor Off histograms in order to show an IBD excess.

7.9 Conclusion

The commissioning data from December 2017 have been useful to work on the EM,
neutron and muon cube reconstruction. The AmBe calibration data demonstrated
that the EM and neutron cube reconstruction works well. As the 2'4Po half-life can
be fitted well in the data, it proves again that the objects are well reconstructed
but it also indicates that the Li sheets are contaminated with BiPo events.

A preliminary analysis of SoLid data acquired in May 2018 has been done. The
cuts set in this analysis are strict in order to understand the events selected. An
excess of 172 IBD-like events per day has been seen when comparing reactor On and
reactor Off data. However more statistics is required, the backgrounds have to be
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Figure 7.19: Top: IBD-like event rate per day. The accidentals (obtained with negative time-
window) are subtracted from the correlated (obtained with positive time-window). Reactor On
data are shown in blue, reactor Off data are shown in pink. Middle: average pressure per day.
Bottom: accidental rate per day.
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reduced and work has to be done on the renormalisation of reactor On and Off data.

More sophisticated object reconstructions are being studied to discriminate bet-
ter IBD and background events. Instead of reconstructing all possible cubes, in-
cluding artificial cubes for which strict cuts are required to remove them, the use of
clusters of fibers is under investigation. Some work is being done also to reconstruct
the 2 annihilation gammas to better tag the IBD events. As explained previously, a
pulse shape discrimination of the Li sheet scintillation signals is also being studied
to remove BiPo events.
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Conclusion

Neutrino physics is a fascinating field full of mysteries that challenges our knowledge
of particle physics. Detecting and understanding neutrinos interactions can teach
us a lot about the Universe. Many exciting new results should be produced in the
coming years in the search of neutrinoless double beta decay or sterile neutrinos.
To get these results, huge efforts are provided by physicists to build great neutrino
detectors with the state-of-the-art technologies.

During this thesis, I got the opportunity to take part to the construction of two
fascinating neutrino experiments: SuperNEMO and SoLid. Their technologies and
their environments are very different so it was really interesting to understand how
such big detectors of the infinitely small are built.

The SuperNEMO demonstrator, with its tracking and calorimetry technology,

should determine the feasibility of such an experiment with more than 100 kg of 82Se
to search for neutrinoless doube beta decay. A huge work has been done to select
only radiopure materials and to shield the detector against radioactivity. The re-
maining external background from the PMT radioactivity has been studied. I have
shown that if the internal and radon backgrounds are reduced as expected, this
external background could be one of the main contributions to measure the 2v50
half-life of 82Se. Fortunately, the SuperNEMO technology allows tagging events
in different channels and the crossing electrons or the ~e-ext channels should help
to measure these backgrounds with a statistical uncertainty of 0.1%. In order to
predict the efficiency of copper foils to provide an independent measurement of the
external background, I have also done simulations of copper instead of ¥2Se foils in
the detector. With this study, it was decided to install two strips of copper which
should provide a measurement of the external background with a statistical uncer-
tainty of around 10%.
The ®2Se source foils should be installed in the demonstrator in September 2018,
just before its closing. First commissioning data should thus be taken at the end of
this year without the shielding. The demonstrator sensitivity on the Ov54 half-life
should be Tlo/”2 > 6.5 x 10** taking into account an exposure of 17.5 kg.year.

The SoLid experiment searches for sterile neutrinos with a very segmented de-
tector installed at a few meters from the BR2 reactor core in Belgium. The first
prototype, SM1, demonstrated that this technology is useful to discriminate cosmic
backgrounds or BiPo events from IBD signals.

In order to get a better energy resolution for the phase I detector, we have built a
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test bench at LAL to try several improvements like changing the materials or the
configuration of the detector. Following the test bench studies, it has been decided
to use thicker Tyvek wrapping, aluminised Mylar mirror at one end of each fiber,
double-clad fibers and 4 fibers per cube instead of 2. These improvements were
expected to increase the light yield by a factor 2.8 and thus reach the target energy
resolution of 14% at 1 MeV.

The Soliid detector has been built in 2017. Tt was installed at BR2 in November
2017 and started taking commissioning data the following months. A first calibra-
tion has shown that the light yield has been increased by approximately a factor 3
reaching thus a value of 77 PA/MeV /cube without cross-talk subtraction. I have
studied the event reconstruction using December commissioning data. To remove
artificial cubes created by ambiguities when assembling fibers to reconstruct the
signals, an asymmetry variable was used. A study of AmBe calibration data and a
search for 2'*Bi decays from the 23U chain have demonstrated that the electromag-
netic and neutron cubes are well reconstructed. However, it has also shown that the
SLi:ZnS sheets are contaminated with 2**U. A preliminary search for IBD-like events
has been done on data from May using strict cuts to understand the reconstructed
signals. It presents as excess of IBD-like events for reactor On data. However, due
to important cosmic and BiPo backgrounds and the lack of statistics, the excess
distributions could not be properly normalised and compared to simulation data.
The SoLid detector is now taking data for the next 3 years. Analysis tools are being
developed to remove backgrounds. A pulse shape discrimination of ZnS scintillation
signals is under study and should help to remove BiPo events. Work is also ongoing
to detect the 2 annihilation gammas from the positrons of the IBD signals.

The hunt for sterile neutrinos has started and SoLid, as well as other reactor ex-
periments, should provide soon very exciting results.
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Résumé

Les neutrinos sont les particules fondamentales de matiére les plus abondantes dans
I'univers. Leur existence a été prédite en 1930 par Pauli pour expliquer la con-
tinuité du spectre béta. Ils ont été détectés pour la premiére fois en 1956 par
Reines et Cowan en utilisant le processus de désintégration béta inverse. Depuis
lors, plusieurs expériences ont tenté de percer leurs mystéres. On sait aujourd hui
qu’ils n’interagissent que par interaction faible, ils sont donc difficiles a détecter, et
qu’ils peuvent osciller entre trois saveurs leptoniques. Cependant, de nombreuses
questions perdurent sur leur masse, leur nature ou encore ’existence de neutrinos
stériles. Cette thése appréhende ces deux derniéres questions a l'aide de deux ex-
périences différentes : SuperNEMO et SoLid.

Le but de l'expérience SuperNEMO est de rechercher la nature du neutrino,
c’est-a-dire s'il pourrait étre sa propre anti-particule (particule de Majorana) ou
non (particule de Dirac). Pour cela, on cherche a détecter des doubles désinté-
grations béta sans émission de neutrinos (Ovf3f3) car ce processus n’est possible
que si les neutrinos sont des particules de Majorana. Pour rechercher ce type de
désintégration, on mesure ’énergie des 2 électrons émis lors des désintégrations
double béta. L’observation d'un pic a I’énergie de transition signerait ’observation
de OvB3p5. Ces expériences doivent avoir une exposition (masse d’isotope X temps)
importante, une résolution en énergie optimale et le moins de bruits de fond pos-
sible. La diminution des bruits de fond se fait en sélectionnant pour le détecteur
des matériaux trés peu radioactifs, en le protégeant avec un blindage important
et en l'installant en laboratoire souterrain pour le protéger des rayons cosmiques.
Le choix de l'isotope double béta se fait en fonction de la technologie de détecteur
et en cherchant a avoir I’énergie de transition et le temps de demi-vie de la 2v50
ainsi que le facteur de phase et les éléments de matrice nucléaire pour la OvspS
maximaux. Plusieurs expériences recherchent actuellement la Ov 35 avec des tech-
niques trés différentes: GERDA avec des diodes semi-conducteurs, CUORE avec
des bolométres, KamLAND-ZEN avec du scintillateur liquide, EXO-200 avec une
TPC ou encore les expériences NEMO avec une technologie associant traqueur et
calorimétre. Cette derniére technique est la seule qui permet de détecter les traces
individuelles de chacun des deux électrons et de mesurer leur énergie.

Des feuilles sources de I’émetteur double béta 82Se seront installées au centre du
démonstrateur SuperNEMO qui est actuellement en construction au Laboratoire
Souterrain de Modane. Ce détecteur est composé d'une chambre a fils de 2034
cellules pour détecter les traces des deux électrons émis lors des désintégrations
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et d’un calorimétre pour mesurer leurs énergies (figure 7.21). Le calorimétre est
composé de 712 modules optiques associant un photomultiplicateur (PMT) & un
scintillateur plastique en polystyréne. Un champs magnétique de 25 G servira a
courber les traces des particules dans la chambre & fil pour mesurer leur charge. Le
démonstrateur SuperNEMO, avec une exposition de 17.5 kg.ans, devrait étre sensi-
ble & 77, > 6.5 x 10" ans. Avec 100 kg de ®*Se, le détecteur complet SuperNEMO
devrait atteindre aprés 5 ans de prise de données une limite de Tl% > 1 x 10%° ans.
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Figure 7.21: Principe de détection de I'expérience SuperNEMO avec le traqueur et le calorimétre.
Deux électrons sont émis par la feuille source (en violet). Leurs traces (en rouge) sont détectées
dans la chambre a fils avant qu’ils déposent leur énergie dans les blocs de calorimétre (cubes
rouges).

Dans cette thése, des simulations des différents bruits de fonds ont été faites pour
comprendre leur impact sur la mesure de I'énergie des électrons issus de la double
désintégration béta du 82Se. Les isotopes les plus problématiques sont notamment le
214Bj et le 208T1 qui font partie des chaines de désintégration de 1'’***U et du 232Th a
cause de leur grande énergie de transition. Des bruits de fond internes provenant de
la source 53, du radon et des bruits de fond externes provenant du verre des PMTs,
ont été simulés. L’analyse de cette thése porte sur le bruit de fond externe qui
peut contaminer la mesure de la 2055 qui elle méme impacte la mesure de la Ov55.
En utilisant des coupures basées sur le temps de vol des particules, on peut tester
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I’hypothése que les particules viennent de la source ou des parties plus périphériques
du détecteur. En utilisant les méme coupures que pour 'expérience NEMO-3, on
peut rejeter 97.6% du bruit de fond externe en gardant 87.2% des événements de
2v33. Le bruit de fond issu de la contamination des verres de PMTs représentera
ainsi 3.4% des événements de 2v3/ ce qui permettra une mesure précise de cette
derniére (figure 7.22).
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Figure 7.22: Distributions empilées de la somme des dépots d’énergie des deux électrons dans les
blocs des calorimeétres dans le canal 2 électrons internes pour différentes sources de bruits de fond
ou de signal 2033 du 32Se aprés les coupures de probabilités interne et externe.

Il est montré que la radioactivité du verre des PM'TS pourra étre mesurée apreés
2.5 ans dans le canal d’analyse électron traversant avec une incertitude statistique
de 0.08% (figure 7.23) et dans le canal vy-électron externe avec une précision statis-
tique de 0.13%. Des feuilles de cuivre ont aussi été simulées a la place des sources

N

de 82Se pour montrer qu’elles peuvent aider & contrdler le bruit de fond externe
efficacement. Suite & ces travaux, il a été décidé d’installer des feuilles de cuivre
de expérience NEMO-3 parmi les sources de 32Se. Elles devraient permettre de

controler le bruit de fond externe avec une incertitude statistique de 1'ordre de 10%.

La deuxiéme expérience sur laquelle porte cette thése est ’expérience Solid qui
recherche D'existence de neutrinos stériles. Plusieurs anomalies expérimentales ont
été observées: des excés de v, et U, pour les expériences LSND et MiniBOONE qui
détectaient des neutrinos issus d’accélérateurs, les expériences au gallium SAGE et
GALLEX qui ont observé un déficit de v, lors de leur calibration et des déficits de
v, d’expériences qui détectaient des neutrinos issus de réacteurs. Elles pourraient
étre expliquées par des oscillations d’antineutrinos de réacteurs vers des neutrinos
stériles pour un Am? de lordre d’1 eV2. Plusieurs expériences tentent d’observer ce
type d’oscillations de 7, de réacteurs a seulement quelques métres du ceeur telle que
STEREO, PROSPECT, DANSS ou Soliid. Ces expériences doivent avoir une bonne
résolution en énergie et une bonne sensibilité sur la position du vertex d’interaction
en utilisant des détecteurs segmentés par exemple. Elles doivent également rejeter
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Figure 7.23: Distributions de la somme des dépots d’énergie des deux électrons dans les blocs
des calorimétres dans le canal électron traversant. Le bruit de fond externe a une contribution
largement dominante par rapport aux événements provenant de la source de 32Se et du radon.

efficacement le bruit de fond principalement cosmique.

Le détecteur SoLid cherche & mettre en évidence un signal d’oscillation aupreés
du réacteur BR2 en Belgique en mesurant le flux d’antineutrinos en fonction de
leur énergie et de la distance parcourue, grace a une grande segmentation. La
détection des 7, de réacteur se fait par désintégration béta inverse. L’interaction
d’un antineutrino se traduit donc par I’émission en coincidence d’un positron et
d’un neutron. Les positrons sont détectés dans des cubes de plastique scintillant
en PVT de 5 cm de c6té et les neutrons sont détectés de maniére retardée par des
feuilles de °LiF:ZnS posées sur chacun des cubes (figure 7.24). L’analyse de la forme
des pulses permet de distinguer les événements électromagnétiques, des événements
neutroniques grace a l'utilisation de ces deux scintillateurs (figure 7.25).

Un premier prototype, SM1, a montré I'intérét de cette technologie notamment
pour discriminer les bruits de fonds. Les principaux bruits de fonds viennent des
muons et neutrons cosmiques et de contaminations en 2'4Bi. A cause de statistiques
limitées dues a l'interruption du réacteur pendant plus d’un an et d’une faible effi-
cacité de détection des neutrons, SM1 n’a pas permis de rechercher des oscillations
de neutrinos. Pour la construction du détecteur SoLid, afin d’améliorer la détection
des neutrons et la sensibilité du détecteur aux oscillations de neutrinos, un objectif
de diminuer la résolution en énergie de 20% a 14% a 1 MeV a été fixé.

Une partie des travaux de cette thése a consisté a développer et exploiter un
banc de test afin d’optimiser la collection de lumiére du détecteur pour améliorer la
résolution en énergie de Soliid. Ce banc de test consiste en un détecteur type SolLid
avec un seul ou une rangée de cubes (figure 7.26). Un systéme de 2 PMTs permet-
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Figure 7.24: Gauche: Schéma d’une intéraction d’un neutrino dans un cube de SoLid. Droite:
Image des deux scintillateurs sous une lumiére UV: le cube de PVT et les feuilles de SLiF:ZnS(Ag)
avec leur emballage en Tyvek.
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Figure 7.25: Exemple d’un événement de désintégration béta inverse avec les signaux positron et
neutron en coincidence retardée. Une discrimination basée sur la forme des signaux permet de
distinguer les neutrons des positrons.
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tait de déclencher 1’acquisition sur les signaux des électrons d’l MeV d’une source
de 2°7Bi. En testant différents matériaux comme les cubes scintillants, 'emballage
réflecteur, les fibres optiques, les miroirs au bout des fibres et différentes configura-
tions du détecteur en faisant varier le nombre de feuilles de °LiF:ZnS, le nombre de
fibres ou leur position, les mesures sur le banc de test ont montré qu’une résolution
en énergie de 14% pouvait étre atteinte pour le détecteur Solid. Les améliorations
proposées ont été prises en compte dans la construction du détecteur SolLid qui s’est
achevée en 2017.

] WLS fiber BCF-91A Cube wrapping -
e
. e | .
Hamamatsu SiPM
$12572-050P
SoLid cube ,/
BC400 / 110um Hamamatsu PMT
PMMA
‘ ’_-——L-_' R7899-01 1"
I 1

27 Bi: 1 MeV electrons

Figure 7.26: Description schématique du banc de test. La source de calibration, les PMTs et le
cube de scintillateur sont montés sur des rails pour leur permetre de glisser le long de la fibre.

Les premiéres données de Décembre 2017 avec un blindage et un détecteur in-
complets ont été utilisées dans cette thése pour étudier la reconstruction des objets:
neutrons, muons et cubes électromagnétiques. L’analyse de la reconstruction des
cubes a montré que des coupures strictes sur 1’énergie, le nombre de fibres par
cube et 'asymétrie en énergie étaient nécessaires afin d’enlever les cubes artificiels.
L’étude des données de calibration avec une source d’AmBe et les simulations de
désintégration béta inverse dans le détecteur ont validé ces premiéres coupures.
Une contamination en 2'“Bi a également été mise en évidence. L’analyse des don-
nées acquises en Mai avec le réacteur allumé et éteint et des coupures préliminaires
strictes ont montré un excés d’événements corrélés similaires a des désintégrations
béta inverses lorsque le réacteur est allumé (figure 7.27).

De nouveaux algorithmes sont en cours de développement afin d’améliorer la
reconstruction des objets et la réjection du bruit de fond. La figure 7.28 présente la
sensibilité de I'expérience Sol.id aprés 3 ans de prise de données, si le ratio signal
sur bruit de fond de 3 est atteint avec une efficacité de détection des événements
de désintégration béta inverse de 30%.
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Résumé: Les neutrinos sont les particules
fondamentales de matiére les plus abondantes
dans l'univers. Ils ont été détectés pour la pre-
miére fois en 1956. Depuis lors, plusieurs ex-
périences ont tenté de percer leurs mystéres. Ils
n’interagissent que par interaction faible, ils sont
donc difficiles & détecter. On sait aujourd’hui
qu’ils ont une masse trés faible, et qu’ils peuvent
osciller entre trois saveurs leptoniques. Cepen-
dant, de nombreuses questions perdurent sur
leur masse, leur nature ou encore I'existence de
neutrinos stériles. Cette thése appréhende ces
deux derniéres questions a l’aide de deux ex-
périences différentes : SuperNEMO et SoLid.

Le but de l'expérience SuperNEMO est de
rechercher la nature du neutrino, c’est-a-dire s’il
est sa propre anti-particule (particule de Majo-
rana) ou non (particule de Dirac). Pour cela, on
cherche & détecter des doubles désintégrations
béta sans émission de neutrinos car ce proces-
sus n’est possible que si les neutrinos sont des
particules de Majorana. Des feuilles sources
de I'émetteur double béta 32Se seront installées
au centre du démonstrateur SuperNEMO qui
est actuellement en construction au Laboratoire
Souterrain de Modane. Ce détecteur est com-
posé d’une chambre & fils pour détecter les traces
des deux électrons émis lors des désintégrations
et d’un calorimeétre pour mesurer leurs énergies.
La mesure de la double désintégration béta sans
émission de neutrinos est trés compliquée car si
ce processus existe, il est extrémement rare. Par
conséquent, un travail important est fait pour
réduire le bruit de fond des rayons cosmiques ou
de la radioactivité naturelle.

Dans cette thése, des simulations des différents
bruits de fonds ont été faites pour comprendre
leur impact sur la mesure de I’énergie des élec-
trons issus de la double désintégration béta du
82Ge. 11 est montré que la radioactivité du verre
des photomultiplicateurs ne sera pas négligeable
mais qu’elle pourra étre mesurée précisément

Physique du neutrino avec les expériences SoLid et SuperNEMO
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dans certains canaux d’analyse. Des feuilles
de cuivre ont aussi été simulées & la place des
sources de 32Se pour montrer qu’elles peuvent
aider & controler le bruit de fond efficacement.
Suite & ces travaux, il a été décidé d’installer
des feuilles de cuivre parmi les sources de 82Se.

La deuxiéme expérience sur laquelle porte

cette thése est 'expérience SoLid qui cherche
a prouver l’existence de neutrinos stériles.
Plusieurs pour-
raient étre expliquées par des oscillations
d’antineutrinos de réacteurs vers des neutrinos
stériles. Le détecteur Solid cherche & mettre
en évidence un signal d’oscillation auprés du
réacteur BR2 en Belgique en mesurant le flux
d’antineutrinos en fonction de leur énergie et de
la distance parcourue, grace & une grande seg-
mentation. La détection des antineutrinos de
réacteur se fait par désintégration béta inverse.
L’interaction d’un antineutrino se traduit donc
par ’émission en coincidence d’un positron et
d’un neutron. Les positrons sont détectés dans
des cubes de plastique scintillant en PVT et
les neutrons sont détectés par des feuilles de
SLiF:ZnS posées sur chacun des cubes.
Un premier prototype, SM1, a montré I'intérét
de cette technologie notamment pour discrim-
iner les bruits de fonds. Une partie des travaux
de cette theése a consisté & développer et ex-
ploiter un banc de test afin d’optimiser la col-
lection de lumiére du détecteur pour améliorer
la résolution en énergie de SoLid. En testant dif-
férents matériaux et différentes configurations
du détecteur, les mesures sur le banc de test ont
montré qu’une résolution en énergie de 14% pou-
vait étre atteinte pour le détecteur SoLid (contre
20% pour le prototype SM1). Les améliorations
proposées ont été prises en compte dans la con-
struction du détecteur SoLid qui s’est achevée
en 2017. Une analyse des premiéres données
du détecteur est également présentée pour mon-
trer la sensibilité de SoLid a la détection des
antineutrinos de réacteur.

anomalies expérimentales
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Abstract: Neutrinos are the most abundant
fundamental particles of matter in the Universe.
They were detected for the first time in 1956.
Since then, several experiments have tried to un-
veil their mysteries. They only interact weakly
so they are difficult to detect. It is known
that their masses are very low and that they
can oscillate between three leptonic flavours.
However, several questions remain about their
masses, their nature or the existence of sterile
neutrinos. This thesis addresses the last two
questions with two different experiments: Su-
perNEMO and SoLid.

The goal of the SuperNEMO experiment is
to understand the nature of neutrinos, whether
it is its own antiparticle (Majorana particle) or
not (Dirac particle). This is investigated by
searching for neutrinoless double beta decay as
this process is possible only if neutrinos are Ma-
jorana particles. Source foils of the double beta
emitter ®2Se are installed at the center of the Su-
perNEMO demonstrator which is being assem-
bled at the Modane Underground Laboratory.
This detector is composed of a wire chamber to
detect the tracks of the two electrons emitted in
the decays and a calorimeter to measure their
energies. Neutrinoless double beta decay mea-
surement is very difficult because if this process
exists, it is extremely rare. An important work
has thus to be done to decrease backgrounds
from cosmic rays or natural radioactivity.

In this thesis, different backgrounds have been
simulated to understand their impact on the
measurenient of the energy of the two electrons
from %2Se double beta decay. It is shown that
radioactivity from photomultipliers glasses will
not be negligible but it will be possible to mea-
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sure it precisely in dedicated channels. Cop-
per foils have also been simulated in the source
strips to demonstrate that they can help to con-
trol efficiently the backgrounds. Following this
work, it has been decided to install copper foils
in addition to ®?Se foils.

The second experiment investigated in this
thesis is the SoLid experiment which is looking
for the existence of sterile neutrinos. Several
experimental anomalies could be explained by
oscillations of reactor antineutrinos toward ster-
ile neutrinos. The SoLid detector is looking for
an oscillation signal at the Belgian BR2 reactor
by measuring the antineutrino flux as a func-
tion of their energy and their traveling distance
thanks to a fine segmentation. The reactor an-
tineutrinos are detected via inverse beta decay.
The antineutrino interaction signal is thus the
emission in coincidence of a positron and a neu-
tron. Positrons are detected by plastic scintilla-
tor cubes in PVT and neutrons are detected by
SLiF:ZnS sheets placed on 2 faces of each cube.
A first prototype, SM1, has demonstrated the
advantages of this technology, particularly to
discriminate backgrounds. A part of the work of
this thesis consisted in developing and exploiting
a test bench to optimize the light collection of
the detector in order to improve the energy res-
olution of the SoLid detector. By testing differ-
ent materials and configurations, the test bench
measurement demonstrated that an energy res-
olution of 14% can be achieved for SoLid phase
I, while it was 20% for the SM1 prototype. The
improvements proposed have been taken into ac-
count for the Solid detector construction that
was achieved in 2017. An analysis of the first
detector data is also presented to show SoLid
sensitivity to reactor antineutrino detection.
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