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ABSTRACT

In this thesis, we focus on analyzing the different ways in which new physics
scenarios, such as Violation of the Equivalence Principle (VEP) and Quantum
Decoherence, can manifest themselves in the context of the neutrino oscillation
phenomenon. Within the framework of the DUNE experiment, we examine
several effects of the VEP, such as the possibility of getting a misconstructed
neutrino oscillation parameter region provoked by our ignorance of VEP in
nature, as well as the impact on the DUNE sensitivity for CPV and mass hier-
archy. Additionally, we set limits for the different textures of the gravitational
matrix and the diverse scenarios of energy dependencies associated with the
Lorentz Violation. On the other hand, we demonstrate that the quantum de-
coherence phenomenon applied to the neutrino system leads us to fascinating
phenomenological scenarios. One of the scenarios analyzed, within the con-
text of quantum decoherence, is the one that breaks the fundamental CPT
symmetry. For the latter, we identify what textures that include certain non-
diagonal elements of the decoherence matrix are necessary. In this line, we
propose a way to measure the CPT violation in the DUNE experiment using

the muon neutrino and antineutrino channels for different energy dependen-



cies. Another intriguing effect of considering the neutrino as an open quantum
system is the possibility of discovering the neutrino nature by measuring the
Majorana phase at the DUNE experiment achieving a competitive precision.
As a consequence of the latter, we find that the crucial measurement of the CP
violation phase (dcp), planned to be performed at the DUNE experiment, can
be spoiled by the introduction of the decoherence and the Majorana phases in
nature. Thus, a signature of a non-null Majorana phase is a sizable distortion
in the measurement of the Dirac CP violation phase dcp at DUNE when com-
pared with T2HK measurement. Subsequently, via simulation, we measured
the Majorana phase for values of ¢;/m = £0.5 and decoherence parameter
[ = 4.5(5.5) x 10**GeV, reaching a precision of 23 (21) %. This precision is

consistent with the corresponding to the Dirac CP phase at T2K experiment.

vi
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RESUMEN

En la presente tesis, nos enfocamos en analizar las diferentes formas en que
los escenarios de fisica nueva, como la Violacion del Principio de Equivalencia
(VEP) y la Decoherencia Cuantica, pueden manifestarse en el contexto del
fenéomeno de oscilacion de neutrinos. En el marco del experimento DUNE, ex-
aminamos distintos efectos de VEP, como la posibilidad de obtener una region
de parametros de oscilacién de neutrinos mal construida debido a no considerar
VEP en la naturaleza, el impacto en la sensitividad del experimento DUNE
para CPV y la determinacion de la jerarquia de masas. Adicionalmente, es-
tablecemos limites para las diferentes texturas de la matriz gravitacional y
los diversos escenarios con distintas dependencias energéticas asociadas a la
Violaciéon de Lorentz. Por otro lado, demostramos que el fenémeno de la deco-
herencia cuantica aplicado al sistema de neutrinos nos conduce a fascinantes
escenarios fenomenoldgicos. Uno de los escenarios analizados, dentro del con-
texto de la decoherencia cuéntica, es el de la ruptura de la simetria fundamental
CPT. Para esto tltimo, identificamos que son necesarias texturas que incluyan
ciertos elementos no diagonales de la matriz de decoherencia. En esta linea,

proponemos una forma de medir la violacién de CPT en el experimento DUNE



utilizando los canales de neutrinos y antineutrinos muénicos para diferentes
dependencias energéticas. Otro efecto interesante de considerar al neutrino
como un sistema cuantico abierto es la posibilidad de descubrir la naturaleza
del neutrino midiendo la fase de Majorana en el experimento DUNE con una
precision competitiva. Como consecuencia de lo tltimo, encontramos que la
medicion de la fase de violacion de CP (dcp), planificada para realizarse en el
experimento DUNE, puede verse afectada por la introduccion de la decoheren-
cia y las fases de Majorana en la naturaleza. Por lo tanto, en el marco de la
decoherencia, mostramos que una senal de una fase de Majorana no nula, es
la observacion de una distorsion considerable en la medicion de la fase de vio-
lacion CP dcp en DUNE en comparacion con la medicion realizada por T2HK.
Posteriormente, mediante simulaciéon, medimos la fase Majorana para valores
de ¢;/m = 40.5 y el parametro de decoherencia I' = 4.5(5.5) x 1071GeV,
alcanzando una precision de 23 (21) %. Esta precision es consistente con la

medida correspondiente a la fase CP de Dirac en el experimento T2K.
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INTRODUCTION

0.1 New physics through neutrino oscillation

Neutrino oscillation is the large-scale manifestation of a quantum in-
terference phenomenon that is caused by the existence of non-zero neutrino
masses and the misalignment between mass eigenstates and flavor eigenstates.
Currently, overwhelming experimental evidence supports the neutrino oscilla-

tion phenomenon induced by mass. [1-10].

Even though the non-zero (non-equal) neutrino masses are the well-
established responsible for having neutrino oscillation, the co-existence of a
sub-leading mechanism originated by new physics is not forbidden. The sub-
leading effects can be produced by a miscellany of physics scenarios beyond the
standard oscillation such as nonstandard interactions [11-15|, neutrino decay
[16-25], quantum decoherence [26-32], violation of the equivalence principle
(VEP) [33-37|, among others [38-40]. It is important to note that on some
occasions, these new physics scenarios bring about the option of breaking fun-
damental laws of nature, for instance, the equivalence principle or Lorentz
invariance [41-43]. Additionally, neutrino oscillation physics is moving toward

a precision era, implying that the sensitivity for performing searches for signa-
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tures from nonstandard physics would also improve. In the present thesis, we
focus on two beyond standard physics hypotheses: the violation of the equiv-
alence principle and quantum decoherence. We study the sensitivity for both

of them in future Long-Baseline neutrino oscillation experiments.

Firstly, the equivalence principle is one of the pillars on which the
theory of gravitation is based. In particular, the weak equivalence principle
establishes that in vacuum, bodies fall in the same way within a gravitational
field; this means that the trajectory followed by the body is independent of
its mass. This is an indication of the equivalency between gravitational and
inertial mass. The VEP in neutrino physics was initially considered to explain
the solar neutrino problem [44-51|. Nevertheless, once the oscillation induced
by mass was established as the solution of the neutrino data, studies about
VEP scenarios focused on looking for constraints on its parameters [33-37].
In this context, we analyze the possibility of the Deep Underground Neutrino
Experiment (DUNE) [52, 53| for setting constraints on VEP parameters. Also,
we assess how subleading VEP effects could influence the projected precision
measurements of neutrino oscillation parameters in DUNE. Furthermore, we
reinterpret our results beyond the context of VEP, converting its linear energy
dependency into a quadratic, cubic, etc. Consequently, we make a correspon-
dence of terms between the kind mentioned above with the Lorentz violating
(LV) interaction terms that arises in the Standard Model extension (SME) [41,
54]. The SME is a low-energy effective field theory containing all possible LV
operators, constituted of ones originating from spontaneous Lorentz symmetry
violation [55] and others explicitly constructed. We must point out that as-
trophysical neutrinos should provide the most significant sensitivity for these
effects [56-58|, nevertheless, if we consider a manufactured neutrino source,

the DUNE experiment will be the most sensitive tool at our disposal.

Secondly, the Lagrangian of the Standard Model Extension (SME)

shows terms that explicitly violate the combined action of the charge conju-
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gation (C), the parity inversion (P), and the time inversion (T'), symmetries,
usually known as CPT symmetry [54]. There have been many types of research
on testing CPT violation (CPTV) in the context of the SME [38-40, 59|. It
is important to note that, because of the unequal number of particles and
antiparticles in nature, there is CPTV in the neutrino oscillation phenomenon
through matter [60]. Furthermore, hidden behind a pervasive environment
that can weakly interact with neutrinos [60, 61] are the effects of a variety of
theoretical hypotheses, for instance string and branes [62-64|, and quantum
gravity [65—68]. We refer to this environment as pervasive because our physical
system is inherently open to inescapable and decoherent interactions with the
Planck-scale space-time dynamics. In its simplest version, this type of inter-
action is usually described by the decoherence damping factor exp~'* in the
context of the neutrino oscillation probabilities [26, 29, 69-74]. In a model-
independent way for an open system approach, the effects of the pervasive
environment (the space-time and its Planck-scale dynamics) are contained by
the parameters of the decoherence matrix, also called the dissipative matrix.
In this Thesis, we study another CPT violation scenario that arises from the
latter and the impossibility of defining a CPT operator due to the fact that
quantum decoherence causes transitions from pure states to mixed states |75,
76]. Consequently, we will focus on investigating different non-diagonals tex-
tures of the dissipative matrix paying particular attention to those which can
produce an observable non-zero CPTV. One of our working hypotheses is to
consider that the environment affects neutrinos and antineutrinos similarly.
Additionally, we evaluate the possibility that the parameters of the dissipa-
tive matrix can be energy-dependent [77-79]. Eventually, in the context of
the DUNE experiment [52, 53|, we estimate how significant the CPTV signal

caused by quantum decoherence would be.

Thirdly, one of the essential questions in particle physics is the origin

of the neutrino masses. [80, 81]. Assuming the Dirac nature of neutrinos within
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the framework of the standard model of particle physics, neutrino masses arise
via the Brout-Englert-Higgs mechanism [82, 83]. However, the latter can-
not explain why the mass of a neutrino is one-millionth of the mass of the
lightest charged lepton, the electron. One of the most promising solutions to
this question is the Seesaw mechanism, where one of its most straightforward
variants considers neutrinos as Majorana particles [84-96]. A Majorana par-
ticle is a fermion that is its own antiparticle; therefore, considering neutrinos
as Majorana particles implies a violation of Lepton number conservation (97,
98|. Thus, to verify the Majorana nature of neutrinos, processes that violates
the lepton number conservation, such as neutrinoless double-beta decay, are
sought [99-102|. Tt is important to note that, to date, there is no evidence for
neutrinoless double-beta decay [103-106] or any other method of searching for

Majorana neutrinos [107-110].

On the other hand, the nature of the neutrinos does not affect the
standard oscillation phenomenon; i.e., the oscillation probabilities are the same
for Dirac or Majorana neutrinos. The latter is because the Majorana CP
phases are cancelled, leaving just the Dirac CP phase as the only observable
one [111]. Nevertheless, this Thesis also analyzes scenarios where the Majo-
rana phases can appear in the neutrino oscillation probability in the context of
quantum decoherence. In other words, the present work raises the possibility
that the neutrinos Majorana nature can manifest itself in the oscillation phe-
nomenon. One of our working hypotheses is to consider the Dirac CP phase
value measured by the T2K experiment as the true value [112]. The latter is
because the characteristic baseline of the T2K experiment allows us to assume
that its detection is not affected by the quantum decoherence phenomenon. In
contrast, the DUNE experiment may enable observations of quantum decoher-
ence effects and a non-zero Majorana CP phase on the oscillation phenomenon.
Therefore, part of the present investigation focuses on analyzing the effects of

the Majorana nature on the neutrino oscillation in the context of the DUNE



0.1. NEW PHYSICS THROUGH NEUTRINO OSCILLATION

experiment. The first part of this analysis estimates how much the Dirac CP
phase measurement by the DUNE experiment can deviate from its true value
(measured by T2K). For this, we compare the CP phase measured by DUNE
with the projection of the CP phase estimated by the natural extension of T2K,
T2HK experiment [113]. The second part of this study consists of testing the
accuracy of DUNE to measure the Majorana CP phase and the decoherence

parameter.

Consequently, we present this thesis as follows:

e Chapters I and II: Theoretical background; general introduction to neu-
trino oscillation, Majorana neutrino, CP and CPT symmetry. Exper-
imental Context; open questions in neutrino oscillation phenomenon,

future neutrino oscillation experiments, DUNE and T2HK experiments.

e Chapter III: We present the effects of the different VEP scenarios on
the probability of oscillation, the impact of VEP on the measurement
of standard oscillation parameters, the sensitivity of DUNE to observe

VEP parameters, findings, and conclusions.

e Chapter IV: We introduce the quantum decoherence theoretical frame-
work, the dissipative matrix’s effects according to its texture, and the
decoherence parameters that cause CP and CPT violation. We also
present the quantum decoherence scenarios that make the Majorana
phases emerge in the oscillation probability formula, the proposal to
observe CPTV, and the possibility of manifestation of the neutrino Ma-

jorana nature in the context of the DUNE experiment and conclusions.

e Chapter V: Ultimately, we present our conclusions and comments.



CHAPTER 1

GENERAL THEORETICAL
BACKGROUND

The neutrinos are fundamental particles with no electrical charge and a very
tiny mass. These particles are the second most abundant particle in the uni-
verse, and they are tremendously challenging to detect. The latter is because
they interact very little with the matter. This interaction is performed only

via weak interaction and gravity.

Neutrino physics begins hand in hand with the discovery and study of
radioactivity. In 1899 Ernest Rutherford discovered alpha and beta radiation,
which were identified as helium nuclei and electrons, respectively. In that
context, beta radiation was assumed to be the emission of a single particle,
the electron. Therefore, the electron from beta radiation was expected to have

a well-defined energy. However, James Chadwick observed that this spectrum
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was continuous [114]. The problem was of such magnitude that abandoning
the principle of conservation of energy was considered. It was not until 1930
when W. Pauli, as a desperate measure, proposed the existence of a neutral
particle, with spin 1/2 and very light, the neutrino. Subsequently, in 1956
Clyde L. Cowan and Frederick Reines were able to verify the existence of this

new particle [115].

In 1962 a second type of neutrino was discovered, the muon neutrino
(v,) [116]. After the existence of a third family of quarks was proposed to
explain CP violation [117], it was suggested that something analogous should
happen with neutrinos. The third type of neutrino, the tau neutrino (v, ), was

discovered in 2000 by the DONUT experiment at Fermilab [118|.

As far as we know, in the standard model (SM) of particle physics,
there are three types of neutrinos (flavors), associated with the charged leptons,
ie. v. = Electron (e), v, — Muon (i) and v, — Tau (7). Furthermore, in
the SM context, the neutrino mass was assumed to be zero for a long time.
Notwithstanding, the discovery of the neutrino oscillation phenomenon implies

neutrinos with non-zero mass.

1.1 Neutrino Oscillation

The neutrino oscillation is caused by slight differences between neu-
trino masses (squared masses), which are already small in themselves, and the
lack of coincidence between neutrino mass eigenstates (v, v, r3) and flavor

eigenstates (ve,v,, ;) |1, 4-10, 119].

The coherent interference of massive neutrinos is the mechanism be-
hind neutrino oscillation. The mass and flavor eigenstates are two orthonormal
bases that are connected by a mixing matrix U (unitary linear transformation).
Therefore, the flavor eigenstates are a superposition of different mass eigen-
states. The mixing matrix is analogous to the CKM matrix (for quarks) and is

known as the PMNS (Pontecorvo - Maki - Nakagawa - Sakata) or MNS (Maki -

7



1.1. NEUTRINO OSCILLATION

Nakagawa - Sakata) mixing matrix [120]. The mass eigenstates and the flavor

eigenstates of neutrinos are related as follows:

i) = > Uk |va) (1.1)

a=e,l,T

va) = U l) (1.2)

Considering the three types of neutrinos (flavors), the PMNS matrix

can be expressed as follows

C12€13 $12€13 S13€” 0P
— _ 6 is
U = Upnins = | —512023 — C12523513€"°CF 12023 — S12823813€"°CF S23C13
is is
512823 — C12C23513€"°°F  —C12893 — S12C23513€"°F (23013
(1.3)

where s;; and ¢;; are sin6;; and cos 6ij, respectively. The parameter
0;; represent the mixing angle between the mass and flavor eigenstates. The
phase dcp is related to the diferrence between the neutrino and antineutrino

(Upnins — Upyng) nature, and the CP (charge-parity) violation [121-123].

The Hamiltonian on the flavor basis for oscillation in vacuum is as

follows:

H
Hf — U 0osC
¢ 2F

Ut (1.4)
where H,s. = diag(0, Am3,, Am3,).

The mass eigenstates are eigenstates of the Hamiltonian H|vy) =

Ey lv) with the eigenvalue Ej, = /p2+ mi. The mass states of neutrinos
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evolve in time as a plane wave; therefore, the time evolution of a flavor eigen-

state is as follows.

3

va(t)) = D Uspe™ "+ |u) (1.5)

k=1

Considering the Eq. (1.1), we obtain an expression that relates a

flavor state to another.

va(t)) = > <Z U;keiEktUﬁk> |vs) (1.6)

B=e,p,7 \k=1

Assessing neutrinos as ultrarelativistic particles, we can estimate the
neutrino oscillation probability from one flavor state to another. We must
remark that for the antineutrino case, we consider dcp — —dcp and obtain

the same formula.

Am?2.L
Pyyosyy =60 —4) _ Re [UsUgiUasUp; | sin® ( i )

k>j AE
A L (1.7)

2N " Im [U*, Ug U, U] si il

+;m[ak Bk ]ﬁ]}sm( 5% )

On the other hand, to consider the matter effects on the neutrino

oscillation, we have the following Hamiltonian on the flavor basis.

1
f
Hosc = ﬁ |:U’HOSCUJr + Amatt] (18)
with
Amatt = diag(AC'C7 0) 0) (]‘9>

where Ace = 2v/2GpN.E, and N, represents the electron density. For an-

tineutrinos must change Acc — —Acc (Amatt — —Aumatt)-
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Analogously to Eq. (1.4), the formal way of diagonalization in matter

is as follows.

[ (1.10)

0scC

Hf = % [UHOSCUT + Amatt]

where U is the mixing matrix in matter, and Hos, = diag(0, A3, Am3,)

is the effective squared mass in matter.

It is important to note that the parameterization of the mixing matrix
depends on whether the neutrinos are Dirac or Majorana particles. However,
in the context of the standard oscillations, it is not possible to distinguish
between the two. The latter is because the Majorana phases are global and do
not intervene in the standard neutrino oscillation phenomenon. The mixing
matrix, considering the Majorana phases, can be obtained by redefining the

Eq. (1.3) as follows:

1 0 0
UMajorana = Upmns | 0 e~ 0 (111)
0 0 e

where ¢; and ¢, are the two Majorana CP violation phases [120].

Although both natures (Dirac and Majorana) imply a different mix-
ing matrix (Eq. (1.3) and Eq.(1.11)), the oscillation probability (Eq. (1.7)) is
the same, making it impossible to distinguish the nature of neutrinos in oscil-
lation experiments, within the context of the standard oscillation. However,
part of this analysis is to consider a scenario beyond the standard oscillation
in which the nature of the neutrino can be manifested through the oscillation
probability. Furthermore, within this new scenario, we are going to study the
effects that the Majorana nature can have on the measurement of the standard

oscillation parameters, as well as on the violation of the CP symmetry.

10
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1.2 Neutrino Nature

The Dirac and Majorana theories are equivalent in the case of mass-
less neutrinos. However, their theoretical simplicity makes Majorana massive
neutrinos more plausible than Dirac massive neutrinos. Furthermore, in the
framework of the standard oscillation, we must take into account that the

kinematic effects of the mass of the Dirac or Majorana neutrino are identical.

Dirac Neutrino

A Dirac particle is a fermion that differs from its antiparticle. Con-
sidering the Dirac nature of the neutrino, the Brout-Englert-Higgs mechanism
will generate its mass, the same mechanism responsible for giving masses to
charged quarks and leptons in the standard model of particle physics. To
generate mass to Dirac neutrinos by the Brout-Englert-Higgs mechanism, the
Standard Model requires considering the existence of right-handed neutrinos.
Nevertheless, right-handed neutrino fields are expressed by singlets, which do
not transform under SU(2), Q) Uy (1) and therefore do not participate in weak,
strong, or electromagnetic interactions. The latter makes it impossible to de-
tect right-handed neutrinos, which is why they are considered sterile. On the

other hand, left-handed neutrinos are called active neutrinos.

In the Minimally Extended Standard Model with three right-handed

neutrino fields, the Yukawa Lagrangian for leptons is as follows:

cg/ﬂLeptons = - Z Yo:éL_an)g/ﬂR - Z YO:EL_OCL(AISZ/;R -+ H.c. (112)

a,B=e,u,T a,B=e,u,
where L, are the three generations of left-handed weak isospin doublets, EIB R
and V;E r the right-handed singlets, ¢ the Higgs doublet, Y;g and Y(;g are the

Yukawa coupling matrix for charged leptons and neutrinos, respectively.

As a consequence of symmetry breaking, the diagonalization of the

Yukawa matrices, and focusing only on the neutrino terms, the previous equa-

11
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tion takes the following form:

czg$<—§:%}v@%—“. (1.13)

where y; are real and positive eigenvalues of the Yukawa matrix, v
is the vacuum expectation value (VEV) of ®, and vy = vy + vig is the Dirac

field of the neutrinos.

Therefore, the mass term for Dirac neutrinos is given by:

4
Yrv

V2

mr =

(k=1,2,3) (1.14)

The neutrinos masses acquired with this mechanism are proportional
to v (VEV), similar to the masses of quarks and charged leptons. However,
there is no justification for why the Yukawa constants y; should take tiny

values to explain the neutrino masses.

Majorana neutrino

As is known, neutrinos are massive, so it is natural to assume that
they are like other fermions (quarks and charged leptons) and, therefore,
should be Dirac spinors. However, there is an essential difference between
neutrinos and the remainder of fundamental fermions; neutrinos do not have
an electric charge. The latter leads us to assess the possibility that neutrinos
are Majorana spinors. In contrast to a Dirac fermion, a Majorana fermion is

a fermion that is its own antiparticle.

Without introducing any new particles, the Lagrangian with the least
dimension that could generate a Majorana mass term respecting the symme-
tries of the standard model except for the conservation of the lepton number

isd=>5:

12
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T
Lpiss = 3] LL22)CT(®TonLy) + Hec. (1.15)

where T is a symmetric matrix of coupling constants, ¢ is the Pauli
matrix, and M can be interpreted as a typical symmetry-breaking mass at high
energies. After electroweak symmetry breaking, and focusing on the neutrino

terms, we get the following

1 Tv?
M & WUVECTVL 4+ Hee, (1.16)

mass 5

In this context, the mass of the active neutrinos are proportional to
v?/M resulting in a tiny value for their masses due to the suppression provoked

by the huge value of M.

1.3 CP and CPT Violation

In the 1950 decade, it appeared to be a rational inference that laws of
physics respected the P symmetry, which implied that nature should not care
if our system was right or left-handed. However, in 1957, the weak interaction
that violates parity [124, 125] was uncovered. Thus, the subsequent proper
assumption was preserving CP symmetry [126]. Nevertheless, in 1964 an ex-
periment discovered evidence of CP violation in the decay of neutral K-mesons.
The latter led us to infer that matter and antimatter behave differently [127].
This would help explain the prevalence of matter over antimatter in the uni-
verse, even though the Big Bang theory predicts a similar production of matter
and antimatter [128-133]. The explanation of this imbalance is rooted in the
Sakharov conditions, one of them being the violation of the CP symmetry
[134]. In this context, the magnitude of the CP violation measured in the
quark sector is not high enough to produce the matter-antimatter asymmetry.
[120, 127, 135]. Nevertheless, in the leptonic sector, another potential source

of CP violation could help unravel this mystery via the Leptogenesis process

13
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[136-140]. The T2K experiment has been able to measure a CP violation
phase in the neutrino oscillation phenomenon [112] giving an additional boost
to the underway efforts for building experiments [53, 113] with the capabilities

for enhancing the accuracy of its measurement and also to cross-check it.

After verifying the P violation, it is assumed that this happened
because P symmetry was part of a more extensive symmetry called CP, which
had to be preserved by nature. Similarly, knowing the CP violation, it is
assumed that CP is part of a larger symmetry that includes time-reversal
(T), the CPT symmetry [41, 141, 142]. The CPT invariance comes from a
theorem of the quantum field theory set in a flat space, the so-called CPT
theorem [141]. However, although there is no evidence for the violation of
this symmetry, many theoretical hypotheses consider the CPTV, including

quantum decoherence.

In the neutrino oscillation phenomenon and within the framework of
quantum decoherence, we study scenarios where a CPT symmetry violation
(CPTV) occurs. Furthermore, we propose a way to measure the CPTV in the
DUNE experiment.

14
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CHAPTER 2

EXPERIMENTAL CONTEXT

The neutrino oscillation phenomenon is governed by the PMNS matrix, shown
in the equation (1.11), that contains different oscillation parameters, such as
the mixing angles 65, #13 and 693, as well as the CP-violating phases dcp, ¢1
and ¢,. In the context of the standard neutrino oscillation, it is impossible
to measure the Majorana phases ¢; and ¢9; moreover, there are three main
open questions. First, is the measure of the CP-violating phase dcp # 07 The
dcp # 0 tells us that the oscillation probability v, — v, is different from the
oscillation probability 7, — 7,; additionally, a measure of dcp # 0 would help
to understand the asymmetry between matter and antimatter in the universe.
The second open question concerns the neutrino mass hierarchy, is the normal
hierarchy (where v is the lightest) or the inverted hierarchy (where v3 is the
lightest) the predominant one?. Finally, the octant problem of the neutrino
mixing angle o3, is the mixing angle value fs3 maximal (63 = 7/4) or is it

below (above) O3 < 7/4 (03 > w/4)7 [143-146]



2.1. DEEP UNDERGROUND NEUTRINO EXPERIMENT - DUNE

On the other hand, neutrino oscillation is an open window for the
manifestation of physics beyond the standard model, which can manifest as
subleading effects in the oscillation phenomenon. Aimed at solving the main
open questions of the standard neutrino oscillation, and studying the possible
manifestations of new physics, have been proposed long and medium baseline
experiments, such as DUNE (Deep Underground Neutrino Experiment) and
T2HK (Tokai to Hyper Kamiokande).[13, 15, 147-151]

2.1 Deep Underground Neutrino Experiment - DUNE

The DUNE experiment is one of the most powerful tool designed for
studying fundamental and unknown aspects of neutrino physics. The experi-
ment will produce a muon neutrino (antineutrino) beam in the Fermilab Main
Injector by accelerating and colliding a proton beam against a graphite target.
At Fermilab, 62 m depth and 574 m from the neutrino source will be the near
detector (ND); while located in the Sanford Underground Research Facility
(SURF) will be based the far detector (FD) [53]. The FD will consist of an
approximately 40 kt liquid argon time projection chamber (LArTPC) [152].
In contrast, the ND will consist of a magnetized gaseous argon time projection
chamber (TPC), a magnetized beam monitor, and a LArTPC [153]. After
being produced, the neutrino beam will travel through the Earth, with an av-
erage matter density of p = 2.96 g/cm?, a distance of approximately 1300 km
from ND to FD, as shown in Fig. 2.1.

Figure 2.1: DUNE experiment design. Figure taken from [154]
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To simulate the DUNE data sample, we use the information of the
cross-section, neutrino fluxes, resolution function, efficiency and systematic
uncertainties from [52] with the GLoBES package [155, 156]. Additionally, the
configuration of 80 GeV energy with 1.07 MW power in the primary proton
beam from the Main Injector is assumed. On the other hand, in the context
of quantum decoherence, we use nuSQuIDS to calculate the matter neutrino

oscillation probabilities [157].

2.2 Tokai to Hyper Kamiokande - T2HK

The Tokai to Kamioka (T2K) experiment consists of the generation
of a muon neutrino (antineutrino) beam in the Japan Proton Accelerator Re-
search Complex (J-PARC) located on the East coast of Japan. Consequently,
the neutrino beam travels 295 km to the mountains of western Japan, where
the Super-Kamiokande (SK) neutrino detector will observe it [158]. The most
recent and relevant contribution of the T2K experiment is the most robust

constraint for matter-antimatter asymmetry in neutrino physics [112].

With similar objectives and complementing the DUNE experiment,
it is proposed to enhance SK, thus giving rise to Hyper-Kamiokande (HK), in-
creasing the fiducial mass of the detector approximately 20 times. The Tokai
to Hyper-Kamiokande (T2HK) experiment will use the identical neutrino ex-
perimental facility that T2K, with upgraded beam power, and its detector HK
will be 2.5° off-axis from the J-PARC beam. [113, 159, 160]

Analogously to DUNE, T2HK simulated data samples and the os-
cillation probabilities are generated with GLoBES [155, 156] and nuSQuIDS
[157], respectively. Likewise, we use the configuration and inputs from [113,
161] considering a 258-kt detector, as well as 3 and 9 years for neutrino and

antineutrino mode, respectively.

17
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CHAPTER 3

VIOLATION OF THE
EQUIVALENCE PRINCIPLE

3.1 Hamiltonian and oscillation probabilities
In this chapter, we study the Violation of the Equivalence Principle

(VEP) as a second-order correction in the neutrino oscillation phenomenon.

We break the universality of Newton’s gravitational constant (G ) by
introducing the ~; parameter to introduce the VEP in the neutrino oscillation
phenomenon. Thus, we define a gravitational constant and, consequently, the

gravitational potential as follows,

G§v =vGN (3-1)

This implies
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where ® is the mass-dependent gravitational potential, and ¢ runs

over the three gravity eigenstates.

On the other hand, the space-time metric in the weak field approxi-

mation is given by:

g;w<$) = N + h;u/(l') (33)

where h,,(z) = —2v,®(x)d,, and 7., = diag(l,—1,—1,—1) is the
Minkowski metric. Substituting Eq. (3.3) in the relativistic invariant g, p*p” =
m? and considering that |p] = p, we get the following energy-momentum rela-

tion [35]:

E*(1 — 27;®) = p*(1 + 2v,®) + m? (3.4)

2

Considering p* > m? and ignoring terms ®m?/p and of O(®?), we

obtain from Eq. (3.4) the subsequent expression:

m2
B, p(1+23®) + 3 (3.5)

The latter conducts us to the next expression:

Amfj

where Av;; = (v — ).
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In Eq. (3.6), we observe the two contributions to the energy shift;
the first is due to the differences between neutrino mass eigenstates, and the

second is because of the differences between neutrino gravitational eigenstates.

Since, the mass and gravitational eigenstates can be different, and
accordingly, the mixing matrices that diagonalize their Hamiltonians on the
flavor basis are not necessarily the same. The general procedure for the latter

can be encountered in [162-166] and is assumed in our Hamiltonian approach.

We add to Eq. (1.8) a generic Hamiltonian on the flavor basis for the

neutrino-gravitational eigenstates.

H = H, + H, (3.7)

with
H, = 2EUH,U] (3.8)
H, = diag(0, Aya1, Avys1) (3.9)

where Uy is the equivalent matrix to the PMNS matrix that combines

the neutrino-gravitational eigenstates with the flavor eigenstates.

With the purpose of getting the formulas for oscillation probabilities
that contain the matter and gravitational effects, we take the recipes given in
[167], conceived in the context of nonstandard interactions, and make an exact
replacement of the equivalent terms. Consequently, we make the following

definitions.

V, = 2EH] = 4E°U,H,U{ (3.10)
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where:
Voo Vep€ier  vepei®er
Ve =kp | v e e Vs V€ OnT (3.11)
VereTiter y ety

We express UgHgUgT in terms of the generic matrix elements v and
their complex phases to easily match these elements with their corresponding
¢ (and their phases) present in the given prescription in [167|. Then, we can

rewrite Eq.(3.7).

1

Hg(s)ct o 2E [UHOSCUT + Amatt + Vgi| (312)
where:
% + Vee  Veu€'®#  Vereiter
Amatt + Vg = kg | ve,e0en L V€01 (3.13)
7}576_“75” Up,Te_iqsuT UTT

Accordingly, for obtaining the matter oscillation probability formulae
it is required to replace in Eq. (4) (Eq. (15)) presented in [167] ([168]) for the

channels v, — v, (v, = v,) the following:

A
TR RS
kg

b = A (3.14)

V— €

o= ¢
In addition to these replacements, we present the next notation:
ke B
EL L
Tas = ELvas (3.15)

A:

A@a/g = kE’Uag
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where L is the neutrino source-detector distance. After the details mentioned

above are applied, we express the v, — v, oscillation probability as follows

VEP @ SO ., pSO
PVH—>V€ - PVH—H/e

+ 4121{)6# {xf [S§3f cos (¢eu + 5CP) + ngg COS (A + 5CP + ¢€M)]
+yg [¢539 €08 depy + 533.f cos (A = ¢e,)] }

+ 4Ab e so3c03 {2 f [f €08 (Per + dcp) — gcos (A + Scp + er)]

2

—yg[gcos der — f c08 (A = Ger)]} + 442G Gyl eoalo e’ — s23Tere’®r

+4A%f 2533‘323@eu61¢6“ + Cozlere'®er

2 8/12]"9323023 {023 cos A [323 (fﬁﬂ — 1737)
+2623’58Mﬂ67' Cos (¢e,u, Y ¢e7’)] - 176;1,/667' COs (A > ¢e/,t - ¢e7’)}

+0 (8%377@5, 81317357 7735)

(3.16)

where

sin [A (1 F Af}éeﬂ

T = 2813803, Y = 2rS12C12Ca3, T = |Am3,/Am3,|, f,f =

1T Avl,
sin (AﬁéeA) y Ace s A AmglL i A
= —— V., — —— Vee, =dem—— =
g Av, | Q¥ A 4F Am3,
(3.17)

and s;; = sin0;;, ¢;; = cos;;. The antineutrino equation v, — 7, is given by
the Eq. (3.16), changing A — —A (then f instead of f), dcp — —dcp and
®ap — —¢ap. For the inverted hierarchy A — —A, y = —y and A— —A.
The 9,4, one of the key parameters of expansion, is ~ A%;; = ELAv;;. For
A#%;; no greater than O(0.1), we obtain an error of less than 5% between
our analytical formula and the numerical results for the energy range up to 7
GeV or up to 14 GeV, depending on the texture of the gravitational matrix.
Other important parameters of expansion are the typical ones: s;3 ~ 0.1 and

r=|Am3,/Am3,| ~ 0.01.

On the other hand, the oscillation probability for v, — v, disappear-
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ance channel is expressed by:

VEP@ SO ., pSO
PV‘u—ﬂ/‘u, - PVM—HJM

— Dr A OS By 5I1(2053) [2As35 sin(2A) + 4 cos?(26,3) sin® A
+A (Vp — Drr Sin®(2623) cos(2633)) [Asin(2A) — 2sin® A] + O(r, s13, U3 5)
(3.18)

It is necessary to mention that we have rewritten the probabilities in such a
way that the pure standard oscillation (SO) term, P35, ,» 18 separated from
those terms that combine the new physics parameters with the standard ones.
Besides, when we use these oscillation probabilities formulas, Eq. (3.16) and
Eq. (3.18), the P5© ?,v, term is numerically calculated. This is done in order to

achieve a better agreement between these (semi) analytical probabilities and

those fully numerically calculated.

3.2 Lorentz violation interpretation

It is essential to mention that the VEP prescription shown in this
Thesis so far, and its subsequent results, can be reinterpreted for a general en-
ergy exponent case. The aforementioned is set up because the only parameter

in our oscillation probability formulas that contains the VEP effects is:
A%i; = ELA; (3.19)

Consequently, for translating VEP into Lorentz invariance violation (LIV), it

is adequate to substitute in Eq. (3.19) [169]:
2F — B3 — E — E973)2 (3.20)

where d represents the dimension of the operator. So that our oscillation
probability formulas can be able to test for a power-law energy dependency
for a given exponent and consequently extrapolate the results to a general case,

we perform the following replacement equivalent to Eq.(3.20) in Eq. (3.8).
f f d-3
H, x 2E — H, x E (3.21)
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The cases when d = 3,4, 5, .. correspond with the isotropic Lorentz violating
terms represented in the effective Hamiltonian of the SME [170], the minus

sign in some coefficients can be reabsorbed in Avy;;.

3.3 VEP scenarios

Part of this chapter is to analyze different VEP cases related to the
diverse textures of the U, matrix and the A%;; parameter, deducing the oscilla-
tion probabilities from the general formulas shown in Eq.(3.16) and Eq.(3.18)
for each arrangement. Our simplification criterion used in the probability for-
mulas for each VEP scenario is to maintain only the most relevant terms, i.e.,

the primary ones responsible for the behavior patterns per VEP case.

We define a U, with a similar parametrization to U. To this, we

represent the parameters of the U, matrix as 9;‘-7]- and 09. Therefore, taking

g

into account that sin@y; = s7; and cos8; = cJ;, for the neutrino appearance

channel v, — v,

Uee = (cl35%2)° AF21 + (513)2 A% (3.22)
on = arctan [ faetm ottty ] 32
'l~}e,u _E (k1—ka cos 5g)£§25::k3 cos 09 AY31 (324>
ber = axctan | it liimiaty | (3.25)
'Ee-r _ (ky+k] cos&glAC;ySg;:ké cos 69 Aq31 (326)
where
ki = cfyc5ci359, ko = 551735530?3(3?2)27 ks = cl3553513 (3.27)

I 9 .9 9N\2 1 9 99 1 _ 9.9 .9
Ky = 0235130‘?3(512) , ky = 05112@13512523, ks = cf3¢53575

On the other hand, for the neutrino disappearance channel v, — v,,,

we obtain the following:

Uy = (C£1]33£2]3)2A’~}’31 + [(ngcgg)Q + (5£1]25£1]3352]3)2 — 2¢1,C53575573553 €08 09| Ay

(3.28)
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Urr = (c15653) A1 + AFor[(c]55%;)% + (s72573683) — 2¢1553515573¢5; cos 7]

(3.29)
sin 09( f3 + f1) Ao
-~ = arctan — — 3.30
Y A3y f1 + AFoq [ fa + cos09( f3 — f4)] ( )
= = a( £, _
Br = A3y f1 + A%lc[ofz; cos 09( f3 — f1)] (3.31)
Mt
with
fi= 5%3033(C§3)2, fo= 0333!2]3(3%5?3)2 - 5‘(2]3052]3@{2)2 (3.32)

J3= 0%23§]23§3(Sg3)27 Ji= Cil23g1]23§3(052]3>2

Scenario A: Uy = U
The most straightforward case study is to assume that the gravita-
tional mixing matrix U, is similar to the PMNS matrix U; consequently, we

obtain the following:

0% = 0, (3.33)
89 = dcp (3.34)

As mentioned in the previous section, we keep the terms of orders no

greater than 0(0.001). For the latter, we must take into account the following;:

r ~ 0(0.01) (3.36)
A¥;; ~ 0(0.1) (3.37)

Consequently, in our oscillation probability formulas, we will preserve

the terms not greater than sf3A%;;, rA%; or s13A%;.

It is important to mention that during the present chapter, we con-

sider the values in Table 3.1 as the best-fit values for the oscillation parameters.

25



3.3. VEP SCENARIOS

Parameter Value Error
015 33.62° 0.77°
013(NH) 8.54° 0.15°
023(NH) 47.2° 1.9°
AmZ 7.4 x107%V? 0.2 x 107%eV?
AmZ, (NH) 2.494 x 1073eV? 0.032 x 10~3eV?
Baseline 1300Km -

Table 3.1: DUNE baseline and values for standard oscillation parameters taken
from [171] (January 2018).

In the subsequent analyses, within the scenario U, = U, we study

two cases:

e Case 1: A’}/Ql =0 7£ A’}/gl

e Case 2: A’)@l # 0= A’y?,l

Case 1

In this case, Ay = 0 and Avys; # 0, the oscillation probability for the v, — v,

neutrino appearance channel, is as follows:

P £ B G (3.38)
C) =8f2s55/A (3.39)

in addition, the oscillation probability for the v, — v, disappearance channel

is given by:

PYEP@SO  pSO i 9 A gin? 2053 A Y31 (3.40)

V= V=

In Fig. 3.1(a) and Fig. 3.1(b) we show the v, — v, appearance

channel and observe that there are tiny differences, in the final part of the
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Figure 3.1: Oscillation probability depending on the neutrino energy and
considering scenario A /case 1. Figures (b) and (d) represent the 7, appear-
ance and 7, disappearance oscillation probability, respectively. We consider
dop = —m/2 and L = 1300 km.

energy spectrum, between the pure SO and VEP@SO. These minor differ-
ences in the v, — 1, appearance channel are because only terms of order

s2,A%3; ~ 0(0.001) appear in the oscillation probability formula, as seen in

Eq. (3.38).

On the other hand, the impact is slightly more meaningful in the
v, — v, disappearance channel. The latter can be justified by the presence
of terms of orders A%, ~ (O(0.1) in the oscillation probability expression, as

shown in Eq. (3.40).

27



3.3. VEP SCENARIOS

For the v, — v, channel, the VEP contribution has the same sign
of A3y, regardless it is a neutrino or an antineutrino due to the lack of dcp
phase in that term. Additionally, for the v, — v, channel the VEP contribu-
tion is opposite to the sign of A%s;, and is independent of being neutrino or

antineutrino, i.e., there is no dcp in the VEP term.

Case 2

In this case, Ayy; # 0 and Ay, = 0, the oscillation probability for the v, — v,

neutrino appearance channel is given by:

VEP @ SO SO
Puuﬁue = Pyﬂﬁue

+ O} c08 6o ps13A7a1 — Cy sin 6o psi3Adar + CsrAdey — Cy873 A1 + Cs(Adgy)?

(3.41)
with:
Cy =8fgcos A512012823023/A
Cy =8fgsin As1ac19893Ca3/ A
Cs :8925520?2033/A (3.42)
Ca =8f%siy555/ A
Cs =4g%575C1aCh5/ A
where the survival probability of v, — v, is:
PYPE®SO ~ pRO ot sin 2Ac], sin® 205372 (3.43)

Unlike case 1, in the neutrino appearance channel v, — v., we observe a
more significant difference between VEP @ SO and the pure SO than the one
shown in the v, — v, channel, see Fig. 3.2. The reason for the increment
of the discrepancy in the v, — v, channel, with respect to the former case,
relies on the fact that in the oscillation probability there are terms of order of
$130%91 ~ O0(0.01), as seen in Eq. (3.2). The sign of the overall contribution

is positive (negative) for neutrinos and Avyy; > 0 (and A7y < 0), while it
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3.3. VEP SCENARIOS
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Figure 3.2: Oscillation probability depending on the neutrino energy and
considering scenario A/case 2. Figures (b) and (d) represent the 7, appear-
ance and 7, disappearance oscillation probability, respectively. We consider
dep = —m/2 and L = 1300 km.

is negative (positive) for antineutrinos and Avyy; > 0 (and Avyy < 0). The
neutrino/antineutrino sign dependency appears due to the emergence of dcp
in the leading terms of the contribution. It is important to note that, given

that dcp = —m/2, the term associated with C} vanishes.

I addition, for the v, — v, disappearance channel, even with a term
of order A%y ~ O(0.1), the discrepancy is less pronounced in comparison to
the appearance channel. The latter occurs because the contribution of the
VEP term is just smaller, by contrast with the magnitude of P, , than the

corresponding ones for the transition channel.

29



3.3. VEP SCENARIOS

On the other hand, it is interesting to mention that the oscillation
probabilities for the degenerate case, Ay = Ay = A~z;, can be acquired just
by replacing s3, — ¢35 in the term C, in Eq. (3.42). The observed effects on

the neutrino oscillation probability are similar to those in the present case.

Scenario B: Uy # U

In this chapter, we also analyze the general Ansatz for VEP where
Us # U. For the latter, we develop three cases selected according to three
different texture choices for the mixing matrix of the gravity eigenstates, U,.

We denote each texture by UY

: -
.7, which means that 67; is the only angle set as

different from zero in the gravitational matrix.

Texture 63

For this case, the U, matrix is given by the following expression:

cfy 0 sy

13 __

U, = N\ 1\0 (3.44)
—sf3 0 cf;

where ¢; = cos 0; and sj; = sin 67;. Selecting 63 # 0 implies a two-generation
reduction of the probability formula preserving only A~s; from the gravita-
tional sector. After the replacements and simplifications the v, — v, oscilla-

tion probability channel takes the following form:

VEPE@ SO ., pSO
Puu—we - Pyu—we

+ C4 cos 0cps13ATs + CasindepsisAdar — CsrAgsy + Cy(Adsr)?
(3.45)
where:
Cy =8f(f —gcos A)5%30235£1]3051]3 A
Cy =8fgsin Assscazstscls /A (3.46)
C3 =8g(g — f cos A)s19C12823C53595¢55 /A

Cy :4(f2 + 92 —2fgcos A)3§3C§35§32C§32/A2
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3.3. VEP SCENARIOS

Similarly, the oscillation probability for the v, — v, disappearance channel is

given by:
2
PXEP’DSB SO ~ PEM%VH N sin A(A cos A — sin A) X $y3¢93 sin 49230f32A§31

(3.47)

In Fig. 3.3, we observe that the differences in the oscillation probability for
the v, — v. appearance channel are of the same order than in the previous
case. The latter is due to the emergence of s13A7%3; ~ (0(0.01) terms in the
oscillation probability formula, similar to those in Eq. (3.41). Since A~z is
taken as positive, the sign of the total contribution relies merely on whether
they are neutrinos (negative) or antineutrinos (positive). Furthermore, from
the oscillation probability, we observe that the maximum disparity with respect
to the SO emerges when 0f; = £7/4 because it maximizes/minimizes sin 267.
The disparities between the v, — v, oscillation probabilities are insignificant
because the term containing VEP is proportional to sin 46,3 ~ 0, considering

that 6y3 is close to /4.

Texture 60,5

For this texture, the U, matrix is given by:

fy sy 0
Ug12 =] -5y cy O (3.48)
0 0 1

In this context, the oscillation probability formula for the v, — v, appearance

channel finish as:

VEPEHSO ., pSO
PIJMHDe — Pu,i%ue

+ Cl COS 5CP313A5/21 — CQ sin (5cp813A5/21 —+ CgT‘A’S/Ql + C4(A’5/21>2
(3.49)
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Figure 3.3: Oscillation probability depending on the neutrino energy and con-
sidering scenario B/texture 6,3. Figures (b) and (d) represent the 7, appear-
ance and 7, disappearance oscillation probability, respectively. We consider
Az =2 x 1072 §op = —7/2 and L = 1300 km.

where:

C1 =8f(fs33 + g3 c08 A)sg35iscty/A
Cy =8fgsin Asy3cassiycly/A (3.50)
Cs =89(fs3; c08 A + gc33)515C12Ca3575¢15/ A
Cy :4(f23§3 + 92033 + 2f95§3053 Cos A)5?220§22/A2
Additionally, the oscillation probability expression for the v, — v, disappear-

ance channel is:

2
PIXLE—I;V? 5O ~ PZ,SM%VM + A sin A(A cos A — sin A) X $53¢93 Sin 40539, Adg

(3.51)
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3.3. VEP SCENARIOS

In Fig. 3.4, we note that the pattern of the oscillation probabilities is
comparable to those shown in the previous case. Hence, the latter is plausible
to anticipate in light of the similitudes in the formulae for both cases. Conse-
quently, we can use the arguments to explain the previous texture in this case.
The only difference for this case is that the sign of the general contribution
that distinguishes VEP @ SO from SO is positive for neutrinos and negative
for antineutrinos in the v, — v, appearance channel. Consequently, for the
oscillation probability in the v, — v, channel, as in the previous case, the

discrepancies between VEP @ SO and SO and are negligible.

0.15

(a)\\\\\\

\\(b)\\\\\\

9%2 c [—% :
0'%2 = 7T/4
S.0.

™

4

]

109

10°
E,/GeV

Figure 3.4: Oscillation probability depending on the neutrino energy and con-
sidering scenario B/texture 015. Figures (b) and (d) represent the v, appear-
ance and v, disappearance oscillation probability, respectively. We consider
Aoy =2 x 107, 6cp = —7/2 and L = 1300 km.
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3.3. VEP SCENARIOS

Texture 093

In this section, we use the following texture for the gravitational matrix:

1 0 0
Ul =0 s b (3.52)
0 —s35 i3

Because the VEP parameter Av,3 can be expressed as a function of Avys; and

A~s1, we subdivide this particular texture into two different subcases.

Ay =0 and Avys #0

From Eq. (3.16), we can observe that all the VEP contributions in the
oscillation probability for the v, — v, channel are up to O(107%). Therefore,

the oscillation probability for VEP @ SO is very similar to the one for SO.

On the other hand, the oscillation probability for the the v, — v,
channel has non-null VEP contribution due to the term AJ3; ~ O(0.1). There-

fore, the oscillation probability formula turns out to be as follows:

4 :
P;fffyie 50 ~ PVS:LW s (A cos A sin 2653 cos(2(623 — 653))

(3.53)
— sin A cos 2653 sin(2(6y3 — 6’33))) X sin Asazca3Ads

Ay # 0 and Avys; =0

Analogous to the previous case, the oscillation probability for the
v, — v, appearance channel for VEP @ SO is not much different from SO due
to the VEP contributions being terms scaled by factors of O(1073), i.e., the
VEP contributions are insignificant. In addition, the oscillation probability for
the v, — v, channel has a non-negligible perturbative contribution, as seen as

follows:
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3.3. VEP SCENARIOS

2
pYEP®SO o pSO 4 < sin A(A cos A — sin A) X sin 4653 cos 265,

V= V= A
+ (2 sin® A cos® 2053 + A sin 2A sin® 26’23) sin 29§3> S93C23 A1

(3.54)
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Figure 3.5: Oscillation probability depending on the neutrino energy and
considering scenario B/texture f3. Figures (a) and (b) represent the sub-
cases a and b, respectively. We consider Avyy; = 2 x 1072 for subcase a,
Avz; =2 x 1072 for subcase b, dcp = —7/2 and L = 1300 Km.

In Fig. 3.5, we observe the oscillation probabilities for the v, — v,
channel, taking into account the scenario B and texture fo3. From the latter, it
is possible to observe noticeable discrepancies between VEP @ SO and SO for
the subcases a and b. The discrepancies due to the VEP effect are equivalent in
magnitude for both subcases; however, for the subcase a, the VEP contribution
is negative, while for b, the contribution is positive. Moreover, analogous to
the previously analyzed textures (6Y, and 69,), we reach the maximum VEP
effect when the gravitational mixing angle is #9 = 4+ /4. Also, it is important
to mention that the antineutrino counterpart has identical effects to those

shown in Fig. 3.5.
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3.4. SIMULATION AND RESULTS

3.4 Simulation and Results

For the DUNE simulation, we use the information from [52] taking
into account the optimized fluxes with an exposure of 3.5 years for Forward
Horn current (FHC) and Reverse Horn Current (RHC), neutrino and antineu-
trino mode, respectively. Additionally, we use the configuration of signal and
background given by default by the DUNE collaboration [52, 53], as seen in
Table 3.2.

Appearance mode v, FHC 7, RHC

Signal CC Vy = Ve Uy — Ve
Signal CC Uy = Ue Vy— Ve
Background CC Ve = Vo Vo —>
Background CC Up = Up Ve —> Ve
Background CC U= T — g
Background CC D, — U, AUTE D,
Background CC Ur =V Uyp — Ur
Background CC Uy — Uy Uy — Uy
Background NC Vy = Vo Py — Vg
Background NC Uy — Vo Uy —> Vo
Disappearance mode v, FHC 7, RHC
Signal CC Ll Ny gl 9D,
Signal CC Uy =5 Dy, Uy, = 7
Background CC D i AP gV 4
Background CC Py = Ve iy B
Background NC V. IR

Background NC Ty, = P, = 1V,

Table 3.2: AEDL rules for DUNE experiment [52]

As mentioned above, in this chapter, we consider the values in Table
3.1 as the current best-fit values (CBFV). Because the probability distribution
is not Gaussian, we estimate the uncertainty for the oscillation parameters by
dividing their respective 30 allowed region by six. We also assume dcp = —7/2
because it is the closest value to the best fit. However, we do not consider priors

due to the value of d¢cp is not well constrained. [171].
Additionally, we use the General Long Baseline Experiment Simula-
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3.4. SIMULATION AND RESULTS

tor (GLoBES) package to simulate the DUNE experiment [155, 156]. On this

basis, we consider the following definition for x? [172]:

2 ~test true (Ni(gteSt) — Ni(gtTue))Q
LT = 3.55
( | Z Ni(¢ree) (3.:65)
In case the priors are taken into account, the following expression is considered:

(gtest o C@rue)Q
o+ ) (3.56)
J

J

From the equations above, (*“¢ defines the oscillation parameters
that acquire their values according to Table 4.3. Also, (%' describes the pa-
rameters tested against the CBFV and assigned true VEP parameters. Finally,
N; represents the number of events in the ith bin, 0]2» is the error in the de-
termination of ¢, and j is the number of oscillation parameters with nonzero

CITOrS.

Misinterpretation in the correlation of the SO parameters at DUNE.

In this section, we study the VEP effects on the correlation distortion
of SO parameters. The distortion above is obtained considering the VEP effect
in nature and fitting against the SO formula. Therefore, we simulate the data
from DUNE per the ensuing parameters: A% = (0, 1072%, or 2 x 1072,
oite = —gr /2 while the remaining true values for the SO parameters take the

CBFV shown in Table 4.3. Then, taking Av'** = 0, we have marginalized

over all SO parameters to locate the minimum y?, as shown below.

X" GE ™ = 0,65 03, ™) (3.57)

] %]

In order to analyze the Ay? contours in the sin? 6,5 vs dcp plane, we use the

following expression:

2 2 (pntest gtest test true ctrue true
Ax® =x"(015 75CP7A%J' = 0,015 750P7A,yij )

(3.58)

2 it it test true gtrue true
- Xmin(9{3 v‘sézm A%’j = 0,015, 0¢p :A%j )
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3.4. SIMULATION AND RESULTS

where the parameters that minimize the x? are labeled 9{? and 6&2. Same
procedure as described in Eqgs. (3.57) is used to obtain the contours in the

plane Am3, vs dcp.

We can explain the discrepancies between the allowed regions ob-
tained from data with non-null values for the VEP parameters and those with
pure SO via the differences between the oscillation probabilities of VEP € SO
and SO. The data fitting describes an exercise of shortening the discrepancies
between the SO and the VEP @ SO probabilities by increasing or reducing

the value for the SO parameters.

Therefore, it is helpful to identify the approximated SO probabilities
formulae employed in our work. First, the transition oscillation channel v, —

v, given by:

PSO ~ 018%3 -+ 02 COS 50137”813 T~ Cg sin 5CPT513 -+ 047“2 (359)

Vp—e
where:
Cl = 4:f2833
Cy = 8fgcos As12c12523C23
(3.60)
C3 = 8fgsin As1ac12893C23
Cy= 4925%2032033
All coefficients are positive for the most relevant part of the energy spectrum.
Also, the coefficients f and ¢ are taken from Eq. (3.17) without taking into
account the VEP effects.

Secondly, another pertinent oscillation probability to consider is the

survival channel, v, — v,, which has the next expression:

P3O, o1 — 4sin? Aslycls + 4A sin 202, s2,¢3,r (3.61)

V=l
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From the approximation presented in (3.61), we can notice that the
term dcp does not appear. However, we can obtain terms proportional to
cos dcp if we consider higher orders. It is important to mention that we are
not presenting the formula up to those higher-order terms since the size of the

impact caused by the related terms is minimal.

Scenario A, Case 1

In Fig. 3.6 (a), we show the allowed regions for the Am3, vs d¢p correlation.
For A3 > 0, we observe a shift of the fitted value of Am3, towards higher
values compared with its corresponding CBFV. The shifting can be understood
taking into account the distinct discrepancy between the VEP @@ SO and SO
probabilities in the v, — v, channel, shown in Fig. 3.1. As we can observe
there, to achieve a better pairing between these probabilities it is required to
decrease the value of the SO probability for v, — v, channel, which can be
obtained by increasing Am2, (see Eq. (3.61)). Given the above explanation,
when A73; < 0, the behavior is exactly the opposite, which is observed in
Fig. 3.6 (b). The plane sin? f;3 vs dcp is not shown since the variations between
allowed regions are negligible. The behavior of the variations on the latter
plane are correlated with the size of discrepancies between the VEP @ SO
and SO v, — v, probabilities, which are as a matter of fact small as shown in

Fig. 3.1.

We have verified that if we choose, instead of VEP, any of the LV
terms in the SME Hamiltonian (see Sec. 3.2), other than the one with d =
4 energy dependency, the behavior of the allowed regions follows a similar
pattern. These similarities are present in scenarios A (U = Ug) and B (U #

Uyg), throughout all the cases.
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Figure 3.6: Scenario A /case 1. The solid lines are A1 = 0 (SO) . Figure (a)
represents VEP with Av1“¢ = 1072* (dashed lines) and VEP with A4 =
2x1072* (dotted lines). While in Fig. (b) is shown VEP with Av4u¢ = —10724
(dashed lines) and A4 = —2 x 1072 (dotted lines). We consider %% =
—m/2.

Scenario A, Case 2

Contrary to the former case, in this one there are significant deviations be-
tween the allowed regions presented in the plane sin® 63 vs 6cp, as can be seen
in Fig. 3.7. These changes, when A~y > 0, are characterized by the shifting
to higher values of sin? 6,5 than the one of the SO best fit, as can be seen in
Fig. 3.7 (a). This shifting is explained by the need to increase sin” ;5 in order
to match the SO with the VEP € SO v, — v, probabilities, as it is shown in
Fig. 3.2. This match can be attained by increasing the first term C}s?;, see
Eq. (3.59). From Eq. (3.59), it is also clear that the need to decrease the SO
antineutrino transition probability is satisfied through the flipped sign in term
Cs3sindcprsis. The shrinking of the allowed regions around the dgp ~ —m/2,
where its effect is maximal, happens because of the higher separation among
the neutrino and antineutrino VEP @ SO v, — v, probabilities than the cor-

responding for the SO neutrino antineutrino probability difference, evaluated
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at the CBFV. Therefore, in order to mimic this separation for VEP € SO
neutrino-antineutrino probabilities, the fitted SO probability needs to amplify
the CP effects, which is accomplished by choosing a narrower set of values for
the dcp interval around the maximal dop ~ —m/2. When Avs; < 0, there is a
lower separation between the neutrino and antineutrino VEP € SO v, — v,
probabilities and the corresponding for the SO neutrino antineutrino prob-
ability difference, at the CBFV. Then, and following the same reasoning for
A~ > 0, but seen in opposite way, we need to adjust the fitted SO probability
in order to reduce the CP effects, diminishing (increasing) the neutrino (an-
tineutrino) SO transition channel. This can be reached through the selection
of dcp distant from where the maximal CP effect takes place, ~ —m /2, of the
fitted SO probabilities, and, by opting for slightly smaller values of s;3 that
can help modulating the reduction (rise) of the neutrino (antineutrino) tran-
sition probability magnitude (see Eq. (3.59)). The aforementioned behavior is
reflected in Fig. 3.7 (b). In the latter figure, we can observe a misconstrued
dcp, which is a result of how the fitted SO probabilities try to emulate the
VEP effect. Finally, there is no need to display the plane Am3; vs dcp since
the discrepancies in the survival probabilities, correlated with the results in

this plane, are not relevant, as seen in Fig. 3.2.

Scenario B, Texture 03

From the probabilities point of view, see Fig. 3.3, this case can be seen as
opposed to the preceding one. This means that for this case, Avys; > 0 (Avys; <
0) corresponds to Avye; < 0 (A7yy; > 0) for scenario A/case 2. Therefore, the
explanations for the former case could be applied to this one. On the other
hand, as it can be noted in Fig. 3.3, the differences between the VEP @ SO

and SO v, — v, probabilities are almost null.
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Figure 3.7: Scenario A /case 2. The solid lines are A = 0 (SO) . Figure (a)
represents VEP with Aq2i¢ = 10721 (dashed lines) and VEP with Aqdiue =
2 x 1072 (dotted lines). While VEP with Ayfi#¢ = —1072* (dashed lines)
and A~vitue = —2 x 1072* (dotted lines) is shown in Fig. (b). We consider
die = —m /2.

Scenario B, Texture 6,5

This case is equivalent to scenario A/case 2. This equivalency is rooted in
the similar conduct observed in the transition probabilities, shown in Fig. 3.4
and Fig. 3.2. Hence, the arguments used for explaining the allowed regions

behavior for scenario A /case 2 are totally suitable to be applied to this case.

Scenario B, Texture 093

As pointed out in Secs. 3.3 and 3.3 only in the v, — v, channel the dis-
crepancies between the VEP € SO and the SO are observable (evaluated at
the CBFV). Therefore, the plane Am3, vs dcp is the appropriate parameter
space region, where the impact of these differences can be revealed. Scenario
B/texture faz-a, Ay = 0 and Avz; # 0, exhibits a quite similar behavior
to that shown in Fig. 3.6 for scenario A/case 1. Scenario B/texture fy3-b,

Ay = 0,Av; > 0 (Avy < 0) corresponds to Ayz; < 0 (Avys; > 0) for
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scenario A /case 1. Both tendencies in Fig. 3.6 (a) and (b) are in agreement to
what is expected from the probabilities displayed in Fig. 3.5. For texture fo3-a
(A93-b), the fitted SO probability has to lessen (augment) its value to match
with the VEP @ SO, which means to increase (decrease) Am3,, as can be

checked in Eq. (3.61).

VEP sensitivity limits
We analyze the sensitivity of DUNE to VEP parameters generating
a pure standard oscillation simulated data, fixing the following true values:
true

A~'rue = 0, and a given value of 625, marginalizing over the remaining stan-

dard oscillation parameters.
X2 — X2 (A,Ytest7 63}%@7 A,ytrue — O) (362)

The A~ is the test parameter paying attention that A~"“¢(A~'s) either
true

would take the value of AyiT“e(AvL) or Aygi#e(A~45) depending on the case
to be studied.

Scenario A

In Fig. 3.8 it is displayed the sensitivity to the VEP parameter for the dif-
ferent cases of scenario A. For case 1, the sensitivity to Avz; is given by
[0.4,1.1,1.8] x 1072* and —[0.4,1.4,2.4] x 1072* at the 10, 30, and 50 levels,
respectively. In this plot we can see that the sensitivity to A~s; is almost
constant irregardless the value of dop. The latter can be inferred from the
probabilities given in Egs.(3.38) and (3.40), where dcp is not appearing, un-
less up to the perturbation order that we present in these formulas. When
we consider negative values of Avs;, the formula predicts the same correc-
tion, which implies a same constant behavior, and rather similar values for the

sensitivity, as the positive case. This can be seen in Fig. 3.8.

In this figure a plot for case 2 is shown, as well. For this case, the

sensitivity to Ay for its positive values is [0.3 - 0.4,1.1 - 1.4, 1.8 - 2.4]x 10~
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Figure 3.8: Sensitivity to VEP considering scenario A /case 1 (a) and case 2
true

(b), depending on 0g5°.

and for its negative values is — [0.3 - 0.5,0.9 - 1.4,1.4 - 2.3] x 107! at the 10,
30, and 50 levels. As it can be seen from Fig. 3.2, the highest discrepancies
between VEP @ SO and pure SO are present in the v, — v, transition
channel. Consequently, it should be expected that the shape of the curve of the
sensitivity is affected, at some degree, by the transition channel. Therefore,
for getting a qualitative understanding of this shape we use the analytical
expression of the v, — v, transition channel. In particular, the two lowest
order perturbative (most relevant) terms in Eq. (3.41) can be grouped into
a single term proportional to cos(A + dcp). Fixing the neutrino energy at
2.5 GeV (the mean energy at DUNE), for which A is close to 0.57, it is
possible to have a rough idea about the location of the maximum and minimum
sensitivities. Then, if A is close to 0.57, it is expected that the maximum
sensitivity points are located in values of dcp in the vicinity of —0.57 and
0.57. This is what we observe for positive values of Av,;. Before we continue,
it is convenient to point out that maximum sensitivity points correspond to

the highest deflections of the VEP @ SO -probability respect the SO one.
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Figure 3.9: Sensitivity to VEP considering scenario B/textures 6,3 (left), 612
(center) and fo3 (right) depending on §Z 1. In the plot on the right, the solid
and dashed lines represent the subcases a and b respectively. We consider 67,,
03, and 0, equal to /4.
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On the other hand, minimum sensitivity is obtained for values of dcp at the
vicinity of 0, 7 and —m. For negative values of Ay, the minimum sensitivity
for dcp ~ 0 remains. However, the other minima and maxima vanish because

of the influence of higher-order terms.

It should be stressed that the VEP phenomenom, in the framework
of scenario A, was tested with IceCube-high energy atmospheric neutrinos
obtaining the following upper limits: [A~vy| ~ 9.1 x 10727 and |Avys;| ~ 6 x
10727 at 90% C.L. [37]. Our limits within the DUNE framework and in the
same confidence level are |Avg| ~ 5.2 x 1072 and |Ayz| ~ 6.4 x 107% |
which should be the best limits that could be attained by a man-made neutrino

source.

Scenario B: U, # U

In the same way, Fig. 3.9 shows the sensitivity to the new parameters for tex-
tures 013, 012 and 6,3 of scenario B. First we focus on texture 63 and texture 615.
For texture 6,3, the sensitivity to Avs; is given by [0.5-1.5,1.6 - 4.6, 2.6 - 7.2] x
10~2* for the positive values and —[0.5 - 1.7, 1.5 - 5.3,2.5 - 8.4] x 1072* for the
negative ones at the 1o, 30, and 5o levels respectively. For texture 6,5 of the
same scenario, the sensitivity to Avg is given by [0.3-0.7,0.7- 1.5,1.2 - 2.1] X
1072 and —[0.3 - 0.6,0.8 - 1.5,1.3 - 2] x 107%* at the 1o, 30, and 50 levels

respectively.

The sensitivity behavior for theses textures, 613 and 6,5, is almost
absolutely dominated by the v, — v, transition channel, given that only in
this channel there are (observable) discrepancies between VEP @ SO and
pure SO (see Figs. 3.3 and 3.4). In particular, it is possible to get an idea of
the approximated position of the maximum and minimum sensitivity points
analyzing the first two terms in the transition probabilities for both textures.
These two terms are proportional to C;cosdcp £ Cosindep. Then, when

Cy < Cy(Cy > Cy) the maximum (minimum) sensitivity in dcp is located in the
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neighborhood of 0.5 and —0.57 (0, 7, and —7) for texture 613 (textures ;).
In the minimum (maximum) sensitivity point is where the lowest (highest)
discrepancies between VEP € SO and pure SO are found. For both signs of
A~ the behavior is similar, unless, of course, some shifts due to the influence

of the other terms.

Fig. 3.9 presents the sensitivity to Avys; and Avs; in the context of
scenario B, texture #53 and subcases a and b respectively. Thus, the sensitivity
to Avsy (Ava) is given by [0.4,1.2,1.8] x 107%* and —[0.4,1.4,2.5] x 10~**
([0.4,1.4,2.5] x 1072* and —[0.4,1.2,1.8] x 107%*) at the 10, 30, and 50 levels
respectively. It is important to note that in both subcases the dependence
on dcp is negligible, since, there are only deviations from SO in the v, — v,
survival channel. For subcases a and b, there are no VEP-related terms in the
transition probability v, — v. up to the level of the developed perturbation
order. On the other hand, it is good to mention that there is a symmetric

behavior for both signs of A~;;.

Lorentz violation estimated sensitivities

As we have pointed out, we reapplied our VEP prescription to test
the different isotropic Lorentz violating terms of the SME Hamiltonian with
their respective energy dependencies, as discussed in Sec. 3.2. Here we have
set up different sensitivities imposed on each of the terms mentioned above in
the context of DUNE, working with them in an individual manner. Since this
is an indirect result of this manuscript, we only present them in Table 3.3.

Other similar works can be found in [173, 174].
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Table 3.3 presents the sensitivity of DUNE experiment to LV. It can
be seen that scenario B/texture ;5 shows the greatest constraint to the param-
eter Ay for almost all d. In the meantime, scenario B/texture 6,3 presents
precisely the opposite for constraining Avys;. This is exactly the same pat-
tern found for VEP, whence the explanation is the same. Therefore, scenario
B/texture 6,3 is sensitive to higher A~s; values, while scenario B/texture 6,5

is sensitive to lower A~,; values.

Table 3.4 shows the comparison between the previous estimations
with those calculated in this work. These sensitivities can be also extracted
from [175]. Scenario B has been considered because of the similarity with the
textures used for Lorentz violation. We have translated our sensitivities in
terms of a,, a.r, and a,,, where we have used the textures 0,5, 03, and 0y,
respectively. For c,3 we have proceed in the same way. The gravitational
angle, #9 | is considered equal to 7/4 for all the textures. When d = 3, the
estimations determined in this work are lower than the previous ones for a.,
and a., shown in [59, 174, 176, 177|. However, for a,,, our bounds are lower
than the preceding ones excluding the result in [170], which is lower than ours.
For d = 4, lower values are obtained with the exception of those in [170] and
[176], while for d = 5 and d = 6 we only have previous calculations established
by [170]. which is much lower than the ones we have obtained. It is very
important to note that in order to obtain our estimations we have treated
separately each energy dependent term in the Hamiltonian, in contrast, for

instance, with the procedure adopted in [170].

The sensitivity of DUNE to CP violation and mass hierarchy

CP violation sensitivity

This section discusses the effect of VEP on CP violation sensitivity at DUNE
experiment. To refer to DUNE sensitivity to CP violation, the definition

shown in [53, 172] are taken into account.
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3.8 x 10727"GeV 2

d Previous Estimation This work
ac,| 7.0 x 1072 GeV [174] 2.8 x 10 #GeV *
2.5 x 1073GeV [176] 4.0 x 1072'GeV
4.2 x 1072 GeV [177]
lae;| 1.0 x 10722GeV [174] 3.0 x 1072*CeV *
5.0 x 107%GeV [176] 4.5 x 1072 GeV t
3 2.8 x 1072'GeV [177]
la| 2.9 x 1072*GeV [170] 4.5 x 1072'GeV *
1.7x 107%8GeV [174] 7.0 x 107GeV
8.3 x 107%'GeV [176]
5.9 x 1072GeV [59]
5.1 x 1072'GeV [177]
|Copl 1.1 x 1072 [176] 3.8 x 1072 *
3.7 x 107 [177] 5.6 x 1072 ¢
|Cer| 1.4 x 10724 [176] W INEE
4 2.5 x 101 [177] 1.2 x 10724 ¢
|Cur| 3.9 x 1072 [170] 6.0 x 1072 *
6.1 x 1027 [176] 9.0 x 1072 ¢
5.0 x 10724 [59]
4.5 x 107 [177]
|ac,| - 4.5 x 1076GeV " *
- 6.0 x 10726GeV ™! 1
5 |ae| - 2.4 x 107BGeV™! *
- 3.3 x 107%GeV ™! 1
lau:| 2.3 x 10732GeV ! [170] 6.0 x 1072GeV " *
9.0 x 1072GeV ™" 1
|Cep] — 2.0 x 1077 GeV 2 *
E 2.6 x 1072"GeV 2 1
6 |cer| - 1.4 x 10726GeV 2 *
— 2.0 x 1072GeV 2 1
leurl 1.5 x 1073GeV ™2 [170] 2.6 x 10727GeV > *
t

Table 3.4: Comparison between the existing bounds and the estimated sensi-
tivities calculated in this work. Estimations marked * and t represent 95.5%
and 99.7% C.L. respectively.
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AXZCP :Min[AXZ(éteSt — 07 A’yteSt — 0, 6257"1“37 A,}/l‘ﬂ'ue)7 (3 63)
AX2(5t65t =, A,ytest — 07 5t'rue’ A,ytrue)]

To calculate AxZp, dcp and Ay are set as fixed while we marginalize
over the rest of the parameters. The CP violation sensitivity is studied by
fitting the data as SO and considering VEP as an unknown but existing effect.
In most cases it is observed an increase in the significance level to reject the
null hypothesis depending on 6%%°. However, some cases show a decrease of
this significance level for certain values of 627, all with respect to SO. This
way of analysis is very important to study the consequences of omitting an

existing VEP scenario in nature in our theoretical framework.
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Figure 3.10: CP violation sensitivity for scenario A /case 1.

In Fig. 3.10, scenario A /case 1, an increase in the significance level
to reject the null hypothesis can be observed even when 623 = 0, +7, gener-
ating a fake CPV. This is because there is a relatively constant increment on
sensitivity and is a reflection of the dop-independent discrepancy between the
VEP @ SO and SO in the v, (and 7,,) disappearance probabilities for scenario
A/case 1 (see Eq. (3.40). The increase of the number of events for the Ay < 0
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reduces the \/A_XQ making it harder to achieve similar values of sensitivity to
those obtained for the Ay > 0 case. These results are qualitatively similar
to those shown in scenario B/texture fa3-a. Additionally, scenario B/texture
Oa3-b Ay > 0 (Avey < 0) corresponds to Avys; < 0 (Avys > 0) for scenario
A/case 1.

15 (a) true | —24 (b) | true ‘—24
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Figure 3.11: CP Violation sensitivity for scenario A /case 2.

In Fig. 3.11 (a), scenario A /case 2, the displayed results are due to the
increased asymmetry between the v, — v, and v, — v, appearance channels
amplifying the discrimination of the CP violation case, see Fig. 3.2. This also
includes an extra fake CPV caused by the connection between the VEP term
and the matter potential. Notwithstanding, as a consequence of the opposite
behavior (decrease) of the asymmetry between the v, — v, and 7, — 7
appearance channels, when Ay, < 0, it is observed a decrease in the level
of significance, that could be even lower to the SO case in the neighborhood
of 6f%¢ = +m/2, where this case reaches its peak of sensitivity. This means
that the capacity to reject the null CP-hypothesis when 075 takes values
close to its maximum would be reduced. As already stated, the results for

scenario A /case 2 are qualitatively similar to those shown in scenario B/texture

012. Moreover, scenario B/texture 013 Avys; > 0 (Avs; < 0) corresponds to
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A~ < 0 (Avg; > 0) for scenario A /case 2. Therefore, we could apply Fig. 3.11

and explanations for scenario A /case 2 to these ones.

Mass hierarchy sensitivity

One of the main goals of DUNE experiment is to figure out the mass hierarchy
(MH). This is related to the fact that one of the main features of DUNE
experiment is its baseline (1300 Km), resulting in a high sensitivity to the
matter effect. This means that a considerable difference in the oscillation
channels v, — v, and v, — 7, is expected as a result, on which MH depends.
Therefore, studying the sensitivity to MH is extremely important, since we
have shown VEP scenarios where the asymmetry of these channels is clearly

affected. The MH sensitivity is obtained as follows [53, 172].

AXig = XQ(AmgltGSt < 0, Ayt = Q, Amgltme > 0,005, Aye)  (3.64)

Taking into account the analysis explained in the previous section we study
the impact on the MH sensitivity considering VEP/NH in nature and assum-
ing SO/IH as theoretical hypothesis. We do not display the scenarios with low
discrepancies on v,, — v,, which are scenario A /case 1 and scenario B/texture
fy3-a and texture f93-b since those scenarios have MH sensitivities rather sim-

ilar to SO MH.

In Fig. 3.12 the MH sensitivities for scenario A/case 2 are pre-
sented. In order to explain the behavior of these sensitivity curves we de-
fine two probability differences: APPSO = PVS#O_(}E ) _ Pysfﬁﬁ) and APVEP —
P EL @O _ pSOUH) ity AVEP-SONH) — APVEP _ APSO. The APVEP s
associated with the VEP sensitivity while AP5C is related to the SO one. For
this scenario the most important VEP-terms of s13A%,; ~ 0(0.01) of the tran-

sition probability (see Eq. (3.41)) can be written into a single term proportional

to fgAda, considering A ~ /2. For Avyy > 0, AVEPSONH) o oA, at
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Figure 3.12: Mass hierarchy sensitivity for scenario A /case 2.
die = —x /2, therefore the VEP sensitivity reaches a higher significance than

the SO one. While, at 674 = /2, AVEP-SONH) o £9AF,,, which means that
the VEP sensitivity attains lower significance than the SO one. For A~y < 0,
what happens is exactly the opposite. These results are applicable for scenario

B/texture 013 and texture 602, as well.

3.5 Summary and Conclusions

We have tested the impact of fitting simulated data generated for
different VEP scenarios, and considering pure standard oscillation as theoret-
ical hypothesis. Among our findings, we have found the displacement of the
Am?2,, the increase of sin? 613 (A > 0) or the change of dcp (A7 > 0) toward
the decrease of the magnitude of CP violation, which are scenario-dependent
effects. Furthermore, the DUNE CP sensitivity, treating VEP as before, in-
creases for the majority of scenarios having all in common the introduction of a
fake CP violation. The DUNE significance for identifying the MH for Ay > 0
(Avy < 0) increases (decreases) and decreases (increases) for ocp € [—, 0] and
dcp € [0,7]. In addition, we have also found sensitivities for VEP, for the va-
riety of scenarios under study, being the most stringent Ay ~ 0.7 x 10724 GeV

which corresponds to the scenario B/texture 6;5. Finally, we have estimated
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sensitivity limits for LV terms of the SME Hamiltonian, with different energy
dependencies. The most restrictive one corresponds to the scenario B/texture
019, as well, and is Ay = {8,1.5,0.12,0.007} x 10~ GeV*? that corresponds
to d = 3,4,5,6, respectively at 99.7% C.L. These limits are going to be the

best that we can achieve using a manmade neutrino source.
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CHAPTER 4

QUANTUM DECOHERENCE

4.1 Neutrino as an open quantum system
We aim to treat the neutrino as a subsystem that weakly interacts
with a large and unknown environment. Therefore, we obtain the linear evo-
lution of the neutrino subsystem mentioned above using the Lindblad Master
equation [60, 61].
9p(t)

2L — —i{H, p(t)] + Dlp(t)], (4.1)

where p(t) is the reduced (neutrino) density matrix, obtained after trace over
the degrees of freedom of the environment, H is the Hamiltonian of the neu-
trino subsystem and D[p(t)] is the dissipative term where the decoherence
phenomena is encoded. This dissipative factor is written as follows:

1

Dlp(t)] = 5 3 (145 () A]] + [A0(0), A]] ) (4.2)

j
Considering a three-level system we can expand the operators in Eq. (4.1)

in the basis of the Gell-Mann matrices from SU(3) group plus the identity
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matrix:

p=2puty (4.3)
H =) hut, (4.4)
A =Y dit, (4.5)

where p is running from 0 to 8, being ¢y the identity matrix and ¢, the Gell-

Mann matrices (k = 1, ...,8), which satisfy the follows:
[tm tb] =1 Z fabctc (46)

where f,;. are the structure constants of SU(3). Moreover, for the dissipative
term to satisfy that the Von Neumann entropy increases with time, the flj
operators must be Hermitian. Therefore, the dissipative term can be expressed

as the matrix [70]:

Dyj = 9 Z<anl>fknmfmljﬂ U = .0, (47)

l,m,mn
The dissipative matrix defined by Eq. (4.7) can be parameterized, in general,

by 36 free parameters in the following form:

7 P2 Pz P Pis P Pir Pis
Pz —v2 Pz P P P Par Dos
Pis Baz —v3 Bas B P Bar Pas
Pra P Baa —va Bas B Par Bas
Bis Pas Pz Bas —v5 Bse  Bsr DPos
Bie P Bz Bae Bse —v6 DPor Des
Pz Por Bsr Bar Bsr Ber —1 DPrs
Pis  Bas Pz Pas  Bss Bes  Brs —s

being the matrix D = D;; symmetric, with components D, = Dy, = 0,

1 a?,...,a®}. The complete positivity condition requires that the

and @, = {a},az,...,a;
eigenvalues of the mixing matrix p(¢) should be positive at any time, this is

achieved demanding that the matrix A = a,; is positive [60, 61]. The scalar
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product structure present in the elements Dj; makes them to respect the
Cauchy-Schwartz inequalities. Including conservation of the probability to all

that we have said, we have that the evolution equation of p(t) is given by:
po =0,  pr = (He; + Di;)p; = My;p;, (4.9)

where Hy; = >, h; fij. The solution of the Eq. (4.9) written in matricial form
is:

o(t) = eM0(0), (4.10)
where ¢ is an eight column vector compose by the p, and M = My,;. Therefore,

we can obtain a general expression for the neutrino oscillation probability

Vo —2 VB!
1 1
Py = 3+ 5() (1) (4.11)
Written in terms of the coefficients p$(0), we have:

(. N
Py = 3 + 2 Zpi Pj [e™]i5- (4.12)
i,

where 8, = e, u, 7 and 7,7 = 1,...,8. For the vacuum case, the p$ are given

by:

P = V'2/3,

pi =2Re (U Uaz)

py = —2Im (UgyUa2) ,

p5 = Ua” = |Ua2l?,

py =2Re (Ui Uas) (4.13)
ps = —2Im (U3, Uas) ,

ps =2 Re (UgUas),

p7 = —21Im (U3,Uas) ,

1
ps = e (1Uar[? + [Una|? = 2|Uasl?) ,
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4.1. NEUTRINO AS AN OPEN QUANTUM SYSTEM

where the U,; refers to an element of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) without taking into account the Majorana phases. [178, 179|. If
we want to solve the Eq. (4.12) for the antineutrino case is enough to make

*
Ua]‘ — Uaj'

Perturbative approach for oscillation probability

Our selected texture of decoherence matrix D in the mass vacuum
basis (MVB), can be seen as composed by two matrices: one is a diagonal one
with all its element equal DY = —T" x I. The other one, D®4, is composed by
its off-diagonal part, having as non-null only a unique [D“d]ij = —fij(= —Bj)
elements (the diagonal is zero). Since in our case, the neutrinos are going to
be propagating in matter, and in order to solve Eq. (4.9), we need to rotate
the decoherence matrix D to the mass matter basis (MMB). In the MMB the

decoherence matrix Dy, is defined as:
D,, = D4 + D24, (4.14)

where D3 = —T" x I is purely diagonal, D9 is unaltered by the rotation, while

D14 is the rotated matrix of the non-diagonal matrix D*¢ in the MVB.

Considering, that the transition probability when neutrinos travel
through matter is:

IINAN

PV(I—)VB == g 3 é(Qm(ODTQ%(t)v (4'15>

where 02 (t) = M (0), with M = H,,, + Dy,. H,, is the Hamiltonian is
written in the MMB. Since D4 is proportional to the identity matrix, this

commutes with H,,, then we have:
o _ m nd a o a
o5 (1) = e~ e tDE g (0) = 7o) (1) (4.16)

Given that % (0) = ¢'0 (0) we can rewrite the probability in the following way:

1

Pruosuy = 5+ 5¢ (& (0) 27 (0). (4.17)

| —
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The solution of ¢’ (¢), which is based on a power series solution expanded in
013, an = Amiy/Am?; and a single 3;; = fBi;t follows the procedure given

in [29]. For solving ¢y, () we must start with the next differential equation:
o = (Hm + D)o (4.18)

The Eq.(4.18) can be simplified using this change of variable:

O (t) = el (t), (4.19)
then, the Eq. (4.18) :
eHmipe 4+ H,,ePmi ™ = (Hy, + DY)l 5o (4.20)
thus we get:
0* = e Hmipnde Hmi o (4.21)

the matrix e " Hm!Dnde=Hm! cap he expanded perturbatively in power series of

the small parameters 6,35, and aa which turns out to be:
e_HmtDnmde_Hmt = ﬁw(D(O) + 91313(913) + OZAD(QA) + ) (422)

we can factor out the decoherence parameter j3;; since it is a common factor of
all the elements in the decoherence matrix D29 in the MMB (a consequence of
its definition in the mass vacuum basis that is an off-diagonal matrix with only

non-null terms in a given —/f;; element). Replacing Eq.(4.22) into Eq.(4.21):
0% = Bij(D© + 0,3D%) 4 apDd) 5o (4.23)

the above equation can be solved perturbatively treating o“ as a power series

in 913, A and /62]

0" = @(0) + leé(e) + OéAé(aA) + OzA913§(aA913) + .. (124)
+ B;;0%9) + B389 + Bijand i) + .
Then substituing Eq.(4.24) into Eq.(4.23) we produce a sequence of first order

differential equations each of them collecting equal power terms. The ;-

independent terms of the §* expansion: 9% 46,50 +ax 9*2) +aah35(*2%3) 4
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corresponds to the initial condition §*(0), which is constant in time and
coincides with the initial condition for the standard oscillation case, since at
that instant the environment is decoupled (not interacting) with the neutrino
system. Additionally, considering ¢’ (0) = 0%(0), we can rewrite Eq.(4.19) as
follows:

0 (t) = e (05, (0) + Bis (). (4.25)

with Bz-j = [3;;t. The second term at the right-hand side of the equation above

contains the explicit solution of the power series of p®.

4.2 Quantum decoherence and CPT violation

We will test the CPT symmetry in the context of DUNE using the
simulated total rates associated to the v, and the 7, survival channels, where
the matter effects are unimportant. The latter fact implies that the vacuum
probabilities formulae for oscillation (plus decoherence) are going to be well
enough for understanding the corresponding features of CPTV effects. Thus,
all the formulae in this section will be developed under the vacuum framework.
It is important to mention that we introduce the matter effects numerically.
Before starting, it is of utmost importance to remark that the decoherence
phenomena entails the transition from pure to mixed states, which implies
that the time reversal operation is, as itself, meaningless for this situation [75].
The tool for revealing these, implicit, CPTV effects is the difference between
the v, and v, survival probabilities channels, which written for a generic flavor
Vg i8:

APQ.PT" = PVa_>Vo¢ - Pﬂaﬁpa' (426)

With the aim of simplifying the analytical form of the latter expres-

sion we work under three assumptions:

e The diagonal elements (damping parameters) of the dissipative matrix

D are all equal to a single parameter I'.

61



4.2. QUANTUM DECOHERENCE AND CPT VIOLATION

e The dissipative matrix for neutrinos is equal to the corresponding for

antineutrinos, D = D.

e The D matrix is containing no more than one non-diagonal elements at

a time we study the APcpr.

As a general feature, we have that a non-zero APgps is obtained
when in the survival neutrino oscillation probability there is a term with f;;
(non-diagonal term) coupled to pf'p$ that contains sin dop, therefore, when its
corresponding antineutrino term is subtracted for getting A Pcpr they do not
cancel each other because of the flipping of the sign of sin dcp. We find that the
aforementioned situation (i.e. non null APgpr) is fulfilled by fifteen f3;; where
one coefficient in the product pfpf is: p3, p5 or p¢ and the other one : pf,

P35, pg, pg or pg summarizing in total fifteen cases. The remaining 3;; do not

produce non-null AFPgps given that they are not connected with pf'p$ terms
that contain sin d¢p, similar to what happen for the survival probabilities, in
the pure oscillation case, where there are no terms involving sin d¢op then these

do not flip sign when we switch neutrinos to antineutrinos conserving CPT.

Based on the similarities of the structure of the form for APcps we
can divide these fifteen cases in two groups, each group related to different set

of f3;;, that we present as follows.

Group 1

The A Pcps expression for the first group is given by:

(GQBijt o e_Qﬁijt) -
APepr = bij 0 p?p]q et (4.27)

ij

Qﬁij Y. 12] - Aﬁi]‘Q’ (428>

with Ag,, = Am%ij /2E, where E is energy and Am%ij, corresponds to standard

where

square mass differences of neutrino masses, according to its indices ij (see

Table 4.1). This formula applies for nine J3;;, the details are given in Table 4.1.

62



4.2. QUANTUM DECOHERENCE AND CPT VIOLATION

(4,7) Ag;,
(172)a (273)7 (2a8) AIQ
(47 5)? (57 3)7 (57 8) A13
(67 7)’ (77 3)7 (7’ 8) A23

Table 4.1: Here it is displayed each group of indices (¢, j), which corresponds
to a one of the nine f;;. The (i, j) in the same row are associated to the Ag,
in the same line

As an example, the exact probability from where we can extrapolate

the A Popy for (g is.

1 1 eﬂlgt +67Q12t
Puaﬁua = g - 5 (((p(f‘)Z = (pg)Q) ( 5 ) + ((pg)Z + (p?)z) COS A13t
a)2 a2 )2 )2 (teQt B e_ngt) a o —I't
+ ((oB)” + (p1)?) €08 gt + (p5)" + (8)* + ra=——g———=pipf Je ™"
(4.29)
Group 2

The APcps for the remaining six 3;;: Bis, Baa, P17, P26, Bar and s, is
also proportional to f3;;, but it is rather a cambersome expression in comparison
to the one in Eq. 4.27. In fact, it is the addition of two terms, one of them is
proportional to pf'p§ while the other one, is proportional to pp;*. For a given
17 indices, there is a specific kl, with each one of these indices associated to an
specific mass squared difference value, for the complete details see Table 4.2.
The six expressions for the CPTV formula are obtained per each pair 77, kI plus
exchanging ij <> kl, with all its correspondent terms associated with them.

The explicit formula is given by:

1 Qut  —Qut Ot —Q ) aa
AP,GP’T'Zﬁzj Q4_4A2 A2 X |:(Q+(€ +—e + ) —Q,(e — € ))pZ p]
Bi; — Bri
Qit —Qut 0t Ot
e e e e 1y
+ Aﬁij Aﬁkz ( Q. - O ) pgp?] € )
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where

2
0 =p} - A%ij Y (4.31)
0, = LQ\/Q? + \/94 — 402 A2 (4.32)

As in the case of group one, we can write the oscillation probability

for Bo4. From there, we can extract the corresponding A Peps

P _} N e—Ft( (6Q+t +€—Q+t) ) d n (6977& L e—Q,t) g+71
e T3 Qf _4ALAZ P27 9 /i 4ALAL

(eQ,t + e—th)

Ot — 4N AL,

)

(€Q+t +€—Q+t)
9-5
O — 4A3, A2,

g3+ ((p8)° + (p%)?) cos Anst

Qit —Qut Q_t —Q_t

e e e e

+ ApAgs ( - > Papa]>
Qp Q_ e

(4.33)
where:
o 5= (Bup(B% + U, (00) (Eaown( A5 + Vs, ) (05))
g(i)downvj u up 12 (i)up /01 down 13 (i)down p.] ’

with

A
Q2 = §(92 +4/Q4 — 4A2,A%) (4.34)

{(i7])’Aﬁij} A {(kﬁl)’Aﬁkz}
{(175)7A12} A {(274)7A13}
{(177)7A12} A {(276)’A23}
{(4,7), Az} <> {(5,6), Aos}

Table 4.2: Here it is shown how is the relation between the six indices (i, j)
and (k, 1), each of them associated to its corresponding  and its neutrino mass
square differences.
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0.005/ ]
Ki -
g O.""""‘““'W‘
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—0.01} Bas == B3~ Pss 1L = Bar--- Bse- — Bis 7
= Ber— Prz—- PBrs Paa == Prr=-Pas
10° 10 10° 10
E,(GeV)

Figure 4.1: APcpr versus E,, evaluated for I' = 10723 GeV and dcp = 37/2.
At (a) it is dlsplayed the group 1 with ﬁgg, 5537 ﬁ73 — F/\/g, ﬂg)g, ﬁ78 = F/\/?,
P12, Pas, Bas, Ber = 1'/3, while at (b) it is displayed group 2 with all 5’s are
equal to I'/ V/3. The remaining parameters are given in Table 4.3.

Parameter Value
012 33.63°
013(NH) 8.52°
023 (NH) 48.7°
AmZ, 7.4 x 107%eV?
Am?Z (NH) 2.515 x 107%eV?
Baseline 1300Km

Table 4.3: DUNE baseline and values for standard oscillation parameters taken
from [171].

Analytical results for APcps

It is important to point out that, from now on, all the results that we
will present the AFgepr will be calculated for « = p. In Fig. 4.1, we present
A Pgpt in two separated plots all 8’s for group 1 and group 2, for neutrino
energies from 0.1 to 20 GeV, which encloses the DUNE energy range. We have
evaluated this effect in an isolated manner per each f3, i.e., we consider all
the rest of ’s as zero. For the latter, we obtain its maximum value from the

inequalities and positivity conditions given in Appendix A, having as result
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the following:

Bas, Bs3, Brz = F/\/§ (4.35)
Bss, Brs = T/V/T (4.36)
Bra; B23, Bas; Ber = 1'/3 (4.37)

and the maximum values for the remaining f’s are I'/ V/3, it is essential to
mention that we have taken their positive values. For all these plots it is also
fixed dcp = 37/2 and I' = 1072 GeV, with the remaining parameters displayed
in Table 4.3. The parameters given in Table 4.3 will be used throughout this
thesis. We note, for group one, that the fs5 is producing the highest amplitude
for APcps in all the energy range, being followed by (315. In the case of group
two, B47 and f[s¢ give the maximum values of amplitudes of APcps up to

neutrino energies a bit less than 5 GeV.

In Fig. 4.2, we have four plots which show iso-contour curves of
A Pgpg at the plane T' versus dcp, two of them corresponds to the vacuum
oscillation case (top) and the other two to the matter oscillation case (bottom).
For all plots the neutrino energy is fixed at 2.4 GeV keeping the remaining
parameters at the same values than those used for Fig 4.1. Two plots are
for fag (group one) for vacuum and matter, and the corresponding other two
are for fs¢ (group two). All §’s are equal to I'/v/3. We have chosen these
particular §’s since they are those who generate the biggest amplitudes for
A Pgpt- per each group. Among the general features, we have that other than
the maximum (and minimum) value of the APcps the behaviour of all plots
are rather similar. Other common detail is that the APgps grows with T’
until reaching a region where the maximum amplitude is located, then starts
to decrease. Outside the regions around the peaks, i.e. for lower and higher
values than the I' at the peak, the APgpsis zero. The vacuum and the matter
case exhibit a very similar pattern, and there is no a qualitative difference
between the plots for fss (group one) and fss (group two). Therefore, we

can use for getting a full understanding of what happens the vacuum formula
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Figure 4.2: Iso-contour curves of APgpt at the plane I' versus dcp evaluated
for Bos = I'/v/3 and Bss = I'/v/3 and for a fixed E, = 2.4 GeV. The two plots
at the top correspond to the vacuum oscillation case, meanwhile, the two plots
at the bottom correspond to the matter oscillation case.

given for group one, Eq. (4.27). Hence, from Eq. (4.27), we see that APcpr is
suppressed for low values of I', which implies low values of Bos(= I'/+/3) that
are directly proportional to the value of APgps. On the other hand, APopy
is reduced for higher values of I', given that the latter diminishes the factor
exp 't. From the maximization of the Eq. (4.27) the value of the I' at the

peak can be extracted, for Bsg the peak is at I' ~ 1.7 x 10722 GeV, similarly, if
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we maximize Eq. (4.30) we obtain the peak for 855 at I' ~ 1.6 x 10722 GeV. In
general, a very reasonable estimation for the value of I' at the peak is obtained
from I'L ~ 1 then I' ~ 1/L, which for L = 1300 km is ~ 1.5 x 10722 GeV. The
corresponding values of dcp = m/2 and 37/2, for fBsg, can be directly inferred
from the unique presence of sindcp in the factor phpk, the values of dcop for
Pse are very close to /2 and 37/2 for similar reasons, but they are slightly
distorted due to pj is composed by two terms, being one of them proportional
to cosdcp. In spite of, the vacuum and matter case looks pretty alike, we
must note that the matter effects produces a APgpt # 0 even in the absence
of decoherence. Actually, in the experimental (simulated) searches of CPTV
that we will present in the following sections, the CPTV, due to matter effects,

will play the role of normalization factor.

0.03 m
(a) (b)
| ---n=-1 QA Y g \L | ---n=-1
0.02 —n=0 s S "' ' — n=0
% n=1 ¢ n=1
...... n= . D e =
5001 A \\\\N L
O O wuli
e i BN ez '-;q-v’u'u'wr—

100 100 10! 0t 100 10t
['/10723GeV

Figure 4.3: APcpr versus I, evaluated for different energy dependence n =
—1,0,1,2, B, = 2.4 GeV, dop = 37/2 and fixing fs = I'/v/3. We have the
vacuum oscillation case (a) and the matter oscillation case (b). In both plots
we use the same scale.

Energy dependency of the decoherence parameters
From a more general view the entries of the decoherence matrix could

be energy dependent, particularly, in this thesis we will adopt this dependence

I'p, =T ( B, )n (4.38)

as follows:

GeV
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where n can be —1,0,1 and 2. The n = —1 is taken because it imitates the
oscillation energy dependence. The motivation for n = 1 and n = 2 can be

found in 77| and [78], respectively.

In Fig. 4.3 we study the APgpr for the aforementioned energy de-
pendence and setting fas = I'/ /3, the neutrino energy in 2.4 GeV (the DUNE
energy peak) and dcp = 37/2, for the vacuum and matter oscillation case. In
these figures we note that the energy dependency on I' only change their values
at the peak but do not affect the amplitudes of APcps. As we have discussed
in section 4.2, at the peak obtained approximately when the next relation is
satisfied: I'g, L ~ 1 then I' ~ 1/(LE™) which turns out to be in I ~ {4.0, 1.5,
0.6, 0.3} x10722 GeV for n = —1,0,1 and 2 respectively. As expected we have
a non negligible negative value of APgpr when I' goes to zero for the matter

oscillation case.

Decoherence matrix texture for optimal A Pcpr

For maximizing the APgpt we simultaneously turn on S, 512, Bs6
and B4 in the following values: fBos = I'/V/3, Bra = (\/%)I‘/?; and [z =
—B47 = I'/3. These values has been set according to the following steps: First,
we fix s = I'/+/3, given that this B produces the major effect on APcpsr.
Second, once (353 have been defined we obtain the maximum allowed value
for 312, which is the second in importance regarding to its impact on A Pgpr-
By last, with [y and S5 already set up, we get the maximum values of Fsg
and (47, where we have taken (553 = —[47 in order to obtain a constructive
effect between them. The restrictions imposed by the Schwarz inequalities and
positivity conditions, fully described in the Appendix A, have been considered

for getting the aforementioned values of (’s.

CPT violation in matter
As we have already mentioned, when the neutrinos are traveling

through matter, we have a non-zero CPTV value for pure standard oscillation,
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even for zero CP phase. From now on, when we refer to the term standard
oscillation (SO), it means that the matter effects are included. If we add the
decoherence to SO, the non-zero value of CPTV is still preserved, but, it has a
different magnitude with respect to its corresponding in the pure SO, because,
as expected, it is distorted by the presence of the quantum decoherence pa-
rameters. In particular, it is interesting to note that this happens even when
a single parameter diagonal decoherence matrix (DDM) proportional to the
identity is considered (D™ = 0), in contrast with the DDM case in vacuum,
where a non-zero CPTV is not brought to light. The matter neutrino oscilla-
tion probabilities for a single parameter DDM can be derived only replacing
the vacuum mixing angles and mass squared for their corresponding ones in
matter, in, for instance, the three generation formula displayed in [70]. Of
course, it also includes the replacement of a singular decoherence parameter.
The application of the latter procedure is fully justified and it has been very
well explained in [29]. Therefore, we have that the structure of the formula is
given by:

pSO@DDM _ éu — Tty 4 ¢ TtpSO (4.39)

Va—Vp Va—Vp)?

where «, p, are neutrino flavours, and SO @ DDM stands for standard oscil-
lation plus diagonal decoherence. It is clear that: APS&S@ POM e TPAPES
which goes to zero for high values of I" and ¢. Nonetheless, when we deal with
a real situation, the latter does not occur, since, we have to convolute the
neutrino (antineutrino) oscillation probabilities with the fluxes, cross sections,
efficiencies and resolution, being that, for this context, the 1/3 from the first
term at the RHS in Eq.(4.39) is the only one that survives for high values of T,
leading us to find a non-zero constant value. We will see this type of behaviour

further ahead in our section of results.

In this study we are not going to derive an analytical formula for
the neutrino matter oscillation probability, for the non-diagonal decoherence

matrices (NDM) cases that we have presented before. This is because it is
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a rather complicated task and, besides, as we have already argued, the vac-
uum oscillation probabilities formulas are going to be enough for having a

qualitative understanding of our results.

4.3 Simulation and results: CPT Violation

For the simulation of DUNE experiment, we assume the configura-
tion of 80 GeV energy with 1.07 MW power in the primary proton beam from
the Main Injector running over 5 years for exposure for each mode, the forward
horn current (FHC) and the reverse horn current (RHC). In our simulation
of DUNE, the GLoBES package [155, 156] is used and feeding with the infor-
mation of the cross section, neutrino fluxes, resolution function and efficiency
extracted from [52]. While, the matter neutrino oscillation probabilities plus

decoherence was calculated with nuSQuIDS [157].

For testing the CPTV effects the following experimental observable

is defined:
A NSO DEC

~— T ANSO '

where ANSO (SO®BDEC) ¢ the difference between the total events rates for

(4.40)

neutrino (N,,) and antineutrino (Ng,), as seen in Eq. (4.41). Additionally,

DEC stands for any case of decoherence.

AN = N,

NI (4.41)

m

The total event rates have been calculated using the prescription
given in [53], where the signal is composed by v, + 7, charge current event
rates while the background is composed by neutral current event rates and the
v, + U, charge current event rates, as shown in Table 3.2. Our observable is
normalized with the SO difference of events ANS®, which is non-zero due to
matter effects plus the intrinsic differences between the cross sections, fluxes,
etc, for neutrinos and antineutrinos. Given our definition, when decoherence

is absent R = 1.
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[ =10"% GeV Std n=—-1 n=0 n=1 n=2
Neutrino mode
v, + v, CC Signal 11749 11841 11965 11573 11932
NC Background 109 109 109 109 109
v, + v, CC Background 43 43 46 74 87
Antineutrino mode
v, + v, CC Signal 5903 5897 5846 5237 4816
NC Background o8 58 o8 o8 o8
v, + v, CC Background 27 27 29 50 60

Table 4.4: Total rates for the signal of v, and 7, disappearance channels and
their corresponding background. We consider dcp = 37/2.

AR%

Oa3/°

32 34 36 8.5 9.0
612/° hs/°

Figure 4.4: Contour plots for: 6,3 vs 015 and 093 vs 013, varying the mixing
angles within the 30 range, showing the percentual variation of R with respect
to the value obtained for the best fit oscillation parameters given in Table 4.3.
The mixing angle that does not appear in the corresponding plot is fixed at
its best fit value. In all the plots we fix I' = 1072GeV and dcp = 37/2.

For giving an idea of the impact of decoherence into SO physics, we
display in Table 4.4, the total rates for four energy dependent decoherence
scenarios. We are not considering within this table the tau contamination

[180] [181] since this contribution is negligible.
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Using the values of this table we displayed at Fig. 4.5 the evaluation
of R for the signal and backgrounds event rates, separately. We clearly see
that the size of R for the backgrounds is very small in comparison with the

corresponding one for the signal.

1.5:7%:—1 | Zn:O |

<

ot

— T
!
T
!

B (0l 1 e S |V R (|

10°Y 10 10t 10? 10°Y 10 10! 102
/10 BGeV

Figure 4.5: Here we display R versus I' for the four energy dependence: n =
—1,0,1 and 2. For the signal (blue) and backgrounds (red). We consider
5(31: =3m / 2.

We also displayed in Fig. 4.4 two plots: €3 vs 615 and a3 vs 643,
varying the mixing angles within the 30 range, showing the percentual varia-
tion of R (AR% ) with respect to the value obtained for the best fit oscillation
parameters given in Table 4.3 for T' = 10"*GeV and dcp = 37/2. We observe
in the two plots that the AR% varies at maximum ~ 2.3%. We do not display

the case of 615 vs 615 since the variation is much lower.
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R

L — ; B
0.9 1.0 1.1 1.2 1.3 14

2.0

1.5

1.0

0.5

0.0

5CP/7T

2.0

1.5

1.0

0.5

0.0

1071 109 10! 1071 100
I / 10-2GeV

Figure 4.6: We analyze the confidence levels for the maximum values for R.
For dcp ~ m/2 we have 2.90, 3.40, 4.70 and 5.50 of confidence for n = —1, 0,
1 and 2 respectively. On the other hand, for dcp ~ 37/2 we have 10.30, 9.80,
9.60 and 9.70 of confidence for n = —1, 0, 1 and 2 respectively.

In Fig. 4.6 we are showing iso-contour curves for the observable R in
the plane I' versus ¢ for four plots which corresponds ton = —1,0,1, and 2. In
these plots, the maximum amplitudes are located at similar dcp, dop ~ 7/2
and 37/2, to those presented in Fig. 4.2. In relation to Fig. 4.2, there is a
dislocation between the values of I' at the maximum amplitudes for dop ~ 7/2

and 37/2. This is mainly because of the differences in the inputs used when
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1.6

14]

12)

Ll Lol Lol Lol L1l \;\\ Lol Lol I
10t 10 10t 102 10t 1% 10t 102
[/1072GeV
Figure 4.7: The black horizontal dashed line is the expected in the SO. The
blue dashed line corresponds to the case of a DDM. Meanwhile, the solid black
line corresponds to the case of a NDM both cases evaluated at dcp = 37/2.
The red fringes (small, medium and large) represent the statistical error 1o,
30 and 5o (respectively). The f’s used corresponds to the ones given at
section 4.2. The intersection between the black horizontal dashed line with

the vertical one marks the 50 significance of the NDM case relative to the SO
case.

we convolute the probabilities for the neutrino and antineutrino mode. In
addition, the I" for dcp ~ 7/2 and 37 /2 is shifted to its lower values whenever
n increases, gaining more sensitivity to lower values of I'. The latter kind of
behaviour is expected and resembles the one we have seen for APcps in Fig.
4.3 (but here is a one dimensional view). Moreover, we also see the existence

of degeneracies in (I',0) as in [29].

In Fig. 4.7, we present the observable R, with its corresponding error
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1.4}

1.2]

0.8]

B
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[/1073GeV
Figure 4.8: Similar to Fig. 4.7, but for dcp = 7/2. Here, the intersection

between the black horizontal dashed line with the vertical one marks the 3o
significance of the NDM case relative to the SO case.

bands for 1o, 30 and 50, versus I, for n = —1,0, 1, and 2. We take dcp = 37/2
given that we learn from Fig. 4.6 that one of the maximum amplitude of
A Pcpe is obtained at this dcp. The behaviour displayed in this plot for small
and medium values of I', at the given scale, is rather similar than that observed
in Fig. 4.3. However, for large values of I' the observable R ~ 1.17, and not
~ 1.0, since within the signal for v, (,) we are including 7,(v,) with their
different fluxes and cross sections. Therefore, the link between these plots
and those from Fig. 4.3 is not transparent straightforward. In order to make
a comparison, we introduce in this plot the R corresponding to the single
parameter DDM. We see that at small and large values of I', R tends to
be ~ 1. and ~ 1.17, respectively, for the DDM and NDM, irregardless the
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dependency on n, as well. It is important to emphasize that for DDM, we
obtain APgps = 0 in vaccum. As we have anticipated in section 4.2, the
diagonal case also produces non-zero APcpr but in a lower magnitude than
the NDM case. In fact, we have that for the NDM case a 50 discrepancy,
respect to the expectation value for SO ( R = 1), is reached at the following
' = {13.1,4.6,2.1,0.8} x 1072GeV for n = —1,0,1 and 2, respectively. It is
interesting to note that at these values of I' the DDM is compatible with the
SO prediction. Thus, here, we would be able to distinguish the NDM from the
DDM.

An analogous result is shown n Fig. 4.8, but taking dcp = 7/2. In
this case, the following values of I' achieve the 3¢ significance: {21.6,6,0.8,0.09} x
1072GeV for n = —1,0, 1 and 2, respectively. All of them have R < 1 For the
cases n = —1,0, we can discriminate between the NDM and DDM, since we
have: R < 1 and R > 1, respectively. For n = 1, the DDM case is congruent
with the SO, meanwhile, for n = 2, the DDM and NDM can be confused.

4.4 Quantum decoherence and Majorana nature
Majorana phases
In order to include the Majorana phases in Eq. (4.13), it is enough

to make the replacement:

UMajorana = UPMNS-diag(L e_i(bl? e_i¢2> (442>
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where ¢ and ¢y are the well-known Majorana phases. Therefore, the coeffi-

cients takes the following form:

Py — pY cos P — ps sin ¢q
Py — p5 cos ¢1 + pf sin ¢y
ps = p3
o o -
Py = pq €OS Yo — pg5 sin ¢, (4.43)
ps = p5 cos ¢z + pj sin da
pe — pg cos Ag — pTsin Ag
p7 — p7 cos A¢ + pg sin A
ps = s
where A¢ = ¢1 — ¢ and p are the coefficients defined in Eq. (4.13), which
considers only the Upyns mixing elements. For other Majorana neutrino mix-
ing matrix parametrizations, the value of the Majorana phases in the above

equations can be reinterpreted as follows:

Symmetrical Parametrization of the mixing matrix

The elements of symmetric parametrization of the mixing matrix, given in Eq.

(5) in [182], assuming the relation 0 = ¢13— 12— a3, can be written as follows:

Uel =7 Uel

Ue2 — U62€_i¢12

Us — Uege_i(¢23+¢12)

U/ﬂ — Uulew”

Up,2 — Uu2 (444)
ng — U#3€—i¢23

U — Uﬂei(¢23+¢12)

U’T2 — U726i¢23

UT3 — UT3
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where ¢13, ¢12 and ¢y3 are the CP phases used in [182]. The corresponding pf

are described by the following relations:
pY —> Py COS 12 — py sin dra
ps = P cos g1z + pf sin iz
ps — p§
Py — py cos (P12 + Pa3) — p§ sin (¢12 + ¢a3)

ps — ps cos (P12 + Pa3) + pf sin (P12 + ¢a3)

(4.45)

Pe — Pg COS (a3 — p7 Sin a3
p7 — P COS Pa3 + p7 Sin Pag
Ps = P

where p are given in Eq. (4.13)

Particle data group parametrization type I: PDG I

Here we analyze the mixing matrix parametrization given in [120], which in-

cludes the Majorana phases ¢; and ¢,:
Ubajorana = Upnins.diag(e'®', €2, 1) (4.46)

The corresponding p§ are described by the following equations:

py — pf cos Ap + pg sin Ag

p5 — ps cos Agp — pf sin Ag
p5 — ps
Py = pg €OSP1 — p5 singy (4.47)
p5 — ps cos g1 + py sin ¢y
Pg — PG oS — pF sin ¢y
p7 = p7 COS P2 + pg sin ¢y
ps = P,
Below, we present in Table 4.5 a summary of the equivalences between

the different parameterizations.
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Sym. <> PDG 1 Sym. <> Our Work PDG I <+ Our Work

P12 + P23 < D1 P12 < 91 1 < Ao
P23 <> O3 P12 + P23 > P2 Gy > Py
P12 < Ao P23 <+ —A¢ A¢ < —y

Table 4.5: Parameterizations comparison.

Majorana phases in neutrino oscillation probability

A very interesting scenario emerges in the neutrino oscillation phe-
nomenon when non-zero Majorana phases and non-diagonal terms of the de-
coherence matrix are allowed. This is the CPV and CPTV, even when the

Dirac CP-phase is zero, dcp = 0.

Non-diagonal element CPV CPTV

B2, B3, P24, Bas, Bos
Bi5, Bas, Bas, Bse, Bss v v
B, Bz, Baz, Ber, Brs

B13, B4, P16, Bis

Bas, Bar, Baa, Bse v X
Bas, Bas, Bs7, Bos
Bss X X

Table 4.6: Violation of symmetries by the non-diagonal decoherence elements.

Assuming at least one of the Majorana phases is non-null and dcp =
0, we classify in Table 4.6 which 3;; should be turned on in order to get
either CPV, CPTV or both. The first row of 3;; produces both CPV and
CPTYV. In contrast, the second row, which has 12 elements, only produce CP
violation, and the element (35 does not produce neither CPV, nor CPTV. As
additional information, we must mention that Table 4.6 is almost exactly the
same when dcp # 0 and the Majorana phases are zero with the exception that
B3 produces CPV contrary to the case when Majorana phases are switched

on (and dcp = 0).
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4.4. QUANTUM DECOHERENCE AND MAJORANA NATURE

We classify the correspondence between the off-diagonal terms j3;; and
®1, P2, or A¢, according to the possibility of producing either CPV, CPTV or
both. Since our analysis is addressed to point out the CPV cases for Majorana
phases, using the vacuum oscillation probability, we performed a study in
order to identify the major contributions for CPV, taking, individually, each

off-diagonal elements, as shown in Table 4.7, at its maximum allowed values.

After assessing the magnitude of the CP-odd terms in the transition
probability per each one of the off-diagonal elements 3;; (those who activate
the Majorana phases), fixed at their maximum absolute allowed values, we
conclude that £y = —I'/v/3 gives us the most significant deviation from the
standard oscillation formulae. The maximum absolute allowed values of j3;;
are obtained, individually, through applying the complete positivity conditions
[31]. Since all the diagonal elements are equal to —I', the aforementioned

maximum values can be written in terms of this singular parameter.

CPV CPTV Non-null Majorana phase
P13, B3, Pis, Bag, P12 B3, Pas, Bia ¢1
B34, B35, Bas, Bss, Bas  Bss, Bss, Bas b2
B37, Bas, Bes, Bers Brs  Bar, Bers Prs Ag
B4, Boa, B1s, Bas Bas, B1s O1, P2
Bi6, Bi7, Bag, Bz B, Bae o1, A¢
Bas, Bar, Bss, Bsr Baz, Bse G2, A

Table 4.7: CP and CPT violation by non-diagonal decoherence elements and
their dependence on the Majorana phases.

Therefore, taking the off-diagonal part of the decoherence matrix
D,q formed only with non-null —Bss and considering I' = I't , the following
semi-analytical perturbative v, — v, transition probability formula for SO

plus decoherence (DE) is obtained:
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Figure 4.9: Oscillation probability depending on the neutrino energy for DUNE
experiment. The figures (a) and (b) represent the v, — v, and v, — 7,
appearance channels respectively. The off-diagonal decoherence parameter is
Bag = —T'/+/3. We consider dcp/m = 1.4, and I' = 2.5 x 10-%'GeV.

e ol i 3
PSOEBDE A g 4 PSO e_F = @ sin 2912 Sin2 923 X sin leeﬁr

Vp—le 3 Vp—Ve \/§
(((1 — A?)cosd + A% cos (6 — A) — cos (6 — AA)) cos ¢

sin 2023

+ [asf
Pas 132\/§(A—1)AA

+ ((1 — A% sind + A®sin (6 — A) — sin (6 — AA)) cos 2615 sin ¢1) e’

sin 2912

V3A2A
X sin? O3 ( sin AA — AA) sin gzﬁl) Cat W

_ AA
+ Pagaia (2 sin? (T) €08 2093 cos 1 — cos 2015

(4.48)

where PPO,, is the SO probability in matter (t — L), A = (m3 —m7)L/(2E)
and A = ﬂGFneL/ A, where G is the Fermi constant, n, is the electron
number density and L is the source-detector distance. The validity of the
transition probability formula relies on having the parameter-perturbative ex-
pansion fag, fogbhs and Pagaa of order: 1072, 1072, and 10~%, respectively. For

instance, the latter values can be attained for || = 2 x 1072* GeV, and at

DUNE baseline L = 1300 km. Furthermore, to get the antineutrino transition
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Figure 4.10: CP asymmetry depending on the neutrino energy. The off-
diagonal decoherence parameter is [fog = —1I'/ V3. We consider dcp /7 =14,
and I' = 2.5 x 107%GeV.

probability is enough to: ¢y — —¢1, 6 = —9) and A — —A, meanwhile, the
v, survival probability formula is not shown due to its negligible decoherence

effect.

The v,, — v, transition probability displayed in Fig. 4.9 is numerically
calculated at DUNE baseline and for the maximum value of 355 = —3/v/3,
with I' = 2.5x107?* GeV and the following values for the SO parameters, taken
from [171]: 615 = 33.82°, 013 = 8.61°, fy3 = 48.3°, Am3, = 7.39 x 107%eV?,
and Am2, = 2.523 x 1073eV? (normal hierarchy), that are going to be fixed
along this study. The Dirac CP phase is taken as: 0g3¢/m = 1.4 inspired in the
hint given by the T2K experiment [112|. From this figure it is notorious the

energy-independent increase of the SO @ DE probability respect to standard
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one, regardless the value of ¢, a feature that has been already pointed out
in [29, 172|, for other shape of the decoherence matrix. However, the size of
this increment depends on ¢q, for example, in case of ¢ /7 = 1.5 (¢1 /7 = 0.5)
the SO @ DE neutrino (antineutrino) probability grows much less than its
antineutrino (neutrino) counterpart. For ¢;/m = 0 the gain is proportionally

the same for both, neutrinos or antineutrinos.

In order to quantify the CP violating effects from the extra terms
containing the Majorana phase given in our perturbatives formulae, we use

the CP violation asymmetry AP = P, _,, — P;, p,.:
SO@DE so_p, 2T . Y. 4 T
AP ~ AP>*e + ? Sin 2912 S11 923 S11 ¢1€ + ... (449)

here it is displayed only the leading term f[as ~ O (0.01) taken fas = —T'/v/3,
which is its maximum allowed value. The predictions from Eq. (4.49) are
illustrated in Fig. 4.10 where the v, — v.(7, — 7) transition probability is
numerically calculated at DUNE baseline for I' = 2.5 x 10724 GeV. In Fig. 4.10
we see how the overall negative (positive) sign of the decoherence contribution
for ¢1/m = 1.5 (¢1/m = 0.5) diminish (increases) the AP amplitude, whilst for
¢1/m = 0.0 is, as expected, nearly equal to the SO case.

4.5 Simulation and results: Majorana nature

In the same way as with DUNE, T2HK simulated data samples are
generated with GLoBES [155, 156] and nuSQulIDS [157], introducing the con-
figuration and inputs, such as the systematic uncertainties, from [113, 161].
We consider 258-kt detector with 3 and 9 years for neutrino and antineutrino
mode, respectively. For both DUNE and T2HK, the simulated samples are
created for non-null values of I'""¢ and ¢%™¢ and for a value of the Dirac CP
violation phase set on the measurement performed by the T2K experiment:
d¢e /m = 1.4 [112]. At this point it is important to mention that due to the
small statistics and the large size of the uncertainties, we disregard the mea-

surement of the Dirac CP violation claimed by NOvA experiment, which is
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dcp/m ~ 0.82 [183]. In this analysis, the T2K measurement is considered as
the true value of the Dirac CP violation phase since it should be unaltered
by any quantum decoherence effects. This is because of the small size of the
higher decoherence contributions that would be I' ~ O0(0.001), a consequence
of combining the source-detector distance of the T2K experiment with the I'
elected for this study. It should be expected, that the T2HK experiment, with
the same source-detector distance, would be also unaffected by the quantum
decoherence effects. Within our analysis, the T2HK Dirac CP violation phase
simulated measurement, which is an upgrade in the precision of the one per-
formed at T2K, will be used as a reference point with the expectations at

DUNE.

T=25x1022GeV ¢1/r=05 ¢1/r=10 ¢ /m=15

sin® 0], 0.0241 0.0242 0.0247
N, 0.310 0.340 0.550
5Lt 1.43 1.33 1.13
N, 0.080 1.19¢ 4.340
I=35x102GeV ¢,/r=05 ¢/r=10 ¢ /nr=15
sin® 0] 0.0247 0.0250 0.0256
N, 0.540 0.610 0.87c
oLk 1.44 1.28 1.06
N, 0.140 2.370 5470

Table 4.8: Best-fit values for sin”6;3, dcp and their respective shifts in terms
of o units. We consider o¢y/m = 1.4

The x? analysis for DUNE and T2HK relies on the comparison be-
tween the SO phenomena, adopted as theoretical hypothesis, and simulated
data that incorporates the quantum decoherence effects, where the prescrip-
tion given in [172] is followed. The calculation of the Ax? is described by:
A = O B 005, B T 007) O 0 0, 058 7, 07

(4.50)
where 0{? and 55?, are the best-fit points which minimizes the x?, considering

priors at 3o for the rest of the oscillation parameters but dcp.
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The DUNE and T2HK Ax? contours, projected into sin®#fi3 vs dcp
planes and obtained after marginalizing over the rest of SO parameters, are
presented in Fig. 4.11. As expected, for T2HK, the sin? 9{? and (5{;; are similar
to the true ones being unmodified by the parameters chosen for decoherence.
Meanwhile, for DUNE there is a slight increase of sin? 9{?, respect to the
sin? finee(= 0.0224), explicitly shown in Table. 4.8. This increment is the
consequence of trying to adjust the theoretical hypothesis, SO, with the energy-
independent increase of the SO @ DE probability amplitude embodied in the
data, and modulated by the intensity of I (see the third term of Eq. (4.48)).

The 612 for DUNE, when ¢ /7 = 1.5, is moving away from 624¢ /m(=
1.4) towards ~ 7, minimizing the magnitude of the CP violation asymmetry.
For ¢1/m = 0.5 the 5&? takes almost exactly the value of the true one go-
ing in the direction to maximize the CP violation asymmetry. Both features,
expressed numerically in Table. 4.8, can be explained from the need to ac-
commodate the reduction (increase) of AP (as seen in Eq. (4.49)), when
¢1/m = 1.5(0.5), seen in Fig. 4.10. The quantified dislocation, in terms of
o, from sin?6fi" and 6/ (for DUNE) to the corresponding true ones (for
T2HK), for T' = {2.5,3.5} x 1072*GeV and ¢, /7 = {0.0,0.5,1.5}, is depicted
in Table 4.8. The aforementioned dislocations are estimated by identifying
the vertical and horizontal projection of the best-fit point of DUNE on the
axes. The vertical corresponds to the sin? 6@/ dislocation and the horizontal
to the 6. dislocation, as shown in Fig. 4.11. For T’ = 3.5(2.5) x 10-2*GeV the
most prominent shift is found for ¢, /7 = 1.5 with 0.87(0.55)c and 5.47(4.34)0
for sin® 0{? and (5{;%, respectively. While, for I' = 3.5 (2.5) x 1072 GeV, the
dislocation of 0. reaches 30 (20) and 50 (30) when ¢; /7 takes values below
1.01 (1.03) and 1.30 (1.10), respectively, the sin? 6] is clearly stable in front

of changes along the ¢; interval.

The least significant distortion is for ¢;/7 = 0.5 with 0.54(0.31)c

and 0.14(0.08)c for sin?@fi" and 6%, respectively. A way to discriminate
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Figure 4.11: Ax? contours (2 dof) considering the effects of decoherence with
Majorana phases on the standard oscillation fits. The solid and dashed lines
are decoherence with fys = —I'/+/3 for the DUNE and T2HK experiments,
respectively. The left column is I' = 2.5 x 1072*GeV and the right column is
[' = 3.5 x 107**GeV. We consider 0¢3¢/m = 1.4.
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Figure 4.12: DUNE’s ability to constrain (2 dof) the decoherence parameter
and the Majorana phase. The red, green and blue lines represent ¢'“¢/r =
0.5,1.0, 1.5, respectively.

between different values of ¢; is through the ratio (Ra) of the number of
o deviation for sin? 9{? to the corresponding ones for 65’;. In fact, a sort of
discernment is achieved, for instance, for I' = 3.5(2.5) x 1072* GeV, Ry ~
0.16(0.13) — 0.26(0.29) for the interval ¢;/m = 1.0, 1.5 reaching values up to
~ 3.86(3.88) for ¢1/m = 0.5. A plus that reinforces the utility of R, is its

low variations against changes of T

The aforementioned analysis had the purpose of searching for dis-

tortions in sin® 9{? and 55’;,, considering pure SO as theoretical hypothesis.
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Now, the aim is to go one step further and to explore the capacity of DUNE
for measuring the Majorana phase, and also I', under the (SO) plus decoher-
ence (DE) as theoretical hypothesis, for ¢;/m = 0.5,1 and 1.5. We use for
['/10724GeV = 2.5,3.5,4.5 and 5.5. In Fig. 4.12 the different allowed regions
are displayed considering 68 % and 90 % C.L. for 2 dof. For I'/1072* GeV = 2.5
and 3.5 is not possible to clearly disentangle the value of ¢;/m = 1.0 at
90% of C.L. from ¢;/m = 0.5 and 1.5. Meanwhile, for slightly increased
values of T'/1072* GeV = 4.5 and 5.5, the value of ¢;/m = 1.0 is excluded
at 90% either for ¢,/ = 0.5 and 1.5, being able to separate between the
chosen values of the Majorana phases ¢;. Thus, it is seen that DUNE is
able to measure ¢;/m = 1.50 £ 0.35(0.32) and ¢, /7 = 0.50 £ 0.35(0.32) and
[ = 4.50 + 1.38(5.50 & 1.42) x 10~2* GeV. While for ¢; /7 = 1.0 £ 0.19(0.15)
a ' = 4.50 4+ 1.42(5.50 £ 1.46) x 10724 GeV is obtained.

All the values of I" used in our analysis are below the decoherence lim-
its for handmade artificial sources [32] and cannot be compared with the limits
imposed by Ice Cube [184] since we are considering a non-diagonal scenario

for the decoherence matrix.

4.6 Summary and Conclusions

Firstly, this chapter reveals that an apparent breakdown of the fun-
damental CPT symmetry can occur when the environment affects the neutrino
system, in the context of the DUNE experiment. This CPTV is produced by
the combination of having dcp in the neutrino sector with a specific set of
some non-null coherences terms in the dissipative matrix. Moreover, we have
quantified a potential measurement of this CPTV employing the disappear-
ance channels v, — v, and v, — ¥, their corresponding backgrounds, and an

observable R.

We perform the simulated R measurements assuming four hypotheses

of energy dependence on the decoherence parameters: n = —1,0,1, and 2,
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where I'g, = I'(E,/GeV)". Considering the following values of I': {13.1,4.6,
2.1,0.8} x 1073GeV, for n = —1,0,1 and 2, respectively, and dcp = 37/2,
which is relatively close to the current value of dcp given by the global fit [171]
and the T2K measurement, we achieve a 50 for R concerning its expectation
value at the SO case, R = 1. At all these points, the DDM is consistent with
the SO case. Meanwhile, for dcp = 7/2, we get discrepancies of the order of
30. Additionally, in our best case, with an energy dependency n = 2, we have

[ ~ 10~2*GeV, but with the incapacity to discriminate from the DDM case.

We also show the strong displacement displayed by the measured
value of dcp at DUNE induced by decoherence and the Majorana phases,
compared with the one measured at T2HK, where the decoherence effects
would not influence. For a decoherence parameter I' = 3.5 x 10724 GeV, the
aforementioned displacement can be as large as 5.47 o for a Majorana phase
¢1 = 1.5w. Additionally, we estimated the power of the DUNE experiment
in constraining the Majorana phase, achieving a precision of 23% (21%) for
¢1/m = 1.5 with ' = 4.5(5.5)x 1072*GeV. These precision values are consistent
with the recent results on the Dirac CP phase reached by the T2K experiment
[112].
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CHAPTER 5

CONCLUSIONS

We analyzed the potential of long baseline neutrino oscillation experiments,
DUNE and T2HK, to detect manifestations of new physics. Among the physics
scenarios studied beyond the standard model is the violation of the equiva-
lence principle and within the framework of quantum decoherence, the CPT
violation, and the emergence of the Majorana nature via the neutrino in the

oscillation phenomenon.

First, we study the possible manifestations of the VEP in the DUNE
experiment. Among the findings, we have the distortion of the measurements
of the parameters Am2,, sin®6f;3 and dcp when we consider the VEP in na-
ture but not in our hypothesis. In addition, the VEP affects the DUNE CP
sensitivity, causing the manifestation of a fake CP violation. Similarly, the
different VEP scenarios alter the sensitivity of the DUNE experiment for the
mass hierarchy. We find the sensitivity limits of the DUNE experiment for the



VEP and LV with different energy dependencies.

Second, it is essential to note that the observations indicated in chap-
ter 4 about CPTV emerge when we treat the neutrino system as an open
system. The latter means that it is possible that if we had access to the
information of the environment, i.e., to the entire system, the general CPT
symmetry would be preserved. Consequently, it deserves a more profound
study to ascertain if this CPTV is breaking at the fundamental level or if it is

only an apparent one because of our lack of information from the environment.

Finally, within the context of quantum decoherence, we demonstrated
the possibility of revealing the Majorana nature of neutrinos through the os-
cillation phenomenon in the DUNE experiment. Therefore, we can infer that
if decoherence exists in the mode indicated in chapter 4 , DUNE would be an
exciting opportunity to perform a first-time measurement of the Majorana CP

phase with some reasonable uncertainties.
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APPENDIX A

CONSTRAINTS FOR THE
DECOHERENCE MATRIX
ELEMENTS

For the two-flavor and three-flavor case, the conditions for the decoherence

entries can be found in [61] and [185], respectively. Here we display the latter:
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Moreover, in order to analyze the positivity for the matrix A, we use

for simplicity our optimal case composed by B2, fog, 56 and Saz,

R SR 1 S ) (0> a0
oIl (g 1) U [ L 8
O 0 - 0 0 0 0 O
N i G U g™ U gli0™ O | (A3)
0 0 0 0 —I' fBs O 0
0 WUADAOWOTREP 0 0
0 0 0 Bs O 0 —-I' 0
0 fBs 0O 0 O O 0 -T

95



then, the matrix A =[ay;]| is

- 8, 0 O 0 0 0 0
B, —I" 0 0 0 0 0 By
0 0o I o0 0 0 0 0
0 0 0o I o 0 y 0
A _ 47
0 0 0 0 I pL 0 0
o 0 0 0 p -I" 0 0
0 0 0 547 0 0o I o0
0 QS 0 0 0 0 0o I
with
/ 2 /
F = _ng 512 = 2/6127

2
Bos = 3 <528 +V3(Bar — /856)> :
2
Bse = Baz + o6 — ﬁﬁzs,
2
Bar = Baz + Bss + ﬁﬂ%'
We get its corresponding eigenvalues:

2
Al = §F >0,

% <2F — 3(Bar + Bs6) T 2\/§B2S> >0,
A6 = - <2F + 3(Bar + Bs6) T 2\/§st> >0,

s =3 (0 (99 + B + 3055 + )

Aga =

+2V/3Ba8(Bur — Bss) — 6/347556)1/2) > 0.

(A4)

(A.5)
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Thus, using Eqs. (A.6) and (A.2), we can obtain the following individ-
ual maximum values for the said 3’s: 8| = 1/v/3, |Bra| = 1/3, |Bs6| = 1/V/3
and ‘ﬁ47| = 1/\/§

While, when we set on all the aforementioned S’s together, and fol-

lowing the procedure described in section 4.2, we get afterwards: (s = I'/v/3,
Bia = (1/2/3)I'/3 and B35 = —B4r = I'/3.
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