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Introduction

The intricate journey of understanding neutrino physics spans pivotal moments in
history, tracing its roots to the groundbreaking theorization by W. Pauli in 1930.
The landscape of neutrino physics witnessed a transformative shift in 1998 when
B.Pontecorvo proposed the theory of neutrino oscillations, providing the compelling
evidence that neutrinos have small but non-zero masses and that arise from the
mixing of mass and flavour eigenstates. The field of neutrino physics has seen rapid
advancements, largely due to the measurements of neutrino oscillations parameters.
Next generation experiments are dedicated to address the unresolved questions
surrounding the nature of neutrinos. Their objectives include precise determination
of oscillation parameters, comprehension of neutrino mass nature, assessment of
potential CP violation in the leptonic sector, and establishment of the neutrino mass

ordering.

The Deep Underground Neutrino Experiment (DUNE), currently being built,
is emerging as one of the main references in neutrino research aiming to achieve
the sensitivity required to address these open questions. DUNE will be a dual-site
experiment featuring the most powerful neutrino beam at Fermilab (US) and will
consists of a Far Detector (FD) and a Near Detector (ND). The FD, situated 1300
km away from the ND, will utilize four 17 kTon Liquid-Argon Time Projection
Chambers (LAr-TPCs) to perform precise measurements of neutrino oscillations.
The ND, located a few hundred meters from the beam source, comprises three
distinct detectors. Its primary objectives are to constrain systematic uncertainties
for FD analyses and to search for new physics, including light-dark matter and heavy
neutrinos. The Near Detector is therefore essential in assessing the precision needed
to achieve DUNE objectives, providing corrections for extrapolating the beam to the

FD site, measuring -Ar cross-sections, and modelling nuclear effects.

The SAND (System for on-Axis Neutrino Detection) apparatus is one of the ND
components, serving as the primary beam monitor for the DUNE experiment. It is
a magnetized detector equipped with a high-resolution tracker to measure particle
momentum and a high-performance electromagnetic calorimeter. SAND will also
include various targets to study neutrino interactions on different nuclei, including
a ~ 1 ton liquid argon cryostat called GRAIN (GRanular Argon for Interaction of

Neutrinos) to enable direct comparison with the Far Detector.
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2 CONTENTS

The purpose of this thesis is to develop a comprehensive track reconstruction
algorithm based on the Extended Kalman filter approach and evaluate its perfor-
mance in reconstructing -CC interactions in SAND. A Kalman filter is an iterative
algorithm that uses a system’s physical laws of motion, known control inputs, and
multiple sequential measurements to estimate the system’s varying quantities. At
each iteration, it produces an estimate of the system’s state as a weighted average of
the predicted state and the new measurement. The Extended Kalman filter expands
this technique to non-linear systems, such as tracking moving charged particles in a
magnetized detector.

First, the algorithm is validated by reconstructing ideal trajectories in magnetic
fields with varying momentum. Then, energy loss and multiple scattering effects are
introduced to address challenges within the SAND inner tracking volume. The final
stage involves a full simulation of the SAND detector using the GEANT4 toolkit to
study the algorithm’s performance in reconstructing  CC events within the energy

range expected at LBNF.



Chapter 1

Neutrino Physics

The Standard Model proposes the description of elementary fermions through
a gauge theory based on SU(2)L x U(l)y group’s symmetry. The twelve known
fermions (six leptons and six quarks) are grouped as doublets for the chiral left-handed
field | and singlets for right-handed fields R

L= ; ; R=ER: R R

Both quarks and leptons are all endowed with mass through the Higgs mechanisms in
which the gauge scalar boson combines with the fermion field to conserve the isospin
invariance. However, neutrinos have no right-handed singlet states, and the mass-
generating mechanism does not occur for these particles. Consequently, neutrinos
are considered mass-less particles within the Standard Model framework, presented
in three distinct flavours depending on the charged lepton they are emitted with.
A clear distinction between particles and anti-particles occurs, as their helicity Is
always left-handed and right-handed respectively: in a two-component description of
neutrinos (Weyl’s theory), the massless nature guarantees a permanent chirality state
which in this limit coincides with the helicity for both neutrinos and anti-neutrinos.

Conceiving experiments to detect neutrinos is inherently challenging and requires
to maximize as possible the interaction cross-section as with a large and highly precise
detectors. However, progress in experiments over the last decade has revealed neutrino
mixing, indicating a non-zero mass for these particles. This discovery has sparked a
surge in Beyond Standard Model (BSM) Physics research, aiming to develop a more

accurate theoretical framework to describe neutrino properties.

1.1 Neutrino in the Standard Model

Before delving into the theory of neutrino oscillations, it is crucial to understand the
origin of the problems associated with neutrino masses and their incompatibility with
the Standard Model (SM).
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Dirac’s spinor, which comprises two components, each transforms according to a
reducible representation of the Lorentz transformations. It is possible to define a
smaller, irreducible representation to describe particles with spin 1/2. This reduction
leads to two distinct theoretical frameworks: Weyl’s theory, which accounts for
massless fermions, and Majorana’s theory, which aligns with Weyl’s in the limit
of massless particles but also encompasses neutrinos with non-zero masses, thereby
distinguishing between Dirac and Majorana theories as physically distinct alternatives.

The recent discovery of very small neutrino masses required a debate over which
theoretical description more accurately reflects the properties of these particles. In this
section, we will explore the fundamental properties of neutrinos under the assumption
m = 0 of the SM. Specifically, we will focus on two main distinctions between
neutrinos: one based on helicity, which enables the differentiation between neutrinos
and anti-neutrinos, and another related to electroweak interactions, which implies
the observation of only the left-handed neutrinos and the right-handed anti-neutrinos
in the experiments.

The Dirac equation in the limit of massless particles becomes:

ie (x)=0 (1.1)

5

wich allows an invariant operation represented by the matrix, that is if is a

solution of the equation then °

5

is a solution too. Using Dirac-Pauli representation
of the gamma matrices , is recognizable as the chirality operator and since is
hermitian and has the property ( °)? = 1 the possible eigenvalues are +1. Then the
solution to Dirac’s equation can be separated into two invariant equations since the
eigenvectors of ° have the form:
= where h = P is the helicity
h p|

The generic spinor  can be split into two irreducible and independent components
as = |+ R using respectively the left-handed and right-handed Weyl’s spinors
defined through the projector operators P and Pr

1+ ¢ 1— 5
P, =
2 - 2

L= P|_ (X) R = PR (X) with PR =

so the eigenvectors of the chirality operator ° become

Let us examine the explicit solutions to Eq. (1.1) defining spinors with positive
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energy E > 0 and momentum p as

1 +
u+(p) = N
1
u (p) = V)
while spinors with negative energy solution E < 0 and momentum -p are
1 +
ur(=p)=v (p) = N

U (p)=va(p) = 2

These are representations of massless fermions with different helicity spinors

u+(p) and v (p) are eigenvectors of ° with eigenvalues +1

u (p) and v+ (p) are eigenvectors of ° with eigenvalues -1

Taking as a reference the hole theory to clarify the exchange of the signs between
u(p) and v(p), the spinors u (—p) are associated to the destruction of a neutrino in
a negative energy state with momentum -p and spin S = £1=2 which correspond to
the creation of a hole i.e creation of an anti-neutrino with momentum p and spin
s = F71=2 described by v(p). Thus the matrix element of the invariant density

which compared to Dirac’s equation can be rewritten in terms of the two components
= | r+ Rr L and it can be shown that the matrix element between the
vacuum state and a state with a neutrino anti-neutrino pair is different from zero, in

fact using the spinors with momentum -p and helicity £1

uEm=s L V=

keeping only the terms different from zero one obtain
vPEIV(=pP)| r L|0) = us(p)v+(—p)e ip x+ip” x

vpPIV(=p)| L rI0)=u (p)v (—p)e ip x+ip® x

We have determined that a neutrino and an anti-neutrino are produced with opposite
helicities. Specifically, neutrino exhibits negative helicity, meaning is generated with
spin opposite to the direction of its motion, while anti-neutrino displays positive
helicity, with spin aligned in the direction of its motion.

This distinction provides a means to differentiate between neutrinos and anti-
neutrinos. However, it is important to note that this differentiation is valid only under
the assumption that m = 0. Since helicity is not Lorentz invariant, for massive
particle is always possible to transofrm into a frame in which the the momentum

direction is reversed. This raises a critical question: what occurs if the neutrino has
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non-zero mass and the direction of the momentum is reversed? It becomes necessary
to understand if is possible to retain a distinction between neutrinos and antineutrinos
without this constriction.

The other relevant observation is that anti-fermions interact only with the opposite
component of the helicity to one of the fermions.This is supported by experimental
observations related to the electroweak coupling of leptons, where the following
statements hold:

Only the left-handed of the spinorsu(p) (fermions) and the right-handed of the
spinorsv(p) (anti-fermions) partecipate in the charged weak current processes,
violating the patrity.

Electromagnetic interaction does not allow any distinction between left and
right components of the charged leptons.

These ndings imply that the left components of the spinors form a doublet under
isospin, whereas the right components form a singlet. The corresponding density
currents (particularly for neutrinos) are detailed as follows:

J'(CC)= L &
J (CC)= ¢ L

1
33(NC):§(L L e e)

where = 0;1;2;3 and the left-handed chiral components of the spinors | =
i1 5) ande = 3(1 e

Only the left-handed neutrinos | and right-handed anti-neutrinos r can couple
with the respective leptons. The other two states | and g are not included in
the SM since they interact neither through electroweak interactions nor strong ones
means they couple with any of the gauge elds of the Standard Model.

1.2 Dirac vs. Majorana theories

The problem of neutrino oscillation underscores the need to extend the Standard
Model to account for the existence of three distinct mass states. This challenge
represents one of the principal issues in modern physics, with multiple theories
currently under development. The questions raised in the previous section suggest
two primary theoretical responses regarding the representation of the neutrino eld:
through Dirac or Majorana formulations.
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Dirac Neutrinos with de nite masses are Dirac particles if the total lepton number is
conserved. In this case, neutrino and anti-neutrino will have the identical mass
(CPT conservation) but carry opposite lepton numberL( ;)= L(i)=1.1In
the rest frame, the particle will be described as a quadruplet: two spin states
for the neutrino and two spin states for the anti-neutrino.
At ultrarelativistic velocity and in the direction of the spin, one of these states
will be allowed to react with the matter through weak interactions, whereas
the other state will not, thus excluding the existence of g and | states.

Majorana Neutrinos with de nite masses are Majorana patrticles if there's no conserved
lepton number,meaning there is no quantum number to distinguish between
particles and antiparticles. In 1937 Majorana proposed a framework in which

i = i simplifying the eld representation to just two spin states. This is not
in agreement with electroweak interaction theories and the properties that we
have seen, particularly because, in the case of massive particles, helicity is no
longer an invariant property under any of the gauge elds of the Standard Model.

Figure 1.1: Massive elds at rest frame. The arrows show the possible directions of
the spin. (Left) Dirac eld has four states. The signs indicate a conventional charge
to distinguish particles from anti-particles. (Right) The only two possible states for
Majorana's massive eld where the "zero" indicates the absence of any U(1) charge
meaning that there is no distinction between particles and antiparticles.

It is clear nowadays that at least an extension of the SM is necessary. We will not
see deeply the possible theories beyond the Standard Model in this thesis, but at
the moment the two main possibilities to describe neutrino states considering the
existence of neutrino masses are o ered by Dirac theory and Majorana theory.

If the Lagrangian is invariant under global phase transformation a conserved
quantity must exist. In eld theory, the mass is determined by the mass terms in the
Lagrangian which have to be Lorentz invariant. As we have seen previously neutrino
only exists in one state of helicity | and “r. In the context of the Standard Model,
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this implies that no mass terms are allowed. The neutrino masses can be induced by
applying the mass term of the Dirac equation to neutrinos.

In the case of Dirac Lagrangian even if is manifestly invariant and could be
possible to associate a conserved guantum number, the mass term is identical to zero
since contrary to the Standard Model, this requires having both left and right-handed
neutrinos:

Lb=mp = mp(LRrR+ R L)

While the mass term of Majorana, which involves only the helicity state that is
observable,
1

Lm = SMwm Crhe=mu( L) r+ L(L)°)

is not invariant since contains terms which are not Lorentz invariants such as

¢ ~C and is not acceptable in the SM also due to the violation of the Lepton
number's conservation and the absence of any coupling terms through Higgs elds
and fermions. There's no quantum number which allows the distinction between
neutrino and anti-neutrino. This can be written also in terms of its chiral components
consideringm; and mg the real Majorana masses:

1

L, = SMe L €+ hc: (1.2)
1 c
Lg = émR O rR*hc (1.3)

where | and § represent the known neutrino interaction (active neutrinos) while
E and R represent the never-observed state of neutrino that are supposed to not
interact (sterile neutrinos).
A third option could be considering the most general mass term as a combination
of Lp and Ly of the form:

Lom = 5 M
2 i=1
where the mass eigenstate can be obtained after a proper diagonalization of the mass
matrix: 1 q
M1z = S[(ML + Mg) (M. mg)2+4m3]

it can be seen how the case wittmi = mr = 0 corresponds to a pure Dirac case,
while for mp = 0 it returns the pure Majorana model.

1.3 Oscillation's probability

Flavour oscillations of neutrino is a guantum-mechanics phenomenon for which a
neutrino created with an initial avour is going to assume a di erent value
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with 6 during its propagation.

According to the standard theory of neutrino oscillation, a neutrino (anti-neutrino)

created in a charged current weak interaction is emitted or absorbed concurrently
with one of the leptonse from which it derives its leptonic family

If neutrinos were massless, the di erent avour states of neutrinos would be
degenerate, allowing for a basis in which both the Hamiltonian and the lepton avours
could be simultaneously diagonalized. This will be equivalent to aligning the neutrino
states with the basis of the associated charged lepton states.

However, if neutrinos are massive, it is no longer true that the mass matrices of
leptons and neutrinos are concurrently diagonalizable, leading to the potential for
neutrino mixing and the violation of lepton number conservation.

From the 1960s, systematic observations of neutrinos from various sources, facili-
tated by the development of large-scale detectors, revealed that electrons and muons
resulting from neutrino interactions with detectors correspond to two di erent types
of neutrinos ¢ and .respectively.

Oscillation theory supported by experimental evidence foresees that each avour
state does not correspond bijectively to a single mass eigenstate but is instead a
superposition of the three di erent mass eigenstates. To provide a formal description
of the oscillation phenomenology let's de ne two orthonormal bases in Hilbert's space

jooi =e;; avour

j il i=1:2;3 mass

Then a neutrino created in a weak interaction from a charged leptod or together
with a charged anti-lepton I* is described in a avour basis that is expressed as a
linear combination of the avour one and vice versa as

X X
o= Ugjai jai= Uy (1.4)
|
whereU ; is the Pontecorvo-Maki-Nakagawa-Sakata PMNS ) unitary mixing matrix
that describes the avour changing of leptons.

If this matrix were equal to the identity U = 1 for each avour would correspond
only one mass eigenstate (as in the SM). Furthermore, note that the unitarity of
the matrix and the orthonormality of the mass eigenstatesh yj ii = ;i implies the
orthonormality also for avour eigenstatesh | i =

If neutrinos with de nite mass are Dirac particles the PMNS matrix 3 3 is
parametrized in the following form:

0 : 1
C12C13 S12C13 S13€

UpmNns = E‘D S12C23  C€12523S13€ C12C23  S12523S13€ 523013£ (1.5)
S12S23  C12C23S13€ C12S23  S12C23513€'  C23C13
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with sj = sin j ¢j = cos jj ij =12;13,23 where the independent parameters
are:

Three mixing angles 12; 13; 23 whose values are in the interval0; ]. These
parameters have been measured giving the peculiar resuliz << 12.23. At-
tending the SM instead one would expect angles with similar order of magnitude
that decrease as for CKM quarks mixing matrix.

One phase cp de ned in the interval [0;2 ] account for the CP symmetry
conservation. If this symmetry is conserved the only phase space physically
possible would be cp = 0 resulting in a real matrix. Over the years this
scenario has been increasingly discredited by evidence suggesting a non-zero
phase. Furthermore, if neutrinos are identi ed as Majorana particles, two
additional complex phases would emerge

The determination of matrix elementsjuU ; j2 allowed to establish the speci ¢ avours
content in each mass eigenstate hence how has or not the probability to interact

with a specic lepton | . The relative fractions are inferred from experimental
measurements and can be approximately expressed as follow[1]

r_ r _ r

j 1i= 2j i+ 1j i+ 1j [
=3l e = =
3 & 8
j 2 = 1j i+ 1j i+ 1j [
2= Zle 2 2
23 P
9 9

2. . .. .
%Je"" E)J I+ 2701

To demonstrate that direct observation of neutrino avour oscillations necessitates
the existence of distinct mass states, the propagation can be analyzed using the
principles of wave-particle duality.This allows each neutrino state to be interpreted
as a wave propagating into vacuum with varying frequencies. Therefore, the neutrino
avour oscillates because of the changing phase.

The probability of this oscillation depends directly on the squared-mass di erence
between the nal and initial state. To give a proper calculation whose formalism is
indeed quite clear and simple ,is necessary to de ne some preliminary assumption:

i) Neutrinos are treated as ultra-relativistic particles, which is possible since the
upper limit on neutrino's mass ism; < 1:1 eV being much lower than the

involved energies|2].

i) Each initial neutrino propagates as a plane wave whose wavelength is= =

pT!

where p; is the momentum of the neutrino with massm;, that can be obtained
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— (E2 m?)

from the relativistic relation p? =

i) As a consequence of the previous conditions is it possible to approximate
2
S E mi 1 E
IPi) %2 i

Given a neutrino in an initial state j i with known avour, the probability that
after a certain time t will be in a di erent avour eigenstate | i can be computed
by solving the Schedinger's equation. Massive neutrino states are eigenstate of the
Hamiltonian so

do
gl (01T =H i

whose generic solution is given by
jii=e "0
to change into a basis of the avour eigenstates we can use the relation (1.4)

X3 -
i mi= Uze i

— ( U;i e iEitU;i )J i

To express the transition amplitude from iniital state j i to a nal state j i

X .
A( ! )=h | @i= U;U;U;U;e!E &N (1.6)
i
where:
U, express the transition from an initial avour state  to an unde ned mass
state

e Et js the time evolution of

U, express the transition from the i-mass state to the nal avour state

Is then possible to compute the probability that a neutrino produced with a avour
could be detected with a dierent avour  after travelling for a time t in the
vacuum, asjAj 2:
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X .
P = UjU;U;U;elE B
i5j

using the former approximations for which

2 Lea— mj
P’ pandEi= p*+mf) E B —o
where mﬁ = m? mjz, then
2
X i mﬁjt
P, = U;jUjUjU ;e = (1.7)
i5j
If = itwill be called survival probability, otherwise for 6 it represents

the probability of oscillations. We can nally observe how the probability that a
avour change occurs is determined by the element of the mixing matrix and is
directly dependent on the mass square di erence. If no di erent mass states exist, no
oscillation phenomenon will be possible. From the point of view of the experimental
purposes, Eq. 1.7 contains only a term related to a squared-mass splitting which
means that from the point of view of the experimental results we are not able to nd
out the single absolute value for each mass eigenstate explicitly.

Time t represents the di erence between the neutrino's production moment and
the observation. Ss we have said for a relativistic particle this can be approximated
to the path length Li.e t' L. We can rewrite 1.7 as:

X i miL

X . 9. .2
P v (LE)= U [JU;j"+2R Wy e —¢

i i>j

where the following notation has been used:
Wi, =U; U;U; Uy
Note the following properties related to the transition probability expression:

Probability conservation must be true

The independent mﬁj are two since there are three families of neutrino.

g is the parameter under experimental control. L is the distance between the

source and the detector, and E is the neutrino energy. For a given mﬁj the



1.3. OSCILLATION'S PROBABILITY 13

probability of oscillation will change as one moves away from the detector or
scans over di erent neutrino energies. Experimentally, if a particular value of
mass splitting between two states is hypothesized, these two quantities can be
adjusted to maximize sensitivity to the oscillation events.

The derivation of the transition probability has been signi cantly simpli ed by
assuming that each neutrino possesses a de nite energy and propagates as a plane
wave. However, this assumption is not entirely realistic from a quantum mechanics
perspective. It is, in fact, impossible to guarantee a state with xed and de nite
energy unless one can experiment over in nitely long times. To address this issue,
a computation based on wave packets should be necessary, introducing additional
corrections. Neverthless, in a rst approximation, this aligns with the results we have
already observed:

1.3.1 Two-family neutrino mixing

Given that many experiments are not sensitive to the complexities of three-neutrino
mixing, data from these studies are often analyzed using an e ective two-neutrino
mixing model. This simpli ed approach involves only two neutrino families, reducing
the number of parameters: the mixing angle will be only one ;. = and the two
generic avour states will be a linear combination of the mass state ;1 and » whose
coe cients are given by the elements of2 2 reduced form of theUpyns matrix.

j i=cos | qi+sin | ai
j i=cos j1i sinj ai
where each mass state evolves as :
(i = e ® B ()
After a lenght x = L and time t' L neutrino with initial avour will be:

iE 1t;

j 1i +sin e B2l

j ()i=cose j i

as sen before, the probability that the state has changed the avour and will be
detected as is given byjh | (t)ij%

mn !#
m?.,L

1
P = Zsin?2 1
| 2sm cos oE

1t has been assumed the natural units system~= c=1
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using the trigonometric formula cosx =1  2sir?x allows to nd the nal form:

2
mi,L

P , (E:L)=sin?2 sir?

(1.8)

As already mentioned before, the amplitude of oscillation depends on the ratio L/E.
Since in reactor oscillation experimentsE 1 MeV, and in accelerator experiments
E 1GeV, the Eq. 1.8 can be rewritten in more convenient units using:

mi _  mfL —1:97 mZ (evZ)L(km)  __ mg(eV?)L(m)

4E 4~cE ' E(GeV) o E(MeV)

Is it often used to rewrite this equation in terms of the oscillation length de ned
aslosc=4 img which corresponds to the distance after which the probability of
transition is maximal

P, (E;L)=sin?2 sin®
LOSC
For = the survival probabiliyty is easily obtained from Eqg.1.8 to search for
neutrino de cit in the incident ux
. . m?L
P, =1P |, =1 sin?2 sin® =

1.3.2 Three-family neutrino mixing

The calculation of neutrino oscillation probability for two avours shows the funda-
mental physics aspects of this phenomenon, including the correlation between the
weak and mass eigenstates and the oscillatory behaviour due to the phase di erence
among the mass eigenstates in the time evolution of the wave function. The three-
family mixing involves a similar approach, though the mathematical complexity is
heightened. In this framework the three weak eigenstates are linked to the masses
through a 3 3 unitary PMNS matrix:

0 1 O 10 1

e Uer Uex Ues 1
% XZE@Ul ) U3£E¢)2£

U, U, Ug 3

Let's now consider the simplest example of a* decay process where the neutrino is
emitted along with an electron in a CC weak interaction. The neutrino is expressed
as a coherent linear superposition of mass eigenstates whose wavefunction at time
t=0 is:

J() i =] el = Ugj 1i + Ugj 21 + Uggj 3i
and the time evolution of each mass eigenstate brought di erent phase; = p; X =
(EiT p; x) as explained in Sec. 1.3



1.3. OSCILLATION'S PROBABILITY 15

J (X100 = jUgj 1ie " 1+ Ugj sie ' 2+ Ugj gie ' 2

The interaction, instead, is expressed in terms of weak eigenstateg; ; . Taking
into account that the neutrino enters into the interaction vertices as a spinor emitting

a charged lepton from which the family is associated, the change of basis occurs
through the elements of the PMNS matrix (and not its conjugate complexes).

JOXi0)i = Ugg(Uer e + Uaj i+ Uqj i)el?
+ Ugp(Ueo] el + U ] i+ U, i)e b2
+ Ugg(Uesj ei + U aj i+Usgj i)e'?

and collecting the weak eigenstates

j( X;0)i = (UgUere ' *+ UgpUege ' 2+ UggUege ' 2)j i
+(UgU 18 ' 14+ UyU se ' 2+ UgU ze ' 3)j i

+(UgU e "1+ UyU e ' 2+ UgU ze ' 3)j i

Starting from a known neutrino avour beam the 3- avour oscillation probability
P . is obtained as before as

. . . 2
jn j(xt)ij?= UUue! T+ U U, 2+ U,Uge 3

which can be rewritten using the complex number identity as

P = JULU "+ U U A"+ U U o)
+2Re U ;U ;U ,U ,e (1 2

n _ 0

+2Re U ;U ;U 3U ze (2 3

n (0]

+2Re U ,U ,U 3U 5e (2 3)

the unitary relation in the Upyns matrix allows the following simpli cation

x3
jU1U1j2+2Re [U 1U1U2U2+U1U1U3U2+U2U2U3U3 :0

to nally write

n . 0
P, =2Re U, U UyUu,e(2 9 1]
n _ 0
2Re U ;U iU 3U 4[€( s I 1] (1.9)
n 0

2Re U ,U 5U 3U 5fe (3 2 1]
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where we can recognize the more familiar form with the squared mass term

o 1 m2
o= L) = (mJ4Em')L by using the following relation:
n 0 o
Re dli D 1 = 2siPht_'= 2si? j

2

Then from the previous expression of the oscillation probability considering three
neutrino families mixing, is easy to obtain the survival probability as follows

P\ =1 4U 43U 5j%sin® o

o o PP (1.10)
4U 13U 3j2sin? 314U 53U gi%sin? o

where of the three di erences of squared masses, only two are independent.

1.3.3 CP violation

Theories involving neutrino masses, typically assume parametrization of the PMNS
matrix that encompasses various CP-violating complex phases, which could poten-
tially a ect neutrino oscillations. In this section, we introduce the theoretical aspects
of CP violation in neutrino oscillations and the potential for experimental investi-
gation in future searches. It has long been recognized that the Dirac CP-violating
phase, inherent in the simplest three-neutrino model, could theoretically manifest in
experiments that compare neutrino and antineutrino oscillations.

The relations between a non-zerocp and a violation of the symmetry can be
shown considering the neutrino oscillation probability computed in (1.9), from which
the oscillation probability for antineutrino can be obtained considering that the
elements of the PMNS matrix are eitherU or U depending on whether the neutrino
appears as spinor or adjoint-spinor in the interaction vertex.

n ) (0]
P-, - =2Re U U, U,U, (2 1V 1] +:: (1.11)

Where the elements of the PMNS matrix are the complex conjugate of those for
P , then unlessU; and U; are real, charge-parity symmetry does not hold in
oscillations.

E ects of applying charge conjugation€ and parity transformation P can be easily
displayed considering the weak decay of a pion ! where the antineutrino
is e ectively always emitted in an RH helicity state. The parity operator reverses
the particle momenta leaving the spins unchanged and resulting in a nal state of an
LH anti-neutrino. Based on the discussion provided in Sec.1.2 the matrix element of
such a process is zero. Charge conjugation operat@} instead acts by exchanging
particles and anti-particles, resulting in this case with an RH neutrino which again
violates the symmetry. But the combined operation€ and P overall results in a
valid state leaving, in principle the symmetry unviolated [3]. Finding a CP violation
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Figure 1.2: Charged pion decay and the outcomes derived from the application @},
P, and the combinedCP.

becomes essential to explain the surplus of matter compared to antimatter observed
in the Universe. Given that the interactions of QED and QCD individually preserve
both € and P, thereby conserving CP, weak interactions are the onliest method to
observe the potential e ects of a violation.

We have seen that the imaginary components of the PMNS matrix provide a
possible source of a CP violation. The simplest method to evaluate the magnitude of
the violation would be through the measure of an asymmetry between neutrinos and
anti-neutrinos oscillations:

P:P! P!

Starting from the equation (1.11) consider a general case of muon appearance
experiment for which = eand =

X n . 0
P, =2 Re UyU UgpU,[eli D 1]
i<j
X
=2 Re UgU 1UegU ,[cos( i) l+isin( j i)l
g X
=2 RefU [cos ( j i) 1lg 2 Im fU + isin( g
i<j i<j
X . i X
= 4 Re U sinz(‘T) +2  ImfUsin(; i)g
i<j i<j
X
= 4 RefUgsin® j+2 ImfUgsin2 j
i<j i<j
where to improve readibility U = Uy U 1UeU , and jj = -5 have been used.

Let us now introduce the so-called Jarlskog invariant = Im UgzU 1UeU , in
order to write the previous equation as:
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P, = 4RefUgsin® j +2J(2sin2 1 siN2 j3+sin2 )

= 4RefUgsin® j +2J(2sin2 1p+sin2 ,3+sin2( 13 23))
using the identity sinA + sinB + sin(A + B) = 4sin 5 sin § sin 238 it
becomes

P, = 4RefUgsin® j +8Jsin 1psin 13sin 23

e

Finally, generalizing for all the three neutrino avours we can nd the expression

for the quantity P subtracting the expression forP obtained as in ( 1.11)
2 2 2

_ ms5;L ., ms.L . 5 m3,L 112

P 16J sin AE sin AE sin & (1.12)

where the sign depends on whether there is an even (+) or odd (-) permutation
of e; ; . The equation above can be reformulated using PMNS matrix elements to
reveal the essential requirement for observing CP violation. Te following formulation
indicates that all three mixing angles j must be non-zero, the phasecp must
dier from 0 and , and the squared mass di erences of the three elements must be
non-vanishing.

P =2cos 13Sin2 12sin2 13SiN2 23Sin cp (1.13)

The largest contribution comes from 13 constrained to < 0:094 at the 90% C.L.
[4] and m?2,, being the most important suppression factor due to the experimentally
observed values. The contribution of m3; should also be considered, as it in uences
the weight of the term sin®> 1, in the oscillation probabilities. Considering these
constraints, long baseline experiments governed by m%, emerge as the most promis-
ing avenue for directly probing the Dirac CP phase within the neutrino matrix. In
these experiments, the favoured channels where appreciable CP-violating e ects are
observed are ¢ ! =! 7 and ! = |
Our understanding of the PMNS matrix elements enables accurate estimation of
the di erence cp, typically within a few percent. Long-baseline experiments such as
T2K [5] and NO A[6] aim to signi cantly constrain ¢p. T2K, for instance, was the
rst experiment to constrain the CP violation phase within a three sigma con dence
level interval of [ 3:41; 0:03]for the normal mass ordering and[ 2:54; 0:32] for
the inverse ordering [7]. Conversely, NOA excludes the region around cp = 5 for
the inverted mass ordering, consistent with T2K, but excludes the region around
cp = 5 for the normal ordering, in tension with T2K data. This discrepancy is
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due to T2K's more pronounced separation betweene and —¢ oscillations compared
to NO A

DUNE and HyperKamiokande prioritise the cp measurement. However, matter
e ects reduce CP observation sensitivity, especially at higher energies and longer
baselines. HyperKamiokande mitigates this by adopting a shorter baseline, thereby
enhancing sensitivity to cp. Nevertheless, DUNE experiments has the potential to
estabilish CP violation in the leptonic sector with a5 (3 ) signi cance in 10 (13)
years for 50%(75%) of the potential cp values. [8]

1.4 MSW E ect

The presence of matter can modify neutrino propagation through coherent forward
scattering processes with particles in the medium. This alteration known as the
Mikheyev-Smirnov-Wolfstein e ect (MSW) or simpler "matter e ect", depends on
the leptonic family to which the interacting neutrino initially belongs and results in a
change in the oscillation probability.

Initially identi ed by L. Wolfenstein in 1979 [9], the MSW e ect highlights
di erences in the PMNS parameters between neutrinos travelling in the vacuum and
those interacting with matter. These di erences arise from the fact that only electron
neutrinos can engage in both weak charged-current (CC) and neutral-current (NC)
elastic interactions with electrons in matter, while  and  exclusively undergo
NC interactions. Following Wolfenstein's observation, Soviet physicists A. Smirnov
and S. Mikheyev predicted that the mixing e ect in neutrinos would intensify as
matter density decreases. Experimental evidence con rming this correction to the
probability of oscillation was rst found at Fermilab Laboratory in 1986 [10]

Propagation of neutrinos in matter can be treated again with the time evolution
of the avour eigenstate whose Hamiltonian is nowH¢; and di ers from the vacuum
one from an additive perturbative term coming from the elastic scattering between
neutrinos and the matter particles:

Hett = Ho+ Vusw

If the perturbation induced by the presence of a medium had been the same for
all three neutrino avours the total e ect would be null and would have any visible
e ect on the oscillation. The extra interaction potential energy term Vysw account
for the two weak interactions:

CC Exchange of aW boson with the corresponding charged lepton, that in the
ordinary matter, it can be only electrons, a ects only electronic neutrino .. The
interaction potential Viysw is proportional to the number density of electrons
N¢ in the medium and to the Fermi coupling constant G giving for neutrinos:

p_
Vec =+ 2GENe



20 CHAPTER 1. NEUTRINO PHYSICS

NC All three neutrino avours can exchange neutral Z bosons. If the matter is
electrically neutral, meaning the density of electrons is the same as that of
protons, the contribution from electrons cancels out that of the protons. As a
result, the additional term in the potential energy arises only from the neutron
density N, of the media, givingVnc = —2Ge Ny,

where for antineutrinos in both cases opposite sings are required.

We can then write the e ective Hamiltonian introducing the two contributions to
the interaction:
n # n #

1 0
Heff = Ho+ Vmsw = Ho+ Vcc 00 + Wne

The third term related to the exchange of a Z boson as said, a ects all the three
avours equally then its contribution is a multiple of the identity matrix. Therefore,
it can be omitted without any change in the energy eigenvalues.

mn # n #

Vee 1 0 Ve 10
Heff:Ho+% . + cC

Again, subtracting any multiple of the identity matrix does not lead to a loss of
generality and does not modify the physical system. So the equaiton above reduce to:
m #
VCC 1 0

1.4.1 Two-family neutrino mixing in matter

To compute the probability of oscillation for neutrinos propagating in matter, let
us consider a simpli ed system of only two generations.
As for the vacuum case, the propagation in the matter is given by the resolution of
Schreedinger's laboratory-frame equation where we introduce the de nition ofVcc

and of Hg as in in the previous section.
! !
. d m?2 cos2 sin2 1 0
= = . + Ve
dt 4E sin2  cos?2 0 1

Where m? and are still referred to as the vacuum parameters.
To solve the problem we should try to characterise the e ective Hamiltonian of this
system as a function of new matter parameters mf,l and y .The matter Hamiltonian
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is [1]:
2 COS2 + V=2 _ sin2 |
Hert = 42 Lome=E) Voo =2
sin2 cosZI  m7=aE)
m?2 cos2 + A sin2
- 4E sin2 cos2 A
p—
where we have de nedA = 452\/CTC = % to simplify the notation

To nd a more suitable form similar to the one of the Eq. 1.8 let us solve the following
system: )

m2 . m?

g gptsin2y = 4-sin2
Micos2y = 420 (cos2 A
JE-C0s2y = —E (cos )

From which one can explicate the solutions for y and m2, :

8
5 m2, = m2p (cos2 A)2+(sin2 )2
(1.14)

~ cinl — sin? 2
sin“2 m = sin22 +(cos2 A)2

And write the Hamiltonian in the matter in the simplest form:

|
m2, cos2m SN2 um

H =
eff 4E sin2y  COS2pm

It has obtained an expression for the mixing angle that depends on A i.e. on the
electron density of the media, and from the neutrino's energy. The quantity m2, is
sensible to sign of A since the propagation e ect in a medium resulted in be di erent
between neutrinos and antineutrinos.

Solving the Scheedinger's equation in matter yield a similar result of 1.8 except
for the fact of using mixing parameters computed for neutrinos interacting with the
medium.

m2, L

P, (LE)=j , j*=sin®2ysiP — Y=
r (LLE)=] . j°=sin M Sin =

(1.15)

Resonance

Second equation obtained in the system 1.14 can be rewritten as:

sin2 _ tan2
cos2 A 1 _A

cos?2

tan2 v =
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From this, it can be observed that there is aresonant condition corresponding to
A = cos 2 for which the presence of matter causes a mixing angle's ampli cation.
Under this condition the electron number density is

2
m< cos 2
Nsesonance = —p—— = Ngcos2 (1.16)

2 2GgE

Figure 1.3: E ective mixing angle \ in matter as functions of the electron number
density N divided by the Avogadro's number Ny .

And the value oftan2 y tendsto 1 and then e ective mixing angle assumes
the maximum value y = 7z (while the squared mass di erence is at the minimum
m2, = m?2sin2), leading to the possibility of a total transition between two
avours if the resonant region is wide enough. The behaviour of ,; as a function
of the electron number density Ne is illustrated in Fig. 1.3 assuminge = 1 MeV,
m2=7 10 %eV2andsin2 =10 3. It can be recognized the following regions

Ne>N Ry 5 (1.17)
Ne<<N X) m' O
Ne:NeR) M:Z

Is interesting to display the resonant behaviour as a function of the ratio between

the medium refraction length L = pié—N and the oscillation length in the vacuum
F Ne

— 4E
Loscill = m2

I—oscill
r= —/— A
Le
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Moreover, let us dene R = sin?2  and explicitate it as a function of r to
highlight the energy and the material density dependence. Using 1.14 we have

_ sin? 2
"~ 1+r2 2rcos2

The plot of this function is shown in Fig. 1.4, where a resonance peak occurs at
the point r = cos2, with R = 1, as previously mentioned. Furthermore, the impact
of material density on the resonance amplitude is evident. The width at mid-height
of R is determined by 2 ( N¢g)gr = 2(Neg)rtan2 =2Ngsin2
Two signi cant limit cases can be observed:

I 0 Le' Loscin the frequency that characterized a system of mixed neutrinosLé
corresponds to the proper frequency of the propagation mediuncL% and the
resonance e ect becomes more and more irrelevait ! 0.

!z when the mixing parameter in the vacuum tends to its maximum value the
resonance shifts to the area where the material density tends to zefde = 0 (as
for the vacuum) the curve becomes wider and( Ng)r grows until it converges
to the value Ng for which R ! ﬁz (blue line in the plot).

Figure 1.4: Resonance e ect in matter. The picture shows the functiorR(r) for
di erent decreasing values of inred. Limit case = ; is represented in blue

The MSW e ect plays a crucial role in solar neutrino propagation, allowing solar
neutrino experiments to measure the sign of the neutrino mass-squared di erence,
m3,. At the Sun's core, the high electron density can cause nearly complete electron
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neutrino . to muon neutrino ,, conversion if the conditions meet the resonance
criteria. This happens when the electron density matches the critical resonance density
N R value, aligning the neutrinos almost entirely as » mass eigenstate. If the neutrino
adiabatically crosses this resonance, it exits the Sun primarily as, = sin ¢+ c0s
which is, for small mixing angle, almost equal to

The dramatic transformation under the MSW e ect, combined with a large mixing
angle 12' 34 and a small neutrino mass-squared di erence m3, ' 7:5 10 SeV?,
provides a resolution to the historical "solar neutrino problem." This issue was rst
highlighted by the pioneering solar neutrino experiment led by Raymond Davis Jr.
in the 1970s, which detected nly an half of the electron neutrino ux predicted by
the standard solar models. Only in 2001 data from the Super-Kamiokande [11] and
the Sudbury Neutrino Observatory [12] conclusively demonstrated that this de cit
was a result of neutrino oscillations in matter

1.4.2 Matter-Antimatter asymmetry

As part of its de nition, the parameter A exhibits opposite signs depending on whether
neutrinos or antineutrinos are employed. Consequently, as suggested by expressions
in 1.14 the values of the e ective mass di erence m2, and  are in uenced by
this distinction between matter and antimatter. The result is that the mixing e ects
are enhanced or suppressed when utilizing neutrino or antineutrino beams (Fig. 1.5),
respectively, providing a method to discern the sign of mﬁ . Hence as the di erence
is de ned as mj2 m?, its sign depends on whether the mass eigenstatg is heavier
or lighter than ; leading to a positive or negative mﬁ respectively.

The utilisation of the MSW e ect induced by Earth matter in long-baseline
experiments involves studying the appearance of electron neutrinos in a beam of
muon neutrinos to discern the neutrino mass ordering. Oscillation probability for ¢

appearance is proportional to:

m3,L
4E

P | . =sin? 3sin®2 j3sin?

Propagating in matter the vacuum mixing parameters are now replaced by e ective
mixing ones as de ned in 1.14 where the vacuum angle is taken to bgs and the
squared mass di erence m%,, m3,. Since A embodies the di erence for neutrino
and antineutrino beam, from the known sign ofVcc the sign of m3; can be inferred
by observing an enhancement or suppression of the oscillation.

At oscillation maximum, the I e¢and ! ~¢ oscillation probabilities will
be proportional to the sin’2 . Thus, we expect to infer the sign by
8
P <>1 NH

e

P— <= ‘<1 H
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This implies that experiments centred on the atmospheric mass gap mg,,, and

Figure 1.5: MSW e ect on oscillation probability for ¢ appereance. In the normal
ordering this resonant enhancement happens for neutrinos and in the inverted ordering
it happens for antineutrinos, The ¢ and ¢ enhanched samples, increase the capability
to determine the mass ordering.

targeting either  and —¢ as nal states, required a non-negligible ¢ fraction of
the mass eigenstate 3. This fraction corresponds to the parameter ofsin® 13,
underscoring that the capability to distinguish between normal or inverted ordering,
using matter e ect, relies on the measure of 13. Thus, alongside the determination of

a CP violation, as seen in Sec. 1.3.3, also the determination of mass ordering hinges
on the non-vanishing value of 13.

Remarkable constraints on the ;3 value have been reached in years from both
reactor experiments, where the . disappearance depends only osin?2 13, and
accelerator for ¢ appearance measurements that depend also on thep values. The
resulting data consistently support a non-zero value for the PMNS matrix element
Ues with a global level of signi cance over the conventional5 threshold.

The Daya Bay in 2012 yielded a best- t value ofsin®2 13 = 0:086 0:041(stat:)
0:030(sys)) e ectively rejecting the hypothesis of sin?2 13 = 0 at 94.6% C.L. [13].
Similar results were obtained by RENO [14] and DoubleCHOOZ double-chooz |
experiments shortly afterwards. Accelerators-based experiments results like T2K and
MINOS instead, rely on the correlation betweensin? 2 13 and the CP violating phase

cp as shown in Fig. 1.6.

1.5 State of the art

Since m? is a natural constant, by adjusting the ratio L/E in experimental designs,
sensitivity to neutrino mass-splitting can be maximized. The sensitivity is de ned as



26 CHAPTER 1. NEUTRINO PHYSICS

Figure 1.6: T2K (Left) and MINOS (Right) measured values ofsin®2 13 for di erent
values of cp.

the value of m?2 for which:
mZ2L

2E
The experiments are usually classi ed in two main types, based on the distance L
between the neutrino beam-source and the detector

1

Short-Baseline (SBL) Depending on the neutrino source that can be either
reactors, utilizing large ¢ uxes produced by heavy-nuclei -decays and measuring
the survival probability, or accelerator where the neutrino beam is produced by the
decay of pions, kaons, and muons. Such detector placement is ideal to accurately
measuring the initial neutrino ux and composition before signi cant oscillation
occurs, ensuring that the observed neutrino behaviour is closely representative of the
original beam and reducing un- certainties in initial ux measurements.

10m=MeV ) m?& 0:1eV?2  Reactor

1km=GeV) m?& 1leV?  Accelerator

mj—m|r

Long- Baseline (LBL) These experiments exploit the same sources as SBL
including also atmospheric neutrinos that providing a greater order of sensitivity on
m2. The far detector in these set-up is ideally located at the position of expected
maximum oscillation, measuring the spectrum and avour composition after the
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neutrinos have oscillated.

10°m=MeV ) m?& 10 %eV?  Reactor

10°km=GeV) m?& 10 %eV?  Accelerator

mirmj—m|r

10°km=GeV) m?& 10 *eV?  Atmospheric

!
Further classi cation occur in considering the neutrino beam-source which instead
in crucial to access to di erent oscillation parameters in theUpyns matrix

Solar neutrino sector

Thermonuclear reactions inside the sun's core are proli ¢ sources of electron neutrino
as products of both the pp chain and CNO cycle, whose result is:

4p+2e | *He+2 o+ Q

Where Q is the amount of released energy per process.

This sector encompasses a variety of experiments, including solar neutrino observations
and short-baseline reactor experiments like KamLAND, which are sensitive to the
same oscillation parameters m3, and sin?> 1,. Due to the specic L=E ratio the

e ects of mZ; in oscillation probability is subdominant.

The Homestake experiment [15], along with subsequent radiochemical experiments
like SAGE [16] and Gallex/GNO [17] between 1968 and 2007, measured the solar
neutrino ux using electron neutrino capture on Chlorine or Gallium. The results were
all in agreement, suggesting a de cit in the detected electron neutrino ux produced
by the Sun. Later on, water Cherenkov detectors like Kamiokande [11]detected
neutrinos by observing Cherenkov light produced by neutrino interactions in water,
con rming the suppression of the expected neutrino ux.

The de nitive answer regarding the nature of the neutrino ux de cit came from
the Sudbury Neutrino Observatory (SNO) [12] in Canada. Utilizing heavy water,
SNO was sensitive to three di erent neutrino interaction channels to compare the
total electron neutrino ux:

b(CC)o+ d! p+p+e Cherenkov light on D20) ( &)

x+d! p+n+ Neutron capture on deuteron) et ( D)+ ( )

xte !l e + Cherenkov light on D20) et0:25( )+ ( )
and con rmed that the total neutrino ux matched predictions, proving that neutrinos
oscillate en route from the Sun to Earth, with a signi cant fraction converting from
e to other avours due to the matter e ect.
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Running since 2007, the Borexino experiment at Italy's Gran Sasso Laboratory
has measured speci ¢ uxes such agBe and pep neutrinos, with results consistent
with oscillation predictions. Along with this contribution KamLAND was designed to
investigate the same energy range through the, disappearance adding fundamental
constraints over the solar parameters. In Figure 1.7 the allowed parameter regions
from both solar data analysis and KamLAND are shown in thesin %, m2,.

Figure 1.7: Allowed parameter regions (atl; 90% 2; 99% 3 C.L) for xed 13=
8:6 from the analysis of KamLAND data (solid green contours with best t marked
by a green star) and from the combined analysis of solar data.

Reactor neutrino

Using large uxes of electron anti-neutrino produced in heavy nuclei  decay,
disappereance probability for—¢ can be measured trough the inverse decay reaction
occuring in the detector:

e+ p! € +n

The positron undergoes to annichilation, resulting in the emission of two immediate
photons. Meanwhile, the low-energy neutron travels through the doped scintillator
materia until it is eventually absorbed by a nucleus emitting a delayed photon. The
events are recontructed byt correlating the fast signal coming from positron to the
delayed one coming from neutron absorption.

Energy of neutrinos from reactor sources, reach order of MeV and are usually
coupled to SBL detectors. Such values of L/E are enough to provide;z probes.
Using inverse beta-decay (IBD) in Gadolinium-doped liquid scintillators to detect
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reactor antineutrinos, a rst upper limit on the mixing angle was achieved by Double
Chooz, RENO [14] and Daya Bay [13]. A global data analysis. the best-t value of
13 for these experiments are summarized in Table 1.5

Experiment sin® 13
Double Chooz 0.088 0:033
RENO 0.082 0:009 0:006
Daya Bay 0.0841 0:0027 0:0019

Atmospheric neutrino sector

Interaction of cosmic rays with the atmosphere's nucleons leads to the creation of
several products among which pions and kaons whose decay into muons bring a ux
of muonic neutrinos.

At lower energies (around 1 GeV), the expected ratio of muon neutrinos and
antineutrinos to electron neutrinos and antineutrinos( + ~— )=( ¢+ ~¢) should be 2.

Atmospheric neutrinos are well suited for studying neutrino oscillations due to
their energy spectrum, which spans from a fraction of a GeV to over 100 GeV. They
cover distances L ranging from a mere tens of kilometers to as much 48 10°
kilometers. Consequently, the ratioL=E varies from 1 km/GeV to 10° km/GeV. It
is possible to view a single detector as having two distinct sources: a closer source
consisting of downgoing neutrinos, and a more distant source of upgoing neutrinos.
Under the hypothesis of no oscillation, the zenith angle distribution should exhibit
symmetry between upward and downward directions, provided there are no other
factors in uencing the distribution of neutrino angles in relation to the vertical.
On the other hand, any asymmetry observed between the upward and downward
directions could suggest the presence of neutrino oscillations.

The key experiments in the detection of atmospheric neutrinos include the pi-
oneering Kamiokande, its more advanced successor Super-Kamiokande, and the
Irvine-Michigan-Brookhaven (IMB) experiment, all of which utilize water Cherenkov
detectors. Initially, both Kamiokande and IMB observed a shortfall in the (  + 7 )
ux, a phenomenon not observed by Frejus and NUSEX. Subsequent observations
by Kamiokande indicated that this de cit varied with the zenith angle, thereby sug-
gesting a distance-dependent oscillation of into a third avour, This discovery
was further substantiated by Super-Kamiokande, which accurately measured the
oscillation parameters.

In more recent years, neutrino telescope experiments such as ANTARES [18] and
IceCube [19] have re ned the study of atmospheric neutrino oscillations by lowering
their energy thresholds, thereby contributing additional precision to the measurements
of these oscillation parameters. Both experiments utilize Cherenkov light detection
emitted from neutrino interactions near the detectors to study atmospheric neutrinos.

In addition Long-Baseline (LBL) experiments can be used to improve results
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on the atmospheric sector being sensitive to the same range ofm2. Among these
experiments we mention the contribution od CHOOZ and Palo Verde, probing the
—e disappearance oscillation channel in the same region explored by atmospheric
neutrinos, and of K2K and the Main Injector Neutrino Oscillation Search (MINOS)
both searching for the disappereance events.

Figure 1.8: 2 C.L allowed regions in the sin »3 m%l plane with | = 1 for
Normal ordeing (Left) and | = 2 for Inverted ordering (Right) using appereance
and disappereance data from both atmospheric and LBL experiments. To include
costraints from reactor experiments a prior on the 13 is included.

The early experiments, K2K [20] and MINOS [21] were crucial in con rming the

disappearance in regions consistent with atmospheric neutrino oscillations. K2K,
which operated a neutrino beam produced by a 12 GeV proton beam and detected
by a near detector as well as the Super-Kamiokande detector 250 km away, provided
the rst evidence of neutrino oscillations using an accelerator-produced beam.

MINQOS further explored oscillations probability as a function of the E using the
NuMI beamline at Fermilab, detecting neutrinos in a detector located 735 km away.
By ! transitions costraints over m3; and sin? ,3 were improved.

NO A [6] has added to this landscape by con rming electron neutrino appearance
and exploring the neutrino and antineutrino oscillation parameters further, indicating
deviations from maximal mixing and providing insights into CP violation in the
neutrino sector. In addition to these, experiments like OPERA have successfully
con rmed the appearance of froma beam, over a 732 km.

Looking forward, new projects such as DUNE, which will be inspect deeper in
the next chapter, and Hyper-Kamiokande are expected to start operations, promising
even more detailed studies of neutrino oscillations.
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1.6 Mass Ordering

+In Section 1.3, we introduced a standard parametrization of the PMNS mixing
matrix, which includes three mixing angles and one potential complex phase. The
meaning of each matrix element is such that when a mass eigenstatg interacts
producing a charged lepton, the probability that this lepton is corresponds to the

fraction in ; denoted asjU; j? [1].

Various experimental approach described in the previous section, have enabled
the determination of the di erent avour fractions from the mixing parameters mea-
surements together with squared-mass di erences between them. To further elucidate
the phases and signs of thé&Jpyns matrix elements, and to highlight which types of
experiments access to the measurement of di erent matrix elements, it is insightful
to rewrite this matrix in the following decomposed form

whereP is a diagonal matrix accounting for two extra complex phases if neutrino
are Majorana fermions.

Currently, the well-measured parameters include 12, 13, mfz, mgl and less pre-
cise measurements and an unresolved octant ambiguity are associated with the angle
23. Below is a brief description of their characterization, following what presented in

the previous section.

12 and m2, are measured with a precision of 2-3% in solar neutrino experi-
ments focused on ¢ disappearance events. The most reliable results are con rmed
by the SNO [22] and KamLAND [4] experiments. From the above expression of the
mixing matrix it can be seen that the solar neutrino dominating terms allowed to
approximate 12  soL. This remains a valid approximation in two-family mixing
since the 3 component in the electron neutrino is relatively small, allowing ¢ to be
e ectively treated as a mixture of the 1 and , mass eigenstates. As evident from
the nal results table, while not maximal, 12 is signi cantly larger compared to the
quark mixing angles observed in the CKM matrix.

23 and  m32; can be inferred from the disappearance of and ~ in accelera-
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tor experiments such as T2K, NO A, and MINOS, as well as in studies of atmospheric
neutrinos from Super-Kamiokande. Atmospheric neutrinos predominantly in uence
the mixing terms driven by »3-, such that we can refer to them as a7y . The results
indicate a broad mixing range, with .3 between37 and 53, and the most tting
value being45 , which corresponds to maximal mixing.

13 is de ned such thaterij2 = sin® 13. This angle's measurements are primarily
conducted through short-baseline reactor experiments probing ag disappereance
like Double Chooz, RENO, and Daya Bay, and are expected to be further re ned in
accelerator experiments such as T2K , Noa and DUNE. This parameter is pivotal not
only for the real term in Upyns but also involves the CP-violating phase that enters
the matrix solely in conjunction with sin®> 13. Finding a non-zero 13 and establish-
ing its magnitude is one of the objectives for future long-baseline neutrino experiments.

Best t based on the latest result on mixing parameters and neutrino masses
performed in three family frameworks are listed in Table 1.9 taken from [23].

Figure 1.9: Three- avor oscillation parameters from global data as of March 2024 for
both the Normal and Inverted orderings. The results are obtained with the inclusion
of the atmospheric neutrinos results provided by the Super-Kamiokande collaboration.

In the oscillation model presented there are two independent squared mass dif-
ferences conventionally addressed to m3; and m3,. Global t to the data from
neutrino oscillation experiments revealed a signi cant gap in the magnitudes of two of
them: m2, << mj3, . Observations of atmospheric neutrinos have provided an
initial measurement indicating that m?; is of the same order of magnitude as m3,.
As detailed in Sec. 1.4, matter e ects o er an experimental method that is sensitive
to the sign of mﬁ as demonstrated by solar neutrino experiments. The sign of

m3, instead, remains elusive as it is typically measured in vacuum oscillations. This
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ambiguity leads to two potential con gurations for neutrino mass ordering, arising
from the sign of m3;

mi<mz<mgz) m3>0 Normal

ma<mi<m,) m3 <0 Inverted

The comprehensive scenario emerging from these results is illustrated in Fig. 1.10.

Figure 1.10: Schematic representation of the three-neutrino squared-mass spectrum
including the avour content in each mass eigenstates, obtained from experimental
results on atmospheric and solar neutrinos.

Long-baseline neutrino oscillation experiments play a crucial role in determining
the neutrino mass ordering by utilizing matter e ects as the beams travel underground
through the Earth. Notably, experiments like HyperKamiokande and DUNE are
designed speci cally to address this problem. The determination of the neutrino mass
ordering can also be approached by studying the appearance aof within a muon
neutrino beam: changing from neutrinos to antineutrinos inverts the e ects of both

cp phase and the matter enhancement. By properly tuning the ratioL=E and
taking into account the known mixing angles, is possible to separate the e ects of
CP violation and matter from the sign of the mass di erence, thereby establishing
the correct neutrino mass ordering.

Current global t results from a combination of long-baseline experiments (NO A,
MINOS, T2K), reactor experiments (Daya Bay, RENO, Double Chooz), and solar
neutrino experiments (SNO, Super-Kamiokande, Borexino) increasingly support the
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normal mass ordering by a 2 values of approximately 2 as shown in Fig. 1.11.

Figure 1.11: Global three-neutrino oscillation analysis. As atmospheric mass-squared
splitting it used m3, for NO and m3, for 10.



Chapter 2

DUNE

Figure 2.1: DUNE experimental set-up. The LBNF beamline is situated at Fermilab,
in lllinois, and the DUNE detectors in lllinois and South Dakota, separated by 1300
km.

The Deep Underground Neutrino Experiment (DUNE) is a next-generation, long-
baseline (LBL) neutrino oscillation experiment, engineered to exhibit high sensitivity
to neutrino oscillations. The design features the most intense neutrino beam to date,
achieving up to 2.4 MW, and includes two experimental sites: the Near Detector
(ND) complex at Fermilab in Batavia, lllinois, and a multi-kiloton Far Detector based
on liquid argon time projection chambers (LArTPC) comprising a total mass of
70 kton, at the Sanford Underground Research Facility (SURF) in South Dakota,
approximately 1300 km away and 1500m underground.

DUNE will pursue a broad scienti c program: its primary objectives include an
exhaustive investigation of neutrino oscillation and the precise measurement of mixing
parameters, along with determining the neutrino mass ordering and CP-violating
phase. The secondary programme includes the study of neutrinos from core-collapse
supernovae and the search for signatures Beyond the Standard Model (BSM), such
as nucleon decays.

In this chapter we outlines the goals of the DUNE scienti c agenda, the general
design and setup of the two sites, and the assumptions and methods used to perform
the measurements.

35
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2.1 DUNE Design

To achieve its physics goals, DUNE will utilize the most intense wide-beam (anti)neutrino
beam, a multi-kiloton Far Detector based on LArTPCs technology for high-precision
reconstruction of neutrino interactions, and a Near Detector, essential for constraining
systematic uncertainties to unprecedented levels. To fully execute its compehensive
scienti c agenda DUNE will require two consecutive phases of operation resumed as
folllow:

PHASE-I In its initial phase, DUNE will begin to address some early
physics goals using an upgradable 1.2 MW proton beam, only two FD
modules with a total of 20 kilotons of ducial mass, and a provisional setup
for the near detector complex (ND-LAr, TMS, SAND).

PHASE-II  Transition involves upgrade to 2.4 MW neutrino beam and the
complete deployment of its experimental infrastructure: four FD modules to
reach 40 kilotons ducial mass, and a fully-con gured near detector, improved
with ND-GAr.

2.1.1 Neutrino beam

DUNE will receive its neutrino beam provided by the Long Baseline Neutrino Facility
(LBNF) at Fermilab. Initially operating at a proton beam power of 1.2 MW from
Fermilab's Main Injector via the Proton Improvement Plan Il (PIP-1I), LBNF is
designed for a future upgrade to 2.4 MW in Phase-Il, handling proton energies between
60 and 120 GeV. The accelerated protons strike on graphite xed-target, generating
secondary particles primarily consisting of and K which are then focused by
magnetic horns into a 194 m long decay pipe. Here, pions decay predominantly into
4+ or + ~— depepending on the pions' charge.

An absorber at the pipe's end signi cantly Iters out most muons, leaving a
beam primarily made of or = with minor contamination from electron neutrinos
stemming from residual kaons and muon decays. By adjusting the horn's magnetic
eld polarity, the facility can selectively focus on either positive or negative particles,
enabling the beam to switch between neutrino and antineutrino modes, referred to as
Forward Horn Current (FHC) and Reverse Horn Current (RHC), respectively.

This setup allows the horns to select a range of neutrino energies peaking at about
2-3 GeV and extending up to 10 GeV, crucial for covering the rst two oscillation
maxima and distinctive aspect of the DUNE experiment. Expected neutrino and
anti-neutrino uxes together with the avour composition are shown in Fig. 2.2.

2.1.2 Near Detector

The Near Detector of DUNE is situated 574 meters from the neutrino beam source at
Fermilab and is instrumented to measure the neutrino beam rate and spectrum imme-
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Figure 2.2: Expected uxes as a function of beam energy at the FD for neutrino
mode (left) and antineutrino mode (right). Taken from [24].

diately after production, before the neutrinos undergo oscillation. This measurement
is crucial as it establishes the initial conditions of the neutrinos, serving as a baseline
for comparison with the oscillated neutrinos detected at the (FD). Moreover, the ND
embarks on an independent physics program, extending beyond neutrino oscillation
studies to probe foundational aspects of the Standard Model, such as electroweak
interactions and quantum chromodynamics, BSM framework measuremetns, including
searching for non-standard interactions, sterile neutrinos, dark photons, and other
exotic particles.

The ND complex is composed of three detectors, each with specic roles and
con gurations tailored to DUNE's experimental phases. The ND features the ND-LAr
(ArgonCube), the Temporary Muon Spectrometer (TMS), which will be replaced by
the high-pressure gaseous Argon TPC (ND-GAr) in PHASE-II surrounded by an
electromagnetic calorimeter (ECAL) in a 0.5 T magnetic eld. Both the ND-LAr
and the TMS/ND-GAr are mounted on rails, being a movable o -axis allowing to
participate in the Precision Reaction-Independent Spectrum Measurement (PRISM)
of o -axis neutrinos. The third detector, System of on-Axis Neutrino Detection
(SAND) consists of a 3D-scintillator low-density target inside a superconducting
magnet at 0.6 T and electromagnetic calorimeter (ECAL) from KLOE experiment.
SAND continuosly monitors the ux of neutrinos, providing an essential means for
cross-validation and systematic veri cation of the neutrino ux results from ND-LAr.
The DUNE Near Detector is depicted in Fig. 2.3 for both on and o -axis con guration

ND-LAr

Is a Liquid Argon Time Projection Chamber (LArTPC) organized into a 5 7 matrix

of small, optically isolated TPC modules, each equipped with individual pixelated
readouts that provide precise timing information to minimize event overlap. This
arrangement optimizes event reconstruction in the dense neutrino ux environment,
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Figure 2.3: 3D view of the DUNE Near Detector hall: (left) all detectors are in
onaxis position; (right) ND-LAr and ND-GAr are in an o -axis position, and SAND
remaining on axis(right) [24]

like the one at the ND. With a ducial mass of 67 tons and an active volume of
5 7 3m?3, the ND-LAr aims to provide high statistics by detecting 10° CC events
per year.

The large volume contains most of hadron interactions, but its acceptance decreases
for muons with measured momenta higher than 0.7 GeV/c. To address this, the
LArTPC is complemented by the TMS/Nd-GAr, to measure muon momentum and
charge key for accurate neutrino energy assessments. Having the same target nucleus
as the Far Detector, the ND-LAr reduces sensitivity to nuclear e ects and systematic
errors in FD's signal.

Figure 2.4: Drawing of the ND-LAr detector, with details one of the seven lines of
ve modules.[25]
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