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Abstract

The Deep Underground Neutrino Experiment (DUNE) is a next-generation long-
baseline accelerator experiment under construction in the United States which aims
to address the open questions in neutrino physics, by measuring several undeter-
mined parameters, such as the mass ordering and the CP violating phase.

DUNE will consist of a Near and a Far Detector complex, ~ 1300 km apart.
One of three sub-components of the Near Detector complex is the SAND apparatus,
which will include GRanular Argon for Interaction of Neutrinos (GRAIN). GRAIN
is a novel liquid Argon detector that aims at imaging neutrino interactions with
scintillation light detected through an optical readout system based on coded aperture
cameras, which allow to obtain a voxelized distribution of the photon emission.

This work aims to assess the performance of a track finding algorithm for the
reconstruction of charged-current quasi-elastic neutrino interactions in the GRAIN
volume. A convolutional neural network algorithm is implemented to filter the
cameras suitable for the voxel reconstruction, improving the dataset purity. From
the 3D reconstructed voxel distribution a sequence of algorithms has been optimized
to obtain track candidates. A comparison between the reconstructed tracks and the
Monte Carlo truth is carried out obtaining a good match of the vertex position with
an excellent estimate of the track direction.
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Introduction

Neutrinos are the most abundant known matter particles in the Universe. Although
they appear in the Standard Model as massless particles, the evidence of the flavour
oscillations implies a non-zero neutrino mass. Experimental studies of this phe-
nomenon have led to determine many of the parameters linked to neutrino masses,
by using several complementary channels and sources. However, the determination
of some parameters, such as the ordering of neutrino masses, the CP violating phase
and the value of ,3 mixing angle, represents a still open question. Next generation
experiments are being built to search for these unknowns and to find which is the
most suitable model for their description.

The Deep Underground Neutrino Experiment (DUNE) will be an accelerator-
based experiment that will utilize the highest power neutrino beam, peaked at 2.5
GeV, a Near Detector at Fermilab, and a Far Detector at the Sanford underground
laboratories in South Dakota, ~ 1300 km away. It will measure the neutrino mass
ordering, the CP violation phase, and the consistency of the three-flavour paradigm.
The Far Detector will consist of four Liquid Argon Time Projection Chambers,
with an overall mass of 68 ktons, which allow the identification of several neutrino
processes. At the near site a detector complex will contribute to the analysis of the
Far Detector data, by providing complementary information with measurements on
the neutrino beam on- and off-axis and by refining the neutrino interaction models.

At the Near Detector complex, SAND is a multipurpose detector composed of a
superconducting solenoidal magnet that surrounds a calorimeter, repurposed from
the KLOE experiment at the INFN Frascati laboratories. An inner tracker and an
active ~ 1 ton liquid argon target (GRAIN) are placed inside the magnetic volume.
SAND will continuously monitor the beam by performing tracking and calorimetric
measurements of neutrino interactions. GRAIN and the downstream tracker will also
contribute to neutrino interaction model studies and to constrain nuclear effects, by
providing a large sample of neutrino interactions on different nuclear targets.

The GRAIN sub-detector is equipped with coded aperture cameras and relies on a
novel technique: the imaging of the argon scintillation light produced by the passage
of a charged particle. A camera is composed of a coded aperture mask, which has
a specific pattern of holes, and a SiPM matrix as an image sensor. Thanks to the
geometric properties of the coded mask, the voxelized region of photon emission can
be estimated from the detected image with a suitable algorithm.

Starting from this voxel distribution, this work aims to assess the performance
of a track finding algorithm for the reconstruction of charged-current quasi-elastic
neutrino events in the GRAIN volume. Sometimes, the photons can be produced
in the region between the mask and the sensors, “dazzling” the camera. Since the
reconstruction technique can only exploit “non-dazzled” cameras, for a more ac-



curate estimate of the photon source distribution, it is necessary to exclude the
dazzled ones. To this end, we implemented a deep-learning algorithm that classifies
the cameras. After obtaining the voxel score, applying a selection cut and voxel
distribution clustering, we employed the local principal curve algorithm to identify
the set of points (referred to as “pc points) that best approximate this distribution.
Subsequently, employing the Hough transform method, we identified the collinear
points from these ‘pc points and performed linear fitting on them. As a final step,
we estimated the direction of the produced particles. The performance of the recon-
struction process was assessed comparing the results with the Monte Carlo truth.

In chapter 1 an overview of the main properties of neutrinos, their interactions
and of the oscillation phenomenon is presented; furthermore, the main neutrino ex-
periments and the open questions are explained. Chapter 2 presents the DUNE
experiment with the detector design, its physics motivations, and sensitivity. In
chapter 3 a detailed description of the SAND detector and its physics goals, with
a particular focus on the GRAIN sub-detector, is provided. In chapter 4, the de-
scription of the pre-existing simulation and photon distribution reconstruction is
presented. In chapter 5 the implementation and the results of a Deep Learning
algorithm to filter GRAIN data are discussed. In chapter 6 the track reconstruc-
tion process and fitting method are presented. Finally, the reconstructed particle
directions are compared to the corresponding Monte Carlo truth.



Chapter 1

Neutrino Physics

1.1 Neutrino in Standard Model

The Standard Model (SM) of particle physics is a gauge theory, based on the
QFT framework, obtained from the composition of three local gauge symmetries:
SUBB)c SU(2). U(Q)y, where the labelsC;L;Y denote colour, left-handed
chirality and weak hypercharge. It describes three out of the four fundamental in-
teractions: the strong, the weak and the electromagnetic interaction, except gravity.
In particular, SU(3)c describes the strong interactionSU(2), the weak interaction,
and the electromagnetidJ(1)qep is hidden insideU(1)y .

The SM is based upon the idea that the matter is made up of fermions, spin-
1/2 point-like particles, that interact through elds, that have integer-spin particles
associated, called bosons|[1]. Fermions are divided into two sectors, quarks and
leptons, and, in each sector, the constituents are arranged as follows:

e . u C t
e ' d S b

Quarks feel all the three interactions of SM; electrons, muons and taus feel only the
weak and the electromagnetic ones.

Neutrinos inside the SM are neutral and massless fermions and can interact
only weakly. They were hypothesized by W. Pauli in 1931 and then observed for
the rst time by Reines and Cowan in 1956. They are part of the lepton doublet

L, = | , Where the subscriptL denotes the left-handed component of the

L
fermion. Considering only |, by assumption, neutrinos in SM are massless. Their

interactions can be mediated by a neutral current, througtZ® boson, or a charged
current, with W . The correspondent lagrangians are:

o= gL 7T W +HC; 1.1
[ — Z L L .C.; ( . )
pe= 9% - z° (1.2)

it 2c0S w -t '

whereg is the coupling associated with the electro-wea8U(2), interaction and
w is the Weinberg angle.
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The SM provides three generations of neutrinos, observed in 1956)( in 1962
( ) andin 2000 ( ). This is justi ed basically by two facts:

1. Z-boson decay: Z boson decays 70% of the time into hadrons, 10% into
charged leptons and 20% into neutral leptons, i.e. neutrinos, where the \in-
visible" part is predicted to be twice than the charged leptons' ones. This was
measured at LEP [2], and the resulting number of neutrino types was:

N = v ! =2:984 0:008
| SM
The observation of this fact con rmed the existence of three avours of neu-
trinos, below my=2 = 45 Mev/c?.

2. Inuence on cosmic signals of neutrinos produced during the rst seconds
after the Big Bang: three generations of neutrinos are indeed consistent with
the explanation of the ratio of light elements, with the description of the
uctuations of the cosmic microwave background and with the pattern of the
baryon acoustic oscillations.

However, the avour oscillation of neutrinos has been discovered for many years,
and massive neutrinos are needed to explain this phenomenon. For this reason, it is
necessary to go beyond the SM theory, as we will see in Sec. 1.2.

1.2 Neutrinos beyond Standard Model

The SM is the most complete theory in describing the particle physics world and in
making predictions, but it fails to explain some observed phenomena. For example,
one such phenomenon is the experimental evidence of the neutrino oscillation. It
was rst hypothesized in 1957 by Pontecorvo [3] before the unexpected results of
the Homestake experiment [4] and de nitely claimed in 2003 thanks to the SNO
experiment [5]. This discovery was a breakthrough in particle physics since it can
be explained only by assuming that neutrinos have mass, that is in contrast with
the SM predictions. Hence, this opened the era of the \new physics", for which a
Beyond Standard Model (BSM) theory is needed. Indeed, this observation led to
a lot of still open questions: the absolute mass scale of neutrinos, the mechanism
through which they gain mass and the reason why it is so small compared to the
other particles. In the next sections, some theories on neutrino mass are outlined.

1.2.1 Neutrino masses

Dirac mass

The Dirac lagrangian for a free fermion is:

Lp = "Li@L+ Ri@r ML r+ R L) (1.3)
where @ € Here, the lagrangian is written in chiral components, such

@x
that ro = Proy = 1 5= . As said before, in the SM, only | are considered by
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assumption, so the mass term vanishes. Anyway, since all the fermions in SM have
both left and right components, the simplest way to give mass to neutrinos is using
an extension of the Higgs' mechanism, introducing a right-handed neutring; and
describing the particle through a four-component spinor:

0 1
R1
— R _ % R2§
L L1
L2
So, de ning a modied Higgs eld ™= i , , with = p% v+OH ; we can
rewrite the Lepton-Higgs Yukawa lagrangian as:
h [
+H 'L
Ly = lpz— Y018 + —0y0 0 4Hc, (1.4)

Changing basis of lepton elds, with a unitary matrix vV, Y°becomes diagonal,
yielding to:

v+ H -, _
I—H;L = —pé— ||_Y|R+ n,Y ng +H.c.=
n #
v+ H X T X _
= P35 ylilr ¥+ Y w *tHcC.= (1.5)
=e;; k=1
X Iy x3 X I xX3
= M' | M_k Kk g—_l | H gL__k «H;
=e;; 2 k=1 2 =e;; 2 k=1 2
where VY 190 = Ix;V.% % = ni= and charged lepton and neutrino

masses are respectivelyy, = y'v= 2 andm = y,v= 2. It can be observed that
the lepton - Higgs coupling is proportional to the lepton mass.

Majorana mass

A massless neutrino can be described by a Weyl spinor. However, in 1937 Majorana
[6] showed that also a massive neutrino can be described by a two-component spinor
, iIf | and r are not independent:

- C _ T - C
r= C=CT! =

with the spinor:

0
- 2, :% L1§
L L1
The Majorana equation is:

i@ =m (1.6)
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and the correspondent lagrangian is:

. m
LM = i@, E_E L+ L) (1.7)

The mass term in Eq. 1.7 clearly violates the lepton number conservation [ =
2) and so a BSM theory is needed to explain how neutrinos gain mass [7].

1.2.2 Experimental mass measurements

decay experiments

Electron neutrino mass can be measured by observing the electron energy spectrum
ina -decay. Ifm _ is small, its e ect on the electron spectrum is maximal at the
end-point of the spectrum, where the events are very rare. To maximize the fraction
of decay events that occur in this region, it is better to use a reaction with the
smallestQ-value possible. The best reaction for this goal is the tritium -decay,*H

I 3He +e + —, since it has one of the smalles®-value among all known -decays.
For these measurements, it's useful to de ne the so-called \Kurie function":

h q I 1=0
KM= (Q T) (Q T)2 m? (1.8)

whereQ = M (H) M (3He) m, = 18:58 keV.
If m_ =0, then K(T)jm .0 = Q T, thatis a linear relation on T. While, if the

mass is non-null, there is a deviation from the linear function, as can be seen in Fig.
1.1.

Figure 1.1: Tritium Kurie plot, near to the end-point, computed for neutrino masses
of 0 eV and 20 eV [8].

As explained in Sec. 1.3, neutrinos can be seen as a superposition of di erent
mass eigenstates, but in this context, the electron neutrino is considered as a mass
eigenstate. A similar, but more complex, analysis can be carried out considering the
neutrino mixing. Such a precise measurement is extremely challenging, therefore,
only an upper limit on the value ofm _ has been obtained. The strongest constraint,
given by the KATRIN experiment, that combined two data-taking campaigns, is
m_ < 0:8 eV at 90% C.L. [9]
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Figure 1.2: Feynman diagrams of the double decay (left) and of the neutrinoless
double decay (right) [10].

This reaction, however, can't solve the neutrino Dirac or Majorana nature since
the e ect of neutrino mass for this method is due to a kinematical relation that is
satis ed by both elds.

Neutrinoless double decay experiments

Neutrinoless double decay (2 o -decay) is the golden channel to measure neutrino
mass and to test if they are Majorana particles.
Double decay (2, ) is the following process:

N(A:Z)IN (AZ 2)+2e +2'.); (1.9)

where (A; Z) are the mass number and the atomic number of the nucleus, respec-
tively. Itis a second-order process in the perturbative expansion of weak interactions
in the SM, hence it is observable in practice only if the single-decay is forbidden or
strongly suppressed. The 2, decay is the same as Eq. 1.9 but without neutrinos in
the nal state. It occurs only if neutrinos have mass, which has been proven, and if
neutrinos are Majorana particles and there is no lepton number conservation. The
last two requirements have not been veri ed yet, but are crucial for the observation
of the decay: in particular, the Majorana nature of neutrinos would allow the inter-
action, since a neutrino and antineutrino would be the same particle. The Feynman
diagrams of these processes are shown in Fig. 1.2.

The 2 o half-life of a nucleus can be obtained from:

i2

: ,hm
TE(N)] 2= Gy jM § 2
e

(1.10)

whereG and M | gre the phase space factor and the nuclear matrix element,
respectively,tm i = j .U2Zm j is the e ective Majorana mass andm, is the
electron mass.

The goal of the&xperiments Is to measure the half-life of 2 decay, that is pro-

portionalto T2,/ Ml 'whereM g is the detector masstons is the observation

time duration, B is the rate of background events for unit of mass, time and energy
and E is the search energy window [11]. Hence, experiments usually measure the
energy spectrum and then infer the value of the half-life. As shown in Fig. 1.3, it
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Figure 1.3: Distribution of the sum of the two electron energies for 2 and 2
decay [18].

has a continuous spectrum for 2 -decay and a value equal t@Q-value in case of

2 o -decay. Moreover, the experiments need a large mass, the best possible energy
resolution and an extremely low background. The chosen isotopes are usually the
ones for which the single -decay is forbidden or strongly suppressed. Only 36 nuclei
that can undergo double decay are known, that are reported in [12]. There are
typically two types of 2 o experiments: those in which the source is inserted as
thin foil inside a tracking detector, such as NEMO3 [13], and experiments where the
detector itself is the source, such as CUORE [14], HdM [15] and GERDA [16]. The
problems of the rst kind of experiments are the limitation of source material and
the limited energy resolution. Up to now, no experiment claimed the observation of
a clear signal of this decay. The GERDA experiment obtained a lower bound on the
half-life of 2 , decay, thatisT,("°Ge)> 1.8 10%°y at 90% C.L. that corresponds

to an e ective neutrino massm < (0:06 0:16) eV. [17]

Cosmological constraints

Cosmology experiments give the strongest constraints on the value of neutrino mass.
They are based on the CDM model (the Standard Model of Cosmology), that
assumes the existence of hot relic neutrinos as products of the Big Bang [7].

A way to get a constraint is through imposing a limit on the fraction of the
energy-density of the Universe in the form of massive neutrinos, that is:

P
_ i M

.~ 93142 eV

Since matter should not be so heavy to overclose the Universe, the neutrino's
energy-density fraction must be < 1. This condition leads to a powerful bound
on the sum of neutrino masses. An analysis of WMAP data on the matter present
in the Universe leads to [7]:

(1.11)

X
h’< yh?' 0149 m; < 13 eV (1.12)

i
Another way to put an upper bound on the neutrino mass is by studying their
e ects on the cosmological structures' formation. These structures are generated by



CHAPTER 1. NEUTRINO PHYSICS 9

the growth of perturbations of the dark matter density, under gravitational e ect.
If uctuations overcome a threshold, gravitation wells are able to trap the matter.
Hence, Cold Dark Matter (CDM) falls inside these wells, contributing to their growth
and yield to galaxies and clusters formation. Hot Dark Matter (HDM), instead, is
too fast to be captured by these wells, hence the small structures are suppressed in
favour of larger structures, that can trap the hot DM. Neutrinos, that decoupled
in the early Universe when they were relativistic, behave as hot dark matter, thus
suppressing the growth of structures at small scales. A recent analysis that used data
from Planck, BOSS experiment, Pantheon sample and CMB Iensipg reconstruction
power spectrum [19] reached an upper bound on neutrino mass of m; < 0:087
eVv.

Future experiments, such as CMB-s$4 [20], will determine if the neutrino mass is
non-null at 3 level, being sensitive to ;, m; > 2 10 Lev.

1.3 Neutrino mixing and oscillation

The neutrino mixing comes straight forward from the massive neutrinos [7]. In fact,
we can think of the neutrino avours as a mixing of three mass eigenstates. Getting
back to the Eq. 1.1, the leptonic weak charged current is:

. X -0 -0
jwe =2 I o =21, ? (1.13)

=e;;

We can rearrange the current through a unitary matrixV, and so it becomes:

| . ) X ¢
JV\%LZZILVLy VL |_:2||_ Un|_=2 ||_ Uk KL (114)

=e;; k=1

with U = VL'yVL. This is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-
trix, that \matches" neutrinos in mass basis with neutrinos in avour basis. It has 9
parameters (3 angles and 6 phases), that can be reduced into 4 (3 angles, 13; 23,
and one phase, 13), so usually it's represented as:

10 10 1

1 O 0 Ci3 0O s '8 Cio S O
U= @O Co3 523A @ 0 . 1 0 A@ S12 Ci2 OA
0 So3 Co3 Slgel 130 Ci3 0 0 1

wherec; =cos j ands; =sin j,with0< j < =2and0< 13< 2.

1.3.1 Oscillations in vacuum

The Upyns matrix plays a fundamental role in the description of the neutrino oscil-
lations in vacuum. Indeed, a neutrino of avour with momentum pis described
by the avour state:

joi= Upjd; (1.15)
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Figure 1.4: Representation of the two possible mass orderings with avour content
of each mass eigenstate.

expression allowed thanks to Eq. 1.14. A given mass eigenstatg propagates
in time as plane waves:

J k()i = FLj i (1.16)

So, combining Egs. 1.15 and 1.16, a neutrio i at a time t can be described
as:

x3 .
i (Di= U, e Bt i (1.17)
k=1
Since a avour eigenstate can be considered a linear combination of mass eigen-
states, there is a non-null probability that a neutrino during its propagation
changes to a avour . This probability is:

X
P, (=jh j (ij?= U UU; U exp( i(Ex Ejt) (1.18)
kj
In the relativistic limit, Ey ' E + % henceEx Ej ' ;E% , where mi; =
mi m?. So, the probability can be approximated as:

X . mgL
P . (LE) U, UkUj Uj exp I oE
Kj
Here we have substituted the time of ightt with L, the distance between the
source and the detector, since it is a known quantity, being neutrinos relativistic
particles. For what concern the squared mass di erence, we haven3, called \solar
mass splitting" and m3; = m3,+ m3,;, called \atmospheric mass splitting".
Given these di erences, we have two possible ways to order 3 neutrinasormal
ordering (NO), where m; < m, < m3 and inverted ordering (I0), where m3 <
m; < m,, as shown in Fig. 1.4.
Historically, the oscillation was analyzed between two states and without con-
sidering CP violation. In this approximation, the mixing depends only on one pa-
rameter and the probability can be expressed as:

(1.19)
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2

4E

From this Eq. 1.20, comes straightforward that, in an ideal experiment, it is
possible to play withL and E in order to tune the oscillation probability of neutrinos
for our purpose, changing the length of neutrinos' path or their energy production.
Furthermore, the mass di erence appears squared, and this doesn't allow us to know
the mass ordering from the oscillation probability.

It must be noted that the plane-wave treatment is an approximation. In fact,
since a plane wave has a de nite momenturp, its position is unde ned due to the
Heisenberg principle x p ~=2. However, to determine the overall distance it
is crucial to know where the neutrino is produced and where is detected. Hence, to
describe a real localized particle the wave-packet treatment is used. In this picture,
each mass eigenstate is described by a wave packet that can have a di erent mass.
So, di erent mass eigenstates produced at the same instant will arrive at separate
times, depending on their individual speeds, impeding the oscillation phenomenon.
For example, for accelerator neutrinos with an energy of 1 GeV the separation
occurs in 16° km, much higher than the distances considered in the accelerator
experiments, therefore this separation can be disregarded. Instead, for a supernova
neutrino, with energy of 10 MeV, the separation occurs over a distance off1km,
and neutrinos arrive with a time di erence of 104 s.

P, = (2 1)sin 2 sin?

(1.20)

1.3.2 Matter e ects

During the propagation of neutrinos in matter, e ective potentials coming from
the coherent interactions with the medium, shown in Fig. 1.5, must be taken into
account. In particular, electron neutrinos can experience extra charged current
interactions due to the presence of electrons in standard matter. Incoherent scat-
terings with particles are also present, but are extremely rare and can be neglected
[7]. This phenomenon was predicted by Wolfenstein, Mikheev and Smirnov and is
known asMSW e ect. They predicted that avour transitions are possible when
neutrinos propagate in a medium with variable density, even with a small vacuum
mixing angle, and that there is a region in which the e ective mixing angle is at its
maximum value of =4,

Considering a constant matter density, and including the e ects o¥cc and V¢,
the transition probability of Eg. 1.20, in the case of , and , changes to:

2

P, (x)=sin22 y sin? TEMX (1.21)

wherex is the propagation length,

q
mZ = m? sin®(2 )+ (cos2 )2; (1.22)

sin? 2

12 — .
sin“2 y = ;
M7 (sin?2 +(cos2 )2

(1.23)

and
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Figure 1.5: Feynman diagrams of coherent elastic scattering processes, responsible
of the CC potential (Vcc) and the NC potential (Vyc) through W and Z exchange
respectively.

_ 2P 2GENGE

e (1.24)

with N, electron density,E energy andGg Fermi coupling constant. From Eg.
1.23 follows that exists a value of electron densitiNe for which  equals cos 2,
leading to sirf 2 v = 1. This means that even if the vacuum mixing angle is very
small, for a certain density, the matter mixing angle y is maximal.

Moreover, the sign of can give information about the mass ordering of neutrinos.
In fact, is related to m? and in Eq. 1.23 it is not squared, so it preserves the
sign of the mass dierence. This is one of the most important features of this
phenomenon, which is not present in the vacuum oscillation formula, where the sine
is squared and cannot give any information about the mass ordering. Lastly, it can
be observed that, if m? or are null, also the mixing angle in matter is null, so
vacuum oscillation is necessary to have oscillation in matter; if there is no matter,

vanishes returning to the vacuum case [7].

1.4 Measurements of oscillation parameters

Neutrinos originate from several sources, such as the Sun and cosmic ray interac-
tions with the atmosphere. They can also be produced by nuclear reactors and
accelerators. These sources vary in terms of the distaricédrom the detection point
and for the energyE of the produced neutrinos, thus leading to di erent accessible
m? values. Over the years, various experiments have been built to study neutrino
properties. These experiments can be based on two di erent modes of observation:

" Appearance mode : given a source of , the goal is to detect a di erent
avour at a distance L from the source, with a probabilityP , , according
to Eq. 1.20. In this case, the nal avour in the initial beam is either absent
or present as contamination. Hence, the background can be quite small and
so this mode can be used for the measurement of small mixing angles.
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Figure 1.6: Spectrum of solar neutrino uxes predicted by the SSM [21].

" Disappearance mode : given a source of , the goal is to measure ux at
a distancelL from the source, with the \survival" probability P , , according
to:

P, =1 P, (1.25)

In this case, the measurement is based on a comparison of the initial and
nal interaction rates. The disappearance mode is not suitable for measuring
small mixing angles because small disappearances are not easily detected due
to statistical uctuations.

For long-baseline experiments, two main detectors are tipically constructed: a
near detector that measures the neutrino ux close to the source and monitors the
beam, and a larger far detector that measures the ux after a distance. Both
detector have usually the same technology, to reduce the systematic uncertainties.

1.4.1 Solar neutrinos experiments

Solar neutrinos come from processes inside the Sun. In the solar core, thermonuclear
fusion reactions occur, producing electron neutrinos with energy of the order of 1
MeV [7]. According to the Solar Standard Model (SSM), the neutrino ux is made of
many components that come from various reactions, as shown in Fig. 1.6. Neutrinos
cross the solar inner matter and then pass through the space, arriving on Earth with
a uxof 6 10%cm 2s ! However, the detection of these neutrinos is di cult,
mainly because of their very small cross sectio®(10 “%) cm?). For this reason solar
neutrino experiments usually are designed as large detectors, placed underground
to avoid the huge background given by cosmic rays.
The rst solar experiment built was the Homestake experiment, in 1968. It was

a radiochemical experiment, that detected through the inverse -decay reaction

e+ 3’ClI1 3Ar+ e . It had an energy threshold ofE,, = 800 keV, being sensitive
to 8B and "Be neutrino sources. It ran from 1970 to 1994 and observed about 1/3
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of the solar neutrinos predicted by the SSM [4]. The scienti c community proposed
three possibilities to explain this deviation: the Standard Solar Model was wrong;
the experiment was not well-calibrated; there was some phenomenon that was being
neglected and it could be responsible of this de cit.

In the 1990s other experiments such as GALLEX/GNO [22] and SAGE [23]
were built. They lowered the neutrino energy threshold aEy,, = 233 keV using
the reaction .+ "‘Ga! "'Ge +e . From their results, a de cit of 1/2 from the
predictions was con rmed.

Meanwhile, a new kind of detector was developed: the water Cherenkov detec-
tors. They are water- lled detectors that exploit the Cherenkov radiation to detect
neutrinos. Their main advantage is their sensitivity to all the three avours of neu-
trinos and to the directionality of the radiation. Construction of the Kamiokande
experiment began in 1983 [24]. The detector consisted of a 3 kton water- lled tank,
with an energy threshold ofEy, = 6:5 MeV. It detected solar neutrinos from®B
that undergo elastic scattering. Then, it was improved with the construction of
Super-Kamiokande, lled with 50 kton of water. Both these experiments measured
again a deviation from the SSM predictions, with a de cit of 1=2.

Pontecorvo already proposed in 1957 that neutrinos could oscillate between the
three avours. Actually, this could be a possible explanation of this observation
but these experiments were only sensitive to CC interactions, they could not test
this hypothesis. A new experiment that could measure also the neutral current
interactions was necessary.

The SNO experiment was built in 1999. Its goal was to compare the observed
de cit with the amount of neutrinos of the other avours. In its nal version,
it consisted of a giant bath lled with 1 kton of D,O and equipped with 9600
photosensors. The detection technique was based on the following reactions:+
d! p+p+e (COC), sensitive to electron neutrinos; +d! p+n+ (NC)and

+e ! + e (ES) sensitive to all the three avours. In 2003, de nitive results
were published: they con rmed that only 1/3 of solar neutrinos were electronic, while
the remaining 2/3 were muonic and tauonic, indicating that electronic neutrinos
converted into another avour [5]. This is shown in Fig. 1.7.

The oscillation phenomenon related to solar neutrinos is governed by two pa-
rameters: 1, and m3,. From these experiments, an allowed region of values for
these parameters was determined, as shown in Tab. 1.1.

Data combination | tan? 1, | m3,(eV?)
Solar experiments [5] | 0:427 4056 | 5:1375:5¢ 10 °
KamLAND [25] 0:481°%%2 | 7.54%12 10 °

Solar + KamLAND [26] | 0:4279%7 | 7:46925 10 °

Table 1.1: Values of parameters obtained using data from solar experiments, from
KamLAND and from a combination of them.

1.4.2 Reactor experiments

Nuclear reactors are sources ot, that are produced in -decays. The nuclei most
commonly used in nuclear reactors ar&°U, 238U, 23°Pu and ?*'Pu. The production
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Figure 1.7: Flux of 8B solar or () versus ux of . ( ). It shows the
consistency between the total ux (blue band) with the prediction of the SSM (band
between the dashed lines) [5].

of antineutrinos is isotropic, then the ux decreases with the distance from the
source. The neutrino production rate and the spectrum can be estimated from the
thermal power and fuel composition as a function of time. The detection technique,
in reactor experiments, is based on the inversedecay: ¢+ p! € + n. From this

reaction two scintillation signals are observed: a prompt one, from the annihilation
of the positron with an electron, and a delayed one, of 2.2 MeV, produced200 s

later, due to the neutron capture and the subsequent de-excitation of the nucleus.

The KamLAND experiment started the operations in 2002, exploiting the neu-
trino ux produced by 53 commercial nuclear reactors, located on average 180-km
away from the detector [25]. The detector was made of 1 kton of ultra-pure liquid
scintillator, which acted as the neutrino target and was contained in a spherical
balloon of 13-m-diameter. The average energy of thge spectrum washe i’ 3.6
MeV, that is the same energy region of solar neutrinos. KamLAND [25] showed the
¢ disappearance at 99.95% con dence level and determined the oscillation param-
eters presented in Tab. 1.1. Furthermore, reactor experiments have a good energy
resolution but low event statistics, while solar experiments have high statistics and
a low energy resolution. Hence, a combined analysis is possible: using the data
of KamLAND and of solar neutrino experiments, the allowed region for the values

m2, and sirt 1, was constrained, as reported in Fig. 1.8.

Other nuclear reactor experiments such as Daya-Bay, RENO, Double Chooz have
been built to study the value of sif 13 from the — disappearance. They showed a
non-zero value for this parameter and Daya-Bay, in particular, measured a value of
Sin2 13=0:0851 0:0024 [27].

1.4.3 Atmospheric neutrino experiments

Atmospheric neutrinos are produced from the interaction of primary cosmic rays
(CRs) with the nuclei in the atmosphere [7]. The principal components of CRs are
protons, that produce secondary CRs when interacting with nuclei. These secondary
CRs include hadrons, in particular many pions, and their decay products, which
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() (b)

Figure 1.8: Three- avour neutrino oscillation analysis contour using both solar and
KamLAND (KL) data [26].

tipically have energy of the order of GeV. The reaction chain is the following (Egs.
1.26, 1.27, 1.28):

p+ N ! ;0K G K%prn; (1.26)
where N is a generic nucleus of the atmosphere. Then, pions and, at high
energies, also kaons, decay into muons and muon neutrinos:

L I S + (1.27)

At last, low-energy muons decay before reaching the ground, producing an elec-
tron, an electron neutrino and a muon neutrino:
T

€+ o+, | e + g+ (1.28)

The typical experiments that detect atmospheric neutrinos utilizes Cherenkov
underground detectors. In fact, being shielded from the large background given by
the secondary CRs is fundamental.

In 1980s, atmospheric neutrinos were observed by Kamiokande and IMB, two
large underground water Cherenkov detectors. These experiments could detect ei-
ther neutrinos that interacted within the detector, either upward- or downward-
going muons produced by the neutrino interactions outside the tank. The results of
both experiments showed a signi cant de cit in the number of atmospheric muon
neutrino interactions, claiming for the rst time the atmospheric neutrino anomaly
The successor of Kamiokande, Super-Kamiokande (SK), revealed the solution as-
suming muon neutrinos oscillations. This is clearly shown in Fig. 1.9: they present
an up-down asymmetry, showing that data are in agreement with the oscillation
hypothesis.

The SK experiment collected a signi cant amount of data on atmospheric neu-
trinos over the years, giving a great boost to model the atmospheric neutrino oscilla-
tions from muon to tau neutrinos, and to infer their parameters: m3, and sirf 3.
Other experiments such as MACRO and Soudan 2, con rmed these results.
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Figure 1.9: Super-Kamiokande plots: black dots are the experimental data, red and
light-blue solid lines are MC predictions, assuming oscillation and no-oscillation
hypothesis, respectively [28].

1.4.4 Accelerator experiments

Accelerator experiments were built to verify the results of atmospheric neutrino
experiments, using a similalL.=E ratio.

A conventional neutrino beam is produced by sending high-energy protons to-
wards a target. The interaction produces hadrons, mainly pions and kaons, which
are focused into a beam by magnetic horns. These horns can be controlled to choose
the operating mode of the beam, i.e. neutrino or antineutrino mode. Then, in the
decay pipe, they decay into neutrinos. The remaining hadrons and muons are ab-
sorbed and stopped, leaving only neutrinos inside the beam. Actually, the beam
can be contaminated. Considering a beam, the larger amount of neutrinos comes
from pion decay as shown in Eq. 1.27, but from the subsequent decay of muons (Eq.
1.28), from * 1 e ,orK* ! e 0. also electron neutrinos can be produced,
that contaminate the beam.

These experiments can reach di erent sensitivities depending on the value of
L=E, which can be modi ed according to the experiment's goals. Depending on their
baseline, the experiments can be categorized as: Long-Baseline (LBL) experiments,
which use GeV neutrinos and a baseline of £0* m and Short-Baseline (SBL)
experiments, which have a baseline of 1 km and can study neutrino oscillations also
at 1 eV. Tipically, LBL experiments have two detectors, a near one and a far one.
The near detector aims to reduce the systematic uncertainties due to neutrino ux
and neutrino interactions with nuclei. It provides data on the beam close to the
source, monitors the beam, and gives information on the energy spectrum and cross
sections. The far detector measures the ux and the eventual neutrino oscillation
after the baseline. Accelerator experiments can also be classi ed according to energy
spectrum of the beam. They can have a wide-band beam, that is, with a wide energy
spectrum that can span one or two orders of magnitude, suitable for searching for
new oscillation signals in a wide range of m? values; a narrow-band beam, obtained
selecting the momenta of pions and kaons, suitable for precise measurementsrof;

\o -axis", with the detector shifted from the beam axis by a small angle.
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Numerous experiments have been conducted in the past 25 years. The rst
LBL experiment was K2K, which sent a neutrino beam for 250 km from the KEK
proton synchrotron to the Super-Kamiokande detector. The beam consisted mainly
of muons, with an average energy dE i 1.3 GeV. The near detector, a 1 kton
water tank, was placed 300 m away from the source. K2K con rmed the results
obtained from atmospheric neutrinos observations, showing again a muon de cit.

The OPERA experiment was built at the LNGS and operated until 2012. It
exploited the CERN to Gran Sasso (CNGS) muon neutrino beam, with a baseline of
730 km and an average energy bE i 177 GeV. The OPERA detector was based
on nuclear emulsions and muon spectrometers. It provided signi cant evidences for

! oscillation, detecting precisely the appearance in the beam [29].

Roughly in the same years, the MINOS experiment operated. It was a LBL
experiment with a 735-km baseline, that ran from Fermilab to the Soudan mine. It
used the muon neutrino beam produced with an average energy i 120 GeV
by the Main Injector at Fermilab. The near and the far detectors consisted of iron-
scintillator tracking calorimeters with toroidal magnetic elds. MINOS con rmed
the observation of the SK experiment and measured the oscillation parameters:

m3, and sirf 2 ,3 [30].

The latest experiments are T2K and NOA. T2K is a LBL experiment in Japan
which started in the last decade. It has a 295-km baseline, stretching from Tokai to
Super-Kamiokande. The muon neutrino beam energy spectrum is centered on 600
MeV, to maximize the oscillation probability over its baseline. The near detector
complex, which includes an on- and o -axis detector, is located 280 m from the
source. The on-axis detector, INGRID, monitors the ux before the oscillations
occur.

The o -axis detector consists of a water-scintillator detector to identify °s,
TPCs for tracking, ne grained detectors to study CC interactions, and an ECAL.

It is located at 2.5’ to the central direction of the beam as well as SK. T2K in 2011
claimed for the rst time the observation of muon to electron neutrino oscillations
[31].

The NO A experiment is an LBL experiment, with an 810-km baseline. The
beam, produced at NuMI at Fermilab is sent to Ash River, in Minnesota. The
near detector, located 1 km from the source, uses liquid scintillator detectors, as
does the far detector, but it also has a module for muon/pion discrimination. Both
detectors are located o -axis, precisely 14.6 mrad from the central direction of the
beam. It recorded severai” ! ~, events that have been analyzed, constraining

m3, and sir? ,3 parameters [32]. The o -axis (OA) technique yields an almost
monochromatic neutrino ux in a detector that is shifted by an angle from the
central direction of the high-intensity wide-band beam, as Fig. 1.10b shows. The
OA con guration is based on the dependence of the neutrino ener§yon the small
0 -axis angle . With some assumptions, the relation is described by the Eq. 1.29,
which shows the monochromatic nature of o -axis the neutrino energy:

m? E m? E m?2

= m? 1+ 22° 1 2 m2egee

(1.29)

For a on-axis detector, with = 0°, the neutrino energyE is proportional to
the pion energyE . As the detector moves o -axis, the dependence & from E
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Figure 1.10: (a): neutrino energy as a function of the parent pion energy. (b):
neutrino uxes integrated over all pion energies produced by a proton beam of 12
GeV. The angle is an angle between pion direction and neutrino direction. As the
angle increases, the neutrino ux has a more peaked energy [33].

guenches, as can be seen from the plot in Fig. 1.10a.
Future LBL experiments are DUNE, that will be outlined in Chap. 2 and Hyper-
Kamiokande, the upgrade of Super-Kamiokande, with a 260-kton total mass.

The other kind of experiments are the SBL ones, where the detector is placed
near the neutrino beam source.
LSND was an experiment located at Los Alamos National Laboratory that sent
~ beam to a cylindrical tank detector at 29.8 m from the source. LSND found a
evidence for- | ~, oscillation, observing a . abundance in 2001 [34].
MiniBooNE was a SBL experiment at Fermilab, that operated from 2002 to 2012
with the goal of testing LSND observations. It con rmed LSND results, observing
alsoa ! . excess. These are important results because, if conrmed, they
require an extension of the 3- paradigm to be explained. Future experiments such
as JSNS at J-PARC and the Short-Baseline Neutrino (SBN) program at Fermilab
will further investigate the anomalies observed in LSND and MiniBooNE. The SBN
program includes three experiments based on LAr-TPC technology, with di erent
baselines: SBND at 110 m, MicroBooNE at 470 m and ICARUS at 600 m [35].

1.4.5 Current values of neutrino oscillation parameters

In Tab. 1.2 all current values of the known oscillation parameters are presented.
They are obtained from a global t analysis of all the experiments' results obtained
up to now.

The parameters known with the best accuracy arei,; 13; m3; andj ma,:

1. pand m3; have been determined with a 2% and 3% precision, respectively,
by solar and reactor neutrino experiments such as SNO and KamLAND;

2. 23;j m3,j have been constrained with a precision of 3% and 1% by atmo-
spheric and accelerator neutrino experiments such as SK and T2K or N&;
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| | Parameters | best tparam. 1 | 3 |
12=° 3382972 3L61! 3627
= 48372 4081 513
g‘;’ég’rﬂg = 86T 1 8221 899
(NO) = 227% 1411 370
m2,=(10 ° eV?) 7:39°05 6:79! 801
m2,=(10 3 eV?) 2:44979 932 2:3581 2:544
12=° 338272 3L61! 3627
= 4867, 1 41:01 515
ICr)];I;ertr(ier?g = 865 1 8261 9.02
(0) = 28575 205! 354
m3,=(10 ° eV?) 7:39"05 6:79! 801
m2,=(10 3 eV?) 2:50970 032 2:6031 2:416

Table 1.2: Current values of 3- oscillation parameters obtained from a global anal-
ysis of neutrino data, for both the mass ordering. [2]

3. 13 has been determined with 1.5% precision in reactor experiments, such as
DoubleCHOOZ or Daya Bay, and also in accelerator experiments, such as
T2K.

However, there are still some open questions. In particular, the unknown sign
of m3, leads to two possible mass orderings, as explained in Sec. 1.3.1. Moreover,
the octant of ,3 is undetermined, since it is unknown if it is smaller or larger than
45° and the leptonic CP phase cp has still large constraints [2].

1.5 Open guestions

1.5.1 Mass ordering

Future experiments will focus on three di erent con gurations in order to resolve
the mass ordering (Sec. 1.3.1): medium-baseline reactor experiments, looking at the
oscillations' interference, such as JUNO [36] or RENO-50 [37]; long-baseline acceler-
ator experiments, such as NOA or DUNE and atmospheric neutrino experiments,
like PINGU [38], ORCA [39], DUNE [40] and HK [41], observing the matter e ects.

The reactor experiments are based on.! . oscillations and study the oscilla-
tion interference between m3, and m3,. For the baselines of these experiments,
the matter e ects are negligible. The oscillation probability can be approximated
as:
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Figure 1.11: The relative shape di erence of the reactor antineutrino ux for dif-
ferent neutrino mass hierarchies. The corrections due to the ordering are in phase
opposition. The gure represents the product of the neutrino ux, the interaction
cross section and the survival probability [36].

m2.L
P-, - ' 1 in2 1,sin? —21—
- cod 13Si 12Si I
2L
Sin? 2 13sin? _ Mot
4E (1.30)
Sin® 15 SiP 2 13sin? 5L cos m |
12 13 AE 4E
sin® 15 ., 2 m3L 2 mjL
2 T g U=
Sin?2 13sin aE sin A

where the sign of the fourth term depends on the mass ordering. Moreover, this
probability does not depend on the CP phase. In order to discriminate between the
two mass ordering, a high-resolution energy spectrum is needed, as shown in Fig.1.11.
JUNO and RENO-50 reactor experiments will exploit this oscillation channel, using

large liquid scintillator detectors and a medium baseline of 50 km.

The other kinds of experiments study( : ! ( e? oscillations with long baselines.

Their oscillation probability, assuming a constant matter density, is approximated
at the second order in the small parameters sin; and as:

2

. . sin
Po) ()" 4sirf igsin’ B Ay
. in” A
+ 2sin?2 ;,co zgslT (1.31)
sin Asin(1 A
+8J gp cos( CP)IA I :E A )

where

JI = coS 1SiN 12COS 23SiN 23C08 13SiN 13 (1.32)
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and

m3L 2EV. . mj,
4E m%' m%’
with V, e ective matter potential of the Earth and + () depending on neutrino
(antineutrino) channel. In this probability, ;A and are sensitive to the sign of
m3, and there is a dependence on the CP phase. For this reason, the results of
these experiments can give fundamental information on leptonic CP violation.
Up to now, all analyses show a preference for normal mass ordering, and inverted
ordering is disfavoured witha 2 between 2 3 . But more precise measurements
are needed to solve the mass quest [2].

(1.33)

1.5.2 23 Octant

The parameter ,3 has not been precisely determined yet. In particular, it is unclear
if its value is equal, smaller or larger than 4% as the 3 -column of Tab. 1.2 shows.
This angle can be studied through ! cand™ ! ¢ experiments. In fact, in the
disappearance and appearance probabilities, respectively, thg-term dominates:

m3,L
P "1 sin?2 pgsin? 31 1.34
! | 23Sl AE ( )
: . : m2,L
P, .' si® xsin2 j3sin? (1.35)
4E
where = m3= m3% 1=30 1 and matter and cp-phase terms have been

neglected. [42]
If ,36 =4, the so-called \octant degeneracy" arises: indeed, a value @§ either
< 45° (rst octant) or > 45° (second octant) satis es
h [
. 1 P
SI? 53 = 5 1 1 Sit2 3 : (1.36)

This degeneracy can be solved by combining the results of accelerator and reactor
experiments, and also by adding the \silver" channel ! [42]. According to
Neutrino2020 updates [43], there is a mild preference for the second octant gf
since the 2 minimizes for sirf ,3 = 0:57, as shown by Fig. 1.12. Anyway, the
local minimum in the rst octant occurs at 2 = 0:53 (22) without (with) SK-atm
data for sir® ,3 = 0:455. Hence, the degeneracy is still not solved, since other values
of 3, smaller or equal to =4 are consistent at 3 level [2]. The global t value
will be updated by adding new data from future experiments, such as DUNE or
Hyper-Kamiokande.

1.5.3 CP violation

CP violation occurs if the PMNS matrix U is not real, thusU 6 U . This implies
14 conditions that must be satis ed for CP violation, namely:

" No mass degeneration between charged leptons or neutrinos (6 conditions),
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Figure 1.12: 2 pro le minimized with respect sirf2 ,5. The red (blue) lines
correspond to NO (I0); solid (dashed) curves are without (with) SK-atmospheric
data [43].

" Mixing angles must be di erent from 0 or =2 (6 conditions),
" The physical phase must be di erent from 0 or (2 conditions).

Dening C= i[M°M"Y¥;MTM™], these conditions can be combined into:

detC 6 0; (1.37)

where detC can be rewritten as:

detC= 2J(m? m?)(m? m?)(m?> m?)(m*> mZ)(m> mZ)(m> m?):
(1.38)
J is the leptonic analogue to the Jarlskog invariant in the quark sector, which
is dened asJ = Im[Ug,UGU ,U 3], It is useful to quantify CP violation in a
parametrization-independent way. In standard parametrization, it becomes

. 1. ) : )
J = C12512C23823C 3813 SiN 13 = g sin 2 12SiN2 »3C0S 13SiN2 138N 130 (1.39)

CP phase cp plays an important role in long-baseline accelerator experiments,
with I ¢ oscillation. CP violation can be observed only in case of interference
between avour oscillations involving at least two di erent phases and three mix-
ing angles, since it is a three- avour e ect. To test the presence of CP violation,
the behaviour of neutrino and anti-neutrino oscillations is studied, looking for some
dierences. If cp = 0 or , there is no CP violation, henceP , , = P-, —;
if cp= =2H=2),P , . isenhanced (suppressed) ané- , —, is suppressed
(enhanced). Moreover, matter e ects must be considered, since they complicate the
measurement.

Although reactor experiments cannot have access t@p, they can be used to con-

strain the CP phase since it is strongly correlated with ;3.
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Figure 1.13: | . oscillation probability at T2K as a function of neutrino energy
for several values of cp and mass orderings. sf ;3 and sir? 13 are xed to 0.5
and 0.1 [44].

At present, the main experiments that aim to measurecp are T2K and NO A,
LBL accelerator experiments. From the results obtained by T2K [45], the 3C.L.
for cp isintherange [ 341 0:03]in NO and in the range [ 254, 0:32] in 10.

A NO A recent analysis [46], excluded at 2C.L. values around cp = =2 for
the NO, and by > 3 values around cp = =2 for the 10. Comparing the best ts
of these experiments, it is clear that they agree in the inverted ordering case, but
they show tensions in the normal ordering case. This result probably re ects a more
pronounced asymmetry in ¢ versus . observed in T2K [46]. NO A and T2K will
operate until 2026, with some upgrades, but they will never have the capability to
measure cp With 5 signi cance. Hence, future experiments such as DUNE and
Hyper-Kamiokande are needed to measure de nitelycp.



Chapter 2

The DUNE experiment

The Deep Underground Neutrino Experiment (DUNE) will be a long-baseline neu-
trino oscillation experiment designed to address the unresolved questions about neu-
trino physics. It will be located in the United States, at the Long Baseline Neutrino
Facility (LBNF), which will utilize the neutrino beam produced at Fermilab, in
lllinois (Fig. 2.1). DUNE will consist of a Near Detector (ND), located 62 m under-
ground and 574 m away from the target of the primary beam, and a Far Detector
(FD), placed 1.5 km underground and 1285 km distant from Fermilab, at the Sanford
Underground Research Facility (SURF). [40]

This chapter provides an overview of the DUNE experiment, including its phys-
ical motivations. Furthermore, a more precise description of the Far and Near
detectors is outlined. The next chapter will present information on the SAND and
GRAIN detectors.

2.1 Physical motivations and overview

The primary goals of DUNE, as next-generation long-baseline neutrino experiment,
are:

" performing precise measurements of - , and ,- 3 oscillations phenomena,
neutrino mass ordering, cp phase, and test the consistency of the three- avour
paradigm;

Figure 2.1: Qualitative scheme of LBNF for DUNE experiment. In blue are shown
the already present components, in orange, the future ones [47].

25



26 2.1. Physical motivations and overview

~ carrying on measurements both in astrophysical and particle physics eld,
studying low-energy neutrinos and neutrinos from supernova bursts;

" searching for hints of BSM-physics.

Given these premises, the design must satisfy many requirements to accomplish
these demanding challenges. First, to precisely study the CP violation and to ver-
ify the three- avour paradigm, neutrinos will be observed over more than one full
oscillation period. The beam will be mostly composed of , and it will have a peak
at about 2.5 GeV, near the oscillation maximum, with signi cant rate that covers
more than one oscillation period for energies betweerb0and 40 GeV, at a xed
baseline of 1300 km. The contamination from the wrong sign of neutrinos will be
less than 5%, while the one from electronic neutrinos will be less than 1%.

The Far Detector will be located 1300 km distant from the source. This choice
will help in breaking the experimental degeneracy between neutrino mass ordering
and the determination of cp. The reason is that the asymmetrnyP( ! ) and
P( ! ) due to the presence of matter is larger than the one due to thep
phase [48][49]. The FD will be located underground to have a very low background
from cosmic rays, that arrive with a high rate on the surface. The detector is
planned to be a Time Projection Chamber lled with liquid Argon (LAr-TPC).
The TPC combines tracking and calorimetry, and is well suited for identifying the
di erent interaction processes that neutrinos undergo. This feature is crucial for
an accurate study of neutrino oscillations, which requires an optimal separation of
neutrino-charged-current interactions and a good energy reconstruction.

The Near Detector will consist of SAND, ND-LAr and TMS. In Phase Il TMS
will be replaced by ND-GAr. Thanks to the LAr detector, the experiment will be
sensitive to the uncertainties related to ux, cross sections, and detector response,
that a ect the neutrino energy spectrum at FD. The goal of the ND complex is to
measure neutrinos before the oscillation phenomenon and to reduce these systematic
uncertainties. In particular, for the latter task, the calibration of position and energy
deposits from di erent sources at a few percent level is essential. Furthermore, since
the neutrino cross sections depend on energy, and the uxes at ND and FD are
di erent, it is important to study the data at di erent neutrino uxes. For this
reason, the PRISM technique is proposed: it consists in a mechanism that allow ND-
LAr and TMS to move o -axis, thus studying neutrino beam at di erent energies.

A photon detection system that collects prompt scintillation light from charged
particles will be implemented inside the LAr-TPCs, to determine the 3-D vertex
position with a 1% resolution, in a joint analysis with the TPC. At last, the data
acquisition system (receiving, processing, and recording data) will be built according
to the needs of supernova burst neutrino detection.

The build schedule of DUNE is planned in two phases, as Table 2.1 shows. Phase
| aims to start data-taking by the end of the 2020s with the Far Detector which will
equipped with only 2 modules (20 kton of ducial mass). In 2032 the beam, with
1.2 MW of power, and the Near Detector will become operational. In this phase,
the experiment will be able to carry out results such as the determination of the
neutrino mass ordering. However, to achieve the precision discussed in the Strategic
Plan for U.S. Particle Physics [50] about the neutrino oscillation physics goals, the
upgrades of Phase Il are also necessary. In this second phase, the far detector will
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Parameter | Phase | Phase Il Impact
FD mass | 20 kton ducial 40 kton ducial FD statistic
Beam power| up to 1.2 MW 2.4 MW FD statistic
ND cong | SAND, ND-LAr, | SAND, ND-LAr, | Syst. constraints
TMS ND-GAr

Table 2.1: Description of two-stage building program of LBNF and DUNE [40].

be expanded with the addition of two more modules (40 kton of ducial mass),
increasing by a factor of 4 the event rate in the LAr TPCs. Phase-II improvements
are fundamental for the achievement of the desired physics goals. In particular, with
the experiment at full capacity, the expected sensitivity will be much higher with
respect to the Phase-I setup, as the next section will show. This approach will yield
some early results but will slow down the construction of later stages.

2.2 Physics sensitivity

In this section, the expected sensitivity of the experiment is presented. An important
parameter in this discussion is the \exposure", a quantity related to the detector
size, beam power, and time, measured in ktonMW yr, which refers to the data
accumulated. Here, the sensitivity results corresponding to long baseline oscillation,
to supernovae, and to BSM are reported, including the Phase-Il program upgrades.

2.2.1 Long-baseline neutrino oscillations

The analysis, based on Monte-Carlo (MC) simulations performed on the long-baseline
oscillation sensitivity, showed that DUNE can establish the neutrino mass ordering,
accurately measure cp and carry on precision measurements of the long-baseline
oscillation parameters. The importance of the results that DUNE can achieve is
con rmed by the plots presented in Fig. 2.2: at the exposure of 1104 ktonMW

yr, the allowed regions for siA 13, cp and for sirf 13, m2, are shrunk, getting
closer to the current NUFIT best estimate (true value).

Mass ordering

Two plots are shown in Fig. 2.3: (a) shows the signi cance for the determination
of the neutrino mass ordering as a function ofcp true values, for two di erent
exposures. The solid lines represent the median sensitivity, and the bands limit the
68% of variations of statistics, systematics, and oscillation parameters. The near-
degeneracy between matter and CP violating e ects, that occurs close tgp = =

for normal ordering, gives this characteristic shape to the plot. The plot in (b)
relates the signi cance with the exposure in years, for di erent values ofcp. For
an exposure of 100 kton MW year, DUNE can determine the mass ordering at
5 for 100% of cp values.
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Figure 2.2: Plots representing 90% C.L. regions in the ginis  ¢p (a) and sir? 13

m3, (b) planes, obtained with the beam in neutrino and antineutrino mode, in
equal amount, and with Phase-IlI ND. The three colors correspond to di erent levels
of exposure; the yellow area represents the 90% C.L. region for the NuFIT global t

[40].

(@) (b)

Figure 2.3: Signi cance of the DUNE determination of the neutrino mass ordering
as a function true values of cp (a) and on the exposure (b) [40].
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(@) (b)

Figure 2.4: Signi cance of DUNE determination of CP violation as a function of
depending on true values ofcp (a) and on the exposure (b) [40].

CP violation

The plots in Fig. 2.4 show the expected CP violation signi cance as a function of
cp and of exposure.

The plot (a) is obtained assuming normal ordering and considering two di erent
exposures. The solid line represents the median signi cance, and the bands cover
68% of variations of statistics, systematics and oscillation parameters. Here, the

signi cance is maximal for cp = =2 and, for an exposure of 336 ktonMW  yr,
it's above 5 for few values. In the plot (b), the signi cance is at 5 for an exposure
of about 300 kton MW yrif cp = =2, and for 600 kton MW yr of exposure

for 50% of cp values. For 75% of cp values, the exposure needed for a signi cance
of 3 is almost 1000 kton MW yr.

Oscillation parameters

DUNE will be able to measure all the parameters that describe neutrino oscillations.
In particular, it will have su cient sensitivity to the  ,3 octant for values of sif 3

in the range [0.47, 0.55], thus measuring it with at least®Iprecision. This can be
done through a combined analysis of ! and ! . channels.

2.2.2 Supernovae and solar neutrinos

DUNE Far Detector can detect neutrinos coming from core-collapse supernovae and
from the Sun, that have energies between 5 and 100 MeV.

Core-collapse supernovae occur very rarely in our Galaxy, therefore, it is crucial
to gather as much data as possible when they occur. The design of the DUNE FD
components will take this into account. The expected energy threshold is a few MeV
of deposited energy and the expected energy resolution is 10-20% for these values
of energy. The expected event rate for a 40-kton detector is about 3000 neutrinos
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for a supernova 10-kpc distant. In this kind of supernovae, the neutrino signal
begins with a short and sharp burst made mostly of,, called \neutronization"
burst; it is followed by an \accretion" phase, of hundreds of milliseconds and by a
\cooling" phase, of about 10 seconds, that is the bulk of the signal, almost equally
shared between the three avours of neutrinos and antineutrinos. So, neutrinos are
present in the processes that occur during the supernova evolution, thus the neutrino
signal carries information on its source. Hence, a measurement of a supernova
neutrino ux gives the chance to, for example: test stellar evolution models; warn
the scienti c community of the SN explosion, since neutrino burst happens before
the electromagnetic signal; reconstruct the source direction.

Solar and background supernova neutrinos aren't easily detectable, but some studies
suggest that a selection of a sample of solar neutrinos is possible. This would be
very useful for the measurement of m3;.

2.2.3 Beyond Standard Model physics

The deep underground position of the DUNE far detector is a crucial feature in the
search for rare processes of Beyond Standard Model physics. Here, some of the BSM
phenomena that can be investigated by DUNE are outlined.

Sterile neutrino mixing Some theories hypothesize the existence of sterile states
of neutrinos that, mixing with the known active neutrinos, can be responsible for
disagreement with the 3- paradigm. Therefore, in order to ensure the detection of
any potential anomalies, DUNE will be sensitive to a wide range of possible sterile
neutrino mass splittings and will search for disappearance of CC and NC neutrino
interactions over the long distance between Near and Far Detectors, as well as over
the short baseline of the ND. Due to its long baseline, intense beam and large FD,
DUNE will provide a greater sensitivity than the existing probes. Moreover, models
that include sterile neutrinos, either heavy or light, imply that the 3 3 PMNS
matrix is not unitary. This is caused by the presence of sterile neutrinos that mix
with active neutrinos, and, if it is of order 10 2, it can be observed by a decreasing
in the event rate at DUNE [51].

Non-standard Interactions (NSI) Neutrinos may undergo non-standard inter-
actions (NSI) during their propagation through the Earth. These processes can
strongly a ect the data to be collected by DUNE, as long as the new physics pa-
rameters are large enough. Due to its long baseline and wide-band beam, DUNE
will be sensitive to these probes.

CPT violation = DUNE can also improve the present limits on Lorentz and CPT

violation by several orders of magnitude, testing their validity. For this goal, atmo-

spheric neutrinos are optimal, since the oscillated ux, which consists of all three

avours of neutrinos and antineutrinos, is sensitive to matter e ects and to both
m? parameters and covers a wide range bFE.

Neutrino trident production The electroweak process in which a neutrino scat-
ters 0 a Coulomb eld of a heavy nucleus producing a pair of charged leptons is
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called neutrino trident production. In DUNE, due to the high intensity of  ux
at ND, there would be enough production rate to observe events of this kind, giving
the possibility to improve the current measurements.

Dark Matter searches = DUNE also includes a dark sector-particle program, with

a search for Axion-Like particles and Low-mass Dark Matter (LDM). This will be
carried out mainly by the ND: the detector complex will be close enough to the
beam source to detect a good amount of Dark Matter candidates, assuming they are
produced; in addition, the PRISM capability will increase the control of SM neutrino
backgrounds. Furthermore, DUNE will have unique sensitivity for the search of
Heavy Neutral Leptons (HNL) and Boosted Dark Matter (BDM). In particular, the

far detector will be able to detect BDM signals from several sources in the universe.

Baryon number violation and proton decay Some theories beyond the Stan-
dard Model, called Grand Unied Theories (GUTSs), predict the baryon number
violation. Under this assumption, proton decay would be possible. DUNE, thanks
to its imaging, calorimetric, and PID capability, is expected to be sensitive to many
processes that could be potential candidates for a baryon-number violation. These
processes are di cult to reconstruct due to the low energy of the nal state and
the presence of background. In particular, DUNE will search for two proton decay
modes:p! € %andp! K*~. The rst has the highest branching ratios among
the predicted decays; the second can be exploited particularly in DUNE because
stopping kaons have a higher ionization density with respect to lighter particles.
Hence, the LAr TPC has to identify aK * track e ciently. In case of detection

of proton decay, its lifetime value will be measured; in case of no detection in 10
years, instead, a lower limit of 13 10°** years will be expected. Considering the
total ducial volume, DUNE will be able to improve the current limits on proton
lifetime by an order of magnitude, with 90% C.L., after a 20-year run.

2.3 DUNE design

In this section, the LBNF beam and the detector design are described in detail.

2.3.1 LBNF beam

The Long-Baseline Neutrino Facility provides a neutrino beamline and the neces-
sary conventional facilities to satisfy the DUNE science requirements [52]. The beam
will travel for 1300 km from Fermilab to the SURF detectors, located 1.5 km un-
derground. The energy spectrum of the beam must cover the region of the rst
two oscillation maxima, that are expected to be at 2.4 GeV and 0.8 GeV, for its
baseline. The beam components must be sign-selected, to separate neutrino from
antineutrino beam, and in particular, the electron neutrino content must be small to
reduce systematic errors. Furthermore, the beam must be directed to the far detec-
tor with an angular accuracy to allow for the determination of the energy spectrum
exploiting the near detector measurements. All of these requirements will be crucial
for the determination of the mass hierarchy and the CP phase, and for accurate
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(a) (b)

Figure 2.5: Neutrino uxes at far detector with the beam in neutrino (a) and an-
tineutrino (b) mode [52].

measurements of the oscillation parameters. Optimization of the beam design can
a ect in a signi cant way the exposures needed to reach the desired physics goals,
independent of any upgrades to the accelerator.

The LBNF beamline will use the proton beam from the PIP-1l upgrade of the Main
Injector. It will deliver a proton beam with energy in the range of 60-120 GeV,
corresponding to a power of 1.2 MW in Phase | [53]. Future upgrades are already
planned, that will enhance the power up to 2.4 MW: for this reason, some compo-
nents are built taking already into account these improvements. The proton beam
will be extracted at MI-10 extraction point, and then it will be bent towards the
far detector. Hence, a hadronic shower formed mainly by pions and kaons will be
produced upon hitting a graphite-beryllium target. These products then will be
focused by horns into a 200 m long decay pipe, where they decay mostly into

and( ). Here, depending on the mesons' sign selection, the beam will run in either
neutrino or antineutrino mode. Almost all the muons are stopped by the shielding

walls, but some of them decay and contaminate the beam with electron neutrinos.
In Fig. 2.5 the expected energy spectrum and the ux composition at the far detec-

tor in both running modes are reported. The plots show a clear abundance of the
muon neutrino component, as expected.

2.3.2 Far Detector

The Far Detector complex of DUNE will be located at SURF, in South Dakota,
1.5 km underground, as Fig. 2.6 shows. It will consist of four LAr-TPC detectors,
each with at least 10 kton of ducial mass of liquid Argon. These four modules will
be placed inside a cryostat of dimensions 15 m 14 m 62 m, thus containing
almost 17.5 kton of total mass [47]. Currently, the choice for the best technology
for the detector is under study: the possibilities being considered are single-phase or
double-phase detector. The ProtoDUNE program, at CERN, has tested both detec-
tor technologies and is still performing studies on these topics. This program exploits
prototypes of the future full-scale modules, approximately 1/20 of the size of the
nal detector but with the same components of the full-scale FD. Data acquisition
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Figure 2.6: Underground caverns for the DUNE FD and cryogenics systems at
SURF. The gure shows the rst two Far Detector modules in place [47].

began in 2018, with the goals of testing the production and quality of the compo-
nents, validating the installation procedures, operating with cosmic rays to see its
performances, and collecting test beam data to measure the detector response. Ac-
cording to the 2020 Technical Design Report (TDR), only three out of four modules
are already planned: in particular, two SP modules and one DP module. Recently,
the results of ProtoDUNE changed the strategy, showing a preference for another
single-phase module instead of a dual-phase. The current proposal provides an hori-
zontal drift SP TPC for module FD1 and a vertical drift TPC for module FD2. The
sequence of installation is FD2 rst. In the next paragraphs, the two TPCs will be
described.

Horizontal drift LAr TPC

The horizontal drift LAr TPC is a single-phase detector, in which the charged par-
ticles, passing through its volume, ionize the argon atoms. The electrons produced
from the ionization drift in a horizontal electric eld towards the anode planes, in a
few milliseconds. The anode planes used are the APAs (Anode Assembly Planes),
that are formed by three layers of active wires that form a grid, with the relative
voltage between the layers selected. The voltage is chosen such that the rst two
layers are transparent to the drifting electrons, inducing a bipolar signal, and sub-
sequently these electrons can be collected by the last layer, resulting in a unipolar
signal. In this way, the grid provides the reconstruction of two coordinates.

The third coordinate is determined using the drift time, considered as the t be-
tween the prompt scintillation light and the arrival time of the electrons on the
APAs. Liquid Argon is an excellent scintillator since it produces 40k photons per
MeV. On the other hand, the scintillation light is VUV region, with a 127 nm wave-
length. Hence, it is shifted into visible light, and then collected by photodetectors,
providing the start time t, for the ionization. The operating scheme of a LAr TPC

is reported in Fig. 2.7.
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Figure 2.7: General operating principle of a single-phase LAr TPC [47].

In the DUNE experiment, the single-phase LAr TPC will have a mass of 17.5
kton, and it will be located inside a cryostat of 65.8 m 17.8 m 18.9 m dimensions.
The whole volume is separated with alternating cathode and anode walls. A cathode
wall consists of an array of 150 Cathode Plane Assemblies, which are 1.2 ™ m
panels at -180 kV. An anode wall is formed by 50 APAs, which are modules of 6 m

2.3 m, connected to the ground. Inside the drift volume, an electric eld of 500
V/m is produced, and the maximum drift length is about 3.5 m. The readout cold
electronics are placed at the top end of the top APA and at the bottom end of the
bottom APA. The design is shown in Fig. 2.8.

Figure 2.8: DUNE FD single-phase LAr TPC, showing the alternating anode (A)
and cathode (C) planes, and the Field Cage that surrounds the drift regions between

the planes [47].

The device chosen for the photon detection is the X-ARAPUCA Supercell. The



CHAPTER 2. THE DUNE EXPERIMENT 35

structure and working principle of a single X-ARAPUCA cell is shown in 2.9. Each
photon detection module spans the width of the 2.3 m of the APA and is placed
behind the anode wire-planes. For each module there are four X-ARAPUCA Super-
cells with VUV light-transparent dichroic lters, alternated with wavelength shifters
(WLS) plates to convert UV photons to visible spectrum at 430 nm. The photons
emitted by the WLS plates at a smaller angle than the critical one are detected by
the SiPM, otherwise, the photons are re ected back towards the WLS plates by the
dichroic lters, being collected by the SiPM.

Figure 2.9: Working principle of an X-ARAPUCA cell. The VUV scintillation light
emitted by the LAr is shifted to the visibile spectrum by the WLS. The escaping
photons are re ected back by the dichroic Iters and then collected by the SiPM.

The main drawbacks of the DUNE TPC are the LAr purity and the electronic
noise. To mantain LAr purity, it is important to keep low the concentration of
electronegative and nitrogen contaminants that, respectively, can absorb ionization
electrons and quench scintillation photons. For this reason, the electronegative
contaminants concentration must be below 100 ppt Oequivalent, such that the
ionization electron lifetime is above 3 ms, and the SNR is large enough to perform
good measurements. The nitrogen contaminants must be below 25 ppm, to have at
least 0.5 photoelectrons per MeV detected. This is achieved through the use of a
puri cation system and low-noise cryogenic electronics, which reduce thermal noise.

Vertical drift LAr TPC

For the second module of the DUNE FD, a vertical drift LAr TPC is proposed
based on the results of the ProtoDUNE program carried out at CERN [54]. This
detector is a TPC where the ionization electrons drift vertically, for a maximum of
6.5 m, towards anodes located at the top and bottom of the detector. The cathode
hangs at mid-height, as shown in Fig. 2.10. It is a thin structure to reduce the
loss of active volume and it is also 60% transparent to allow the passage of the
Argon. The surrounding eld cage ensures an electric eld at 500 V/cm. The anode
planes, of 60 m 13.5 m dimensions, are based on perforated printed circuit boards
(PCBs), a technology that avoids signi cant deformations to the planes, that are
hung horizontally. Each anode plane consists of two PCB boards.
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