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Introduction

You can’t see them but they are everywhere
Neutrino 2014 conference

Time to read these few lines and your body will be crossed by billions of a certain type
of elementary particles, the neutrinos. Neutrinos are everywhere. Nevertheless, although we
are surrounded by neutrinos, we are not interacting with them so much. Neutrinos are shy
particles. They are in fact the most shy particles already discovered physicists are dealing
with, making their study so exciting from more than 80 years now.

Conceived by W. Pauli in 1930, named by E. Fermi in 1933, the existence of the neutrino
will be finally proved by F. Reines and C.L. Cowan in 1956. Although the neutrino is probably
the most abundant known particle in our Universe, it remains the least understood. Some of
its properties were found to stand beyond the Standard Model of particle physics, a general
framework able to predict interactions between all the known particles. Since the neutrino
can change its identity as it propagates, deficits from predictions were observed when looking
for a specific type of neutrino. Physicists then developed the neutrino oscillation theory, a
theory which implies massive neutrinos and therefore to stand beyond the Standard Model.
The measure of one of the parameters of this theory, the ✓13 mixing angle, is the raison d’être
of the Double Chooz experiment.

The neutrino is not simply an elementary particle, it is a messenger. The neutrino can
be seen as a privileged witness of the first moments of our Universe, of the last moments
of a supernova. The neutrino already helps us to better understand the Sun, to deepen the
knowledge of the Earth. From the Sun to the Earth, the Borexino experiment is looking for
solar neutrinos as well as geo-neutrinos and contributes to both astrophysics and geoscience.

The first chapter focuses on the history of the neutrino physics. From the neutrino birth
certificate to the recent unsolved anomalies, this chapter tries to follow the evolution of the
state of mind of the physicists which had to explore a new field, with all the questions and
issues it can bring. This chapter ends by providing experimental observations which allow to
consider the existence of possible sterile neutrinos.

The second chapter exposes the theoretical bases of the neutrino physics. The Standard
Model is reviewed and surpassed in order to introduce the neutrino oscillation theory. This
chapter also provides current experimental results and in particular those on neutrino masses



2 Introduction

and neutrino oscillation parameters.

The third chapter consists of a description of the Double Chooz experiment, which aims
at measuring what was defined until recently as the last unknown neutrino mixing angle,
✓13. Principle and design of this experiment are reviewed. Special attention is devoted to the
event reconstruction. This chapter ends with a description of the backgrounds Double Chooz
has to deal with.

The fourth chapter spotlights the unexpected background discovered at the very begin-
ning of the Double Chooz data taking, the light noise. This chapter describes the strategy we
developed in order to strongly discriminate light noise events. Different cross-checks which
allow to validate the strategy are presented.

The fifth chapter is a reminder on the measurements of the ✓13 mixing angle. Different
data sets as well as different methods are used to provide several compatible measurements of
✓13. Neutrino selections are reviewed, as well as systematics errors associated to the specific
data set used. From time to time, Double Chooz benefits from the possibility of measuring
the background only. This peculiar configuration is discussed. Finally, the differents analyses
leading to the measurement of ✓13 are described in detail.

The sixth chapter is devoted to the Borexino experiment. After a brief overview of the
success achieved by Borexino, we describe the opportunity to look for geo-neutrinos. Geo-
neutrino production and signal prediction are investigated before proceeding to the selection
and to the background investigation. The use of a maximum likelihood analysis is explained
in order to access the signal rate of geo-neutrinos.

The seventh and last chapter describes the neutrino directionality studies which have
been realized for both Double Chooz and Borexino. The motivations as well as the principle,
which includes a description of the variables to be used, are first presented. We then focus on
the different investigations made with the Double Chooz data sets. An important work on
the vertex position reconstruction correction follows. Finally, an analysis using the Borexino
neutrino candidates found in the sixth chapter is provided.



Chapter

1
Neutrinos: History and Physics

I have done something very bad today by proposing a particle that cannot be detected.
It is something no theorist should ever do.

Wolfgang Pauli
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Neutrinos? When speaking about neutrinos, with no clue about what it can refer to,
one can first guess that this will be somewhere related to Italy. The “ino” tells us that the
neutrino is something smaller than the “neutr”, which will refer at some point to the neutrality.

1.1 Birth certificate

The neutrino saga started in 1914, when J. Chadwick was studying the energy spectrum of
electrons emitted from �� radioactivity processes. At that time, one should expect a two
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body decay, according to the reaction:

A

Z

X ! A

Z+1Y+ e� (1.1)

The ↵ radioactivity, discovered in 1896 by H. Becquerel and the � radioactivity, discov-
ered in 1900 by P. Villard, lead both to discrete energy spectra because of a two body decay.
The fact that the �� decay produces electron with a continuous energy spectrum was not
understood, leading to several theories to explain this phenomenon. Among them, L. Meitner
proposed that electrons lost energy in the source before been measured. In 1927, with the
use of precise calorimeters, C.D. Ellis and W.A. Wooster proved that this theory was not the
one able to describe the continuous spectrum [1]. In 1924, N. Bohr proposed as a desperate
remedy that the energy conservation was working only on a statistical way.

In order to save the sacrosanct energy conservation law, W. Pauli proposed, in a letter
dated December 4, 1930, the postulate of a new particle he called “neutron”. According to
him, this particle should have the following properties:

• to be neutral
• to have a spin 1/2
• to have a mass not larger than 0.01 proton mass

This new particle has to be neutral in order to keep the charge conservation. The spin
1/2 allows to solve another issue, the spin-statistic. At that time, physicists thought that
a nucleus A

Z

X was composed of A protons and A � Z electrons. Protons and electrons are
classified as fermions since they obey the Fermi-Dirac statistic. As a consequence, they have
a spin 1/2. Photons obey the Bose-Einstein statistic and have a spin 1. The issue with
this nucleus representation came from the study of 6

3Li and 14
7N. Since there are 9 spin 1/2

particles in the 6
3Li nucleus and 21 spin 1/2 particles in the 14

7N nucleus, one should expect a
half-integer spin for those nuclei, which is not the case. Adding spin 1/2 particles will then
allow to solve the spin-statistic issue.

These properties are enough to characterize the neutrino, as it is known today. This letter
can therefore be considered as the neutrino birth certificate, even if the name neutrino did
not appear yet.

In early 1932, F. and I. Joliot-Curie investigated the penetrating radiation emitted after
bombarding ↵ particles on a 9

4Be target. They thought they were faced with � but, the same
year, J. Chadwick demonstrated that this radiation is composed of neutral particles with
a mass comparable to that of the proton [2]. He called this particle “neutron”. This new
neutron, which is the one we know today, is able to solve the spin-statistic issue and lead to a
new nuclear model. The same year, W. Heisenberg proposed that the nucleus is composed of
Z protons and A�Z neutrons. He needed then Z electrons to keep the charge conservation.
The spin-statistic is correctly solved, 3 protons together with 3 neutrons for the 6

3Li and 7
protons together with 7 neutrons for the 14

7N will give integer spin for those nuclei.
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Since there can not be two neutrons, one of them had to change its name. Chadwick’s
neutron has a mass similar to that of the proton whereas Pauli’s neutron has to be much
more lighter than the proton. Therefore, in October 1933, during the Solvay Conference, E.
Fermi renamed Pauli’s neutron the “little neutron”, or in Italian, the “neutrino”.

One year later, E. Fermi finalized the �-decay theory [3], transforming the process (1.1)
into the correct one:

A

Z

X ! A

Z+1Y+ e� + ⌫̄
e

(1.2)

It is interesting to notice that at this time, Nature refused to publish the article consid-
ering it as “too speculative”.

1.2 Chasing the different neutrino species

In 1934, it was not clear that one can observe a neutrino. H. Bethe and R. Peierls worried
about the cross-section of the process where “a neutrino hits a nucleus and a positive or neg-
ative electron is created while the neutrino disappears and the charge of the nucleus changes
by 1 ”, which is known today as the Inverse Beta Decay (IBD) interaction. They calculated
this cross-section to be lower than 10�44 cm2, leading to the conclusion that “there is no
practically possible way of observing the neutrino” [4]. Luckily, they were pessimistic.

1.2.1 ⌫̄
e

, a two steps discovery

The detection of the first neutrino took place at the Savannah River Plant in 1956. A first
attempt close to a Hanford nuclear reactor was made in 1953. We will explain in the third
chapter why nuclear reactors are rich ⌫̄

e

factories for free. For both the Savannah River Plant
and the Hanford experiments, F. Reines and C.L. Cowan relied on the detection of the ⌫̄

e

through the characteristic signature of IBD interactions:

⌫̄
e

+ p ! e+ + n, (1.3)

where the positron scintillation and annihilation is followed by the neutron capture on cad-
mium (Cd) in their experiment.

At Hanford, six data sets were taken close to the pile, three with full power for a 10000 s
live time and three with zero power for a 6000 s live time. At full power, the number of
coincidence between positron scintillation and annihilation, i.e. “prompt” signal, and neutron
capture on Cd, i.e. “delayed” signal, was found to be 2.55 ± 0.15 counts/min whereas it was
found to be 2.14 ± 0.13 counts/min at zero power. The difference of 0.41 ± 0.20 counts/min
had to be compared with the predicted 0.20 counts/min due to neutrino interactions [5]. F.
Reines and C.L. Cowan were aware that this result was not sufficient to claim the detection
of the neutrino, as they wrote in [6]:
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“Although a high background was experienced due to both the reactor
and to cosmic radiation, it was felt that an identification of the free
neutrino had probably been made.”

Figure 1.1: Scheme of the detection principle, from [7].

A bigger detector consisting in a “‘club sandwich’ arrangement employing two targets
tanks between three detector tanks” was designed and moved to South Carolina [7]. The two
1.9 ⇥ 1.3 ⇥ 0.07 m3 targets were filled with Cd-doped water. Above and below these targets,
three tanks filled with liquid scintillator were installed. The liquid scintillator was composed
of triethybenzene, therphenyl and POPOP wavelength shifter. Signals were seen by 110 5-
inch Dumont photomultiplier tubes. The detection principle is represented in Figure 1.1.

*

Figure 1.2: Prompt (left) and delayed (right) energy spectra for reactor-on data,
i.e. runs A and C, and reactor-off data, i.e. runs B, from [8]

This experiment ran for 1371 hours with reactor-on and reactor-off periods. A flux varia-
tion was measured, depending on the reactor power, leading to the experimental proof of the
existence of the neutrino. Figure 1.2 shows the flux difference for both prompt and delayed
signals when the reactor was on, runs A and C, or off, runs B. This difference between on
and off periods is attributed to neutrino events.
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1.2.2 ⌫
µ

discovery

An experiment which took place at the Brookhaven National Laboratory in the early 1960s
can be considered as the first accelerator neutrino experiment. It was suggested indepen-
dently by B. Pontecorvo [9] and M. Schwartz [10].

The goal was to observe the interaction of high-energy neutrinos with matter. Neutrinos
were produced through the decay of pions and kaons, following the processes:

⇡± ! µ± + ⌫(⌫̄) (1.4)
K± ! µ± + ⌫(⌫̄), (1.5)

where pions and kaons were generated using a 15 GeV proton beam on a beryllium target.
Muons were stopped within a 13.5 m thick iron shielding coming from the battleship USS
Missouri [11] whereas the neutrinos interacted in a 10 ton aluminium spark chamber behind
this shielding.

B. Pontecorvo pointed out the possibility that neutrinos produced in these decays are
different from those produced in �-decay, as he wrote in [9]:

“The question discussed is the possibility of deciding, in principle,
whether the neutrino emitted in the ⇡ ! µ decay (⌫

µ

) and the neu-
trino emitted in � decay (⌫

e

) are identical particles or not.”

The detection of neutrinos can be done through the detection of electrons/positrons cre-
ated in the reactions:

⌫ + n ! p+ e� (1.6)
⌫̄ + p ! n+ e+, (1.7)

or through the detection of the muon/antimuon from the reactions:

⌫ + n ! p+ µ� (1.8)
⌫̄ + p ! n+ µ+ (1.9)

34 “single tracks” events and 6 “showers” events were recorded. After checking that those
single track events were not due neither to cosmic rays nor neutron produced, the physicists
pointed out that those events were muons, “as expected from neutrino interactions” [12]. The
showers events refered to electron events. The question was then to understand whether those
created muons were coming from the interaction of the only neutrino species known at that
time, ⌫

e

, or whether there was another species able to produce them, ⌫
µ

. The issue came from
the fact that not as many electrons/positrons events were recorded as expected, leading to the
the conclusion that “the most plausible explanation for the absence of the electron showers,
and the only one which preserves universality, is then that ⌫

µ

6= ⌫
e

”.

This experiment allowed the verification of the concept of lepton number introduced in
1953 by E.J. Konopinski and H.M. Mahmoud [13]. Indeed, the ⌫(⌫̄) created in reactions (1.4)
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and (1.5) are muon-type, leading to the creation of muons when interacting in the spark
chamber, according to reactions (1.8) and (1.9). Lepton numbers L

e

and L
µ

are conserved in
all reactions, resolving the forbiddenness of the µ+ ! e+ + � decay.

For electron-type particles, L
e

is defined as:

L
e

=

8
><

>:

+1 for e�, ⌫
e

�1 for e+, ⌫̄
e

0 for µ�, ⌫
µ

, µ+, ⌫̄
µ

,

whereas for muon-type particles, L
µ

is defined as:

L
µ

=

8
><

>:

+1 for µ�, ⌫
µ

�1 for µ+, ⌫̄
µ

0 for e�, ⌫
e

, e+, ⌫̄
e

A generalization to more lepton families is straightforward.

1.2.3 ⌫
⌧

, looking for the “kink”

The tau neutrino, ⌫
⌧

, is intrinsically linked to its associated lepton, the tau, ⌧ . Whereas the
electron was discovered in 1897 by J.J. Thomson, the muon in 1936 by C.D. Anderson, it was
only in 1975 that the experiment lead by M. Perl at the e+e� collider at SLAC1 discovered
the third lepton, the ⌧ [14]. This third lepton family brought the possible existence of a third
neutino, the ⌫

⌧

.

Here again, it was an American discovery. In 2000, a collaboration of 52 physicists gath-
ered around the DONUT2 experiment brought out the proof of the existence of the tau
neutrino [15]. Based at Fermilab, near Chicago, the DONUT experiment was looking for
the interaction of a tau neutrino with a nucleus, in order to detect the created tau lepton
following the reaction:

⌫
⌧

(⌫̄
⌧

) +X ! ⌧�(⌧+) + Y (1.10)

800 GeV protons were used, created by the Tevatron accelerator. They interacted in a
1 m long tungsten beam dump, producing among various particles, D

S

mesons. These D
S

decay with a life time of (500 ± 7) ⇥ 10�15 s, into a ⌧ and a ⌫
⌧

for a branching fraction of
(5.43 ± 0.31) %. Tau neutrinos interacted then in one of the 7 cm thick emulsion modules,
placed behind magnets and various shieldings in order to absorbe or swept away undesired
particles.

Following the reaction (1.10), one had to look finally for the decay of the created taus.
With a life time of (290.6 ± 1.0) ⇥ 10�15 s, these taus decay within 2 mm into a single charged
daughter and neutrinos, leading to a “kink”, a signature “characterized by a large transverse

1Stanford Linear Accelerator Center
2Direct Observation of the NeUtrino Tau
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momentum” [15].

Four events were recorded after an exposure from April to September 1997, leading to the
discovery of the third neutrino, the ⌫

⌧

.

1.2.4 How many neutrino families?

The number of neutrino families was determined at CERN in the 1990s with the use of the
four LEP3 experiments, ALEPH, DELPHI, L3 and OPAL [16]. This number concerns only
neutrinos sensitive to the electroweak interaction. One can access this number by studying the
different Z0 decay modes. When the Z0 decays into quarks or charged leptons, the width for
each decay mode can be measured, leading, when summing them, to a visible decay width. A
contrario, the Z0 decay into neutrino-antineutrino can not be detected, leading to an invisible
decay width:

�inv =
X

l

�(Z0 ! ⌫
l

+ ⌫̄
l

) ' N
⌫

�(Z0 ! ⌫ + ⌫̄), (1.11)

where N
⌫

is the number of neutrino-antineutrino pairs.

Experimentally, the ratio �inv/�
ll

shows a better precision than the invisible decay width
alone. This is also valid for the prediction due to a reduced dependence on the unknown
parameters. It allows us to determine the number of neutrino families thanks to the relation:

✓
�inv

�
ll

◆

exp
= N

⌫

✓
�
⌫⌫̄

�
ll

◆

th
(1.12)

The theoretical value for this ratio is 1.99125 ± 0.00083 whereas it has been measured to
be 5.943 ± 0.016. The number of neutrino families is then:

N
⌫

= 2.9840 ± 0.0082, (1.13)

in good agreement with the three lepton families observed.

1.3 Solar neutrino anomaly

The so-called solar neutrino problem came from a discrepancy between the predicted and
observed rates of solar neutrino captures. It was pointed out in 1968 with the Homestake
experiment in South Dakota, was confirmed by other experiments and was finally solved 34
years later with the SNO4 experiment in Ontario.

3Large Electron Positron collider
4Sudbury Neutrino Observatory
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1.3.1 The Sun, a neutrino factory

The Sun is shining because of continuous thermonuclear fusion processes in its core. Two
main processes, named pp chain and CNO cycle, are responsible for converting protons and
electrons into helium nuclei and neutrinos through the net reaction:

4p+ 2e� ! 4
2He + 2⌫

e

+Q, (1.14)

where Q is the energy released defined as:

Q = 4m
p

+ 2m
e

�mHe = 26.731 MeV, (1.15)

where mHe = 2m
p

+ 2m
n

�B(4, 2) with B(4, 2) the binding energy of 4
2He.

One can then estimate the solar neutrino flux on Earth:

�
⌫e = 2 ⇥ L�

Q ⇥ 4⇡R2
= 6.385 ⇥ 1010 cm�2 s�1, (1.16)

with L� = 3.846 ⇥ 1026 W the Sun luminosity and R = 149.598 ⇥ 106 km the astronomical
unit taken from [11].

The pp chain starts converting protons into deuterium, e+ and ⌫
e

through the process:

p+ p ! d+ e+ + ⌫
e

(pp) (1.17)

The pp process is the main contribution of solar neutrinos but the maximum energy of
these neutrinos makes them challenging to detect on Earth. Neutrinos can also be created
through the four following processes, according to Figure 1.3:

p+ e� + p ! d+ ⌫
e

(pep) (1.18)
3
2He + p ! 4

2He + e+ + ⌫
e

(hep) (1.19)
7
4Be + e� ! 7

3Li + ⌫
e

�
7Be

�
(1.20)

8
5B ! 8

4Be
⇤ + e+ + ⌫

e

�
8B
�

(1.21)

The number of produced elements from reactions 1.17 to 1.21 gives us the expected shapes
of the neutrino spectra. For the pep and 7Be processes, one should expect a discrete neutrino
energy spectrum since there is two final products. A contrario, the pp, hep and 8B lead to
continuous spectra, as it is shown in Figure 1.4.

The CNO cycle is illustrated in Figure 1.3. It is also called Bethe-Weizsäcker cycle and
provides neutrinos even if the processes involved are less dominant. Indeed, the pp chain dom-
inates at temperatures below 15 ⇥ 106 K in stars with mass lower than around 1.3 M� [17].
Since the temperature sensitivity is much larger for the CNO cycle than for the pp chain, the
CNO cycle contributes to about only 1.5 % of the Sun luminosity [18].
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*

Figure 1.3: The pp chain (left) and the CNO cycle (right) with the generated
neutrinos in bold, from [11].

Figure 1.4: Solar neutrino energy spectrum adapted from [19] with the uncertain-
ties from [20].
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1.3.2 Chasing solar neutrinos

Radiochemical experiments

The solar neutrino anomaly started with the Homestake experiment in 1968. This experi-
ment, led by R. Davis Jr., was looking for radioactive argon isotopes, 37Ar, produced by the
interaction of solar neutrinos, ⌫

e

, on stable chlore isotopes, 37Cl, through the reaction:

⌫
e

+ 37Cl ! 37Ar + e� (1.22)

The apparatus consisted of a 6.1 m diameter for 14.6 m long cylindrical tank filled with
615 tons of tetrachloroethylene, C2Cl4, installed in the Homestake Gold Mine in South
Dakota. A 4200 m water equivalent overburden allowed the experiment to be protected
from cosmic rays.

Every two months, an extraction by chemical methods of the produced 37Ar was performed
and subsequently counted. R. Davis Jr. and his collaborators noticed very soon after the
start of the experiment that the number of 37Ar was to low compared to the predictions [21].
This “surprise” gave birth to the solar neutrino anomaly, even if at that time, dependending
on the Standard Solar Model (SSM) used, the observed and predicted fluxes could match. It
allowed J.N. Bahcall to conclude at that time that these results “are not in obvious conflict
with the theory of stellar structure” [22].

With more than 25 years of data, the Homestake experiment provided a 37Ar production
rate of 2.56± 0.16 (stat)± 0.16 (syst) SNU5, about three times lower than the predictions [23].
Several tests were performed in order to verify that the detector was working properly, with-
out finding any misbehavior.

Due to this huge discrepancy, other experiments started, such as the GALLEX6/GNO7

and SAGE8 experiments. The GALLEX/GNO experiment was located in the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy. The SAGE experiment is placed in the Baksan
Neutrino Observatory (BNO) in Russia. They are both based on a solar neutrino interaction
on 71Ga instead of 37Cl:

⌫
e

+ 71Ga ! 71Ge + e� (1.23)

The GALLEX/GNO experiment used 100 tons of gallium chloride GaCl3, containing
about 30 tons of gallium whereas the SAGE experiment opted for about 50 tons of gallium in
the form of a liquid metal. Whereas the Homestake experiment had a threshold at 814 keV,
the gallium experiments had a lower threshold at 233 keV, allowing them to detect solar
neutrinos from the pp reaction (1.17).

51 Solar Neutrino Unit = 1 interaction per 1036 target atoms per second
6GALLium EXperiment
7Gallium Neutrino Observatory
8Soviet-American Gallium Experiment
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The produced 71Ge were extracted through chemical methods and their decay into 71Ga

was measured. After 10 years of running, about half of the expected signal was measured for
both experiments [24, 25]:

69.3 ± 4.1 (stat) ± 3.6 (syst) SNU (GALLEX/GNO) (1.24)
70.8+5.3+3.7

�5.2�3.2 SNU (SAGE), (1.25)

instead of the 128+9
�7 SNU expected from the BP00 SSM [26].

Various tests were also performed, such as the introduction of 51Cr sources in both ex-
periments. It was concluded that the deficit was not due to experimental artifacts [27, 28].

Water Čerenkov experiments

The Kamiokande9 and Super-Kamiokande experiments were also looking for solar neutrinos
in order to try to solve the anomaly on a non-radiochemical base. The solar neutrino detection
relies on the Čerenkov light produced by the recoil of the electron in the elastic scattering
(ES) reaction:

⌫
↵

+ e� ! ⌫
↵

+ e� (ES), (1.26)

where ↵ stands for e, µ or ⌧ .

Even if this reaction is sensitive to all neutrino flavors, ⌫
e

elastic scattering dominates
because of a six time higher cross-section for ⌫

e

with respect to the ones for ⌫
µ

and ⌫
⌧

[29].

The diffusion allowed to know the direction of the incoming neutrino, leading to the pos-
sibility of discriminating between solar neutrino events and background events. Nevertheless,
since these experiments were first designed to look for nucleon decay with energy of the or-
der of 1 GeV, they were only sensitive to the highest neutrino energy spectrum components
in Figure 1.4, i.e. 8B and hep components from reactions (1.19) and (1.21). A deficit was
confirmed for the 8B component, as shown in Table 1.1.

Deadlocked

At the dawn of the third millennium, the solar neutrino anomaly remained unsolved. Dif-
ferent radiochemical experiments saw deficits as well as water Čerenkov experiments which
used a complete different detection method. Table 1.1 illustrates where the physicists stood
before the results from the SNO experiment.

9Kamioka Nucleon Decay Experiment
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Table 1.1: Solar neutrino flux, neutrino capture rate for 37Cl and 71Ga experi-
ments from the BP00 SSM [26] and measured flux and rate for the Homestake [23],
GALLEX/GNO [24], SAGE [25] and Super-Kamiokande [30] experiments. Statis-
tical and systematic uncertainties have been added in quadrature.

Process �BP00 (cm�2 s�1) RCl (SNU) RGa (SNU) �SK (cm�2 s�1)

pp 5.95 ⇥ 1010 - 69.7 -
pep 1.40 ⇥ 108 0.22 2.8 -
hep 9.3 ⇥ 103 0.04 0.1 < 73 ⇥ 103

7Be 4.77 ⇥ 109 1.15 34.2 -
8B 5.05 ⇥ 106 5.76 12.1 (2.35 ± 0.08) ⇥ 106

13N 5.48 ⇥ 108 0.09 3.4 -
15O 4.80 ⇥ 108 0.33 5.5 -
17F 5.63 ⇥ 106 0.0 0.1 -

Total 6.54 ⇥ 1010 7.6+1.3
�1.1 128+9

�7 -
Homestake - 2.56 ± 0.23 -

GALLEX/GNO - - 69.3 ± 5.5

SAGE - - 70.8+6.5
�6.1

1.3.3 Solving the anomaly

One had to wait until 2002 and the results from the SNO experiment to be able to solve the
solar neutrino anomaly [31]. Like Super-Kamiokande, SNO is a water Čerenkov experiment,
sensible only to 8B and hep components. The detector consists of a 12 m diameter sphere
filled with an ultrapure heavy water (D2O), different from the Super-Kamiokande one which
is filled with ultrapure water (H2O). Due to this outline, SNO was sensitive in one hand to
the elastic scattering (ES) reaction, as Super-Kamiokande, and on another hand to the charge
current (CC) reaction and to the neutral current (NC) reaction due to the interaction of the
neutrinos on deuterium:

⌫
e

+ d ! p+ p+ e� (CC) (1.27)
⌫
↵

+ d ! p+ n+ ⌫
↵

(NC), (1.28)

where ↵ stands for e, µ or ⌧ .

Whereas the charged current reaction is only sensitive to ⌫
e

, the neutral current reaction
is sensitive to all neutrino flavors. If there is no other neutrino flavor involved but ⌫

e

, then
the solar neutrino flux from the charge current reaction should be of the order of the one from
the neutral current reaction. SNO succeeded in measuring both �CC and �NC:

�CC = 1.76+0.06
�0.05 (stat)+0.09

�0.09 (syst) cm�2 s�1 (1.29)

�NC = 5.09+0.44
�0.43 (stat)+0.46

�0.43 (syst) cm�2 s�1 (1.30)
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The total flux measured from the neutral current process is in agreement with the pre-
dicted value from Table 1.1. One can observe a discrepency between the �CC and �NC values
which can be interpreted as a non-zero flux of ⌫

µ

and ⌫
⌧

from the initial 8B neutrino flux.
With a change of variables, one can then deduce �

e

and �
µ⌧

:

�
e

= 1.76+0.05
�0.05 (stat)+0.09

�0.09 (syst) cm�2 s�1 (1.31)

�
µ⌧

= 3.41+0.45
�0.45 (stat)+0.48

�0.45 (syst) cm�2 s�1 (1.32)

With a non-electron neutrino flux 5.3� greater than zero, this results allowed to confirm
that during their journey, some of the ⌫

e

created through the 8B process from reaction (1.21)
transformed themselves into another neutrino flavor, giving a deficit of ⌫

e

when looking only
for them on Earth.

Thanks to the use of the heavy water, the SNO experiment confirmed the reliability of
the SSM prediction and solved the solar neutrino anomaly. Back in 1972, B. Pontecorvo sent
a fax to J.N. Bahcall telling him [32]:

“It would be nice if all this will end with something unexpected from
the point of view of particle physics. Unfortunately, it will not be easy
to demonstrate this, even if nature works that way.”

The theory of neutrino oscillation was pointed out as the best way to resolve this anomaly.
We will investigate in more details this theory in the next chapter.

1.4 Atmospheric neutrino anomaly

Atmospheric neutrinos are created from the interaction of primary cosmic rays with the
Earth’s atmosphere. This process gives birth to a particle zoo which contains among them
pions and kaons we have already seen in the description of the ⌫

µ

discovery. Those pions and
kaons decay, producing muons and ⌫

µ

. Those muons also decay, producing ⌫
e

and ⌫
µ

. We
call atmospheric neutrinos the ⌫

e

and ⌫
µ

produced in these decays. One should expect then
to measure two ⌫

µ

for every ⌫
e

. It is in reality a bit more complicated but stays valid for
energies below 1 GeV.

Water Čerenkov experiments are looking for the leptons produced in the charge current
quasi-elastic (CCQE) scattering of neutrinos in the detector, as well as single-pion and multi-
pion production from both charged and neutral currents:

⌫
l

(⌫̄
l

) +X ! l�(l+) + Y (CCQE) (1.33)
⌫
l

(⌫̄
l

) +X ! l�(l+) + Y + ⇡+(⇡�) (CC single-pion) (1.34)
⌫
l

(⌫̄
l

) +X ! ⌫
l

(⌫̄
l

) +X + ⇡0 (NC single-pion), (1.35)

where l stands either for e or µ.
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The CCQE reaction is the dominant one for energies below 1 GeV. The strength of this
kind of experiments is to easily discriminate between electron-like events and muons-like
events by observing the Čerenkov rings which differs from one to another. It is then of
interest to look for single-ring e-like and single-ring µ-like produced by the interaction of
atmospheric neutrinos in the detector.

In 1988, the Kamiokande collaboration pointed out a deficit of ⌫
µ

when comparing with
the prediction, as it can be seen in Figure 1.5. If the number of recorded e-like events was
105 ± 11 % of the estimation, it was only 59 ± 7 % for µ-like events [33]. Even if a way
to explain this deficit was that “the calculation of the atmospheric neutrino fluxes may not
be correct”, this results brought a new interest and gave birth to what would be called the
atmospheric neutrino anomaly.

Figure 1.5: Momentum distributions for (a) e-like events and (b) µ-like events,
from [33].

Several other experiments started then to investigate this deficit. In 1992, with the analy-
sis of 610 single-ring events recorded for a total exposure of 7.7 kton year, the IMB experiment
confirmed a deficit by measuring a 0.36 ± 0.02 (stat) ± 0.02 (syst) fraction of µ-like events
over all events when its simulation predicted a fraction of 0.51 ± 0.01 (stat) ± 0.05 (syst) [34].
In 1997, with the use of an iron tracking calorimeter, the Soudan 2 experiment confirmed also
a deficit. After a total exposure of 1.52 kton year, the number of e-like events corresponded to
109 ± 21 % of the estimation whereas it corresponded only to 79 ± 18 % for µ-like events [35].

In order to study the ⌫
µ

/⌫
e

flux ratio, one can calculate the ratio-of-ratios R defined as:

R =
(N

µ

/N
e

)Data
(N

µ

/N
e

)MC
, (1.36)

where N
µ

and N
e

stand respectively for µ-like and e-like events.

If both data and prediction are in agreement, one should measure R = 1. In 1998, the
Super-Kamiokande experiment reported R = 0.63 ± 0.03 (stat) ± 0.05 (syst), confirming here
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again a deficit of µ-like events [36].

Since neutrinos interact very weakly, atmospheric neutrinos born on the other side of the
Earth should easily cross it before interacting in a detector, leading to a flight path from 20
to 12000 km. Thanks to the Čerenkov light pattern, one can then reconstruct the lepton
direction which, for energies above 1 GeV, is strongly correlated to the initial incoming direc-
tion of the neutrino. The ratio of the number of upward to downward µ-like events has been
measured by Super-Kamiokande to be 0.52+0.07

�0.06 (stat) ± 0.01 (syst) when one should expect
a value close to the unity. The same ratio for e-like events did not show any discrepancy, as
it can be seen in Figure 1.6.

These misbehaviors for both the expected number of µ-like events and their angular
distortion allowed the Super-Kamiokande collaboration to conclude [37]:

“While the zenith angle dependence of the µ-like data cannot be ex-
plained by any plausible systematic detector effect considered, the rel-
ative deficit of upward-going µ-like events from neutrinos that traveled
a long distance suggests the disappearance of ⌫

µ

via neutrino oscilla-
tions.”

Figure 1.6: Zenithal angle distributions for fully contained single-ring e-like and
single-ring µ-like events, from [38]. The points correspond to the data, the box
histograms to the non-oscillation prediction and the lines to the best fit.



18 Chapter 1. Neutrinos: History and Physics

1.5 Unsolved anomalies

The solar and atmospheric neutrino anomalies were solved by considering a three neutrino
oscillation framework, which will be reviewed in detail in the next chapter. The anomalies
described in this section can not be solved through a three neutrino oscillation scenario. Up
to now, they remain unsolved.

1.5.1 Reactor antineutrino anomaly

The Double Chooz experiment, which will be described in the third chapter, started taking
data in April 2011 with only one detector. The final configuration implies two identical detec-
tors located at different baselines from two nuclear reactors, in order to get rid of systematic
uncertainty coming mainly from the lack of precision of the ⌫̄

e

spectra prediction. The reactor
flux error is about 1.8 %, which is the main source of uncertainty for Double Chooz without
a second detector [39, 40, 41, 42].

In order to reduce this error, new calculations of the ⌫̄
e

spectra coming from 235U, 239Pu,
241Pu and 238U were performed, revealing an underestimation of about 3 % [43]. A complete
re-analysis of all reactor experiments at reactor-detector distance lower than 100 m followed,
leading to a change in the ratio R of observed event rate to predicted rate. Whereas this
ratio was 0.976 ± 0.024 before, it changed to 0.943 ± 0.023 with the new calculations. This
deviation from unity at 98.6 % C.L. is called the reactor antineutrino anomaly [44].

*

Figure 1.7: Ratio of the data to the non-oscillation prediction as a function of the
distance (left) and sin2(2✓13) (right), from [45].

Recent investigations which included the precise measurement of the ✓13 mixing angle
confirmed the discrepency and determine R = 0.959 ± 0.009 (experiment uncertainty) ±
0.027 (flux systematics) [45]. Figure 1.7 shows the ratio of the data to the non-oscillation
prediction as a function of the distance from the corresponding reactor core (left) and as a
function of sin2(2✓13) with and without its best fit value (right). It was pointed out that this
deficit could come from a possible “sterile” neutrino, i.e. that there is a non-zero probability
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for an ⌫̄
e

to oscillate, at very short distance, into a hypothetical new neutrino state which
remains insensitive to the electroweak interaction.

1.5.2 GALLEX and SAGE, the gallium anomaly

While the solar neutrino anomaly was not yet solved, the radiochemical gallium experiments
GALLEX and SAGE exposed their detector to intense calibration sources in order to check
any misbehavior which could explain the solar neutrino deficit they observed. GALLEX used
two intense 51Cr sources. The first one was deployed between June and October 1994 and
the second one between October 1995 and February 1996. The combined value of the ratio R

between the neutrino source strength and the measured one was 0.93 ± 0.08, not enough to
explain the solar neutrino deficit [27]. SAGE used also a 51Cr source and went to the same
conclusion [28]. SAGE decided later on to expose its detector to a 37Ar source. In this case,
R = 0.79+0.09

�0.10, nearly 2.5� from unity [46].

Figure 1.8: Ratio of the data to the prediction for the radiochemical gallium
experiments GALLEX and SAGE, from [46]. The hashed region corresponds to
the weighted average.

An average value of the two different 51Cr calibration campaigns from GALLEX together
with the 51Cr one and the 37Ar one from SAGE allowed to find a discrepency between the
prediction and the observation, as it can be seen in Figure 1.8 [46]:

“The weighted average value of R, the ratio of measured to predicted
71Ge production rates, is 0.88 ± 0.05, more than two standard devi-
ations less than unity. Although not statistically conclusive, the com-
bination of these experiments suggests that the predicted rates may be
overestimated.”

Another explanation comes from the possible ⌫
e

oscillation into a sterile neutrino state,
at very short distance, leading to the observed deficit.
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1.5.3 LSND and MiniBooNE anomalies

The LSND10 experiment took place at the Los Alamos Neutron Science Center from 1993 to
1998. This experiment was designed to study ⌫̄

µ

! ⌫̄
e

from µ+ decay at rest. A total excess
of 87.9 ± 22.4 ± 6.0 ⌫̄

e

events identified through IBD interactions were registered above
the expected background [47]. This excess can be interpreted as an oscillation, although the
mass-squared difference reported stands in the range [0.2, 10 eV2], which does not correspond
to the mass-squared differences of solar or atmospheric neutrinos we will review in the next
chapter. This observation implies the existence of at least one sterile neutrino with a mass
greater than 0.4 eV.

The MiniBooNE11 experiment has been designed to investigate the LSND results. With
a similar L/E range, MiniBooNE has been studied both ⌫̄

µ

! ⌫̄
e

and ⌫
µ

! ⌫
e

transitions.
While the results for the ⌫̄

µ

! ⌫̄
e

transition are fairly in agreement, the ⌫
µ

! ⌫
e

transition
has been found to be inconsistent [48]. Figure 1.9 shows the energy spectra with and without
background substraction for both antineutrino and neutrino modes. A fit analysis was per-
formed on a two-neutrino oscillation model, which shows a different behavior for antineutrino
and neutrino modes.

The excess in the ⌫̄
µ

! ⌫̄
e

transition being localized in the low energy part of the spec-
trum, the MicroBooNE experiment has been designed to investigate this specific part of the
energy spectrum.

10Liquid Scintillator Neutrino Detector
11Mini Booster Neutrino Experiment
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*

Figure 1.9: Energy spectra before (left) and after (right) background substraction
for both antineutrino and neutrino modes, from [48]. Best fit for each mode as
well as two fits with different sets of oscillation parameters are shown.
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2 Deepening the neutrino
knowledge

There are two possible outcomes: if the result confirms the hypothesis,
then you’ve made a measurement. If the result is contrary

to the hypothesis, then you’ve made a discovery.
Enrico Fermi
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Our understanding of neutrinos is far from being complete. Although the neutrino oscil-
lation theory is well established, throwing out the Standard Model requirement of a massless
neutrinos, physicists have still to answer key questions, such as the nature of the neutrino
itself, Dirac or Majorana, or its mass.
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2.1 Neutrinos within the Standard Model

The Standard Model of particle physics is a quantum field theory which aims at unifying the
strong, weak and electromagnetic interactions in order to marry quantum physics together
with special relativity. It allows to describe elementary particles properties and interactions
between them. It derives from the Fermi theory [3] together with the Glashow-Weinberg-
Salam theory [49, 50].

The Standard Model is a gauge theory based on the SU(3)C ⌦ SU(2)L ⌦U(1)Y local sym-
metry group where C, L and Y denote repectively the color, the left-handed chirality and the
weak hypercharge [11]. To each group corresponds a certain number of generators, the vector
gauge bosons. SU(3)C owns eight generators, the gluons, which are also the force carriers of
the strong interaction. SU(2)L ⌦ U(1)Y owns four generators. The spontaneous breaking of
the SU(2)L ⌦ U(1)Y symmetry through the Brout-Englert-Higgs mechanism allows to gener-
ate the masses of the W± and Z0 bosons, force carriers of the weak interaction [51, 52]. The
important mass they acquired during this process is responsible for the short range of the
weak interaction. The photon, �, is finally the force carrier of the electromagnetic interaction.
Weak and electromagnetic interactions were unified thanks to the Glashow-Weinberg-Salam
theory of electroweak interaction [49, 50], which was able to predict the W± and Z0 masses.

Table 2.1: Elementary properties of the fermions. Masses are taken from [29] for
the quarks and charged leptons and from [53, 54, 55] for the upper limits on the
masses of the neutrinos.

Fermions 1st family 2nd family 3rd family

Quarks

u (up) c (charm) t (top)
m

u

= 2.3+0.7
�0.5 MeV m

c

= 1.275 ± 0.025 GeV m
t

= 173.5 ± 0.6 ± 0.8 GeV
d (down) s (strange) b (bottom)

m
d

= 4.8+0.7
�0.3 MeV m

s

= 95 ± 5 MeV m
b

= 4.18 ± 0.03 GeV

Leptons

e� µ� ⌧�

m
e

= 0.511 MeV m
µ

= 105.658 MeV m
⌧

= 1.777 GeV
⌫
e

⌫
µ

⌫
⌧

m
⌫e < 2.05 eV m

⌫µ < 170 keV m
⌫⌧ < 18.2 MeV

The Standard Model describes the fermions, which are the components of the matter,
as well as the bosons, which are the force carriers. Whereas the fermions own half-integer
spins, obey the Fermi-Dirac statistics and follow the Pauli exclusion principle, the bosons
own integer spin and obey the Bose-Einstein statistics. The fermions can be divided into two
sub-categories, the quarks and the leptons. There are three families of quarks and leptons, as
it can be seen in Table 2.1. Quarks are subject to the four fundamental interactions which are
the strong, weak, electromagnetism and gravitational interactions. They can not be observed
directly since they are confined into hadrons, such as baryons when they are arranged with
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three quarks or mesons when they form a quark/antiquark pair. Leptons do not interact
through the strong interaction but are subject to the three other fundamental interactions,
except for the neutrinos which do not interact through the electromagnetic interaction. The
left-handed charged lepton together with the left-handed neutrino form a doublet of SU(2)L.
Whereas the right-handed charged lepton exists, the right-handed neutrino is not considered
in the Standard Model. Up to now, there is not yet an experimental evidence for a right-
handed neutrino.

2.1.1 Masses in the Standard Model: the Higgs mechanism

The masses of bosons and fermions are generated through the Higgs mechanism. The in-
troduction of a complex scalar field �(x) allows to generate masses through spontaneous
symmetry breaking. This field can be written through the Higgs doublet:

�(x) ⌘
 
�+(x)

�0(x)

!
, (2.1)

where �+(x) and �0(x) are respectively the charged and neutral complex scalar fields.

The general potential associated to this Higgs field is given by:

V (�) = µ2�†�+ �(�†�)2 = �

✓
�†�+

µ2

2�

◆2

� µ4

4�
(2.2)

Neglecting the µ4/4� constant term, this potential has a minimum for �†� = �µ2/2�. In
order to have the spontaneous symmetry breaking, we have to consider µ2 < 0. The minimum
of this potential corresponds to the vacuum. The vacuum expactation value, h�i, is due to
the neutral complex scalar field, �0, and can be expressed as:

h�i = 1p
2

 
0

v

!
with v ⌘

r
�µ2

�
(2.3)

The mass of the BEH1 boson, sometimes simply called Higgs boson, is linked to v through:

mBEH =
p
2�v2 =

p
�2µ2, (2.4)

which can not be predicted by the Standard Model since µ2 has been introduced without
being connected to other measurable quantities.

The existence of this boson was first postulated in 1964 by F. Englert and R. Brout and
independently by P.W. Higgs [51, 52]. On July 4, 2012, the two main LHC2 experiments,
ATLAS and CMS, announced its discovery, giving the Nobel Prize the next year to P.W.
Higgs and F. Englert3 [56, 57].

1Brout-Englert-Higgs
2Large Hadron Collider
3R. Brout died on May 3, 2011.
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The Standard Model does not provide neither a right-handed neutrino nor a mass for the
neutrino. Nevertheless, it is still possible to add an extension to this model in order to give
masses to the neutrinos.

2.2 Neutrino masses

The mass term arises from the Lagrangian of interaction of leptons and Higgs bosons when
the symmetry is spontaneously broken [58]. It allows to connect a  field to its conjugate  ̄,
leading to the Lagrangian density:

L = �m ̄ (2.5)

The  field can be decomposed into a “left-handed” field,  
L

, and a “right-handed” field,
 
R

, such that:
 =  

L

+  
R

(2.6)

 
L

and  
R

are linked to the notions of chirality and helicity. When considering relativistic
particles, the chirality almost coincides with the projection of its spin on its momentum, i.e.
its helicity. The chirality projector P

L

and P
R

act on  such that:

 
L

= P
L

  
R

= P
R

 , (2.7)

with the following properties:

P 2
L

= P
L

P 2
R

= P
R

P
L

P
R

= P
R

P
L

= 0 P
L

+ P
R

= 1 (2.8)

Let us now have a look at the charge conjugation operator C. This operator allows to
change a particle into its antiparticle:

 
C�!  c = C ̄T (2.9)

Acting on chiral fields and neglecting phase factors, this operator allows to change a
left-handed field into a right-handed field, and vice versa:

 
L

C�!  c

L

= C ̄T

L

⌘  
R

 
R

C�!  c

R

= C ̄T

R

⌘  
L

(2.10)

The  field from equation (2.6) can then be expressed in this way:

 =  
L

+  c

L

(2.11)

2.2.1 Dirac mass term

We build a neutrino Dirac mass term by introducing the decomposed field from equation (2.6)
into the Lagrangian density from equation (2.5):

LD = �M
D

(⌫̄
L

+ ⌫̄
R

)(⌫
L

+ ⌫
R

)

= �M
D

(⌫̄
L

⌫
R

+ ⌫̄
R

⌫
L

)

= �M
D

⌫̄
R

⌫
L

+ h.c., (2.12)
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where the terms ⌫̄
L

⌫
L

and ⌫̄
R

⌫
R

vanish due to the chirality projector properties from equa-
tions (2.8):

⌫̄
L

⌫
L

= ⌫†
L

�0⌫
L

= ⌫†
L

�0P
L

⌫ = ⌫†
L

P
R

�0⌫ = (P
R

⌫
L

)†�0⌫ = (P
R

P
L

⌫)†�0⌫ = 0, (2.13)

where �0 corresponds to one of the four Dirac � matrices.

The Dirac mass term considers both the left-handed and right-handed fields. Neverthe-
less, the right-handed field does not participate to any Standard Model interaction. It can be
removed by using a Majorana mass term.

2.2.2 Majorana mass term

Since the left-handed field is linked to the right-handed field through the charge conjugation,
we can build a neutrino Majorana mass term for the ⌫

L

field only. This neutrino Majorana
mass term can be obtained by injecting equation (2.11) into equation (2.5):

LM = �1

2
M

L

(⌫
L

+ ⌫c
L

)(⌫
L

+ ⌫c
L

)

= �1

2
M

L

(⌫
L

⌫c
L

+ ⌫c
L

⌫
L

)

= �1

2
M

L

⌫c
L

⌫
L

+ h.c. (2.14)

Using equation (2.10), one can express ⌫c
L

in terms of ⌫
L

:

⌫c
L

= (C⌫
L

T )†�0 = ⌫T
L

(�0)TC†�0 = �⌫T
L

C†, (2.15)

leading to:
LM =

1

2
M

L

⌫T
L

C†⌫
L

+ h.c. (2.16)

Nevertheless, it is also possible to add a Majorana mass term for the ⌫
R

field. The general
neutrino Majorana mass term can then be expressed as:

LM =
1

2
M

L

⌫T
L

C†⌫
L

+
1

2
M

R

⌫T
R

C†⌫
R

+ h.c. (2.17)

One can directly observe from equation (2.11) that  =  c or, in other words, that a
Majorana particle is its own antiparticle [59]. A charged particle can not therefore be a Ma-
jorana particle, only neutrino can be.

Neutrinoless double � decay experiments are still investigating whether the neutrino is a
Majorana particle, we will talk about these experiments later on in this chapter.
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2.2.3 See-saw mechanism

Let us now consider the most general neutrino mass term by combining both Dirac and
Majorana mass terms. It leads to the Lagrangian density:

LD+M =
1

2
M

L

⌫T
L

C†⌫
L

�M
D

⌫̄
R

⌫
L

+
1

2
M

R

⌫T
R

C†⌫
R

+ h.c. (2.18)

LD+M can also be written in a more compact way:

LD+M =
1

2
NT

L

C†MN
L

+ h.c., (2.19)

with N
L

defined as:

N
L

=

 
⌫
L

⌫c
R

!
(2.20)

Since M
D

is a non-diagonal matrix and M
L

and M
R

have to be symmetric, M can be
expressed as:

M =

 
M

L

M
D

MT

D

M
R

!
(2.21)

M can then be diagonalized using an orthogonal matrix U such that:

D = UTMU =

 
m1 0

0 m2

!
(2.22)

Playing with the traces and the determinants of these two matrices, we end with a system
with two unknowns that one can easily solve in order to find the values of the neutrino mass
eigenvalues m1 and m2:

m2,1 =
M

L

+M
R

2
±
s✓

M
L

�M
R

2

◆2

+M2
D

(2.23)

From this general case, we can build the so-called “see-saw” mechanism. This mechanism
allows to explain why the “active” neutrinos are so light by compensating with heavy neutri-
nos, called “sterile” since they can not interact through the weak interaction of the Standard
Model. This mechanism assumes therefore the existence of a sterile neutrino through a min-
imal extension of the Standard Model. From the neutrino mass eigenvalues m1 and m2 we
have calculated earlier, m1 < m2. Assuming M

R

� M
D

and M
L

= 0, we are left with:

m1 ' �M2
D

M
R

m2 ' M
R

(2.24)

The negative sign of m1 can be removed by taking the physical neutrino field through the
action of the �5 matrix [60]. Considering M

D

to be a quark or charged lepton mass, we end
with:

m1 ⇥m2 = M2
D

(2.25)

This corresponds to the see-saw relation. It tells us that if an active neutrino of mass m1

is so light, it is due to the presence of a heavy neutrino of mass m2.
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2.2.4 Neutrino masses from experiments

�� decay experiments

As we have already seen in the previous chapter, the �� decay is a radioactivity process in
which an electron and an ⌫̄

e

are emitted, according to the reaction:
A

Z

X ! A

Z+1Y+ e� + ⌫̄
e

(2.26)

When neglecting the A

Z+1Y recoil, the electron and the ⌫̄
e

share the available energy. In
the case of a massless neutrino, the electron spectrum would extend up to the maximum
available energy Emax

e

= E0. A contrario, if the neutrino has a mass, then the electron en-
ergy spectrum will be distorted since Emax

e

will no longer be equal to E0. We will have in
this case Emax

e

= E0 �m
⌫e , as it is shown in Figure 2.1. This kind of investigation does not

rely on the nature of the neutrino, i.e. Dirac or Majorana.

Figure 2.1: The electron energy spectrum of tritium � decay (a) with a narrow
region around the endpoint (b), from [61].

The Mainz, Troitsk and upcoming KATRIN experiments are based on the tritium � decay
spectroscopy. One needs a low endpoint since the neutrino mass expected is low. With an
endpoint at 18.6 keV, a simple electronic shell and a half life of 12.3 years, the tritium is a
good candidate.

The Mainz experiment reported in 2005 an upper limit of m
⌫e  2.3 eV at 95 % C.L. [62]

and the Troitsk experiment an upper limit of m
⌫e  2.12 eV with a Bayesian approach and

m
⌫e  2.05 eV with a Feldman and Cousins approach [53, 63]. The KATRIN experiment is

still under construction and would have an estimated sensitivity of m
⌫e = 0.35 eV at 90 %

C.L., which is about one order of magnitude better than the previous experiments [61].

Limits were also obtained on the effective ⌫
µ

and ⌫
⌧

masses, although less stringent.
An upper limit on m

⌫µ was determined by studying the decay of pions in the reaction
⇡+ ! µ+ + ⌫

µ

, leading to m
⌫µ < 170 keV [54]. Upper limit on m

⌫⌧ was derived by study-
ing the decay of taus in the reactions ⌧� ! 2⇡�⇡+⌫

⌧

and ⌧� ! 3⇡�2⇡+(⇡0)⌫
⌧

, leading to
m

⌫⌧ < 18.2 MeV [55].
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Neutrinoless double � decay

Several experiments are looking for the nature of the neutrino. The principle relies on the
observation of the double � decay, i.e. the simultaneous transformation of two neutrons into
two protons in even-even nuclei for whom a simple � decay is not allowed. This process can
in principle occur in two different ways:

• Double � decay with emission of two neutrinos (��2⌫): this reaction allows the
emission of two electrons together with two neutrinos:

A

Z

X ! A

Z+2Y+ 2e� + 2⌫̄
e

(��2⌫) (2.27)

This reaction conserves the lepton number and has already been observed with typical
half-lives of 1018/1020 years. This reaction is possible only if the ground state of the A

Z

X

nuclei has an energy larger than the ground state of the A

Z+2Y nuclei. The inverse of the
half-life can be accessed through the knowledge of the phase-space factor G2⌫(E0, Z) as
well as the Gamow-Teller nuclear matrix element

��M2⌫
GT

�� through [64]:

(T 2⌫
1/2)

�1 = G2⌫(E0, Z)
��M2⌫

GT

��2 (2.28)

• Neutrinoless double � decay (��0⌫): this reaction allows the emission of only two
electrons:

A

Z

X ! A

Z+2Y+ 2e� (��0⌫) (2.29)

This reaction is not allowed by the Standard Model since it violates the lepton number
by two units. The inverse of the half-life requires the Gamow-Teller nuclear matrix
element

��M0⌫
GT

�� as well as the Fermi nuclear matrix element
��M0⌫

F

��. The vector and
axial vector coupling constants, g

V

and g
A

, are also required, such that [64]:

(T 0⌫
1/2)

�1 = G0⌫(E0, Z)

����M
0⌫
GT

� g2
V

g2
A

M0⌫
F

����
2

hm
⌫

i2, (2.30)

where hm
⌫

i corresponds to the effective Majorana mass and can be expressed as a
combination of the neutrino mixing parameters:

hm
⌫

i =
�����
X

i

U2
ei

m
i

����� =

�����
X

i

|U
ei

|2 e↵im
i

����� , (2.31)

where ↵
i

correspond to the Majorana phases.

Whereas the first reaction emits two ⌫̄
e

, the second one does not. It clearly violates the
lepton number conservation by two units and has never been observed since W.H. Furry pro-
posed this interpretation in 1939 [65]. He based his analysis on the fact that the neutrino
can be a Majorana particle and “plays only a transitory or virtual part”. If the neutrino is a
Majorana particle, then the second reaction can occur.

Several experiments are involved in the search of a neutrinoless double � decay signal
such as GERDA [66], EXO-200 [67] or KamLAND-Zen [68]. This signal can take the form of
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a spectrum distortion with a possible peak at the Q
��

value of the decay, i.e. the maximum
energy released of the decay:

Q
��

= E0 � 2m
e

, (2.32)

where E0 = M
i

�M
j

with M
i

and M
j

respectively the masses of the initial and final nuclei.

A neutrinoless double � decay signal has not yet been observed, with the exception that
some members of the Heidelberg-Moscow experiment claimed a 3� measurement of T 0⌫

1/2 =

1.19⇥ 1025 years with hm
��

i = 0.44 eV [69]. This result is strongly disfavored by the GERDA
experiment which uses the same 76Ge isotope and has reported T 0⌫

1/2 > 2.1 ⇥ 1025 years [66].
The current limits on the half-lifes T 0⌫

1/2 of 76Ge for the GERDA experiment and 136Xe for
the EXO-200 and KamLAND-Zen experiments are shown in Figure 2.2.

Figure 2.2: Limits on the half-lifes T 0⌫
1/2 of 76Ge and 136Xe compared with the

signal claimed by the Heidelberg-Moscow experiment, from [66].

2.3 Neutrino mixing and oscillation

Neutrino oscillations are a quantum mechanical phenomenon. They allow a neutrino cre-
ated with a given leptonic flavor to be measured later on with another leptonic flavor. This
phenomenon requires mixing between the neutrino flavor eigenstates, ⌫

e

, ⌫
µ

and ⌫
⌧

, and the
neutrino mass eigenstates, ⌫1, ⌫2 and ⌫3. It requires also that the neutrinos are massive with
a non-degenerative spectrum.
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2.3.1 Neutrino mixing

The neutrino flavor eigenstates do not necessarily correspond to the neutrino mass eigenstates.
A given flavor eigenstate ⌫

↵

can be represented as a linear combination of mass eigenstates ⌫
i

.
An unitary 3⇥ 3 complex matrix called UPMNS

4 allows to link the neutrino flavor eigenstates
to the neutrino mass eigenstates [70]:

0

B@
⌫
e

⌫
µ

⌫
⌧

1

CA = UPMNS

0

B@
⌫1
⌫2
⌫3

1

CA (2.33)

This UPMNS matrix reminds us the CKM5 matrix which acts on the quarks when they
are subjects to weak interactions [71, 72]. We can write the UPMNS in this way:

UPMNS =

0

B@
U
e1 U

e3 U
e3

U
µ1 U

µ3 U
µ3

U
⌧1 U

⌧3 U
⌧3

1

CA (2.34)

This matrix can be parametrized with the use of three angles and one phase. These three
angles are called neutrino mixing angles and are associated to three sectors we will develop
later on in this chapter. The phase is the so-called CP-violating phase, �. It is possible to
rewrite the UPMNS matrix in order to show independently the three sectors:

UPMNS =

0

B@
1 0 0

0 c23 s23
0 �s23 c23

1

CA

0

B@
c13 0 s13e

�i�

0 1 0

�s13e
i� 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA , (2.35)

where c
ij

= cos ✓
ij

and s
ij

= sin ✓
ij

.

The first matrix is connected to the atmospheric sector, the second one to the ✓13 sector
and the third one to the solar sector. The three angles, ✓12, ✓23 and ✓13, characterize the
amplitudes of the oscillations whereas the CP-violating phase, �, could explain the matter-
antimatter asymmetry observed in our Universe. Considering neutrinos as Majorana parti-
cles, one should include a fourth matrix D

Maj

⌘ diag(1, ei↵1 , ei↵2), which holds two additional
phases, ↵1 and ↵2.

2.3.2 Neutrino oscillation

The neutrino oscillation was first introduced by B. Pontecorvo in 1957 [73]. In analogy with
K0 $ K̄0 oscillations, he suggested that this phenomenon could be applied to neutrinos. As
for K0 $ K̄0 oscillations, B. Pontecorvo introduced the possibility of ⌫ $ ⌫̄ oscillations.

4PMNS for Pontecorvo-Maki-Nakagawa-Sakata
5CKM for Cabibbo-Kobayashi-Maskawa
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Oscillation in vacuum

We said earlier that a given flavor state ⌫
↵

is a linear combination of mass states ⌫
i

. It allows
us to rewrite equation (2.33) as:

|⌫
↵

i =
X

i

U⇤
↵i

|⌫
i

i, (2.36)

where ↵ stands for e, µ or ⌧ .

The mass states |⌫
i

i are eigenstates of the following Hamiltonian:

Ĥ0 |⌫ii = E
i

|⌫
i

i with E
i

=
q
p2
i

+m2
i

, (2.37)

where p
i

is the neutrino momentum and m
i

its mass.

Let us consider a mass eigenstate |⌫
i

i. Since |⌫
i

i are mass eigenstates, the way they
propagate can be described as plane waves. From a quantum mechanical point of view, they
evolve through the Schrödinger equation:

i~ @
@t

|⌫
i

(t)i = Ĥ0 |⌫i(t)i with |⌫
i

(t)i = e�iEit |⌫
i

i, (2.38)

where |⌫
i

i stands for |⌫
i

(t = 0)i.

Let us now describe a flavor state |⌫
↵

i. Since flavor and mass states are linked through
the UPMNS matrix, it is possible to express the evolution of |⌫

↵

i:
|⌫

↵

(t)i =
X

i

U⇤
↵i

e�iEit |⌫
i

i (2.39)

We can also describe |⌫
i

i as a function of |⌫
�

i:
|⌫

i

i =
X

�

U
�i

|⌫
�

i, (2.40)

where � stands for e, µ or ⌧ .

When applying equation (2.40) in equation (2.39), we end with:

|⌫
↵

(t)i =
X

�=e,µ,⌧

 
X

i

U⇤
↵i

e�iEit U
�i

!
|⌫

�

i (2.41)

This is telling us that at a time t > 0, the initial |⌫
↵

i state becomes a superposition of
different flavor states. It is then possible to access the probability of transition from a |⌫

↵

i
state to a |⌫

�

i state. We calculate the amplitude A
⌫↵!⌫� for this transition:

A
⌫↵!⌫� (t) ⌘ h⌫

�

|⌫
↵

(t)i =
X

i

U⇤
↵i

U
�i

e�iEit (2.42)

The probability of transition depends on the amplitude and is given by:

P
⌫↵!⌫� (t) = |A

⌫↵!⌫� (t)|2 =
X

i,j

U⇤
↵i

U
�i

U⇤
↵j

U
�j

e�i(Ei�Ej)t (2.43)
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Assuming ultrarelativistic neutrinos, i.e. p
i

� m
i

, as well as t = L, E
i

from equa-
tion (2.37) can be rewritten as:

E
i

' E +
m2

i

2E
, (2.44)

which leads to:

P
⌫↵!⌫� (L,E) =

X

i,j

U⇤
↵i

U
�i

U
↵j

U⇤
�j

exp

 
�i

�m2
ij

L

2E

!
, (2.45)

where �m2
ij

⌘ m2
i

�m2
j

.

Considering a three neutrino mixing approach leads to the introduction of three mass-
squared differences:

�m2
21 ⌘ m2

2 �m2
1 �m2

32 ⌘ m2
3 �m2

2 �m2
31 ⌘ m2

3 �m2
1, (2.46)

where two of them are independent since they can be linked through the relation:

�m2
21 +�m2

32 ��m2
31 = 0 (2.47)

Except for the values of these squared-mass differences which are reviewed later on in this
chapter, the knowledge on the neutrino mass eigenstates is limited. The neutrino oscillation
framework requires at least two eigenstates to have a non-zero mass but does not indicate the
absolute scale. Two possible configurations can be considered for the mass hierarchy:

• Normal hierarchy: mass eigenstates are ordered in a conventional way, m1 being the
lightest eigenstate: m1 < m2 ⌧ m3

• Inverted hierarchy: mass eigenstates are not anymore ordered in a conventional way,
m3 becoming the lightest eigenstate: m3 ⌧ m1 < m2

We can express the masses as a function of the lightest eigenstate. For the normal hier-
archy, we obtain: 8

<

:
m2 =

q
m2

1 +�m2
21

m3 =
q

m2
1 +�m2

21 +�m2
32

(2.48)

In the case of the inverted hierarchy, we obtain:
8
<

:
m1 =

q
m2

3 ��m2
31

m2 =
q

m2
3 ��m2

31 +�m2
21

(2.49)

Figure 2.3 shows the values of the three neutrino mass eigenstates as a function of the
lightest eigenstate, for both normal and inverted hierarchies. We notice that in both schemes
there is a quasi-degeneracy when the values of the three masses come closer.
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*

Figure 2.3: Values of the three neutrino mass eigenstates as a function of the light-
est eigenstate when considering a normal hierarchy (left) or an inverted hierarchy
(right), from [74].

Two flavors case The two flavors oscillation formalism represents already a good approx-
imation for many experiments. Let us assume the oscillation of two neutrinos with flavor
eigenstates |⌫

↵

i and |⌫
�

i and mass eigenstates |⌫1i and |⌫2i. The flavor eigenstates do not
correspond to the mass eigenstates but are a linear combination of them:

 
⌫
↵

⌫
�

!
=

 
cos ✓ sin ✓

� sin ✓ cos ✓

! 
⌫1
⌫2

!
, (2.50)

which leads to: (
|⌫

↵

i = cos ✓ |⌫1i+ sin ✓ |⌫2i
|⌫

�

i = � sin ✓ |⌫1i+ cos ✓ |⌫2i (2.51)

The flavor eigenstate |⌫
↵

i is evolving with time:

|⌫
↵

(t)i = cos ✓ e�iE1t |⌫1i+ sin ✓ e�iE2t |⌫2i with E
i

=
q
p2
i

+m2
i

, (2.52)

where p
i

is the neutrino momentum and m
i

its mass.

The disappearance probability P (⌫
↵

! ⌫
�

) is then given by:

P (⌫
↵

! ⌫
�

) = |h⌫
�

|⌫
↵

(t)i|2 (2.53)

Since we are in a two flavors oscillation hypothesis, the created neutrino ⌫
↵

will be mea-
sured later on either in a ⌫

�

state or in a ⌫
↵

state, leading to:

P (⌫
↵

! ⌫
�

) + P (⌫
↵

! ⌫
↵

) = 1 (2.54)

The survival probability is then given by:

P (⌫
↵

! ⌫
↵

) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆
, (2.55)
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which can also be written in a more usual way:

P (⌫
↵

! ⌫
↵

) = 1� sin2(2✓) sin2
✓
1.27

�m2(eV2)L(m)

E(MeV)

◆
, (2.56)

where ✓ is the mixing angle considered, �m2 the mass-squared difference, L the distance
between the source and the detector and E the ⌫̄

e

energy.

Oscillation in matter

The propagation of neutrinos in matter is different from their propagation in vacuum, caus-
ing neutrinos to oscillate in a different way. Since electrons are part of the matter while
muons and taus are not, ⌫

e

can interact with electrons through W± or Z0 bosons exchange
while ⌫

µ

and ⌫
⌧

can only interact with electrons through Z0 boson exchange. While ⌫
e

are
sensitive to both charged and neutral currents, ⌫

µ

and ⌫
⌧

are only sensitive to neutral currents.

Considering for instance solar neutrinos which have to escape from the Sun and then
travel to the Earth, the mixing will differ when being in solar matter or in vacuum. The
Hamiltonian in matter, Ĥ

m

, differs from the Hamiltonian in vacuum we have seen earlier,
Ĥ0. We can define Ĥ

m

such that:

Ĥ
m

= Ĥ
int

+ Ĥ0, (2.57)

where Ĥ
int

defines the interaction of neutrinos with matter.

The effective potential which describes the interaction of neutrinos with the matter
through charged current is given by:

V =
p
2G

F

N
e

, (2.58)

where G
F

is the Fermi coupling constant and N
e

the electron number density in matter.

This potential would have an opposite sign when considering antineutrinos and is small
since

p
2G

F

' 7.63 ⇥ 10�14 eV cm3/N
A

where N
A

is the Avogadro number. Nevertheless,
this potential accounts for the effect of matter on neutrino oscillations [29]. The effect of
matter on neutrino oscillations is usually called the MSW6 effect [75, 76].

Let us consider the case of an oscillation between ⌫
e

and ⌫
µ

. We assume the constant elec-
tron number density, N

e

, to be constant. Due to the interaction term Ĥ
int

in equation (2.57),
the eigenstates of the Hamiltonian Ĥ

m

are obviously not the ones of the Hamiltonian Ĥ0.
In order to maintain the representation of the eigenstates as in the case of the oscillation in
vacuum, ✓

m

is defined such that the system described in equation (2.50) becomes:
 
⌫
e

⌫
µ

!
=

 
cos ✓

m

sin ✓
m

� sin ✓
m

cos ✓
m

! 
⌫m1
⌫m2

!
, (2.59)

6MSW for Mikheyev-Smirnov-Wolfenstein
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which leads to: (
|⌫

e

i = cos ✓
m

|⌫m1 i+ sin ✓
m

|⌫m2 i
|⌫

µ

i = � sin ✓
m

|⌫m1 i+ cos ✓
m

|⌫m2 i (2.60)

The mixing angle ✓
m

in matter is then linked to the mixing angle ✓ in vacuum through:

sin2(2✓
m

) =
sin2(2✓)

✓
cos(2✓)� L

L
m

◆2

+ sin2(2✓)

, (2.61)

where L is the oscillation length in vacuum and L
m

a length characteristic of the motion of
the neutrinos through the matter which can be written as [60]:

L
m

=
2⇡p

2G
F

N
e

(2.62)

One can point out that there is a resonance effect when considering:

L

L
m

= cos(2✓), (2.63)

which leads to:
N

e

=
�m2 cos(2✓)

2E
p
2G

F

(2.64)

The mixing angle ✓
m

is maximal when this “resonance condition” is reached [76, 77], lead-
ing to the total transition between the two flavors.

2.3.3 Solar sector, �m2
21 and ✓12

The solar neutrino anomaly mentioned in the previous chapter was finally solved by the SNO
experiment in 2002 by correctly measuring all the neutrino flavors flux, while previous ex-
periments were only sensitive to the ⌫

e

flux. The best way to understand the lack of solar
neutrinos in the Homestake, GALLEX/GNO, SAGE and Super-Kamiokande experiments re-
lies on the oscillation of ⌫

e

into ⌫
µ

and ⌫
⌧

during their journey from the Sun to the Earth.

In 2008, the KamLAND7 experiment measured the parameters relevant for the solar
neutrino oscillations, �m2

21 and ✓12, by observing ⌫̄
e

emitted from 55 nuclear reactors located
at a flux-weighted average distance of 180 km. KamLAND is a 1 kton liquid scintillator
experiment based at the former Kamiokande experiment site. It detects ⌫̄

e

through Inverse
Beta Decay (IBD) interactions where the positron scintillation and annihilation is followed
by a 2.2 MeV �-ray from neutron capture on hydrogen. Due to the specific L/E range, the
KamLAND experiment is sensitive to the solar sector and therefore to �m2

21 and ✓12 [79]:

�m2
21 = 7.58+0.14

�0.13 (stat)+0.15
�0.15 (syst) ⇥ 10�5 eV2 (2.65)

tan2✓12 = 0.56+0.10
�0.07 (stat)+0.10

�0.06 (syst) (2.66)
7Kamioka Liquid scintillator Anti-Neutrino Detector
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Figure 2.4: Allowed regions in the (tan2 ✓12,�m2
21) plane for KamLAND and

solar neutrino experiments, from [78]. ✓13 is constrained by accelerator and short-
baseline reactor neutrino experiments. The side-panels show the ��2-profiles.

Figure 2.5: Ratio of the observed ⌫̄
e

spectrum to the non-oscillation prediction,
from [78].
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In 2011 and 2013, KamLAND, together with solar neutrino experiments, provided more
accurate values of �m2

21 and ✓12 [80, 78]:

�m2
21 = 7.53+0.18

�0.18 ⇥ 10�5 eV2 (2.67)

tan2✓12 = 0.436+0.029
�0.025 (2.68)

As it can be seen in Figure 2.4, KamLAND has a very good sensitivity to �m2
21, leading to

the conclusion that oscillations in matter, and more precisely inside the Sun, are responsible
for the ⌫

e

deficit observed by all the solar neutrino experiments. Figure 2.5 shows the ratio
of the observed ⌫̄

e

spectrum to the non-oscillation prediction.

2.3.4 Atmospheric sector, �m2
32 and ✓23

Atmospheric and long-baseline experiments are governed by the �m2
32 mass-squared difference

and the ✓23 mixing angle. The K2K and MINOS experiments started in 2006 investigating
these two parameters [81, 82]. They are both long-baseline experiments and are based on the
study of the flavor composition of a ⌫

µ

beam after travelling hundreds of kilometers.

For the MINOS experiment, beams are created in the Fermilab accelerator complex and
are detected 735 km away in the Soudan mine. MINOS is able to measure ⌫

µ

and ⌫̄
µ

in-
teractions separately. In the case of the K2K experiment, beams were created at the KEK
accelerator complex and were detected in the Super-Kamiokande detector, 250 km further.

Recently, MINOS provided accurate results on �m2
32 and ✓23 [85, 83]:

|�m2
32| = (2.28� 2.46) ⇥ 10�3 eV2 (2.69)

sin2✓23 = 0.35� 0.65, (2.70)

as well as T2K, the upgraded version of K2K [86, 84]:

|�m2
32| = (2.51 ± 0.10) ⇥ 10�3 eV2 (2.71)

sin2✓23 = 0.514+0.055
�0.056 (2.72)

The sign of �m2
32 is not yet known. We can then distinguish a normal hierarchy with

�m2
32 > 0 from an inverse hierarchy with �m2

32 < 0. Figures 2.6 and 2.7 show respectively
the MINOS and T2K allowed regions for the neutrino oscillation parameters sin2 ✓23 and
�m2

32.

2.3.5 ✓13 sector

The ✓13 mixing angle was determined very recently by the three reactor neutrino experiments
Double Chooz, Daya Bay and RENO. Since 1999, only an upper limit was achieved by the
CHOOZ experiment. It was a major cornerstone since the CP-violating phase, �, depends
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Figure 2.6: Allowed regions in the (sin2 ✓23,�m2
32) plane for MINOS, from [83].

Figure 2.7: Allowed regions in the (sin2 ✓23,�m2
32) plane for T2K, from [84].
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on the smallness of ✓13. If ✓13 was too small, then the possibility to access � would become
harder. Both accelerator and reactor experiments are involved in the measurement of what
was called the last unknown neutrino mixing angle, until 2011.

Reactor neutrino experiments

Reactor neutrino experiments looking for ✓13 are all based on the observation of the ⌫̄
e

dis-
appearance during their journey from their birth in the nuclear reactors to their death in the
detector. One has to look then for the survival probability P (⌫̄

e

! ⌫̄
e

) which depends on the
neutrino mixing angle ✓13, on the mass-squared difference �m2

31, on the distance L and on
the ⌫̄

e

energy E:

P (⌫̄
e

! ⌫̄
e

) ⇡ 1� sin2(2✓13) sin2

✓
�m2

31L

4E

◆
, (2.73)

where L ⇡ 1 km and hEi ⇡ 3 MeV.

CHOOZ used only one detector whereas the new generation of experiments use two iden-
tical detectors in order to precisely measure a flux difference between detector(s) near the
nuclear reactors and detector(s) far from them. This configuration allows to get rid of sys-
tematic errors and in particular those coming from the ⌫̄

e

production knowledge.

As for the Savannah River Plant and Hanford experiments, ⌫̄
e

are detected through IBD
interactions, ⌫̄

e

+ p ! e++n, where the positron scintillation and annihilation is followed by
the neutron capture on gadolinium (Gd) or hydrogen (H). Thanks to the coincidence betwen
these two signals, one can register a clear IBD signature.

We are not going to present the Double Chooz experiment since the next chapter will be
entirely dedicated to it.

CHOOZ The CHOOZ experiment was the first experiment to look for ✓13. It was located at
the exact same place as the Double Chooz far detector today. The CHOOZ detector consisted
in a neutrino target filled with a Gd-doped liquid scintillator surrounded by a containment
region and a veto and seen by photomultiplier tubes. CHOOZ ran from April 1997 to July
1998. The two nuclear reactors were not yet operated at the beginning of the data taking,
allowing a direct measurement of the backgrounds.

Unfortunately, the liquid scintillator deteriorated after a few months, leading to the end
of the experiment. With almost one year of live time, CHOOZ found no evidence for neutrino
oscillation. An upper limit on ✓13 was set at this time:

sin2(2✓13) < 0.15 (2.74)

Figure 2.8 represents the visible energy spectrum of the prompt signals after substraction
of reactor-off to reactor-on data. The ratio of the data to the non-oscillation prediction does
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*

Figure 2.8: (left) Visible energy spectrum of the prompt signals obtained from the
substraction of reactor-on and reactor-off spectra. (right) Ratio of the data with
the MC which assumes no oscillation, from [87].

not show a spectrum distortion expected when looking for neutrino oscillation.

Daya Bay The Daya Bay experiment takes place on the southern coast of China. Eight
identical detectors are installed in one far and two near experimental halls from the Daya
Bay, Ling Ao and Ling Ao-II nuclear power plants. Each power plant contains two nuclear re-
actors which are all identical pressurized water reactors and produced a maximum of 2.9 GW
thermal power.

The detectors consist of a target filled with 20 tons of Gd-doped liquid scintillator, sur-
rounded by a �-catcher filled with 20 tons of un-doped liquid scintillator. These two volumes
are contained in acrylic vessels and form the inner detector. Around this inner detector, a
stainless steel vessel filled with 37 tons of mineral oil allows to shield the inner detector from
possible radiation coming from the photomultiplier tubes installed along this vessel.

The Daya Bay experiment, as the Double Chooz experiment, provided two sets of results
using IBD interactions with neutron capture on Gd and H:

• Gd-capture analysis: Daya Bay has been able to strongly constrain ✓13 over the last
few years [89, 90, 88]. With a live time of 217 days, Daya Bay registered 41589 ⌫̄

e

candidates in the far hall and 203809 and 92912 in the near halls8, leading to [88]:

sin2(2✓13) = 0.090+0.008
�0.009 (2.75)

Daya Bay has also been able to provide a direct measurement of the mass-squared
difference |�m2

ee

| [88]:
|�m2

ee

| = 2.59+0.19
�0.20 ⇥ 10�3 eV2 (2.76)

8Six over eight detectors were operational at that time.
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Figure 2.9: Allowed regions on sin2(2✓13) and |�m2
31|, from [88]. The 68.3 %,

95.5 % and 99.7 % C.L. are represented. The black points indicate the best fit
values for differents analyses.

Figure 2.9 illustrates the allowed regions for the neutrino oscillation parameters sin2(2✓13)
and |�m2

ee

|. The dashed horizonthal line represents the MINOS measurement taken
from [85].

• H-capture analysis: Daya Bay has recently developed an analysis using IBD inter-
actions with neutron capture on H [91]. With the same live time of 217 days, they
registered 62111 ⌫̄

e

candidates in the far hall and 148919 and 69083 in the near halls,
leading to [91]:

sin2(2✓13) = 0.083 ± 0.018 (2.77)

With both Gd-capture and H-capture analyses, Daya Bay provided:

sin2(2✓13) = 0.089 ± 0.008 (2.78)

RENO The RENO experiment is looking for ⌫̄
e

produced by six aligned power nuclear
reactors at the Yonggwang power plant in South Korea. Two identical detectors are installed
at 294 and 1383 m from the reactor array center.

As for Daya Bay and Double Chooz, which initiated this strategy, the detectors consist of
an innermost acrylic vessel filled with Gd-doped liquid scintillator, surrounded by a �-catcher
filled with un-doped liquid scintillator and a 70 cm thick buffer region filled with 65 tons of
mineral oil which supports 354 photomultiplier tubes.

With a data taking between August 2011 and March 2012, RENO observed 17102 ⌫̄
e
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candidates in the far detector and 154088 in the near detector, leading to [92]:

sin2(2✓13) = 0.113 ± 0.013 (stat) ± 0.019 (syst) (2.79)

Figure 2.10 represents the visible energy spectrum of the prompt signals. The ratio of the
data to the non-oscillation prediction shows a spectrum distortion at low energy, as expected
in case of neutrino oscillation.

Figure 2.10: Visible energy spectrum of the prompt signals together with the ratio
of the data with the MC which assumes no oscillation, from [92].

Accelerator neutrino experiments

Accelerator neutrino experiments are also sensitive to the ✓13 mixing angle when they look
for ⌫

e

in the ⌫
µ

beam created hundreds of kilometers away. The probability of appearance is
given by:

P (⌫
µ

! ⌫
e

) ⇡ sin2(✓23) sin2(2✓13) sin2

✓
�m2

31L

4E

◆
(2.80)

+ CP-violating phase, matter effect term,

where L is the neutrino propagation distance and E is the neutrino energy.

The T2K experiment uses the J-PARC accelerator complex for the creation of the ⌫
µ

beam and the Super-Kamiokande as detector. J-PARC and Super-Kamiokande are 295 km
far away and the beam is willingly 2.5� off-axis in order to reduce backgrounds. Two near
detectors located at 280 m from the creation point allow to investigate the beam properties.
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Figure 2.11: sin2(2✓13) measurements from 2011 to 2014.
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In 2011, T2K was the first experiment to indicate a non-zero value of ✓13 [93]. At the
beginning of this year, T2K reported a detection of 28 ⌫

e

candidates for 4.92 ± 0.55 back-
ground events, leading to an appearance signal with a significance of 7.3�. Assuming
|�m2

32| = 2.4 ⇥ 10�3 eV2, sin2(✓23) = 0.5 and �m2
32 > 0 (�m2

32 < 0), the best-fit value
is obtained at � = 0 [94]:

sin2(2✓13) = 0.140+0.038
�0.032

�
sin2(2✓13) = 0.170+0.045

�0.037

�
(2.81)

MINOS also provided a consistent result [95]. Figure 2.11 is a summary of the sin2(2✓13)

measurements done in the last few years.

2.4 Cosmological informations

Neutrinos from the earliest stages of our Universe are known as the cosmic neutrino back-
ground (C⌫B). Its existence has been confirmed by the composition and distribution studies
of matter and energy in our Universe. Phenomenons such as primordial synthesis of elements,
anisotropies of the cosmic microwave background (CMB) as well as formation of dark matter
halos could find an answer from the understanding of those neutrinos. Studies on the CMB
anisotropies and large scale distribution of galaxies allow to extract both a measurement on
the effective number of neutrino species, Neff, and an upper limit on the sum of the neutrino
masses,

P
m

⌫

.

Recent studies from the Planck satellite in combination with other observables such as
Baryon Acoustic Oscillations (BAO) give [96]:

Neff = 3.30 ± 0.27 (2.82)
X

m
⌫

< 0.23 eV at 95% C.L. (2.83)

2.5 Sterile neutrinos?

Recent work on the reactor neutrino flux prediction and re-analyses of former short baseline
experiments revealed the so-called reactor antineutrino anomaly we have seen in the previous
chapter. This anomaly can be interpreted as the oscillation of ⌫̄

e

towards possible sterile
neutrinos at very short baseline, i.e. of the order of a few meters. Combining both the
reactor antineutrino anomaly together with the GALLEX/SAGE one helps to constrain the
new possible oscillation parameters. The best fit value gives [97]:

sin2 2✓14 = 0.17 ± 0.04 (2.84)

|�m2
14| = 2.3 ± 0.1 eV2 (2.85)

Several projets using different detection techniques have been designed in order to investi-
gate the anomaly and possibly discover a new neutrino state. Among them, the STEREO and
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the SoLi@ projects aim to evidence or discard such a short baseline oscillation near respec-
tively the ILL research reactor (Grenoble, France) and the SCK·CEN BR2 research reactor
(Mol, Belgium) by the observation of an E/L dependent distortion induced in the energy
spectrum, typical of such a phenomenon.

Nuclear reactors are not the only way to look for a possible sterile neutrino. Inserting
powerful radioactive sources such as chromium, 51Cr, or cerium, 144Ce, into detectors already
built, such as Borexino, allows, in a short period of time, to test a possible new oscillation.
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3
The Double Chooz experiment

The neutrino is the smallest bit of material reality ever conceived of by man.
Frederick Reines
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The Double Chooz experiment is focusing on measuring what was defined until 2011 as
the last unknown neutrino mixing angle, ✓13. Double Chooz is a reactor neutrino oscillation
experiment which studies ⌫̄

e

emitted from the two nuclear reactors of the Chooz power plant,
in the French Ardennes. It aims at measuring the neutrino mixing angle ✓13 thanks to two
identical detectors located at different baselines to precisely observe the ⌫̄

e

disappearance.
The Double Chooz experiment started taking data on April 13, 2011, 55 years after the first
⌫̄
e

observation by F. Reines and C. Cowan [6].
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3.1 Principle

3.1.1 From the ⌫̄
e

emission...

Located in the French Ardennes, the Chooz power plant is composed of two N4 PWR1 nuclear
reactors called B1 and B2. It belongs to the French electricity company EDF. Those reactors
are the most powerful nuclear reactors in France and belong, with the Civaux nuclear reac-
tors, to the youngest generation2. Their construction started in 1984 and 1985 respectively
and the first electricity was produced in 1996 for B1 and 1997 for B2.

The production of electricity is based on the nuclear fission of uranium (U) and plutonium
(Pu). Thermal neutrons will be first captured by uranium and plutonium atoms and will
allow these elements to break themselves, releasing energy and producing lighter nuclei and
neutrons which can produce new fissions and therefore sustain the process, leading to a chain
reaction. In order to control the rate of uranium and plutonium fissions, rods can be inserted
in the core. They are made of high neutron capture cross section elements, such as boron
for instance. Dropping these rods inside the core stop the chain reaction. The lighter nuclei
produced by the fission reactions are unstable and neutron-rich. Their decay occur through
�� reactions which produce only ⌫̄

e

. Nuclear reactors are then ⌫̄
e

-rich factories “for free”:

A

Z

X ! A

Z+1Y+ e� + ⌫̄
e

(3.1)

At the beginning, the nuclear fuel is composed of 238U and 235U. Naturally, uranium
consists for 99.274 % of 238U and for 0.720 % of 235U with some traces of 234U. These
natural concentrations do not allow a nuclear reactor to work even if one can think to the
Oklo natural reactor in Gabon. In the Chooz nuclear reactors, the core is composed of 205
fuel bundles containing 264 rods filled with enriched uranium, where the 235U proportion is
typically between 3 and 5 %. Even if the 238U proportion remains greater than 95 %, this
enrichment is mandatory. Indeed, whereas the 235U is a “fissile” element, the 238U is a “fertile”
element. In other words, a fission reaction is possible with 235U and do not happen with 238U,
apart from fast neutrons. Nevertheless, since 238U is a fertile element, it means that it is able
to produce fissile elements through neutron captures, following the reactions:

n+ 238U ! 239U
�

�
����!
23 min

239Np
�

�
�����!
2.3 days

239Pu, (3.2)

where 239Pu is a fissile element which can take part in the fission process inside the core.

After two neutron captures, the 239Pu can produce 241Pu which is also a fissile element.
The fuel composition and consequently the number of ⌫̄

e

produced from the fissions of 235U,
238U, 239Pu and 241Pu changes with time, what we call “burn-up”. Whereas the number of
fission from 235U decreases with time and those from 238U stays stable, the number of fission
from 239Pu and 241Pu increases with time. Since Double Chooz does not have yet a near
detector, the dominant uncertainty for the measurement of ✓13 comes from the knowledge of

1Pressurized Water Reactor
2The EPR nuclear reactors in Flamanville will belong to the third generation and are under construction.
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the ⌫̄
e

spectra. We have to be careful with this evolution which gives a special ⌫̄
e

spectrum
at a given time.

Table 3.1: Mean energy released per fission, mean ⌫̄
e

energy and mean number of
⌫̄
e

released per fission for a given isotope from [98, 99, 100].

Isotope hEif (MeV) hE⌫̄ei (MeV) h⌫̄eif
235U 201.92 ± 0.46 5.226 ± 0.051 1.92 (1 ± 0.019)
238U 209.99 ± 0.60 7.040 ± 0.326 2.38 (1 ± 0.020)
239Pu 205.52 ± 0.96 3.799 ± 0.033 1.45 (1 ± 0.021)
241Pu 213.60 ± 0.65 4.956 ± 0.049 1.83 (1 ± 0.019)

Table 3.1 illustrates the different properties of a given isotope. It appears that from one
isotope to another, the mean ⌫̄

e

energy as well as the mean number of ⌫̄
e

released per fission
change. It has to be taken into account in order to correctly predict the expected ⌫̄

e

spectra.

These spectra have been obtained from the measurement of �� spectra of the four isotopes
considered. The 235U, 239Pu and 241Pu ⌫̄

e

spectra were measured at the ILL3 research reactor
in Grenoble, France [101, 102, 103], whereas the 238U ⌫̄

e

spectrum was measured at the FRM
II4 in Garching, Germany [104]. Extrapolations below 3 MeV and above 7.5 MeV from a
combination of the summation method described in [105] and an exponential-polynomial fit
on the data have been performed for the 238U ⌫̄

e

spectrum.

Concerning the mean cross section per fission, the Double Chooz collaboration chose to
normalize it to the Bugey-4 rate measurement [106]:

h�
f

i
R

= h�
f

iBugey +
X

k

⇣
↵R

k

� ↵Bugey
k

⌘
h�

f

i
k

, (3.3)

where k runs over the four isotopes considered and ↵
k

stands for the fractional fission rates
and R for the B1 and B2 nuclear reactors.

The second term allows to take into account the fuel difference between Bugey-4 on one
side and B1 and B2 on the other side. With this correction and assuming no oscillation, we
can calculate the expected number of ⌫̄

e

in the energy bin i:

NR
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, (3.4)

where ✏ is the detection efficiency, N
p

the number of protons in the target, PR

th

the ther-
mal power of the nuclear reactor considered, L

R

the reactor-detector distance and hE
f

i
R

=

3Institut Laue-Langevin
4Forschungs-Neutronenquelle Heinz Maier-Leibnitz
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P
k

↵
k

hE
f

i
k

the mean energy release per fission.

The mean energy release per fission, hE
f

i
R

, as well as the mean cross section per fission,
h�

f

i
R

, are time-dependent since they vary with the evolution of the fuel composition in the
reactor considered.

3.1.2 ... to their detection

Although ⌫̄
e

also interact through elastic scattering or quasi-elastic scattering, reactor neu-
trino experiments detect ⌫̄

e

thanks to the signature of the Inverse Beta Decay (IBD) reaction:

⌫̄
e

+ p ! e+ + n (3.5)

Neglecting the ⌫̄
e

mass and assuming the proton to be at rest, this reaction is possible
only if the ⌫̄

e

is enough energetic to produce both the positron and the neutron:

Ethreshold
⌫̄e

=
(m

e

+m
n

)2 �m2
p

2m
p

' 1.806 MeV, (3.6)

where m
e

, m
n

and m
p

are respectively the masses of the positron, the neutron and the proton
taken from [29].

The ⌫̄
e

energy E
⌫̄e is related to the positron energy E

e

+ and can be approximated by
E

⌫̄e ' E
e

+ +m
n

�m
p

[107]. In the detector, the visible energy Evis is the sum of the positron
kinetic energy together with its annihilation:

Evis = E
e

+ +m
e

' E
⌫̄e �m

n

+m
p

+m
e

' E
⌫̄e � 0.782 MeV (3.7)

The threshold of the IBD reaction, Ethreshold
⌫̄e

, correponds to a visible energy threshold
Ethreshold

vis = 2m
e

= 1.022 MeV.

The expected ⌫̄
e

spectrum is illustrated in Figure 3.1 and is proportional to the product
of the ⌫̄

e

flux spectrum and the IBD cross section of reaction (3.5) defined as:

�IBD = K ⇥ (E
⌫̄e ��)

p
(E

⌫̄e ��)2 �m2
e

, (3.8)

where K is a constant directly related to the neutron lifetime and � the difference between
the neutron and proton masses.

Since the IBD reaction produces both a positron and a neutron, one has then to look for
two distinct signals, as illustrated in Figure 3.2:

1. Prompt: The scintillation and annihilation of the positron with an electron constitutes
the prompt signal. Two 511 keV gammas will be created and after interaction in the
scintillator, this signal will be detected by the photomultiplier tubes (PMTs) which are
surrounding the target.
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Figure 3.1: Expected ⌫̄
e

spectrum in a 12 ton fiducial mass detector located at
800 m from a 12 GW nuclear reactor (a), which is the product of the ⌫̄

e

flux
spectrum (b) and the IBD cross section (c), from [108].

Figure 3.2: Scheme of an IBD interaction with neutron capture on Gd or H.
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2. Delayed: The neutron capture on gadolinium (Gd) or hydrogen (H) constitutes the
delayed signal. The neutron has to thermalize in the liquid scintillator before being
absorbed by a high capture cross section element, such as Gd in the case of the Double
Chooz experiment. A neutron capture on H is also possible. There is no need for
thermalization in this case. The mean capture time when considering neutron capture
on Gd is about 30 µs whereas it is about 200 µs for neutron capture on H.

3.1.3 Oscillation measurement concept

The main uncertainty in the former CHOOZ experiment comes from the ⌫̄
e

flux and spec-
trum at production. In order to get rid of this uncertainty, one can use two identical detectors
located at different baselines from the nuclear reactors. Indeed, a detector located at a few
hundred meters from the reactors will help to normalize the ⌫̄

e

flux and spectrum since the
oscillation disappearance probability does not vary dramatically. A contrario, a detector
located around 1 km from the reactors will be sensitive to the first maximum of the dis-
appearance probability. By a relative comparison between the flux received in the “near”
detector, at a few hundreds of meters, and the one received in the “far” detector, at about
1 km, it is possible to measure the disappearance, and therefore to access the value of the
neutrino mixing angle ✓13 [109].
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Figure 3.3: Survival probability of ⌫̄
e

assuming E
⌫̄e = 3 MeV. Mixing angles and

mass square differences are taken from [110]. Double Chooz near and far detectors
are placed, as well as Daya Bay and RENO ones.

This value is obtained through the neutrino survival probability formula which, in the
case of a two neutrino oscillation hypothesis, can be expressed as:

P (⌫̄
e

! ⌫̄
e

) = 1� sin2(2✓13) sin
2

✓
1.27

�m2(eV2)L(m)

E(MeV)

◆
, (3.9)
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where ✓13 is the mixing angle considered, �m2 the mass-squared difference, L the distance
between the source and the detector and E the ⌫̄

e

energy.

This two neutrino oscillation hypothesis is valid for reactor neutrino oscillation experiment
at short distance. Figure 3.3 shows the positions of the detectors for the Double Chooz, Daya
Bay and RENO experiments. Whereas the near detectors are located close to the nuclear
reactors, the far detectors stand in the first minimum of the survival probability.

Increasing statistics

When the CHOOZ experiment started, the two nuclear reactors of the Chooz power plant
were not yet running. A two reactors-off period is something desirable in the Double Chooz
experiment since it allows to understand the backgrounds [111]. Unfortunately, this two
reactors-off period was too long in the case of the CHOOZ experiment, which took 40 % of
its total data set in this configuration. Moreover, due to a cooling system issue, the two nu-
clear reactors could not run at full power at the beginning. This situation was not optimal for
the CHOOZ experiment which also suffered from an instability of its detector. The attenua-
tion length in the scintillator decreased and the transparency deteriorated. The performance
of the liquid scintillator decreased with time, leading to the end of the experiment earlier
than expected. The CHOOZ statistical uncertainty was measured to be 2.8 %.

Decreasing systematics

The Double Chooz experiment developed two main improvements w.r.t. the CHOOZ exper-
iment. First of all, using two detectors located at different baselines from the reactors allows
to get rid of the ⌫̄

e

production knowledge. The comparison of the observed ⌫̄
e

in the near and
far detectors allows to cancel the uncertainty on the emitted ⌫̄

e

. CHOOZ, as Double Chooz
with the only far detector running, normalized its flux w.r.t. the measurements made in the
Bugey-4 experiment, leading to a non-negligible systematic uncertainty. With two identical
detectors, this systematic uncertainty is suppressed. Another improvement comes from the
detector design. Finally, using a buffer, a �-catcher and a target allows to have a fiducial
volume better protected against background events. The CHOOZ systematic uncertainty was
measured to be 2.7 %.

3.2 Experiment design

The two nuclear reactors of the Chooz power plant, called Chooz B, are the ⌫̄
e

sources. There
are separated by about 164 m, which corresponds to a 6� angle separation when looking them
from the far detector. The Double Chooz far detector has been built in one of the access
galery of the previous Chooz nuclear power plant, called Chooz A. Chooz A consisted of a
PWR nuclear reactor, the first running in France, from 1967 to 1991. It was built under
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the hill boarding the Meuse river in order to keep the installation secret during the cold war
period. This 300 meter water equivalent (m.w.e.) overbuden is of interest to protect the de-
tector from cosmic muons and the induced background. Even if the deconstruction of Chooz
A is still on-going, this access galery was available since 1996, which allowed the construction
of the CHOOZ detector and which holds today the Double Chooz far detector. The Double
Chooz near detector is still under construction under a smaller hill closer to Chooz B.

Figure 3.4: Double Chooz experimental site. The two nuclear reactors of the Chooz
power plant are visible, as well as the Meuse river. The position of the near and
far detectors is also indicated, from [112].

3.2.1 Detector design

A Double Chooz detector is composed of three sub-detectors. The Inner Detector (ID) allows
to record the ⌫̄

e

signature. The Inner Veto (IV) is surronding it in order to detect external
backgrounds which are mainly muon-induced and the Outer Veto (OV) is placed above both
the ID and the IV to prevent from cosmic muon background.
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Figure 3.5: Scheme of the Double Chooz detector. (1) Glove Box (GB), (2) Clean
Tent, (3) Outer Veto (OV), (4) Chimney, (5) Shielding, (6) Inner Veto (IV), (7)
Inner Detector Photomultipliers (PMTs), (8) Buffer, (9) �-catcher, (10) Target.
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Inner detector (ID)

The inner detector is composed of the target in its center, surrounded by the �-catcher itself
surrounded by the buffer. Each volume is independent and the different liquids have optimal
optical transmission and similar density in order not to deform the volume containers:

• Target: The innermost volume of the detector, which is called target, is the place
where neutrino interactions with neutron capture on Gd are detected. It consists of a
1150 mm radius by 2459 mm height cylindrical acrylic vessel. This 8 mm thick vessel is
filled with 10.3 m3 of a Gd-doped liquid scintillator. It consists of 80 % of dodecane and
20 % of PXE together with 1 g/L of Gd, 7 g/L of PPO and 20 mg/L of bis-MSB. These
two last components are wavelength shifters. PPO allows to reemit the scintillation
light it absorbs with higher wavelengths such that the bis-MSB shifts again the light
towards blue and UV wavelengths, for which the PMTs are more sensitive and the
liquid more transparent. Since the CHOOZ experiment ended prematurely because of
an instability of its liquid scintillator, a new type of metal loaded liquid scintillator
has been developed to encapsulate the Gd atom in order to provide homogeneity and
stability [113].

• �-catcher: The �-catcher is a 12 mm thick, 1708 mm radius by 3572 mm height
cylindrical acrylic vessel which surrounds the target. Its 22.6 m3 are filled with 66 % of
mineral oil, 30 % of dodecane and 4 % of PXE. 2 g/L of PPO and 20 mg/L of bis-MSB
are also part of this mixture. This un-doped liquid scintillator allows to contain the
gammas emitted from both the positron and the neutron capture. This second acrylic
vessel allows to contain the energy deposition and therefore to increase the detection
efficiency. The �-catcher light yield is tuned to provide the same photoelectrons over
MeV ratio as that of the target. One has to take into account the spill-in and spill-
out effects which occur between these two volumes. The spill-in consists in having the
positron signal in the �-catcher and the neutron capture in the target. A contrario, the
spill-out is characterized by the positron signal in the target and the neutron capture
in the �-catcher. These two effects do not compensate but will become negligible when
the near and far detectors will work together. This vessel is also used to detect ⌫̄

e

candidates when considering neutron capture on H.
• Buffer: The buffer is the last part of the inner detector. This 3 mm thick stainless steel

cylindrical vessel encloses both the target and the �-catcher. It consists of a 2760 mm
radius by 5680 mm height vessel filled with 114.2 m3 of mineral oil, which provides
an optical decoupling with the inner detector. The buffer tank supports 390 10-inch
Hamamatsu R7091 PMTs which collect the light which will bring information, once
treated, on the energy deposition and vertex position of the collected signals [114, 115].
It allows to shield the target and �-catcher from 40K contained in the PMTs glass
in the target and �-catcher volumes. This method was first used in the Borexino
experiment [116] and constitutes the main improvement with respect to the CHOOZ
experiment.
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Figure 3.6: Pictures of the Double Chooz far detector at different stages of the
integration, from [112]. (top left) Installation of the inner veto PMTs. (top right)
Installation of the inner detector PMTs. (middle left) �-catcher integration which
has been a non-trivial step. (middle right) �-catcher installation. (bottom left)
Target installation. (bottom right) Closing of the detector.
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Figure 3.7: Pictures of the Double Chooz far detector, from [112]. (top) Inner veto
views with the special orientation of the PMTs. (bottom) Outer veto covering the
detector with the chimney in the middle for the deployment of radioactive sources.
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Inner Veto (IV)

The inner veto surrounds the inner detector and acts as a shield against radioactive and
muon-induced background. It consists of a 3250 mm radius by 6830 mm height stainless steel
cylindrical vessel filled with 90 m3 of liquid scintillator composed for half of dodecane and
half of linear alkylbenzene together with 2 g/L of PPO and 20 mg/L of bis-MSB. This 10 mm
thick tank supports 78 8-inch Hamamatsu R1408 PMTs fixed parallel to the surface because
of the confined space. In order to help the light collection, white painted walls and highly
reflective VM2000 foils covering the buffer vessel have been used [117].

Table 3.2: Characteristics of the different vessels which composed the ID and the
IV.

Vessel Radius (mm) Height (mm) Volume (m3)
Target 1150 2459 10.3
�-catcher 1708 3572 22.6

Buffer 2760 5680 114.2
Inner Veto 3250 6830 90

Shielding

Outside the inner veto of the Double Chooz far detector, a 15 cm thick stainless steel shielding
was installed in order to protect from external radioactivity. It is composed of 66 V-shaped
bars, 42 for the lateral part and 12 for the bottom and top parts, which were demagnetized
to prevent from PMTs signal perturbation.

Outer Veto (OV)

The outer veto is an improvement with respect to the CHOOZ experiment. It aims to iden-
tify muons which can enter or pass nearby the inner detector. It is composed of 64 plastic
scintillator strips which cover an area of 13 m ⇥ 7 m above the inner detector, the inner veto
and 15 cm of stainless steel shielding. Each strip measures 5 cm ⇥ 1 cm ⇥ 320 cm or 360 cm.
Thanks to the crossing of the strips, the outer veto can record the (x, y) coordinates of a
passing muon with a higher precision than the inner veto. In order to prevent from muons
which can directly enter the inner detector through the chimney, an upper outer veto was
installed above the chimney and the glove box. Working together, the inner and outer veto
allow to reject more than 99.99 % of the muons crossing the inner veto.

3.2.2 Data acquisition system

For both the inner detector and the inner veto, the scintillation light produced by charged
particles is seen by PMTs. This signal is transformed into a few millivolts electric signal
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which is carried together with the about 1.3 kV high voltage (HV) which allows to supply
the PMTs. HV-splitter circuits allow to decouple the two components. After amplification
by the front end electronic (FEE) modules, digitization of the PMTs signal is done by the
flash-analog-to-digital converter (FADC) electronics [118]. Figure 3.8 represents a scheme of
the detector electronics.

Figure 3.8: Scheme of the Double Chooz readout and DAQ systems.

⌫-FADC system

The ⌫-FADC system has been developed in a partnership between the AstroParticule et Cos-
mologie (APC) laboratory and the CAEN company [119]. The system relies on 64 CAEN-
Vx1721 (VME64x) waveform digitizers. Each card holds 8 channels with 8 bit resolution
FADC, allowing the signal sampling at 500 MHz. This frequency corresponds to a 2 ns pe-
riod and allows to save the waveforms of each PMTs. This precious tool can help to better
estimate the signal arrival and can therefore help to better reconstruct the vertex position of
the event considered. Each channel holds a 2 MB internal memory, separated in 1024 different
area. Each of these 1024 area are themselves divided into 2048, allowing the sampling over
4096 ns. As long as the FADC does not receive any trigger signal, the digitization takes place
in the same buffer region. When a trigger signal arrives, the digitization starts in the next
buffer region and leaves the previous one for the readout. 1024 samples can then be recorded
and kept in memory. Since the trigger rate is lower than the readout speed, the digitization
index never reaches the readout index, allowing the acquisition to be free of deadtime. On
the 4096 ns available, only 256 ns of the waveform is recorded. It contains more than 90 %
of the light collection.

Trigger system

At the exit of the FEE, the signal coming from the PMTs is sent to the FADC but also to the
trigger system. The trigger system is composed of three trigger boards (TB) and one trigger
master board (TMB). Two of the trigger boards are dedicated to the ID PMTs whereas the
third one stands for the IV PMTs:
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• ID trigger boards: The ID PMTs are separated into 12 sectors containing each 32
PMTs. These 12 sectors are themselves separated into two regions, the upper part of the
detector containing 6 sectors and the lower part of the detector containing the other 6
sectors. Basically, half of the PMTs from a given sector are connected to the first trigger
board, TB A, and the other half to the second trigger board, TB B. The grouping has
been made such that a PMT belonging to TB A is surounded by PMTs belonging to
TB B, and vice versa. The FEE proceeds to the analog sum of the signals from a given
sector by group of 16 PMTs and send it to the trigger board. Each trigger board makes
the decision based on this analog sum of half of the ID PMTs. This configuration allows
each trigger board to look at the same volume. The decision should then be te same.

• IV trigger board: Due to the geometry and the limited number of IV PMTs, the IV
trigger board works differently than the ID trigger boards. The decision is in this case
mainly based on the hit pattern of groups of 3 to 6 PMTs. Special attention to the
event topology in the lower part of the IV allows to investigate muons which stop in
the ID.

• Trigger master board: The trigger master board receives the decisions of the trigger
boards through 8 bits words and allows the FADCs to store the event in their internal
memory. It also distributes a 62.5 MHz clock signal to all the FADCs for synchroniza-
tion.

3.2.3 Calibration system

Double Chooz relies on the energy deposition of events across the detector in order to build
the energy spectra which will then allow to access ✓13. It is essential to master the knowledge
of the signature of particles involved in the physics processes considered. Liquid and PMTs
properties can be better characterized, even if tests were already performed during the de-
tector installation. Calibrating the detector is therefore crucial in order to access the energy
response and to carefully reconstruct the events vertices. To do so, radioactive sources as well
as light injection system are used.

Radioactive sources

Up to now, four radioactive sources with different particles emission and different energies
are used to calibrate the ID. The deployment of 137Cs, 68Ge, 60Co or 252Cf can be performed
either using the Z-Axis Deployment System (ZADS) or the Articulated Arm5 (AA), which
brings the sources directly in the target volume, or the Guide Tube (GT), which brings the
sources in the �-catcher volume. The deployment of the sources is performed in a clean tent
above the detector. When using the ZADS or the AA, operators use the Glove Box (GB)
under nitrogen atmosphere and at the detector pressure.

With the emission of a 667 keV �, the 137Cs source is the less energetic source. This energy
is not of interest for the ⌫̄

e

selection but remains between the trigger threshold and the inverse
5Not yet used.
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� decay reaction threshold of 1.022 MeV according to equation (3.7). The electron capture
on 68Ge provides a positron which annihilates with an electron of the medium, leading to the
emission of two 511 keV �. This energy corresponds to the energy threshold of the inverse �
decay reaction and helps to calibrate the trigger efficiency. The 60Co source emits two � of
1.17 MeV and 1.33 MeV in the prompt energy range of interest for the ⌫̄

e

selection whereas
the delayed energy range can be studied thanks to the neutrons release from the spontaneous
fission of the 252Cf source.

Light injection

Light injection system emitting LED light guided through optical fibers were also installed
in both the inner detector (IDLI) and the inner veto (IVLI). 46 injection points fixed on the
edge of some PMTs are present in the inner detector and 96 in the inner veto. One can set
the wavelength of the light to be 385 nm, 425 nm or 475 nm for the IDLI and 365 nm or
475 nm for the IVLI. The system allows either a diffuse or pencil beam mode.

Whereas the 385 nm wavelength should be totally absorbed and reemitted by the liquid
scintillator, the 425 nm wavelength is partially absorbed, contraining its detection to the
PMTs present on the opposite side of the detector. It allows to understand the absorption of
the target and �-catcher as well as the PMTs characteristics. The 475 nm wavelength should
not excite the liquid scintillator, acting as a direct light source for the PMTs receiving the light.

3.3 Event reconstruction

3.3.1 Energy reconstruction

Energy reconstruction is one of the key of the ✓13 measurement since it is extracted from the
energy spectra comparison between the one obtained in the far detector and the Monte Carlo
(MC) one, up to now. In the near future, ✓13 will be measured by comparing the far and near
detectors energy spectra. It is therefore crucial to master its knowledge.

The energy reconstruction method is based on the conversion of the total number of
photoelectrons, Np.e., to the visible energy, Evis. Correction factors for uniformity, f

u

, energy
scale, fMeV, stability for data only, f

s

, and non-linearity for MC only, f
nl

, are also applied,
as follows:

Evis = Np.e.(⇢, z, t)⇥ f⇤
u

(⇢, z)⇥ f⇤
MeV

�⇥fdata
s

(E0
vis, t)

� �⇥fMC
nl

(E0
vis)
�
, (3.10)

where (⇢, z) stands for the detector coordinates, t for the time, E0
vis for the energy once the

uniformity correction has been applied and ⇤ refers to either data or MC.

Np.e. can be extracted by summing the amount of charge received by each PMT:

Np.e. =
X

i

p.e.
i

=
X

i

q
i

⇥ gain
i

(q
i

, t), (3.11)
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where q
i

is the integrated charge by pulse reconstruction for the PMT i and gain
i

(q
i

, t) a
function which converts from charge to photoelectrons and corrects for charge reconstruction
non-linearity due to biased baseline estimation.

*

Figure 3.9: Uniformity correction maps for data (left) and MC (right) obtained
by fitting the neutron capture peak on H.

Once we have Np.e., we need to correct it for the position dependence across the detector
volume and to apply the energy scale calibration. The correction factor f

u

takes into account
the detector coordinates (⇢, z) of the reconstructed event and convert Np.e. as if the event
took place in the center of the detector, i.e. ⇢ = 0 and z = 0. Figure 3.9 shows the unifor-
mity correction maps for data and MC which were generated using spallation neutron with
capture on H across both the target and �-catcher volumes. The correction factor fMeV has
been studied through the neutron capture on H from a 252Cf calibration source placed in the
center of the detector.

Figure 3.10: Energy resolution as a function of the visible energy for data and MC.

The evaluation of the light non-linearity has been done through the generation of MC
with several different combinations of Birks quenching parameter and the light yield of the
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liquid scintillator within uncertainties taken from measurements [120, 121]. Figure 3.10 shows
the visible energy behavior for data and MC. The energy scale and the energy resolution are
in very good agreement. Fits performed on the energy resolution show a similar behavior for
both data and MC.

3.3.2 Vertex position reconstruction

The vertex position reconstruction is performed through a package with algorithms based on
a charge and time maximum likelihood. Let us consider the light produced by a point-like
source event X = (x0, y0, z0, t0,�). We assume the light intensity, �, to be isotropically
distributed per unit of solid angle. We also assume this light to be only affected by pure
attenuation when it propagates. The amount of light a PMT i located at a distance r

i

from
the true vertex with a quantum efficiency ✏

i

can be predicted to be [122]:

µ
i

= ✏
i

�⌦
i

exp
⇣
�r

i

�

⌘
, (3.12)

where ⌦
i

is the solid angle subtended by the PMT and � the characteristic attenuation length.

Considering the angular response of the PMT to be f(cos ⌘) with ⌘ the angle of incidence
of the light with respect to the PMT normal, ⌦

i

can be written as:

⌦
i

= ⇡R2 f(cos ⌘)

r2
i

, (3.13)

where R is the PMT radius with R ⌧ r
i

as a good approximation.

This optical model, which relies on the � and f(cos ⌘) parameters, allows to predict the
amount of light seen by a given PMT. Summing over all the PMTs, it is then possible to
calculate the total amount of light.

The arrival time received on the PMT i can also be predicted from the event time t0:

tpred
i

= t0 +
r
i

c
n

, (3.14)

where c
n

corresponds to the effective speed of light in the volume considered.

We can then define the event likelihood to be:
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Y
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where f
q

(q
i

;µ
i

) is the probability to measure a charge q
i

when expecting a charge µ
i

and
f
t

(t
i

; tpred
i

, µ
i

) is the probability to measure a time t
i

when a time tpred
i

and a charge µ
i

are
predicted.

The first product runs over PMTs which do not record any hit whereas the second one
runs over PMTs which have been hit. MC are used to provided these charge and time
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probabilities. They are checked using physics and calibration data. The goal then is to
maximise this likelihood function, or minimize the negative log-likelihood function, in order
to provide the best set of parameters Xmin:

FV = � lnL(X) = �
X

i

ln f
q

(q
i

;X)�
X

qi>0

ln f
t

(t
i

;X) (3.16)

The vertex position reconstruction can be performed using the charge likelihood only, or
the time likelihood only, or both of them. This last option allows to check the accuracy and
stability of the algorithm.

3.4 Backgrounds studies

Double Chooz has to deal with several different backgrounds. The background with the
highest rate is the light noise, which will be explained in the next chapter. Two other kinds
of backgrounds exist, the correlated background, which is a muon-induced background, and
the uncorrelated background, which does not follow a specific physical process:

- Correlated backgrounds:
• Decays of cosmogenic isotopes such as 9Li and 8He created through a spallation mech-

anism induced by cosmic muons crossing the inner detector.
• Fast neutrons (FN) created by cosmic muons around the detector.
• Stopping muons (SM) which enter the detector through the chimney and decay inside

the inner detector.

- Uncorrelated backgrounds:
• Accidental coincidences of single events.

Since these backgrounds mimic the IBD signature, one has to take a special care in or-
der to understand them. They are taking into account in the neutrino oscillation fit procedure.

3.4.1 Correlated background
9Li + 8He background

The so-called cosmogenic background is, after the light noise one, the main background Double
Chooz has to deal with. Serious issues coming from the misunderstanding of this background
have to be avoided. A special effort has then been made to correctly handle this background.

Radio-isotopes 9Li and 8He are created through spallation reactions induced by cosmic
muons on 12C contained in the liquid scintillator. There is no need to try to distinguish
between 9Li and 8He since they have the similar behavior when considering half-life or energy
spectrum. We will therefore focus on the 9Li properties.



68 Chapter 3. The Double Chooz experiment

9Li has a 257 ms lifetime and decays through �� decay into unstable excited states of
8Be or stable state of 9Be. 8Be decays then in two ↵ particles. About half of the 9Li decays
is followed by the emission of a neutron, mimicking perfectly an IBD signature. With an
endpoint of the �� decay spectrum at 13.6 MeV, there is no way to distinguish between this
decay and a neutrino event.

Fast neutrons

Fast neutrons are created from the interaction of cosmic muons in the surrounding rocks. The
created neutrons can then enter the detector. If they manage to cross the inner veto and the
buffer, these neutrons can produce a prompt-like signal due to the recoil of the proton hit
by the incoming neutron and can then produce a delayed-like signal when they are captured.
This background contribution can be investigated by looking at higher prompt energies where
there is no more neutrino component and then extrapolating to the prompt energy range of
interest.

Stopping muons

Due to the chimney we use to calibrate the detector by insering radioactive sources, it exists a
path going directly from the outside of the detector to the target. Muons can therefore enter
the inner detector without interacting with the inner veto nor the lower outer veto built to
warn against the presence of muons. Once inside the detector, the muon looses its energy by
ionization, mimicking a prompt signal, whereas the Michel electron created from the muon
decay can mimic a delayed signal later on.

3.4.2 Uncorrelated background

The uncorrelated background is also called accidental background. It corresponds to a ran-
dom association of a prompt-like signal together with a delayed-like signal. These two signals
are not correlated. Applying cuts on the distance as well as on the time interval between the
prompt and delayed signals allows to reduce the contamination but does not eliminate it. We
then have to quantify the remaining amount of accidental background.

Rate and spectrum shape of accidentals are determined following an off-time window
method. It consists in looking for prompt-like and delayed-like signals with a long enough
time window between these two signals in order to avoid a correlation between them. The
prompt and delayed signals selection follow the same criteria than the neutrino selection.
Figure 3.11 shows the distance between prompt and delayed signals for data, MC and acci-
dental sample collected in off-time coincidence windows. One can see that applying a cut on
the correlation distance allows to greatly decrease the accidental background with a limited
effect on the IBD signal inefficiency.
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Figure 3.11: Distance between the prompt and delayed signals in the case of neu-
tron capture on Gd. The points correspond to the data, the red line to the MC
and the blue line to the accidental sample obtained through an off-time window
method.





Chapter

4 Dealing with an unexpected
background

I don’t see the logic of rejecting data just because they seem incredible.
Fred Hoyle
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Since the very beginning of the data taking, Double Chooz had to deal with an unex-
pected background known as “light noise” among the collaboration. This background is due
to sporadic spontaneous flashes of some of the PMTs bases. Tests made in several laboratories
proved the origin of the noise to be due to PMTs glowing. Investigations on the behavior of
the epoxy used to cover the PMTs base in an electric field have been performed [123] and it
has also been shown that reducing the PMT HV tends to reduce the light emission [124]. In
order to avoid this misbehavior in the near detector, it has been decided to cover the base of
the PMTs with black sheet.

4.1 Motivations

Since it is no longer possible to cover the base of the PMTs of the Double Chooz far de-
tector, we need to provide offline analysis tools in order to discriminate between light noise
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and physics events. This crucial analysis started before my thesis but the level of light noise
rejection was not sufficient. I improved it and completed it to obtain what is now the “official”
light noise rejection algorithm for the collaboration.

In the previous published analyses [39, 40, 41], the light noise component was handled in
a different way for prompt or delayed events. For delayed events, there was also a difference
when considering neutron capture on Gd or H. The strength of the set of cuts we have de-
veloped is to be the same for any kind of events considered. Both efficiency and purity have
been improved.

Since both Gd and H analyses are considered in the following, we take into account events
which take place in the target as well as those which take place in the �-catcher. The only
set of cuts we apply on the data are the following:

• Total charge in IV: QIV < 30000 charge units
• Visible energy in ID: Evis 2 [0.4, 20 MeV]

The upper limits on both the charge collection in the IV and the visible energy in the ID
allow to reject muon events. The lower limit on the visible energy in the ID has been set to
0.4 MeV since below this value the trigger efficiency remains below 100 %. One fifth of the
large amount of available events1 are used in order to be able to perform the following analysis.

4.2 Discriminating variables

Several strategies have been developed in order to get rid of light noise [125]. Since the light
emission is localized in the PMT base, one PMT will first record its own light before it is
spread out to the other PMTs. The inhomogeneous distribution of light noise is the key to
discriminate it w.r.t. physics events. Several variables have been built in order to identify
light noise events. Four of them are now used to reject light noise events.

4.2.1 PMT Time RMS variable

The PMT Time RMS variable is known among the collaboration as the RMS(Tstart) variable.
It corresponds to the standard deviation of the distribution of the pulse start time on each
PMT, for a given event. Let us consider an ⌫̄

e

-like signal taking place inside the target.
Assuming an isotropic distribution of the light inside the inner detector, one should expect a
small spread in the photons arrival time on PMT, i.e. a low RMS(Tstart) value. A contrario,
in the case of a light noise event, the PMT responsible and the PMTs around it record the
event faster than the PMTs on the other side of the detector. It leads to a much larger spread
in the photons arrival time on PMT, i.e. a higher RMS(Tstart) value, w.r.t. point-like events
inside the detector.

12.5 billion events
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4.2.2 PMT Charge RMS variable

The PMT Charge RMS variable is also known as the RMS(Q) variable. It has been built fol-
lowing the same strategy as the RMS(Tstart) variable when looking at the charge distribution
among the PMTs. It corresponds to the standard deviation of the distribution of the charge
on each PMT, for a given event. When building it, we first assumed that, for an ⌫̄

e

-like signal
taking place inside the target, the charge should be uniformly distributed on average among
the PMTs. We expected then each PMT to receive more or less the same amount of charge,
therefore RMS(Q) to remain low. In the case of a light noise event, since it occurs at the
base of a PMT, this PMT and its neighbors should receive the largest amount of signal. The
PMTs on the other side of the detector should receive less signal, leading to a more important
spread in the charge distribution and consequently to a larger RMS(Q).

It appears that if the RMS(Q) variable alone is not very efficient in discriminating between
physics and light noise events, together with the RMS(Tstart) it becomes a much more powerful
tool [126]. Figure 4.1 shows the PMT Charge RMS vs PMT Time RMS spectra without any
light noise cuts. Two populations are distinguishable: physics events on the left, light noise
events rather on the right. The following cut is established:

RMS(Tstart) < 36 ns or RMS(Q) < 464� 8⇥ RMS(Tstart) (4.1)

Figure 4.1: PMT Charge RMS vs PMT Time RMS spectra. No light noise cuts
have been applied. The black line represents the 2D cut on the PMT Charge RMS
/ PMT Time RMS plan.

4.2.3 Maximum PMT Charge over Total Charge variable

The Maximum PMT Charge over Total Charge variable is also known as the Qmax/Qtot or
MQTQ variable. It corresponds to the fraction of the highest charge received by a PMT over
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the total amount of charge registered for the event. Since a light noise event takes place in
the PMT base, this PMT or a neighbor collects a much higher charge than the other PMTs.
One should then expect a larger Qmax/Qtot ratio for a light noise event and a smaller one for
a physics event by assuming the physics event charge to be uniformly distributed among the
PMTs. Physics events are selected with the Qmax/Qtot condition:

Qmax/Qtot < 0.12 (4.2)

4.2.4 �Q variable

The �Q variable, also known as Qdiff, is the last light noise variable. It has been designed in
order to get rid of light noise events with visible energy greater than 3 MeV. The algorithm
first looks for the PMT with the highest charge received, qmax. PMTs within a 1 m sphere
radius centered on the PMT with maximum charge are then selected in order to build the
Qdiff variable [127]:

Qdiff =
1

N

NX

i

(qmax � q
i

)2

q
i

(4.3)

where N is the number of PMTs within the sphere and q
i

their charge.

The signal difference between the PMT with maximum charge and its neighbors should
lead to a low Qdiff whereas it is expected to be large in the case of a light noise event. This
last cut is the high energy killer component of the light noise cuts set. Physics events are
selected with the Qdiff condition:

Qdiff < 30000 charge units (4.4)

4.3 Strategy

These four variables are working together in order to reject light noise events. The official
cuts used to reject those events are [128]:

• RMS(Tstart) < 36 ns or RMS(Q) < 464� 8⇥ RMS(Tstart)
• Qmax/Qtot < 0.12

• Qdiff < 30000 charge units

The light noise studies we present is based on the last runs selection which extends from
April 13, 2011 to January 30, 2013 for a 467.90 days total live time. Events which do not
fulfill the visible energy region of interest for the ⌫̄

e

analysis, i.e. between 0.4 and 20 MeV,
are rejected, as well as events with a charge deposition in the inner veto greater than 30000
charge units.

The so-called 2D cut is the main light noise cut. In the previous Double Chooz publica-
tions [39, 40, 41], the light noise was rejected by applying two cuts, one on the RMS(Tstart)
variable and another one on the Qmax/Qtot variable. RMS(Tstart) was required to be lower
than 40 ns in order to reject light noise events. Even if this cut was able to correctly handle
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the light noise, it appears that it also rejected low energy events. The 2D cut allows to avoid
the rejection of these events by extending the cut up to 58 ns, as it can be seen in Figures 4.1
and 4.2 after applying both the Qmax/Qtot and Qdiff cuts.

Figure 4.2: PMT Charge RMS vs PMT Time RMS spectra. Maximum PMT
Charge over Total Charge and �Q cuts have been applied. The black line repre-
sents the 2D cut on the PMT Charge RMS / PMT Time RMS plan. Physics data
belong to the left side of this line whereas light noise data belong to the right side
of this line.

Figures 4.3 to 4.10 illustrate the behaviors of the four variables used to discriminate light
noise events from events of interest we will call “Physics”. We voluntary apply quotes since
we do not know the contamination of light noise in the “Physics” sample. This sample con-
tains physics events, as it will be demonstrated in Section 4.4, but without a pure light noise
sample, we are not able to provide numbers on the contamination of light noise events in this
sample.

Figures 4.3 and 4.5 show the RMS(Tstart) and RMS(Q) spectra for both physics and
light noise events. Physics events are obtained by applying the three cuts listed above. The
physics spectrum evolves up to 58 ns whereas the light noise spectrum progresses in all the
available range. Due to the RMS(Tstart) cut value used in [39, 40, 41], low energy events were
removed, which could have lead to a loss of detection efficiency. Since we lower the prompt
visible energy to 0.5 MeV in [42] w.r.t. 0.7 MeV in [39, 40, 41], this 2D cut allows to minimize
the detection inefficiency. Figures 4.4 and 4.6 show the effect of the 2D cut once both the
Qmax/Qtot and Qdiff cuts have been applied. This 2D cut rejects 42.5 % of the pre-selection
made by the Qmax/Qtot and Qdiff cuts.
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Figure 4.3: PMT Time RMS spectra. Data without any cuts are represented in
black. Physics data are obtained by applying light noise cuts and are shown in
blue. Light noise data are shown in orange.
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Figure 4.4: PMT Time RMS spectra. Data without any cuts are represented in
black. Data when applying Maximum PMT Charge over Total Charge and �Q
cuts are shown in magenta. These two cuts allow to keep 39.8 % of the total events.
By applying then the 2D cut on the PMT Charge RMS / PMT Time RMS plan,
42.5 % of this selection is then rejected (from magenta to blue). Physics data are
therefore obtained by applying all light noise cuts and are shown in blue.
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Figure 4.5: PMT Charge RMS spectra. Data without any cuts are represented in
black. Physics data are obtained by applying light noise cuts and are shown in
blue. Light noise data are shown in orange.
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Figure 4.6: PMT Charge RMS spectra. Data without any cuts are represented in
black. Data when applying Maximum PMT Charge over Total Charge and �Q
cuts are shown in magenta. These two cuts allow to keep 39.8 % of the total events.
By applying then the 2D cut on the PMT Charge RMS / PMT Time RMS plan,
42.5 % of this selection is then rejected (from magenta to blue). Physics data are
therefore obtained by applying all light noise cuts and are shown in blue.
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Figure 4.7: Maximum PMT Charge over Total Charge spectra. Data without any
cuts are represented in black. Physics data are obtained by applying light noise
cuts and are shown in blue. Light noise data are shown in orange.
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Figure 4.8: Maximum PMT Charge over Total Charge spectra. Data without any
cuts are represented in black. Data when applying �Q cut and 2D cut on the
PMT Charge RMS / PMT Time RMS plan are shown in magenta. These two
cuts allow to keep 23.8 % of the total events. By applying then the Maximum
PMT Charge over Total Charge cut, 3.9 % of this selection is then rejected (from
magenta to blue). Physics data are therefore obtained by applying all light noise
cuts and are shown in blue.
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Figure 4.9: �Q spectra. Data without any cuts are represented in black. Physics
data are obtained by applying light noise cuts and are shown in blue. Light noise
data are shown in orange.
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Figure 4.10: �Q spectra. Data without any cuts are represented in black. Data
when applying Maximum PMT Charge over Total Charge cut and 2D cut on the
PMT Charge RMS / PMT Time RMS plan are shown in magenta. These two cuts
allow to keep 25.3 % of the total events. By applying then the �Q cut, 9.6 % of
this selection is then rejected (from magenta to blue). Physics data are therefore
obtained by applying all light noise cuts and are shown in blue.



80 Chapter 4. Dealing with an unexpected background

Figure 4.7 shows the Qmax/Qtot spectra for both physics and light noise events. This cut
was relaxed to 0.12 w.r.t. the previous publications. Indeed, for the previous Gd analysis,
this cut was required to be lower than 0.09 for prompt signals and lower than 0.055 for de-
layed signals in order to reject light noise events. For the H analysis, this cut was required
to be lower than 0.09 for both prompt and delayed signals. Figure 4.8 shows the effect of the
Qmax/Qtot cut once both the 2D cut and the Qdiff cuts have been applied. This Qmax/Qtot

cut rejects 3.9 % of the pre-selection made by the 2D cut and the Qdiff cuts.

Figure 4.9 shows the Qdiff spectra for both physics and light noise events and Figure 4.10
shows the effect of the Qdiff cut once both the 2D cut and the Qmax/Qtot cuts have been ap-
plied. This Qdiff cut rejects 9.6 % of the pre-selection made by the 2D cut and the Qmax/Qtot

cuts.

Applying all these light noise cuts brings out the fact that only 22.88 % of the total events
are physics events. Table 4.1 summarizes the rejection power of the light noise cuts.

Table 4.1: Fraction events rejected when applying light noise cuts.

Cut Total rejection (cut alone) Uncorrelated rejection
RMS(Tstart)/RMS(Q) 67.8 % 42.5 %

Qmax/Qtot 51.9 % 3.9 %
Qdiff 51.4 % 9.6 %

Figure 4.11 shows the number of hit channels when considering all the events and just
the physics events. This plot suggests that it would be possible to apply an online cut in
order to reduce the light noise contamination in the data. There are indeed several orders of
magnitude difference between light noise and physics events when recording events which hit
less than 30 channels.

We have also investigated the visible energy spectra as well as the event rate stability
over time in order to confirm a good behavior of our light noise cuts. From the visible en-
ergy spectra on Figure 4.12, we can see that the Gd capture peak around 8 MeV as well
as radioactive components spectra such as the 208Tl around 2.6 MeV become visible once
light noise events are rejected. The event rate stability is shown on Figure 4.13. Whereas the
light noise rate increases since the starting of the data taking, the physics rate remains stable.

Light noise emission usually takes more than the 256 ns acquisition time window. When
it lasts for a few microseconds, there is a non-trivial probability to trigger several light noise
events, what we call “correlated light noise”. Since light noise events are mainly low energy
events, the Gd analysis does not suffer from this correlated light noise. It was not the case
for the previous H analysis which had to take into account this additional background [41].
With the new set of light noise cuts, an investigation will be performed in this way.
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Figure 4.11: PMT Multiplicity spectra. Physics data (blue) have been obtained
by applying light noise cuts on data (black).
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Figure 4.12: Visible energy spectra. Physics data (blue) have been obtained by
applying light noise cuts on data (black).
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Figure 4.13: Event rate. Physics event rate (blue) and light noise event rate
(orange) are shown.

4.4 Validation of the strategy

Three different investigations were handled and presented at Double Chooz meetings in order
to validate the light noise strategy we developed.

4.4.1 Cross-check with calibration source

In order to validate the light noise strategy, we first investigated data taken during calibration
campaigns. We focused in particular on the 252Cf calibration source which was placed at
different positions along the z-axis. As for general data, we applied the following set of cuts:

• Total charge in IV: QIV < 30000 charge units
• Visible energy in ID: Evis 2 [0.4, 20 MeV]

We required an additional space cut selecting only events contained in a 50 cm radius
sphere around the source position.

Figure 4.14 shows the PMT Charge RMS vs PMT Time RMS spectra of 252Cf calibration
source along z-axis at z = 0 mm. We clearly see a separation between physics events on the
left and light noise events on the right of the represented 2D cut. We can notice a spot around
200 charge units which corresponds to the neutron capture on Gd signal. We can also have
a look at the visible energy spectra which is represented in Figure 4.15. Light noise events
do not affect the Gd capture peak which stands around 8 MeV, they mainly live at very low
energies. It is quite difficult to provide numbers on the inefficiency of these cuts since we do
not know the light noise residual contamination.
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Figure 4.14: PMT Charge RMS vs PMT Time RMS spectra of 252Cf calibration
source along z-axis at z = 0 mm. No light noise cuts have been applied. The black
line represents the 2D cut on the PMT Charge RMS / PMT Time RMS plan.
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Figure 4.15: Visible energy spectra of 252Cf calibration source along the z-axis at
z = 0 mm. Physics data (blue) have been obtained by applying light noise cuts
on run data (black).
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4.4.2 Cross-check with MC

Using MC allows to cross-check our light noise strategy by providing inefficiency numbers.
Since there is no light noise contamination, we deal only with physics events. This cross-check
was done using pre-selected ⌫̄

e

candidates. This pre-selected ⌫̄
e

candidates sample fulfills the
selection criteria described in Section 5.1.1 except for the 9Li + 8He veto cut which was not
applied. The multiplicity cut was also different, requesting no valid trigger in the 300 µs
preceding and 900 µs following the prompt event, instead of 200 µs and 600 µs.

It was noticed that the MC distributions of the four light noise variables distribution were
more or less shifted w.r.t. the data distributions. We applied a shift in order for the MC to
match the data [129]. We ended with a negligible inefficiency of 0.01 %. Inefficiency numbers
with and without shifts are provided in Table 4.2.

Table 4.2: MC inefficiency on pre-selected ⌫̄
e

candidates.

Cut Before shift After shift
RMS(Tstart)/RMS(Q) 0.0000 % 0.0004 ± 0.0002 %

Qmax/Qtot 0.0004 ± 0.0002 % 0.0004 ± 0.0002 %
Qdiff 0.0117 ± 0.0008 % 0.0118 ± 0.0008 %

Combined 0.0119 ± 0.0008 % 0.0124 ± 0.0008 %

4.4.3 Cross-check with special runs

A last step was to check whereas the light noise cuts would be able to correctly handle light
noise from PMTs we know to be noisy. Since the beginning of the data taking, some PMTs
were turned off in order to avoid light noise contamination on data. On September 13, 2011,
dedicated runs with these PMTs turned back on were taken [130]. We used these runs to
check if our cuts were able to handle the noisy PMTs issue.

Figure 4.16 shows the spatial distribution of the events for these dedicated runs before
applying the light noise cuts. One can clearly see structures in the buffer, the �-catcher
and the target. It would almost be possible to identify the noisy PMTs from the position
reconstruction of these structures. Figure 4.17 shows the same distributions after applying
the light noise cuts. Only a few events remain reconstucted in the buffer. There is no more
structure but a uniform distribution of the events. The success of the light noise cuts strategy
brought the collaboration to decide to turn these PMTs back on.
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*

Figure 4.16: Distribution of the events on the xy plane (left) and on the ⇢2z plane
(right) from the special runs dedicated to the light noise study. Light noise cuts
are not applied. The black circles correspond to the target, �-catcher and buffer.

*

Figure 4.17: Distribution of the events on the xy plane (left) and on the ⇢2z plane
(right) from the special runs dedicated to the light noise study, after applying the
light noise cuts.
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Ce que tu fais en fait, c’est étudier la sexualité des neutrinos.
Bernard Roncin
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Using two different data sets and three different methods, Double Chooz is able to provide
several measurements of ✓13:

- Data sets:
• Gd-capture sample: it corresponds to an Inverse Beta Decay (IBD) signal with neutron

capture on Gd. This kind of events is limited to the target since it is the only vessel
which contains Gd.

• H-capture sample: it corresponds to an IBD signal with neutron capture on H. Both
target and �-catcher have to be considered in this case.

- Methods:
• Rate-only analysis which focus only on the difference of the number of events between

the prediction and the measurement.
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• Rate and spectral shape analysis which takes into account both the rate of the ⌫̄
e

can-
didates as well as the spectral shape information. It brings constraints on systematic
uncertainties and ✓13.

• Reactor Rate Modulation (RRM) which is based on a fit to the observed rate of the
⌫̄
e

candidates as a function of the prediction.

5.1 Neutrino selection

Analysis cuts differ among the data set used but a set of general cuts remains common. First
of all, the events to be considered have to be valid triggers. It means that they can not be
random trigger, muon events or light noise events. Events are tagged as muon events if the
visible energy in the inner detector is larger than 20 MeV or if the charge collection in the
inner veto is larger than 30000 charge units. A 1 ms dead time window is applied after a muon
event before considering a new event, in order to reduce the cosmogenic background [131].
Light noise events are rejected by applying the cuts which were described in the previous
chapter. A visible energy cut is also applied, throwing out events with a visible energy below
0.4 MeV, since the trigger efficiency is not 100 %.

5.1.1 Gd-capture sample selection

The Gd analysis looks for IBD signals with neutron capture on Gd. We run over 460.67 days
of live time where at least one reactor was on and over 7.24 days of live time with two reactors
off. Figure 5.1 illustrates the neutrino candidates rate per day of data taking. Prediction and
observation are matching, following the nuclear reactors power history.
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Figure 5.1: Neutrino candidates rate per day of data taking. Empty dots show
data with backgrounds not subtracted whereas the dashed line shows the MC
prediction.
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Multiplicity cut

In order to reduce the correlated background, multiplicity cuts are applied. For the Gd anal-
ysis, it consists in rejecting candidates which hold a valid trigger in the 200 µs preceding and
600 µs following the prompt signal.

Prompt energy cut

The prompt signal corresponds to the scintillation and annihilation of the positron with an
electron. The visible energy of the prompt signal has to satisfy:

• 0.5 < Evis < 20 MeV

At 0.5 MeV, the trigger efficiency is already 100 % with a negligible uncertainty [132]. This
lower cut allows to keep low energy events useful for the spectrum shape whereas the upper cut
allows a better constraint on the fast neutron and stopping muon (FN+SM) component [133].

Delayed energy cut

The delayed signal corresponds to the neutron capture on Gd which leads to a visible energy
release of about 8 MeV. The visible energy of the delayed signal has to satisfy:

• 4 < Evis < 10 MeV

For the Gd analysis, the upper cut has been set to 10 MeV since there is a negligible
contribution of IBD events above this value. The lower cut has been set by comparing signal
efficiency and contamination of accidental background. Going below 4 MeV is not reasonable
because of the radioactivity contamination. This lower cut allows to maximize the detection
efficiency and to keep the accidental background rate below 0.1 event per day [134].

Coincidence cuts

Coincidence cuts between prompt and delayed signals are the strength of the selection. The
time difference between the prompt and delayed signals is set to take into account the neutron
thermalization before being captured on Gd. The capture time is around 30 µs for a neutron
capture on Gd. The distance between the vertex positions of the prompt and delayed signals
can also be set, which leads to the following coincidence cuts:

• 0.5 < �T < 150 µs
• �R < 100 cm

The upper �T cut has been optimized in order to keep an efficiency close to 100 % [135].
It also suppress systematic uncertainty on spill-in and spill-out effects [136]. The �R cut
provides an IBD signal inefficiency of 0.3 % and allows to reduce the accidental background
by a factor seven in comparison with no �R cut [137].
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Additional cuts

In order to further reduce the background contamination, several additional cuts were devel-
opped w.r.t. the analysis performed in [40].

FV veto cut When reconstructing the vertex position of an event, the vertex position
reconstruction algorithm gives a variable called FV. It corresponds to the minimized negative
log-likelihood which is given in equation (3.16). FV remains small when reconstructing point-
like events but becomes large for events which have different hit pattern such as stopping
muons. We use it only on delayed signals as follows:

• Evis > 0.068 ⇥ exp(FV/1.23)

Figure 5.2: Correlations between the FV variable and the visible energy for the
delayed signals. Black points show the data before the cut, and red circles on top
of the black points the rejected events after the cut.

This variable helps to discriminate stopping muons as well as remaining light noise. In-
deed, the variable becomes larger if the light source does not match a point-like energy
deposition, rejecting most of the stopping muons. Figure 5.2 shows the correlation which
exists between the variable and the visible energy. The red circles illustrates the events re-
jected by the cut. The red shape corresponds to the stopping muon component whereas the
events at higher FV correspond to remaining light noise events. Before using this variable,
a study pointed out an increase of the accidental background rate. It has been shown that
this increase was due to the emission of light noise from PMT #263. Applying light noise
cuts did not allow to remove it whereas the FV veto cut did, leading to the back of a stable
accidental background rate.

With this powerful tool, it has been decided to lower the �T cut used in [40] from 2 µs
to 0.5 µs. At that time, asking �T to be lower than 2 µs would bring additional systematic
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uncertainty due to the stopping muons contamination, which is not anymore the case.

Inner Veto (IV) veto cut Whereas the IV was used only to tag mainly fast neutrons
in [40], it is used as a veto for this analysis. Events which satisfy the following criteria are
rejected [138]:

• IV PMT multiplicity � 2

• Total charge in IV > 400 charge units
• �110 < �tID-IV < �10 ns
• �dID-IV < 3.7 m

�tID-IV corresponds to the time difference between recorded signals in the ID and the IV.
�dID-IV corresponds to the distance between the vertices position reconstruction calculated
in the ID and in the IV. The new IV vertex position reconstruction algorithm is based on a
neural network approach [139]. Since neutron capture on Gd leads to high energetic � which
can cross the whole ID to interact in the IV, the IV veto is only applied on prompt signals.

Outer Veto (OV) veto cut As for the IV veto cut, the OV veto cut is only applied on
prompt signals. The coincidence with an OV trigger causes the rejection of the event.

9Li + 8He veto cut Here again, the 9Li + 8He veto cut is only applied on prompt signals.
A dedicated likelihood function has been developed which takes into account the distance
between the vertex position reconstruction of the event and the last muon track position as
well as the number of neutrons following the muon within 1 ms. Events which satisfy the
following criterium are rejected:

• 9Li + 8He likelihood > 0.4

The 9Li + 8He veto cut allows to reject 1.12 ± 0.05 events per day, i.e. 55 % of the 9Li

+ 8He background expectation. Energy spectrum as well as �T distribution of the rejected
events are consistent with the behavior of 9Li + 8He candidates. A summary of the ineffi-
ciency of IBD signals due to these additional cuts are shown in Table 5.1.

Table 5.1: Inefficiency of IBD signals.

Cut Inefficiency
FV 0.06 ± 0.11 %

IV veto 0.058 ± 0.001 %
OV veto 0.035 ± 0.014 %

9Li + 8He veto 0.504 ± 0.018 %
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A tremendous work on the background reduction has been done since the previous pub-
lication [40]. The FV cut, the IV veto cut, the OV veto cut and the 9Li + 8He veto cut allow
to considerably reduce the background w.r.t. the previous analysis.

Figure 5.3 (left) shows the prompt energy spectrum using two different selection methods
and the ratio between them. The yellow histogram represents the selection from the previous
analysis [40] and the black points the one from this new analysis [42]. One can appreciate
the reduction of the fast neutron and stopping muon components at high energy, as well as
the reduction of the accidental component at low energy. Figure 5.3 (right) illustrates the
different vetoes behavior. The FV cut, OV veto and IV veto are rejecting respectively 71 %,
64 % and 24 % of the events above 12 MeV, range we know to be free of ⌫̄

e

. Together, these
three sets of cuts allow to reject 90 % of these high energy events.

Figure 5.4 (left) shows the delayed energy spectrum. Background reduction w.r.t. the
selection from [40] is visible below 5.5 MeV and above 9 MeV. Figure 5.4 (right) indicates
that, here again, the FV veto and the OV veto are the vetoes which reject the most of events.

Figure 5.5 (left) shows the correlation time distribution between the prompt and delayed
signals. The ratio between the two selection methods appears to be low at low �T. This
is due to the reduction of the stopping muon component. The accidental component is also
reduced at higher �T. Figure 5.5 (right) allows to observe a special behavior of the events
rejected by the 9Li + 8He veto. In the previous analysis [40], a longer cut after energetic
muons was applied, resulting in an increase of 4.8 % of the dead time. This strategy has been
removed in this new analysis [42], replacing it by a likelihood-based cut. The �T distribution
we can observe from this veto is consistent with the expectation.

Table 5.2: Predicted values of neutrino and background signals in absence of neu-
trino oscillation.

Source Reactor-on Reactor-off
Neutrinos 17530 ± 320 1.57 ± 0.47
9Li + 8He 447+189

�74 7.0+3.0
�1.2

FN + SM 278 ± 23 3.83 ± 0.64

Accidentals 32.3 ± 1.2 0.508 ± 0.019

Total 18290+370
�330 12.9+3.1

�1.4

This active background rejection allows to increase the signal over background ratio from
15.6 to 22. With this selection, we end with 17351 neutrino candidates when considering
reactor-on periods only. 7 additional neutrino candidates come from the reactor-off period.
These 17358 neutrino candidates are below the prediction of 18290+370

�330 neutrino candidates
when taking into account the background and considering an absence of neutrino oscillation.
Table 5.2 summarizes the observed and predicted values of neutrino and background signals.
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Figure 5.3: (left) Visible energy distribution of the prompt signals using selection
made in [40] and this selection. (right) Visible energy distribution of the prompt
signals for this analysis. Points and boxes show the data with their statistical
uncertainty before (grey, triangle) and after (black, circle) all analysis vetoes are
applied.

*

Figure 5.4: (left) Visible energy distribution of the delayed signals using selection
made in [40] and this selection. (right) Visible energy distribution of the delayed
signals for this analysis. Points and boxes show the data with their statistical
uncertainty before (grey, triangle) and after (black, circle) all analysis vetoes are
applied.
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*

Figure 5.5: (left) Correlation time of the prompt and delayed signals using selection
made in [40] and this selection. (right) Correlation time of the prompt and delayed
signals for this analysis. Points and boxes show the data with their statistical
uncertainty before (grey, triangle) and after (black, circle) all analysis vetoes are
applied.

5.1.2 H-capture sample selection

IBD signals with neutron capture on H have also been investigated in order to provide an in-
dependent measurement of ✓13. Systematic uncertainties as well as background characteristics
differ from the Gd analysis. Since there is no special need to restrict the volume investigation
to the target, IBD signals which take place in the �-catcher have also been taken into account.
Nevertheless, due to the presence of Gd in the target, only 13 % of the IBD interations in
the target are followed by a neutron capture on H. It results that 95 % of the investigated ⌫̄

e

candidates come from the �-catcher [41].

For this analysis, we run from April 13, 2011, to March 15, 2012, for a live time of
240.1 days. The live time is a bit different from the 227.9 days live time used in [40] since we
use different analysis cuts. This live time is also two times less than the live time used in [42]
since this analysis was performed with an older data set. An analysis running over the same
period than [42] is on-going. Figure 5.6 illustrates the neutrino candidates rate per day of
data taking.

First of all, the reader must be aware that the light noise strategy used in this H analysis
differs from the one we explained in the previous chapter. The variables which take into
account the charge deposition were not yet developed at that time. The light noise cuts used
in this H analysis are:
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Figure 5.6: Neutrino candidates rate per day of data taking. Black dots show data
with accidental background substracted whereas the dashed line shows the MC
prediction.

• RMS(Tstart) < 40 ns
• Qmax/Qtot < 0.09

RMS(Tstart) corresponds to the standard deviation of the distribution of the PMTs hit
time, Qmax is the maximum charge recorder by a PMT for a given event and Qtot is the total
charge of this event. It was shown in the previous chapter why these cuts have been replaced
by the ones we are using today.

As for the Gd analysis, a multiplicity cut has been applied, requiring no trigger neither in
the 600 µs before the prompt signal nor in the 1000 µs following the prompt signal, except the
delayed signal. The visible energy of the prompt candidate is required to stand in the range
[0.7, 12.2 MeV] and the visible energy of the delayed candidate in the range [1.5, 3.0 MeV]
since the neutron capture on H produces a characteristic 2.2 MeV � ray. Concerning the
coincidence cuts, both time and distance cuts between the prompt and delayed signals are
applied. The delayed signal should happen in the range [10, 600 µs] after the prompt signal
and the distance between them can not exceed 90 cm.

Figure 5.7 shows the correlation time and the correlation distance of the prompt and
delayed signals. Even with a correlation distance cut fixed at 90 cm, an important contam-
ination comes from the accidental background. A tremendous work is going on in order to
reduce this accidental background for the next publication.



96 Chapter 5. Measuring ✓13 with Double Chooz

*

Figure 5.7: Correlation time (left) and correlation distance (right) of the prompt
and delayed signals, from [140]. The red points correspond to the off-time spec-
trum, i.e. the accidental spectrum, the blue points to the on-time spectrum, and
the black points denote the off-time subtracted spectrum. The yellow histogram
is the MC spectrum.

5.2 Systematic uncertainties

Except for the reactor ⌫̄
e

rate uncertainties, the Gd and H-capture samples have to deal with
different systematics uncertainties since the Gd analysis runs on target events only whereas
the H analysis runs on both target and �-catcher events. The reactor flux uncertainty is
summarized in Table 5.3. The uncertainty on the fractional fission rate of the 238U ⌫̄

e

rate
decreased between the release of the H analysis [41] and the release of the new Gd analysis [42]
due to a new method explained in Section 3.1.1.

Table 5.3: Reactor ⌫̄
e

rate uncertainties.

Source Uncertainty (%)
Bugey-4 measurement 1.4

Fractional fission rate of each isotope 0.8 (Gd) / 0.9 (H)
Thermal power 0.5

IBD cross section 0.2
Mean energy released per fission 0.2

Distance to reactor core < 0.1

5.2.1 Gd-capture systematics

Selection cuts are optimized in order to provide a high efficiency detection together with a low
background contamination. Whereas the prompt signal detection efficiency is close to 100 %
thanks to a low dead time data acquisition system and a high trigger efficiency, one has to
more carefully investigate the delayed signal detection efficiency. Systematics on the neutron
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detection efficiency were investigated using neutrino candidates as well as 252Cf calibration
source. Data were then compared to MC in order to extract the correction factor which holds
three independent contributions:

c = cGd ⇥ cIBD ⇥ cSpill-in/out, (5.1)

where cGd corrects for the Gd fraction, cIBD for the selection efficiency and cSpill-in/out for the
spill-in/out effects.

Gd fraction systematic uncertainty

In the target, neutrons can be mainly captured on Gd or H. The proportion of neutron
captures on Gd, fGd, depends on the Gd concentration in the liquid scintillator. This is
estimated using a 252Cf calibration source. Spontaneous fissions of 252Cf lead to the emission
of � and 3.8 neutrons in average [141]. � and neutrons are respectively recorded as prompt
and delayed signals. We investigated the ratio of the number of neutron captures on Gd with
the combined number of neutron captures on Gd and H from the delayed energy spectrum:

fGd =
N(Gd)

N(Gd+H)
=

N(3.5 < Evis < 10 MeV)

N(0.5 < Evis < 10 MeV)
(5.2)

Whereas the numerator should contain only neutron captures on Gd and a small fraction
of neutron captures on C, the denominator holds neutron captures on H in addition. Back-
ground contamination is removed by requesting the prompt visible energy to stand above
4 MeV and to have more than one neutron detected after the prompt signal.

Gd fraction has been measured to be 85.30 ± 0.08 % for the data and 87.49 ± 0.04 % for
the MC. The Gd fraction correction factor is then:

cGd =
fData
Gd
fMC
Gd

= 0.9750 ± 0.0011 (stat) ± 0.0041 (syst) (5.3)

Selection efficiency

The goal here is to provide a normalization factor between data and MC in order to ensure
that the selection efficiency in MC matches the one in data. Cuts are simultaneously evaluated
in an inclusive way. It allows to account for possible correlation between them. The correction
factor for the selection efficiency has been calculated using two different methods. The first
one uses 252Cf calibration source and the second one neutron capture signals from the neutrino
candidates.

Efficiency from 252Cf calibration source Efficiency of neutron capture signals has been
measured using a 252Cf calibration source deployed at different positions along the z-axis.
Since we do not yet have the articulated arm, we can not deployed calibration source in the
(x, y) plane of the target. The ⇢-dependence of the efficiency has then be handled by assuming
it to be the same as the z-dependence. This approximation has been investigated through a
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dedicated MC study [142].

The efficiency of neutron capture signals is defined as:

✏IBD =
N (0.5 < �T < 150 µs \ 4 < Evis < 10 MeV \ �R < 1 m)

N (0.25 < �T < 1000 µs \ 3.5 < Evis < 10 MeV)
, (5.4)

where N corresponds to the number of selected events.

This efficiency definition depends on both z and ⇢:

✏(z, ⇢) = ✏0 ⇥ f1(z)⇥ f2(⇢), (5.5)

where ✏0 stands for the efficiency at the target center and f1(z) and f2(⇢) for the spatial
dependence functions.

Over the whole target volume, the averaged efficiency has been found to be 98.29 ± 0.06 %
for the data and 98.26 ± 0.03 % for the MC. The correction factor corresponds to the ratio
between averaged efficiency of data and MC:

cIBD =
✏Data
IBD
✏MC
IBD

= 1.0003 ± 0.0032 (5.6)

Efficiency from neutrino candidates Since neutrino candidates are homogeneously dis-
tributed in the whole target volume, the measurement of the efficiency takes into account the
⇢ dependence. Nevertheless, we have to deal with a lower statistics and a higher background
contamination in comparison to the 252Cf method. In order to reduce this background con-
tamination, stronger cuts were applied to the prompt candidates, in addition to the usual
cuts:

• 0.5 < Evis < 8 MeV
• FV < 5.8

Accidental background contamination was also removed by using the off-time window
method. The efficiency of neutron capture signals in this case is defined as:

✏IBD =
N (0.5 < �T < 150 µs \ 4 < Evis < 10 MeV \ �R < 1 m)

N (0.25 < �T < 200 µs \ 3.5 < Evis < 10 MeV \ �R < 1.7 m)
, (5.7)

where N corresponds to the number of selected events.

Efficiencies have been measured to be 98.58 ± 0.19 % for the data and 98.62 ± 0.02 %
for the MC. Figure 5.8 shows the efficiency maps for data and MC. By comparing data and
MC, we can access the correction factor:

cIBD =
✏Data
IBD
✏MC
IBD

= 0.9996 ± 0.0021 (5.8)

The correction factor to the MC normalization is calculated from a combination of the
ones found with the two methods:

cIBD = 1.0000 ± 0.0019 (5.9)
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Figure 5.8: Efficiency maps for data (left) and MC (right).

Spill-in/out systematic uncertainty

Since the target volume is finite, one can expect edge effects. The positron signal can for
instance take place in the �-catcher whereas the neutron can cross the acrylic and be captured
in the target. This feature is called spill-in effect. A contrario, when the prompt signal takes
place in the �-catcher and the delayed signal in the target, this is called spill-out. These
effects do not cancelled and affect the prediction of the number of detected interactions. We
can define the spill current as [143]:

�Spill-in/out =
1

N target
⌫̄e

⇥
 
Ndet

Spill-in +Ndet
Spill-out

✏IBD
�NSpill-out

!
, (5.10)

where N target
⌫̄e

is the number of IBD interactions in the target volume, Ndet
Spill-in the number of

detected spill-in events, Ndet
Spill-out the number of detected spill-out events where the neutron is

captured on 12C in the �-catcher, ✏IBD the efficiency of neutron capture signals using neutrino
candidates as defined previously and NSpill-out the number of spill-out events.

The net spill current has been found to be 2.08 % from the NeutronTH-Geant4 model
and 2.36 % from the Tripoli model. Whereas NeutronTH-Geant4 includes molecular bonds
from analytical calculation, Tripoli uses experimental data. The systematic uncertainty on
spill-in/out effects comes from this discrepancy. The correction factor has been found to be:

cSpill-in/out = 1.0000 ± 0.0027 (5.11)

Summary of Gd-capture systematics

The final correction factor to be applied is given by equation (5.1) as a combination of the
three correction factors we investigated:

c = 0.9750 ± 0.0053 (5.12)

Table 5.4 summarizes the input for the MC correction factor as well as the fractional un-
certainties. The selection correction factor is different from the one reported in equation (5.9)
since it takes into account inefficiencies due to multiplicity and light noise cuts. Table 5.5
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summarizes the uncertainties on signal and backgrounds to the MC normalization.

Table 5.4: Correction factors to the MC normalization.

Source Correction factor Uncertainty (%)
DAQ & Trigger 1.000 < 0.1

Veto after muons 0.955 < 0.1

FV, IV, OV, 9Li + 8He 0.993 0.1
Proton number 1.000 0.3

Gd fraction 0.975 0.4
Selection 0.989 0.2

Spill-in/out 1.000 0.3
Total 0.915 0.6

Table 5.5: Signal and backgrounds uncertainties to the MC normalization. Gd-
III/Gd-II represents the evolution of the uncertainty between this publication [42]
and the previous one [40].

Source Uncertainty (%) Gd-III/Gd-II
Reactor ⌫̄

e

rate 1.7 1.0
Detection efficiency 0.6 0.6

9Li + 8He background +1.1, -0.4 0.5
FN + SM background 0.1 0.2

Statistics 0.8 0.7
Total +2.3, -2.0 0.8

5.2.2 H-capture systematics

In order to evaluate the fraction of neutron captures on H within the selection criteria on the
delayed visible energy, Edelayed, the correlation time, �T, and the correlation distance, �R,
calibration runs using a 252Cf radioactive source have been investigated. It allows to evaluate
biases in the neutron selection criteria and to estimate their contribution to the systematic
uncertainties.

Since the H analysis considers not only the target but also the �-catcher, the neutron
detection efficiency has to be estimated in these two different volumes. While 252Cf can be
inserted in the target using the Z-Axis Deployment System (ZADS), one can use the Guide
Tube (GT) to deploy the source inside the �-catcher. The H-capture fraction was found to
be 0.1342 ± 0.0015 in the target and 0.983 ± 0.003 in the �-catcher. Table 5.6 summarizes
the neutron detection efficiency.
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Table 5.6: Efficiencies from 252Cf radioactive source deployment in taget and �-
catcher.

Efficiency Target �-catcher
H-capture fraction 0.1342 ± 0.0015 0.983 ± 0.003

✏
E

delayed

0.9679 ± 0.0028 0.9220 ± 0.0021

✏�T 0.6955 ± 0.0124 0.9041 ± 0.0015

✏�R 0.9361 ± 0.0048 0.9584 ± 0.0018

Total 0.0846 ± 0.0018 0.7853 ± 0.0036

The systematic uncertainty in the detection efficiency over the whole volume has been
estimated to 1.0 %. A spill-in/out effect has also been taken into account, with a systematic
uncertainty of 1.2 %. Adding in quadrature these two systematic uncertainties leads to a
total detection efficiency uncertainty of 1.6 %. An energy scale systematic uncertainty has
also been investigated. One has to take into account the time variation, the non-linearity and
the non-uniformity in the detector response. While the two first effects have been treated
in the same way that [40], the third effect has to be more investigated due to the use of
both the target and the �-catcher volumes. The energy scale systematic uncertainty has been
estimated to 1.7 %. Table 5.7 summarizes the uncertainties on signal and background to the
MC normalization.

Table 5.7: Signal and background uncertainties to the MC normalization.

Source Uncertainty (%)
Reactor ⌫̄

e

rate 1.8
Detection efficiency 1.6

Energy scale 0.3
9Li + 8He background 1.6
FN +SM background 0.6
Accidental background 0.2

Light Noise 0.1
Statistics 1.1
Total 3.1

5.3 Reactor-off data analysis

Double Chooz has the unique opportunity to deal with periods where the two nuclear re-
actors can be simultaneously off. Having reactor-off data is a real chance to measure the
backgrounds. 7.24 days live time of reactor-off data taken in two different periods have been



102 Chapter 5. Measuring ✓13 with Double Chooz

investigated using a Gd-capture analysis.

5.3.1 Signal prediction

It is not because the reactors are off that they do not still emit ⌫̄
e

. One has to remember that
the ⌫̄

e

are created from the �� decay of fission products inside the reactors, which are still
present even if the nuclear chain reaction is stopped. This residual power is responsible for
about 6 % of the total initial power just after the shutdown and exponentially decay because
of the fission product exponential decays later on.

The way we are calculating the expected number of ⌫̄
e

for the ✓13 analysis relies on the
fission rate, as seen in Section 3.1.1. We then have to evaluate the residual emission spec-
trum using another method. It has been done using a dedicated simulation performed with
fispact, which is in charge to solve the Bateman equations, together with a spectrum com-
putation performed with bestiole [43].

Even if most of the fission products have a lifetime of the order of a few minutes or a few
hours, others can have a longer lifetime, of the order of days. This kind of fission products will
then continue to produce ⌫̄

e

during an off period. We remind that these ⌫̄
e

can interact in the
detector only if they have an energy higher than 1.806 MeV as calculated in equation (3.6).
Two fission products fulfill these criteria, the 106Ru and 144Ce decay series:

106Ru
�

�
������!
371.8 days

106Rh
�

�(3.5 MeV)��������!
30.1 sec

106Pd (5.13)

144Ce
�

�
������!
284.9 days

144Pr
�

�(3.0 MeV)��������!
17.3 min

144Nd (5.14)

The amount of short lifetime fission products remains stable when the reactor is running
whereas long lifetime fission products such as 106Ru or 144Ce accumulate in the reactor. Be-
cause of its long lifetime and thanks to the fact that it emits ⌫̄

e

which can later on be detected,
144Ce is an excellent candidate for investigating a possible new neutrino oscillation at short
baseline.

The amount of remaining ⌫̄
e

was found to be 1.57 ± 0.47. The signal prediction is then
a sum of these remaining ⌫̄

e

together with the background model. For the period considered,
one should expect 12.93+3.07

�1.41 events.

5.3.2 Reactor-off measurement

The neutrino selection applied for this reactor-off period led to 54 events before applying
background vetoes. Once applying those vetoes, we are left with 7 candidates, which corre-
sponds to a 9.0 % (1.7�) deficit w.r.t. the prediction. This reactor-off data set allows an
improvement in the precision of the Reactor Rate Modulation (RRM) analysis while the effect
is limited when considering the rate and spectral shape analysis.
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5.4 ✓13 measurements

Two different oscillation analyses allow to extract ✓13. The “conventional” one is based on a
combined fit of rate and spectral shape whereas the Reactor Rate Modulation (RRM) analysis
compares observed and predicted rates at different reactor powers.

5.4.1 Rate and spectral shape analysis

After the selection of the ⌫̄
e

candidates, the data are compared to the MC together with the
background model. This fit is performed using RooFit and Minuit packages. Since we still
do not know the mass hierarchy, separate fits using �m2

31 values for normal and inverted
hierarchies have been used.

We construct a standard �2 function defined as follows:

�2 =
BX

i

BX

j

⇣
Nobs

i

�Npred
i

⌘
M�1

ij

⇣
Nobs

j

�Npred
j

⌘
+

5X

k=1

✏2
k

�2
k

+ (✏
a

, ✏
b

, ✏
c

)⇥

0

B@
�2
a

⇢
ab

�
a

�
b

⇢
ac

�
a

�
c

⇢
ba

�
b

�
a

�2
b

⇢
bc

�
b

�
c

⇢
ca

�
c

�
a

) ⇢
cb

�
c

�
b

�2
c

1

CA

�1

⇥

0

B@
✏
a

✏
b

✏
c

1

CA

+ 2

 
Nobs

off ⇥ ln

 
Nobs

off

Npred
off

!
+Npred

off �Nobs
off

!
, (5.15)

where B stands for the number of bins considered and Nobs
i

and Npred
i

refer respectively to
the number of observed and predicted events.

The last term of the first line holds the normalization uncertainty on the 9Li + 8He

background rate, the uncertainty on the fast neutron and stopping muon background rate, the
systematic component of the uncertainty on the accidental background rate, the uncertainty
on �m2

31 and the uncertainty on the number of residual ⌫̄
e

emitted during the reactors-off
period:

5X

k=1

✏2
k

�2
k

=
(✏Li+He � 1)2
⇣
�
[up,down]
Li+He

⌘2 +
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(�FN+SM)2
+

(✏acc � 1)2
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2
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�
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31

�2
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�
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2
31

⌘2 +
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2 (5.16)

The first line of equation (5.15) contains the number of predicted events, Npred
i

, which
can be written as:

Npred
i

=
X

R=1,2

N ⌫̄e,R

i

+
X

b

N b

i

, (5.17)

where N ⌫̄e,R

i

= P (⌫̄
e

! ⌫̄
e

)NR

i

with P (⌫̄
e

! ⌫̄
e

) the survival probability in a two neutrino os-
cillation hypothesis and NR

i

the expected number of ⌫̄
e

in the energy bin i from equation (3.4).



104 Chapter 5. Measuring ✓13 with Double Chooz

R runs over the number of nuclear reactors and b over the three backgrounds to be considered.

N ⌫̄e,R

i

holds the sin2 2✓13 and �m2 parameters as well as the ✏
a

, ✏
b

and ✏
c

energy scale
parameters whereas N b

i

holds the ✏Li+He, ✏FN+SM and ✏acc parameters. Npred
i

is then a func-
tion which holds all the free parameters from the �2 definition, except the ✏res parameter.

Systematic and statistical uncertainties are propagated to the fit through the covariant
matrix M

ij

which accounts for correlations between energy bins. It can be expressed as the
sum of several covariant matrices:

M
ij

= M stat
ij

+M react
ij

+M eff
ij

+M
Li+He (shape)
ij

+M
acc (stat)
ij

, (5.18)

where M stat
ij

is a diagonal matrix which takes into account the statistical uncertainty on the
observed events. M react

ij

accounts for the uncertainty on the ⌫̄
e

emission prediction. M eff
ij

can
also be written as �2effN

pred
i

Npred
j

where �2eff corresponds to the uncertainty on the normal-
ization of the MC. MLi+He (shape)

ij

accounts for the uncertainty on the spectral shape of the
Li+He spectrum. M

acc (stat)
ij

accounts for the statistical uncertainty of the accidental back-
ground rate.

The second line of equation (5.15) brings the energy scale model. It has been developed
in order to take into account uncertainties on the discrepancy between data and MC:

EMC
vis ! a+ b⇥ EMC

vis + c⇥ �EMC
vis
�2

, (5.19)

where a, b and c are parameters which appear in equation (5.15) through ✏
a

= a � aCV,
✏
b

= b� bCV and ✏
c

= c� cCV.

Constraints on ✏
a

, ✏
b

and ✏
c

are given by the matrix in which the correlation parameters
⇢
ab

, ⇢
bc

and ⇢
ac

were investigated through dedicated stability, uniformity and non-linearity
systematics studies.

Finally, the third line of equation (5.15) brings the contribution of residual ⌫̄
e

emitted
during the reactors-off period. Since the statistics remains low, Nobs

off is compared to Npred
off

through a log-likelihood based on Poisson statistics.

Results on the Gd-capture analysis

There are different ways to use the �2 function from equation (5.15) in order to extract
sin2 2✓13. One of them is to compare the predicted and observed spectra on the whole range
of the prompt energy spectra, without taking care of the binning. This is what we call
rate-only analysis. Reactor-on and reactor-off periods are separetely used in the fit. We end
with:

sin2 2✓13 = 0.090+0.036
�0.037 (5.20)
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It is also possible to account for the spectral behavior of the prompt energy spectra. This
is the preferred option of the Double Chooz collaboration, which is called rate+shape anal-
ysis. A special binning has been used to do so which is described in Table 5.8. The use of
this binning allows to gain additional informations on backgrounds rates since we know that
between 12 and 20 MeV there is no space for IBD events. B from equation (5.15) is then
running over 40 bins whereas B = 1 in the case of the rate-only analysis.

Table 5.8: Bins distribution for the rate and spectral shape analysis with neutron
capture on Gd.

Range Bin width Number of bins
0.5 - 8 MeV 250 keV 30 bins
8 - 10 MeV 500 keV 4 bins
10 - 12 MeV 1 MeV 2 bins
12 - 20 MeV 2 MeV 4 bins
0.5 - 20 MeV 40 bins

Assuming a normal hierarchy with �m2
31 = 2.44+0.09

�0.10 ⇥ 10�3 eV2 taken from MINOS [83]
in agreement with T2K [84], the minimization of the �2 function leads to the best fit value
for sin2 2✓13:

sin2 2✓13 = 0.090+0.032
�0.029, (5.21)

with �2
min/d.o.f. = 52.2/40.

Table 5.9 summarizes the best fit values of the fit parameters. Considering an inverted
hierarchy with |�m2

31| = 2.38+0.09
�0.10 ⇥ 10�3 eV2 [83] leads to sin2 2✓13 = 0.092+0.033

�0.029 with
�2

min/d.o.f. = 52.2/40.

Removing the constraints on the 9Li + 8He background rate and the fast neutron and stop-
ping muon background rate allows to cross-check these results. It gives sin2 2✓13 = 0.088+0.030

�0.031

with a Li+He rate of 0.49+0.16
�0.14 events per day and a FN+SM rate of 0.541+0.052

�0.048 events per
day. This results is compatible with the one obtained when applying constraints on these two
backgrounds.

Figure 5.9 represents the visible energy spectrum of the prompt signals after substraction
of the background. This spectrum is superimposed on the best fit prediction and on the
non-oscillation hypothesis. The ratio of the data to the non-oscillation prediction shows a
clear deficit below 4 MeV, consistent with a neutrino oscillation expectation.

Above 4 MeV, one can observe a spectrum distortion as it can be better seen in Figure 5.10.
An excess around 5 MeV as well as a deficit around 7 MeV are clearly visible and are not yet
understood. Even if it does not affect the ✓13 measurement, this unexpected behavior has
been deeply investigated by the Double Chooz collaboration before releasing these observa-
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Table 5.9: Input parameters values for the fit and the obtained output parameters
values from [144]. These results assume a normal neutrino mass hierarchy.

Parameter Input Input error Output Output error
Energy scale a -0.027 0.006 -0.026 +0.006, -0.005
Energy scale b 1.012 0.008 1.011 +0.004, -0.006
Energy scale c -0.0001 0.0006 -0.0006 +0.0007, -0.0005

9Li + 8He rate (day�1) 0.97 +0.41, -0.16 0.74 0.13
FN+SM rate (day�1) 0.604 0.051 0.568 +0.038, -0.037

Accidentals rate (day�1) 0.0701 0.0026 0.0703 0.0026
Residual ⌫̄

e

1.57 0.47 1.48 0.47
�m2 (10�3 eV2) 2.44 +0.09, -0.010 2.44 +0.09, -0.010

sin2 2✓13 0.090 +0.032, -0.029
�2

min/d.o.f. 52.2/40

tions [145, 146, 147]. The RENO collaboration reported this same excess at the Neutrino 2014
conference [148] and the Daya Bay collaboration later on at the ICHEP 2014 conference [149].

The energy scale as cause of this distortion is disfavored from spallation neutron with
capture on carbon studies. Due to the smaller capture cross section on carbon compared to
the one on Gd, the events to be considered take place in the �-catcher and result in an energy
peak at 5 MeV. Both data and MC agree within 0.5 %. The energy scale has further been
investigated through the study of � decays of 12B collected in the data, without finding any
distortion. This excess is not limited to the Gd-capture sample and depends on the nuclear
reactor power, disfavoring the possibility of unknown backgrounds. A deviation from reactor
flux prediction seems to be the preferred hypothesis and may find an answer from the calcu-
lation of the fission and � decay processes [150].

Results on the H-capture analysis

The extraction of the ✓13 mixing angle follows the method used in [39, 40]. The visible energy
spectrum of the prompt signals has been compared to the MC which assumes no oscillation.
The rate and spectral shape analysis runs over 31 variably sized energy bins in the range [0.7,
12.2 MeV]. As for the results on the Gd-capture sample described above, the pull parameters
are allowed to vary in the fit and are shown in Table 5.10.

The best fit value gives:

sin2 2✓13 = 0.097 ± 0.034 (stat) ± 0.034 (syst), (5.22)

with �2
min/d.o.f. = 38.9/30.
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Table 5.10: Input parameters values for the fit and the obtained output parameters
values from [41]. The �m2 input parameter is taken from [151].

Parameter Input Output
9Li + 8He rate (day�1) 2.8 ± 1.2 3.9 ± 0.6

FN+SM rate (day�1) 2.5 ± 0.5 2.6 ± 0.4

Energy scale 1.00 ± 0.02 0.99 ± 0.01

�m2 (10�3 eV2) 2.32 ± 0.12 2.31 ± 0.12

sin2 2✓13 0.097 ± 0.034 (stat) ± 0.034 (syst)
�2

min/d.o.f. 38.9/30

The statistical error corresponds to the 1� error which can be further reduced by collect-
ing more data whereas the systematic error corresponds to the uncertainty which can not be
reduced by collecting more data. This analysis exclude sin2 2✓13 = 0 at 97.4 % (2.0�). The
rate only analysis leads to sin2 2✓13 = 0.044 ± 0.022 (stat) ± 0.056 (syst).

Figure 5.11 represents the visible energy spectrum of the prompt signals after substraction
of the background. The ratio of the data to the non-oscillation prediction does not show a
spectrum distortion at 5 MeV even if one can guess a hint of a structure. At that time the
statistics was too low to discriminate between a physics effect and a statistical effect. The
release of the next H-capture sample analysis, with twice more statistics w.r.t. [41], should
confirm the behavior observed previously.

5.4.2 Reactor Rate Modulation (RRM) analysis

The Reactor Rate Modulation (RRM) is based on the comparison of observed and predicted
rates at different reactor powers. The strength of this analysis is to provide a background
model independent measurement of ✓13 since both the total background rate and the ✓13
mixing angle are determined simultaneously. This analysis differs from conventional analy-
sis based on background model used by Daya Bay and RENO which extract ✓13 through a
rate analysis. Double Chooz is so far the only reactor experiment that published such re-
sults [152, 42].

Since the Double Chooz far detector is exposed to only two reactors, the ⌫̄
e

flux changes
dramatically when one of these two reactor turns off. It also happens that both reactors
turn off in the same time, leading to an almost ⌫̄

e

-free background measurement [111]. Two
reactors on (2-On), one reactor off1 (1-Off) and two reactors off (2-Off) configurations can
then be set. The data set is distributed into seven bins of the reactor thermal power, three
for the 2-On case, three for the 1-Off case and one for the 2-Off case. The fit procedure can
be performed using only reactor-on data but can also include reactor-off data in order to

1One reactor off or two reactors on with low power.
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Figure 5.11: Visible energy spectrum of the prompt signals together with the ratio
and the substraction of the data with the MC which assumes no oscillation. The
points correspond to the background substracted data.

improve background constraint.

The comparison of observed and predicted rates, Robs and Rpred, yields to a correlation
between sin2 2✓13 and the total background rate B:

Robs = B +Rpred = B + (1� ⌘osc sin
2 2✓13)R

⌫̄e , (5.23)

where R⌫̄e refers to the expected ⌫̄
e

rate when considering an absence of neutrino oscillation
and ⌘osc is the average disappearance coefficient hsin2(�m2L/4E)i = 0.55.

The RRM analysis has to deal with three sources of systematics uncertainties:

• Detection efficiency (�
d

= 0.6 %)
• Residual ⌫̄

e

prediction (�
⌫̄e = 30 %)

• Reactor flux prediction (�
r

) which depends on the reactor power for a given configura-
tion (2-On or 1-Off)
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A standard �2 function has been built:

�2 =
6X

i=1

⇣
Robs

i

�Rpred
i

�B
⌘2

(�stat
i

)2
+
✏2
d

�2
d

+
✏2
⌫̄e

�2
⌫̄e

+
✏2
r

�2
r

+ 2
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off ⇥ ln

 
Nobs

off

Npred
off

!
+Npred

off �Nobs
off

!

+

�
B �Bpred�2

(�
b

)2
, (5.24)

where Robs
i

and Rpred
i

are respectively the observed and predicted rate and B the total back-
ground rate. Systematics are handled through the ✏

d

, ✏
⌫̄e and ✏

r

parameters.

Nobs
off and Npred

off are respectively the observed and predicted number of neutrino candidates
during the reactors-off period. Npred

off accounts for the residual ⌫̄
e

and background rates. It
can be written as follows:

Npred
off =

�
R⌫̄e

off +B
�⇥ Toff, (5.25)

where Toff corresponds to the 7.24 days of reactors-off period.
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Figure 5.12: (left) Two parameters fit with reactor-on data, reactor-off data and
background model. (right) 68.3 %, 95.5 % and 99.7 % C.L. contour plot.

Using both reactor-on and reactor-off data, as well as the background model, we get the
best fit value for sin2 2✓13:

sin2 2✓13 = 0.090+0.034
�0.035, (5.26)

with �2
min/d.o.f. = 4.2/6 and a background rate of 1.56+0.18

�0.16 per day.

Figure 5.12 (left) shows the two parameters fit when using reactor-on, reactor-off and
background model. There is a clear correlation between the observed and predicted rates
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when considering different reactor powers. Figure 5.12 (right) shows the allowed regions on
the (sin2 2✓13, B) plane for this configuration.
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Figure 5.13: (left) Two parameters fit with reactor-on and reactor-off data. (right)
68.3 %, 95.5 % and 99.7 % C.L. contour plot.

We now remove the background model by suppressing the last line of equation (5.24). B

is now treated as a free parameter, allowing a background model independent of sin2 2✓13.
The best fit value for sin2 2✓13 becomes:

sin2 2✓13 = 0.060 ± 0.039, (5.27)

with �2
min/d.o.f. = 1.9/5 and a background rate of 0.93+0.43

�0.36 per day.

Removing the background model allows to cross-check and provides a background model
independent measurement of ✓13. Figure 5.13 shows the two parameters fit for this configu-
ration, as well as the allowed regions on the (sin2 2✓13, B) plane.

We finally remove the reactor-off period from the fit, which leaves us with only the first
line of the �2 definition from equation (5.24). The best fit value for sin2 2✓13 becomes:

sin2 2✓13 = 0.089 ± 0.052, (5.28)

with �2
min/d.o.f. = 1.3/4 and a background rate of 1.56 ± 0.86 per day.

Removing both the background model and the reactor-off period allows to test the impact
of the data taken during the reactor-off period. Figure 5.14 shows the two parameters fit for
this configuration, as well as the allowed regions on the (sin2 2✓13, B) plane.

The three sin2 2✓13 values are compatible among the different configurations. Table 5.11
summarizes the values of sin2 2✓13 and B for the three configurations.
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Figure 5.14: (left) Two parameters fit with reactor-on data only. (right) 68.3 %,
95.5 % and 99.7 % C.L. contour plot.

Table 5.11: Summary of the different configurations of the RRM analysis.

Configuration sin2 2✓13 B �2/d.o.f.
Reactor-on + Reactor-off + Background model 0.090+0.034

�0.035 1.56+0.18
�0.16 4.2/6

Reactor-on + Reactor-off 0.060 ± 0.039 0.93+0.43
�0.36 1.9/5

Reactor-on 0.089 ± 0.052 1.56 ± 0.86 1.3/4

Figure 5.15 illustrates the impact of using the reactor-off data. The measured total back-
ground rate from this period allows indeed to better constrain sin2 2✓13.

The RRM analysis can help to better understand the 5 MeV excess seen in the rate and
spectral shape analysis. Assuming the excess to be due to an unexpected background, the
rate should be independent of the reactor power whereas it should be proportional to the re-
actor power if this excess is due to a deviation from reactor flux prediction. An energy binned
RRM fit, called eRRM fit, has been developed in order to investigate this excess. Since the
eRRM fit is based on a correlation between observed and predicted rates, it is possible to
discriminate between an unexpected background and a deviation from reactor flux prediction.

Constraints on the background were removed whereas sin2 2✓13 was set to be equal to
0.090+0.009

�0.008 from [88]. Figure 5.16 shows the background rates in agreement with both the
background rates estimation and the observed rates in the reactor-off period. The reactor
flux normalizations are found to be larger than expected in the [4.25, 6 MeV] region and lower
in the [6, 8 MeV] region. It turns out that this excess is better explained by a deviation from
reactor flux prediction than an unexpected background.
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Figure 5.16: Background rates (left) and reactor flux normalizations (right)
through eRRM fits for five visible energy regions. Constraints on the background
were removed whereas a constraint on sin2 2✓13 was added.
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6 Looking for geo-neutrinos with
Borexino

Les Italiens sont des Français de bonne humeur.
Jean Cocteau
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The knowledge of the Earth is limited by indirect measurements. While seismology con-
strains the density profile, geochemistry allows to study the chemical composition of rocks
which can be accessed. Chondritic meteorites as well as the photosphere of the Sun are also
under investigation. The interdisciplinar field of neutrino geoscience aims to take advantage
of the neutrino experiments skills to study the Earth interior with direct messengers, the
geo-neutrinos.
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6.1 Borexino: from the Sun to the Earth

The Borexino experiment was designed to observe solar neutrinos. In particular, the main
goal was to measure the flux of neutrinos coming from electron capture on 7Be in the Sun, with
5 % precision. Thanks to its low level of radioactivity background, Borexino succeeded [153].
Borexino can also investigate other solar components, such as 8B and pep solar neutrino
rate [154, 155]. Due to its position in a nuclear free country, Italy, Borexino is also sensitive
to geo-neutrinos [156, 157].

6.1.1 Experimental site and detector design

The Borexino detector is located in the Laboratory Nazionali del Gran Sasso (LNGS), a deep
underground laboratory close to L’Aquila in Italy. This laboratory holds several other neu-
trino experiments. Due to its specific location under a mountain, this laboratory is protected
from cosmic rays thanks to a rock shielding equivalent to 3800 meter water equivalent (m.w.e.).

Figure 6.1: Scheme of the Borexino detector.

Borexino was born as a prototype of the BOREX experiment. BOREX was planned to be
a liquid scintillator detector filled with several kilotons of trimethyl borate, an organoboron
compound. It was then realized that a 100 ton detector would be enough to achieve mea-
surements of low energy solar neutrino fluxes. A smaller BOREX detector was investigated,
giving birth to the Borexino detector. A 4 tons prototype, the Counting Test Facility (CTF)
was first built to demonstrate the feasibility of liquid scintillator purification needed for solar
neutrino studies. The Borexino detector construction began in 1998 and on May 15, 2007,



6.1. Borexino: from the Sun to the Earth 117

data taking started.

The Borexino target consists of a thin nylon vessel of 4.25 m nominal radius filled with
278 tons of pseudocumene doped with 1.5 g/L of PPO, a fluorescent dye. Two buffers of 323
and 567 tons of liquid scintillator surround it and act as a shield. They are separated by
another thin nylon vessel. A 13.7 m stainless steel sphere support the 2212 8-inch photomul-
tiplier tubes which look at the target. This vessel is finally enclosed in a 18 m diameter by
16.9 m high domed water tank filled with 2100 tons of ultrapure water to detect muons which
can enter the target. Figure 6.1 represents a scheme of the Borexino detector.

In order to reduce systematic errors, several calibration campaigns were performed be-
tween 2008 and 2011 [158]. They led to a better understanding of the Borexino detector
response and allowed to optimize several input parameters values of the Monte Carlo (MC).

6.1.2 Solar neutrinos in sight

As for water Čerenkov experiments, solar neutrinos are detected inside Borexino through the
elastic scattering (ES) reaction:

⌫
↵

+ e� ! ⌫
↵

+ e� (ES), (6.1)

where ↵ stands for e, µ or ⌧ .

Since the cross section for ⌫
e

with this reaction is about six times higher than the ones
for ⌫

µ

and ⌫
⌧

, the Borexino detector misses solar neutrinos which oscillate from ⌫
e

to ⌫
µ

or
⌫
⌧

, leading to a deficit when comparing with the predictions.

7Be neutrinos

In order to improve the knowledge about the Sun and the fusion reactions which take place
inside, the Borexino experiment is looking for monochromatic neutrinos emitted at 862 keV
from the electron capture on 7Be process:

7
4Be + e� ! 7

3Li + ⌫
e

�
7Be

�
(6.2)

According to Figure 1.4, this process gives the second most important solar neutrino flux,
behind the pp process. With a 153.6 ton·year fiducial exposure, the 7Be solar neutrino rate
in Borexino, R, was measured to be:

R = 46.0 ± 1.5 (stat)+1.5
�1.6 (syst) counts/(day ⇥ 100 tons) (6.3)

It corresponds to a flux of (3.10 ± 0.15) ⇥ 109 cm�2 s�1 when one should expect
4.77 ⇥ 109 cm�2 s�1, according to Table 1.1. The non-oscillation hypothesis was then ex-
cluded at 5.0� [153].
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Thanks to the stability of the detector, a day–night asymmetry was also investigated [159].
Since the solar neutrinos have to cross the Earth during the night and not during the day,
one can think there will be a difference in the rate when comparing day data with night data.
Whereas the Mikheyev-Smirnov-Wolfenstein (MSW) neutrino oscillations with Large Mixing
Angle (LMA) oscillation parameters do not predict any change between day and night, the
LOW oscillation parameters allows a large day-night effect. In 2012, Borexino measured a
day-night asymmetry, Adn, to be:

Adn = 0.001 ± 0.012 (stat) ± 0.007 (syst) (6.4)

With this result, Borexino was able to exclude the LOW region of the MSW parameter
space.

8B neutrinos

While the neutrinos emitted in 7Be process are monochromatic, one has to deal with a three
body decay and then with a continuous energy spectrum in the case of the neutrinos emitted
from the �+ radioactivity process of 8B:

8
5B ! 8

4Be
⇤ + e+ + ⌫

e

�
8B
�

(6.5)

In 2010, Borexino reported the first observation of 8B solar neutrino rate with a liquid
scintillator detector [154]:

R = 0.22 ± 0.04 (stat) ± 0.01 (syst) counts/(day ⇥ 100 tons) (6.6)

It corresponds to a flux of (2.4± 0.4 (stat)± 0.1 (syst))⇥ 106 cm�2 s�1 for a 3 MeV energy
threshold, in good agreement with the Super-Kamiokande result illustrated in Table 1.1.

pep neutrinos

With an uncertainty of 1.2 % thanks to luminosity constraint, the Standard Solar Model
(SSM) provides an accurate flux prediction for neutrinos emitted in the pep process:

p+ e� + p ! d+ ⌫
e

(pep) (6.7)

The pep solar neutrino rate was measured to be [155]:

R = 3.1 ± 0.6 (stat) ± 0.3 (syst) counts/(day ⇥ 100 tons) (6.8)

Figure 6.2 shows the solar rate measurements made by a given type of experiment together
with the predictions.
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Figure 6.2: Solar rate measurements and predictions for a given type of experiment.

6.2 A unique opportunity to study geo-neutrinos

Geo-neutrinos are neutrinos emitted from the decay of radioactive isotopes present in the in-
terior of the Earth. Since the chemical composition of our planet is not yet perfectly known,
having a new source of information will help to better constrain how our planet works. The
idea of using geo-neutrinos as a direct messenger was suggested in 1965 by G. Eder [160]
and in 1968 by G. Marx [161] before being reviewed by L.M. Krauss, S.L. Glashow and D.N.
Schramm in 1984 [162]. So far, only the KamLAND experiment in Japan [163] and the
Borexino experiment in Italy [156, 157] have reported an observation of geo-neutrinos. New
up-coming projects plan also to study geo-neutrinos, such as SNO+ [164], as well as projects
under the design phase like JUNO, LENA [165] or Hanohano [166].

6.2.1 A look at the Earth

Let us have a look at our planet. This 4.54 billion year old lady is composed of three main re-
gions. A metallic core in its center is surrounded by a mantle which is itself covered by a crust.

The innermost part of our planet is mainly composed of a Fe-Ni alloy. This part of the
Earth is responsible for the terrestrial magnetism. The core can not be accessed directly, its
study relies on the analysis of meteorites such as carbonaceous chondrite and in the measure-
ment of travel time of seismic waves. This measurement allows to know that with a radius
of 2890 km, about 45 % of the Earth radius, the core is in fact separated in two cores. The
inner core has a 1220 km radius and is solid whereas the outer core was discovered thanks to
the study of P and S waves. Since S waves do not go through liquid whereas P waves do, the
outer core is believed to be liquid.

The mantle is located between the core and the crust. Even if it is solid, the mantle is
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convective. This convection is responsible for plate tectonics and earthquakes. The mantle
is, as the core, divided in two regions, the lower mantle and the upper mantle. The lower
mantle, which is close to the core, has lost most of its radioactive components to the upper
mantle and the crust during the differentiation with the core. The mantle composition can be
accessed through the study of mid-ocean ridge basalts which are formed due to plate tectonics.

Since it is directly accessible, the crust is the most known region of the Earth. It appears
that there is not only one type of crust but several. One has to make a difference between
the continental crust and the oceanic crust. The oceanic crust is thiner and much more
younger than the continental crust for instance. Indeed, since the oceanic crust is constantly
renewed by being recycling in the mantle when it falls in it at subduction zones, the oceanic
crust is around 80 million years old, whereas the continental crust is around 2 billion years old.

Bulk Silicate Earth (BSE) models describe both the crust and the mantle. There are
different types of BSE models. Whereas geochemical BSE models study carbonaceous chon-
drites, cosmochemical BSE models focus on enstatite chondrites. There is also geodynamical
BSE models which are not based on meteorite compositions but on the mantle convection.
Nevertheless, BSE models allow all to describe both the crust and mantle of the Earth before
the differentiation between the crust and the mantle which took place during the Earth for-
mation. BSE models are consistent with most observations. They also allow to estimate the
composition of the mantle when making a difference between the mass abundances predicted
by the BSE models and the ones measured in the crust. This helps to determine the portion
of radioactive elements inside the mantle which can not be directly accessible [167].

Figure 6.3: Scheme of the different layers of the Earth.
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6.2.2 Geo-neutrinos production

Over the last decades, several studies on the total heat released from the surface of the Earth
were conducted. It consists in the measurement of temperature gradients of drill holes. With
38347 heat flow measurements, J.H. Davies and D.R. Davies provided in 2010 an estimated
rate of 47 ± 2 TW [168], compatible with previous studies led by C. Jaupart in 2007 and by
H.N. Pollack in 1993 for estimated rates of 46 ± 3 TW [169] and 44 ± 1 TW [170].

The radiogenic heat is due to radioactive decays inside the Earth and it is admitted that
radioactive elements belong only to the crust and the mantle of our planet. These different
decays produce neutrinos with a flux which varies in time. The radiogenic heat was therefore
much larger in the early Earth than today. Four main decay series are involved:

• 238U decay series
• 235U decay series
• 232Th decay series
• 40K decay

Isotopes in the 235U decay series (⌧1/2 = 0.70 ⇥ 109 year) are not much involved in the
radiogenic heat production because of a small isotopic abundance. An even smaller fraction
is coming from isotopes in the 87Rb decay series (⌧1/2 = 48.1 ⇥ 109 year), 138La decay series
(⌧1/2 = 102 ⇥ 109 year) and 176Lu decay series (⌧1/2 = 37.6 ⇥ 109 year).

In order to access the geo-neutrino luminosity i.e. the number of neutrinos produced in
the Earth per unit of time, one has to investigate the different decay series.

238U decay series

Isotopes from 238U decay series produce 6 ⌫̄
e

and release 51.7 MeV according to:

238U ! 206Pb + 8↵+ 6 e� + 6 ⌫̄
e

+ 51.7 MeV (6.9)

238U does not decay directly to 206Pb but makes a succession of alpha and beta decays,
illustrated in Table 6.1. The ⌫̄

e

production rate per unit of mass of the 238U decay series can
be calculated:

R
⌫̄e(

238U) = N
⌫̄e

N
A

M(238U) ⌧
= 7.46⇥ 104 ⌫̄

e

/ (g·s), (6.10)

where N
⌫̄e is the number of ⌫̄

e

produced in reaction (6.9), N
A

the Avogadro number, M(238U) =

238.05 g/mol and ⌧ = ⌧1/2/ ln 2 with ⌧1/2 = 4.47 ⇥ 109 years.

We can also calculate the heat production rate per unit of mass of the 238U decay series
carried by the ⌫̄

e

, which is linked to R
⌫̄e(

238U) through:

P
⌫̄e(

238U) = R
⌫̄e(

238U)
Q

⌫̄e(
238U)

N
⌫̄e

= 7.88 nW/g, (6.11)
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where Q
⌫̄e(

238U) = 0.634 pJ is extracted from [171].

Nevertheless, this heat production rate can not be measured and one would prefer to know
the radiogenic heat production rate which can be accessed by subtracting Q

⌫̄e(
238U) from the

decay Q value of 51.7 MeV:

Q
heat

(238U) = Q�Q
⌫̄e(

238U) = 47.74 MeV, (6.12)

leading to:

P
heat

(238U) = R
⌫̄e(

238U)
Q

heat

(238U)

N
⌫̄e

= 95.12 nW/g (6.13)

Table 6.1 presents the 238U decay series. Mainly two isotopes, 234Pa and 214Bi, are able
to provide ⌫̄

e

which can later on interact in a detector through Inverse Beta Decay (IBD)
interactions [172]. The other isotopes provides ⌫̄

e

with energy lower than the threshold energy
of 1.806 MeV we have calculated in equation (3.6).

Table 6.1: 238U decay series, from [173]. Only the �� decays of 234Pa and 214Bi

provide ⌫̄
e

susceptible to interact through IBD interactions in a detector.

Step Parent Half-life Decay Daughter
1 238U 4.47⇥ 109 y Alpha 234Th

2 234Th 24.1 d Beta 234Pa

3 234Pa 1.17 m Beta 234U

4 234U 2.44⇥ 105 y Alpha 230Th

5 230Th 7.7⇥ 104 y Alpha 226Ra

6 226Ra 1.60⇥ 103 y Alpha 222Rn

7 222Rn 3.82 d Alpha 218Po

8 218Po 3.05 m Alpha 214Pb

9 214Pb 26.8 m Beta 214Bi

10 214Bi 19.8 m Beta 214Po

11 214Po 1.64⇥ 10�4 s Alpha 210Pb

12 210Pb 22.3 y Beta 210Bi

13 210Bi 5.01 d Beta 210Po

14 210Po 138.4 d Alpha 206Pb

(stable)

235U decay series

Isotopes from 235U decay series produce 4 ⌫̄
e

and release 46.4 MeV:

235U ! 207Pb + 7↵+ 4 e� + 4 ⌫̄
e

+ 46.4 MeV (6.14)
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The ⌫̄
e

production rate and the radiogenic heat production rate per unit of mass of the
235U decay series can be calculated:

R
⌫̄e(

235U) = N
⌫̄e

N
A

M(235U) ⌧
= 3.20⇥ 105 ⌫̄

e

/ (g·s), (6.15)

P
heat

(235U) = R
⌫̄e(

235U)
Q

heat

(235U)

N
⌫̄e

= 568.36 nW/g, (6.16)

with M(235U) = 235.04 g/mol�1, ⌧1/2 = 7.04 ⇥ 108 years and Q
⌫̄e(

235U) = 0.325 pJ is
extracted from [171].

232Th decay series

Isotopes from 235U decay series produce 4 ⌫̄
e

and release 42.7 MeV:

232Th ! 208Pb + 6↵+ 4 e� + 4 ⌫̄
e

+ 42.7 MeV (6.17)

As for 238U and 235U, 232Th does not decay directly to 208Pb. Table 6.2 illustrates the
succession of decays 232Th goes through. The ⌫̄

e

production rate and the radiogenic heat
production rate per unit of mass of 232Th can be calculated:

R
⌫̄e(

232Th) = N
⌫̄e

N
A

M(232Th) ⌧
= 1.63⇥ 104 ⌫̄

e

/ (g·s), (6.18)

P
heat

(232Th) = R
⌫̄e(

232Th)
Q

heat

(232Th)

N
⌫̄e

= 26.41 nW/g, (6.19)

with M(232Th) = 232.04 g/mol�1, ⌧1/2 = 1.40 ⇥ 1010 years and Q
⌫̄e(

232Th) = 0.358 pJ is
extracted from [171].

Table 6.2 presents the 232Th decay series. Two isotopes, 228Ac and 212Bi, are able to
provide ⌫̄

e

which can later on interact in a detector through an IBD interaction [172].

40K decay

Finally, let us have a look at the 40K decay series. 40K can decay to 40Ca through �� decay
or can become 40Ar through an electron capture:

40K ! 40Ca + e� + ⌫̄
e

+ 1.311 MeV (89.3 %) (6.20)
40K+ e� ! 40Ar + ⌫

e

+ 1.505 MeV (10.7 %) (6.21)

Both 40Ca and 40Ar are stable, there is no succession of decays as for the previous elements.
When considering the first reaction which produces ⌫̄

e

, we can calculate the ⌫̄
e

production
rate and the radiogenic heat production rate par unit of mass of 40K:

R
⌫̄e(

40K) = 0.893⇥N
⌫̄e

N
A

M(40K) ⌧
= 2.31⇥ 105 ⌫̄

e

/ (g·s), (6.22)
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Table 6.2: 232Th decay series, from [173]. Only the �� decays of 234Pa and 214Bi

provide ⌫̄
e

susceptible to interact through IBD interactions in a detector.

Step Parent Half-life Decay Daughter
1 232Th 1.40⇥ 1010 y Alpha 228Ra

2 228Ra 5.75 y Beta 228Ac

3 228Ac 6.13 h Beta 228Th

4 228Th 1.913 y Alpha 224Ra

5 224Ra 3.66 d Alpha 220Rn

6 220Rn 55.6 s Alpha 216Po

7 216Po 0.15 s Alpha 212Pb

8 212Pb 10.64 h Beta 212Bi

9a 212Bi 60.6 m Beta 212Po

(64%)
9b 212Bi 60.6 m Alpha 208Tl

(36%)
10a 212Po 2.98⇥ 10�7 s Alpha 208Pb

(stable)
10b 208Tl 3.053 m Beta 208Pb

(stable)

P
heat

(40K) = R
⌫̄e(

40K)
Q

⌫̄e(
40K)

N
⌫̄e

= 24.72 nW/g, (6.23)

with M(40K) = 39.96 g·mol�1, ⌧1/2 = 1.28 ⇥ 109 years and Q
⌫̄e(

40K) = 0.103 pJ is extracted
from [171].

From all these decay series we can now provide the total geo-neutrino luminosity L, as
well as the total radiogenic heat production rate H:

L =
X

i

R
i

⇥m
i

(6.24)

H =
X

i

P
i

⇥m
i

(6.25)

where R
i

represents the ⌫̄
e

or the ⌫
e

production rate per unit of mass, P
i

the radiogenic heat
production rate per unit of mass and m

i

the mass of 238U, 235U, 232Th and 40K.

We summarize in Table 6.3 the properties of the different decay series we investigated. In
particular, when looking at the maximal energy the emitted neutrinos can carry, we notice
that ⌫̄

e

from 235U decay series and 40K decay are below the threshold of 1.806 MeV required
to create the positron and the neutron in an IBD interaction. The maximal energy carried by
⌫
e

from 40K decay is also too small to be detected. The geo-neutrinos which can be studied
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will then only be the ⌫̄
e

coming from the 238U and 232Th decay series.

Considering only the 238U and 232Th decay series, the effective luminosity is given by:

L
eff

= R
⌫̄e(

238U)⇥m(238U) +R
⌫̄e(

232Th)⇥m(232Th) (6.26)

Table 6.3: 238U, 235U, 232Th and 40K decay series properties.

238U 235U 232Th 40K(⌫̄e)
40K(⌫e)

⌧1/2 (year) 4.47 ⇥ 109 7.04 ⇥ 108 1.40 ⇥ 1010 1.28 ⇥ 109 1.28 ⇥ 109

Q (MeV) 51.7 46.4 42.7 1.311 1.505
Q

⌫̄e (pJ) 0.634 0.325 0.358 0.103 -
# ⌫̄

e

6 4 4 1 -
R

⌫̄e (⌫̄e/(g · s)) 7.46 ⇥ 104 3.20 ⇥ 105 1.63 ⇥ 104 2.31 ⇥ 105 -
# ⌫

e

- - - - 1
R

⌫e (⌫e/(g · s)) - - - - 2.77 ⇥ 104

Emax (MeV) 3.26 1.23 2.25 1.311 0.044

From Table 6.3, one can also notice that if the Sun is a ⌫
e

emitter, the Earth is mainly an
⌫̄
e

emitter. It is then possible to make both studies and to discriminate between them since
their interactions in a detector such as Borexino will differ.

6.2.3 Geo-neutrino signal prediction

It is now of importance to precisely know m(238U) and m(232Th) from equation (6.26) in
order to obtain the geo-neutrino signal prediction. Let us take a portion of the Earth, of
mass dm, located at a distance r from the center of the Earth. We can expressed dm as
dm = ⇢dV where ⇢ is the density of the portion considered and dV its volume. As a first
step, we will only focus on 238U and we will see how we can extract information on 232Th.

The ⌫̄
e

flux coming from the decay series of the 238U present inside this piece of Earth
when being at the surface of the Earth is:

d�(238U) = R
⌫̄e(

238U)P
ee

a(r)⇢(r)d3r

4⇡|R⌦ � r|2 , (6.27)

where a(r) stands for the mass abundance of 238U, R⌦ = 6371 km is the Earth radius and
P
ee

= P (⌫̄
e

! ⌫̄
e

) is the survival probability of the geo-neutrinos.

P
ee

can be expressed as:

P
ee

= cos4 ✓13

✓
1� sin2(2✓12) sin

2

✓
1.27

�m2
21(eV

2)L(m)

E(MeV)

◆◆
+ sin4 ✓13, (6.28)
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with an oscillation length L0:

L0 = 2.48
E

�m2
21

' 66 km, (6.29)

when considering E = 2 MeV and �m2
21 = 7.54 ⇥ 10�5 eV2.

With an oscillation length L0 ⌧ R⌦, we can make the reasonable assumption of an
averaged survival probability for geo-neutrinos:

hP
ee

i = cos4 ✓13

✓
1� 1

2
sin2(2✓12)

◆
+ sin4 ✓13 = 0.55± 0.03, (6.30)

where mixing angles and mass square differences are taken from [110].

We access � through an integration which gives us:

�(238U) = R
⌫̄e(

238U) hP
ee

i
Z

R⌦

0

a(r)⇢(r)d3r

4⇡|R⌦ � r|2 (6.31)

The abundance a(r) differs when considering different layers of the Earth we call reservoirs.
The crust and the mantle do not contain the same amount of 238U and we have to take this
into account:

�(238U) = R
⌫̄e(

238U) hP
ee

i
X

res

a
res

Z
r

up

r

low

⇢(r)d3r

4⇡|R⌦ � r|2 (6.32)

Whereas models do not always agree on the determination of the reservoirs composition,
they reach a consensus on the mass abundance ratio between uranium and thorium:

Th

U
= 3.9 (6.33)

We can then express the ⌫̄
e

flux from 232Th with the one from 238U:

�(232Th) =
R

⌫̄e(
232Th) hP

ee

i P
res

a
res

R
r

up

r

low

a(r)⇢(r)d3
r

4⇡|R⌦�r|2

R
⌫̄e(

238U) hP
ee

i P
res

a
res

R
r

up

r

low

a(r)⇢(r)d3
r

4⇡|R⌦�r|2
�(238U)

= 3.9
R

⌫̄e(
232Th)

R
⌫̄e(

238U)
�(238U)

= 0.85⇥ �(238U) (6.34)

The total geo-neutrino flux is then:

�tot = �(238U) + 0.85⇥ �(238U) (6.35)

In order to evaluate the total geo-neutrino flux, one can think to use a Bulk Silicate
Earth (BSE) model we described previously. Nevertheless, several BSE models exist and
they can vary by a factor 3 in the 238U content. We will use the BSE model described
in [174] since it takes into account the specificities of the Borexino site. The ⌫̄

e

flux for 238U

is
�
4.34+0.96

�0.75

� ⇥ 106 cm�2s�1 and is
�
4.23+1.26

�0.80

� ⇥ 106 cm�2s�1 for 232Th around Borexino.
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Figure 6.4: Global map of the total geo-neutrino flux prediction, from [167].

These fluxes are given without taking into account the averaged survival probability of the
geo-neutrinos calculated in equation (6.30). By introducing it, we finally obtain:

�(238U) =
�
2.37+0.96

�0.75

�⇥ 106 cm�2s�1 (6.36)

�(232Th) =
�
2.31+1.26

�0.80

�⇥ 106 cm�2s�1 (6.37)

A more useful flux unit named TNU for Terrestrial Neutrino Unit allows to convert these
fluxes in order to take into account the detector size, the experiment duration and the detec-
tion efficiency. One TNU corresponds then to one event detected over one year exposure of
1032 target protons at 100 % efficiency. One TNU differs when considering ⌫̄

e

fluxes emitted
from the 238U or the 232Th decay series. One TNU corresponds to a flux of 7.67⇥104 cm�2s�1

in the case of 238U and 2.48 ⇥ 105 cm�2s�1 in the case of 232Th [167]. We can then express
�(238U) and �(232Th) in terms of TNU unit, S(238U) and S(232Th):

S(238U) = 30.95+12.52
�9.78 TNU (6.38)

S(232Th) = 9.33+5.08
�3.23 TNU, (6.39)

which leads to the total geo-neutrino rate:

Stot = S(238U) + S(232Th) = 40.3+13.5
�10.3 TNU (6.40)

6.3 Chasing the geo-neutrinos

6.3.1 Detection

The detection of geo-neutrinos, which are ⌫̄
e

from what we saw previously, relies on the signa-
ture of the IBD interactions ⌫̄

e

+p ! e++n where the positron scintillation and annihilation,
the “prompt” signal, is followed by the neutron capture on hydrogen (H), the “delayed” sig-
nal. The prompt and delayed signals are correlated in space and time, which allows to apply
specific cuts determined by neutron capture physics.
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Figure 6.5: Scheme of an IBD interaction with neutron capture on H.

6.3.2 Selection

Even if I run my analysis on the total available data taking period, I will focus in this analysis
on the exact same data taking period than the one released in [157], in order not to be in
conflict with a future Borexino paper.

Data have then been taken from December 9, 2007 to August 26, 2012. It corresponds to
a live time of 1323.26 days live time. This live time is a bit less than the 1353 days live time
published in [157]. This is due to the removal of some runs which had hardware issue. The
cuts used for the neutrino selection in Borexino are:

- Prompt:
• Qprompt > 408 p.e.
• Fiducial Volume (FV) cut asking to have a distance greater than 25 cm from the target

vessel
• No neutron-like event in the 2 ms preceding the prompt signal

- Delayed:
• 860 < Qdelayed < 1300 p.e.
• No neutron-like event in the 2 ms following the delayed signal

- Coincidence (prompt and delayed):
• Time coincidence: 20 < �t < 1280 µs
• Space coincidence: �R < 100 cm

Qprompt and Qdelayed stand for the PMTs light yields of the prompt and the delayed signals
respectively. 1 MeV corresponds to approximatively 500 photoelectrons (p.e.). The FV cut is
required in order to avoid to take into account radioactive components present on the target
vessel made of nylon. Since this vessel is not perfectly spherical and changes in time, an
algorithm based on the position reconstruction of identified radioactive components allows to
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calculate the vessel shape on a weekly basis. We ask then the prompt position reconstruction
to be at least 25 cm away from this vessel shape. The precision is about 1.6 % and was
calibrated using a dedicated LED calibration system [158].

A 2 s dead time window has been applied after each identified internal muon and a 2 ms
dead time window has been applied after each identified external muon. This induces a
10.41 % dead time leading to a 1185.56 days effective live time.
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Figure 6.6: Dead time variation due to muons (left) and target volume variation
(right) as a function of time from December 9, 2007 to August 26, 2012.
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Figure 6.7: Distribution of the 47 ⌫̄
e

candidates as a function of time from Decem-
ber 9, 2007 to August 26, 2012.

Figure 6.6 (left) shows the dead time variation due to muons from December 9, 2007 to
August 26, 2012. The peak which can be seen around the week 120 is probably due to a
hardware issue and is still under investigation. Figure 6.6 (right) shows the target volume
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variation for the same period. An important decrease at the beginning of the period can be
seen. It was due to a leakage of the liquid scintillator on the top of the target.

Figure 6.7 shows the distribution of the 47 ⌫̄
e

candidates from December 9, 2007 to Au-
gust 26, 2012. Each bin indicates the number of observed ⌫̄

e

candidates within 6 months.
The distribution is flat, as expected. We should detect around 10 ⌫̄

e

candidates per year.
Some of the 47 ⌫̄

e

candidates we found in this analysis are different from the 46 ones reported
in [157]. Due to an improvement of the algorithm for the FV cut, three ⌫̄

e

candidates passed
our selection when one was removed from it. Another ⌫̄

e

candidate was removed since we
found an additional signal between the prompt and the delayed signals. We then added three
⌫̄
e

candidates and removed two.
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Figure 6.8: Qprompt (left) and Qdelayed (right) light yield spectra of the 47 ⌫̄
e

candidates.

Figure 6.8 corresponds to the Qprompt and the Qdelayed light yield spectra. Since the max-
imum energy a geo-neutrino can carry is 3.26 MeV according to Table 6.3, the corresponding
maximum visible energy we can measure in the detector is:

Evis ' E
⌫̄e � 0.782 MeV ' 2.48 MeV (6.41)

The geo-neutrino candidates stand then in the Qprompt < 1300 p.e. region. Above this
end-point, only ⌫̄

e

from nuclear reactors are seen. We observe 21 neutrino candidates when
requesting Qprompt > 1300 p.e. while we should expect 22.0 ± 1.6 and 39.9 ± 2.7 ⌫̄

e

can-
didates with and without oscillation. The observation is then matching the prediction when
considering an oscillation hypothesis. The averaged survival probability is found to be:

hP
ee

i = 0.55± 0.06, (6.42)

in excellent agreement with 0.55± 0.03 we found previously in equation (6.30).
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Figure 6.9: Correlation time (left) and correlation distance (right) between the
prompt and the delayed signals of the 47 ⌫̄

e

candidates.

6.4 Background studies

6.4.1 Reactor background

Even if Borexino is located in a nuclear free country, it is nonetheless sensitive to ⌫̄
e

emitted
from nuclear reactors which lay on our planet. Since one can not discriminate between ⌫̄

e

from nuclear reactors and geo-neutrinos, this background is the main one. Nevertheless, it is
possible to estimate the expected number of events, Nreact, which can be registered:

Nreact =
RX

r=1

MX

m=1

⌘
m

4⇡L2
r

P
rm

⇥
Z

dE
⌫̄e

4X

i=1

f
i

E
i

�
i

(E
⌫̄e)�(E⌫̄e)Pee

(E
⌫̄e , Lr

), (6.43)

where r runs over the number of nuclear reactors R considered, m runs over the number of
months M considered, ⌘

m

stands for the exposure in month m and includes detector effi-
ciency, L

r

is the detector-reactor distance, P
rm

is the effective thermal power of reactor r in
month m, i runs over the spectral components of 235U, 238U, 239Pu and 241Pu, f

i

is the power
fraction of component i, E

i

the average energy released per fission of component i, �
i

(E
⌫̄e)

the ⌫̄
e

spectrum per fission of component i, �(E
⌫̄e) the IBD cross section and P

ee

(E
⌫̄e , Lr

)

the survival probability of the emitted ⌫̄
e

of energy E
⌫̄e created at distance L

r

.

MC have been developed in order to take into account the 446 nuclear reactors running
during the period of interest. The effective thermal power of each of these reactors has been
calculated as a product of the nominal thermal power times the monthly load factor provided
by the International Atomic Energy Agency (IAEA). �

i

(E
⌫̄e) has been extracted from [43]

and �(E
⌫̄e) from [175].

6.4.2 Accidental background

Accidentals are one of the main background when looking for ⌫̄
e

. It is an uncorrelated back-
ground which corresponds to an accidental coincidence of single events. Such events mimic
⌫̄
e

events with both prompt and delayed signals, but there is no correlation between them
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in this case. Applying correlation time and distance cuts, �t and �R, allows to reduce the
accidental background but one has to evaluate the remaining amount of these events in the
geo-neutrino candidates sample.

The general way to evaluate this background is to look for off-time coincidences between
the prompt-like and the delayed-like signals. The procedure is:

1. Looking for a prompt signal, with the exact same cuts described in the geo-neutrino
selection section.

2. Opening a dead time windows of 2 s after the prompt signal.
3. Looking for a delayed signal, with the exact same cuts described in the geo-neutrino

selection section, in the [2, 20 s] time window after the prompt signal.
4. Registering the event if �R < 100 cm.
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Figure 6.10: (left) Correlation time of the prompt and delayed signals of acciden-
tals. (right) Qprompt light yield spectrum of accidentals.

Figure 6.10 (left) corresponds to the �t distribution between prompt and delayed signals
when looking for accidentals with the procedure described above. Since this distribution is
flat, one can then extrapolate in the region of interest when looking for ⌫̄

e

, i.e. [20, 1280 µs].
The remaining events within our geo-neutrino candidates sample is then:

NAcc = 0.202 ± 0.004 (6.44)

Figure 6.10 (right) shows that the accidental background lives at low energy. This con-
tribution has then to be taken carefully into account since the geo-neutrino candidates stand
in this part of the energy spectrum.

6.4.3 Cosmogenic background

Another important source of background is due to 9Li and 8He produced by muons which
interact in the scintillator. These elements can decay inside the detector, leading to the emis-
sion of electrons and neutrons and therefore can be registered as ⌫̄

e

events. These events
are left untouched by the usual cuts we apply on the prompt and delayed signals but can be
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rejected by applying a 2 s veto after each identified internal muon.

We evaluate the remaining events which fall into our ⌫̄
e

selection by first looking at the
candidates which are produced in the [2 ms, 2 s] range after an internal muon identification.
We apply the same prompt and delayed selections, as well as the same coincidence cuts, that
the ones for the geo-neutrino analysis except that we ask the prompt signal to fall in the
[2 ms, 2 s] range of interest. We report the observation of 130 events which satisfy these
conditions.
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Figure 6.11: (left) Correlation time of the prompt and delayed signals of 9Li + 8He

candidates. (right) Qprompt light yield spectrum of 9Li + 8He candidates.

Figure 6.11 (left) corresponds to the �t distribution between an identified internal muon
and a prompt signal. We can fit this distribution using an exponential function. We found
⌧ = 321.9 ± 47.8 ms. We can then calculate the fraction Rout of 9Li + 8He candidates which
are contained in the [2 ms, 2 s] time window:

Rout = exp

✓
�2

⌧

◆
� exp

✓
�2000

⌧

◆
= 99.18% (6.45)

By applying a 2 s cut after each identified internal muon, we are left with a fraction Rin

of 9Li + 8He candidates inside our geo-neutrino candidates sample:

Rin = exp

✓
�2000

⌧

◆
= 0.20%, (6.46)

which corresponds to the number of events:

NLi+He = 0.260 ± 0.023 (6.47)

6.5 Maximum likelihood analysis

In order to access the number of both geo-neutrinos and ⌫̄
e

from nuclear reactors which can
not be distinguished from the cuts we applied to the selection, we use an unbinned maximum
likelihood method.
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Let us consider a random variable x which is distributing following a probability density
function (p.d.f.) named f(x, ✓). The functional form of f(x, ✓) is known but at least one
parameter ✓ is not. The method of the maximum likelihood allows to approach the value
of these parameters considering a measurement of x repeated n times. If the p.d.f. and
parameters value are correct, one should expect a high probability for the real data. A
contrario, if the parameters value do not match the true value, this probability will be low.
The so-called likelihood function can be expressed as:

L(✓) =
nY

i=1

f(x
i

, ✓) (6.48)

The number of observations n is a Poisson random variable with a mean value ⌫. The
likelihood function can then be expressed as the Poisson probability to have n times the
likelihood function for the n measurements of x:

L(⌫, ✓) =
⌫n

n!
e�⌫

nY

i=1

f(x
i

, ✓) =
e�⌫

n!

nY

i=1

⌫f(x
i

, ✓) (6.49)

Equation (6.49) is known as the extended likelihood function [176]. n is now one of the
experimental results and for our geo-neutrino analysis, it will correspond to our number of
geo-neutrino candidates, i.e. 47. Assuming that ⌫ is a function of ✓, we have then the
expression of the extended log-likelihood:

lnL(✓) = n ln ⌫(✓)� ⌫(✓) +
nX

i=1

ln f(x
i

, ✓)

= �⌫(✓) +
nX

i=1

ln(⌫(✓)f(x
i

, ✓)), (6.50)

where terms which do not depend on ✓ have been removed.

The variable x is actually E ⌘ Qprompt, since we are interesting in the prompt energy of
our geo-neutrino candidates. We can then define ⌫(✓) and f(x

i

, ✓) such that:

⌫(✓) =

Z
E2

E1

dN
dE

(E, ✓) dE (6.51)

f(x
i

, ✓) = f(E
i

, ✓) =
1

⌫

dN
dE

(E
i

, ✓) (6.52)

The log-likelihood from equation (6.50) finally becomes:

lnL(✓) = �
Z

E2

E1

dN
dE

dE +
nX

i=1

ln
dN
dE

(E
i

, ✓) (6.53)

Let us now have a look at the parameters ✓ involved in our geo-neutrino analysis. We
have on one side the geo-neutrino component and on the other side the reactor neutrino
component. Their energy spectra differ such that we can define g · fgeo(E) for the geo-
neutrino component and r · freact(E) for the reactor neutrino component where g and r are
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the number of candidates involved. We also add as parameters the uncertainty on the reactor
flux, �

r

, which is of the order of 5.8 % as well as the uncertainty on the volume of the Borexino
target, �

v

, of the order of 1.5 % since we remind that it moves with time. The log-likehood
becomes:

lnL(✓) = �
Z

E2

E1

(1 + �
v

)
dN
dE

(E, g, r,�
r

) dE +
nX

i=1

ln

✓
(1 + �

v

)
dN
dE

(E
i

, g, r,�
r

)

◆

� 1

2

⇣ �
r

5.8 %

⌘2 � 1

2

⇣ �
v

1.5 %

⌘2
, (6.54)

with:
dN
dE

(E, g, r,�
r

) = g · fgeo(E) + r · freact(E) (1 + �
r

) (6.55)

g and r are left as free parameters and allow us to access the number of geo-neutrinos,
Ngeo, as well as the number of ⌫̄

e

from nuclear reactors, Nreact. Our best fit values are
Ngeo = 14.1+5.2

�4.5 and Nreact = 32.4+6.9
�6.1. Figure 6.12 shows the �2� lnL profiles for Ngeo and

Nreact.
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Figure 6.12: �2� lnL profiles for Ngeo (left) and Nreact (right). Our best fit values
are Ngeo = 14.1+5.2

�4.5 and Nreact = 32.4+6.9
�6.1.

We can go from Ngeo and Nreact to the signal rates Sgeo and Sreact, which are expressed
in TNU. We first have to extract the number of protons ⇥ year:

N
p

= N
p

(C9H12)
E ⇥N

A

M(C9H12)
= 3.65⇥ 1031 protons ⇥ year, (6.56)

where N
p

(C9H12) = 12 corresponds to the number of free protons in a pseudocumene
molecule, E = 606.28 ton ⇥ year is the total exposure which also takes into account the
84 % efficiency of the Borexino detector, N

A

is the Avogadro number and M(C9H12) =

120.19 g/mol.

We finally access Sgeo and Sreact:

Sgeo = Ngeo
1032

N
p

= 38.6+14.2
�12.3 TNU (6.57)
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Sreact = Nreact
1032

N
p

= 88.8+18.9
�16.7 TNU (6.58)

These values are in agreement with the best fit values reported in [157]. The null geo-
neutrino signal rate hypothesis is excluded at 4.4�.

Figure 6.13 and 6.14 show respectively the contour plots for the numbers and the signal
rates of geo-neutrinos and ⌫̄

e

from nuclear reactors. The dashed lines in Figure 6.14 symbol-
izes the prediction of the total geo-neutrino rate from equation (6.40).

Figure 6.13: Contour plots for the number of geo-neutrinos and ⌫̄
e

from nuclear
reactors. The 68.27 %, 95.45 % and 99.73 % C.L. are represented. The black point
indicates the best fit value.
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Figure 6.14: Contour plots for the signal rates of geo-neutrinos and ⌫̄
e

from nuclear
reactors. The 68.27 %, 95.45 % and 99.73 % C.L. are represented. The black point
indicates the best fit value whereas the dashed lines correspond to the interval of
the total geo-neutrino rate from equation (6.40).





Chapter

7
Neutrino directionality studies

L’expérience est une observation provoquée dans le but de faire naître une idée.
Claude Bernard
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The neutrino directionality information could, in principle, be applied when looking for
particular sources such as core-collapse supernovae, when searching for geo-neutrinos, with
the possibility to discriminate between crust and mantle, or for nuclear monitoring. Liquid
scintillator detectors such as Double Chooz or Borexino can use the angular distribution of
the positron and the neutron created in Inverse Beta Decay (IBD) interactions in order to
retrieve the initial neutrino direction.

7.1 Neutrino directionality motivations

At the end of the last millenium, neutrinos started to be considered as an additional source of
information when looking for core-collapse supernovae [177]. Indeed, whereas neutrinos can
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easily escape from the core and travel directly to neutrino detectors on Earth, electromagnetic
radiation is delayed before escaping this space region. Neutrinos will arrive on Earth a couple
of hours before the light. If the detection of these neutrinos allows to know where they were
coming from, then neutrino detectors can inform the community to point its telescopes in the
space region of interest. This warning is a precious information for astronomical observations
but need to have an on-time neutrino directionality measurement.

Neutrino directionality could also help the International Atomic Energy Agency (IAEA)
to carry out its missions, among them the monitoring of nuclear reactor activities and the de-
tection of attempts to divert fissile materials which are needed for nuclear weapon programs.
In the case for instance of a clandestine nuclear reactor, neutrino directionality could allow
to reveal its position on Earth [178].

7.2 Neutrino directionality principle

The feasibility of neutrino directionality measurement by liquid scintillator detectors is not
obvious. Whereas water detectors can retrieve the initial ⌫

e

direction thanks to the Čerenkov
radiation emitted by the recoil of the electron in the elastic scattering reaction, this is not
the case for ⌫̄

e

in liquid scintillator detectors such as Double Chooz or Borexino. We re-
mind the reader that for these experiments, the ⌫̄

e

detection relies on the signature of the
IBD interactions ⌫̄

e

+ p ! e+ + n where the positron is followed by the neutron capture on
gadolinium (Gd) for Double Chooz or hydrogen (H) for both Double Chooz and Borexino.
Since the emitted neutron preserves some information on the initial ⌫̄

e

direction, the ⌫̄
e

direc-
tion can be deduced from the reconstructed positions of the prompt and delayed vertices. Up
to now, only the CHOOZ experiment provided neutrino directionallity measurement with ⌫̄

e

.
The analysis of about 2500 ⌫̄

e

candidates allowed to locate the source with an uncertainty of
18� [179].

7.2.1 Angular distributions

When we study neutrino directionality with ⌫̄
e

, we have to take into account the physics
related to the angular distributions of the positron and the neutron emitted through an IBD
interaction. We then have to carefully investigate the behavior of these two signals.

Prompt signal angular distribution

The prompt signal corresponds to the positron scintillation and annihilation. Assuming the
proton target to be at rest, the angular distribution of the outgoing positron can be described
at zeroth order through the average cosine [107]:

hcos (✓
e

)i = 1

3
v
e

a ' �0.034 v
e

, (7.1)
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where ✓
e

is the angle between the ⌫̄
e

and the positron directions, v
e

the positron velocity and
a an asymmetry coefficient.

One can then conclude that the angular distribution of the positron is slightly back-
ward. Nevertheless, since the positron will immediately annihilate with an electron or form a
positronium with a longest lifetime of the order of 3 ns for the orthopositronium [180], we can
neglect this weak backward. Indeed, Double Chooz and Borexino do not have an accurate
enough spatial resolution to measure the few millimeters the positron will do in the backward
direction. We will then safely assume that the positron vertex is the ⌫̄

e

vertex.

Delayed signal angular distribution

The delayed signal corresponds to the neutron capture on Gd or H. This process is longer
than the positron one, the neutron capture on Gd takes about 30 µs whereas it is about
200 µs when considering the neutron capture on H. The physics between the neutron capture
on Gd or H is also different since the neutron needs to thermalize before being captured on
Gd whereas this thermalization is not needed for the neutron capture on H.

Since the positron is emitted slightly backward, the neutron has to be emitted forward
in order to keep the momentum conservation. There is an angular correlation between the
neutron direction and the initial ⌫̄

e

direction:

cos (✓
n

)max =

p
2E

⌫̄e�� (�2 �m2
e

)

E
⌫̄e

, (7.2)

with � = M
n

�M
p

.

The neutron thermalization consists of a succession of elastic scatterings. This process
allows the neutron to quickly decrease its energy, which impacts also its mean free path. The
travel distance from the production point is then determined by the first scatterings. The
average cosine for each scattering is given by [179]:

hcos (✓
n

)i = 2

3A
, (7.3)

where ✓
n

is the angle between the incoming neutron and the outgoing neutron directions and
A the atomic number of the scattering nucleus.

The neutron directionality is best preserved for low atomic number nuclei. Since the neu-
tron will scatter with a higher probability on H because of a larger elastic scattering cross
section, this process allows to memorize the initial neutron direction, and therefore the initial
⌫̄
e

direction.
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*

Figure 7.1: (left) Total cross section and average positron cosine for ⌫̄
e

+p ! e++n.
(right) Average neutron cosine and cosine of the maximum neutron angle as a
function of ⌫̄

e

energy, from [107].

7.2.2 Vectors and angles definition

For each neutrino candidate, we have both prompt and delayed signals. In order to measure
the neutrino directionality, one has to focus on the spatial position of these two signals. It is
indeed the most relevant information. From the reconstructed prompt and delayed vertices,
we can define the signal vector ~XSignal as:

~XSignal = ~Xprompt � ~Xdelayed (7.4)

This vector has its origin at the reconstructed neutron capture vertex and is pointing
the reconstructed positron vertex. In other words, this vector indicates where the neutrino
candidate is coming from. We also need to build the unit signal vector:

X̂Signal =
~XSignal

|~XSignal|
(7.5)

We can then calculate the ~p vector defined as the average of the unit signal vectors over
all the neutrino candidates:

~p =
1

N

NX

i=1

X̂
i

Signal (7.6)

The direction of the ~p vector corresponds to the average neutrino wind, pointing to the
source where they are coming from. We can finally deduce the azimuthal and zenithal angles,
� and ✓, from the average neutrino wind ~p.

Taking the ~p vector coordinates p
x

, p
y

and p
z

, we have:

� = tan�1 p
y

p
x

(7.7)

✓ = tan�1

q
p2
x

+ p2
y

p
z

(7.8)
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One of the most delicate points is the definition of the uncertainty on the measured di-
rection. We use the CHOOZ method to compute it. Assuming the neutrino wind to lie
along the z-axis, we have ~p = (0, 0, |~p|). We also assume that the normalised p

x

, p
y

and p
z

distributions are uniform between -1 and +1 and therefore have � = 1/
p
3. From the central

limit theorem, it follows that the p
x

, p
y

and p
z

distributions are gaussians with � = 1/
p
3N

centered at respectively 0, 0 and |~p|. We then determine the uncertainty on the direction by
generating a random gaussian generator and looking for the half-angle � of the cone which
contains 68 % of the simulated events.

Figure 7.2: Sketch of the way the uncertainty on the measured direction is calcu-
lated.

7.3 Studies with Double Chooz

In the case of the Double Chooz experiment, we know where our neutrino candidates are
coming from. We are then able to verify the precison of the method. Moreover, since the
neutron can be captured either on Gd or H, with a completely different neutron capture
physics, we can demonstrate the validity of the method in both cases.

A crucial point for Double Chooz is to perfectly understand the coordinate system and
the distances between the two nuclear reactors and the Double Chooz far detector. In order
to improve this knowledge, the Fit-Esic company conducted in January, 2013, a survey of
the Double Chooz layout providing precise measurements of the two nuclear reactors and the
Double Chooz far detector coordinates [181].

Table 7.1: Distance, azimuthal and zenithal angles of the reactors seen from the
far detector frame, from [181].

Reactor Distance (m) � (�) (azimuthal) ✓ (�) (zenithal)
B1 1114.656 ± 0.015 87.190 ± 0.072 88.379 ± 0.001

B2 997.838 ± 0.015 80.929 ± 0.072 88.188 ± 0.001

Thanks to GPS measurements, the coordinates of several reference pillars allowed to con-
nect different places of the Chooz nuclear power plant, including one at the Double Chooz
far laboratory entrance. Figure 7.3 shows the laser-based polygonation method which was
used to connect this last reference pillar to the far laboratory markers whose positions are
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accurately known in the far detector framework. The combination of these two steps allows
to precisely know the positions of the two nuclear reactors in the far detector framework, as
summarizes in Table 7.1.

*

Figure 7.3: (left) GPS acquisition of the reference pillar #3 at the Chooz nuclear
power plant. (right) A step of the polygonal route to the far laboratory, from [181].

7.3.1 Gd-capture sample analysis

Neutrino candidates with neutron capture on Gd have been investigated. We use the neutrino
candidates from [42]. We first remind the selection that has been done before looking at the
neutron displacement and finally at the neutrino directionality measurement.

Antineutrino selection

The cuts used for the antineutrino selection are:

- Not a muon event:
• Total charge in IV < 30000 charge units
• Visible energy in ID < 20 MeV

- Not a light noise event:
• RMS(Tstart) < 36 ns or RMS(Q) < 464� 8 ⇥ RMS(Tstart)
• Qmax/Qtot < 0.12

• Qdiff < 30000 charge units

- Prompt:
• 0.5 < Evis < 20 MeV
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• OV veto:
- Candidates whose prompt signal is coincident with an OV trigger are rejected.

• IV veto:
- IV PMT multiplicity � 2

- Total charge in IV > 400 charge units
- ID-IV time coincidence: �110 < �t < �10 ns
- ID-IV space coincidence: �d < 3.7 m

• 9Li + 8He veto:
- 9Li + 8He likelihood < 0.4

- Delayed:
• 4 < Evis < 10 MeV
• FV veto:

- Evis > 0.068 ⇥ exp(FV/1.23)

- Coincidence (prompt and delayed):
• Time coincidence: 0.5 < �T < 150 µs
• Space coincidence: �R < 100 cm

A 1 ms dead time veto is applied after each identified muon. An isolation cut is also ap-
plied, requesting no trigger in the 200 µs preceding the prompt candidate. The time window
from 0.5 µs to 600 µs following the prompt candidate can contain only one valid trigger, the
delayed candidate. Any other valid trigger in the 0.5 µs following the prompt candidate causes
the rejection of the event. The number of neutrino candidates surviving to these cuts is 17358.

Neutron displacement

Since we assume the positron vertex to be the neutrino vertex, looking for the neutron vertex
will allow us to access the average displacement between the interaction and capture vertices,
i.e. the mean free path. In the case of a neutron capture on Gd, the neutron needs first
to thermalize. Several collisions with the liquid scintillator atoms lead to a reduction of its
energy. Hopefully, this thermalization phase is a non-isotropic process and allows the neutron
to memorize the initial neutron direction. The average time for a neutron to be captured on
Gd is estimated to be around 30 µs.

Figure 7.4 shows the neutron displacement w.r.t. the positron along the x, y and z-axis,
as measured in Double Chooz. A fit made of a convolution of a gaussian together with an
exponential has been performed. Due to the Double Chooz layout, one should expect µ

y

> µ
x

since we know that the y-axis is almost pointing the reactors. Also, since the reactors are
located above the detector, one should expect a positive value of µ

z

, which is not the case
here. It will have consequences on the measurement of the zenithal angle ✓.
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Figure 7.4: Positron-neutron displacement distribution along the x, y and z-axis.

Due to the uncertainty on the reconstruction of the neutron and positron vertices, only
the average displacement is of interest [182]. It is obtained by adding the mean values of the
fits in quadrature:

lData =
q
µ2
x

+ µ2
y

+ µ2
z

= 14.55 ± 1.14 mm (7.9)

This value is in agreement with the one obtained with the MC:

lMC = 14.27 ± 0.11 mm (7.10)

From the cylindrical geometry of the detector, we expect the RMS of the positron-neutron
displacement distribution to be the same along the x and y-axis and to be a bit worth along
the z-axis, which is the case.

Neutrino directionality measurement

With the selection of the 17358 neutrino candidates, we can proceed to the calculation of the
� and ✓ angles. The ~p vector coordinates are obtained from the mean value of the normalised
p
x

, p
y

and p
z

distributions:

~p = (0.0039, 0.0540,�0.0077) (7.11)

The third coordinate is a bit disturbing since we know that the reactors are located above
the detector. We should obtain a positive coordinate. This will be discussed later on. From
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Figure 7.5: � distribution of the 17358 neutrino candidates with neutron capture
on Gd. Both data and MC are shown.
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Figure 7.6: ✓ vs � distribution for both data (left) and MC (right).
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Figure 7.7: cos↵ distribution for both data and MC. ↵ is the angle between the
signal vectors and the detector-reactors vector.
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the ~p vector coordinates, we can extract the average neutrino wind direction. Table 7.2 sum-
marizes the values of the angles for both data and MC.

Table 7.2: Azimuthal, zenithal and uncertainty angles for the Gd analysis with
both data and MC.

Gd analysis � (�) ✓ (�) � (�)

Data 85.8 98.1 7.0
MC 84.0 89.6 0.7

Figure 7.5 illustrates the azimuthal angle distribution for both data and MC. Data and
MC are matching, leading to a bump around 84� which is expected from the layout described
in Table 7.1. Figure 7.6 (left) shows the distribution of the neutrino candidates in the (�, ✓)
plane. For comparison, Figure 7.6 (right) shows the same distribution for MC. A clear con-
centration of events can be seen around � = 84� and ✓ = 88�.

A way to access the performance of neutrino directionality measurement is to evaluate
the ↵ angle between the reconstructed and true directions of the incoming neutrinos. In par-
ticular, the scalar product between each signal vector and the true detector-reactors vector
should point more +1 than �1. Figure 7.7 represents this scalar product through the cos↵

distribution. Data and MC are in agreement and both distributions point cos↵ = +1, which
means that there is an alignement between the reconstructed and true directions.

7.3.2 H-capture sample analysis

Studies in literature focused on scintillators doped with high neutron capture cross section
elements, such as Gd, which should minimize neutron diffusion. Nevertheless, directionality
studies using neutron capture on H is possible and is potentially very interesting for future
large-scale neutrino detectors, such as LENA, JUNO or RENO-50 which will use un-doped
scintillators. H analysis allows also to cross-check the method and the results from Gd anal-
ysis.

Antineutrino selection

The cuts used for the antineutrino selection are:

- Not a muon event:
• Total charge in IV < 30000 charge units
• Visible energy in ID < 20 MeV

- Not a light noise event:
• RMS(Tstart) < 36 ns or RMS(Q) < 464� 8 ⇥ RMS(Tstart)
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• Qmax/Qtot < 0.12

• Qdiff < 30000 charge units

- Prompt:
• 0.7 < Evis < 20 MeV
• OV veto:

- Candidates whose prompt signal is coincident with an OV trigger are rejected.

• IV veto:
- IV PMT multiplicity � 2

- Total charge in IV > 400 charge units
- ID-IV time coincidence: �110 < �t < �30 ns
- ID-IV space coincidence: �d < 4 m

• 9Li + 8He veto:
- 9Li + 8He likelihood < 0.4

- Delayed:
• 1.8 < Evis < 2.6 MeV
• FV veto:

- Evis > 0.2208 ⇥ exp(FV/1.818)

- Coincidence (prompt and delayed):
• Time coincidence: 0.5 < �T < 300 µs
• Space coincidence: �R < 60 cm

A 1250 µs dead time veto is applied after each identified muon. An isolation cut is also ap-
plied, requesting no trigger in the 600 µs preceding the prompt candidate. The time window
from 0.5 µs to 900 µs following the prompt candidate can contain only one valid trigger, the
delayed candidate. Any other valid trigger in the 0.5 µs following the prompt candidate causes
the rejection of the event. The number of neutrino candidates surviving to these cuts is 34630.

Table 7.3: Summary of the number of observed IBD candidates and the predictions
for signal and background contributions used as input for the oscillation fit analysis
performed in [41].

Source Predicted/Observed events
⌫̄
e

prediction (no osc.) 17690
Accidentals 17630

Cosmogenic isotopes 680
Fast neutrons 600
Light noise 80

Total prediction 36680
Observed IBD candidates 36284
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Figure 7.8: Visible energy spectrum of the prompt signals together with the dif-
ferent background contributions. Accidental background dominates at low energy.

Nevertheless, a non-negligible amount of these neutrino candidates are accidental back-
ground which dominates the prompt visible energy spectrum at low energy. Table 7.3 and
Figure 7.8 are extracted from [41] and illustrate the different contributions at that time. An
important work has been done since this publication which now allows a huge decrease of
the accidental background. Preliminary cuts have been enhanced, the delayed visible energy
range has been reduced from [1.5, 3.0 MeV] to [1.8, 2.6 MeV], �R from 90 cm to 60 cm and
�T from [10, 600 µs] to [0.5, 300 µs].

Since it is known that accidental background dominates at low energy, we decided to
apply an additional cut to select a purer sample. Since �T and �R are correlated with the
directionality measurement, we decided not to implement cuts on these two variables and to
focus on an additional visible energy cut on prompt signals.

We investigated the signal over accidentals ratio in order to find the minimal prompt
energy cut which allows us to have the highest ratio. We took MC and accidentals samples
used in [41] and made the normalization according to Table 7.3. Figures 7.9 show that the
signal over accidentals ratio is maximal for Ecut > 3.5 MeV. For this visible energy cut on the
prompt signal, we keep 40.5 % of neutrino candidates and 1.1 % of accidentals. We verified
that this cut does not affect the behavior of � and ✓ from MC studies.



7.3. Studies with Double Chooz 151

 (MeV)cutE
2 2.5 3 3.5 4 4.5 5

S
ig

n
a
l 
/ A

c
c

10

20

30

40

*

 (MeV)cutE
2 2.5 3 3.5 4 4.5 5

S
e
le

c
te

d
 e

v
e
n

ts
 f

ra
c
ti

o
n

 (
%

)

0

20

40

60

80

Figure 7.9: (left) Signal over accidentals ratio when applying minimal visible en-
ergy cuts on the prompt signal. (right) Selected events fraction when applying
minimal visible energy cuts on the prompt signal.

Neutrino directionality measurement

With the selection of these 13048 neutrino candidates, we can proceed to the calculation
of the � and ✓ angles. The ~p vector coordinates are obtained from the mean value of the
normalised p

x

, p
y

and p
z

distributions:

~p = (0.0143, 0.0469, 0.0013) (7.12)

From the ~p vector coordinates, we can extract the average neutrino wind direction. Ta-
ble 7.4 summarizes the values of the angles for both data and MC.

Table 7.4: Azimuthal, zenithal and uncertainty angles for the H analysis with both
data and MC.

H analysis � (�) ✓ (�) � (�)

Data 73.0 88.5 8.9
MC 84.4 87.3 1.1

Figure 7.10 illustrates the azimuthal angle distribution for both data and MC. As for
the Gd analysis, data and MC are matching, leading to a bump around 84�. Figure 7.11
(left) shows the distribution of the neutrino candidates in the (�, ✓) plane. For comparison,
Figure 7.11 (right) shows the same distribution for MC. A clear concentration of events can
be seen around � = 84� and ✓ = 88�.

As for the Gd analysis, we access the performance of neutrino directionality measurement
with neutron capture on H by looking at the scalar product between each signal vector and
the true detector-reactors vector. Figure 7.12 represents this scalar product through the cos↵

distribution. Data and MC are in agreement and both distributions point cos↵ = +1, which
means that there is an alignement between the reconstructed and true directions.
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Figure 7.10: � distribution of the 13048 neutrino candidates with neutron capture
on H. Both data and MC are shown.
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Figure 7.11: ✓ vs � distribution for both data (left) and MC (right).
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Figure 7.12: cos↵ distribution for both data and MC. ↵ is the angle between the
signal vectors and the detector-reactors vector.
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Figure 7.13: cos↵ distribution for both Gd and H analysis. ↵ is the angle between
the signal vectors and the detector-reactors vector.

Figure 7.13 shows the behavior of both the Gd-capture sample and the H-capture sample.
There is a good agreement between the two analyses.

7.3.3 Only one reactor on

Double Chooz has the possibility to deal from time to time with only one reactor on. Since
the present resolution is comparable to the angular distance between the two nuclear reac-
tors, it is of interest to investigate these periods and see if we end with a narrower distribution.

Runs with reactor off for more than 48 h were selected from the reactor database. The
selection was made in a conservative way, meaning that few runs before and after one given
period could also be used.

Reactor B1 was off for the following periods:

• From September 24 to November 28, 2011, for a total of 1239 runs
• From September 15 to September 17, 2012, for a total of 43 runs

Reactor B2 was off for the following periods:

• From April 24 to May 07, 2011, for a total of 217 runs
• From July 14 to July 19, 2011, for a total of 100 runs
• From February 15 to August 25, 2012, for a total of 3432 runs

From Table 7.1, the true values when reactor B2 is the only reactor on are � = 80.9�

and ✓ = 88.2� and the true values when reactor B1 is the only reactor on are � = 87.2� and
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✓ = 88.4�. Tables 7.5 and 7.6 summarize the number of events as well as the values of the
angles in the cases where only one reactor is on. Results for Gd and H analyses are presented
in both cases. The present statistics is not sufficient to provide a good conclusion. With much
more statistics, the Double Chooz near detector will help to deconvolute the two reactors.

Table 7.5: Azimuthal, zenithal and uncertainty angles for Gd and H analyses in
the case of B2 running alone.

B1 off Events � (�) ✓ (�) � (�)

Gd analysis 1432 86.3� 109.8� 26.1�

H analysis 1142 81.0� 101.7� 26.4�

Table 7.6: Azimuthal, zenithal and uncertainty angles for Gd and H analyses in
the case of B1 running alone.

B2 off Events � (�) ✓ (�) � (�)

Gd analysis 3464 95.2� 95.7� 13.5�

H analysis 2620 73.2� 94.6� 15.3�

7.4 Vertex position reconstruction correction

Neutrino directionality measurement relies on the precision of the vertex position reconstruc-
tion. It is the key of such a study. This vertex position reconstruction is performed through a
package which takes into account charge and time informations from each PMT, as explained
in Section 3.3.2. The zenithal angle, ✓, for the Gd analysis has be found to be 98.1� when
one should expect a value around 88�. We first investigate this unexpected behavior.

7.4.1 Investigation of the ✓ bias

Let us have a look at the detector response w.r.t. to the vertex position reconstruction of the
event. One can think to separate the detector volume into several smaller volumes and to
look for any unexpected behavior. We separate the target volume into three smaller volumes
in order to check a possible bias along the z-axis:

• Top area: ⌫̄
e

candidates which satisfy zprompt > 410 mm

• Center area: ⌫̄
e

candidates which satisfy �410 < zprompt < 410 mm

• Bottom area: ⌫̄
e

candidates which satisfy zprompt < �410 mm

Figure 7.14 shows the zenithal distribution for the three volumes considered. A clear shift
of the ✓ central value can be observed. It is shifted to a positive value when considering the
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top of the detector and is shifted to a negative value when considering the bottom of the
detector. We now investigate the MC data in order to check whether we have to look for a
physics reason or if we have to deal with a reconstruction effect.
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Figure 7.14: ✓ distributions when considering different volumes in the target.
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Figure 7.15: ✓ distributions of the true MC (left) and the reconstructed MC (right)
when considering different volumes in the target.

Figures 7.15 show the zenithal distributions for the true and the reconstructed positions
of the vertices. When applying the reconstruction algorithm, we are left with the response
of the detector, i.e. the way the detector is seeing these events. There should not be such a
difference, whatever the section of the target we are considering.

Since the algorihm tends to reconstruct the events closer to the center of the detector
than they are really, one can think about a saturation effect of the PMTs. Indeed, if a frac-
tion of the total amount of charges which should be seen by the PMTs is missing, then the



156 Chapter 7. Neutrino directionality studies

algorithm will reconstruct an event further than it is really. This saturation hypothesis has
been investigated using MC.

Electrons have been generated along the z-axis. Three different positions have been cho-
sen in order to check the behavior of the detector response when having an energy deposition
in the top, the center or the bottom of the target. If the amplitude of a waveform reaches
the dynamic range of the FADC, then the waveform is cutted. It means that a part of the
signal has not been reconstructed, leading to a mis-reconstruction of the true position of the
event vertex. An event is said saturated if at least one PMT is saturated.
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Figure 7.16: Saturation variation as a function of the visible energy.

Figure 7.16 shows the saturation variation as a function of the visible energy. Whereas
events generated in the center of the target do not saturate the PMTs, events in the top
and the bottom of the target start to sature the PMTs around 20 MeV. This is safe enough
neither to affect the ✓13 analysis nor the neutrino directionality analysis. The origin of the
bias remains unexplained. In the following, we will developed corrections based on MC and
calibration sources deployments.

7.4.2 Position reconstruction correction for MC

In order to estimate the z position reconstruction correction on MC, samples of electrons are
generated with an initial energy which ranges from 1 MeV to 10 MeV by steps of 1 MeV. They
are generated along the z-axis in order to check later on with calibration sources located at
the same positions. The positions along the z-axis are 0, ±160, ±320, ±480, ±640, ±800,
±960, ±1105 and ±1250 mm.
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Figure 7.17: Differences between true and reconstructed z position, ztrue � zreco,
as a function of zreco, for different electron energies in MC.
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Figure 7.17 shows the difference between the z coordinate of the true vertices of generation
and their reconstructed vertices. The events are reconstructed closer to the center of the
detector than they really are. This difference depends on the reconstructed z position and
can be fitted by a third-degree polynomial:

f(zreco) = ztrue � zreco = p0 + p1 ⇥ zreco + p2 ⇥ z2reco + p3 ⇥ z3reco (7.13)

Figure 7.18 shows a dependence of the p0, p1, p2 and p3 parameters on the energy:

p0 = 15.58� 0.1806⇥ Evis (7.14)
p1 = �0.02974 + 0.008117⇥ Evis (7.15)
p2 = 1.21 · 10�6 + 3.105 · 10�7 ⇥ Evis (7.16)
p3 = 3.946 · 10�8 � 4.778 · 10�9 ⇥ Evis (7.17)
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Figure 7.18: Fit results of the different parameters from electron sample generated
with different electron energies in MC.

Including 7.14, 7.15, 7.16 and 7.17 in 7.13, we obtain the z position correction formula for
MC:

fMC(zreco) = 15.58� 0.1806⇥ Evis

+ (�0.02974 + 0.008117⇥ Evis)⇥ zreco

+ (1.21 · 10�6 + 3.105 · 10�7 ⇥ Evis)⇥ z2reco

+ (3.946 · 10�8 � 4.778 · 10�9 ⇥ Evis)⇥ z3reco (7.18)
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7.4.3 Position reconstruction correction for data

The corrections to be applied on the MC are not necessarily the same as the ones we should
apply on the data. In order to evaluate the corrections on data, we use calibration runs taken
during the second campaign and we compare the true positions of the deployed radioactive
sources and the reconstructed positions given by the reconstruction algorithm.

Table 7.7: Properties of the radioactive sources used in Double Chooz.

Source Activity (kBq) Energy (MeV)

�

137Cs 0.2 662 keV
68Ge 0.2 2 ⇥ 511 keV
60Co 0.2 1.173 MeV and 1.333 MeV

neutron 252Cf 1 2.2 MeV (H) / 8 MeV (Gd)

Table 7.7 shows the different radioactive sources we use in order to calibrate the detector.
We investigate the 137Cs, 68Ge and 60Co calibration sources in order to correct the prompt
signal since these sources emit �. Since the 252Cf source is a neutron emitter, it helps us to
investigate the correction to be applied on the delayed signal.

 (mm)recoz
-1000 -500 0 500 1000

 (
m

m
)

re
c

o
 -

 z
tr

u
e

z

-60

-40

-20

0

20

40

 / ndf 2χ  11.56 / 5

p0        0.8497± 7.789 

p1        0.002042± 0.01125 

p2        9.48e-07± -9.527e-06 

p3        1.654e-09± 2.122e-08 

 / ndf 2χ  11.56 / 5

p0        0.8497± 7.789 

p1        0.002042± 0.01125 

p2        9.48e-07± -9.527e-06 

p3        1.654e-09± 2.122e-08 

Cs calibration source --137-- 

Cs (RecoBAMA)
137

pol3 fit

*

 (mm)recoz
-1000 -500 0 500 1000

 (
m

m
)

re
c

o
 -

 z
tr

u
e

z

-80

-60

-40

-20

0

20

40

60

 / ndf 2χ   28.4 / 5

p0        0.5336±  7.85 

p1        0.001406± 0.01907 

p2        5.607e-07± -1.078e-05 

p3        1.116e-09± 2.764e-08 

 / ndf 2χ   28.4 / 5

p0        0.5336±  7.85 

p1        0.001406± 0.01907 

p2        5.607e-07± -1.078e-05 

p3        1.116e-09± 2.764e-08 

Ge calibration source --68-- 

Ge (RecoBAMA)
68

pol3 fit

 (mm)recoz
-1000 -500 0 500 1000

 (
m

m
)

re
c

o
 -

 z
tr

u
e

z

-100

-80

-60

-40

-20

0

20

40

60

80

 / ndf 2χ  17.74 / 5

p0        0.6681± 6.665 

p1        0.001649± 0.03267 

p2        8.005e-07± -1.075e-05 

p3        1.432e-09± 3.008e-08 

 / ndf 2χ  17.74 / 5

p0        0.6681± 6.665 

p1        0.001649± 0.03267 

p2        8.005e-07± -1.075e-05 

p3        1.432e-09± 3.008e-08 

Co calibration source --60-- 

Co (RecoBAMA)
60

pol3 fit

Figure 7.19: Differences between true and reconstructed z position, ztrue � zreco,
as a function of zreco, for 137Cs (top left), 68Ge (top right) and 60Co (bottom).
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Prompt signal z correction

Figure 7.19 illustrates the difference between the z coordinate of the true positions of the
calibration sources and their reconstructed positions, as a function of zreco. As for the MC
position reconstruction correction, the correction to be applied follows a third-degree poly-
nomial:

f(zreco) = ztrue � zreco = p0 + p1 ⇥ zreco + p2 ⇥ z2reco + p3 ⇥ z3reco (7.19)

The p0, p1, p2 and p3 parameters can be energy dependent, as shown in Figure 7.20,
althrough the dependence is less pronounced than on MC:

p0 = 7.466 (7.20)
p1 = 0.008475 + 0.01029⇥ Evis (7.21)
p2 = �1.053 · 10�5 (7.22)
p3 = 2.694 · 10�8 (7.23)
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Figure 7.20: Fit results of the different parameters from 137Cs, 68Ge and 60Co.

Including 7.20, 7.21, 7.22 and 7.23 in 7.19, we obtain the z position correction formula for
data:

fData(zreco) = 7.466

+ (0.008475 + 0.01029⇥ Evis)⇥ zreco

� 1.053 · 10�5 ⇥ z2reco

+ 2.694 · 10�8 ⇥ z3reco (7.24)
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Figure 7.21: Differences between true and reconstructed z position, ztrue � zreco,
as a function of zreco, for 137Cs (top left), 68Ge (top right) and 60Co (bottom).
The position reconstruction correction is applied and is fitted with a zeroth-degree
polynomial.

Figure 7.21 represents the ztrue � zreco differences for each calibration source, before and
after the corrections. The corrections developed above are the best we can do at present
for neutrino candidates, for which nevertheless they have some limitations. First, calibration
sources have energies only up to 2.5 MeV and second, we can not guess a possible radial
dependence of the corrections.

Delayed signal z correction

The position reconstruction correction of the delayed signal is investigated by looking at the
neutron capture produced by the fission of 252Cf. Both neutron capture on Gd and H are
studied. The deployement of the 252Cf calibration source took place on June 6 and 7, 2012,
during the second campaign. The source was deployed along the z-axis at 0, ±160, ±320,
±480, ±640, ±800, ±960, ±1105 and ±1250 mm. Several cuts are applied in order to access
the 252Cf fission signal:

- Not a muon event:
• Total charge in IV < 30000 charge units
• �tµ > 1 ms
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- Not a light noise event:
• RMS(Tstart) < 36 ns or RMS(Q) < 464� 8 ⇥ RMS(Tstart)
• Qmax/Qtot < 0.12

• Qdiff < 30000 charge units

- Prompt:
• 4 < Evis < 30 MeV
• �tveto = 1.5 ms

- Delayed:
• 0.5 < Evis < 25 MeV
• FV veto:

- Evis > 0.068 ⇥ exp(FV/1.23)

- Coincidence (prompt and delayed):
• Time coincidence: 0 < �T < 1 ms
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Figure 7.22: Differences between true and reconstructed z position, ztrue � zreco,
as a function of zreco, for 252Cf when considering neutron capture on Gd (left) and
H (right).

The delayed energy range is then adapted when looking for neutron capture on Gd or
H. It is defined to range in the [7.8, 8.4 MeV] interval for the Gd analysis and in the [1.8,
2.4 MeV] interval for the H analysis. Figure 7.22 shows the reconstruction behavior of the
neutron capture on Gd and H. The correction to be applied follows here again a third-degree
polynomial which will be directly applied to the delayed signals.

7.4.4 Impact of vertex position reconstruction bias on ✓13 analysis

Due to the misbehavior in the vertex position reconstruction, it is legitimate to wonder
whether this might have an impact on the ✓13 analyses by altering the correlation distance,
�R, between prompt and delayed vertices, on which a cut is applied. In order to do so, we
applied the corrections on the prompt and delayed signals and we estimate the variation in
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terms of number of selected events.

The Double Chooz Gd-capture analysis applies a cut �R < 100 cm. Nevertheless, since
our sample does not contain events with �R > 100 cm, we reduced this cut to 90 cm in order
to allow events with �R > 90 cm to be able to pass the selection cut after correction. Before
correction, we have 17304 neutrino candidates which satisfy �R < 90 cm. After correction,
we end with 17262 neutrino candidates. We then loose 0.2 % of our initial selection, which
remains negligible.

Since most of the neutrino candidates with neutron capture on H take place in the �-
catcher, we can not apply these corrections which focus on the target volume.

7.5 Studies with Borexino

Neutrino directionality can facilitate the discrimination between geo-neutrinos and ⌫̄
e

from
nuclear reactors, the main background in the geo-neutrino analysis. Indeed, whereas geo-
neutrinos are generated in the crust and in the mantle of the Earth, nuclear reactors stand
at the surface of our planet, leading to a different angular distribution. Directionality of
neutrino candidates identified in the previous chapter is investigated in this section.

We remind the cuts used for the antineutrino selection:

- Prompt:
• Qprompt > 408 p.e.
• Fiducial Volume (FV) cut asking to have a distance greater than 25 cm from the target

vessel
• No neutron-like event in the 2 ms preceding the prompt signal

- Delayed:
• 860 < Qdelayed < 1300 p.e.
• No neutron-like event in the 2 ms following the delayed signal

- Coincidence (prompt and delayed):
• Time coincidence: 20 < �t < 1280 µs
• Space coincidence: �R < 100 cm

The number of neutrino candidates surviving to these cuts is 47.

In Double Chooz, the ⌫̄
e

are provided by an almost point-like source, the two nuclear
reactors, while, in Borexino, we expect a diffuse angular distribution. For this reason, we
implement a different approach. In Borexino, the neutron capture can occur only on H since
there is no Gd entering the composition of the liquid scintillator. The prompt and delayed
signals are reconstructed and lead to the definition of the signal vector as in equation (7.5):

~XSignal = ~Xprompt � ~Xdelayed (7.25)
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In the Double Chooz analysis we have defined the ~p vector as the average of the unit
signal vectors over all the neutrino candidates. Differently in Borexino, ~p is defined such that
~p = X̂Signal, on an event-by-event basis. The azimuthal and zenithal angles, � and ✓, for each
neutrino candidate are defined as in equations (7.7) and (7.8):

� = tan�1 p
y

p
x

(7.26)

✓ = tan�1

q
p2
x

+ p2
y

p
z

(7.27)

where p
x

, p
y

and p
z

correspond to the ~p vector coordinates.
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Figure 7.23: � (left) and ✓ (right) distributions of the 47 neutrino candidates.

Figure 7.23 shows the azimuthal and zenithal distributions of the 47 neutrino candidates.
The zenithal angle is of interest since one can expect the geo-neutrinos to have a zenithal an-
gle larger than 90�, i.e. coming from the bottom of the detector, whereas the ⌫̄

e

from nuclear
reactors should have a zenithal angle around 90�, i.e. roughly coming from the surface of the
Earth.

Figure 7.24 shows the azimuthal angle versus the PMTs light yields of the prompt signals.
This sample of 47 neutrino candidates consists of both geo-neutrinos and ⌫̄

e

from nuclear
reactors. From the calculations we made in the previous chapter, we found:

Ngeo = 14.1+5.2
�4.5 (7.28)

Nreact = 32.4+6.9
�6.1 (7.29)

Knowing that the geo-neutrino candidates fall in the Qprompt < 1300 p.e. region from
equation (6.41), it is already possible to suppress a fraction of ⌫̄

e

from nuclear reactors which
does not fulfill this condition. It is interesting to notice that we have a better angular res-
olution at low Qprompt, according to [107], which corresponds to the region populated by
geo-neutrinos.
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Figure 7.24: ✓ vs Qprompt of the 47 neutrino candidates.

The azimuthal distribution in this region is shown in Figure 7.25. Among the surviving
26 neutrino candidates, approximately half of them are expected to be geo-neutrinos and
therefore with ✓ � 90�, especially for those created in the mantle.

In order to improve the resolution of the directionality, and therefore the geo-neutrino
identification, we can have a look at the correlation time, �t, and correlation distance, �R,
between the prompt and delayed signals of our events. Whereas in the case of a Gd-capture
sample, the neutron has to thermalize before being captured, it is not necessary when consid-
ering H-capture sample. Three samples which are illustrated on Figure 7.26 can be considered:

1. Best case (1): high �R together with low �t. The direction information is best pre-
served when the neutron makes a long path in a short amount of time before being
captured.

2. Worst case (2): high �t together with low �R. The neutron is spinning around its
initial place of creation for a long time before being captured, leading to the loss of the
direction information.

3. Complementary regions (3)

Finally, Figure 7.27 shows the zenithal distribution when considering the best case in
terms of direction information, i.e. when requesting �R > 0.2 m and �t < 200 µs. Among
the 26 previous neutrino candidates, only 8 of them pass these additional selection cuts. The
extremely low statistics does not allow to identify any directionality. In order to understand
the needed statistics and systematics to proper discriminate between geo-neutrinos and ⌫̄

e

from nuclear reactors, a full MC description, not yet available, is required.
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Figure 7.25: ✓ distribution of the 26 neutrino candidates which satisfy the
Qprompt < 1300 p.e. condition.

Figure 7.26: �R vs �t of the 26 neutrino candidates which satisfy the Qprompt <

1300 p.e. condition.
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Conclusion

The future of neutrino physics is bright
Serguey Petcov

Over the last decades and in particular over the last years, it has been understood that
the solar and atmospheric anomalies were due to a quantum mechanical phenomenon called
neutrino oscillations. The neutrino oscillation probability can be determined through the
knowledge of three mixing angles, two mass-squared differences and a CP-violating phase.
We have recently entered the precision era for neutrino oscillations, in particular with ✓13 for
reactor neutrino experiments.

The Double Chooz experiment aims at measuring this mixing angle. With only one de-
tector running, we managed to publish results based on an excellent understanding of our
detector. A tremendous work on the backgrounds was carried out, reducing considerably
the uncertainties on the cosmogenic, fast neutron and stopping muon backgrounds w.r.t to
the previous publication. Nevertheless, Double Chooz has to deal with an unexpected back-
ground, the light noise. This background has the highest rate and varies over time. I started
my PhD studying this background in order to improve the ✓13 analysis. I developed an ad-
ditional variable and implemented a complete strategy in order to remove this unexpected
background with an inefficiency of 0.0124 ± 0.0008 %. I cross-checked with MC and 252Cf

calibration source and I also investigated a special data set where 14 noisy PMTs normally
off were turned back on for a short period. The cuts were able to correctly handle the light
noise. The success of this strategy brought the collaboration to decide to turn these PMTs
back on. Another achievement concerning this light noise study was its universality. Whereas
one had previously to apply different light noise cuts for prompt or delayed events, for neutron
capture on Gd or H, the strength of the new set of cuts is to be same for any kind of events
considered. Finally, I showed that it would be possible to apply an online cut on the number
of hit channels in order to reduce the light noise contamination in the data.

Double Chooz managed to measure ✓13 using different data sets and methods. Assuming
a normal hierarchy with �m2

31 = 2.44+0.09
�0.10 ⇥ 10�3 eV2, we measured sin2 2✓13 = 0.090+0.032

�0.029

from the rate and spectral shape analysis. With a near detector which should soon start
taking data, the Double Chooz experiment will be able to reach its full configuration in order
to provide a more precise measurement of ✓13. Uncertainties on the reactor flux prediction
will be suppressed by allowing a direct comparison of the far and near detector data. The
Bugey-4 anchor point will be not needed anymore. Within three years of data taking, Double
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Chooz should be able to reach a sensitivity of 0.015 on sin2 2✓13.

The Borexino experiment is playing a leading part in confirming the observation of geo-
neutrinos and can help geoscience to better understand our planet. Due to the low statistics,
the geo-neutrino analysis is not yet able to discriminate among proposed geological models.
One has to keep in mind that this analysis uses data from December 9, 2007 to August 26,
2012. With two more years of statistics, Borexino alone should be able to reject a null geo-
neutrino signal rate above 5�. I participated in the search for geo-neutrinos through the
IDAPP exchange program in my third year of PhD. From the selection to the maximum like-
hood analysis, through the accidental and cosmogenic backgrounds investigation, I made a
complete independent analysis to cross-check the already published results and to go beyond
by running over the total available data taking period. Nevertheless, in order not to be in
conflict with a future Borexino paper, I focused in this thesis on the exact same data taking
period than the one released. The selection allowed to discover a hardware issue in the data
taking which is still under investigation. A slightly different neutrino candidates sample was
selected due to an improvement in the way to calculate the fiducial volume. Finally, the signal
rates of geo-neutrinos and ⌫̄

e

from nuclear reactors were found to be in agreement with the
published results.

Retrieving the initial direction of ⌫̄
e

in IBD interactions with neutron capture on Gd or
on H is a promising study which can improve the signature of future neutrino experiments.
I was involved in this neutrino directionality analysis for both Double Chooz and Borexino.
Here are the main outcomes of my studies:

- Double Chooz:
• Neutrino directionality using IBD interactions is possible since the emitted neutron

preserves some information on the initial ⌫̄
e

direction. Using neutrino candidates with
neutron capture on Gd, it is possible to locate the source. Three-dimensional resolution
on the direction gave 7.0� with 17358 events.

• While studies in literature focused on scintillators doped with high neutron capture
cross-section elements, such as Gd, we showed that measurement of the directionality
of neutrino candidates with neutron capture on H is feasible. This is potentially inter-
esting for future large-scale neutrino detectors which will use un-doped scintillators.
I developed the analysis based on a preliminary selection of neutrino candidates with
neutron capture on H and I selected the neutrino candidates of interest by investigat-
ing the accidental contribution. Three-dimensional resolution on the direction gave
8.9� with 13048 events.

• Since the present resolution is comparable to the angular distance between the two
nuclear reactors of the Chooz power plant, one can think to end with a narrower
distribution when only one reactor is on. We did not have enough statistics yet to
answer this question. With much more statistics, the Double Chooz near detector will
help to deconvolute the two reactors.

• The vertex position reconstruction is the key of the success of a neutrino direction-
ality study. Unfortunately, the Double Chooz algorithm is biased. After finding a
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misbehavior, I investigated and provided corrections for both data and MC. Neverthe-
less, we had some limitations since we did not have access to calibration sources with
energies above 2.5 MeV and we did not have the possibility to investigate a possible
radial dependence of the corrections. In my opinion, it would be better to correct the
algorithm instead of applying corrections after the algorithm. “Le mieux est l’ennemi
du bien” as we would say in French.

- Borexino:
• The main background in the geo-neutrino analysis is the ⌫̄

e

from nuclear reactors.
Neutrino directionality can facilitate the discrimination since geo-neutrinos and ⌫̄

e

from nuclear reactors have a different angular distribution. Nevertheless, due to the
low statistics, it is not yet possible to reach a conclusion on the discrimination power.
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Figure 7.28: Scheme of the 238U decay series, from [172]. Only the �� decays of
234Pa and 214Bi provide ⌫̄

e

susceptible to interact through IBD interactions in a
detector.



Figure 7.29: Scheme of the 232Th decay series, from [172]. Only the �� decays of
228Ac and 212Bi provide ⌫̄

e

susceptible to interact through IBD interactions in a
detector.
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- Résumé - Double Chooz est une expérience d’oscillation de neutrinos de réacteur qui a
pour but de mesurer l’angle de mélange ✓13 grâce à deux détecteurs identiques situés à dif-
férentes distances des deux réacteurs de la centrale nucléaire de Chooz, dans les Ardennes
françaises. Tandis que le détecteur proche commencera à prendre des données à l’automne
2014 afin de normaliser le flux des neutrinos émis par les réacteurs nucléaires, le détecteur
lointain fonctionne depuis avril 2011 et permet d’observer la disparition des neutrinos à travers
le phénomène d’oscillation de neutrinos. Cette thèse est également consacrée à l’expérience
Borexino qui a été conçue afin d’observer les neutrinos solaires. Du fait d’un très faible bruit
de fond ainsi que de son emplacement dans un pays sans réacteur nucléaire, l’Italie, Borexino
est également sensible aux geo-neutrinos. Cette thèse présente à la fois les expériences Double
Chooz et Borexino, de la description des détecteurs jusqu’aux principaux résultats, avec une
attention particulière portée au bruit de fond et à sa réjection. Des études sur la directionalité
des neutrinos avec ces deux expériences sont aussi détaillées. Pour Double Chooz, puisque les
neutrinos proviennent des réacteurs nucléaires, la précision de la méthode d’analyse peut être
évaluée. Cette thèse présente également pour la première fois la possibilité de retrouver la
direction initiale des neutrinos quand les neutrons créés dans les réactions inverses de désinté-
gration beta sont capturés sur l’hydrogène. Pour Borexino, l’information sur la directionalité
des neutrinos pourrait faciliter la discrimination entre geo-neutrinos et neutrinos de réacteurs
nucléaires.

- Mots-clés - Double Chooz, oscillation de neutrinos, angle de mélange ✓13, Borexino, geo-
neutrinos, directionalité des neutrinos

- Abstract - Double Chooz is a reactor neutrino oscillation experiment which aims at mea-
suring the ✓13 mixing angle thanks to two identical detectors located at different distances
from the two reactors of the Chooz nuclear power plant, in the French Ardennes. While the
near detector will start taking data in fall 2014 to normalize the flux of the neutrinos emitted
by the nuclear reactors, the far detector is running since April 2011 and allows to observe
the neutrinos disappearance through the neutrino oscillation phenomenon. This thesis is also
dedicated to the Borexino experiment which was designed to observe solar neutrinos. Due
to its low background level as well as its position in a nuclear free country, Italy, Borexino
is also sensitive to geo-neutrinos. This thesis presents both the Double Chooz and Borex-
ino experiments, from the description of the detectors to the main results, with a special
attention to the background and its rejection. Studies on the neutrino directionality with
these two experiments are also detailed. In the case of Double Chooz, since the neutrinos are
coming from the two nuclear reactors, the precision of the analysis method can be assessed.
This thesis presents also for the first time the possibility to retrieve the initial direction of
the neutrinos when the neutrons created in the inverse beta decay reactions are captured on
hydrogen. In the case of Borexino, neutrino directionality information could facilitate the
discrimination between geo-neutrinos and neutrinos from nuclear reactors.

- Keywords - Double Chooz, neutrino oscillation, ✓13 mixing angle, Borexino, geo-neutrinos,
neutrino directionality
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