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Introduction

"En travaux pratiques de physique, n’importe quel collégien peut faire des
expériences pour vérifier l'exactitude d’une hypothése scientifique. Mais I’homme,
parce qu’il n’a qu’une seule vie, n’a aucune possibilité de vérifier I’hypothése par
lexpérience de sorte qu’il ne saura jamais s’il a eu tort ou raison d’obéir a son
sentiment. "

L’Insoutenable Légéreté de 'étre, Milan Kundera

Since it was first postulated in 1930 and then detected in 1955, the neutrino has
never ceased to amaze physicists with its unexpected behaviour and to drive experimental
progress aimed at exploring its properties. Neutrinos interact through the weak force and
are always created along with a charged lepton (e, u, 7) that determines their flavour.
One of the most fascinating properties of neutrinos is that they can "oscillate" between
flavours, which translates as the fact that there is a non-zero probability that an initially
created v, is detected as a vg during its propagation. The oscillation phenomenon implies
that at least two out of the three neutrinos are massive, representing the first evidence
of physics beyond the Standard Model, in which the neutrinos are considered massless.
Even though plenty of progress has been done in the field of neutrino physics, a series of
questions still needs to be answered: is the neutrino its own antiparticle? What is the
mechanism at the origin of the neutrino mass? What is the neutrino absolute mass scale
and mass hierarchy? Is the CP symmetry violated in the leptonic sector?

Since the beginning, reactor neutrino experiments have played an important role in
the understanding of neutrino properties: from their discovery to the precise study of
their propagation, leading to the discovery of short baseline neutrino oscillations. Nu-
clear reactors are very powerful sources of pure electron antineutrinos, with a quite well
known energy distribution, which allow high statistics measurements. They could help
solve burning questions related to the neutrino propagation at short baselines and its in-
teractions on nuclei, thus being able to search for potential deviations from the Standard
Model.

On the one hand, a recent reevaluation of the reactor antineutrino spectra performed
in 2011 highlighted a ~6% deficit in the measured antineutrino absolute rate with respect
to the prediction, which become known as the Reactor Antineutrino Anomaly (RAA).
One possible solution to the RAA could be provided by the existence of a sterile neutrino
that doesn’t interact with any of the fundamental interactions of the Standard Model.
In this context, the observed deficit would be explained by an oscillation of the reactor
antineutrinos towards this new sterile neutrino.
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On the other hand, neutrinos can scatter off atomic nuclei through the exchange
of neutral Z bosons. For small neutrino energies (<30 MeV), the scattering is coherent
over all the nucleons found in a nucleus and is denoted coherent elastic neutrino nucleus
scattering (CEvNS). The CEvNS cross-section is more than two orders of magnitude
bigger than the IBD cross-section, but its detection is made difficult by the small energy
of the induced nuclear recoils, which represent the only measurable observable. The first
detection of CEvNS was reported by the COHERENT collaboration in September 2017
using accelerator neutrinos with energies up to 50 MeV.

The work performed during this thesis covers both sterile neutrino searches and
CEvNS interactions by contributing to the analysis and interpretation of results for the
STEREQO experiment and to the definition of the NUCLEUS experiment.

The STEREO experiment is aimed at testing the hypothesis that an oscillation to-
wards a sterile neutrino with a mass of ~1 eV/c? could explain the RAA. Tt uses a
segmented detector, placed at ~10 m from the quasi-pure 23°U core of the research re-
actor of ILL in Grenoble, to detect antineutrinos through the inverse beta decay (IBD)
reaction. A prediction-independent relative comparison between the spectra measured
in the different cells is then performed in order to test the appearance of an oscillation
pattern.

The NUCLEUS experiment is aimed at measuring CEvNS induced by reactor an-
tineutrinos, thus probing nuclear-recoil energies down to 10 eV. It will be placed near the
Chooz nuclear power plant in France and will employ cryogenic detectors with an un-
equalled low energy threshold to detect the nuclear recoils induced by the antineutrinos.

After a general introduction to the oscillation mechanism of neutrinos, the CEvNS
interactions and the reactor antineutrino anomalies in chapter 1, the work performed in
this thesis is described in the following chapters.

The STEREO-related work focuses on two aspects of the STEREO analysis : the
fine-tuning of the Monte Carlo simulation of the detector and the extraction of the v,

signal using a modelization of the reactor-off and reactor-on Pulse Shape Discrimination
(PSD) distributions.

The simulation fine-tuning, along with the energy scale stability and systematics are
presented in chapter 3, after a description of the STEREO experiment in chapter 2.

The work on the 7, signal extraction, along with the IBD selection cuts and the
background characterization for STEREO are presented in chapter 4.

The results of the STEREO experiment, along with an improvement of the prediction
developed in this work to test the origin of the anomalies are presented in chapter 5.

The NUCLEUS-related work is centered on the construction of a muon veto with a
simulation-based study aimed at estimating its efficiency and finding its optimal configu-
ration, presented in chapter 7. The NUCLEUS experiment, along with the description of
the muon veto prototype tested in this work are presented in chapter 6.



Chapter 1

Scientific context

" Neutrinos, they are very small. They have no charge and have no mass And do
not interact at all. The earth is just a silly ball To them, through which they
simply pass, Like dustmaids down a drafty hall Or photons through a sheet of
glass. They snub the most exquisite gas, Ignore the most substantial wall,
Cold-shoulder steel and sounding brass, Insult the stallion in his stall, And,
scorning barriers of class, Infiltrate you and me! Like tall And painless
guillotines, they fall Down through our heads into the grass. At might, they enter
at Nepal And pierce the lover and his lass From underneath the bed - you call It
wonderful; I call it crass.”

Cosmic gall, John Updike
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1.1 Historical context and experimental status 4

1.1 Historical context and experimental status

1.1.1 Beta decay spectrum

In 1914 James Chadwick observed experimentally, using a Geiger counter, that the S
spectrum of a decay of a radioactive element is continuous [I]. At the time it was known
that the v and a spectra were discrete and it was thought that the S spectrum should
be discrete as well, as expected in the case of a two body decay. Thus, the continuous
aspect of the § spectrum raised an important question: is energy conservation violated at
the atomic level?E] In 1930, Wolfgang Pauli postulated in an open letter that there must
be another electrically neutral, spin 1/2, low mass fermion, that must be emitted along
with the electron during a [ decay, and proposed that it is named neutron, in analogy to
the proton [4]. However, the name was changed soon after Chadwick’s discovery in 1932
[5] of a new electrically neutral, strong interacting particle, with the mass similar to the
proton’s mass, for which the name neutron was more suitable. The name neutrino was
proposed by Enrico Fermi and it meant "little neutral one", as he supposed that it has
a very small mass. It was Fermi who, in 1932, developed the first theory that describes
the 8 decay using a pointlike interaction between a neutron, a proton, an electron and an
antineutrino: n — p+e~ + 7, [6].

1.1.2 First neutrino detection

Pauli did not think that the neutrino could be observed experimentally because of its
low interaction probability: "I have done a terrible thing. I have postulated a particle
that cannot be detected". Nonetheless, in the beginning of the 1950’s F. Reines and C.L.
Cowan Jr did an experiment at the Savannah River nuclear reactor in South Carolina
during which they observed interactions between antineutrinos produced in the reactor
and protons from the liquid scintillator detector [7]. The reaction in question is called
inverse beta decay (IBD) and gives rise to a positron and a neutron: 7, + p — et + n.
The positron loses its energy through electromagnetic interactions and then annihilates
with an electron to create two gamma rays of 511 keV. Then, after a few microseconds,
a new gamma ray is emitted following the deexcitation of a nucleus that captured the
neutron. This "delayed coincidence" of two signals separated by a time lapse helped
reducing the background signal and thus allowed the experiment to be done near a reac-
to] With a signal over background ratio of 3 to 1, the experiment measured a rate of
2.88 + 0.22 antineutrinos per hour [§] and thus confirmed experimentally the existence

In 1924, Niels Bohr published a phenomenological interpretation of 8 radioactivity in which he
proposed that the energy is only statistically conserved [2]. Even though this theory was invalidated
quickly, the idea of a local violation of the energy conservation principle remained as a possible explanation
for about 10 years [3].

?Tnitially, the experiment was designed to take place near the explosion of an atomic bomb, which
presented a real technical challenge. Fortunately, the measurement of the "delayed coincidence" of the
two signals produced by an inverse beta decay made possible the use of the less intense neutrino flux
from a reactor.
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of (anti)neutrinos. Moreover, the experiment provided the most precise estimation of the
IBD cross section at that time: o;5p = 6.3 x 107* c¢m?. The IBD reaction is the most
used interaction channel for the detection of reactor antineutrinos and will also be the

one used by STEREO.

1.2 Neutrino anomalies and neutrino oscillations

Today, we know that there are 3 active species of neutrinos, corresponding to the 3
Standard Model charged leptons, the electron, the muon and the tau, denoted by v., v,
and v,. The v, was postulated by Bruno Pontecorvo and detected in 1962 at Brookhaven
[9], while the v, was detected more recently, in 2000, at the DONUT experiment from
Fermilab [I0]. Moreover, we know that the neutrinos created along with a charged lepton
during a charged-current process are not eigenstates of the time evolution Hamiltonian,
but linear combinations of mass eigenstates. This explains the phenomenon of neutrino
oscillations, which makes possible, for example, to detect an initially created electron
neutrino as a muon neutrino. This phenomenon, confirmed experimentally by the Super-
Kamiokande experiment in 1998, provides a solution to the Solar Neutrino Problem, i.e.
the fact that the solar neutrino experiments detected less electron neutrinos than the
number predicted by the Standard Solar Model [11]. The experimental "anomalies" that
led to the discovery of the neutrino oscillations will be presented in the first part of this
section, while the formalism used to describe the oscillations will be introduced in the
second part.

1.2.1 Solar neutrinos and flux anomalies

Solar neutrinos

The total flux of solar electron neutrinos is of ~ 2 x 1038 v, s~ and is due to the nuclear
fusion that takes place in the Sun. The proton-proton (pp) cycle showed in figure
produces around 99% of the energy of the Sun and is also the most important source of
solar electron neutrinos v,. The other source of electron neutrinos in the Sun is the CNO
(carbon-nitrogen-oxygen) cycle, which produces around 1% of the energy of the Sun.

The neutrino generating reactions that take place in the Sun can be summarized by
the following reaction, which describes the combination of 4 protons and 2 electrons to
produce a Helium-4 nucleus and 2 electron neutrinos: 4p + 2e~ — “*He + 2v,. The total
energy released by such a reaction is equal to @ = 4m, + 2m. — mpy. = 26.73 MeV and
represents the kinetic energy of the final state particles. A part of the energy is taken by
the neutrinos that escape from the Sun, while the remaining part represents the thermal
energy of the Sun. Using the solar luminosity L, the flux of solar neutrinos that reach the
Earth can be expressed as:
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p*+p =H+ e+ 1, '799’77% B2 pT+e +p*=2H+ v,

107%9%

w{ ?H + p* = 3He + ¢ H3He + p*—*He + e* + v,

l 15,08 %

{ ®He + *He — "Be + y '70,1%

| 99,9 %

"Be + e = Li+ 1, ] [ Be + p* =B +y }
3He + 2He — “He + 2p* [ "Li + p* — *He + *He | 8B — 8Be* + e* + 1,
8Be* — “He + “He

Figure 1.1 — The pp chain with the theoretical branching percentages which define the
relative rates of the competing reactions.

1 2L
L EQ (B

(1.2.1)

with the luminosity L = 3.842 x 10% J /s, the distance between the Sun and the Earth
d ~ 1.495 x 10'3 cm and the average energy of a neutrino in a fusion cycle (E,) ~ 0.3
MeV. The flux of neutrinos that reach the Earthﬁ is @, ~ 6 x 101 cm™2s71.

Homestake

The experiment took place in the Homestake Mine in South Dakota, USA, and its de-
tection system was based on the inverse S-decay reaction v, + 32Cl — 35 Ar 4+ e~. This
reaction has a threshold energy of 0.814 MeV and thus the experiment is essentially sen-
sitive to the neutrinos created in the decay of ®B inside the Sun, as seen in figure ,
which shows the Standard Solar Model predictions for the neutrino fluxes.

The final average value of the solar neutrino rate obtained by Homestake was pub-
lished in 1998 [13], after more than 25 years of activity, and was of 2.56+0.25 SNUEL while
the Standard solar models of the time predicted that Homestake should have seen about
8.1+1.2 SNU. The neutrino rate measured by the Homestake experiment was three times
smaller than the prediction of the Standard Solar Model of the time and this difference

3The main contribution for this calculation comes from the pp and pep reactions, but it’s a good
approximation for the total neutrino flux because the other reactions that create neutrinos in the Sun
give rise to a much smaller flux.

41 SNU = 10736 neutrino interactions per target atom per second.
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Figure 1.2 — The Standard Solar Model predictions for the neutrino fluxes. In the upper
part of the figure we can see the thresholds for some solar experiments. Source: [12].

became known as the Solar Neutrino ProblemPl

Kamiokande

The Kamioka Nucleon Decay Experiment (Kamiokande) was built initially to search for
nucleon decay but was also capable to measure the solar neutrino flux from ®B through
the elastic scattering reactionﬁ vy, +e — v, + e inside a water Cerenkov detector. It
was the first detector able to observe in real time the flux of ®B solar neutrinos and to
give information about the arrival time, the direction, and the energy spectrum of the
incoming neutrinos.

The measured value of the ® B neutrino flux was found to be around 46% of the value
predicted by the Standard Solar Model [16]. Moreover, Super Kamiokande [17], the next-
generation detector that followed Kamiokande, was also able to reconstruct the incoming
direction of the neutrinos and prove that there is a peak in the Sun’s direction, which
showed that the neutrinos that were measured came indeed from the Sun.

5The Nobel Prize in Physics 2002 was divided, one half jointly to Raymond Davis Jr.(Homestake)
and Masatoshi Koshiba (Kamiokande-II) "for pioneering contributions to astrophysics, in particular for
the detection of cosmic neutrinos” (see [14],[15]) and the other half to Riccardo Giacconi "for pioneering
contributions to astrophysics, which have led to the discovery of cosmic X-ray sources”.

6The x stands for e, it and 7 because the reaction is possible for all the three neutrino flavours through
neutral current processes. However, the cross section for v, is 6 times bigger than the cross section for
v, and v, because of the additional contribution from charged current processes.
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Figure 1.3 — Results of the solar neutrino experiments that preceded SNO: Chlorine on
the left, water in the middle and Gallium on the right. The blue bar represents the ex-
perimental results in SNU, while the middle bar represents the prediction of the Standard
Solar Model. We see that all experiments reported a smaller flux than predicted by the
Standard Solar Model.

SAGE and GALLEX

We have seen that Homestake and Kamiokande experiments were essentially sensitive to
the ® B neutrinos (with a small contribution from the hep neutrinos, see Figure . SAGE
[18] and GALLEX [19] were two experiments that used Gallium as a target and were able
to observe a part of the low-energy pp neutrinos, since the reaction v+ "'Ga — " Ge+e~
has an energy threshold of 0.233 MeV.

SAGE observed a flux of (754+6) SNU, while the Standard Solar Model predicted
value was of (12949) SNU. GALLEX observed a flux of (74+7) SNU. This time, the
observations were lower than the prediction by about 40%. The importance of these two
experiments lies in the fact that they confirmed the energy dependence of the deficit of
solar neutrinos observed on Earth. Thus, the Solar Neutrino Problem can be fully defined
as the energy dependent deficit of solar neutrinos observed on Earth with respect to the
Standard Solar Model predictions.

All the experiments presented until now showed a clear deficit of solar neutrinos,
as summarized in figure [I.3] Moreover, it has been observed that the lower the energy
threshold, the smaller the difference with respect to the Standard Solar Model. This
problem could have had two possible origins: either the Standard Solar Model was not
accurate or there was something happening with the neutrinos on their way to the Earth.
It turned out that the second alternative was the right one, i.e. neutrinos can "change"
flavours during their propagation between their source, the Sun, and the detection point
on Earth. This was confirmed exactly by the Super Kamiokande experiment, which gave
solid evidence for the oscillation of atmospheric neutrinos [20] and by the SNO (Sudbury
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Figure 1.4 — Ratio between observed and predicted fluxes of electron and muon neutrinos
(without taking into account oscillations) as a function of the L/FE, ratio. The dotted
lines show the ratio including a v, <+ v, oscillation. Source: [20].

Neutrino Observatory) experiment, which was able to probe the solar neutrino flux in a
way that is independent from the flavour of the incoming neutrino, i.e. it was also able
to measure the fluxes of v, and y{].

Super Kamiokande

Super Kamiokande used a Cerenkov detector filled with 55000 tons of water to detect at-
mospheric neutrinosﬂ It was capable to differentiate between electron and muon neutrinos
through the interaction

Vo+ N —a+X (1.2.2)

by detecting the outgoing lepton oo = e,  via the form of the Cerenkov ring it created.
Furthermore, the inclination of the Cerenkov ring also gave access to the direction of the
incoming neutrino, thus allowing to deduce the propagation distance between its creation
point in the atmosphere and the detector. To get rid of the theoretical and experimental
uncertainties, the ratio

"The Nobel prize in Physics for 2015 was awarded to Takaaki Kajita (Super-Kamiokande Collab-
oration) from University of Tokyo, Kashiwa, Japan and to Arthur B. McDonald (Sudbury Neutrino
Observatory Collaboration) from Queen’s University, Kingston, Canada "for the discovery of neutrino
oscillations, which shows that neutrinos have mass”.

8The creation of atmospheric electron and muon neutrinos is essentially dominated by the reactions
at — ot 4 v, and ut — et +U, + V.
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N, /N,
Ry = ((N://# (1.2.3)

pred

was computed and it turned out to be inferior to 1, which meant that there was a
deficit of muon neutrinos with respect to the prediction. Figure|l.4{shows the data/predicted
flux of electron and muon neutrinos as a function of the L/E, ratio, where L is the prop-
agation distance of the neutrino and FE, is its energy. While the v, flux respects the
prediction, the v, flux decreases with L/FE,, which represents the first "real" observation
of neutrino oscillations. In section [I.2.2] where the neutrino oscillation formalism will be
presented, we will see how oscillation probability depends on the L/FE, ratio.

SNO

All the solar experiments presented in the previous sections used charged current inter-
actions of the form v, + X — e~ + Y to detect solar neutrinos. However, the energies of
the solar neutrinos have a maximum value of about 20 MeV, while the muon mass, for
example, is of 105 MeV. Hence, the charged current (CC) interactions can only be used
to observe electron neutrinos because the muon and tau neutrinos do not have a sufficient
energy to interact via CC and create the charged leptons p and 7.

The SNO detector [2], based in Canada, finally provided a way to detect all flavours
of neutrinos. It used a tank of heavy water (1000 tons) as its target and was viewed by 9600
photo-multiplier tubes. Heavy water, D>O, contains deuterium, which is a very fragile
nucleus with a binding energy of just 2.2 MeV. This allows any of the three neutrino
flavours to break apart the deuteron in a neutral current (NC) interaction. The three
different channels that SNO used to detect neutrinos are the following:

1. The elastic scattering v + e~ — v 4 e~, in which the eletron neutrinos v, can
interact via CC and NC interactions, while muon and tau neutrinos, v, and v, can
only interact via NC interactions. The neutrino flux probed by this relation is

Dpg = B(ve) + 0.154(B(v,) + D(vy)) (1.2.4)

2. The charged current channel v, + D — p+ p+ e~ in which only electron neutrinos
v, take part and thus can only measure ®(v,)

(I)C'C = (I)(I/e) (125)

3. The neutral current channel v + D — n + p + v, which is equally sensitive to all
neutrino flavours and allows thus to measure the flux

Do = B(v) + D(v,) + B(vy) (1.2.6)

The measurement of neutrino fluxes, given in 10° cm™2s™! were [22]
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o = 1.76 £0.1 (1.2.7)
Dpg = 2.39 4 0.26 (1.2.8)
®ye = 5.09+ 0.63 (1.2.9)

The total flux of muon an tau neutrinos from the Sun is thus 3 times larger than the
flux of electron neutrinos. Since the Sun only produces v,, neutrinos must change flavour
between the Sun and the Earth. Moreover, the Standard Solar Model predicts a flux of
electron neutrinos created in the Sun of ® .. = 5.1 £ 0.9 x 10% cm 257! which agrees
very well with ® yo measured by SNO.

A summary of the results obtained by the experiments detecting solar neutrinos
is shown in figure where the results from the Borexino experiment [23] are also
included. The prediction taking into account the vacuum oscillation mechanism and the
MSW effect’] is plotted along with the survival probability for the electron neutrinos, i.e.
the ratio between the detected and predicted flux of electron neutrinos without taking
into account any oscillation. The low-energy (<2 MeV) solar neutrinos are suppressed
by averaged vacuum oscillations (P(ve — ve) ~ 1 — 4 sin® 20g,, ~ 0.57), while neutrinos
which have an energy bigger than 4 MeV are suppressed due to the MSW effect. In fact,
the neutrinos of high energy (>4MeV) leaving the Sun are in the mass eigenstate vy,
which remains unchanged until they reach the Earth, and the probability to detect a v,
on Earth is thus given by the projection |(v.|v2)|? ~ sin®(20su,) ~ 0.3.

The experimental results presented in this section proved that neutrinos can change
their flavour as they propagate through vacuum or matter and represented one of the first
proofs of physics beyond the Standard Model. This is because neutrinos are considered
to be massless in the Standard Model and, as will be discussed in the next section, one of
the requirements that make the oscillation mechanism possible is that the neutrinos have
NnonN Zero masses.

1.2.2 Neutrino oscillations formalism

Neutrino oscillations are due to the fact that the flavour eigenstates, i.e. the states in
which neutrinos are created along with a charged lepton at a weak interaction vertex, do
not coincide with the mass eigenstates. A flavour eigenstate can be written as a linear
superposition of mass eigenstates. In the 3-neutrino case, the relation between the flavour
and mass eigenstates is the following

9The MSW (Mikheyev-Smirnov-Wolfenstein) [24] effect is the adiabatic or partially adiabatic neutrino
flavor conversion in a medium with varying density and is due to the neutrino interactions with the
electrons from the medium (it becomes important for media with a very high density, such as the Sun).
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where Upysns, the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix, is unitary and
complex. From these properties it follows that Upysns can be parametrized using 3 real
mixing angles: 05, 613, 623, and one CP violating phase, dcp, which gives rise to a complex
term of the form e~"¢7 in the mixing matrix@.

Supposing that a neutrino of flavour a, where o = e, u, 7, is created at a weak
interaction vertex, we can write its state as the following linear combination of mass
eigenstates

V) = Uny 1) + Upg [v2) + Upg |vs) (1.2.11)

During the propagation, each of the mass eigenstates will develop a phaseE that will
change with time. If the masses of the neutrinos are different, then the relative phases
between the mass eigenstates will change with the propagation distance, thus giving rise
to the oscillation phenomenon. The probability that an initially created v, is detected

10Tf neutrinos are Majorana fermions, i.e. they are their own antiparticles, then we should add two more
phases in the mixing matrix. However, these two new phases do not affect the oscillation phenomenon
and thus will not be taken into account during the present discussion.

"1 That is because the mass eigenstates are the eigenstates of the free-particle Hamiltonian H Y= i% =
E1, whose solutions are of the form (x,t) = ¢(x)e *F?.
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at a distance L from the source as a v is obtained by the projection |(vs|v,(t))|* and is
given by the following expression

A g AmjziL
P(vo — vg; L) = 0ap — 4> Re(UaiU3U;,Us;) sin i
Am3;L
2F

1>]

(1.2.12)

+2)  Im(UaU3 U, Us;) sin (

i>j

where i, j = 1,2,3, m; is the mass of the state |v;), Am3; = m —m7 and E is the
energy of the neutrino. For antineutrino oscillations, the last term in equation [1.2.12 gets
a minus sign.

It is worth discussing the implications of equation [I.2.12] First of all, we observe that
in order to have oscillations Am?i # 0 at least for some j and ¢ and that U = Upp;ys # 1.
Moreover, the oscillation probability depends on two independent oscillation frequencies,
since we can always express one squared mass difference as a function of the two others,
i.e. we can write Am2, = Am2; — Am2, for instance. Looking at expression [1.2.12] we
can also conclude that neutrino oscillation experiments can give information about the
mass squared differences Am?i , but not about the absolute values of the masses or about
which of the masses is bigger (because the probability P(v, — vg; L) remains the same
under the transformation Am3; — —Am?3; ).

Each mixing angle dominates the oscillation process in a certain region defined by
the ratio between the energy of the neutrino E and the distance between the source and
the detector L. This is the reason why in the literature we call 615 the solar mixing angle,
013 the reactor mixing angle and 6,3 the atmospheric mixing angle. Moreover, the squared
mass differences are sufficiently different that in practice most of the experiments are only
sensitive to a certain pair of parameters (Am?,6), which allows us to work in a 2-flavour
approximation, where the mixing matrix depends on a single parameter, denoted by 6

[ cos() sin(6)
U= (—sin(@) cos(@)) (12.13)

The expression of the survival probability in units adapted to reactor antineutrinos
that interest us is the following

(1.2.14)

P(vy — v4) = 1 — sin?(20)sin? (1.27 Am? [eVQ]L[m])

E[MeV]

In this approximation, the oscillation probability for neutrinos is the same as that
for antineutrinos, since there is no phase in the mixing matrix. It can be deduced from
equation that, for a fixed neutrino energy, the oscillation probability varies peri-
odically as a function of the source-detector distance. In order to reach the maximum of
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sensitivity, an experiment should be placed at a distance L such that the phase of the sec-
ond sine in equation is close to /2, i.e. L ~ Lys./2, where Ly, = 47mE/Am?. For
L/E < Am? the oscillation does not have the time do develop yet, while for L/E > Am?
the oscillation will be averaged due to the limited resolution in energy and position of the
detector.

Currently, all the mixing angles of the PMNS mixing matrix and the squared mass
differences of the mass eigenstates are well known [26]@, the only remaining parameter
to be determined being the CP violating phase dcp. There are hints that dcp # 0,7
from T2K experiment [27], with a preference for values of cp that are near maximal CP
violation.

Even though a lot of progress has been done in neutrino physics lately, it still remains
one of the most prolific research domains, with a number of questions that have not
been answered yet. The main current goals of neutrino physics are the determination
of the mass hierarchy and of the absolute mass scale, the measurement of the degree of
CP violation in the leptonic sector, which could provide an explanation for the excess
of matter over anti-matter in the Universe, and the search for the neutrinoless double
beta decay, which could be evidence of physics beyond the Standard Model of particle
physics, since it would imply that the lepton number is not conserved. Furthermore, the
observation of the neutrinoless double beta decay reaction would also prove that neutrinos
are Majorana particles.

1.3 Reactor antineutrino anomalies

1.3.1 Antineutrino production process in a nuclear reactor

A nuclear reactor works by exploiting the energy released during nuclear fission reactions.
During these reactions, a nucleus splits into two smaller nuclei, called fission fragments.
There are two types of fission reactions: spontaneous, which is possible for a few rare
heavy isotopes, and induced, in which case the additional energy brought by an incident
neutron allows the nucleus to overpass the fission barrier. The isotopes that can undergo
nuclear fission are said to be fissile. The share of nucleons between the two daughter nuclei
is not symmetrical and is illustrated in figure for a 25U nucleus. The energy released
during a fission reaction mainly corresponds to the difference in binding energy between
the initial nucleus and the two daughter nuclei and is transmitted as kinetic energy to
the fission fragments. Since the fission fragments are rich in neutrons (see figure [1.6)),
they return to the stability valley by successive beta decays, which are the main source of
reactor antineutrinos. The mean number of beta decays that a fission fragment undergoes
is equal to 3, which means that there are 6 antineutrinos emitted on average for every

12The squared mass difference Am3; is known only as an absolute value. Its sign would establish the
hierarchy of neutrino masses, i.e. normal hierarchy for m1 < m2 < m3 (Am2, > 0) or inverted hierarchy
for m3 < ml1 < m2 (Am%, < 0). Solar neutrino experiments were able to conclude that Am3, > 0, since
the rate of solar neutrinos detected on Earth depends on the sign of Am3,.
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Figure 1.6 — (N,Z) distribution of fission fragments for ?*>U. The color scheme represents
the 2D probability distribution for the daughter nuclei. Source: [28]. The adapted figure
is taken from [29].

fission.

The only fissile isotope that exists in nature is U, with an isotopic fraction of 0.7%.
Commercial nuclear reactors use fuels enriched at 3-5% in 235U, the rest of the fuel being
composed of 28U, whereas research reactors use fuels enriched at 20% or 93% in 2%U.
During a reactor cycle, radiative neutron captures on ?**U lead to the formation of 3 Pu
and 24! Py via the following reactions

B 4 =P U =P Npt e +7,
BIND 2 Pute” +7,
B9Py +n 20 Py

2Py +n = Py (1.3.1)

The two isotopes 2% Pu and 24! Pu are also fissile and thus contribute to the flux of
antineutrinos. However, 2*®U contributes to the antineutrino flux in a smaller proportion,
since it can only undergo fission by interacting with fast neutrons, while the three other
isotopes can undergo fission by interacting with the more abundant thermal neutrons.
As an example, the evolution of the fraction of the four fissile isotopes for a commercial
reactor is shown in figure It can be deduced that the antineutrinos coming from
257 fissions dominate at the beginning of the cycle, but, as the fuel is consumed, the
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contribution of 23 Py to the total flux becomes non-negligible.

The total antineutrino flux at a time ¢ and energy F, emitted by a nuclear reactor
is thus obtained by summing over all the contributions of the 233U, 238U, 239 Py and
241 Py, fission fragments and over all isotopes undergoing beta-decay as activated pieces or
spent-fuel. From a general point of view it writes:

®y (E,, 1) = ZAf )S(E (1.3.2)

where the index f runs over all the beta-emitters in the reactor, A(t) is their activity
at a time ¢ and S(E,) their associated antineutrino energy spectra.

Usually, it is more convenient to write equation in the following form:

P N
Oy (E,,t) = > a:"” Zak )S(E,) + ductivation(p 4y 4 @I,y (1.3.3)
k

where P, is the thermal power of the reactor, Fj, is the energy released in the fission
of isotope k, a4 is the fraction of fissions coming from isotope k, Si(E,) is the total
antineutrino energy spectrum associated to the fission of isotope k and FE, the energy of
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Figure 1.7 — Relative contribution of the fours fissile isotopes to the total number of
fissions as a function of the burn up. The initial conditions are those of a commercial
reactor, enriched at 3.5% in ?**U, at the beginning of a cycle, after the replacement of
1/3 of its fuel. Source: [30].



1.3 Reactor antineutrino anomalies 17

the antineutrinos. ®¢veion(E, ¢) and ®F"/"*“(F,) are the antineutrino fluxes coming
from activated materials and spent-fuel if present. Usually the spent-fuel term is negligible
and the activation term depends on the structure materials, but it generally has a small
contribution. The time dependence is apparent in the thermal power and fraction of
fissions coming from isotope k terms. While the thermal power is continuously monitored,
E), is found in the nuclear databases. The evolution of «y, is obtained from simulations that
take into account the nuclear transmutation inside reactor cores. Finally, the antineutrino
spectra Si(FE,) are determined theoretically and represent the main uncertainty source in
the computation of ®3,. Reactor antineutrinos have energies of a few MeV and a total
flux of ~ 10?7, S_IGWt_hl.

1.3.2 Antineutrino energy spectra prediction

The computation of the antineutrino energy spectra Si(FE,) for the four fissile isotopes
is an important ingredient for the reactor energy spectra prediction. This section will
present the two methods that are used to calculate these energy spectra: the summation
method and the conversion method.

Summation method

This method consists of first calculating the energy spectra at the beta branch level and
then adding up the contributions coming from all the beta branches of all the different
fission fragments. Therefore, several observables need to be well known to reconstruct
the antineutrino spectrum using this method: the activities of the fission products, the
branching ratios, the endpoint energies of the different beta branches for a given fission
fragment, and, most importantly, the shape of the antineutrino spectrum corresponding
to each beta branch.

In the summation method, the beta energy spectrum for a fissioning isotope can be
written as :

Sk(E) =Y AfSp(E) =Y A;> BRY} x S¥(Z;, A, E}; E) (1.3.4)
f f b

where the f index runs over the fission fragments and the b index runs over the
different beta branches of a given fission fragment. Ay is the activity of a fission fragment,
BR’} is the branching ratio of a given beta branch, S? is the beta spectrum associated
to the branch b of the fission fragment f, and ES’ s 1s its endpoint energy. S? is obtained
from theoretical calculations based on the Fermi theory, which take into account nucleon
and nuclear form factors and Coulomb correction factors. When available, input data on

beta-transitions are taken from evaluated nuclear structure databases, such as ENSDF
[31] (see 5.4] for more details).
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Finally, the antineutrino spectrum is obtained by replacing the electron’s energy, F,
with the antineutrino’s energy, E,, in equation [I.3.4]

E,=Ey;—E (1.3.5)

One should note that this one-to-one relation is valid only at the single beta branch
level and it allows to predict the electron and antineutrino spectra with the same precision.

Unfortunately, as we will see in the following, this method is complex as it involves
a huge number of beta-transitions. For example, the fission of ***U involves ~6000 S}
spectra. In consequence, it suffers from several drawbacks.

Pandemonium effect

The main drawback is the so-called Pandemonium effect [32]. This effect was observed
in the work of Mueller et al. [33] when they compared the beta spectra obtained using
the summation method, including all the data available in the ENSDF nuclear database
[31], with the ones measured at the ILL for the three isotopes 23°U, 23 Py and *! Pu (see
discussion in the Conversion method section). They observed a high overestimation
in the summation spectra at energies higher than 7.5 MeV, pointing to the well known
Pandemonium effect.

In fact, branching ratios and endpoints are determined by measuring the intensity
and energy of the gamma rays emitted following a beta transition using high resolution
but low efficiency Ge detectors. For a transition with a high )3, there is a number of beta
branches that connect the parent nucleus to very excited levels of the daughter nucleus, in
a region with a huge level density. In this case, the daughter nucleus deexcites by emitting
multiple low energy gamma rays (with a small gamma intensity, since the density of levels
in this region is huge) or a single high energy gamma ray. In both cases, part or all the
gamma energy will be missed due to the low efficiency of the Ge detectors. Therefore,
high endpoint transitions’ weights are overestimated as a consequence of missing some of
the low endpoint transitions.

This effect is illustrated in figure where the intensities of the transitions for the
beta-decay of ®Br are plotted as a function of the excitation energy of the daughter
nucleus, for high resolution measurements (ENSDF) and recent low resolution Total Ab-
sorption Gamma-ray Spectrosopcy (TAGS) measurements [34]. We clearly see that the
density of the ENSDF high excitation energy transitions is lower than that of the TAGS
data. As a consequence, the normalisation of the ENSDF low energy transitions is over-
estimated, as observed on the cumulative intensities shown on the right hand side plot

from figure [1.§

Another drawback of the summation method, not illustrated in this section, is the
lack of information for a number of nuclei. In particular, very neutron rich fragments
with high Qg and low half-life are difficult to measure and no beta-transition information
exists for them. The contribution of these nuclei to the total fission fragment activity for
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Figure 1.8 — Comparison of the beta-transition intensities (left), and their cumulative
(right), as a function of the excitation energy, for data taken from ENSDF (release 2020)
nuclear data base (in black/blue) and for TAGS data [34] (in red), for **Br.

2351J amounts to about 5%.

For all theses reasons, since the beginning, the conversion method was preferred to
compute the reactor antineutrino spectra and was used as a reference by reactor neutrino
experiments. In section we will present a new prediction model developed in this work
and based on the summation method, attempting to correct for the Pandemonium effect
and account for unknown nuclei.

Conversion method

The conversion method consists of obtaining the antineutrino energy spectra for each
fissioning isotope Si(FE,) directly from the corresponding measured total electron energy
spectra Si(FE).

The beta energy spectra for 25U, 239 Py, and 24! Pu were measured in the 80s at the
High Flux Reactor of the Institut Laue-Langevin with the magnetic spectrometer BILL
[35]. Target foils containing the isotope of interest were irradiated for a period between
12 hours and 2 days with thermal neutrons and the cumulative beta spectra of the fission
fragments were measured with high precision. The beta spectrum associated with 23U was
measured two times, in 1981 and 1985 ([36] and [37]), while those associated with 23 Py
and ?*! Py were measured in 1982 and 1989 (|38] and [39]). The spectra normalization
was performed with calibration reactions of the type (n,e™), whose cross sections were
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Figure 1.9 — Relative difference of the MUELLER et al. and HUBER revisited predictions
with respect to the previous reference antineutrino spectra. Source: [40].

considered to be well known.

The procedure consists in fitting each electron spectrum with 30 virtual beta branches.
In practice, the spectrum is divided into 30 slices and the first beta branch is fitted by
exploiting the data points from the highest energy slice, thus allowing to obtain its branch-
ing ratio and endpoint energy. Then, the full contribution of the previously fitted beta
branch is subtracted from the total experimental spectrum and the procedure continues
for the next, lower energy, slice. In the end, the antineutrino spectrum is obtained by first
converting the fitted virtual beta branches into antineutrino branches by using equation
[1.3.5], and then summing them up.

The antineutrino experiments performed in the 90s were compatible with the spectra
predicted with the conversion method, which was the official method used at that time,
at the 1% level, validating these predictions.

1.3.3 Reevaluation of the antineutrino spectra

In the 2010s, the precision required for the measurement of 63 led to a regain of interest
with regard to the prediction of reactor antineutrino spectra. Mueller et al. [33] reevalu-
ated the antineutrino spectra using a hybrid procedure that combines the summation and
the conversion methods. Using the available nuclear data (~10000 beta branches)ﬁ, it was
possible to reconstruct ~90% of the total electron spectrum, from which the antineutrino
associated spectrum could be deduced using equation [I.3.5] The remaining contribution
to the antineutrino spectrum, coming from the unknown nuclei and the systematic uncer-
tainties of the nuclear databases, was modelled using five virtual beta branches. In this

13The transitions for which the endpoint, spin and parity were well known were used. Moreover, the
Pandemonium effect was partly accounted for (where data was available) by using data obtained using
other experimental techniques than the 8 — v coincidence used for ENSDF data: Tengblad et al. [41].
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way, the systematic uncertainties associated with the conversion method are limited only
to the ~10% of the spectrum that couldn’t be obtained using the summation method.
This study led to an increase of ~+3% in the normalization of the total reactor antineu-
trino spectrum. This effect was mainly due to an improved implementation of the finite
size corrections to the Fermi theory directly at the branch leveﬂ and to the use of data
corrected for the Pandemonium effect.

Following the work of Mueller et al., Huber [42] confirmed the ~+3% excess by cor-
recting the conversion method for the effects highlighted by Mueller et al. The correction
brought by the two independent methods with respect to the ILL spectra is illustrated in
figure [I.9] Today, the reference reactor antineutrino spectra are called "Huber-Mueller"
spectra. In fact, the spectra of the three isotopes that undergo fission by interacting
with thermal neutrons come from the revisited conversion method of Huber, while the
281 spectrum, which undergoes fission by interacting with fast neutrons, comes from a
theoretical computation based on the summation method done by Mueller et al.

1.3.4 Reactor antineutrino anomaly (RAA)

In addition to the reevaluation of the antineutrino spectra that revealed a ~-+3% shift
with respect to the previous reference spectra, two more corrections had to be taken into
account. Firstly, the target foils containing the fissile isotopes were irradiated for a period
between 12 hours and 2 days with thermal neutrons, while the reactor fuels are normally
exposed to thermal neutrons for a few tens of days in the case of experimental reactors,
or a few hundred days in the case of commercial reactors. Therefore, the reactor spectra
contain antineutrinos coming from decays of fission fragments with half-lives bigger than
one day. Such off-equilibrium effects were not taken into account before, and they were
shown to increase the normalization of the antineutrino spectrum by ~+1%. Secondly,
the IBD cross section is inversely proportional to the neutron’s lifetime, whose average
measured value evolved over time [43]. Accounting for this conducted to an additional
shift of ~+1.5% to the normalization of the antineutrino spectrum.

After taking into account all the relevant corrections, the normalization of the reactor
antineutrino spectrum was shifted with ~+6.5%, thus highlighting a strong disagreement
between the prediction and the existing short baseline reactor antineutrino measurements.
The deficit observed in the data with respect to the new prediction is what we now call
the "Reactor Antineutrino Anomaly" (RAA) [44].

A global analysis from 2017 [45], taking into account the recent data from Double
Chooz, Daya Bay and RENO experiments, which confirm with high precision the mean
antineutrino rate detected at short baselines, showed that the ratio between the data
and the prediction was of (93.4+2.4)%, as shown in figure [1.10] An updated value for
this ratio will be presented in section where the rate of antineutrinos measured by
STEREO will also be taken into account.

4For the conversion method, the corrections to the Fermi theory are implemented at the whole spec-
trum level, which leads to significant biases.
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Figure 1.10 — Ratio between the measured and predicted antineutrino rate for different
reactor experiments. The green hatched band represents the uncertainty on the anomaly.
Source: [45].

1.3.5 The shape anomaly

The antineutrino spectra measured by Daya Bay [30], Double Chooz [46], NEOS [47], and
RENO [48] highlighted a deviation with respect to the Huber-Mueller prediction in the 5
MeV region. At first order, the mean deviation, illustrated on the left-hand-side of figure
can be fitted with a Gaussian with an amplitude of ~10%, a standard deviation
of ~0.5 MeV and a mean of ~5 MeV, which motivated the community to name it the
"bump at 5 MeV". It is worth noting that this deviation doesn’t impact the RAA, since
the bump only accounts for ~1% of the total antineutrino flux.

Since at the time, Bugey 3 [49] did not observe any deviation, several possible ex-
planations for the origin of the bump were proposed. The fact that the amplitude of
the bump was observed to be proportional to the reactor power excluded the hypothesis
that uncorrelated background could be at its origin. The bump could also be explained
by an incorrect modelization of the emitted antineutrino spectra. Thus, comparing the
spectra obtained from Low Enriched Uranium (LEU) and High Enriched Uranium (HEU)
reactors, as shown on the right-hand-side of figure(1.11], one could test if the 5 MeV excess
is only due to the 23U contribution or is similar for all isotopes.

Furthermore, a study performed by Mention et al. [50] shown that a ~1% deviation
of the energy scale, which is contained in the calibration uncertainties, could reproduce
the distortion observed in the spectrum.

At the moment, the origin of the bump is not known and the information from
STEREO and other short baseline reactor experiments could be crucial in understanding
this shape anomaly.
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1.4 Current state on the origin of the anomalies

1.4.1 Sterile neutrino hypothesis

In order to explain the RAA discussed in the previous section, a new hypothesis that
explores the existence of sterile neutrino states with ~1 eV mass has been introduced.
These sterile states cannot interact via the weak interaction but can interact gravitation-
ally. This can be deduced from the measurement of the width of the Z boson, which
constrains the number of active neutrino flavours to NV, = (2.9841 + 0.0083) [53]. How-
ever, they can mix with the three active flavours, v., v, and v,, and thus generate distance
dependent oscillations in the detected neutrino rate.

In the scenario where we consider only one additional sterile neutrino, the PMNS

mixing matrix becomes

Uel Ue2

_ Uul U/ﬂ

U N UTl U7'2
Usl Us2

UeS
U3
UT3
Us3

Ue4
Ua
UT4
Us4

(1.4.1)

where, from the current values of the parameters of the PMNS matrix we know that
Uu)? < 1, |Ual? < 1, |Unsf? < 1 and |Uyy)? ~ 1.

As short baseline experiments (less than 100 m) are used to test the existence of a
sterile neutrino state, the 2-flavour approximation introduced in equation [1.2.14] can be
used. This is justified by the fact that the oscillations governed by the solar, atmospheric
and reactor parameters are not yet developed at this distance. In this context, we can
write the survival probability for (anti)neutrinos as



1.4 Current state on the origin of the anomalies 24

Am? L
P(v. — v.) = 1 — sin?(20,.) sin’ ( Tgl > (1.4.2)

where sin?(20,.) = 4|Ue4|>(1 — |Ues]?).

The combined oscillation analysis of reactor data only performed by Mention et al.
[44] led to the possible existence of a sterile neutrino state with Am3, = 2.4eV? and
sin?(20,.) = 0.14 4 0.08 that could explain the RAA. The analysis was based on the first-
generation short-baseline experiments, for which only the absolute antineutrino rates were
used, with the exception of Bugey-3 and ILL experiments, from which shape information
could also be extracted (see [44] for details).

The antineutrino rate only information from a detector placed at a given position is
not sufficient to conclude on the existence of sterile neutrinos, since it suffers from non-
negligible uncertainties coming from the absolute normalisation of the detected antineu-
trino rate and the reactor power (see equation . Meanwhile, important information
can be extracted from high statistics experiments as it will be seen in the next section.
Moreover, next generation short-baseline experiments integrate the possibility to explore
the development of an oscillation pattern in the antineutrino spectrum by performing
relative comparisons between the spectra measured at different distances.

1.4.2 Kilometre-baseline reactor experiments

Kilometre-baseline reactor experiments (Daya Bay, Double Chooz and RENO) use similar
experimental setups with far detectors at a 1 km baseline and near detectors at a few
hundred metres. The detectors are unsegmented and the distance from the source is too
big to see oscillations associated to eV mass scale sterile antineutrinos. Nonetheless, the
oscillations could manifest in deviations from the predictions.

Daya Bay found no evidence of sterile neutrinos in the region of 2 x 107%eV? <
Am?, < 0.3¢eV? [54]. Double Chooz also did not find any indication for sterile neutrinos
in the 5 x 1072 eV? < Am?; < 0.3eV? region [55]. Similarly, RENO reports no evidence
for sterile neutrinos in the range of 107*eV? < Am?, < 0.5eV? [56].

In 2017, the Daya Bay collaboration was able to use its large amount of detected
antineutrinos to decorrelate the contribution of the two most relevant isotopes, 23U and
239 Py to the total antineutrino flux [57], by analysing the evolution of the detected flux
over time. The reconstructed IBD yield per fission for the two isotopes is shown in figure
1.12l The study suggested that 23°U was virtually the only isotope responsible for the
RAA, with an IBD yield per fission deficit of 7.8% with respect to the Huber-Mueller

prediction, while the 23? Pu contribution was compatible with the prediction.

Moreover, results from Daya Bay with improved statistics (2019) and an independent
study performed by the RENO [58] collaboration confirmed the deficit observed for 2*°U.



1.4 Current state on the origin of the anomalies 25

9
Ay?
4
1 4 9
5.5
A Daya Bay
c —e— Huber model w/ 68% C.L.
© 5.0
)]
0
[ -
~ 45
£ A /
&)
=z 4.0
S C.L.
- 68%
2 3.5 0 o/"
© o35 = (10.1£1.0) x 10 # o%
238 = . . o,
3.0loza = (6.04£0.60) x 107 99.7%

52 56 60 64 68 7.2
o35 [107% cm? / fission]

Figure 1.12 — IBD yields per fission for 2°U and ?*? Pu. The best fit of Daya Bay is shown
by the red triangle, while the region allowed by the Huber-Mueller prediction is shown in
black. Source: [57].

These results seem to disfavor the hypothesis that an oscillation towards a sterile
neutrino could explain the RAA, since this would impact equally the antineutrinos coming
from all the fissile isotopes. Instead, they seem to point out potential normalisation
biases on the 233U electron energy spectrum measured at ILL, used as a reference in the
conversion method (see the previous section [1.3)).

A recent measurement of the ratio between the cumulative electron energy spectra
associated to 23U and ?*Pu performed by Kopeikin et al. [59] revealed a 5% deviation
to the same ratio obtained when using the ILL data. The conclusion goes in the same
direction as the Daya Bay’s one, i.e. the RAA may come from an overestimation of the
normalisation of the electron energy spectrum measured at ILL for 235U

1.4.3 Very short baseline reactor experiments

The RAA led to the appearance of several experiments measuring antineutrinos at a
distance of the order of ~10 m. These "Very Short Baseline" (VSBL) experiments aim
at testing the appearance of an oscillation pattern in the antineutrino spectra indepen-
dently of any theoretical prediction. To do so, a relative comparison between the spectra
measured at different distances must be possible and thus the VSBL experiments have
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either segmented (STEREO [60], PROSPECT [61], SOLID [62]) or movable (DANSS [63],
Neutrino-4 [64]) detectors, with the exception of NEOS [47], which compares its spectrum
with a reference spectrum taken at a different baseline by Daya Bay.

Table shows a summary of the most important characteristics of VSBL experi-
ments. Besides the detector type (segmented or movable), there are two more factors that
define the differences between these experiments: the type of reactor that generates the
antineutrinos and the way in which the delayed neutron coming from the IBD is detected.

Some of the experiments are placed near HEU reactors (research reactors), while
others are placed near LEU reactors (commercial reactors). On the one hand, LEU
reactors generate a huge antineutrino flux, which allows the experiments placed in their
vicinity to acquire fast a big sample of antineutrinos and have an excellent signal-to-
background ratio. However, the size of their core impacts negatively the spatial resolution
of the experiment. On the other hand, the HEU reactors have the advantage of having
a small core (~ 50 cm), which ensures a good spatial resolution, and the disadvantage of
having an antineutrino flux almost 10 times smaller than that of the commercial reactors.
Moreover, since they are highly enriched in #*>U, the experiments placed near research
reactors can measure the antineutrino spectrum associated to this isotope alone and thus
conclude whether or not the RAA is only caused by an imprecise modelization of the
2350J contribution to the total 7, flux (they can also examine if the bump has the same
characteristics as that of the one observed in the case of commercial reactors).

All VSBL experiments use liquid or plastic scintillator (LS or PS) materials to detect
antineutrinos. However, some of them are doped with Gd, while others are doped with Li.
The Gd isotopes emit a gamma cascade of ~8 MeV following the capture of a neutron.
This has the advantage of being in a region where no natural radioactivity is present.
However, the fact that most of the VSBL detectors are compact results in an important
Compton plateau and the possibility for the gammas to exit the target volume. The Li
nucleus emits a *H and an « following the capture of a neutron through the interaction:
n+91i —3 H + o+ 4.78 MeV. The tritium and the alpha particle deposit their energy in
a localised space region, which ensures a good detection efficiency. However, since these
particles are heavy and charged, the signal they create is heavily quenched (see section
for a discussion on the quenching effect) and appears in the 500 keV energy region.
Thus, the identification of the delayed neutron strongly relies on the PSD capabilities of
the scintillator.

The VSBL experiments are running since a few years and are already excluding most
of the sterile oscillation parameter space favoured by the RAA [65]. NEOS [47] excludes
the parameter space below sin?(20..) = 0.1 for 0.2 eV? < Am32, < 2.3 eV? at 90%
confidence level (CL), by comparing its spectrum to Daya Bay’s unfolded spectrum [30],
while DANSS [63],[66] excludes the parameter space region defined by 0.01 < sin?(26,.) <
0.1 and 0.5 eV? < Am3, < 2.5 eV? at 95% CL. As for PROSPECT [67], it excludes
oscillations characterized by sin?(20..) > 0.09 and 0.8 eV? < Am?, < 4 eV? at 95% CL.
Soliid [68] estimates its signal-to-background ratio to be 0.33, but have not yet reported
any oscillation results. One of the VSBL experiment, Neutrino-4 [69], reports a 2.9 o
significance oscillation signal with sin?(26..) = 0.36 +0.12 [stat] and Am?, = (7.3 +1.17)
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STEREO PROSPECT SOLID Neutrino-4 NEOS DANSS
Site France USA Belgium Russia Korea  Russia
Reactor type HEU HEU HEU HEU LEU LEU
Reactor power [MWy] 58 85 50-80 100 2800 3100
Baseline [m)| 9-11 7-9 6-9 6-12 24 11-13
Detector LS LS PS LS LS PS
Dopped with Gd Li Li Gd Gd Gd
IBD rate [d7!| 400 750 450 200 2000 5000

Table 1.1 — Characteristics of the reactor experiments searching for a sterile neutrino with
the mass of the order of 1 eV.

eV2. This results is, however, in conflict with the previous VSBL results and is partly
excluded by them. Moreover, it is also in strong tension with cosmological constraints
[70],|71], and several critiques, mainly regarding its statistical treatment, have been issued
172],[73].

The STEREO experiment, whose goal is to test the sterile neutrino hypothesis and
to measure the reactor antineutrino energy spectrum associated to ?*°U, uses a segmented
detector based on the Gd-loaded liquid scintillator technology to detect reactor antineu-
trinos. It will be presented in chapter [2| and the part of the work of this thesis related
to STEREO will be detailed in the following chapters. The recent results from STEREO
will be presented in chapter

1.5 Coherent elastic neutrino-nucleus scattering

Within the Standard Model of particle physics, neutrinos can undergo neutral-current
interactions through the exchange of neutral Z bosons. It was in 1974 that Daniel Z.
Freedman proposed the existence of elastic neutrino-nucleus scattering. For a nucleus at

rest with Z protons and N neutrons, the elastic neutrino-nucleus cross section [74] is given
by

do
dE,

a2 En
= QW F(@®) - mzw (1 — mm) (1.5.1)
4 W EF

where G is the Fermi constant, Qw is the nuclear weak charge, mz n) is the to-
tal mass of the nucleus, Fg is the nuclear-recoil energy and F'(¢?) is the nuclear form
factor as a function of the momentum transfer ¢. The nuclear weak charge has the
following expression: Qw = N — Z(1 — 4 - sin®*(fw)) ~ N, where 6y is the Wein-
berg angle, with sin?(6y) ~ 1/4. The maximum nuclear recoil energy is given by
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Eper = 2E2%/(mzn) + 2E,), with E, being the incident neutrino energy. For small
momentum transfers, corresponding to neutrino energies smaller than 30 MeV[T_SI, the form
factor is close to unity. In this case, the scattering is coherent over all the nucleons found
in a nucleus and is denoted coherent elastic neutrino nucleus scattering (CEvNS).

The CEvNS cross section is more than two orders of magnitude bigger than the
IBD cross section [75]. This is explained by the fact that the CEvNS cross section is
proportional to N? (due to the cross section dependence on Q%, see equation .
However, the detection of such a process is made difficult by the small energy of the
nuclear recoil Er (suppressed by the nucleus mass mz)), which represents the only
measurable observable of CEvNS. An important feature of CEvNS is that it does not
imply any threshold on the incident neutrino energy, unlike IBD, which is only possible
for F, > 1.8 MeV. Since NUCLEUS is an absolute-rate experiment which aims at studying
the CEvNS cross section, it is dependent on the reactor antineutrino flux predictions (see
section , which will induce an important systematic uncertainty on the measurement.
Moreover, the low threshold of the experiment will allow NUCLEUS to be sensitive to the
as yet unobserved low-energy part of the reactor antineutrino spectrum. Consequently,
this justifies the need of new sophisticated studies aimed at accurately predicting the
reactor antineutrino spectrum below the IBD threshold in order to be able to interpret
the NUCLEUS data in the low recoil-energy region|"%}

First CEvNS detection

It took more than four decades between the theoretical prediction of CEvNS and its de-
tection. Its first detection was reported by the COHERENT collaboration in September
2017 [75], which measured the process at a 6.70 confidence level using a 14.6 kg CsI|Na)
scintillating crystal target. The experiment took place at the Oak Ridge National Labo-
ratory and it used the neutrinos emitted by the Spallation Neutron Source (SNS), which
acts as a stopped-pion source. The neutrino spectrum of SNS is well defined and it spans
energies up to 50 MeV, with a total neutrino flux of 4.3-10"v s~'em™2. At these energies,
the CEVNS cross section value compensates for the small neutrino flux. Moreover, CO-
HERENT made use of the pulsed nature of the stopped-pion source to greatly suppress
the background by implementing a beam-on/beam-off comparison method.

The first detection of coherent elastic neutrino-nucleus scattering on argon, using
a 22 kg, single-phase liquid argon detector, was reported in 2020 by the COHERENT
collaboration [76]. Argon is the lightest nucleus for which CEvNS has been observed until
now. Moreover, this measurement confirmed the expected neutron-number dependence
of the CEvNS cross section.

The NUCLEUS experiment, whose goal is to measure CEvNS induced by reactor

15Tn fact, the energy for which the elastic scattering of neutrinos becomes coherent depends on the size
of the nucleus the neutrino is scattering off.

60ne should note that in the case of NUCLEUS, most of the details about the measured antineutrino
spectrum are washed out, since the experiment is only sensitive to the nuclei recoils and doesn’t have
access to the energy or diffusion angle of the incident antineutrino.
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neutrinos (thus probing nuclear-recoil energies down to the 10 €V regime) coming from
the Chooz nuclear power plant in France, will use cryogenic detectors which feature an
unequalled low energy threshold and a time response fast enough to be operated in above-
ground conditions. The NUCLEUS experiment and the muon veto prototype built and
tested at CEA Saclay will be presented in chapter [6] whereas the part of the work of this
thesis related to the NUCLEUS experiment will be presented in chapter [7]






Chapter 2

Stereo experiment

"The worth of a new idea is invariably determined, not by the degree of its
intuitiveness—uwhich incidentally, is to a major extent a matter of experience and
habit—but by the scope and accuracy of the individual laws to the discovery of
which it eventually leads. "

Max Planck
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The STEREO experiment is designed to detect antineutrinos emitted by a compact
reactor with highly enriched ?*°U fuel at different baselines. Its scientific goal is multiple.
Firstly, it aims at testing a low baseline oscillation pattern induced by a hypothetical
sterile neutrino that could explain the Reactor Antineutrino Anomaly. Secondly, it can
provide a precise measurement of the antineutrino spectrum associated to the fission of
250, as well as an absolute value for the total rate of antineutrinos. STEREO is the
product of a collaboration of five European research institutes, four of which are found in
France: the "Institut de recherche sur les lois fondamentales de I'univers" (IRFU) of CEA
Paris-Saclay, the "Laboratoire de Physique Subatomique et de Cosmologie" (LPSC) and
"Institut Laue-Langevin" (ILL) from Grenoble and the "Laboratoire d’Annecy-le-Vieux
de Physique des Particules" (LAPP) from Annecy, and one in Germany: the "Max Planck
Institute fur Kernel physics" (MPIK) from Heidelberg.

The first section of this chapter will describe the experimental site, while the second
one will treat the inverse beta decay (IBD) reaction by which the neutrinos are detected,
as well as the liquid scintillator’s pulse shape discrimination power. The next section
provides a description of the detector and the shielding used to mitigate the environmental
background. The last section summarizes the current status of the data taking and the
problems encountered during the first phase of the data taking.

2.1 Experimental site

2.1.1 The research reactor from ILL

The "Institut Laue Langevin" (ILL) is an European research institute based in Grenoble,
France. Its nuclear reactor, the RHF (Réacteur a Haut Flux) provides a high flux of
neutrond!] that is used by about 40 instruments to explore various topics from different
fields: particle physics, nuclear physics, medical physics, biology or materials science.

Since the goal of the ILL reactor is to provide a high flux of thermal neutrons, its
functioning principle is different from the one used for commercial reactors. The fuel (~8
kg) is 93% enriched in 233U and is contained in 280 curved Aluminum plates arranged in a
hollow cylinder of 41 cm outer and 26 cm inner diameter by 81 cm height. In the cylinder’s
center there is a nickel rod that allows to control the power emitted by the reactor. The
cylinder is placed in an Aluminum tank filled with heavy water (D20), whose role is
to dissipate the thermal power and to moderate the neutron flux, while minimizing the
captures. The Aluminum tank is at his turn placed in a pool of light water (H20) of 6 m
diameter by 8 m height, whose role is to absorb the residual neutron flux. The thermal
neutrons are collected close to the reactor core by Aluminum beams and the measurement
instruments are placed at the end of these beams in the experimental hall, on level C of
the reactor building, at the same height with the fuel element.

-1

!The flux of neutrons in the moderator is estimated at ~ 1.5-10'® ecm~2?s~! at nominal power.
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The previously presented particularities of the ILL reactor represent both advantages
and disadvantages for STEREO. One of the advantages is that the ?*U enrichment of
the reactor renders the contribution of 23 Pu to the total number of fissions negligible
(the mean fission fraction of 23° Pu was found to be 0.7% only for one reactor cycle). This
allows to measure a virtually pure 2**U antineutrino spectrum and to test whether the
Reactor Antineutrino Anomaly is mainly due to a misevaluation of the 23°U IBD yield
per fission. Furthermore, we could also examine the excess of antineutrinos in the 5 MeV
region obtained with an almost pure 2**U source and see how it compares to the excess
measured by other experiments. Another advantage is represented by the compactness of
the reactor core, which ensures a good precision on the antineutrino propagation distance
(£20 cm) and allows to measure oscillations developing over a few meters. Finally, the
frequent renewal of the fuel guarantees a quasi-constant antineutrino energy spectrum.

The main disadvantage comes from the big quantity of Aluminum present in the
reactor core, since the 2 Al, formed by neutron captures on 2” Al, can beta decay and thus
participate to the antineutrino flux up to energies of 2.86 MeV. The predicted antineutrino
flux thus needs to be corrected for this effect, which has been shown to mainly impact the
first energy bin used in the analysis. For a complete summary of the different corrections
that have to be applied to the predicted spectrum, which include off-equilibrium effects
and residual antineutrinos from spent fuel, the reader should refer to section IV of [77].

The emitted antineutrino flux can be estimated starting from the thermal power of
the reactor as

(bie = <EfZS§ZZ}EZ35U)> Nﬁe/fission<235U) (211)
th

where (Py,) is the thermal power, measured in real time while the reactor is function-
ing, (Eltf,fs‘”'(m(z35 U)) is the energy released per fission and Ny, fission(**°U) is the number
of antineutrinos emitted per fission. Considering the nominal reactor power of 58 MW
and the energy released per fission of 23U of 200 MeV and taking into account only the
antineutrinos whose energies are bigger than the IBD threshold, Ny, fission(235 U) ~ 2, the
order of magnitude of the antineutrino flux is estimated to be

dy. ~ 10" 7,571 (2.1.2)

Even though the emitted number of antineutrinos is huge, when taking into account
the IBD cross section, the solid angle and the dimensions of the detector, the expected
detected number of antineutrinos drops to ~400 per day. The main component of the
systematic uncertainty on the predicted antineutrino flux comes from the measurement
of the thermal power (P;;,), which is monitored by observing the balance of enthalpy at
he primary cooling circuit. However, it has been shown that the relative uncertainty on
the total thermal power is well constrained and has a value of 1.4% [78].

The operation of STEREO coincided with a period of high reactor maintenance,
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resulting in having 2 to 3 reactor-on cycles of ~50 days per year. Reactor-off periods
allow the change of the fuel and maintenance work for the instruments operating at ILL.
Moreover, they are essential for STEREOQ, since they allow the precise measurement of
the background spectrum, which is crucial for the extraction of the antineutrino rates.

2.1.2 STEREO positioning inside the reactor hall

The STEREO detector is located on level C of the reactor building, which is at the
same height with the fuel element. Its neighbouring instruments, D19 [79] and IN20 [80],
constrain the dimensions of the detector and its shielding and induce a background of
gamma rays and neutrons in varying rates. Moreover, they also induce stray magnetic
fields of up to ~1 mT [81] at the detector level. All these led us to reinforce the shielding
of the STEREO site before installing the detector, as shown in figure and to enclose
the detector in several layers of shielding, which will be discussed in section [2.3.2] The
detector is placed under the transfer channel of the reactor, which is filled with light water
and serves for the storage of used fuel elements. This has the advantage of providing an
inclination angle dependent shielding of about 15 metre water equivalent (m.w.e) on
average. The detector is thus aligned with the transfer channel, which results in an angle
of (17.940.2)° between the detection axis and the direction to the core. The center of
the active detector volume is found to be (10.2984+0.028) m away from the center of the
reactor core, including the fact that the center of the active detector is lower than the
center of the reactor core by 0.21 m.

spectrometer

I Heavy concrete

B Lead
Il Polyethylene

Boron-loaded rubber

Water channel
footprint

Figure 2.1 — Top view of the experimental site at level C of the ILL reactor building. The
reinforced shielding of the STEREO site is shown in color. Source: [77].
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2.2 Neutrino detection

2.2.1 Inverse beta decay

The antineutrinos are detected by the inverse beta decay (IBD) reactions they undergo
inside the liquid scintillator

Vet+p—et+n (2.2.1)

where an incident antineutrino interacts with a proton from the liquid scintillator
and gives rise to a positron and a neutron. The antineutrino needs to have a minimum
kinetic energy (called the threshold energy) for the reaction to be possible. This is due to
the fact that the mass of the proton is inferior to the sum of the masses of the positron
and neutron. The threshold energy can thus be approximated by

Ey, > 1.806MeV ~ m(n) +m(et) — m(p) (2.2.2)

The IBD reaction is the most used detection mode for the antineutrinos and it has
been first employed more than sixty years ago. This is due to its great advantages

« It has a well-known, bigger than that of the neutral current reactions, cross section,
which varies quadratically with the antineutrino energy (o;pp o G%E%e).

o The liquid scintillators used for the detection of the antineutrinos have a big con-
centration of free protons.

o The positron and neutron signals are correlated in time, which allows us to apply
selection cuts that help reducing the background.

o The positron carries the information about the incident antineutrino energy.

The antineutrino detection principle is based on the identification of the time-correlated
IBD reaction products, the positron and the neutron and is illustrated in figure The
next subsections will treat the detection of what will be called the Prompt signal (the
positron) and the Delayed signal (the neutron).

Positron detection (Prompt)

The positron loses its energy by interacting with the liquid in multiple ways: through
ionisation, Bremsstrahlung (if it has a sufficiently high energy) and molecular excitation
(this type of interaction is responsible for the emission of the scintillation light). After
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losing all its kinetic energy, it annihilates with an electron from the medium and gives rise
to two 511 keV gamma rays, which transmit their energy to electrons through Compton
scattering and photoelectric effect. In turn, these electrons interact with the liquid simi-
larly to the positrons. All these processes take place in a time window of a few hundreds
picoseconds and can thus be considered instantaneous with respect to the acquisition
system. This is why the detection of the positron is designated as the Prompt event.

Most of the kinetic energy of the antineutrino is transmitted to the positron [82], since
its mass is significantly smaller than that of the neutron. In turn, the neutron recovers
the direction of the momentum from the incident antineutrino. Finally, the energy of
the antineutrino can be directly deduced from the total visible energy deposited by the
positron, Eyisipe = EM™ +2m, = Eo+ 4+ m,, as

Eﬁ = Evisible —Me + A

= Liyisible T 0.782MeV (223)

e

where A = m(n) — m(p) and the kinetic energy of the neutron has been neglected.

Neutron detection (Delayed)

The neutron thermalizes in the scintillator until it reaches an energy of about 0.025 eV.
This phase usually takes a few hundreds of nanoseconds. Afterwards, the neutron under-
goes several elastic scatterings until it is captured by a nucleus, leaving it in an excited

n thermalisation

diffusion

dépot d'énergie

Gd(n,y)

~ 8MeV cascade y

Nk €
e’ é)\/\,’Y

Figure 2.2 — Illustration of the IBD reaction m The Prompt signal consists of the
energy deposited by the positron through ionisation and the two 511 keV gamma rays
created following its annihilation with an electron from the medium. The Delayed signal
consists of a gamma cascade with an energy of ~8 MeV, created by the deexcitation of a
Gd nucleus following a neutron capture. Source: [29].
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state. STEREO detects the gamma rays that are emitted following the deexcitation of
the excited nucleus.

Hydrogen is the most abundant element capable of neutron captures naturally found
in a liquid scintillator. However, the liquid scintillator used by STEREO was doped with
Gadolinium in order to increase the background rejection capabilities of the experiment.
While the Hydrogen has a neutron capture cross section of the barn order, the ones
for the Gadolinium nuclei used by STEREO (**Gd and '3"Gd) reach a few hundreds of
thousands of barns. Thus, with only 0.2% of the liquid’s mass represented by Gadolinium,
the characteristic capture time is reduced from 230 us, for the non-doped liquid, to 16
ps?l This leads to the reduction of the accidental coincidences rate by a factor of ~10 by
imposing a cut on the time distance between the detection of the positron and neutron
signals.

A second advantage of doping the liquid scintillator with Gadolinium concerns the
total energy carried by the gamma rays emitted during its deexcitation following a neu-
tron capture. While the Hydrogen only emits one gamma ray with 2.2 MeV energy, the
Gadolinium emits a cascade of gamma rays with a total energy of ~8 MeV, making it
easier to identify the neutron capture. The detection of these gamma rays represents the
Delayed event. Since the gamma rays coming from the natural radioactivity have energies
inferior to 2.6 MeV, imposing selection cuts on the energy of the Delayed event further
helps mitigating the background.

2.2.2 Scintillation process

Scintillator materials emit light through fluorescence when they are traversed by ionizing
radiation. There are several types of scintillator materials which have different charac-
teristics: response time, light yield, fabrication constraints, etc. Liquid scintillators, as
the one used by STEREO, have the advantage of being fast, rich in protons and having
a good light yield.

The scintillation process results from radiative transitions from the first singlet ex-
cited states S7 to the ground states Sy of aromatic m-electron systems, formed from the
hybridization of the s and p orbitals of the H and C atoms composing the organic molecules
of the scintillator [83]. The energy level diagram of the scintillator molecules is shown in
figure 2.3] It can be seen that in addition to the singlet states S, the molecule can also
be excited in the triplet states T,,. Moreover, there is a fine structure of vibrational states
corresponding to every singlet and triplet state. The typical energy that separates two
singlet or triplet states between them is of the order of some tens of eV, while there are
only a few eV between the vibrational states.

2The total capture time that includes the thermalization phase is of the order of 18 pus.
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Figure 2.3 — Illustration of the scintillator molecules’ energy levels relevant for explaining
the light emission. The singlet and triplet states are shown in solid lines, while the
corresponding vibrational states are shown in dotted lines. The S, — S; and T, — Sy
transitions are non-radiative. The light emission corresponds to the S; — Sy transitions.

The light response of a liquid scintillator can be described quite accurately with a
model consisting of a sum of two exponential functions

S() = A; - exp (;—D + Ay exp (_—t) (2.2.4)

Td

where the first component is denoted as the fast principal component and the second
one is a delayed component, such that 7, < 7,4.

As said earlier, the scintillation light originates from the transitions between the first
excited level S7 and the ground state Sy, passing through the intermediate vibrational
states. It is precisely the presence of these vibrational states that renders the scintillation
process possible by making the liquid scintillator transparent to its own radiation. Indeed,
the energy of the photons emitted between S; and a vibrational state Sy+¢ is not sufficient
to induce again a Sy — S; transition.

The fast scintillation component arises from the excitation of the liquid molecules
by charged particles in high energy singlet states S,, which undergo several fast non-
radiative transitions (107! to 107! s) to return to the S; state, from which scintillation
light can be emitted. However, the complete dissipation of the S, energy can be induced
by interactions with other excited or ionized molecules, resulting in a loss of scintillation.
This effect is called the "ionization quenching" and it becomes more important for bigger
stopping powers (dF /dx). The way in which we account for this effect for the STEREO
simulation will be presented in section [3.3.1}

The delayed scintillation component involves the triplet states 7T}, which are formed
by non-radiative transitions from high energy T, states excited by charged particles. Even
though 77 — S transitions are suppressed by the multiplicity selection rule, the molecules
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found in the triplet state T; can interact between them through Triplet-Triplet Anni-
hilation and give rise to a singlet state S;, which decays as described previously, by
Ty + Ty — 51+ So + phonons. The characteristic time for the delayed scintillation com-
ponent is of a few hundreds of nanoseconds, significantly bigger than that of the fast
principal component. This component becomes important for a high density of deposited
energies, which induces a high density of 77 states. This is the case for fast neutrons
that induce proton recoils, which have a high (dF/dx) at the end of their paths, thus
depositing a lot of energy in a very localised area.

2.2.3 Pulse shape discrimination

The fact that the distribution of light between the two components of the light response
(equation[2.2.4)), the fast one and the delayed one, depends on the (dE/dz) of the interact-
ing charged particle, can be exploited to discriminate between electronic recoils (induced
by antineutrinos or electrons) and proton recoils (induced by neutrons). Indeed, as seen in
the previous section, a high (dE/dzx) induces a high density of excited molecules, which fa-
vors inter-molecular interactions and non-radiative transitions and thus lowers the weight
of the fast scintillation component, A,, with respect to the delayed one, A;. This im-
plies that the form of the signals characterizing electronic recoils and proton recoils are
slightly different, with the proton recoil signal having a longer tail. We can thus define
an observable to distinguish between the two types of signals

Qtail _ Z:L:P(;VI Qiail
Qtot Z:L:P(;VI Qiot

PSD = (2.2.5)

where Q.1 and ;; are the tail and total charge of the signal, defined using the
charges registered in the vertex cell, i.e. the cell in which the interaction took place. The
pulse shape discrimination principle is illustrated in figure 2.4}

electronic recoil signal

proton recoil signal

Te < Tp
Quai/ Qeor () < Qait/ Qror (P)

tail charge - Q,,
total charge - Q,,

Figure 2.4 — Illustration of the pulse shape discrimination principle. The signals induced
by electronic recoils (red) have a smaller Qq;/Qqor ratio than those induced by proton
recoils (blue).



2.2 Neutrino detection 40

4000 _ ...................... ........................ ................... a—
3000 ...................... ........................ ................... —

2000 |t S — S — _

Number of events [a.u.]

1000 ,,,,,,,, ..................... ................... —

OO S S SR P :
0.05 0.10 0.15 0.20 0.25
Tail to total charge ratio

Figure 2.5 — PSD distribution at 2.2 MeV obtained with an AmBe source. The Qyui1/ Q1o
ratio is used to discriminate electronic recoils (left peak) and proton recoils (right peak).
Source: [60].

During the data taking, the form of the signals is not registered in the memory.
In fact, only the time that marks the beginning of the pulse, tcrp, defined using a
constant fraction discriminator, the total charge of the signal, ();,, and the tail charge of
the signal, (44, are registered. This constrains us to fix the integration interval for Q4
before registering any data. The optimisation of the integration interval was performed by
maximizing an observable called Figure Of Merit (FOM), computed from runs performed
with a calibration source of AmBé

Fp — Hy
FOM = 2.2.6
235 (0, +0y) ( )

where p, and p., are the mean values of the PSD distributions of proton recoils and
electronic recoils and o, and o, are their standard deviations. These parameters are
obtained by fitting the PSD distribution measured with the AmBe source with two Gaus-
sians, as illustrated in figure 2.5 Specifically, the FOM measures the distance between
the electronic recoils and proton recoils populations in standard deviation units.

The integration interval for Q);,; was optimised for every cell. Its optimal value was
found to be of 0.7 in phase II at 2.2 Me\/eeﬁ (the energy released by a Hydrogen nucleus
following a neutron capture) and of 0.6 in phase I.

3The AmBe source was chosen because it emits both gamma rays and neutrons, thus allowing to
compute the FOM for a wide range of energies.

4nee" stands for electron equivalent. The detector is calibrated using gamma rays, which transmit
their energy to electrons that subsequently lose their energy through electromagnetic interactions with
the liquid scintillator. However, this energy scale is arbitrary for neutrons, which deposit their energy
through proton recoils. In other words, the light produced by a proton that loses 1 MeV of energy is
different than the light produced by an electron that loses 1 MeV of energy.
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2.3 Detector description

2.3.1 Inner detector

The inner part of the detector, designated as the Target (TG), consists of an acrylic
aquarium with 12 mm thick walls, of inner dimensions L x [ x h = 2.223m x 0.889m x
1.230m, which is divided into six identical and optically separated cells. Each cell is 369
mm thick, 892 mm wide, and 918 mm high. The Target volume is enclosed within a larger
double walled stainless steel vessel, defining an outer crown around the central aquarium:
the Gamma Catcher (GC). This crown is designed to contain v rays escaping from events
generated in the TG (511 keV gamma rays from e*e™ annihilation or gamma rays from the
n-Gd cascade) and it also serves as an active veto against external background entering
the TG. The GC is divided into four cells, two cells in prolongation of the TG cells, with
the same geometry, in order to suppress edge effects in the detector response, and two 30
cm thick cells covering the full length at both sides. The walls and the bottom of every
TG and GC cell are made highly reflective using a specular reflective film (ESR film -
new denomination of VM2000 films). An illustration of the STEREO detector is given in
figure where one can see both the different components of the detector and the spatial
conventions that will be used in this manuscript. The TG liquid scintillator is doped with
Gadolinium to increase the efficiency of neutron captures, to reduce the lifetime and the
diffusion length of the IBD neutrons, and to take advantage of the high energy gammas
emitted following a neutron capture. In turn, the GC liquid scintillator is not doped with
Gadolinium.

The scintillation light readout is done by 48 photomultiplier tubes (PMTs) on top of
the cells. There are 4 PMTs for each TG and short GC cell and 8 for each long GC cell.
They are located on top of each cell and separated from the scintillator by thick acrylics
blocks (20 c¢cm) designated as buffers. The optical coupling between the PMTs and the
acrylics is provided by a bath of mineral oil.

Separating walls

The separating walls between the cells were built such that they assure the optical sep-
aration between the cells while maximising the collected light and minimising the light
collection inhomogeneities. For that, an ESRP| film allowing for a specular reflection was
chosen. This choice was motivated by the fact that the ESR film has a reflectivity bigger
than 98% in air for all the incident angles in the wavelength region of interest for STEREO
and it has a negligible light absorption probability. However, once submerged in a liquid,
its reflectivity properties drop abruptly for incident angles bigger than ~60° depending
on the light’s polarisation.

SESR comes from Enhanced Specular Reflection; the film used by STEREO is produced by 3M and
is constituted of multilayer polymer mirrors [84].
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Figure 2.6 — Top: sectional view of the detector setup. Bottom: top view of the detector
setup. Legend: 1 — 6: Target cells (baselines from reactor core: 9.4 — 11.2 m); 0 and 7 —
9: Gamma Catcher cells. The z-axis starts at the bottom of the cells and points upwards,
i.e. towards the Muon Veto. Source: [77].
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In order to avoid the direct contact between the liquid and the ESR film, the latter is
enclosed in an air-filled gap between two thin acrylic plates (2 mm)ﬂ The air gap between
the ESR film and the acrylic plates is ensured by placing a very thin nylon net (~ 100
pm) between them, as seen in figure . Since the acrylic has the same optical index
as the liquid scintillator, the light passes unperturbed the liquid-acrylic interface and can
undergo a total reflection at the level of the acrylic-air interface for angles bigger than 42°.
Otherwise, the light will most likely be reflected on the reflective film, thus guaranteeing
an almost perfect mirror. An illustration of this ideal scenario can be seen in figure 2.7}

Unfortunately, the ideal scenario presented above did not coincide with the reality
of the detector’s functioning. In fact, shortly after the beginning of the data taking for
phase I, the air gap of most of the separating walls was filled with liquid scintillator
due to sealing problems, thus leading to the progressive degradation of their reflectivity
properties, which in turn lead to a time evolution of the light leaks between the cells.
In order to describe more accurately the light leaks between the cells, a versatile model
of the separating walls was implemented and will be discussed in section [3.1] of the next
chapter. Moreover, the time evolution of the light leaks between the cells complicates
the energy reconstruction. Thus, in order to take into account the evolving reflectivity
of the separating walls and the evolution of the liquid scintillator’s properties, an energy
reconstruction method based on a weekly calibration with a **Mn source was developed
and is presented in section of the next chapter.

)
2 mm acrylic
/ plates
4
| |  Reflective Liquid scintillator
~~ VM2000 foils :
- Acrylic
4 Air gap
5 —
Nylon net ESR
]/7 =100 um
/ Total reflection at the acrylic-air interface
: Reflection on the ESR film
a) b)

Figure 2.7 — a) Schematic of the separating wall structure showing the nylon net introduced
in order to benefit from the optimal reflective properties of the ESR film. b) Schematic
showing the expected behaviour of the separating wall if the air gap is ensured. The light
can either undergo total reflection at the interface acrylic-air or reflection at the air-ESR
interface (with ~98% probability). Source: a) [60], b) [29].

6There are two types of separating walls, one that has a single ESR film enclosed between the two
acrylic plates and another one that has two ESR films enclosed between the two acrylic plates. The
former one is used for the walls between the detector cells and the stainless steel aquarium (there is no
need to have a perfect mirror on the stainless steel side), while the latter one is used between the detector
cells themselves.
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Liquid scintillator

The liquid scintillator is mainly composed of LAB (Linear Alkyl Benzene), which accounts
for ~75% of the total mass. In addition, it is also composed of ~20% PXE (ortho-phenyl-
xylyl-ethane) and ~5% DIN (di-isopropyl-naphtalene). The choice of these constituents
was driven by the specificities of STEREQO: good transparency, high light yield, pulse
shape discrimination capabilities and radiopurity. Moreover, the liquid also had to be
compatible with the detector materials and meet multiple safety aspects, like a high flash
point, since the experiment operates in the building of a nuclear reactor.

While the main component, the LAB, is chemically inert and has a high transparency
above 400 nm wavelength, the PXE and DIN were added to increase the light yield and the
pulse shape discrimination capabilities of the liquid. The doping is done by dissolving Gd
(thd)s molecules in the liquid scintillator. This procedure ensures that the transparency
of the liquid remains virtually unmodified. The molecules diphenyloxazole (PPO) and bis-
methylstyrylbenzene (bis-MSB) are additionally used as wavelength shifters to maximize
the PMTs light collection efficiency.

The obtained liquid has a light yield of ~7000 photons/MeV with wavelengths be-
tween 375 and 450 nm and a measured attenuation length of ~7 m. Finally, to maintain
the scintillation properties over time, an atmosphere of slightly overpressured Nitrogen is
constantly maintained above the liquid to limit its Oxygen absorption.

The number of protons in the Target N, mainly depends on the absolute liquid mass,
M7y, and the relative Hydrogen fraction fg

_ faMi,

Np
mpmg

(2.3.1)

where my = 1.673533 - 10727 g is the Hydrogen mass. The liquid mass, derived by
comparing the masses of full and emptied scintillator barrels during the detector filling,
has a value of M} = (1602 + 2) kg. The Hydrogen fraction was accurately measured at
TUM (Technical University of Munchen) by CHN element analysis (combustion analysis)
of a scintillator sample [85]: fz = (11.45+0.11)%. Finally, the number of Target protons
is estimated at (1.090 £ 0.011) - 10**. This is considered to be a cell-to-cell correlated
uncertainty and thus it is relevant for the absolute rate measurement. However, since the
oscillation analysis that will be presented in chapter 5[ does not use a comparison with an
absolute spectrum, the uncertainty on the proton number is not relevant to it.

2.3.2 Shielding and Muon Veto

An important concern during the implementation of the experiment was that at the
STEREQ site there are several factors for which a shielding must be constructed. Firstly,
a high flux of thermal and high energy neutrons (energy of about 25 meV and of several
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MeV, respectively) is present due to the intense beams of neutrons that are extracted
from the reactor moderator in order to perform neutron scattering experiments. These
neutrons can also give rise to neutron capture gamma rays with an energy of up to 9 MeV.
Secondly, the experiment is not underground and the shielding against cosmic radiation
is limited to about 15 m.w.e, represented by the transfer channel of the reactor that is
just above the detector. Lastly, nearby experiments use magnetic fields of up to 15 T and
the stray field at the STEREO site can reach values of ~1 mT.

The correlations between the positron and the neutron resulting from the IBD reac-
tions allows us to reject most of the background. However, we can distinguish two types
of residual background that can mimic the signature of an IBD process

« accidental background, which consists of random coincidences between independent
events. Their rate depends directly on the environmental background rate.

« correlated background, which consists of coincidences between events that have a
common origin.

Natural radioactivity is responsible for gammas that can reach energies of up to 2.6
MeV. While these gammas cannot be mistaken for a Delayed signal, which in our case
has an energy of 8 MeV, they can very well mimic a Prompt signal. Atmospheric muons
do not represent a problem by themselves, because they have a sufficiently high energy
to saturate the detector and thus they can be easily recognized and eliminated. However,
the muons can give rise to fast neutrons through spallation on the nuclei of the materials
surrounding the detector, which can afterwards be captured on Gadolinium. The gamma
rays emitted by the excited Gadolinium could then mimic the Delayed signal. Thus,
a Prompt signal coming from a natural radioactivity gamma coupled with a Delayed
signal coming from a fast neutron has the same signature as the antineutrino signal and
represents one example of accidental background. It is worth mentioning that even though
all this accidental background can be subtracted online, it is important to reduce it as
efficiently as possible in order to keep to a minimum the statistical fluctuations coming
from its subtraction.

The fast neutrons created by muon spallation or produced in the cosmic-ray showers
are also the most important source of correlated background. In fact, a neutron will
scatter in the liquid scintillator and induce the proton recoils that will at their turn be
responsible for the scintillation light, which represents a Prompt signal of some MeV.
After being thermalized, the neutron will be captured on a Gadolinium nucleus that will
subsequently deexcite and mimic the Delayed signal. Moreover, a single muon can create
multiple fast neutrons that can be captured, for example, on Hydrogen, giving a 2.2 MeV
signal and on Gadolinium, giving a 8 MeV signal, which again reproduces the antineutrino
signature.

Several types of shielding were used in order to reduce the contribution of the earlier
mentioned particles to the background relevant for the extraction of the antineutrino rates.
Besides the supplementary shielding added around the detector at the STEREO site (see
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figure , the experimental setup is enclosed in a passive shielding of about 65 tons (see
figure , composed of borated polyethylene (29.7 cm on top, 14.7 cm on sides, and 20
cm below) and lead (15 ¢cm on top, 10 cm on sides, and 20 cm below). To protect the
detector from the magnetic fields generated by the nearby experiments, several layers of
magnetic shielding have been installed: a soft iron layer that surrounds the lead shielding
and the Muon Veto, a mu-metal layer inserted between the polyethylene and the detector
and cylinders of mu-metal placed around the PMTs. Additionally, the soft iron layer is
covered by boron-loaded rubber to help absorbing the ambient thermal neutrons present
in the reactor hall.

Even though the reactor building and the transfer channel above the detector provide
a shielding of 15 m.w.e., whose effects are visible at the muon flux level, as seen in figure
2.8 the muon-induced neutrons still represent the most important source of background
for STEREO. Thus, a water Cherenkov detector was placed on top of the detector, as
shown in figure 2.6 and is used as an active Muon Veto. It is filled with 25 cm of
demineralized water and the Cherenkov light is read by 20 PMTs placed on top of the
water surface. Moreover, a small quantity of 4-methylumbeliferone is added to convert
the Cherenkov light in visible light corresponding to the optimal efficiency of the PMTs,
and the walls of the detector are covered with a reflective film (Tyvek). The Muon Veto
has a detection efficiency for vertical muons greater than 99.5% and exhibits a very good
stability.
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Figure 2.8 — Muon fluxes at the ILL for different locations and zenith angles. The mea-
surements are plotted with markers, while the simulation results are plotted with dashed
lines. The simulation is normalized on the outdoor measurement at 0° zenith angle.

Source: [60].
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2.3.3 Electronics and acquisition system

The signals registered by the PMTs are digitized with a 250 MHz frequency, which corre-
sponds to a sample every 4 ns. The STEREO experiment benefits of a dedicated system
[86] for the triggering, processing and readout of the PMT signals. If a signal passes the
first level trigger (~300 keV energy deposition in one cell), then the processing of the
event begins

o the start time of the pulse topr of each individual PMT is determined using a
constant fraction discriminator algorithm (CFD).

« the total pulse integral (total charge) Q. detected by each PMT is computed by a
Riemann-integration over Ny, samples, starting a few us before tcpr in order not
to lose the signal’s rise; 60 samples (240 ns) are enough to fully contain a pulse.

o the tail pulse integral (tail charge) Q. detected by each PMT is computed by a
Riemann-integration over Ny,; samples, starting from tcppr + Niot — Nigir- It is the
Ny parameter that is varied in order to reach the best Figure of Merit for the
separation between the electronic recoils and the proton recoils.

The previously discussed processing is summarized in figure 2.9] After the first level
trigger, a second level trigger intervenes, which imposes an inferior threshold on the total
charge registered by all the Target PMTs and on the total charge detected by the Muon
Veto. This allows to already eliminate part of the environmental gamma background that
passes the first level trigger. In standard acquisition mode, for the events that pass the
two trigger levels, only the observables of interest, tcpr, Qior and Qyai, are saved to disk.
This allows for a high instantaneous trigger rate (~2-3 kHz) and a negligible fraction of
dead time (less than 0.02%).

PMT signal Red: adjustable
1 N =>Q parameter
tot tot
=>
tail tail

Trigger

threshold T~ v """~~~ 7"————— | _
CFD

threshold ———= ——— e — —— -~

time
pretrig Nsamp|e — for data transfer

Figure 2.9 — Illustration of the signal processing by the acquisition system. The integration
windows for (Q;,; and Q4. are fixed with respect to tcpp. The adjustable parameters are
shown in red. Source: [87].
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2.3.4 Calibration systems

ADC to PE calibration

The calibration of the PMTs at the photo-electron (PE) level and the monitoring of the
linearity of the electronics are performed using a LED-based light injection system. In
order to get rid of the arbitrariness of the charge units (ADC) given by the acquisition
system, we want to convert it into a physically meaningful observable. This observable is
the number of photo-electrons that were generated by the photocathode.

An acquisition with an amplification factor 20 times bigger than the one normally
used, performed to register the signal coming from low intensity LED light sources, allows
to measure charge distributions like the one in figure 2.10f We distinguish the pedestal,
reflecting the electronic noise, and a succession of PE peaks corresponding to the conver-
sion of one, two or more photons in photo-electrons at the photocathode. Their relative
amplitudes depend on the LED intensity and on the efficiency of the photocathode. By
fitting this distribution with a sum of functions that parametrize the noise and the PMT
response, we can determine the ADC charge that corresponds to the detection of a single
photo-electron, Qpgr. Then, to convert a charge expressed in ADC, Qapc into a charge
expressed in photo-electrons, () during standard acquisition runs we use

Q A><20
Q= % o PE] (2.3.2)

where A*2°/A*! is the ratio between the amplification factors used for the PE cali-
bration and for standard acquisition conditions and Q3% is the ADC charge associated
to a single photo-electron extracted from the fit.
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Figure 2.10 — Typical PE spectrum of a Target cell fitted with a sum of functions that
parametrize the noise and the PMT response in order to extract the ()pgr parameter.
Source: [60].



2.3 Detector description 49

This type of measurement is carried every 2 hours during short periods of 30 s. Since
the charge of the electronic noise is an order of magnitude smaller than that of a single

PE, the collected charge expressed in photo-electrons has an uncertainty smaller than 41
PE.

The linearity of the Target PMTs is tested by comparing PMT signals registered while
several LEDs are simultaneously switched on, with the sum of PMT signals registered
while only one LED is switched on. In the case of a perfect linearity, the two values
should be equal. The range of interest for the analysis (up to 1500 PE ~ 10 MeV) is
tested by varying the LED amplitudes. The PMTs and the electronics are assumed to be
perfectly linear below 200 PE in order to assure the convergence of the method. Figure
[2.11]shows that the deviations from linearity are lower than 1% for all Target PMTs, thus
satisfying the experimental requirements.
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Figure 2.11 — Deviation from linearity for all the Target PMTs. In grey is shown a +1%
band containing all the non-linearities up to energies of 10 MeV corresponding to 1500
PE. Source: [60].
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Figure 2.12 — Calibration systems used for STEREO. Source: [60].



2.3 Detector description 50

Detector calibration with radioactive sources

The stability of the detector’s response and the energy scale determination rely on the
deployment of a set of radioactive gamma and neutron sources (*Ge, 37C's, **Mn, % Zn,
2K OCo, 22Na, ' Am/°Be) inside and around the detector. The sources can be de-
ployed via three calibration systems illustrated in figures 2.6 and 2.12} 1) through vertical,
Teflon-coated steel tubes spanning the full height of the Target, positioned approximately
at the center of each Target cell (slightly shifted towards the reactor direction, see fig-
ure [2.6), with the exception of cell 3 where a pure Teflon filling tube is installed, 2) in
a semiautomated positioning system, called the "pantograph", which spans over all the
perimeter of the detector and is installed between the detector vessel and the shielding,
3) on a rail placed below the detector along its central long axis. The range of possible
coordinates for the source deployment positions is shown in table 2.1]

Table 2.1 — Coordinates of source deployment positions in the internal calibration tubes (top)
and selected calibration positions along the X-axis for the external (middle) and underneath
(bottom) systems. AZ is the distance between the calibration position and the bottom of the
tube. The bottom of each tube has a distance of 2.5 cm to the bottom of the cells. Marked with
an asterisk (%) are coordinates that can be chosen freely, the others being fixed by the detector
geometry. See figure for the definition of the cell numbers and coordinate system. Source:
I77]

Internal Calibration Tubes

Cell | X/cm | Y/cm Z-position | AZ*/cm
1 -100 3 top 80
2 -63 3 mid-top 60
3 - - middle 45
4 12 3 mid-bottom 30
5 49 3 bottom 10
6 87 3
External Calibration System

Cell | X*/cm | Y/cm Z-position Z* [cm
1 -93 + 82 top 87
2 -56 + 82 middle 45
3 -19 +82 bottom 17
4 19 + 82

) 56 + 82

6 93 + 82

Underneath Calibration System

Cell | X*/cm | Y/em | Z/cm

1 -93 3 -10

2 -56 3 -10

3 -19 3 -10

4 19 3 -10

5 56 3 -10

6 93 3 -10
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Detector monitoring

The monitoring of the experimental conditions and the control of the data acquisition
stability are simplified by the presence of a variety of sensors inside and outside the
detector. Observables such as temperature, absolute and relative pressures, liquid levels
and magnetic fields are continuously monitored. Moreover, besides allowing to perform the
ADC to PE calibration, the ultraviolet LEDs are used to monitor the liquid’s attenuation
length. In addition, the trigger rates, high voltages and currents of the PMTs are also
monitored. Finally, neutron counters installed outside the shielding allow to keep track of
the fluxes of ambient neutrons. All this information is saved every minute in a database
that is accessible online.

2.4 Experiment status

The STEREO detector was installed at ILL in November 2016. The first data taking
phase lasted until March 2017 and consisted of 84 reactor-on data and 32 reactor-off
data. The analysis of these data was made difficult by several deficiencies of the acrylics
that impacted the response of the detector. Firstly, the oil bath on top of two buffers
(the ones in cell 4 and in the front Gamma Catcher cell) was lost due to leaks in the
buffer aquariums. As a result, the collected light in these cells dropped by a factor of 2.5
compared to the other cells. Moreover, most of the separating walls lost their tightness,
which resulted in the liquid scintillator filling the air gap around the ESR film. This
caused the optical cross-talks between cells to increase from ~5% to ~15% (see figure
2.14)) and made it necessary to develop a complex energy reconstruction method, which
will be presented in section [3.3.1] However, the STEREO collaboration took advantage
of the long reactor shut-down between phases I and II of the data taking (March 2017
— October 2017) to repair the defective acrylics and perform maintenance work on the
detector.

After solving the problems encountered in phase I, the detector response became much
more stable. Data was registered for two more periods, called phase II (from October 2017
to April 2019), and phase III (from April 2019 to November 2020). Since light collection,
cross-talks and potentially reactor background are different for the three phases, they
were analyzed separately (this includes a specific fine-tuning of the simulation for each
phase, as it will be explained in section . STEREQO detected its last antineutrino on
the 27" of September 2020 and it continued to register reactor-off data until November
2020, when its dismantling has started.

In total, the detector registered 387 days of reactor-on data and 750 days of reactor-
off data. A summary of the number of reactor-on and reactor-off days for every data
taking phase is shown in table[2.2] while a plot showing the variation of the reactor power
over time, where one could see the different reactor-on and reactor-off periods, is shown
in figure [2.13]
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Figure 2.13 — Cumulative (black) and daily (purple) variation of the reactor power over
time. The different reactor-off and reactor-on periods are depicted, as well as the long
reactor shut-down phase used for detector maintenance. Source: [8§].
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Figure 2.14 — Light leaks evolution with time for some selected cells during Phase I(a)
and Phase II of the data taking. This coefficients are measured using cosmic muons, as

it will be explained in section [3.3.1} Source: [29].

Table 2.2 — The different data taking periods of STEREQO. The time for each period is

expressed in days. The number of reactor-on days for an equivalent reactor power of 58
MW is also shown.

Period Reactor-on Reactor-on (58 MW)  Reactor-off
Phase I Nov. 2016 — Mar. 2017 71 70 28
Phase I1 Oct. 2017 — April 2019 137 122 377
Phase IIT | April 2019 — November 2020 179 174 345
Total Nov. 2016 — November 2020 387 366 750



Chapter 3

Detector response

"An expert is a person who has made all the mistakes that can be made in a very
narrow field."

Niels Bohr
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The observable of interest for Stereo is the energy spectrum of the detected electron
antineutrino candidates. Thanks to the good performances of the liquid scintillator, en-
ergy resolutions of the order of 6% at 1 MeV can be reached for an ideal detector, i.e. if
all the deposited light is collected. However, the detector does not behave as a perfect
calorimeter and the response of the detector has to be simulated as realistically as possible
in order to reproduce the volume effects, the imperfect reflectivity of the separating walls
between the cells, the light cross-talks between cells and to control the efficiencies of the
selection cuts used when extracting the correlated pairs, while optimising the signal-over-
background ratio. Moreover, the simulation is of a crucial importance since it is used to
generate the positron spectra that are subsequently compared with the data.

The Monte-Carlo model of the detector developed by the collaboration will be pre-
sented in the first section where the parameters to fine tune are introduced. The fine
tuning of the optical properties of the detector, which represents an important work done
during this thesis, will be presented in the second section. The third section will treat
the energy reconstruction technique and the systematic uncertainties on the energy scale.
The impact of the precise Monte-Carlo fine tuning on the reconstructed energy spectra is
also illustrated.

3.1 Monte Carlo simulation

The Monte Carlo simulation of the STEREO detector is based on the C++ libraries of
GEANT4 [89] responsible for simulating the passage of particles through matter. These
libraries allow the simulation of physical processes of different types, such as electromag-
netic or optical processes, on an energy range from several hundreds of eV to the TeV,
while taking into account the particular geometry of the detector involved as well as the
materials constituting it. Actually, the simulation code used by STEREO has been devel-
oped starting from Double Chooz’s experiment code [46], itself based on the simulation
code dedicated to KamLAND, called GLG4sim [90]. This allowed us to take advantage
of all the progress done during the last 20 years concerning the simulation of detectors
using liquid scintillators. In fact, phenomena such as the light emission by the scintilla-
tion process, its propagation and conversion to the sensitivity domain of the PM’s, the
quenching effect, light emission by Cherenkov effect or the deexcitation cascade of the
excited Gadolinium nuclei are implemented and ready to use. Moreover, even the geom-
etry and the properties of the photomultipliers are included and only small changes of
some physical parameters had to be made in order to adapt their use for the STEREO
detector. The simulation is implemented such that its output has the same format as real
data, thus allowing us to analyse it in parallel with the data.

3.1.1 Geometry of the detector in Geant 4

The STEREO energy response depends on the detector’s details implemented in the
simulation, as it has been shown by previous studies carried out on a prototype consisting



3.1 Monte Carlo simulation 55

of half of a Target cell [29]. Thus, a detailed description of the geometry of the detector
and acrylics has been implemented in the simulation from the technical drawings in [29].
A particular attention has been paid to the details at the edges of the acrylic plates,
where wedges and tabs containing reflective sheets have been added to assure the optical
junctions when glue joints are present. Moreover, the acrylic buffers, the photomultipliers
and the calibration tubes are also implemented in the simulation. The source holders
were also implemented in order to take into account the possible absorption of a part
of the particles emitted by the calibration sources. An illustration of the level of detail
implemented in the simulation can be seen in figure |3.1]

In addition to the detector’s internal structure, the stainless steel tank holding the
acrylic structure is also included in the simulation, along with the different shielding layers
surrounding the detector. Also implemented are the muon veto on top of the detector, the
transfer channel above the detector and the exterior shielding layers installed along the
walls separating the STEREO room from the neighbouring experiments. These elements
allow us to study the level of background at the STEREOQO site and especially to simulate
the cosmic background using the CRY libraries [91], which represents the main source of
background in the neutrino expected region.

Figure 3.1 — Internal geometry of STEREOQO detector a) in the technical drawings and b)
as implemented in GEANT4. Source: [92].
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3.1.2 Particle propagation

The propagation and interactions of the simulated particles are done in regular steps that
are automatically adapted in GEANT4 such that a compromise is found between the
precision of the simulation and the computation time. At every step, a MC technique is
used to decide what physical interaction the particle will undergo. After the interaction is
chosen, the state of the particle is updated and eventual daughter particles are registered
to the memory in order to be subsequently simulated. The scintillation light is generated
(see section and tracked until it reaches the PMs, where it is converted in an electric
signal by making use of the simulated electronic chain.

A simulated event has a well defined time window, chosen to correspond with the
integration window of a PM pulse. This allows us to separate the Prompt and Delayed
signals and to analyse the simulated events in the same way in which the real events are
analysed. The simulated events are registered in a ROOT file as entries of a tree of data
(TTree). Every entry contains all the information of the respective simulated event, from
the initial state of the particle to the propagation of all the daughter particles. From
the tree of data we can extract all the relevant information for the analysis, such as the
total deposited energy in the liquid scintillator E%?_ which is of crucial importance for
the energy reconstruction technique that will be described in section [3.3.1]

3.1.3 Light generation and collection

The scintillation light is emitted photon by photon, at every step in GEANT4, by convert-
ing the deposited energy in light using an emission spectrum that takes into account the
presence of the PPO and Bis-MSB wavelength shifters, as illustrated in figure Once
emitted, a photon can undergo a series of absorptions and re-emissions until it eventually
disappears, for example by being absorbed by the photocathode of a PM or by a molecule
that will subsequently deexcite without emitting light. The probability that a photon is
absorbed by the liquid is driven by the value of the attenuation length, while the proba-
bility that a photon reaching the photocathode of a PM is converted into a photo-electron
is driven by the value of the quantum efficiency. The quantum efficiency’s dependence on
the wavelength and the incidence angle of the incoming light on the photocathode was
measured by WANG et al. [93] and is implemented in the simulation code.

A special attention was put into replicating the parameters driving the light transport
and absorption in the simulation. The properties of the liquid scintillator were measured in
dedicated laboratory tests [85]. These measurements, along with information coming from
the comparison between data coming from the calibration campaigns and the simulation,
were used to fine tune the values of the parameters governing the scintillation and light-
propagation processes. The parameters with the biggest impact on the simulation that
can be adjusted during the fine tuning campaigns are the attenuation length of the liquid
and the light yield of the Target liquid and of the Gamma Catcher liquid. The way in
which these parameters were fine tuned in practice will be presented in section [3.2]



3.1 Monte Carlo simulation 57

200 ——PXE scintillator (+fluors)
| A - - - bisMSB in cylcohexane
n — — PPO in cyclohexane
=2
o 100
0 y —=

270 300 330 360 390 420 450 480 510
Wavelength [nm]

Figure 3.2 — Combined emission spectrum for the fluors used inside the STEREO liquid
scintillator (black solid line). The blue dashed line represents the emission spectrum of
the PPO fluor, while the red dotted line represents the emission spectrum of the bis-MSB
fluor. Source: [94].

To be able to compute the Target proton number, the chemical composition and
the densities of all the scintillator components are implemented in the simulation. This
is also important in order to correctly estimate the detection efficiency, which depends
on the fraction of neutron captures by Gd isotopes. The main component of the liquid
scintillator, accounting for 73% of the total mass, is the linear alkyl benzene (LAB) which
does not have a well-defined molecular formula, since it is a mixture with hydrocarbon
chains of different lengths. In order to surpass this difficulty, we have used the average
molecular mass specified by the supplier to estimate the number of hydrogen and carbon
atoms per molecule in the simulation. The wavelength shifters and the Gd-complex are
not taken into account when computing the Target proton number. This could introduce a
small bias on the computed Target proton number in the simulation, since the scintillator
density is calculated from the individual densities of the solvents composing it. Since
the calculated Target proton number is less accurate than the one obtained from the
mass and hydrogen fraction measurements described in section [2.3.1] a correction factor
of (0.9834+0.010) has to be applied on the normalization of the anineutrino events that
interact in the scintillator below the acrylic buffers. However, in section we will
see that the fraction of selected IBD candidate events outside of the Target volume is
much smaller than 1%, thus allowing us to neglect volumes other than the Target in the
calculation of the proton number.
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3.1.4 The optical model for the separative plates

Due to the liquid scintillator’s leaking inside the separating walls (see section , their
reflectivity properties degraded, since the air gap between the ESR film and the acrylic
plates that was ensuring the optimal properties of the reflective film has disappeared.
In order to account for this scenario, a versatile modelization of the separating walls,
that accounts for both the different individual liquid filling levels for the acrylic walls
and the effect of the liquid’s presence on the reflectivity properties of the ESR film, was
implemented in the Monte Carlo [29]. Moreover, absorption due to the presence of the
nylon net was also introduced in the simulation. This section will firstly present the
measurements that show the behaviour of the ESR film inside the liquid scintillator and
secondly explain the optical model that was i