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Introduction

From its early years as a tool to solve an old energy conservation issue, the neutrino has come
a long way. Postulated by Wolfgang Pauli in 1930 as he was pointing out the radioactive
activity, mostly from 4°K decays, of his colleagues [1], the neutrino, by its light and neutral
nature, was supposed to definitely solve the puzzle of the 3-decay missing energy as well as
the apparent non-conservation of momentum. After its classification as weakly interacting by
Enrico Fermi in 1933 [2] and the first calculations of its interacting cross section, it became
obvious that the detection of the neutrino was an unprecedent challenge that would require
prodigeous sources and /or detectors. It is only in 1956 that Frederick Reines and Clyde Cowan
finally succeeded this challenge by detecting electronic antineutrinos from the Savannah River
nuclear reactor using a tank filled with 400 kg of cadmium-loaded water [3]. Since then, the
improvement of the detection techniques has allowed the discovery of many properties of
neutrinos.

However, while constituting the most abundant matter particle in our Universe, it is
nowadays still one of the most mysterious particle of our Standard Model. Answering the
questions it raises may open the way to reveal physics beyond the Standard Model.

Amongst these questions, one of the most crucial is “Why do neutrinos oscillate ?”. In-
deed, recent observations proved that one of the puzzling properties of the neutrino was its
ability to change its flavor among the three different available. This is the so-called “neutrino
oscillation” phenomenon that will be explored in details in this thesis.

The first chapter is dedicated to the theory of neutrino physics. After an historical in-
troduction, we will take a deeper look into the Standard Model, supposed to account for all
our knowledge in particle physics. After reviewing the basics of neutrino physics, we will
see how recent non-zero neutrino masses discoveries can be considered as limitations of this
Model, opening an appealing window to BSM (Beyond Standard Model) physics. Finally, we
will introduce in details the phenomenon of neutrino oscillations, a conclusive evidence of the
existence of non-zero neutrino masses.

In the second chapter, we will review the experimental status of neutrino physics. The
current status of neutrino mass determination experiments will be studied. In the second part
of this chapter, we will fully explore the current status of neutrino oscillations experiments in
the current 3-neutrino oscillation framework. Finally, after introducing the concept of neutral
heavy lepton, its implementation as a sterile neutrino in our current understanding of flavor
oscillations will be described.

The third chapter is entirely dedicated to the emitters of (anti-)neutrinos at the MeV en-
ergy scale. After exploring nuclear reactors physics, from the fission process to the properties
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of consequently generated antineutrinos, we will discuss the possibility of using radioactive
sources as neutrino generators. Finally, we will review an astrophysical process, the su-
pernova, releasing a tremendous amount of neutrinos and antineutrinos at the MeV scale.
Starting from the basic principles and stages of the process, we will then look at the prop-
erties of its neutrino emission to finally study the SN1987A case, the only supernova ever
observed through neutrino.

After the latter chapter dedicated to the generation of MeV neutrinos, the fourth chapter
will be focusing on the detection of neutrinos through the Inverse Beta Decay reaction. This
reaction, considered as the “golden channel” for MeV electronic antineutrino detection, will
here be presented from a theoretical to a technical point a view. Finally, we will explore the
domain of interaction simulation with two different computer codes dedicated to simulate IBD
processes, NuMC in a GEANT4 framework and SuperNustradamus in a MATLAB framework.

In the fifth chapter, we will connect the last two chapters and study how IBD kinematics
can be used to retrieve the direction of an incoming neutrino flux. This idea called neutrino
directionality hereafter will, in this chapter, be applied to the Double Chooz experiment, to
localization of supernovae and the detection of geoneutrinos. This first application proves the
possibility of directionality with the Double Chooz detector and opens the possibility of using
directionality as a tool for background rejection and other purposes, as supernovae localiza-
tion. The second application could be of interest for the astronomical community looking
forward to the observation of a supernova process, since the direction information carried by
neutrinos arrives prior to the observable photons. The third application could help determine
the origin of geoneutrinos within the Earth’s geological layers as well as reject backgrounds
originating from other neutrino sources.

The sixth chapter will be fully dedicated to the Double Chooz experiment and its purpose
of measuring the 613 mixing angle. After presenting the experiment and the detector, we will
look into the full chain starting from data acquisition through the event reconstruction, the
Monte-Carlo simulation and finally the data analysis with both near and far detectors that
gives the results taken as inputs of the final oscillation fit. This fit, comparing the actual data
to non-oscillated simulated data, is the last step leading to the precise determination of the
f13 mixing angle.

Finally, the seventh chapter of this thesis will be dedicated to the CeLAND/CeSOX ex-
periments and their goal for testing the hypothetical existence of a new neutrino state. After
describing the project from its physics case to its technical challenges, we will move on to
the simulations of the neutrino signals, mandatory in order to fully caracterize the expected
signal in case of the discovery of a new neutrino state. Backgrounds will be studied in order
to accurately determine the sensitivity of the various experimental setups.



Chapter 1

Theory of neutrino physics

In this chapter, the basic theory of neutrino physics will be reviewed. After an historical
introduction in Section 1.1, we will quickly describe the Standard Model of particle physics
and its components needed for a good understanding of neutrino physics in Section 1.2. Then,
we will describe the status of neutrinos and their masses in the Standard Model in Section 1.3
in order to finally study the theory of neutrino oscillations in Section 1.4.

1.1 History

In 1896, after several experiments on phosphorescence, Henri Becquerel began to illuminate
uranium salts with sunlight with the hope of observing the emission of X-ray radiation, re-
cently discovered [4]. Quite soon, he noticed that the patterns he wanted to observe on his
photographic plates were as bright whether the uranium salts had been exposed to sunlight
or not. This phenomenon, which we call now radioactivity, was thus discovered by pure
serendipity and opened a new chapter of physics that led to the discovery of the three «, 3
and 7y radiations.

In 1914, James Chadwick showed the 3 spectrum was continuous [5] which was not com-
patible with the previous observations of discrete spectra in the o« and <y decays.

It is only in 1930, more than a decade later, that Wolfgang Pauli in his famous letter
“Dear radioactive ladies and gentlemen” [1] proposed his approach to solve this issue of miss-
ing energy by adding a new particle in the 3 decay. This particle, originally called “neutron”,
was supposed to carry away the additional spin 1/2 and missing energy. It was also supposed
to be a neutral light particle to explain its lack of interaction and the apparent conservation
of the mass during a decay. The new neutral particle discovered by Chadwick in 1932 [6] was
too heavy to satisfy these conditions and was named “neutron” but in 1934, Enrico Fermi
introduced his theory of  decay [2] and incorporated the particle postulated by Pauli in
his model that he baptized “neutrino”, meaning “small neutral one”. This theory of (3-decay
became the theory of weak interaction.

It is finally in 1956, more than twenty years after the claim of its existence, that the

neutrino was experimentally detected [3, 7]. This discovery was the fruitful result of an
experiment conducted by Frederick Reines and Clyde Cowan using the Savanah River nuclear

3



CHAPTER 1. THEORY OF NEUTRINO PHYSICS

reactor (USA) as an intense electron antineutrino source!. Their detector, as illustrated in

Figure 1.1, consisted of two tanks filled with CdCls-doped water and placed between three
tanks of liquid scintillator. They were both surrounded by photomultipliers in order to observe
the positron annihilation and the neutron capture on 3Cd from the

vet+p—et+n (1.1)

detection reaction, also called Inverse Beta Decay (IBD).

This experiment took the credit for the discovery of the neutrino though a preliminary
one led by the same team took place at the Hanford reactor (USA) in 1953 using a similar
setup. Unfortunately, due to the high rate of cosmic background, the faint signal observed was
not significant enough and the experiment was moved to the Savanah River reactor, better
shielded against cosmic background.

Antineutrino from reactor
Fa

/@ Liquid
scintillation

Cadmium capture detector

/
/
’
!
gamma rays /!
g
4
/!
!
4
4

n Capture
in cadmium ® H20 + CdClp.
after Target 7.6 cm (target)

moderation proton Annihilation

Annihilation

amma rays

o ¥ @ Liquid

scintillation

detector

Figure 1.1: Sketch of the Savanah River experimental setup. The IBD positrons and neutrons are
generated and captured in the target (A) and the secondary gammas they create deposit their energy
in the surrounding liquid scintillator tanks (1) and (2).

This experiment gave the first experimental average cross section for the IBD reaction
(o1Bp) = (11 +2.6) x 10~ *cm? (1.2)
which is in rather good agreement with the current measurement [8].

In 1956 as well, T. D. Lee and C. N. Yang noticed that, although it was supposed to
be conserved in all interactions, evidences for parity conservation in weak interaction were
lacking [9]. This symmetry violation was a possible solution to the so-called 7 — 6 puzzle
observed in kaon decays where a KT decay could lead to two final states of respectively two
and three pions, thus violating parity conservation.

To test this hypothesis, C. S. Wu carried out an experiment monitoring the angular
distributions of gammas and electrons emitted from °Co decays in a magnetic field [10]. The

'Note that the distinction between neutrino and antineutrino has been made by Davis at the Brookhaven
reactor in 1955.
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observation of a difference between the direction of emission of the gammas and the electrons
led to the discovery of P-violation in weak interaction. A year later, Goldhaber carried out
an experiment to measure the polarization of a neutrino in the process:

e +152 Eu =12 Sm* + 1, (1.3)

He found that the polarization of the v, was in the opposite direction with respect to its
momentum [11].

Combining the results of these two experiments leads to the following conclusion: being
massless, antineutrinos can only have a right helicity while neutrinos can only have a left
helicity?.

The discovery of the W and Z gauge bosons of the weak interaction in 1983 at CERN
brought confirmation of the Glashow-Weinberg-Salam model [12, 13, 14] which defines neu-
trinos and antineutrinos as massless, given their respective left and right chirality. Further
results from the LEP experiments showed that only 3 families of light neutrinos could couple
with the Z boson [15]. The v, neutrino from the second family had already been discovered
at Brookhaven in 1963 [16] while the v, neutrino was finally discovered in 2000 with the
DONUT experiment [17] confirming the LEP results.

In the meantime, several experiments tried to detect neutrinos from sources other than
nuclear reactors. The fusion reactions powering the Sun lead to the creation of several neu-
trinos with different energy lines and spectra. The Homestake mine experiment, carried out
by R. Davis Jr. and dedicated to detect electronic neutrinos from the Sun, was the first ex-
periment to observe solar neutrinos and subsequently their deficit with respect to the current
astrophysical models [18].

Similar deficits have been observed with atmospheric neutrinos, created by the decays of
the secondary particles, such as muons, pions and kaons, produced by interactions between
cosmic rays, mostly high energy protons, and the molecules of the high atmosphere. The
Kamiokande experiment, originally dedicated to study proton decay, thus having atmospheric
neutrinos as background, was the first to detect a deficit of v, with respect to the incident an-
gle of the event while the number of v, was in agreement with the Monte Carlo prediction [19].

While several explanations, such as neutrino decay or decoherence [20], were proposed to
solve these anomalies, the answer actually came from an effect, postulated long ago: the oscil-
lation of neutrinos. In 1957, Bruno Pontecorvo first postulated the existence of an oscillation
between neutrinos and antineutrinos, in analogy of the K* — K9 meson oscillations [21, 22].
This idea was later fully developed by three Japanese physicists, Ziro Maki, Masami Nakagawa
and Shoichi Sakata [23]. According to their theory, the neutrino flavor and mass eigenstates,
respectively (ve, vy, v7) and (v, v, v3), are different. The matrix transforming one base
into the other, named the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix Upysng takes
as parameters three mixing angles 6;;, two differences of squared masses Am?j, a CP viola-
tion phase parameter dop and additional phases depending on the Majorana nature of the
neutrino. A more detailed presentation of the neutrino oscillations phenomenon will be in
Section 1.4.

2The helicity is the projection of the spin § onto the momentum p such as h = §.p



CHAPTER 1. THEORY OF NEUTRINO PHYSICS

This oscillation was finally found responsible for the deficit and distortion observed in
the atmospheric sector in 1998 by the Super-Kamiokande experiment [24] and for the deficit
observed in the solar sector by many experiments including the SNO experiment in 2000 [25].
Since then, several experiments refined the observation of these oscillations in the solar and
atmospheric sector thus measuring the two mixing angles 612 (solar) and 23 (atmospheric)
and the two squared masses differences Am?, and Am3;. The last mixing angle 63 is sig-
nificantly smaller than the other two, it was thus the last one to be measured in 2012 by
the Double Chooz [26], RENO [27] and Daya Bay [28] experiments, the latter providing the
highest precision.

The existence of a non-zero #13 mixing angles opened the way for a measurement of the
CP violation phase §, impossible otherwise. The hierarchy between mass states, the value of
the absolute neutrino mass and the nature of the neutrino, whether it is a Dirac particle, as
the other fermions in the Standard Model or a Majorana particle, are still undetermined at
this point. Besides, several anomalies observed in the last decades point towards the existence
of one or more additional neutrinos and leave the neutrino oscillation framework with some
hypothetical unknown parameters.

1.2 Standard Model of particle physics

The Standard Model (SM) is the full description of the elementary particles and their inter-
actions. It is a gauge theory based on the local symmetry group SU(3)c x SU(2)r x U(1)y
where C represents the color, L the weak isospin and Y the hypercharge. It consists of twelve
gauge bosons, responsible for three interactions, the Higgs boson, providing masses to the
W and Z bosons, and twelve fermions (with their twelve associated antiparticles) as seen on
Figure 1.2. Its success and strength account for its ability to have accurately predicted all
particle physics measurements with no significant deviation. In this section, we will not enter
in the details of the Standard Model of particle physics but discuss its components that ought
to be introduced for an understanding of neutrino physics.

1.2.1 Electroweak interaction

The Standard Model incorporates three of the fundamental interactions: electromagnetism,
the weak interaction and the strong interaction. Gravitation cannot be incorporated since it
has yet to been quantized.

While strong interaction is described by quantum chromodynamics (QCD) based on the
SU(3)¢ symmetry group, electromagnetism and the weak interaction are unified in a single in-
teraction based on the SU(2)r, x U(1)y symmetry group. This interaction, called electroweak
interaction and based on the Glashow-Weinberg-Salam model unifies Fermi’s theory of weak
interaction and electromagnetism at high energies (~ 100 GeV). However, at low energies,
a spontaneous symmetry breaking occurs separating the two interactions and generating the
massive WT, W~ and Z°, gauge bosons of the weak interaction and the massless photon,
vector of the electromagnetic force. This spontaneous symmetry breaking is caused by the
Higgs mechanism and will be discussed in Section 1.2.2.

Unlike its chirality, the helicity of a particle is not relativisticaly invariant. For a massive
particle, it can be reversed by observing the particle in a reference frame which speed is
larger than the particle’s motion. However, in the case of massless particles such as photons,
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mass -« =73 MeVic® =1.275 GeVic* =1T3.07 GeVic" (] =126 Ge\ic®
charge 5 23 e 23 2 23 = 0 0 H
*pin = 12 ‘w 12 3 12 1 ]
up . charm top . gluon g‘gggﬁ

=4 B MeVic* 35 MeVic* =318 GeVie" 0

QUARKS
58
5 &
"
Cl-

0511 MeVic* 105.7 MeVic* 1777 Gevie* | 912 Gavic*

9.9 ®! @

wn

-

electron muon tau Z boson (=)

| ot ) @

Ln <22 eVic! =0.17 MeVic” «15 5 MeVic! .lu.i GCeVic* g
= o o [ o £

w

.9 ®.®| @

& electron muon tau ! 2

“ ' neutrino neutrino neutrino IWbuscrl | O

Figure 1.2: The constituents of the Standard Model. 12 fermions: 6 quarks and 6 leptons, each
separated in 3 different families, and 13 bosons: 8 gluons, a photon, the W= and Z° bosons and the
recently discovered scalar Higgs boson [15].

there are no reference frame where the particle appears to move backwards and the helicity,
in this case equal to the chirality. is invariant. In the SM, Fermions of a same family are
doublets if their chirality is left or singlets if their chirality is right. The opposite happens
for antifermions. This way, only left-handed fermions or right-handed antifermions interact
with gauge bosons. The discovery of neutrino oscillations and its consequence on the massive
nature of neutrinos implies that right-handed neutrinos and left-handed antineutrinos exist
but do not interact with gauge bosons.

The lack of mass terms in the electroweak Lagrangian is mandatory to conserve SU(2)r,
gauge invariance. However, experimental evidences showed the existence of massive fermions
and bosons which led to the development of an apparatus to confer mass to these particles,
the Higgs mechanism.

1.2.2 Higgs mechanism

While it is commonly called Higgs mechanism, it was mostly developed in 1964 by R. Brout,
F. Englert and P. Higgs thus the name BEH mechanism should be more appropriate.

This BEH mechanism is responsible for the spontaneous symmetry breaking of SU(2), x
U(1)y at low scales since it introduces a non-zero minimum of potential in the Lagrangian,
by the addition of a new scalar field of SU(2), of spin 0 and hypercharge 1, called the Higgs
doublet:

o) = (‘f;ﬁ{j}) , (1.4)

where ®*(2) and ®°(z) are charged and neutral scalar fields.
Taking this new Higgs field into account implies to add a new term Lpiges to the elec-
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troweak Lagrangian Lrw:

Lhiggs = (DM‘I’>T(D/1(I’) - V(®), (1.5)

where V(@) is the symmetry breaking potential expressed as:

V(®) = —p20T® 4+ A\(DTD)2, (1.6)

with A the Higgs self-coupling and ;2 the Higgs quadratic coupling, negative in the case
of a spontaneous symmetry breaking and related to the Higgs boson mass through mpjges =
V=242

The minimum of this potential is the vacuum expectation value (v.e.v) v/v/2 with v =
V=12 /X ~ 246.22 GeV, which is nonzero due to the neutral scalar Higgs field ®°.

By representing the physical Higgs boson by the H(z) field, one can express the Higgs
doublet as:

O(z) = % (U N 2[(1,)> : (1.7)

Integrating this field in the Lagrangian Lgw and using covariant derivatives in order to
introduce gauge fields implies the gauge bosons to acquire masses such as:

ev My
Mp=MN, My =——— Mz=—"— M,=0. 1.8
= v W 2 sin By 27 Cos O (18)
with Oy the weak mixing angle, e = g sin 0y, the positron electric charge ang g the weak
coupling constant.

In order for fermions to acquire masses, they need to be coupled to the v.e.v. of the Higgs
field. To conserve isospin, the Higgs doublet needs to be combined with a fermion doublet
and singlet thus forming a Yukawa coupling of the form (here for an electron):

LYukawa = _Cea%ﬁiﬁ <I/66L> + h.c. (19)
L

with ¢, an arbitrary electron coupling constant. After a few calculations, this equation
gives Lyukawa = —ce%ée highlighting the mass of the electron m, = ce%. These methods
and equations are valid for the other charged leptons and quarks with their respective cou-
pling constants c;.

Without evidence for a right-handed neutrino state, one cannot write Yukawa couplings
such as Eq. 1.9 for neutrinos. Neutrinos thus remain massless in the current understanding of
the Standard Model. In order to give neutrinos their masses, proven since the observation of
oscillations, one has either to introduce a new mechanism of mass generation for neutrinos or
to keep the same mechanism but introduce a right-handed neutrino (vg) in the SM. Some of
these mechanisms, considered physics beyond the Standard Model as we speak, will be dealt
with in Section 1.3.



1.3. NEUTRINOS AND THEIR MASSES

1.3 Neutrinos and their masses

As seen in Section 1.2, the Standard Model shows its limitations when it comes to neutrino
masses since, despite experimental proofs of their existences, they cannot be generated by
the Higgs mechanism due to the absence of vg in the SM. In this section, we will review the
different ways of generating neutrino masses in “Beyond Standard Model” (BSM) physics.

1.3.1 Neutrino masses in the SM

This limitation that forbids neutrino to acquire masses in the Standard Model is the non-
existence of right-handed neutrinos. However, by including vr singlets in the model, one can
write Yukawa couplings such as in Eq. 1.9 of the form:

v,
Lyukawa = —CuTRO! <;LL> + h.c. (1.10)
resulting in terms such as Lyykawa = —C, 0PV with ¢, the Yukawa coupling for neutrinos,

to be much smaller than the other charged leptons’ couplings in order to account for the
neutrinos tiny masses, given by m, = CV%.
The introduction of the v singlet leads to Dirac neutrino mass terms, similar to the ones

already existing for charged leptons, which gives a Dirac mass Lagrangian of the form:

_['gass = mVD(IEVL + ULvR) (1.11)

where m? is the Dirac mass of the neutrino, result of the introduction of right-handed
neutrinos in the Standard Model.

There is another way for neutrinos to acquire masses with the Higgs mechanism that does
not require the existence of right-handed neutrinos: the introduction of a new Higgs boson
triplet and its gauge-invariant Yukawa couplings. Several models such as Grand Unified
Theory (GUT) and Supersymmetry (SUSY) also offer possibilities to explain the existence of
neutrino masses but they will not be discussed in this thesis. More details about these mass
generation methods can be found in [29].

1.3.2 Neutrino Majorana mass

For all the Standard Model fermions, the only difference between particles and antiparticles
lies in their opposed electric charge. Since they are neutral particles, the situation is not
that trivial with neutrinos and antineutrinos. While the Dirac formalism postulates particles
and antiparticles are different, neutrinos might be considered identical to antineutrinos thus
leading to a possible violation of the lepton number.

This theoretical possibility would make the neutrino a Majorana particle, a particle state
identical to its antiparticle, as postulated in 1937 by Ettore Majorana [30].

In the Majorana formalism, the charge conjugate of a field is equal to the initial field up
to a phase:

v = o (1.12)

with 7 an arbitrary phase.
This field can be expressed with its left and right handed components such as ¥V = U+ V¥ p.

9
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If we consider neutrinos as Dirac particles, ¥;, and Wy are independent Dirac fields we
can express in the Dirac mass term of the Lagragian as:

—Lp :mD(\E\I/L—i-\ITL\I/R) (1.13)
with mp the Dirac mass of the neutrino, as seen earlier.

However, if neutrinos are considered Majorana particles, the left and right handed com-
ponents ¥y, and Wi are no longer independent and the ¥ field can be expressed as:

\I/:\I/ML—I-\I/MR (1.14)
with Wys, and Wy, the two Majorana components of the field defined as:

Uy, = Up+m¥yS (1.15)
Uy, = Up+mp0,© (1.16)

R

with 71 o arbitrary phases.
This gives a Majorana mass term in the Lagrangian of the form:

MMp

Ly = My S+ TR0 S +

5 (UC0, + T, ) (1.17)

with mys, , two Majorana mass terms.

The neutrino being a Majorana particle is not incompatible with the existence of a right-
handed neutrino. In this case, the neutrino Lagrangian contains both Majorana and Dirac
mass terms such that:

£D+M:£D+£ML+£MR- (1.18)

1.3.3 See-saw mechanism

In the previous case where Majorana neutrinos and right-handed field singlets coexist, one
needs to consider both Dirac and Majorana mass terms in the Lagrangian such as:

mas,

2

Mpr

2

—Lpiar =mp(Upl,+ T, Ug)+ (U U+ URYS)+ (WU, +T,0,9) (1.19)

which, using matrix formalism, can be expressed as:
.y — 1(\17 \BT) my,  Mp \I}CR +he (1 20)
using \IICL = \IIRC and ‘IICR = ‘I/LC.

After diagonalisation of the mass matrix, the following mass eigenvalues can be extracted:

1
2

Since none of these masses are actually known, several cases with different values for mp,
myr, and mpr, have to be studied. However, in the following, we will focus on a simple

mi2 = (mML +mpy, £ \/(mML — mag)? + 4m%> (1.21)

10
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scenario extracted from the see-saw model of neutrino masses.

In this case, mp;, = 0 and mys, > mp leading to the two mass eigenvalues:

2 2
m m

D my =mg = mpp, (1 + —2
mMR mMI%

m, =m; = ) = mag, (1.22)

Providing a natural explanation for the smallness of neutrino masses, the see-saw mech-
anism is one of the most appealing neutrino mass generation model. The smallness of the v
neutrino mass m,, is compensated by the heaviness of the vj; Majorana neutrino. This intro-
duces a new energy scale in the neutrino sector that could be associated with the energy scale
predicted by GUT theories where the electroweak and strong force happen to unify, around
10'® GeV. The existence of these heavy Majorana neutrinos could also be the key of the un-
derstanding of the baryon asymmetry in the Universe. Indeed, the lepton number violation
associated to the Majorana neutrino is a source of lepton asymmetry that can be converted
into a baryon asymmetry through radiative corrections to the electroweak Lagrangian [31].

Probing the existence of these Majorana neutrinos is the goal of the neutrinoless double
beta-decay experiments, as discussed in Chapter 2.

1.4 Neutrino oscillations

As seen in Section 1.3, they are several ways to generate neutrinos masses. The development
of many of these mechanisms had been triggered and supported by the observation of a phe-
nomenon only possible in case of massive neutrinos: neutrino oscillation. In this section, we
start by reviewing the theory of neutrino mixing, we then compute the oscillation probability,
observable of the oscillation and finally study a useful simplification with a practical case: the
2-neutrino approximation. The last part will be devoted to the case of oscillations in matter,
relevant for both solar and supernova neutrinos.

1.4.1 Neutrino mixing

The phenomenon of neutrino oscillations can, to first order, be explained with quantum me-
chanics only, without looking into the details of the Standard Model. One has to keep in mind
that, while being very efficient and precise, this approximation relies on considering planar
waves instead of wavepackets thus neglecting coherence issues. A more detailed derivation of
the oscillation formalism from the Standard Model interaction Lagrangians with the use of
wavepackets can be found in [32].

Since neutrinos are massive particles, the weak eigenstates v, with a = e, u, 7 the neutrino
flavor are not identical to the mass eigenstates v, with k£ = 1,2,3. Similarly to the quarks
connected by the CKM matrix, these eigenstates are connected by a 3 x 3 complex unitary
matrix called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix such that:

Ve 141
Va) = Z Uiklve) or vy | = Upmns | v2 (1.23)
k Vr V3

Similarly to the CKM matrix in the quark sector, one can parametrize the PMNS matrix
using 3 mixing angles 6;; and a CP-violation phase J. Using this parametrization, one can
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factorize the PMNS matrix into 3 independent matrices, each one corresponding to a 0;; angle
such as:

1 0 0 C13 0 813(3_i(S C192 si2 O
UPMNS =10 C23 S923 0 ‘ 1 0 —S12 C12 0 (1.24)
0 —S8923 (€23 —813616 0 C13 0 0 1

using ¢;; = cos0;; and s;; = sin 0;;.

A more general expression would be:

c12€13 512€13 s1ze”"
is i
Upmns = | —S12€23 — c12523513€"  €12€23 — S12523513€" 523C13 (1.25)
i i
512523 — C12523513€"°  —C12523 — $12C23513€"  C23C13

A graphical illustration of the 6;; elements of the PMNS matrix is shown in Figure 1.3.

Figure 1.3: Representation of the Upying elements linking the mass and flavor eigenstates. The values
of the angles are realistic but not at the exact scale and the CP-violation phase is ignored [33].

As stated in Section 1.1, each one of these three matrices corresponds to an oscillation
domain. The first one, driven by the 053 angle, is the “atmospheric” term since it was first
observed with atmospheric experiments. Similarly, the second and third matrices, respectively
driven by 613 and 615 are the “reactor” and “solar” terms of the PMNS matrix.

Notice that the CP-violation phase § appears in the reactor term. It is merely a convention
and not only #;3 but all the mixing angles ought to have non-zero values in order to be able
to test the CP violation in the neutrino sector and understand possible neutrino-antineutrino
asymmetries.

As stated in Section 1.3, one might consider the Majorana nature of neutrinos. In this
case, the identicalness of neutrino and antineutrino leads to the appearance of two additional
CP-violation phases « and 3 (only one in the 2-neutrino oscillation case). The introduction of
these phases is done through adding a diagonal matrix to the already existing PMNS matrix
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thus giving a mixing matrix of the form:

1 0 0
U= UPMNS 0 e« 0 (1.26)
0 0 €7

Flavor oscillations experiments are not sensitive to these phases thus for simplicity reasons,
they will not appear in the following calculations.

1.4.2 Oscillation probability

The only way to experimentally observe the mixing of neutrino flavors is to witness the ap-
pearance or the disappearance of a flavor while comparing actual data to expectations without
oscillations. To do so, one needs to know the probability that one flavor has changed into
another. In the following, we will compute this oscillation probability in the general case of
a 3-neutrino mixing, using the formalism explained in [34].

This development lies on the fact that neutrinos can be considered as planes waves which,
while being an approximation of the computation considering them as wavepackets, leads to
the same expression of oscillation probability. Two hypotheses have to be postulated as well:

- Neutrinos are considered ultrarelativistic particles, well justified for light MeV neutri-
nos>. Therefore, the propagation time t is approximated to the distance traveled L,
which is a very good approximation for relativistic neutrinos

- All mass eigenstates have similar momenta

The first hypothesis seems fairly reasonable since the supposed neutrino mass (< 1 eV) is
much smaller than the typical energy of the detected neutrino (2 100 keV) and since ultra-
relativistic neutrinos travel nearly at the speed of light.

Within the plane waves approximation, the mass states |vy) are eigenstates of the Hamil-
tonian H extracted from the time-dependent Schrédinger’s equation. Each of these mass
eigenstate has an associated energy eigenvalue Ej such as:

Hlvg) = Ex|wy), (1.27)

with By, = /pi2 + m2.
The time and space evolution of the v; neutrino mass states is described by the Dirac
equation which has for solution:

(1)) = e UERt=PR2) |1y (1)) (1.28)

Let us consider a neutrino in a flavor state |v,(x,t)) created at the initial condition, t = 0
and = 0. After injecting the expression of the mass state H|vj(z,t)) found in Eq. 1.28 into
the expression of the flavor state with respect to the mass states found in Eq. 1.23, the time
and space evolution of the flavor state appears as:

va(a, 1)) = > U pe” P |y (2, 1)) (1.29)
k

3Very low energy neutrinos, such as relic neutrinos from the cosmic neutrino background [35], are expected
to be non relativistic.
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Using the unitarity of the mixing matrix:

Z akUaj = 0jk, (1.30)

one can invert Eq. 1.23 and express the mass states as a function of the flavor states:

i) =Y Unklva) (1.31)
K

After substituting this last equation into the flavor state expression in Eq. 1.29, the evo-
lution of the flavor state becomes:

va(,t)) Z (Z Ug pe PR ) V), (1.32)
with 8 =e, u, 7

Consequently, while it was a pure flavor state |v,) at ¢t = 0, the |vy(z,t)) neutrino state
becomes a superposition of different flavor states a t > 0. It is worth noting that, since we
approximated the travel time with the distance, the neutrino state and its flavor composition
now depends on the distance traveled by the neutrino.

From this equation, one can compute the probability of detecting a neutrino, originally
producing in a v, flavor state, in a vz flavor state after traveling a time ¢ and a distance .
This probability is given by the squared amplitude of the v, — v transition as a function of
time: ‘

Pl/oz*)ll@ (.’L‘, t) = |<V,3’Va>|2 = | Z U;,ke_Z(Ekt_pkx)Uﬁ,kF (133)
k

Considering t = x = L and F = p for ultrarelativistic neutrinos, one can express the phase
term as:
Ef —pi, . mj
Ey + pr Ey + pr
and by approximating the energy-momentum relation such as:

Ext —prx = (B, —pg) L = L, (1.34)

m?
Ex=1\/T +mk:E+2E (1.35)

one can express the phase as a function of the neutrino mass, the propagation distance and
the energy of the neutrino:
2
my
. 1.36
5 (1.36)
Inserting this expression for the phase in Eq. 1.33 gives the general expression of the
oscillation probability between the o and S flavors:
‘AmijL
P (L, E) = 3 UG 1 Up kUa U3 e~ 726 (1.37)
k,j

The oscillatory behavior shown in Eq. 1.37 leads to define an oscillation length:

AnE h
2?0 = Wgﬂ (1.38)
J
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which is the distance at which the phase becomes equal to 27w. Note that, for simplicity rea-
sons, in the following the equality A = ¢ = 1 will be assumed. In order to achieve a maximum

of oscillation, L3¢ has to be carefully tuned.

Note that Eq. 1.37 satisfies the conservation of probabilities which means that:

- The sum of the probabilities of oscillation from a flavor v, to all the flavors v is equal
to 1:

> P (LE)=1 (1.39)
A

- The sum of the probabilities of oscillation of all flavors v, to a flavor vg is equal to 1:

> P, (LE)=1 (1.40)

The combination of Upyng terms in Eq. 1.37 represents the amplitude of the oscillation
between the o and 8 flavors. This amplitude, which is the fraction of v, neutrinos that
oscillated into vg neutrinos, depends on the PMNS matrix elements associated to each flavor
and is therefore a function of the mixing angles 612, 023 and 613.

1.4.3 The 2-neutrino practical case

In order to understand the previous derivation of the oscillation probability, we will now use
a 2-neutrino framework to simplify the calculations. Note that this approximation, however
simplistic, remains valid to a level satisfactory enough for most of the experiments looking
for neutrino oscillations.

This framework consists of only two neutrino flavors v, and v, two neutrino mass states
v1 and v and a 2 x 2 PMNS matrix parametrized by a single mixing angle 6 such that:

Ve\ ([ cosf sin® 1z
(VM> o (— sinf cos 9) <1/2> (1.41)

From Eq. 1.37, we can derive the oscillation probability in a 2-neutrino case:

(1.42)

2
iDIJe—n/M (L, E) = Sin2 20 Sin2 (Am L)

2F
where Am? = m2 — m? is the squared mass difference between the v, and vy mass state, E
is the energy of the neutrino and L is the distance it traveled from its generation point to its
detection point.

Note that these parameters are responsible for the oscillatory behavior of the probability
while the amplitude depends only on the mixing angle #. The notation commonly used to
express this mixing angle is thus sin? 26 instead of only #. This notation will then be used in
the following thesis.
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Eq. 1.42 is expressed by default in SI units, with A = ¢ = 1. However, for the following
studies, one might appreciate to see it expressed in units more suited for nuclear and particle
physics. It thus becomes:

(1.43)

Am?[eV?] x L[m]
— w290 ain?
Py, (L, E) = sin” 20 sin (1.27 E[MeV]

As stated earlier in the general case, the 2-neutrino oscillation must satisfy the conserva-
tion of probability as well: P, ., + Py, -y, =1

From this equality, one can extract P, _,,,, the survival probability of a v, expressed as:

(1.44)

Am2(eV2] x L
P, (L, E) = 1 —sin? 20 sin? <1.27 m=[eV7] x [m]>

E[MeV]

For low energy neutrinos an oscillation can only be observed through a disappearance
experiment, as in Double CHooz, as the creation of leptons heavier than the electron is not
kinematically possible.

The 2-flavor approximation, as well as the plane waves approximation, can be used in
most cases. However, some experiments are sensitive to another effect that was previously
inexistent since we only worked in vacuum: the effect of matter on oscillations.

1.4.4 Oscillations in matter

Given their extremely low interaction cross section, neutrinos are often thought as impervious
to matter. Thus, most of the calculations of neutrino oscillations are done in vacuum. How-
ever, neutrinos are weakly interacting particles and can interact coherently or incoherently
and the rate of these interactions directly depends on the density of electrons in the medium.
In high-density matter such as a stellar medium, neutrinos can undergo interactions that alter
their propagation.

In 1978, L. Wolfenstein [36] discovered that when propagating through matter neutrinos
were subject to a potential due to their coherent forward scattering interactions off electrons
and nucleons of the medium. This potential, equivalent to an index of refraction and depen-
dent on the density of the medium, has an effect on neutrinos oscillations and can induce a
large effective mixing angle in matter even if the mixing angle in vacuum is small.

In 1985, S.P Mikheev and A. Yu. Smirnov [37, 38| discovered the existence of resonant
flavor transitions along the propagation of neutrinos in non-constant density medium. This
resonant transition affects the mixing of neutrinos through the so-called Mikheev-Smirnov-
Wolfenstein (MSW) mechanism.

In the following we will not attempt to give a full description of the flavor conversion
and the MSW mechanism but we will highlight the points that are relevant for the rest of
this thesis. For simplicity reasons, the oscillation computations will be done in a 2-neutrino
framework unless specified otherwise.
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When propagating through matter, neutrinos can interact with the nucleons and electrons
via the exchange of W* and Z° bosons. Since all three flavors are sensitive to neutral cur-
rents (NC), these interactions do not lead to the apparition of a specific flavor with respect to
another one. On the other hand, only electronic neutrinos can interact coherently via charged
currents (CC) since ordinary matter does not consist of muons and taus.

From the effective CC Hamiltonian H(¢©):
1D (@) = 7 [Ze(x) (1 =5) e(2)] [e(2)y" (1 = 5) ve(z)] (1.45)
one can extract the charged current potential Vo

Voo = V2GEN,, (1.46)

with Gp the Fermi constant and N, the electron density of the medium.

Similarly, one can compute the neutral current potential Vi c:
Gr

Vo =——F

c 2

with IV, the neutron density of the medium, since the neutral current potentials of protons
and electrons cancel each other.

Ny, (1.47)

Combining these two potentials gives the total effective potential of a v, neutrino through
matter:

1

Vo = Vocdae + Ve = \/§GF (Neéae — 2Nn> . (1.48)

Note that these potentials are extremely small since:

V.cm?
V2Gp =~ 7.63 x 10714 (1.49)
Na

where N4 = 6.022 x 10?3 mol~! is the Avogadro number.

The total Hamiltonian in matter is now expressed as:
H=Ho+ H; with H]|l/a> = Va’Va>, (1.50)

a combination of the vacuum and interaction Hamiltonians.
One might introduce a matter basis transforming the matter states into flavor states such

va\ cosf sinf Ve (1.51)
vp)  \—sinf cosf v’ '

with 6 the mixing angle in matter, satisfying H;|va ) = Ea,B|VA,B).
By doing so and after tedious computations, Mikheev and Smirnov discovered the existence
of a resonance occurring at § = w/4 where:

2

m
5F cos 20 = V2G N, (1.52)
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This is the MSW resonance condition where the mixing is maximal and the possibility of
total transitions between two flavors is likely to occur. Note that the evolution of the mixing
angle 6 is dependent on the behavior of the density N.

A slow variation of the electron density N.(r) along the neutrino propagation, in a way
that the density seems constant over several oscillation lengths, leads to an adiabatic evolution
of the matter eigenstates and a high probability of flavor conversion. On the other hand, a
fast density variation leads to a non-adiabatic evolution and a lower conversion probability.

This non-adiabaticity mainly occurs at transitions between two media of different densities
such as the Sun structure shells [25] or a supernova shockwave and leads to a conversion of
v, into other flavors.
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Chapter 2

Experimental status of neutrino
physics

Now that we’ve established the basics of neutrino physics phenomenology, we will review its
experimental status. This manuscript is mainly focused on neutrino oscillations thus it deals
with the current status of the searches for neutrino masses, leptonic CP violation, the current
3-neutrino oscillation framework and sterile light neutrinos. Other topics, such as neutrino
magnetic moment [32] or neutrino decay [39], although very interesting will not be covered
in the following.

2.1 Neutrino masses

In his letter in which he postulated the existence of the neutrino, Pauli mentioned that its
mass should be of the same order of magnitude as the electron mass. Until recently most
of the experiments had a sensitivity too low to observe the existence of a non-zero neutrino
mass and were thus in agreement with the Standard Model massless neutrinos. This idea was
globally accepted before the discovery of flavor oscillations indirectly proved the existence
of massive neutrinos. We’ve established earlier that oscillations were a function of the mass
squared differences Am? (but not of the masses themselves). Therefore, absolute neutrino
masses will have to be measured otherwise.

2.1.1 Absolute mass measurements

To date, the most sensitive direct method to infer electron neutrino mass is the study of the
B~ decay:
N =7 Nte +7, (2.1)

and the detailed observation of the tail of the electron energy spectrum. This method only
allows the measurement of the 7, mass. Experiments based on electron capture (EC) and B+
decay allow to access the v, mass.

In a B~ decay process, the emitted electron and antineutrino share the total energy Qg

released in the reaction. If the 7, is considered as massless, the electron energy spectrum is
maximum at Qpg, total energy released in the decay. However, if the v, is considered massive
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with a mass my_, the energy conservation principle lowers the maximum of energy available
to the electron to Qg — my, as seen in Figure 2.1.

10
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Figure 2.1: Close-up of the 3 decay spectrum around its endpoint at Ey. The dashed line corre-
sponds to a case with a massless neutrino while the solid line corresponds to a massive neutrino with
mp, = 1eV [40]

The neutrino mass is postulated to be very small compared to the Qg of most nuclei and
so, the energy shift it induces is seldom detectable with respect to Qp, especially since the
latter is not known at the sub-eV scale. One has to study the 3 decay of a light nucleus,
with a small Qp, in order to minimize this difference. In addition, the number of electrons
in the spectrum’s tail (the gray shaded area of Figure 2.1) directly depends on the smallness
of Qp through Niuy oc 1/ Q‘%. Another key aspect is that, as the spectrum approaches its
endpoint, the number of decay electrons tends to decrease drastically. A high ( activity is
thus necessary to obtain a satisfactory signal over background.

The most used isotope that satisfies these requirements is tritium: 3H. Its B decay:

SH»*He+ e + 7, (2.2)

has a low Qp of 18.6 keV and its short half-life of 12.3 years delivers a sufficient specific
activity. Besides, it has a simple electronic structure, simplifying the atomic effect treatment
and its  decay is a super-allowed 1/2 — 1/2 transition. For these reasons, tritium is the
most widely used isotope in experiments looking for absolute neutrino masses.

Two past experiments, Mainz and Troitsk, performed measurements of the 7, mass. Their
setup were very similar to the one shown in Figure 2.2.
Their results:

mp, < 2.3 eV (95 % CL) for Mainz [42]
my, < 2.05¢eV (95 % CL) for Troisk [43]

are the best direct upper limits obtained on the mass of the electronic antineutrino.

The upcoming KATRIN detector [44], whose structure is shown in Figure 2.2, will provide
a better energy resolution and a lower background rate. Its goal is to reach a sensitivity as
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Figure 2.2: Sketch of the KATRIN detector. Electrons are generated from a molecular tritium gas (on
the left), they travel through a filter and the spectrometer in order to only detect the most energetic
ones with the detector on the far right [41].

low as 0.2 eV (90% CL) after 3 years of data taking, started in 2016.

Note that the mass my, determined in these experiments is an effective mass since, as seen
in Section 1.4.1, each neutrino flavor state is a combination of the mass states. This effective
mass can be expressed as:

_ 2. 9_ 2 2 92, 92 2 9 92 9
my, = Z |Uek|"my, = ciacizmi + s1acizms + s7gms, (2.4)
k

using the mixing angles and masses of the PMNS formalism. Using the upper limits on mg,
of Eq. 2.3, we obtain:
my, < 2.05eV (95 % CL), (2.5)

the upper limit on the mass eigenstates my, k= 1,2, 3.

Tritium B decay experiments are only sensitive to the 7, mass but what of the v, and v,
masses 7 In laboratories, muon and tau neutrinos are usually man-made using accelerators.
The decay of heavy particles, such as pions, kaons and taus, is carefully analyzed and the
momenta and energy of the secondary neutrinos, invisible in the detectors, is obtained from
the detection of the other secondary particles.

The kinematic analysis of the pion decay:

™ =t +y, (2.6)

and the tau decays:
T = 2 47t +u, (2.7)
77 = 31 427t + v (+10), (2.8)

gave the following upper limits [45, 46]:

my, < 170 keV (90 % CL)

(2.9)
m,, < 18.2 MeV (95 % CL)

One might measure the neutrino mass by measuring its time of flight and energy. Given
their ultrarelativistic nature, it is only possible to measure it through space using powerful
neutrino generators also acting as triggers. By emitting light as well as neutrinos, supernovae
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seem the ideal candidates. Observations from SN1987A [40] gave an upper limit of 5.7 €V on
the neutrino mass without being able to distinguish between flavors. This method is rather
disfavored since galactic supernovae are too rare and not enough understood to reach the
limits set by 3 decay experiments.

Last but not least, recent results from cosmology have been setting very stringent limits on
the total neutrino mass (summed over all three flavors). The measurement of the Ly« forest
power spectrum combined with Baryonic Acoustic Oscillations (BAO) results and Cosmic
Microwave Background (CMB) data set an upper limit [47]:

> m, < 0.14 eV (95% C.L.). (2.10)

2.1.2 Mass hierarchy

The limit of 2.05 eV set on the effective ., mass by the Mainz experiment is insufficient
to order the mass eigenstates by increasing order. Their sensitivity to the squared masses
differences Am?j gives flavor oscillations experiments the possibility to place these masses on
a relative scale. However due to the sign uncertainty, the absolute scale of the mass ordering
is still unknown and two orderings are currently possible. By convention, these orderings
are called “normal” and “inverted” mass hierarchies. The normal hierarchy states that the
neutrino masses my, are increasing with k so that mi; < mgo < mg while the inverted hierarchy
postulates mg is the smallest mass thus leading to ms < m; < meo. Considering m; < ms as
the “solar” pair of neutrino mass states and mg as the “isolated” neutrino mass state, one can
understand the determination of the mass hierarchy as the ordering between msg and mq, mo
A more comprehensive sketch of those hierarchies is displayed on Figure 2.3.
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Figure 2.3: Ordering of the neutrino masses in the case of a normal (left) or an inverted (right)
hierarchy. The flavor content of each mass state is up to scale and depends on the parameters of the
PMNS matrix [48].

The current status of the search for mass hierarchy is such that we know the absolute
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value of the squared masses differences Am?, and Am3; . However the sign of Am3; is still
unknown therefore it is impossible to distinguish the normal (mo < mg3) from the inverted
(mg > mg) hierarchies. The sign of Am3; can only be obtained through matter effects as it has
been done for Am?, in the solar sector. More details about the experimental determination
of these parameters will be given in Section 2.2.

2.1.3 Double beta decay

The double (3 decay is a known process proposed in 1935 by M. Goeppert-Mayer [49] and
characterized by the decay of a 4X nucleus with A nucleons and Z protons into a 19X nucleus
still with A nucleons but Z+2 protons such as:

IX =50 X+ 27 + 27, (202B) (2.11)

Unlike two consecutive 3 decays, this process leads to the simultaneous emission of two elec-
trons and two antineutrinos. It has been successfully observed in several experiments using
different isotopes, such as "9Ge, 19°Mo, 1%9Nd, etc...

The neutrinoless double 3 decay (0v2f), proposed in 1939 by W.H. Furry [50] is similar
to a regular double 3 decay (2v2f) with the exception that the final state does not include

neutrinos:
IX 9.0 X+ 2e” (002B) (2.12)

Such a process violates the lepton number conservation and is forbidden in the Standard
Model. However, it becomes an allowed process if the neutrinos are massive Majorana particles
(c.f. Section 1.3). The absence of neutrinos in the final state would come from the absorption
of the B decay emitted right-handed v, as a left-handed v,. A sketch of the 2023 and 0v23
decays is shown in Figure 2.4.
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Figure 2.4: Feynmann diagrams of the 2v2f3 (left) and 0v2f (right) decays. Due to the Majorana
assumption g = vr, the neutrino is re-absorbed in a 0v2f3 process [51].

The discovery potential in neutrino physics that the observation of the Ov2 decay could
deliver is considerable and would prove the Majorana nature of neutrinos, the existence of
lepton number violating processes and set strong constraints on the neutrino mass. Several
experiments across the globe have therefore been designed to detect it. Most of these exper-
iments are direct detection experiments that aim at measuring the energies of the electrons
emitting in a double 3 decay. Since the 2v2f3 decay leads to a multiple body final state
(nucleus, electrons, neutrinos), the sum energy carried by the electrons follows a distribution
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with a maximum corresponding to the Qg of the decay. On the other hand, the 0v23 decay
gives a 2-body final state thus the summed energy carried by the electrons is supposed to be
a Dirac distribution at Qg. Excellent energy resolution and very low background rates are
mandatory requirements for these experiments.

From nuclear physics, the half-life of the 0v23 decay of a given nucleus can be com-
puted [32]:

2\ 1 mag |*
(7)™ = oo, P75 (2.13)
e
where G, and Mg, are, respectively, the nuclear matrix element and the phase factor and
map is the effective Majorana mass.

This effective mass mop can be expressed as a function of the mixing parameters:
2 _ 2 2 2 2 2 i, 2, 2 o, 2
mQB = C19C13My + 519C13€ "1y + 513€ Mg (214)

with e’ and e, the two Majorana phases that have to be added to the PMNS matrix in the
case a Majorana neutrino.

Past and current experiments only set upper limits on the half-life of the 0v2f3 decay giving
an upper limit on the Majorana effective mass. For instance, the NEMO-3 experiment, by
not observing the 0v2p decay of '°°Mo obtained maop < 0.45—0.93 eV [15]. A sub-part of the
Heidelberg-Moscow experiment collaboration, using "Ge, claimed the observation of the 0v23
process leading to an effective Majorana mass determination of 0.2 < mgpg < 0.6 €V at the 3o
level [52]. Yet, these results are the subject of a controversy and are often disapproved [53].
Recent results from the GERDA experiment [54] show no indication of this 0v2f signal.

Since it can be expressed as a function of the neutrino masses (c.f. Eq. 2.14), the effective
Majorana mass carries information about the mass hierarchy and its precise determination
could allow the discrimination of one scenario over the other. The favored bands at 3o for
each scenario are shown in Figure 2.5.

2.2 Neutrino oscillations

The flavor oscillation mechanism in the neutrino sector, which theory has been explained in
Section 1.4, can be experimentally investigated by looking for the appearance of a flavor or
its disappearance. Appearance experiments search for a non-zero probability P, of a
neutrino v, oscillating into a neutrino vg while disappearance experiments aim at detecting
a probability-driven deficit of detected v, with respect to the expected number of v,,.

These two techniques, often complementary, use different sources of neutrinos on a wide
scale of energy and at different distances. In order to be the most sensitive to the value of the
mixing angle ¢;; and the mass difference Am?j that the experiment aims at measuring, the
propagation distance L and the energy E of the neutrino have to be carefully selected. As seen
earlier in the calculation of the oscillation probability in the 2-neutrino case (c.f. Eq. 1.43),
the amplitude and frequency of the oscillation are respectively determined by the value of
the mixing angle and the mass difference. Since the mass difference remains a constant, the
probability oscillation is a function of the ratio of the propagation length and the energy,
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Figure 2.5: Absolute value of the effective Majorana mass as a function of the lightest neutrino mass.
The red band corresponds to the normal hierarchy where Am2; > 0 and m; is the lightest neutrino
while the green band corresponds to the inverted hierarchy where Am3; < 0 and ms is the lightest
neutrino. Note that if the mass of the lightest neutrino is too large (2 0.1 €V), the 0v2f decay looses
its discrimination power with respect to the mass hierarchy determination [51].

L/E. Tuning this ratio with respect to Am? is necessary to increase the sensitivity of the
experiment.
From Eq. 1.44, the first minimum of survival probability in a 2-neutrino case, where the
oscillation is the strongest, corresponds to a phase of 7/2 leading to a ratio L/E = 1/Am?.
Three cases can then be considered:

- L/E < 1/Am?: it corresponds to L < Lo, the oscillations are not developed yet and
no appearance (P,,—,, = 0) or disappearance (P, = 1) is observed;

- L/E > 1/Am?: it corresponds to L >> L,s, many oscillations already happened
and the L/E pattern cannot be resolved by a detector with a finite energy and vertex
resolution. The oscillation probability is averaged such that (P, ., ) = %Sin2 20;

- L/E ~ 1/Am?: the optimal region to observe the oscillations since it is close to the
first maximum of amplitude around L ~ Log./2.

Depending on the values of the Am? their oscillations is driven by, oscillations experiments
use neutrinos on a wide energy range and separate their sources from their detectors from
a few meters to several thousand kilometers (millions for the Sun). This source-detector
distance will be called “baseline” in the following. Accelerators-based experiments using GeV
neutrinos often use baselines of several hundred kilometers while reactor-based experiments
using MeV neutrinos typically use baselines of the order of the kilometer. Note that in order
to be sensitive to another Am?2, the baseline of these experiments can be varied while the
neutrino energy remains constant and reciprocally.
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2.2.1 Oscillation framework

The data collected by the observation of neutrino oscillations in solar, atmospheric, acceler-
ator and reactor experiments are rather well-fitted by the three-neutrino mixing framework
explained in Section 1.4, with the exception of a few anomalies. The three mixing angles
have now been determined as well as the two squared mass differences. With the exception
of the Majorana phase, not accessible through oscillations, only the CP violation phase is the
parameter of the PMNS matrix that has yet to be discovered. Its measurement as well as the
determination of the mass hierarchy will yield to a complete parametrization of the neutrino
oscillation phenomenon.

Solar neutrinos

Like all stars, the Sun creates its energy via nuclear fusion processes. In the Standard Sun
Model (SSM), the energy production is ruled by two processes: the p-p chain and CNO
cycle. These processes are cascades of nuclear reactions leading to the creation of energy and
fusion products. Among these reactions, several generate electron neutrinos with discrete or
continuous energies of the order of 1 MeV, that are displayed on Figure 2.6.
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Figure 2.6: Energy spectrum of the neutrino fluxes originated from the p-p and CNO chains predicted
by the SSM. The discrete or continuous nature of the spectra depends on the final state of the original
reaction [55].

The Davis’ Homestake experiment [18], started in 1968, is a radiochemical experiment
designed to detect solar 8B electronic neutrinos via the reaction:

Ve 437 Cl =37 Ar + e~ (2.15)

It consisted of a tank filled with 615 tons of perchloro-ethylene (C2Cly) located deep inside
the Homestake mine in South Dakota, USA. By extracting the unstable 3"Ar and counting
them through their decay, it was possible to obtain the solar v, flux.
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The first data, which have been confirmed and improved after 20 years of data taking [56],
indicated a significant deficit of detected neutrinos with respect to the number predicted by
the SSM. This was the first evidence for the so-called solar neutrino problem.

The Super-Kamiokande detector (SK), described in the next section, measured the so-
lar neutrino flux (mostly from 8B with a hep component) by v.-electron elastic scattering:
v + e~ — v + e . The cross section of this scattering, significantly larger than that of the
v, /--€lectron scattering due to the presence of both neutral and charged current scatterings,
yields to an elastic scattering rate observed in SK expressed as:

1
¢obs = ¢Ve + a (sz/# + CZ)VT) . (2.16)

An oscillation of v, towards v, or v; should decrease the observed neutrino rate. This deficit
has been observed, thus providing another hint of oscillation.

A few years later, the GALLEX/GNO (GALLium EXperiment [57]/Gallium Neutrino
Observatory [58]) and SAGE (Soviet American Gallium Experiment [59]) radiochemical ex-
periments confirmed the observation of this deficit, using a detection principle similar to the
Davis experiment, with gallium via the reaction: v, +’' Ga —"! Ge 4+ e~. This reaction is
sensitive to p-p and "Be v,.

The SNO experiment (Sudbury Neutrino Observatory) was the first one to experimentally
link this deficit with flavor oscillations [25]. Its design, consisting of a one kiloton tank of
heavy water, DO, allowed it to detect not only electronic neutrinos, like any other previous
experiments, but also the other neutrino flavors via the following processes:

- Charged current (only ®B v, sensitive): v +d — p+p+e”
- Neutral current (all v, (o = e, u, 7) sensitive): vy +d — n+p+ v,
- Elastic scattering (all v, (o = e, u, 7) sensitive): v, + e~ — vo + €~

The SNO data analysis showed that the rate of detected v, is about a third of the expected
rate. However, by looking at the neutral current data, the total neutrino flux, all flavor com-
bined, is in agreement with the flux predicted by the SSM. This result proves the conversion
of about 2/3 of initial ®B’s v, into v, and v,. The two SNO results along with the previous
experiments results are shown on Figure 2.7. Two regions can satisfy these measurements,
the Large Mixing Angle (LMA) solution with Am? ~ 10~* eV? and the Small Mixing Angle
(SMA) solution with Am? ~ 1077 eV2.

The KamLAND detector, located in Japan, confirmed the LMA solution [60] by observing
electronic antineutrinos from the surrounding nuclear reactors. With a mean baseline of
180 km, the experiment is sensitive to the so-called solar parameters 6y, = 612 and Amgol =
Am3,. When observing solar neutrinos, the baseline is fixed and so large (~ 1.5 x 10® m)
that the oscillations are averaged, the experiment is thus only sensitive to the mixing angle
012 driving the amplitude of the oscillations. By having a much smaller baseline, reactor
experiments such as KamLAND are sensitive to Am?, as well as seen in Figure 2.8.

The combined results of KamLAND and the solar experiments give the set of solar pa-
rameters [15]:

sin? 2012 = 0.85770 033 and Ami, = 7.507030 x 1077 eV? (2.17)
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Figure 2.7: Results of the different solar experiments with detected and expected neutrino rates. Only
the SNO neutral current analysis, sensitive to all flavors, is in agreement with the theoretical rate [55].

Note that this value of the squared mass difference is too large to explain the solar neutrino
problem only by a Am?2,-driven oscillation!. Additional flavor conversion also occurs within
the Sun due the MSW effect (c.f. Section 1.4.4). This effect led to the determination of the
Am?, sign since it affects neutrino and antineutrino in a different manner.

Atmospheric neutrinos

The interaction of cosmic rays, mostly consisting of protons, with the nuclei of the high
atmosphere creates secondary particles such as pions and kaons. The pion decays:

= uiyu(ﬂu), (2.18)
along with the kaon decays:

K* — p*u,(,)

+ +

2.19
Ki — e ve(ve), ( )

create muons and primary electronic and muonic (anti)neutrinos. These decays are followed
by the muon decays:
pt = etver, and pT — e ey, (2.20)

generating secondary electronic and muonic (anti)neutrinos. The combination of these neu-
trino fluxes is called the atmospheric neutrino flux.

Being generated within the atmosphere, atmospheric neutrinos travel from ~15 km (pro-
duced above the detector at zenith angle cosf = 1) to ~13000 km (produced on the other

'In case of vacuum oscillations, with a baseline of 1.5 x 10 m and an energy of 10 MeV, detecting this
much of a deficit requires a Am? ~ 10710 eVZ.
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Figure 2.8: Allowed regions in a (tan? 015, Am?,) plane for the solar and KamLAND data in a 3-
neutrino framework. The 63 angle is here a free parameter [61].

side of Earth at zenith angle cosf = —1).

From equations 2.18, 2.19 and 2.20, the flavor ratio “u/e” of the atmospheric flux is close
to 2:1 and seems to be constant whatever the zenith angle. However, at large energies, the
muons Lorentz boost is high enough for them to reach the Earth surface before decaying. Thus
at these energies of several GeV, muons contribute less to the atmospheric flux and the flavor
ratio “u/e” increases. To distinguish between these two domains, the Super-Kamiokande
experiment separated their dataset into “sub-GeV” and “multi-GeV” events.

The Super-Kamiokande detector is a 50 kt water Cerenkov detector located in the Kamioka
mine in Japan. An inner view of the detector is shown in Figure 2.9. By relying on the charged
current detection reaction:

Va(Ua) + N = ot + X with a=e,p,T, (2.21)

it is possible to retrieve the direction of the incoming atmospheric neutrino from the direction
of the lepton created in the reaction. The deficit of muonic neutrinos with respect to the
zenith angle led Super-Kamiokande toward the discovery of an oscillation in the atmospheric
sector in 1998. This deficit is shown on Figure 2.10 for v, and v, in the sub-GeV and multi-
GeV cases. This was the first conclusive proof of neutrino oscillations.

Similarly to the determination of the solar parameters using KamLAND), the atmospheric
parameters can be determined using accelerator-based experiments. Indeed, experiments
using a beam of v, with typical energy of the order of the GeV and a baseline of several
hundred kilometers are sensitive to the atmospheric squared mass difference Am2,,, = Am3;.

The combined results of accelerator experiments such as MINOS [63] and the atmospheric
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Figure 2.10: Atmospheric results of the Super-
Figure 2.9: The interior of the Super-Kamiokande i, miokande 1 experiment. The solid blue line
detector covered with 11,000 photomultiplier tubes ¢, responds to simulated unoscillated Monte-Carlo
and filled with 50 kt of pure water. data, the data points are in black and the best fit
to the data points is the dashed red line [62].

experiments gives the set of atmospheric parameters [15]:
sin® 2053 > 0.95 and |Am3s| = 2327052 x 1073 eV? (2.22)

Unlike solar neutrinos, atmospheric neutrinos undergo relatively weak matter effects within
the Earth, therefore the sign of Am2, is yet unknown. To be able to be sensitive to these
small matter effects, an outstanding energy resolution or a very long baseline are mandatory
in order to observe the spectral deformation due to the effective matter Am?. Several future
experiments such as ORCA [64], PINGU [65], JUNO [66], NOvA [67] and DUNE [68] will be
carried out to solve the mass hierarchy puzzle.

Reactor neutrinos

The last PMNS matrix parameter to be measured was the 613 mixing angle. As seen in Sec-
tion 1.4, a null value of this angle would make the search for a CP-violation in the neutrino
sector impossible using neutrino oscillations. The determination of #,3 thus besides enhancing
our understanding of the oscillation mechanism could allow the search for a possible leptonic
CP violation, key ingredient to give credit to many leptogenesis models?. It is important
to note that, even though in the usual convention 63 is the mixing angle linked to the CP-
violation phase, all the mixing angles play a symmetric role in the PMNS matrix and any

2Leptogenesis is a process producing an asymmetry between leptons and antileptons (similarly to baryoge-
nesis for baryons) in the very early universe, resulting in the dominance of matter over antimatter.
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of them having a null value would lead to the impossibility of determining the CP violation
phase using neutrino oscillations.

Long thought to be vanishing or very small, the value of the 0,3 angle was finally measured
in 2012 using electronic antineutrinos generated by nuclear reactors [26, 28, 27]. Indeed,
nuclear reactors are the most intense terrestrial sources of neutrinos, created in the 3 decays
of fission products. The physics of nuclear reactors and their generated neutrinos will be
explained in more details in Chapter 3.

The study of the solar and atmospheric parameters showed the tininess of the solar mass
squared difference Am?, with respect to the atmospheric mass squared difference Am3;.
While technically the reactor mass squared difference Am?; exists, it is by convention taken
equal to Am%z)). Thus the reactor neutrino oscillation domain is driven by the atmospheric
Am3, as well. However the typical energies of reactor antineutrinos is smaller than the one
for atmospheric neutrinos, which lowers the distance needed in order to keep the L/FE ratio
constant and be the most sensitive to the oscillation. With energies of a few MeV, reactor
experiments locate their detectors a couple of kilometers away from their neutrino sources,
the reactor cores of a nuclear power plant.

In the past, two experiments searched for the 613 mixing angle: the CHOOZ and the Palo
Verde experiments.

The CHOOZ experiment took place in the French Ardennes between 1997 and 1998 and
used the B1 and B2 cores of the Chooz nuclear power plant as a 8.5 GWy, neutrino source.
With a detector located under a hill (300 m.w.e.?) 1050 m away from the reactors, it had
a rather good sensitivity to 13 although its first purpose was to solve the “atmospheric
neutrino anomaly” observed in SK. With an active mass of 5 tons of liquid scintillator doped
with gadolinium, the v, were detected via the Inverse Beta Decay reaction (c.f. Chapter 4):

vet+p—et+n (2.23)

. Using ~ 2700 neutrino candidates, the CHOOZ experiment found a ratio of measured to
expected v, events:
R =1.01 4+ 2.8%(stat.) + 2.7%(syst.). (2.24)

This ratio being in agreement with the non-oscillation hypothesis (613 = 0), they only provided
an upper limit at 90 % CL on the value of the last mixing angle [69]:

sin? 263 < 0.10, (2.25)

for a large mass squared difference Am?.

The Palo Verde experiment took place between 1998 and 2000 near the 11.6 GWy, Palo
Verde Nuclear Generating Station in the Arizona desert. Its detector, located between 750
and 890 m from the three reactor cores was, as in the CHOOZ experiment, consisting of
Gd-doped liquid scintillator however segmented in order to reduce the cosmic background
rate due to the low overburden of 32 m.w.e.. The ratio of measured to expected v, events
was found to be:

R =1.01 + 2.4%(stat.) £ 5.3%(syst.), (2.26)

3The unit m.w.e. stands for meter water equivalent and corresponds to an overburden of one meter of
water.
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in agreement with the CHOOZ results and the non-oscillation hypothesis. However, due to
a larger systematic error, the upper limit set on 613 was less stringent with respect to the

CHOOZ bound [70].

Currently, two kinds of experiments are studying the 613 mixing angle: medium baseline
reactor experiments and long baseline accelerator experiments.

The denomination “short”, “medium” or “long” obviously depends on the length of the
experiment’s baseline. For reactor experiments, a short baseline is usually less than a hundred
meters, a medium baseline ranges from one to several kilometers and a long baseline is bigger
than a hundred kilometers. For accelerator-based experiments, the distances are bigger and
a short baseline ranges from several hundred meters to a few kilometers while a long baseline
is bigger than several hundred kilometers.

There are three medium baseline reactor experiments currently acquiring data: Double
Chooz [71], Daya Bay [72] and RENO [73].

The three experiments have a similar design, first proposed by CHOOZ collaborators [74].
The Double Chooz detector design will be presented in details in Chapter 6.

Double Chooz

The Double Chooz experiment takes place at the same site than the previous CHOOZ
experiment. Using a similar detection technique, it aims at improving the statistical and sys-
tematic uncertainties of its predecessor. The statistical improvement is mainly brought by a
longer data taking and a bigger detector with a fiducial mass of about 8 tons. The systematic
improvement comes from the addition of a second detector, identical to the first. This second
detector called the near detector is located at about 400 m from the reactors and its major
purpose is to normalize the antineutrino flux. It measures the un-oscillated antineutrino flux
thus giving a reference flux, independent on the knowledge of the reactor neutrino emission,
to the far detector.

Using 102 days of data with the far detector only, Double Chooz was the first reactor
experiment to find an indication for the disappearance of electronic antineutrinos [26]. This
deficit of 7., if understood as a #13-driven oscillation, gave the following result for the new
mixing angle: sin?2613 = 0.086 + 0.041(stat.) & 0.030(syst.). A more recent analysis, still
with one detector, published in 2014 [75] confirmed this indication: sin®260;3 = 0.090f8:8§§.
Several results of Double Chooz will be presented in Chapter 6.

Daya Bay

The Daya Bay experiment is located near the two nuclear reactors of the Daya Bay power
station and the four reactors of the Ling Ao power station in South China. It mainly differs
from the Double Chooz experiment by its size, with 6 nuclear reactors for a total thermal
power of 17.4 GWth, 4 near detectors and 4 far detectors. A sketch of the Daya Bay layout
in shown in Figure 2.11 (left).

Even though indications were already found by Double Chooz [26] and T2K [76], the Daya
Bay experiment is the first to confirm the existence of a non-zero 613 mixing angle at the level
of 5o [28]. Since then, more results have been announced and published, the most precise one
being: sin? 2013 = 0.084 + 0.005 using a rate and energy spectrum shape analysis [77]. The
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energy spectrum is displayed in Figure 2.12 (right).

18
. =
b =
§ F
B 12
2 -
@ E
923 m.w.e 9 10:—
] =
% Lo
a 2
= F
g 4+ —4— Farsite data
v-target w 2: B8 Weighted near site data (best fit)
20t x8 = Weighted near site data (no oscillation)
= A5 P ot By DR IO OGN ey -
3 'l mzl
5 1.05[ 1
@ =
z mo—"
. B 005 g :
2.9GW - cgE + |
E oasg L | '
. . . [l

6 7 8

2. 3 4 5
Reconstructed Positron Energy (MeV)

R =

Figure 2.11: Sketch of the Daya Bay ex-

periment layout [78]. The yellow points

are detectors and the red points are the Figure 2.12: Top: Prompt energy spectrum measured by the

reactors. Daya Bay detectors. The solid blue line is the spectrum mea-
sured at the near detectors (Near Halls) while the points are
measured at the far detectors (Far Hall). Bottom: Ratio of
oscillated over predicted spectra (far over near). The blue
line is the no oscillation hypothesis while the solid red line is
a best-fit solution corresponding to sin® 2613 = 0.084 [77].

RENO

The RENO experiment is located near the six reactors of the Yonggwang power station
in South Korea. Its two detectors are crossing (c.f. Figure 2.13 (left)) the line of reactors.
This layout implies that the two detectors do not receive the same flux proportions from
the reactors. Unlike in the two other experiments where the detectors are placed on isoflux
lines, this has to be corrected for in the analysis hence leading to an additional systematic
uncertainty. The RENO collaboration released their first results [27] shortly after Daya Bay,
excluding the non-oscillation hypothesis at the level of 4.90 (c.f. Figure 2.14 (right)).

Unlike reactor experiments that look for the disappearance of 7., accelerator-based exper-
iments search for the appearance of the electronic flavor in a muonic neutrino beam. Since
neutrino beams have typical energies ranging from several hundreds of MeV to a few GeV, their
baselines are significantly bigger than for reactor experiments and can reach several hundred
kilometers. This can induce non-negligible matter effects on the oscillation probability.

From the expression of the parametrized PMNS matrix in Eq. 1.24, one can derive the
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probability of a v, oscillating to a v,:

P,

4F
+ CP violation term + Matter effect term.

A’mi3L
. (L, B) = sin® 2013 sin® 263 sin® ( i >

(2.27)

This probability is therefore sensitive not only to 613 but to 623 and the CP violating phase
dcp as well. The presence of a CP violating term leads to a degeneracy of the 613 mixing angle
with respect to dcp. Only the precise measure of 813 at reactor experiments can remove this
degeneracy and may provide some information on the dcp phase. The presence of a matter
effect term also could allow accelerator experiments, with a sufficiently long baseline, to probe
the mass hierarchy and determine the sign of Am3;.

T2K

The T2K (Tokai to Kamioka) experiment was designed to replace the K2K experiment [79].
Its goals are the precise measurement of f23-driven v, disappearance as well as the 613-driven
Ve appearance in a v, beam.

The T2K experiment uses a v, beam produced at the J-PARC accelerator complex in
Tokai, Japan. Like all v, beams, it is originated from the decays of pions and kaons generated
by the interaction of a powerful proton beam with a target. In J-PARC, the 30 GeV proton
beam is send on a graphite target. The secondary pions and kaons are then focused by
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magnetic horns, allowing the selection of either v, or v,, and sent in a hundred meter tunnel
to decay. The T2K near and far detectors are placed 2.5 degrees off-axis of the neutrino
beam. This narrows the neutrino energy spectrum and peaks it at 600 MeV, which enhances
the sensitivity to #y5 in the far detector located 295 km away while minimizing beam-induced
backgrounds (v, contamination). The T2K far detector is the Super-Kamiokande detector
which is able to discriminate v, from v, using the Cerenkov cones patterns, different for
electrons and muons.

The T2K collaboration first reported an indication of v, appearance in June 2011, using
the data acquired between January 2010 and the April 2011 earthquake [76]. Since then
they resumed data taking and published enhanced results (c.f. Figure 2.15), refuting the
sin? 2013 = 0 hypothesis at 7.30 [80]:

sin® 2013 = 0.140°0933 (Normal hierarchy)

2.28

sin? 20,3 = 0.170'_"8:33'457 (Inverted hierarchy) B
These results are valid under the assumptions that |Am'f’3| =24 x 1073 V2, sin% 2053 = 0.5
and dcp = 0. Slightly above the 8,3 values obtained with reactor experiments, these results
might provide an information on the dcp phase by means of global fits.
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Figure 2.15: Left: Electron neutrino spectrum observed in Super-Kamiokande. 28 candidates are
detected while 4.92 + 0.55 background events are expected. The solid red line is the best-fit with
sin” 20,3 = 0.144 [80]. Right: The 68% and 90% CL allowed regions for sin? 26,3 , as a function of écp
assuming normal hierarchy (top) and inverted hierarchy (bottom). The solid line represents the best
fit as a function of dop. The shaded region shows the average sin? 2013 value from [15].

MINOS
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While its original purpose is the study of the v, disappearance and the precise mea-
surement of the atmospheric parameters o3 and Am?; [63], the MINOS experiment (Main
Injector Neutrino Oscillation Search) can look for a v, appearance as well.

MINOS uses a neutrino beam with an average energy of 3 GeV produced in the NuMI
(Neutrino at the Main Injector) complex of Fermilab, USA. The far detector, located in the
Soudan mine (Minnesota, USA) 730 km away from Fermilab, consists of 486 magnetized iron
plates each separated by strips of solid scintillator for a total mass of 5.4 kt.

The analysis of the full MINOS dataset from February 2005 to April 2012 put in evidence
an excess of v, [81] such as: 2sin? 2013 sin? a3 = 0.05173938 in case of normal hierarchy and
2sin? 263 sin® fag = 0.093:“8:823 in case of inverted hierarchy. Although of lower significance,
these results are in good agreement with T2K’s results.

NovA

The NovA (NuMI Off-Axis v, Appearance experiment) experiment [67] was designed to
be the successor of MINOS. Its primary goals are the determination of the mass hierarchy, the
dcp phase and the precise measurement of the ;3 mixing angle. It also aims at improving the
precision on Am3; by an order of magnitude compared to MINOS. NovA uses the Fermilab
NuMI beam, as MINOS did. However, their detectors are placed off-axis and the baseline has
increased to 810 km. The far detector is a 14 kt segmented liquid scintillator detector.

The experiment started acquiring data in September 2013 and is scheduled to run for six
years.

2.2.2 Anomalies

While the three-neutrino mixing framework is in agreement with most of the oscillation data,
several experiments detected anomalous results. These anomalies found in experiments using
different sources and detectors at L/E~1 m/MeV, could be related to the same physical
phenomenon.

Gallium anomaly

The GALLEX and SAGE radiochemical experiments (c.f. Section 2.2.1) were designed to
detect solar neutrinos. For the sake of understanding the detector response, intense Mega
Curie* (MCi) 'Cr (for GALLEX and SAGE) and 3"Ar v, (for SAGE) sources with known
activities were deployed at the center of the detectors. Both experiments reported ratios of
measured to predicted "'Ge events [82, 83]:

GALLEX _  o=40.11 GALLEX _  o140.10
Ren = 09557 and Rgyo = 0.81%7;

2.29
REAGP _ 0.95°012 and RSMOP _ 0.79+0 (229)

with an average ratio of:

RG* = 0.867002. (2.30)
This ratio is inconsistent with the prediction R=1 at the 2.7¢ level leading to the so-called
Gallium anomaly. Recent reanalysis of these data have been carried out [84]. These re-
interpretation takes into account new measurements of the Gamow-Teller strengths of the
transitions from the "'Ga ground state to the "'Ge excited states. These results confirm the
gallium anomaly at the level of 3c.

41 MCi = 10° Ci = 3.7 x 10'® Bq
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Accelerator anomalies

The LSND experiment (Liquid Scintillator Neutrino Detector) was an accelerator-based ex-
periment designed to search for 7, appearance in a v, beam [85]. It used the Los Alamos
800 MeV proton beam to generate v, up to 300 MeV by p* decay at rest. The LSND detector
was a cylindrical tank filled with 167 tons of liquid scintillator placed 30 m away from the
source. It detected 7, using the collected scintillating and Cerenkov light deposited by the In-
verse beta Decay reaction products. The data collected from 1993 to 1998 indicated evidence
for a v, — v, oscillation at the level of 3.8c with a total excess of 87.9 4= 22.4 & 6.0 events,
inconsistent with the known parameters of the 3-neutrino mixing.

The MiniBooNE experiment (Mini Booster Neutrino Experiment) was designed to test
the LSND anomaly using 7, and v, oscillations [86]. Using a v, (¥,) beam produced by the
Fermilab Booster accelerator with energies up to 3 GeV and a spherical 800 tons mineral oil
detector placed at 500 meters away from the source, MiniBooNE searched for an oscillation in
the same L/E range than LSND by increasing both L and E by about an order of magnitude.
In neutrino mode [87], the collaboration reported an excess of v, events of 83.7+15.1 +19.3
events with energies ranging from 300 to 475 MeV. This excess is significant at the level of
3.40. In antineutrino mode [88], the 24.7 4+ 18.0 . events in excess in the 475 to 3000 MeV
range is consistent with the v, — 7, oscillation observed by LSND. A combined analysis [89]
recently published showed a total excess of 240.3 + 34.5 £ 52.6 v, and 7, events, increasing
the significance to 3.80.

The MicroBooNE experiment will test the origin of the MiniBooNE excess at low energy
using the same beam line and a 170 tons liquid argon detector [90].

The Reactor Antineutrino Anomaly

Any reactor antineutrino spectrum is the sum of the (3 decay spectra of the fission prod-
ucts generated by the four fissioning nuclei (?*°U,2%%U,2%Pu and ?*!Pu). Since thousands
of different (3 branches are available to these isotopes with many of them still unknown, a
simulation cannot accurately predict the total reactor antineutrino spectrum. It is thus nec-
essary to estimate it by converting the total electron spectrum emitted by nuclear fuel into
an antineutrino spectrum using energy conservation laws. Measurements of the total electron
spectrum have been carried out at the ILL research reactor [91] and converted into precise
reactor antineutrino spectra [92, 93].

Before the near detector started to acquire data, the Double Chooz collaboration could
not normalize the flux detected in the far detector. They could only rely on the prediction
of the expected flux, based on the ILL electron spectrum conversions. In 2011, T. Mueller
et al. provided a re-analysis of the reactor antineutrino spectra accounting for the decays of
thousands of fission products listed in nuclear databases [94]. Confirmed by an independent
analysis [95], this calculation, while leaving the global spectral shape unchanged, re-evaluates
the flux by +3.5% with respect to previous computations.

This analysis motivated a re-analysis of the 19 short-baseline (< 100 m) reactor exper-
iments carried out in the past [96]. The corrected ratio of observed to expected events is
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displayed on Figure 2.16. It also takes into account the new-estimation of the IBD cross sec-
tion (depending on the neutron lifetime measurement) and off-equilibrium corrections to the
reactor behavior. The latter two also re-evaluates the v, flux by +1.5% and +1%, respectively.
The combination of these three corrections increases the already existing 1% discrepancy be-
tween the observed and the predicted flux, at the level of 7%. The weighted average of the
observed to expected ratio of events for the 19 experiments gives a ratio of:

R = 0.927 + 0.023, (2.31)

inconsistent at 3o with the expected value R = 1. This discrepancy is called the “Reactor
Antineutrino Anomaly” (RAA).
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Figure 2.16: Observed to expected event ratio with respect to the baseline for short-baseline reactor
experiments. The gray band corresponds to the average fit with uncertainties [96].

2.3 Sterile neutrinos

The anomalies observed in several experiments, without questioning the validity of the three-
neutrino framework at first order, encourage physicists to think beyond this model. In the
past, anomalies in the neutrino sector were often caused by an oscillation driven by the ex-
istence of a new neutrino mixing phenomenon. These new anomalies point toward flavor
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oscillations generated by a large squared mass difference between the three current known
mass states and hypothetical new mass states. While the hypothesis of new neutrino states
seems tremendously attractive for new BSM physics, it is only an explanation among others.
These alternative models, such as Lorentz invariance or CPT violation in the neutrino sector
and extra-forces, will not be discussed in the following. Only the new neutrino states hypoth-
esis will be considered.

Note that the possible existence of an experimental bias causing the anomalies must not be
excluded yet. For instance, the significance of the RAA could be impacted by a recalculation
of the reactor flux prediction or a systematic bias on the detectors’ calibrations.

2.3.1 Theoretical motivations

The existence of sterile neutrino states is common to many theories beyond the Standard
Model. Strictly speaking, a sterile neutrino is a neutral lepton with no ordinary weak interac-
tions except those induced by mixing with active neutrinos. Although they can theoretically
be massless, they are often considered massive particles in most see-saw models (c.f. Sec-
tion 1.3.3).

First of all, it may be worth introducing some useful terminology from [97]. The “sterility”
can be of two sorts: fully sterile or weakly sterile. A fully sterile lepton feels no gauge
interaction of any sort, including hypothetical BSM interactions. A weakly sterile lepton, on
the other hand, feels no Standard Model gauge interaction (strong, electromagnetic or weak)
but may interact via hypothetical BSM mechanisms.

Note that in any case, sterile or not, massless or not, it necessarily couples with gravity.
The full sterility still allows flavor mixing or Higgs boson exchange given the non-gauge nature
of these mechanisms.

As seen in Sections 1.3.1, 1.3.2 and 1.3.3, several Standard Model extensions incorporates
additional massive neutrino states in order to generate masses to the active neutrino states.

The existence of right-handed neutrino states, common to these models, provides the most
obvious and naive identification of sterile neutrinos. The presence of these right-handed SU(2)
singlets would, besides generating neutrino masses, satisfy a left-right similarity (each left-
handed fermion has an associated right-handed partner) and a lepton-quark similarity (each
quark has an associated lepton with the same chirality). Right-handed neutrinos generating
Dirac masses via Yukawa couplings are considered fully sterile in the “Minimal Standard
Model”. This is hardly the case in most of the BSM theories, these extensions will however
not be discussed in the following.

From now on, the “Minimal Standard Model” will refer to the Standard Model extended
with the presence of a mechanism generating neutrino masses: the see-saw mechanism. It
implies the existence of a right-handed neutrino state as well as Dirac and Majorana mass
terms (c.f. Sections 1.3.1, 1.3.2 and 1.3.3).

From the expression of the mass Lagrangian in Eq. 1.20 and using the see-saw approxi-
mation : M; = 0 and Mg > mp, one can derive the full neutrino mass matrix:

_ 0 mp
M, = (mg MR) (2.32)
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2
which gives m; = J\m/j—}’; and mo = Mpg, eigenvalues respectively associated with the vy and

Vg neutrino states. Note that Mg is a ng X ng matrix and can accommodate any ng, number
of sterile neutrino states and masses. ,

While the left-handed neutrino acquire a mass m, = %, the right-handed neutrino be-
comes very massive with m,,, = Mp. This large right-handed neutrino Majorana mass is often
correlated to a high symmetry breaking and its value can range from ~ 10'° to ~ 10'® GeV
(GUT scale) or even to ~ 1012 GeV (Planck scale®) [98]. This right-handed neutrino state is
a very massive sterile neutrino usually called a “heavy neutral lepton”. While baryogenesis
models have use of such particles [31], they do no play a direct role in neutrino oscillation
phenomenology.

There are several models that allow the existence of light sterile neutrino at the eV or
keV scale. In what follows, some of these models and the mass range they imply for sterile
neutrinos will be quickly described.

The “split see-saw model” [99] consists of the Standard Model extended with three right-
handed neutrinos and a spontaneously broken U(1)g_y, ¢ gauge symmetry. Another assump-
tion is the existence of a scale M = 1/1 ~ 10'6 GeV over which the 4-dimensional space-time
becomes a 5-dimensional space. The presence of a right-handed neutrino on a brane separated
from a standard-model brane by a distance I would mean a small overlap between the two
wave functions. This would lead to the suppression of the Yukawa coupling as well as the
right-handed neutrino mass while still conserving the validity of the see-saw mechanism.

Because of the huge consequences of the change of the distance [ between two branes
on the energy scale, the split see-saw model allows the existence of light sterile neutrino in
the effective 4-dimension Lagrangian, as long as its heavy progenitor is originally located on
a distant brane. This model provides a wide range of hypothetical sterile neutrino masses,
depending of the original heavy right-handed mass, the distance [ and other 5-dimensional
couplings parameters. It is interesting to note that the split see-saw model provides satisfy-
ing dark matter candidates with keV-scale sterile neutrinos, the predicted abundance of such
particles being in agreement with the current observations.

The Froggatt-Nielsen (FN) mechanism [100] is a way to associate light right-handed neu-
trinos to the typical BSM high energy scales by introducing a new high-energy sector of
fermions, all charged under a specific U(1)py symmetry. Originally used to account for the
pattern of quark masses and mixing, the FN mechanism could as well be used to generate eV
or keV scale light right-handed neutrinos. Basically, the mass suppression factor of a heavy
particle exponentially depends on its charge under U(1)py. By varying the charges of the
three heavy right-handed sterile neutrinos, several promising results have been achieved [101]:
the generation of two heavy neutrinos to account for leptogenesis and a keV-scale neutrino as
a warm dark matter candidate, the generation of one eV-scale to solve the oscillation anoma-
lies and another as a dark matter candidate, etc..

The vMSM (Neutrino Minimal Standard Model) [102] provides a satisfactory explanation

5Similarly to the GUT scale, at the Planck scale, gravity should unite with the other forces.
5B-L is the difference between the baryon and lepton numbers. Unlike a B or L symmetry alone, this
hypothetical symmetry should not be violated by chiral anomalies.
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accounting for a wide range of sterile neutrino masses, each being the solution to an observa-
tional problem. By adding N right-handed neutrino singlets to the Standard Model, it could
allow the generation of keV to GeV-scale sterile neutrinos while still using the see-saw mecha-
nism and a heavy right-handed state to give active neutrinos their masses. While this model
does not solve the oscillation anomalies via light ev-scale sterile neutrinos, it incorporates
dark matter in the form of keV sterile neutrinos. To do so, the vMSM requires a number of
right-handed singlets bigger than 2, N' = 3 being the favored scenario.

Other models such as mirror models [103] or SuperSymmetry (SUSY) [104] provides at-
tractive solutions but, since they require the existence of a “mirror” or “symmetric” Standard
Model, they are considered a step further than the MSM and will not be discussed here.

2.3.2 Neutral Leptons: Light, keV, MeV or more
Oscillation favored masses

The anomalies put in evidence with flavor oscillation experiments might be explained by the
existence of a new oscillation happening at small L/E~1 m/MeV. This oscillation would thus
be driven by a mass squared difference |AmZ2,, | of unknown sign larger than the known Am?2
and Am?2,,, leading to |[Am2,,| > 1072 eV2.

As seen in Section 2.2.2; several accelerator-based experiments observed an excess of
electronic (anti)neutrinos while looking at disappearance in a muonic (anti)neutrino beam
(c.f. Figure 2.17). This excess, when interpreted in terms of a new oscillations in a 3 (active)
+ 1 (sterile) neutrino framework gives limits on the sin? 20p,e-Am2,, parameter space as
shown in Figure 2.18. The MiniBooNE analysis of v, and 7, disappearances gives best fit
points for the set of parameters [98]:

sin? 20pew = 0.16 and |AmZ,| = 17.50 eV for v, disappearance (at 47% CL)

2 2 2 _ (2.33)
sin® 20pew = 0.96 and |Am:,,| = 31.32 eV* for v, disappearance (at 99.5% CL)
Combining these two analyses gives the following best fit:
sin? 20pew = 0.44 and |Am2,,| = 31.32 eV? (at 99.2% CL) (2.34)

A recent analysis combining results from MiniBooNE and SciBooNE [105] yields the following
best fit [106]:
sin? 20,0 = 0.086 and |AmZ | = 5.9 eV?, (2.35)

new

excluding the null oscillation hypothesis at 81.9%.
A similar analysis of the appearance of v, and v, have been carried out as well [107, 88|
giving the best fit (c.f. Figure 2.18):
sin? 20pew = 1072 and |Am2.,| = 4 eV? (at 99% CL) (2.36)
The Gallium and reactor experiments (c.f. Sections 2.2.2 and 2.2.2) both observed a deficit
of electronic (anti-)neutrino events with respect to the expected number of events. In both
types of experiments, energies (~ 1 MeV) and baselines (~ 10 — 100 m) were quite similar.
The L/E ratios are thus similar (~ 1 m/MeV) and both kind of experiments are sensitive to
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Figure 2.17: Left: Neutrino (left) and antineutrino (right) reconstructed energy spectra in Mini-
BooNE. The data points (black points with error bars) and the expected backgrounds (histograms)
are displayed.

2

the same Am2,, . For this reason, they are often combined together on the sin? 26,ey-Am2,,

parameter space as shown in Figure 2.20.

Interpreting the results of all short-baseline reactor experiments as an oscillation toward
a sterile neutrino state modifies the v, survival probability as seen on Figure 2.19. At short
distances (< 100 m), the oscillation probability is driven by the new mass squared difference
Am2,, until it reaches the Am?2; dominated region at ~ 1 km. Afterwards, the Am?_, driven
oscillation becomes negligible as the Am3, region becomes dominant.

The combination of this interpretation of the reactor experiments with the Gallium ex-
periments results gives the following best fit on the angle-mass parameter space:

sin% 20pew = 0.17 £0.04 and |Am?2, | =2.3+£0.1 eV, (2.37)
with:
|Am2,, | > 1.5 eVZ(at 99% CL). (2.38)

This 341 neutrino hypothesis disfavors the no-oscillation hypothesis at 99.97% CL. (30).
Figure 2.20 shows the allowed sin? 20pe-Am2,,, regions for the combination of reactor,

Gallium and accelerator anomalies. It is worth noting that while Gallium and reactor data

favor Am2,, ~ 1 eV2, accelerator experiments tend to point toward a higher squared mass

difference Am?, ~ 10 — 30 eV2.

Even though anomalies in oscillation experiments data sometimes prefer different sin? 26,,cy-
Am?2,, regions, they point toward the existence of a sterile neutrino with a squared mass

difference Am?,, ~ 1 eV with the active flavors.

Cosmology favored masses

Cosmological observations can also be used as a tool to probe the existence of possible sterile
neutrinos.
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Figure 2.18: Left: 90% CL sensitivity (dashed line) and limit (solid line) for the v, and v, appearance
analysis in a 2-neutrino (active-sterile) mixing case [107]. Right: 90% CL sensitivity (dashed line) and
limit (solid line) for the v, (top) and v, (bottom) disappearance analyses in MiniBooNE. Results from
previous experiments are shown as well in dark (CCFR) and light (CDHSW) gray [98].

In the early Universe, neutrinos are considered at thermal equilibrium with the other par-
ticles. During the expansion of the Universe, the thermal plasma cools and its density drops,
thus less and less neutrinos interactions occur. As the plasma reaches a temperature of 1 MeV,
the neutrino interaction rate becomes lower than the Universe expansion rate and neutrinos
decouples from the thermal plasma. The ultra-relativistic behavior of neutrinos is conserved
after this decoupling and their energy spectrum can be parametrized by a Fermi-Dirac distri-
bution. The expansion rate of the Universe during the epoch following this decoupling, called
the radiation dominated era, depends on the energy density of relativistic particles such as
photons and neutrinos. This expansion H (t) is given by:

(1)~ 2 (0, + ) (2.39)

with G the gravitational constant and p,, the energy densities of photons and neutrinos,
respectively.

Since neutrinos decoupled before the eTe™ annihilation process that occurred at a plasma
temperature ~ 0.2 MeV, they are not reheated by the energy released in this process, unlike
photons. Therefore, the neutrino temperature is lower than the photon temperature such as

T, = (%)”3 x Ty~ 19 K.
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Figure 2.19: Ratio of observed over expected event rates for several reactor experiments as a function
of the distance over the average v, energy. All ratios are normalized to the expected flux corrected for
the #13-driven deficit measured by Daya Bay [108]. The solid blue line represents the global average.
The dashed red line corresponds to the best fit oscillation with sin? 20 = 0.15 and Am? = 0.48 [96].

From this temperature, the energy density can be derived leading to:

T2

v — Ne Tan
p 720

T (2.40)
with Ngg the effective number of neutrino families.

According to the standard model of cosmology [15, 110], the effective number of neutrino
is Neg = 3.046 rather than Neg = 3 as the Standard Model and its 3 neutrino flavors would
suggest. This discrepancy is due to the fact that not all neutrinos were decoupled during
the eTe™ annihilation. Adding sterile neutrinos to the already existing three neutrino flavors
would lead to an increase of N.g since, even though they do not interact by weak interac-
tions, they could still increase the relativistic energy density through oscillation-based thermal
production.

Note that the addition of any light particle can contribute to the relativistic energy density.
The observation of a Neg > 3.04 could be due to sterile neutrinos but also to the existence of
axions, gravitons, etc...

Several cosmological observations can be carried out to measure Neg. Results from mea-
surements of the CMB (Cosmic Microwave Background) temperature anisotropies, observa-
tions of large-scale structure distributions and computations of light element abundance from
BBN (Big Bang Nucleosynthesis) are shown on Figure 2.21. While being consistent with the
standard Neg = 3.04, these data do not exclude Neg > 3.04. Note that most of the cosmolog-
ical results are model-dependent, they cannot alone prove or refute the existence of a sterile
neutrino.

These observations, when combined with the current understanding of the cosmological
constant with cold dark matter, can deliver informations on the hypothetical sterile neutrino
mass ms. A recent analysis [111] of the WMAP-7 and LRG (Luminous Red Galaxy) from
the SDSS data along with the Hubble’s constant Hy gave the following constraint on mg (c.f.
Figure 2.21):

ms < 0.45 eV (95% CL.) (2.41)
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Figure 2.20: Allowed regions in the sin® 20,c,-Am?2,,, plane from the combination of short-baseline
reactor neutrino experiments, Gallium experiments, MiniBooNE reanalysis of [109], and the ILL-
energy spectrum distortion. The data are consistent with a 341 neutrino oscillation framework with
sin? 206w = 0.14 £ 0.08 (95% CL) and |Am?2,,| > 1.5 eV2 [96].

new

This upper bound is inconsistent with the observations in oscillations experiments, fa-
voring a Am?2., ~ 1 eV? and thus ms > 1 eV, and fully thermalized neutrinos. However,
in a 3 + Ng framework, cosmological data could accommodate the existence of a heavier

non-thermalized neutrino at the eV-scale.

The nature of dark matter is one of the hottest issue in modern cosmology. While several
models postulate exotic particle such as axions or supersymmetric particles, neutrinos are
the most obvious candidates as dark matter candidates. However, the formation of large
scale structures detected by cosmological observations [112] tends to set a lower limit on the
mass of the dark matter particles. Indeed, ultra relativistic light particles such as Standard
Model neutrinos prevent the formation of small structures in the Universe. In order to be
compatible with the observations, dark matter candidates need to be qualified as “cold dark
matter” or “warm dark matter” whereas Standard Model neutrinos are classified as “hot dark
matter”. The temperature classification depends on relativistic motion of the particle, which
is equivalent to the mass in this case, at the radiation-matter transition time. Heavy particles
are considered cold dark matter while light particles are considered hot dark matter.

While standard neutrinos are too light to be considered as dark matter candidates, sterile
neutrinos and their wide hypothetical mass range might. Recent observations of the phase-
space distribution in dwarf spheroidal galaxies [113] put a lower bound on the mass of a
dark matter particle Mpys > 1 keV. Another observation using the X-ray spectrum emit-
ted by the Andromeda galaxy [114] constrained this same mass and provided an upper limit
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Figure 2.21: Left: Constraints on the number of effective neutrino families Nog from cosmological ob-
servations. W-9 stands for the 9-year dataset of WMAP, BAO for Baryonic Acoustic Oscillations, SPT
is the South Pole Telescope and HO refers to the Hubble constant with Hy = 74.2 + 3.6 km.s~1 [98].
Right: 68%, 95% and 99% allowed regions for the sterile neutrino mass and the number of sterile neu-
trinos such that Neg = 3+ Ng. In this analysis, the standard neutrinos are considered massless [111].

Mppyr < 4 keV.

This energy region is allowed in the vMSM (c.f. Section 2.3.1) even though it requires a
large asymmetry generated by the two other sterile neutrinos, each responsible respectively for
baryogenesis and flavor oscillations. A sterile neutrino having a mass mgs ~ 1 — 20 keV is thus
a suitable candidate for warm dark matter in the ¥MSM model as pictured on Figure 2.22.
Recent X-ray observations of the Andromeda galaxy and the Perseus galaxy cluster by the
XMM-Newton telescope reported the detection of a weak line at 3.52 £ 0.02 keV [115, 116].
As explained in Ref. [117], this line could provide a hint of the existence of a 7 keV sterile
neutrino, potential dark matter candidate.

The cold dark matter hypothesis is more and more disfavored by observations, such as
the absence of dwarf satellites galaxies around massive ones such as the Milky Way [118].
Corresponding to particle masses above the MeV scale, cold dark matter is generally thought
to be constituted of axions or WIMP’s (Weakly Interacting Massive Particles), more popular.
Sterile neutrino masses of the order of the MeV and above are often discarded. Indeed this
mass is too high to be generated, using an even heavier sterile neutrino, without reaching the
GUT scale.

2.3.3 Light sterile neutrino oscillation phenomenology

In the previous Section 2.3.2, we provided a review of the different mass scales open to sterile
neutrinos from oscillation and cosmological inputs. However, since this thesis is focused on
the study of 7, emitted by radioactive or natural nuclear sources, only the mass favored by
gallium and reactor anomalies will be considered. In the following, only the 3 (active) + 1
(sterile) mixing framework will be studied with sin% 26,y ~ 1 and Am2,, ~ 1 eV

The addition of a new flavor vy and a new mass state my transforms the PMNS matrix
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ms/keV

Figure 2.22: Bounds on the mass m, and the mixing angle 6 of a hypothetical sterile neutrino as a
dark matter candidate in the ¥MSM model [117]. The red star represents the values of the mass and
the mixing angle explaining the 3.5 keV X-ray line.

into a 4 x 4 matrix such as:

Ve n
va) = ; Uaklve) or Z’: =Upruns IIZ (2.42)
Vg Vs
with:
U Ue2 Ues Ues
R (e 2

Usl Us2 Us3 Us4
As in the 3-neutrino case, this 4 x 4 PMNS can be parametrized using 6 mixing angles

(012, 023,013,014, 024,034) and 3 CP-violation phases. An additional squared mass difference
Am3, needs to be taken into account in the oscillation as well.

Given the relative smallness of the three standard squared mass differences (Am3, <
Am3; < 1072 eV?) with respect to the new one (Am2., ~ 1 eV?), the standard mass states
can be approximated at short-baselines as m; ~ ms =~ mg. Using the PMNS elements of

Eq. 2.43, one can derive the appearance and disappearance probabilities [119]:

o 1.27TAm3, L

£ (2.44)
, 1.27Am3%, L

E

In the case of v, disappearance, the disappearance probability becomes:

o 1.27TAm3,L
E )

Pyosvg = AUas|*|Up4/? sin

Py =1 =4 (1= [Uaa]?) [Uga[* sin

Py, 5, = 1 — sin® 2014 sin (2.45)
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an expression similar to the survival probability observed by reactor experiments looking for
the 013 oscillation.
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Chapter 3

MeV (Anti)Neutrino generators

The following chapter is dedicated to the different MeV-scale (anti-)neutrino generators. First,
we will focus on nuclear reactors from their basic characteristics to the spectrum of the
antineutrino they generate. We then describe the principles and different types of radioactive
sources, another kind of man-made (anti-)neutrino generator. Finally, we review the powerful
astrophysical process of core-collapse supernova, also generating a tremendous amount of
(anti-)neutrinos. These three generators, although very different in terms of mechanisms,
intensity or signatures, have in common that they emit (anti-)neutrinos at the MeV scale.

3.1 Nuclear reactors

Since the Reines and Cowan experiment, nuclear reactors have played a predominant role in
neutrino physics. Their strong intensity and pure 7, emission make them cheap !, efficient 2
and reliable antineutrino sources.

3.1.1 Basic fission principles

Nuclear reactors exploit the principle of nuclear chain reaction to continuously generate energy
via fission reactions. Nuclear fission is a process where a heavy nucleus splits into several,
usually two, lighter nuclei while emitting energy. It can be assimilated to a nuclear decay
(spontaneous fission) or induced by an incident particle such as a neutron. When a heavy
nucleus with typically Z > 90 undergoes a fission process, it leaves its two fission fragments
excited and very rich in neutrons. These highly unstable nuclei consequently evaporate several
neutrons and emit gammas in order to become more stable. The energy liberated during this
whole process, including the fission fragments kinetic energy, is confined within the reactor
vessel and recovered as heat in a nuclear power station. Among these ~ 200 MeV, depending
on the fissioning isotope, only the small fraction of energy carried away by neutrinos escapes
the reactor.

While several natural isotopes are considered fissionable, i.e. they are likely to undergo
fission when struck by an energetic neutron with more than 1 MeV of kinetic energy, only
2357 is found in nature and fissile, i.e. it undergoes fission when struck by thermal neutrons

While the construction of a nuclear reactor is incredibly expensive, it is at the charge of the power plant
operator not the experiment.
2Nuclear reactors, especially commercial ones, usually run at full power and only shutdown to refuel.
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(E~0.025 eV). Other fissile nuclei such as 29Pu and 233U can artificially created by neutron
irradiation of 223U or 232Th. The isotopic composition of natural uranium is 99.3% of 233U |
0.7% of 235U and traces of 2*4U. Using enrichment techniques, the concentration of 23U can
be improved to about 5% for uses in most civil nuclear reactors. Some research reactors run
on fuel enriched to about 20%. Uranium further enriched is no longer used in common nuclear
reactors but in nuclear weapons where the 23°U concentration can rise up to 85% or more.
In order to deliver a constant flux of thermal energy, the chain fission reaction needs to be
kept in a sustained state where the flux of fission-induced neutrons is constant. A system
operating in such a sustained state reached its criticality. While the fading neutron emission
of a subcritical system does not allow it to maintain sustained chain fissions, a supercritical
state emits a rapidly increasing number of neutrons and might end up in an uncontrollable
fission chain reaction if not correctly operated. Nuclear reactors operate in a critical state
where fission-induced neutrons induce more fissions and so on. Since it is the most widely
used fissile isotope, let’s focus on the fission reaction of 23°U :

25U + ln — 4IFP1 + 22FP2 + kjn + +'s, (3.1)

with g‘%FPl and %FPQ, the two fission products and k the mean number of emitted neutrons.
For 23U , k = 2.4 meaning that while 2.4 neutrons are emitted per ?**U fission, only one
induces another fission. The remaining fraction of neutrons is usually lost during the thermal-
ization or moderation process, needed to decrease the energy of fission-induced neutrons from
several MeV to several meV, thermal energy where the 23°U fission cross section becomes
higher (c.f. Figure 3.1). To be thermalized, fast neutrons of several MeV undergo consecutive
elastic scatterings until they reach thermal energies of the order of the meV. The medium
used to thermalize neutrons is called the moderator and is usually composed of light nuclei
such as H or D 3 to increase the mean energy loss per neutron scattering.
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Figure 3.1: Left: Energy spectrum of neutrons in the moderator [120]. Their energy at emission and
after thermalization can be represented as Maxwell distributions peaked respectively around 1 MeV
and 50 meV. Right: Fission cross sections of 233U (blue), 233U (green), 22°Pu (red) and ?4'Pu (gray).
The non-fissile nature of 233U can clearly be seen on its fission cross section, orders of magnitude
lower than the others at thermal energies but comparable at fast neutrons energies.

3Deuterium (?H) is an hydrogen atom with an additional neutron. It is the main component of heavy water
(D20).
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3.1.2 Reactor mechanisms

A nuclear reactor is characterized by 3 main components: the fuel made of the fissioning
isotope sustaining the fission chain reaction, the coolant used to recover the heat produced by
fissions and the moderator slowing down and thermalizing fast neutrons. These three elements
can be of several types and each combination brings different advantages and drawbacks.
Nuclear reactors can be simply divided into two classes:

e Thermal reactors: These reactors use a moderator to thermalize fission-induced neu-
trons. As stated above, the moderator needs to be composed of light nuclei and located
as close as possible to the fuel in order to minimize neutron losses and maximize the
probability of inducing fissions (c.f. Figure 3.2). To satisfy these requirements, this
moderator is usually used as coolant as well. Water (H20) and heavy water (D20O) are
widely used as such in most thermal reactors, usually in a pressurized vessel to increase
its boiling point. Given the high fission cross section of 23°U at thermal energies,
thermal reactors allow the use of lowly enriched uranium (between 1 and 4%) or even
natural uranium (with the use of D2O as a moderator) as a fuel. They are the most
common nuclear reactors.

e Fast neutrons reactors: Unlike the previous ones, these reactors use fast neutrons to
induce more fissions. In order to keep the fast neutrons flux constant, they do not
use a moderator and need to be compact to minimize neutron energy losses between
fuel elements. Since water acts as a moderator, heavier coolants such as molten metals
(sodium or lead) or gases (helium or carbon dioxide) need to be adopted. Though
these mediums are more delicate to operate, they allow the reactor to run at higher
temperatures thus increasing its efficiency. The relatively low fission cross section of
2357 to fast neutrons requires a higher fuel enrichment than in the case of thermal
reactors (of the order of 20%). However the high neutron flux allows the breeding of
fertile isotopes such as 23®U  into fissile isotopes such as 23°Pu  leading to a fuel
regeneration. Fast neutron reactor can also transmute actinides considered nuclear
waste, into less problematic elements in terms of disposal.

In the following, we will focus on thermal reactors and especially the most common type:
light-water-moderated reactors (LWR). They can be divided into two kinds: Pressurized
Water Reactors (PWR) and Boiled Water Reactors (BWR). Their main difference lies in the
heat exchange system. In a PWR, the water coolant is kept pressurized to 155 bars while
passing through the reactor, preventing it to boil at 350°C. It then transfers its heat to a
secondary system that generates steam, finally evacuated through a third cooling system. In
a BWR, water is vaporized into steam when in contact with the reactor and is then evacuated
though the secondary cooling system.

3.1.3 Antineutrino production

As explained earlier, fission reactions in the reactor create neutron-rich fission fragments (c.f.
Figure 3.3). In order to reach the band of stability, these fission products undergo a series
of B-decays thus emitting several electronic antineutrinos. On average, each fission releases 6
antineutrinos along with the 200 MeV of thermal energy. A 1 GWyy, reactor thus delivers a
total of 2 x 10%° 7, .s~! thus making a nuclear reactor the most intense source of neutrinos
on Earth.
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Figure 3.2: Moderation process in a thermal reactor. After thermalization, the neutron diffuses (ran-

N . ] % N . " . B =
dom Brownian walk) before inducing another fission. Fast neutrons induced fissions on 2**U usually
occur within the same fuel element without moderation.

Although it is the only fissile isotope in fresh fuel, composed of 2*°U and ?*%U , 2*°U is not
the only element which fission releases antineutrinos. Even in thermal reactors, the breeding
of fertile 2**U  can occur after a fast neutron radiative capture on 2**U transforming it into
2397 which B-decays twice into a fissile 2*Pu . While the radiative cross section of 222U is
higher than its fission cross section, fast neutron induced fissions of 22*U still occur. In some
cases, 2*Pu can undergo two neutron captures and transmutes into ?*'Pu, another fissile
isotope. During a reactor operation cycle, the four fissioning isotopes U , #**U , #*9Pu and
241py contribute to the antineutrino emission. However, their structures and masses cause
them to split into different fission fragments as displayed on Figure 3.3 leading to different
fission energies and antineutrino emission as summarized in Table 3.1.

Isotope Total fission energy [MeV] Number of emitted v, per fission

285y 201.7 £ 0.6 1.92 + 0.036
238y 205.0 + 0.9 2.38 + 0.048
239py 210.0 £ 0.9 1.45 + 0.030
24lpy 2124 + 1.0 1.83 + 0.035

Table 3.1: Total energy and number of antineutrinos emitted above the detection threshold of 1.8 MeV
(c.f. Chapter 4) per fission of the four fissioning elements: 23°U , 238U | 239Py and 2#'Pu [123].

The fuel composition evolves over time and as the fraction of 23°U decreases, the fraction of
239pu and ?*'Pu increases. This is known as the burnup effect, displayed on Figure 3.4. Since
the average antineutrino yield of the two fissioning Pu isotopes is lower than the one of #3°U,
the number of emitted v, decreases over time, even for a reactor operating at constant power.
This characteristic of the burnup effect drives current studies in nuclear non-proliferation.
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Figure 3.3: Left: Localization of the 23U fission products in the chart of nuclides [121]. Right:
Distribution of the fission products originated from the fissions of the 3 fissile elements 2**U >%Pu and
233U and an hybrid fuel (65% U, 35% Pu) [122].

3.1.4 Antineutrino energy spectrum

Electronic antineutrinos are generated through B-decays such as:
72X =5 Y +e +re. (3.2)

By considering a decay at rest and a negligible recoil of the danghter nucleus, two reason-
able assumptions, the principle of energy conservation gives the relation between the electron
and antineutrino energies:

e + Ez, =mx —my — E*, (3.3)

with mx and my the respective rest masses of the ’}‘J‘X and ’r}} 1Y nuclei and E* the excitation
energy of the daughter nucleus 4.,Y. The electron and the antineutrino share the total
energy Eg = my —mx + E* = Qp + E*. Their energy spectra are continuous and each can
be computed knowing the other as displayed in Figure 3.5. Although, for a given nucleus,
Qp is a constant, the excitation energy E™ varies depending on the energy level. For each
value of E*, a B-branch is associated with an electron spectrum S, ,(F) and an antineutrino
spectrum Sy, 3(E) sharing an energy Eyj such as:

Si.?e b(E] = S(’._.b (EO,-‘J - E) (34]

This is a zeroth-order approximation, with no corrections to Fermi’s theory of B-decay [125].

During the decay of a given nucleus, all branches must be taken into account and the
electron and antineutrino spectra are combination of all of them weighted by their branching
ratio:

Ny Ny
Sp. (E) =Y 4Ss. p(E) and Se(E) =Y awSep(E), (3.5)
b=1 b=1

with N, the total number of branches and «y the branching ratio of the b branch.

Since the fissions of each of the four nucleus U |, 22°U | 2%%Pu and 2*'Pu creates a
wide variety of fission products, the antineutrino spectrum emitted per fissile isotope is the
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Figure 3.4: Simulated fission rates of the four fissioning isotopes as a function of time for a PWR
reactor operating at constant power [124].

weighted sum of each fission product spectrum. For instance, the antineutrino spectrum of
235U can be expressed as:

Nrp Ny
S5 ’235U(E,t) = Z App(t)ZOébSpe »(E), (3.6)
FP=1 b=1

with App(t), the activity of the fission product of interest.

Given the large range of fission products created in a nuclear reactor, we estimate the
number of B-branches to be of the order of 10000, each contributing to the total antineutrino
spectrum.

Accurate knowledge of each branch of each fission product is thus mandatory in order to
compute a total antineutrino spectrum with the so-called ab initio method. This approach
requires the use of all 3-branches, whether theoretically computed or experimentally mea-
sured and listed in nuclear databases. Given the current state of these databases, the ab
initio method is limited by a 10% uncertainty up to 7 MeV and larger above it [124] mainly
driven by the pandemonium effect [126]. This large uncertainty motivated the experimental
measurements of these branches. Since an individual identification is nearly impossible, only
the total electron energy spectrum, sum of the contribution of each branch, is measured.

Measurements of the electron spectra originated from 23U | 239Pu and ?*!Pu fissions have
been carried out in the eighties at the Institut Laue-Langevin (ILL) in Grenoble [127, 93].
To do so, thin foils of these isotopes were placed 80 cm from the ILL reactor core where
the neutron flux was exclusively thermal. The high neutron flux induced fissions and the
electron spectra of the subsequents fission products were measured in the BILL high resolution
spectrometer [128].

In order to compute an antineutrino spectrum from these measurements, Schreckenbach
et al. used an effective method and fitted the ILL electron spectrum with 30 virtual 3-
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branches [92] as displayed in Figure 3.6. While none of those branches corresponded to an
actual -decay, each had an associated electron and hence antineutrino spectrum. The sum
of these spectra gave the total antineutrino spectrum from 23°U | 239Pu and ?*'Pu fissions
with an uncertainty at the level of 3%. Since the fission of 233U is triggered by fast neutrons,
it could not be measured at the ILL reactor and its contribution to the antineutrino spectrum
was computed only from theoretical models assumptions. Since then, Haag et al. measured
the 238U electron spectrum using the FRM II fast neutrons source in Garching [129] and the
antineutrino spectrum extracted from it is now taken into account in recent predictions [75].
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Figure 3.6: Conversion of electron spectra (black)
into v, spectra using an effective method on 4 vir-
tual branches (color) [124].

Figure 3.5: Example of conversion between the elec-
tron and 7, spectra of 5°Mn [124].

In order to increase the understanding of the reactor antineutrino spectrum, members of
the Double Chooz collaboration in Saclay performed a complete re-analysis of the spectrum
predictions in 2011 [94]. This work was driven by the fact that at that time, the Double Chooz
experiment was only running with one detector and therefore needed lower systematic uncer-
tainties on the v, spectrum before oscillation. It was based on a mixed approach combining
experimental inputs of the effective method and theoretical models of the ab initio method.
Instead of fitting the electron spectrum measured at ILL with a few virtual branches, Mueller
et al. made full use of the ten thousand real branches available in the nuclear databases.
However, these real branches accounted only for 95% of the total energy spectrum measured
at ILL and the remaining 5% had to be fitted using an effective method with only 5 vir-
tual branches. This new technique put in evidence a +3% systematic normalization shift
with respect to the previous estimations of [92] as shown in Figure 3.7. This discrepancy is
understood as an effect due to non-physical corrections induced by the use of virtual branches.

An independent study carried out by Huber et al. [95] the same year and using only virtual
branches with corrections is in agreement with this re-analysis.

3.2 Radioactive sources

The advantages of nuclear reactors in terms of intensity and v, purity makes them highly
effective neutrino sources for the study of short to long range neutrino oscillations.

However, at shorter distances, drawbacks quickly arise and sometimes hinder the reliability
of reactors as a v, source. At kilometer-scale distances, the construction of a detector is a
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much simple matter than inside a power plant area or within the reactor building.

Besides, nuclear reactors, for commercial or research purposes, do not operate continuously
at their designed full power. They sometimes run at lower power and have to stop to refuel.
These shutdowns, lasting from several days for a research reactor to several months for a
commercial one, as well as any changes on the reactor power must be monitored and shared
between the operator and the scientific community. The precise knowledge of a reactor power
and hence of its v, flux can be tricky since it also depends on the fuel composition.

Finally, the study of short range oscillations forces detectors to be located inside reactors
buildings, a few meters away from the core. Along with possible complications on safety and
privacy, this also implies to install a low background detector in a highly irradiated area hence
tremendously reducing the detector efficiency as well as increasing systematic uncertainties.

For short baseline studies, the use of a compact, transportable and yet intense source of
neutrinos is appealing. Such an object made of an isotope emitting v, or v, is a radioactive
source and its principle will be discussed in the following section.

3.2.1 History

Radioactive sources have been long used in neutrino physics for the sake of calibrating detec-
tors. From the study of the quenching factor in liquid scintillator detectors using « emitters,
the energy scale measurement using y sources and the study of coincidences using neutron
emitters, they are a part of neutrino physics since its beginning. However, it is only in the
90s that physicists first used radioactive sources as neutrino emitters.

As described in Section 2.2.1, GALLEX and SAGE were radiochemical experiments de-
signed to detect solar neutrinos via the v, +"* Ga —'! Ge + e~ reaction. In order to calibrate
their detectors, both collaborations manufactured and deployed intense v, sources with known
energy and intensity. While the initial goal of energy calibration was a success, both experi-
ment reported an anomaly as presented in Section 2.2.2.

Twenty years later, these anomalies contribute to the regain of interest towards the use
of intense neutrino emitters in neutrino physics. Experimental concepts to test this Gallium
anomaly consists of deploying a source of v, /U, in the vicinity of large monolithic detectors
in order to observe an oscillation pattern, explained by a mixing between active and sterile
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neutrino states [131]. A detailed study of such an experiment using an 7, source in KamLAND
or Borexino will be thoroughly described in Chapter 7.

3.2.2 Neutrino sources

Neutrino sources emit v, through electron capture process of unstable nuclei:
AX +e” =4 Y 4, (3.7)

in which the proton-rich éX nucleus absorbs an inner orbital electron thereby transforming a
proton into a neutron and emitting an electron neutrino. This reaction being a 2-body decay
at rest, the energy spectrum of the outcoming v, follows a discrete distribution.

Electron neutrinos can be detected through elastic scatterings off electrons:

Ve e  —v,+e . (3.8)

Its initial and final states being identical, this reaction does not have a threshold. The energy
and momentum of the incoming neutrino are redistributed among the two particles of the final
state. The total neutrino-electron elastic scattering cross section for the process of Eq. 3.8
can be predicted and expressed as:

3 E
Ttot = 00 (4 + 3sin? Oy + 4sin’ 0W> =9.49 x 10~ *cm? MeVV’ (3.9)

with Oy the Weinberg angle and E,, the electron neutrino energy. This cross section, computed
for < E, >= 31.7 MeV was found in good agreement with a measurement performed by
LSND [132] resulting in:

otor = 10.1 £ 1.1(stat.) + 1.0(sys.) x 10~ 4em? 22 (3.10)
MeV
Note that this cross section increases linearly with the neutrino energy E,,.

Compared to the one of IBD used to detect v, , this cross section is relatively small.
Besides, the detection of v, in the MeV range via electron scattering is very sensitive to back-
grounds from the natural radioactivity 3 and y rays. Only a few low-background detectors,
designed to study low energy solar neutrinos, could efficiently distinguish v, electron scatter-
ing signals from backgrounds. Finally, to provide a sufficient amount of neutrino interactions
in the current kiloton-scale detectors, activities of the order of tens of MCi 4 are required
from such v, sources.

Candidates isotopes: Ar and Cr

Two nuclei were used by the Gallex and SAGE collaborations and are still under considerations
for radioactive sources experiments: ®'Cr and 37Ar.

S1Cr decays to °'V with a 27.7 days half-life. 90.1% of the time, it decays to the ground
state of 'V and emits a monochromatic 751 keV v, while in the remaining 9.9%, it decays
toward an excited state thus emitting a 413 keV v, followed by a 430 keV gamma ray. A
decay scheme of °'Cr is displayed in Figure 3.9. 37Ar decays to 37Cl with a half-life of 35.0
days and produces 814 keV v, with a branching ratio of 100%.

41 Ci = 3.7 x 10'° Bq
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51Cr (27.7 days)
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Figure 3.9: Decay scheme of 51Cr to 1V through electron capture [133].

Natural chromium is mainly composed of *Cr (83.8%) and contains 4.35% of *°Cr. The
%0Cr thermal neutron capture cross section of 17.9 barn allows the large scale production of
1Cr by neutron irradiation inside nuclear reactor cores through the °Cr (n, 7)51 Cr reaction.
However, the higher concentration of ®*Cr in natural chromium (9.5%) along with its thermal
neutron capture cross section of 18.7 barn leads to a lowering of the 51 Cr yield since neutrons
are more likely to be absorbed by ?3Cr than by °!Cr.

37 Ar is also produced by neutron irradiation in reactor cores but through the 4°Ca (n, a)37 Ar
reaction. This (n,a) reaction has a 1.75 MeV threshold and thus requires irradiation with
fast neutrons instead of thermal neutrons.

Advantages and drawbacks

Both sources constitute a challenge from their production to their deployment.

In terms of heat release and gamma ray production, 37Ar is easier to handle than >'Cr
since it requires a smaller shielding to dissipate its heat and attenuate its gamma activity.
However, the solid metallic state of 'Cr makes it easier to extract and manipulate than
gaseous >"Ar. The 53Cr concentration reduces the efficiency of the neutron irradiation of
chromium and leads to the need of several consecutive irradiations. Likewise, the threshold
of the (n, a) reaction in the case of 3" Ar implies a fast neutron irradiation taking place in the
close vicinity of the reactor fuel elements. Though Ar benefits from a slightly longer half-life
than Cr, both are a challenge regarding transportation. With only a few nuclear reactor
available for material irradiation, there is a significant probability that it will be located far
from the deployment site. The half-lives of both isotopes in the order of a few tens of days
require a fast transportation followed by a prompt deployment in order to provide a sufficient
number of neutrino events. Finally, from the physics point of view, 37Ar’s higher neutrino
energy could help better discriminate against natural radioactivity.

With all these arguments in consideration, the global effort on the use of neutrino sources
tends to be directed toward 5'Cr.

3.2.3 Antineutrino sources

Antineutrino sources emit v, via 3~ decay:
X 27 Y +e 7. (3.11)
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This reaction is a 3-body decay and, as explained in Section 3.1.4, electron and v, are produced
over a broad energy spectrum up to the maximum endpoint energy (Qg) of all the available
[3 branches.

In liquid scintillator, 7, are detected via the IBD reaction that will be described in details
in Chapter 4. Its cross section being higher than the one of electron scattering along with
its dependency on E? instead of E, allows the detection of a larger number of events. Fur-
thermore the IBD signature, a time and space coincidence between a prompt positron energy
deposition and a delayed neutron capture, allows a very efficient background discrimination
that tends to reduce the requirements on the source activity as well. Hence, the required
activity of a v, source tends to be smaller by a factor of ~ 50.

Candidates isotopes

With an energy threshold of 1.806 MeV, the IBD reaction requires the use of a source isotope
with a high Qg. Moreover, in order to avoid the transportation and deployment issues raised
by the low half-lives of v, sources, isotopes will longer half-lives of the order of hundreds
of days are preferable. Unfortunately, these two physical characteristics are strongly anti-
correlated and nuclei with high enough Qg for efficient IBD detection have half-lives typically
shorter than a day, thus preventing the use of a v, source made of a single radioisotope.
However, to bypass this difficulty, one might look for a cascading couple of 3~ isotopes with
a long-lived parent nucleus and a short-lived daughter isotope. While finding a parent isotope
with a half-life of the order of hundreds of days is an easy task, the daughter isotope must be
carefully selected to provide a Qp as high as possible above the IBD threshold to maximize
the IBD reaction rate. A thorough search in nuclear databases led to the identification of
several pairs of isotopes displayed in Table 3.2.

Couple 71/ of parent  (Qp of daughter
L2Ar - 2K 33y 3.53 MeV
08y - Ny 28.9y 2.28 MeV

106Ry - 106Rh 372d 3.55 MeV
Mdce - 14py 285d 3.00 MeV

Table 3.2: Suitable couple for an v, radioactive source [121].

The elected one: **Ce -*Pr

With only ~500 keV between the IBD threshold and its Qg, 908r provides a modest reaction
rate. Furthermore, its long half-life leads to a reduction of the reaction rate for typical
experiment running periods between 1 and 2 years. While the half-life of >Ar is also quite
long, its high Qp compensates the loss of reaction rate and makes it a suitable candidate.
106Ru and 44Ce share both reasonable half-lives and high Qp making them the best choices
of isotope pairs with a small advantage for '°Ru due to its higher endpoint energy.
However, the choice of the best couple is not only driven by physical arguments but by
production feasibility at the industrial scale as well. Like its isotope 37Ar, 2Ar is produced
through fast neutron irradiation on *°Ar thus raising similar issues. Besides, the chances of a
double neutron capture required to transform 4°Ar into ?Ar are lowered by the fact that 41 Ar
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has a very short half-life (715 = 109 ms). In addition, 42Ar is produced in a gaseous state,
very hard to manipulate. “Ar has thus been rejected from the possible candidates. ?9Sr |
106Ry and 44Ce are fission products created in nuclear reactors that could be extracted from
nuclear spent fuel. However, in a reactor core, each fission products has a specific production
rate expressed as the cumulative fission yield and corresponding to the number of nuclei
produced per fission with a reactor core considered at equilibrium. Although this is only an
approximation since long lived isotopes may never reach equilibrium during fuel irradiation,
this quantity is a good indicator of the abundance and concentration of each fission product
in reactor spent fuel. Table 3.3 summarizes the cumulative fission yield of the three isotopes
of interest for thermal fissions of 23*U and ?3°Pu , the two main fissile isotopes in commercial
nuclear reactors. Due to its low fission yield for 235U , 1%Ru is strongly disfavored compared
to Sr and *4Ce .

Cumulative fission yield (%)

106Ru 9081“ 14406
B5U  0.401(6) 5.78(6)  5.50(4)
B9pu 4.35(9)  2.10(4)  3.74(3)

Table 3.3: Cumulative thermal fission yields of 1%°Ru , °Sr and '**Ce [121] for the two main fissile
isotopes fueling nuclear reactors.

Given their comparable fission yields for both 23°U and #?Pu , P°Sr and *4Ce are the
most probable candidates for a v, source. However, as stated earlier, the low endpoint energy
of 99Sr and its long half-life tend to reduce both reaction rate and source activity, thus
definitely rejecting the °Sr - 9°Y couple. Only the '#*Ce - **Pr pair remains as the most
suitable couple for a v, source. Though it will be explained in details in Chapter 7, note that
the 144Ce extraction from spent nuclear fuel has been proven feasible at an industrial scale.

3.3 Supernovae

While the two neutrino generators previously described were both man-made objects, there
exist intense MeV (anti-)neutrino generators that can be found in nature called supernovae
(SNe). Considered one of the most violent and spectacular astronomical events ever observed
along with active galactic nuclei (AGN) and gamma-ray bursts (GRB), these stellar explosions
emit a tremendous amount of light and neutrinos.

Due to their incredible luminosity, several supernovae have been observed with the naked
eye throughout the history of mankind [134]. Records of such observations have been found
in archives mostly from the European, Arabic, Chinese, Japanese and Korean civilizations
and their existence is mentioned as well in Native American paintings and Maori culture.
While the most famous is the SN1054% supernova which produced the Crab nebula and the
Crab pulsar, the brightest of all historical times was SN1006 which stayed visible for about
3 years (21 months for SN1054). The two last galactic SN were observed with the naked eye in

5Tn the 1960s, Zwicky and his collaborators suggested the current naming scheme for supernovae: the prefix
“SN” followed by the year of discovery with, in case of several discoveries per year, an upper-case letter from A
through Z for the first 26 SN discovered that year. In case of more discoveries the upper-case letter is replaced
by the lower-case sequences “aa,bb....
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1572 by Tycho Brahe and 1604 by Joannes Kepler. Since then, the invention of the telescope
allowed the observation of many SNe in other galaxies. Another step has been taken in 1987
with the observation of SN1987A with the detection of both light and neutrinos coming from
the same supernova (c.f. Section 3.3.2).

Supernovae can be classified into two types: type I and type II. Each of these two types
can itself be divided into subgroups depending on the spectroscopic properties and luminosity
features. Type I and II SNe are respectively characterized by the absence or presence of
hydrogen lines in their spectra. However, SNe could also be classified with respect to their
explosion mechanism: thermonuclear or core-collapse.

Thermonuclear SNe (or type Ia) are produced when a white dwarf that has been accreting
mass from a companion star, reaches its instability limit and collapses. This collapse trig-
gers the fusion of carbon and oxygen into heavier elements thus causing the thermonuclear
explosion of the star [32]. Since they are all generated through the same process, all type
Ia SNe have very similar characteristics. They emit the same amount of energy and have
very similar light curves. This property, verified by the observation of numerous type Ia SNe
in nearby galaxies, allows their use as standard candles for the measurement of galactic dis-
tances. The measurement of the Hubble constant and the Universe’s matter density constant
can be carried out using this technique as explained in Ref. [135].

However, while being useful for cosmological studies, thermonuclear SNe have a limited
interest in neutrino physics since they do not produce a large amount of neutrinos compared
to core-collapse supernovae. Only core-collapse SN will be considered hereafter.

3.3.1 Core-collapse supernova

Core-collapse SNe arise from the collapse of the core of a massive star (M > 8 My). The wide
mass and size ranges of these stars called progenitors implies a large variety of supernova
explosion with very different visible effects. Core-collapse are thus classified into subtypes
depending on their envelope composition (He or H) and/or light emission [136].

Core-collapse supernova dynamics

All stars undergo a long phase of hydrogen burning through the p-p and the CNO cycles [137].
These fusion cycles, represented on Figure 3.10, respectively account for 98.4% and 1.6% of
the energy production in the Sun®.

After the hydrogen is burned off and depleted, the star is no longer at equilibrium and
its energy production is not sufficient to withstand gravitation. It starts to contract thus
increasing its inner pressure and temperature, according to the equation of state of non-
degenerate ideal gas p ~ p x T. When a high enough temperature has been reached, helium
starts to fusion to '2C via a triple a-process. After all the helium has been fused into carbon,
nitrogen and oxygen, the star undergoes another contraction leading to the fusion of these
elements. Depending on the star mass, additional fusion processes may occur as shown in
Table 3.4. The last reaction occurring in most stars with mass higher than 12 Mg is the
burning of silicon to produce nickel and iron. This phase, extremely fast compared to the
previous ones, corresponds to the last phase of the star’s burning process since, in the region
of iron and nickel, the maximum binding energy per nucleon, of about 8 MeV /nucleon, has
been reached. No energy can be gained by further fusion processes of heavier stable elements.

5Note that the ratio between these two production fractions depends on the type of the star.
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Figure 3.10: Left: Representation of the proton fusion processes in the Sun’s p-p cycle. Right:
Representation of the CNO cycle [137].

At this point, the star has an onion-like structure with a small and dense iron core surrounded
by shells composed by elements of decreasing atomic number (Si, O, Ne, C, He).

Fuel T, [10°K] p. [g.cm™3] Main product T [yr]

H 0.04 5.81 He, N 1.11 x 107
He 0.18 1.39 x 103 C, O, Ne 1.97 x 109
C 0.83 2.39 x 10°  Ne, Na, Mg 2.03 x 103
Ne 1.63 7.24 x 106 O, Mg, Si 0.732
o) 1.94 6.66 x 109 Si, S 2.58
Si 3.34 4.26 x 107 Fe, Ni, Cr  5.01 x 1072

Table 3.4: Central temperature T, central density p. and burning time T of the chronological burning
phases of a 15 Mg star [32].

The stability of the star’s iron core is maintained by the pressure of the degenerate electron
gas ruled by the Pauli exclusion principle at high densities. However, the creation of massive
elements through fusion increases the core mass until it reaches the Chandrasekhar mass
of about 1.4 M. At this point, the constantly increasing density and temperature due to
gravitation can no longer be compensated by the electron pressure and the core starts to
contract, causing an increase of the photodissociation process on iron:

v 4% Fe — 13a + 4n. (3.12)

This endothermic reaction absorbs about 124 MeV leading to a reduction of the thermal
pressure and electron kinetic energy. The electron capture (EC) on nuclei and free protons:

e” +%Fe — 5Mn + v, (3.13)
e +p — n+v, (3.14)
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further contributes to the reduction of the electron density and pressure. These two reac-
tions called neutronization processes create mainly neutron-rich nuclei, unable to balance the
gravitational pressure previously compensated by the electron gas pressure. The core starts
to collapse faster and, when the core density reaches 102 g.cm™3, neutrinos can no longer
escape since, due to neutrino-nucleus coherent scattering, their mean free path is smaller than
the core’s radius.

This effect, referred to as neutrino trapping, causes neutrinos to move with the surrounding
collapsing environment while being at thermal equilibrium with it. The envelope separating
the region opaque to neutrinos and the external free-streaming region is defined as the neu-
trinosphere in analogy with the Sun’s photosphere. In this transition region, the neutrino
energy spectrum is thermal and can be approximated with a Fermi-Dirac distributions as
detailed in Section 3.3.1.

In the meantime, the collapse continues and the iron core is now in freefall at supersonic
speed. Finally, the collapsing core reaches a density higher than nuclear densities (p > 104
g.cm™3). At such densities, the nuclear force becomes strongly repulsive and the matter in-
compressibility causes the collapse to stop and reverse. While the inner core reaches an hydro-
static equilibrium and forms a proto neutron star (PNS), a strong shockwave is sent outwards
and propagates though the core’s outer layers with a velocity of the order of 100 km.ms™!
thus slowing its free-fall. This causes the PNS to form an unshocked core, with a radius of
roughly 10 km and a density of about 104 g.cm™3, surrounded by a shocked mantle extending
up to 200 km at a decreasing density.

As it propagates through the outer PNS core, the shockwave dissipates its energy via
the photodissociation of Fe nuclei into nucleons. The high electron capture rate on protons
leads to a huge production of neutrons and electronic neutrinos, piling up behind the dense
medium of the shockwave. After a few ms, when the shock reaches layers with density lower
than 10" g.cm™3, a shock breakout occurs and all the trapped neutrinos are released within
a few ms time window. This prompt emission called the neutronization burst carries about
105! ergs in v.. Nonetheless, this burst is too short to emit a significant amount of neutrino
since it only originates from the neutronized periphery of the PNS, not its inner core. With
most of its energy expelled in the form of neutrinos, the shockwave is now weakened and
stalls at a radius of about 200 km, 100 ms after the initial bounce, without reaching the star’s
outer layers. At that point, different scenarii can occur depending on the star mass. If the
progenitor star weights less than 10 solar masses, the shockwave, even though weakened, is
able to eject the star envelope thus generating a supernova explosion. This is the prompt
SN scenario. If however, the progenitor mass is so high that the shockwave fails to reach its
envelope, the surrounding medium continues to fall on the PNS. At some point the pressure
of the degenerate nucleon gas cannot withstand gravitation anymore and the core collapses
into a black hole without a supernova explosion [32].

In order to revive the stalled shock and generate a supernova explosion in the case of
massive stars, a new mechanism has to be introduced. Recent computations carried out with
the help of powerful supercomputers [138] allowed 2D and 3D simulations of core-collapse
supernovae and helped strengthen the neutrino-driven explosion hypothesis”. In this scenario,
the shock is revived by the energy deposition of the neutrino flux produced in the PNS,
between 0.5 and 1 s after the bounce. Inside the PNS core, neutrinos of all six flavors are

"Note that, given their preliminary nature, most of the current 3D core-collapse simulations do not yield a
SN explosion.
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created through thermal processes,

e t+et=v+v (3.15)
N+N=N+N+v+7, (3.16)
scatterings,

v+n,p=v+n,p (3.17)
v+A=v+A (3.18)
vdet=v+tet (3.19)

and neutrino-neutrino reactions,
Ve +Vp = Ve + Uy (Vo = Vo Uy Vry Ur) (3.20)
Ve +Ve = Vyr+ Vpres (3.21)

with A a nucleus, N a nucleon and v any kind of neutrino flavor. In addition, electron neutrinos
are produced in the highly degenerated nucleon gas via the electron capture process in Eq. 3.14
and electron antineutrinos are produced via the positron capture on neutron:

et +n—=p+7.. (3.22)

This huge amount of neutrinos is still trapped in the PNS core and cannot escape the
neutrinosphere. However, since neutrino interactions are flavor and energy dependent, there
are different neutrinospheres for different flavors. Given the composition of the SN medium
(n, p, e7) and the neutrino energy, insufficient to create muons and taus, v, and 7. can
interact via both charged and neutral current processes whereas v, (v, Uy, V7, V7) can only
interact through the flavor-independent neutral current processes. Therefore, one can define
three different energy-dependent neutrinospheres respectively corresponding to v, , Ve and v,.
As previously stated, the neutrino emission spectrum on the surface of these neutrinospheres
is thermal at the corresponding energies.

Neutrino heating and cooling is dominated by the two absorption reactions and their
inverse:

Ve +n=p+e" (3.23)
Ve +p=n+et. (3.24)

However, due to the neutron-rich matter composing the PNS, the opacity of v, at a given
energy is larger than the opacity of 7. at the same energy and the v, neutrinosphere has a
larger radius than the 7, neutrinosphere. Similarly, due to their inability to interact through
charged current, the v, neutrinosphere radius is even smaller. Typical neutrinosphere radii
vary between 50 and 100 km. The temperature being a function of the decreasing SN radius,
the average time-integrated neutrino energy follows the relation (E,.) < (Ep,) < (E,,).
Curves of luminosities and average neutrino energies are displayed on Figure 3.11.

The emission of neutrinos lasts for about 10 seconds and carries most (99%) of the lepton
number and energy of the PNS. One can thus approximate the energy released in a supernova
explosion using the expression of the neutron star binding energy:

3 Gopay M2 10 km Mpns \?
Ep~ S8 PNS _ 35 10%3er s< ) ( > , 3.25
5= 5 Rpns 8 Rpns 1.4 Mpns (3:25)
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Figure 3.11: Time evolution of radiated luminosities (left) and average neutrino energies (right) fo
Ve (top), Ve (middle) and v, (bottom). Time is normalized to the moment of the bounce. The different
color curves correspond to (non-exploding) 1D simulations of several solar-metallicity progenitors and
a 15 Mg progenitor referred to as “s15s7b2” [139].

with Ggray the gravitational constant and Rpns and Mpygs the radius and mass of the proto
neutron star. This value of the energy carried away by neutrinos will be used in the simulations
described in Section 5.4.

Only a fraction varying from 5 to 10% of this incredible amount of energy is sufficient to
revive the shock and finally cause the supernova explosion. The remaining fraction of neu-
trinos leaves the supernova medium and propagates through space. Then, given their lower
mean free path, photons are able to escape the dense supernova medium several hours after
neutrinos. Finally, the envelope surrounding the PNS is expelled by the shockwave, ejecting
the massive elements heavier than iron created by neutron capture in the neutron-rich super-
nova medium.

As they travel through the supernova medium and later through space, neutrinos or
antineutrinos can oscillate and undergo MSW resonances. Additional flavor conversion phe-
nomena occur due to neutrino self-interaction as well as the presence of shock waves and
turbulence. The computation of these oscillation phenomena can differ from one model to
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the other, as explained in the next section. While many features concerning the mechanisms
and the occurrence of such flavor conversion phenomena have been unraveled, important open
questions remain [140]. Note also that the recently discovered lepton-number emission self-
sustained asymmetry (LESA) is expected to produce a dipole pattern during the accretion
phase [141].

Expected signals on earth

For an observer on Earth, the most obvious SN signals are optical photons. Indeed, although
only 1% of its energy is carried away by photons, the visible luminosity of a core-collapse SN
reaches the amount 1036 W, 10 orders of magnitude greater than the solar luminosity, making
it as bright as an entire galaxy as displayed in Figure 3.12. To this value, one can add the
sum of the luminosities in all the regions of the electromagnetic spectrum.

Imagess

Figure 3.12: Picture of SN1987A taken in the visible spectrum before it exploded (right) and 10 days
after the explosion (left) [142].

The light emitted during a supernova explosion peaks quickly after the shock. The peak
typically lasts from a few hours to a few days depending on the progenitor star mass and
shock temperature. This peak is followed by a quick cooling phase preceding a longer phase
when temperature and luminosity remain rather constant, thus showing as a plateau in lumi-
nosity curves. This behavior originates from a balance between the contracting photosphere
and the expanding star ejecta. While supernovae with massive enough progenitors reach this
plateau right after the cooling phase, smaller supernovae such as SN1987A first undergo a
strong decline before brightening again to reach the plateau. After this phase lasting roughly
100 days, the luminosity follows an exponential decay since it is dominated by the radioactive
decay of unstable nuclei, mainly ®Ni and 5°Co, emitting y rays that are captured in the
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ejecta and converted into optical photons. The light curve of SN1987A and other observed
SN is displayed in Figure 3.13.
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Figure 3.13: Left: Integrated light curves (over the visible spectrum) obtained using bolometric mea-
surements for different type II SN. The phase expressed in days is taken with respect to the peak or,
for SN1987A with respect to the bounce. Right: Close-up of the light curve in the first 80 days [143].

While the observation of light from supernovae is quite straightforward and has been
carried out for centuries, there is another messenger whose observation can nowadays be
performed: the neutrino. The detection of the neutrinos emitted by SN1987A opened the
field of extrasolar neutrino astronomy and is the origin of many models® of neutrino emission
and behavior within the complex and poorly known supernova medium.

In this work we will focus on two of them: the so-called Livermore [144] and Gava-Volpe-
Kneller-McLaughlin (GVKM) [145] models.

In 1997, T. Totani, K. Sato, H.E. Dalhed and J.R. Wilson published a model of supernova
neutrino energy spectrum, commonly referred to as the “Livermore” model, the latter two
authors belonging to the Lawrence Livermore National Laboratory. Previous models were
based on the assumption the neutrino energy followed a Fermi-Dirac (FD) distribution due
the thermal nature of their emission. However, as explained in Section 3.3.1, the neutrino
opacity changes with the neutrino energy. Considering this, the neutrino energy spectrum
can be modeled as a blackbody radiation from a spherical surface at temperature 75, whose
radius depends on the neutrino energy Ej. . The energy spectrum thus differs from a FD
distribution with zero chemical potential and becomes somewhat “pinched” with a deficit in

both low and high energy ranges. The v, energy spectrum gg‘;e can be written as:

dFy, Ly, 1 E2
dEy, — 4AwD2T2 Fs(n) efv/Tee —n 41’

(3.26)

where L, is the supernova v, luminosity, D is the supernova distance, n is the degeneracy

80n average over the last 27 years following the detection of the SN1987A neutrinos, they are the subject
of one paper every ten days !
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or “pinching parameter” and F3(n) is defined as:
9] x'ﬂ
F = —dx. 3.27
) = [ oy (3.27)

Figure 3.14 shows all the relevant characteristics of the neutrino emission for the Livermore
model, such as luminosities, average energies and energy spectra.
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Figure 3.14: Left: Evolution of the neutrino luminosity and average energy over a 10 s window for
all flavors. Right: Energy spectra of v, for several periods of time after the core bounce. The dashed
lines are the non-pinched FD distributions that have the same luminosity and average energy than the
calculations in solid lines [144].

At the time the model was developed, neutrino oscillations were not discovered yet (c.f.
Section 1.1). However the existence of the solar and atmospheric neutrino anomalies seemed
to point towards the existence of an oscillation phenomenon. Possible effects on the energy
spectrum arising from these oscillations in vacuum and matter via the MSW mechanism have
been discussed at that time but not thoroughly studied.

A first numerical calculation including both self-interaction and shockwave effects have
been published in 2009 by a group composed of J. Gava, C. Volpe, J. Kneller and G.C.
McLaughlin thus being referred to as the “GVKM” model. By taking into account neutrino-
neutrino processes, dynamic MSW effects with time-dependent supernova density profiles and
decoherence, this model provides a more realistic 7, flux as expected on Earth. Computations
with oscillations requires a knowledge of all PMNS parameters however, at that time, the
last mixing angle 613 was yet to be discovered. With the assumption of a “large” angle
(013 > 10_4) and a zero dcp phase, antineutrinos undergo an adiabatic MSW resonance
during the explosion early times (< 1 s). The neutrino spectrum is then considered “cold”
respectively to the average neutrino energy. When passing through the MSW high resonance
region, the shockwave causes neutrino conversion to become non-adiabatic and the neutrino
spectrum becomes “hot”. Figure 3.15 shows the 7, energy spectrum for both conversions.
Note that in the case of a normal mass hierarchy, the antineutrino flux does not change while
traveling through the star and its energy spectrum remains “cold”.
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Figure 3.15: Energy spectra of v, on Earth in case of adiabatic (solid line) and non-adiabatic (dashed
line) conversions in the star [145].

3.3.2 SN1987A - An observed supernova

On the 23" of February 1987 the brightest supernova since Kepler’s in 1607 was observed.
This type II supernova, called SN 1987A since it was the first one observed that year, occurred
in the Large Magellanic Cloud (LMC) about 50 kpc, or 160’000 light-years, away from Earth.
Its progenitor was identified as Sanduleak -69° 202, a blue supergiant, with a mass of about
20 Mg [146]. While SN1987A provided a huge amount of information in all regions of the
electromagnetic spectrum, the most interesting feature was the first detection of neutrinos
from the actual gravitational collapse®.

At that time, four neutrino detectors were operating and claimed the observation of
an unusual rate of neutrinos 2.5 hours before the optical discovery of the SN1987A super-
nova [147, 148, 149, 150]. Two of these detectors were water Cerenkov detectors, Kamiokande-
IT and IMB, the other two, Baksan and Mont-Blanc, being liquid scintillator detectors. While
the events observed in Kamiokande-II, IMB and Baksan occurred within a time window ac-
counting for the time calibration uncertainties between the detectors, the events observed by
the Mont-Blanc experiment have been recorded about five hours earlier. Considering that
these events lie close to the experiment trigger threshold of 5 MeV, it is usually assumed
that they are a statistical fluctuation unrelated to the supernova signal. The analyses of the
SN1987A neutrino signal thus only consider the data from Kamiokande-II, IMB and Baksan.

From the characteristics of the neutrino events listed in Table 3.5, several theoretical
predictions have been tested. All 29 observed events were due to V. interactions and a
combined analysis led to the determination of the 7, luminosity Ly, and average temperature
Ty, [151]:

Ly, = 4.8113 x 10°% ergs and Ty, = 3.9703MeV. (3.28)

These results are in good agreement with the theory described in Section 3.3.1 that postulated
a U, luminosity of Ly, = 1/6 X Ly = 5 x 1052 ergs. With all 29 events spread over a time
interval of about 10 s, the observation is in agreement with the numerical calculations of the
emission time depending on the cooling time and accretion time.

9For designing the Kamiokande detector that detected these neutrinos, Masatoshi Koshiba was rewarded
by the 2002 Nobel Prize in Physics
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Detector Relative time [ms] E [MeV] || Detector Relative time [ms] E [MeV]
Kamiokande-II 0 20.0+2.9 IMB 0 38+7
Kamiokande-II 107 13.5+3.2 IMB 412 37+7
Kamiokande-IIT 303 7.54+2.0 IMB 650 2846
Kamiokande-II 324 9.242.7 IMB 1141 3947
Kamiokande-II 507 12.842.9 IMB 1562 3649
Kamiokande-II 686 6.3+1.7 IMB 2684 36+6
Kamiokande-II 1541 35.448.0 IMB 5010 1945
Kamiokande-II 1728 21.0+4.2 IMB 5582 2245
Kamiokande-II 1915 19.843.2
Kamiokande-IT 9219 8.6+2.7
Kamiokande-II 10433 13.04+2.6
Kamiokande-IT 12439 8.9+2.9 Baksan 0 12.0+2.4
Kamiokande-II 17641 6.5+1.6 Baksan 435 17.9+3.6
Kamiokande-II 20257 5.4+1.4 Baksan 1710 23.544.7
Kamiokande-IT 21355 4.6+1.3 Baksan 7687 17.54+3.5
Kamiokande-II 23814 6.5+1.6 Baksan 9099 20.3+4.1

Table 3.5: Characteristics of the SN1987A neutrino events observed in Kamiokande-IT, IMB and Bak-
san. The relative time is expressed in ms with respect to the first event detected in each detector [151].

Although the data from SN1987A neutrinos was too sparse to provide detailed informa-
tion on the supernova mechanism, it brought several interesting results on neutrino properties.
While these results are nowadays more constrained, they were competitive when first discov-
ered. The first property that can be easily extracted from the data is the neutrino lifetime.
Since no significant discrepancy between the expected and observed flux of neutrinos has
been observed, one can assume no neutrino decay occurred during their transit to Earth thus
setting a lower limit on the 7, lifetime of approximatively 1.5 x 10° years [152].

From the arrival time and energy dispersion, one can set an upper bound on the neutrino
mass since while the latter remains constant, the time of flight is shorter as the energy in-
creases. A more recent Bayesian analysis of the SN1987A neutrino events has been performed
in Ref. [153] and set an upper bound on the 7, mass of 5.7 ¢V (95% C.L). This shows as well
that neutrinos travel nearly at the speed of light.

Other bounds on properties such as the 7, magnetic moment, electric charge or decay into
heavy neutrino are summarized in [32].

With only 29 detected events, the observation of SN1987A neutrinos already brought
an incredible amount of information. Considering all current neutrino detectors, the next
supernova, if occurring in our galaxy or its dwarf satellites, will provide us a statistic larger
by several orders of magnitude along with a detailed picture of the supernova mechanisms.
Hence the need to quickly and efficiently detect neutrinos from the next supernova. This is
the goal of the SNEWS network.
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3.3.3 The SNEWS network

The SNEWS (SuperNova Early Warning System) [154] collaboration gathers experimenters
from neutrino experiments capable of supernova detection. Its primary goal is to provide the
astronomical community with an early alert in case of a supernova occurring.

To do so, each experiment that belongs to the network needs to implement a neutrino burst
monitoring system. Since each experiment has different detection features (detection tech-
nique, energy threshold, expected rate, etc..), each burst trigger system needs to fit criteria
defined by the experiment’s collaboration. When these criteria are met and a burst of events
is detected by an experiment, a client sends out an alert to the SNEWS coincidence server. If
the server finds a coincidence between several alerts in a 10 s time windows, an alert is sent to
the SNEWS alert mailing list, hosted at snews.bnl.gov. These alerts are classified as “gold”
and “silver” depending on their robustness. Gold alerts require higher quality requirements
and a low false alert rate from the experiments involved in the coincidence, unlike silver alerts.
Gold alerts are thus sent to both experimentalists and astronomers while silver alerts are only
sent to experimentalists for a possible upgrade after human checking. The flowchart of the
SNEWS alert system is shown in Figure 3.16.
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Figure 3.16: Flowchart of the sequence of events leading to the sending of a gold or silver alert [155].

As of today, a total of seven detectors belong to the SNEWS network: KamLAND, Borex-
ino, SNO, Daya Bay, LVD, Super-Kamiokande and IceCube. These detectors, while based on
different technologies as summarized in Table 3.6, have to provide an early warning fulfilling
requirements known as “The 3 P’s”:

- Prompt: Providing an early supernova alert is equivalent to running against the clock.
With only a few hours between the arrival time of neutrinos and light on Earth, a
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complete automation of the process is mandatory to avoid any time-consuming human
checking of an individual detector’s alert.

- Pointing: While the prompt detection of a supernova would already be a success, hav-
ing the ability to point towards its location would be even better. With a majority of
the detected events being Inverse Beta Decay (IBD) events, pointing becomes challeng-
ing but not unreachable (c.f. Chapter 4). However, it is generally considered that only
Super-Kamiokande, sensitive to the neutrino-electron elastic scattering reaction (ES), is
currently capable of reconstructing a supernova location. The simulations I conducted,
presented in Section 5.4, aimed at proving the feasibility of a supernova pointing by
combining the directional information carried by the IBD interactions in large liquid
scintilllator detectors. With the SNEWS detectors scattered over the globe, triangula-
tion might be possible but, in practice, it requires high statistics coupled with a very
precise time calibration between detectors.

- Positive: With an estimated rate of galactic core-collapse supernovae of 3 per century,
the rate of accidental fake alerts is required to be set very low, fewer than one per
century. For instance, in the case of a gold alert, each individual experiment’s false
alarm rate should not exceed one per week.

Detector Technology Mass [kt]  Location  Events ( 10 kpc)
KamLAND Liquid scintillator 1 Japan 300
Borexino Liquid scintillator 0.3 Italy 100
SNO Liquid scintillator 1 Canada 300
Daya Bay Liquid scintillator ~ 6x0.05 China 100
LVD Liquid scintillator 1 Ttaly 300
Super-Kamiokande ~ Water Cerenkov 32 Japan 7°000

IceCube Ice Cerenkov ~3000  South Pole ~500’000

Table 3.6: Main characteristics of the detectors currently belonging to the SNEWS network. A
expected number of detected neutrinos in the event of a supernova occurring at 10 kpc, with an
average energy of 12 MeV and a 7, luminosity of 5 x 10°2ergs, is displayed.

To test its response in case a real supernova event, SNEWS can issue fake alerts, advertised
as such, to the astronomical community. There is however a difference of opinion between
astronomers and neutrino physicists. The former often ask for a lower coincidence threshold,
thus improving the detection sensitivity at the price of an higher false alarm rate while
the latter are often skeptical to the increase of the rate of “false positives” given the rarity
of true events they usually deal with. In reality, lowering the detection threshold would not
significantly increase the sensitivity, most detectors already being sensitive to the entire Milky
Way. On the other hand, an increase of the false alerts rate would help exercise the system
and keep the interest of the astronomical community high. As of today, SNEWS has not
issued any SN alerts.
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Chapter 4

Inverse Beta Decay process: Theory
and Simulation

While the distinction between antineutrino and neutrino has been carefully made in the
previous chapters, the following chapters will mostly deal with antineutrinos. For a simpler
reading, the term 'neutrino’ will thus be used in both cases, except if stated otherwise.

4.1 Inverse Beta Decay reaction

First used in 1956 to prove the existence of the neutrino, the Inverse Beta Decay (IBD)
reaction is still the most used interaction to detect electron antineutrinos. Its characteristics
will be explained in details in the following.

4.1.1 Theoretical basis

In the framework of the Standard Model of particle physics, neutrinos only interact via
electroweak processes, through the exchange of neutral (Z°) or charged (W) gauge bosons.
These processes are then referred as neutral (NC) or charged (CC) currents. Like the other
flavors, electronic antineutrinos can thus interact on electrons or nucleons via these currents.

The neutrino-electron elastic scattering presented in Section 3.2 brings little interest to
the detection of 7, since it does not yield a specific signature other than the energy deposited
by the ionizing electron. The NC 7, interaction on a nucleon is even harder to detect since,
while having the same signature as the neutrino-electron elastic scattering, it implies a nucleus
recoil with an energy in the keV range for MeV neutrinos. Finally, the CC 7, interaction on
a proton or quasielastic scattering of v, on proton, i.e. the IBD interaction:

vetp—et+n (4.1)

yields the most distinguishable signature with the simultaneous emission of a positron and a
neutron. Besides, its high cross section places it above almost all others in terms of detection
rate.

Let us now review some of the IBD reaction features such as the total cross section and
the secondary particles energies. In the following, only the first order approximations, precise
enough at low energies, will be taken into account. The precise IBD kinematics with second
order corrections will be thoroughly described in Section 4.2.
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The IBD reaction has a threshold depending on the nucleus the target proton is bound
to. The lighter the target nucleus is, the lower the IBD threshold is set. Neutrino detectors
relying on the IBD detection widely use organic liquid scintillator, very rich in hydrogen
atoms. Considering an IBD reaction of a v, , whose mass can be neglected, on a hydrogen
nucleus, called free proton from now on, assumed at rest, the energy threshold of the reaction
can be expressed in the laboratory frame as:

2 2
Me + M. —-m
Eipr = (me n) P~ 1.806 MeV, (4.2)
2my,

with mp, m, and m, respectively the proton, neutron and electron masses. Note that the
threshold of this reaction occurring on a proton bound to a '2C carbon atom is 14 MeV, quite
high with respect to the energy spectrum of reactor neutrinos, for instance.
Above this threshold, the relation between the neutrino and positron energies is, at zeroth
order, given by:
EV) = E, — A, (4.3)

with A = m,, — m,, the nucleon mass difference.
From this expression of the energy, one can compute the momentum p. = /E? — m2.
Both can then be used to express a zeroth-order approximation of the cross section:

Pele 2
oK X ——— cm 4.4
IBD X 30 372 ) (4.4)
with k7pp = 9.61 x 10~* cm? the IBD prefactor, which uncertainty is driven by the neutron
lifetime measurement. It is important to emphasize that, however convenient and easy to
handle, this cross section is strongly biased at energies higher than 10 MeV. A more precise
expression will be derived in Section 4.2.

4.1.2 Observables

The successful detection of a 7, via IBD relies on the observation of two distinct signals,
respectively corresponding to the energy deposition of the positron and the neutron. While
both particles are emitted simultaneously, their energy depositions are separated in time.
The ionizing nature of the positively charged positron leads it to loose its energy as it propa-
gates in the surrounding medium. When its kinetic energy becomes null, it annihilates with
an electron thus creating two gamma rays with a total energy of 2m., m, being the electron
mass. The overall energy deposited by the ionization and annihilation of the positron is called
the visible energy Eis = E. + m, with E, the total positron energy, sum of its kinetic energy
T, and mass m.. This first energy deposition is called the prompt event.

After its emission, the neutron, given its neutral charge, can only loose its energy via
scattering off surrounding nuclei. This process called moderation decreases its energy until
it reaches typical thermal equilibrium at ~0.025 eV (300 K). The neutron then scatters at
thermal energies before it gets captured on a nucleus. This process called diffusion is a
random walk centered around the thermalization point with a duration depending on the
medium average neutron capture cross section. The neutron capture leads to the emission of
secondary particles, usually gamma rays or alpha particles. The energy deposited by those
particles is called the delayed event, as opposed to the prompt event, since it occurs several
microseconds later.
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Since both events originate from the same neutrino interaction, they are correlated. Since
the actual delayed energy deposition comes from the neutron capture and not its previous
interactions, the amount of deposited energy only depends on the capture reaction. This
reaction usually occurs at thermal energies and does not depend on the initial neutron energy.
The prompt and delayed amount of energy deposited are thus uncorrelated. However, this is
not the case for the time and locations of these events. Indeed, being emitted at the same
time-space location, both particles will yield to events related in time and position, depending
on their respective behavior in the medium.

A sketch, displaying the basic of the IBD kinematics from the emission of both particles
to their annihilation or capture, is shown in Figure 4.1

Figure 4.1: Sketch of basic kinematics of the IBD interaction. In this picture, the positron annihilates
with an electron thus creating a pair of gamma rays and the neutron gets captured on a heavy (A,Z
>> 1) nucleus such as gadolinium [156].

4.2 Detailed IBD kinematics

While first-order approximations of the IBD characteristics are sufficient enough to obtain
trustworthy results at low energies such as reactor energies, one needs to account for second-
order corrections at higher energies.

Several computations have been carried to obtain precise expressions of the IBD cross
sections. Indeed the precision required both in spectral shape and norm from reactor experi-
ments made mandatory the use of second order corrections to the IBD cross section. In the
following, I will focus on the computation performed by Alessandro Strumia and Francesco
Vissani [157]. This expression, valid in most of the whole sub-GeV energy range, is relevant
when detecting neutrinos emitted by the generators described in Chapter 3.

4.2.1 Total cross section: Interaction rate

The total cross section drives the interaction rate of the IBD reaction. Indeed, the v, energy
spectrum observed in a detector is proportional to the product of the emission 7, energy
spectrum and the total cross section as displayed in Figure 4.2.
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Figure 4.2: Tllustration of the v, detected energy spectrum as the product of the IBD cross section
and the 7, energy spectrum emitted by a nuclear reactor [94].

The total IBD cross section computed by P. Vogel and J.F. Beacom in Ref. [8] is expressed

as a function of the positron energy:
2
7 (Be) = e (15)

where m, is the electron mass, 7,, = 880.3 &= 1.1 s is the most recent measured neutron
lifetime [15] and f® = 1.7152 is the phase space factor including the Coulomb, weak mag-
netism, recoil and outer radiative corrections. The constant term of this expression, called
the IBD prefactor x, is thus directly related to the neutron lifetime and is subject to possible
modifications over time.

This expression of the cross section is widely used in the reactor energy range, below
20 MeV. However, while being accurate at those energies, it gets strongly suppressed at
higher energies (E, 2 60 MeV) and starts decreasing until it reaches non-physical negative
values for E, 2 150 MeV. This effect is due to the recoil terms in 1/m,, dominant at high
energy.
In the energy range E, = 40 MeV, relevant for supernova or accelerator neutrino detection,
one needs to use a more precise computation of the IBD cross section. Starting from a
differential expression of the cross section, the authors of Ref. [157] were able to obtain an
expression valid, up to at least 200 MeV. In addition, the use of a differential expression allows
the determination of the angular distributions of the reaction products.

4.2.2 Differential cross section: Angular distributions

The differential IBD cross section can be written as:

do  G%cos?fc 9
E - 271'(5 — mZQ))2|M‘ ’ (46)

where G is the Fermi constant, cosf¢ is the Cabbibo angle, M is the invariant amplitude
for the IBD reaction, s = (p, + pp)? and t = (p, — pe)? are expressed as functions of the
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neutrino, proton and positron 4-momenta p,, p, and p. in the laboratory frame. The complete
expression of M can be found in Ref. [157].
By inserting the 4-momenta expressions in the proton rest frame:

s —m2 = 2myE, (4.7)
s—u=2m,(E, — E.) —m? (4.8)
t=m2 — mlz, —2m, (E, — E.), (4.9)

do

47> one can express the latter as a function of the neutrino

in the differential cross section

and positron energy:

do do
g, (B Be) = 2my (4.10)

The total cross section, displayed in Figure 4.3 (left), can be expressed after including the

following one-loop radiative corrective:
«a 3 m me\ 10
1+—(6+=1 P +1.2 e) 4.11
+7r<+20g2E€+ (E ’ (4-11)

where « is the fine-structure constant. This correction, valid at E, < m,,, amounts to a ~2%

do (E,, E.) — do (E,, E)

correction.
Note that the authors of Ref. [157] computed an approximation of the total cross section:

_ _ _ _ 3
o (Ve 7]7) ~ 10 43peEeEy 0.07056+-0.02018 In £, —0.001953 In E”CmZ. (412)

This approximation, valid for positron energies given by Eq. 4.3, is in agreement within a few
per-mille for F,, < 300 MeV with the previous expression.
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Figure 4.3: Left: Total cross section of the IBD reaction after second order corrections. Right: Average
cosine of the positron scattering angle 6..

The differential cross section can be expressed with respect to the scattering angle 6,
between the neutrino and the positron directions after including the Jacobian coming from

t =m? —2E, (E. — pecosf,) in %:

do Pe€ do
—— (E,,cosb,) = ,
d cos 6, 1+e (1 _ ge cos 96) dE,

e

(4.13)
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where € = E,, /m,, quantifies the nucleon recoil effects.
This dependence in . implies that E, and p. are now functions of not only E, but 6. as
well:

(Ey —8) (14 €) + ecosb\/ (B, — 6)2 — m2x

B, = D ope=yEE-m @1
K
with & = (14 €)? — (ecosf,)* and § = (mi —m? — m%) /2m,.
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Figure 4.4: Left: Relationship between E, and E. as a function of the positron emission angle, cos6..
The gray bands correspond to the range of possible reconstructed neutrino energies for a given positron
energy [158]. Right: Average positron energy as a function of the neutrino energy.

Given the large mass difference between the proton and the positron, the latter is strongly
pulled along the motion of the interaction’s center of mass. It can thus be emitted in any
direction. However, as the neutrino energy increases, the average positron direction, charac-
terized by (cosf.), is modified. The behavior of the direction with respect to the neutrino
energy is shown on Figure 4.3 (right).

At low energies, F,, < 15 MeV, the positron is emitted slightly backward on average and the
behavior of the average scattering angle cosine can be approximated by:

(cos0,) ~ —0.034 <. (4.15)
E.
This is a first order approximation, only valid a low energies, below 10 MeV. The apparent
upward “hook” right above the IBD threshold is the result of the finite positron mass, strongly
decreasing the p./E, ratio at very low neutrino energies.
As the neutrino energy rises, corrections due to weak magnetism and nuclear recoil de-
pending on E,/m,, need to be taken into account. The average cosine expression:

e El/
(cosbe) ~ —0.0342¢ 49427
E, my

(4.16)

is an excellent approximation for (cosf.) from threshold to E, ~ 150 MeV, beyond the
supernova energy range.

The effects of Eq. 4.16 on the mean positron direction combined with the angle-dependent
expression of the positron energy in Eq. 4.14 yield to a energy-dependent shift between the
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positron and the neutrino energies as shown in Figure 4.4. While the previous relation between
the neutrino and the positron energy (Eq. 4.3) only induced a 1.8 MeV difference between
the two energies, the introduction of the scattering angle in the relation offers a range of
available values to the positron energy for a given neutrino energy. When emitted along the
neutrino direction, the positron takes the maximum available energy. On the other hand, it
goes backwards when taking the minimum of available energy. The average positron energy
for each neutrino energy is displayed in Figure 4.4 (right). Although the average neutrino-
positron energy difference is close to 1.8 MeV at low energies, it increases with the neutrino
energy to finally reach ~10 MeV for E, ~ 100 MeV.
On the detection point of view, since only the positron energy can be measured, a degeneracy
appears in the neutrino energy estimate. As shown in Figure 4.4 (left), this degeneracy is
weak at reactor energies (F, < 10 MeV) and strengthens at higher energies to finally induce
an error of up to 10% in the , energy reconstruction at 100 MeV.

While, as explained above, the positron angular distribution behavior is quite peculiar
and counterintuitive, the neutron angular distribution is rather simple to understand.
Since we considered an IBD interaction on a proton at rest in the laboratory frame, there
is a direct correlation between the neutron and positron angular distributions through the
principle of momentum conservation:

Pu = Pe + Dn. (4.17)

Kinematics dictate the neutron must always be emitted in the forward hemisphere with an
angle 6,, depending on the positron emission angle. A simple analytical estimation of the
maximum neutron emission angle is given in Ref. [8]:

2F,A — (A2 — m?
COs enmax = \/ E( me) 5

(4.18)

with A the nucleon mass difference. At threshold, the neutron is emitted in the neutrino
direction and, as the neutrino energy increases, its emission angle increases as well as shown
in Figure 4.5 (left).
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Figure 4.5: Left: Average (circles) and maximum (dashed line) value of the outgoing neutron angle
cosine, cosf,, as a function of the neutrino energy. Right: Average neutron kinetic energy T, as a
function of the neutrino energy.
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Figure 4.6: Neutron kinetic energy distribution extracted from the simulation of a neutrino energy
spectrum uniform between 0 and 100 MeV.

Finally, the momentum conservation principle allows the analytical computation of the
neutron kinetic energy:

E,E A% —m?
Ty = — (1 - % cos@e) 4= e (4.19)

my e 2my,

This energy increases quadratically with the neutrino energy as shown in Figure 4.5 (right).
At reactor energies, the neutron kinetic energy is of the order of 10-100 keV while, as displayed
on Figure 4.6, some neutrons can carry up to ~18 MeV of kinetic energy at E;, ~ 100 MeV.

4.3 1IBD simulation codes

Neutrino experiments based on the IBD detection are usually required to reach very high
levels of sensitivity, especially in the low energy range. Efficient and reliable simulations of
the detector are thus mandatory, starting from the IBD reaction itself.

4.3.1 NuMC for GEANT4

The NuMC! code, written in C++, has been developed by Jonathan Gaffiot during his PhD
thesis [156]. During my thesis, I used it to perform several simulations and contributed to its
development by including additional features. The main purpose of NuMC is to simulate the
neutrino propagation from the source to the detector with the Monte Carlo method. While
originally used in the Nucifer experiment to better understand and take into account the
impact of the source and detector size and boundary effects, other sources and detectors have
been implemented since then. It can now be used to simulate neutrino transport from various
sources, such as reactors (Osiris, ILL, VVER, etc..), radioactive sources (1**Ce ,5'Cr) and
supernovae (GVKM, Livermore), to various detectors (Nucifer, KamLAND, Borexino, etc...).
NuMC operates in two distinct modes, namely path and spectra. The path mode performs
the Monte Carlo calculation of the mean neutrino path while the spectra mode computes the
expected neutrino spectrum.

'NuMC stands for Neutrino Monte Carlo
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To propagate neutrinos from their source to a detector and compute a mean neutrino path,
NuMC first picks a point in the source, depending on a probability distribution function, if
provided. This distribution, although mandatory for precise reactor simulations, has a limited
impact as the source-detector distance increases. For instance, when simulating supernova
neutrinos (cf. Section 5.4), we will not take it into account and the source will be considered
point-like. From this creation point, a random vector normal to the unit sphere is generated
and its intersection length with the detector volume is computed and saved. The sum of
these intersection lengths finally gives the mean source-detector length and the geometrical
normalization factor, later used to renormalize the neutrino flux. More details can be found
in Jonathan Gaffiot’s thesis.

After running NuMC in path mode, the mean neutrino path is fixed and serves as input in
spectra mode. In this mode, two points are randomly chosen, one in the source and another
in the detector, and their distance is compared to a 1/L? law normalized to the smallest
source-detector distance. This determines if the pair of points is discarded or kept for the
spectrum computation. In the latter case, NuMC picks an energy in the detected neutrino
energy spectrum, product of the IBD spectrum with the emitted neutrino spectrum, the
latter depending on the source. From the L/E ratio, NuMC is able to compute an oscillation
probability using a user-defined Am?. This functionality is of interest when propagating
neutrinos in short-distance neutrino experiments such as Nucifer or CeSOX. After this step,
NuMC provides a detected neutrino energy and an interaction point in the detector that can
be saved and later used to compute oscillation contours or simulate IBD reaction products. In
the following, we will focus on the latter: the generation of positron-neutron pairs by NuMC.

Since it was mainly used to propagate low energy neutrinos, the IBD cross section origi-
nally coded in NuMC was the Vogel and Beacom expression described in Section 4.2.1. Later,
the need for precise interaction rates required for the CeSOX experiment pushed the imple-
mentation of additional corrections as well as more precise cross sections such as the one
computed by A.N. Ivanov et al. [159]. This total cross section takes into account several first
and second order corrections such as weak magnetism, screening effects, etc... The implemen-
tation of these cross sections was performed by Jonathan Gaffiot, using corrections computed
by Matthieu Vivier and Mathieu Durero [160].

Although very precise at low energies, these cross sections, as previously explained, provide

wrong or even non-physical results at higher energies as shown on Figures 4.7 and 4.8. Fur-
thermore, they do not always allow a differential computation of the cross section, mandatory
to recreate IBD kinematics. To solve both issues, I decided to implement the Strumia-Vissani
total and differential cross sections in NuMC.
In order to obtain both total and differential cross sections, I decided to first implement the
angular-dependent expression of Eq. 4.13 in NuMC. To do so, using a precise expression of
the IBD invariant amplitude |M|? is mandatory. Although Strumia and Vissani claimed in
their paper that the next-to-leading order (NLO) approximation of this quantity provided a
description accurate enough to describe the detection of supernova neutrinos, discrepancies
with the complete model arise as the neutrino energy increases. Figure 4.9 shows the behavior
of the model and the NLO approximation in terms of total cross section and average positron
angle cosine.

Since these tedious form factors formulas have been implemented, NuMC has been able to
provide precise IBD interaction rates and kinematics for neutrino energies up to 200 MeV, the
latter being of interest when using NuMC to generate datafiles later injected into a simulation
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Figure 4.7: IBD cross sections computed in NuMC for 5 different models: the basic “p*E” expression
of Eq. 4.4, the Vogel-Beacom expression of Eq. 4.5 without corrections, the Ivanov expression found
in Ref. [159], the precise approximation in Eq. 4.12 and the Strumia-Vissani model.

package such as GEANT4.

GEANT4 [161] is a simulation tool developed worldwide by the high energy physics com-
munity. Its main purpose is to simulate particle transport through elementary physical pro-
cesses in a given detector. Like ROOT [162], it consists of a large C++ library rather than a
self-contained software. Its classes, defined by the prefix G4, are suitable for a wide variety of
uses from the generation of the detector geometry and physical models (embedded in physics
lists) to the visualization and the input/output management.

The basic flowchart of a GEANT4 simulation is the following:

A particle is generated with defined characteristics (type, mass, charge, etc..), at a
defined position (x¢,y0,20) and with a defined momentum (pg,py,p-)

e The particle travels through the detector geometry divided into volumes, each made of
a defined material with specific density, mass and composition

o It interacts in the material through different physical processes described in the G4Process
classes

o The interaction information (position, deposited energy, secondary particles) are stored
and the process is repeated

While GEANT4 has the ability to generate particles by itself (using the G4ParticleGun
class), it can also read input files containing particle information. In particular, NuMC gen-
erates HEPEvt files, one of the most used file format. HEPEvt files consist of comment and
event data lines. An event data is built on the following format: a line containing the number
of particles in the event and a line containing the information of each event such as type, po-
sition, time, momentum and polarization. More information on the HEPEvt format applied
to the KamLAND simulation can be found in Ref [163].

Although it can generate and propagate neutrinos, GEANT4 does not handle their interac-
tions due to their tiny cross sections. An IBD event thus needs to be created via its products,
the positron and neutron.
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To generate a typical IBD event and save it in HEPEvt format, NuMC follows a series of

steps

A neutrino energy F, is picked at random in an energy spectrum

A positron scattering angle 6. is chosen in a distribution depending on E,

The positron energy E. is computed from Eq. 4.14 and its momentum p, expressed in
Cartesian coordinates

From Eq. 4.17, the neutron energy E,, and momentum p,, are calculated

An interaction point (xg,y0,20) is picked in the detector volume as a function of a
distribution computed earlier when running NuMC in path mode

The previous steps are then repeated a number of times corresponding to the user-defined
number of IBD events expected in the simulation. In the end, here is what a typical IBD
HEPEvt looks like after being generated by NuMC and before being read by GEANT4:
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2

1 =11 00 p.(z) pe(y) pPe(z) me 0 %0 yg 2o
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The first line only contains the number of particles to generate in the event, two in the
case of IBD. The second and third line contain the positron and neutron information starting
from their PDG codes?: -11 and 2112 respectively. Note that the mass and momenta are
expressed in GeV, the default HEPEvt unit.

Let us now focus on the GEANT4 simulation itself.

Unless stated otherwise in the HEPevt line, all particles in the event are generated at once,
likewise an actual IBD event. As a charged lepton, the positron behavior is ruled by electro-
magnetic processes such as ionization, Bremsstrahlung and annihilation. In the simulation,
these processes belong to the G4EmLivermorePhysics physics list, describing the interaction
of electrons, positrons and gamma-rays at low energies (down to about 250 e€V). After losing
its energy mainly through ionization, the positron annihilates with an electron thus creating
a pair of gamma rays. The energy deposited by the positron, sum of the annihilation and
ionization energies is stored on an event-by-event basis.

The neutron loses its energy through elastic scattering off nuclei of the medium until it ther-
malizes and reach energies of ~0.025 eV. It then diffuses as explained in Section 4.1.2 before
its capture and the subsequent emission of secondary particles.

At this stage, GEANT4 still considers the two initial particles and their respective en-

ergy depositions as a single event. Therefore, it adds up all their energy in a non physi-
cal “prompt+delayed” event. To solve this issue, a feature had been implemented in the
GLG4sim? package: the DeferTrac process (called DeferTracProc).
The default configuration of GEANT4 treats a neutron, from its creation to its capture as a
single event. The purpose of DeferTracProc is to set an event time window corresponding to
the prompt energy deposition and to delay any persisting depositions to the following event.
Technically speaking, when DeferTracProc is activated in a simulation, the positron energy
deposition and the neutron thermalization belong to the prompt event, these two processes
occurring in a few-tens-of-nanoseconds time scale. The neutron diffusion being longer than
the event time window, all secondary particles the neutron could create afterwards are delayed
to the next event. This is the case for the particles arising from neutron capture.

At the end of a “NuMC + GEANT4” simulation, an IBD interaction is characterized by
two events, a prompt and a delayed, as it is in actual data.

4.3.2 SuperNustradamus for MATLAB

Although GEANT4 provides a very precise simulation of a detector, it is sometimes not
suitable or feasible in a reasonable time for all simulations.

?Each particle listed in the Particle Data Group [15] has its own and unique PDG code for simplicity
purposes.

3GLG4sim is a Generic Liquid-scintillator Anti-Neutrino Detector (“GenericLAND”) Geant4 simulation,
developed by Glenn Horton-Smith [164]. It is derived from the general parts of the KamLAND simulation and
is available freely for the neutrino community. For instance, the Double Chooz simulation package is based on
it (c.f. Section 6.4).
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For instance, given the complexity of their interaction processes with respect to their energy
ranges, neutron physics is tricky to properly simulate in GEANT4%. The need for high-
precision neutron transport in low-energy experiments led to the development of dedicated
or external neutron simulation packages as we will see in Chapter 6.
Another drawback of GEANT4 is its execution speed. Indeed, since it tracks and propagates
every primary and secondary particles from their creation to their final interaction, GEANT4
is quite time-consuming. This makes it unsuitable for long simulations of radiation shielding
as explained in Chapter 7 or simulations of large number of IBD events such as needed in
Section 5.4. Therefore, we developed a standalone simulation package: SuperNustradamus.
SuperNustradamus has been developed by myself and Théophile Chirac during his intern-
ship at CEA Saclay between September 2013 and May 2014 [165]. It is written in MAT-
LAB [166]. Its main purpose is the simulation of a supernova process detected in a liquid
scintillator detector. To achieve this goal, SuperNustradamus is divided into three main
programs:

e SNSpectra, dedicated to the computation of energy spectra and cross sections
¢ Nustradamus, dedicated to the computation of event rates in liquid scintillator detectors

e SuperTOQY, dedicated to the generation of neutrinos and subsequent (e ,n) pairs

SNSpectra

SNSpectra handles the conversion of emitted neutrino spectra into detected spectra in neu-
trino or positron energy. To do so, it takes a neutrino spectrum and multiplies it with an IBD
cross section. Both are user-defined and chosen among several choices. The neutrino flux can
be picked among the following;:

e a GVKM spectrum
¢ a Livermore spectrum

e a simple Maxwellian thermal distribution, describing the energy of neutrinos immedi-
ately after the burst

¢ a pinched Fermi-Dirac spectrum as shown in Eq. 3.26 with user-defined parameters

Figure 4.10 (left) displays the first three energy spectra, the pinched Fermi-Dirac dis-
tribution being similar to the Livermore spectrum. All these spectra describe the energy
distributions of supernova neutrinos, relevant to the main purpose of SuperNustradamus.
However, other spectra can be implemented and studied. For instance, I added a spectrum
of U, from ?*U fissions for testing purposes. Since SNSpectra works with binned distribu-
tions, only the energy spectrum histogram, binned from 0 to 100 MeV and scaled by the flux
intensity, needs to be provided. The cross section in SNSpectra is computed quite similarly
to NuMC. As displayed in Figure 4.10 (right), several cross sections models can be chosen by
the user.

After computing both, SNSpectra multiplies the neutrino flux with the cross section to
obtain the detected energy spectrum. In order to be easily used as input for other programs,

4At least until the 9.4 version of GEANTA4. Since the 9.5 version, lots of improvements have been performed
in neutron simulations.
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Figure 4.10: Left: Expected core-collapse supernova v, emission spectra (integrated over 10 s) based
on the Maxwell, Livermore, and GKVM fluxes at 10 kpc. The three spectra are normalized to the
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three different approximations computed by SNSpectra. Both figures are extracted from Ref. [158].

this detected spectrum is expressed in neutrino energy and normalized to an IBD interaction
on one free proton. Figure 4.11 displays the detected neutrino spectrum for a GVKM spectrum
multiplied by different cross sections, previously described.
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Figure 4.11: Expected neutrino spectrum for a supernova located at 10 kpc, normalized to the inter-
action on one free proton.

After running SNSpectra, a text file is generated, filled line by line by the detected energy
spectrum bins and whose title contains both flux and cross section names. This file is later
to be used as input by Nustradamus and SuperTOY.
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Nustradamus

Nustradamus is mainly dedicated to the computation of interaction rates in neutrino detectors.
It is based on a code first developed by Matthieu Vivier at Saclay and dedicated to the study
of source experiments such as CeLAND (c.f. Chapter 7). Nustradamus has been developed
to serve as a full supernova simulation package such as SNOwGLoBES [167]. Incidentally,
before we developed SuperNustradamus, we first used the latter to estimate the interaction
rate per detector. However, due to its lack of flexibility for the studies we had planned, we
then decided to develop our own simulation tool, benchmarked with SNOwGLoBES.

To compute interaction rates, Nustradamus takes detected neutrino spectra (computed by
SNSpectra) as inputs as well as detector information. The relevant detector information are
gathered in a table and read by Nustradamus. Since each spectrum is normalized to an IBD
interaction on a proton, the most relevant characteristic of each detector is its proton number,
i.e. the number of free protons in its volume. This quantity is obtained by multiplying the
proton (H nucleus) density, expressed in H.m ™3 (or H.kg™!) by the detector volume (or mass).
While the latter depends on the detector size, the former depends on the liquid scintillator
composition. Both information are written in the table and Nustradamus computes the proton
number for each detector.

By applying this proton number normalization factor along with a distance normaliza-
tion factor, following a 1/L? law, on the input detected spectrum, Nustradamus is able to
provide detected spectra with respect to detector size (mass) and supernova distance. The
IBD interaction rate is then obtained by simply integrating the spectrum. Applications of
Nustradamus to actual detectors will be studied in Section 5.4.

Additional features have been implemented in Nustradamus as well. For instance, by
taking as input each detector’s GPS coordinates (latitude and longitude) over the globe as
well as supernova position (right ascension and declination) over the galactic sky, Nustradamus
is able to generate maps of the detectors and supernovae locations, as shown on Figure 4.12.
Seemingly unrelated to the interaction rate computation, this feature might be useful for
further analyses, such as triangulation or Earth matter effects studies. This is beyond the
scope of the work presented in Section 5.4.

SuperTOY

SuperTOY has been developed to simulate IBD interactions in liquid scintillator detectors,
thus offering an alternative to a full GEANT4 simulation chain. It was the main program of
the analysis presented in Section 5.4 and several routines have been added to it for the sake of
avoiding cross-talks between programs. However, in the following, I will focus on SuperTOY’s
core concept: the IBD simulation with state of the art kinematics description.

First, SuperTOY generates a supernova, represented by its position over the sky and its
emitted energy spectrum. The former defines the neutrino direction in the detector frame and
is usually fixed at (x,y,z)=(0,0,1) in Cartesian coordinates so that the supernova is located
at the detector’s zenith and the neutrino direction points toward the negative z axis. The
neutrino energy of each IBD event is picked at random in the energy spectrum emitted by the
supernova. The energy range, chosen by default between the IBD threshold of 1.806 MeV and
100 MeV can be modified by the user. From its energy and direction, the neutrino momentum
Py is computed such that p, = FE,, in agreement with the assumption of an ultrarelativistic
neutrino.
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Figure 4.12: Representation of the galactic sky (top) and world map (bottom) in Nustradamus. Among
the three supernovae, represented over the sky by white crosses, only Betelgeuse (right), located 0.2 kpc
away from Earth, is an actual candidate, the other two being generated at arbitrary positions. The
detectors displayed on the world map are current or future detectors used in the following analyses.

Positron and neutron momenta are then computed in a way very similar to NuMC, depending
as well on the user-defined cross section. Figure 4.13 shows the mean value of cos 8. obtained
from a SuperTOY simulation, in agreement with the Vogel-Beacom analytic computation.
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Figure 4.13: Left: Average cosine of the outgoing positron angle, cosf., as a function of neutrino
energies between Ey, and 100 MeV. Right: Average cosine of the outgoing neutron angle, cos6,,.
Both panels show results of SuperTOY based on the Strumia-Vissani cross section compared to the
analytical evaluations of Vogel-Beacom [158].

A the end of this step, SuperTOY provide the same information than NuMC: the event-
by-event momentum information of the positron-neutron pairs. Note that, while NuMC
handled the spatial distribution of IBD events in the detector, all SuperTOY events are lo-
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cated at the detector center: (0,0,0) in Cartesian coordinates. At this point, the relevant IBD
information are gathered in an array whose length is the number of neutrino events such that:

Eel pe(x)l pe(y)l pe(z)l Enl pn(x)l pn(y)l pn(z)l
Eeo pe(x)2 pe(y)Q pe(z)Z Ena pn(x)Q pn(y)2 pn(z)Q
E.s...

While its C++ structure allows fast computations, NuMC works on an event-by-event
basis, each IBD event being treated one after another. This is not the case of SuperTOY.
Indeed, MATLAB’s structure, based on arrays manipulation, allows parallel array processing.
SuperTOY’s arrays containing all the events are manipulated at once thus eliminating the
need for iteration loops and strongly reducing execution speed.

From now on, SuperTOY will act as a simulation tool and propagate the (e*,n) pairs it
generated, as in GEANT4 with the NuMC-generated pairs.
In order to obtain an accurate description of the behavior of both particles in the detector,
I ran GEANT4 simulations and used their outputs as inputs for SuperTOY in the form of
arrays in text datafiles. To speed up simulations while still maintaining a satisfactory level
of accuracy, only the path length probability density function or the free path mean value
with respect to the particle energy will serve as inputs. The angular distribution, effect of
the scatterings the particles undergo in the detector medium, will not be taken into account.
However, a test simulation performed with a neutron angular spread showed no significant
discrepancies with our “unscattered” results.
While I had access to several GEANT4 simulations (Double Chooz, KamLAND, Nucifer),
I decided to use KLG4sim, the simulation of the KamLAND detector (c.f. Chapter 7), for
this study. My choice was driven by two reasons: robustness and simplicity. SuperTOY
has been developed to study neutrino directionality in large liquid scintillator detectors and
in the context of this study, KamLAND is the biggest detector currently in operation while
Double Chooz is the smallest. It seemed more than reasonable to use the former simulation
package in this case. Furthermore, its use is rather convenient and allows fast simulations and
analyses. These two reasons influenced my choice toward the use of KLG4sim as a provider
of inputs for SuperTOY. To ensure the validity of these results, I performed all simulations
using DCGLG4sim, the Double Chooz simulation package, based on GLG4sim as well but
using a different liquid scintillator doped with gadolinium (Gd) (c.f. Chapter 6). Aside from
the neutron capture process, no significant discrepancies between the two simulations have
been observed.

First, I simulated positrons with energies ranging from 0 to 100 MeV, with a 0.5 MeV
binning. Using the data analysis software developed for the CeLAND experiment (c.f. Chap-
ter 7), I extracted the path length of each positron and wrote it into an histogram for each
energy. The path length distribution between the positron creation at the interaction point
and its annihilation is displayed in Figure 4.14 (top), for different positron energies. As seen
on Figure 4.14 (bottom), the positron range increases rather linearly with the energy, as
expected for an ionizing particle.
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Figure 4.14: Top: Probability density function of the path length of positrons with different kinetic
energies. Bottom: Mean positron path length as a function of the positron energy E..

Similarly, I simulated neutrons with kinetic energies ranging from 0 to 20 MeV, with a
10 keV binning between 0 and 1 MeV and a 100 keV binning between 1 and 20 MeV. Since the
diffusion process smears the “thermalization location” i.e., the point where we consider the
neutron as thermal after its moderation, SuperTOY separates the delayed event generation
into two parts: moderation and diffusion. As stated earlier, neutron simulation has often
been GEANT4’s pet peeve. However, the implementation of new low energy neutron models
and cross sections [168] based on the ENDF BVII database, improved neutron physics since
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the 9.5 version of GEANT4. KLG4sim being compatible with the 9.5 version of GEANT4,
the neutron behavior is considered accurate enough for our studies.

The main difficulty when trying to obtain the moderation path length i.e., the distance

between the neutron creation and its thermalization comes from the very nature of the ther-
malization process. Indeed, a neutron is considered thermal when reaching kinetic energies
of ~0.025 eV. However, at such energies, the ratio between the neutron kinetic energy and its
mass (and the mass of the surrounding medium nucleons) is of eleven orders of magnitude.
The slightest scattering leads the neutron to acquire a sufficient amount of kinetic energy to
not be considered thermal anymore. To take this effect into account, I chose not to look at the
path length of each neutron on an event-by-event, which was my first approach, but rather
look at the average path length at a given neutron kinetic energy. Instead of considering
the neutron path length as the distance between its creation and the point where its kinetic
energy first reached 0.025 eV, I looked at the neutron endpoint and computed the barycenter
of the neutron captures in (X,Y,Z). The validity of this approach comes from the fact that,
when diffusing after being moderated, the neutron direction is isotropic. The barycenter of
the neutron captures thus gives the average moderation path length, displayed in Figure 4.15
(left), for different neutron kinetic energies. While it only yields an average path length rather
than a distribution, this approach better mimics the true neutron behavior.
The diffusion length is quite easier to obtain since it only concerns thermal neutrons. To
that end, I generated thermal neutrons with T, =0.025 €V isotropically and stored each path
length from creation to capture. Since KamLAND’s liquid scintillator is not doped with
gadolinium, a large fraction of neutron captures occur on hydrogen (H) atoms with a small
component of captures on carbon atoms (C). The cross section of thermal neutron capture
on C being significantly lower than the others, I will not consider it in the following. To
obtain a diffusion path length before capture on Gd, I ran simulations using DCGL4sim and
its Gd-doped liquid (0.1%). The diffusion path length before capture in an unloaded or a
Gd-loaded liquid is displayed in Figure 4.15 (right). In the case of a neutron capture on H,
a 2.2 MeV gamma ray is emitted upon capture. The path length distribution of this gamma
is obtained by shooting isotropic 2.2 MeV gamma rays, in a way similar to the previous one.
It is worth noting that since SuperNustradamus was developed to study large detectors, with
mostly undoped liquid scintillator, it does not efficiently handle neutron captures on Gd.
Given the low yield of captures arising on Gd when summing all detectors of interest for the
study presented in Section 5.4, I decided not to take them into account. Furthermore, the
cascade of gamma rays arising from neutron captures on Gd, while leading to an ~8 MeV
energy deposition cannot be precisely predicted in terms of number of gammas and energy
carried individually. However, this isotropic multi-emission actually “focuses” the delayed
event energy deposition closer around the capture point and limits the smearing brought by
a single gamma ray detection.

The path length distributions extracted from positron and neutron simulations are written
in text datafiles in the form of arrays and stored in a dedicated subfolder in the SuperTOY
main repository. At the beginning of each SuperTOY execution, the datafiles specified by
the user are loaded into MATLAB’s workspace so that any local function or script would be
able to access them. This is the case of the SuperTOY’s scripts acting as simulation tools
to transform (e* n) pairs into prompt and delayed events. By picking a path length in the
positron range distribution corresponding to an energy E. and multiply it with the normal-
ized positron momentum pe, one can obtain a realistic positron range at E.. On the other
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hand, since the neutron path length before thermalization is not a distribution, its range
is obtained only by multiplying the discrete energy-dependent path length at T,, with the
normalized neutron momentum. From this thermalization point, a first vector, whose length
is randomly chosen from the neutron capture distribution, is drawn isotropically thus giving
the neutron capture point. Likewise, a second vector is shot isotropically to account for the
path length distribution of the gamma ray arising from neutron capture.

At this point, each neutrino event is defined as such:

Eel Xel Yel Zel an Ynl an
EeQ XeZ Ye? Ze? XnZ Yn2 Zn2
Es...

with (X,Y,Z),,, the prompt and delayed vertex coordinates. Since SuperTOY is supposed to
mimic a GEANT4 simulation, only the observables available in data and simulation such as
positron energy and event locations are returned.

Now that the prompt and delayed events have been generated, corrections are to be ap-
plied to account for detector-dependent effects. The main effects considered in SuperTOY
are position reconstruction and vertex/energy resolutions.

Energy depositions in liquid scintillator detectors are usually due to low energy ionizing
particles and are thus considered point-like within the reconstruction uncertainty brought
by the detector’s intrinsic vertex resolution. However, as an ionizing particle energy rises,
its range increases accordingly. As shown on Figure 4.14, the positron mean path length,
while being negligible at reactor energies, increases to ~25 cm on average at 50 MeV. At that
point, the energy deposition can no longer be considered point-like but rather track-like with
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Figure 4.15: Left: Mean neutron path length before diffusion as a function of the neutron kinetic
energy T,. Right: Diffusion length of thermalized neutrons in liquid scintillator with and without
Gd-doping. Both figures are extracted from Ref. [158].
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a larger deposition at the positron endpoint, corresponding to its annihilation. However, since
most reconstruction softwares in data acquisition and simulation chains have been developed
and trained to reconstruct point-like events, the track-like structure of the deposition will
not be taken into account. In most cases, the reconstructed vertex is the barycenter of the
photon emission along the track, not the particle endpoint. Since only the latter is provided
to SuperTQY, a correction has to be applied to obtain a realistic prompt vertex reconstruc-
tion. To compute the value of this correction factor, I compared the positron path length
between creation and annihilation with the distance between the positron creation and its
KLG4sim-reconstructed point-like vertex for the whole energy range [0-100] MeV. It has been
put in evidence that an independent scaling factor of 0.72 could reconcile both distances. The
track width leads to a smearing of the reconstructed charge barycenter by a Gaussian-like
distribution with a standard deviation of ~2 cm. The “track reconstruction” correction factor
along with the 2 cm Gaussian smearing are applied to each prompt location in SuperTOY
thus decreasing the length of the positron track by a factor 0.72.

In liquid scintillator, the energy is converted into scintillation light, detected by photo-
multipliers. The energy and position reconstruction of an event thus depend on the number
of photons detected by the photomultipliers and their reconstructed position in (X,Y,Z) co-
ordinates. More details and an application to Double Chooz can be found in Chapter 6.
This dependence to the number of photons or photostatistic, expressed as a charge, leads
to energy-dependent and detector-dependent effects. For that matter, energy and vertex
reconstruction resolutions are often expressed at 1 MeV with a 1//E (MeV) dependence.
For instance, in a large liquid scintillator detector such as KamLAND, energy and vertex
resolutions are of the order of 6%/y/E (MeV) and 12 cm//E (MeV), respectively. These
reconstruction effects are being described by a Gaussian smearing with a standard deviation
equal to the resolution value. In SuperTOY, a vector picked in a Gaussian distribution cor-
responding to a user-defined vertex resolution is added to the prompt and delayed location
to account for detector resolution. A similar smearing is applied to the energy distribution.

After applying the above corrections, SuperTOY provides a set of neutrino events with

visible energies and reconstructed vertices as expected in actual data extracted from a liquid
scintillator detector.
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Chapter 5

Exploiting the directionality of the
IBD Process

In this chapter, we will study the concept of neutrino directionality, i.e. the possibility of
retrieving the direction of a neutrino flux from the kinematics of the interactions it induced.
These studies are focused on the IBD reaction, relevant for the detection of low-energy neutri-
nos in liquid scintillator detectors. First, we will review the reasons that motivate the study
of neutrino directionality. We will then look in detail at three applications of this concept:
the localization of nuclear reactors with the Double Chooz detectors, the directional detection
of supernovae using several IBD-sensitive detectors and the detection of geoneutrinos.

5.1 Motivations

Exploiting the directional information carried by detected particles is of interest for numerous
neutrino experiments. When the source location is known, it might help discriminate between
signal and background while, if not, it allows a possible reconstruction of the source position.
The need for a strong background rejection in short baseline experiments or geoneutrinos
detection recently increased the global interest of the neutrino community in neutrino direc-
tionality. However, since the observation of the first extrasolar neutrinos at the end of the
last century (c.f. Section 3.3.2), the astronomical scientific community started to consider
neutrinos as an additional messenger to better understand astrophysical phenomena such as
core-collapse supernovae [169]. The observation of a supernova neutrino signal and the recon-
struction of its source location would bring a tremendous amount of information about this
astrophysical process. This concept will be further developed is Section 5.4.

Neutrino directionality might also benefit the detection of geoneutrinos, which requires
a strong and robust background rejection. Since geoneutrinos are emitted within the Earth
crust and mantle, their reconstructed direction should point towards the lower hemisphere
in spherical coordinates with an angular distribution depending on the crust and mantle
geochemical compositions. On the other hand, reactor neutrinos, one of the main background
in the search for geoneutrinos, are scattered over the globe at different known locations, mostly
in the Northern Hemisphere. The rejection of neutrino events coming from those locations
might help increasing the signal over background rate, critical for geoneutrino observation.
A detailed study of neutrino directionality with geoneutrinos in the Borexino experiment can
be found in Romain Roncin’s thesis [170].
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A nuclear reactor in operation emits an intense, power-dependent and unalterable flux of
neutrinos. These characteristics, crucial for reactor experiments, have been noticed by the
International Atomic Energy Agency (IAEA) which, in the past decade, took an interest in
neutrino detection to carry out its missions. Indeed, the detection of neutrinos originating
from a reactor core provides an indication of the reactor power and core composition thus
allowing a reliable reactor monitoring able to detect unusual or illegal operations. Further-
more, the long-range detection of neutrinos and the reconstruction of their source could allow
the detection of rogue nuclear reactors and possibly locate it. Ref. [171] and [172] provide
detailed studies of such application.

5.2 Methods

Since the invention of the cloud chamber in 1911 by Charles Thomson Rees Wilson [173], one
has been able to recover the direction of charged ionizing particles by observing the track-like
structure of the energy deposition pattern. However, in the case of neutral particles, the
pattern might look quite different. While the detection of energetic (fast) neutrons relies on
the observation of the subsequent proton recoils providing an ionization track, neutrinos are
significantly harder to detect in such manner. First, due to the low cross sections of neu-
trino interactions, the large dedicated low-energy detectors do not usually provide an easy
observation of the event pattern. Besides, depending on the interaction and its products,
the direction reconstruction might not be straightforward. Let us take the example of the
two neutrino interactions previously described: the neutrino scattering off electrons and the
Inverse Beta Decay.

Neutral current neutrino scattering off electrons leads to the emission of an electron.
Similarly, charged current neutrino scattering leads to the emission of a charged lepton, whose
type (et,u®,r%) directly depends on the interacting neutrino (Z,m 7). From the kinematics
inherent to these processes, one can expect the outgoing charged particle to be emitted along
the direction of the incoming neutrino. The observation of the product particle direction thus
provides a direct estimate of the source location on an event-by-event basis. In a practical
case, this observation is made possible by the use of specific detection techniques as Cerenkov
imaging or segmented calorimetry as shown in Figure 5.1.

Incoming neutrino direction reconstruction is not as obvious in the case of Inverse Beta
Decay. As explained in Section 4.2, the angular distributions ruling IBD kinematics are
widely spread. Besides, unlike scatterings that lead to the emission of a charged lepton only,
the IBD reaction also generates a neutron, whose position is much harder to reconstruct
since only the secondary particle created upon capture can be detected. Finally, at the rela-
tively low energy range usually observed with IBD, a precise track or vertex reconstruction is
hardly achievable with respect to the detector’s intrinsic resolution. These limitations prevent
an event-by-event estimation of the source location thus only allowing a statistical estimation.

As shown previously in Section 4.3.2, for IBD events at typical reactor energies, the
positron is emitted slightly backwards and its mean path length is of the order of a few
mm, much smaller than most detectors spatial resolution. It is thus considered fixed and
the vertex of the prompt event is viewed as the IBD interaction position. Neutrons, on
the other hand, can travel several centimeters along the neutrino direction (c.f. Figure 4.5)
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Figure 5.1: Left: Cerenkov ring created by a neutrino-induced muon in Super-Kamiokande [174].
Right: Event display of the first neutrino candidate event selected in the segmented NowrA's far
detector [175].

before being thermalized. Although their diffusion smears this so-called neutron displacement,
a statistical analysis of the reconstructed prompt and delayed vertices provides the average
neutron thermalization location and its direction with respect to the IBD interaction position.
This is the basis of the directionality analysis used in Double Chooz and detailed in Section 5.3.
At higher energies, additional angular and reconstruction effects need to be taken into account
in these analyses as explained in Section 5.4 in the case of supernovae detection.

5.3 Application: Double Chooz

In this section, I will present the directionality studies performed with the Double Chooz
experiment by the dedicated “Neutrino directionality” working group, composed of Erica
Caden (Drexel University - Philadelphia, P.h.D degree awarded in 2012), Romain Roncin
(APC Laboratory - Paris, P.h.D degree awarded in 2014), Yaroslav Nikitenko (INR RAS -
Moscow, P.h.D ongoing) and myself.

5.3.1 Results of past experiments

The directionality studies performed with Double Chooz were first driven by the goal of
improving the results of the past CHOOZ experiment [176].
In 1999, the CHOOZ experiment, previously described in Section 2.2.1, provided a location
of the two reactors of the Chooz nuclear power plant, using only the sample of neutrinos they
detected. With their dataset of ~2500 neutrinos, they were able to reconstruct the direction
of the cores within a 18 half-aperture cone. CHOQZ was the first monolithic experiment to
demonstrate the feasibility of directional neutrino detection in unsegmented detectors.

The Palo Verde experiment performed a similar measurement [177], extracted the direc-
tionality information from its data and, using the segmentation of their detector, used it as a
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variable for cross-checking background subtraction methods. Indeed, the anisotropy of IBD
events, however weak, tends to stick them out above background events, mostly isotropic by
nature. By defining an asymmetry coefficient A = g—ji in terms of the numbers of neutrons
captured in a segment away from the source R and in a segment facing the source L, an asym-
metry Agata = 0.050 £+ 0.017 was found in data while the Monte Carlo gave Ayc = 0.134.
This discrepancy is due to the presence of isotropic background events in the data sample
while the simulation consisted of neutrinos events only. The estimation of the signal over

noise ratio given by:

O fdata 6104 (5.1)

was found in agreement with the value of 0.81 + 0.03 computed using a more precise back-
ground subtraction analysis. While the directional information was never used as an input
for the oscillation parameters determination, it paved the way for future segmented detec-
tors where similar analyses are expected to be performed in order to discriminate signal over
background. The PROSPECT experiment [178], dedicated to sterile neutrino searches in the
vicinity of a nuclear reactor, showed an interest in exploiting directionality [179] to further
discriminate neutrinos from backgrounds events.

Prior to CHOOZ and Palo Verde, the Gosgen experiment [180] was the first one ever to
experimentally demonstrate the anisotropy of the IBD reaction. Their segmented detector,
made of scintillator and >He layers in alternation allowed the detection of both positrons in
the scintillator material and neutrons in the *He neutron detectors. By observing a neutron
deficit in the layers facing the reactor, they were able to prove the existence of neutrino
directionality in IBD at the 100 level.

5.3.2 The Double Chooz layout

Although the applications of neutrino directionality aim at recovering the location of a com-
pletely unknown neutrino source, this is not the case of Double Chooz in which we know where
the neutrinos are coming from. However, to demonstrate the feasibility of the directional-
ity measurement and reach an high enough precision on its results, one needs to accurately
understand the source-detector layout of the experiment.

Among the three reactor experiments, Double Chooz possesses the simplest site layout.
Indeed the important number of reactors scattered around the Daya Bay detectors (c.f. Fig-
ure 2.11) and the wide distribution of the RENO reactors (c.f. Figure 2.13) do not allow to
consider the neutrino source as point-like, a specificity of the Double Chooz layout as dis-
played on Figure 5.2. With this configuration, the two Double Chooz detectors are nearly
located at the isoflux positions with respect to the reactors, which means each detector, near
and far, receives almost the same flux fraction from the two reactor, Bl and B2, when operat-
ing at equal power. This characteristic, unique to Double Chooz, allows a strong suppression
of the flux systematics, thus increasing the precision of the #;3 measurement.

To further enhance the understanding of the flux systematics, the determination of the
reactors and detectors coordinates on a single and unique reference frame is crucial as well.
Indeed, the 2-neutrino survival probability of a v., expressed in Equation 1.44 and valid for
Double Chooz, directly depends on the propagation distance L. This distance, referred to as
the baseline, is one of the inputs that drives the measurement of the mixing angle and thus
needs to be accurately known.
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Figure 5.2: Left: Sketch of the layout of the Double Chooz experiment [78]. Right: Satellite view of
the Double Chooz layout. The reactor (or “EDF ”) frame and the detector (or “Data”) frame are not
aligned.

In January 2013, the Fit-Esic company, under the supervision of Matthieu Vivier from
the Saclay group, performed a geodetic survey of the Double Chooz layout [181]. To do so,
the positions of 3 reference pillars placed in front of the far laboratory entrance, where the
Double Chooz’s far detector is located, were measured via GPS. To obtain their positions
within the plant coordinate system, referred to as “EDF frame” and centered between the B1
and B2 reactors, another GPS measurement was performed on 3 other reference pillars whose
positions was already accurately known in the EDF frame. A picture of such pillars and a
sketch of their positions are shown on Figure 5.3. Finally, a laser-based polygonation was
performed to connect the front of the far laboratory to the actual detector, whose positions
was already known from several markers. A picture of one of the step of the polygonation
and a sketch of the method are shown on Figure 5.4. The results of this survey are summed
up in Table 5.1.

New coordinates (m) Old coordinates (m)

X y z X y z
B1 82.048 -0.008  121.660 | 82.5 0 120
B2 -82.048 0.008  121.660 | -82.5 0 120

DCfar | -751.856 738.956 90.129 | -747.1 7444 84.0

Table 5.1: New and old coordinates of the Double Chooz layout expressed in cartesian coordinates in
the EDF reference frame.

While the old and new coordinates differ by more than a few meters, the new baselines
between the B1 and B2 cores and the far detector were found in agreement with the old ones
as shown in Table 5.2. However, their associated uncertainties are now much lower and the
systematical error they induce on the #13 measurement is negligible.
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Figure 5.3: Left: Reference pillar of the Chooz power plant during a GPS measurement. Right: Sketch
of the reference pillars scattered over the plant site and the far laboratory entrance.

Baselines (m) Angles (°)
New Old Azimuthal Zenith
B1-DCfar | 1114.656 £ 0.015 1114.6 £ 0.1 | 87.190 £ 0.072 88.379 £ 0.001
B2-DCfar | 997.839 £+ 0.015  997.9 £ 0.1 | 80.929 &+ 0.072 88.188 £ 0.001

Table 5.2: Baselines and angles between the far detector and the two reactors. The azimuthal and
zenith angles are expressed in the detector frame.

At the time the survey had been performed, the near laboratory was still in construction
and the near detector markers were not ready to be accurately measured. The Fit-esic com-
pany thus only performed a GPS measurement on the reference pillars in front of the near
laboratory. The measurement of the markers positions has been performed a few months
later [182] and, in 2015, the polygonation was conducted [183], thus achieving the complete
geodetic survey of the Double Chooz layout. Although the final positions of the near detector
are still being checked, they seem to agree with the expected values.

Besides their importance for the 613 measurement, the results extracted from this geodetic
survey are of interest for directionality studies, especially the angles between the detectors
and the reactors in the detector frame. These angles are the main unknowns that need to be
determined using only the neutrino events in order to prove the experiment’s capability to
perform a directional detection.

5.3.3 Double CHOOZ results

In order to thoroughly study the directionality of the IBD process, one has to perform an
analysis on a sample of neutrinos as pure as possible. Indeed, given the small anisotropy
of the reaction, the presence of background would smear and possibly bias the direction
reconstruction. For that matter, I decided to use the datasets of neutrino candidates used
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Figure 5.4: Left: Laser polygonation between the far detector and the entrance of the far laboratory.
Right: Sketch of the laser polygonation used to measure the positions of the far detector reference
markers.

in the Double Chooz final fit, i.e. the determination of the oscillation parameters. These
datasets, in the form of ROOT trees, contain the information relevant to all the Double
Chooz analyses for each neutrino event (prompt and delayed energies, positions, charge,
etc...). The selection performed to generate these datasets is described in Section 6.5. While
designed to tag neutrino events using the neutron capture on Gd (n-Gd), the Double Chooz
experiment demonstrated its capability to perform a 613 measurement using neutron captures
on H (n-H) [184]. The following directionality studies will thus be conducted on two datasets,
“n-Gd” and “n-H”, both compared with corresponding Monte-Carlo simulations (MC) with
higher statistic. A preliminary directionality analysis on a near detector’s n-Gd dataset will
be presented as well.

Direction reconstruction

Among the considerable list of variables available for each neutrino event, the most relevant
information for directionality are the prompt and delayed reconstructed vertices, referred to as
Xp and Xd, three-dimensional vectors in (X,Y,Z) Cartesian coordinates. From these vertices,
one can construct the neutrino vector X such that:

X =X,-X,, (5.2)

X being the vector having its origin at the prompt event and pointing toward the delayed
event. The small anisotropy of the IBD reaction prevents this vector from providing a direc-
tional information on an event-by-event basis. We thus a have to sum these vectors in order
to obtain an estimate of the neutrino direction. The average sum of the neutrino vectors P is
defined as:

1 X
= — S X, .
p N;:l (5.3)
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with N the number of neutrino candidates in the dataset. Sometimes called the “neutrino
wind”, p’ corresponds to the average neutrino direction pointing away from the reactors and
towards the detector. An estimate of the reactors’ direction, expressed in azimuthal (¢) and
zenith () angles in the detector frame, can be obtained from p using:

¢ = tan! (gi) (5.4)
1 bz

\/P3 + D3

Note that the azimuthal and zenith angles can be obtained on an event-by-event basis by
applying the above formulas to each neutrino vector X.

0 = tan~ (5.5)

Upon retrieving the reactors direction, one has to provide an uncertainty on the recon-

structed angles. In their analysis, the CHOOZ collaboration evaluated this uncertainty using
the normalized average sum of the neutrino vectors p/|p]. Assuming that the true neutrino
direction (given by the layout geometry) is parallel the z-axis of the detector frame, the cen-
tral limit theorem induces that the three components p,, p, and p, are Gaussian distributions
centered at (0,0, |p]) with o oc 1/v/3N. The 1o uncertainty (68% C.L.) on the neutrino di-
rection can thus be given as the half-aperture of the cone enclosing 68% of the events. One
has to keep in mind that this uncertainty is, by definition, two-dimensional, which means it
can be considered as the quadrature addition of the azimuthal and zenith uncertainties. This
method will be referred to as the “CHOOZ method” in the following.
Another way of computing this uncertainty has been provided by Hochmuth et al. [185] in
their study aiming at separating the two Chooz reactors using directionality with the Double
Chooz near detector, then planned to be located closer to the cores. Being more statistically
driven than the previous one, this approach is based on the neutron-positron spatial distri-
bution. By defining two quantities [ and L, [ corresponding to the mean neutron path before
thermalization, described in the next section, and L the weighted average of the widths of
the p,, p, and p. distributions, one can express the angular uncertainty as:

1 L

o = tan VLR (5.6)
with NV the number of events. Unlike the previous one, this uncertainty is mono-dimensional
and can be applied to both azimuthal and zenith angles. This method will be referred to as
the “Hochmuth method” from now on.
The third and last method is the one I chose to use by default in the following analyses, the
previous methods will be given only for comparison purposes. The computation of the angular
uncertainty in this approach is analytical and consists of deriving the equations of Eq. 5.5 for
both azimuthal and zenith angles. After tedious calculations, I obtained the following errors:

_ pz py d(py) ?
% = 1+tan2¢\/ (pm > (5:7)

2
R (5(’”) |2 | (@ape)” + 6,)p,)) (58)

1+ tan?46 \/P%TP% (p% R p%/)s/z
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with d(ps), 6(py) and 6(p,) the uncertainties on the p,, p, and p, components. Like the
“Hochmuth method”, this approach provides a mono-dimensional angular uncertainty on the
azimuthal and zenith angle.

n-Gd analysis

The 17,358 neutrino candidates in this analysis belong to the dataset used to perform the
013 measurement of the Double Chooz third publication [75]. The corresponding n-Gd MC
dataset contains about 1,900,000 events.

The first observable one can look into to demonstrate the IBD anisotropy is the average
spatial difference between the interaction point and the neutron capture location. Indeed, as
explained in Section 4.3.2, the positron mean path length at reactor energies can be considered
negligible. This allows to regard the prompt event vertex as the neutrino interaction point.
While the diffusion and gamma emission upon capture are isotropic processes, they occur
after the moderation which keeps the memory of the neutron direction. Furthermore, at
such energies, the neutron is emitted forward in the neutrino direction. To obtain the mean
path length between the neutron creation and its loss of directional information, the so-called
neutron displacement, one can look at the positron-neutron spatial separations along the x,
y and z-axis, as shown in Figure 5.5. The behavior of each of these components is best-fitted
by a Gaussian convoluted with two exponentials functions accounting for the tails of the
distributions.
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Figure 5.5: X, Y and Z components of the spatial separation of the (eT-n) pairs. The data histogram

is fitted by a “Gaussian+exponential” function, in solid black.

The displacement in each direction is provided by the mean of the Gaussian fitting the
distribution. By adding these individual displacements in quadrature, one can recover the
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total neutron displacement as such:

IpaTa = \/#2 4 p2 4 pZ = 13.51 £ 2.52 mm, (5.9)

in agreement with the MC computation:
Iyme = 13.81 £ 0.26 mm. (5.10)

From the means and variances of the p,, p, and p. distributions, one can express the
neutrino wind p'

Poata = (—1.125;—13.890; +2.801) + (1.250; 1.244; 1.307) (5.11)
Puc = (—1.469; —14.120; —0.309) = (0.121;0.122;0.126) , (5.12)

in mm for both n-Gd data and MC samples. Note that, while the x and y components are
in agreement between data and MC, the z components are inconsistent. As displayed in
Table 5.1, the Double Chooz far detector is positioned below the two reactors in term of
altitude. One thus expect the z component of the p to be negative, as observed in the MC
sample. This discrepancy has yet to be explained however, we suspect that it might come
from a bias in the vertex reconstruction. This hypothesis has been investigated by Romain
Roncin who put in evidence a bias in the position reconstruction along the z axis. More
details can be found in Ref. [170].

After applying Eq. 5.5 on the ppara and pyc neutrino wind vectors, one can obtain the
reconstructed azimuthal and zenith angles of the reactors direction in the detector frame,
summarized in Table 5.3.

n-Gd analysis || Azimuthal ¢ (°) Zenith 0 (°) | dcnooz(°)(2-D)  dmocn.(°)(1-D)
Data 85.37 £ 5.16 11.37 £ 5.30 7.0 5.1
MC 84.06 £ 0.49 -1.25 £ 0.51 0.7 0.5

Table 5.3: Azimuthal and zenith angles with associated uncertainties of data and MC for the n-
Gd analysis. The uncertainties dcpooz and dpgoch. obtained via the bi-dimensional “CHOOZ” and
mono-dimensional “Hochmuth” methods are shown for comparison.

The event-by-event azimuthal and zenith distributions, displayed in Figure 5.6, as well
as its two-dimensional representation in (¢,0), shown in Figure 5.7, both exhibit a behavior
consistent with the angles reconstructed with the neutrino wind.

Using an approach similar to the Gosgen and Palo Verde directionality measurements, one
can estimate the directional information carried by a neutrino dataset in a single distribution.
This distribution is generated by evaluating the angle between each neutrino vector X and the
known direction of the neutrino flux, or in other words the angle between the reconstructed
and true neutrino direction. The cosine of this angle is expressed as:

o=V (5.13)
X< 117]]

with cos o the normalized scalar product of X the neutrino vector and i the neutrino direction.
If a direction is favored, as expected in case of a forward non-anisotropy, the cos « distribution
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Figure 5.6: Azimuthal (left) and zenith (right) angle distribution of each event of the n-Gd dataset
(blue circles) and normalized MC (red squares).
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Figure 5.7: Azimuthal vs zenith angle distribution for both n-Gd data (left) and normalized MC
(right).

is more peaked toward the positive values (+1) than the negative values (-1), as shown in
Figure 5.8. The existence of an anisotropy, however weak, along the true neutrino axis is
proven in both data and MC.

This distribution has the potential to provide a confidence level on the observation of
neutrino directionality. Indeed, if no directional information were carried by the neutrinos of
the sample, one would expect the cos « distribution to be flat. The mean of a flat distribution
between -1 and +1 is equal to 0 while the means of the distributions displayed in Figure 5.8
are equal to:

pupATa (cosa) = 0.05383 £+ 0.0.00433 (5.14)
pnvc (cosa) = 0.05320 £ 0.00041, (5.15)

quite off from that value, due to their asymmetry. From these values and their associated
errors, one can naively estimate a confidence level by computing the difference between the
reconstructed cos o and flat distributions in terms of errors. By doing so, the n-Gd dataset
excludes the non-directionality hypothesis by 12.420 while the MC, due to higher statistic,
excludes it by more than 1200. Please keep in mind that this is a naive interpretation of the
results. A dedicated x? analysis is expected to provide more robust confidence levels.
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squares). The dashed black line represents the behavior of cos « in case of IBD isotropy.

n-H analysis

The Double Chooz’s directionality measurement with neutron capture on Gd is currently the
most precise ever to be achieved. However, most liquid scintillator detector, especially at large
scales, are not doped with Gd and only rely on the neutron capture on H to tag and detect
neutrino events. Since no directionality measurement with n-H has ever been performed,
its feasibility has yet to be proven. This measurement would pave the way for large liquid
scintillator detectors such as JUNO [66] or LENA [186] in terms of potential for directional
detection. The directionality analysis with n-H in Double Chooz aim to prove the feasibility
of such a measurement.
The 31,898 neutrino candidates in this analysis belong to the dataset used to perform the
second 613 measurement from neutron capture on hydrogen that will be presented in an
impending publication . The corresponding n-H MC dataset contains about 3,200,000 events.
Computed as in the n-Gd analysis, the total neutron displacement in the n-H data is

found equal to:
Ipata = \/p2 + p2 + p2 = 10.84 = 2.33 mm, (5.16)

in agreement with the MC computation:
Ime = 11.68 £ 0.22 mm. (5.17)
The neutrino wind p can be expressed as:

Ppata = (—2.737;—11.610; —0.955) + (1.045;1.037;1.072) (5.18)
pvuc = (—1.117;-10.992; —0.102) + (0.101;0.101;0.103) , (5.19)

in mm for both n-H data and MC samples.
After applying Eq. 5.5 on the ppara and pyic neutrino wind vectors, one can obtain the

reconstructed azimuthal and zenith angles of the reactors direction in the detector frame,
summarized in Table 5.4.
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n-H analysis || Azimuthal ¢ (°) Zenith 6 (°) | dcnooz(°)(2-D)  dmoch.(°)(1-D)
Data 76.74 £ 5.03 -4.58 + 5.17 8.9 5.0
MC 84.20 £ 0.52 -0.53 £ 0.54 1.1 0.5

Table 5.4: Azimuthal and zenith angles with associated uncertainties of data and MC for the n-H
analysis. The uncertainties dcpooz and dyech. obtained via the bi-dimensional “CHOQOZ” and mono-
dimensional “Hochmuth” methods are shown for comparison.

Although computed with a twice larger statistic, the uncertainties on the azimuthal and
zenith angle are similar in both analyses. Considering the IBD directional information as
statistically driven, one should expect an uncertainty reduction from n-Gd to n-H by a factor
V2. This discrepancy is due to the neutron diffusion after thermalization, much longer and
spatially extended for captures on H. In addition, the neutron capture on H emits a single
gamma ray of 2.2 MeV whose spatial reconstruction is wider than in the case of the 8 MeV
gamma cascade generated upon a neutron capture on Gd.

The event-by-event azimuthal and zenith distributions, displayed in Figure 5.9, as well as
its two-dimensional representation in (¢,0), showed in Figure 5.10, both exhibit a behavior
consistent with the angles reconstructed with the neutrino wind. The cos « distribution for
n-H is shown in Figure 5.11.

700 T T 1T T T 1T T T 1T T T 1T T T 1T TTTT ‘ T T 1T 1800 TT ‘ TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT ‘ TTTT TT
C e Data (HB: L ® Data &H),
. © MCH) | 1600 !ii iz = MC(H)_|
650 - L i ¥, J
L ] 1400— —
r ] i $ [ ] §% i ]
600 - 1200— ¥ 3 —
) E 2 1000; i L ;
s E s
2 550 % L i 1] i
= 220
® b = 800 g v —
500 - { 600— i : —
L - = ' . -
L b 400— -
450— i Fa s
C ] 200— —
C ] e ®
400 C Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ L L ‘ I ) ‘ c 11 ‘ Ll ‘ L1l ‘ L1l ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ L1
0 50 100 150 200 250 300 350 -80 -60 -40 -20 0 0
Azimuthal angle [°] Zenith angle []

Figure 5.9: Azimuthal (left) and zenith (right) angle distribution of each event of the n-H dataset
(blue circles) and MC (red squares).

From the standard deviations of the cos o distributions and their associated errors:

opara (cosa) = 0.04167 & 0.00321 (5.20)
ome (cosa) = 0.04040 + 0.00032, (5.21)

the n-H dataset excludes the non-directionality hypothesis by 12.980 while the MC, due to
higher statistic, excludes it by more than 1200. Likewise the n-Gd analysis, please keep in
mind that this is a naive interpretation of the results.
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Near detector

With only 1883 neutrino candidates extracted from its data (c.f. Section 6.5.3), the near
detector and its n-Gd dataset do not provide a directional information as precise as the far
detector. However with an expected rate of 7, candidates of ~300 d~!, it will quickly ac-
cumulate an important statistic. It is foreseen that the near detector directionality studies
might provide an angular separation of the two reactors [185]. The following results will only
consist of data since the MC dataset of the near detector has not been generated yet.

Computed as in the far detector, the total neutron displacement in the n-Gd data is found

equal to:
Ipata = \/p2 + p2 + p2 = 18.19 & 8.46 mm, (5.22)

in agreement, though a bit higher, with the previous displacements.
The neutrino wind p can be expressed as:

Poata = (—3.65;—17.22;1.21) + (3.10; 3.23;3.32) , (5.23)
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in mm.

After applying Eq. 5.5 on the ppara neutrino wind vector, one can obtain the recon-
structed azimuthal and zenith angles of the reactors direction in the detector frame, summa-
rized in Table 5.5.

n-Gd analysis || Azimuthal ¢ (°) Zenith 6 (°) | dHocn.(°)(1-D)
Data 78.05 £ 10.12  3.92 £+ 10.77 10.02

Table 5.5: Azimuthal and zenith angles with associated uncertainties for the near detector’s n-Gd
analysis. The uncertainty dgocn. obtained via the mono-dimensional “Hochmuth” method is shown for
comparison.

The event-by-event azimuthal and zenith distributions, displayed in Figure 5.12 exhibit a
behavior consistent with the angles reconstructed with the neutrino wind. The cos « distri-
bution has not been computed since it relies on the knowledge of the reactor-detector layout,
still unraveled at this time.
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Figure 5.12: Azimuthal (left) and zenith (right) angle distribution of each event of the near detector’s
n-Gd dataset.

As explained in Section 6.5.3, the near detector’s v, candidates have been selected with
basic cuts and without the usual background rejection techniques. Further directionality
analyses with a larger statistic and a better understanding of backgrounds will soon provide
better direction measurements with both n-Gd and n-H data sets.

The agreement between the n-Gd and n-H analysis is the conclusive proof that direction-
ality is achievable in undoped large scale liquid scintillator detectors. The Double Chooz
directionality measurements could thus lead the way for various applications such as reactor
localization, supernovae pointing or geoneutrino directional detection.

5.4 Application: Supernovae detection

The early arrival of SN1987A neutrinos on Earth (c.f. Section 3.3.2) raised a strong interest
in the neutrino and astronomical communities leading to the development of the SNEWS
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network c.f. Section 3.3.3). An early pointing could allow the astronomical community to
quickly locate the supernova and consequently study the explosion early phases with the
world’s telescope armada.

The estimated core-collapse supernova rate in our Galaxy is a few per century. The possi-
ble progenitor could be located anywhere, nevertheless the supernova probability distribution
computed from the red giant stars distribution is centered around 11.9 kpc with a RMS
dispersion of 6 kpc [187].

Neutrino scattering on electrons in a very large water Cerenkov detector, such as Super-
Kamiokande, provides the best way to locate a supernova through neutrinos, with an accuracy
of about 8 degrees at 10 kpc (95% C.L.) [188]. However, the pointing accuracy is degraded by
the IBD reactions, with a neutrino scattering signal over IBD noise ratio of about 1/30. On
the other hand, the large cross section of the IBD reaction compared to neutrino scattering
allows the detection of supernova v, in smaller detectors.

During my thesis, I worked on the early pointing of a core-collapse supernova using the
IBD reaction in Large Liquid Scintillator Detectors (LLSD). Although it does not provide an
event by event pointing ability, the high cross section of this reaction leads to a high number of
interactions, almost free of backgrounds. The statistical analysis of the angular distributions
of the reaction products (positron and neutron) can be correlated to the neutrino direction
and its associated uncertainty, enabling an early pointing of the supernova.

The following study has been condensed in the form of an article [158].

5.4.1 Toy Monte Carlo for supernova position reconstruction

The main purpose of this work is to associate a reconstruction uncertainty to the pointing
of a supernova using the IBD detection in liquid scintillator detectors. To do so, I simulated
supernova neutrino datasets using the SuperNustradamus simulation package, described in
Section 4.3.2. Since it describes the neutrino spectrum as expected on Earth, these datasets
were generated from a GVKM energy spectrum convoluted with the Strumia-Vissani cross
section, default cross section for all SuperNustradamus simulations. As previously explained,
these datasets consist of prompt and delayed events, associated to a neutrino event, with
corresponding visible energies and reconstructed vertex positions.

In order to estimate the direction of incoming neutrinos, I now define the Delayed-Prompt
vector X for each neutrino event, as displayed in Figure 5.13. This unit vector has its origin
at the positron reconstructed position and points toward the neutron capture reconstructed
location.

Figure 5.13: Sketch of the Delayed-Prompt vector X along the direction of the incoming neutrino.
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A direction (¢, 6) is then computed for each event with ¢ and 6 respectively the azimuthal
and zenith angles in the detector reference frame. The angular distributions extracted from
a supernova simulation are displayed in Figure 5.14. These distributions are respectively the
azimuthal angle distribution, the zenith angle distribution and the cosine projection on the
neutrino axis expressed in Eq. 5.13. All simulations were carried out using a conservative
vertex resolution of 20 cm. Tests with a 15 cm vertex resolution were performed without
yielding significant improvements.
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Figure 5.14: Probability density functions of azimuthal angle (top), zenith angle (center) and cosine
projection on the neutrino direction (bottom) distributions extracted for a supernova pointing to-
wards the (0,0) spherical coordinates. The angular distributions are centered on the (0,0) spherical
coordinates. Neutrino energies are drawn from a GVKM spectrum.

In order to consider all the relevant features of the IBD kinematics the direction is re-
constructed using a x? minimization method comparing a model and a supernova dataset,
both simulated with SuperNustradamus. The model dataset is computed with a large num-
ber of events, typically of the order of 500,000 events, in order to smooth statistical effects
and generated along an arbitrary direction. On the other hand, the supernova dataset has a
realistic statistic corresponding to the number of IBD interactions in a given detector and is
generated along a user-defined direction (¢, 6p). By rotating the model distribution across
the sky, the fit algorithm finds the best-fit angles (¢, #) corresponding to the minimum value
of the x? expressed as:

N N
X (6.0) =303 (V= Mi(6.0)) (V7). (¥ = M; (6,0)). (5.24)
i

where Y; and M; (¢, 60) are the concatenation over N bins of the three angular distributions
(azimuthal, zenith and cosine projection) of the supernova and model datasets, respectively.
Vij is the NxN covariance matrix made of two independent blocks accounting for the bin-to-
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bin statistical uncertainty of the azimuthal and zenith angle distribution and a third block,
correlated to the first two, accounting for the bin-to-bin statistical and systematical uncer-
tainties of the cosine projection distribution expressed in Eq. 5.13. The V;; covariance matrix,
displayed in Figure 5.15 has been generated using 2,000 independent datasets of 5,000 neu-
trino events each, then normalized to one event. The resulting unitary covariance matrix
is then normalized to the number of events in the supernova dataset being used in each x?
minimization.

140

130

j bins (Azimuthal+Zenith+Cosine)

10 20 30 40 50 60 70
i bins (Azimuthal+Zenith+Cosine)

Figure 5.15: Covariance matrix of the concatenated azimuthal, zenith and cosine projection distribu-
tions.

The best-fit angles (¢,6) corresponding to a minimum of y? are then stored and the
process is repeated with a new supernova dataset having the same statistic. From all these
trials, I obtain distributions of reconstructed azimuthal and zenith angles whose means and
variances correspond to the reconstructed supernova directions and associated angular errors.

5.4.2 Detectors of interest

The detection of supernova neutrinos in liquid scintillators relies on the existence of numer-
ous large scale detectors with a mass larger than several tens of tons. These volumes are
large enough to detect a significant number of events and tag a supernova in our Galaxy or
its closest satellites, such as the Small and Large Magellanic Clouds, with a negligible fake
detection rate, thanks to the coincidence between detectors. The non-exhaustive list of de-
tectors considered in this work and their relevant characteristics are collected in Table 5.6.
Their respective expected event rates, computed with Nustradamus (c.f. Section 4.3.2) are
displayed on Figure 5.16 and Table 5.7.

NOvA (NuMI Off-Axis v, Appearance) is an experiment dedicated to observe v, appear-
ance using Fermilab’s v, beam NuMI [67]. It operates above ground with two detectors, each
made of individual cells of liquid scintillator of 3.87 cm x 6.00 cm x 15.7 m. With 12°480 cells,
NOvA’s near detector consists of 145 tons of active material while the far detector and its
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Figure 5.16: Left: IBD interaction rate in various LLSD as a function of the visible energy, for a core
collapse supernova located at 10 kpc. “Future only” and “All” are respectively the combination of
LENA and JUNO and the combination of all LLSD, current and future. Right: IBD interaction rate
for LLSD as a function of the supernova distance. The number of expected IBD events in Super-
Kamiokande is shown for comparison.

Table 5.6: Main detector features used in the simulation.

Detector Dimensions (m) Shape V (m®) free /m® # free H
LVD a=10,b=13.2,c=22.7 Box 1020 7.46 .10% 7.6 .10%"
KamLAND r=6.50 Sphere 1150 6.60 .10%® 7.6 .10%*
SNO+ r=6.00 Sphere 904 6.24 .10%8 5.6 .10%
Borexino r=4.25 Sphere 321 5.30 .10%® 1.7 .10
Daya Bay r=2.00,h=4.00 Cylinder 50(x 6) 6.24 .10%8 1.8 .10%
Double Chooz r=1.70,h=3.55 Cylinder 32(x 2) 6.55 .10%8 0.4 .10*
Reno r=2.00,h=4.40 Cylinder 55(x 2) 6.24 .10%® 0.7 .10%!
NOvA (far) a=15.7,b=15.7,c=132 Box 32500 6.24 .10%8 2.0 .10%3
NOvA (near) a=3.5,b=4.8,c=9.58 Box 161 6.24 .10% 1.0 .10%*
MiniBooNE r=5 Sphere 523 7.31 .10%8 3.8 .10%!

761’856 cells encloses 24 ktons of liquid scintillator. Its important background rate at sub-
GeV energies and its energy threshold, above the neutron capture on H at 2.2 MeV, does not
allow an efficient neutrino burst detection nor a neutron vertex reconstruction yet. NOvA
will thus not be taken into account in the following direction reconstruction analyses.

The Large Volume Detector (LVD)[189] is located at the Laboratori Nazionali del Gran
Sasso (42° 27" 10" N, 13° 34’ 30" E), at the depth of 3600 m.w.e.. It is a 1 kt liquid scintillator
detector in the form of an array of 840 scintillator counters, 1.5 m® each. While its active
mass allows the detection of an important number of neutrinos, the size of LVD’s individual
scintillating counters prevents any precise position reconstruction. Hence, like NOvA, it will
not be taken into account in the following directionality analyses.

From now on, the following detectors will be considered in our directionality analyses.
The KamLAND experiment [190] is a 1 kton liquid scintillator (80% dodecane and 20%
pseudocumene) balloon located within the Kamioka mine in Japan (36° 25’ N, 137° 18’ E),
at 2700 mwe under the Ikenoyama mountain.

The SNO+ experiment [191] is currently in its final construction phase at the SNOLab
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laboratory (46° 28" 30" N, 81° 12’ 04"), shielded with an overburden of 6000 m.w.e.. SNO+
will be filled with 780 tons of Linear Alkyl Benzene (LAB).

The Borexino experiment [192] is located at the Laboratori Nazionali del Gran Sasso in
Italy (42° 27’ 10" N, 13° 34’ 30" E) and shielded with an overburden of 3800 m.w.e.. It
consists of 278 tons of pseudocumene-based liquid scintillator.

Three reactor neutrino oscillation experiments, Daya Bay [108], Double Chooz [71], and
RENO [73] are currently taking data to measure the ;3 mixing angle. They all consists
of several identical detectors located within two kilometers from several powerful nuclear
power plant cores used as intense electron antineutrino sources. The Daya Bay experiment is
located in the Guang-Dong Province, on the site of the Daya Bay nuclear power station (22°
36’ 59" N, 114° 32’ 28.1" E). Each of the six cylindrical identical detector modules contains
an effective volume of 20 tons of 1 g/1 Gd-loaded liquid scintillator, and 22 tons of non-doped
scintillator. The Double Chooz experiment is located close to the twin reactor cores of the
Chooz nuclear power station located in the French Ardennes (50° 08” 43" N, 4° 80’ 165" E).
The two cylindrical identical detectors contain a 8-ton fiducial volume of liquid scintillator
doped with 1 g/l of Gd and 18 tons of non-doped scintillator. The RENO experiment is
located on the site of the Yonggwang nuclear power plant in Korea, about 400 km south
of Seoul (35° 24’ 04" N, 126° 25’ 31.5" E). The two cylindrical identical detectors contain a
16-ton fiducial volume of liquid scintillator doped with 1 g/1 of Gd and 39 tons of non-doped
scintillator. Given the relatively low number of events expected from capture on Gd in those
three detectors, in the following we only consider the events expected from neutron capture
on H. Considering the energy and vertex reconstruction enhancement brought by neutron
capture on Gd, this is a conservative approach.

The MiniBooNE detector [193], located at Fermilab (41° 83’ N, -88° 26’ E), is a spherical
volume containing 680 tons of mineral oil built at ground level. The project of adding PPO
in the mineral oil proposed in Ref. [194] indicates the detector might still be running for a
few years. The addition of PPO would enhance scintillation and set MiniBooNE in our LLSD
list.

Table 5.7: Expected number of interactions taking into account the exact liquid scintillator chemical
compositions and densities, for a 10 kpc core-collapse supernova.

Livermore GVKM

LVD 319 190
KamLAND 318 189
SNO+ 237 141
Borexino 71 43
Daya Bay 79 47
Double Chooz 18 11
RENO 29 17

NOvVA far 6811 4057
NOvA near 32 19
MiniBooNE 161 96

Beyond the currently running detectors, two projects of large-scale liquid scintillator de-
tectors are being considered: JUNO and LENA. These detectors, besides providing an answer
to some of the major open questions remaining in the neutrino field, are perfect apparatus
for studying core-collapse supernovae.

JUNO (Jiangmen Underground Neutrino Observatory) is under construction and will
consist of a 20 kt LAB-based liquid scintillator detector located at Jiangmen (22°37" N,
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112°70’ E) in South China [66]. Being 20 times as massive as SNO+, the same factor on the
expected event number is expected.

LENA (Low Energy Neutrino Astronomy) is a project designed to be a next-generation
liquid scintillator detector on the scale of 50 kt [186]. Its location is still under investigation
but the most probable is the Pyhésalmi mine (63°39’ N, 26°2’ E, 4000 m.w.e.), located in the
Pyhéjarvi province in Finland.

Note that, although their masses are one order of magnitude bigger than the current
detectors, JUNO and LENA will only observe a couple of neutrino events from the closest
galaxy, M31.

5.4.3 Combined multi-detectors fit

I applied the method previously described to a single detector. I considered KamLAND in this
first application. I generated several datasets with different numbers of events and computed
their associated angular uncertainty using the method previously described. Figure 5.17 (left)
shows the interpolation of these results, best fitted by an inverse square root function, and
describes the behavior of the angular uncertainty with respect to the number of detected
events. Using this curve and the expected number of events computed with Nustradamus, I
associated an angular uncertainty on the supernova reconstructed direction for KamLAND at
different distances as shown in Figure 5.17 (right). Several simulations were carried out using
the different flux shapes presented in Section 3.3.1 and no sensible differences in the results
have been found. With a number of events leading to an angular uncertainty greater than
90°, I consider that no directional information can be extracted and consequently discard the
concerned detector from the directionality reconstruction. On the other hand, the detection
of more than 50,000 events would lead to a trigger rate too high to be withstood, hence 1
arbitrarily consider it as the detection limit. Therefore, any observation of a higher neutrino
rate in a single detector would, in the analyses, not bring additional direction information
and the reconstruction error could not reach lower values. Between these two limits, the
angular uncertainty increases with the distance and with the inverse of the number of events.
The statistical nature of the IBD directionality process is well shown since several thousands
of events are required to obtain a decent reconstruction uncertainty. As a consequence, the
pointing potential of a single detector such as KamLAND gets degraded as soon as the distance
exceeds a few kpc, hence the interest of combining several detectors to improve the accuracy.

Higher sensitivities on supernova position reconstruction are reachable adding the direc-
tional information provided by several detectors. Each of the detectors previously described
in Section 5.4.2 could detect a supernova assuming it leads to a sufficient amount of detected
events. The combination of these signals increases the supernova detection potential in two
ways.

First, observing a coincident supernova signal in several detectors across the globe strength-
ens the confidence that a supernova has occurred. This is the current role of the SNEWS
network, described in Section 3.3.3. Furthermore the time difference between the supernova
signals coming from those detectors could give us a first hint of localization using the trian-
gulation method as discussed in [169]. This method might not be accurate enough at typical
supernova distances since it requires a good understanding of the luminosity time distribution
and is strongly statistic dependent. A significant work of precise time calibrations between
detectors would also be mandatory.

Second, one can combine the reconstructed angular directions and errors provided by
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Figure 5.17: Left: Angular uncertainty as a function of the number of detected events. Right: Angular
uncertainty as a function of the distance in kpc in the KamLAND detector.

those detectors to improve the localization of the detected supernova.

Table 5.8: List of individual detectors and their corresponding datasets.

Existing | SNEWS | Near future | All

LVD
KamLAND
SNO+
Borexino
Daya Bay
Double Chooz
RENO
NOvA (far)
NOvA (near)
MiniBooNE X X
JUNO X
LENA X

X X X X X X

X X X X
X X X X X X
X X X X X X

X

In the context of a global analysis with N detectors combined, all the individual angular
“cones” of 1o azimuthal and zenith uncertainties must be combined into a single one. To do
so, I combined the individual angular errors and expressed the average angular uncertainty
as:

i=1 i

o\

o= (Z 2) : (5.25)

with o; the 1o uncertainty on the supernova direction reconstructed in the i** considered
detector.

In the following analysis, I considered 4 sets of combined detectors, summed up in Ta-
ble 5.8. The “Existing” dataset is the combination of all current LLSD, “SNEWS” consists of
the four LLSD belonging to the SNEWS network as detailed in Section 3.3.3, “Near future” is
the sum of all current LLSD with the addition of MiniBooNE and JUNQO, planned to operate
within the next 5 years and finally “All” consists of the sum of all detectors, current and
future. Results are displayed in Figure 5.18 for individual detectors and Figure 5.19 for the
sets of combined detectors.
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Figure 5.18: Angular uncertainty as a function of the supernova distance for different detectors and
their associated masses.
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Figure 5.19: Angular uncertainty as a function of the supernova distance for different detector com-
binations. The mean reconstruction error for combined detectors is computed using the combination
of the angular reconstruction error associated with each individual detector. Due to the small event
rate expected in Double Chooz and RENO, the “SNEWS” and “Existing” datasets yield very similar

results.
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Considering a supernova located at 10 kpc, no current detector could provide a valuable
direction information other than the hemisphere in which the supernova occurred. However,
when combining several of these detectors, this same supernova direction is likely to be re-
constructed within a 45°(68% C.L.) cone. While this angular opening is still larger than most
of the optical instruments can accommodate, the addition of JUNO in a near future would
reduce the uncertainty to 12°(68% C.L.), hence reaching a relevant level, almost competi-
tive with the current Super-Kamiokande detector. With the conservative assumption that
any galactic gravitational stellar collapse will occur within a 20 kpc radius, the addition of
current and future detectors could reconstruct its position within a 14°(68% C.L.) cone.

5.4.4 Discussion

The coincident observation of a burst in several neutrino detectors would be a robust early
warning of a forthcoming visible galactic core-collapse supernova. The main goal of the
SuperNova Early Warning System (SNEWS) is to provide the astronomical community with
this early alert of a supernova [154]. Each experiment belonging to SNEWS has its own
supernova real-time trigger system dedicated to detect a burst of events that might be linked
to a supernova. When the trigger requirements are met, an alert is sent to the global SNEWS
server and is compared with possible alerts coming from other experiments. If a coincidence
is found within a time window of 10 seconds, a global alert is sent to the SNEWS mailing
list, universally accessible via snews.bnl.gov. In 2014, Daya Bay joined the SNEWS network
already composed of Super-Kamiokande, LVD, Borexino, SNO+, KamLAND and IceCube.
Adding Double Chooz, RENO and NOvA to the network would increase the number of
detected supernova neutrinos, thus strengthening the confidence level of an hypothetical alert.

The SNEWS network is set up to provide information that a supernova has been detected
via its neutrinos to astronomers. Although this information is mostly characterized by the
observation of a burst of events in coincidence in several experiments, a directional information
could be sent as well, if provided. Without this information, the supernova location remains
unknown until its observation. Knowing this position, even roughly, over the sky would
give astronomers a consequent head start and could lead to the observation of a complete
supernova process, including its early luminosity rise.

Even though current LLSD in SNEWS can provide directional information for nearby
supernovae, Super-Kamiokande remains the best detector to locate them. However, with the
replacement of SNO heavy water with liquid scintillator and before the construction of Hyper-
Kamiokande [195], it stands alone as the world’s only large Cerenkov detector. Relying solely
on Super-Kamiokande might not be enough to ensure a permanent watch on supernovae. Any
maintenance operation or reconstruction software issue could put astronomers in the blind in
case of a long-awaited supernova detection.

With the help of SNEWS’s current and future liquid scintillator detectors, this scenario
is unlikely to happen as the directional information of several detectors that observed the
supernova can be combined. In the case of all SNEWS detectors operating at once, the
Super-Kamiokande direction reconstruction will be improved by the combined reconstruction
of all LLSD. With only 4 LLSD (KamLAND, Borexino, SNO+ and Daya Bay) capable of
direction reconstruction, SNEWS is currently able to locate a 8 kpc supernova within a barely
practical 35°(68% C.L.) wide cone. However, with the addition of all current LLSD as well as
JUNO and MiniBooNE in a near future, the opening of this cone could be reduced to 9°(68%
C.L.) thus reducing by a factor 15 the area of the sky region of interest.
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In order to join the SNEWS network, each experiment would have to meet a few require-
ments, one of the most important being the robustness of its data acquisition system (DAQ),
i.e. its capability to quickly and efficiently tag a supernova burst. In order to send a reliable
alert to the SNEWS global server, each detector’s DAQ needs to be modified to operate on
real-time mode and detect any unusual trigger rate increase. In the case of NOvA, the de-
tector’s trigger is directly synchronized with the NuMI beam trigger hence the necessity of
operating the detectors in a “free” mode without any external trigger as presented in Ref. [67].
An example of the implementation of such a trigger for the Daya Bay detectors is detailed in
Ref. [196].

Implementing a combined pointing ability within the network might be more challenging.
While the detection of a supernova burst solely relies on the observation of a burst of events
in several detectors in coincidence, its pointing towards the sky requires energy and position
reconstructions of these events. Most detectors operate on a run-by-run basis and usually
analyze large datasets after long periods of data taking. Providing a neutrino direction within
a time scale of a few hours would require off line and real time data analysis. This might be
achieved by installing separate and independent online data acquisition and analysis chains
capable of supporting large data rates and fast energy and position reconstruction based on
the current analysis.

In this work, I discussed the interest of combining worldwide large liquid scintillator de-
tectors to efficiently reconstruct a supernova location. Such an information would be precious
to the SNEWS network in order to provide not only an alert that the optical observation of
a supernova is imminent but also that it is likely to occur in a restricted region of the sky.
While for a typical supernova located at 10 kpc, a 45°(68% C.L.) reconstruction cone would
be currently too large to be entirely enclosed within the aperture of an optical telescope!, it
would focus astronomers attention to a particular field of view, enhancing the probability for
a comprehensive optical observation. The impending Zwicky Transient Facility (ZTF) [197]
will be able to completely scan this region of the sky within two hours. The presence of sev-
eral telescopes based on the design described in Ref. [198] would provide a high probability
of successful observation as well. The implementation of future detectors would soon reduce
the region of interest to a 12°(68% C.L.) radius cone. In the case of a nearby supernova 2 kpc
away, a single detector such as KamLAND could point its direction within a 10°(68% C.L.)
cone and the combinations of current and/or future detectors could reduce this uncertainty
below 5°(68% C.L.).

Though it has hardly been discussed in this work, the observation of a large quantity of
neutrinos in several large detectors will help improve the direction reconstruction via triangu-
lation technique. The combined data from several time-calibrated detectors scattered over the
globe would be contained within the 40 ms time window corresponding to the Earth’s cross-
ing. The detection of a full neutrino spectrum at each moment of the supernova luminosity
rise and decay would decrease any statistical uncertainty related to the luminosity rise time
thus making triangulation a viable technique as explained in Ref. [169]. Since only IceCube,
Super-Kamiokande and NOvA’s far detector are currently operating with active masses rel-
evant for triangulation, it might not be a suitable method as we speak. However, with the
impending construction of large detectors such as JUNO, LENA or Hyper-Kamiokande, it
could be considered as reliable as the other methods. Another pointing method relying on the
observation of spectral distortions caused by matter effects in Earth is discussed in Ref. [199].

!Note that the Moon’s angular diameter over the sky is 0.5° hence enclosed in a 0.25° radius cone.
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Recent technological developments have been successfully carried out in the field of de-
tection materials. For example, detectors using liquid scintillators mixed and dissolved into
water are currently being designed. A detailed study of such technology and its potential
physics applications can be found in Ref. [200]. Besides combining the technical advantages
of both materials, a water-based liquid scintillator (WbLS) detector also provides two di-
rectional information. Indeed, enhanced by the possible use of fast photodetectors such as
LAPPD’s (Large Array Picosecond PhotoDetectors), the collection of Cerenkov and scintil-
lation light produced by the both IBD and electron scattering processes would exploit the
full directional information carried by neutrinos. Another promising concept is the hydro-
geneous Time Projection Chamber (TPC) described in Ref. [201]. Consisting of a detection
volume filled with an organic liquid at room temperature and covered by a layer of noble gas
under an electric field, it could allow a 3D imaging of the IBD interaction occurring in the
liquid with the use of pixelated light detectors. Such a detector could in principle provide
an almost event-by-event directional information for each IBD interaction, since it allows the
reconstruction of the positron track and energy and the first neutron-induced proton recoil.
Besides, its simple design and capability to be operated at room temperature could help its
development at large scales.

I would like to draw attention to technical issues that might arise along with the high
event rates in large detectors. Underground detectors are designed to operate in an ultra
low background environment with typical trigger rates of a few hundred Hz. The detection
of tens of thousands of neutrinos even distributed in time over a 10 s window with a strong
peak at 1 s may lead to a non-negligible dead-time or, worst case scenario, to a DAQ crash.
On the other hand, the NOvA far detector, since it operates at the surface, is subjected to
a 300 kHz background rate from cosmic rays at 10 MeV. While thanks to its fine-grained
segmentation, it could separate IBD events from cosmic muons tracks, an efficient supernova
tagging would place significant demands on the DAQ in terms of dead-time and data readout
and analysis rates. In order for any of these detectors to efficiently collect a large number of
neutrinos in a short period of time and increase its pointing ability, consequent efforts will
be required to improve the current state of data acquisition. For instance, the MicroBooNE
detector operates with an untriggered continuous readout and saves its data on a disk for
several hours, in case an alert from the SNEWS network is issued, thus running without
dead-time [202].

5.4.5 Retrieving astrophysical information from supernova neutrinos

Beyond the main goal of determination of the supernova direction, I will now address in this
section additional information that could be retrieved by LLSD, using the IDB process. In
particular, I will consider the determination of the supernova distance and then the assessment
of the neutron star mass. The latter was investigated in Ref. [203] in the case of SN1987A.
I also briefly address the possible discrimination between distinct supernova neutrino energy
spectra.

Measurement of the supernova distance

Since, for a given supernova, the number of detected events varies with the inverse of the
squared distance, the determination of its distance sounds straightforward in principle. To
better understand the impact of statistical and systematic uncertainties, I developed a Monte-
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Carlo simulation to generate and fit the detected energy spectra with a x? minimization
method. This simulation is independent from the direction retrieval fit presented in Sec-
tion 5.4.1 and allows the comparison between fake data fitted with the GVKM flux under
various hypotheses. While the energy spectra are generated by SuperTOY, as before, only
the x? minimization differs. In this case, the minimization is based on a Pearson’s x? such

that:
N

X*=-2> Yi— M;+Y;InM;/Y; (5.26)
%

with Y; and M; are the respective energy spectra over N bins of the supernova and model
datasets. I chose this statistical test rather than a Gaussian’s x? test due to the low number
of events expected at large distances. In these cases, several bins of the energy spectrum were
empty or too low to be following a Gaussian statistic, thus leading to a bias of up to 10% in
the distance reconstruction at 10 kpc.

The main systematics considered are uncertainties on the neutron star features. Indeed
the number of emitted neutrinos depends on the difference between the progenitor star and the
neutron star gravitational binding energies. However, the first term can be considered negligi-
ble and the neutrino flux therefore depends on the neutron star binding energy? Ep = 32%ns
with M,s and R,s, being the mass and radius of the neutron star [29]. In the literature
these parameters are usually set to M,,s = 1.4 My and R,s; = 10 km [32]. From the average
observed neutron star masses and radii computed in Ref. [204] and Ref. [205], I conserva-
tively consider a relative uncorrelated systematic uncertainty of 10% for both parameters. 1
simulated GVKM-based supernovae bursts located from 1 to 10 kpc away and reconstructed
their distances and associated uncertainties (stat. + syst.). Hereafter, a conservative energy
resolution of 6% in the whole energy range is taken into account. The distance is recon-
structed without bias and with an uncertainty of 40% and 15% at 10 kpc for a 1 kt and a
20 kt detector, respectively. These results are valid for the spectral shapes of the GVKM and
Livermore fluxes presented in Section 3.3.1.

Measurement of the neutron star mass

A large set of neutron star masses have been previously measured and are listed in Ref. [204].
These measurements provide relative uncertainties at the 0.1% level on the neutron star mass
for binary systems. However, an isolated system such as a single supernova without companion
would not provide as much precision. Hence, our interest to retrieve the neutron star mass
from the number of detected neutrino events. I now fix the supernova distance, assumed to
be known by another conventional technique and try to retrieve the neutron star mass from
the number of detected events and the expression of the neutron star gravitational energy. In
a practical case, the measurement of the distance could be achieved through the Expanding
Photosphere Method [206]. This technique led to a 10 % uncertainty of the SN1987A distance.
Using this as a reference, I fix the uncertainty on the reconstructed distance to 10%. I also fix
the neutron star radius and associated uncertainty, as in Section 5.4.5. I can thus assess how
well one could measure the neutron star mass by fitting the energy distribution of incoming
neutrino events as in Section 5.4.5. I generated neutrino supernova spectra with statistics

2In Sections 5.4.5 and 5.4.5 an approximated relation of the gravitational binding energy of a sphere of
uniform density is employed. I use it here for illustrative purposes, since the determination of the supernova
distance and of the neutron star mass are not the main purposes of the present work.
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corresponding to different masses between 1 and 2 solar masses. For a canonical supernova
located at 10 kpc, the mass could be measured with an uncertainty of 16% and 13% for a
1 kt and a 20 kt scintillator detector respectively.

An example: Disentangling different supernova flux shapes

The far location of SN1987A in the Large Magellanic Cloud has provided information on the
total gravitational energy radiated as neutrinos and on the neutrino temperatures, consistent
with predictions (see Ref. [151] and references herein). However, the statistic was not large
enough to precisely determine the supernova neutrino energy spectrum. In what follows I
study the possibility to discriminate between two flux shapes, GVKM and Livermore, with
the current and future generation of LLSD. I statistically compare spectra generated from
a GVKM distribution with both GVKM and Livermore fluxes. To simplify the problem as
well as remain conservative, I normalize both fluxes to the same integral, only their spectral
shapes differ. I then compare the x? distributions of 5,000 simulated experiments fitted with
the GVKM and Livermore fluxes. The two x? distributions are generated for supernova
distances ranging from 0 to 10 kpc. The separation power between the two is expressed
through the following figure of merit: F.o.M. = % with p1 2 and o7 2 the respective
mean and standard deviation of the two distributions. This figure of merit has been carefully
chosen for its efficiency in disentangling Gaussian-like probability distributions. It has been
used in the Nucifer experiment to separate neutron and gamma backgrounds via the Pulse
Shape Discrimination (PSD) technique. More details can be found in Ref. [156]. Figure 5.20
shows the behavior of this separation power parameter as a function of the increasing distance
for a 1 kt and a 20 kt detector. The reconstruction of a GVKM spectrum at 95% C.L. can
be achieved up to a distance of 2.2 kpc for a 1 kt detector such as KamLAND and 9.5 kpc
for a 20 kt detector such as JUNO.
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Figure 5.20: Figure of merit for disentangling GVKM and Livermore energy distributions as a function
of the supernova distance for a 1 kt (left) and a 20 kt (right) detector. The dotted line represents the
upper limit over which a GVKM spectrum is reconstructed with at least 95% C.L.
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5.5 Application: Geoneutrinos detection

Besides its application in reactor monitoring/detection and supernova pointing, both covered
in the previous sections, neutrino directionality with IBD could be applied to a field linking
particle physics and geophysics: the detection of geoneutrinos.

This study was motivated by the invitation to give a talk I received from the organizers of
the “Neutrino Geoscience 2015”7 conference in June 2015. Given its strong versatility, I used
the same toy Monte Carlo used to retrieve supernovae positions and modified its inputs in
order to perform a directionality measurement with geoneutrinos. The following analysis is
summarized in my presentation entitled “Neutrino Directionality with Large Liquid Scintil-
lator Detectors - Application to geoneutrinos detection” [207]. The following analysis by no
means intends to be a complete overview of the potential of directionality using geoneutrinos.

5.5.1 Geoneutrinos

Radioactive elements present in the Earth contribute to the radiogenic heating of the Earth.
These elements mostly consist of 238U ,232Th,23U and °K, however given the smaller half-life
of 23U (1 2 = 0.7 x 10° y), its contribution is weaker. The radioactive B-decays of these

elements emit heat as well as several electron antineutrinos® as summarized in Eq. 5.31.
28y - 2Ph 4 8o+ 8¢ + 67 + 51.7 MeV (5.27)
22Th  — 20Pb + 6a + de™ + 47, + 42.7 MeV (5.28)
25U — 2"Pb 4 Ta 4 de” + 4, + 46.4 MeV (5.29)
YK — Ca+e” + 7 +1.31 MeV (89.3%) (5.30)
OK+e — Ar + 1, + 1.505 MeV (10.7%) (5.31)

The detection of those neutrinos could allow the computation of the amount of radiogenic
heat produced within the Earth, a quantity of crucial importance for the field of geoscience.
Since they originate from the consecutive (-decays of the U and Th chains elements, the
v, energy spectra of 233U, 232Th and 235U possess characteristic and well-known shapes dis-
played in Figure 5.21 along with the 7, energy spectrum of 4°K. 49K can decay toward CAr
via electron-capture thus emitting a monoenergetic v, however since this neutrino is not de-
tectable by IBD, I will not consider it in the following. While the overall geoneutrino energy
spectrum extends up to 3.26 MeV, only 7, produced by the 233U carry energies larger than
2.25 MeV. Furthermore, 23°U and %°K 7, energies do not reach the IBD threshold of 1.8 MeV
thus making their detection via IBD impossible. The detection of neutrinos from *°K and the
computation of its radiogenic heat is of interest for geophysicists and geochemists. For that
matter, the detection of “°K v,’s via elastic scattering could come in handy, granted that the
solar neutrino background have been properly subtracted.

The Bulk Silicate Earth (BSE) models can predict the mass ratios (called chondritic ra-
tios) of 232Th/?**U and 4°K /238U and typical values of Th/U = 3.9 and K/U ~ 13,000 are
expected, as explained in more details in Ref [209]. Since the IBD cross section increases
with the neutrino energy, this Th/U mass ratio of 3.9 leads to an expected neutrino flux
ratio v, (Th) /7. (U) of 0.27. These models also predict that uranium and thorium, lithophile

3The “°K can decay toward “°Ar via electron-capture thus emitting a monoenergetic ve
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Figure 5.21: Geoneutrino luminosity as a function of the energy for the four most important decay
chains:238U 232Th,2%5U and “°K [208]. The 1.8 MeV IBD threshold is represented by the vertical
dashed line.

elements, are not present in the Earth’s core but only in the crust and mantle. Potassium
however, might melt with iron and sulfur, two elements largely dominant in the core, thus
leading to its possible role as a heat source in the core. Therefore, according to the most
popular measurable models, geoneutrinos are thought to be originated from the Earth’s crust
and mantle.

Although the surface heat flux of the Earth has been estimated quite precisely to 47 +
2 TW [210], the contribution of radiogenic heat to this global flux remains unknown in the
absence of hints coming from the detection of geoneutrinos. The cosmochemical, geochemical
and geodynamical BSE models respectively predict radiogenic heats of 11 &2, 20 + 4 and
33 £3 TW, distributed in the crust and mantle. The discrimination of a model with respect
to another will depend on the amount of heat estimated from the detection of geoneutri-
nos. While the crust radiogenic power determination is achievable via the extraction of rock
samples at several depths? and the analysis of their isotopic composition, the mantle radio-
genic power remains inaccessible via such conventional means. This is where the detection of
geoneutrino fits in, since by subtracting the expected geoneutrino flux originating from the
crust to the whole neutrino flux detected by an experiment, one can infer the fraction of the
geoneutrino flux emitted by the mantle.

Geoneutrinos have been previously detected via IBD by the KamLAND and Borex-
ino experiments. In order to estimate the geoneutrino flux at different locations over the
globe, a new measurement unit, expressed as a normalized event rate, has been introduced:
the Terrestrial Neutrino Unit (TNU). It is defined as the number of IBD interactions de-
tected in one year with a target of 1032 protons® and 100% detection efficiency. After fix-

4The deepest borehole ever drilled is 12 km deep, in the Kola peninsula in Russia.
5 Although it depends on the liquid composition as well, the quantity of 1032 protons is often approximated
as 1 kton of liquid scintillator
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ing the chondritic ratio and the overall geoneutrino spectrum, one can express the flux as:
1 TNU = 0.113 x 10° 7..cm~2.s71 [208].

The Borexino experiment reported a geoneutrino measurement from 2056 days of data tak-
ing (before selection cuts), between December 15, 2007 and March 8, 2015. After applying
adequate selection cuts and fixing the chondritic ratio to 3.9, the best-fit extracted from the

candidates displayed in Figure 5.22 (left) estimated that 23.7J_rgj?(stat.)f8:g (sys.) geo-v, events

were detected, equivalent to 43.51 18 (stat.) T3 7 (sys.) TNU. The same fit led to an estimation
of the number of reactor . of 52.7"_@:‘?(stat.)fgzg(sys.), equivalent to 96.67155 (stat.)fé:g(sys.)
TNU. From this measurement, they provided an estimate of the radiogenic heat produced
in the Earth. This value is displayed in Figure 5.23 (left) and could be used to validate or
discard several BSE models.

Similarly, during 2991 days of data taking between March 9, 2002 and November 20, 2012, the
KamLAND experiment detected 116J_r§§ geo-v, events, equivalent to 3.4f8:§ % 10% 7,.cm 2,571
in term of un-oscillated flux. The energy spectrum of these events is displayed in Figure 5.22
(right) and the amount of radiogenic heat predicted is displayed in Figure 5.23 (right).

At this moment, none of these two experiments can rule out a model over another. However,
with higher statistic, this seems possible within the next decade.
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Figure 5.22: Left: Prompt energy spectrum, expressed in photo-electrons (p.e.) of v, candidates in
Borexino [211]. The dotted line shows the best-fit of geo and reactor 7, assuming a chondritic ratio of
3.9. The two blue domains show additional fits with U and Th separately taken as free parameters.
Right: Prompt energy spectrum, expressed in MeV, of the v, candidates in the geoneutrino energy
region in KamLAND [212]. The dashed blue domain shows the best-fit of geo-v..

In the late nineties, J.M. Herndon predicted the possible existence of uranium at the
center of Earth’s core and postulated the existence of an hypothetical natural nuclear reactor,
self-sustained by the chain fission of the uranium isotopes. While the existence of such
reactors is possible under several conditions and has been confirmed by the discovery of
the Oklo natural nuclear reactor in Gabon [122], the hypothesis assuming the presence of
uranium in the Earth’s core is strongly debated among geophysicists. Though no conventional
technique allows to test this hypothesis, the detection of neutrinos emitted by this reactor
might validate/discard its existence. The reactor imagined by Herndon has an expected
radius of about 4 km, as displayed in Figure 5.24, and could deliver up to 30 TW of thermal
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Figure 5.23: Geoneutrino flux measured in TNU Borexino [211] (left) and in 7, .cm™2.s7! in Kam-
LAND [212] (right) versus radiogenic heat expected from the three BSE models: cosmochemical,
geochemical and geodynamical.

power. Its composition was suggested to be 23°U /238U = 0.76:0.23, thus making it a 2*U-rich
reactor with an emitted neutrino energy spectrum strongly driven by the fission products of
2357, Given the similarities between the georeactor and “regular” nuclear reactors neutrino
spectra, the Borexino and KamLAND experiments set limits on the thermal power of the
georeactor by adding a Ngeoreac. cOmponent to their best-fit while constraining the nuclear
reactors component Nyese. with its expected value, well-known from the thermal output of
commercial reactors. By doing so, the Borexino and KamLAND collaborations respectively
set upper limits of 4.5 TW (95% C.L.) [213] and 3.7 TW (95% C.L.) [212] on the georeactor
thermal power.

Upper Mantle

Figure 5.24: Sketch of the georeactor (referred to as “sub-core” in the picture) at the center of the
Earth.

As previously stated, one of the main goal of geoneutrino detection is the estimation of
the mantle geoneutrino component. This is achieved by subtracting the crust component to
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the total detected geoneutrino flux. Such computations were performed by the two collab-
orations and lead to an estimate of 20.97{2- TNU in Borexino [211] and 11.272) TNU in
KamLAND [212]. While the error, dominated by the subtraction of the crust component,
is still quite big, the null hypothesis, based on the assumption that no geoneutrino signal
originates from the mantle, is rejected at more than 90% C.L.. The very location of the two
experiments makes difficult the determination of the mantle signal since most of the geoneu-
trino signal comes from the crust, with a strong component of local crust, within the 500 km
surrounding the detector. The contribution of the local crust (LOC), rest of the crust (ROC)
and mantle is displayed in Figure 5.25. While the KamLAND, Borexino and SNO+ experi-
ments are mainly sensitive to crust geoneutrinos due to their construction on thick continental
crust®, the HanoHano experiment [214], a project of a 10 kt liquid scintillator detector on a
barge planned to be operated underwater off the coast of Hawaii, is largely sensitive to mantle
geoneutrinos. A sketch of the HanoHano detector is shown in Figure 5.26.

m Near Field Crust = Far Field Crust = Mantle

75%

Fractional contribution
=
[e)}

28% 22% 19%
0.0

KamLAND Borexino SNO+ Hanohano

Figure 5.25: Predicted fractions of geoneutrino contributions from the near field crust (LOC), the far
field crust (ROC) and the mantle at various detector locations: Japan (KamLAND), Italy (Borexino),
Canada (SNO+) and Hawaii (HanoHano) [214].

Besides its sensitivity to mantle geoneutrinos, one of the main advantages of HanoHano
is its very low exposure to the background of reactor neutrinos. Indeed, while Borexino and
KamLAND are located in regions of the world with a high nuclear activity” as shown in
Figure 5.27, Hawaii is located far away from any declared reactor.

5.5.2 Results and limitations

For this study of geoneutrino directionality, I chose to focus on two goals: the retrieval of
the direction of the hypothetical georeactor and the discrimination between mantle and crust
geoneutrinos. The latter is often mentioned and is considered as an important goal of neu-
trino directionality applied to geoneutrinos. To perform these two analyses, I applied the same

5The continental crust thickness is of the order of 35 km while the oceanic crust is about 8 km thick.
"The reactor background has been strongly reduced at KamLAND due to the shutdown of all Japanese
commercial reactors in 2012.
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Figure 5.26: Cross sectional sketch of HanoHano detector and its barge [215].

latitude (*)

Figure 5.27: Known reactor background expressed in v,.y ! per 1034 protons [172]. 201 nuclear power
stations have been included.

method than for supernova neutrinos, as explained in Section 5.4.1. The main difference lies
in the fact that different energy spectra were used: a Th/U neutrino spectrum describing the
geoneutrino flux and a reactor spectrum describing the georeactor flux. Both these spectra
are displayed on Figure 5.28 and have been added to SuperNustradamus for further analyses.

In the simulation, the georeactor was, like a supernova, considered a point-like source,
a rather safe assumption given its 4-km radius with respect to the 6400-km radius of the
Earth. Since its thermal power directly impacts the number of detected events, it was used to
compute the expected rate of IBD interactions. For a 4 TW georeactor, current upper limit
set by Borexino and KamLAND, the computation of the number of expected IBD events led
to 15.2 ..y L.k ~!. In order not to be dominated by the geoneutrino background from Th/U
decays, dominant in the low energy region, I applied an energy cut to select only events with
E, = 3.3 MeV. While rejecting all Th/U geoneutrino events, this cut only rejects 27% of the
georeactor events.
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Figure 5.28: Geoneutrinos and georeactor energy spectra (not normalized). The geoneutrino flux
assumes a chondritic Th/U ratio of 3.9 and the georeactor flux is based on a ?3*U neutrino spectrum.

Relevant for supernova neutrinos given the large number of events detected over a short
period of time and their broad energy spectrum, the fact that no backgrounds are taken into
account in the SuperNustradamus simulations is questionable when dealing with geoneutrinos.
Indeed, as previously stated, geoneutrinos detection is subject to a significant background,
mainly from reactor neutrinos. This is especially true when looking at georeactor neutrinos,
having an energy spectrum almost identical to nuclear reactor neutrinos. Since only the
HanoHano detector and its advantageous location could consider not taking this background
into account, the following results have to be considered as optimistic. The results of the
directionality analysis of georeactor neutrinos is displayed in Figure 5.29.

Assuming a realistic exposure time between 10 and 20 years, only HanoHano could re-
construct the position of the georeactor within a 15°(68% C.L.) cone. Given the low reactor
background rate in Hawaii, this directional information, combined with a fit of the energy
spectrum constraining the reactor component displayed in Figure 5.27, could definitely con-
firm or discard the existence of a T'W-scale georeactor at the center of Earth’s core.

The simulation of the crust and mantle geoneutrinos was more complex. SuperNustradamus
being developed for supernovae simulations, it is by default designed to generate point-like
neutrino sources and reconstruct point-like positions. In the case of geoneutrinos, the emission
is distributed in the crust and mantle surrounding the detector hence the whole hemisphere
below the detector can be considered as the source. To simulate this emission, I generated
random neutrino directions over the unit sphere with a negative zenith angle (south hemi-
sphere). While the actual geoneutrino emission in the Earth seen in a detector is not as
smooth and shows structures corresponding to the different layers of crust and mantle, this
approximation is relevant enough for the following analysis. Since the neutrino source is
quite broad, the angular distributions of the neutrino direction vectors are not as peaked as
in a point-like source case and this directly impacts the reconstruction precision as displayed
in Figure 5.30. The expected event rates used to generate this figure are different for each
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Figure 5.29: Angular uncertainty of the reconstruction position as a function of the exposure time for
an hypothetical 4 TW georeactor. The three detectors considered are Borexino (0.27 kt), KamLAND
(1 kt) and HanoHano (10 kt).

detector. I considered respective detected geoneutrino rates of 43.5 and 30.1 TNU for the
Borexino and KamLAND experiments. For HanoHano, mostly sensitive to mantle geoneutri-
nos, I decided to use a geoneutrino rate of 20.9 TNU, the most recent expected mantle signal
computed by Borexino.
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Figure 5.30: Angular uncertainty on the reconstructed barycenter of the geoneutrino distribution as
a function of the exposure time. The three detectors considered are Borexino (0.27 kt), KamLAND
(1 kt) and HanoHano (10 kt).

The interpretation of these results is not as straightforward as before. Given the geoneu-
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trino hemispherical distribution, the reconstruction of a single direction coming from a point-
like source seems irrelevant. However, since the distribution is invariant in azimuthal angle
(symmetrical with respect to the vertical z-axis of the detector), the single direction recon-
structed by the x? minimization method is in fact the barycenter of the distribution. By
definition, the distribution is centered around the vertical z-axis. The reconstruction uncer-
tainty displayed in Figure 5.30 thus describes how well can a detector reconstruct the mean
direction of an incoming, broadly distributed, geoneutrino flux.

Considering no backgrounds were taken into account to compute these results, one can
doubt the potential of IBD directionality in term of geoneutrino direction reconstruction. For
instance, after 20 years of data taking, KamLAND could only reconstruct the mean direction
of the geoneutrino flux at the level of 65°(68% C.L.), making impossible any attempt to sep-
arate crust and mantle geoneutrinos. Showing this limitation was actually the implicit goal
of this analysis.

Unlike the potential of IBD directionality applied to supernova detection, somewhat dis-
regarded due to its weak anisotropy, the potential of directional geoneutrino detection with
IBD is often overestimated in the community. While the IBD process is currently the most
suitable reaction to detect geoneutrinos in terms of event rates and background rejection, its
directionality potential is very limited and, despite the global idea strongly anchored in the
community, cannot achieve an efficient crust-mantle discrimination in reasonable timescales
with the current and forthcoming neutrino detectors.

The first limitation comes from the statistical nature of the IBD directionality, only reli-
able using large datasets of thousands of neutrinos and strongly incompatible with the low
expected geoneutrino flux. While it can be compensated using larger and larger detectors
such as HanoHano (10 kt), JUNO (20 kt) or LENA (50 kt), it requires long exposure times as
well, barely reachable by the current Borexino and KamLAND experiments, already a decade
old.

The second limitation comes from the distribution of the geoneutrino directions. As previ-
ously explained, the reconstruction of a point-like georeactor might be achievable, however
the discrimination between two similarly distributed fluxes might not, even in the unlikely
scenario of a background-free measurement. In the case of geoneutrinos and for the majority
of neutrino events of interest in neutrino experiments, the expected flux comes from below
the detector, including both signal and backgrounds. The addition of a reactor neutrino
background would only worsen the direction reconstruction, already imprecise without any
backgrounds.

For these two reasons, an application of IBD directionality to geoneutrinos detection and
more especially to a crust-mantle differentiation seems very optimistic, if not unachievable.
Nonetheless, other detection reactions or improved detection techniques might provide a bet-
ter directionality measurement and bring an event-by-event directional information.

Improvements such as segmented detectors or WbLS, both presented in Section 5.4.4,
might strengthen the directional information, however at such low energies, their potential
is still to be demonstrated. Indeed, while at supernova energies the positron travels several
centimeters and deposits its energy along a track, it’s not the case at low energies, where
the positron displacement can be considered negligible. At such energies, the neutron is the
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particle carrying the directional information since, as IBD kinematics dictate, it is emitted
strongly forward in the neutrino direction.

An efficient IBD directional geoneutrino detector would have to retrieve the neutron direction
before its moderation. The only way to do so is to detect the first neutron interaction to
happen after its emission and to compare it to the positron energy deposition in order to
obtain the neutrino direction. While regular liquid scintillator detectors are not sensitive
enough to detect this first neutron-induced proton recoil, the hydrogeneous TPC concept.
presented in Section 5.4.4 might achieve this goal. As displayed in Figure 5.31, the 3D
imaging capabilities of the TPC enhanced by its mm-scale spatial resolution would provide
an event-by-event neutrino directionality with IBD, especially at low energies.
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Figure 5.31: Left: Simulated event topology of a typical low energy IBD interaction [201]. Right:
Close-up view of the simulated event topology centered on the positron energy deposition and the first
proton recoil. The vector between the two depositions provides an accurate estimation of the direction
of the incoming neutrino.
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Chapter 6

Measurement of 613 with Double
Chooz

Although it has been previously mentioned, this chapter will provide a detailed overview of the
Double Chooz experiment. After a description of the experiment’s design in Section 6.1, all the
steps leading to the oscillation parameters determination will be presented, in “chronological”
order, from the data acquisition in Section 6.2.1 to the final 13 computation in Section 6.6.

6.1 The Double Chooz experiment

Double Chooz is a neutrino experiment designed to perform a measurement of the PMNS
matrix’s 613 mixing angle, unmeasured until 2012. It consists of two identical detectors
located on the site of the Chooz nuclear power plant in the French Ardennes as displayed in
Figure 6.1.

6.1.1 The experimental design

When the Double Chooz initiative started in 2003, the current best limit on the #13 mixing
angle was set by the CHOOZ experiment, limited by its relatively high statistical and sys-
tematic uncertainties. The design of Double Chooz was such that, using the same source
of neutrinos, i.e. the reactor cores of the Chooz nuclear power plant, it would lower these
uncertainties to a level sufficient for a discovery of 63 if sin® 26,3 > 0.09 (90% C.L.). To do
so, the experiment runs with two identical detectors, both based on an improved design.

As explained in Section 2.2.1, Double Chooz is a neutrino disappearance experiment.
It aims at measuring the 63 angle by observing a deficit of neutrino events driven by the
following survival probability:

(6.1)

A? 2l x I
P, . (L, E) =1 — sin® 20,3 sin” <1.27 mugleV=] x [m])

E[MeV]

One of the two detectors of the experiment, called the far detector, is located about 1 km
away from the reactor cores, thus maximizing this deficit. However, this observation requires
a precise understanding of the neutrino flux originating from the reactors, a quantity still
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Figure 6.1: Experimental site of the Double Chooz experiment, displaying the two reactors and the
locations of the near and far detectors.

subject to debates. The deployment of a second identical detector, called the near detec-
tor, located closer to the reactors in order to observe a non-oscillated flux of neutrinos is
thus mandatory to renormalize the neutrino flux and cancel the major uncertainty. The posi-
tions of the two detectors with respect to the v, survival probability is displayed in Figure 6.2.

The near detector serves as a reference point of the unoscillated neutrino flux, to be com-
pared with the deficit expected in the far detector. However, the oscillation being dependent
on both distance and energy, it also acts as a reference of the unoscillated energy spectrum.

The far detector has been built at the location where the CHOOZ detector was placed.

It lies beneath an overburden of 300 m.w.e within a 20 m long, 7 m large and 3.5 m high
laboratory. Located 1115 m and 998 m away from the Bl and B2 reactors, respectively,
its weighted baseline with respect to the reactor barycenter is 1050 m. The far detector’s
construction started in May 2008 and it started acquiring data since April 2011.
The near detector is located beneath an overburden of 150 m.w.e, in a laboratory excavated
and built from scratch for the needs of the Double Chooz collaboration. The civil construction
work began in April 2011 with the digging of the tunnel leading to the future near laboratory
and finished in 2012. Since then, the laboratory has been prepared to receive the near
detector whose construction lasted until the end of 2014 with the detector filling and the
upper shieldings’ installation. Finally, the data taking and detector commissioning started in
December 2014. The near detector is located 466 m and 351 m away from the Bl and B2
reactors, respectively, for a weighted baseline of 400 m. Figure 6.3, 6.4, 6.5 and 6.6 depict
several stages of the near detector’s construction in chronological order.
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Figure 6.2: Survival probability of a v, as a function of the detector distance to the reactors. The
v, energy is fixed at 3 MeV and the oscillation parameters sin? 20,3 and A?m3 are respectively equal to
0.093 and 2.52x1073 eV 2. The solar oscillation parameters are taken as sin? 2615 = 0.846 and A%mq,
= 7.53x107° eV~2. The baselines of the near and far detectors of Double Chooz are respectively 400
and 1050 m.
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Figure 6.3: Left: Near laboratory upon delivery. Right: Inner Veto supports installed in the pit.

6.1.2 Chooz power plant

The Chooz B! nuclear power plant is located along the Meuse river, a few kilometers away
from the Belgian border, in the Champagne-Ardennes region. Its two reactors, Bl and B2, of
the most recent N4 generation of PWR, are among the most powerful ever built and can de-
liver a total thermal power of 2 x 4.25 GWyy,, equivalent to an electrical power of 2 x 1.5 GWe.
Their respective construction began in 1984 and 1985 and their operation by the EDF com-

LChooz A, the first French PWR in operation from 1967 to 1991, was build under the hill located 1 km
away from the current power plant.
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CHAPTER 6. MEASUREMENT OF 6,3 WITH DOUBLE CHOOZ

Figure 6.6: Left: Picture of the complete Inner Detector taken before the closing of the Buffer top
cap. Right: Complete detector upon installation of the Outer Veto and the Glove Box.

pany (FElectricité de France) started in 1996 and 1997. Each reactor core is made of 205 fuel
assemblies, each enclosing 264 corrosion-resistant zirconium fuel rods filled with cylindrical
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6.1. THE DOUBLE CHOOZ EXPERIMENT

pellets of uranium dioxide (UO2). The uranium used in PWRs such as Chooz B is enriched
in 23°U up to 4%. Pictures of a PWR’s fuel assembly and core are displayed in Figure 6.7.
The two reactors regularly undergo maintenance and refueling operations thus giving to the
Double Chooz experiment the opportunity to perform a measurement of the neutrino flux in
the three following main configurations: (2-On), (1-Off;1-On), (2-Off). The thermal power
of each reactor core is provided by EDF on a minute-by-minute basis with an uncertainty of
0.5% at 4.25 GWy,.

Figure 6.7: Left: Fuel assembly of a PWR [216, 217]. Right: PWR’s core during a refueling opera-
tion [217, 218).

The simulation of each reactor core in terms of fuel evolution and fission rates is performed
with the dedicated MURE code [219, 220] using inputs provided by EDF. The 7, spectra emit-
ted by the fission products of the four main fissioning isotopes (23U , 228U , 239Pu and ?4'Pu ),
accounting for more than 99.7% of the fissions, are predicted using the method described in
Section 3.1.4. To suppress the normalization uncertainty of this 7, prediction, Double Chooz
uses the Bugey4 measurement of the 7, rate at 15 m from the Bugey reactor core [221]
as an anchor point. Additional corrections accounting for the differences of fuel composition
between the Bugey and the Chooz reactors are applied. This renormalization reduces the sys-
tematic uncertainty of the interaction rate associated to the flux prediction to 1.7%, largely
dominated by the 1.4% uncertainty in the Bugey4 measurement. Not renormalizing the flux
would have increased this uncertainty to 2.8%.

6.1.3 The Double Chooz detector

The Double Chooz detector design is based on the previous CHOOZ design but has been
improved in terms of size, stability and background rejection to reduce both statistical and
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systematical uncertainties.
The detector design is based on the “nesting dolls” concept, each volume being fully enclosed
in one another, as displayed in Figure 6.8.

[1] Glove Box
[2] Outer Veto (OV)
[3] Inner Veto (IV)

[4] Inner Detector
Photomultipliers (ID-PMTs)

[5] Neutrino Target (NT)

[6] Gamma Catcher (GC)

[7] Buffer (BF)

©imag’n IRFU

Figure 6.8: Cross sectional view of a Double Chooz detector with its main detection volumes.

Each Double Chooz module consists of three main sub-detectors. The Inner Detector (ID)
where the v, interaction are detected, the Inner Veto (IV) dedicated to detect and tag ex-
ternal backgrounds and the Outer Veto (OV) whose purpose is to tag incoming cosmic muons.

The Inner Detector is composed of three independent and optically coupled concentric
cylindrical volumes: the Neutrino Target (NT), the Gamma Catcher (GC) and the Buffer
(BF).

o Neutrino Target: The NT is the utmost central part of the detector where neutron cap-
tures on Gd are detected. Enclosed in a 8 mm thick acrylic vessel of 2300 mm diameter
and 2458 mm height, it is filled with 10.3 m? of Gd-loaded liquid scintillator. It is com-
posed of 80% n-dodecane (Ci2Hgs) and 20% PXE (ortho-phenylxylylethane,Ci6Hig),
with a concentration of PPO (2,5-diphenyloxazole), bis-MSB (4-bis-(2-methylstyryl))
and Gd of 7 g/L, 20 mg/L and 1 g/L, respectively. PXE is a scintillator solvent and
emits light upon its de-excitation. This light is then re-absorbed by PPO and bis-MSB,
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6.1. THE DOUBLE CHOOZ EXPERIMENT

a fluor and a wavelength shifter, whose purpose is to re-emit this light in the blue and
UV wavelengths, where the PMTs are the most sensitive. Learning from CHOOZ’s
misfortune, a lot of effort has been put in the development of the Gd-loading in terms
of transparency and stability [222].

e Gamma Catcher: Surrounding the NT with a 55 cm thick layer of undoped liquid
scintillator encompassed in a 12 mm thick acrylic vessel of 3416 mm diameter and
3572 mm height, the GC is designed to contain the gamma rays emitted from the
positron annihilation and neutron capture. The detection of these energy depositions
limits edge effects at the border of the NT, thus increasing the detection efficiency
and reducing its associated uncertainty. The 22.6 m3 of GC’s liquid, composed of 66%
mineral oil, 30% n-dodecane and 4% PXE with a 2 g/L and 20 mg/L concentration of
PPO and bis-MSB, has been tuned to provide a light yield? similar to the NT’s. The
undoped GC liquid serves as a detection volume when performing the neutrino analysis
using neutron capture on hydrogen.

o Buffer: The BF is the outermost part of the inner Detector. Enclosed in a 3 mm thick
stainless steel vessel of 5516 mm diameter and 5675 mm height, it is filled with 110 m?
of non-scintillating mineral oil, composed of medicinal white oil (53% in volume) and n-
dodecane (47% in volume). Its vessel supports 390 low background 10-inch Hamamatsu
R7081 photomultiplier tubes (PMTs) of the Inner Detector [223, 224], which detect the
light emitted upon energy depositions in the NT and the GC. Each PMT is enclosed in
a mu-metal shield to reduce the disturbances caused by external magnetic fields. The
BF 105-cm thick layer of transparent oil serves the purpose of shielding the NT and the
GC from the external and PMT radioactivity, the latter mostly from “°K, contained in
the PMTs glass. This addition of the BF volume is a major improvement with respect
to the CHOOZ detector, only consisting of a NT and a GC.

Surrounding the Inner Detector with a 50-cm layer of liquid scintillator, the Inner Veto
is a stainless steel vessel of 6500 mm diameter and 6830 mm height. It is filled with 90 m?
of scintillating liquid, composed of 50% n-dodecane, 50% LAB (Linear Alkyl Benzene) mixed
with 2 g/L of PPO and 20 mg/L of bis-MSB. The scintillation light emitted in the liquid is
collected by 78 8-inch Hamamatsu R1408 PMTs. The role of the IV is to tag any background
external to the detector, such as muons, spallation neutrons and natural gamma radioactivity.

The IV is surrounded by a shielding, built to protect the detector from external radioac-
tivity of the surrounding rock. Its design differs from one detector to the other. In the far
detector, 15 cm thick stainless steel bars cover the detector top and lateral parts. However,
in the near detector, only the top is covered with 15 cm thick steel bars, the sides of the
detectors being surrounded by a 50 cm thick layer of water. While maintaining the gamma
attenuation required in the detector design, the low density of water being compensated by
its larger thickness, water acts as a neutron moderator thus reducing the rate of spallation
neutron backgrounds in the detector. Given the shallower location of the Double Chooz near
detector and its higher muon rate, this upgrade has a positive impact on the background

2The light yield represents the quantity of scintillation light emitted for a given energy deposition. It is
usually given in units of photoelectrons (p.e.) per MeV.
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rejection.

Above the IV and, by construction, the ID lies the Outer Veto, another additional feature
with respect to the CHOOZ experiment, whose purpose is to detect and tag the muons that
pass through or around the detector. Unlike the other volumes, the OV is not made of liquid
scintillator but plastic scintillator strips coupled with Hamamatsu H8804 multianode PMTs.
Modules of 64 strips, each strip measuring 5 x 1 x 320 or 360 cm, cover an area of 91 m? above
the stainless steel shielding, enough to detect any muon likely to induce, directly or through
spallation, a signal in the detector. Its strips alternatively disposed along the x and y-axis,
the OV is able to provide the coordinate of a passing muon in the detector plane, with a much
higher precision than the IV. To detect and tag muons passing through the glove box and
the chimney, used to deploy calibration sources in the ID, two additional layers of strips have
been mounted above the glove box. Combining both IV and OV leads to a muon rejection
efficiency larger than 99.99%.

6.2 Data acquisition and calibration

6.2.1 Data acquisition

The data acquisition system of the Double Chooz experiment is depicted on Figure 6.9. The
scintillation light collected by the PMTs is transformed into an electric signal of a few mV
amplitude. The signal of each PMT is transported through a single cable along with the
~1.3 kV high voltage (HV) supplying the PMT. A custom-made HV-splitter circuit then
decouples each component. The low amplitude PMT high frequency signals are amplified
by the Front-End Electronics (FEE) modules in order to be ready for digitization, a task
performed by the Flash-Analog-To-Digital (v-FADC) converters.

472channels (ID+V)
V-output| -
PMT Cable }-.N FEE Cable |  (®@in=7)[ IPMT— Ichannel | y_FADC g
22m (ID) & 26m (v) | SPYEEer | “ign, £
m (ID) & 26m (IV) erisenon) FEE 500MHz
= (et Jsmwme CAEN-VI721 ;
PMT=ID : ! g <
Hamamatsu : Tronipt : a ‘;
R7081 MOD-ASSY : S > g
390 PMTs (I 0”} clock & trigger-signal Trigger & w
PMT-IV HV SUPP')‘ (number & pattern) | 62.5MHz Clock §
(custom) -]
Hamamatsu"RMOB CAEN AI535P 16 ID-PMT— Ichannel
78 PMTs (8”) <6 [V-PMT— Ichannel

Figure 6.9: Scheme of the Double Chooz data acquisition system [75].

v-FADC

The Double Chooz v-FADC system relies on 64 CAEN-Vx1721(VME64x) [225, 226] waveform
digitizers developed in collaboration with the CAEN company and the “AstroParticules et
Cosmologie” (APC) laboratory. Each card possesses 8 channels with 8-bit FADC with a
sampling rate of 500 MS/s, able to separate PMT signal separated by more than 2 ns. Each
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6.2. DATA ACQUISITION AND CALIBRATION

of those channels holds 2 MB of internal memory, split into 1,024 buffers of 4,096 ns. As
long as no external trigger is received, the digitization process occur continuously in a buffer.
Upon receiving a trigger signal, the digitization moves to the next buffer, leaving the previous
one for readout. Up to 1,024 events can be recorded and stored in memory. Over the
4,096 ns available per buffer, a 256 ns waveform is recorded, containing more than 90% of
the scintillation light received by the PMTs. The trigger rate, of the order of 300 Hz, is lower
than the readout rate thus allowing a dead time free acquisition.

Trigger system

While amplifying each PMT signal and sending it to the v-FADC, the FEE also delivers a sum
signal, whose amplitude is proportional to the addition of the charges seen in each channel,
fed into the trigger system. The trigger system consists of three trigger boards (TB) and one
trigger master board (TMB). Two of the TB are dedicated to the ID PMTs and one to the
IV PMTs.

The ID PMTs are separated into 12 sectors, each one consisting of 32 PMTs. Among these
12 sectors, 6 are for the upper part of the ID, while the other 6 are for the lower part. The
PMTs’ connection to the trigger system is such that half of the PMTs from a given sector
are connected to the TB A trigger board, while the other half are connected to the TB B
trigger board. The FEE sums the signals by groups of 16 PMTs before sending this sum to
the corresponding trigger board. The grouping is such that a PMT belonging to a given TB is
surrounded by PMTs belonging to the other one. With this configuration, each TB observes
the same detector volume, though it is only connected to half of the PMTs. The trigger
decisions of both TB should thus be identical, within statistical fluctuations. Given the lower
number of PMTs in the IV and their disposition, the IV trigger board receives trigger signals
from groups of 3 to 6 PMTs only. Finally, the trigger master board receives trigger decisions
from the three TBs and sends a signal to the digitization system to store the event in its
memory. The TMB is synchronized to the FADC and the OV via a 62.5 MHz clock.

The trigger decisions for all trigger boards are based on energy and group multiplicity, e.g.
if more than two sectors are hit, and these conditions can be modified in order to lower or
increase the detection threshold. The ID starts to trigger at energies of about 350 keV and the
trigger efficiency reaches 100%, with a negligible uncertainty, above the 0.7 MeV threshold,
often used for analysis. The IV triggers at about 10 MeV which corresponds to an 8 cm muon
track at minimum ionizing energy.

6.2.2 Calibration system

To precisely determine the #13 mixing angle from the detected neutrino rate and energy
spectrum, each Double Chooz detector needs to be understood as accurately as possible. In
order to suppress most of the systematic uncertainties associated with the detector response,
it is utterly important to master the detector response to the different particles involved
in the physical processes relevant to the experiment (ct, B*, vy and neutrons) as well as the
optical properties of the liquid (refraction index, attenuation length) and the PMTS’ responses
(offsets, gains, quantum and geometrical efficiencies). The precise knowledge of the detector
response, obtained via several calibration devices installed within each module, allows Double
Chooz to reach percent-level uncertainties on the detector efficiency.
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Radioactive sources

The understanding of the detector response to an energy deposition as well as its energy scale
is performed through the deployment of radioactive sources in the detector vessels. Two de-
vices are used for this deployment: the Z-axis deployment system (ZADS) and the guide tube
(GT). The installation of an articulated arm (AA) is under investigation since its deployment
raises several technical concerns. The ZADS consists of a motorized pulley-and-weight system
called fish line, used to place sources along the z-axis of the target. A source in the ZADS
can be deployed from the chimney down to 1 ¢cm above the NT bottom cap, with a source
position uncertainty below 1 mm. The GT is a rigid hermetic loop installed in the GC in
which the sources are guided through using a motor-driven wire. While the ZADS provides
the detector response for all heights in the NT, the GT allows the characterization of the
detector in the GC and at the boundaries of the NT and the buffer region. Both devices are
displayed in Figure 6.10. The AA consists of a robotic arm whose segments are attached with
joints. If installed in the NT through the chimney, it will be able to deploy sources within the
whole volume of the NT thus providing a complete characterization of the detector response
in the NT. All these calibration devices are operated from a clean tent above a detector. The
ZADS and the eventual AA need to be operated using a glove box under nitrogen atmosphere
at the detector pressure.

Figure 6.10: Left: Cross sectional sketch of the detector. The ZADS deployment through the chimney
and the GT are highlighted in blue and red, respectively. Right: Photograph of the guide tube in the
gamma catcher. The target acrylic vessel is visible on the left and the buffer wall covered with PMTs
is visible on the right.

So far, four radioactive sources, sealed in capsules built to fit in the calibration devices,
have been deployed in the NT and GC. Each of the four radioisotopes, 37Cs, %¥Ge, %9Co and
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252Cf has been selected with respect to its emitted radiation and its corresponding detector
response.

The '37Cs source emits a gamma ray of 662 keV upon its p~-decay to *"Ba. This low energy
gamma only has little interest for the 7, selection but provides a reference point between
the threshold of 300 or 500 keV and the IBD detection threshold® of 1.022 MeV. The %Ge
source emits pairs of 511 keV gammas upon the decay of %Ge toward %8Ga via electron
capture and the subsequent Bt-decay of ®®Ga. The positron emitted by the latter decay
annihilates with an electron of the capsule and leads to the creation of two 511 keV gammas,
an energy signature relevant for the detector characterization at the IBD detection threshold.
By emitting two simultaneous gamma rays of 1.173 and 1.333 MeV each, the %°Co provides
a calibration of the energy between 1 and 2.5 MeV. The 252Cf source emits gammas and
neutrons by spontaneous fission? (SF) thus sometimes mimicking an . event. While the
prompt energy spectrum, corresponding to the sum of the gamma energies, is of no interest
for calibration due to its rough shape, the delayed event energy, corresponding to the neutron
capture on Gd/H helps evaluating the systematic uncertainties of the neutron captures on
Gd/H.

In addition to these known sources, the detector response is also evaluated using the captures
of spallation neutrons, created by the interaction of energetic cosmic rays within or in the
vicinity of the detector. The Bi-Po processes in the scintillator, leading to the observation of
an electron from 2!?Bi followed by a delayed 8 MeV « particle, which yields a ~1 MeV signal
due to quenching, from 2'?Po, can be used as well for calibration purposes.

Light sources

While the radioactive sources help understanding the detector response to various radiations,
a light injection system has been set to measure PMTs and liquids properties such as offsets,
gains, etc...

This multiwavelength LED-fiber system injects light into the ID and the IV from several
points located all around the buffer vessel. The optical fibers are attached to the covers of
PMTs in the inner detector (IDLI) and the inner veto (IVLI), some equipped with diffuser
plates in order to homogeneously illuminate the detector. The others end of the fibers are
connected to blue and UV LEDs (385, 425 and 470 nm for IDLI, and 365 and 475 nm for IVLI)
whose emission properties such as rate, intensity and pulse width are controlled remotely. The
various wavelengths available for light calibration help characterizing the liquid properties in
terms of attenuation and absorption. For instance, while the 385 nm light should be totally
absorbed by the liquid’s wavelength shifters, the 475 nm light should not be impaired and
should be detected by PMTs on the other side of the fiber. The intermediate 425 nm light,
only partially absorbed, allows the monitoring of the absorption of the NT and GC liquid.
The light injection system is independent and remotely operated and a control board provides
an external trigger at each light injection.

Calibrations using the light injection system are performed on a weekly basis in each

3The IBD threshold of 1.806 MeV described in Section 4.1 is the energy threshold of a 7. below which an
IBD reaction can not occur. This IBD detection threshold is simply the annihilation energy of the positron
(2 x 0.511 keV), minimum prompt energy seen by the detector.

1The SF yield of ?»2Cf is only 3.1%, the remaining fraction corresponding to a-decays, whose energy
deposition is contained in the capsule.
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detector in the form of sequences, combinations of calibration runs with different wavelengths,
intensities and positions. Longer and more complete calibration sequences are performed on
a monthly basis. Since it requires on-site work and extra manpower, calibration campaigns
with radioactive sources are less frequent and are performed approximately on a yearly basis.

6.3 Event reconstruction

The data acquisition system records the waveforms provided by the PMTs upon each energy
deposition that triggers the detector. The reconstruction of an event consists of using the de-
tector calibration, explained in Section 6.2, to transform the waveform information provided
by the PMTs into an energy and vertex information.

The DAQ generates binary files that are quickly converted into ROOT [162] files. One of
the main role of the Double Chooz Offline Group Software (DOGS) is to perform a complete
reconstruction process on each event saved in the ROOT data files. DOGS consists of sev-
eral packages, each in charge of different offline tasks, such as analysis, data production or
simulation. The packages related to the latter will be presented in Section 6.4. The pack-
age in charge of event reconstruction is the Common Trunk (CT) which consists of several
algorithms applied on RAW data, i.e. unprocessed ROOT files.

6.3.1 Pulse reconstruction

The event reconstruction starts from the pulse reconstruction whose purpose is to extract
the time and charge information recorded by each PMT. This first step is performed by the
DCRecoPulse algorithm [227].

To better understand each waveform digitized by the FADCs, a trigger with a 1 Hz periodicity
is taken to provide the mean ADC counts of the baseline, Byean, and its fluctuation, B, for
each of the 468 PMTs. The integrated charge of a given event is defined as the sum of the
ADC counts in the integration window of each waveform, once the pedestal, integration of
Binean over the same window, has been subtracted. The time integration window duration has
been set to 112 ns to optimize the charge resolution of a single photoelectron, while its start
time, set as the time when the pulse reaches 20% of its maximum, maximizes the integrated
charge for each channel and each event. For typical events of a few MeVs in the NT, most
PMTs only detect a single photoelectron so in order to reduce noise fluctuations, each signal
is required to satisfy two conditions in order to be accepted: more than 2 ADC units in the
pulse’s maximum bin and an integrated charge ¢ > Bms X +/Ng where Ng is the number
of integrated waveform sample, i.e. 56 for a 112 ns window.

From these corrected digitized waveforms, the charge information is extracted using a sliding
window algorithm that searches for the maximum integrated charge within the whole pulse
while keeping the integration window constant. Although slower than simpler methods based
on fixed integration windows, it is also the most accurate. The time information is provided by
a dedicated algorithm whose output includes the maximum amplitude time, where the pulse
is maximum, and the start time, defined as the time the pulse reaches a fixed or maximum-
dependent value. The algorithm also provides other time-related information, such as the
rise time Tgiart and its spread RMS(Tgiart) over several start times, later used in the neutrino
selection (c.f. Section 6.5).
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6.3.2 Vertex reconstruction

The vertex reconstruction is performed by the RecoBAMA package [228] using an algorithm
based on a time and energy likelihood.
A event, defined as a point-like source of light, can be characterized by:

X = (ZL‘Q, Yo, 20, (I)) (62)

where (zg, Y0, 20) are the Cartesian coordinates of the event position in the detector frame
and ® is the light intensity per solid angle, expressed in photons/sr. The predicted amount
of light p; received at the i PMT and its arrival time ¢; can be obtained by:

tgred. — t0+ﬁ’ (6.4)

with A; accounting for the liquid attenuation such that:

r
A; =exp——, (6.5)
A
A being the attenuation length of the liquid and ¢, its associated speed of light®, r; the dis-
tance between the i'" PMT and the vertex, €; the solid angle of the i*" PMT at a distance 7;
and ¢; its quantum efficiency.

Using these information, the event likelihood is defined as:

LX) =TT f40; 1) TT fq (@) fo (tz‘;tfred';/lz’) ; (6.6)
q:=0

q;>0

the first product accounting for the PMTs that have not been hit, while the second product
goes over the remaining PMTs that have recorded a charge g; at a time t;. The charge term
fq (gi; i) is the probability of measuring a charge g; given an expected charge j; and the time

term f; (ti; tfred'; ,ui) represents the probability of observing photons at t; given an expected

time of ¢¥ "4 and an expected charge p1;. Both probabilities are obtained by simulations and
verified by physics and calibration data.
RecoBAMA then finds the best set of parameters Xy, which maximizes £ (X') or, equiva-
lently, minimizes its negative logarithm:

FX) = —WL(X) ==Y Inf,(g: &)= Y Infi (8 X) (6.7)

q;>0
— F,(X)+F(X). (6.8)

While the reconstruction can be performed using charge-only (Fj) or time-only (F;) infor-
mation, the combination of both components enhances the accuracy and stability of the re-
construction. The precision on the position reconstruction is of the order of 12 cm at 1 MeV
using both the charge and time likelihoods.

5The speed of light in a liquid is defined by ¢, = ¢/n with ¢ the speed of light in vacuum and n the refraction
index of the liquid.
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6.3.3 Energy reconstruction

The accurate knowledge of the neutrino energy spectrum is of crucial importance to perform
a precise measurement of ¢13. Whether when comparing data with simulations (MC) with
one detector only or by comparing the energy spectra observed in both detectors, great care
needs to be taken when reconstructing the neutrino energy.

For each event, the visible energy Eyis, observed in the detector, is reconstructed from the
total number of photoelectrons Ny as:

B = Npo x [0 (p,2) x fiit < fo (ESt) (6.9)
ENC = Noex £21%(p,2) x S % fur (BS) (6.10)

for data and MC events, respectively. The p and z parameters, respectively the radial distance
such as p = /22 + y2 and z the vertical Cartesian coordinate characterize the position of the
reconstructed vertex in the detector frame while t is the time elapsed since the beginning
of the data taking. The presence of these terms shows the non-uniformity of the detector
response throughout the detection volume but also during the data taking. The correction
factors account for uniformity (f,), absolute energy scale (farey ), time stability (fs, only for
data) and non-linearity (f,;, only for MC). EY_ is the visible energy corrected for uniformity
only.

is

The number of photoelectrons Ny can be computed as the sum of the charges detected
by each PMT i such that:

Npe =D ai/9i (4::1). (6.11)

with g;, the integrated charge reconstructed in the i PMT and g;, its gain, being by definition
a charge-to-p.e. conversion factor. The gain, charge and time-dependent, is computed using
calibration data taking into account its non-linearities and time stability. These non-linearity
are due to the limited sampling of the FADCs which can induce a bias of + 1 ADC count in
the baseline subtraction, thus leading to non-linearities in the low-energy regime, where only
a few p.e. are detected. The PMT gains are measured, using calibration data taken with the
IDLI and IVLI systems, as g; = a x 02/u; with p; and o; the integrated charge mean and
standard deviation (RMS) and a a correction factor accounting for the o; dispersion due to
single p.e. and electronic noise. As displayed in Figure 6.11 for a typical readout channel, the
data points are well fitted by a function characterized by three parameters: constant gain at
high charge, non-linearity slope at low charge and a transition point.

Once the gains have been correctly computed and the number of photoelectrons have
been obtained, one needs to account for the position dependence via the uniformity calibra-
tion. The center of the detector, (x=0,y=0,2=0) or (p=0,2z=0), is supposed to be the location
where the detector response is the most uniform because of the symmetries. The uniformity
correction factor f, is applied to a Ny at a given p and z and converts it into an Ny at the
center of the detector. The f, (p, z) function is obtained using 2.2 MeV gamma rays created
upon spallation neutron captures on H in the NT and the GC. This two-dimensional function,
called calibration map, is shown in Figure 6.12 for both data and MC. While the uniformity
correction factor reaches up to 5% in the NT, its associated systematic uncertainty has been
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Figure 6.11: Gain as a function of the integrated charge. The black points are measurements performed
for a typical PMT and the red line is the best-fit (3 parameters) gain function later used in the
reconstruction [75]. The slope at low charges shows the gain non-linearity.

evaluated to be equal to 0.36% from the residual differences between data and MC.
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Figure 6.12: Uniformity correction function of the detector (NT-+GC) using neutron capture on H in
data (left) and MC (right) [75].

To obtain the absolute energy scale, later corrected for non-uniformities, a 2°2Cf source is
placed at the center of the detector. The energy peak of neutron captures on H at 2.2 MeV
provides the absolute energy scale in units of p.e./MeV for data and MC as shown in Fig-
ure 6.13. The energy scale computed for the third and latest Double Chooz publication [75]
is 186.2 p.e./MeV for data and 186.6 p.e./MeV for MC.

The detector response stability has been varying over time since the beginning of the data
taking. By monitoring the PMT gains and the detector response using spallation neutron
captures on H and Gd, as well as a-decays of 2'?Po from Bi-Po processes, a stability factor
can be computed and applied at each energy EY, and each time t, defined as the time elapsed
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Figure 6.13: Energy peak of neutron capture on H for data (black) and normalized MC (red) taken
with a 2°2Cf source deployed at the center of the detector.

since the first deployment of a Cf source in August 2011. The effect of the stability correction
is displayed in Figure 6.14. Since the MC is not affected by time instabilities, this correction
is only applied to data. The systematic uncertainty associated to the detector instabilities is
obtained from the remaining fluctuations and has been evaluated to be 0.50%.
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Figure 6.14: Ratio of the peak energy over its nominal value as a function of time for 22Po « decays
(blue) and neutron captures on Gd (black) and H (red) before (left) and after (right) application of
the stability correction [75].

The last correction taken into account in the energy reconstruction is the non-linearity
correction. It accounts for the MC-data discrepancies due to non-linearities arising from
charge (QNL) and light (LNL). It is thus only applied to MC. The QNL correction is applied
to the visible energy of all events since it is associated with the MC modeling of the elec-
tronics and the charge integration algorithm. On the other hand, the LNL correction, since
it is associated with the particle-dependent scintillator modeling, is only applied to prompt
event, i.e. positron energy deposition. The QNL correction function can be estimated by
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comparing the ratio of the Gd/H capture peak positions using a Cf source between data and
MC. The data points displayed in Figure 6.15 show the discrepancies left after the application
of the QNL correction. To determine the LNL correction function, several MC simulations
were performed with different combinations Birks’ quenching parameter and light yield of
the liquid scintillator within the uncertainties obtained during lab measurements [229, 230].
When a set of these two parameters is found in good agreement with data, it is recorded
and a positron MC simulation is generated. The comparison between this simulation and one
performed with the nominal set of parameters provides the LNL correction function and its
associated uncertainty. The red line in Figure 6.15 shows the agreement between data and
MC after application of the two non-linearity correction functions.
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Figure 6.15: Visible energy ratio between data and MC for various single gammma energies after appli-
cation of the QNL correction (black squares) and after application of the QNL-+LNL correction (red
line). The gray band corresponds to the systematic uncertainty of the correction. [75].

Finally, after the application of all the corrections, a good agreement between data and
MC is found, as shown in Figure 6.16. The figure displays the energy resolutions for data and
MC, expressed as:

0/ Buis = \/a?/ Buis + b2 + ¢/ E2,, (6.12)
where a, b and ¢ are respectively the statistical fluctuation, constant term and energy in-
dependent width due to electronic noise. Table 6.1 summarizes the values of these factors,

obtained by fitting data and MC with the previous equation.

a [MeV1/?) b ¢ [MeV]
Data 0.077 £ 0.002 0.018 £ 0.001 0.017 = 0.011
MC  0.077 £ 0.002 0.018 £ 0.001 0.024 = 0.006

Table 6.1: Parameters of the energy resolution.

The total uncertainty associated to the energy scale, combination of the non-uniformity,
instability and non-linearity uncertainties, is equal to 0.74%.
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Figure 6.16: Comparison of the visible energy reconstructed in data and MC. The black (data) and
red (MC) lines are fits of the energy resolution as a function of the visible peak energy showing a
1 /\/ E (MeV) behavior at first order. The dots correspond to calibration sources while the squares
correspond to neutron captures (spallation or IBD) [75].

6.3.4 Muon tracks reconstruction

As discussed in Section 6.5.1, muons passing through or in the vicinity of the detector induce
several types of backgrounds. Dedicated algorithm, such as the Fused Inner Detector Outer
veto MUon Track reconsTruction [231], or FIDO, have been developed in DOGS to efficiently
detect, tag and track those muons. Using information from the ID, the IV and the OV,
FIDO allows the reconstruction of muons crossing any part of the detector. While, given
their energy, most muons simply travel through the detector, some stop within the detector
(stopping muons), thus creating Michel electrons. The algorithm is able to distinguish between
these two cases and provides track reconstruction uncertainties of the order of 10 em in the
x and y directions for through-going muons intersecting the NT, with the help of the OV.
In the case of stopping muons, the detection of the subsequent Michel electrons provides
reconstruction uncertainties of the order of 14 cm in the x, y and z directions. FIDO is now
used by default in the Common Trunk and provides likelihoods, used to suppress and better
constrain cosmogenic backgrounds. More details about the FIDO algorithm and the muon
reconstruction in Double Chooz can be found in Ref. [232].

6.4 The Double Chooz simulation package

In order to study and optimize the selection cuts used in the data analysis and compare oscil-
lated data with non-oscillated prediction, precise Monte Carlo simulations of the experiment
from the v, generation to the data output are mandatory. The Double Chooz Monte Carlo,
embedded in the DOGS software, is composed of three main packages: the v, generation, the
simulation of all physical processes occurring in the detector and the readout simulation. The
Double Chooz simulation chain is shown in Figure 6.17.

6.4.1 7. generation

The generation of v, is performed by the DCRxtrTools package [233]. For each data file
recorded at a given time corresponds a simulation file, taking in consideration all the infor-
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Figure 6.17: Sketch of the Double simulation chain. The goal of the complete simulation is to produce
simulation files comparable to data files.

mation related to the current status of the reactors, such as power and fuel composition.
This information is combined with an oscillation probability to produce an expected neutrino
rate and its corresponding interactions in the detector. As do NuMC and SuperNustradamus
(c.f. Section 4.3.1 and 4.3.2), DCRxtrTools simulates an IBD interaction by generating a
(e",n) pair in the detector with the correct energy and momentum distributions. Note that
the choice of the IBD cross section used in DCRxtrTools (Vogel and Beacom) does not yield
significant discrepancies, the neutrino energy being limited to less than 10 MeV. The list
containing all the pairs is then fed into the next package of the simulation chain.

6.4.2 Detector response simulation

The role of Double Chooz detector simmlation package DCGLG4sim [234] is to simulate

generic GEANT4 [161] simulation software derived from KLG4sim, and has been modified
to fit the needs of the Double Chooz experiment. It encompasses detector properties such as
geometry (Figure 6.18), liquid precise composition, optical properties and material reflectivity.
DCGLG4sim runs on the 9.2.p02 version of GEANT4 [235] with custom models of neutron
scattering, radiative neutron capture, scintillation and photocathode surface.

The (e ,n) pairs generated by DCRxtrTools are simulated in DCGLG4sim and the light
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Figure 6.18: Left: Main volumes of the Double Chooz detector visualized in DCGLG4sim. Right:
Visualization of the placement of the ID and IV PMTs in the simulation. Pictures generated with
DCGLG4sim and extracted from [234].

emitted upon their energy deposition is propagated as far as the PMTs. Once the photons
reach the photocathodes, a photoelectron might be produced, depending on the quantum
efficiency of each PMT and the response homogeneity of its photocathode. Once the number
of p.e. generated in each PMT has been computed, the event is recorded and the simulation
goes on. At the end of a DCGLG4sim simulation, the simulation file containing all the p.e.
information of each event is fed into the final step of the Monte Carlo simulation: the readout
simulation.

Note that, in order to characterize the simulation and better understand backgrounds,
physical interactions other than IBD events can be simulated. For instance, DCGLG4sim
includes a set of generators used to simulate radioactive sources such as the ones described
in Section 6.2.2. Cosmogenic isotopes, muon interactions and external radioactivity can be
studied as well.

6.4.3 Readout simulation

The readout simulation package, DCRoSS [236], intends to simulate the complete electronics
readout chain from the PMTs to the FADCs. The PMT response to each p.e. is simulated
with respect to the PMT’s gain and collection efficiency, and, based on measurements, a
waveform is produced. Additional effects such as dark noise, offsets and fluctuations are
taken into account in the waveform generation to predict dispersion effects. Each waveform is
then amplified and digitized such that the electronics response simulated in DCRoSS agrees
within 1% with the actual data. The output format of DCRoSS is identical to the format of
data files provided by the DAQ. Both files can be sent to the Common Trunk, DCCT, so that
the reconstruction algorithms (c.f. Section 6.3) can be applied similarly to data and MC.
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6.5 Data analysis

In order to perform an oscillation fit as presented in Section 6.6, the detected v, events have
to be selected. With an average trigger rate of 300 Hz and an expected neutrino rate of about
50 7, .d~! and 300 7, .d~! in the far detector (FD) and the near detector (ND) respectively,
great care is taken to reject backgrounds and select a sample of 7, as pure as possible (c.f.
Section 6.5.3). Nonetheless, the selection of 7, candidates extracted from the data samples,
described in Section 6.5.2 still contains an amount of irreducible backgrounds, indistinguish-
able from true 7, events. The study of these backgrounds is presented in Section 6.5.1.

6.5.1 Backgrounds

Several types of backgrounds have been observed in Double Chooz and are carefully studied.
The main background, in terms of trigger rate, is the light noise caused by the PMTs. How-
ever, since it doesn’t originate from a physical event and can be efficiently rejected, the light
noise background is not accounted for in the oscillation analysis. Since a small fraction of the
remaining correlated and accidental backgrounds cannot be reduced by the neutrino selection
cut, their rates and spectral shapes are taken into account in the oscillation analysis.

Light noise

Upon switching on the far detector, an important rate of unexpected background events had
been observed. This background, known as light noise, is caused by random spontaneous
light emissions from the bases of some PMTs. The impossibility of optically shielding the
PMT bases in the far detector to reduce this background led to the development of several
rejection techniques. A light noise event being caused by the glowing of a single PMT, its
signature is mainly localized to one PMT with some propagation to its closer neighbors. This
typical distribution of detected light is spread less homogeneously across the detector than
for physics events. The strategy to reject light noise events has been presented in Ref. [170]
and relies on both charge and time of the PMT signals, as presented in Section 6.5.3.

Accidental background

The random coincidences caused by two valid triggers that satistfy the IBD selection cuts
are referred to as accidental background. Usually the association of a prompt trigger from
natural radioactivity and a delayed trigger from a spallation neutron capture, an accidental
coincidence is composed of two random events and is thus considered as an uncorrelated
background. Without the existence of a correlation between the two events, the accidental
background can be strongly reduced by applying distance and time separation cuts. However,
a small component of accidentals remains in the data set of 7, candidates and the rate and
energy spectrum of these events has to be estimated.

To do so, an off-time window analysis is conducted, in which the delayed event is not looked
for upon the prompt event but long after, typically of the order of 1 s. This method removes
correlations between the two events and provides a high statistic of fake accidental events (the
number of windows opened for each prompt candidate) thus allowing a precise measurement
of the rate and energy spectrum of the accidental background.

The rates of accidental background measured in the n-H and n-Gd datasets are summarized
in Table 6.2.
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Cosmogenic background

The main background of the Double Chooz experiment, upon rejection of light noise, is the
correlated cosmogenic background. The spallation of muons on *2C atoms within the detector
volume creates radio-isotopes such as ?Li and ®He%. Though this muon is most likely to be
tagged and vetoed, these cosmogenic isotopes have lifetimes of the order of hundreds of ms
and their decays therefore escape the veto applied after the incoming muon detection. Their
decays lead to the emission of electrons, alphas and neutrons and can thus mimic an IBD
event. For instance, the 257 ms lifetime of "Li, its Q-value at 13.6 MeV and the subsequent
emission of o’s and neutrons from its daughter nucleus ?Be is indistinguishable from a neutrino
interaction. Tremendous efforts have been dedicated to the detection and simulation of this
background [237, 238]. The prompt energy spectrum of cosmogenic background, measured
in the n-Gd dataset, and its simulation performed by considering additional branches of the
[3-decay chain, are displayed in Figure 6.19.

The rate of cosmogenic backgrounds measured in the n-H and n-Gd datasets is summarized

in Table 6.2.
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Figure 6.19: Prompt energy spectrum of cosmogenic background. Black points show the data mea-
sured. The red histogram shows the normalized MC simulation, including only ?Li, and its uncer-
tainty [75].

Fast neutrons and stopping muons

Muons passing nearby the detector can generate fast neutrons via spallation. If not discarded
by the muon veto cut, these neutrons can enter the detector volume and induce proton recoils
before being thermalized and finally captured. These two signals, correlated in time and space,
are hardly distinguishable from IBD events. However, this background being distributed over
a broad energy range, it can be estimated by searching high energy prompt events in a range
where the reactor component is negligible.

In some cases, muons can enter the detector through the loosely-instrumented chimney and
interact in the inner detector without being tagged. Although most of these muons will
deposit a significant amount of energy and be therefore rejected, some might loose enough

5These two isotopes showing similar behaviors, we will now focus on °Li only since it represents the main

contribution.
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energy to pass the prompt event selection cut. These muons will then decay thus emitting a
Michel electron and mimicking a delayed neutrino event. This correlated background events
are referred to as stopping muons.

The combined energy spectrum of fast neutrons and stopping muons has been measured over
the energy range of interest for the Double Chooz analyses and is respectively fitted by a
linear flat function and an exponential function in the n-Gd and n-H analyses.

The rate of fast neutrons and stopping muons background measured in the n-H and n-Gd
datasets is summarized in Table 6.2.

Background | n-Gd rate (d71) n-H rate (d71)
Accidental 0.0701 + 0.0054 | 4.334 &+ 0.007 (stat) £ 0.008 (syst)
Cosmogenic 0.987014 0.9570:37

Fast-n + stop-p | 0.604 £ 0.051 1.55 + 0.15

Table 6.2: Summary of the background rates measured in the n-Gd and n-H datasets [239, 240].

6.5.2 Data samples

The Double Chooz far detector has been continuously acquiring data since April 13, 2011.
The first two publications [26, 241] reported measurements of 613 using respectively 101.5
days and 251.3 days of data taking. The following section is dedicated to the data analysis
performed for the third Double Chooz publication [75] which encompasses 467.9 days of data
taking. During this period, several reactor configurations have been observed, including two
periods, of respectively ~1 and ~6 days, during which both reactors were shut down. The
analysis of the v, candidates observed during this period is of crucial interest to understand
intrinsic detector backgrounds and has been the subject of a dedicated publication [242].
Since Double Chooz proved its ability to select v, events with neutron capture on H, the data
analysis performed on a data set based on neutron captures on H will be presented as well.
This dataset encloses 462.7 days of data taking.

Finally, since the commissioning of the near detector is not achieved at the moment, its data
has not been officially released yet. Nonetheless, I will present the results of preliminary data
analyses I performed with the limited number of physics runs that have been processed. Since
the accidental background cut, discussed in Section 6.5.1, has not been implemented in the
ND data yet, only 7, events leading to neutron captures on Gd will be analyzed.

To sum up, the three following data sets will be presented:

o n-Gd (FD): Neutrino selection based on the observation of neutron captures on Gd in
the far detector target.

o n-H (FD): Neutrino selection based on the observation of neutron captures on H in the
far detector target and gamma catcher.

o n-Gd (ND): Neutrino selection based on the observation of neutron captures on Gd in
the near detector target.

Unlike the n-Gd analysis, restricted to the target volume, the n-H analysis extends to
the boundaries of the gamma catcher. Although this enlargement of the fiducial volume
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yields to an increase of the IBD rate by a factor of ~1.8, an increase of the background
rate is expected in the n-H analysis as well, the gamma catcher being less shielded from the
external background than the target. The discrepancy between the fast neutrons spectral
shapes in both analyses shows the effect of this reduced shielding. Similarly, given the higher
interaction rate observed in the low energy region of the spectrum, an increase of the accidental
background is expected in the n-H analysis, looking for a delayed event around 2.223 MeV.
This increase is accentuated by the enlargement of the coincidence window applied to select
IBD pairs in the n-H analysis. To palliate these issues, different selection cuts have to be
applied in both analyses, as explained in Section 6.5.3. The discrepancies between the n-Gd
and n-H background rates displayed in Table 6.2 is explained by the fiducial volume increase
as well as the difference of selection cuts.

6.5.3 Neutrino selection

The neutrino selection is based on several cuts that have been added and improved over time.
While several of these cuts are dependent on the data sample and differ for n-Gd and n-H
analyses, they are all applied on pre-selected events called valid triggers.

Valid triggers selection

A wvalid trigger is defined as an event not tagged as a random trigger, a muon event or a
light noise event. Furthermore, its visible energy is required to be above 0.4 MeV, where the
trigger efficiency reaches 100%. Finally, in order to reduce the correlated and cosmogenic
backgrounds due to muon spallation, a veto of 1000 us (1250 us for n-H) is applied after each
event identified as a muon. No valid trigger can be accepted within this veto duration.

As explained in Section 6.3.1, periodic triggers are sent with a frequency of 1 Hz to measure
the baseline and dispersion of the PMTs’ response. Such a trigger is an unphysical event and
is therefore not considered a valid trigger.

An event is considered a muon if it deposited a total charge in the IV larger than 30,000 charge
units (~16 MeV) or if its visible energy in the ID is above 20 MeV.

To be tagged as light noise, an event needs to fulfill specific charge and time criteria. The light
noise emitted by a PMT, being detected at first in said PMT, will induce very inhomogeneous
PMT responses. The emitting PMT and its neighbors detect a faster and much more intense
signal than the rest of the PMTs, an effect one can quantify by observing the pulse of each
PMT, their start time spread RMS(Tstart) and charge spread RMS(Q). A trigger satisfying
all the following criteria is not considered a light noise event and is consequently kept as a
valid trigger:

o Max(Q)/Total(Q) < 0.12
e Qai < 30000 charge units

o RMS(Tstart) < 36 or RMS(Q) < 464 - 8xRMS(Tstart),

with Max(Q) the highest charge received by a PMT, Total(Q) the total charge recorded by
all PMTs for the event and Qg;g a variable built to assess the charge spread between the PMT
receiving Max(Q) and its neighbors within a 1 m radius sphere. The Max(Q)/Total(Q) and
the Qgif cuts reject events whose charge distribution is strongly inhomogeneous, a character-
istic of light noise events. The effect of the RMS(Tgtart) cut is displayed in Figure 6.20.
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Figure 6.20: RMS(Q) as a function of RMS(Tstart). The light noise charge cuts have already been
applied. The black line represents the cut separating the physics region (left) and the light noise region
(right). The respective location of these two regions is known via the use of calibration sources and
MC simulations. Figure taken from [170].

After selecting valid triggers only, the IBD selection cuts can be applied.

n-Gd selection and results

The n-Gd analysis with the far detector only is based on a data sample having a live time
of 460.67 days with at least one reactor in operation and 7.238 days with both reactors shut
down. The observed and expected v, rate during this period are displayed in Figure 6.21.
The selection cuts that lead to the observation of this rate will now be described.

T T T
DC-IIl (n-Gd) Preliminary - Expectedv rate

Average Rate: 37.10.3 day™*

Measured candidates rate
MC Average Rate: 37.5:0.0 day™

Neutrino Candidates Rate (day™)

Day

Figure 6.21: Rate of v, candidates per day for the n-Gd analysis. The observed rate is shown in empty
black squares and the expected rate, from MC predictions, is displayed in dashed blue lines. Several
periods with only one reactor operating have been observed along with two periods with both reactors
shut down (at day ~190 and day ~415).

Prompt event The prompt event corresponds to the energy deposition of the positron,
via ionization and annihilation, in the liquid scintillator. The positron energy being closely
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related to the neutrino energy as presented in Eq. 4.3, valid at reactor energies, the energy
cuts to apply on the prompt event directly depend on the 7, energy spectrum. Although
the minimum visible energy deposited by a positron is 1.022 MeV, from its annihilation, the
visible prompt energy is allowed to vary within an energy range such that:

e 05 < FEyis < 20 MeV.

The lower cut allows to record low energy background events, later used to help constrain
the shape of the total background, while still in the 100% trigger efficiency range. The upper
cut has a similar purpose in the high energy region, where no neutrino signal is expected but
only correlated background is present. Recent studies have been performed [243] to possibly
raise this upper limit to 100 MeV and further constrain the correlated background.

To reduce the muon-induced background as much as possible, one has to make sure that
the prompt event is not in fact a muon-induced event such as a neutron whose capture would
lead to a coincidence, hardly distinguishable from an IBD event. To do so, several veto cuts
are applied on the prompt event.

First of all, a prompt event is rejected if it has occurred at the same time as a consequent
energy deposition in the IV. The IV being subjected to a larger background than the ID, this
energy deposition is defined by the following criteria:

IV PMT multiplicity < 2

Qrv > 400 charge units (~0.2 MeV)

ID-1V space coincidence: Ad < 3.7 m

ID-IV time coincidence: At < 50 ns

The IV PMT multiplicity corresponds to the number of PMTs that received a signal and Qrv
is the total charge received in the IV. The ID-IV time and space coincidences correspond to
time and spatial difference between the prompt event, reconstructed in the ID, and the energy
deposition in the IV.

The second cut aims at reducing the background induced by cosmogenic isotopes such as ?Li
and “He. A likelihood function taking into consideration the spatial correlation between the
event and the track of the last muon that crossed the detector, as well as the multiplicity
of the spallation neutrons it induced, is computed on an event-by-event basis. The value
returned by the likelihood function assesses the probability of observing a cosmogenic event.
Prompt events satisfying the condition:

e 91 likelihood < 0.4

are kept.

Finally, a prompt event is rejected if it occurs in coincidence with an OV trigger. Since the
OV has not been active for the full duration of the data taking, this cut is only applied for
prompt events detected during periods with an OV activity. In this n-Gd sample, 27.6% of
the data has been recorded with a full OV, 56.7% with only the lower two layers and 15.7%
without an active OV.
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Delayed event Similarly to the prompt event, the delayed event is selected with respect
to its energy. However, since the expected energy deposited upon a neutron capture is well
known, the selection energy window is smaller. Since a neutron capture on Gd releases an
~8 MeV gamma cascade, the visible energy of a delayed event must satisfy:

e 4 < Eys < 10 MeV,

The upper limit of the selection windows has been fixed to contain most of the delayed re-
constructed energies, including energy resolution smearing. The lower limit has been set to
maximize the detection efficiency and recover delayed events whose Gd cascade was not fully
contained in the active volume of the detector.

The last cut to apply on the selection of delayed events is the Functional Value (or FV) cut.
The FV variable is provided by RecoBAMA and corresponds to the minimum of the negative
log-likelihood function shown in Eq. 6.8. While the value of FV is small when reconstructing
point-like energy depositions, it increases for broader and more irregular energy depositions
such as stopping muons and light noise. The condition a delayed event has to fulfill to be
accepted is:

o Eyis > 0.068 x ef'V/1:23,

Figure 6.22 illustrates the effect of the FV cut on delayed events. Three regions are clearly
highlighted, corresponding to IBD events, stopping muons and light noise, in order of increas-
ing functional values.

Visible Energy (MeV)

10
Fy

Figure 6.22: Correlation between the functional value and the visible energy for pre-selected delayed
signals. Blacks points represent the data points before the application of the FV cut. The events
rejected by the cut are encircled in red [75].

Coincidence The correlation between the prompt and delayed events of an IBD interaction
is one of the main source of background reduction. The spatial and time distributions of
the neutron thermalization and capture determine the coincidence cuts in the analysis. As
previously shown in Figure 4.15 (left), a vast majority of thermal neutrons are captured
within 100 em of their thermalization point in a Gd-loaded liquid such as Double Chooz’s.

159



CHAPTER 6. MEASUREMENT OF 6,3 WITH DOUBLE CHOOZ

The increase of the capture cross section brought by the addition of Gd also modifies the
neutron capture time, equal to 30 us in the target. From these correlations, the coincidence
selection cut on the time and space separation of the prompt and delayed events has been set
to:

e 0.5 < AT < 150 ps
e AR < 100 cm

The lower AT cut has been lowered from 2 us in previous analyses to its current value of
0.5 ps, due to the reduction of the stopping muons component thanks to the FV cut. The
upper AT has been set to enclose almost 100% of the IBD signals while being optimized to
reject accidental background.

Multiplicity The goal of the multiplicity cut is to isolate the pairs of prompt and delayed
events from other energy depositions. The implementation of vetos before and after the
prompt event allows the rejection of correlated backgrounds, such as fast neutrons, usually
generated in bunches by muon spallation. The multiplicity cut conditions are as follows:

e No valid trigger allowed in the 200 us preceding the prompt event

e Only one valid trigger (the delayed event) allowed in the 600 us following the prompt
event

Results After applying the cuts previously described, the n-Gd neutrino dataset includes
17,351 candidates detected during periods of reactor activity and 7 candidates detected dur-
ing the simultaneous shutdown of the two reactors, for a total of 17,358 neutrino candidates.
The prompt and delayed energy spectra of these neutrino candidates are displayed in Fig-
ure 6.23. The delayed spectrum, whose shape is not affected by the 613-driven oscillation, is
compared to its MC prediction and both are found in agreement, the remaining discrepancies
being caused by non-linearities (c.f. Section 6.3.3). The comparison between the prompt
energy spectrum of the 7, candidates and its prediction will be developed in Section 6.6.

Figures 6.24 and 6.25 show the vertex distributions of the prompt and delayed events,
respectively. The n-Gd selection being based on neutron captures on Gd, only captures
occurring in the target are observed. However, in some cases, a prompt event can occur
in the gamma catcher, close to the target, thus leading to the detection of its associated
delayed event in the target. These events, referred to as spill-in events’, have been thoroughly
studied [244, 245].

n-H selection and results

The n-H analysis with the far detector only is based on a data sample similar to the n-Gd
sample with a live time of 455.57 days with at least one reactor in operation and 7.15 days with
both reactors shut down. The observed and expected 7, rate during this period is displayed
in Figure 6.26. The higher neutrino rate is due to the larger number of n-H interactions, the

7As opposed to spill-out events, where a prompt event is detected in the target and its associated delayed
event occurs in the gamma catcher.
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2000 T T T T T T
[ DC-lll (n-Gd) Preliminary

y (cm)

1500

1000,

500

-500,

Ll i NN
-
o

-1000,

-1500,

o
L B B B L L B L B AL B

o b b b b b b b

- 0
20—%%00-1500 -1000 -500 O 500 1000 1500 2000
x (cm)

rg :\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\j 14
E 2000

N . . . b 12
7: 10
o E{ 8
1 s
1
2
-2000— DC-lll (n-Gd) Preliminary 0
bl b e b e L L 3x10°

0 500 1000 1500 2000 2500 3000 3500 4000

p2 (mm?)

Figure 6.24: Prompt event vertex distributions of the n-Gd 7, candidates in the (X,Y) plane (left) and
in the (p2,Z) plane (right), with p?> = X2 + Y2. The black solid lines delimit the target and gamma

catcher vessel boundaries.

target and the gamma catcher liquids being both potential targets for the neutron capture
with respective H to Gd capture ratios of 14.7:85.3 and 100:0. The selection cuts between
n-Gd and n-H are very similar but additional cuts have been introduced for n-H given the
large background its energy region is subjected to.
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Figure 6.25: Delayed event vertex distributions of the n-Gd 7, candidates in the (X,Y) plane (left)
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Prompt event The prompt energy selection cut being directly dependent on the neutrino
energy, it does not differ significantly from the n-Gd analysis and a prompt event visible
energy must be observed within:

e 1.0 < FEyis < 20 MeV.

The lower prompt energy cut has been set to 1.0 MeV to exclude the signal peaking at 0.5 MeV
created by the loss of one annihilation photon in the buffer volume.

The IV cut does not differ significantly as well and the simultaneous energy deposition in
the IV leading to the rejecting of the prompt event must meet the following criteria:

e IV PMT multiplicity < 2
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e Qv > 400 charge units (~0.2 MeV)
e ID-IV space coincidence: Ad < 3.7 m

e ID-IV time coincidence: At < 50 ns

While the OV and °Li-likelihood cuts are similar to the n-Gd analysis, an additional
cut [246] has been introduced to further reduce the fast neutron background. This cut, called
MPS cut (Multiple Pulse Shape) and applied to the prompt event, is based on the pulse shape
analysis of the events. Recording the waveform of all PMT signals with a 2 ns binning allows
the observation of early proton recoils in a small number of PMTs before the final interaction
of the fast neutron. To do so, the start time of all pulses are measured (c.f. Figure 6.27),
corrected for the light flight path, and plotted to form the overall pulse shape (PS) of the
event.
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Figure 6.27: Waveform of a single PMT signal. The green line represents the pedestal, the dashed blue
line represents the fit to the pulse edge and the red dot, intersection of the two latter lines, corresponds
to the pulse start time.

Pulse shapes for a typical IBD event and a fast neutron are shown in Figure 6.28. In
the latter, the cluster of start times is shifted from zero and the PS displays pulses arising
from early proton recoils. For each PS, the highest peak is fitted with a Gaussian function
of mean, m, and width, ¢. The initial position of the PS, depicted by the red vertical line
in Figure 6.28, is defined as m — 1.80. Tests performed with a y-emitting °°Co source show
that all source events are contained within the first 5 ns of the distribution between the first
hit and the initial position of the PS, refered to as “shift”.

As explained in Ref.[247], the positron is likely to form ortho-positronium (oPs) in some
IBD events. The positron energy deposition followed by the oPs decay (1.022 MeV) yields
to the double peak structure in the PS of the event, depicted in Figure 6.28 (right). For
low-energy events (Eyis <2 MeV), the first peak is smaller than the second one and the event
is considered as a fast neutron, its shift being larger than the cut value fixed at 5 ns. These
events are recognized as double-peaked oPs (oPs tag) and rejected from the fast neutron
selection.

A prompt event satisfying one of the following criteria is considered originated from a fast
neutron and subsequently rejected:
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Figure 6.28: Pulse shapes as a function of start time per 2 ns for a typical IBD event (left), a fast
neutron (center) and an IBD o-PS event (right). Red curves are the Gaussion functions used to
determine the initial PS initial positions, represented by the red vertical lines. Blue curves on the
right plot are fits using the oPs algorithm.

e Eis <3 MeV and APS > 5 ns

e 1.2 < Eyis < 3 MeV and APS > 5 ns and no oPs tag
with APS the MPS shift, i.e. the time interval between the first hit recorded in the waveform
and the time corresponding to 1.8¢ left of the highest peak in the hit time distribution.
Delayed event The neutron capture on H leads to the emission of a 2.2 MeV gamma ray.
In order for an event to be a considered a delayed event, it has to fulfill:

e 1.3 < Eys < 3 MeV.

This energy range encloses most of the reconstructed energy depositions upon neutron cap-
ture on H, while rejecting some low energy radioactivity background. However, the biggest
contributions to accidental background, the “°K and 2Tl gamma lines at 1.461 MeV and
2.615 MeV respectively, are not rejected using this cut.

For the n-H analysis, an IV cut is applied on the delayed event as well to further reduce
the fast neutron background. The criteria of this cut are the same as the criteria for the
prompt event.

The FV cut helps reducing the stopping muons component in the n-H analysis as well.
Nonetheless, the criteria are different and only delayed events satisfying;:

o FEiis > 0.2755 X eFV/2.0125’

are kept as potential candidates.

Coincidence A coincidence between a prompt and a delayed event is accepted as such if:
e 0.5 < AT < 800 us
e AR < 120 cm.

The increase of the values with respect to the n-Gd analysis comes from the longer mean
neutron path before capture on H, as well as the longer capture time on H (~200 us), both
directly related to the neutron capture cross section on H.
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Multiplicity The multiplicity cut for the n-H analysis has been extended and is now defined
as follows:

o No valid trigger allowed in the 800 us preceding the prompt event

e Only one valid trigger (the delayed event) allowed in the 900 us following the prompt
event

Accidental reduction The higher accidental background of the n-H analysis led to the im-
plementation of more elaborated selection criteria. The ANN (Artificial Neural Network) [248]
cut has been developed to reject accidental background using a multivariate analysis based on
an artificial neural network, the Multi Layer Perception network with Back Propagation from
ROOT’s TMVA package. Using the delayed energy Eq and the time and space separation AT
and AR as inputs to generate a single output parameter in the range -1.2 to 1.2, the neural
network was trained using a Monte Carlo sample of IBD signal events and a background
sample of accidental background events, measured using an off-time window analysis. After
this training, a data sample was used to test the neural network. This sample was selected
using the following pre-selection cuts: 1.3 < Egq < 3 MeV, AR < 150 cm and 0.5 ps <
AT < 1000 ps. The output of the ANN is not impacted by the choice of pre-selection cuts.
The output of the ANN being expressed in arbitrary units, the ANN cut rejects prompt and
delayed candidates satisfying the following criteria:

¢ ANN output < -0.23.

For comparison, before the implementation of the ANN cut, the signal over background ratio
of the n-H analysis was of the order of 1.4 while, with the ANN cut, it has reached 11.9 with
looser cuts. The results of the ANN for several distributions of signal and accidental back-
ground are displayed in Figure 6.29. The difference between data and accidental background
is in very good agreement with the Monte Carlo signal.
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Figure 6.29: Output of the ANN classifier for several distributions: signal MC (light blue), accidental
background (red), data (dark blue) and accidental subtracted data (black points). The ANN cut, set
at -0.23, yields to a ratio “signal MC/accidental” of ~15 [248].
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Results After applying the cuts previously described, the n-H neutrino dataset encloses
31,835 candidates detected during periods of reactor activity and 63 candidates detected dur-
ing the simultaneous shutdown of the reactor, for a total of 31,898 neutrino candidates.

The prompt and delayed energy spectra of these neutrino candidates is displayed in Fig-
ure 6.30. While, as expected, the prompt energy spectrum exhibits a shape similar to that
of the n-Gd analysis, the delayed energy spectrum now shows the energy peak of neutron
captures on H at 2.2 MeV.
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Figure 6.30: Left: Prompt energy spectrum of the n-H candidates. Right: Delayed energy spectrum
of the n-H candidates for v, candidates (black dots) and MC prediction (red line).

Figures 6.24 and 6.32 show the vertex distributions of the prompt and delayed events,
respectively. The n-H selection being based on neutron captures on H, captures occurring in
the target and gamma catcher are taken into account. However, given the high capture cross
section of Gd, about 85% [184] of the neutron captures in the target occur on Gd. Combining
this Gd capture yield with the fact that the gamma catcher is twice as large as the target
leads to an expected fraction of n-H captures occurring in the gamma catcher equal to 95%.

Near detector selection and results

In this section, I will present the analysis I performed on the near detector data. The detector
has not been calibrated yet and is still in commissioning hence, the results presented hereafter
are still very preliminary and should be looked upon with great care.

Data sample The near detector started its official data taking on Tuesday 23"¢ December
2014. The processing of its data taken since then has only started in June 2015, after asserting
the detector’s stability and smooth operation. However, in order to check the quality of the
data taking, two 1-hour long runs were processed each day to be later analyzed. The data
sample used for the following analysis encloses all the events recorded during these 292 runs,
for a livetime roughly corresponding to 12 days. Furthermore, most of the data sample were
recorded during a maintenance of the B2 reactor.
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Figure 6.31: Prompt event vertex distributions of the n-H 7, candidates in the (X,Y) plane (left) and
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Figure 6.32: Delayed event vertex distributions of the n-H v, candidates in the (X,Y) plane (left) and
in the (p?,Z) plane (right), with p? = X2 + Y2,

Several of the reconstruction and background rejection algorithms have not been applied yet
to the near detector’s data, including the ANN cut described in Section 6.5.3. This cut allows
a powerful rejection of accidental events, main background of the n-H analysis, and its absence
leads to a signal over background ratio close to 1. Hence, I decided not to show the results
of my data analyses with n-H.
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Selection cuts As stated earlier, the near detector has not been calibrated yet. There is
no known equivalence between the charge observed by the ID PMTs and the deposited energy
it originates from. In order to obtain a rough energy scale for the selection cuts, I isolated
a known energy peak and extracted its charge. The most frequent and easy to tag source of
monoenergetic gamma rays is the capture of spallation neutrons on hydrogen. By selecting
only events occuring within 1000 us after a muon and applying basic light noise selection
cuts, I obtained the energy spectrum displayed in Figure 6.33. The n-H peak at 2.2 MeV is
well fitted by a Gaussian function with a mean of 76,000 charge units. The conversion factor
expressing visible energy as a function of the observed charge is approximately 34,000 charge
units/MeV. This factor has been applied to every visible energy value in the following analysis
without accounting for the position in the detector such as explained in Eq. 6.10.
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Figure 6.33: Energy spectrum of the spallation neutron capture occuring after muon events expressed
in charge units. The hydrogen capture peak is fitted by a Gaussian function (red) and the peak at
275 x 103 charge units represents the captures on Gd at ~8 MeV.

The selection cuts applied to the analysis of the near detector’s data are looser than the
far detector’s cuts. The detector still being in a commissioning phase, several background
analyses have not been conducted yet and the definition of light noise or muon events is not
finalized yet. While the following cuts allow an efficient neutrino selection, they are not fully
optimized and the results that will be presented encompass background events that can and
will be rejected in forthcoming analyses.

The bases of the near detector’s PMTs have been covered with black vinyl sheets to
prevent the emission of light noise. Nonetheless, events having light noise characteristics have
been observed in the near detector’s data [249], though with a much lower frequency. A cut
is thus applied to every valid trigger in order to reject a large majority of this unexpected
background. An event satisfying:

o Max(Q)/Total(Q) > 0.12,

is considered a light noise event and consequently rejected.

The selection cut on the prompt and delayed energies is similar to the one applied on the
far detector’s data:
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e 0.5 < Eys(prompt) < 20 MeV
e 4 < Fys(delayed) < 10 MeV.
The coincidence cut:
e 0.5 < AT < 150 us
and the multiplicity cut:
e No valid trigger allowed in the 200 us preceding the prompt event

e Only one valid trigger (the delayed event) allowed in the 600 us following the prompt
event

used for the far detector’s n-Gd analysis have been applied as well.

Finally, in order to discriminate stopping muons and possible high energy light noise
events, a functional value cut is applied such that:

° Evis > 0.059 x eFV/1~2

Given the average muon rate of 245 Hz observed in the near detector [250], in comparison
with the 45 Hz far detector’s muon rate, the F'V cut is safely applied to both prompt and
delayed events.

The preliminary selection cuts I applied are common to several analyses performed with
the near detector’s data [251, 252] and the following results are in agreement with these
analyses.

Results After applying the cuts previously described, the near detector’s n-Gd neutrino
dataset encloses 1883 candidates during its ~12 days duration. The average number of v, de-
tected each day is thus ~160 7..d~!, in agreement with the expected rate of ~300 7..d !
after selection cuts and considering the shutdown of the B2 reactor.

The prompt and delayed energy spectra of these neutrino candidates is displayed in Fig-
ure 6.34. Their time and spatial separation is shown in Figure 6.35. Figure 6.36 shows the
vertex distributions of the prompt event in the detector. No comparison with the MC is
shown since it has not been generated yet.

A directionality measurement has been performed on the neutrino candidates enclosed in
this dataset, as presented in Section 5.3.3.

6.6 Oscillation parameters determination

The oscillation fit performed to determine the value of 813 consists of a comparison between the
v, candidates and a prediction, including backgrounds, computed in the absence of neutrino
disappearance. The observation of a deficit of detected events can be interpreted as a 6;3-
driven oscillation. The oscillation fit is performed with two complementary methods: the
Reactor Rate Modulation (RRM) and the Rate+Shape (R+S).
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6.6. OSCILLATION PARAMETERS DETERMINATION

6.6.1 Reactor Rate Modulation Analysis

The RRM analysis is based on a fit to compare the number of 7, candidates with the predic-
tion, depending on the number of operating reactors and their respective thermal powers [253].
Given the simplicity of the Double Chooz layout, there are three main well known reactor
configurations, as presented in Section 6.1.2. The expected neutrino rate within each of these
scenarios can differ due to the baselines and possible reactor operations at low power. Con-
sequently, the data set is divided into seven bins as a function of the reactor power: one bin
for the (2-Off) period, three bins for the (1-On,1-Off) periods and three bins for the (2-On)
period (c.f. Figure 6.37 (left)).

Three sources of systematic uncertainties are taken into account in the RRM analysis:
the IBD signal detection efficiency (c4=0.6%), the residual v, prediction (¢,=30%) and the
reactor flux prediction (0,=1.73% at full power and 0,=1.91% otherwise). These three un-
certainties are then injected in the RRM’s x? defined as follows:

2
6 (qus — R?Ip — B) Nobs
2 _ ¢ v b of f exp b
=) (o 2| Nogy > In e o Nogy = Nogj
i=1 i )
B — Bexp 2 2 2 2
L BB a6 (6.13)
Ubg 0q Oy Oy

where Rg’bs and R;"" are respectively the observed and expected rates per bin, B and B®P

are respectively the observed and expected background rate, N gfbjc and Nj¢% are respectively
the observed and expected number of 7, candidates during the (2-Off) period. o' accounts
for the statistical uncertainty and the “e/o” terms constrain the systematic uncertainties to

the fit parameter. The expected rate R;"? carries the 613 information.

Minimizing this x2, the best value for sin? 2013 with the n-Gd data set is found at:

sin” 2613 = 0.0907) 532, (6.14)
with a background rate of 1.56f8&§ d=!. The allowed regions on the background rate and

sin? 2613 plane are shown in Figure 6.37 (right).

One can perform a RRM analysis without the background constraint brought by the
exr 2
(B_J# term on Eq. 6.13, hence providing a 613 measurement independent of a background
bg

model. Doing so, the best fit value for sin? 26,3 becomes:

sin? 2613 = 0.060 = 0.039, (6.15)

with a background rate, treated as a free parameter, of 0.93f8:§2 d—L

The (2-Off) period was a unique opportunity for Double Chooz to measure and constrain
backgrounds as reported in Ref. [242]. To estimate the impact of the data taken during this
period, one can perform a RRM analysis without taking it into account thus removing the
second term of Eq. 6.13 from the x? minimization as well as the first bin of Figure 6.37 (left).
In this case, the best fit of sin? 26,3 worsens and becomes:

sin? 26,3 = 0.089 4 0.052, (6.16)
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Figure 6.37: Left: Correlation between the observed and expected v, rates for different reactor powers.
The null hypothesis (no oscillation) is displayed with the black dashed line. The best-fit to the data
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Right: Contour plot (sin?26;3,B) and Ax? behavior at 68.3%, 95.5% and 99.7%.

with a background rate, treated as a free parameter, of 1.56+0.86 d~'. While the three RRM
fits lead to similar sin? 2613 values, within error bars, the consideration of the (2-Off) period
brings a precious constraint on the backgrounds and on 613.

The RRM analysis has been applied to the n-H data set as well and yield similar results.
The best fit of the background model dependent analysis is sin®260;3 = 0.098f8:8§g with a
background rate of 7.2940.49 d~!. The rate correlation and the contour plot of this analysis
are shown in Figure 6.38. Treating the background rate as a free parameter leads to a similar
estimation of sin? 2613 = 0.12370:99% with a free background rate of 8.28 + 0.87 d~".

6.6.2 Rate+Shape Analysis

The R4S analysis is the default analysis performed in the Double Chooz oscillation fit. It is
based on a fit to the observed energy spectrum in which both the interaction rate and the
spectral shape are used to constrain 6q3.
The x? of the R+S fit is defined as such:
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Figure 6.38: Left: Correlation between the observed and expected v, rates for different reactor powers.
The null hypothesis (no oscillation) is displayed with the black dashed line. The best-fit to the data
points (black dots) is displayed with the blue dashed line, its 90% CL uncertainty is shown in blue.
Right: Contour plot (sin?26;3,B) and Ax? behavior at 68.3%, 95.5% and 99.7%.

The visible energy spectra are separated in 40 bins for n-Gd and 38 bins for n-H spaced
between 0.5 MeV (1.0 MeV for n-H) and 20 MeV. N and N;*” are the number of 7, can-
didates in the i-th energy bin of the observed and expected spectra, respectively. M;; is a
covariance matrix accounting for the statistical and systematic uncertainties in each bin and
for the bin-to-bin correlations. It is composed of the following matrices:

Mij _ Misjtat + Mzﬁjux + M%H—I- MZE{i/He(shape) + MZCC(Stat), (6.18)

with Mf}at and ijcc(swt) being diagonal matrices accounting for the v, and accidental rate
uncertainties, Miﬂjux accounting for the reactor flux uncertainties, Mz-ejﬁ enclosing the MC nor-
malization uncertainty and MiI;-i/ He(shape) representing the uncertainty on the Li/He sprectral
shape. The second and third terms of the x? account for the systematic uncertainties of
the following parameters: the squared mass difference Am?;, the number of residual 7, in
the (2-Off) period, the rates of *Li+®He, fast-n+stop-u and accidentals backgrounds and the
energy scale. The uncertainty of the energy scale is given by a second-order polynomial:
8 (Byis) = €q + ey Fyis + €. E%, with 04, 03 and o, the systematic uncertaities on ¢4, €, and e..
The last term of the x? accounts for the contribution of the (2,0ff) period.

After performing a scan of x? over a large region of sin® 263, one finds a minimum value
x?/d.o.f. = 52.2/40 for sin® 2613 = 0.0900 032, The prompt energy spectrum with its back-
grounds and its best fit are shown on Figure 6.39.

Note that this result can be cross-checked by summing the energy bins of the measured
and expected spectra and only comparing the observed and expected rates. This analysis,
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Figure 6.39: Visible energy spectrum (black points) after background subtraction. Its best fit (red)
and its systematic uncertainties (yellow) are displayed together with the energy spectrum in case of no-
oscillation (blue). The bottom panel represents the ratio between the observed and predicted energy
spectra, clearly showing a deficit and an oscillation.

called the rate-only analysis, leads to a 613 result of sin® 263 = 0.09070-538.

Finally, performing a x? minimization using the n-H dataset leads to sin? 26,3 = 0.124:’8:8%8,
in agreement with the n-Gd oscillation fit. Figure 6.40 shows the ratio between the observed
and the predicted energy spectra for the n-H oscillation fit.

An unexpected spectrum distortion has been found between 4 and 6 MeV (c.f. Fig-
ures 6.39 and 6.40). A hint for a distorsion was already seen in previous Double Chooz
results [26, 241], though not statistically significant, as well as in recent results from the other
reactor experiments [77, 254]. A lot of effort has been put into providing an origin for this
excess and explanations such as unknown backgrounds, detector effects or additional reactor
Ve components [255] are under investigation. The observation of this distortion effect with
the near detector would already show a statistically significant effect after several months of
data taking.

6.6.3 Near detector sensitivity

With the incoming release of the near detector’s data followed by the first Double Chooz
publication with two detectors, i.e. the nominal experiment’s configuration, the sensitivity of
Double Chooz has been evaluated as a function of the upcoming years of data taking. This
sensitivity, computed by a R+S fit with the current systematic uncertainties applied to both
detectors, is displayed in Figure 6.41. The effect of the near detector and its reduction of
the reactor flux systematic uncertainty is clearly seen on the sensitivity plot. The expected
sensitivity, computed here for the n-Gd R+S analysis could be strongly improved by a better
understanding of the remaining systematic uncertainties, illustrated by the blue shaded area,
as well as by the addition of inputs from the RRM oscillation fit and the n-H data set.
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Chapter 7

Study of a 4" neutrino state with
KamLAND /Borexino

This chapter will be dedicated to the study of a hypothetical 4" oscillation with the CeLAND /CeSOX
projects. When I started my internship in May 2012 and my Ph.D. in October 2012, the status
of the experiment was to deploy an 7, generator in the KamLAND detector. However, due
to technical and administrative limitations, the 7, generator is now expected to be deployed
next to the Borexino detector. The first project CeLAND became the CeSOX experiment’.
Since some of the simulations and analyses presented in the following have been conducted
in the context of CeLAND and/or CeSOX, the distinction will be made only when necessary.

7.1 The CeSOX/CeLAND project

The idea of testing non-standard neutrino properties using radioactive sources (c.f. Sec-
tion 3.2) in large detectors has been discussed in the late 1990’s [256]. At that time, this
concept was expected to probe non-standard neutrino couplings [257], neutrino magnetic mo-
ments [258] or the neutrino oscillation that is now referred to as the 613 oscillation. Upon
the discovery of the “reactor antineutrino anomaly”, possibly explained by a fourth neutrino
oscillation of electron antineutrino into sterile neutrinos, this concept has been thoroughly
studied. In 2011, the “Low Energy Neutrino” group of the “Service de Physique des Partic-
ules” at CEA Saclay proposed to apply and improve this concept to test the short baseline
neutrino anomalies [131]. This was the beginning of the CeLAND project.

7.1.1 Physics case

As explained in Section 2.2.2, anomalies have been reported in several neutrino oscillation
experiments at L/E~1 m.MeV~!. The diversity of these experiments, from their neutrino
sources to their detection techniques, tends to dismiss the existence of a common experimen-
tal bias. These anomalous results could however be interpreted as the existence of sterile
neutrino states, as an extension to the standard three-neutrino oscillation framework. Global
fits of the neutrino disappearances observed in short-baseline neutrino experiments such as
Gallex, SAGE and the reactor experiments, favor massive sterile neutrinos separated from

'Short distance neutrino Oscillations with BoreXino, or SOX, was first a competitor of CeLAND. The two
experiments merged in 2014 and the first phase of SOX with a cerium source became CeSOX.
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the active neutrinos with a squared mass difference |Am2_,| > 0.1 eVZ.

To definitely test this hypothesis with low energy neutrinos, one must observe a neutrino
disappearance as well as an oscillation pattern, within the detector, depending on the energy
and distance to the neutrino source. This can be achieved by two means, either by placing a
detector close to an intense neutrino source, i.e. a nuclear reactor, or deploying a small-scale
neutrino source, i.e. a radioactive source into or close to a large-scale neutrino detector. The

latter is the concept of the CeLAND/SOX project.

In order to accumulate a significant-enough number of neutrino interactions over the
duration of the experiment, typically a few mean lives of the source’s isotope, one has to
deploy an intense source in or next to a large detector.

Assuming a CPT invariance in neutrino oscillations, the sterile neutrino hypothesis could be
tested equally using neutrinos or antineutrinos. Given the larger cross section of the IBD
reaction with respect to the electron scattering reaction, source activities of the order of a
few PBq in 7, are required while activities of the order of tens of PBq are required in v..
Although the deployment of v, and v, sources have been discussed in the community and
studied, I will focus on 7, sources in the following.

Several kiloton-scale detectors such as KamLAND, Borexino or SNO+ are or will be soon, in
the case of SNO+, operating and well-suited to perform such a measurement. Even the Daya
Bay experiment, though operating much smaller detectors, expressed its interest in deploying
a source close to their detector modules [259]. In order to compensate for their lower detector
masses, a source activity approaching 20 PBq is required. All these detectors being designed
to perform precise low energy neutrino measurements, they possess good energy and vertex
reconstruction capabilities in the energy range of radioactivity-emitted neutrinos. Relying on
the IBD reaction with neutron captures on H (except for Daya Bay) to detect v, they are
subjected to a very low background rate.

The combination of such sources and detectors could allow the observation of an oscillation
pattern with a L/E range between 0.1 and 10 m.MeV 1.

7.1.2 The KamLAND /Borexino detectors

Although the CeSOX experiment is now planned to be conducted in the Borexino detector,
most of my work has been performed in the context of CeLAND, when the experiment was
planned to be conducted in KamLAND. Hence, both detectors will be described.

KamLAND

The KAMioka Liquid scintillator Antineutrino Detector (KamLAND), whose construction
started in 1999, is located within the Kamioka mine at 2700 m.w.e. under the Ike mountain
(Tkenoyama, 36° 25’ N, 137° 18’ E) in Japan. A sketch of the detector is displayed in Figure 7.1.

The inner part of the KamLAND detector consists of a 13-m-diameter spherical 135-um
thick balloon filled with 1 kton of liquid scintillator (LS). The liquid, composed by volume
of 80.2% dodecane and 19.8% pseudocumene (1,2,4-Trimethylbenzene) with the addition of
1.36 & 0.03 g/L of PPO, has a density of 0.780 g/cm? at 11.5°C. To shield it from external
radiation, this active volume is surrounded by a 2.5-m thick buffer filled with non-scintillating
oil, composed of 57% isoparaffin (C12Hog) and 43% dodecane. To detect the light emitted
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Figure 7.1: Sketch of the KamLAND detector [260].

in the active volume, 1325 17-inch PMTs and 554 20-inch PMTs, the latter reused from the
Kamiokande experiment, are mounted on the inner surface of the 18-m-diameter stainless
steel vessel enclosing the LS and the buffer. This vessel and its contents are considered the
inner detector (ID) of KamLAND. The ID is surrounded by a 3.2-kton water Cerenkov veto
instrumented with 225 20-inch PMTs whose purpose is to detect cosmic muons while shielding
the ID for external radioactivity.

Most of KamLAND’s v, analyses are performed considering a 6-m radius fiducial volume in
order to reduce the accidental background originating from the balloon. However, given the
relatively large interaction rate expected in CeLAND, a fiducial volume of 6.5-m radius could
be considered. The energy and vertex resolutions of KamLAND are respectively 6% /v MeV
and 14 cm/v/MeV [261].

Since September 2011, a 3.08-m-diameter balloon filled with 13 tons of xenon has been in-
stalled at the center of KamLAND to study the neutrinoless 3 decay in the context of the
KamLAND-Zen experiment [262].

Borexino

The Borexino detector, whose construction started in 1996, is located in the Hall C of the
Laboratori Nazionali del Gran Sasso (LNGS)(42° 27’ 10" N, 13° 34’ 30" E) in Italy. It is
shielded from cosmic muons with an overburden of 3800 m.w.e. A sketch of the detector is
displayed in Figure 7.2.

The active volume, or target, of Borexino consists of 278 tons of ultra-pure liquid scin-
tillator entirely composed of pseudocumene with a 1.5 g/L PPO doping. The LS is enclosed
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Figure 7.2: Sketch of the Borexino detector.

in a 8.5-m-diameter nylon vessel and shielded from external radiations by a 890 tons buffer.
This 2.6-m thick buffer is divided in two parts, with respective thicknesses of 1.25 and 1.35-m
each, separated by a second nylon vessel, preventing the diffusion of radon towards the ac-
tive volume. The buffer liquid is composed of pseudocumene doped with 3-5 g/L of DMP
(dimethylphthalate) to quench the scintillation light and make it passive. These three vol-
umes are contained within a 13.7-m-diameter stainless steel spherical vessel on which 2200
8-inch PMTs are mounted, some with light collectors. This vessel and its contents are the
so-called inner detector (ID) of Borexino. The ID is surrounded by a 18-m-diameter tank
instrumented with 208 8-inch PMTs and filled with 2.1 kt of water acting as a Cerenkov veto
for cosmic muons and a shield for external radioactivity.

Note that, by design, radioactive sources can be deployed under Borexino. A 100-cm wide
pit has been expressly excavated and prepared under the detector during its construction and
covered with steel plates to provide an extra shielding to gamma radiation. Asin KamLAND,
Borexino’s fiducial volume can be increased for the sake of the experiment from a 4-m to a
4.25-m radius sphere. The addition of a fluor, such as PPO, to the inner buffer, proposed
and under investigation, would increase the fiducial volume thickness to 5.5 meters thus sig-
nificantly increasing the number of detected v, events. The energy and vertex resolutions of
Borexino are respectively 5%/vMeV and 12 cm/vMeV [211, 263].

7.1.3 The **Ce -'**Pr AntiNeutrino Generator

Given the level of precision required to perform a short-baseline oscillation measurement, one
has to ensure the quality of the source, or AntiNeutrino Generator (ANG), from its production
to its deployment.
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Characteristics

As stated in Section 3.2.3, the *4Ce - *4Pr isotopic couple seems the most suitable for an
ANG. This source will thus be referred to as CeANG in the following.

With a Qg of 318.7 keV, the parent isotope 144Ce emits 7, well below the IBD threshold at
1.806 MeV. In addition, its 284.5 days half-life is long enough to allow the production and
transportation of the CeANG without a significant loss of activity. The daughter nucleus
14py  with its Qp of 2997.5 keV, provides v, detectable via IBD over an energy range of
1.2 MeV. The "4Pr half-life of 17 minutes is small enough to consider the consecutive decays
of 14Ce and "Pr simultaneous regarding the experiment time of more than a year. Con-
sidering the safe assumption of a secular equilibrium between the two isotopes, the CeANG
activity can thus be expressed in terms of 144Ce decay rate, although the isotope of interest
for IBD is "4Pr. A decay scheme of the *4Ce - 4Pr is displayed in Figure 7.3.
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Figure 7.3: Simplified decay scheme of the #4Ce -'44Pr couple. P branches with branching ratios
greater than 0.001 % are displayed, along with the corresponding Log(ft) values, daughter nucleus
level energies and spin parities. The main gamma transitions (intensity greater than 0.1 %) among
the excited states of the 4Pr and *4Nd nuclei are also displayed together with their corresponding
energies [264].

This decay scheme shows the presence of several gamma lines emitted upon the de-
excitation of 4Nd, daughter nucleus of the “*Pr decay. With a branching ratio larger
than 0.1%, these three gamma radiations of respectively 696.5, 1489.2 and 2185.7 keV could
be problematic for the experiment in terms of backgrounds and radiation protection. A
dedicated high density shielding, described in Section 7.1.4, is mandatory to attenuate this
gamma background. The energy of the 696.5 keV line is not sufficient to be considered a
background in the detector nor to escape a modest shielding (10-cm thick) and, with its
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branching ratio of 0.28%, the intensity of the 1489.2 keV line is too low to be considered
dangerous. Nonetheless, the most dangerous source of gamma background is the remaining
2185.7 keV line. Its relatively high penetration through matter and its high branching ratio
of 0.69% make mandatory the use of a thick shielding (> 10 cm) to ensure a sufficient ra-
diological protection. Furthermore, given its energy, its full absorption peak falls within the
prompt and delayed energy ranges, thus making it a potential source of accidental background.

With an activity expected between 3.7 and 5.5 PBq (relative to the 4*Ce decay rate), the
CeANG will generate up to 5.5 PBq of v, as well as 38 TBq of 2185.7 keV gamma rays. The
shielding attenuation in terms of flux and dose is developed in Section 7.1.4.

Production

As stated in Section 3.2.3, 1#4Ce is a fission product of uranium and plutonium produced at
relatively large scales in nuclear reactors and present in spent nuclear fuel (SNF). While fuel
reprocessing is performed routinely in several countries with a strong nuclear program, only
one facility worldwide has been identified as able to extract enough '**Ce to manufacture
a PBq scale CeANG: the Federal State Unitary Enterprise Mayak Production Association,
hereafter referred to as “Mayak”.

Mayak is a spent fuel reprocessing facility located in the Ural region of Russia. Upon its
arrival at the facility, the SNF is reprocessed with the PUREX process [265] which extracts
uranium and plutonium and whose steps are depicted in Figure 7.4. The unique feature of
Mayak is to perform a second phase of the processing, shown in Figure 7.5 that extracts the
rare-earth elements and possibly separate them from the rest of the spent fuel. The last stage
of the process is the manufacturing of the cerium source, as displayed in Figure 7.6.

The spent fuel received at Mayak mostly from Russian reactors, is removed from the
assemblies and dissolved in nitric acid. After a first treatment to remove the graphite and
silicon impurities, this solution undergo the actual PUREX process which extracts its U, Pu
and Np contents. The remaining raffinate is concentrated by evaporation. While most of this
high-level waste (HLW) is vitrified and stored in dedicated long-term waste disposal facilities,
some can be dissolved in water and pumped to another facility, the radioisotope plant, for
further radioisotope separation upon customer requests.

Depending on the needs of the customers Mayak is conducting business with, different
elements can be extracted from the raffinate. After the extraction of '37Cs by sorption and
98r by precipitation, the remaining concentrate of rare-earth and transplutonic elements
(REE and TPE) is diluted in nitric acid and poured in a 500-meter long pipeline toward the
chromatographic facility. The separation of the elements is then performed by displacement
chromatographic separation using a series of columns, the first one being a sorption column
and the others separation columns. The latter are filled with a resin containing retaining ions
such as H or Ni; Its purpose is to separate the REE and TPE in bands when washed with
a NHJ solution. The separation power of this technique is shown in Figure 7.7. While the
separation and extraction of 14"Pm is usually the last step of the process, a dedicated cerium
extraction will be performed for our needs.

The extraction of cerium leads to inevitable contamination from other REE and actinides
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Figure 7.4: First stage of the CeANG preparation: the PUREX process.

elements. The contamination of REEs such as %°Sr, B and y emitters, is strongly reduced by
the chromatographic separation and provide a negligible contribution (< 0.1%) to the source
activity and v, emission. Actinides, produced through the successive neutron captures and f3
decays from 2**U | are «, B and y emitters whose contribution can be considered negligible as
well. However, these neutron-rich nuclei are likely to undergo spontaneous fission (SF) thus
producing several gamma rays and neutrons. The latter can easily scatter out of the source
and its high-Z shielding, and thus constitute a potential source of accidental and correlated
background as described and studied in Section 7.2.3.

The cerium extracted from the separation column is diluted in a solution. It is precipitated
and then calcined into a powder of cerium oxide CeOp. The powder in then sintered into
several pellets with densities of 4-6 g/cm?® and inserted into a capsule. The whole operation
has to be conducted in hot cells, given the amount of radiation emitted by the source. This
capsule filled with cerium oxide is the final product that will be delivered by Mayak.

Between 5 and 10 tons of SNIF will be processed in order to produce the CeANG. The use
of fresh fuel, whose last irradiation dates back to about a year and a half instead of the usual
three years, is preferable since it maximizes the '4*Ce /Ce ratio of radioactive over stable
cerium (the *Ce activity). From this SNF batch, only about 5 kg of cerium oxide will be
extracted by the chromatographic separation and enclosed in the capsule. Given its specific
activity of 118 TBq/g [266] and its concentration among stable cerium isotopes between 0.1
and 1%, only about 25 g of 1#4Ce will be providing the 3.7 PBq activity of the final CeANG.
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Activity

Related to the number of expected events by a simple exponential decay law, the source
activity drives the statistical precision of the experiment. While maximizing this activity,
within technical limits, is an important task, the key for reaching the ultimate level of sen-
sitivity required for the experiment is the precise measurement of the source activity. A
systematic uncertainty of 1% on the source activity, the goal of the collaborators, would im-
prove the sensitivity over the complete sin? 20,.,-Am?_, parameter space and especially at
Am2., > 0.5 eV2. The impact of this normalization uncertainty on the experiment’s sensi-

tivity is presented in Section 7.3.

While direct activity measurements via 3 or y spectroscopy could be performed for small
scale radioactive sources, they are not considered applicable techniques with the CeANG. Al-
though the shielding prevents any real-time y spectroscopy due to the uncertainty associated
to its attenuation, its removal is out of the question for radioprotection and safety considera-
tions. Performing such measurements on samples extracted from the source material during
its production is possible, however there is no guarantee that the pellets are identical nor that
they all come from the same composition of spent fuel. Decreasing the activity uncertainty to
1% with this method seems hardly achievable. Mass spectroscopy would provide an accurate
measurement of the '44Ce concentration in the samples, however the extrapolation of the
results is limited by the heterogeneity of the source as well.

The measurement technique proposed and approved for the experiment is the calorimetry.
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Figure 7.6: Last stage of the CeANG manufacturing: cerium extraction and delivery procedures.

Easier to calibrate and master than spectroscopy. it consists of measuring the amount of heat
released by the source to extrapolate the activity knowing the average heat released per decay.
From the nuclear databases [121], the average decay heat per decay, more simply expressed in
W /PBq as the power-to-activity conversion constant, is equal to 216.0 + 1.2 W/PBq. This
amount of heat mainly comes from the energy deposited by the *4Ce and #*Pr electrons,
with a small component of gamma rays. Note that *4Nd originating from **Pr decay, decays
into stable 140Ce via « decay. However, the half-life of this decay being of the order of 2.3 x
1019 years, the heat it released is not taken into account. As presented in the next section,
more recent modeling of the *#4Ce -'*Pr energy spectra provided a recalculation of the power-
to-activity conversion constant which has now been estimated to 215.6 + 1.3 W/PBq.
The design of the calorimeter relies on the measurement of the source heat via its transfer to
a water volume. By monitoring the massive flow rate and temperature of the water before
and after it has circulated at the contact of the source’s shielding, one can estimate the
amount of heat transfered to the water. The extrapolation leading to the determination of
the source heat then relies on previous calibration measurements performed with known heat
sources placed in the same configuration within the shielding. A sketch of the calorimeter
is displayed in Figure 7.8. The design, construction, tests and operation of the calorimeter
are performed at CEA Saclay by physicists and engineers from Irfu and DEN (Direction de
I'Energie Nucleaire) [267]. A similar instrument is being built by a joint team from INFN?
Genova and TUM? [268].

Assuming an activity of 5.5 PBq, the heat generated by the source approaches 1200 W,

Istituto Nazionale di Fisica Nucleare (National Institute for Nuclear Physics), the coordinating institution
for nuclear, particle and astroparticle physics in Italy.
3Technische Universitit Miinchen, a research university in Munich, Germany.
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Figure 7.7: Output of the chromatography expressed in concentration as a function of column volume
for the elements separated.

enough to increase the source core temperature to 500°C and the shielding up to 100°C,
depending on the position of the probe.

Energy spectrum

The accurate knowledge of the '44Ce and #4Pr electron and 7, spectra has a strong impact
on the whole experiment.

The computation of the power-to-activity conversion constant previously described depends
on the mean energy released by each 3 decay, a quantity sensitive to the shape of the electron
spectrum. The goal of reaching a 1% precision on the calorimetric measurement requires a
precise understanding of the *4Ce and '**Pr electron spectra. In addition, the “*4Pr 7, spec-
tral shape above the IBD threshold has an influence on the expected number of events, key
input for the oscillation fit and the determination of the oscillation parameters.

The B and 7. spectra of 4Ce and 1#4Pr are combinations of several B branches. The
energy conservation principle dictates that Qg = Eg + Ej, with Eg and Ejp, the kinetic en-
ergy of the electron and the v, respectively. Its application allows the computation of the
Ve spectrum from the 3 spectrum, as shown in Figure 7.9. This calculation has been per-
formed using Fermi’s theory of B decay [125] corrected for several effects such as the finite
size and mass of the nucleus [269], nuclear recoil [269], radiative corrections [270], screening
effect [271] and weak magnetism [95]. This work have been conducted by Mathieu Durero at
Saclay and detailed descriptions of these effects and the computation method can be found
in Ref. [160].

Although all § branches of ***Ce and *4Pr must be considered to compute the power-to-
activity conversion factor, only two transitions, both belonging to **Pr and accounting for
98.94% of its decays, show Qg larger than the IBD threshold. The product of the v, spectra
of these branches and the IBD cross section, as well as the prompt energy spectrum it leads
to, is shown in Figure 7.10.

The precise measurement of the 44Ce -4Pr B spectrum, combined with its modeling
described above, is thus mandatory to reduce the spectral shape uncertainty. In the context
of CeSOX, two teams are currently performing this measurement, one based in TUM and the
other in Saclay. However, given the tight bonds between the two institutes and the expertise
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Figure 7.8: Simplified sketch of the calorimeter being built at Saclay. The shielding enclosing the source
is placed in the vacuum-sealed water vessel. The heat transfered to the water raises its temperature
from 20°C to 60°C in one loop.
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Figure 7.9: Left: Total electron (left) and 7, (right) energy spectrum emitted by the *Ce -1**Pr pair

at equilibrium (equal contributions) [264]. Only B transitions of 144Pr with branching ratios larger than

0.01% are considered. The apparent discontinuities in the neutrino spectrum are direct consequences
of the energy conservation principle.

of CEA in terms of radioactive isotope’s production and handling, both measurements are
performed at Saclay using source samples provided by Mayak and calibration sources pro-
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Figure 7.10: Left: Neutrino energy spectrum of '*Pr multiplied by the IBD cross section. Right:
Prompt energy spectrum of '44Pr without oscillation.

vided by the LNHB.

7.1.4 Transportation and deployment
Shielding

The cylindrical capsule enclosing the cerium oxide pellets is the first shielding of the source.
This 4 mm thick double stainless steel sealed container has been designed to hold the source in
a leak-proof and heat resistant container. However, in order to reduce the amount of gamma
radiation generated in the source, one has to enclose this capsule in an additional high-Z
shielding.

With a theoretical density of 19.3 g.cm™3, tungsten (element W) has been considered the
most suitable material to manufacture this shielding. Since pure tungsten is fragile and hard
to machine, the shielding will be made of an alloy composed of about 97% of tungsten, the
remaining elements being iron and nickel. This alloy has a density of 18.0 g.cm~3. For com-
parison, the density of lead, widely used in radiation shielding, is only 11.34 g.cm™3. To
choose a manufacturer and start its assembly, a call for tenders has been conducted and won
by the Xiamen Tungsten company [272], whose mining and production sites are located in
China.

The dimensions of the shielding have been thoroughly chosen to comply with regulations
on radiation protection.
The shielding thickness is dependent on the radiation attenuation it brings. To estimate
the thickness needed to ensure a radiological protection within IAEA regulations, one has to
compute the dose received by a worker during the manipulation of the CeANG. The absorbed

4The “Laboratoire National Henri Becquerel” (LNHB), located at CEA Saclay, a member of the French
national metrology office, stores and updates the national metrological records on ionising radiation.
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dose, expressed in Gray/s, is given by:

AT flen
dlem]? p

D(J/g/s) = A[Bq] x [g/cm’] x E[J], (7.1)

with A the source activity, d the distance to the source, “% the mass attenuation coefficient

of the shielding material and E the energy of the radiation. Considering “% ~ 25 g/cm?
for v energies between 1 and 3 MeV and a weighting factor w=1, one can express the more
convenient equivalent dose (in Sv) as:

D(mSv/h) = 4.24 x A[Ci] x E[MeV]/d[m]?. (7.2)

The activity in this equation is considered at the shielding’s surface, i.e. it represents the
source initial activity corrected with the shielding attenuation.

The mass attenuation coefficient of each material composing the shielding has been extracted
from nuclear databases [121] in order to compute the attenuation length of the tungsten alloy.
For a gamma ray energy of 2.185 MeV, the attenuation length in the shielding is equal to
1.238 cm.

Considering a 3.7 PBq source enclosed in a 16-cm thick shielding, the absorbed dose received
at 1 m is equal to 20 puSv/h. For comparison, the annual dose limit fixed by IAEA for per-
sonnel authorized to work in radioactive environment is 20 mSv/y®. A 16-cm thick shielding
could thus be considered suited to enclose a 3.7 PBq #4Ce -1*4Pr source, considering a realis-
tic working time during the manipulation of the CeANG. However, this dose computation has
been performed considering only the 2.185 MeV gamma rays escaping the tungsten while the
degraded gamma rays escaping from the shielding also influence the equivalent dose. Dedi-
cated simulations have thus to be performed to take into account the whole energy spectrum
of escaping gamma rays.

I performed such simulations using GEANT4 soon after acquiring the KamLAND simu-
lation package. For this simulation, I considered a 5-cm radius sphere of CeOy with a density
of 5 g.cm™3, enclosed in a 16-cm thick shielding with a density of 18.5 g.cm~3. While the final
form of the shielding will be a cylinder of radius and half-height larger than 16 cm, considering
a spherical shielding is a conservative assumption. I extracted the energy deposited outside
the shielding by 2.185 MeV gamma rays, generated randomly with the cerium source. The
energy spectrum of these gammas is displayed in Figure 7.11.

After applying Eq. 7.1 to each bin of the energy spectrum, I found an equivalent dose of
1.24 mSv/h at the shielding’s contact. The equivalent dose at 1 m is 37 puSv/h. A similar
simulation can be performed for the 1.489 MeV gamma line with a 0.28% branching ratio.
For this gamma ray, the equivalent dose at contact is 35 uSv/h. Note that, given the fact
they account for the whole energy spectrum, these doses are substantially larger than the
previous ones.

To ensure the robustness of these results, critical for the shielding’s design, another dose
computation has been performed by the radioprotection division (SPR) at CEA. Using the
MCNP particle transport simulation code [273], they simulated the propagation of 1.489 and

5This dose is the limit for category A workers. Category B workers, such as CeSOX collaborators, are
limited to 6 mSv/y.
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Figure 7.11: Energy deposited by 2.185 MeV gammas escaping a 16 cm tungsten alloy shielding. The
peak at 511 keV corresponds to the energy deposited by a positron created by pair production.

2.185 MeV gamma rays in a source and shielding’s design identical to the one previously
described. For the 1.489 MeV ray, equivalent doses of 52 uSv/h at contact and <20 pSv/h at
1 meter were computed. The equivalent doses corresponding to the 2.185 MeV gamma ray
were found equal to 2 mSv/h at contact and 56 pSv/h at 1 meter. Though quite similar to
my GEANT4 calculations, the higher values of these doses could be explained by a better es-
timation of the solid angle between the shielding and the volume receiving the dose (a human
body).

The SPR-CEA also studied the influence of the Bremsstrahlung radiation caused by the
deceleration of the 44Ce and 'Pr electrons in the source. Given the mean free path of
electrons and X-rays in tungsten, the dose corresponding to this radiation is thought to be
quite small. With a computed equivalent dose less than 1 puSv/h at contact, the influence of
Bremsstrahlung can safely be neglected in comparison with the dose induced by the 2.185 MeV
gammas.

In order to conservatively respect the TAEA regulations as well as to match the LNGS
requirements, the thickness of the shielding has finally been fixed to 19 cm. A sketch of
the capsule inserted into it is displayed in Figure 7.12. The total weight of the shielding is
2.4 tons.

Transportation

Although encapsulated in a shielding, the CeANG is considered a highly radioactive material
and its transport from Mayak to the experiment’s site must follow strict regulations dictated
by the TAEA [274]. These regulations establish the characteristics and type of transport
container depending on the activity, mass, heat and type of radioactive material.

The production and deployment sites of the CeANG being in two separate countries, its
transportation is required to be performed in a “type B(U)” container, usually employed to
transport nuclear fuel worldwideS. In 2013, discussions have been initiated with AREVA-TNI,
division responsible for radioactive material transportation, and only one container has been
identified as suitable for the CeANG transportation. This container, called “TN-MTR”, has
been designed by AREVA and is used to transport irradiated fuel and radioisotopes. Among

5The “U” in B(U) stands for “Universal”.
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Figure 7.12: Design of the tungsten shielding made by CEA-Irfu.

the four specimens built, the DEN division of CEA owns one cask that will be used for the
experiment. Its characteristics are summarized in Table 7.1 and its design is displayed in
Figure 7.13.

Type Manufacturer  Weight  External dimensions Cavity dimensions Max. weight

B(U) AREVA 23,300 kg H=2008 mm H=1080 mm 28,000 kg
D=2080 mm D=960 mm

Table 7.1: Main characteristics of the TN-MTR container.

Able to hold the source and its shielding while respecting the maximum load of 28 tons,
this container is licensed to travel within Europe, Australia and USA. Only a certification to
transport 44Ce is required, since the source has been classified as a “Special form of radioac-
tive material”. Note that when the deployment of the CeANG was planned in KamLAND,
an additional license to travel to Japan would have been necessary. The procurement of this
license, if possible, would have affected significantly the experiment’s schedule.

Upon performing the calibrations of the calorimeter with a heat generator at Saclay,
the shielding will be shipped to Mayak. After the insertion of the capsule containing the
144Ce source, it will be sealed, tested for leaks and finally cleaned to ensure the absence of
contamination from its manipulation in the hot cell. The shielding will then be inserted in
the TN-MTR container, already received at Mayak for preparatory purposes. The container
will travel by train to the Kapitolovo station, close to St. Petersburg and by truck to the
St. Petersburg harbor. After this part of the transportation, taken in charge by Mayak, the
CeANG will be officially delivered and will become the property of CEA when the cask will
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Figure 7.13: Sketch (left) and photo (right) of the TN-MTR transport container.

be loaded onto a dedicated vessel. This vessel will then sail for a journey of about 2 weeks
towards the harbor of Le Havre in North-West France. Hereafter, the container will transit
by truck until it arrives at the Gran Sasso laboratory (LNGS) in Italy. A possible stop at
CEA Saclay is being considered. The total transit time of the CeANG from Mayak to LNGS
is about 3 weeks, thus corresponding to an activity loss of 5%.

At the time the deployment was stil planned in Japan, the transit route was significantly
longer since the boat could only pass around the cape of Good Hope, thus reaching the
Tokyo/Yokohama harbor in about 2 months. A shorter (~3 weeks) route departing from
the Vostochniy harbor in East Siberia, near Vladivostok, was therefore investigated. An
alternative route passing north of Russia in the Arctic sea was also studied but then discarded
since it required the transportation to be performed in summer only.

Deployment

Upon its arrival in Kamioka/LNGS, the CeANG will be carefully extracted from the transport
container in order to be deployed next to the detector. Let us now review the deployment
options studied in KamLAND and Borexino.

In the first paper presenting the concept of the experiment [131], a source deployment
at the center of a large liquid scintillator detector was considered. The observation of an
oscillation pattern directly depending on the detector radius provided the best sensitivity to
test the existence of light sterile neutrinos. It was thus chosen as the default deployment
scenario of the CeLAND experiment at that time. However, given the high gamma activ-
ity, a thicker shielding of 35 cm was being considered. While the physics potential of this
deployment was by far the best, it was also confronted to several physical and technical issues.

First of all, the shielding was expected to be in contact with the liquid scintillator. In
addition to raising the concern of a possible contamination of the KamLAND’s ultra-pure
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liquid whether from radioactive material or tungsten oxidation, it implied strong constraints
on the amounts of U, Th and Co impurities in the tungsten. Constraining the level of con-
tamination of the tungsten would have been difficult to achieve given the process employed to
manufacture the shielding. Some of these technical issues could have been solved by encasing
the W-shielding in a 2-cm thick external layer of ultra-pure copper to achieve both radiopurity
and material compatibility. Another concern raised by the contact between the shielding and
the LS was related to the surface temperature of the tungsten. With pseudocumene’s flashing
point equal to 54°C, the installation of a dedicated heat evacuation system would have been
mandatory.

The second issue was purely technical and concerned the size incompatibility between the
shielding and the chimney’s opening. Indeed, the neck located at the top of the KamLLAND
detector and used to access the ID and the inside of the LS is only 55-cm large in diameter,
whereas the diameter of the complete shielding was expected to reach 80 cm. Being able to fit
the shielding through this opening required the dismantling of the cage holding the balloon
tightness system, a perilous operation that could have damaged the thin nylon balloon. To
circumvent this issue, two options were discussed. The first was to separate the shielding into
several parts. The central part, a 16-cm thick cylinder would have provided the strict mini-
mum radioprotection as described in Section 7.1.4, it was thus referred to as the “biological
shielding”. This central part, thin enough to fit in the opening, would have been deployed first
at the center of the ID. The other parts, providing the additional mandatory shielding, would
have been fixed to the shielding after its deployment, as displayed in Figure 7.14 (left). This
operation was considered too hazardous and this solution was finally discarded. The second
option was to deploy the biological shielding in a pre-installed additional shielding made of a
balloon filled with a high density liquid, as shown in Figure 7.14 (right). Such liquids, such
as sodium polytungstate’ (abbreviated to NaWO3), are manufactured in large quantities and
commercially available [275]. Non-flammable, non toxic, easy to handle and with a density®
of 2.8 g.cm ™3, a 80-cm radius balloon filled with NaWO3 would have provided an attenuation
equivalent to the original design. However, this option faced technical issues as well and the
installation of a balloon filled with 14 tons of NaWO3 would have been difficult.

Finally, the deployment of the CeANG inside the LS required the removal of the KamLAND-
Zen balloon, not planned before the end of the third phase of the experiment starting in
2016 [276].

Considering the significant challenges such a deployment would have faced, it was finally
abandoned as the default configuration. Nonetheless the idea has not been completely dis-
carded and, in the hypothesis of a successful observation of an oscillation pattern, it could be
reconsidered as the second phase of the experiment to achieve a better sensitivity.

The default deployment location for the first phase of the CeLAND experiment was there-
fore located in the water Cerenkov detector, the so-called outer detector (OD). The location
of the CeANG during the two phases of the experiment is displayed in Figure 7.15 (left).
Using the 2.5 meters of buffer oil as an additional shielding, the source would have been
deployed within its 16-cm thick biological shielding for a total weight of 1.6 tons. In order
to prevent any contamination of the detector, the shielding must have been isolated from
the OD’s water. For that purpose, the shielding was expected to be installed in a stainless

"The chemical formula of sodium polytungstate is Nag[H2W120u40].

8Density is adjusted by dilution and can reach up to 3 g.cm™3.
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Figure 7.14: Left: Sketch of the CeLAND’s biological shielding and its additional parts as first planned
for its deployment in the KamLAND’s ID. Right: Sketch of the CelLAND’s biological shielding in the
NaWO3 balloon.

steel vessel, hereafter referred to as a “sock”, attached to the floor of the detector’s dome and
accessible through a hatch. The design of this sock and its location are shown in Figure 7.15
(right). To ensure an efficient thermal regulation and provide an additional layer of shield-
ing material, the sock was expected to be filled with water. Assuming a conservative safety
margin on the distance between the sock and the vessel and a moderator thickness of 10 cm,
the center of the source was located 9.6 m away from the detector’s center. A source activ-
ity of 2.7 PBq was thus required to compensate for the loss of interactions due to the geometry.

This scenario consisting of a deployment of the CeANG in the OD for the first phase
and the ID for the second phase was selected for the CeLAND experiment. However, due to
the logistic issues previously described, the CeLAND project has been abandoned in favor of
the CeSOX experiment. Let us now review the deployment of the source in Borexino in the
context of CeSOX.

Due to the small diameter of the neck of the Borexino detector, a deployment in the ID
at the center of the detector is not technically feasible. However, if an oscillation pattern is
observed to a level significant enough but not decisive (for instance, between 3 and 5 sigmas
C.L.), this possibility is not to be completely excluded but would necessitate a major detector
upgrade. Likewise CeLAND, this deployment in the ID is thus considered a possible second
phase of the experiment.

During the first phase of CeSOX, the CeANG will be deployed within the pit expressly
built for the deployment of sources underneath Borexino, whose picture is displayed in Fig-

ure 7.16 (left). The current design of the shielding, a 19-cm thick tungsten alloy cylinder,
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Figure 7.15: Left: Location of the CeANG during the first (OD) and second (ID) phase of CeLAND.
Right: Design of the “sock” containing the CeANG in the OD.

will provide a gamma attenuation sufficient enough for radioprotection. The outer detector
and the two buffer volumes will grant the additional attenuation required for accidental back-
ground reduction, as explained in Section 7.2.3. The source will be located at a distance of
8.3 m from the detector’s center.

Upon its arrival at LNGS, the CeANG and its shielding will be extracted from the TN-MTR
transport container and moved toward the clean room of Borexino. After an activity measure-
ment performed with both calorimeters, it will be placed on a trolley for the whole duration
of the data taking. As displayed in Figure 7.16 (right), the trolley will be placed on a rail
system directed toward the pit and the deployment location. Preliminary tests with a 2.2-ton
dummy lead shielding have been performed and ensure the feasibility of the operation [277].
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Figure 7.16: Left: Photo of Borexino's source deployment tunnel. Right: Scheme of the deployment
operation planned for CeSOX [277].
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7.2 Simulations

In order to assess the sensitivity of CeSOX as well as validate the design of the CeANG and
its shielding, simulations of both expected signals and backgrounds were required.

7.2.1 Simulation softwares

The KamLAND and Borexino detectors have dedicated simulation softwares, respectively
named KLG4sim and G4Bx.

KLG4sim, the simulation package of the KamLAND detector [278], is built off the GEANT4

toolkit [161]. Started in 1999 at Tohoku University by Glenn Horton-Smith and Haruo Ikeda,
its development is still ongoing. Precursor to GLG4sim [164], the “Generic-LAND” simula-
tion package, it includes several customized features not available by default in GEANT4.
These additional routines, such as the “Torus Stack” geometry class, used to better construct
the PMT’s’ bulged shape, or the “KLScint” physical process, providing a more accurate de-
scription of photon propagation in liquid scintillator, are used in the simulation packages of
several experiments such as Double Chooz or Nucifer [156].
I started working with KLLG4sim at the beginning of my Ph.D. upon a 2-month stay at RCNS
in Tohoku University under the supervision of Prs. F. Suekane and K. Inoue. From the latest
version of the code, Jonathan Gaffiot and I developed additional features, dedicated to the
CeLAND experiment and later used for CeSOX. A non-exhaustive list of these modifications
includes:

e The implementation of the CeLAND geometry including the source, shielding, sock and
their respective materials;

e The development of a dedicated analysis software, based on Nucifer developments;

e The implementation of a new output dataformat, based on ROOT, containing additional
event, particle and tracking information ;

o The development of several event generators: backgrounds and v, signals (unoscillated
and oscillated);

e The KLG4sim upgrade from GEANT4’s 9.4 version to the 9.5 and 9.6 versions.

The complete access to the official source code of KL.G4sim being limited to KamLAND collab-
orators only, we could not perform simulations using KAT (KLG4sim Analysis Tool) [279],
the simulation’s readout and reconstruction software. Likewise DCRoSS and DCCT (c.f.
Section 6.4.3), KAT intends to simulate the detector’s electronics readout chain in order to
perform event reconstructions comparable between data and MC. The CeLAND simulations
presented in the following are performed with the default KLG4sim energy and vertex recon-
struction algorithm. Although it does not take into account fine-tuned effects, it provides a
level of precision satisfactory for the preparation and design of the experiments.

Likewise KLG4sim, G4Bx, the simulation package of the Borexino detector [280], is based
on GEANT4. Given the strong implication of the Borexino collaboration in CeSOX, its source
code is continuously developed and upgraded. Although, as members of the SOX collabo-
ration, an access to the official G4Bx source code has been provided to all members of the
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CEA group, I did not perform simulations using G4Bx. This task is one of the thesis topics
of Thibaut Houdy, Ph.D. student at CEA/APC.

The accuracy and fidelity of simulation codes based on GEANT4, provided by the com-

plete particle tracking and the consideration of many physical processes, leads to time and
resource-consuming simulations. Given the activity of the CeANG and the high attenuation
of the overall experimental setup, the simulation of source-induced backgrounds is hardly
achievable by brute force. To circumvent this issue, the TRIPOLI-4® [281] simulation code
was used.
TRIPOLI-4®, developed at CEA, has been designed to study criticality and accurately trans-
port both gammas and neutrons in nuclear reactors. The use of this simulation code, validated
by numerous experiments and currently utilized by several French nuclear companies, has been
motivated by its state-of-the-art neutron transport and biasing techniques. These techniques,
based on variance reduction, allow the transportation of gammas and neutrons trough the
highly attenuating layers of shieldings separating the source from the detector active volumes.
In particular, TRIPOLI-4® includes the INIPOND module based on the exponential trans-
form method [282]. The biasing is performed through the use of a pre-calculated importance
map of the phase space, providing the probability for a particle to reach the detector. By
doing so, a weight is associated to each particle traveling in a given path, thus allowing the
rejection of particles reaching a given weight value, e.g. if a particle is directed towards the
detector’s opposite direction. With a large number of particles reaching the detector’s active
volumes, however with different weights, this method provides statistically significant results
with respect to a brute force Monte Carlo such as GEANT4.

7.2.2 Signals

In CeLAND and CeSOX, the expected number of v, events N, during a time dt, in a detector
volume d3V and a dE energy bin can be expressed as:

d5N17 *t)\c 1
[l — eN €—— .
dtdEd3V Aoe P UnL? (73)
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with Ag the initial activity of the CeANG, A¢c. the *4Ce decay constant, N, the number of
free protons in the detector and e the detection efficiency. The IBD cross section, orpp (E),
the 144Pr i, energy spectrum, Sc. (E) and the oscillation probability, Pz, ., (E, L), expressed
in Eq. 1.44, are dependent on the distance L and the energy . When computing an expected
event rate in case of non-oscillation, one can set Py, 5, (E, L) to 1.

In order to reach a level of sensitivity significant enough to detect an oscillation, the total
number of events expected must be of the order of O(10%) at the end of the whole data taking.
Given the characteristics of each detector in terms of mass and size, different source activities
are required in each experiment. Table 7.2 summarizes the number of expected events in
CeLAND for two fiducial volume configurations.

A data taking time of 24 months leads to the detection of about 20,000 v, interactions
in KamLAND. In the original design of CeLAND with a 1.85 PBq CeANG at the center of
the detector, the expected event rate reached 40,000 7, interactions in 12 months. These two
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Exposure (months)
FV radius 6 12 18 24

6 m 8380 13750 17200 19440
6.5 m 10850 17800 22280 25150

Table 7.2: Expected v, interactions in KamLAND (without oscillation) as a function of the exposure
time and the fiducial volume (FV) radius. The 2.7 PBq (75 kCi) CeANG is located at 9.6 m in the
OD.

values will be chosen as default in the CeLAND simulations presented hereafter.

In these simulations, performed with KLG4sim, two v, datasets are generated and compared.
The first dataset represents the non-oscillation case while the second one takes into account a
ve — Us disappearance. As an illustration, the parameters of this oscillation towards a sterile
neutrino state are chosen as: sin?20,¢,, = 0.1 and |Am2,,| = 2 eV2. This set of oscillation
parameters is consistent with the best-fit values predicted by previous short-baseline experi-
ments, as presented in Section 2.3.2.

In order to smoothen the distributions and better observe the effects of the oscillation, each
dataset is generated with a total of 10,000,000 v, and later normalized, with corresponding
statistical errors, to the actual expected interaction rate, i.e. 20,000 and 40,000 7, for an
CeANG in the OD and at KamLAND’s center, respectively.

In the following results, the KamLAND intrinsic backgrounds, presented later in Sec-
tion 7.2.3, are displayed as an illustration of the high signal over background ratio of the
experiment. All background events are generated uniformly over the whole detector volume.
The spatial distribution of 7, interactions in the detector is displayed in Figure 7.17 for an
CeANG located 9.6 m away from the detector’s center. Only the deficit of events caused by
the v, — vy oscillation is visible. The same distribution with respect to the source’s center is
displayed in Figure 7.18 (right). The visible energy spectrum of 7, events with and without
oscillation is shown in Figure 7.18 (left) along with the KamLAND intrinsic backgrounds for
comparison. Note that this spectrum contains the sum of all 7, events in the detector. Given
the energy and distance dependence of the event rate in case of oscillation, the energy spectra
observed in different points of the detector is expected to differ significantly. The oscillation is
clearly visible on the radial distribution displayed in Figure 7.19. This distribution has been
normalized, i.e. each bin represents the number of events in a detector “slice” (with respect
to the source’s center) divided by the detector’s volume enclosed in this slice.

Figure 7.20 (left) shows the energy spectrum observed in the case of an CeANG at Kam-
LAND’s center. The radial distribution of 7, events with respect to the detector’s center is
displayed in Figure 7.20 (right). This distribution, directly extracted from the simulation
output without any kind of normalization such as Figure 7.19, allows the direct observation
of the oscillation pattern. Indeed, the expected number of 7, interactions and the detection
volume, dependent on 1/L? and L2, respectively, compensate each other thus leading to a
sinusoidal radial distribution in case of oscillation and a flat distribution otherwise.

Borexino being much smaller than KamLAND, the use of a more intense CeANG is
thus mandatory in CeSOX and activities as high as 5.2 PBq are anticipated. The expected
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Figure 7.17: Left: Spatial distribution of 7. interactions in the XZ plane, for the CeANG located in
the OD at 9.6 m from the detector’s center (at Y=6.8 m and Z=6.8 m). Right: Radial distribution of
P, interactions (dashed blue without oscillation, red with oscillation) and background events (green).
Backgrounds are enhanced by a factor 20 to be visible on the plot. The origin of the radius is taken
at the center of the detector.
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Figure 7.18: Left: Expected energy spectrum of 7. events (dashed blue without oscillation, red with os-
cillation) and background events (green). The KamLAND intrinsic background components, enhanced
by a factor 20, are stacked in the inset. Right: Radial distribution of the signal and background with
the same color codes. The origin of the radius is taken at the center of the source, 9.6 m away from
the detector center.

number of IBD events with respect to the source activity and for two detector configuration
are displayed in Table 7.3.

Activity (PBq)
FVradius | 2.7 3.7 5.2
4.25 m 7060 9410 13180
5.0m 16040 21370 29940

Table 7.3: Expected 7, interactions in Borexino (without oscillation) as a function of the source
activity and the fiducial volume (FV) radius during 18 months of data taking [283]. While the 4.25
FV radius has been chosen as default for the experiment, the possibility of increasing this radius to
5.5 m is being investigated as explained in Section 7.1.2.

Unlike in the context of CeLAND, I did not perform simulations of v, events in Borexino.
Nonetheless, very similar results are expected. A simulation of the v, propagation in Borexino
with and without oscillation has been performed by Matthieu Vivier at Saclay. The results,
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Figure 7.19: Left: Normalized radial distribution of the signal and background in case of non-oscillation
(blue) and oscillation (red) and the background (green, enhanced by a factor 20). Each bin content
at equidistance to the source is divided by the total scintillator volume at the corresponding distance.
Right: Close-up view of the left panel.
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Figure 7.20: Left: Expected energy spectrum of 7. events (dashed blue without oscillation, red with
oscillation) and background events for an 1.85 PBq CeANG at the detector’s center. The KamLAND
intrinsic background components, enhanced by a factor 20, are stacked in the inset. Right: Radial
distribution of the signal and background with the same color codes. A 6-m radius fiducial volume is
considered.

displayed in Figure 7.21, are expressed as L/E distributions for various oscillation scenarios.
The nominal configuration of CeSOX, with a 3.7 PBq CeANG placed 8.25 m away from
Borexino’s 4.25-m radius fiducial volume’s center during 18 months, is considered in this
analysis.

7.2.3 Backgrounds

In order to assess the sensitivity of each experimental setup, one has to determine the back-
grounds they are exposed to and estimate their impact on the sensitivity. Two types of back-
grounds are presented in the following, intrinsic detector backgrounds and source-induced
backgrounds.

Detector backgrounds

The main intrinsic backgrounds of large neutrino detectors are:
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Figure 7.21: L/E distribution of the U, events observed in CeSOX nominal configuration [283]. The
non-oscillation case is displayed in solid line and two oscillation cases with different squared mass

differences Am2_,, are displayed in dashed and dash-dotted lines, respectively. The effect of Am?2_,

on the oscillation pattern is clearly visible on the oscillated over non-oscillated ratio (bottom panel).

o accidental events, usually originating from natural radioactivity.
« cosmogenics, i.e. muon-induced production of radioactive isotopes, such as ®H and °Li.

e (a,n) events, capture of a 219Po « particle (prompt event) by a carbon atom emitting a
neutron upon deexcitation (delayed event)

Although very low, these backgrounds must be taken into account in 7, analysis such as
geoneutrinos or reactor neutrinos measurement. In the context of CeLAND/CeSOX, even
the latter are considered as backgrounds since they do not originate from the CeANG.

A recent KamLAND v, analysis [212] provides an estimation of the total background rate.
This rate, not exceeding 0.5 event per day in the [0.9-2.6] MeV energy region, of interest
for the experiment, can be considered negligible? with respect to the IBD interaction rate
brought by the CeANG.

Although exposed to similar rates of reactor neutrinos and geoneutrinos, the liquid purity
and the overburden of Borexino essentially suppress the accidental, (a,n) and cosmogenic
background components. The impact of Borexino’s intrinsic backgrounds can thus be consid-
ered negligible as well.

9Note that the reactor neutrinos component has been strongly suppressed since the shutdown of a vast
majority of the Japanese nuclear reactors in 2012.
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Detector’s intrinsic backgrounds have been proven negligible with respect to the v, signal
expected from the CeANG. Let us now study the possible impact of the source-induced
backgrounds.

Gamma backgrounds

The CeANG itself is a potential source of gamma background for the experiment. The most
serious component of this background is the 2.185 MeV gamma ray emitted upon the 3 decay
of 144Pr. Other sources of gamma rays such as Bremsstrahlung of *4Ce -1#4Pr electrons or
contaminations of radioactive elements in the source have been investigated and do not repre-
sent a significant source of background. Currently under examination, the contamination of
the tungsten shielding in U, Th and K chain elements is not considered problematic in case of
a source deployment outside the active detector volume. However, if a deployment is planned
at the center of the detector, this contamination has to be seriously taken into account and
strict constraints on the shielding’s radiopurity are expected.

To estimate the attenuation provided by the shielding and the passive layers of the detector
in order to obtain the expected gamma background rate, the propagation of the 2.185 MeV
gammas has to be simulated. I first performed such simulations with GEANT4 for the
CeLAND experiment.

For these simulations, I implemented the simplified CeLAND geometry in KLG4sim: a

7-cm diameter and height cylinder of CeOs2 enclosed in a 16-cm thick tungsten shield placed
9.6 m away from KamLAND’s center. The sock, expected to hold the CeANG during its
deployment, was not taken into account in the simulations.
The simulation of the 144Pr gammas is quite straightforward and the monoenergetic 2.185 MeV
rays are simply generated isotropically and homogeneously within the source volume. Given
the large attenuation brought by the shielding and the detector’s layers, long and resource-
consuming simulations are expected. I thus decided to use biasing techniques in order to
reduce the computing time.

In GEANT4, when creating a volume, one can consider it as part of a previously defined

“mother” region. In these regions, usually combinations of several volumes, customized cuts,
physical processes or material properties can be applied independently from the rest of the de-
tector’s volumes. I thus defined a “shielding region”, enclosing both the CeQO source and the
tungsten shielding regions. In this region, through the “G4ProductionCuts” class, I increased
the production threshold for electrons and gammas, i.e. the minimum energy required for a
gamma or an electron to generate secondary particles. The effect of this cut is to prevent the
creation of low-energy particles. These particles being contained within the shielding, their
tracking would have pointlessly slowed down the simulation.
The second cut consists of “killing”!? particles that reach a certain energy threshold by los-
ing energy. By getting rid of primary particles (**Pr vy rays generated in the source) that
reached an energy of 700 keV, threshold energy for a KamLAND event [261], I ensure that
their propagation will not waste simulation’s time.

107 simulation terms, killing a particle is equivalent to stopping its tracking, setting its energy to zero and
considering it as lost.
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Although these cuts increased the processing speed, simulations were still time-consuming.
An execution speed of about 108 y.h™! has been observed thus leading to the simulation
of one second of the experiment in about 200,000 hours for a 2.7 PBq CeANG (20 TBq
of 2.185 MeV vy’s). Using the resources available at the IN2P3 computing center [284], 1
simulated a total 1.05 x 10'? gammas. Out of these particles, only 30 deposited energy in
the active detector’s volume, enclosed in a 6.5-m radius sphere. Among these 30 energy
depositions, only 4 deposited more than 0.9 MeV, enough to be considered a prompt event in
an v, analysis.
Since no gammas reached the 6-m radius fiducial volume nor deposited more than 1.8 MeV,
minimum delayed event energy considered for a n-H capture [261], this simulation can only
provide a higher limit on accidental background. A rough but accurate enough estimation of
the accidental background, not taking multiplicity cuts into account, is given by:

Race = Rp x Rq x At, (7.5)

with R, and Rq, the rate (in Hz) of prompt and delayed events and At the coincidence time
window (in s), equal to 1 ms for the KamLAND’s 7, analyses. Considering a 2.7 PBq CeANG,
the results of the simulation led to attenuations larger than 1.05 x 10'? in the prompt and
delayed energy windows thus yielding to a maximum accidental rate of 0.36 Hz.

The low efficiency of these simulations motivated the use of a much faster software: TRIPOLI-
4®.

Jonathan Gaffiot and I started to implement the KamLAND geometry in TRIPOLI-
4® and simulate y background in the context of CeLAND. However, the collaboration with
KamLAND ended and the CeSOX experiment quickly began afterwards. All the simulations
performed with TRIPOLI-4® thus concern the CeSOX experiment and have been conducted
by Jonathan Gaffiot.

Prior to generating and propagating gammas from the CeANG to the detector, one has to
implement the complete geometry of the experiment in TRIPOLI-4®. In this case, the geom-
etry of the Borexino detector, as displayed in Figure 7.2, and the CeANG with its shielding
has been defined, as shown in Figure 7.22. Only the PMTs, whose shape is not considered a
basic volume in the simulation, have not been implemented.

Significant results can be obtained generating only 10° gammas, thanks to the efficient
biasing techniques presented in Section 7.2.1. This relatively low number of particles allows to
reach statistical errors of 2% over the whole energy range, with an increase to about 5% in the
2.1-2.2 MeV energy bin. Figure 7.23 displays the probability of interacting in each detector
layer for an initial gamma generated in the CeANG. The volume referred to as “fiducial” is
used in the solar analyses of Borexino [285]. It consists of a 3-m radius sphere at the center
of the target volume.

The total probability of a gamma to deposit energy in the detector, expressed as the
integral of the detected energy spectrum, reaches very low values. The total attenuation of
gammas integrated over the whole energy spectrum is equal to 7 10~ in the target volume
(4.25 m radius sphere) and 4 1072% in the fiducial volume (3-m radius sphere). Assuming a
3.7 PBq CeANG (25 TBq of 2.185 MeV gammas), interaction rates of 16 y.d~! and 0.1 y.d !
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Figure 7.22: Left: View of Borexino with the ANG and its shielding placed in the source deployment
tunnel. Right: Close-up view of the CeANG with its shielding. Both images are generated with the
TRIPOLI-4® visualization tool.

in the target and fiducial volumes, respectively, are expected, regardless of the deposited en-
ergy.

Considering a prompt energy window of [1.0-2.4] MeV and a delayed energy window of [2.0-
2.4] MeV, prompt event rates of 4.2 1078 Hz and 2.8 1072° Hz and delayed event rates of
2.0 10719 Hz and 2.0 1072! Hz are expected in the target and fiducial volumes, respectively.
From Eq. 7.5, accidental rates of 5.7 107'% Hz and 3.8 10~!7 Hz are expected in the target
and fiducial volumes, respectively. With no energy cuts taken into account, these respective
accidental rates increase to 3 1076 d=! and 1.2 10710 d—1.

While this background can be considered negligible for CeSOX, even taking into account the
full active detector volume, the solar analysis might be impacted, especially when trying to
detect the CNO component of the solar neutrino flux.

Note that considering a scintillating inner buffer (referred to as “inner” in Figures 7.22 and
7.23), single gamma background rates of ~2000 y.d~! are expected, still acceptable for Ce-
SOX.

Neutron backgrounds

Spontaneous fissions (SF) of actinides contaminants in the CeANG are a potential source of
neutron background. The interaction of actinides-emitted « particles in the source’s light
nuclei such as oxygen is a source of fast neutrons as well. However, since this process is not
dominant, it will not be covered in the following.

Fast neutrons emitted by SF lose a small fraction of their energy in the high-Z tungsten
shielding and easily scatter out in the detector materials. Given the large thickness of water
and organic liquids in the active and passive volumes of the detector, these neutrons are likely
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Figure 7.23: Left: Energy deposited in all detector volumes for each initial 2.185 MeV y generated.
The fiducial volume is considered a 3-m radius sphere at the center of the target volume. Right:
Close-up view of the left panel centered on the two innermost volumes.

to undergo radiative capture on hydrogen, thus creating a 2.2 MeV gamma ray that could
mimic an IBD prompt or delayed event. Captures on metallic structures, yielding to the
production of high-energy (6-9 MeV) gammas, are expected as well. Although apparently
accidental, this background might be considered weakly correlated given the neutron multi-
plicity of each fission. Indeed, spontaneous fission can simultaneously emit several neutrons
whose moderations and captures are related in time and dependent on the capture time in
water or organic liquids. As presented in Section 6.5.1 for Double Chooz, SF fast neutrons
could be another potential source of correlated background. The interaction of such neutron
in the active detector could lead to a proton recoil, mimicking a prompt event, and a subse-
quent capture on H, mimicking a delayed event.

The weak neutron attenuation provided by the shielding might cause a high neutron-induced
background rate in the detector, even with relatively small actinide contamination in the
source. Since fresh nuclear fuel does not contain elements heavier than 23%U, actinides are
created during the fuel irradiation through several neutron captures and 3 decays, as shown
in Figure 7.24. Therefore, the probability of creating a heavy actinide decreases with its mass
and number of neutrons. Table 7.4 summarizes the half-life, SF yield!!, specific neutron activ-
ity and activity normalized to the *4Ce activity in spent nuclear fuel for the most produced
isotopes of americium (Am) and curium (Cm).

Although the increase of SF yield and specific neutron activity for heavier isotopes tends
to compensate their lower relative activity, the contribution of americium isotopes and low
SF yield curium isotopes to the neutron emission in the CeANG is considered weak. Fur-
thermore, given the low SF yield of odd nucleon number isotopes, only even curium isotopes
(244,246.248Cm) are expected to provide a neutron activity high enough to be considered an
issue. Among these isotopes, #4Cm with its half-life of 18 years, high SF yield, important
neutron activity and large concentration in SNF is the most problematic. Furthermore, its
mean number of neutrons emitted per SF of 2.7 could potentially induce correlated back-
grounds.

Although o spectroscopy measurements have been performed on 44Ce samples at Saclay, the
expected contamination of 2#*Cm in the final CeANG, expressed in Bq per Bq of 4Ce, is
unknown. As shown in Figure 7.7, the separation of Cm is performed quite early in the chro-
matographic displacement process and contamination of the order of 106 Bq/Bq have been

HThe SF yield is equivalent to the branching ratio toward spontaneous fission.
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Figure 7.24: Scheme of the production chain of actinides during fuel irradiation [286]. The two most
dangerous isotopes, 2! Am and ?**Cm have been highlighted in red.

) Specific neutron A/ A('**Ce)

Isotope | Half-life Iep sctivity (n/g) (Bq/Bq)
41Am | 4322y 4010710 1.3 5107°
HmmAm | 141y 47162 46 1104
243Am 7370y  3.7107°° 0.72 2104
200m 27d 3.910°6 6.7 107

B20m 162.8d 621076 1.9 107

2 m 29.ly  5.3107° 2.6 102 21074
iy 1 18.10y 1.4 1074 1.6 107 2102
245Cm | 8510%y 6.110°7 1.1 102 31076
246Cm | 47310y 3.0 1072 1.0 107 51077
28Cm | 3.4010°y 8.39 4.2 107 <1107

Table 7.4: Characteristics of the most abundant Am and Cm isotopes present in spent nuclear
fuel [264]. The activity A is given in Bq/Bq in 2-year old SNF and normalized to the *4Ce activity.
Only isotopes with a half-life larger than 180 days are depicted, the contribution of the others being
strongly suppressed in the CeANG at delivery.

observed [287] in promethium'? (Pm). Since the concentration of cerium is located further
down the chromatography chain than Pm, lower contamination of Cm are expected. How-
ever, in the following simulations, a contamination of 107> Bq(***Cm)/Bq(*#4Ce) is assumed,
in agreement with the results of the o spectroscopy. This level of contamination leads to a
neutron flux of 1.4 10° n/s emitted by the CeANG [264].

2Pm is used as fuel for radicisotope thermoelectric generators.
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Although the first simulations of the SF-induced neutron background I performed for
CeLAND have been made using GEANT4, the need for accurate neutron transport and fast
execution time drove our choice toward the use of TRIPOLI-4®, as for the gamma background
simulations. The following simulations have been performed in the context of CeSOX, using
routines developed for CeLAND.

Neutrons are generated on an event-by-event basis and distributed homogeneously in the
source. Their energy is chosen randomly in a Watt spectrum peaked at 1 MeV, accurately
describing the energy spectrum of fission-induced neutrons. About 60% of neutrons are cap-
tured in the shielding, mostly on W atoms. The remaining 40% travel toward the detector.
The so-called “neutron current”, representing the number of neutrons that crossed the in-
terface between two adjacent volumes, is displayed in Figure 7.25 (left). On this plot, the
neutron currents at the “shield-tunnel”, “tunnel-steel plates”, “steel plates-veto” and “veto-
outer buffer” interfaces are displayed. Given the large attenuation of steel, water and oil, only
a few neutrons reached the outer buffer, leading to an upper limit on the neutron attenuation
of 107! between the source and the buffer. No neutrons reached the detector’s active volume
thus setting strict constraints on the fast neutron background, considered negligible hereafter.
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Figure 7.25: Left: Neutron current observed at the interfaces between several detector’s volumes:
shielding, tunnel, steel plates, veto and outer buffer. Right: Energy deposited in all detector volumes
for each SF neutron generated.

Neutrons traveling in the detector get quickly thermalized and captured in the ground,
the water veto or the metal surrounding the detector. While captures on hydrogen in the
veto produce 2.2 MeV gammas, captures on metals produce high-energy gammas. The spec-
trum of neutron-induced gamma energy depositions thus extends up to 10 MeV, as shown in
Figure 7.25 (right). This plot displays the number of energy depositions per initial neutron,
i.e. the probability of a neutron to generate an energy deposition, in each detector’s volume.
Integrated over the whole energy spectrum, the attenuation of neutron-induced energy depo-
sition reaches 1.0 107° in the target volume and 1.5 107 in the fiducial volume. Assuming a
3.7 PBq CeANG and a ?**Cm contamination of 10~® Bq/Bq, this induces interaction rates of
140 mHz and 21 mHz in the target and fiducial volumes, respectively. Considering a prompt
energy window of [1.0-2.4] MeV and a delayed energy window of [2.0-2.4] MeV, prompt event
rates of 19.6 mHz and 2.9 mHz and delayed event rates of 5.6 mHz and 0.8 mHz are expected
in the target and fiducial volumes, respectively. From Eq. 7.5, accidental rates of 9.5 1073 d—!
and 2.0 10~* d~! are expected in the target and fiducial volumes, respectively.

Although several orders of magnitude larger than the gamma-induced accidental background,
this background can be considered negligible. Note that, given the relatively weak neutron
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multiplicity of 244Cm (2.7 neutrons/SF in average) and the back-to-back emission of SF neu-
trons (neutrons are emitted by the two fission fragments and therefore acquire a strong boost),
this background is considered not to be correlated.

7.3 Expected sensitivity

The sensitivity to short baseline oscillation is estimated by comparing the observed and ex-
pected IBD rates, both binned in energy and distance to the source. To test the oscillation
hypothesis and constrain the sin? 20;,c.,-Am2,,, parameter space, the following x? is used:

i =)o y: -

2 ’
X = E exp
i Nij ON

with NZ}?S and N;7".the observed and expected number of IBD events in the i*h energy bin
and ;™ distance bin, respectively. « is a nuisance parameter accounting for the normalization
uncertainty, related to the uncertainty on the CeANG activity, and is allowed to vary within
on- The precision on the calorimetric measurement of the source activity will set on for the
final oscillation fit. By doing so, both the spectral shape and the rate will bring information
to the fit. This is the “rate+shape” analysis, similar to the default oscillation fit of Double
Chooz (c.f. Section 6.6.2). On the other hand, if the source activity is unknown, oy is set
to infinity and only spectral shape distortions bring information to the final fit. This is the
“free rate” or “shape only” analysis.

The minimization of the y? function expressed in Eq. 7.6 over the o nuisance parameter
provides the exclusion contours for different confidence levels (C.L.) through the formula:
AX? = X2 (Onew, Am2Zey,) — X2im- The 90%, 95% and 99.73% (30) C.L. exclusion contours are
computed such that Ax? < 4.6, 6.0 and 11.8, respectively.

These three contours are displayed in Figure 7.26 for the CeLAND experiment for a rate+shape
(left) and a shape only (right) oscillation fit.

The 95% C.L. contour is shown in Figure 7.27 for CeSOX in its “nominal” (left) and “up-

graded” configurations.

To compare the potential of both rate+shape and shape only analyses, one has to under-
stand the shape of their sensitivity contours.
At low Am2,, < 107! éV?, the oscillation length, proportional to E/Am2.,, is larger
than the detector’s size and the v, survival probability is approximated to: P (E,L) ~
1 — asin? 20 (Am2.,)” with o, a constant. In this region, a linear correlation in loga-
rithmic scale is expected between sin? 20,,e,, and Am2,, to provide a constant Ax? contour.
In the Am2,, ~ 0.1 — 10 eV? region, oscillation lengths slightly smaller than the detector’s
size are expected. The energy and vertex resolutions of the detector allow the observation of
a well-developed oscillation pattern. This region is the most sensitive to an oscillation.
At high Am2,, > 10 eVZ, the oscillation length is smaller than the detector’s vertex resolution
and an oscillation pattern can barely be observed. In this region, the spectral shape brings
no information on the sin? 20, and Am?2., parameters. The rate information however al-
lows the determination of sin® 20w since the 7, survival probability can be approximated

toP(E,L)~1— %sin2 20hew- Although more sensitive over the whole parameter space, the
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Figure 7.26: Sensitivity contours to exclude the non-oscillation hypothesis at 90%, 95% and 3o
C.L. [286]. A data taking period of 18 months with a 2.7 PBq (75 kCi) CeANG located 9.3 m
away from KamLAND’s center is considered. A 1.5% normalization uncertainty is taken into account.
Results are expressed for a ratetshape (left) and a shape only (right) analysis. The reactor anomaly
favored contours are displayed in gray shaded areas for comparison.

strength of the rate+shape analysis over the shape only analysis is best displayed at high
Amgey,-
Note that the sensitivity to lower sin? 26,y values is mostly driven by statistics and can be
significantly improved with an higher 4Ce activity, a longer data taking time and a shorter

distance between the source and the detector’s center.

Several experimental parameters such as the activity uncertainty, the energy and vertex
resolutions or the source spatial extension are likely to affect the sensitivity of the experiment
as well. Detailed studies of the impact of these parameters have been performed and their
results can be found in Ref. [286] for CeLAND and Ref. [283] for CeSOX.
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Figure 7.27: Sensitivity contours to exclude the non-oscillation hypothesis at 95% C.L. [283] in CeSOX.
The “nominal” (left) and “upgraded” (right) configurations correspond to a fiducial volume of 4.25
and 5.5-m radius, respectively. A data taking period of 18 months with a 3.7 PBq (100 kCi) CeANG
located 8.25 m away from Borexino’s center is considered. A 1.5% normalization uncertainty is taken
into account. Results are expressed for a rate+shape (solid line) and a shape only (dashed line)
analysis. The reactor anomaly favored contours are displayed in gray shaded areas for comparison.
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Conclusion

“I have done a terrible thing, I have postulated a particle that cannot be detected”: here are
the immortal words pronounced by Wolfgang Pauli in 1930 upon postulating the existence of
the neutrino. It took about a quarter century to prove him wrong and finally detect the first
neutrino, or rather antineutrino, with a liquid scintillator detector located next to a nuclear
reactor, an apparatus still being widely used nowadays. Since then, the development of the
detection technologies led to an acceleration of discoveries in the field of neutrino physics.
Over the last decades, it has been understood that the phenomenon leading to an apparent
loss of neutrinos when observing a certain flavor was due to oscillations, a well-explained quan-
tum mechanics artifact. Although not strictly compatible with the Standard Model of particle
physics, the framework of neutrino oscillations seems now well understood. The measurement
of the last mixing angle 63, anticipated in 2011 by Double Chooz and confirmed in 2012 by
Daya Bay and RENO, was one of the last milestone leading to the complete parametrization
of the PMNS matrix. However, tensions remain between several experimental results and
there is still some room for an additional oscillation. The observation of this disappearance
of U, toward sterile neutrinos is the goal of the CeSOX experiment.

While studied for its fundamental properties, the supposedly undetectable neutrino is now
considered to provide several real world applications. From the monitoring of nuclear reactors
for non-proliferation purposes to the determination of the Earth’s composition through U, Th
and K decays, its impact is not limited to neutrino physics only. Among these applications,
directionality is of interest since it could allow the localization of a neutrino source such as a
supernova or a nuclear reactor.

Although small in terms of manpower, the “Low Energy Neutrinos” group of CEA Saclay
is involved in many experiments. Each member of the group is thus in charge of several tasks
and often works on various subjects, as I was.

When I began my “pre-Ph.D.” internship in May 2012, the Nucifer detector was just deployed
in the vicinity of the Osiris reactor at Saclay. The detection of 7, emitted in the reactor core
was one of the last validation test of Nucifer’s design, proving the detector’s capabilities to
perform non-proliferation studies. Since the global effort of the group was focused on Nucifer,
I thus started to analyze its data along with other Ph.D. students and interns. These analyses
put in evidence the most important challenge the experiment has to cope with: the accidental
background (c.f. App. A). The installation of the two additional lead wall helped reduce this
background and, since then, Nucifer is able to detect neutrinos from Osiris’ core, although
with a large and irreducible statistical uncertainty.

At the same time, the CeLAND experiment was still in its early stages and simulations of
the CeANG in KamLAND were required. Designed to test the existence of an hypothetical
fourth neutrino state using an antineutrino source in or next to the KamLAND detector, the
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CeLLAND experiment relies on both a good understanding of the detector and of the CeANG.
I acquired the KamLAND simulation from the people developing it at Tohoku University
and brought it back to Saclay where we enhanced it for CeLAND. The studies of the source-
induced gamma and neutron backgrounds performed with it (c.f. Section 7.2) motivated us
to use another simulation tool in order to properly estimate the impact of these backgrounds
on the experiment. The results obtained with TRIPOLI-4® led us to consider the CeLAND,
or CeSOX since the deployment of the CeANG is now planned next to the Borexino detector,
experiment as almost background-free. Nonetheless, these studies indicated the extreme care
that needs to be taken is a deployment at the center of the detector is planned.

Meanwhile, I started working on the Double Chooz experiment, the initial topic of my the-
sis. Although smaller in size than the other two experiments and with only one detector
operating, Double Chooz has provided several measurements of 613. The latest value of
sin® 26,3 = 0.090f8:8§§ is the most precise performed by Double Chooz to this day. The re-
cent start of the near detector opens the second phase of the experiment with two detectors
and, due to an important reduction of systematic and statistical errors, ensures the improve-
ment of the measurement. Although it was still in its commissioning phase, I performed data
analyses (c.f. Section 6.5.3) with the near detector and isolated, with rudimentary cuts, a
total of 1883 neutrino candidates with neutron capture on Gd (n-Gd). With the calibration
campaign planned starting August 2015 and the ongoing data production, the Double Chooz’s
near detector will be fully operational quickly.

The strength of Double Chooz also comes from its ability to conduct parallel analyses such
as neutrino directionality studies. In order to replicate the results presented by the CHOOZ
experiment, the “Directionality group”, myself included, performed directionality analyses on
the most recent datasets of neutrino events. The 17,358 n-Gd neutrino candidates led to a
reconstruction uncertainty of 5.16° and 5.30° in azimuthal and zenith angle, respectively. A
similar analysis on the 31,898 neutrino candidates with neutron capture on H (n-H) provided
uncertainties of 5.03° and 5.17° in azimuthal and zenith angle, respectively (c.f. Section 5.3).
This measurement is a conclusive proof that neutrino directionality with IBD can be applied,
not only to Gd-loaded detectors, but to large undoped liquid scintillator detectors as well.
This result motivated us to apply IBD directionality to the field of astrophysics (c.f. Sec-
tion 5.4). By releasing 99% of its energy in the form of neutrinos several hours before emitting
visible light, a core-collapse supernova can be detected through its neutrinos before an optical
observation. The inter-experiment SNEWS network aims at providing a global alert in case
of the detection of a burst of neutrinos in several large neutrino detectors scattered over the
globe. The addition of a combined directional information to this alert would increase the
probability of observing a complete supernova process, including it early phases. Considering
a supernova occurring 10 kpc away from Earth, the combination of all large liquid scintillator
detectors currently operating could provide a localization within a 45°(68% C.L.) cone. With
the addition of JUNO, this uncertainty could decrease to 14°(68% C.L.) by 2020.
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Appendix A

Study of accidental background in
the Nucifer experiment

In this appendix, I will present the studies I performed on the Nucifer experiment in order to
help reduce its accidental background. Detailed descriptions of the Nucifer experiment and
its results can be found in Jonathan Gaffiot’s and Maxime Pequignot’s theses [156, 288] as
well as in Ref. 77.

A.1 Nuclear non-proliferation

With the increasing worldwide need for energy, the expansion of nuclear energy is certain.
In order to guarantee that this technology is being used for peaceful and civilian purposes
only, one of the duties of the United Nations International Atomic Energy Agency (IAEA) is
to control the complete nuclear fuel cycle from the extraction to the reprocessing. By doing
so, the TAEA ensures that no fissile material, in quantities large enough to manufacture a
nuclear weapon, has been diverted during the operation of the nuclear reactors scattered over
the globe. To perform this constant watch, the Agency has been evaluating the potential of
new technologies for future safeguard purposes.

Neutrino detectors have the unique ability to monitor a nuclear reactor’s operational status,
power and fissile content in real-time, from outside the reactor containment. Able to detect an
unrecorded production of fissile material in declared reactors and to estimate the total burn-up
of a reactor core, they could have a considerable value for safeguard purposes. The detection
of electron antineutrinos emitted in the decay chains of the fission products in nuclear reactors
associated with accurate simulations provides an efficient method to assess both the thermal
power and the evolution of the fuel composition. As presented in Section 3.1.3 and displayed
in Figure 3.4, the U, emission rate of a nuclear reactor core decreases over time at constant
thermal power, due to the burning of 23U into 2**Pu and 24! Pu. The observation of this effect
with a neutrino detector could provide a real time measurement of the amount of plutonium
in the reactor, thus ensuring the match between the quantity of plutonium declared by the
operator and the quantity actually produced during the reactor cycle.
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A.2 The Nucifer experiment

The Nucifer experiment aims to demonstrate the concept of neutrinometry at the pre-industrialized
stage. Its detector has been specifically designed to match the criteria set by TAEA: easy de-
ployment, non-intrusive, remote monitoring, low maintenance rate and relatively low price.

Nucifer is installed on the lowest floor of the Osiris reactor in Saclay, 11 meters below the
surface of the reactor’s water pool as displayed in Figure A.1 (left). Such an overburden is
equivalent to ~15 m.w.e and leads to a reduction of the muon flux, especially the hadronic
component, of a factor ~2.7. Located only 7.2 m away from Osiris’ core, Nucifer is shielded
from the radiations by 3.5 m of water and 2.5 m of concrete, as shown in Figure A.1 (right).

Figure A.1: Left: View of the Osiris building with the reactor (blue) and Nucifer (red). Right: Nucifer
in its shieldings with respect to the core of Osiris (red box).

Osiris is an open-pool type light water experimental reactor located in CEA Saclay, de-
signed for material irradiation and radioisotope production [289]. Delivering a maximal ther-
mal power of 70 MW in operation, its compact core of 80 cm x 70cm x 70 cm is loaded with
38 standard fuel elements (U3SioAl plates enriched at 19.75% in 235U). Osiris operates on a
4-week cycle basis. Each cycle consists of three weeks with the reactor at full power (ON)
followed by a week of shutdown (OFF) for the refueling of the core (by 1/7%h).

The Nucifer detector, as depicted in Figure A.2, consists of a neutrino target detector,
an active veto to tag muon-induced backgrounds, 14 cm of polyethylene to shield the target
against neutrons and a 10-cm lead layer to stop gamma rays. An extra 10-cm lead wall has
been erected on the reactor side to further shield reactor-induced gamma rays.

The neutrino target is contained inside a cylindrical double-vessel made of stainless steel
(height 1.8 m, diameter 1.2 m) with a diffusive internal surface to increase light collection.
The tank is filled with 0.85 m? of Gd-loaded liquid scintillator.

The chemistry of the Nucifer scintillator is based on a development for the target liquid of
the Double Chooz reactor neutrino experiment. The Gd is dissolved in the organic liquid in
the form of a Gd-beta-diketonate complex. The focus in the scintillator design was on long-
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term stability over several years and chemical purity. In order to better reject backgrounds,
the Gd-concentration was increased to about 0.2% and the o-PXE (ortho-Phenylxylylethane)
concentration was raised to about 50% with respect to the n-dodecane concentration.
Sixteen 8-inch (20 cm) photomultipliers tubes (PMTs) located at the top of the detector vessel
ensure an efficient light collection. A 25 em thick acrylic disk optically couples the PMTs with
the liquid surface while shielding the intrinsic PMT radioactivity from the scintillator and
ensuring a more uniform response in the whole target volume. A LED based light injection
system allows the monitoring of the PMT gains and possible instrumental drifts. In addition
small encapsulated radioactive sources can be deployed along the target central axis inside a
vertical tube.

The veto design is based on a novel concept: 32 modular detectors, each one containing a
5 cm thick plastic scintillator of 150 to 170 cm length and 25 cm large observed by one PMT
decoupled from its surface. The scintillator thickness was chosen in order to discriminate
cosmic nmons from gamma rays and the selected threshold allows a muon detection efficiency
greater than 95%.

10 cm 14 cm of boron
of lead doped polye‘fhylene

----- Stainless steel tank + Teflon
------ Nitrogen atmosphere

""""" 16 PMTs

------- Acrylic buffer

2,5m
W)
/ 7 SR

- Target liquid: 850 L

Active muon veto:
plastic scintillator + PMT

AR T
| f- e T

3m Total: ~ 50 tonnes

Figure A.2: Drawing of the Nucifer detector and its components.

The IBD interaction rate expected in Nucifer during a reactor ON period is ~960 v,.d !.
Considering the detector’s mean detection efficiency of 30.3%, about 280 neutrinos per day
are expected to be detected.

Nucifer has been installed in the building of Osiris in Spring 2012 and is acquiring data ever
since, until the shutdown of Osiris planned at the end of 2015.

A.3 Accidental background reduction
Upon switching the detector with Osiris at nominal power in Spring 2012, an unexpectedly
high trigger rate of more than 6 kHz was observed, leading to an acquisition dead time of more

than 60%. Considering basic energy cuts and a coincidence window of 30 us, the accidental
rate, obtained from Eq. 7.5, easily reached 1,000,000 events per day [290]. This unexpected
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feature originated from the South direction (the reactor is located in the East direction) and,
after investigation, was found to be due to the presence of a primary water loop of the main
reactor cooling circuit. This circuit, located 1 m behind the concrete wall, contains water
highly activated by the tremendous fast neutrons flux in the reactor, hence its designation as
“deactivation tank”, as displayed in Figure A.3.

Deactivation tank

New lead wall

Figure A.3: Above view of the Nucifer layout with the deactivation tank on the South side.

The neutron activation produces °N from 190, which subsequently decays with a 7.13 s
half-life emitting a 6.1 MeV gamma ray, easily detectable in Nucifer. This background being
too high to allow the experiment to continue taking data, an additional 10 cm lead wall has
been erected on the South side in March 2013. The installation of this additional shielding
reduced the trigger rate by a factor 9 and allowed the acquisition dead time to reach a value of
1.5% [291]. With the cuts and efficiencies valid at that time, an accidental rate of 8908 events
per day was computed, still largely above the expected neutrino rate of 227 % 16 v,.d ! [292].

The radiation coming from the deactivation tank has been strongly reduced, however it

did put in evidence the background coming from the reactor itself. Although attenuated by
two 10-cm thick lead walls, this background is now dominant. Neutron propagation studies
carried out by Eric Dumonteil at CEA/DEN/CERMA and confirmed by Pulse Shape Dis-
crimination (PSD) studies [293] rejected the contribution of a fast neutron component to this
background. Exclusively due to gamma radiations, either directly from Osiris’ core or from
neutron captures in the pool or the structures surrounding Nucifer, this background can be
further reduced by the addition of an additional shielding. However, given the promiscuity of
Nucifer’s layout and the constraint on the total mass allowed on Osiris’ ground, this shielding
has to be carefully designed in terms of size, mass and material.
In May 2013, Maxime Pequignot and myself performed tests using steel plates placed over the
reactor wall. By moving the plates over the wall, we were able to find the optimal position cov-
ering the maximum solid angle shielding the detector to the reactor-induced radiation [294].
The choice of thickness and material, however, needs to be driven by simulations in order to
assess the effect of the background attenuation on the accidental rate. Given the rather com-
plicated GEANT4 geometry of Nucifer and its high amount of shielding, I chose to simulate
the attenuation using a very simplified geometry based on the CeLAND geometry. This is
the so-called NuCemLAND simulation [295].
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The NuCemLAND simulation aims at roughly simulating the impact of Nucifer’s shield-

ings. Based on the CeLAND simulation, it consists of concentric spherical layers of shielding
materials placed at the center of the KamLAND detector, as displayed in Figure A.4 (left).
Starting from the reactor concrete wall, the gammas will travel through successive layers of
air, additional shielding material (lead or stainless steel) and lead before finally entering the
detector. Thus, in the simulation, the gammas are emitted isotropically from the center of
the source at (0.0,0), travel through the central volume made of air, then through the first
shielding layer made of steel or lead and finally through the second layer of the shielding
made of 20 c¢m of lead before reaching the detection medium (the whole KamLAND scintil-
lator balloon).
Since we assume that the gammas originate from the concrete, we are shooting them using a
similar energy spectrum measured at the ILL reactor, as displayed in Figure A.4 (right). By
changing the first shielding layer material and thickness, one can try different configurations
of additional shielding. Results of the NuCemLAND simulations performed for these various
configurations can be found in Ref. [295].

GammaSpec
hGamma
Entries 16384
- Mean 2.866
RMS 2.589

Figure A.4: Left: Geometry of the NuCemLAND simulation. The thickness and material of the
different layers is changed in the simulation code. Right: Energy spectrum of gamma rays measured
at the ILL reactor [296].

To ensure the highest attenuation while still respecting the size and mass constraints of
the Nucifer layout, a 4-cm thick lead screen has been installed in April 2014 between the
pre-existing 10-cm thick lead wall and the reactor concrete wall.

From the NuCemLAND simulations, the addition of this shielding was expected to reduce
the total gamma radiation flux by a factor of 5.2. Considering prompt and delayed energy
windows of respectively [2;6] and [6;10] MeV, the accidental rate was expected to be reduced
by a factor 40.

However, upon analyzing the first data recorded with the new lead screen, an accidental
background reduction of a factor 3 only has been unraveled. The discrepancy of one order of
magnitude between the expected and measured attenuation can be due to a combination of
several factors. In NuCemLAND simulations, the geometry of the shieldings covers the total
solid angle of the gamma radiation emission, inconsistent with the experimental configuration
of Nucifer. In addition, gammas originating from radiative neutron captures on concrete or
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metallic structures might not travel trough the lead screen and could enter the detector
unattenuated.
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Appendix B

Characterization of 1**Ce samples

Given the high sensitivity expected from the CeSOX experiment, one has to perform a thor-
ough characterization of the CeANG source in order to lower its associated systematic uncer-
tainties. Since direct measurements are hazardous and hardly achievable on the unshielded
source itself, these characterizations are performed on cerium samples provided by Mayak.
Due to the variety of spent fuel reprocessed at Mayak, in terms of age, type and activity,
each production of radioactive material is considered unique and these samples might not
accurately represent the final CeANG.

In the context of the gamma spectroscopy studies presented in Section B.1, this discrepancy
is problematic since it does not allow the measurement of impurities in the CeANG. Yet, the
samples being produced during a pilot production phase, it provides limits on the amount
of undesired contaminations generated during the official production. On the other hand,
the beta spectroscopy studies presented in Section B.2 aim at measuring the shape of the
144Py electron spectrum, as explained in Section 7.1.3. This measurement is seldom impacted
by the discrepancies between the samples and the CeANG since only *4Pr is of interest.

Mayak delivered the samples to CEA Saclay in September 2014 in the form of three vials
containing 10 cm? of cerium nitrate Ce(NO3)3 each.

B.1 Gamma spectroscopy

The gamma spectroscopy of the cerium samples aims at determining the amount of impuri-
ties present in the *4Ce extracted during the production at Mayak. By observing additional
energy lines in the '44Ce energy spectrum, one can can detect the presence of gamma emitters
such as 2**Cm, potential generators of backgrounds.

The instrument used to conduct the gamma spectroscopy is a high purity germanium
counter (HPGe). The high sensitivity and excellent energy resolution of this detector make
it the ideal device for radiopurity measurements. In order to replace the HPGe formerly
operated at Saclay [297] and dedicated to the measurement of samples for Double Chooz
and Nucifer, the group acquired another HPGe build, as its predecessor, by the ORTEC
company [298]. To host the detector, a dedicated underground laboratory, the Dario Motta
laboratory, has been build in Saclay, in the basement of the building n°® 538, previously ac-
commodating the Saclay synchrotron. The overburden of the laboratory helps reducing the
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incoming muon flux, especially its hadronic component, by a factor of 2.

Installed and mounted since March 2014, the HPGe is protected from external backgrounds
by an airtight acrylic box enclosed in a 10-cm thick lead chamber (c.f. Figure B.1). While the
lead attenuates the ambient gamma background, mostly originating from U and Th decays
in the surrounding concrete but from material activation due to the former synchrotron op-
eration as well, the inner acrylic ensures a protection against the ambient radon background.
Radioactive gas present in the 233U and ?32Th decay chains, radon can easily accumulate and
decay in the lead chamber. In addition, the ?2?Rn half life of 3.8 days often induces bias
when subtracting background samples from data samples. Indeed, with typical measurement
durations of one or two weeks, instabilities arise in the background rate due to the initial
concentration of radon. To solve this issue, a nitrogen circulation system has been installed
in order to flush the acrylic box and purify its air prior to any measurement. With a flux of
200 mL/min, the 22.4 liters box can be considered radon-free in less than a day.

Since its installation, I participated in many aspects of the operation of the HPGe detector.
Besides performing regular maintenance tasks such as liquid nitrogen refurbishment, I in-
stalled the nitrogen circulation system to prevent radon contamination. In addition, I carried
out data analyses and simulations of samples along with Thibaut Houdy, whose thesis tasks
include the operation of the HPGe.

Figure B.1: Picture of the germanium counter in its airtight acrylic box.

One of the three cerium samples has been measured in the HPGe for a week. With an
activity at delivery of 60 kBq, it provides an interaction rate of about 120 Hz in the germa-
nium crystal, well above the typical background rate of about 1 Hz. Nonetheless, in order
to isolate the #4Ce-'4Pr component of the spectrum, we subtracted it with a background
energy spectrum measured during the same amount of time. The energy spectrum obtained
after subtraction is displayed in Figure B.2.
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Figure B.2: Energy spectrum of the cerium sample. The '*'Ce and **Pr components are observed
through the 133.5 and 2185 keV lines, respectively.

On this spectrum, one can identify several peaks, all originating from the cerium sample.
Since background has been subtracted, the 1460.8 and 2614.5 keV peaks are emitted respec-
tively by K and Th contaminations in the sample. Th and K components with a smaller
branching ratio, as well as U components, have been detected as well, although they are not
visible on this spectrum. The other peaks corresponds to gamma radiations emitted upon
l44Ce and *Pr decays. Table B.1 summarizes the main radiations observed in the spectrum.
The last two entries of this table corresponds to the single (SEP) and double escape peaks
(DEP) of the '%4Pr 2185.7 keV gamma.

Energy (keV) BR (%) Isotope
133.5 11.09 1440
511.0 Annihilation
696.5 1.342 l44py
1460.8 0K
1489.2 0.278 ld4py
2185.7 0.694 l44py
2614.5 25T
1674.7 144py 9185.7 keV SEP
1163.7 144py 2185.7 keV DEP

Table B.1: Energy, branching ratios and origin of the main peaks observed in the 4Ce sample.
£) g g I I

Discrepancies remain at low energies (E<100 keV) between the data and the simulation.
These differences come from the lack of knowledge of the germanium crystal’s exact geometry.
Indeed, the active region of the crystal is surrounded by a so-called “dead layer”, inactive and
of unknown thickness. The evaluation of this layer’s thickness is possible using a radioactive
source emitting a low energy energy gamma ray, such as 2! Am and its 59.54 keV radiation.
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Annexe B : Characterization of 144Ce samples

Described in Ref. [297] for the previous HPGe operating at Saclay, this protocol has yet to
be applied to our current detector.

Nonetheless, the absence of unexpected gamma lines in the energy spectrum, and especially
at low energy (E<300 keV), set upper limits on the amount of gamma-emitting impurities in
the sample:

e < 1072 Bq/Bq of **Ce in the E<500 keV energy range
e < 107* Bq/Bq of **Ce in the E>500 keV energy range

Additional cerium samples are expected to be delivered from Mayak prior to the ANG
production.

B.2 Beta spectroscopy

As stated in Section 7.1.3, the electron and 7, spectra of the 144Ce-1*4Pr pair need to be
accurately known with a percent-level precision. Although theoretical models allow the com-
putation of the contribution of the allowed branches to the energy spectrum at the percent-
level, the determination of the forbidden branches contribution is only accessible through
experiment. The accurate measurement of the electron spectrum at the percent-level is thus
mandatory.

To perform such a measurement, two groups belonging to the CeSOX collaboration have de-
ployed experimental setups. However, I will focus on the apparatus installed and operating
by the CEA group in the following.

The SAclay Beta Spectrometer, informally called “SABS”! has been installed in the LNHB
laboratory at Saclay. It consists of two identical pieces of plastic scintillator surrounded by
two photomultiplier tubes, as depicted in Figure B.3. By depositing a radioactive source in
the form of a droplet at the center between the two plastic cylinders, one can collect the light
emitted by electrons traveling through the plastic without significant losses.

Special care has been taken when designing the SABS experimental setup. First of all, in
order to observe the full electron spectrum of '*4Pr up to 3 MeV, the dimensions of the plastic
scintillator cylinders have been set to 4 cm in diameter and height. The plastic scintillator
material finally chose is the EJ204, manufactured by the Eljen company [299]. Its high light
yield and good match to the PMTs sensitivity in terms of light emission spectrum drove the
choice towards this material. The two PMTs are Hamamatsu R6231-100, equipped with a
flat and circular 2-inch photocathode, thus minimizing light loss at the edge of the plastic
scintillator cylinders. Their quantum efficiencies of 35% further increase the light collection.
The signal recorded by the PMTs is then sent to a charge integrator (QDC) and saved in
binary files.

The main advantage of this simple setup lies in its ability to be quickly operated, thus
allowing a repeatability of the measurement. Indeed, given its impact on the final sensitivity
of the experiment, the main goal of SABS is the measurement of the *4Pr beta spectrum.
In this context, the low energy '*4Ce component acts as a background for the determination

L As opposed to the TUM beta spectrometer informally called “TUBS”.
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"'\

. 'I.ur.'.; ’
Figure B.3: Picture of the SABS setup.

of the "Pr 7, spectrum at high energy. In order to isolate the "4Pr component, it is thus
planned to chemically separate the two isotopes to only extract *4Pr. Given the '#*Pr rel-
atively short half-life of 17 minutes, the separation, source deposition and setup preparation
have to be performed quite fast in order to reduce the loss of activity. After a typical data
taking time of 1 hour, the plastic is expected to be removed and rinsed. The operation is
then repeated until a satisfying energy spectrum has been recorded.

Presently, the main effort is directed towards the characterization of the setup. The gains
of the PMTs are obtained by observing the pedestals and single photoelectrons with the use
of a photodiode. This measurement allows to express the charge recorded by the QDC as a
number of photoelectrons (n.p.e.), more suitable for the rest of the analysis. To convert an
energy deposition expressed in n.p.e. into a proper energy unit such as keV or MeV, the use of
radioactive calibration sources is mandatory. A preliminary calibration has been conducted
with a 207Bi source deposited at the center of the two scintillators. The decay of 2°"Bi toward
207Ph through electron capture is followed by the emission of several conversion electrons as
well as gamma rays. The latter are often not fully contained and escape the plastic scintil-
lator without depositing their total energy. The energy spectrum obtained after analysis is
displayed in Figure B.4. The main structures observed in this spectrum correspond to the
main B and y radiations of 20“Bi and 2°"Pb.

Additional calibrations are planned with other isotopes emitting low energy electrons such
as 133Ba and '99Cd. First measurement of "4Pr are expected by November 2015.
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207Bj spectrum - channels sum nOtot

Entries 1687244
Mean 161.8
BMS 118.3
Triple peak electron capture

(976, 1048, 1060 keV)
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Figure B.4: Energy spectrum of 27Bi observed in SABS [300]. The signals from the two PMTs are
summed. The three highlighted peaks respectively correspond to the sum of the Compton edge of
the 570 keV gamma ray from 2°7Pb, the 482 keV conversion electron line and the 975.7, 1047.8 and
1059.8 keV conversion electron lines, indistinguishable due to the detector’s resolution.
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Summary in French

C.1 Introduction

Postulée en 1930 par Wolfgang Pauli dans sa célébre lettre ouverte [1], 'existence du neutrino
avait pour role de résoudre le probleme de I’énergie manque de la désintégration 3 ainsi que
l’apparente non-conservation de I'impulsion. Le développement de la théorie de Fermi [2] per-
mit de calculer sa section efficace d’interaction et mit en évidence la difficulté de la détection
des neutrinos. Ce n’est qu’en 1956 que 'existence du neutrino sera confirmée par Frederick
Reines et Clyde Cowan apres avoir observé avec succes des antineutrinos électroniques (7 ),
émis par la centrale nucléaire de Savannah River aux Etats-Unis et détectés a ’aide d’un dé-
tecteur rempli de 400 kg d’eau dopée au cadmium [3]. Depuis, 'amélioration des techniques
de détection permit la découverte de nombreuses propriétés des neutrinos.

Pourtant, bien qu’étant la particule la plus abondante de I'univers, elle en est également
la plus mystérieuse et la compréhension de ses propriétés pourrait ouvrir un pan entier de
physique au dela du Modele Standard de la physique des particules. Parmi ces propriétés,
I'une des plus étonnantes est la capacité des neutrinos a spontanément changer de saveur. Ce
phénomene appelé “oscillation” sera exploré en détails dans cette these.

C.2 Théorie de la physique des neutrinos

Masse des neutrinos

Les oscillations de neutrinos sont une conséquence de I’existence de neutrinos de masses non-
nulles. Or, selon le Modele Standard, la masse des particules est donnée par la mécanisme
de Higgs qui requiert l'existence de neutrinos de chiralité droite (vg) ou d’antineutrinos de
chiralité gauche, encore jamais observés expérimentalement. Afin de donner une masse aux
neutrinos, il est donc nécessaire d’introduire un nouveau mécanisme de génération de masse
ou d’accepter 'existence d’un neutrino de chiralité droite.
Cette derniere hypothése permet d’introduire un terme de masse m{? dit de Dirac dans le
Lagrangien tel que:

—ﬁD:mD(\I/R\I/L—f—\I/L\I/R), (Cl)

avec U et Wy les composantes droites et gauche du champ de Dirac ¥. Il est également
possible d’introduire d’autres termes de masses dans ce Lagrangien en considérant le neutrino
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comme une particule de Majorana, i.e. identique & son antiparticule, hypothése postulée en
1937 par Ettore Majorana [30]. Suivant ce formalisme, le conjugué de charge d’un champ est
égal & ce champ multiplié par une phase arbitraire, ce qui provoque une dépendance entre
Upr et Uy et W peut étre exprimé tel que:

\I/:\I/ML—i-\I’MR (CQ)
avec Wy, et Wy, les deux composantes de Majorana du champ telles que:
_ C _ C
Uy, =Yr+mVYr Yy, =V +m2V (C.3)

avec 11,2 deux phases arbitraires.
Cela génere un terme de masse de Majorana dans le Lagrangien de la forme:

m — — m — —
%(\I}RC\IIR+\I/R\I/RC)+ 34R(\11LC\1/L+\1/L¢LC) (C.4)

—Ly =
avec myy, , deux termes de masse de Majorana.
L’hypothese que le neutrino soit une particule de Majorana n’est pas incompatible avec

I’existence d’un neutrino de chiralité droite et dans ce cas le Lagrangien du neutrino contient
a la fois des termes de masses de Majorana et Dirac de fagon a ce que:

LD+M:»CD+£ML+£MR- (C.5)
Cette propriété est la base du mécanisme dit de “see-saw”, ou de la balangoire, qui permet,

apres la diagonalisation du Lagrangien exprimé sous forme matricielle, d’exprimer deux états
propres de masses:

1
mio = 5(7nM'L —+ MMy + \/(mML — mMR)2 + 4m2D (CG)

Etant donné qu’aucune de ces masses n’est connue a ’heure actuelle, plusieurs scénarios
de mécanisme see-saw peuvent étre postulés. Nous allons par la suite étudier un scénario
simple dans lequel mp;, = 0 et mpr, > mp, qui induit deux états de masses:

2 2
m m
m, =m; = —2- my =mg =mp(l + —2 ) A M- (C.7)
Mg M2

En expliquant de fagon naturelle la faible masse des neutrinos, le mécanisme de see-saw
est 'un des modeles de génération de masses de neutrinos le plus attirant et supporté. La
petitesse de la masse m, du neutrino est compensée par la conséquente masse vy du neutrino
de Majorana, qui introduit une nouvelle échelle d’énergie dans le secteur des neutrinos pouvant
étre associée a I’échelle d’énergie prédite par les modeles de Grande Unification (GUT) vers
10'6 GeV. La mise en évidence de l'existence des neutrinos de Majorana est le but premier
des expériences d’observation de double désintégration béta sans émission de neutrinos.
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Oscillations des neutrinos

Le phénomeéne d’oscillations des neutrinos peut étre expliqué au premier ordre simplement
par la mécanique quantique.

Les neutrinos étant considérés comme des particules massiques (sans quoi le phénomeéne
d’oscillation n’existerait pas), les états propres de l'interaction faible v,, avec o = e, u, T
la saveur des neutrinos, ne sont pas identiques aux états propres v avec k = 1,2,3. D’une
fagon similaire aux états propres des quarks liés par la matrice CKM, ces états propres sont
liés par une matrice 3 X 3 unitaire et complexe appelée la matrice Pontecorvo-Maki-Nakagawa-
Sakata! (PMNS) par la relation:

Ve 121
|I/a> = Z U;,k"/k> ou Vﬂ = UPMNS 1) (08)
k Vr V3

Comme la matrice CKM dans le secteur des quarks, la matrice PMNS peut étre paramétrée
de fagon a incorporer 3 angles de mélanges 6;; et une phase de violation CP J. De cette
fagon, elle peut étre exprimée en tant que produit de trois matrices indépendantes, chacune
correspond & un angle ¢;;:

1 0 0 C13 0 813€_i5 ci2 s12 0
UPMNS = 0 C23 S923 0 ‘ 1 0 —S12 C12 0 (CQ)
0 —s93 co3 —5136“5 0 c13 0 0 1

avec ¢;; = CoS Gij et Sij = sin 9”

D’une facon générale, la matrice PMNS peut s’exprimer de la sorte:

c12€13 512€13 s1ze”"
_ i i
UpMmns = | —S12¢23 — €12523513€"  C12C23 — S12523513¢€" 823C13 (C.10)
5 i
512823 — C12523513€"°  —C12523 — S12C23513€"  C23C13

Chacune des matrices de I’équation C.9 correspond & un domaine d’oscillation. La pre-
miere, comportant 'angle a3, représente le terme dit “atmosphérique” car découvert grace
aux expériences de détections de neutrinos atmosphériques. De la méme facon, les deux
matrices restantes, comportant respectivement les angles 013 et 019, représentent les termes
“réacteur” et “solaire” de la matrice PMNS.

Notez que la phase de violation CP § apparait dans le terme réacteur. Il ne s’agit seule-
ment que d’une convention et il est nécessaire que non seulement #13 mais également les deux
autres angles soient non-nuls afin de pouvoir accéder a la détermination de la phase §, possible
clé vers la compréhension d’une asymétrie neutrino-antineutrino.

La seule fagon expérimentale de prouver 'existence d’un mélange entre les saveurs de
neutrinos est d’observer 'apparition ou la disparition d’une saveur par rapport a son com-
portement attendu en cas de non-oscillations. Afin d’y parvenir, il est nécessaire de connaitre
la probabilité d’oscillations de cette saveur. Le calcul de cette probabilité dans le cas général

'Du nom des physiciens ayant contribués & la découverte et au développement du formalisme du phénoméne
des oscillations de neutrinos.
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a trois neutrinos est expliqué avec une trés grande précision en réf. [34]. Afin de simplifier
ce formalisme, nous allons par la suite seulement développer le cas d’une oscillation & deux
neutrinos dans le vide. Malgré son caractere simpliste, cette approximation est valide a un
niveau de précision largement satisfaisant pour la plupart des expériences d’oscillations de
neutrinos.

Ce cadre comporte seulement deux saveurs de neutrinos v, et v, deux états de masses 1
et vy et une matrice PMNS 2 x 2 paramétrée par une seul angle de mélange 6 tel que:

Ve\ ([ cosf sinf)\ (11
(I/H> o (— sin cosH) (1/2) (C.11)

Apres calculs, la probabilité d’oscillation & deux neutrinos s’exprime:

AmZ2L
2F

P, (L, E) = sin® 20 sin® ( (C.12)

avec Am? = m% — m? la différence de masses au carré entre les états de masse vy et vy, E

I’énergie du neutrino et L la distance parcourue entre sa création et sa détection.

Il est important de noter que ces trois derniers parametres sont responsables du com-
portement oscillatoire de la formule de probabilité alors que ’amplitude de cette derniere ne
dépend que de 'angle de mélange 6. Ainsi, la convention treés largement répandue veut que
cet angle soit exprimé par sin? 26 au lieu du simple 6.

Eq. C.12 peut s’exprimer avec des unités plus courantes en physique nucléaire ou des
hautes énergies:

(C.13)

A 2 2 L
Py, (L, E) = sin? 20 sin? <1.27 mZ[eV7] x [Hﬂ)

E[MeV]

Gréace au principe de conservation de la probabilité: P, + Py, ., = 1, il est possible
d’exprimer P,,_,,, la probabilité de survie d'un ve:

Am?[eV?] x L[m]

P, L,E) =1 —sin?20sin? | 1.27 C.14
Ve_n’e( ’ ) < E[MGV] ( )
Cette probabilité de survie est celle observée dans les expériences de disparition telles
que Double Chooz, car dans ce cas ’énergie des neutrinos est insuffisante pour créer des
leptons plus lourds que I’électron. L’approximation d’une oscillation & deux neutrinos, bien
qu’utilisable dans la plupart des cas, montre parfois des limites et doit étre corrigée d’un autre

effet, non présent lors d’oscillations dans le vide: 'effet de matiere.

Bien que leur section efficace d’interaction soit extrémement faible, les neutrinos peuvent
interagir de fagon cohérente ou incohérente avec les particules de la matiere qu’ils traversent.
Cette interaction dépendant de la densité électronique de la matiére en question, la propaga-
tion des neutrinos est plus ou moins impactée en fonction du milieu.

En 1978, L. Wolfenstein [36] découvrit que, lors de leur propagation a travers la matiere,
les neutrinos étaient sujet a un potentiel dit a la diffusion cohérente vers 'avant ayant pour
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cible les électrons et atomes du milieu. Ce potentiel, équivalent a un indice de réfraction
dépendant de la densité du milieu, a un effet sur les oscillations et peut générer un grand
angle de mélange effectif dans la matiere, non-présent dans le vide.

En 1985, S.P Mikheev et A. Yu. Smirnov [37, 38] découvrirent 'existence de transitions de
saveurs résonantes lors de la propagation des neutrinos dans un milieu ayant une densité non-
constante. Ces transitions affectent le mélange des neutrinos a travers le mécanisme dit de
Mikheev-Smirnov-Wolfenstein (MSW) et peuvent se produire entre deux milieux de densités
différentes, tels que les couches du Soleil [25] ou 'onde de choc d’une supernova, conduisant
ainsi a la conversion de v, vers d’autres saveurs.

C.3 Situation expérimentale

Dans cette section, nous allons développer le statut expérimental des oscillations de neutrinos.
D’autres sujets tels que les mesures de masse ou la recherche de neutrinos de Majorana ne
seront pas décrits dans ce résumé mais dans la thése en elle-méme (c.f Chapitre 2).

Cadre des oscillations

Afin d’étre le plus sensible possible a la valeur de I’angle de mélange 6;; et a la différence
de masses au carré Amgj que l'expérience cherche a mesurer, la distance de propagation L
et I’énergie E du neutrino doivent étre sélectionnées avec une attention particuliere. Comme
présenté dans I’éq. C.13, 'amplitude et la fréquence de 'oscillation dépendent respectivement
de 'angle de mélange et de la différence de masses au carré. Ces derniers étant des constantes
physiques, la probabilité d’oscillation est fonction du ratio L/E, qui peut étre finement modifié
pour améliorer la sensibilité de I'expérience.

En fonction du Am? qui gouverne leur oscillation, les expériences utilisent des neutrinos
ayant une énergie variant sur une large échelle et séparent leurs sources et leurs détecteurs
avec des distances allant de quelques metres a plusieurs millions de kilometres. Cette distance
entre la source de neutrinos et le détecteur est appelée “ligne de vol” ou “baseline” en anglais.
Alors que les expériences basées sur des accélérateurs utilisent souvent des lignes de vol de
l'ordre de la centaine ou du millier de kilometres, les expériences de réacteurs utilisent en
général des lignes de vol de l'ordre du kilometre.

Secteur solaire

Comme toutes les étoiles, le Soleil génere de 1’énergie grace aux processus de fusion nucléaire.
Dans le Modele Standard du Soleil (SSM pour I'abréviation anglaise), la production d’énergie
est régie par deux processus: la chaine p-p et le cycle CNO, cascades de réactions nucléaires.
Parmi ces réactions, plusieurs sont a ’origine de la création de neutrinos électroniques v, ayant
des énergies discretes ou continues de ’ordre du MeV, représentées sur la Figure C.1.

L’expérience de Homestake [18], commencée en 1968 est une expérience radio-chimique
ayant pour but la détection des neutrinos solaires du ®B par la réaction:

Ve +37Cl =37 Ar 4 e (C.15)

Son détecteur consistait en un volume remplie de 615 tonnes de perchloro-éthylene (C2Cly)
au fond de la mine de Homestake dans le Dakota du Sud (USA). L’extraction du 37Ar ra-
dioactif et la mesure de son taux de désintégration permettait la détermination du flux de
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Figure C.1: Spectre en énergie des flux de neutrinos crées par les processus p-p et CNO [55].

neutrinos solaires.

Les premieres données, confirmées et améliorées apres 20 ans de prise de données [56], indi-
quaient un déficit important de neutrinos détectés par rapport au nombre attendu prédit par
le SSM. 1II s’agit de la premiére indication du “probleme des neutrinos solaires”.

Les expériences Super-Kamiokande (décrite dans la section suivante), GALLEX/GNO [57,
58] et SAGE [59] observerent également un déficit similaire apres analyse de leurs données,
bien qu’utilisant des techniques différentes. Ce n’est qu’en 2000 que I'expérience SNO (Sud-
bury Neutrino Observatory) apporta la preuve de 'existence d’une oscillation pouvant ex-
pliquer ce déficit [25]. En effet, le détecteur d’une kilotonne d’eau lourde (D20) permit la
détection, non seulement des neutrinos électroniques mais également des autres saveurs de
neutrinos. Alors que le taux de v, détecté est égal a un tiers du taux attendu, la somme
du taux de toutes les saveurs est en accord avec le flux total prédit par le SSM. L’effet de
conversion d’environ deux tiers des v, en v, et v, peut étre expliqué par une oscillation a
grand angle de mélange.
Cette hypothese fut prouvée [60] avec le détecteur KamLAND, situé au Japon, par la détec-
tion d’antineutrinos électroniques provenant des centrales nucléaires de ’archipel. Avec une
ligne de vol moyenne de 180 km, ’expérience est sensible aux parametres solaires 0so; = 612 et
Am?2, = Am3, (c.f. Figure C.2) alors que les autres expériences de neutrinos solaires n’étaient
sensibles qu’a #12, les oscillations ayant été moyennées lors de la propagation jusqu’a la Terre
(150 millions de kilometres de ligne de vol).

Les résultats combinés de KamLAND et des expériences de neutrinos solaires donnent les
valeurs suivantes de parameétres de neutrinos solaires [15]:

sin? 2012 = 0.85770 0% et Amiy = 7.507035 x 107° &V? (C.16)
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Figure C.2: Régions permises dans le plan (tan? 612, Am2,) pour les données des expériences solaires
et de KamLAND dans le cadre des oscillations a 3 neutrinos. L’angle de mélange 6,3 est ici considéré
comme un parametre libre [61].

Secteur atmosphérique

Les neutrinos atmosphériques sont générés par la désintégration des produits (pions, kaons,
muons) de l'interaction des rayons cosmiques, principalement des protons, avec les atomes
de l'atmosphéere. Ces neutrinos peuvent donc traverser entre ~15 km et ~13,000 km avant
d’étre détectés.

L’observation d’un déficit de neutrinos muoniques en fonction de I'angle d’incidence et
de I’énergie a conduit a la découverte des oscillations dans le secteur atmosphérique en 1998
par 'expérience Super-Kamiokande et son détecteur, une cuve de 50,000 tonnes d’eau, qui
permet la détection de la lumiere Cerenkov des leptons chargés crées par la réaction:

Vo(Vo) + N = o + X avec a=e,pu,T. (C.17)

De la méme facon qu’avec KamLAND dans le secteur solaire, les oscillations dites atmo-
sphériques peuvent également étre observées a ’aide d’expériences basées sur accélérateurs.
Les résultats combinés des deux types d’expériences permettent d’obtenir les parameétres at-
mosphériques suivants [15]:

sin® 2093 > 0.95 et |Am3s| = 2.327502 x 1073 &V? (C.18)

Secteur des réacteurs

Le dernier angle de mélange a avoir été mesuré est I'angle 613 du secteur dit des réacteurs.
Avant la construction des expériences actuellement en prise de données pour améliorer la
mesure de cet angle de mélange, la limite la plus précise excluant I’hypothese d’une non-
oscillation (613 = 0) & 90 % CL était celle donnée par I'expérience CHOOZ [69]:

sin? 26,3 < 0.10, (C.19)
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pour une grande différence de masses carrée Am?.

A Theure actuelle, deux types d’expériences mesurent ’angle 013: les expériences de réac-
teurs & moyenne ligne de vol (~1 km) et les expériences d’accélérateurs & grande ligne de vol
(~>100 km). Ces derniéres ne seront pas décrites dans ce résumé.

Les trois expériences de réacteurs en opération a ’heure actuelle sont Double Chooz [71]
(France), Daya Bay [72] (Chine) et RENO [73] (Corée du Sud), toutes basées sur une con-
struction similaire, proposée par des collaborateurs de l'expérience CHOOZ [74] et dont la
description sera développée dans la Section C.7.

Bien que les premiéres indications furent observées par les expériences Double Chooz [26]
et T2K [76], c’est 'expérience Daya Bay qui en 2012 fut la premiére a confirmer ’existence
d’un angle de mélange 613 non-nul avec un niveau de confiance de 50 [28]. Depuis, cette
mesure a été sans cesse améliorée jusqu’a atteindre la valeur: sin? 2613 = 0.084 + 0.005 [77].
Le spectre en énergie des neutrinos détectés qui a permis d’effectuer cette mesure est montré
en Figure C.3.
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Figure C.3: Haut: Spectre en énergie des neutrinos mesurés par les détecteurs de Daya Bay. La
ligne bleue continue représente le spectre mesuré dans les détecteurs proches (Near Halls) alors que les
points correspondent au spectre mesuré dans les détecteurs lointains (Far Hall). Bas: Ratio des spectres
prédits et oscillés (proche/lointain). La ligne bleue représente I’hypothése de non-oscillation alors que
la ligne rouge représente le meilleur ajustement des résultats correspondant & sin” 26,3 = 0.084 [77].

Neutrinos stériles

Bien que le cadre des oscillations semble bien mafitrisé, il subsiste néanmoins quelques anoma-
lies, observées dans plusieurs expériences lors des 20 dernieres années. Ces anomalies, venant
d’expériences utilisant des sources et détecteurs tres différents les uns des autres a des ratios
L/E~1 m/MeV, pourrait étre liées au méme phénomene physique.

Alors que des anomalies avaient déja été détectées dans le contexte des expériences so-
laires GALLEX et SAGE [82, 83|, ainsi que dans les expériences d’accélérateurs LNSD et
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MiniBooNE [85, 89], la récente ré-analyse [96] de 19 expériences de neutrinos de réacteurs a
courtes distances (< 100 m) mit en évidence un déficit de 7% de neutrinos par rapport a la
prédiction. Le ratio du flux observé sur le flux attendu pour chacune de ces expériences est
montré en Figure C.4
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Figure C.4: Ratio du taux d’événements observé/attendu en fonction de la ligne de vol pour les
expériences de réacteurs a courtes distances. La bande grise correspond a ’ajustement moyen avec
son incertitude associée [96].

Cette anomalie dite “Anomalie des antineutrinos de réacteurs” ou RAA dans son abrévi-
ation anglaise vient donc s’ajouter aux anomalies du gallium et des accélérateurs et pour-
rait étre expliquée par l'introduction d’une nouvelle particule, hors du Modele Standard:
le neutrino stérile. Ne pouvant pas interagir par interaction faible, ce nouvel état de neu-
trino ne serait donc pas détectable et une oscillation entre les saveurs actives et ce neutrino
stérile pourrait aboutir a un déficit de neutrinos observés, possible explication des anomalies
précédemment décrites.

Les anomalies observées dans les oscillations de neutrinos étant de nature différente, cha-
cune pointe vers un angle de mélange sin® 20,0y, et une différence de masses carré Am?2_,, ,
entre les saveurs actives et stériles, différents. Malgré ces tensions, la différence de masses
carré la plus probable et en relatif accord entre chaque expérience est Am?2_ . ~ 1 eV.
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C.4 Générateurs de (anti-)neutrinos a ’échelle du MeV

Réacteurs nucléaires

Depuis la premiére détection de neutrinos par Reines et Cowan en 1956, les réacteurs nu-
cléaires jouent un réle prédominant dans la physique des neutrinos. Leur intense et pure
émission d’antineutrinos électroniques font d’eux des sources d'v, efficaces et peu cotiteuses.

Un réacteur nucléaire se base sur les réactions de fissions en chaine afin de générer de
I'énergie en continu. Lors d'une fission nucléaire, un noyau lourd se scinde en plusieurs (en
général deux) noyaux plus légers en libérant de 'énergie. Ce processus peut étre considéré
comme une désintégration nucléaire dans le cas d'une fission spontanée ou induit par une
particule incidente comme un neutron. Les deux fragments de fission générés, tres excités
et riches en neutrons (c.f. Figure C.5 (gauche)), évaporent rapidement plusieurs neutrons et
émettent des gammas afin de se stabiliser.

Afin d’atteindre la vallée de stabilité, ces fragments subissent plusieurs désintégrations  suc-
cessives, émettant ainsi plusieurs antineutrinos électroniques. En moyenne, chaque fission
libére 6 v, ainsi que 200 MeV d’énergie thermique. Un réacteur d'une puissance thermique
d’l GWy, génére donc un total de 2 x 10% 1, .51, ce qui en fait la source de neutrinos la
plus intense construite par 'homme.

Bien qu’étant le seul isotope fissile dans le combustible neuf, composé d’?*°U et #*¥U ,
135U n’est pas le seul isotope dont la fission libére des antineutrinos. Les deux isotopes
du plutonium, 23°Pu et ?*'Pu, crées lors de l'irradiation de 1'3%*U sont également fissiles et
contribuent & la création d’antineutrinos au méme titre que 1'***U dont la fission peut étre
provoqué par un neutron rapide. Lors d'un cycle d’opération de réacteur, les quatre isotopes
2351y, 28U |, 9Py et 2*'Pu contribuent dont & la génération d’antineutrinos. Cependant,
leurs structures et masses entrainent une différence dans la création de fragments de fission
(c.f. Figure C.5 (droite)), ce qui modifie leurs émissions d’antineutrinos respectives.

Ttkn /90 100 130k140
Protons Protons = Neutrons 79% 3' ” Te

6%

5
4%
2%

Neutrons
Atomic
mass (u)

60
Figure C.5: Gauche: Localisation des fragments de fission de 1'***U sur le tableau des noyaux [121].

Droite: Distribution des fragments de fission crées par les fission de 1'**°U, du 2¥Pu, de I'**3U et d'un
combustible hybride (65% U, 35% Pu) [122].
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Les antineutrinos électroniques sont générés par désintégration (3 de la sorte:
4X w4 Y +e +7. (C.20)

En considérant raisonnablement que le recul du noyau fils est négligeable et le noyau pere
est au repos, le principe de conservation de l’énergie relie les énergies de 1’électron et de
I’antineutrino:

Ee—l—Elje :my—mx—i-E*, (0.21)

avec myx et my les masses au repos respectives des noyaux éX et ‘% 1Y et E* Iénergie
d’excitation du noyau fils % Y.

L’électron et I'antineutrino se partagent I’énergie totale Eg = my —mx + E* = Qp + E* et
leurs spectres en énergie S, ,(E) et Sy, (E) pour chaque branche § sont dépendants:

Sp. p(E) = Sep(Eop — E). (C.22)

Il s’agit d’une approximation a ’ordre zéro ne prenant pas en compte les corrections a la
théorie de Fermi [125].

Etat donné la variété de produits de fission produits dans un réacteur nucléaire, le nombre
de branches (3 est estimé a environ 10000, chacune apportant une contribution au spectre
antineutrino total. Il est donc nécessaire de maitriser chacune de ces branches, comme présenté
dans réf. [124].

Sources radioactives

Bien que les réacteurs nucléaires soient d’excellentes sources d’v. , I'usage de sources ra-
dioactives émettrices de v, ou de 1., plus compacts et transportables, peut étre préférable
pour certaines expériences, en particulier a courte ligne de vol. Seules les sources émettrices
d’antineutrinos, ayant un intérét pour 'expérience CeLAND/CeSOX, seront présentés par la
suite.

Une source d’antineutrinos émet des 7, par désintégration f3:
X 2 Y +e +ie, (C.23)

d’une fagon similaire a un réacteur nucléaire.

Dans un liquide scintillant, les v, sont détectés par désintégration béta inverse ou Inverse
Béta Decay (IBD) (c.f. Section C.5), ayant 'avantage d’avoir une section efficace relativement
importante ainsi qu’un fort pouvoir de rejet des bruits de fond.

Ayant un seuil en énergie de 1.806 MeV, la détection par IBD nécessite 'usage de sources
ayant une importante énergie disponible Qg. De plus, la considération logistique veut que
des sources ayant des demi-vies relativement longues, de ’ordre de la centaine de jours, soient
utilisées. Ces deux propriétés physiques étant globalement incompatibles, il est nécessaire de
trouver un couple d’isotopes possédant ces deux caractéristiques avec un noyau pére ayant
une longue demi-vie et un noyau fils ayant un haut Qg. Une recherche approfondie dans les
bases de données nucléaires permit I'identification de plusieurs couples d’isotopes de ce genre,
listés dans la tableau C.1.

En prenant en compte des considérations physiques et logistiques, le couple d’isotopes
considéré comme le plus apte & constituer une source d’antineutrinos est le #4Ce -'44Pr.
Une source de ce type sera déployée dans le cadre de l'expérience CeLAND/CeSOX (c.f.
Section C.8).
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Couple 712 du noyau pere (g du noyau fils
L2Ar - 2K 33a 3.53 MeV
08y - Ny 28.9a 2.28 MeV

106Ry - 106Rh 372j 3.55 MeV
lMdce - 144py 285 3.00 MeV

Table C.1: Candidats potentiels pour une source d’antineutrinos [121].

Supernovae

Les supernovae (SNe) avec effondrement de coeur sont le résultat des dernieres étapes de la
vie des étoiles massives (M > 8 Mg).
Apres avoir épuisé son hydrogene a travers les cycles p-p et CNO [137], I’étoile commence &
se contracter, sa production d’énergie ne compensant plus la force de gravité. Alors que la
température et la pression augmentent, les éléments plus lourds que I'H fusionnent jusqu’a
la production de fer et de nickel. Ces éléments ayant 1’énergie de liaison par nucléon la plus
haute, environ 8 MeV /nucléon, aucun processus de fusion supplémentaire ne peut libérer de
I’énergie. A ce stade, I’étoile posseéde une structure “en oignon” autour d’un coeur compact
en fer et est formée de couches concentriques composées d’éléments de plus en plus légers
(Si, O, Ne, C, He). Lorsque que le coeur atteint la masse de Chandrasekhar (~1.4 Mg), le
principe d’exclusion de Pauli, qui maintenait la pression du gaz dégénéré d’électrons dans le
coeur, ne compense plus la gravité et le coeur se contracte, causant la photo-dissociation du
fer:

v +%0 Fe — 13a + 4n. (C.24)

Cette réaction réduit la pression et la densité du gaz d’électrons au méme titre que la réaction
de capture électronique sur les noyaux et protons libres du milieu:

e +%Fe — 5Mn -+, (C.25)
e +p — n+ve. (C.26)

Ces deux réactions, appelés les processus de neutronisation, créent des noyaux riches en neu-
trons, peu aptes a compenser la pression gravitationelle, auparavant compensée par la pression
du gaz d’électrons. L’étoile commence donc a s’effondrer sur elle-méme et, alors que la densité
atteint environ 10'? g.cm™3, les neutrinos ne peuvent s’en échapper. Cet effet dit de piégeage
des neutrinos entraine un équilibre thermique entre les neutrinos et le milieu. La limite entre
cette zone et 'extérieur est appelé la neutrinosphere.

La chute du coeur sur lui-méme continue jusqu’a ce que des densités nucléaires p 2 1
g.cm™? soient atteintes. C’est alors que la force nucléaire devient fortement répulsive et que
Ieffondrement s’inverse, causant la génération d’une onde de choc autour du coeur interne,
maintenant & 1’équilibre et formant une proto étoile a neutrons (PNS). La propagation de
I’onde de choc dans les couches supérieures du coeur cause une photo-dissociation des atomes
de fer et produit une importante quantité de v, (10°! ergs), libérée lors du sursaut de neutro-
nisation, ou neutronization burst en anglais.

Dans la proto étoile a neutrons, toutes les saveurs de neutrinos sont produites a travers des
processus thermiques, des diffusions, des réactions neutrino-neutrino et des captures électron-
iques. En s’échappant de la neutrinosphére, ces neutrinos emportent environ 99% de ’énergie

014
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de la PNS sur une période d’environ 10 secondes. L’énergie relachée par la supernova peut
s’exprimer par ’énergie de liaison de la PNS:

3 Ggray M2 10 km Mpxs \?
Ep~ JZ8VTPNS _ 3« 10%3er s( ) < ) , C.27
B = 5" Rpns & Rpns 1.4 Mpns ( )

avec Ggray la constante gravitationelle, et Rpng et Mpng la rayon et la masse de la PNS.

Lors de leur propagation a travers la supernova et I’espace ensuite, les neutrinos oscillent
et subissent des résonances MSW, ce qui modifie leur flux observé sur Terre. Seuls deux
modeles de flux de neutrinos seront étudiés dans cette these: le modele Livermore [144] et
le modele Gava-Volpe-Kneller-McLaughlin (GVKM) [145]. Ce dernier prenant en compte les
effets d’oscillations et de conversions hors de la neutrinosphere, il sera considéré comme le
modele par défaut. Ces deux flux décrivent le spectre en énergie des neutrinos de 0 a 100 MeV.

La détection, le 23 Février 1987, des neutrinos émis par la supernova SN1987A fut la
premiere observation de neutrinos extra-solaires. Malgré la détection de seulement 29 événe-
ments dans les quatre détecteurs en opération, cette observation apporta une précieuse quan-
tité d’information sur les supernovae, et les neutrinos en général. Afin de pouvoir détecter
efficacement la prochaine supernova avec les détecteurs de neutrinos actuels, les communautés
des physiciens expérimentateurs ainsi que des astronomes ont développé le réseau SNEWS
(SuperNova Early Warning System) [154], chargé d’avertir les deux communautés en cas de
détection de neutrinos provenant d’une supernova.

C.5 Désintégration Beta Inverse: Théorie et simulation

Réaction de Désintégration Béta Inverse

Déja a l'origine de la premiere détection du neutrino en 1956, la réaction béta inverse (IBD):

Vet+p—et+n (C.28)

reste a ce jour l'interaction la plus utilisée pour détecter les antineutrinos électroniques. En
émettant un positron et un neutron de fagon simultanée, I'IBD peut étre facilement distinguée
du bruit de fond. De plus, sa section efficace relativement haute favorise la détection d’un
grand nombre d’événements.
En fonction du noyau auquel le proton cible est 1ié, 'IBD a un seuil en énergie différent.
La valeur de ce seuil pour un proton libre, i.e. un atome d’hydrogéne, est de 1.806 MeV. A
dessus de ce seuil, la relation entre les énergies du neutrino du positron est, a premier ordre,
égale a:
EV = E, — A, (C.29)

avec A = m,, —my, la différence entre les masses de nucléons.
L’énergie ainsi que I'impulsion du positron p. = \/E? — m?2 peuvent étre utilisés pour
calculer une approximation a l'ordre zéro de la section efficace:

~ Pelle o
O X KIBD X ﬁ cm-, (C.?)O)

237



Summary in French

avec krgp = 9.61 x 10%* c¢m? le pré-facteur de 'IBD, dépendant du temps de vie du neutron.
Il est important de souligner que, bien que pratique et facile a calculer, cette expression de la
section efficace est fortement biaisée pour des énergies supérieures a 10 MeV. Une expression
plus précise sera calculée dans la partie suivante.

La détection d’un 7, par la réaction d’IBD est caractérisée par l’observation de deux
signaux distincts, correspondants aux dépositions d’énergies du positron et du neutron. En
effet, bien que les deux particules soient émises de facon simultanée, elles ne déposent pas
leur énergie au méme instant.

Etant une particule ionisante chargée positivement, le positron perd rapidement son én-
ergie lors de sa propagation dans le milieu environnent. Lorsque son énergie cinétique devient
nulle, le positron s’annihile avec un électron, créant deux rayons gammas ayant une énergie
totale de 2m,, m, étant la masse de ’électron. L’énergie totale déposée par 'ionisation et
I’annihilation est appelée énergie visible Eyis = E. + m. avec E,, I’énergie totale du positron.
Cette premiére déposition d’énergie est appelée événement prompt.

Apres son émission, le neutron, de charge nulle, perd son émission a la suite de diffusions
élastiques successives sur les atomes du milieu. Ce processus, dit de modération, diminue son
énergie cinétique jusqu’a I’équilibre thermique, a environ 0.025 eV. Le neutron suit ensuite
un mouvement brownien, dit de diffusion, centré autour du point de thermalisation et dont
le temps caractéristique et la distance moyenne dépendent de la section efficace de capture
neutronique moyenne du milieu. La capture radiative du neutron entraine 1’émission de par-
ticules secondaires, souvent des rayons gammas, dont 1’énergie déposée constitue I’événement
retardé, par opposition a I’événement prompt.

Etant la conséquence de la méme interaction, ces deux événements sont corrélés en temps
et en position. L’énergie de I’événement retardé dépend du noyau ayant capturé le neutron
(Gd, H..) et n’est pas corrélé avec I’énergie de I’événement prompt, dépendant directement de
I’énergie du neutrino. Un schéma décrivant les bases d’une interaction IBD peut étre trouvé
en Figure C.6.

Figure C.6: Schéma de la cinématique de base d’une interaction IBD. Le positron s’annihile avec un
électron, créant une paire de gammas, et le neutron est capturé sur un noyau lourd (A,Z >> 1) tel un
noyau de gadolinium [156].
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Cinématique détaillée de I'IBD

Bien que I'approximation au premier ordre de la section efficace soit souvent suffisante pour
obtenir des résultats fiables & basses énergies, il est nécessaire d’y apporter des corrections aux
plus hautes énergies. Dans cette these, le calcul de la section efficace effectué par Alessandro
Strumia and Francesco Vissani [157], valide jusqu’a 200 MeV, sera considéré par défaut.

La section efficace totale est le moteur du taux d’interaction IBD. En effet, le spectre en
énergie des v, observé dans un détecteur est proportionnel au produit du spectre d’émission
des v, et de la section efficace comme illustré sur la Figure C.7.

o Emitted spectrum

fffff Cross-section

—— Detected spectrum

(arbitrary units)

2 3 4 5 6 7 8 9

Figure C.7: Schéma du produit du spectre d’émission des v, et de la section efficace, donnant le spectre
des v, détectés [94].

La section efficace totale calculée par P. Vogel and J.F. Beacom dans la réf. [8] s’exprime
en fonction de I’énergie du positron:

272

o (Ee) = W?eEey
e

(C.31)
avec me la masse de 1’électron, 7,, = 880.3 £ 1.1 s la valeur la plus récente du temps de
vie du neutron [15] et ff = 1.7152 le facteur de phase incluant les corrections de Coulomb,
du magnétisme faible, du recul et de ’émission radiative. Le terme constant, appelé le pré-
facteur , est donc lié au temps de vie du neutron et peut subir des modifications en fonction
des mesures récentes. Cette expression est largement utilisée pour des échelles en énergie en
dessous de 20 MeV. Cependant, 'effet des termes de recul en 1/m,), la rend incorrecte a plus
haute énergie (E, = 60 MeV). Il est nécessaire d’utiliser une expression plus précise, calculée
a partir de la section efficace différentielle [157].

La section efficace différentielle peut étre exprimée en fonction de 'angle de diffusion
fe, entre les directions du neutrino et du positron, apres prise en compte du Jacobien ¢ =

mg —2E, (E. — pecosb,) in %:

do Pe€ do
(EV,COS 06) = )
1+e€ (1 — fe cosﬁe) dE,

e

_— .32
dcosb, (C.32)
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Figure C.8: Gauche: Section efficace totale de I'IBD apres corrections du second ordre. Droite: Cosinus

moyen de l'angle d’émission du positron 6,.

ou € = E,/m, quantifie les effets de recul du nucléon.
Cette dépendance en 6, est valable également pour F, et pe:

(Ey —8) (14 €) + ecos b\ (B, — 6)2 — m2x

(C.33)

_ _ 2 _ o2
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Figure C.9: Gauche: Relation entre F, et F. en fonction de I'angle d’émission du positron cosf,.
Les bandes grises correspondent aux gammes d’énergies reconstruites disponibles pour une énergie de

positron fixée [158]. Droite: Energie positron moyenne en fonction de I’énergie du neutrino.

Etant donné la grande différence de masses entre le proton et le positron, ce dernier est
fortement entrainé dans la direction du centre de masse de l'interaction et peut étre émit
dans toutes les directions. Cependant, comme illustré sur la Figure C.8 (droite), la direction
moyenne du positron est fortement influencée par ’énergie du neutrino et peut étre obtenue

par la formule:

De E,
0,) ~—-0.034— +2.4—
(cos ) E, + my
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excellente approximation pour (cosf.) ayant des valeurs allant du seuil de I'IBD a E, ~
150 MeV.

L’énergie moyenne du positron en fonction de ’énergie du neutrino est illustrée en Fig-

ure C.9 (droite). Alors que la différence moyenne entre les énergies du neutrino et du positron
est proche de 1.8 MeV (seuil de 'IBD) a basses énergies, cette différence atteint des valeurs
de ~10 MeV pour F, ~ 100 MeV.
Du point de vue de la détection, étant donné que seule I’énergie du positron peut étre mesurée,
une dégénérescence apparait dans I'estimation de 1’énergie du neutrino. Comme illustré sur
la Figure C.9 (gauche), alors que cette dégénérescence est faible aux énergies de réacteurs
(E, < 10 MeV), elle augmente a plus hautes énergies jusqu’a induire une erreur d’environ
10% sur la reconstruction en énergie du neutrino & 100 MeV.

Alors que la direction d’émission du positron se comporte de fagon parfois contre-intuitive
avec I’énergie du neutrino, la direction du neutron est toujours dirigée dans 'hémisphere avant
de la direction du neutrino avec un cosinus maximum [8]:

_ V2E,A — (A% —m2)

COs enmax = 15 s
v

avec A la différence de masses des nucléons. Au seuil de I'IBD, le neutron est fortement émit
dans la direction du neutrino et, lorsque I’énergie du neutrino augmente, son angle d’émission
ainsi que son énergie cinétique augmentent également, comme illustré sur la Figure C.10.
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Figure C.10: Gauche: Valeurs moyennes (cercles) et maximales (ligne segmentée) du cosinus de ’angle
d’émission du neutron cos 6,, en fonction de I’énergie du neutrino. Droite: Energie cinétique moyenne
T,, du neutron en fonction de 1’énergie du neutrino.

IBD simulation codes

Les expériences de neutrinos basées sur la réaction IBD atteignent souvent des niveaux de
sensibilité tels que la simulation précise et fiable de 'IBD devient obligatoire.

NuMC

Le code NuMC (Neutrino Monte Carlo), écrit en C++, a été développé par Jonathan Gaffiot
pendant sa these de doctorat [156]. J’ai également contribué a son développement en y im-
plémentant des fonctionnalités additionnelles. Le but de NuMC est de simuler la propagation
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de neutrinos de leur source au détecteur en utilisant la méthode Monte Carlo. Initiale-
ment utilisé pour ’expérience Nucifer, NuMC peut maintenant prendre en compte plusieurs
sources (réacteurs, sources radioactives, supernovae,...) et détecteurs (Nucifer, Borexino,
KamLAND,...). Apres le calcul de la propagation et du spectre en énergie détecté, NuMC
renvoie un taux d’interaction ainsi que les informations cinématiques (impulsions, énergies,
etc..) des positrons et neutrons générés par IBD. Ces informations sont ensuite envoyés a un
programme de simulation sous forme de fichiers textes.

GEANT4 [161] est un outil de simulation développé de fagon internationale par la commu-
nauté de la physique des hautes énergies. Son but est de simuler le transport des particules
a travers différents processus physiques dans un détecteur. Une simulation GEANT4 suit
généralement le schéma suivant

o Une particule est générée (type, masse, charge, etc..) a une position donnée (xo,y0,20)
et avec une impulsion fixée (pz,py,pz)

o La particule se propage dans le détecteur divisé en plusieurs volumes, chacun constitué
d’un matériau défini (densité, volume, composition)

o La particule interagit dans le matériau a travers différents processus physiques (diffu-
sions, spallations, capture, etc..)

¢ Les informations de chaque interaction sont enregistrées et le processus est répété

A la fin d’une simulation “NuMC + GEANTA4”, chaque interaction IBD est caractérisée
par deux événements, prompt et retardé, ce qui également le cas dans des données extraites
d’un détecteur.

SuperNustradamus

Le code SuperNustradamus, développé par Théophile Chirac et moi en MATLAB [166], a pour
but la simulation d’une supernova dans un détecteur a liquide scintillant. SuperNustradamus
est séparé en trois programmes principaux:

e SNSpectra, dédié au calcul des spectres en énergies et des sections efficaces
o Nustradamus, dédié au calcul des taux d’interactions IBD dans chaque détecteur
o SuperTOY, dédié a la génération des neutrinos et des paires (e™,n)

SNSpectra convertit des spectres d’émission 7, de supernovae en spectres d’énergie détecté.
Comme illustré en Figure C.11, différents flux et sections efficaces peuvent étre choisies par
I'utilisateur.

Nustradamus est dédié au calcul du nombre d’interactions par IBD dans un détecteur
a liquide scintillant. Le programme prend en entrée les spectres calculés par SNSpectra,
normalisés & une interaction sur un proton libre, ainsi que les caractéristiques de chaque
détecteur fournies par 'utilisateur, afin de fournir les taux d’interaction en sortie.

SuperTOY a été développé afin de simuler I'interaction IBD dans un détecteur a liquide
scintillant, offrant ainsi une alternative & une simulation GEANT4 compléte.

Apres avoir généré une position de supernova dans le référentiel du détecteur, le programme
génere des évenements neutrinos, caractérisés par leur impulsion p, = E,, dépendant du
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Figure C.11: Gauche: Spectres d’émission v, (intégré sur 10 s) basés sur les modeles de maxwellienne,
Livermore et GVKM et observé a 10 kpc. Les trois spectres sont normalisés a la méme énergie émise
par la supernova, 2 x 10°® MeV, distribuée de facon égale parmi chaque saveur de neutrino. Droite:
Sections efficaces d’IBD basées sur trois différentes approximations. Les deux figures sont extraites de

ref. [158].

spectre en énergie fournie par SNSpectra. De la méme facon que NuMC, SuperTOY crée
ensuite une paire (e™,n) pour chaque neutrino dont la cinématique est régie par la théorie
décrite précédemment. La Figure C.12 illustre la fidélité entre la cinématique calculé dans

SuperTQOY et la théorie.
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Figure C.12: Gauche: Cosinus moyen des angles entre la direction du positron (gauche) et du neutron
(droite) et du neutrino. Les calculs analytiques effectuées par Vogel-Beacom sont incluses pour illustrer
la fidélité de SuperNustradamus [158].

A partir de ce point, SuperTOY fait office d’outil de simulation de la propagation des
deux particules. Il est donc nécessaire d’y ajouter des données supplémentaires afin de cor-
rectement simuler le comportement du positron et du neutron dans un liquide scintillant.
C’est pourquoi il a d’abord fallu effectuer des simulations GEANT4 puis d’utiliser les don-
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nées obtenues comme entrées de SuperTOY. La propagation de chaque particule n’étant plus
gérée évenement par évenement mais de facon globale a ’aide de tableaux, le temps de calcul
est fortement accéléré.

Apres application de corrections telles que la résolution en énergie et position du détecteur,
SuperTOY fournit un jeu de paires (e*,n) similaire & une simulation GEANT4 ou aux données
d’un détecteur.

C.6 Directionalité avec I'IBD

La directionalité consiste a retrouver la direction d’un flux de neutrino incident & partir de la
cinématique de la réaction de détection. Pouvant étre utilisé afin de rejeter des bruits de fond,
ce concept peut aussi étre appliqué a la détection de supernovae ou de réacteurs nucléaires.
Bien que moins efficace que la diffusion de neutrino sur un électron, I’'IBD peut apporter une
information directionelle non négligeable malgré son caractere quasi-isotrope.

Comme il a été explique dans la Section C.5, les distributions angulaires des particules
crées lors d’'une IBD sont tres élargies. De plus, contrairement & la réaction de diffusion
sur électron, lors de laquelle la direction du neutrino peut étre obtenue par I'observation de
lumiére Cerenkov, la reconstruction de la trace du positron est difficilement faisable. Fi-
nalement, seules les particules secondaires émises apres capture du neutron sont détectables,
I'information en direction portée par le neutron est donc largement atténuée. Ces limitations
réduisent le caractere directionel de I'IBD dans un détecteur a liquide scintillant non-dopé
et font que la directionalité avec 'IBD ne soit pas accessible évenement par événement mais
seulement d’un fagon statistique, avec un nombre suffisant d’interactions.

Comme décrit précédemment en Section C.5, pour des neutrino avec des énergies typiques
de réacteurs, le positron est émis en moyenne faiblement vers 'arriére et son libre parcours
moyen de quelques mm est trop faible par rapport a la résolution spatial de la plupart des
détecteurs. Il est donc considéré comme fixe lors de I'interaction et le vertex, i.e. la position re-
construite du dépot d’énergie du positron est considéré comme identique au point d’interaction
du neutrino. Les neutrons, quand a eux, peuvent traverser plusieurs centimetres de liquide
dans la direction du neutrino (c.f. Figure C.10) avant d’étre thermalisés. Bien que la diffusion
“délave” ce déplacement, une analyse statistique des positions reconstruites des évenements
prompts et retardés permet d’obtenir la position moyenne de thermalisation du neutron et
sa direction par rapport au point d’interaction de I'IBD. Il s’agit de la base de ’analyse de
directionalité utilisée dans Double Chooz et appliquée a la détection de supernovae.

Directionalité avec Double Chooz

Les études de directionalité effectuées avec Double Chooz ont pour but d’améliorer les résul-
tats précédemment obtenus par l'expérience CHOOZ [176].

En 1999, CHOOZ mesura la position de sa source de neutrinos, les deux réacteurs de la cen-
trale de Chooz, en utilisant le jeu de données de leur analyse 613. Avec ces ~2500 neutrinos,
il leur fut possible de reconstruire la direction du flux dans un coéne ayant une demi-ouverture
de 18°. 1l s’agit de la premieére mesure de directionalité avec 'IBD dans un détecteur non
segmenté.
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Parmi les trois expériences de réacteurs, Double Chooz possede la disposition la plus
simple dans laquelle les deux réacteurs peuvent étre considérés comme une source ponctuelle
de neutrinos (c.f. Figure C.13).

120 m.w.e

v-target §
10t x2

4.27GW,,

1,050m

Data frame .

300m.w.e

Figure C.13: Gauche: Schéma de la disposition de Double Chooz [78]. Droite: Vue satellite du site de
Pexpérience. Le repére du réacteur (ou “EDF”) et celui du détecteur (ou “Data”) ne sont pas alignés.

Bien qu’initialement pensée pour détecter les interactions IBD a travers la capture du
neutron sur Gd (analyse n-Gd), Double Chooz est capable d’observer les interactions neutrinos
avec capture sur H (analyse n-H) [184]. L’analyse en directionalité a été effectuée sur ces deux
jeux de données extraits du détecteur lointain de ’expérience ainsi que sur un jeu de données
n-Gd extrait du détecteur proche.

Les informations pouvant étre extraites de ces jeux de données et ayant un intérét pour la
directionalité sont les positions reconstruites des éveénements prompts et retardés, Xp et Xd,
vecteurs tri-dimensionnels en coordonnées cartésiennes (X,Y,Z). A partir de ces vertex, il est
possible de reconstruire le vecteur neutrino X:

X =X;-X,, (C.36)

X étant le vecteur ayant son origine au vertex de I’évenement prompt et pointant vers la
position reconstruite de ’évenement retardé.

La faible anisotropie de I'IBD ne permet pas l’obtention d’une direction précise pour
chaque évenement. Il est donc nécessaire d’additionner ces vecteurs afin d’obtenir une esti-
mateur de la direction du neutrino. La somme moyennée p’ de ces vecteurs est définie telle
que:

1

N i=1

p= X, (C.37)

avec N le nombre de candidats neutrinos dans le jeu de données. Cette direction moyenne des
neutrinos est dirigée des réacteurs vers le détecteur et peut étre exprimée en angles azimutal
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(¢) et zénithal (6) dans le repeére du détecteur:

¢ = tan”! (Z) (C.38)
bz

\/P3 + D

Ces deux angles peuvent aussi étre calculés pour chaque vecteurs neutrinos X.

= tan ! (C.39)

L’incertitude associée a la direction des neutrinos peut étre obtenue de différente facons.
Alors que la collaboration CHOOZ décida d’utiliser une méthode bi-dimensionnelle utilisant
la somme moyennée des vecteurs neutrinos, j’ai choisi, dans cette these, d’utiliser les erreurs
mono-dimensionnelles associées aux angles ¢ et 6:

7 = +t;n2¢\/(6(%%)py>2 " (6(;?))2 (C.40)

2 2

op = # M + S E— ((5(1793)1%)2+(5(py)py)2)c'41)

1+ tan%6 \/m (p?c +p5)3/2

avec 0(pz), 6(py) et d(p-) les incertitudes sur les composantes p,, py and p, de p. Une troisieme
méthode, développée en réf. [185], permet d’obtenir une incertitude de fagon compléetement
analytique telle que:

L
o=tan ! ——, C.42
N (C.42)
avec N le nombre de neutrinos et [,L deux caractéristiques des distributions spatiales des
évenements. Cette méthode, que j'appellerai “de Hochmuth” par la suite est mono-dimensionnelle
également.

Jeu de données n-Gd du détecteur lointain

Les 17,358 candidats neutrinos de cette analyse proviennent du jeu de données utilisée pour
la mesure de 63 de la troisieme publication de Double Chooz [75]. Afin de comparer ces
données avec la théorie, un jeu de données obtenu par simulations Monte Carlo contenant
1,900,000 événements a été également généré.

L’application de 1'éq. C.39 aux vecteurs ppara et pyc des données et du MC permet
d’obtenir les angles azimutaux et zénithaux ainsi que leurs incertitudes associés (c.f. tab. C.2).

Analyse n-Gd || Azimutal ¢ (°) Zénithal 0 (°) | dcrnooz(°)(2-D)  dnocn.(°)(1-D)
Données 85.37 £+ 5.16 11.37 £ 5.30 7.0 5.1
MC 84.06 + 0.49 -1.25 £ 0.51 0.7 0.5

Table C.2: Angles azimutaux et zénithaux obtenus apres analyse des données et du MC du jeu de
données n-Gd du détecteur lointain. Les incertitudes obtenues avec les méthodes de “CHOQOZ” et de
“Hochmuth” sont affichées pour comparaison.
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Les distributions angulaires événement par évenement, illustrées en Figure C.14, ainsi que
la distribution bi-dimensionnelle en (¢,0), affichée en Figure C.15, sont en accord avec les
angles reconstruits grice a la direction moyenne des neutrinos.
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Figure C.14: Distribution des angles azimutaux (gauche) et zénithaux (droite) obtenus pour chaque
éveénement du jeu de données n-Gd (cercles bleus) et du MC normalisée (carrés rouges).
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Figure C.15: Distribution (¢,0) du jeu de données n-Gd (gauche) et du MC normalisé (droite).

Il est possible d’estimer 'information en direction d’un jeu de données en calculant 'angle
formé entre chaque vecteur neutrino X et la direction du flux de neutrino, connue dans le
cas de Double Chooz. Le cosinus de cette angle formé entre la direction vraie et la direction
reconstruite du neutrino est estimé par:

—

XU
o = I - (043)
[ > 1127]]
avec cos « le produit scalaire normalisé entre le vecteur neutrino X et la direction des neutrinos
7. Si une direction est privilégiée, ce qui est le cas de I'IBD, la distribution cos« est plus
importante vers les valeurs positives (41) que vers les valeurs négatives (-1), ce qui est le cas

dans la Figure C.16. L’existence d’une anisotropie, bien que faible, est visible dans le jeu de
données n-Gd et le MC.
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Figure C.16: Distribution cos a pour chaque événement dans le jeu de données n-Gd (cercles bleus) et
du MC normalisé (carrés rouges).

Jeu de données n-H du détecteur lointain

La mesure de directionalité de Double Chooz utilisant la capture neutron sur Gd est la
plus précise jamais effectuée. Cependant, la plupart des détecteurs a liquide scintillant a
grande échelle, ne sont pas dopés et se basent sur la capture neutron sur H pour détecter les
évenements IBD. Etant donné qu’aucune mesure de directionalité n’a été effectuée avec un
jeu de données n-H, sa faisabilité est encore a prouver afin de pouvoir valider son utilisation
dans de futurs grands détecteurs comme JUNO [66] ou LENA [186].
Les 31,898 candidats neutrinos de cette analyse proviennent du jeu de données n-H utilisée
pour la mesure de 613 qui sera présentée dans une publication prochaine. Afin de comparer
ces données avec la théorie, un jeu de données obtenu par simulations Monte Carlo contenant
3,200,000 événements a été également généré.

De la méme fagon que pour 'analyse n-Gd, 'application de I’éq. C.39 aux vecteurs ppara
et prrc des données et du MC permet d’obtenir les angles azimutaux et zénithaux ainsi que
leurs incertitudes associés (c.f. tab. C.3).

Analyse n-H || Azimutal ¢ (°) Zénithal 6 (°) | dcaooz(°)(2-D)  dmocn. (°)(1-D)
Données 76.74 £ 5.03 -4.58 £ 5.17 8.9 5.0
MC 84.20 £ 0.52 -0.53 £ 0.54 1.1 0.5

Table C.3: Angles azimutaux et zénithaux obtenus aprés analyse des données et du MC du jeu de
données n-H du détecteur lointain. Les incertitudes obtenues avec les méthodes de “CHOQOZ” et de
“Hochmuth” sont affichées pour comparaison.

Les distributions angulaires évenement par éveénement, illustrées en Figure C.17, ainsi
que la distribution bi-dimensionnelle en (¢,0), affichée en Figure C.18, sont en accord avec
les angles reconstruits grace a la direction moyenne des neutrinos. La distribution cos « est
illustrée en Figure C.19.
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Figure C.17: Distribution des angles azimutaux (gauche) et zénithaux (droite) obtenus pour chaque
éveénement du jeu de données n-H (cercles bleus) et du MC normalisée (carrés rouges).
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Figure C.18: Distribution (¢,0) du jeu de données n-H (gauche) et du MC normalisé (droite).

Jeu de données n-Gd du détecteur proche

Bien que seulement constitué de 1883 candidats neutrinos dans cette analyse (c.f. Sec-
tion C.7), le jeu de données actuel n-Gd du détecteur proche voit sa statistique augmenter tres
rapidement grace au taux de neutrinos attendu de ~300 j~!. Une séparation des réacteurs
grace a la directionalité est envisageable [185]. Le détecteur étant encore en phase préliminaire
a I’heure actuelle, aucun jeu de données MC n’a encore été généré.

Les angles azimutaux et zénithaux obtenus a l'aide de ’éq. C.39 sont affichés dans le

tab. C.4.

Analyse n-Gd || Azimutal ¢ (°) Zénithal 6 (°) | dnoen.(°)(1-D)
Données 78.05 £10.12  3.92 £ 10.77 10.02

Table C.4: Angles azimutaux et zénithaux obtenus apres analyse des données n-H du détecteur
lointain. L’ incertitude obtenue avec la méthodes de “Hochmuth” est affichée pour comparaison.

Les distributions angulaires évenement par événement sont illustrées en Figure C.20.
L’accord entre les analyses n-Gd et n-H est une preuve irréfutable que la directionalité
par 'IBD est possible dans des détecteurs a liquide scintillant non-dopés. Cette mesure ouvre
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Figure C.19: Distribution cos a pour chaque événement dans le jeu de données n-Gd (cercles bleus) et
du MC normalisé (carrés rouges).
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Figure C.20: Distribution des angles azimutaux (gauche) et zénithaux (droite) pour chaque événement
du jeu de données n-Gd du détecteur proche.

donc la voie vers des applications telles que la détection directionelle de réacteurs nucléaires
et la localisation de supernovae.

Localisation de supernovae

L’arrivée précoce (4 heures avant le signal lumineux) des neutrinos émis par la supernova
SN1987A a motivé la création du réseau SNEWS, dédié a la détection précoce des super-
novae. Une localisation dans le ciel galactique serait une information cruciale pour permettre
I’observation du processus complet de la prochaine supernova. Cette localisation peut étre
effectuée en combinant les informations directionnelles obtenues par I’analyse des multiples
détecteurs a liquide scintillant sensibles a la réaction d’IBD.
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Cette étude est le sujet d’un article publié dans la revue “Journal of Cosmology and Astropar-
ticle Physics” [158].

De la méme fagon que pour les études effectuées avec Double Chooz, & chaque paire (e*-n)
générée par SuperTOY est associée un vecteur X, illustré en Figure C.21.

Figure C.21: Schéma du vecteur X dans la direction du neutrino incident.

Une direction (¢, #) est calculée pour chaque événement dans le référentiel du détecteur.
Deux jeux de données sont ensuite générés, I'un possédant une statistique réaliste, 'autre pos-
sédant un nombre important d’événements pour lisser les effets statistiques. Par une méthode
minimisation du x?, les distributions angulaires des deux jeux de données sont comparées afin
de trouver le meilleur ajustement et son erreur associée. A la fin de la boucle de minimisation,
une incertitude angulaire est associée a chaque jeux de données ayant un nombre d’événements
fixé.

La détection d’une supernova par ses neutrinos est renforcée par la présence de nombreux
détecteurs a liquide scintillant de grande taille (>10 tonnes), appelés LLSD (Large Liquid
Scintillator Detector) par la suite. La liste non-exhaustive des détecteurs pris en compte dans
cette analyse peut se trouver dans le tableau C.5. Les taux d’interaction attendus, calculés
avec Nustradamus sont illustrés en Figure C.22 et dans le tableau C.6.

Table C.5: Principaux détecteurs pris en compte dans la simulation.

Détecteur Dimensions (m) Forme V (m?) protons libres/m®  # protons libres
LVD a=10,b=13.2,c=22.7 Box 1020 7.46 .10 7.6 .10%T
KamLAND r=6.50 Sphere 1150 6.60 .1028 7.6 .10%
SNO+ r=6.00 Sphere 904 6.24 .10% 5.6 .10%
Borexino r=4.25 Sphere 321 5.30 .10%® 1.7 .10
Daya Bay r=2.00,h=4.00 Cylinder  50(x 6) 6.24 .10%8 1.8 .10%
Double Chooz r=1.70,h=3.55 Cylinder  32(x 2) 6.55 .10%8 0.4 .10%
Reno r=2.00,h=4.40 Cylinder  55(x 2) 6.24 .10%® 0.7 .10%!
NOvA (far) a=15.7,b=15.7,c=132 Box 32500 6.24 .10%® 2.0 .10%3
NOvA (near) a=3.5,b=4.8,c=9.58 Box 161 6.24 .10%8 1.0 .10%
MiniBooNE r=5 Sphere 523 7.31 .10% 3.8 .10%!

L’incertitude angulaire en fonction du nombre de neutrinos détectés (c.f. Figure C.23
(gauche)), calculée précédemment, permet d’estimer le potentiel de chaque détecteur(c.f. Fig-
ure C.23 (droite)) & reconstruire une position de supernova dans le ciel.
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Figure C.22: Gauche: Taux d’interaction IBD dans plusieurs LLSD en fonction de I’énergie visible pour
une supernova localisée a 10 kpc. “Future only” et “All” sont respectivement la combinaison de LENA
et JUNO et la combinaison de tous les LLSD, présents comme futurs. Droite: Taux d’interaction
IBD en fonction de la distance de la supernova. Le nombre d’interactions IBD attendu dans Super-
Kamiokande est affiché pour comparaison.

Table C.6: Nombre attendu d’interactions IBD a 10 kpc, en prenant en compte les caractéristiques
exactes de chaque détecteur.

Livermore GVKM

LVD 319 190
KamLAND 318 189
SNO+ 237 141
Borexino 71 43
Daya Bay 79 47
Double Chooz 18 11
RENO 29 17

NOvA far 6811 4057
NOvA near 32 19
MiniBooNE 161 96

La directionalité avec I'IBD, ayant un comportement statistique par nature, est bien mise
en évidence car la détection de plusieurs milliers de neutrinos est nécessaire afin d’obtenir
une reconstruction avec une incertitude acceptable. Il serait opportun de combiner plusieurs
détecteurs afin d’obtenir des reconstructions plus robustes.

La combinaison des incertitudes obtenues avec chaque détecteur donne une incertitude globale
apres application de la formule:

s={> =] (C.44)
i=1 "1

avec o; Uincertitude & 1o sur la direction de la supernova reconstruite dans le i®™¢ détecteur.
Pour cette analyse, 4 combinaisons de détecteurs sont prises en compte: “Existing”, la
combinaison des détecteurs actuellement en opération, “SNEWS” la combinaison des dé-
tecteurs appartenant au réseau SNEWS (Borexino, SNO+, KamLAND), “Near future” la
combinaison des détecteurs existants ainsi que de MiniBooNE et JUNO et “All”, la combinai-
son de tous les détecteurs, présents comme futurs. Les résultats des simulations pour chaque
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Figure C.23: Gauche: Incertitude angulaire en fonction du nombre de neutrinos détectés. Droite:
Incertitude angulaire calculée dans le détecteur KamLAND en fonction de la distance de la supernova

en kpc.

détecteur et chaque combinaison sont illustrés en Figure C.24 et C.25
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Figure C.24: Incertitude angulaire en fonction de la distance de la supernova pour chaque détecteur.

Si 'on considere une supernova a 10 kpc, aucun détecteur actuellement en opération
ne peut fournir d’information en direction plus précise que ’hémisphere dans lequel cette
supernova est localisée. Cependant, en combinant tous ces détecteurs, la position de cette
supernova peut étre reconstruite dans un coéne de 45°(68% C.L.). Bien que toujours trop
élargie pour la plupart des instruments optiques, cette information est déja précieuse et 'ajout
de JUNO dans un futur proche (~2020) réduira cette incertitude a 12°(68% C.L.), presque
concurrentiel avec le détecteur Super-Kamiokande. La combinaison de tous les détecteurs
permettra de localiser une supernova galactique (<20 kpc) avec une incertitude inférieure a
14°(68% C.L.).
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Figure C.25: Incertitude angulaire en fonction de la distance de la supernova pour chaque combinaison
de détecteurs. Les faibles taux d’interactions attendus dans Double Chooz et RENO entrainent des
résultats similaires entre les combinaisons “Existing” et “SNEWS”.

C.7 Mesure de I’angle 6,3 avec Double Chooz

L’expérience Double Chooz

L’expérience Double Chooz a été congue pour effectuer la mesure de 'angle de mélange 613,
inconnu jusqu’en 2012. Elle est constituée de deux détecteurs identiques placés sur le site de
la centrale nucléaire de Chooz dans les Ardennes, comme illustré en Figure C.26.

Etant une expérience de disparition de neutrinos, Double Chooz cherche & mesurer I’angle
f13 en observant un déficit de neutrinos correspondant a la formule de probabilité:

P, . (L, E) =1 — sin® 20,3 sin” (1.27 (C.45)

A%my3leV?] x L[m]
E[MeV]

L’un des deux détecteurs, appelé le détecteur lointain, est placé a environ 1 km des réacteurs
afin de maximiser le déficit causé par l'oscillation. Cependant, cette observation nécessite une
compréhension précise du flux de neutrinos émit par les réacteurs, ce qui s’avere complexe.
Il est donc nécessaire de déployer un second détecteur, identique au premier et appelé le
détecteur proche, plus proche de la source de neutrinos (~400 m) afin de pouvoir observer
le flux non-oscillé de neutrinos et de renormaliser le flux observé dans le détecteur lointain.
Le détecteur proche sert non seulement de point d’ancrage du flux en termes de taux mais
également en termes de forme spectrale.

Le détecteur lointain est placé dans le puits ayant servi a ’expérience CHOQOZ, sous 300 m.w.e.
de protection contre les rayons cosmiques. Il est placé a 1050 m du barycentre des deux réac-
teurs. Le détecteur proche, en prise de données depuis Décembre 2014, est placé a 400 m du
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Figure C.26: Site expérimental de I'expérience Double Chooz.

barycentre des coeurs de deux réacteurs, sous 150 m.w.e. de protection.

La centrale nucléaire de Chooz B? est localisée le long de la Meuse dans la région Champagne-
Ardennes, a quelques kilometres de la frontiere avec la Belgique. Ses deux réacteurs, Bl
et B2, appartenant & la plus récente génération de réacteurs a eau pressurisée, sont parmi
les plus puissants jamais construits et peuvent générer une puissance thermique totale de
2x4.25 GWyy,, équivalent & une puissance électrique de 2x 1.5 GW,. Les deux réacteurs subis-
sent régulierement des opérations de maintenance ce qui offre & Double Chooz 'opportunité
d’effecteur des mesures du flux de neutrinos avec un ou deux réacteurs éteints (Off) dans les
configurations suivantes: (2-On), (1-Off;1-On), (2-Off).

Le concept des détecteurs Double Chooz est basé sur celui du détecteur de CHOOZ mais
comporte des améliorations en termes de taille, stabilité et rejet des bruits de fond. La
conception en “poupées russes”, avec chaque volume contenu dans le suivant, est illustrée en
Figure C.27.

Chaque détecteur, ou module, de Double Chooz est constitué de trois principaux sous-
détecteurs: I'Inner Detector (ID) ou les interactions d’'v. sont détectées, 'Inner Veto (IV)
dédié a la détection des bruits de fond externes et 'Outer Veto (OV) dont le but est la dé-
tection des muons cosmiques.

2Chooz A, le premier réacteur & eau pressurisée en opération en France de 1967 & 1991, fut construit sous
la colline & 1 km de la centrale maintenant en opération.
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Figure C.27: Vue en coupe d'un détecteur de Double Chooz et ses principaux volumes.

L’Inner Detector est composé de trois volumes cylindriques indépendants et couplés op-
tiquement: la cible, ou Neutrino Target (NT), le Gamma Catcher (GC) et le Buffer (BF).

o Neutrino Target: La NT est la partie centrale du détecteur ot les captures de neutrons
sur Gd sont détectées. Remplie de 10.3 m® de liquide scintillant (80% n-dodecane
et 20% PXE) dopé aux PPO, bis-MSB et Gd & hauteur de 7 g/L, 20 mg/L et 1 g/L,
respectivement, sa conception a nécessité de nombreux efforts en termes de transparence
et stabilité [222].

« Gamma Catcher: Entourant la cible d'une couche de 55 cm de liquide scintillant (66%
d’huile minérale, 30% de n-dodecane et 4% de PXE), le GC a été congu afin de contenir
les dépositions d’énergies ayant lien aux bords de la cible pour augmenter U'efficacité de
détection et réduire son incertitude associée. Les 22.6 m® du GC sont utilisés lors de
Panalyse des captures de neutrons sur H.

« Buffer: Le Buffer est la partie la plus externe de I'ID. Rempli de 110 m? d’huile non-
scintillante (53% d’huile médicinale et 47% de n-dodecane), il a pour réle de protéger les
deux volumes précédents de la radioactivité émise par les 390 tubes photomultiplicateurs
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(PMT) chargés de détecter la lumiere émise lors d’un dépot d’énergie dans I'ID [223,
224].

Autour de I'ID se trouve I’Inner Veto, un volume de 50 cm d’épaisseur contenant 90 m?>
de liquide scintillant (50% n-dodecane et 50% LAB). Equipé de 78 PMT, il a pour role de
détecter tout bruit de fond externe (neutrons, muons et gamma de la radioactivité naturelle).
Il est entouré par un blindage, composé de 15 c¢cm d’acier dans le détecteur lointain et de
50 cm d’eau dans le détecteur proche, ayant pour réle de limiter la bruit de fond environnent.

Finalement, au dessus de I'IV et de I'ID, se trouve I’Outer Veto, constitué de 64 plaques
de plastique scintillant, dont le but et de détecter les muons susceptibles de passer dans ou
a la proximité du détecteur. La combinaison de I'IV et de I’OV entraine une probabilité de
rejet des muons de plus de 99.99%.

De l’acquisition a la simulation

Le systeme d’acquisition de données de Double Chooz est illustré en Figure C.28. La lumiere
émise par scintillation est collectée par les PMT et transformée en courant électrique de
quelques mV d’amplitude. Le signal de chaque PMT est transporté vers un systéeme de
découplage, dit “splitter”, chargé de découpler les deux composantes de signal et de haute
tension. Les signaux sont ensuite amplifiés par I’électronique dite “Front-End” (FEE) afin
d’étre préts pour la digitalisation, effectuée par les convertisseurs flash analogique vers digital
(v-FADC). Les FEE ont aussi pour role d’envoyer des sommes de signaux au systéme de
déclenchement, ou “Trigger”.

472channels (ID+V)

v-output -
PMT Cable 5 :Ier FEE Cable (g2in=7)| |PMT— Ichannel v-FADC -4
22m (ID) & 26m (V) | SP 18m FEE bt Z
(C“Slmm) (custom) R CAEN-VI721 2
PMT-ID : ' Q g
Hamamatsu ' Z-output ! a ";
R7081 MOD-ASSY : b > B
390 PMTs ” 0") clock & trigger-signal Trigger & %
PMT=IV HV Supply {number & pattern) 62,5(MHZ C)Iock >,<
custom X

Hamamatsu"RMOB CAEN AI535P 16 ID-PMT— Ichannel

78 PMTs (8) <6 IV-PMT— Ichannel

Figure C.28: Schéma du systéme d’acquisition de Double Chooz [75].

Le niveau de compréhension du détecteur requis pour la mesure de 613 nécessite une excel-
lente maitrise de la réponse de chaque détecteur. Afin d’étudier la réponse du liquide et des
PMT, Double Chooz utilise des sources de calibrations radioactives (ct, BT, y et neutrons)
et lumineuses (LED), qui permettent d’atteindre des incertitudes au niveau du pourcent sur
Iefficacité du détecteur.

Ces calibrations sont ensuite utilisées afin de transformer les impulsions générées par les
PMT en événements ayant des informations en énergie et position. Cette tache est effectuée
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par le programme de reconstruction de DOGS (Double Chooz Offline Group Software), ap-
pelé CT (Common Trunk), qui consiste en plusieurs sous-programmes, chacun ayant des roles
différents. Une reconstruction typique d’événement se traduit d’abord par le traitement de
I'information de U'impulsion de chaque PMT [227], suivie de la reconstruction de 'énergie et
de la position du dépét d’énergie ayant généré ces impulsions [228].

Afin d’étudier et d’optimiser les coupures de sélection appliquées aux données durant
I'analyse et afin de comparer les données oscillées avec les prédictions non-oscillées, il est
nécessaire d’effectuer des simulations Monte Carlo de l'expérience complete, de la génération
des v, au systeme d’acquisition, en passant par la simulation des processus physiques avec
GEANT4. La chaine de simulation de Double Chooz est illustrée en Figure C.29.

Génération de
neutrinos
-DCRxtrTools-

|

Simulation du
détecteur
-DCGLG4sim-

Simulation de

] ik Systéme
L ?;g‘g:g‘s‘{“ | d'acquisition
F_ichi[erts_. de Fichiers
simulations de donnees
\J
Reconstruction
-DCCT-

Figure C.29: Schéma de la chaine de simulation de Double Chooz. Le but de cette simulation compléte
est de générer des fichiers de simulation identiques aux fichiers de données.

Analyse des données
Bruits de fond

Plusieurs types de bruits de fond ont été observés dans Double Chooz et leur caractérisation
nécessite une attention particuliére. Les principaux bruits de fond recensés sont:

e [’émission de lumiére par les PMT, dit “Light Noise™: Il s’agit du bruit de fond principal,
en terme de fréquence, du détecteur lointain, causé par I’émission spontanée de lumiere

258



Summary in French

de la base des PMT. Plusieurs techniques de rejet permettent d’atténuer ce bruit de
fond [170]. Les bases des PMT du détecteur proche ont été couvertes par du plastique
noir afin de le limiter.

e Les isotopes cosmogéniques: Crées par l'interaction des muons sur des atomes du liquide
scintillant, ces isotopes, principalement du °Li, sont radioactifs et se désintégrent en
émettant des gammas, des alphas et de neutrons. Pouvant imiter a la quasi-perfection un
événement IBD, I’étude de ce bruit de fond est un des sujets principaux de I’analyse [237,
238].

o Le bruit accidentel: Causé par la détection de deux dépots d’énergie aléatoire (prin-
cipalement des gammas de la radioactivité et des neutrons de spallation), ce bruit de
fond est fortement atténué lors de 'analyse et sa composante irréductible peut étre
caractérisée de facon précise.

o Les neutrons de spallation, ou “fast neutrons” (FN): Il s’agit de neutrons crées par des
interactions de muons hors du détecteur pouvant imiter une interaction IBD en induisant
un recul de proton (événement prompt) puis une capture (événement retardé).

o Les muons contenus, ou “stopping muons” (SM): Certains muons peuvent passer outre
les vétos et se désintégrer dans le détecteur générant ainsi un événement prompt (in-
teraction du muon) suivi d’'un événement retardé (électron de Michel créée lors de la
désintégration).

Les taux de bruits de fond (hors light noise) mesurés dans le détecteur lointain lors des
analyses n-Gd et n-H peuvent étre trouvés en tab. C.7

Bruit Taux n-Gd (j71) Taux n-H (j71)
Accidentel 0.0701 + 0.0054 | 4.334 + 0.007 (stat) £ 0.008 (syst)
Cosmogenique 0.98701% 0.9570:37
Fast-n + stop-p 0.604 + 0.051 1.55 + 0.15

Table C.7: Résumé des taux de bruits de fond mesurés dans les analyses n-Gd et n-H [239, 240].

Analyse n-Gd du détecteur proche

Les analyses n-Gd et n-H effectuées sur les données du détecteur lointain ayant déja été pub-
liés [26, 241, 184, 75], je n’aborderai dans ce résumé que l’analyse des premieéres données du
détecteur proche que j’ai effectuée au cours de ma these.

Les données acquises par le détecteur proche et utilisées dans ’analyse suivante conti-
ennent 292 fichiers d’'une heure chacun, pour un total de 12 jours de temps d’acquisition.
Etant donné que les données sont encore préliminaires, certaines informations ne sont pas
disponibles et ne permettent pas un rejet efficace de certains bruits de fond. Seule une anal-
yse en n-Gd sera donc présentée.

Le détecteur n’étant pas encore calibré, I’équivalence entre la charge détectée par les PMT
et I'énergie n’est pas connue. Afin de I'obtenir, j’ai isolé le pic des captures de neutrons de
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spallation sur H a 2.2 MeV en analysant les évenements ayant lieu apres le passage d’'un muon
dans le détecteur (c.f. Figure C.30). Le pic est bien ajusté par une fonction Gaussienne avec
une moyenne de 76,000 unités de charge, ce qui donne un facteur de conversion de 34,000
unités de charge/MeV.

temp
Entries 855169
Mean 87116404
RMS 7.036e+04
Constant 6484 314
Mean 7.614e+04 3.948e+01
Sigma 6305 63.9

# events

10° |—

PR R ST SRS SRS S M1
200 250

L T R 1 PR
50 100 150 300
D[ arge nits]

Figure C.30: Spectre en énergie des neutrons de spallation exprimé en unités de charge. Le pic de
capture sur H est ajusté par une Gaussienne (en rouge), le second pic & 140 x 103 unités de charge
correspond aux captures sur C et le troisiéme aux captures sur Gd a ~8 MeV.

Le détecteur proche étant encore dans une phase préliminaire, les principales coupures de

sélection appliquées sont moins contraignantes que celles appliquées aux données du détecteur
lointain.

Bien que fortement atténué, le light noise reste observable dans le détecteur et nécessite d’étre
supprimé a ’aide d’une coupure basée sur la reconstruction en charge des événements. Les
coupures en énergie sont les suivantes:

e 0.5 < Eys(prompt) < 20 MeV
e 4 < Fys(retardé) < 10 MeV.

Afin de détecter efficacement les deux événements de I'IBD, corrélés en temps, une coupure
en coincidence est appliquée:

e 0.5 < AT < 150 us

ainsi qu'une coupure de multiplicité, chargée de rejeter d’éventuels bruits de fond crées par
des interactions de neutrons simultanés:

e Pas d’événement dans les 200 ps précédent I’événement prompt

o Seulement un événement (le retardé) autorisé dans les 600 ps suivant ’événement
prompt.

Finalement, une derniére coupure, dont le role et de supprimer la composante de muons
contenus, est appliquée. Avec un taux de muons observés dans le détecteur proche de
245 Hz [250], & comparer avec le taux de 45 Hz observé dans le détecteur lointain, cette
coupure est appliquée aux deux événements.
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Apres application de ces coupures, 1883 candidats neutrinos ont été isolés du jeu de
données, correspondant & un taux de ~160 ..j !, en accord avec le taux attendu de 300 7.j !
en prenant en compte le fait que le réacteur B2 était a I’arrét durant la prise de données.

Les spectres en énergie prompt et retardés de ces candidats sont illustrés en Figure C.31.
Leurs séparations en vertex et en temps sont illustrées en Figure C.32. La Figure C.33 montre
la distribution spatiale des événements prompts dans le détecteur.
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Figure C.31: Gauche: Spectre en énergie prompt (gauche) et retardé (droite) des candidats n-Gd du
détecteur lointain.

#evts

—
#evts
<}

251

5
8
A\H‘H\‘\-HH\H‘\H‘H
[ ——
—+
——

20

3

15

+++++ 10

3

3
[(FITT T I T[T T[T Trrr Tt
—-+

_._
g

_,_
I
I &

8

+

e, i
P I B L R e e a0 PR R BRI B, = === O S~ RV NP SOV ROt DU o
20 40 60 80 100 120 140 160 200 400 600 800 1000 1200 1400 1600 1800 2000
Time correlation [ns] Spatial correlation [mm]

Figure C.32: Gauche: Corrélation temporelle entre les événements prompts et retardés. La distribution
est bien ajustée par une exponentielle de taux 7 = 28.5 us, en accord avec le temps de capture moyen
d’un neutron sur Gd dans la cible du détecteur de Double Chooz. Droite: Corrélation spatiale entre
les événements prompts et retardés.

Mesure de 613

La méthode utilisée par défaut pour déterminer ’angle de mélange 613 dans Double Chooz
est lanalyse en “taux et forme”, ou “Rate+Shape” (R+S). Cette analyse est basée sur un
ajustement a la fois du taux d’interaction et de la forme du spectre en énergie a ’aide d’une
minimisation de x?.

L’application de cette analyse sur les données n-Gd du détecteur lointain donne: sin? 26,3 =
0.09070932 (¢.f. Figure C.34).

L’analyse R+S sur les données n-H donne une valeur de I'angle en accord avec I’analyse
n-Gd: sin? 2603 = 0.12475:059 (c.f. Figure C.35).
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Figure C.33: Distribution des événements prompt dans le plan (p,Z) avec p = v X? + Y2, Les lignes
noires sont les limites de la cible et du Gamma Catcher.

1200F I e T —}— Background-subtracted data
T No oscillation
1000 . .
l:l Systematic uncertainty
of> 800F Best fit: sin°26,, = 0.090
LY
cl= 2 2
at Am® = 0.00244 eV’
Sho 600F
wfN
=]
4001 DC-Ill (n-Gd) ]
Livetime: 467.90 days
200 B
1.2 q

Data / Predicted
0.25 MeV

Visible Energy (MeV)

Figure C.34: Spectre en énergie visible (points noirs) aprés soustraction du bruit de fond. Le meilleur
ajustement (rouge) et son incertitude associée (jaune) sont affichés avec le spectre en énergie en cas
de non-oscillation (bleu). Le panneau du bas représente le ratio entre les spectres prédits et observés
et montre clairement un déficit 1ié & une oscillation.

Il est également possible, avec ’analyse R4S, d’évaluer le gain de sensibilité sur la mesure
de 613 que I'ajout du détecteur proche peut apporter a l'expérience (c.f. Figure C.36).
C.8 Etude d’un 4°™€ neutrino avec Borexino

Au début de mon stage pré-theése en Mai 2012, le déploiement d’un générateur d’v, dans le
détecteur KamLAND dans le cadre du projet CeLAND était d’actualité. Cependant, des
complications techniques et administratives ont mit fin & ce projet et il est maintenant prévu
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Figure C.36: Sensibilité attendue avec le détecteur lointain seul (ligne bleue hachurée) et les deux
détecteurs (ligne bleue) pour 'analyse n-Gd. Les aires bleues représentent la sensibilité attendue en
cas d'amélioration des incertitudes systématiques.

de déployer ce générateur a coté du détecteur Borexino dans le cadre de expérience CeSOX?,
Dans ce résumé, je ne parlerai que de CeSOX, les études effectuées pour CeLAND pouvant

3Short distance neutrino Oscillations with BoreXino, ou SOX, était d’abord en compétition avec CeLAND.
Les deux expériences ont fusionnées en 2014 et la premiére phase de SOX avee une source de cérium est devenue

CeSOX.
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étre trouvées dans le corps de la these.

C.9 Le projet CeSOX

Apres la découverte de I’Anomalie des Antineutrinos de Réacteurs en 2011, le groupe “Neutri-
nos de Basse Energie” du CEA Saclay proposa de tester 'existence d’un hypothétique neutrino
stérile a I’aide d’un générateur d’'ve dans un grand détecteur a liquide scintillant [131]. Il s’agit
du début du projet CeSOX.

Comme expliqué précédemment, plusieurs anomalies ont été reportées par des expériences

d’oscillations de neutrinos avec des ratios L/E~1 m.MeV~!. La diversité de ces expériences,
de leurs sources de neutrinos a leurs techniques de détection, tend a éliminer ’existence d’un
biais expérimental. Ces anomalies pourraient étre expliquées par ’existence de nouveaux
états, stériles, de neutrinos ayant des différences de masses carrées |[Am2_,| > 0.1 eV? avec
les états actifs de neutrinos.
Afin de tester cette hypothese avec des neutrinos de basse énergie, il faut observer une dis-
parition ainsi qu’une oscillation, dans le détecteur, dépendants tous deux de I’énergie et de la
distance a la source de neutrinos. Cela peut étre effectué de deux fagons: le déploiement d’un
détecteur preés d’une intense source de neutrinos, i.e. un réacteur nucléaire, ou le déploiement
d’une source de neutrinos plus petite, i.e. une source radioactive, dans ou pres d’un grand
détecteur de neutrinos. Cette derniere idée est le concept de CeSOX.

En prenant en compte la section efficace de 'IBD ainsi que la taille du détecteur, 'usage de
sources ayant des activités de quelques PBq en 7, est obligatoire afin d’obtenir une statistique
suffisante sur la durée de I'expérience.

Le détecteur Borexino

Le détecteur Borexino, dont la construction a débuté en 1996, est placé dans le Hall C du
Laboratori Nazionali del Gran Sasso (LNGS)(42° 27’ 10" N, 13° 34’ 30" E) en Italie. Il est
protégé du flux cosmique par 3800 m.w.e. Un schéma du détecteur est illustré en Figure C.37.

Le volume actif, ou “cible”, de Borexino est une sphére de 8.5 meétres de diamétre remplie
de 278 tonnes de scintillateur liquide (100% pseudocumene et 1.5 g/L de PPO). 1l est protégé
de la radioactivité externe par un buffer de 2.6 metres d’épaisseur, en deux parties, et constitué
de 890 tonnes de pseudocumene non-scintillant. Ces deux volumes, formant I’'Inner Detector
(ID), sont contenus dans une sphére d’acier de 1.7 meétres de diametre sur laquelle sont
montés 2200 PMT. I’ID est entouré par un réservoir de 18 metres de diametre rempli d’eau
et servant de blindage et de détecteur & muons par effet Cerenkov. Notez que, par conception,
des sources radioactives peuvent étre déployées dans un tunnel de 100 cm de largeur creusé
sous le détecteur et recouvert de plaques d’acier.

Alors que le rayon du volume fiduciel de Borexino peut étre augmenté de 4 m a 4.25 m pour
I’analyse de CeSOX, une augmentation jusqu’a 5.5 m peut étre envisagée apres ’ajout de fluor
(PPO) dans le buffer interne, ce qui augmenterait considérablement le nombre d’interactions
IBD dans le détecteur. Les résolutions en énergie et en vertex de Borexino sont respectivement

5%/vMeV et 12 cm/v/MeV [211, 263].
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Figure C.37: Schéma du détecteur Borexino.

La source de *‘Ce

Le couple *4Ce - M4Pr semble étre le meilleur pour constituer un ANG (AntiNeutrino Gen-
erator, ou générateur d’antineutrinos). Cette source sera donc appelée CeANG par la suite.
Avec un Qp de 318.7 keV, l'isotope pere de 144Ce émet des 7, d’une énergie bien en dessous
du seuil de 'IBD a 1.806 MeV. De plus, sa demi-vie de 284.5 jours est assez longue pour
permettre la production et le transport du CeANG sans une perte d’activité trop importante.
Le noyau fils de '#Pr, avec son Qp de 2997.5 keV, émet des v, détectables par IBD sur une
gamme d’énergie de 1.2 MeV. Bien que l'isotope ayant un réel intérét pour I’expérience soit le
144py 1’équilibre entre les deux isotopes fait que I'activité du CeANG est exprimée en activité
de *4Ce. Un schéma de désintégration du *4Ce - 144Pr est illustré en Figure C.38.

Ce schéma de désintégration montre la présence de plusieurs lignes gammas émises a la
suite de la dé-excitation du "#*Nd, noyau fils du "4Pr. Avec une probabilité d’émission de plus
de 0.1%, ces trois gammas, ayant des énergies respectives de 696.5, 1489.2 et 2185.7 keV, peu-
vent poser probleme a ’expérience en termes de bruits de fond et de protection radiologique.
L’ajout d’un blindage de haute densité, construit en tungsténe et ayant une épaisseur de plus
de 16 cm, est obligatoire afin d’atténuer 'impact de la radiation a 2185.7 keV.

Avec une activité attendue entre 3.7 et 5.5 PBq, le CeANG générera jusqu’a 5.5 PBq
d’v, en méme temps que 38 TBq de gammas de 2185.7 keV. La caractérisation précise, sous
le niveau du pourcent, de I'activité et du spectre en énergie des 7, du '**Pr est nécessaire afin
d’obtenir une sensibilité satisfaisante.
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Figure C.38: Schéma de désintégration du couple *4Ce-'*4Pr. Les branches B avec un rapport
d’embranchement supérieures a 0.001 % sont affichées, en méme temps que leurs Log(ft), niveaux
d’énergie du noyau fils et parité de spin [264].

Simulations de bruits de fond

Le détecteur Borexino possede I'un des plus bas taux de bruits de fond parmi les détecteurs

de neutrinos actuellement en opération. Cependant, avec une distance entre la source et le

centre de Borexino de 8.3 meétres, la maitrise des bruits de fond générés par la source est

obligatoire. Cette compréhension passe par des simulations de I'atténuation apportée par le

blindage ainsi que par les différents volumes non-actifs de Borexino.

Pour effectuer ces simulations, deux programmes ont été utilisés: GEANTA4, présenté précédem-
ment, et TRIPOLI-4® [281], développé au CEA pour la simulation du transport de particules

dans les réacteurs.

Bruit de fond gamma

Afin de simuler la propagation des gammas de 2.185 MeV dans le blindage et le détecteur,
j’ai commencé par effectuer des simulations avec GEANT4.

Pour ces simulations, j’ai implémenté les géométries de la source et du blindage dans le code
de simulation: un cylindre de 7 cm de diametre et de hauteur fait en oxyde de cérium, CeOo,
contenu dans un blindage cylindrique de 19 cm d’épaisseur fait en alliage de tungsténe (97%
de tungstene, 1.5% de fer, 1.5% de nickel). Les simulations GEANT4 étant trés compleétes
et gourmandes en ressources et en temps de calcul, j’ai implémenté plusieurs techniques de
biaisage afin d’accélérer les simulations. Cependant, avec une vitesse d’exécution d’environ
10% y.h™!, la simulation d’une seconde d’expérience (20 TBq de gammas de 2.185 MeV pour
un CeANG de 2.7 PBq) prend environ 200,000 heures de calcul.
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L’efficacité relativement faible de ces simulations a motivé I'usage de TRIPOLI-4®.
Avec seulement 10° gammas généré, TRIPOLI-4® et ses techniques de biaisage permettent
d’obtenir des résultats satisfaisants avec une erreur statistique de 2% (5% sur la gamme en
énergie de 2.1 & 2.2 MeV). La probabilité d’interaction dans chaque volume du détecteur
pour un gamma généré dans le CeANG est illustré en Figure C.39. Le volume appelé “fidu-
cial” correspond a la sphere de 3 metres de rayon utilisée lors de ’analyse des neutrinos
solaires [285].
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Entries 22 Entries 22
Mean 1.006 Mean 0.9196
RMS 0.6213 RMS 0.5517
Underflow 4.357e-21 Underflow 8.376e-19
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Figure C.39: Gauche: Energie déposée dans tous les volumes du détecteur pour chaque y de 2.185 MeV
généré. Droite: Vue rapprochée du panneau de gauche sur les deux volumes les plus internes du
détecteur.

La probabilité pour un gamma de déposer de I’énergie dans le détecteur, exprimée comme
I'intégrale du spectre en énergie détectée, atteint des valeurs tres faibles et I’atténuation totale
des gammas intégrée sur tout le spectre en énergie est égale 4 7 10~'® dans le volume cible. En
considérant un CeANG de 3.7 PBq, cela correspond & des taux d’interaction de 16 y.d~!, ce
qui entraine un taux de bruit de fond accidentel de 5.7 10~ Hz avec des coupures en énergie
prompt et retardé de [1.0-2.4] MeV et [2.0-2.4] MeV, respectivement. Bien que considéré
comme négligeable pour CeSOX, ce bruit de fond peut tout de méme impacter I’analyse des
neutrinos solaires de Borexino.

Bruit de fond neutron

Les fissions spontanées (FS) de certains actinides présents dans la source depuis sa fabrica-
tion sont une source potentiel de bruit de fond pour CeSOX. Malgré la séparation isotopique
effectuée sur le combustible nucléaire usagé servant a produire le CeANG, une contamina-
tion, bien que faible, en actinides mineurs peut entrainer la génération de neutrons par fission
spontanée. Ces neutrons, rapides a leur création (E~1 MeV) ne perdent qu'une fraction de
leur énergie dans le blindage, constitué d’atomes ayant un fort nombre de protons, et peu-
vent facilement se propager dans le détecteur. Etant donné la grande concentration d’eau et
d’huile minérale dans Borexino, ces neutrons sont fortement susceptibles d’étre capturés sur
des atomes d’hydrogene, entrainant la génération de gammas de 2.2 MeV. Des captures sur
les structures métalliques, générant des gammas de 6 & 9 MeV sont aussi a prévoir.

Etant donné la faible atténuation aux neutrons apportée par le blindage en tungsténe, des
activités relativement faibles en actinides pourraient entrainer un taux de bruit de fond ac-
cidentel conséquent dans le détecteur. Les caractéristiques physiques du ?**Cm (demi-vie,
nombre de neutrons émis et taux de FS) font de lui I’élément susceptible de générer le plus
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grand taux de bruit de fond neutron. une contamination de 10~ Bq(?**4Cm)/Bq(}**Ce) dans
le CeANG entrainerait un flux de neutron émis par la source de 1.4 10° n/s [264].

Les neutrons simulés par TRIPOLI-4® sont générés uniformément dans la source avec
une énergie choisie au hasard dans un spectre de Watt centré & 1 MeV. Environ 60% des
neutrons sont capturés dans le blindage, principalement sur des atomes de W. Les 40%
peuvent se propager vers le détecteur. Le “neutron current”, ou “courant de neutron”,
caractérisant le nombre de neutrons ayant traversés l'interface entre deux volumes adja-
cents, est illustré en Figure C.40 (gauche). Sur cette figure, les courants entre les interfaces
“blindage-tunnel”, “tunnel-plaques d’acier”, “plaques d’acier-veto” et “veto-buffer externe”.
Etant donné l'atténuation apportée par les plaques d’acier, 'eau et 'huile, seuls quelques neu-
trons atteignent le buffer externe, donnant une limite supérieure de 10712 sur I’atténuation
des neutrons entre le source et le buffer. Aucun neutrons n’ayant atteint le volume cible, la
composante de neutrons rapides du bruit de fond est considérée comme négligeable.

— g e

107

10° 10° 107 10° 10° 10* 10° 102 10 1 10
Neutron energy [MeV]

S
£
—_ = 1e
c 2 - Q E
£ 107F S 10 ,
a C 1 + t 1.1
s E g 10 E R ’-Td.mf- i (. ot
o E =0 B B Sh-e
s, oF 3 = e e T Tt T T ] q 4 A
H = 'ﬁ ® . T
= 10® - n_current_shield2tunnel E - : §
s = n_current_tunnel2steel = -
5100 n_current_steel2veto SRR e e S— . e 7l
= £ = L a = Bl e — e e
[T n_current_veto2outter = Jl
L 2 S IR
104 3 Lo Ty
C T 40 e e e ST Tt T # i |
16 [ > N o T
10" = 3 1o USSP L P e Ty 4 it #
[l 5
107 = S 101 t h
10'207\\\\\\\\‘ o vl vl ol v ol el vl sl 4l >'lorllT e b e b b b b P L \t
S 1 2 3 4 5 6 7 8 9
H*

Incident y energy [MeV]

Figure C.40: Gauche: Courant de neutrons observé aux interfaces entre plusieurs volumes du dé-
tecteurs: blindage, tunnel, plaques d’acier, veto et buffer externe. Droite: Energie déposée dans
chaque volume du détecteur pour chaque neutron de FS généré.

Les neutrons se propageant dans le détecteur sont rapidement thermalisés et capturés
dans le sol, I'’eau du veto ou les structures métalliques entourant le détecteur. Alors que
les captures sur H génerent des gammas de 2.2 MeV, les captures sur métaux génerent des
gammas de plus haute énergie. Le spectre des dépositions d’énergie causées par des captures
de neutrons s’étend donc jusqu’a 10 MeV, comme illustré en Figure C.40 (droite). Cette
figure affiche le nombre de dépositions d’énergie par neutron initial, i.e. la probabilité qu’un
neutron géneére une déposition d’énergie dans chaque volume du détecteur. Intégrée sur la
totalité du spectre en énergie, 'atténuation des dépositions d’énergie induites par capture de
neutrons atteint 1.0 107% dans le volume cible. En considérant un CeANG de 3.7 PBq et une
contamination en ?**Cm de 107 Bq/Bq, cela induit un taux d’interaction de 140 mHz et un
taux de bruit de fond accidentel de 9.5 1073 j=1.

Bien que plus élevé de plusieurs ordres de grandeur que celui du taux de bruit de fond
accidentel induit par les gammas de 2.185 MeV, ce taux peut étre considéré comme négligeable
pour CeSOX.

Sensibilité

La sensibilité des expériences d’oscillation a courte distance peut étre estimée en comparant les
taux observés et attendus d’interactions d’IBD, tous deux exprimés en énergie et en distance
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a la source, a I'aide d’'un x? de la forme:

(Vs — (1 + a)fo;p)Q

=) -~ NP + (a)Q, (C.46)

ij i, ON

avec Ni‘?}’s et Ns ’;p, les taux observés et attendus d’interactions IBD dans le ™ bin en énergie
et 7™ bin en distance. a est un parameétre de nuisance prenant en compte l'incertitude de
normalisation, reliée a Pactivité du CeANG et pouvant varier dans ox.

Il s’agit de I'analyse en “rate+shape”, semblable a celle effectuée dans Double Chooz. Si
I’activité de la source est inconnue, il est possible d’appliquer une analyse en “shape only” en
donnant une valeur infinie & oy.

La minimisation du x? par la formule: Ax? = X2 (Onew, AmZey,)

de contours de sensibilité & 90%, 95% and 99.73% (30) C.L..

Ces contours sont illustrés en Figure C.41 pour les deux configurations de CeSOX: “nominal”
et “upgraded”.
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Figure C.41: Contours de sensibilité de exclusion & 95% C.L. de 'hypothése de non-oscillation [283].
Les configurations “nominal” et “upgraded” correspondent respectivement a un volume fiduciel de
4.25 et 5.5-m radius. Une prise de données de 18 mois avec un CeANG de 3.7 PBq (100 kCi) placé a
8.25 m du centre de Borexino est considérée, ainsi qu’une incertitude de 1.5% sur la normalisation. Les
résultats sont exprimés pour une analyse rate+shape (ligne continue) et shape only (ligne hachurée).
Les contours favorisés de ’anomalie des réacteurs sont affichés en gris pour comparaison.

Plusieurs parametres expérimentaux tels que l'incertitude sur 'activité, les résolutions en
énergie et vertex et I’extension spatiale de la source sont susceptibles d’impacter la sensibilité
de 'expérience. Une étude approfondie de 'influence de ces parametres peut étre trouvée en
réf. [283].

C.10 Conclusion

“J’ai fait une chose terrible, j’ai postulé 'existence d’une particule qu’on ne peut pas dé-
tecter” déclara Wolfgang Pauli en 1930 apres avoir postulé I'existence du neutrino. Il fallut
environ un quart de siecle pour invalider cette affirmation et détecter le premier neutrino,
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ou antineutrino, avec un détecteur a liquide scintillant placé prés d’un réacteur nucléaire, un
concept encore largement utilisé de nos jours. Depuis, le développement des techniques de
détection a accéléré les découvertes en physique du neutrino. Pendant les dernieres décennies,
le phénomene d’oscillation, bien que non compatible strictement avec le Modeéle Standard,
a été caractérisé et semble désormais compris, en partie grace a ’expérience Double Chooz
et a sa mesure de 613, bien que quelques tensions restent inexpliquées. L’expérience CeSOX
vise a tester l'existence d’un neutrino stérile pouvant peut étre apporter une solution a ces
anomalies. Bien qu’étudiée principalement de fagon fondamentale, la physique du neutrino
peut avoir des applications, de la surveillance des réacteurs nucléaires a la détection de su-
pernovae.

Bien que petit en terme de personnel, le groupe “Neutrinos de Basse Energie du CEA
Saclay est impliqué dans de nombreuses expériences et chaque membre du groupe est en
charge de nombreuses taches et travaille sur de nombreux sujets.

Quand j’ai commencé mon stage “pré-thése” en Mai 2012, le détecteur Nucifer venait d’étre
déployé a proximité du réacteur Osiris a Saclay. Afin de participer a I’effort de groupe, focalisé
sur Nucifer, j’ai commencé par analyser ses données avec d’autres doctorants et stagiaires du
groupe. Ces analyses ont mis en évidence la présence d’un important bruit de fond accidentel
(c.f. App. A). Au méme moment, I'expérience CeLAND était en cours de lancement et des
simulations du CeANG dans le détecteur étaient nécessaires. J’ai donc acquis la simulation
de KamLAND aupres des personnes participant a son développement a I’Université de To-
hoku afin de la modifier pour CeLAND. Les simulations de bruits de fond gamma et neutron
effectuées a 'aide de cette simulation et de TRIPOLI-4® nous ont permit de caractériser
I'impact de la source dans KamLAND et plus tard, Borexino.

Au méme moment, j’ai commencé a travailler sur I’expérience Double Chooz, cong¢ue pour
mesurer ’angle de mélange #13. Le démarrage du détecteur proche fait entrer I’expérience
dans sa seconde phase, plus précise et sensible. La calibration du détecteur proche, prévue
pour I’été 2015, permettra a Double Chooz d’obtenir rapidement des résultats compétitifs.
Double Chooz offre également la possibilité d’effectuer des études paralléles, comme la direc-
tionalité avec I'IBD. L’analyse des 17,358 candidats neutrinos avec capture de neutron sur
Gd permet la reconstruction de la direction des coeurs de la centrale de Chooz avec des in-
certitudes de 5.16° et 5.30° en azimut et zénith, un résultat confirmé par ’analyse des 31,898
candidats avec capture neutron sur H. Cette derniere mesure est une preuve formelle de la
possibilité d’utiliser la directionalité de I'IBD dans les futurs grands détecteurs a liquide scin-
tillant non dopés.

Ce résultat prometteur nous a incité a appliquer la directionalité de 'IBD a ’astrophysique
en étudiant la détection directionelle des supernovae. En effet, les neutrinos d’une supernova
arrivant sur Terre plusieurs heures avant la lumiere visible, il est possible de la localiser en com-
binant 'information directionelle de ses neutrinos avant de I'observer a 1’aide d’un télescope.
La combinaison de tous les grands détecteurs de neutrinos pourrait localiser une supernova
ayant lieu & 10 kpc avec une incertitude de 45°(68% C.L.). Avec 'ajout du détecteur JUNO,
cette incertitude peut étre diminuée a 14°(68% C.L.) d’ici a 2020.
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Abstract : The framework of neutrino oscillations is quite well-understood and now requires preci-
sion rather than exploration. The Double Chooz experiment aims at measuring the 613 mixing angle
through the oscillations of electronic antineutrinos produced by the reactors of the Chooz nuclear
power plant, in the French Ardennes. The comparison of the interaction rates and spectral shapes in
the two Double Chooz’s detectors allows the observation of a disappearance and a spectral distortion,
both driven by #;3. In this thesis, a preliminary neutrino selection with the near detector, whose
data taking started in December 2014, has been performed. The most recent results of Double Chooz,
providing the most precise measurement of the experiment of sin® 26,5 = 0.090f8:8§3, are presented
as well. The simple layout of Double Chooz is a strong advantage to conduct directionality studies.
Results of these studies using the most recent neutrino candidates with neutron captures on Gd and H
are showed. Neutrino directionality can be applied to astrophysics and astronomy, with the localiza-
tion of core-collapse supernovae. To this purpose, the development of SuperNustradamus, dedicated
to the simulation of a supernova process detected in a liquid scintillator detector, is presented, along
with results of directionality measurements performed with combinations of large neutrino detectors
over the globe. Finally, recent anomalies observed in short baseline experiments provided hints of
the hypothetical existence of additional sterile neutrino states. The goal of the CeLAND/CeSOX
experiment is to test this hypothesis by deploying a v, -generating radioactive source next to a large
liquid scintillator detector such as KamLAND or Borexino. In this thesis, are presented results of
signal and background simulations performed to validate the design and assess the sensitivity of such
an experiment.

Keywords : Neutrino directionality, Inverse Beta Decay, core-collapse supernova, sterile neutrino,
neutrino oscillations, #,3 mixing angle

Résumé : Le cadre global des oscillations de neutrinos est maintenant bien compris et nous quittons
une ere d’exploration pour une ére de précision. L’expérience Double Chooz a pour but de mesurer
I’angle de mélange 0,3 par I’étude des oscillations des antineutrinos électroniques produits par les réac-
teurs de la centrale nucléaire de Chooz dans les Ardennes. La comparaison des taux d’interactions et
des formes de spectres en énergie dans les deux détecteurs de ’expérience permet ’observation d’une
disparition et d’une distorsion spectrale, toutes deux régies par 613. Dans cette these, une sélection
préliminaire des neutrinos détectés dans le détecteur proche, dont la prise de données a commencée
en Décembre 2014, est présentée. Les résultats les plus récents de Double Chooz, desquels sont ex-
traits la mesure de 613 la plus précise que 'expérience peut fournir a ce jour sin? 26,3 = 0.0QOfg:g%g,
seront également discutés. La disposition géométrique des réacteurs et détecteurs de ’expérience,
relativement simple, représente un avantage considérable afin d’effecteur des études de directional-
ité des neutrinos. Les résultats de ces études, effectuées en analysant les jeux de données les plus
récents avec captures sur Gd et H, sont présentés. Ce concept de directionalité peut étre appliqué
a Dlastronomie/astrophysique en offrant la possibilité de détecter des supernovas aprés détection de
leurs neutrinos. Le développement de SuperNustradamus, dédié a la simulation d’'un processus de
supernova détecté dans un détecteur a liquide scintillant, ainsi que les résultats de simulations de
directionalité effectuées avec différentes combinaisons de plusieurs détecteurs de neutrinos. Enfin,
plusieurs anomalies récemment observées par des expériences de détection de neutrinos a courtes dis-
tances pourraient s’expliquer par 'existence de nouveaux états, stériles, de neutrinos. Le but de
Pexpérience CeLAND/CeSOX est de confirmer ou réfuter cette hypothése en déployant une source
radioactive émettant des v, a coté d’un grand détecteur a liquide scintillant comme KamLAND ou
Borexino. Dans cette these seront présentés les résultats des simulations de signaux et de bruits de
fond effectuées afin de valider le principe de 'expérience et de s’assurer de sa sensibilité a ’observation
d’une nouvelle oscillation vers un hypothétique neutrino stérile.

Mots-clés : Directionalité des neutrinos, désintégration beta inverse, supernova avec effondrement
de coeur, neutrino stérile, oscillations de neutrinos, angle de mélange 613



