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Abstract

The Deep Underground Neutrino Experiment (DUNE) is a long-baseline accelerator
experiment designed to make a significant contribution to the study of neutrino oscilla-
tions with unprecedented sensitivity. The main goal of DUNE is the determination of
the neutrino mass ordering and the leptonic CP violation phase, key parameters of the
three-neutrino flavor mixing that have yet to be determined. An important component of
the DUNE Near Detector complex is the System for on-Axis Neutrino Detection (SAND)
apparatus, which will include GRAIN (GRanular Argon for Interactions of Neutrinos),
a novel liquid Argon detector aimed at imaging neutrino interactions using only scin-
tillation light. For this purpose, an innovative optical readout system based on Coded
Aperture Masks is investigated. This dissertation aims to demonstrate the feasibility of
reconstructing particle tracks and the topology of CCQE (Charged Current Quasi Elas-
tic) neutrino events in GRAIN with such a technique. To this end, the development and
implementation of a reconstruction algorithm based on Maximum Likelihood Expecta-
tion Maximization was carried out to directly obtain a three-dimensional distribution
proportional to the energy deposited by charged particles crossing the LAr volume. This
study includes the evaluation of the design of several camera configurations and the
simulation of a multi-camera optical system in GRAIN.
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Sommario

Il Deep Underground Neutrino Experiment (DUNE) è un esperimento con acceleratore a
lunga baseline progettato per dare un contributo significativo allo studio delle oscillazioni
dei neutrini con una sensibilità senza precedenti. L’obiettivo principale di DUNE è la
determinazione dell’ordine di massa dei neutrini e della fase di violazione leptonica di
CP, parametri chiave della mixing a tre sapori dei neutrini che non sono ancora stati
determinati. Un componente importante del complesso del Near Detector di DUNE è
costituito dal System for on-Axis Neutrino Detection (SAND), che includerà GRAIN
(GRanular Argon for Interactions of Neutrinos), un nuovo rivelatore ad Argon liquido
che ha lo scopo di eseguire imaging delle interazioni dei neutrini utilizzando la luce di
scintillazione. A questo scopo, verrà studiato un innovativo sistema di lettura ottica
basato su maschere ad Apertura Codificata. Questa tesi si propone di dimostrare la
praticabilità della ricostruzione delle tracce di particelle e della topologia degli eventi di
neutrini CCQE (Charged Current Quasi Elastic) in GRAIN con tale tecnica, ed è ded-
icata allo sviluppo e all’implementazione di un algoritmo di ricostruzione basato sulla
Maximum Likelihood Expectation-Maximization per ottenere direttamente una mappa
tridimensionale proporzionale all’energia depositata dalle particelle cariche che attraver-
sano il volume. Questo studio comprende la valutazione della progettazione di diverse
configurazioni di camere e la simulazione dell’implementazione di un sistema ottico multi-
camera in GRAIN.
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Introduction

Experimental studies of neutrino oscillations have made it possible to characterize many
of the parameters related to neutrino masses through the complementary use of several
experimental channels and sources. Some parameters remain to be determined, in par-
ticular the unitarity of the neutrino mixing matrix, its possible CP-violating phase, and
the neutrino mass ordering, which would have a profound impact on the entire lepton
sector of particle physics. The next generation of neutrino oscillation experiments aims
to answer these remaining open questions.
The Deep Underground Neutrino Experiment (DUNE) is a long-baseline accelerator ex-
periment designed to contribute signi�cantly to the study of neutrino oscillations with
unprecedented sensitivity. It envisages to study neutrinos from a high intensity wide-
band neutrino beam with a Near Detector (ND) system at the Fermi National Accelerator
Laboratory and a Far Detector (FD) at � 1300 km from the beam source at the Sanford
Laboratory, in South Dakota in the United States.
For the oscillation parameters to be determined by the data of the multi-kiloton FD
Liquid Argon Time Projection Chambers (LArTPCs), the neutrino beam must be char-
acterized before the onset of oscillations at the ND complex, which will be able to provide
complementary information on the neutrino beam and to re�ne the interaction models
that will be necessary to analyze the FD data. The ND will also be capable of conducting
searches for New Physics, providing high granularity and resolution.
The System for On-Axis Neutrino Detection (SAND) will monitor the neutrino beam 
ux
at the near site. It is based on the 0.6 T superconducting magnet and electromagnetic
calorimeter previously used in the KLOE experiment. The inner magnetized volume
hosts GRAIN, a 1 ton liquid Argon active target and a low density target/tracker sys-
tem. SAND will provide a �ne-grained reconstruction of neutrino interaction topologies
in LAr, and will o�er a control sample for neutrino events in the ND LArTPC.
This dissertation is part of an R&D program aiming to develop a novel tracking and
calorimetry system entirely based on the imaging of LAr scintillation light. One of the
two solutions being developed for such an optical readout system is based on the Coded
Aperture Mask technique. The present work aims to demonstrate the feasibility of recon-
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2 CONTENTS

structing the topology of neutrino events in GRAIN using such a technique. This study is
dedicated to the development and implementation of a reconstruction algorithm based on
Maximum Likelihood Expectation Maximization to obtain directly a three-dimensional
distribution proportional to the energy deposited by charged particles in the LAr volume.
The implemented algorithm was used to evaluate reconstructions of point sources and
tracks of minimum ionizing particles with di�erent camera con�gurations, such as sizes
and patterns of the Coded Aperture mask. The best-performing type was selected, and
a multi-camera optical system design was proposed to be implemented in the GRAIN
geometry. An assessment was then made of the ability of GRAIN to reconstruct tracks
of a CCQE neutrino interaction producing a muon and proton. The imaging system
in GRAIN and the direction of the muon, known from the SAND tracking system, was
used to determine the direction of the proton and to estimate the vertex reconstruction
resolution.

The dissertation is organized as follows:

ˆ Chapter 1 presents an overview of the current status of neutrino physics, outlining
the theoretical description of massive neutrinos and introducing the phenomenology
of neutrino oscillations and the experimental results on the mixing parameters;

ˆ Chapter 2 describes the physics objectives, structure and detectors of the future
DUNE experiment;

ˆ Chapter 3 describes the physics objectives and structure of the SAND detector and
GRAIN, its active Liquid Argon target;

ˆ Chapter 4 will outline the principles and features of Coded Aperture imaging and
subsequently present the rationale and speci�cs of the GRAIN optical detection
system and of its track reconstruction algorithm.

ˆ Chapter 5 shows the optimization of the camera geometry for the reconstruction
in GRAIN;

ˆ Chapter 6 presents the analysis of GRAIN's optical system performance with the
selected cameras for muon tracks and neutrino event reconstruction.



Chapter 1

Neutrino Physics

1.1 Neutrinos in the Standard Model

The SM of particle physics is a gauge theory that describes strong, electromagnetic,
and weak interactions in the universe, as well as elementary particles [1]. It is based
on the symmetry groupSUp3qC � SUp2qL � Up1qY , where SU(3) describes the strong
interaction, SU(2) the weak isospin and U(1) the hypercharge group.

In the SM, neutrinos are fermions, basic constituents of matter. In particular, they
are neutral massless leptons that only interact with matter via weak interactions. Like
other leptons, neutrinos and antineutrinos exist in at least three generations, that is,
electron (� e), muon (� � ), and tau neutrinos (� � ), and are associated with the three
charged leptons as:

�
e
� e


 �
�
� �


 �
�
� �



; (1.1)

Under CPT (charge, parity and time reversal) symmetry conservation, a neutrino
is a left-handed particle and an antineutrino is a right-handed antiparticleIn the SM,
neutrinos can only interact via charged-current (CC) weak interaction with exchange of
a W� boson and neutral-current (NC) weak interaction with exchange of a Z0 boson as
described by the following interaction lagrangian terms [2]:

� L CC �
g

?
2

¸

l

�� Ll 
 � l �
L W �

� � h.c. (1.2)

� L NC �
g

2 cos� W

¸

l

�� Ll 
 � � Ll Z 0
� ; (1.3)
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4 1.2. NEUTRINO MASSES BEYOND THE STANDARD MODEL

where l � e; �; � , g is the coupling constant associated withSUp2q, and � W is the
Weinberg angle. Also, as massless particles, the neutrino 
avor is conserved during
propagation. However, several experiments have now demonstrated neutrino mixing,
indicating that neutrinos do have mass, since 
avor mixing and thus oscillations require
neutrino mass therms that feature the 
avor �elds or a combination of them. This is one
of the �rst hints of physics beyond the Standard Model.

As mentioned earlier, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of theZ boson to which it would contribute as much
as one active neutrino,Z Ñ � � �� � . The invisible width has been measured with great
accuracy at LEP and leads to the following constraint on the number of active light
neutrinos [1]:

N � �
� inv

� ���
� 2:984� 0:008: (1.4)

1.2 Neutrino masses beyond the Standard Model

Although the SM has shown great success in delivering experimental predictions, some
phenomena remain unexplained. Among these, experimental evidence for neutrino os-
cillation demonstrated that neutrinos have mass. The existence of this phenomenon
requires a theory beyond the Standard Model (BSM) in order to introduce a correspond-
ing mass term for these particles. In fact, the discovery of neutrino oscillations implies
that the di�erences of the neutrino mass squared are not null and also that the states
of 
avor neutrino are superpositions of de�nite mass states. However, measurements of
neutrino oscillations do not constrain the overall mass scale, and their determination is
a challenging problem, which is still not solved. Furthermore, the reason why neutrinos
are many orders of magnitude lighter than other SM particles is not known and the
mechanism that gives them mass remains uncertain [3].

1.2.1 Dirac masses

The simplest extension that can be made to the SM involves adding a set of three right-
handed neutrino states that couple to matter just through neutrino masses.
Starting from the lagrangian of a free Dirac particle �eld:

L D pxq � �� pxqpi {B � mq� pxq (1.5)

Fermion �elds can be written in their chiral components as� L � PL � and � R � PR � ,
such that � � � L � � R . Thus, the Lagrangian can be rewritten as
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L D � �� L i {B� L � �� R i {B� R � m p�� L � R � �� R � L q (1.6)

In the SM neutrinos �elds have only the left-handed component, unlike other massive
fermions �elds with have both a left-handed and right-handed component. To introduce
the neutrino mass therefore it is necessary to consider also the right-handed component
� R . In this way, three �elds are obtained:

L1
�L �

�
� 1

�L
l1
�L



; l1

�R ; � 1
�R ; p� � e; �; � q (1.7)

which enter in the Lepton-Higgs Yukawa Lagrangian, which becomes, after sponta-
neous symmetry breaking:

L H;L � �
�

v � H
?

2



� �l1

L Y 1l1
R � �� 1

L Y 1� � 1
R

�
� h:c:; (1.8)

The Yukawa coupling and the resulting Dirac mass conserve lepton number. In this
case, neutrinos and antineutrinos have the same mass and di�er by the conserved total
lepton number which takes the valuesLp� q � � 1 and Lp�� q � � 1. The right-handed
�elds are called sterile, since they do not enter into the standard charged and neutral
currents; while the left-handed 
avor �elds are calledactive since they participate in
weak interactions.
Since there are no constraints on the Yukawa couplings, the theory cannot predict the
values of neutrino masses (and, in general, of all SM particles). However, to account for
the experimental upper limits determined for the neutrino masses, the Yukawa couplings
must be very small. The neutrino mass limits are at most at the eV-scale[4], this means
that the coupling is À 10� 12. In this model there is no explanation for the very strong
hierarchy of masses between the charged leptons and the neutrinos. Moreover, one would
naively expect a similar hierarchy between the neutrino masses and a similar mixing
structure to the quark sector, contradicting the observations. For these reasons, other
explanations for neutrino masses have also been considered.

1.2.2 Majorana masses

Another possible option is for neutrinos to be Majorana particles. For Majorana neu-
trinos, the chiral components� L and � R are not independent and are instead related by
the Majorana condition:

� R � � C
L � C�� T

L ; (1.9)
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where C � i
 2
 0 is the charge conjugation operator. Substituting the previous def-
inition in the decomposition of the neutrino �eld allows us to rewrite the Majorana
condition as:

� � � L � � C
L � � C : (1.10)

Majorana particles are thus equal to their antiparticles, so that only neutral fermions
like neutrinos can be described by a Majorana �eld.

The Majorana mass lagrangian for a single neutrino type can be generated using only
the left-handed chiral �eld � L as its charge conjugate� C

L can be substituted in place of
� R thanks to the Majorana condition. The Majorana mass term is thus given by:

L M
mass � �

1
2

m�� C
L � L � h.c. ; (1.11)

with the complete Majorana lagrangian consisting of the kinetic terms for� L and � C
L

in addition to the mass term.
The introduction of three generations of massive Majorana neutrinos requires the

Majorana mass term to be diagonalized, expressing the left-handed 
avor �elds� 1
L as

linear combinations of massive neutrino �elds� L :

� 1
L � V �

L n L with n L �

�

�
� 1L

� 2L

� 3L

�


 (1.12)

so that the three-generation Majorana mass lagrangian can be written as:

L M
mass � �

1
2

�n C
L M n L � h.c. �

1
2

3¸

k� 1

mk �� C
kL � kL � h.c. (1.13)

with M being the diagonalized mass matrix. It can be seen now that this mass term
is not invariant under the global Up1q gauge transformations:

� kL Ñ ei' � kL pk � 1; 2; 3q; (1.14)

with the same phase' for all massive neutrinos: this implies a violation of the total
lepton number conservation, leading to beyond the Standard Model phenomena, such as
the neutrino-less double-� decay, which represents the best handle to probe the potential
Majorana nature of neutrinos.
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1.2.3 Experimental mass searches

Beta-Decay experiments

Electron neutrino mass can be measured using the tritium� -decay3H Ñ 3He� e� � �� e.
The Fermi golden rule gives the transition probability for this decay, and its derivative
w.r.t. the kinetic energy T is equal to

d�
dT

�
pcos� CGF q2

2� 3
|M |2F pEqpEK 2pTq; (1.15)

whereK pTq is the Kurie function and it can be written as:

K pTq �
�
pQ � Tq

b
pQ � Tq2 � m2

� e

� 1{2

; (1.16)

with Q � M p3Hq� M p3Heq� me � 18.57 keV. If neutrinos have zero mass, the graph
of K(T) = (Q-T) would depend linearly on T, but if m� e � 0, a deviation is present,
which can be used to measure the value ofm� e . This deviation can be observed in Fig.
1.1

Figure 1.1: Tritium Kurie plot close to the end-point, computed for neutrino masses
equal to 0 and 20 eV [5].

However, due to the extraordinary challenge of such a precise measurement, currently,
it is only possible to provide an upper limit to the �� e mass. The strongest constraint
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on neutrino mass using this approach has been provided by the KArlsruhe TRItium
Neutrino (KATRIN) spectrometer, providing an upper limit to neutrino mass of 1.1 eV
at 90% con�dence level [4].

Neutrino-less double-beta decay experiments

The hypothesis that neutrinos are Majorana particles, which means that the neutrino
and antineutrino are identical, is a key question that concerns the nature of the neutrino
mass.
The most promising way to distinguish between Dirac and Majorana neutrinos is the
neutrino-less double beta decay. Double beta decay is the process:

pZ; Aq Ñ pZ � 2; Aq � 2e� � 2 �� e (1.17)

where (Z,A) is a nucleus with atomic number Z and mass number A, that can occur
when single beta decay is kinematically forbidden. Double beta decay is a second-order
process in perturbation theory and the measured half-lives are of the order of 1024 years.
Neutrino-less double beta decay is a similar process, but neutrinos are not present in the
�nal state since they annihilate with each other, as shown in the Feynmann diagrams in
Fig. 1.2.

Figure 1.2: Feynman diagrams of the ordinary double beta decay on the left and the
neutrino-less double beta decay on the right [6].

In order for this decay to be possible, some requirements have to be satis�ed: neu-
trinos must have mass, neutrinos must be Majorana particles, and the lepton number
conservation must be violated. The �rst requirement is satis�ed since it is known from
oscillations that neutrinos have mass, while the other two are not proven yet, but they
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are necessary to have an interaction between two neutrinos. In fact, the interaction is
possible only if one neutrino has a left-handed chiral state and the other has a right-
handed chiral state, but both neutrinos have a left-handed helical state. One can see
that observations of neutrino-less double beta decay would be a proof that neutrinos are
Majorana particles.

The half-life time of the decay (T0�
1{2) is given by:

T0V
1{2 �

�
G|M | xm�� y2� � 1

� 1027� 28

�
0:01eV
xm�� y


 2

y; (1.18)

where G is the phase space factor,M is the nuclear matrix element andxm�� y is the
e�ective Majorana mass.

Experiments aim to measure the characteristic discrete spectrum, as shown in Fig.
1.3. The goal is to estimate the value of the half life of the 0��� decay, which is

proportional to T0V
1{29

b
M t

B � E . Therefore, a detector must have a large mass (M t ), a good
energy resolution (� E), and an extremely low background rate (B). Additionally, not all
beta-decay isotopes are good candidates for performing neutrino-less double beta decay
searches. For practical purposes, isotopes with forbidden or strongly suppressed beta
decay are chosen. Only 36 possible double-beta decay emitters are known. The full list
can be found in [7].

Figure 1.3: Distribution of the sum of the two electron energies for 2��� and 0��� .

There are two types of experiment: experiments in which the source is inserted as a
thin foil inside a tracking detector and those in which the detector also constitutes the
source. NEMO-3 [8] is an example of the �rst type of experiment, using a source of100

Mo that is known to be a 2��� source. The problem of this kind of experiments is that
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the source material is limited and they have a limited energy resolution.
Other experiments, which instead used the second technique, are the CUORE [9] bolom-
etry experiment, HdM [10], GERDA [11].
The strongest constraints up to date are set by KamLAND-Zen collaboration, using
Xenon: T1{2;0� ¡ 1:1 � 1026 years andm��   p 0:06 � 0:16q eV [12], the uncertainty on
the upper limit for the e�ective mass is due to nuclear structure e�ects which cause
variations in the nuclear matrix elements.

Cosmological constraints to the neutrino mass

The most stringent limits on the neutrino masses can be obtained from cosmology. The
standard model of cosmology predicts the existence of a thermal relic-neutrino back-
ground originated in the Big Bang. Furthermore, precision measurements of the Cosmic
Microwave Background (CMB) [13] are consistent with the existence of this background.
Massive neutrinos are needed in present cosmological models, but since their masses are
unknown, they are treated as a free parameter.

The energy density in neutrinos can be estimated as [14]:


 � �
� �

� c
�

1
h2

°
j mj

93eV
(1.19)

where � c is the critical density that makes the universe 
at, andh � 0:65 is the
Hubble constant in units of 100 Km/s/Mpc. The measured 
atness of the universe gives
a limit 
 tot h3   0:4 that results in:

¸

j

mj   37eV. (1.20)

A more stringent (but model-dependent) limit can be obtained from studies of large-
scale structures. At the time of the formation of the cosmological structure, the neu-
trinos behaved as hot dark matter, suppressing their growth at small scales. These
structures formed from initial seeds, i.e. perturbations in the dark matter density, under
the gravitational pull. Cold dark matter falls into gravitational wells which are created
by overdensities, making them grow further and leading to the formation of galaxies and
clusters. Neutrinos were too fast to be trapped in the wells and free-streamed out of
them, suppressing the growth of structures at su�ciently small scales.
These structures are constrained by the CMB measurements performed by Planck mis-
sion. A recent analysis by WMAP provides a limit of

°
j mj   0:11 eV [15].

In the near future, the next generation of experiments (such as CMB-S4 [16]) will be
sensitive to

°
j mj   2 � 10� 2 eV, being able to determine whether

°
j mj is non-zero at
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three-sigma level. This measurement will be a strong con�rmation of the neutrino mass
measurements performed using neutrino oscillations.

1.3 Neutrino mixing and oscillations

The mixing of neutrino 
avors is a natural outcome of considering massive neutrinos,
since the neutrino 
avor and mass eigenstates are not the same [17]. This phenomenon
was �rst proposed by Pontecorvo in 1957 [18], and is called neutrino oscillations.

Neutrino 
avour eigenstatesp� � , with � � e; �; � q can be expressed as a linear com-
bination of the neutrino mass eigenstatesp� i , with i � 1; 2; 3q :

|� � y �
¸

i

U�
�i |� i y; (1.21)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, and it is ex-
pressed as a 3� 3 rotation matrix of angles � ij :

U �

�

�
1 0 0
0 c23 s23

0 � s23 c23

�




�

�
c13 0 s13e� i� CP

0 1 0
� s13e� i� CP 0 c13

�




�

�
c12 s12 0

� s12 c12 0
0 0 1

�




�

�
ei� 1 0 0
0 ei� 2 0
0 0 1

�


 ;

(1.22)
with cij � cos� ij and sij � sin� ij :� 1 and � 2 are the Majorana phases. The case of

three Dirac neutrinos would lead to a unitary PMNS matrix. � CP is a phase factor that
is non-zero only if CP-symmetry is violated in neutrino oscillations.

The propagation of the mass eigenstates can be described by plane wave solutions:

|� i px; tqy � e� i pE i t � ~p�~xq |� i p0; 0qy; (1.23)

that are approximated at the ultra-relativistic limit to:

� i ptqy � e� i
m 2

i L
2E i |� i p0qy; (1.24)

whereL � x � ct is the propagation distance andmi and E i the mass and energy of
the i -th mass eigenstate.

Although neutrinos are generated in the 
avor eigenstatep� � q, during propagation
they can be expressed as a linear combination of the mass eigenstates. Therefore, the
probability of observing a� -
avor neutrino that was generated in the 
avor � is:
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P p� � Ñ � � q � |x � � | � � ptqy|2 �
¸

i;j

e� i
� m 2

ij L

2E U�
�i U�i U�j U�

�j (1.25)

where � m2
ij � m2

i � m2
j and the term � m2

ij L{2E determines the sensitivity of the
experiment to the di�erent parameters. The oscillation probability for antineutrinos can
be obtained by assuming that the neutrino interaction respects CPT. By separating the
real and imaginary parts of the mixing matrix, for neutrinop� � q and antineutrino p�� � q
oscillations, equation 1.25 can be written as:

Ppp�� q1
� Ñ p�� q1

� q � � �� � 4
¸

j ¡ i

Re
�
U�i U�j U�i U�j sin2

�
� m2

ij L

4E


�

� 2
¸

j ¡ i

Im
�
U�i U�

�j U�
�i U�j sin

�
2

� m2
ij L

4E


�
:

(1.26)

From Eq. 1.26 it is clear that if the mixing matrix U is complex,P p� � Ñ � � q and
P p�� � Ñ �� � q would not be identical. As they are CP conjugated processes, measuring a
di�erent oscillation probability for neutrinos and antineutrinos would be the evidence of
CP violation.

Regarding the di�erence in the squares of the neutrino masses in Eq. 1.25, �m2
21

is called the "solar mass splitting" whereas �m2
31 is the "atmospheric mass splitting",

which is � m2
31 � � m2

32� � m2
21. Two possible mass orderings (or hierarchies) are possible:

normal ordering (NO) with m1   m2   m3, which matches the mass ordering of the
charged leptons in the SM, andinverted ordering (IO) implying m3   m1   m2 instead.
The two hierarchy scenarios are shown in Fig. 1.4.

Historically, the results of the neutrino oscillation experiments were interpreted by
assuming only two neutrino states and no CP violation. This is a valid approximation
at the precision level of the measurements due to the large di�erence between �m2

21 and
� m2

31. Taking this into account, Eq. 1.25 can be simpli�ed to the form:

P p� � Ñ � � q � � �� � p 2� �� � 1qsin2 2� sin2 � m2L
4E

: (1.27)

Neutrino oscillations are perfect for measuring tiny di�erences of neutrino masses,
since even if �m2 is small, the oscillation probability can be ampli�ed by a long baseline
L, thus oscillations are observable at macroscopic distances. Note that in the previous
equation, the sinus squared masks the sign of �m2. This is why neutrino oscillation
experiments, in principle, are not sensitive to the sign of �m and can only provide the
absolute value.
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Figure 1.4: A visual representation of the two possible neutrino mass order-
ings/hierarchies. On the left, the normal ordering, wherem1   m2   m3, and the
atmospheric mass-squared splitting is positive. On the right, the inverted ordering,
where m3   m1   m2 and the atmospheric mass-squared splitting is negative. The
relative proportion of red (� e), blue (� � ), and green (� � ) in the box corresponding to the
mass eigenstates quanti�es the relative probability of �nding the� 
avour eigenstate in
the corresponding mass eigenstate. Image by JUNO collaboration.

At large L or, alternatively, at small E , the oscillation probability tends to the con-
stant value of

@
P� � Ñ � �

D
� 1

2 sin2 2� , due to the e�ect of �nite energy resolution, as shown
in Fig. 1.5 In fact, the uncertainty relation 1 � � E � t � � m2

2E L is valid.
In addition, the plane-wave treatment of neutrino oscillations is just an approxima-

tion. Indeed, since a plane wave has a de�nite momentump, it would be impossible to
know where the neutrino was produced due to the Heisenberg principle, and then the
distance L would be unknown. It is then necessary to describe each mass eigenstate
using a wave packet, which can have a di�erent mass. During time propagation, the
wave packets will separate, and, as a consequence, there will be no more oscillations.
In summary, di�erent mass eigenstates produced at the same instant arrive at di�erent
times, depending on their individual speeds. For example, supernova neutrinos no longer
oscillate when they reach Earth: since separation occurs approximately in 103 km, they
would arrive with a time di�erence in the order of 10� 4 s.

1.3.1 Matter e�ects in neutrino oscillations

Oscillations come from di�erences in phase between mass states. Therefore, while in
vacuum the free Hamiltonian has to be considered, in a material there are also inter-
action potentials. When neutrinos travel through dense medium (eg, the Sun or the
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Figure 1.5: Probability of � � Ñ � � transitions for sin2 2� � 1 as a function of � m2xL{Ey.
The solid line represents the transition probability averaged over a GaussianL{E distri-
bution with � L {E � 0:2xL{Ey. The dashed line is the unaveraged transition probability
[2]

Earth), the coherent forward scattering from the particles they encounter along the way
can signi�cantly alter their propagation. As a result, the oscillation probability can be
somewhat di�erent than it is in a vacuum. The 
avor-changing mechanism in matter
was named after Mikhaev, Smirnov, and Wolfenstein (MSW), who �rst pointed out [19]
that there is an interplay between 
avor-nonchanging neutrino-matter interactions and
neutrino mass and mixing. The MSW e�ect stems from the fact that electron neutrinos
(and antineutrinos) have di�erent interactions with matter compared to other neutrino

avors. In particular, � e can have both charged current and neutral current elastic
scattering with electrons, while� � and � � have only neutral current interactions with
electrons. This fact gives rise to an extra potentialVW � �

?
2GF Ne, where Ne is the

electron density in matter, GF is the Fermi constant, and the positive (negative) sign
applies to electron-neutrinos(antineutrinos) scattering.

The oscillation probability becomes:

P� eÑ � e � 1 � sin22� M sin2p
� 2

M L
4E

q; (1.28)

with a squared mass di�erence due to matter e�ects equal to
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� m2
M � � m2

V

b
sin22� � p cos2� � � q2 (1.29)

and a relation for the matter e�ect mixing angle such as

sin22� M �
sin22�

sin22� � p cos2� � � q2
(1.30)

where � m2
V and � are the values referred to oscillations in vacuum, while� is related

to the matter electron density and it is given by

� �
2
?

2GF NeE
� m2

V
: (1.31)

From these formulas, it is possible to understand the following important conse-
quences of the MSW e�ect:

1. long baselines or high matter densities are required to observe signi�cant matter
e�ects (in the limit � m2

M L{p4Eq ! 1 the vacuum probabilities can be retrieved;

2. under the resonant condition cos2� � � , oscillations can be signi�cantly enhanced,
regardless of the value of� , therefore, even if the vacuum oscillation probability
is very small. Since� � LV {Le, whereLV � 4�E {� m2 is the vacuum oscillation
length and Le � 4� {p2

?
2qGF Neq is the electron-neutrino interaction length, the

resonance condition is:

LV � Lecos2�: (1.32)

3. oscillation probabilities for neutrino and antineutrinos can be di�erent due to mat-
ter e�ects (because of the sign of� , even if neutrino interactions with matter do
not violate CP, even if the mixing matrix is real;

4. the resonant condition occurs if� ¡ 0, which in turn depends on the sign of �m2.
This dependence on the sign of �m2 can be used to determine the neutrino mass
hierarchy. The e�ect is expected to be seen in long baseline accelerator experiments
(see Sect. 1.4.3), and future high-statistics atmospheric neutrino studies (Sect.
1.4.2) and will play an important role in establishing the type of neutrino mass
hierarchy.
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1.4 Measurement of the neutrino oscillation param-
eters

Neutrinos come from di�erent sources: the Sun, cosmic ray interactions with the atmo-
sphere, nuclear reactors, and accelerators. Each of these sources produces neutrinos with
di�erent parameters L and E, and thus with di�erent accessible � m2. Therefore, various
experiments were designed to exploit these neutrino sources and probe di�erent neutrino
sectors. Two possible modes are available for the measure of neutrino oscillations:

ˆ Appearance experiments , which measure transitions between di�erent neutrino

avors, according to Eq. 1.25. As the �nal 
avor can be either absent or present
as contamination in the initial beam, the background for this measurement can be
very small. Thus, appearance experiments can be sensitive to rather small mixing
angles.

ˆ Disappearance experiments , which measure the survival probability of a neu-
trino 
avor

P� � Ñ � � pL; E q � 1 � 4
¸

k¡ j

|U�k |2 |U�j |2 sin2

�
� m2

kj L

2E



; (1.33)

by comparing its initial and �nal interaction rates. As the interaction rates have
statistical 
uctuations, apart from oscillations, small disappearances are di�cult
to reveal, so that disappearance experiments are not suited for measuring small
missing angles.

In both cases, a neutrino source is used. Then, some experiments use a small near-
detector to measure the neutrino 
ux near the source, to ensure the composition of the
initial 
ux, while a large far detector measures the neutrino 
ux after a distanceL.
The appearance experiments start with a neutrino 
avor� � at the source and the far
detector looks for a di�erent neutrino 
avor � � at distanceL from the source, measuring
the appearance probabilityP� � Ñ � � ; while the disappearance experiments look for the
same neutrino 
avor � � at distance L from the source, measuring the disappearance
probability P� � Ñ � �

1.4.1 Solar neutrino experiments

Solar neutrino experiments are sensitive to �m2
21 and sin2� 12. Solar neutrino experiments

observe neutrinos produced by nuclear fusion reactions in the Sun core. According to the
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Standard Solar Model (SSM), a multicomponent 
ux of electron neutrinos is generated
by various reactions, ranging from 0.1 to 20 MeV [20]. The 
ux spectrum of the di�erent
reactions is shown in Fig. 1.6.

Figure 1.6: Spectrum of solar neutrino 
uxes as predicted by SSM.[21]

Di�erent experiments tried to measure the neutrino 
uxes for di�erent energies. The
�rst was the Homestake experiment, in which the reaction� e� 37Cl Ñ 37 Ar � e� was used
to detect the � e 
ux, with an energy threshold above 800 keV. Therefore, it was sensitive
just to 8B and 7Be electron neutrinos. The Homestake experiment, running from 1970
to 1994, observed only one third of the expected 
ux of solar neutrinos predicted by the
SSM model. This was the origin of the so-calledsolar neutrino problem.
The possible explanations were three: an imprecision in the solar model, the experiment
was not calibrated properly, or there was some physical phenomenon that occurs to
neutrinos as they travel from the Sun to Earth.
In later years, a new generation of experiments using the� e � 71 Ga Ñ 71 Ge� e� reaction
as the detection technique, lowered the energy threshold to 233 keV, which made them
sensitive to the dominantpp reaction. GALLEX (and its successor GNO) and SAGE
con�rmed a de�cit of about 1/2 w.r.t. the 
ux predicted by the SSM [22, 23, 24].

Kamiokande, a 3,000 t water Cherenkov detector placed in the Kamioka mine (Japan),
achieved an energy threshold of 6:5MeV, su�ciently low to detect 8 B solar neutrinos
undergoing elastic scatteringp� x � e� Ñ � x � e� q. The advantage of this technology is
the sensitivity to the three neutrino 
avors, and also the directionality of the Cherenkov
radiation, which allows for the separation of background events. Again a de�cit of� 1{2
was measured by Kamiokande [25] and its successor Super-Kamiokande [26].
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The reason could have been that� e oscillates into � � or � � , but the detectors were
only sensitive to charge current interactions and then they were not able to observe
the other neutrino 
avors and they measured only a reduced� e 
ux. Therefore, it was
necessary to measure the neutral current interaction rate, which had to be equal to the
solar model neutrino 
ux.

The SNO (Sudbury Neutrino Observatory) [27] was built in 1998 in Canada for
that purpose. It was a liquid scintillator, with 1,000 ton of heavy waterpD2Oq and
10,000 PMTs. The main reactions that were used are: the charged current interaction
� e � d Ñ p� p� e� , which is sensitive just to the� e 
ux; the neutral current interaction
� l � d Ñ p � n � � l , which is sensitive to all neutrino 
avor 
uxes equally; the elastic
scattering � le� Ñ � le� , which is sensitive to all neutrino 
avors, but six times more
sensitive to the� e 
ux. The resulting measured 
uxes where compatible with the Solar
Standar model. Therefore, the solar neutrino puzzle could be explained with neutrino
oscillations. The results from SNO measurements are illustrated in Fig. 1.7.

Figure 1.7: Measurement of the SNO experiment of muon and tau neutrino 
ux from the
Sun as a fuction of the electron neutrino 
ux, showing that the total 
ux is consistent
with solar models. [27]

1.4.2 Atmospheric neutrino experiments

The large underground Cherenkov experiments that came online in the second half of the
1980s, Kamiokande [25] and IMB [28], performed the �rst observations of atmospheric
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neutrinos. Atmospheric neutrinos are produced as a consequence of cosmic rays interact-
ing with the atmosphere: pions are produced, which can decay into a muon and a muon
antineutrino. Low-energy muons can then decay again in an electron, an electron neu-
trino and a muon neutrino. However, experiments measured a de�cit of� � interactions
with respect to predictions based on the cosmic ray spectrum. The breakthrough for the
solution of this so-called atmospheric neutrino anomaly came from the data of Super-
Kamiokande (SK), the follow-up experiment to Kamiokande, which revealed an up-down
asymmetry in muon neutrino events, a clear e�ect of atmospheric neutrino oscillations
[29]. The SK experiment has provided, so far, high-statistics data on the atmospheric
neutrino 
ux, allowing to model the oscillations as from muon to tau neutrinos and to
infer the values of the oscillation parameters with signi�cant accuracy. The SK results
have also been corroborated by other atmospheric neutrino experiments, such as Soudan
2 [30] and MACRO [31], as well as Long-baseline accelerator experiments (Sect. 1.4.3)
like K2K [32].

Figure 1.8: Super-Kamiokande results: experimental data, MC predictions with neutrino
oscillations and MC predictions in the non oscillation hypothesis are reported as function
of the zenith angle. Electron and muon events are shown. Blue histograms represent
the MC predictions without neutrino oscillations, red ones show two-neutrino oscillation
MC curve.[[1]]
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1.4.3 Accelerator neutrino experiments

Experiments with arti�cial neutrino beams were designed to verify the oscillation pa-
rameters of atmospheric neutrinos, using a similarL{E ratio.

Neutrinos can be produced in accelerators by colliding high-energy protons into a
target. From the beam-target interactions, hadrons are produced. Among secondary
particles, pions and kaons are focused with the so-called magnetic horns into a beam,
towards the desired direction before they decay into neutrinos. Other mesons and muons
are stopped in the beam dump and soil. Conventional neutrino beams mainly contain
muon neutrinos or antineutrinos, since pions are the most abundant products of the
proton-target collisions. Moreover, by regulating the magnetic horns, the dominant
component of the beam can be chosen to be of neutrinos or antineutrinos. However,
beam contaminations are possible. For example, choosing to have a� � beam, most
of the neutrinos come from the decay� � Ñ � � � � . Beam contaminations come from
subsequent muon decay� � Ñ e� � e �� � , pion decay � � Ñ e� � e and kaon decay into
e� � 0� e.

Accelerator experiments must tune the ratio of the propagation distance and the
neutrino energy (L/E) in order to increase the sensitivity to the studied oscillation. In
general, there are Long Baseline (LBL) and Short Baseline (SBL) experiments. While
LBL experiments use� GeV neutrino beams and a baseline of 103� 4 m, SBL experiments,
with a baseline of� 1 km, are able to study neutrino oscillations at the 1 eV scale.

Due to beam contaminations, many Long-Baseline experiments are constituted by two
detectors, a near detector and a far detector. The near detector provide high statistics
characterization of the neutrino beam close to the source and information about the 
ux,
the energy spectrum, and interaction cross sections in order to reduce the systematic
uncertainties due to neutrino 
ux and � -nucleus interactions. The far detector studies
the 
ux of neutrinos and their possible 
avor oscillation after traveling the experiment
baseline.

The �rst LBL experiment was K2K with a total baseline of 250 km. It used a muon
neutrino beam with xE � y � 1:3GeV, produced by the KEK proton synchroton, directed
towards the SuperKamiokande detector. The near detector, 300m far from the source.
was 1kt water Cherenkov detector combined with a set of �ne-grained detectors. This ex-
periment con�rmed the atmospheric neutrino observations that reported muon neutrino
disappearance.

MINOS was another accelerator experiment that used a beam from FNAL (Fermi
National Accelerator Laboratory), directed towards a far detector in the Soudan mine.
The baseline was of 735 km and both the near and the far detectors were iron-scintillator
tracking calorimeters with a toroidal magnetic �eld. This experiment also con�rmed the
muon neutrino disappearance and it measured atmospheric neutrino oscillation param-
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eters [30].
Moreover, the OPERA experiment with the CNGS (CERN to Gran Sasso) beam con-

�rmed the oscillation of � � into � � [33]. It was characterized by a baseline of 732 km with
a beam of energy of 17GeV produced at CERN. The T2K experiment is characterized by
a high-intensity proton synchroton accelerator, a set of near detectors about 280 m from
the neutrino source, the on-axis INGRID far detector (iron-scintillator tracking detec-
tor) and the SuperKamiokande detector which performs o�-axis neutrino measurements
with an angle of 2:5� . This experiment, with a baseline of 295 km makes use of neutrino
beam with a peak energy of 0:6GeV. It has been the �rst experiment to observe� � Ñ � e

oscillations [34]. The NO� A experiment is an o�-axis neutrino experiment, with the
far detector placed at� 800 km distance and an o�-axis angle of 14.6 mrad, while the
near detector is about 1 km from the source. Both are tracking calorimeters detectors.
This experiment is committed to the observation of� � p�� � q disappearance and� e p�� eq
appearance [35].

In the near future, two new long-baseline oscillation experiments are expected to
operate. DUNE (that will be detailed in chapter 2), and Hyper-Kamiokande [36] as the
successor of Super-Kamiokande, a water Cherenkov detector of 260 kt of total mass.

In the SBL experiments, the detector is placed near the neutrino source. LSND used
167t of diluted liquid scintillator to perform �v� Ñ �ve appearance searches. They reported
an excess of events [37] and later the MiniBooNE experiment reported an excess in the
ve and �ve appearance in the same region [38].

In the future, the JSNS [39] at J-PARC and the short-baseline neutrino (SBN) pro-
gram at Fermilab will investigate the excess reported by LSND and MiniBooNE. The
SBN program will consist of three liquid argon time projection chambers at di�erent
baselines: SBND at 110 m, MicroBooNE at 470 m and ICARUS at 600 m [40].

1.4.4 Reactor antineutrino experiments

Nuclear reactors are important sources of �� e produced in beta decays of heavy nuclei.
The main neutron-rich nuclei used for the �ssion chain reactions are235U, 238U; 239Pu
and 241Pu. The electron antineutrino production rate and spectrum can be estimated
using information about the thermal power output and fuel composition as a function
of time. However, the production of antineutrinos from �ssion reactions is isotropic;
thus, the 
ux decreases rapidly with distance from the source. The detection of reactor
antineutrinos is based on the inverse beta decay process �� e � p Ñ e� � n. This reaction is
characterized by a prompt energy released by the positron annihilating with a surround-
ing electron producing two photons that can be detected in scintillator detectors. The
neutron capture on nucleus after thermalization produces a delayed energy release with
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respect to the prompt signal. Hence, the inverse neutron decay process can be detected
by looking for the coincidence of these two signals.

The KamLAND experiment[41] takes advantage of 55 reactors located at an average
distance of 180 km from the Kamioka mine, in which the KamLAND detector is located.
The detector consists of 1kt of high-purity liquid scintillator contained in a 13 m diameter
spherical balloon of transparent nylon. The �� e spectrum is estimated from measurements
of beta decay spectra from �ssion of uranium and plutonium and the average energy
xE �� ey � 3:6MeV. Thus, this experiment is optimized to study neutrino oscillations
related to the solar mass-squared di�erence. The �rst results of KamLAND in 2002
showed the �� e disappearance at the 99:95% con�dence level (CL) and con�rmed the value
of the mixing angle found by solar neutrino experiments. Moreover, this experiment has
a good energy resolution, but it does not see many events; on the other hand, solar
neutrino experiments have a large statistical power but a poor energy resolution. Thus,
from a joint analysis of the data of KamLAND and solar neutrino experiments [42]it
was possible to constrain a small allowed region for the values of the �m2

12 and sin2 � 12

oscillation parameters, as shown in Figure 1.9.

Figure 1.9: Three-
avor neutrino oscillation analysis contour using both solar neutrinos
and KamLAND results [42].

Three nuclear reactor experiments have been performed to measure the value of
sin2 � 13 from the disappearance of �� e : Double Chooz [43], Daya Bay [44] and RENO [45].
These three experiments have proved a non-zero value of� 13 and a signi�cant contribution
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comes from the Daya Bay experiment which has measured a value of sin2 2� 13 � 0:084�
0:005 [44].

1.4.5 Current knowledge of netrino oscillation parameters

Although most neutrino oscillation experiment results can be explained with the two-

avor paradigm individually, a three-
avor model is needed to explain all results. Table
1.1 shows the current knowledge of the neutrino oscillation parameters obtained from
a global analysis of data from di�erent experiments. Since the sign of �m2

32 remains
unknown, two orderings are possible: Normal Ordering,pm1   m2   m3q, and Inverted
Ordering pm3   m1   m2q. For this reason, two sets of values are given in Tab. 1.1, for
both possible orderings.

Normal ordering (NO)
Parameters best �t param. � 1� 3� range

� 12{ � 33:82� 0:78
� 0:76 31:61 Ñ 36:27

� 23{ � 48:3� 1:2
� 1:9 40:8 Ñ 51:3

� 13{ � 8:61� 0:13
� 0:13 8:22 Ñ 8:99

� CP { � 222� 38
� 28 141Ñ 370

� m2
21{

�
10� 5eV2

�
7:39� 0:21

� 0:20 6:79 Ñ 8:01
� m2

32{
�
10� 3eV2

�
2:449� 0:032

� 0:030 2:358Ñ 2:544
Inverted ordering (IO)

Parameters best �t param. � 1� 3� range
� 12{ � 33:82� 0:78

� 0:76 31:61 Ñ 36:27
� 23{ � 48:6� 1:1

� 1:5 41:0 Ñ 51:5
� 13{ � 8:65� 0:13

� 0:12 8:26 Ñ 9:02
� CP { � 285� 24

� 26 205Ñ 354
� m2

21{
�
10� 5eV2

�
7:39� 0:21

� 0:20 6:79 Ñ 8:01
� m2

32{
�
10� 3eV2

�
� 2:509� 0:032

� 0:032 � 2:603Ñ � 2:416

Table 1.1: Current knowledge of the 3� neutrino oscillation parameters. [1]

The best-known parameters are� 12; � 13; � m2
21 and |� m2

32|. As detailed in the previ-
ous section,� 12 and � m2

21 are well characterized with a precision of 2% and 3% thanks
to the study of solar (SNO[27]) and reactor neutrinos (KamLAND[41]).� 23 and |� m2

32|
are measured in accelerator experiments with a precision of 3% and 1%, by measuring
the disappearance ofv� and �v� (T2K [34], NO� A[35]), or in atmospheric neutrino ex-
periments (SuperKamiokande [26]).� 13 has been measured with a precision of 1:5% in
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reactor (DoubleCHOOZ [43], Daya Bay [44]) and accelerator experiments (T2K[44]).
However, in addition to mass ordering, the octant of� 23 has not yet been determined

(whether it is greater or smaller than 45� ), and the CP violation phase has been poorly
constrained [46] This will be detailed in Sect. 1.5.

1.5 Open questions

1.5.1 Determination of the � 23 octant

The � 23 mixing angle can be studied at long baselines via� � Ñ � e and �� � Ñ �� e oscillation
channels, which are open to both atmospheric and accelerator neutrino experiments.
Indeed, � � disappearance and� e appearance probabilities can be approximated, being
� m2

21{ � m2
31 ! 1{30 ! 1, as:

P p� � Ñ � � q� 1 � sin2 2� 23 sin2

�
� m2

31L
4E




P p� � Ñ � eq� sin2 � 23 sin2 2� 13 sin2

�
� m2

31L
4E


 (1.34)

where matter- and � CP -related terms have been neglected. Disappearance experi-
ments are capable of determining both �m2

31 and sin2 2� 23 with high accuracy. It is then
easy to notice that, for� 23 � � {4, there is a twofold solution of� 23 for a certain value of
sin2 2� 23 :

sin2 � 23 �
1
2

�
1 �

a
1 � sin2 2� 23

�
; (1.35)

leading to the so-called octant degeneracy, as the two solutions for� 23 are either
below 45� (�rst octant) or above it (second octant).

This degeneracy can be lifted by combining the results of the� � disappearance and
� e appearance channels, the latter depending on sin2 � 23 sin2 2� 13, with the independent
measurements of� 13 from reactor experiments, discussed in Section 1.4.4.

Despite all analyses �nding some preference for� 23 ¡ 45� , values of� 23 smaller, larger
or equal to � {4 are still all consistent at the 3� level. With the current data, the status
of the maximality/non-maximality of the � 23 mixing angle is thus quite delicate; this
might change, however, with the implementation of T2K data in the global �t [47].
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1.5.2 Mass Ordering

In all analyses so far the best �t is for the normal mass ordering, with the IO being
disfavoured with a � � 2 ranging from� 2� , driven by the interplay of LBL accelerator and
SBL reactor data, to 3� when including the atmospheric SK data. Current experiments,
though, display too much of a limited individual sensitivity for the discrimination to be
�nally resolved [1].

In order to resolve the mass ordering, the next generation of experiments will thus
focus on three di�erent oscillation con�gurations [48]:

- Medium baselinepL � 50 kmq reactor �� e Ñ �� e oscillations, will be studied by the
JUNO[49] and RENO-50[50] experiments.

- Long baseline accelerator muon (anti-) neutrino
p�q
� � Ñ

p�q
� e oscillations at experi-

ments like the already running NO� A[35] and the future DUNE[51];

- Atmospheric (anti-)neutrino oscillations with the same channel as above, studied
by experiments such as PINGU, ORCA, DUNE and Hyper-K [52, 53, 51, 36].

The medium baseline experimental channel relies on the oscillation interference be-
tween � m2

31 and � m2
32, allowed by the nonzero value of� 13. The survival probability of

reactor antineutrinos can be written as:

P�� " Ñ �� e � 1 � cos4 � 13 sin2 2� 12 sin2

�
� m2

21L
4E




� sin2 2� 13 sin2

�
� m2

31L
4E




� sin2 � 12 sin2 2� 13 sin2

�
� m2

21L
4E



cos

�
2|� m2

31| L
4E




�
sin2 � 12

2
sin2 2� 13 sin

�
2� m2

21L
4E



sin

�
2|� m2

31| L
4E




(1.36)

where� in the fourth term distinguishes normal and inverted ordering. This proba-
bility does not depend on the� CP phase and the MSW e�ect is negligible for the baselines
in question. Fig. 1.10 illustrates the reactor neutrino energy spectra for both orderings
compared to the unoscillated spectrum as a function of theL{E ratio.

The two experiments that are planning to leverage this channel are JUNO [54], in
China and RENO-50 [50] in South Korea: their source-detector distance of� 50 km
maximizes the mass ordering interference term and using largep� 20ktqliquid scintillator
detectors allows one to reach the required high energy resolution.
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Figure 1.10: Relative shape di�erence of the reactor �� e 
ux for the two mass orderings.
The spectra are given as the product of neutrino 
ux times interaction cross section
times survival probability [49].

The second and third types of experiments will take advantage of the matter e�ect

of neutrino propagation in the Earth crust at Long Baselines in the
p�q
� � Ñ

p�q
� e channels.

Assuming a constant matter density, the oscillation probability can be expanded to the
second order in the small parameters� 13 and � � � m2

21{ � m2
31 to:

P� � Ñ � e ;p�� � Ñ �� cq � 4 sin2 � 13 sin2 � 23
sin2 �

p1 � Aq2

� � 2 sin2 2� 12 cos2 � 23
sin2 A�

A2

� 8�J max
CP cosp� � � CP q

sin � A
A

sin � p1 � Aq
1 � A

(1.37)

with

J max
CP � cos� 12 sin� 12 cos� 23 sin� 23 cos2 � 13 sin� 13 (1.38)

and

� �
� m2

31L
4E

; A �
2EV
� m2

31
; (1.39)

where V is the e�ective matter potential in the Earth crust and the �p�q in the
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third term is for the neutrino (antineutrino) channel. In this expression�; � and A
are sensitive to the sign of �m2

32 and therefore to the mass ordering. The probability
is also dependent on theCP violating phase of the lepton sector: indeed, as discussed

in the following, results on
p�q
� e-appearance at LBL experiments provides the dominant

information on � CP [18]. Fig. 1.11 illustrates the appearance probabilities for� c and �� e

in both mass ordering possibilities and for several values of� CP .

Figure 1.11: Electron neutrino and antineutrino appearance probabilities as a function
of the neutrino energyE � at the baseline of the future DUNE experimentL � 1300 km
and for the indicated values of� CP . Top (bottom) panels correspond to NO (IO) while
left (right) panels to � e p�� eq. In the NO (IO), the � e p�� eq appearance is enhanced, while
that of �� e p� eq is suppressed[51]

The determination of the mass ordering is thus a crucial factor for measuring the� CP

phase, as it appears in the same expressions for LBL oscillations as the latter: this could
lead to degenerate solutions for the ordering andCP phase merge. An independent
measurement, e.g. from medium baseline experiments, is thus important [49].

1.5.3 CP Violation

If U � U� , where U is the PMNS matrix, the CP symmetry is violated. There are 14
general conditions that must be met for the CP violation: charged leptons and neutrinos
must not be degenerate in mass (6 conditions), the mixing angles must not be equal to
0 or � {2 (6 conditions), and the� CP phase must be di�erent from 0 or� (2 conditions).
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However, if the matrix C � � i |M
1� M

1� : ; M
1lM

1l : | is de�ned, it is possible to express
the previous 14 conditions with just the condition detC � 0, which becomes

� 2Jpm2
� 2 � m2

� 1qpm2
� 3 � m2

� 1qpm2
� 3 � m2

� 1qpm2
� � m2

eqpm2
� � m2

eqpm2
� � m2

� q � 0 (1.40)

whereJ � ImrUe2U�
e3U�

� 2U�
� 2sis the Jarlskog invariant, useful to measure CP violation

independently of parameterization. Using the standard parameterization, it becomes

J �
1
6

sin2� 12 sin2� 23 sin2� 13 cos2� 13 sin� CP : (1.41)

In contrast to CP violation induced by Majorana phases, which occurs even for two
generations of neutrinos, CP violation in neutrino oscillations is a genuine three (or
more) 
avor e�ect, so it can be observed only when there is an interference between

avor oscillations involving at least two di�erent phases and three mixing angles. We
observe that the accelerator-based long baseline neutrino oscillation experiments will
provide the most promising opportunities to observe such CP violation.

The measurement consists in looking for a di�erent behavior between neutrino and
antineutrino oscillations, but matter e�ects introduce an asymmetry, therefore reducing
the sensitivity of experiments to� CP . If � CP � 0 or � , there would be no CP violation
and P� � Ñ � e would be equal toP �� � Ñ �� e . If � CP � � � {2, P� � Ñ � e would be enhanced, while
P �� � Ñ �� e would be suppressed. The opposite would happen in the case� CP � � � {2. An
example of oscillation probability for various values of� CP is illustrated in Fig. 1.12.

Figure 1.12: � � Ñ � e oscillation probability at T2K as a function of neutrino energy for
various values of� CP and mass ordering. The values of sin2� 23 and sin2� 13 are �xed to
0.5 and 0.1 respectively.[55]
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T2K and NO� A are the current long-baseline experiments pursuing to measure� CP ,
with T2K being the �rst experiment to constrain the CP violation phase in a range at
three-sigma con�dence level interval ofr� 3:41; � 0:03s for the normal mass ordering case
and r� 2:54; � 0:32s for the inverse ordering case [46]. In comparison, NO� A constrains
the CP-violating phase excluding the region around� CP � � {2 for the inverted mass
ordering, in agreement with T2K, and excluding the region around� CP � � � {2 in
the normal ordering, in tension with T2K data [56]. This tension is due to the more
pronounced asymmetry of� e versus �� e oscillations measured by T2K in comparison with
NO� A [56].

The status of the determination of CP violation in the lepton sector is illustrated by
the leptonic unitarity triangle in Fig. 1.13: the triangle corresponding to the unitarity
conditions for the �rst and third columns of the PMNS matrix, as in the quark sector. In
this plot the absence of CP violation would result in a 
at triangle, so that the con�dence
level of CP violation observation would be given by the con�dence level at which the
region crosses the horizontal axis.

Figure 1.13: Leptonic unitarity triangle for the �rst and third columns of the PMNS
matrix. The triangle is scaled and rotated in order to have two vertices coinciding with
p0; 0qand p1; 0q. The 1�; 90%; 2�; 99% and 3� CL allowed regions of the third vertex are
given, assuming NO [1]

Both leading LBL experiments in the search for leptonic CP violation, T2K and
NO� A, will operate until 2024-2026. T2K will undergo a beam and near-detector up-
grade, with the projected amount of data to be collected by 2026 allowing for a sensitivity
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greater than 3� to the exclusion of sin� CP � 0. NO� A should instead be able to reach a
2� signi�cance to disfavour CP conservation. However, both experiments have only the
potential for an indication for the search for CP violation, since they cannot measure
� CP with a 5� signi�cance.

The next generation of LBL experiment is thus needed to perform the measurement:
DUNE and HyperKamiokande have among their primary goals the measurement of� CP .
In this case, since the matter e�ect reduces� CP sensitivity, HyperKamiokande, with a
shorter baseline, would be in principle more sensitive to� CP . However, due to the broad
energy range of the beam that will cover two oscillation maxima, DUNE will be still
competitive in the measurement of the CP-violation phase (see Sec. 2.2).



Chapter 2

The DUNE experiment

The Deep Underground Neutrino Experiment (DUNE) will be a precision long-baseline
neutrino oscillation experiment and will be installed in the Long Baseline Neutrino Fa-
cility (LBNF) under construction in the United States. It will consist of a Near Detector
(ND) at a distance of 547 m from the neutrino source at Fermilab in Illinos and a Far
Detector (FD) located at the Sanford Underground Research Facility (SURF) in South
Dakota. A qualitative schematic of the experiment is shown in Fig. 2.1.

Figure 2.1: Schematic of the LBNF/DUNE facilities at Fermilab and SURF. The existing
facilities are shown in blue, while the planned ones are in orange. The neutrino beam
baseline of 1300 km is shown [51].

An overview of the experiment, including its motivation, will be presented in section
2.1 while the sensitivities of the experiment and its potential discoveries are described in
Section 2.2. The features and design choices of the components of the experiment will be
presented in 2.3. The SAND detector and GRAIN subdetector, subjects of this thesis,
will be detailed in Chapter 3.

31
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2.1 DUNE design overview and motivation

The still open questions in neutrino physics discussed in Section 1.5, namely the res-
olution of the mass hierarchy, the determination of the CP-violating phase� CP , the
measurement of the octant of� 23, and precision calculations of all the mixing angles,
motivate the need for next generation experiments. The DUNE experiment will make a
decisive contribution in each of these areas. It will also look for nucleon decay with the
ability to set world-leading limits on proton lifetime, and make detailed, unique measure-
ments of theve 
ux from a core collapse supernova within our galaxy should one occur
during the experiment. Along with this, DUNE will be used to look for Beyond Stan-
dard Model physics (such as non-standard interactions and sterile neutrinos), signatures
of dark matter, and, utilizing the near detector, measurements of a range of neutrino
cross sections and nuclear e�ects including �nal-state interactions [51].

The technology chosen for the DUNE Far Detector, in order to maximize sensitiv-
ity to all of these factors, is the Liquid Argon Time Projection Chamber (LArTPC).
The detector will consist of four independent modules, each with a �ducial mass of 10kt
LAr and separate data acquisition and readout systems. LArTPC technology combines
tracking and calorimetry, allowing identi�cation of � � interactions, as well as good res-
olution to both lepton and hadronic energies and scalability to the required detector
mass. The imaging capability of the LArTPC FD also plays an important role in DUNE
BSM searches, and the argon target provides unique sensitivity to electron neutrinos (as
opposed to antineutrinos) from supernova bursts.

The neutrino beam will be provided by Fermilab as part of its PIP-II program [57];
it will be wideband, enabling the study of a range of neutrino energies. This facilitates
a study of multiple oscillation peaks, and is relevant when considering the e�ects of an
unknown CP-violating phase and unresolved mass hierarchy.

Since the impact of both of these unknown elements manifests itself as an asymmetry
between neutrinos and antineutrinos (Eq. 1.37), there is an implicit degeneracy that
must be resolved for both phenomena to be correctly determined. In the few-GeV range,
the � { �� asymmetry due to the matter e�ect increases with the baseline, so that an
experiment with a longer baseline is more sensitive to mass ordering. Thus, the 1300 km
baseline is one of the main strengths of DUNE as it provides high sensitivity to matter
e�ects. The asymmetry between neutrinos and antineutrinos oscillation probabilities is
approximately � 40% in the region of maximum 
ux (Fig. 2.2), larger than the maximum
asymmetry associated with� CP .

The role of the Near Detector is to measure the neutrino beam before the onset of
the oscillation e�ect and minimize the systematic uncertainties in long-baseline oscilla-
tion measurements. The observed neutrino energy spectrum depends on a complicated
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product of 
ux, cross sections, and detector response, all of which have large a priori
uncertainties. Because the FD is a LArTPC, the only way to be sensitive to all three of
these classes of uncertainty simultaneously is with a LArTPC at the near site, with kine-
matic acceptance at least as good as the FD. ND-LAr (Sect. 2.3.3) is optimized to meet
this requirement and is critical for all stages of the experiment. A downstream muon
spectrometer (the The Muon Spectrometer, TMS, in Phase I) measures the momentum
and charge sign of exiting muons.

Because neutrino cross sections depend on energy, it is important to take ND data
in di�erent neutrino 
uxes. This is enabled by the PRISM technique, in which ND-LAr
and TMS move laterally from the primary proton beam direction. Moving o�-axis, the
neutrino energy spectrum shifts downward. Data collected with di�erent spectra can be
combined to produce a data-driven prediction of the oscillated FD spectrum, which is
largely independent of interaction and detector modeling.

The SAND detector remains on the axis and has a broad and complementary cross
section and an exotic physics program in addition to monitoring the neutrino beam.

In phase II, the TMS will be replaced with ND-Gar, a magnetized high-pressure
gaseous argon TPC with a surrounding calorimeter. Its gaseous active target volume
gives extremely low thresholds, minimal secondary interactions, and particle-by-particle
charge and momentum reconstruction, which extend the reach of the ND.

After a prototyping phase, excavation of the main cavern that houses the Far Detector
is now underway. The installation of the �rst module is expected to start in 2024,
followed by a staged deployment of other the modules and an upgrade of the beam
intensity. Although the deployment calendar is still preliminary, the sensitivity studies
presented in this section assume that the data-taking starts in Phase I with two far
detector modules and a beam of 1.2 MW. The third and fourth modules are added after
one and three years of operation, respectively. Finally, the beam is upgraded to 2.4MW
after six years of data-taking (Phase II). Table 2.1 summarizes DUNE elements in Phases
I and II [58].

Parameter Phase I Phase II
FD mass 20kt �ducial 40kt �ducial

Beam power up to 1:2MW 2:4MW
ND con�g ND-LAr,TMS, SAND ND-LAr, ND-GAr, SAND

Table 2.1: A description of the two-phase approach to DUNE [58].
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2.2 Expected sensitivity and discovery potential

The staged approach to the DUNE experiment will allow for early preliminary results,
but will require more time for the construction and commissioning of facilities from later
phases. For this and other reasons, the accumulated data are often referred to as an
`exposure', a function of detector size, beam power and time with unitskt � MW � year.
Current assumptions on exposures of� 14 years of operation are shown in Table 2.2.
This staging will be assumed for all sensitivities presented in this section.

Experiment stage
Exposure

(kt-MW-years)
years

Phase I 16 1-2
66 3-5
100 4-6

Phase II 334 7-8
400 8-9
646 11
936 14

Table 2.2: Expected Exposure in kt-MW-years per years of operation.

The appearance probability expected at the DUNE far detector is shown in Figure
2.2 for various values of� CP . It can be seen why a broad-band beam with the ability
to operate in neutrino and antineutrino mode is critical; the value of� CP a�ects both
the frequency and the amplitude of the oscillations, with di�ering e�ects at the di�erent
oscillation nodes and between neutrinos and antineutrinos.

2.2.1 Sensitivity to neutrino oscillations

The oscillation channels that DUNE will observe are
p�q
� � Ñ

p�q
� e, whose probabilityPp�q

� � Ñ
p�q
� e

,

through matter in a constant density approximation, is given by Eq. 1.37: both� CP

phase and the e�ective matter potential introduce an asymmetry between the� � Ñ � e

and �� � Ñ �� e channels [51].
Measurements of the mass hierarchy and the degree of CP violation are determined

by simultaneously �tting the v� Ñ v� ; �v� Ñ �v� ; v� Ñ ve and �v� Ñ �ve oscillated spectra,
assuming a 50% neutrino, 50% antineutrino exposure.

CP violation sensitivity Figure 2.3 shows the sensitivity of DUNE to the CP-
violation phase. The left panel shows the expected CP violation signi�cance as a function
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Figure 2.2: Appearance probability at a baseline of 1300 km, as a function of neutrino
energy, for� CP � � � {2 (blue), 0 (red), � {2 (green), for neutrinos (left) and antineutrinos
(right), for normal ordering. The black line shows the oscillation probability if� 13 were
equal to zero [51].

of the true � CP value, assuming normal neutrino mass ordering, for exposures of seven and
ten years of data, and considering the staged deployment of the Far Detector modules.
Sensitivity is maximal at � CP � � {2 and decreases around CP-conserving values of� CP .
The median CP violation sensitivity reaches 5� for a small range of values after an
exposure of seven years in normal ordering. The right panel shows the signi�cance of
the determination of CP violation in normal mass ordering for 75% and 50% of the� CP

values, and when� CP � � � {2, as a function of exposure in kt-MW-years. CP violation
can be observed at 5� after about seven years (which corresponds with 336 kt-MW-years)
if � CP � � � {2 and about 10 years for 50% of� CP values. CP violation can be observed
at 3� after about 13 years of running for 75% of the� CP values [58].

Mass ordering sensitivity The signi�cance for the determination of the mass or-
dering as a function of the true value of� CP is shown in Fig. 2.4.a, with the same
exposures described above. The characteristic shape of the diagram is due to the near-
degeneracy between matter andCP violating e�ects that occur close to� CP � � {2 for
normal ordering.

The signi�cance, as a function of exposure in years, that can be determined for 100%
of � CP values and when� CP � � � {2, is shown in Fig.2.4.b . DUNE will be able to
establish the neutrino mass ordering at a 5� level for 100% of� CP values after between
two and three years, so the plot only extends to seven years of exposure, corresponding
to 500kt � MW-years.

Oscillation parameters measurement DUNE will make precision measurements
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Figure 2.3: Left: Signi�cance of the DUNE determination ofCP violation as a function
of the true � CP value for 336 kt-MW-years (blue) and 624 kt-MW-years (orange) of
exposure. The width of the bands covers 68% of �ts in which random throws are used
to simulate statistical variations and select the true values of oscillation and systematics
parameters. The median sensitivities are represented by the solid lines. Normal ordering
is assumed. Right: Signi�cance of DUNE's determination ofCP violation for � CP �
� � {2 and for 50% and 75% of possible� CP values, as a function of exposure. Normal
ordering is assumed. The widths of the bands are due to the application of an external
constraint on sin2 2� 23.[58]

of all parameters that describe neutrino oscillations and improve our understanding of
the phenomenology of oscillations. The least known mixing angle,� 23, will be measured
with a precision of at least 1� , even near 45� . This is possible by performing a combined
analysis of the v� Ñ v� and v� Ñ ve channels, depending on sin2 2� 23 and sin2 � 23

respectively. The sensitivity of DUNE to the octant of� 23, and the resolution of the
value itself, is presented in Figure 2.5.

2.2.2 Study of Supernova and solar neutrinos

The DUNE far detector is sensitive to neutrinos produced by the Sun and in core-collapse
supernovae with energies in the range of 5-100 MeV. Charged-current interactions of
neutrinos from around 5 MeV to several tens of MeV create short electron tracks in liquid
argon, potentially accompanied by gamma-ray and other secondary particle signatures.
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Figure 2.4: (a) Signi�cance of the DUNE determination of the neutrino mass ordering as a
function of the true � CP value for 336 kt-MW-years (blue) and 624 kt-MW-years (orange)
of exposure. The width of the bands covers 68% of �ts in which random throws are used
to simulate statistical variations and select the true values of oscillation and systematics
parameters. The median sensitivities are represented by the solid lines. Normal ordering
is assumed. (b) Signi�cance of DUNE's determination of the neutrino mass ordering for
� CP � � � {2 and for 100% of possible� CP values, as a function of exposure. Normal
ordering is assumed. The widths of the bands are due to the application of an external
constraint on sin2 2� 23.[58]

In a core-collapse supernova, the neutrino signal starts with a short, sharp \neutron-
ization" burst primarily composed of� e . This is followed by an \accretion" phase lasting
several hundred milliseconds and then a \cooling" phase which lasts about 10 seconds
and represents the bulk of the signal [59]. Although the electron neutrino 
avor domi-
nates during burst and accretion, the three 
avors are equalized during cooling (see Fig.
2.6). Information about the progenitor, the collapse, the explosion, and the remnant, as
well as information about neutrino properties, is contained in this signal.

The expected energy threshold of DUNE is a few MeV of deposited energy, and
the expected energy resolution is around 10� 20% for energies in the few tens of MeV
range. Although the expected event rate varies signi�cantly among models of supernova
bursts, the 40-kt (�ducial) DUNE detector would be expected to observe approximately
3000 neutrinos from a supernova burst at a distance of 10 kpc in the charged current
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Figure 2.5: (b) Sensitivity to the determination of the� 23 octant, as a function of the true
sin2 � 23 value, for ten (orange) and �fteen (green) years of exposure. Normal ordering
is assumed. The width of the bands covers 68% of �ts with statistical variations and
true parameter values selected by random throws. The solid lines show the median
sensitivities [58]

interactions with the Argon nuclei (� eCC and �� eCC). The DUNE capability to detect � e

CC is unique among other supernova neutrino detectors, since other experiments such
as Hyperkamiokande and JUNO are primarily sensitive to �� e [36, 54].

If a supernova burst occurs during DUNE data taking, DUNE data will be able to
validate or discard some of the current stellar evolution models. Also, the detection of
the neutrino burst will be a prompt alert for astronomers, since the supernova neutrino
burst precedes the electromagnetic signal. DUNE will be even capable of promptly point
to the region of the sky where the supernova originates, by reconstructing the direction
of electrons. Furthermore, measurement of neutrino 
ux during the neutronization burst
by DUNE would be a signature of mass ordering, since it is strongly suppressed in the
normal ordering case compared to the inverted ordering[51] .

Solar neutrinos are also potentially detectable. However, because of the presence
of low-energy backgrounds, such as radioactive decays, the detection of these neutrino
sources is very challenging. The solar neutrino event rate for a �nal Far Detector �ducial
mass of 40 kt is of� 100 per day. Initial studies suggest that with a sophisticated event
selection and possibly additional shielding a high-statstics solar neutrino sample could
be selected, which will be able to improve the measurement of �m2

21 [51].
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Figure 2.6: Neutrino luminosities (ve : black; �ve : blue; vx as one species ofv� ; �v� ; v� ; �v�

: red) during main neutrino-emission phases: Burst (left), accretion (center) and cooling
(right). [59]

2.2.3 Beyond Standard Model searches

Sterile neutrino mixing Experimental results in tension with the three-neutrino frame-
work, which can be interpreted as mixing between known active neutrinos and one or
more right-handed-only sterile states, have led to a diverse search program. The po-
tential mixing of sterile neutrinos with active ones can distort the standard oscillation
probabilities, as shown in Fig. 2.7. DUNE is sensitive over a broad range of poten-
tial sterile neutrino mass splittings by looking for disappearance of charged-current and
neutral-current neutrino interactions over the long distance separating the ND and FD,
as well as over the short baseline of the ND. DUNE is expected to improve signi�cantly
on the sensitivities of previous probes.

Non-unitarity of the PMNS matrix Models that postulate the existence of sterile
neutrino states imply that the 3� 3 Pontecorvo-Maki-NakagawaSakata (PMNS) matrix
is not unitary due to mixing with these additional states. This would imply a deviation
from unitarity of the PMNS matrix which, if of order 10� 2, would decrease the event
rate at DUNE and thus its reach to the standard parameters.[51]

Nonstandard Interactions (NSI) Non-standard neutrino interactions, a�ecting
neutrino propagation through the Earth, can signi�cantly modify the data to be col-
lected by DUNE, provided that the new physics parameters are large enough. Taking
advantage of its very long baseline and wideband beam, DUNE is sensitive to these
probes.[60]
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Figure 2.7: Regions ofL{E (gray-shaded areas) probed by the DUNE detectors com-
pared to 3-
avor and 3+1-
avor (including one sterile state) neutrino disappearance and
appearance probabilities. The top axis shows true neutrino energy, increasing from right
to left. The plots show the probabilities assuming mixing with one sterile neutrino with
� m2

41 � 0:05eV2 (left) and � m2
41 � 50eV2 (right), respectively. [60]

Neutrino trident production at the ND . Neutrino trident production is an elec-
troweak process in which a neutrino, scattering o� the Coulomb �eld of a heavy nu-
cleus, generates a pair of charged leptons. The high-intensity muon-neutrino 
ux at the
DUNE ND will result in a considerable trident event production rate, providing excel-
lent prospects for improving previous measurements[60]. A deviation from the event rate
predicted by the SM could be an indication of new interactions mediated by the corre-
sponding new gauge bosons. Of particular interest is the class of models that introduce
a Z 1 neutral boson associated with a newUp1qL � � L � gauge symmetry, as it could explain
the long-standing discrepancy between the theoretical calculation and the measurement
of the muong � 2. The sensitivity of DUNE in the parameter space of theZ 1 mass and
its gauge couplingg1 is shown in Figure 2.8.

Proton decay Some Grand Uni�ed Theories (GUTs) beyond the Standard Model
predict the barion number symmetry breaking, allowing protons to decay. DUNE will
search for two proton decay modes:p Ñ e� � 0 and p Ñ K � �� (Fig. 2.9. The former is
interesting, since it has the highest branching ratio among the predicted decays. The
latter can be used speci�cally in DUNE since stopping kaons have a higher ionization
density than particles with lower masses. Therefore, a LArTPC is able to recognize a
K � track e�ciently.

If proton decay is observed, the lifetime will be measured; otherwise a lower limit
on the proton lifetime of 1:3 � 1034 years is expected if no signal is observed in 10 years
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Figure 2.8: Projected DUNE sensitivity (solid blue line) and existing constraints (gray
shaded area) in theL � � L � parameter space. Shown in green is the region where the
pg � 2q� anomaly can be explained at the 2� level. The DUNE sensitivity shown by the
solid blue line assumes 6 years of data running in neutrino mode. [60]

running. With its total �ducial volume, DUNE will improve the current limits estab-
lished by Super-Kamiokande by an order of magnitude with 90% C.L., after running for
20 years [60].

Search for Boosted Dark Matter (BDM) Conventional direct DM searches use
non-relativistic scattering of DM particles with nuclei of the detection medium, resulting
in energy deposits well below the expected threshold energy of the DUNE FD. On the
contrary, typical energy deposits in association with a relativistic scattering of boosted
DM would readily surpass the threshold. A possible mechanism to create relativistic DM
in our universe is the boosted dark matter (BDM) scenario [61], which hypothesizes two
stable DM species, a heavier� 0 and a lighter � 1. When a pair of � 0 annihilates into a
pair of � 1 in an astrophysical source, the mass gap between the two species allows the� 1

to acquire a large boost factor and induce relativistic scattering signatures in terrestrial
detectors. Fig. 2.10 shows two such possible detection processes. The one on the left
corresponds to the ordinary elastic scattering with visible target recoil; the process on
the right assumes a nonminimal dark-sector scenario allowing the transition to a heavier
unstable state (� 2 ) which subsequently disintegrates back to� 1 together with possibly
visible secondary particles in addition to the primary target recoil.
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Figure 2.9: Feynman diagrams of proton decay modes according to GUTs.

Figure 2.10: Sketch of the detection process of boosted dark matter in the DUNE FD.
[62]

2.3 DUNE design

The remainder of this chapter will outline the features, design choices, and science goals of
the components of the DUNE experiment: the Long Baseline Neutrino Facility (LBNF)
beam, the far detector (FD), and near detector (ND).

2.3.1 Neutrino beam

The Long Baseline Neutrino Facilitity (LBNF) will provide a neutrino beam with appro-
priate intensity and energy range to meet the requirements of the long-baseline neutrino
physics conducted at DUNE. The wideband neutrino beam will be aimed at the SURF
detectors 1.5 km underground at a distance of 1300 km from the production point.
The primary proton beam will be provided by the PIP-II upgrade of the Main Injector
accelerator at Fermilab, which will deliver a 1.2 MW proton beam in the energy range
from 60 to 120 GeV at the start of DUNE operations. Its main speci�cations are listed
in Table 2.3. PIP-II will also provide a platform to extend the beam power to DUNE
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to ¡ 2 MW and a further update of the accelerator complex will allow up to 2.4 MW of
beam power by 2030.
The proton beam will be extracted at the new MI-10 installation, and will be bent to
establish the �nal trajectory toward the far detector. The beam will hit a target made
of graphite and beryllium. The hadronic showers produced as a result contain mainly
pions and kaons, which are focused by magnetic horns into a� 200 m long decay pipe.

Inside the pipe, these particles decay primarily into� � and
p�q
� � .

By selecting positive or negative mesons in the magnetic horns, the beam will be able to
run in neutrino or antineutrino mode. Muons are stopped in a shielding after the decay
pipe, but some of them can decay, contributing to the neutrino beam contamination by
introducing other neutrino 
avors into the beam.

Parameter Value
Energy 120GeV

Protons per cycle 7:5 � 1013

Spill duration 1:0 � 10� 5 s
POT per year 1:1 � 1021

Cycle Time 1:2 s
Beam Power 1:2MW

Beam size at target 1:5 � 1:7 mm
� p{p 11� 10� 499%p28� 10� 4100%q

Transverse emittance 30��m 99%p360��m 100%q
Beam divergencepx; yq 15� 17� rad

Table 2.3: Summary of the main primary proton beam parameters [63]

The neutrino beam will show a wide energy spectrum from 0.5 GeV, to 5 GeV which
will allow the coverage of the �rst and second neutrino oscillation maxima, which are
approximately at 2.4 and 0.8 GeV forL � 1300 km. A beam spill will be 10� s long, and
its microstructure entails six batches each comprised of 84 53.1 Mhz bunches. Figure
2.11 shows the expected neutrino energy spectrum, as well as the 
avor composition at
the Far Detector.

2.3.2 Far Detectors

DUNE Far Detector, located 1.5 km underground at SURF, will consist of four LAr-TPC
detector modules with a �ducial mass of at least 10 kton of liquid argon each. Each de-
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Figure 2.11: Neutrino 
uxes at the Far Detector for the beam operating in neutrino
mode (left) and in antineutrino mode (right).[51]

tector will be placed inside a cryostat of dimensions 15 m� 14 m� 62 m containing a total
mass of 17:5kton. The LArTPC technology will provide good tracking and calorimetry
performance, and the use of four modules of identical size will allow 
exibility for staging
construction and for the potential evolution of the LArTPC technology [51].

Several technologies have been considered for the four modules, and there is a full
R&D program to validate the di�erent technologies within the ProtoDUNE program at
the CERN neutrino platform. The �rst module will be a single-phase horizontal drift
module (DUNE SP) since the design was validated during the successful operation of
ProtoDUNE Single-Phase. This is a prototype detector approximately 1/20 the size of a
full-scale FD module and uses the same components as the �nal detector. The large-scale
prototype has allowed to validate key aspects of the TPC design, engineering procedures,
and collect valuable calibration data from a hadron test beam. ProtoDUNE-SP started
collecting data in 2018 and a new run is planned to start in 2023.
The second module was originally proposed as a dual-phase design; however, the results
of the prototype phase changed the strategy, and the dual-phase technology has been
discarded in its current state of development for the second module of DUNE's Far
Detector. An alternative proposal of a single-phase module with vertical drift is being
considered for the second module as an evolution of the dual-phase design but renouncing
to the gas phase. This is known as the Vertical-Drift design. This approach is being
tested to demonstrate its viability, and a dedicated e�ort is underway at CERN to build
a prototype and validate the design. The technology to implement in the third and
fourth modules has not yet been decided. The main features of DUNE's two LArTPC
detector designs are outlined below.
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Figure 2.12: Underground caverns for DUNE FD and cryogenics systems at SURF, in
South Dakota. The scheme shows the �rst two Far Detector modules in place [51]

Horizontal drift LArTPC

In the horizontal drift LAr TPC design, charged particles passing through the detector
ionize the argon atoms and the ionization electrons drift in an intense electric �eld to
the Anode Assembly Plane (APA) with a timescale of milliseconds. The APA consists
of layers of active wires that form a grid, with the relative voltage between the layers
selected so that the drifting electrons will only produce bipolar induction signals on all
but the last layer, where they are instead absorbed and induce a monopolar signal.
Liquid Argon is an excellent scintillator that emits vacuum ultraviolet light (VUV) with
a 127 nm wavelength. The prompt scintillation light, which crosses the detector with a
nanosecond timescale, is collected by photon detectors after being shifted into the visible
range: this provides a starting timet0 for the ionization. The event topology along the
drift direction is thus reconstructed from the timing of the ionization electrons reaching
the anode. The coordinates along directions perpendicular to those of drift are given by
the pattern of currents on the grid of anode wires. Fig. 2.13 shows the general operating
principle of a LArTPC [64].

The main requirement of the LAr used in TPC is its purity, as electronegative con-
taminants can absorb ionization electrons, while nitrogen contaminants can quench scin-
tillation photons. The target purity of electronegative contaminants in argon is below
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Figure 2.13: General operating principle of a single-phase LArTPC. [64]

100 ppt O2 equivalent, enough to ensure an ionization-electron lifetime¡ 3 ms at the
nominal drift voltage. This ensures the Signal-to-Noise-Ratios that are necessary to
perform pattern recognition and track separation. Nitrogen contaminants must be kept
below 25ppm to achieve the required minimum of 0:5 photoelectrons per MeV detected
for events in all parts of the detector. The purity of LAr is maintained by constantly
cycling argon through the puri�cation system [64].
The DUNE single-phase LArTPC will have a total mass of 17:5kt. The module will be
housed inside a cryostat of 65:8 m � 17:8 m � 18:9 m outer dimensions. The volume is
divided by alternating anode and cathode walls, with a maximum drift length of 3.5 m.
Each cathode wall is formed by an array of 150 Cathode Plane Assemblies, 1:2 m � 4
m panels biased at� 180kV. With the anode walls kept close to the ground, a uniform
500 V{m electric drift �eld is produced throughout the drift volume. A �eld cage around
the active volume composed of aluminum rings ensures a �eld uniformity better than 1%
throughout the active volume.
The anode walls are each composed of 50 Anode Plane Assemblies (APA) units of 6 m
� 2:3 m dimensions. The APAs, the scheme of which is shown in Fig. 2.14 are two-sided,
with three active wire layers and an additional shielding layer wrapped around them.
The spacing of the wires is� 5 mm.
The readout cold electronics (CE) are attached to the top end of the top APA and
to the bottom end of the bottom APA. Low LAr temperature bene�ts these front-end
electronics through the reduction of thermal noise.
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Figure 2.14: A 10 kt DUNE far detector SP module, showing the alternating anode (A)
and cathode (C) planes, as well as the surrounding Field Cage surrounding the �eld
regions. The �eld cage on the right is shown in its undeployed state [64].

Charged particles passing through the liquid argon will produce scintillation light, in
addition to ionization, with approximately 40 � 103 photons per MeV. The scintillation
light detection is performed by special devices called X-Arapucas, bars that run the
width of the 2.3 m of the APA placed behind the anode wire-planes. Ten X-Arapucas are
mounted on each of the APAs. Each X-Arapuca bar consists of four Arapuca cells with
transparent VUV light-transparent dichroic �lters, alternated with wavelength shifters
(WLS) plates to convert UV photons to the visible spectrum at 430 nm. The visible
photons emitted inside the WLS plate at an angle toward the surface greater than the
critical angle reach the SiPMs at the edges. The visible photons that escape the WLS
in turn are re
ected back to the wavelength shift plates by the dichroic �lters, since the
former have an optical cut-o� for wavelengths¡ 400 nm. The working principle of the
X-Arapuca cells is illustrated in Fig. 2.15, while the scheme of the X-Arapuca modules
and their placement within the APAs are shown in Fig. 2.16.

Vertical drift LArTPC

For the second module of the DUNE Far Detector, a vertical-drift LArTPC has been
proposed, due to the experience gained by the run of ProtoDUNE at CERN. In this
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