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Abstract

Delgado Insuasty, Edwin Alexander; Nunokawa, Hiroshi (Advisor);
Argüello Quiroga, Alexander (Co-Advisor). Sensitivity of next-
generation neutrino detectors to the observation of Earth
matter effects on supernova neutrinos in the framework
of invisible neutrino decay. Rio de Janeiro, 2021. 126p. Ph.D.
Thesis – Departamento de Física, Pontifícia Universidade Católica
do Rio de Janeiro.

In this thesis we studied the potential that the next-generation neutrino
detectors (JUNO, Hyper-Kamiokande and DUNE) will have to the detection
of the Earth matter effects through the identification of the modulations in
the energy spectrum of neutrinos from core-collapse supernovae in our galaxy,
assuming the possibility of the invisible decay of ν2 after the neutrinos have left
the star, on their way to Earth. Recent simulations of gravitational collapse
(and subsequent explosion) of stars more massive than ∼ 8M� show that
during the cooling phase the average energies 〈Eν̄e〉 and 〈Eνx〉 become very
similar and the fluxes tend to equalize, making it difficult to observe the
Earth matter effects using a single detector. In this work we show that the
inclusion of neutrino decay creates also the possibility of observing the effects
under consideration in the neutrino detection channel if the mass ordering is
normal and in the anti-neutrino channel if the ordering is inverted, which is
not expected in the absence of neutrino decay. In particular, if the decay rate is
more than ∼ 70%, we find that the invisible neutrino decay of ν2 can enhance
the observation possibilities of Earth matter effects even for supernovae at a
distance of 10 kpc from us.

Keywords
Supernova neutrinos; Earth matter effects; Invisible neutrino decay;

Next-generation neutrino detectors; Neutrino mass ordering; Fourier analysis;
Signal detection theory.
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Resumo

Delgado Insuasty, Edwin Alexander; Nunokawa, Hiroshi (Orienta-
dor); Argüello Quiroga, Alexander (Coorientador). Sensibilidade
da próxima geração de detectores de neutrino à observação
dos efeitos da matéria da Terra em neutrinos que vem de
supernovas no contexto do decaimiento invisível de neu-
trinos. Rio de Janeiro, 2021. 126p. Tese de Doutorado – Departa-
mento de Física, Pontifícia Universidade Católica do Rio de Janeiro.

Nesta tese estudamos o potencial que terão a próxima geração de detec-
tores de neutrinos (JUNO, Hyper-Kamiokande e DUNE) para a detecção dos
efeitos da matéria da Terra através da identificação das modulações no espectro
de energia dos neutrinos de supernovas de colapso de núcleo em nossa galá-
xia, assumindo a possibilidade do decaimiento invisível de ν2 após os neutrinos
terem deixado a estrela, caminho da Terra. Simulações recentes do colapso
gravitacional (e subsequente explosão) de estrelas com massa maior do que
∼ 8M� mostram que durante a fase de esfriamento as energias médias 〈Eν̄e〉 e
〈Eνx〉 tornam-se muito semelhantes e os fluxos tendem a se igualar, tornando
difícil observar os efeitos da matéria da Terra usando um único detector. Neste
trabalho mostramos que a inclusão do decaimiento dos neutrinos também cria
a possibilidade de observar os efeitos em consideração no canal de detecção de
neutrinos se o ordenamento de massa for normal e no canal anti-neutrino se o
ordenamento for invertido, o que não é esperado na ausência de decaimento.
Em particular, se a taxa de decaimento for maior do que ∼ 70%, descobrimos
que o decaimento invisível de ν2 pode aumentar as possibilidades de observa-
ção dos efeitos da matéria da Terra, mesmo para supernovas a uma distância
de 10 kpc de nós.

Palavras-chave
Neutrinos de supernova; Efeitos da matéria da Terra; Decaimiento invi-

sível de neutrinos; Próxima geração de detectores de neutrino; Ordenamento
de massas de neutrinos; Analise de Fourier; Teoria de deteção de sinal.
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1
Introduction

Neutrino oscillations have been definitively observed and its evidence
comes from many experiments that detect solar [1, 2], atmospheric [3, 4],
reactor [5, 6, 7, 8, 9], and accelerator neutrinos [10, 11, 12]; thus becoming
a major evidence of the massive nature of this particle. In over the last years,
the mixing angles and mass-squared differences that describe these oscillations
have been measured with excellent precision [13, 14]: sin2 θ12 = 0.318, sin2 θ13 =
0.0220, sin2 θ23 = 0.574, ∆m2

21 = 7.50 × 10−5 eV2, ∆m2
31 = 2.55 × 10−3

eV2. The observation of matter effects in the Sun shows us that the product
∆m2

21 sin 2θ12 is positive and, therefore set ∆m2
21 > 0 by definition [15, 16].

However, currently there are still some open questions in neutrino physics, such
as the neutrino mass ordering which can be normal or inverted, with normal
ordering favored over inverted ordering at 2.5σ level [14]. Also, according to
Ref. [14] the value for the Dirac CP phase is still undetermined, being 1.08π
(1.58π) for normal (inverted) mass ordering the preferred value for this phase.
The best fit value for the mixing angle θ23 lies in the second octant, with the
first octant solution still allowed at∼ 2.4σ [14]. These and other open questions
such as the Dirac or Majorana nature [17, 18, 19, 20, 21, 22, 23], the absolute
neutrino mass scale [24], the neutrino lifetime [25, 26, 27, 28, 29, 30, 31] are
the primary goal of the current and future neutrino experiments.

Almost all the existing neutrino data can be explained consistently in
terms of the three-neutrino mass-mixing parameters. However, there are some
anomalies that do not fit this model well [32, 33, 34]. These anomalies are often
relaxed with the existence of extra neutrino states that does not participate in
the weak interactions and, so called sterile neutrinos [35, 36, 37, 38, 39, 40]. The
mixing parameters of these neutrinos preferred by the MiniBooNE and LNSD
experiments are in strong tension with the exclusion limit from the IceCube
experiment, see for example Ref. [41]. This tension has led to propose new
physical models in order to explain the IceCube(MiniBooNE) spectrum, among
them we cite neutrino decay [42, 43] and neutrino splitting [44].

Supernova neutrinos have only been observed once in history coming
from supernova SN 1987A, located at the Large Magallanic Cloud, a dwarf
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Chapter 1. Introduction 16

satellite galaxy of the Milky Way, with a very small number of data collected.
Future neutrino detections from these astrophysical sources are not free from
anomalies that prevent their data to fit the 3ν mixing model well. Therefore,
it is worth taking a closer look at these scenarios allowed by the theory
and not yet ruled out by the experiments. In this work we consider the
possibility of neutrino decay, much faster than the rate expected for massive
neutrinos possessing only standard interactions (but slow enough not to be
inconsistent with the SN 1987A events detected by Kamiokande [45], IMB [46]
and BAKSAN [47] detectors) and its impact for the observation of Core-
Collapse Supernova (CCSN) neutrinos [48, 49, 50, 51, 52, 53, 54] paying
particular attention to the Earth matter effect. We note that effect of neutrino
decay, if exist, must be subdominant in the currently available neutrino data.

At the Earth, CCSN neutrinos can interact with electrons from the
medium through forward coherent elastic scattering which lead to flavor
resonant transitions. As a consequence, their energy spectra exhibit small
modulations which depend on both the average neutrino energies and the
effective ratio between electron and non-electron neutrino fluxes [55, 56, 57,
58, 59]. The observation of such effects in the energy spectrum, using a single
detector such as done in Ref. [57], might have little chance even with the next-
generation of detectors because of the similarity of average energies, and the
tendency of neutrino fluxes to equalize in the cooling phase [60, 61]. Faced with
this situation, we contemplate for the first time the possibility that invisible
neutrino decay alters the effective ratio between the neutrino fluxes in such a
way that the decay effect enhances the observation of Earth matter effects.

This thesis is organized as follows. In chapter 2, we address the most
relevant aspects of neutrino physics as well as describe briefly CCSN neutrino
emission mechanism. In chapter 3, we give a brief introduction to the physics of
neutrino oscillations for both scenarios: in vacuum and matter. These concepts
are the vital importance in the study of the Earth matter effects. In chapter
4, we establish the neutrino decay scenarios that are considered throughout
the work and we comment a little on the effect that the decay has on the
Earth matter effects observation. In chapter 5, we discuss the basic aspects
of our experiments in consideration: JUNO [62], Hyper-Kamiokande [63] and
DUNE [64]. In Chapter 6 we present our results and finally we summarize our
results in chapter 7.

We stress that in order to ensure better readability, throughout this work
we made use of natural units, that is c = ~ = 1.
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2
Supernova Neutrinos and Elements of Neutrino Physics

This chapter is divided as follows: in section 2.1 we cover a bit of the
neutrino history, their properties within the framework of the standard model
of elementary particle physics (SM), the two major problems that SM presents
when describing neutrinos and finally we give a brief summary about neutrino
sources. Next, in section 2.2, we talk about supernova classification, the
explosion mechanisms of a massive star, the model independent characteristics
of the core-colapse neutrino spectrum which will be observed with our current
and future detectors. And finally, we establish some supernova models that we
will use in this work.

2.1
Neutrinos

The existence of neutrinos was postulated by Wolfgan Pauli in 1930 in
order to give a satisfactory explanation to different inconsistencies reported
in 1914 by James Chadwick in the β radioactive decay, process by which an
atomic nucleus is transformed into another and emits an electron1 [65]. The
energy spectrum of the particle β (electrons or positrons) found by Chadwick
was continuous, contrary to that found in the α disintegration or in the γ
emission; indicating an apparent non-conservation of energy. Furthermore, the
kinematic studies of the decay showed that the emitted proton and electron
were not moving in the same direction, which seemed to violate momentum
conservation. In the same way, the spin was not conserved in that process; the
total spin of its products was half-integer, in contradiction to the integer value
of the atom prior to the decay. Pauli unveiled its proposal on a letter addressed
to the participants at a physics conference in Tubingen (Germany) where the
problem of beta decay would be discussed [66], in this letter he called new
particle as neutron and outlined some of its properties; among them the new

1Back then, the β decay was thought to be a two-body decay. Since the mass of the
parent nucleus is very close to that of the child one and the latter is in turn several orders
greater than that of the electron, it would be expected that the emitted electron takes most
of the energy of the process as kinetic energy, thus presenting a mono-energetic spectrum.
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Chapter 2. Supernova Neutrinos and Elements of Neutrino Physics 18

particle should:

1. take away the missing energy in order to guarantee the energy conserva-
tion,

2. be emitted with a certain speed and direction such that its momentum
added vectorially to the momentum of the electron gives the momentum
of the proton associated to the process,

3. have zero electrical charge,

4. have spin 1/2 in order to conserve the total angular momentum of the
system,

5. interact weakly with matter, since no experiment up to that time had
observed its presence.

The discovery of the neutron as we know it today: a particle with the mass
comparable to the proton but without an electric charge, made by Chadwick
in 1932, led Enrico Fermi to rename the Pauli’s neutron as neutrino, which
in Italian means small neutron. Two years later, in 1934, Fermi published a
three-body β-decay theory known as Fermi theory [67], in which, a neutron
that is part of a nucleus is transformed into a proton, producing a nucleus
with an atomic number increased by one unit, and a pair of particles (electron
and electron anti-neutrino) whose sum of energies must be equal to a constant.
In the same 1934, Hans Bethe and Rudolf Peierls noticed the existence of the
inverse beta decay (IBD), that is a quasielastic scattering between an electron
anti-neutrino (ν̄e) and a proton (p)

ν̄e + p→ n+ e+, (2-1)

where e+ and n indicate, respectively, the positron and the neutron. Using
Fermi’s theory, they found for this interaction that for every cubic centimeter
of water that contains ∼ 7× 1022 protons, there is a probability of 10−21 that
a neutrino, with a cross section of ∼ 10−44 cm2, will be detected; therefore
a volume of 1021 cm3 would be necessary to make a successful observation.
Evidently, they concluded that it would be impossible to detect neutrinos
through this decay.

However, in 1956, Clyde Cowan and Frederick Reines [68] demonstrated
the existence of this elusive particle by observing electron anti-neutrinos
from an intense flux ∼ O(1012) ν̄e/cm2/s, emitted by one nuclear reactor
at the Savanaah River Plant, using a detector consisting of a multiple-layer

DBD
PUC-Rio - Certificação Digital Nº 1713223/CA



Chapter 2. Supernova Neutrinos and Elements of Neutrino Physics 19

arrangement of scintillation counters (triethylbenzene solution) and target
tanks (a water solution of cadmium chloride). When a neutron and a positron
are produced according to Eq. (2-1), a prompt signal due to the annihilation of
the positron in the target tank is observed at the scintillation detectors as a 0.5
MeV γ ray entering each detector tanks. Then, a delayed signal corresponding
to the capture of the neutron by a cadmium atom in the water target is
observed after 5µs from the first signal. The temporal correlation between
the two signals together with the good agreement with the theoretical cross
section of the reaction show an indirect detection of the neutrino. Later, in
1962, Leon Lederman, Melvin Schwartz and Jack Steinberger [69] found that
there is more than one type of neutrino by detecting the muon anti-neutrino
(ν̄µ) for the first time, through the reaction

ν̄µ + p→ n+ µ+, (2-2)

where µ+ is the anti-muon. Finally, in 2000, The DONUT [70] collaboration
found the third and final neutrino flavor, (ν̄τ ) associated to the tau particle.
The existence of this neutrino had already been predicted by measurements
of the decay width of the Z-boson carried out by the LEP experiment at
CERN [71]; which set to three the number of families in the standard model
of elementary particles.

2.1.1
Neutrinos in the standard model

The SM is the mathematical theory that describes the weak, strong
and electromagnetic interactions between leptons and-or quarks, the ultimate
constituents of matter. It is based on the local symmetry group SU(3)C ×
SU(2)L × U(1)Y , where the subscripts C, L and Y denote color, left-handed
chirality and weak hypercharge, respectively. Each interaction is described by
means of one symmetry: SU(3)C takes account of the strong interaction and
it is the basis of the quantum chromodinamics (QCD) while SU(2)L × U(1)Y
is associated with the electromagnetic and weak interactions described by
the so-called electroweak theory, which combines the Fermi’s theory of the
weak interactions (i.e., β decay theory) with electromagnetism at high energies
(∼ 100 GeV) [72, 73, 74]; neutrinos interact only via weak interaction. In the
standard model, we can identify two sectors: Elementary fermions, with
particles that have spin 1/2 and obey the Fermi-Dirac statistics; therefore,
they can form structures (e.g., hadrons which are made up of quarks). In this
sector, elementary particles that have no internal structure are classified into
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leptons and quarks. There are six leptons, three of them have an electric charge:
the electron (e), the muon (µ) and the tau particle (τ); the other three are the
neutrinos associated with each of the above particles: νe, νµ and ντ . On the
other hand we have six quarks: up (u), down (d), charm (c), strange (s), top (t)
and bottom (b). Both leptons and quarks are organized into three generations
or families. Each generation is heavier than the previous one, which makes
unstable the particles of the second and third generation and as a result they
can decay into particles of the first generation.

1st generation
νe
e−


L

,

u
d


L

, e−R , uR , dR , (2-3a)

2nd generation
νµ
µ−


L

,

c
s


L

, µ−R , cR , sR , (2-3b)

3rd generation
ντ
τ−


L

,

t
b


L

, τ−R , tR , bR . (2-3c)

Neutrino decay has not yet been observed. A more detailed description
of the topic will be presented in chapter 4. According to their chirality,
fermions can be classified as right-handed or left-handed fermions (subscripts
R and L in Eqs. (2-3)). For a massless particle, chirality and helicity2 are
equivalent, since negative (positive) helicity corresponds exactly to left (right)
chirality. Charged leptons and quarks are Dirac particles as a consequence of
the conservation of electric charge, therefore, they obey the Dirac equation
and are described by complex four-component spinors Ψ = ΨR + ΨL, where
ΨR and ΨL are the so-called right-handed and left-handed fields, respectively.
Neutrinos play a special role in SM, they are massless particles because their
negative helicity (anti-neutrinos have positive helicity) [75, 76, 77] therefore,
they can be represented using two complex two-component spinors, called Weyl
spinors. Elementary bosons, this sector includes the eight gauge bosons
that correspond to the generators of SU(3)C which have a color charge,
zero mass, are electrically neutral and are the force carriers of the strong
interaction; the four gauge boson corresponding to the three generators of
SU(2)L and one generator of U(1)Y , of which W± and Z0, the mediators
of weak interactions, are massive while the photon (γ), the mediator of the
electromagnetic interaction is massless. The Higgs boson is a scalar boson
responsible for giving mass to bosonsW±, Z0 and the charged fermions through

2Helicity is a measure of the projection of particle’s spin onto the direction of its
momentum. It is positive if spin and momentum are in the same direction, and negative
if they point in opposite senses.

DBD
PUC-Rio - Certificação Digital Nº 1713223/CA



Chapter 2. Supernova Neutrinos and Elements of Neutrino Physics 21

the Higgs mechanism. All the previous bosons have integer-spin (one for the
gauge bosons and zero for the Higgs) and obey the Bose-Einstein statistics.

2.1.2
Neutrinos beyond standard model

Despite its great success in describing interactions between elementary
particles, SM presents two main problems when describing neutrinos. First
is that neutrinos have nonzero masses as evidenced by Super-Kamiokande
(Super-K) [3], SNO [2] and KamLAND [5] neutrino oscillation analysis. Neu-
trinos are produced and detected as flavor-eigenstates να (α = e, µ, τ) which
are linear superpositions of three neutrino mass-eigenstates νi (i = 1, 2, 3),
where at least two of them have nonzero masses. However, neutrino oscillation
experiments cannot determine the absolute value of these masses because they
are only sensitive to mass-squared differences. Current neutrino data can be
well fitted in terms of two of these differences: the solar mass splitting (∆m2

21)
and the atmospheric one (∆m2

31). Thanks to matter effects in the Sun [2], we
know that ∆m2

21 is positive, that is m2 > m1; here mi (i = 1, 2, 3) are the
mass eigenvalues associated to νi’s . On the other hand, we still do not know
the sign of the atmospheric mass splitting, it is measured only via neutrino
oscillations in quasi-vacuum or with weak matter effects which currently only
give us its absolute value. As a consequence, two arrangements for the ordering
of neutrino masses are considered: normal mass ordering (NMO)

m1 < m2 < m3, (2-4)

and inverted mass ordering (IMO)

m3 < m1 < m2. (2-5)

In the last decades, multiple experiments with different neutrino sources
and detection technologies have confirmed the existence of neutrino oscillations
and allows us to have a good understanding of the mechanism of neutrino
oscillation as well as an excellent measure3 of the oscillation parameters,
namely: the two mass splittings, the three mixing angles (θ12, θ13 and θ23)
and the phase associated with CP violation (δ), whose value we do not know
precisely. Table 2.1 shows the value of these parameters according to the most
recent global fit to neutrino oscillation data performed by de Salas et al. [14]

3The current uncertainties of the relevant oscillation parameters [14] for our study of
the Earth matter effects in the presence of neutrino decay, ∆m2

21 = 7.50 × 10−5 eV2 and
sin2 θ12 = 0.318, are of a few percents (∼3-4%), which means that these uncertainties have
a negligible impact on our analysis.
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Parameter Best fit± 1σ Mass Ordering
∆m2

21 (7.50+0,22
−0,20)× 10−5 eV2 -

|∆m2
31| (2.55+0,02

−0,03)× 10−3 eV2 NMO
|∆m2

31| (2.45+0,02
−0,03)× 10−3 eV2 IMO

θ12 (34.3± 1.0)o -
θ13 (8.53+0.13

−0.12)o NMO
θ13 (8.58+0.12

−0.14)o IMO
θ23 (49.26± 0.79)o NMO
θ23 (49.46+0.60

−0.97)o IMO
δ/π 1.08+0.13

−0.12 NMO
δ/π 1.58+0.15

−0.16 IMO

Table 2.1: Neutrino oscillation parameters summary. Adapted from de Salas
et al. [14].

Contrarily to neutrino oscillation experiments, direct laboratory mea-
surements of tritium beta decay can translate into upper bounds on neutrino
masses. The KATRIN [24] experiment established the strongest bound to date
for the electron-neutrino mass, mβ < 1.1 eV at 90% C.L..

Since
m2
β = m2

1 + |Ue2|2 ∆m2
21 + |Ue3|2 ∆m2

31 , (2-6)
where Uei (i = 1, 2, 3) denote the elements of the lepton mixing matrix4 and
∆m2

31 is positive for NMO and negative for IMO. A kinematic measurement of
mβ, to a good approximation, measurem1 independent from the mass ordering
because |Ue3|2 and ∆m2

21 are both quite small. Therefore, it is possible to
constrain all three eigenmasses simultaneously. That is:

0 < m2
1 < 1.2 eV2 , (2-7a)

7.5× 10−5 eV2 < m2
2 < 1.2 eV2 , (2-7b)

2.6× 10−3 eV2 < m2
3 < 1.2 eV2 , (2-7c)

for NMO and

2.5× 10−3 eV2 < m2
1 < 1.2 eV2 , (2-8a)

2.6× 10−3 eV2 < m2
2 < 1.2 eV2 , (2-8b)

0 < m2
3 < 1.2 eV2 , (2-8c)

for IMO. Eqs. (2-7) and (2-8) show that current oscillation data constrain the
sum of the neutrino masses

4 Matrix which allows to describe the flavor eigenstates as mixtures of the mass
eigenstates.
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mtot =
∑
i

mi , (2-9)

to be > 5.96× 10−2 eV (> 0.1 eV) for NMO (IMO). While KATRIN measure-
ments constrain mtot < 3.3 eV in either mass ordering, cosmological observa-
tions can also put bounds on mtot thanks to the fact that the presence of mas-
sive neutrinos affects the evolution of cosmic microwave background (CMB)
fluctuations and suppresses the structure formation at small scales [78]. To get
an idea of this upper limit on the sum of neutrino masses, let us first look
at the decoupling of neutrinos from thermal equilibrium in the early universe.
This happens at temperatures O(1) MeV while neutrinos are still relativis-
tic particles (radiation); their contribution to the total energy density of the
universe is given by

ρν ' mtot (3/11)(3.045/3)3/4nγ , (2-10)

where the factor 3/11 is the ratio of neutrinos to photons, (3.045/3)3/4 is a
correction to the effective number of neutrinos in the SM when it is taken into
account the heating of γ by e+e− annihilation during neutrino decoupling and
nγ = 410.7 cm−3 is the number density of CMB photons. Demanding that the
energy density of neutrinos today does not exceed the known value of energy
density of matter we obtain

mtot < 93 eVΩm h
2 , (2-11)

where Ωm is the cosmological fraction of matter and h is the dimensionless
Hubble parameter. The most strongest constraint to date on mtot is obtained
from the observation of CMB, the distribution of clusters of galaxies and the
Lyman-α forest, baryon acoustic oscillation (BAO), and Hubble parameter
data. These combination gives an upper bound mtot < 0.111 eV at 95%
C.L. [79]. It should be noted that in the presence of other light particles (e.g.,
sterile neutrinos) or new neutrino interactions (e.g., neutrino decay), the bound
on mtot can be relaxed, we refer the reader interested in this topic to the work
of M. Escudero et al. [80].

The second problem is the neutrino nature, they can be Dirac or
Majorana particles. A Dirac neutrino is the one whose particle and antiparticle
represent two different particles while a Majorana neutrino is the one that is
its own antiparticle which leads to reactions where lepton-number conservation
is not an exact law of nature and has to be violated. Most of the experiments
aimed at solving this enigma focus in the search for neutrinoless double beta
decay (0νββ) process. This is an isobaric SM-forbidden transition in which
a parent nucleus (A, Z) decay to a daughter nucleus (A, Z + 2) by two
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simultaneous beta decays, This causes the atomic number (Z) of the daughter
nucleus to increase by two units; while the mass number (A) is conserved. In
the 0νββ decay two electrons accompany the transition

(A, Z)→ (A, Z+2) + 2e− +Qββ, (2-12)

where Qββ is the energy released. Because the neutrinos involved in the
process are Majorana particles, the two neutrinos obtained from the β decays
annihilate each other. Therefore, the lepton number is violated by two units
(∆L = 2). Table 2.2 shows the isotope half-life T 0ν

1/2 for the process and the
Majorama mass |mββ| limits from the most recent experiments

So far 0νββ has not been observed, however, future experiments such
as LEGEND [17, 18, 19], CUPID [20], SNO+ [21], nEXO [22], NEXT [23],
KamLAND2-Zen 800 [92] will have a good discovery probability: a better than
50% for normal mass order (NO) and almost 100% for inverted mass order
(IO) after 5 years lifetime [95].

Isotope T 0ν
1/2 (×1025 years) |mββ| (eV) Experiment

48Ca > 5.8× 10−3 < 3.5 - 22 ELEGANT-IV [82]
76Ge > 18 < 0.079 - 0.180 GERDA [83]

> 2.7 < 0.200 - 0.433 M. DEMOSTRATOR [84]
82Se > 3.6× 10−2 < 0.89 - 2.43 NEMO-3 [85]
96Zr > 9.2× 10−4 < 7.2 - 19.5 NEMO-3 [86]

100Mo > 1.1× 10−1 < 0.33 - 0.62 NEMO-3 [87]
116Cd > 1.0× 10−2 < 1.4 - 2.5 NEMO-3 [88]
130Te > 3.2 < 0.075 - 0.350 CUORE [89, 90]
136Xe > 10.7 < 0.061 - 0.165 KamLAND-Zen [91, 92]

> 3.5 < 0.093 - 0.286 EXO-200 [93]
150Nd > 2.0× 10−3 < 1.6 - 5.3 NEMO-3 [94]

Table 2.2: Half-life and Majorana mass limits from recent experiments. From
Formaggio et al. [81].

2.1.3
Neutrino sources

Depending on the origin, we can classify neutrino sources into two large
groups: natural and man-made. The first includes neutrinos from the Big-
Bang, the Sun, natural radioactivity sources, supernovae, atmosphere and
extra-terrestrial high energy neutrinos sources whereas the second takes into
account neutrinos created in reactors and accelerators [96].
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Neutrinos from Big-Bang constitute the so-called cosmic neutrino back-
ground (CNB) and no signal has been identified to this date [97]. They are
a relic from the early universe when it was a second old and its tempera-
ture was ∼ 1MeV. At this temperature the rate of weak interactions began
to be slower than the expansion of the universe, and finally, the neutrinos
decoupled from matter as well as from radiation, and cooled as the universe
expanded. It is estimated that today there are ∼ 112 neutrinos (neutrinos +
anti-neutrinos per flavor) per cubic centimeter with an uniform temperature
of 1.945 K ∼ 1.6× 10−4 eV [98].

The Sun is one of the most important natural sources that we have for
neutrino research. This, like all other stars, is able to create its own energy by
nuclear fusion inside its core, process in which hydrogen nuclei are converted
into helium-4 nuclei. There exist two well-known processes that ultimately
result in helium-4, the most important in small stars like our sun is known as
proton-proton chain. In this process, first two protons fuse into deuterium5,
which later can fuse with another proton to form helium-3, the light isotope of
helium. Finally, in a period of approximately 400 years, the nuclei of helium-3
become helium-4 through four possible paths or branches of the process, which
are denoted as: p-p I, p-p II, p-p III and p-p IV [99, 100]. Since neutrinos
interact weakly with matter, they do not contribute significantly to counteract
gravitational collapse by deposition of energy in the solar interior. Therefore,
solar electron neutrinos carry away approximately 2.3% of the total nuclear
energy produced, implying a solar electron neutrino production (Nνe) of

Nνe = 2× L�
26.73MeV− 2 〈Eνe〉

= 1.83× 1038s−1, (2-13)

where 26.73 MeV is the total energy yield of a complete p-p chain, the factor
2 is the number of neutrinos per fusion, L� = 2.39× 1038 MeV s−1 is the solar
luminosity without neutrinos and 〈Eνe〉 is the averaged energy of the solar
neutrinos. With this value, it is expected an νe flux of ∼ 6.51× 1010 cm−2 s−1

at Earth; the energy of solar neutrinos range from hundreds of keV to tens of
MeV. On the other hand, CNO-cycle, the other series of fusion reactions, only
contributes 1.5% to the total nuclear energy produced in the Sun [101].

Geoneutrinos are electron anti-neutrinos produced by natural radioactive
decays inside the Earth and constitute a new tool in order to study the
interior of our planet [102]. One of the most important tasks of geophysics
is to understand the Earth’s thermal evolution; since its formation the Earth
has been cooling, however the decay of radioactive elements with lifetime

5This process can take around 9 billion years to occur.
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comparable with the age of the Earth such as isotopes in the 238 U (τ1/2 =
4.47 × 109 year) decay series, isotopes in the 232 Th (τ1/2 = 14.0 × 109 year)
decay series and 40 K (τ1/2 = 1.28 × 109 year) constitute a continuing heat
source. The heat flow from the interior of the Earth has been measured using
temperature gradient and conductivity measurements and setting to 44.2±1.0
TW [103, 104]. Currently, only KamLAND and Borexino have been able to
measure geoneutrinos. The authors of Ref. [105], by combining measurements
of the geoneutrino flux from these two experiments, found that the decays

238 U→206 Pb + 8α + 8e− + 6ν̄e + 51.7MeV , (2-14a)
232 Th→208 Pb + 6α + 4e− + 4ν̄e + 42.7MeV , (2-14b)

contribute together with 20+8.8
−8.6 TW to Earth’s heat flux, indicating that it is

roughly half of Earth’s total heat flux and therefore an indication that Earth’s
primordial heat has not yet been exhausted. Geoneutrinos energies range from
keV to a few MeV.

Core-collapse supernovae (CCSNe) are another interesting source of
neutrinos, where almost all the energy (99%) released by gravitational collapse
is radiated away as neutrinos and anti-neutrinos of all flavors with energies of
a few tens of MeV. So far only neutrinos from supernova SN1987A at the
Large Magallanic Cloud, a dwarf satellite galaxy of the Milky Way, have been
detected. The neutrino signal was observed by four underground detectors,
namely Kamiokande-II [106], IMB [107], Baksan [108] and LSD [109]. The
first three observed the CCSN burst at roughly the same time, while LSD
reported the signal 4.5 hours earlier than Kamiokande-II, for this reason its
data is not taken into consideration in the different analyzes of SN1987A. The
Kamiokande-II detector recorded the first event at 7 : 35 : 35 UT (standard
for universal time) on 23 February 1987. In total Kamiokande-II observed 12
events in a lapse of time of ∼ 12 seconds while IMB observed 8 events in a
lapse of ∼ 6 seconds, being the first event recorded at 7 : 35 : 41.37 UT on
the same day. Despite the limited number of observed events, the data showed
compatibility with the expected values for a neutrino-driven CCSN explosion.
Among the most relevant characteristics, it was obtained that the duration of
the signal, a few seconds, was consistent with the expected neutrino-cooling
time of the newly formed proto-neutron star (PNS), and also the total energy
carried away by the neutrinos was of the expected order of the gravitational
binding energy [106]. On the other hand, the detection of SN1987A neutrinos
allowed to put strong constraints on the lifetimes, the masses and magnetic
moments of the neutrinos and also to constraint some more exotic scenarios.
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Together with solar neutrinos, atmospheric neutrinos are another very
important source for neutrino research whose results have allowed us to focus
our attention beyond the panorama offered by the standard model of elemen-
tary particles. Atmospheric neutrinos are produced by cosmic rays, accelerated
charged particles like electrons, protons and heavier nuclei, interacting with the
Earth or Sun atmosphere [110, 111, 112]. As a result of this interaction, a sec-
ondary particle flux that includes neutrinos is produced. Neutrinos created by
cosmic rays have an energy range varying from MeV to TeV and are generated
by the following decays:

π± →µ± + νµ (ν̄µ) (2-15a)

µ± → e± + νe (ν̄e) + ν̄µ (νµ) , (2-15b)

K± →µ± + νµ (ν̄µ). (2-15c)

Kaons can also decay into three bodies, such as K± → π0 + e± +
νe (ν̄e) or decay purely into pions, for example K± → π± + π0 which finally
produce neutrinos. In a historical context, atmospheric neutrinos played a
fundamental role in confirming neutrino oscillations by means of Super-
Kamiokande measurements.

High-energy neutrinos are produced by cosmic-ray interactions in the
source, its surroundings or during cosmic-ray propagation to Earth. Possibly
sources include extragalactic jets, star-forming galaxies (SFGs), gamma-ray
bursts (GRBs), active galactic nuclei (AGNs) and galaxy clusters [113, 114,
115, 116, 117]. These neutrinos have energies between few TeV to PeV and the
longest baselines, thus providing a unique scenario to study physics beyond
the standard model, for example neutrino decay. Neutrinos with these energies
can be produced by proton-proton (pp) or proton-photon (pγ) high-energy
interactions, which produce secondary particles (pions and muons) that can
decay into neutrinos, according to the production channels given in Eqs. (2-15).

Neutrinos produced in accelerators are typically electron-or muon neu-
trinos (and their antiparticles). Current accelerators use conventional neutrino
beam concept for their artificial neutrino beams [118]. The process begins
with protons which are accelerated, close to the speed of light, until obtain-
ing a GeV-scale energy, then they are impacted on a graphite or beryllium
target. The collision creates numerous particles, among them pions, whose
decays produce a beam of high-purity νµ (or ν̄µ, since charged pions are electri-
cally charged particles, it is possible to use magnetic fields to choose whether
the beam will be made up of neutrinos or antineutrinos.) in an energy range
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varying from hundreds of MeV to hundreds of GeV. Current conventional-
neutrino-beam sources are the 8 GeV Booster Beam at Fermilab (∼ 800 MeV
νµ) [119], the 60-120 GeV highly configurable "Neutrinos at the Main Injector"
(NuMI) and "Long Baseline Neutrino Facility" (LBNF) beam line facilities at
Fermilab (νµ beams in the range of a few to tens of GeV) [120] and the 30
GeV J-PARC (600 MeV νµ) [121]. Another source of man-made neutrinos is
the Large Hadron Collider (LHC) at the CERN, the world’s largest and most
powerful particle accelerator, that is currently preparing for run-3 which will
start in 2022 [122, 123, 124].

Last, but not least neutrino source, we have the commercial nuclear
reactors. Which release a few percent of their energy production in ν̄e with
energies in the range from keV to a few MeV. There are two really valuable
characteristics that make reactor neutrinos an important source in the study
of the neutrino properties, the first is that nuclear reactors produce large
quantities of neutrinos and the second is that reactor neutrinos come in only
one flavor. Among the most outstanding achievements in this sector is the
measurement of θ13 announced in the middle of 2012 by Double Chooz [8, 125],
Daya Bay [126, 127] and RENO [128, 129].

Due to their vast range of energies (from a few eV to hundreds of TeV)
and the fact that these particles (neutrinos) interact weakly with matter, we
can explore our universe in greater depth as well as gain information about
the physics of this particle.

2.2
Supernovae

A supernova (SN) is a stellar explosion that marks the death of some
stars. These explosions are one of the most violent and largest that take place
in the universe, being possible to be observed even with the naked eye for
a period of time that can last from several weeks to several months; they
are characterized by rapidly increasing their brightness until they reach a
maximum where they can emit nearly as much light as the whole galaxy where
the explosion takes place, subsequently their brightness decreases smoothly
until it disappears completely from the sky. Initially these events were called as
Novae (new stars6). However, as the study of extragalactic objects was growing,

6A nova is not a new star in the strict sense of the word, but refers to a star that was not
noticed until it exploded and therefore, when its brightness is so intense that it can even be
seen with the naked eye. This happens when in a binary system formed by a white dwarf
star and a red giant, part of the material of the giant star is attracted by the gravity of
the dwarf star; As more material accumulates on the surface of the latter, the temperature
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Figure 2.1: Supernovae classification [156].

it was observed that a distinction should be made between the brighter
and fainter novae. In 1934, Walter Baade and Fritz Zwicky in their article
entitled "On Super-Novae" proposed to use the word super-novae to denote the
brightest, those with a more negative value of their absolute brightness [130].

Observationally, astronomers classify SNe types by their optical spec-
tra and the properties of their light curves using the Minkowski-Zwicky sys-
tem [131]. According to this system (see Fig.2.1), SNe that do not show hydro-
gen lines in their optical spectrum are called type I supernovae (SNe I) while
those in which the hydrogen lines are present are called type II supernovae
(SNe II).

SNe I present a spectroscopic sub-classification distinguishing three
subtypes Ia and Ib/Ic depending on the absence or the presence of silicon
lines in the spectrum. Further, the types Ib and Ic that have not silicon lines
differ from each other because SNe Ib are richer in He than those of type Ic.

Similarly, SNe II also present more sub-classifications: IIb if helium
dominates over hydrogen, IIL if the decrease of the luminosity is approximately
linear in time, IIF if the SN is faint, IIn if the spectrum shows narrow line
emissions, IIP if the time evolution of the luminosity shows a plateau and
IIpec if the SN has peculiar characteristics.

However, for the objectives outlined in this work it is more important the

increases enough to rapidly transform large amounts of hydrogen and helium into heavier
elements through nuclear fusion. As a consequence, a thermonuclear explosion occurs that
releases material from the outermost layers of the dwarf star. Unlike what happens with the
SN progenitor, the white dwarf can generate multiple explosions of this type as long as the
red giant has material to deposit on its surface.
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mechanism that generates the supernovae, which distinguishes SNe Ia from the
others (Ib, Ic, and II). SNe Ia are the result of the thermonuclear explosion
of a carbon-oxygen white dwarf. A white dwarf is a stellar remnant that is
generated when a star of mass less than ∼ 8M� has exhausted its nuclear
fuel. 97 % of stars in the mass range indicated above develop carbon-oxygen
nuclei at the end of their stellar evolution. At this point, the star does not
have an energy source capable of stopping the gravitational collapse, so the
star is compressed on itself which makes the density at its core reach orders of
∼ 106 g/cm3. Now, the electrons in the nucleus degenerate and their pressure
stops the collapse as long as the mass of the white dwarf does not exceed the
Chandrasekhar mass which depends on the number of electrons per nucleon
(Ye). For a typical white dwarf Ye = 0.5 and the Chandrasekhar mass is
∼ 1.4M�. If the white dwarf has a close companion star from which it can
gain mass, for example a red giant, the pressure of the degenerate electrons
will not be enough to support the collapse. After exceeding Chandrasekhar’s
mass limit, the white dwarf becomes unstable which restores the fusion of
carbon and oxygen into heavier nuclei, As a result of these reactions large
amounts of energy are released which eventually leads to an explosion that
only leaves behind a planetary nebula whose optical spectrum exhibits silicon
lines and the presence of 56Fe, a product of the radioactive decay chain 56Fe
56Ni −→ 56Co −→ 56Fe [132].

As we have just seen, mass is the main determinant of a star fate. Stars
with mass greater than ∼ 8M� produce core-collapse supernovae (CCSNe);
in this category we find supernovae of type Ib, Ic and II. During their stay
in the main sequence, stars spend most of their lives transforming hydrogen
and helium at their cores. Only until the end of their lives, massive stars pass
through all the stages of nuclear fusion (H, He, C, O, Ne, Si) to form an iron
core of ∼ 1M�. For CCSNe typical main-sequence lifetimes are given by

tms ≈ 10
(
M

M�

)−2.5

× 109 yr ≤ 3× 107 yr , (2-16)

where M is the progenitor mass. From Eq. (2-16) we conclude that CCSNe
are associated with young stars while SNe Ia due to the small mass of their
progenitors are associated with old stars.

According to the mass of the core of a collapsing star, after the explo-
ration there will be a neutron star or a black hole as a remnant (i.e., if its mass
is greater than ∼ 3M� ). From now on and throughout this work, we will only
consider CCSNe whose progenitor mass leads to the formation of a neutron
star, 10M� ≤ M ≤ 25M�. The newly formed neutron star is a highly efficient
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source of neutrino and anti-neutrino production of all flavors. The whole CC-
SNe neutrino burst is emitted in a time window of a few seconds, this signal
arrives to Earth before than its electromagnetic counterpart, since neutrinos
interact weakly with matter in the SN environment.

2.2.1
Core collapse mechanism

Despite the large number of supernovae that have been optically observed
to date, the mechanism that leads a massive star to explode like CCSN is not
precisely known. The information obtained from the electromagnetic spectrum
of the star only gives information on its surface layers. Neutrinos, being
particles that weakly interact with matter, play a crucial role in understanding
the dynamics of the star’s explosion, which takes place in the core [133].
There are two possible scenarios that account for the explosion mechanism:
the prompt and the delayed explosion. The latter has been extensively studied
through numerical simulations in one, two and three dimensions [134, 135, 136,
137, 138, 139].

In the prompt explosion, the envelope of progenitor star is ejected by the
shock wave ∼ 10 ms after the core bounce formation. Numerical simulations
have shown that this mechanism work only when the progenitor mass is small,
∼ 10M�. In contrast, in the delayed explosion, the shock wave loses energy
through electron capture and photodissociation processes and then stalls. The
stalled shock wave is revived by neutrino energy deposition on the region that
the wave leaves behind. In the following we describe in more detail the main
stages of this mechanism [133].

2.2.1.1
Initial phase of collapse

At the end of silicon burning, the Fermi energy of electrons in the
contracting core increases to the point that its value is enough to establish
electron captures by nuclei and free protons. At densities above ∼ 1010 g cm−3,
iron nuclei will capture electrons by the reaction:

56Fe + e− −→ 56Mn + νe . (2-17)

According to Eq. (2-17), we can intuit that in the initial phase of the collapse
more electron neutrinos are produced; this process is known as neutronization.
So far, the star has avoided the collapse of its core mainly due to the pressure

DBD
PUC-Rio - Certificação Digital Nº 1713223/CA



Chapter 2. Supernova Neutrinos and Elements of Neutrino Physics 32

of the degenerate relativistic electron gas and in small proportion by the
remaining thermal pressure in the core. However, each capture decreases
the lepton number by one, consequently the star becomes unstable. Let us
remember that neutrinos are weak interacting particles, therefore, despite the
high degree of compression of the core, they can easily escape carrying with
them a significant amount of energy, this increases the instability of the core.
Another endothermic reaction that exhausts the internal energy and therefore
reduces the thermal pressure support is the partial disintegration of iron-
material by high energy photons,

56Fe + γ −→ 13α + 4n− 124.4MeV . (2-18)

The electron-capture and photodisintegration of nuclei processes finally
lead to core collapse. This occur as soon as the mass of the core exceeds
∼ 1.4M� [133, 140, 141].

2.2.1.2
Neutrino trapping

As the average core density reaches ∼ 1012 g cm−3, the core begins to
become opaque to neutrinos, mainly as a consequence of elastic scattering of
neutrinos on nucleons. At this point, the neutrino mean free path becomes
smaller than the size of the iron core. Finally, the neutrino diffusion time scale
is longer than the collapse free-fall time scale, thus trapping neutrinos inside
the so-called neutrinosphere where neutrinos are in thermal equilibrium in a
degenerate Fermi sea and diffuse from hot to cold regions. At this point the
neutrino flux begins to decrease [133, 142].

2.2.1.3
Bounce and shock propagation

When the collapsing core reaches densities of ∼ 1014 g cm−3, the core
becomes highly incompressible as a consequence of the repulsive nucleon-
nucleon interaction, then the collapse of the inner core stops abruptly, but
this does not happen beyond the point where the speed of sound equals the
infall velocity. Since the outer core collapses at supersonic velocities, material
from the outer core keeps falling and bounces off the inner core; this process
creates waves that spread out the inner core. Their propagation slows down
as they leave the central part of the star, stopping just at the border of the
inner core. As more material fall in, more waves are produced and in a fraction
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of a millisecond they are at the boundary between the two central regions of
the star. Here, the continuous deposition of energy increases the pressure in
the area and creates what is commonly known as a shock wave, which now
propagates out of the outer core.

As the wave propagates it breaks the atomic nuclei into nucleons, losing
∼ 8.8 MeV per nucleon. The wave gradually weakens and finally stalls at a
radial distance of 100 - 200 km, this happens about 200 ms after starting the
collapse. Although more particles are produced in this process, the energy cost
is quite high that leads to a decrease in temperature and pressure. The newly
created protons can quickly capture electrons by the reaction

e− + p −→ n+ νe , (2-19)

where the emitted neutrinos can escape carrying energy from the star. On the
other hand, when the shock wave passes through the sphere where neutrinos
were trapped, a huge emission of electron neutrinos, known as neutronization
burst, occurs in a very short period of time of ∼ 20 ms. During this time
approximately 1% of the total binding energy is emitted [143, 144].

2.2.1.4
Accretion phase and delayed explosion

As the shock wave propagates, the material just behind the wave has a
low concentration of degenerate electrons, which makes possible the thermal
creation of relativistic positrons and with them the creation of electron anti-
neutrinos by the reaction:

e+ + n −→ p+ ν̄e . (2-20)

The other flavors are produced by way of thermal mechanisms that act
via the annihilation of virtual and real pairs e+ e−. Among them, we have:

1. electron pair annihilation e− + e+ −→ ν + ν̄ ,

2. plasmon decay γ∗ −→ ν + ν̄ ,

3. photoannihilation γ + e± −→ e± + ν + ν̄ ,

4. electron-nucleon bremsstrahlung e± +N −→ N + e± + ν + ν̄ ,

5. nucleon-nucleon bremsstrahlung N +N −→ N +N + ν + ν̄ ,

where N stands for a nucleon.
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As we discussed, the shock wave stalls ∼ 200 ms after starting the
collapse. Their fronts define a region called the gain layer, which consists of the
region that the shock wave has left behind. In this region, neutrinos deposit
energy via inverse beta decays. When the deposited energy is high enough, this
mechanism revives the shock wave and explodes the star [145, 146].

2.2.1.5
Cooling phase of neutron star

The cooling phase lasts a few tens of seconds and become important 0.5 s
after core bounce. During this time window more than 90% of the gravitational
binding energy of the newly formed proto-neutron star (PNS) is realased via
neutrino emission of all flavors7. This quickly reduces the temperature of the
PNS. The cooling phase ends when the core temperature drops below ∼ 1010

K , then the PNS becomes transparent to neutrinos.

2.2.2
CCSN neutrino spectra

Intuitively, it would be thought that the CCSN neutrino spectrum could
be described with a Fermi-Dirac distribution since they are thermally emitted.
However, because the neutrino opacity within the proto-neutron star depends
on the neutrino energy, therefore, the emergent spectrum differs somewhat
from a pure Fermi-Dirac distribution (i.e., with zero chemical potential), both
the low- and high-energy tails are suppressed compared to the spectrum
obtained by a Fermi-Dirac distribution without chemical potential [148].

Deep in the proto-neutron star, the opacity of both the electron neutrino
and electron anti-neutrino are dominated by their charged current interactions
with nucleons, that is the inelastic scattering β-processes ν̄e+p −→ n+e+ and
νe+n −→ p+e−. These interactions keep νe and ν̄e in local thermal equilibrium
(LTE). However, since the density of the PNS decreases as the neutrinos leave
their central part, these interactions are less and less frequent, in addition the
inverse beta decay cross sections increase with neutrino energy. Consequently,
depending on the neutrino energy, the processes β become inefficient at some
radius. This defines a set of energy dependent spheres where neutrinos are in
LTE, which are commonly known as neutrino spheres. From which νe and ν̄e
can propagate freely. Since there is not an unique neutrino sphere for each

7It is expected that the bulk (∼ 90%) of the neutrinos that reach our detectors come
from process e+ + e− → ν + ν̄, which is dominant in the cooling phase [147].
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flavor, the emergent neutrino spectrum cannot be described using a thermal
distribution (i.e., Fermi-Dirac distribution).

Due to its nature, the mantle of the proto-neutron star contains more
neutrons than protons, which leads νe to interact more with matter than ν̄e,
therefore the neutrino spheres associated with νe have radii larger than the ν̄e
spheres. This can be interpreted as: electron anti-neutrinos have an average
energy greater than electron neutrinos.

On the other hand, νx (x = µ, τ.) interacts with matter by neutral cur-
rents. In the innermost region of the proto-neutron star νx’s are mainly in
LTE by bremsstrahlung, neutrino pair annihilation and electron pair annihi-
lation processes. After some energy-dependent radius these interactions stop
and νx can no longer be in LTE, this boundary defines the νx neutrino spheres.
But the νx transport has a more complex picture than the electron neutrino
counterpart, beyond their neutrino spheres νx can still exchange energy with
the medium by N + νµ −→ N + νµ and e± + νµ −→ e± + νµ reactions.
These processes define two more spheres the energy and transport spheres.
The first ends at the radius where scattering on e± does not work and the
second where scattering on nucleons become inefficient. From this point on, νµ
start streaming freely. Since the above mentioned neutral current interactions
have a low rate compared to the charged current ones, νµ sphere radii are the
smallest among the others. From the numerical results based on complex sim-
ulations [134, 135, 136, 137, 138, 139, 140], we expect that from the accretion
phase the following hierarchy will be established in the average energy,

〈Eνe〉 < 〈Eν̄e〉 < 〈Eνx〉 . (2-21)

The un-oscillated neutrino energy spectrum ϕ0
ν(Eν) ≡ dNν/dEν at a

given time can be satisfactorily described using a quasi-thermal spectrum.
Throughout the literature it is common to use a "pinched Fermi-Dirac distri-
bution" characterized by an effective temperature (Tν) and a chemical potential
(η) [148], that is

ϕ0
ν(Eν) = 1

T 4
ν f3(ην)

E2
ν

eEν/Tν−ην + 1 , (2-22)

where ν = (νe, νµ, ντ ) in the standard notation, Eν is the neutrino energy and
the function fn(ην) is defined by

fn(ην) ≡
∫ ∞

0

xn

ex−ην + 1 dx . (2-23)

The interpretation of Tν and η is more complicated because the emer-
gent spectra is not thermal. In a crude approximation 〈E〉 /Tν ' 3.1514 +
0.1250η + 0.0429η2 + O(η3) where the parameter η is used to describe the
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pinch effect [149]. Typical values of η are ηνe ' 2, ην̄e ' 3, ηνx ' 1.

Another way to describe the CCSN neutrino energy spectra is to use the
analytic two-parameter fit given in Ref. [149, 150]

ϕ0
ν(Eν) = (1 + αν)1+αν

〈Eν〉 Γ(1 + αν)

(
Eν
〈Eν〉

)αν
exp

(
−(1 + αν) Eν

〈Eν〉

)
, (2-24)

where Γ(1 + αν) is the Gamma function. The energy-shape parameter

αν ≡
2 〈Eν〉2 − 〈E2

ν〉
〈E2

ν〉 − 〈Eν〉
2 , (2-25)

takes into account the deviation from a thermal spectrum, for example it
has a value of αν = 2.3 (αν = 2) for a Fermi-Dirac (Maxwell-Boltzmann)
distribution. In general, 〈Eν〉, αν and also the neutrino luminosity Lν are
time-dependent functions, and are directly extracted from the simulations.
According to Ref. [151], the neutrino fluence (time-integrated neutrino spectra)
at Earth can be computed as

F 0
ν (Eν) = εν

4πD2 〈Eν〉
∧ϕ0

ν(Eν)
∧

, (2-26)

where D is the distance between the CCSN and the Earth, εν =
∫ t1
t0
dt Lν(t)

is the total energy carried by each neutrino flavor from time t0 to t1, the
time-averaged mean energy is given by

〈Eν〉
∧

=
∫ t1
t0
dt Lν(t)∫ t1

t0
dt Lν(t)/ 〈Eν〉 (t)

, (2-27)

and to obtain ϕ0
ν(Eν)
∧

, we only replace both 〈Eν〉 and αν by 〈Eν〉
∧

and
αν
∧

=
∫ t1
t0
dt αν(t)/(t1 − t0) in Eq. (2-24).

Hereafter, in this work Eq. (2-26) will be used to calculate the un-
oscillated CCSN neutrino spectra. Table 2.3 lists the fitting parameters of
Eq. (2-24) for the time-integrated neutrino spectra that will be used in this
thesis. The scenarios A , B, Cn (n = 1, 2, 3 for the neutronization burst,
accreation and cooling phases, respectively.) and D corresponding to a CCSN
neutrino emission are based on the 20M� progenitor model simulated by
Totani et al. [148], the accretion phase of a Garching simulation for a 15M�
progenitor [152, 153], the results obtained by Fischer et al [154] for a 18M�
progenitor and the MC (Monte Carlo) study of spectral fomation by Keil et
al [149], respectively.
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Scenario ν flavor εν [1050 erg] 〈Eν〉
∧

[MeV] αν
∧

νe 462.2 12.3 3.8*
A (all phases, tpb ≤ 10 s) ν̄e 485.9 15.8 3.8

νx 478.7 22.3 1.8
νe 92.48 10.7 3.7*

B (accretion, tpb ≤ 0.25 s) ν̄e 87.77 13.4 3.5
νx 59.64 14.1 2.6
νe 21.51 12.6 3.0

C1 (νe burst, tpb ≤ 10ms) ν̄e 0.354 10.7 3.0
νx 1.325 15.9 3.0
νe 142.6 9.4 3.4

C2 (accretion, tpb ≤ 0.4 s) ν̄e 137.2 11.7 4.0
νx 78.34 15.7 2.0
νe 142.6 8.8 2.8

C3 (cooling, tpb ≥ 1 s) ν̄e 137.8 10.4 1.9
νx 163.2 11.1 1.5
νe - 13.0 3.4

D (accretion) ν̄e - 15.4 4.2
νx - 15.7 2.5

Table 2.3: CCSN neutrino emission model parameters used in this work. Values
with an asterisk as superscript denote that α̂νe = α̂ν̄e was assumed.

The values of αν
∧

for the scenarios A and Cn(whitn = 2, 3) were taken
from Refs. [155] and [60], respectively. Since it was not possible to obtain
such information for the scenario C1, we get by setting αν

∧
= 3 for all flavors,

as in Ref. [151]. Also, the totally time-integrated neutrino flux is unknown
in Ref. [149], so we assume perfect equipartition for the scenario D (i.e.,
Lνe = Lν̄e = Lνx = 5× 1052 ergs ).

Finally, in Fig.2.2 we show the expected CCSN neutrino flux spectra as a
function of the true neutrino energy for the scenarios established in Table 2.3:
A (upper left panel), B (upper middle panel), C1 (upper right panel), C2 (lower
left panel), C3 (lower middle panel) and D (lower right panel). The dark (νe),
red (ν̄e) and green (νx) curves show the un-oscillated neutrino fluences from a
CCSN located at 10 kpc from the Earth.
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Figure 2.2: Expected CCSN neutrino energy spectra associated with the
scenarios listed in Table 2.3. Here, the dark (νe), red (ν̄e) and green (νx) curves
show the un-oscillated neutrino fluences from a CCSN located at 10 kpc from
us.
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3
Neutrino Oscillations

To date we know that neutrinos exist in at least three flavor states,
electron neutrino, muon neutrino and tau neutrino. On their way from the
source to the detector, neutrinos can oscillate in flavor due to quantum
interference effects between the eigenstates of the Hamiltonian, different from
the flavor eigenstates, νe, νµ and ντ . By neutrino oscillation we understand the
mechanism by which a neutrino of a certain flavor is transformed into another
neutrino flavor different from the initial state. Consequently, the probability
that a neutrino will preserve the same flavor at a later time is different from
one. In this section we will deal in more details with the relationship between
mass and flavor eigenstates. In section 3.1, we comment on the solar neutrino
problem and the atmospheric neutrino anomaly. In the following sessions, based
on Ref. [156] we address the phenomenon of neutrino oscillations both in the
vacuum, in section 3.2, and in matter, in section 3.3.

3.1
Solar and atmospheric neutrino problem

From an experimental point of view, the mechanism of neutrino oscil-
lations as we know it today arises as a solution to the unexpected result of
the Homestake experiment led by Raymond Davis in the mid-1960’s. The ob-
jective of this experiment was to detect solar neutrinos1 using the reaction
νe + 37Cl → e− + 37Ar. The first results from 1968 showed the existence of a
deficit in the number of observed neutrinos. The experiment ended in 1995 and
lead to the following result for the mean number of measured events2 [157]:

ΦHomestake = 2.56± 0.16(stat)± 0.16(syst) SNU , (3-1)
1The threshold energy of νe + 37Cl → e− + 37Ar reaction is 0.814 MeV. Hence, more

than 91% of the solar neutrinos coming from the Sun are transparent to this reaction, only
the 7Be, 8B and hep solar neutrino flux are sensitive to it, but the hep contribution is so
small and then neglected.

2A Solar Neutrino Unit (SNU) is the product of the calculated or measured solar neutrino
fluxes and the calculated cross sections. Therefore 1 SNU = 10−36 captures/atom/sec.
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only a third of the expected number, 7.6+1.3
−1.1 SNU which was calculated by

John Bahcall. This result came to be known as the solar neutrino problem and
raised three possible explanations: 1) the experiment was not working well,
2) the standard solar model (SSM) was incorrect or 3) the standard model
of weak interactions was not complete. The first was rapidly discarded with
the confirmation of this problem by SAGE [158], GALLEX [159], Kamiokande
and Super-Kamiokande neutrino experiments. After the 1968 article [157] in
which the problem of solar neutrinos was first established, Bahcall and his
collaborators estimated analytically and numerically the possible uncertainties
in the fluxes of solar neutrinos and obtained the following conclusion [161, 162]:
"Standard solar models predict the structure of the Sun more accurately
than is required for applications involving solar neutrinos". In this way, the
possibility of new physics beyond the standard model of elementary particles
was left open [163]. In the early 2000s, the SNO experiment [2] established the
transformation of νe into νµ and ντ by comparing the electron neutrino flux to
the total flux of all neutrino flavors. Finally, the solar neutrino problem was
definitively resolved by KamLAND [5] which selected a unique solution (large
mixing angle adiabatic conversion) to this problem and showed that neutrino
mass was behind the SNO result.

At the time, the IMB-1 (Irvine-Michigan-Brookhaven) experiment, whose
main goal was to discover proton decay, measured fewer muon decay events
than expected from atmospheric neutrinos (background for the proton decay
search) [160]. This so-called atmospheric neutrino anomaly soon was confirmed
by Kamiokande, they found that the number of µ-like events had a significant
deficit compared with the Monte Carlo prediction, while the number of
e-like events was in agreement with the prediction within the statistical
and systematic errors. In 1998, SuperKamiokande [3] provided overwhelming
evidence that explained the IMB and Kamiokande anomaly in terms of
neutrino oscillations: νµ ↔ ντ .

3.2
Neutrino oscillations in vacuum

To date, many experiments have confirmed the existence of neutrino
oscillations among all neutrino flavors and thus have helped to build the
theree-flavor neutrino oscillation scenario. As we commented before, neutrino
oscillations are consequences of mixing, that is, of the fact that the flavor
eigenstates να (α = e, µ, τ) do not coincide with the mass eigenstates νi (i =
1, 2, 3). Flavor eigenstates are linear superpositions of three neutrino mass
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eigenstates and at least two of them have nonzero masses, that is

|να〉 =
∑
i

U∗α i|νi〉, (3-2)

where the mass and flavor eigenstates follow the normalization condition
〈νj|νk〉 = δjk and 〈να|νβ〉 = δαβ respectively. Inversely, the mass eigenstates
are linear superpositions of the flavor eigenstates,

|νi〉 =
∑
α

Uα i|να〉. (3-3)

Here and after, Latin indices (e.g.,i, j, k) will denote indices belonging to
the mass eigenstate basis and Greek indices (e.g., α, β, γ) will denote indices
belonging to the flavor basis.

In Eqs. (3-2) and (3-3), Uα i are the elements of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) lepton mixing matrix defined as:

U =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 , (3-4)

which is an unitary matrix, this means∑
j

U∗αjUβj = δαβ and
∑
α

U∗αjUαk = δjk . (3-5)

The most common parametrization of U is given by the Particle Data
Group which uses three mixing angles θ12, θ13 and θ23, a CP-violating phase
δ. Therefore,

U =


c12 c13 s12 c13 s13 e

−iδ

−s12 c23 − c12 s13 s23 e
iδ c12 c23 − s12 s13 s23 e

iδ c13 s23

s12 s23 − s12 s13 c23 e
iδ c12 s23 − s12 s13 c23 e

iδ c13 c23

 , (3-6)

where cij ≡ cos θij and sij ≡ sin θij.

Neutrinos in vacuum can be modeled as free particles, and hence they
are stationary states of the free Hamiltonian H0,

H0 |νi〉 = Ej |νi〉 , (3-7)

where Ei is the energy eigenvalue corresponding to the eigenstate |νi〉 of the
free Hamiltonian. Since the neutrino is an ultra-relativistic particle (i.e., the
neutrino momentum is much greater than its mass.), we can compute an
approximation of Ei by using the first two terms of the Taylor series expansion
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of the total energy of the particle, the assumption that all neutrinos have
the same momentum3, |~pi| = |~p|, and neglecting the mass contribution to the
neutrino energy, i.e., |~p| = E. That is

Ei =
√
|~p|2 +m2

j ≈ E + m2
i

2E , (3-8)

where E is the neutrino energy and mi(i = 1, 2, 3) are the masses of the mass
eigenstates. Under Eqs. (3-2) and (3-3) there are two bases in terms of which we
can express our results: the flavor {νe, νµ, ντ} and the mass {ν1, ν2, ν3} bases.
In the mass basis, the vacuum Hamiltonian takes the form:

H0 =


E + m2

1
2E 0 0

0 E + m2
2

2E 0
0 0 E + m2

3
2E

 . (3-9)

We can flip between the bases at our convenience, hence in the flavor basis
the time evolution of the favor eigenstates |να〉 is given by the Schrödinger-like
equation:

i
d

dt
|να, t〉 = H0 |να, t〉 , (3-10)

whose solution is

|να, t〉 = e−iH0 t |να〉 with |να〉 = |να, t = 0〉 . (3-11)

In order that the operator e−iH0 t can act on the state |να〉 it is necessary
to write it in the mass basis, therefore we have:

|να, t〉 =
∑
k

e−iH0 t U∗αk |νk〉 ,

=
∑
k

e−iEk t U∗αk |νk〉 ,

=
∑
k

e−iEk t U∗αk

∑
β

Uβk |νβ〉

 ,

=
∑

β=e,µ,τ

(∑
k

U∗αk e
−iEk t Uβk

)
|νβ〉 .

(3-12)

Therefore, a pure flavor state |να〉 at t = 0 becomes a linear superposition
of different flavor states at t > 0. The probability of transition from a flavor
neutrino να to a flavor neutrino νβ is given by

3It is necessary to emphasize that the common assumptions of "same energy" and "same
momentum" for neutrino mass eigenstates are both wrong, but they lead to the correct
oscillation probability formula [164].
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P (να → νβ) = |〈νβ|να, t〉|2 ,

=
∑
j,k

U∗αk Uβk Uαj U
∗
βj e

−i(Ek−Ej) t ,

=
∑
j,k

U∗αk Uβk Uαj U
∗
βj exp

(
−i

∆m2
kj L

2E

)
,

(3-13)

where ∆m2
kj ≡ m2

k − m2
j is the mass squared differences of neutrinos and

L ∼ t the source-detector distance. This probability depends on the quartic
products U∗αk Uβk Uαj U∗βj which do not depend on the phases that can be
factorized from the mixing matrix, global phases. In general Eq. (3-6) contains
two additional phases, the Majorana ones. Since the Majorana phases can be
factorized from the mixing matrix, the transition probability Eq. (3-13) is not
influenced by them. Neutrino oscillation experiments cannot give insights on
whether neutrino is a Dirac or Majorana particle.

A useful way to rewrite Eq. (3-13) is in terms of the real and imaginary
parts of the quartic products. For this, we introduce the following notation:
Mkj

αβ = U∗αk Uβk Uαj U
∗
βj and Φkj = ∆m2

kj L/2E. Now we split the summation
and keep in mind that Re(z) = (z + z∗)/2, that is:∑

k,j

Mkj
αβ e

−iΦkj =
∑
k=j

Mkj
αβ +

∑
k>j

Mkj
αβ e

−iΦkj +
∑
k<j

Mkj
αβ e

−iΦkj ,

=
∑
k

|Uαk|2|Uβk|2 +
∑
k>j

(
Mkj

αβ e
−iΦkj +Mkj∗

αβ eiΦkj
)
,

=
∑
k

|Uαk|2|Uβk|2 + 2
∑
k>j

Re
(
Mkj

αβ e
−iΦkj

)
.

(3-14)

On the other hand, from Eq. (3-5) we have that∑
k,j

Mkj
αβ =

∑
k

U∗αk Uβk
∑
j

Uαj U
∗
βj = (δαβ)2 = δαβ,

δαβ =
∑
k

|Uαk|2|Uβk|2 + 2
∑
k>j

Re
[
Mkj

αβ

]
,

(3-15)

therefore, we can use Eqs. (3-14) and (3-15) to rewrite Eq. (3-13):

P (να → νβ) = δαβ −
∑
k>j

(
Mkj

αβ +Mkj∗
αβ

)
+
∑
k>j

(
Mkj

αβ e
−iΦkj +Mkj∗

αβ eiΦkj
)
,

= δαβ −
∑
k>j

(
Mkj

αβ +Mkj∗
αβ

)
+ 1

2
∑
k>j

[(
Mkj

αβ +Mkj∗
αβ

) (
e−iΦkj + eiΦkj

)]
+ 1

2
∑
k>j

[(
Mkj

αβ −M
kj∗
αβ

) (
e−iΦkj − eiΦkj

)]
,

= δαβ −
1
2
∑
k>j

[(
Mkj

αβ −M
kj∗
αβ

) (
eiΦkj − e−iΦkj

)]
− 2

∑
k>j

Re[Mkj
αβ]

+ 2
∑
k>j

Re[Mkj
αβ] cos Φkj ,
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= δαβ − 2
∑
k>j

Re[Mkj
αβ](1− cos Φkj) + 2

∑
k>j

Im[Mkj
αβ] sin Φkj ,

= δαβ − 4
∑
k>j

Re
[
Mkj

αβ

]
sin2

(
Φkj

2

)
+ 2

∑
k>j

Im[Mkj
αβ] sin Φkj .

(3-16)

Since the sum of all probabilities must be equal to unity, the survival
probability (α = β) can be written as

P (να → να) = 1− 4
∑
k>j

|Uαk|2 |Uαj|2 sin2
(

∆m2
kj L

4E

)
, (3-17)

where we have used Im[Mkj
αβ] = 0. In the case of two-neutrino mixing, this

probability takes a more simplified form:

P (να → να)(L,E) = 1− sin2 2θ sin2
(

∆m2 L

4E

)
, (3-18)

where θ is the mixing angle, which defines how different are the flavor states
from the mass states. If θ = 0, the flavor states are identical to the mass states.

Maybe the main characteristic that we see from Eq. (3-18) is the periodic
dependence on the L/E parameter. Flavor oscillations depend on the spacial
scale, with

Losc = 4π E
∆m2 , (3-19)

corresponding to the oscillation length, which is defined as the location of the
first dip of the transition probability, i.e. 1− P (να → να).

3.3
Neutrino oscillations in matter

Neutrinos propagating in matter can interact via coherent forward elastic
scattering with electrons and nucleons in the medium. This reaction is the
main mechanism behind matter effects on neutrino oscillations4. The effect
of these interactions is described by an effective potential that depends on
the composition and density of matter, this potential modifies the neutrino
mixing [165]. Since ordinary matter is rich in electrons and the muon content
is exactly zero, only the electron neutrinos present coherent forward elastic
weak charged-current scatterings. On the other hand, all flavors (including the
electron type) experience neutral interactions. The effective matter potential

4In matter, neutrinos can also exhibit incoherent scatterings with the particles in the
medium, however these interactions can be neglected because their cross sections are too
small, typically, σ ∼ 10−43 cm2 ( E

MeV
)2.
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is defined as

Vα =

charged-current potential (VCC)︷ ︸︸ ︷√
2GF Ne δαe (3-20a)

+
√

2
2 GF

[
−Ne(1− 4 sin2 θw) +Np(1− 4 sin2 θw)−Nn

]
︸ ︷︷ ︸

neutral-current potential (VNC)

, (3-20b)

where Ne, Np and Nn are the electron, proton and neutron number densities,
respectively. GF is the Fermi constant, and θw is the weak mixing angle (or
Weinberg angle). In neutral matterNe = Np so the contributions from electrons
and protons cancel each other. In the case of anti-neutrinos we must substitute
Vα → −Vα.

In order to understand the matter effects on the neutrino oscillations, let
us consider a neutrino in the state |να〉 = |να, t = 0〉 which obeys the evolution
equation

i
d

dt
|να, t〉 = H |να, t〉 , (3-21)

where
H = H0 + HI with HI |να〉 = Vα |να〉 . (3-22)

Now, if we define the amplitude of να → νβ transition after a time t as

Aαβ(t) = 〈νβ|να, t〉 with Aαβ(t = 0) = δαβ , (3-23)

and also taking into account that neutrinos are ultra-relativistic particles that
result in Eq. (3-8), we can use Eqs. (3-2), (3-20) and (3-22) into Eq. (3-21) to
write the time evolution equation for the flavor transition amplitude as:

i
d

dt
Aαβ(t) =

(
E + m2

1
2E + VNC

)
Aαβ(t) ,

+
∑
γ

(∑
k

Uβk
∆m2

k1
2E U∗γk + δβeδγe VCC

)
Aαγ(t) .

(3-24)

The first term in Eq (3-24) generates a phase common to all flavors, and
can be eliminated by the rephasing:

Aαβ(t) −→ Aαβ(t) exp
[
−i
(
E + m2

1
2E

)
t− i

∫ t

0
VNC(t′) dt′

]
. (3-25)

With this phase shift and rewriting Eq. (3-24) in terms of x ≈ t, we
finally obtain the time evolution equation for the flavor transition amplitude,

i
d

dx
Aαβ(x) =

∑
γ

(∑
k

Uβk
∆m2

k1
2E U∗γk + δβeδγe VCC

)
Aαγ(x) . (3-26)
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The above equation has the structure of a Schrödinger-like equation with
an effective Hamiltonian

H (f)
eff (x) = 1

2E

U


0
∆m2

21

∆m2
31

U † +


a(x)

0
0


 , (3-27)

where E is the neutrino energy, ∆m2
ij ≡ m2

i−m2
j are the neutrino mass squared

differences with mi(i = 1, 2, 3) being the neutrino masses, U is the standard
mixing matrix which allows to describe the flavor eigenstates να(α = e, µ, τ)
as mixtures of the mass eigenstates νi(i = 1, 2, 3) as in the Eq. (3-2) and the
superscript (f) refers to the flavor basis. The term a(x) in Eq. (3-27) takes into
account the charged current interactions between electron (anti-) neutrinos and
electrons of the medium:

a(x) = 2E VCC(x) ≈ 7.56× 10−8 eV2
(
ρ(x)
g/cm3

)(
E

MeV

)
, (3-28)

where ρ(x) is the density in the medium at the position x.

3.3.1
MSW effect in the star

For simplicity let us analyze the Eq. (3-27) for the two-flavor neutrino
oscillation scenario {νe, νµ′}, with α = e as initial condition. Here, νµ′ must be
understood as a linear combination of νµ and ντ . Under these assumptions the
effective Hamiltonian in the flavor basis can be written as

H (f)
eff = 1

4E

 −∆m2 cos 2θ + a(x) ∆m2 sin 2θ
∆m2 sin 2θ ∆m2 cos 2θ − a(x)

 , (3-29)

where ∆m2 = m2
2 −m2

1 and θ is the angle that define the vacuum mixing:

νe = cos θ ν1 + sin θ ν2, νµ′ = − sin θ ν1 + cos θ ν2 . (3-30)

Since H (f)
eff is Hermitian and, even more, real and symmetric, we can

diagonalize it by the orthogonal transformation UT
MH (f)

eff UM = Ȟ (m)
eff , where

Ȟ (m)
eff is the effective Hamiltonian in the mass basis in matter and

UM =
 cos θM sin θM
− sin θM cos θM

 (3-31)

is the effective mixing matrix in matter with θM denoting the effective mixing
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angle in matter, and hence

sin 2θM = sin 2θ√
sin2 2θ +

(
cos 2θ − a(x)

∆m2

)2
. (3-32)

∆m2
M(x) is the effective mass-squared difference in matter and is given by

∆m2
M(x) =

√
(∆m2 cos 2θ − a(x))2 + (∆m2 sin 2θ)2 . (3-33)

We can observe from these equations that there is a resonance when
a(x) ≈ ∆m2 cos 2θ, i.e., for θM ∼ 45o. The oscillations can be significantly
enhanced, leanding to the possibility of total transitions between the two
flavors if the resonance region is wide enough. If a(x) � ∆m2 matter and
vacuum mixing angles are almost equal, θM ≈ θ. While if a(x) � ∆m2 the
oscillation effect is strongly suppressed because θM ≈ π/2. This happens in
regions where the matter density is very high, much higher than in the center
of the Sun or Earth. This mechanism is the essence of the Mikheyev-Smirnov-
Wolfenstein effect (MSW effect) [165, 166].

Massive stars in gravitational collapse present two regions where neu-
trinos, during their propagation out of the star, can undergo resonant flavor
conversions [55], these regions are known as resonance layers and are located
in the outer layers of the mantle, where the matter density is given by

ρres ≈ 1.4× 106
(

∆m2

1 eV2

)(
10 MeV
E

)(0.5
Ye

)
cos 2θ g cm−3 , (3-34)

Here Ye is the number of electrons per nucleon in the medium and θ

the mixing angle associated with the mass-squared difference ∆m2, which can
be either ∆m2

31 or ∆m2
21, depending on whether the density in that region is

higher (H) or lower (L). The resonance layer associated with the solar mass
splitting is referred as the low resonance layer, while that associated with the
atmospheric mass splitting is the high resonance layer.

Due to the fact that ∆m2
31 � ∆m2

21, the flavor conversions in both
the high- and low-resonance layers are considered as independent of each
other and each conversion is approximately reduced to a two-flavor neutrino
oscillation problem [55], just like the one that we have been considering, i.e.,
Eqs. (3-29), (3-31), (3-32) and (3-33).

In order to extract more information that allows us to understand the
MSW effect, Eq. (3-26) can be written in the matrix form and adapted to the
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two-flavor scenario, then by means of the transformation Ψe = UMΦe, where

Ψe(x) =
 Aee(x)
Aeµ′(x)

 and Φe(x) =
 φe1(x)
φe2(x)

 , (3-35)

with φe1(x) and φe2(x) being the transition amplitudes of ν1 and ν2 to νe,
respectively. So we can write in the mass basis in matter the Schrödinger-
like equation for the evolution of the amplitudes of the effective neutrinos in
matter, that is:

i
d

dx
Φe = 1

4E

 −∆m2
M −4iE dθM

dx

4iE dθM
dx

∆m2
M

 Φe . (3-36)

From the last equation we can see that when dθM/dx = 0, the amplitudes
can evolve in a decoupled way. This occurs in environments where the density
of matter is constant, e.g., in the Earth’s mantle (roughly speaking), and leads
to enhance the oscillation probability. Such probability is similar in form to
that obtained in vacuum for the two-neutrino mixing scenario and it is given
by

P (νe → νµ′) = sin2 2θM sin2
(

∆m2
M

4E x

)
. (3-37)

On the other hand, when neutrinos propagate in a medium with varying
density, i.e., dθM

dx
6= 0, the hamiltonian changes in the course of propagation,

which implies the eigenstates of the instantaneous Hamiltonian are no more
eigenstates of the propagation, and transitions between the effective mass
eigenstates in matter can occur. If the matter density changes slowly, the
system has time to adjust the change and the evolution is adiabatic, i.e, there
is no transitions between the mass eigenstates in matter. A way to quantify
the adiabaticity of the transition is to define a adiabaticity parameter at the
resonance (see Refs. [167, 55] and references therein)

γ ≡
∣∣∣∣∣∆m2

M/4E
dθM/dx

∣∣∣∣∣
res

= ∆m2 sin2 θ

2E cos 2θ | d
dx

ln a(x)|res
, (3-38a)

=
(

∆m2

E

)2/3 ( sin2 2θ
6(cos 2θ)4/3

)(
2
√

2GFYe
mN

A

)1/3

, (3-38b)

where mN is the mass of the nucleons and γ � 1 corresponds to the
adiabatic case and γ � 1 corresponds to the non-adiabatic one. Here we
have considered a matter density profile in the star of the form ρ = A/r3,
with A the proportionality constant. Then we can obtain the probability for
the transition between the mass eigenstates in matter (or more abbreviated:
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crossing probability) by using the Landau-Zener formula

Pξ = exp
(
−π2γ

)
= exp

[
−
(
E∗

E

)2/3]
, (3-39)

where
E∗ ≡

(
π

12

)2/3
(

∆m2 sin3 2θ
cos2 2θ

)(
2
√

2GFYe
mN

A

)1/2

. (3-40)

The Landau-Zener formula is only valid for a linear variation of density
in the resonance layers and a small mixing angle [156]. However, we use this
formula with a density profile ρ = A/r3 because our objective is only to
visualize the most relevant features of the transitions between states in matter.
From Eq. (3-40), clearly we can see that the probability of neutrino transitions
in matter depends on the mixing angle and the mass squared difference. Indeed,
the crossing probability in the high resonance layer (ξ = H) is governed by θ13

and ∆m2
31, while in the low resonance layer this probability (ξ = L) depends

on θ12 and ∆m2
21. Figure 3.1 shows the energy dependence of the crossing

probability, Pξ increase with the energy.

3−10 2−10 1−10 1 10 210 310
*

E / E

0

0.2

0.4

0.6

0.8

1

ξ
P

-3 = Arρ

Region I Region II Region III

Figure 3.1: Energy dependence of Pξ for a density profile ρ = A/r3. The dashed
lines divide the whole range of E/E∗ in three parts: non adiabatic region (I),
intermediate region (II) and adiabatic region (III) .

We can distinguish three regions:

1. Adiabatic region (region I): Pξ is equal to 0 for any value of the neutrino
energy. Therefore, there is no transitions between the mass eigenstates
in the resonance layer.
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2. Intermediate region (region II): in this region the value of Pξ increase
with the neutrino energy. For relatively low energies, the system may
exhibit partially adiabatic transitions.

3. Non adiabatic region (region III): the crossing probability is almost equal
to 1, independently of the neutrino energy.

Going back to Eq. (3-36). This equation has an effective Hamiltonian in
matter given by

Ȟ (m)
eff = 1

4E

 −∆m2
M −4iE dθM

dx

4iE dθM
dx

∆m2
M

 , (3-41)

whose eigenvalues are

λ1,2 = ±

√√√√(∆m2
M)2 + 16E2

(
dθM
dx

)2

. (3-42)

For Ȟ (m)
eff to be diagonal, its eigenvalues must be equal to ±∆m2

M . In
fact, this happens if dθM

dx
6= 0 (trivial case, which has already been analyzed)

or when ∣∣∣∣∣dθMdx
∣∣∣∣∣�

∣∣∣∣∣∆m2
M

4E

∣∣∣∣∣ , (3-43)

or equivalently, γ � 1 for all points of the neutrino trajectory. In this adiabatic
scenario, the time evolution of each amplitude in Eq. (3-36) is independent of
the other. That is:

i
d

dx
Φad
e ∼

1
4E

 −∆m2
M 0

0 ∆m2
M

 Φad
e . (3-44)

The solution of this equation simply leads to the following results:

φe1(x) = cos θM(x = 0) exp
(
i
∫ x

0

∆m2
M(x′)

4E dx′
)
, (3-45a)

φe2(x) = sin θM(x = 0) exp
(
−i
∫ x

0

∆m2
M(x′)

4E dx′
)
. (3-45b)

As a consequence an electron neutrino (i.e., ν2 since θM ∼ π/2), produced
deep within the core where a(x)� ∆m2, will emerge from the star like a muon
neutrino (i.e., ∼ ν1) with a transition probability given by
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P ad(νe → νµ) =
∣∣∣∣Aeµ∣∣∣∣2 ,

=
∣∣∣∣− sin θM(x)φe1 + cos θM(x)φe2

∣∣∣∣2 ,
= 1

2 −
1
2 cos 2θM(x = 0) cos 2θM(x)−

1
2 sin 2θM(x = 0) sin 2θM(x) cos

(∫ x

0

∆m2
M(x′)

2E dx′
)
.

(3-46)

3.3.1.1
High and low resonances

So far we have obtained important information using only the two-flavor
neutrino scenario. However, there is no reason other than mathematical sim-
plicity to limit ourselves to two-flavor mixing. Let us rewrite the Hamiltonian
of Eq. (3-27) in terms of vacuum mass basis, by a redefinition of the mixing
matrix U → U diag(1, 1, ei δ), the Hamiltonian becomes real, that is

H (m)
eff (x) = a(x)

2E


c2

12 c
2
13 c12 s12 c

2
13 c12 c13 s13

c12 s12 c
2
13

∆m2
21

a(x) + s2
12 c

2
13 s12 c13 s13

c12 c13 s13 s12 c13 s13
∆m2

31
a(x) + s2

13

 . (3-47)

Thus, δ and θ23 do not influence the propagation in matter. By diagonal-
izing this Hamiltonian we obtain the mass eigenvalues in matter and therefore
we can visualize its dependence on the density of the medium by means of
the so-called level crossing diagrams (see e.g. [55]). In Fig. 3.2 we shows the
eigenvalues of the Hamiltonian in matter as a function of the electron number
density for both cases of neutrino mass ordering, normal and inverted.

In the case of normal mass ordering (i.e. left panel of Fig. 3.2) electron
neutrinos undergo two resonances, the high resonance (H) and the low reso-
nance (L), when they pass through the mantle of the star; while electron anti-
neutrinos reach the surface of the star without undergo any resonance effect
along their propagation. In the case of inverted mass ordering (i.e. right panel
of Fig. 3.2) electron neutrinos are influenced by the low resonance whereas
electron anti-neutrinos are influenced by the high resonance.

As indicated in chapter 2, CCSN neutrinos are produced deep in the core
of the star, where density is extremely high and hence all mixings are strongly
suppressed. We find under these conditions that the flavor states coincide with
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Figure 3.2: Level crossing diagrams. Solid lines correspond to eigenvalues of
the effective Hamiltonian and the dashed lines to energies of flavor states. Here,
we present the anti-neutrinos as neutrinos traveling through the star matter
with an effective negative potential, i.e. Ne < 0.

the matter eigenstates and hence

νe = ν3m, νµ′ = ν1m, ντ ′ = ν2m for neutrinos, and (3-48a)

ν̄e = ν̄1m, ν̄µ′ = ν̄2m, ν̄τ ′ = ν̄3m for anti-neutrinos , (3-48b)

for NMO and,

νe = ν2m, νµ′ = ν1m, ντ ′ = ν3m for neutrinos, and (3-49a)

ν̄e = ν̄3m, ν̄µ′ = ν̄2m, ν̄τ ′ = ν̄1m for anti-neutrinos , (3-49b)

in the case of IMO. Here, νim(i = 1, 2, 3) refer to the mass eigenstates in matter
and νx′(x′ = µ′, τ ′ and their antiparticles) must be understood that they are
linear combinations of the original νµ (ν̄µ) and ντ (ν̄τ ) [55]. When neutrinos
pass through the resonance layers on their way out of the star, they undergo
adiabatic flavor conversions. To understand how these conversions work, let us
stop to analyze what happens with the mass eigenstates fluxes, which we will
denote as Fνi(i = 1, 2, 3) and Fν̄i(i = 1, 2, 3) for the neutrino and anti-neutrino
channels, respectively. Although neutrinos are created and detected as flavor
states, let us recall that it is precisely νim(ν̄im) who propagate within the star
and νi(ν̄i) in vacuum after leaving it. In these circumstances, from figure 3.2
we can write the total fluxes of neutrino mass eigenstates at the surface of the
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estar as:

Fν1 = PH PL F
0
νe + (1− PH PL)F 0

νx , (3-50a)

Fν2 = (PH − PH PL)F 0
νe + (1− PH + PH PL)F 0

νx , (3-50b)

Fν3 = (1− PH)F 0
νe + PH F

0
νx , (3-50c)

for NMO and,

Fν1 = PL F
0
νe + (1− PL)F 0

νx , (3-51a)

Fν2 = (1− PL)F 0
νe + PL F

0
νx , (3-51b)

Fν3 = PL PH F
0
νe + (1− PL PH)F 0

νx , (3-51c)

for IMO. The wave packets associated with these neutrinos lose coherence
quickly on the way to the Earth and unless neutrinos present some type of
non-standard property or interaction along their way, they arrive at the surface
of the Earth as incoherent mixtures of ν1, ν2 and ν3. In the next chapter we
will discuss how the invisible decay of neutrinos modifies these fluxes. For now
let us continue in the standard scenario and calculate, for example, the total
flux of electron neutrinos that would reach our detectors. After the neutrino
mass eigenstates fluxes at the surface of the star are known, Eq.(A-1), we can
calculate the fluxes for any neutrino flavor through the relationship:

Fνα =
∑
i

|Uα i|2 Fνi , (3-52)

which in the particular case of electron neutrinos give us the following result:

Fνe = pF 0
νe + (1− p)F 0

νx . (3-53)

Here, p is the total survival probability of electron neutrinos, which is
given by

p = |Ue1|2 PH PL + |Ue2|2(PH − PH PL) + |Ue3|2(1− PH) , (3-54)

in the case of NMO and,

p = |Ue1|2 PL + |Ue2|2(1− PL) , (3-55)

for IMO. Where the |Ue3|2(PL PH) term was not included because the resonance
is in the anti-neutrino channel and the mixing |Ue3| is very small.

We know from the large mixing angle (LMA) solution to the solar
neutrino problem [168] that the low resonance is adiabatic, and also due to
the current value of θ13 [125, 169, 170] we know that the neutrino evolution
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through the high resonance should be adiabatic, therefore, ignoring possible
neutrino-neutrino self-interactions effects in the central region of CCSN and
using the matrix elements in Eq. (3-6), we can write the total flux of νe and
through a similar procedure that of ν̄e and νx. So the CCSN neutrino fluxes
expected at the surface of the star are given by [55]:

Fνe = s2
13F

0
νe + c2

13F
0
νx , (3-56a)

Fν̄e = c2
12c

2
13 F

0
ν̄e + (1− c2

12c
2
13)F 0

νx . (3-56b)

2Fνx(= Fνµ + Fντ ) = c2
13F

0
νe + (1 + s2

13)F 0
νx , (3-56c)

2Fν̄x(= Fν̄µ + Fν̄τ ) = (1− c2
12c

2
13)F 0

ν̄e + (1 + c2
12c

2
13)F 0

ν̄x , (3-56d)

for the normal mass ordering and,

Fνe = s2
12c

2
13F

0
νe + (1− s2

12c
2
13)F 0

νx , (3-57a)

Fν̄e = s2
13 F

0
ν̄e + c2

13 F
0
ν̄x . (3-57b)

2Fνx(= Fνµ + Fντ ) = (1− s2
12c

2
13)F 0

νe + (1 + s2
13c

2
13)F 0

νx , (3-57c)

2Fν̄x(= Fν̄µ + Fν̄τ ) = c2
13F

0
ν̄e + (1 + s2

13)F 0
ν̄x , (3-57d)

for the inverted mass ordering. Here, we have used the notation cij ≡ cos θij
and sij ≡ sin θij and consider as implicit the energy dependence of the fluxes.
Since s2

13 ' 0.022, in this thesis, as a good approximation, we set θ13 = 0 in
Eqs. (3-56) and (3-57). Therefore the CCSN neutrino spectra, after neutrinos
exit the star, takes the simple form:

Fνe ≈ F 0
νx , (3-58a)

Fν̄e ≈ c2
12 F

0
ν̄e + s2

12 F
0
ν̄x . (3-58b)

2Fνx = F 0
νe + F 0

νx , (3-58c)

2Fν̄x ≈ s2
12F

0
ν̄e + (1 + c2

12)F 0
ν̄x , (3-58d)

for the normal mass ordering, and

Fνe ≈ s2
12F

0
νe + c2

12F
0
νx , (3-59a)

Fν̄e ≈ F 0
ν̄x , (3-59b)

2Fνx = c2
12F

0
νe + (1 + s2

12)F 0
νx , (3-59c)

2Fν̄x ≈ F 0
ν̄e + F 0

ν̄x , (3-59d)

for the inverted mass ordering. As was already commented, in this thesis we
do not consider for simplicity the possible neutrino-neutrino self interactions
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effects in the core of the supernova [171, 172, 173, 174, 175, 176].

3.3.2
MSW effect in the Earth

Before reaching the detector, the CCSN neutrino fluxes can interact with
the matter of the Earth as they propagate inside it towards the detector. As a
consequence, the neutrinos undergo an additional flavor transformation. Such
flavor transitions are governed by the MSW effect, the mechanism of which
was already explained in this chapter. Since the Earth is less dense, the effect
on the neutrino energy spectra will be smaller than that experienced by the
neutrinos in the star. Indeed, the Earth matter potential, V, is much smaller
than the kinetic energy of the neutrino system, i.e.,

V (x)� ∆m2

2E . (3-60)

In this case, it is possible to define a small parameter

ε(x) ≡ 2E V (x)
∆m2 ≈ 0.02

(
E

10MeV

)(
Ne(x)
NA

)(
7.5× 10−5 eV2

∆m2

)
, (3-61)

in terms of which, we can consider an expansion of the oscillation probabilities.
This is not the only difference we find, the Earth presents a more complex
density profile than the one we consider inside the supernova, namely ρ ∼ 1/r3.
The structure of the Earth is often approximated by a set of layers with
constant density (mainly one or two corresponding to the mantle and the
core). Figure 3.3 shows the Earth density profile according to the Preliminary
reference Earth model (PREM) [177]. The presence of transitions or jumps
in the Earth density will lead to non-zero crossing probabilities and hence
non-adiabatic transitions between the mass eigenstates in matter, which at
the same time govern the dynamics of flavor transformation, because of the
connection between flavor and mass eigenstates by the mixings.

3.3.2.1
Regeneration factors

Since CCSN neutrinos arrive at the surface of the Earth as incoherent
fluxes of the mass eigenstates (ν1, ν2 and ν3), in this section we are interested
in determining the probability Pνi→νe (Pν̄i→ν̄e) that a mass eigenstate νi (ν̄i)
entering the Earth reaches the detector as a νe (ν̄e). These probabilities will be
very important in the following chapters and therefore in the determination of
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Figure 3.3: Density profile for the Earth according to the PREM model [177].

the sensitivity of next-generation neutrino detectors to the observation of Earth
matter effects on supernova neutrinos in the presence of invisible neutrino
decay, which is the main goal of this work. We compute these probabilities by
numerically solving the evolution equation of neutrinos using the PREM model
for the Earth matter density profile. This way of obtaining the probabilities
is very useful for numerical computation, but it does not allow us to visualize
the physics behind the problem. Therefore, with the purpose of understanding
the features of these oscillation effects, let us consider the analytical approach
offered by Refs. [178, 179].

The starting point is the Schrödinger-like equation

i
d

dx
|νi, t〉 = H (m)

eff (x) |νi, t〉 , (3-62)

where H (m)
eff (x) is the Hamiltonian in matter given by Eq. (3-47). As we have

already commented, at low energiesO(10MeV) the parameter ε is small enough
to find the transition probabilities through a theory of perturbations in that
parameter. In order to facilitate future calculations, we rewrite the Hamiltonian
in the form

H (m)
eff (x) = H0(x) + E (x) , (3-63)
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where

H0(x) =


0 0 0
0 ∆m

s 0
0 0 ∆m

a

 , (3-64)

and
E (x) = H (m)

eff (x)−H0(x) + diag(0,∆s,∆a)−
V + ∆s + ∆a −∆m

s −∆m
a

3 I ,

E (x) = V c2
13


0 sin 2θ12/2 c12 s13/c13

sin 2θ12/2 0 s12 s13/c13

c12 s13/c13 s12 s13/c13 0

+O(V 2) . (3-65)

Here, ∆s = ∆m2
21/(2E) and ∆a = ∆m2

31/(2E) are the eigenvalues of
the Hamiltonian in vacuum. ∆m

s ≈ ∆s

√
sin2 2θ12 + (cos 2θ12 − (V c2

13/∆s))2 +
O(s2

13 (V 2/∆a)) and ∆m
a ≈ ∆a +O(V ) are the eigenstates of the Hamiltonian

in matter.

The time evolution of the neutrino state, Eq. (3-62), can be obtained by
the evolution matrix S(xf , xo) from the initial point xo to the final point xf ,

S(xf , xo) = T e
−i
∫ xf
xo

H
(m)
eff

(x)dx
, (3-66)

where T is the so-called time-ordering or Dyson operator. Now, let us divide
the trajectory that neutrinos follow inside the earth into n equal parts of size
∆x = (xf − xo)/n, each of them with constant density ρ(xj). Then according
to Eq. (3-63) we have

S(xf , xo) = T
∏

j=n...1
e−iH

(m)
eff

(xj)∆x = T
∏

j=n...1
(Dj − iE (xj) ∆x) , (3-67)

where

Dj =


1 0 0
0 exp(−i∆m

s (xj)∆x) 0
0 0 exp(−i∆m

a (xj)∆x)

 , (3-68)

is the evolution matrix of the matter eigenstates in the j-th layer, ∆m
s (xj)∆x

and ∆m
a (xj)∆x the relative phase between the matter eigenstates in the layer

j, for the solar and atmospheric sectors respectively. In the limit n → ∞ and
∆x→ 0 the sums must be substituted by integrals:
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∏
j=k...n

exp(−i∆m
s (xj)∆x) −→ exp(−i φmxk→xn) , (3-69)

and ∏
j=k...n

exp(−i∆m
a (xj)∆x) −→ exp(−i ψmxk→xn) , (3-70)

where, in general,

φmp1→p2 ≡
∫ p2

p1
dx∆m

s (x) and ψmp1→p2 ≡
∫ p2

p1
dx∆m

a (x) , (3-71)

After some calculations, the expression for the S matrix in the mass
eigenstates basis can be written as

S(xf , xo) = A− i
∫ xf

xo
dxB E C , (3-72)

where

A =


1 0 0
0 exp(−i φmxo→xf ) 0
0 0 exp(−i ψmxo→xf )

 , (3-73)

B =


1 0 0
0 exp(−i φmx→xf ) 0
0 0 exp(−i ψmx→xf )

 , (3-74)

and

C =


1 0 0
0 exp(−i φmxo→x) 0
0 0 exp(−i ψmxo→x)

 . (3-75)

Now, by using the matrix elements of both the mixing matrix, Eq. (3-6),
and the evolution matrix Eq. (3-72), we can compute the probability of the
mass-to-flavor transition. This is

Pνi→να(x) =
∣∣∣∣UαjSji(x)

∣∣∣∣2 . (3-76)

Therefore, the transition probabilities of the mass eigenstates to νe can be
written as

Pν1→νe(x) = c2
13 c

2
12 −

c4
13 sin2 θ12

2

∫ xf

xo
dx V (x) sinφmx→xf −

2c2
12 c

2
13 s

2
13

∫ xf

xo
dx V (x) sinψmx→xf ,

(3-77)
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Pν2→νe(x) = c2
13 s

2
12 + c4

13 sin2 θ12

2

∫ xf

xo
dx V (x) sinφmx→xf −

2s2
12 c

2
13 s

2
13

∫ xf

xo
dx V (x) sin(ψmx→xf − φ

m
x→xf ) ,

(3-78)

Pν3→νe(x) = s2
13 + 2c2

12 c
2
13 s

2
13

∫ xf

xo
dx V (x) sinψmx→xf +

2s2
12 c

2
13 s

2
13

∫ xf

xo
dx V (x) sin(ψmx→xf − φ

m
x→xf ) .

(3-79)

As a good approximation, the third terms in Eqs. (3-77), (3-78) and (3-79)
can be omitted, since they are much smaller than the first ones because the
function ψmx→xf oscillates faster than φmx→xf and they also have a prefactor s2

13,
i.e.,

Pν1→νe(x) ≈ c2
13 c

2
12 −

c4
13 sin2 θ12

2

∫ xf

xo
dx V (x) sinφmx→xf , (3-80)

Pν2→νe(x) ≈ c2
13 s

2
12 + c4

13 sin2 θ12

2

∫ xf

xo
dx V (x) sinφmx→xf , (3-81)

Pν3→νe(x) ≈ s2
13 (3-82)

If we ignore the effect of θ13 on CCSN neutrinos crossing the Earth, it
is possible to recreate the two-neutrino scenario results, since Pν3→νe(x) ∼ 0.
Under this assumption, we have:

Pν2→νe(x) = 1− Pν1→νe(x) ≈ sin2 θ12 + freg (3-83a)

freg = sin2 2θ12

2

∫ xf

xo
dx V (x) sinφmx→xf , (3-83b)

where the term freg is known in the literature as regeneration fac-
tors [179]. We can understand these factors as the result of the interaction of
the neutrinos with the electrons of the Earth; due to de fact that the neutrino
mass eigenstates in vacuum do not coincide with the neutrino mass eigenstates
in the Earth matter, the presence of these terms in the probabilities Pν1→νe

and Pν2→νe allows the partial restoration of the neutrino flavor oscillations. In
Fig. 3.4 we show some example of the regeneration factors as a function of
neutrino energy for three different distances traveled by neutrinos, L = 4000
km (left panels), L = 8000 km (middle panels) and L = 12000 km (right
panels) for neutrino (upper panels) and anti-neutrinos (lower panels). For the
Earth matter density profile we used PREM model and computed the proba-
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bilities by numerically solving the neutrino evolution equation. These results
agree very well with those obtained from Eq. (3-83). On the other hand, the
regeneration factors corresponding to the distances of 8000 km and 12000 km
can be compared with the results shown in Fig. 1 of [61] which are in good
agreement with our results.
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Figure 3.4: Regeneration factors as a function of neutrino energy are shown for
L = 4000 km (left panels), L = 8000 km (middle panels) and L = 12000 km
(right panels) for neutrino (upper panels) and anti-neutrinos (lower panels).
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4
Neutrino Decay

As we have already discussed, neutrinos can oscillate in flavor. The
evidence supporting the existence of this physical phenomenon comes from
many experiments using solar, atmospheric, reactor, and accelerator neutrinos.
Thanks to these results, today we know that at least two neutrinos are massive
(therefore either Dirac or Majorana particles), which allows us to contemplate
the possibility of neutrino decay [180, 181]. In the early 70’s, neutrino decay was
considered as a possible solution to the problem of solar neutrinos [182, 183],
but with the Large Mixing Angle MSW solution to this problem, neutrino
decay came to be considered as a subdominant effect that to date has not
been observed. From a phenomenological point of view, based on the nature
of the decay products there are two kinds of neutrino decay [184]:

1. Invisible neutrino decay: In this type of decay, the final states cannot
be observed in our detectors, either because they are sterile or because
their energies are too low that their interactions with the targets in the
detector do not produce a measurable signal.

2. Visible neutrino decay: Where the final states are detectable lighter active
neutrinos. Neutrinos that result from visible decay differ from any other
light neutrino in the energy, they have a lower energy than the parent
neutrino. This fact is reflected in an increase in the number of neutrinos
in the lower energy bins.

The structure of this chapter is the following: In section 4.1, we give a
short summary of the bounds on the neutrino lifetime. According to Ref. [185]
In section 4.2, we present a broad outline of the vacuum neutrino decay via a
Nambu-Goldstone boson. It should be noted that for the purposes of this work
it is not necessary to consider a particular neutrino decay model, since the
discussion of our problem will be approached within the framework of invisible
decay. In section 4.3 we present the three decay possibilities that we use in
this work: no decay (scenario S1), ∼ 50% decay (scenario S2) and 100% decay
(scenario S3). Finally, in section 4.4, one of the most important sections of the
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thesis, we show the effect that neutrino decay has on the magnitude of Earth
matter effects.

4.1
Neutrino lifetime

The relevant quantity for neutrino decay in the observer’s frame is
τE/(mD), where τ is the rest frame lifetime for the neutrino decay channel,
m and E are respectively the mass and energy of the parent mass eigenstate
and D is the distance between the source (CCSN) and the detector. The factor
E/m takes account time dilatation effects due to the ultra-relativistic nature
of the neutrino. If the energy corrections are higher than the first order, we can
approximate the energy of the parent mass eigenstate by the average energy
〈Eν〉 of the produced flavor eigenstate [186]. For the distance D = 10 kpc,
and typical energy of CCSN neutrinos, ∼ 10 MeV, we can roughly estimate
the condition for a large decay effect, just by considering the situation where
O(τE/(mD)) ∼ 1. This is

τ

m
∼ D

E
∼ 105

[
D

10 kpc

] [
E

10MeV

]−1 s
eV . (4-1)

In general, we refer the condition τ/m ∼ D/E as the kinematic esti-
mate [26]; this condition helps us to place lower bounds on neutrino lifetime.
In an informal way, we can establish three types of bounds:

1. Weak: The weakest constraints come from atmospheric, accelerator and
reactor neutrinos. From the combined Super-Kamiokande, K2K and
MINOS data the lifetime of ν3 is τ3/m3 > 2.9 × 10−10 s/eV at 90%
C.L. [25]. It is expected that JUNO and DUNE can obtain a better
bounds on the lifetime of ν3. In Ref. [26], under the assumption of
invisible neutrino decay, its authors found that future medium-baseline
reactor neutrino experimentes like JUNO can constrain τ3/m3 > 5.5 ×
10−11 s/eV at 99% C.L.. While Ref. [27] found that DUNE will have a
sensitivity of τ3/m3 ≥ 4.27× 10−11 s/eV at 90% C.L.. Studies regarding
visible neutrino decay, such as those considered in Ref. [28] constraint
in the inverted ordering for both KamLAND and JUNO the lifetime of
τ2/m2 ≥ 1.4 × 10−9 s/eV at 90% C.L. and in the normal mass ordering
for JUNO τ3/m3 ≥ 1.0× 10−10 s/eV at 90% C.L..

2. Intermediate: In this group we find the imposed constraints on the
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lifetime of ν1 or ν2 from solar neutrinos. Model-independent1 bounds
on the lifetime of ν2 using the 8B solar neutrinos constrain τ2/m2 >

10−3 s/eV, while those involving low energy solar neutrinos2 constrain
τ1/m1 > 10−4 s/eV [29, 30, 31].

3. Strong: The strongest constraint on neutrino decay comes from SN
1987A. However, due to the limited number of observed νe events and the
uncertainties in the CCSN fluxes, this bound may apply either to ν1 or
ν2, not at the same time. The kinematic estimate is τ1,2/m1,2 > 5.7×105

s/eV [147]

Non-radiative neutrino decay lifetime bounds depend on neutrino nature,
i.e., Dirac or Majorana, and also whether the result products are active (visible
neutrinos) or sterile. In the case of active neutrinos, lifetime bounds can be
quite different depending on the neutrino mass ordering, if it is normal or
inverted, see e.g. [28].

4.2
Nambu-Goldstone neutrino decay model

Within the minimally extended standard model of elementary particles,
neutrino decay can occur within the standard electroweak interactions, but the
expected neutrino lifetimes are much longer than the age of the Universe [187].
On the other hand, beyond the standard model neutrinos can decay faster. The
simplest model is that neutrinos couple to a massless boson carrying lepton
number [182].

For simplicity, we write this section assuming the neutrino as a Majo-
rana particle3, in which case the neutrino interact with a Nambu-Goldstone
boson (φ) via a combination of Yukawa scalar (gij) and-or pseudoscalar (g′ij)
couplings [188]. This boson commonly called Majoron is produced as a result
of spontaneous breaking of the global lepton number symmetry and it is the
responsible of the decay channel νi → νj + φ [189, 190, 191, 181, 192]. Where,
the mass eigenstates (νi) are usually referred to as parent neutrinos and the
mass eigenstates (νj) as daughter neutrinos.

1Model-independent bounds to neutrino decay are constraints obtained from experiments
where the number of neutrinos produced in the source can be compared to the number of
neutrinos detected some distance away [29].

2The obtained bounds for ν1 from p− p or 7Be solar neutrinos are stronger than that for
ν2 with the 8B solar data, because D/E is greater for these low neutrinos than for those of
the 8B line

3If neutrinos are Dirac particles, the decay channel νi → ν̄jR +χ is possible. Here, ν̄jR is
a right-handed singlet and χ is an iso-singlet scalar [193].
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Therefore, the relevant part of the Lagrangian that describe this non-
standard interaction is given by

L ⊃ 1
2

3∑
i,j(i 6=j)

(gij ν̄i νj + g′ij ν̄i iγ5 νj)φ . (4-2)

Now let us consider a large collection of mass eigenstates of the same
specie (e.g., incoherent mass eigenstate fluxes at the surface of a CCSN) and
denote by N(t) the number of them at time t. Some time later dt, we observe
that by virtue of their mass, ΓN(t)dt of them could decay. Where Γ is the
probability per unit of time that a given neutrino will decay, or in other
words it is the decay rate. Since the change in the number of neutrinos will be
dN = −ΓN(t)dt, the survival probability for a mass eigenstate νi in the rest
reference frame follows the exponential decay formula

Pi→ i =
∣∣∣∣〈νi, t|νi, t+ dt〉

∣∣∣∣2 = e−Γi t. (4-3)

In order to obtain Γ, we need to calculate two quantities: (1) the
amplitude (M) of the process, that according to the Lagrangian in Eq. (4-2)
leads to two different allowed decay channels [43]: chirality-preserving processes
(νi → νj +φ) and chirality-violating processes (νi → ν̄j +φ); (2) A phase space
factor, which depends on the masses, energies and momenta of the neutrinos
involved [194, 195].

Now, following Ref. [185]. The dynamical information of the avobe-
mentioned processes is given by

M(νi → νj + φ) =

M1︷ ︸︸ ︷
gij
2 ν̄j(pj, sj) νi(pi, si)

+

M2︷ ︸︸ ︷
i
g′ij
2 ν̄j(pj, sj) γ5 νi(pi, si) ,

(4-4)

where, we have assumed a mass hierarchy mi > mj (i 6= j) and computed
the amplitudes in the laboratory reference system. px, sx (x = i, j) are the
momentum and the spin of the neutrino, respectively. Then, the squared
modulus of the transition amplitude can be written as∣∣∣∣M∣∣∣∣2 =

∣∣∣∣M1

∣∣∣∣2 +
∣∣∣∣M2

∣∣∣∣2 + 2Re
(
M1M∗

2

)
, (4-5)

where,
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∣∣∣∣M1

∣∣∣∣2 =
g2
ij

4mimj

[
(pj . pi +mimj)(1− sj . si)− (pj . si)(pi . sj)

+ 4(pi . si)(pj . sj)
]
,

(4-6)

∣∣∣∣M2

∣∣∣∣2 =
g′2ij

4mimj

[
(pj . pi −mimj)(1 + sj . si)− (pj . si)(pi . sj)

+ 4(pi . si)(pj . sj)
]
,

(4-7)

and

2Re
(
M1M∗

2

)
= −

gij g
′
ij

2mimj

εµνλσ piµ siν pjλ sjσ .tex for center (4-8)

To evaluate these expressions for the case of either chirality-preserving
or chirality-violating processes, we set si = sL and sj = ±sL(R), with

sµR = −sµL = pµ

mβ
−
√

1− β2

β
ηµ0 , (4-9)

where β is the neutrino velocity relative to the speed of light, ηµν is the
Minkowski metric, and the subscripts L and R denote neutrinos and anti-
neutrinos, respectively. Therefore, we find that

p . s = pµ
(
pµ
mβ
−
√

1− β2

β
ηµ0

)
,

= p2

mβ
−
√

1− β2

β
E ,

= 0 ,

(4-10)

and,

εµνλσ piµ siν pjλ sjσ =

εµνλσ


√

(1− β2
i )(1− β2

j )
βi βj

piµ piλ ην0 ησ0 + 1
mimj βi βj

piµ piν pjλ pjσ

−

√
1− β2

i

mi βi βj
pjλ pjσ piµ ην0 −

√
1− β2

i

mi βi βj
pjλ pjσ piµ ην0

 .
(4-11)

Since the Levi-Civita tensor εµνλσ is antisymmetric under the interchange
of any pair of indices, the contraction with the symmetric term within
parentheses (...) is zero. Therefore Re

(
M1M∗

2

)
= 0, and equation Eq. (4-5)

reduces to
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∣∣∣∣M∣∣∣∣2 =
g2
ij

4mimj

[
(pj . si)(pi . sj)− (pj . pi)(sj . si) + pj . pi +mimj −

mimj(sj . si)
]

+
g′2ij

4mimj

[
(pj . pi)(sj . si)− (pj . si)(pi . sj) +

pj . pi −mimj −mimj(sj . si)
]
.

(4-12)

To calculate
∣∣∣∣M(νi → νj + φ)

∣∣∣∣2, we first find:

piµ

− pµj
mjβj

+

√
1− β2

j

βj
ηµ0

 = −pi . pj
mjβj

+

√
1− β2

j

βj
Ei , (4-13a)

pjµ

− pµi
miβi

+

√
1− β2

i

βi
ηµ0

 = −pi . pj
miβi

+

√
1− β2

i

βi
Ej , (4-13b)

and then,

(pi . sj)(pj . si) =

√
(1− β2

i )(1− β2
j )

βi βj
EiEj −

(pi . pj)
√

1− β2
j

mi βi βj
Ei

−
(pi . pj)

√
1− β2

i

mj βi βj
Ej + (pi . pj)2

mimj βi βj
,

(4-14)

(pi . pj)(si . sj) =

√
(1− β2

i )(1− β2
j )

βi βj
(pi . pj)−

(pi . pj)
√

1− β2
j

mi βi βj
Ei

−
(pi . pj)

√
1− β2

i

mj βi βj
Ej + (pi . pj)2

mimj βi βj
,

(4-15)

and,

si . sj =

√
(1− β2

i )(1− β2
j )

βi βj
−

√
1− β2

j

mi βi βj
Ei −

√
1− β2

i

mj βi βj
Ej

+ pi . pj
mimj βi βj

.

(4-16)

Now, substituting Eqs. (4-14), (4-15) and (4-16) in Eq. (4-12) we get that
∣∣∣∣M1

∣∣∣∣2 =
g2
ij

4βi βj

m2
i +m2

j

2

(
βi βj
mimj

− 1
mimj

− 1
EiEj

)
+

miEj
mj Ei

+ mj Ei
miEj

− mimj

EiEj
+ βi βj + 1

 ,
(4-17)

and,
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∣∣∣∣M2

∣∣∣∣2 =
g′2ij

4βi βj

m2
i +m2

j

2

(
βi βj
mimj

− 1
mimj

+ 1
EiEj

)
+

miEj
mj Ei

+ mj Ei
miEj

− mimj

EiEj
− βi βj − 1

 .
(4-18)

Since neutrinos are ultrarelativistic particles, i.e., βi = βj ≈ 1 and
Ex � mx(x = i, j) the amplitud of a chirality-preserving neutrino decay can
be written as ∣∣∣∣M(νi → νj + φ)

∣∣∣∣2 =
g2
ij

2 (A+ 2) +
g′2ij
2 (A− 2) , (4-19)

where
A = mj Ei

miEj
+ miEj
mj Ei

. (4-20)

In the case of a chirality-violating neutrino decay,
∣∣∣∣M(νi → ν̄j + φ)

∣∣∣∣2 is
found by substitute sj → −sj. Therefore in the ultrarelativistic approximation
the neutrino decay amplitude is∣∣∣∣M(νi → ν̄j + φ)

∣∣∣∣2 =
g2
ij + g′2ij

4

(
m2
i +m2

j

mimj

− A
)
. (4-21)

Now, adopting spherical coordinates for the kinematics in the phase
space, the Golden Rule gives us the differential decay rate for each decay
channel [194], that is

dΓi→ j

dEj
=
(
mi

Ei

)
mj

4π |pi|
|M(Ej)|2 . (4-22)

Using Eqs. (4-19) and (4-21), we can integrate the differential decay rate
over the energy range (mj/mi)2Ei ≤ Ej ≤ Ei [147]. Thus, the total decay
rates are given by

Γ(νi → νj + φ) =
(
mimj

16π Ei

)[
g2
ij f(x) + g′

2
ij g(x)

]
, (4-23a)

Γ(νi → ν̄j + φ) =
(
mimj

16π Ei

)[
g2
ij + g′

2
ij

]
k(x), (4-23b)

where x = mi/mj, and the auxiliary functions f , g and k are given by

f(x) = x

2 + 2 + 2
x

ln x− 2
x2 −

1
2x3 , (4-24a)

g(x) = x

2 − 2 + 2
x

ln x+ 2
x2 −

1
2x3 , (4-24b)

k(x) = x

2 −
2
x

ln x− 1
2x3 . (4-24c)

DBD
PUC-Rio - Certificação Digital Nº 1713223/CA



Chapter 4. Neutrino Decay 68

Finally, we can see that in the limit mi � mj the total decay rates for
both chirality-preserving and chirality-violating decays become equal. This is

Γ(νi → νj + φ) = Γ(νi → ν̄j + φ) =
g2
ij + g′2ij
32π Ei

m2
i . (4-25)

With this result, we can estimate the neutrino lifetime as

τ ≡ 1
Γ = 32π Ei

m2
i (g2

ij + g′2ij)
. (4-26)

Model-dependent bounds of neutrino lifetime depend on the neutrino
nature, i.e., Dirac or Majorana, and also whether the result products are active
(visible neutrinos) or sterile. In the case of active neutrinos, lifetime bounds
can be quite different if neutrino mass ordering is normal or inverted.

4.3
Neutrino decay scenarios adopted in this work

Before we begin with the discussion of the combined effect of the resonant
flavor conversion inside the star, i.e., Eqs. (3-56) and (3-57), the ν2 decay while
in flight to the detector and the Earth matter effects, on the neutrino signal
from supernova. It is important to make the following aspects clear: (1) In the
previous section we considered neutrino decay in the context of Majoron model
only for the sake of completeness. Hereafter in this work, we do not consider
any particular model of neutrino decay but just assume that the product of
neutrino decay are not observable from a phenomenological point of view, that
is invisible neutrino decay. And (2), we ignore for simplicity any decay effects
of neutrinos inside the supernova.

Let us start by analyzing the general case where the νi state can decay
into some undetectable states with a decay probability ri (i = 1, 2 or 3), which
from now on will be called the decay parameter. In the observer’s reference
frame, we define it as

ri ≡ 1− exp
(
−D
E

mi

τi

)
, (4-27)

where mi and τi are the mass and the lifetime of the i-th neutrino mass
eigenstate, respectively. E and D are, respectively, the neutrino energy and
the traveled neutrino distance.

In the presence of neutrino decay, CCSN neutrino fluxes at Earth can be
explicitly written in terms of the decay parameter, the time-integrated primary
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spectra and the mixing parameters, i.e.,

Fνe ≈ (1− r1c
2
12 − r2s

2
12)F 0

νx , (4-28a)

Fν̄e ≈ c2
12(1− r1)F 0

ν̄e + s2
12(1− r2)F 0

ν̄x , (4-28b)

2Fνx = (1− r3)F 0
νe + (1− r2)F 0

νx , (4-28c)

2Fν̄x ≈ s2
12(1− r1)F 0

ν̄e + [1− r3 + c2
12(1− r2)]F 0

ν̄x , (4-28d)

for the normal mass ordering, and

Fνe ≈ s2
12(1− r2)F 0

νe + c2
12(1− r1)F 0

νx , (4-29a)

Fν̄e ≈ (1− c2
12r1 − s2

12r2)F 0
ν̄x , (4-29b)

2Fνx = c2
12(1− r2)F 0

νe + [1− r3 + s2
12(1− r1)]F 0

νx , (4-29c)

2Fν̄x ≈ (1− r1)F 0
ν̄e + (1− r3)F 0

ν̄x , (4-29d)

for the inverted mass ordering, where energy dependence is implicit. For a
more detailed description regarding to the calculation of these fluxes, see
Appendix A.

We can see that ri = 1 means that νi decay completely whereas ri = 0
corresponds to the case where there is no neutrino decay, i.e. the fluxes are
given by the Eqs. (3-58) and (3-59). On the other hand, in the intermediate
case, ri is expected to have energy dependence as shown in Eq. (4-27). Let us
focus for a while on the Eq. (4-29a), neutrino decay may completely turn off the
chance of observing F 0

νe in the electron neutrino flux at the Earth. This feature,
which is model-independent (it does not depend on any particular decay model
or the CCSN neutrino emission scenarios listed in the table 2.3) characteristic
occurs when ν2 disappear completely, which implies that the neutronization
peak will disappear completely from the CCSN neutrino burst.

Since we are mainly interested in the impact of decay for νe and ν̄e

observations at the terrestrial detectors like JUNO, Hyper-K and DUNE, from
now on we will ignore the decay of ν3 because it does not have impact for
νe and ν̄e observations under the considerations made in this thesis and, we
consider the following three representative scenarios where the mass eigenstate
ν1 is always stable and the mass eigenstate ν2 has the possibility to decay:

(S1) τ1,2/m1,2 � 105 s/eV corresponding to the case without neutrino decay,
or r1 = r2 = 0.

(S2) τ1/m1 � 105 s/eV with τ2/m2 = 105 s/eV, or r1 = 0, r2 ' 1 −
exp(−[10MeV/E])
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(S3) τ1/m1 � 105 s/eV but τ2/m2 � 105 s/eV, or r1 = 0, r2 ' 1

4.4
Earth matter effects in the presence of neutrino decay

As commented in the chapter 3, neutrino interactions with the con-
stituents of the Earth matter lead to partial coherence restoration of the neu-
trino flux incident on the Earth and as a consequence, the CCSN neutrino
spectrum [196] is altered. Then, we expect that Eqs (4-28) and (4-29) will get
modified as the neutrinos propagate through the Earth as follows,

F⊕νe ≈ (1− r1 P
⊕
1e − r2 P

⊕
2e)F 0

νx , (4-30a)

F⊕ν̄e ≈ P̄⊕1e(1− r1)F 0
ν̄e + P̄⊕2e(1− r2)F 0

ν̄x , (4-30b)

for the normal mass ordering, and

F⊕νe ≈ P⊕2e(1− r2)F 0
νe + P⊕1e(1− r1)F 0

νx , (4-31a)

F⊕ν̄e ≈ (1− P̄⊕1e r1 − P̄⊕2e r2)F 0
ν̄x , (4-31b)

for the inverted mass ordering, where P⊕ie ≡ Pνi→νe (P̄⊕ie ≡ Pν̄i→ν̄e) is the
probability that a mass eigenstate νi (ν̄i) entering the Earth reaches the
detector as νe (ν̄e), which according to Eq. (3-83) depends on neutrino
energy, the distance (L) traveled by neutrino inside the Earth and the mixing
parameters, ∆m2

21 and θ12 (in our approximation of ignoring the effect of
θ13). As we discussed in chapter 3, All of our calculations involving these
probabilities were performed by numerically solving the evolution equation of
neutrinos using the PREM model for the matter density profile for the Earth
showed in figure 3.3.

The impact of the interaction of the CCSN neutrinos with the electrons
of the Earth on the oscillations can be characterized by ∆Fνe or ∆Fν̄e , the
difference between the CCSN neutrino spectra with (F⊕ν ) and without (Fν)
Earth matter effect as,

∆Fνe ≡ F⊕νe − Fνe = freg(r1 − r2)F 0
νx , (4-32a)

∆Fν̄e ≡ F⊕ν̄e − Fν̄e = f̄reg[(1− r2)F 0
ν̄x − (1− r1)F 0

ν̄e ], (4-32b)
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for the normal ordering, and

∆Fνe ≡ F⊕νe − Fνe = freg[(1− r2)F 0
νe − (1− r1)F 0

νx ], (4-33a)

∆Fν̄e ≡ F⊕ν̄e − Fν̄e = f̄reg(r1 − r2)F 0
ν̄x , (4-33b)

for the inverted ordering. freg and f̄reg in the above equations are the Earth
regeneration factors for ν and ν̄, respectively. Following Eq. (3-83) these factors
can be defined as

freg ≡ P⊕2e − s2
12 = c2

12 − P⊕1e, (4-34a)

f̄reg ≡ P̄⊕2e − s2
12 = c2

12 − P̄⊕1e. (4-34b)

Since the main purpose of this thesis is to study the observability (or not)
of the Earth matter effects by using a single detector such as JUNO, Hyper-
Kamiokande or DUNE, we stress the fact that ∆Fνe and ∆Fν̄e are not directly
observable because for a given detector location, CCSN neutrinos either pass or
not through the Earth so that we can not take the difference of the two neutrino
fluxes with and without Earth effects. In this section we use ∆F ’s only to get
a general idea of the impact that neutrino decay has on the detectability of
such matter effects.

In the absence of ν2 decay, Earth matter effects for CCSN neutrinos
only exist for νe for IMO and ν̄e for NMO, as can be seen in Eqs. (4-32)
and (4-33), which is consistent with the discussion in [55]. But with the effects
of neutrino decay, the Earth matter effects can exist for both νe and ν̄e for both
mass orderings; roughly speaking, imitating the results that will be obtained
if the high resonance (in the star) were partially adiabatic or completely
non-adiabatic, as observed in Table 2 of [55]. Therefore, if the Earth matter
effects will be observed in both νe and ν̄e events at the same time, or if the
Earth matter effects will be observed in the νe channel and simultaneously the
neutronization peak will be absent from the CCSN neutrino burst, we could
consider these observations as an indication of neutrino decay.

Another important feature that neutrino decay introduces in Eqs. (4-32)
and (4-33) is the possibility of observing Earth matter effects even if F 0

νe = F 0
νx .

This scenario could take place during the cooling phase of the newly proto-
neutron star, where it has been recently observed (in numerical simulations) a
tendency to the equalization of the fluxes. In the special case when ν2 disappear

DBD
PUC-Rio - Certificação Digital Nº 1713223/CA



Chapter 4. Neutrino Decay 72

completely, ∆F ’s take the simplified form

∆FνeNMO = ∆Fνe IMO = −fregF
0
νx , (4-35a)

∆Fν̄e IMO = −f̄regF
0
ν̄x , (4-35b)

∆Fν̄eNMO = −f̄regF
0
ν̄e . (4-35c)

In Figs. 4.1, 4.2 and 4.3 we show the ∆F defined in Eqs. (4-32) and (4-
33) as a function of neutrino energy computed for the model D in table 2.3,
for the case where L = 4000, 8000 and 12000 km, respectively. Each figure
shows the Earth matter effects for neutrino (upper panels) and anti-neutrinos
(lower panels), for NMO (left panels) and IMO (right panels). The solid blue,
green and red curves refer to S1, S2 and S3 scenarios, respectively. In the
construction of these figures we have eliminated the dependence of the distance
to supernova by normalizing the spectra such that

∫
dF 0

ν (Eν)dEν = 1 for all
species of neutrino. Figs. 4.1 and 4.2 correspond to neutrinos that only pass
through the Earth mantle on their way to the detector, for which they exhibit
similar characteristics. On the other hand, Fig. 4.3 differs from the first two
due to the fact that neutrinos pass through the Earth core. Another thing
that we can notice from these figures is that the larger the decay, the larger
the effect on ∆F . That can be seen by comparing the green (∼ 50% decay)
and red (100% decay) curves.
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Figure 4.1: ∆F defined in Eqs. (4-32) and (4-33) are shown as a function of
neutrino energy computed for L = 4000 km .
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Figure 4.2: ∆F defined in Eqs. (4-32) and (4-33) are shown as a function of
neutrino energy computed for L = 8000 km.
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Figure 4.3: ∆F defined in Eqs. (4-32) and (4-33) are shown as a function of
neutrino energy computed for L = 12000 km.
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Figure 4.4: ∆F plotted as a function of both the neutrino energy and the
distance between the CCSN and the Earth, for each supernova model listed in
table 2.3.
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On the other hand, in Fig. 4.4 we show a collage of ∆F ’s plotted as a
function of neutrino energy for each supernova model listed in table 2.3. Each
figure shows also the dependence on the distance4 between the CCSN and
the Earth, for both neutrino (upper panels) and anti-neutrinos (lower panels)
channels. In these plots we have omitted the neutrino (NMO) and anti-neutrino
(IMO) scenarios since here neutrino decay always increases the possibility of
observing matter effects which for the purposes of the following comparison
is not relevant. Remember that, in the absence of decay, these observation
channels do not exhibit Earth effects.

First of all, we observe that the intensity of the Earth matter effects
increases with the proximity of the supernova to the Earth, as shown by the
black (D = 10 kpc), orange (D = 11 kpc), and red (D = 13 kpc) curves.

And second, since the distance to CCSN may not be well determined,
the comparison of the blue (no decay) and red (100% of ν2 decay) curves after
a certain value of energy, for example ∼ 23 MeV for model A and neutrino
channel, shows that Earth matter effects are greater in absence of neutrino
decay (S1) than for the case of 100% decay (S3).

4In this particular case the results are not normalized as it was done with Figs. 4.1, 4.2
and 4.3, we only scale ∆F ’s dividing by 1010 to get a good visualization.
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5
Earth Matter Effect Detection by a Single Detector

In the previous chapter we presented an analysis of Earth matter effects
in terms of Eqs. (4-32) and (4-33), however, unless we have two identical
detectors which receive CCSN neutrinos with and without Earth matter effect,
this procedure is not experimentally viable. With a single detector, a way of
identifying the presence of Earth matter effects in CCSN neutrino fluxes is to
observe the modulations that appear in their energy spectra which are caused
by the regeneration effects [57]. However, recent studies indicate that these
features are expected to be difficult to be observed for a typical CCSN at
a distance of ∼ 10 kpc because the similarity of average energies and the
tendency of neutrino fluxes to equalize in the cooling phase [60].

Supernova neutrinos have only been observed once in history coming from
supernova SN 1987A, located at the Large Magallanic Cloud, a dwarf satellite
galaxy of the Milky Way. Although a supernova can emit neutrinos of all fla-
vors, those detected in 1987 were electron anti-neutrinos as a consequence of
the fact that the cross section used for their detection, i.e. inverse beta decay
reaction, is much larger than that for other detection channels. This observa-
tion imposed the most stringent bound on the neutrino lifetime. However, due
to the limited number of observed events and the uncertainties in the CCSN
fluxes, this bound may apply only to one of the neutrino mass eigenstates
ν1 or ν2 but not to both at the same time. This statistical limitation in the
determination of the ν̄e spectrum currently allows us to look towards the possi-
bility of invisible ν2(ν̄2) decay leading to situations where Earth matter effects
are observable at a single detector like JUNO [62], Hyper-Kamiokande [63] or
DUNE [64].

In this chapter, we quickly describe each of these detectors, focusing
on their supernova neutrino detection channels. As well as, we expose the
most general aspects of the method that will be used in this work for the
identification of Earth effects by using a single detector, which is based on
Refs. [57, 203, 60, 61, 197].
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5.1
The Jiangmen Underground Neutrino Observatory (JUNO)

JUNO is a multipurpose underground neutrino detector currently under
construction in China, in the province Guangdong, close to Jiangmen city [198].
Its main aim is to determine, with ∼ 3σ or more of significance within six
years of operation, the still unknown neutrino mass ordering by measuring
very precisely the energy spectrum of nuclear reactor anti-neutrinos from the
Yangjiang and Taishan nuclear power plants, both at a distance of ∼ 53 km.
Since to solve the mass ordering problem it is needed a very good energy
resolution, JUNO must reach a energy resolution of 3%/

√
E(MeV), where E

is the prompt energy, see subsection 5.1.1. This resolution is derived from
a photoelectron (pe) statistics of at least 1100 pe/MeV. With such energy
resolution, JUNO will be able to measure the solar and atmospheric mixing
parameters with an accuracy of 1% or better. Among other capabilities, JUNO
can detect CCSN neutrinos [62, 199, 200] mainly via the inverse beta decay
(IBD) reaction and also by some other channels which give much less relevant
contributions for our study. The detector mainly consists of three parts [198]:

1. The central detector: It consists of a transparent acrylic sphere with
∼ 35.4 m inner diameter and 120 mm in shell thickness, surrounded
by a stainless steel support structure of ∼ 40 m outer diameter, in which
∼ 18000 20" high-quantum efficiency photomultiplier tubes (PMTs) and
∼ 26000 3" PMTs will be accommodated [201]. The whole structure of
the central detector is immersed in a cylindrical water tank of ∼ 44
m of diameter. The acrylic sphere will be filled with 20 kt of liquid
scintillator (LSc) made of Linear Alkyl-Benzene (LAB), which serves as
target material.

2. The water Cherenkov detector: It is a pool filled with ∼ 35 kt of ultra-
pure water and instrumented with ∼ 2000 additional 20" PMTs, which
acts as a Cherenkov detector to tag and veto cosmic muons. To archive its
goal, JUNO must precisely measure the neutrino spectrum and to look
for any distortion in it. Therefore, it is necessary to shield the experiment
as much as possible and to take account of any external event that can
mimic the signal in the central detector; this task is largely performed
by the water Cherenkov detector and the top tracker.

3. The top tracker: This muon tracker is located on top of the water
Cherenkov detector. Its main function is to independently provide muon
information to tag these events and track their trajectories.
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We stress that in this work we consider only some main features of the
JUNO detector such as its size and its energy resolution, which is sufficient for
our purpose.

5.1.1
CCSN neutrino detection in a liquid scintillator detector

A liquid scintillator detector like JUNO provides six detection channels
for CCSN neutrinos, three charged current and three neutral current channels.
Table 5.1 shows a summary of the detection interactions, which are presented
in descending order according to the number of events that each one of them
can detect [198].

No. Type Channel
1 CC ν̄e + p→ e+ + n

2 NC ν + p→ ν + p

3 CC + NC ν + e− → ν + e−

4 NC ν + 12C→ ν + 12C∗

5 CC ν̄e + 12C→ e+ + 12B
6 CC νe + 12C→ e− + 12N

Table 5.1: Charged and neutral current detection interactions in JUNO for
CCSN neutrinos: (1) IBD, (2) elastic neutrino-proton scattering, (3) elastic
neutrino-electron scattering, (4) NC interaction on 12C, (5) and (6) CC
interactions on 12C.

According to Table 5.1, and hence Ref [198], IBD is the dominant channel
of CCSN neutrino detection at JUNO with ∼ O(103) events for a galactic
supernova at 10 kpc. The elastic scattering of neutrinos on protons is also a
relatively large detection channel with the same order in the number of events,
but this channel, as well as (3) and (4), would not be sensitive to the Earth
matter effect (or any oscillation effect among active neutrino flavors) as they
are induced by neutral current reactions common for all flavor. The other CC
channels give much less contributions and for simplicity we ignore them.

An electron anti-neutrino interacting in the central detector with a free
proton from the target material (Linear Alkyl-Benzene) creates via IBD a
positron and a neutron. The positron quickly annihilates with an electron and
deposits at the detector an energy composed of the rest and kinetic energy of
the positron and the rest energy of the electron, i.e.,

Ev ≡ Ee+ +me , (5-1)
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where Ee+ is the positron kinetic energy, me is the electron (or positron) rest
energy, and Ev is the so-called visible energy from the reaction (the prompt
signal at the detector). The neutron scatters through the detector and is later
captured by a hydrogen nucleus producing a photon of 2.2 MeV (the delayed
signal at the detector). The coincidence of the positron and neutron signal, in
space (few cm) and time (∼ 250 µs) is a clear identification of ν̄e events. Since
the short duration of CCSN neutrino burst ∼ 10 s, we can consider the IBD
detection as free of background associated with external sources, e.g. reactor
neutrinos (∼0.01 events/10s), geo-neutrinos (∼0.0002 events/10s) [62].

For the purpose of this thesis we are interested in the energy spectrum
rather than the total number of detected events, therefore if we divide in n

bins the visible energy interval for CCSN neutrinos, the number of events in
the i-th bin is given by

(Nν̄e)i = NT

∫ Evi +∆Evi /2

Evi −∆Evi /2
dEv

∫ ∞
Ethν̄e

dEν̄e F
⊕
ν̄e(Eν̄e)σν̄e p(Eν̄e)R(Ev;Eν̄e , δEv) ,

(5-2)
where F⊕ν̄e is the electron anti-neutrino flux at the detector after passing
through the Earth matter as given by Eqs. (4-30) and (4-31), σν̄e p(Eν̄e) is
the cross section of the IBD interaction, which is implemented by using the
formula found in Ref [202]. This formula gives a very good approximation
for the energy range under consideration, less than 100 MeV. According to
the JUNO main characteristics described in the previous section, we found
that the number of free protons at the detector is NT ∼ 1.46 × 1033. Finally,
Eth
ν̄e = 1.806 MeV is the energy threshold of the reaction and R(Ev;Eν̄e , δEv)

is the normalized Gaussian smearing function which takes into account the
photon energy smearing of the detector. We define this function to be:

R(Ev;Eν̄e , δEv) = 1√
2πδEv

exp
−1

2

(
Ev − Eν̄e + 0.782MeV

δEv

)2
, (5-3)

where δEv/MeV = 3%
√
Eν/MeV is the energy resolution of the detector.

Since CCSN neutrino energies are a few MeV, the recoil energy of
the neutron can be neglected due to the higher neutron mass. Hence, the
neutrino energy (Eν̄e) and the positron energy can be related by Ee+ =
Eν̄e − (mn − mp) ≈ Eν̄e − 1.293 MeV and therefore, the visible energy can
be approximated to Ev ≈ Eν̄e − 0.782 MeV.
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5.1.2
Earth matter effects at JUNO

In this section we will present the most general aspects of the method
that will be used in this work for the identification of Earth effects by using a
single detector. This method is based on the procedure adopted in Ref. [57].
To make this procedure clearer, first let us note that Eq. (4-30b) for the NMO
case can be rewritten as follows:

F⊕ν̄e ≈ c2
12 F

0
ν̄e + s2

12(1− r2)F 0
ν̄x − f̄reg

[
F 0
ν̄e − (1− r2)F 0

ν̄x

]
, (5-4)

where the first two terms represent the flux of electron anti-neutrinos at the
surface of the Earth; they include resonant flavor transitions in the mantle of
the star and ν̄2 decays on the way to the Earth. While the third term takes
into account the interaction of neutrinos with the matter of the Earth.

Now, with the purpose of making explicit the energy dependence of the
regeneration factor, let us first consider the simplest case of a constant matter
potential1 in Eq. (3-83). In which case the regeneration factor takes the form

f̄reg ≈ −ε sin2 θ12 sin2
(
∆m2

21
√

1 + 2ε cos 2θ + ε2 Ly
)
, (5-5)

where y ≡ 12.7/E is the inverse energy. Here, the mass squared difference
between ν1 and ν2 is given in units of 10−5 eV2, L is given in units of 1000 km
and E in units of MeV.

We can observe from Eq. (5-5) that freg is a periodic function of inverse
energy, with a frequency ω ≈ 2∆m2

21L. Consequently, F⊕ν̄e is also a periodic
function on y. Since the coefficient of freg and the first two terms in Eq. (5-4)
are slowly varying functions of the inverse energy, they contain frequencies
much smaller than ω and hence F⊕ν̄e exhibits the same frequency as freg [57].

This characteristic is also reflected in the spectrum of neutrinos observed
at the detector, since (Nν̄e)i depends on F⊕ν̄e . In a similar way we can reach
the same conclusion in the case of Eq. (4-31b) for IMO. Fig. 5.1 shows us
an example of the modulations in the inverse energy spectrum, for a baseline
L = 4000 km and Model C3 in table 2.3. The blue (NMO) and cyan (IMO)
histograms refer specifically to scenario S1 (no decay). The red (NMO) and
orange (IMO) histograms refer to scenario S3 (100% decay of ν̄2). We can
clearly note for S3 the presence of modulations which are approximately equally

1It should be clarified that in general V (x) is not a constant function and that the results
that we will present in this chapter and in the next one are made without any approximation,
this is by numerically solving Eq. (3-62). Here, a constant density is considered just for
mathematical simplicity when presenting the method that we will use to identify the presence
of Earth matter effects.
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Figure 5.1: Inverse energy distribution of IBD events expected at JUNO for
L = 4000 km and Model D in table 2.3. The red and black histograms refer
specifically to S3 (100% decay of ν̄2) scenario computed for NMO and IMO,
respectively.

spaced.

After observing CCSN neutrinos, the main information that we obtain is
the arrival time and the energy of each event, hence their energy spectra. Thus
we can take the Fourier transform of the inverse energy spectrum [57, 60, 61]
showed in Fig. 5.1 to determine the frequency of the modulations. The
observability of a peak in the resulting power spectrum would be a clear sign of
the presence of Earth effects. We define the power spectrum of the N detected
events as

P (ω) =

∣∣∣∣∣∣ 1√
N

∑
Energy bin i

Ni

∆yi

∫
∆yi

dyi e
iωyi

∣∣∣∣∣∣
2

, (5-6)

where ∆yi is the width of the i-th bin and ω is the frequency that characterizes
the modulations.

Fig. 5.2 shows some example of Fourier transform of the inverse energy
spectrum for two different distances traveled by neutrinos, L = 8000 km and
L = 12000 km. In the former case neutrinos pass through only the Earth’s
mantle on their way to the detector, that is, they only experience an abrupt
change in density (the difference between the vacuum2 and mantle densities).
According to Eq. (5-5), the modulations in the inverse energy spectrum are
characterized by a single frequency and as a consequence only one peak is
observed (upper and lower-left panels). In the case of L = 12000 km CCSN

2For the purposes of this work we can consider that the Earth atmosphere is vacuum.
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neutrinos also cross the Earth’s core, then they find two additional jumps in
the density corresponding to the differences between the mean densities in the
mantle-core and core-mantle boundaries. This multilayer structure of the Earth
causes that freg presents three detectable frequencies in the power spectrum
(middle and lower-right panels).

From Fig. 5.2 we can also see how neutrino decay modifies the height and
shape of the peaks in the power spectrum. According to the type of neutrino
mass ordering, we can classify these effects in two groups:

1. Pure structures: In this group we classify the one-peak structures such
that the height of the peak is strictly increasing as the percentage of
decay increases3. This kind of structures take place for IMO, see for
example the lower panels in Fig. 5.2.

2. Hybrid structures: Here we classify the structures that present a double-
peak formation, which is more accentuated as r2 increases to a critical
value rc2, after this the depletion that gives rise the double-peak is
regenerated as the percentage of neutrino decay increases, then it forms
an single-peak structure whose height, depending on the supernova model
being considered and the proximity of the supernova to the Earth, may
be greater than the height of the peak corresponding to scenario S1.
See for example the NMO scenarios in Fig. 5.2. Upper- and middle-left
panels show the behavior of the peak before rc2, while the upper- and
middle-right panels show such behavior just after passing rc2.

Heretofore we have not taken into account the finite nature of the number
of detected events. A finite statistics leads to a background for the peaks
in the power spectrum and consequently makes it difficult to observe the
Earth matter effects [57, 203, 205, 60, 61]. Since we are only working with
the main characteristics of each detector, in this thesis we only take into count
1σ Poisson fluctuations at the event number determination and ignore any
systematic uncertainties of the detectors. Figs. 5.3 for NMO and 5.4 for IMO
show the effect that the finiteness of the data has on the observability of the
peak associated with the effects of the Earth. The blue, green and red doted
curves correspond to the average power spectrum over 1000 MC (Monte Carlo)
run samples for the scenarios S1, S2 and S3, respectively. While the error bars
represent the uncertainty at 1σ in the measurement of each point.

3Only for the results shown in Fig. 5.2 (and also in Figs. 5.5 and 5.8), for simplicity, we
compute CCSN neutrino fluxes by setting r2 as energy independent constant in Eqs. (4-28)
and (4-29), unlike the one shown in Eq. (4-27).
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Figure 5.2: (JUNO) Fourier transform of the inverse energy spectrum for two
different distances traveled by neutrinos, L = 8000 km (upper and lower-left
panels) and L = 12000 km (middle and lower-right panels) for NMO (upper
and middle panels) and IMO (lower panels).
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Figure 5.3: (JUNO) Averaged power spectrum over 1000 Monte Carlo run
samples for L = 4000 km, model D in table 2.3 and NMO. We present these
results for the typical CCSN distance of 10 kpc (upper panels) and for a
distance of 5 kpc (lower panels), for the three scenarios, S1, S2 and S3 described
in the subsection 4.3. We considered the standard deviation given in each fit
(vertical error bars) as error in the measurement.
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Figure 5.4: Same as in Fig. 5.3 but for IMO.

According to Figs. 5.3 and 5.4 we can draw the following conclusions:
IMO provides better opportunities for observing Earth matter effects than
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NMO. The decay scenario S2 (∼ 50% decay) is very similar in effects to S1
(no decay). We think that it is due to the presence of hybrid structures in the
power spectrum.

Note that S2 has just passed rc2 (purple curve in the upper right panel of
Fig. 5.2), therefore the heights of the peaks are comparable in both scenarios.
Since the expected value for the background fluctuations is ∼ 1 [57] (see the
scenario S1 in Fig. 5.3), the scenarios S1 (for NMO) and S2 (for both mass
orderings) are not appropriate for Earth matter effects observation. At 1σ
C.L., the peak in the power spectrum is comparable to or shadowed by the
background fluctuations, even for a CCSN at 5 kpc.

5.2
Hyper-Kamiokande

The Hyper-Kamiokande (or Hyper-K) experiment is a water Cherenkov
detector that at the same time is a microscope and a telescope that will be used
to study elementary particles, the Sun and supernovae by using neutrinos. It
is currently under construction (cavern-excavation phase, with the data taking
scheduled to start in 2027) in the Kamioka mine, Hida city, Gifu prefecture,
Japan [63].

This underground neutrino experiment has an extensive research pro-
gram aimed at answering some of the most important questions in elementary
particle physics, among them the matter-antimatter asymmetry in the Uni-
verse, the stability of the proton and the neutrino mass ordering, whose deter-
mination increases the precision of CP violation measurements and helps to
elucidate the nature of neutrinos, i.e. Dirac or Majorana [63]. According to the
standard model of elementary particles, protons are stable particles because
of the baryon number conservation. Nevertheless, some grand unified theories
(beyond the standard model) violate baryon number conservation and then
protons can decay. Additionally, CCSN neutrino observation at Hyper-K will
allow us to better understand the explosion mechanism of stars more massive
than ∼ 8M�. Due to its large volume, Hyper-K has an unprecedented capa-
bility for observing CCSN neutrinos beyond our galaxy, for example, O(10)
events will be obtained for a supernova in the Andromeda galaxy (i.e. 780 kpc
from us) [206].

The detector consist of one cylindrical tank with 71 m height, 68 m in
diameter and 40% photo-coverage [206]. It is optically separated into an outer
detector with a width of 2 m at the top and bottom or 1 m at the sides, whose
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objective is to help distinguish the neutrino signal from the background due
mainly to cosmic muons [207], and a 217 kton cylindrical inner detector. Hyper-
K is designed to employ the new 50 cm PMTs which have a better timing
resolution of 2.6 ns and twice the photon detection efficiency than Super-
Kamiokande (Super-K) PMTs. Hyper-K has a possibility to have a second
tank in South Korea with the same characteristics as the first [208] but this is
still under discussion.

5.2.1
CCSN neutrino detection in a water Cherenkov detector

A water Cherenkov detector like Hyper-K provides mainly three charged
current detection channels (IBD and absorption processes on oxygen) and
the charged and neutral current neutrino-electron elastic scattering detection
channel for CCSN neutrinos. Table 5.2 shows a summary of the detection
interactions, which are presented in descending order according to the number
of events that each one of them can detect [63].

No. Type Channel
1 CC ν̄e + p→ e+ + n

2 CC + NC ν + e− → ν + e−

3 CC ν̄e + 16O→ e+ + 16N∗

4 CC νe + 16O→ e− + 16F∗

Table 5.2: Charged and neutral current detection interactions in Hyper-K for
CCSN neutrinos: (1) IBD, (2) elastic neutrino-electron scattering, (3) ν̄e 16O
CC interaction, and (4) νe 16O CC interaction.

From Table 5.2 we can see that IBD is the main interaction channel
for CCSN neutrinos, O(104) events for a galactic supernova at 10 kpc. It is
responsible for ∼ 90% of events, making Hyper-K most sensitive to ν̄e. The
elastic scattering of neutrinos on electrons is also a relatively large detection
channel with O(103) events [63], but this channel would not be sensitive to
the Earth matter effects because they are induced by neutral current reactions
common for all flavor (except for νe(ν̄e) which can also interact via CC). The
other CC channels are subdominants and for simplicity we ignore them.

Water Cherenkov detectors use the IBD reaction on hydrogen nuclei to
detect ν̄e’s. In the case of CCSN neutrinos whose energies are between 5 MeV
and 50 MeV, the positron created in the IBD reaction is highly relativistic
β ∼ 1, then its speed is higher than the speed of light in water cH2O = c/n,
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where n = 1.34 is the refractive index of pure water. Therefore it will emit
Cherenkov light within an angle θ ≈ cos−1(1/nβ) ≈ 42o. Since Hyper-K could
detect multiple photons from each IBD event, this will produce an identifiable
circle of hits in the PMTs (ring-imaging technique), which will allows us an
accurate reconstruction of events with neutrino energies as low as 5 MeV [63].

In this work we consider only the tank in Japan, currently under
construction, with a fiducial mass of 220 kt [63] since for CCSN neutrinos
we can use both the inner and outer detectors. As commented before, Hyper-
K will have ∼ 2 times better photon detection efficiency than its predecessor
Super-K, then the energy resolution of Hyper-K is expected to be ∼

√
2 times

better than that for Super-K assuming the same photo-coverage. Therefore,
since Super-K’s energy resolution is 14.2% at Eν = 10 MeV [209], we calculate
the number of IBD events by using Eqs. (5-2) and (5-3) but with δEv/MeV =
32%

√
Eν/MeV.

5.2.2
Earth matter effects at Hyper-K

Fig. 5.5 shows the Fourier transform of the inverse energy spectrum for
Model D in Table 2.3. We present the results for two different distances traveled
by neutrinos, L = 8000 km and L = 12000 km. From this figure we can observe
that

1. Like JUNO we have the presence of pure and hybrid structures.

2. Due to its limited energy resolution, Hyper-K cannot resolve the second
and third peaks in the power spectrum. Which are expected to ω ≈ 120
and ω ≈ 160, respectively.

3. For NMO, ν̄2 decay worsens the observability of Earth matter effects, for
neutrinos with L = 8000 km, see the upper panels. It should be noted
that according to Fig. 5 of Ref. [203], neutrinos that only pass through
the mantle have little chance of making Earth effects observable, maybe
except for L = (5000± 1000) km.

4. In this particular example, when ν̄2 decay rate is approximately 80%, the
observation of the first peak around ω ∼ 40 has a greater chance than in
the case of no decay. While r2 ≥ 0.9 makes Hyper-K unable to observe
that peak.

5. Finally, for IMO we note that ν̄2 decay always leads to scenarios with a
greater chance of observing Earth matter effects.
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Figure 5.5: (Hyper-K) Fourier transform of the inverse energy spectrum for two
different distances traveled by neutrinos, L = 8000 km (upper and lower-left
panels) and L = 12000 km (middle and lower-right panels) for NMO (upper
and middle panels) and IMO (lower panels).
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Figure 5.6: (Hyper-K) Averaged power spectrum over 1000 Monte Carlo run
samples for L = 4000 km, model D in table 2.3 and NMO. We present these
results for the typical CCSN distance of 10 kpc (upper panels) and for a
distance of 5 kpc (lower panels), for the three scenarios, S1, S2 and S3 described
in the subsection 4.3. We considered the standard deviation given in each fit
(vertical error bars) as error in the measurement.
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Figure 5.7: Same as in Fig. 5.6 but for IMO.

Figs. 5.6 for NMO and 5.7 for IMO show the averaged power spectrum
over 1000 MC (Monte Carlo) run samples for L = 4000 km, model D in
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table 2.3. We present these results for the CCSN distance of 10 kpc (upper
panels) and 5 kpc (lower panels), for the three scenarios, S1, S2 and S3
described in the subsection 4.3. First of all we note that like JUNO the decay
scenario S2 (∼ 50% decay) is very similar in effects to S1 (no decay), except
for IMO, for which there are no Earth matter effects in the S1 scenario.

We can also observe that for distances less than 10 kpc (typical distance
of a galactic supernovae) there is a greater possibility of observing a peak in
the power spectrum, with better conditions for IMO in which case there is also
the possibility of observing such a peak for CCSNe 10 kpc away. Unfortunately
the conditions are not so favorable for the case of NMO, where it is not possible
to observe such a peak for a distance of 10 kpc, since the signal is comparable
to the statistical background.

5.3
The Deep Underground Neutrino Experiment (DUNE)

DUNE is a dual-site international experiment for neutrino research and
proton decay studies [210, 64]. DUNE’s main physics program includes refining
the measurement of mixing parameters with a view to determining neutrino
mass ordering and the value of CP violation phase, which could provide the
answer to the asymmetry of matter-antimatter observed in the Universe.
Another goal of DUNE is to look for traces of proton decay. Search for
these decays at DUNE can help set limits for unification theories. DUNE’s
observation of CCSN neutrinos in our galaxy will allow us to learn more
about the explosion mechanism of a supernova, as well as obtain first-hand
information on its stellar remnants (maybe witness the birth of a black hole).

The experiment will consist of two neutrino detectors: a near detector
(DUNE-ND) placed at the Fermi National Accelerator Laboratory (FERMI-
LAB) in Batavia, Illinois. And a far detector (DUNE-FD) installed at the
Sanford Underground Research Facility (SURF) in Led, South Dakota.

The DUNE-ND aims to reduce the systematic uncertainties in extract-
ing the oscillation signal at the DUNE-FD which enrich the potential of
DUNE [211] for discovering CP violation. This detector consists of three pri-
mary components: (1) a Liquid Argon Time-Projection Chamber (LArTPC)
called ArgonCube. (2) a high-pressure gaseous argon Time-Projection Cham-
ber (HPgTPC). And (3) an on-axis beam monitor called System for on-Axis
Neutrino Detection (SAND).

The DUNE-FD [210, 64, 212] will be a modular LArTPC located 1.5 km
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below the SURF, with a total mass 70 kt of liquid argon of which 40 kt will be
fiducial mass (in total there will be four LArTPCs with 10 kt each). We will
use this detector in our work.

5.3.1
CCSN neutrino detection in a liquid argon detector

Table 5.3 shows a summary of the detection channels for CCSN neutrinos
in a LArTPC detector, which are presented in descending order according to
the number of events that each one of them can detect [213, 214].

No. Type Channel
1 CC νe + 40Ar→ 40K∗ + e−

2 CC + NC ν + e− → ν + e−

3 NC ν + 40Ar→ ν + 40Ar∗

4 CC ν̄e + 40Ar→ 40Cl∗ + e+

Table 5.3: Charged and neutral current detection interactions in DUNE for
CCSN neutrinos: (1) νe

40Ar CC interaction, (2) elastic neutrino-electron
scattering, (3) ν 40Ar NC interaction, and (4) ν̄e 40Ar CC interaction.

DUNE-FD will have high sensitivity to electron neutrino via the νe 40Ar
CC processes (dominant interaction) for which the observables are the electron
and the cascade of de-excitation γ-products from K∗ [215]. At the far detector,
electrons are drifted by electric fields and the signals are collected on wire
planes; using the arrival time of these particles, it is possible to reconstruct
the three-dimensional tracks. On the other hand, argon can scintillate, and
the light can be measured by solid state silicon photomultipliers (SiPMs),
allowing a fast synchronization of the signals and improving the location of
events within the detector [216, 210, 212]. This channel provides a unique
opportunity to observe the neutronization burst, primarily composed of νe.
It this work we use the cross section for the most relevant CCSN neutrino
interaction in argon (channel 1 in Table 5.3) found in the SNOwGLoBES
sofware package [217] and the energy resolution that has been calculated by
the ICARUS collaboration [213] δEv/MeV = 0.11

√
Eν/MeV + 0.02(E/MeV)

which is better than the one that Hyper-K would have.
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5.3.2
Earth matter effects at DUNE

Figs. 5.8 shows an example of Fourier transform of the inverse energy
spectrum for two different distances traveled by neutrinos, L = 8000 km (upper
panels) and L = 12000 km (lower panels) for NMO (left panels) and IMO (right
panels).
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Figure 5.8: (DUNE) Fourier transform of the inverse energy spectrum for two
different distances traveled by neutrinos, L = 8000 km (upper panels) and
L = 12000 km (lower panels) for NMO (left panels) and IMO (right panels).
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Figure 5.9: (DUNE) Averaged power spectrum over 1000 Monte Carlo run
samples for L = 4000 km, model D in table 2.3 and NMO. We present these
results for the typical CCSN distance of 10 kpc (upper panels) and for a
distance of 5 kpc (lower panels), for the three scenarios, S1, S2 and S3 described
in the subsection 4.3. We considered the standard deviation given in each fit
(vertical error bars) as error in the measurement.
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Figure 5.10: Same as in Fig. 5.9 but for IMO.

As opposed to JUNO and Hyper-K we can observe a tendency to form
pure structures for both mass ordering, except for L = 8000 km (NMO). This
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increases the possibilities of observing the peaks associated with Earth effects,
especially when neutrino decay is present.

It should be noted that due to its energy resolution DUNE-FD can
observe only two peaks (at ω ≈ 50 and ω ≈ 120) when neutrinos cross the
Earth’s core. This result is better with respect to Hyper-K but unfavorable in
relation to JUNO.

In Figs. 5.9 for NMO and 5.10 for IMO we show an example of averaged
power spectrum over 1000 MC (Monte Carlo) run samples for L = 4000 km
and the model D in table 2.3. similar to the examples presented for JUNO
and Hyper-K. We can notice that for a supernova in our galaxy at 10 kpc
away, there is a little chance of observing a peak in the power spectrum in
the case of 100% of neutrino decay. The other neutrino decay scenarios remain
unfavorable unless the supernova distance is less than 10 kpc and the mass
ordering inverted.
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6
Sensitivity of the next-generation of neutrino detectors to
Earth Matter Effects

In this chapter we study the sensitivity of JUNO, Hyper-K and DUNE
to the detection of Earth matter effects via Fourier transform of the inverse-
energy spectrum of CCSN neutrinos. Hereafter, we will focus on S3, because is
a good prospect for an unambiguous identification of such effects. Therefore, as
a starting point for this purpose let us note that to obtain the power spectrum
shown for example in Figs. 5.9 and 5.10, we averaged 1000 MC run samples,
where each one of them represents the Fourier transform that we would obtain
when analyzing the neutrino energy spectrum from a single CCSN explosion.

Once each of these power spectra is obtained, we can use the area (A)
under the peak (s) that they exhibit as a partial measurement of the presence
of Earth effects in the neutrino energy spectrum. This calculation is made
between two fixed frequencies ωmin and ωmax as performed in Ref. [203]. We
have used the word partial when referring to this measure because A 6= 0 by
itself cannot be considered as proof of the existence of Earth effects due to
the limited number of events (statistical errors). For this reason, in addition
of calculating this area, we must compare it with the area obtained when only
background fluctuations are present.

This gives rise to two distributions: the signal obtained from the areas
calculated taken into account the regeneration factors and the background
corresponding to the areas calculated in the absence of the regeneration factors.
Fig. 6.1 shows an example of these area distributions (signal in red and
background in black) for neutrinos coming from a CCSN at 10 kpc away (model
D in Table 2.3), for two baselines: L = 4000 km and L = 12000 km.

We decided to accept the observation of Earth effects at a confidence level
(C.L.) 1−α if the observation, A, is greater than a critical value Aαc known as
detection condition [203] (lower limit of the hatched region in Fig. 6.1). Here
α is the probability of false alarm which will be defined in section 6.2 in the
context of the signal detection theory [204].

In this thesis we use two statistical tools which help us to have a better
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Figure 6.1: Background fluctuations (black) and signal (red) area distributions.
The background distribution was calculated in the absence of the Earth matter
effects whereas the signal distribution was calculated in the presence of the
Earth matter effects. We show these distributions for JUNO for the both mass
orderings: NMO (upper panels) and IMO (lower panels). The hatched region
correspond to a confidence level of 2σ (95.45%).

idea of how possible it is to observe Earth matter effects at a certain level
of confidence. These are the Earth matter observation probability and the
sensitivity parameter d′. We start by defining the latter.

6.1
Sensitivity parameter d′

The parameter d′ describes the relationship of signal and background fluc-
tuations distributions to each other. When d′ is close to zero, the distributions
are completely overlapping which means that there is no way to distinguish be-
tween signal and background fluctuations. In contrast, when d′ is large, the two
distributions are widely separated. Therefore d′ measure the sensitivity with
which the Earth matter effects can be detected. Mathematically this statistic
can approximately be written as

d′ = µs − µb√
1
2 (σ2

s + σ2
b )
, (6-1)

where µs and µb are the means of the signal and background fluctuation
distributions and σs and σb their standard deviations, respectively. So, roughly
speaking, d′ is the distance between the means of the two distributions shown
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in Fig. 6.1 (red and black histograms). We can see by comparing the left
and right panels of this figure that this parameter has a higher value when
neutrinos cross the Earth’s core than when they cross only the mantle. On
the other hand, Fig. 6.1 also shows that for inverted mass ordering there is a
better sensitivity to discriminate between signal and background fluctuations.

Fig. 6.2 shows the sensitivity to Earth matter effects detection in the
presence of invisible neutrino decay for JUNO (upper panel), Hyper-K (middle
panel) and DUNE (lower panel) as a function of r2, the decay rate of ν2. For the
sake of simplicity, we treated ri as constant which does not depend on neutrino
energy unlike the one shown in Eq. (4-27). To be more correct, the sensitivity
detection should have been computed and shown as a function of 〈ri〉, which
is the averaged value of ri over neutrino energy but for the illustrative purpose
we approximate it as constant. Furthermore, these results are presented for
the special case of a supernova 10 kpc away. This is because at that distance
the probability of a CCSN occurring in our galaxy is higher. From this figure
we can observe that

1. There is a very marked difference between the neutrino and anti-neutrino
detection channels.

2. In the case of JUNO or Hyper-K, the sensitivity parameter behaves
differently for NMO than for IMO.

Let us see for example that in the case of JUNO the solid curves (NMO)
decrease as r2 increases, they reach a minimum around r2 ∼ 0.3 for L = 4000
km or L = 8000 km and r2 ∼ 0.4 for L = 12000 km, and then they become
increasing functions of the decay parameter. On the other hand, the dashed
curves (IMO) are strictly increasing functions for all possible values of r2. In
the case of Hyper-K, the minimum is shifted to the right for L = 4000 km
and its concavity is more pronounced, while for L = 8000 km and L = 12000
km the concavity is very small or almost nonexistent. We think that in part
this is due to the energy resolution of the detector. We can try to understand
qualitatively such a difference of behaviors of the sensitivity between NMO
and IMO found in the upper and middle panels of Fig. 6.2 as follows.

According to the lower left panels of Figs. 4.1-4.3 corresponding to NMO
for the antineutrino channel, ∆Fν̄e is negative in the relevant neutrino energy
range of & 20 MeV for S1 (no decay), whereas for the scenarios of larger decay
rates, S2 and S3, ∆Fν̄e is mostly positive for all the energy range. This implies
that when the decay rate increases from 0 to 100%, ∆Fν̄e = f̄reg[(1−r2)F 0

ν̄x−F
0
ν̄e ]

around the relevant energy range changes its sign. Then the Earth matter
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Figure 6.2: Sensitivity to Earth matter effects detection in presence of invisible
neutrino decay for JUNO (upper panel), Hyper-K (middle panel) and DUNE
(lower panel) as a function of the ν2 decay rate r2.
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effects are practically non-existent near the point where ∆Fν̄e changes its sign,
which correspond to the peak of the events (see Fig. 5.1,∼ 12.7/0.65 MeV), and
therefore, we expect worst detection sensitivity around such a point. On the
other hand, if we look at the lower right panels of Figs. 4.1-4.3 corresponding
to IMO, we can see that ∆Fν̄e is nearly always positive for all the energy range,
increasing monotonically as the decay rate increases.

We can also try to understand the behavior of the sensitivity curves
for NMO by means of Figs. 5.2 and 5.5. For example, in the case of JUNO,
the presence of double-peak structures for r2 . 0.2 (upper left panel of
Figs. 5.2) leads to a lower value for the mean of the signal, consequently
the distance between the two distributions, signal and background, becomes
smaller, causing a lower value of the sensitivity parameter. While for r2 >

0.2, the predominant presence of a single-peak structure makes d′ a strictly
increasing function in this range. The suppression in the intensity of the peaks
due to these double-peak structures seems to have its origin in the partial
destructive interference presented by the different components of the power
spectrum [60].

Now in the case of DUNE (lower panel of Fig. 6.2), from the upper panels
of Figs. 4.1-4.3 corresponding to the neutrino channel we can see that as the
decay parameter varies from 0 to 1, within the relevant neutrino energy range
of & 15 MeV, the possibility of observing Earth matter effects increases. In
particular, for NMO, we can also understand analytically that the sensitivity
should be an increasing function of r2 as ∆Fνe ' −fregr2F

0
νx (see Eq. (4-32)).

Finally, in agreement with Fig. 6.2 we stand out the following results:

1. This figure can help us to understand why decay scenarios such as the
scenario S2 for NMO (< 70% of ν̄2 decay) does not enhance the impact
on Earth effect identification when compared to S1.

2. For NMO, when r2 & 0.4 (40% of ν2 decay) JUNO has better sensitivity
to Earth matter effects detection than the other detectors.

3. For IMO, Hyper-K has better sensitivity to Earth matter effects detection
than JUNO in the particular case of CCSN neutrinos with a baseline L
= 4000 km. While for L = 8000 km and L = 12000 km the JUNO’s
sensitivity is better than that of Hyper-K.

4. For IMO, DUNE has better sensitivity to Earth matter effects detection
than the other detectors when r2 . 0.8 (for L = 4000 km), r2 . 0.4 (for
L = 8000 km) and for the full range of r2 in the case of L = 12000 km.
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6.2
Detection probability of Earth matter effects

The second statistic that we use in this work is the signal detection
probability which is very common when we have to make decisions that they
are in some way uncertain or ambiguous. We define this probability (p = 1−β)
as the fraction of the area of the signal distribution [203], above Aαc ; red hatched
region in Fig. 6.1. Here β corresponds to the probability of making an error
type-II, that is, considering as background fluctuations the signal below the
detection criterion.

To describe the accuracy of the presence or absence of Earth matter
effects in future CCSN neutrino fluxes, it is also necessary to take into account
that we can confuse the background with the signal, that is, we can think
that we are observing a signal when it is actually background. This possibility
defines the so-called probability of false alarm, α, that according to Fig. 6.1 α
corresponds to the fraction of the area of the background distribution above
the decision criterion. It is very common to give this probability in terms of
a certain number of double-sided Gaussian standard deviations. In this work,
we identify a particular value of A as a signal if and only if, it is located at
a distance greater than nσ away from the background mean. The relationship
between nσ and α can be written as

α(n) = 2√
2π

∫ ∞
n

dx e−x
2/2 = erfc

(
n√
2

)
, (6-2)

where erfc(x) is the complementary error function. With this definition we can
identify 1σ, 2σ and 3σ with a confidence level of 68.27%, 95.45% and 99.73%,
respectively [62, 218, 219].

In order to give an example of this definition, we present below the
detection probability of the Earth matter effects as a function of the distance
to the supernova, for two sets of CCSN models: {B, C2, D} and {A, C3, D}.
The first set includes only models for the accretion phase while the second is
mixed. Figs. 6.3 and 6.4 show this probability, respectively for {B, C2, D} and
{A, C3, D}, at 2σ (95.45% C.L.) for JUNO (upper panel), Hyper-K (middle
panel) and DUNE (lower panel), for NMO (upper panel of each subfigure) and
IMO (lower panel of each subfigure).

From these figures we can draw out the following observations:

1. Despite the fact that this statistic is model dependent (it depends on
the CCSN parameters), we can see that in general it reflects the positive
impact that ν2 decay has on the observation of the Earth matter effects.
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Figure 6.3: Detection probability of the Earth matter effects at 2σ (95.45%
C.L.) by JUNO (upper panel), Hyper-K (middle panel) and DUNE (lower
panel), for NMO (upper panel of each subfigure) and IMO (lower panel of
each subfigure) for different CCSN emission models B, C2 and D as a function
of the distance to CCSN.
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Figure 6.4: Detection probability of the Earth matter effects at 2σ (95.45%
C.L.) by JUNO (upper panel), Hyper-K (middle panel) and DUNE (lower
panel), for NMO (upper panel of each subfigure) and IMO (lower panel of
each subfigure) for different CCSN emission models B, C3 and D as a function
of the distance to CCSN.
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2. JUNO and Hyper-K present a higher probability of detection of the
effects under consideration if the neutrino mass ordering is inverted while
DUNE has approximately equal possibilities in both orderings. It should
be noted that in the absence of neutrino decay, we expect that it is not
possible to observe such effects in the anti-neutrino detection channel for
IMO, nor is it possible to observe them in the neutrino channel for NMO.

3. There is a greater possibility of clearly and unambiguously identifying
the presence of the Earth matter effects in the neutrino energy spectrum
for distances < 10 kpc. This is because the number of detected events
increases with the proximity of the supernova to Earth. In particular, in
the case of a CCSN at a distance of ∼ 1 kpc the probability is close to
unity.

4. A comparison between Figs. 6.3 and 6.4 shows that the probabilities
using the models in set {A, C3, D} are greater than the probabilities
using the models in set {B, C2, D}. The success on identifying the Earth
matter effects depends very much on the number of events detected, for
this reason there will be a better chance of observing these effects if the
entire emission interval of ∼ 10 s is considered in the analysis, instead
of considering the neutronization burst, the accretion and cooling phases
separately.
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7
Conclusions

The aim of this thesis was to study the sensitivity that the next
generation of detectors (JUNO, Hyper-K and DUNE) will have to the detection
of the Earth matter effects through the identification of the modulations in
the energy spectrum of neutrinos from CCSNe in our galaxy, assuming the
possibility of the invisible decay of ν2 after the neutrinos have left the star, on
their way to Earth because the decay effects can potentially increase the Earth
matter effects. To achieve this purpose, three decay scenarios were created: S1
(corresponding the case where there is not neutrino decay), S2 (∼ 50% of
decay) and S3 (100% of decay), as well as six neutrino emission models: A, B,
C1, C2, C3 and D (tabla 2.2) with which, for each detector, the inverse energy
spectrum was constructed and later the Fourier transform was used to obtain
the peaks, in the power spectrum, that characterize the frequencies of these
modulations due to the interaction of the CCSN neutrinos with the matter
of the Earth. This study was carried out for three baselines L = 4000 km,
L = 8000 km and L = 12000 km.

Due to the finite number of events obtained to carry out this analysis, it is
necessary to take into account the statistical fluctuations in the determination
of the number of events and therefore the uncertainty in the unambiguous
determination of one of these peaks. As statistical tools to discriminate between
signal (presence of Earth matter effects, and therefore identification of a peak
in the power spectrum) and background fluctuations, we use the sensitivity d′

and the probability of detection p defined in chapter 6 in the context of the
signal detection theory which was used previously in Ref. [203] to determine
the probability of observation of these effects (without neutrino decay). The
main results of this research include the following:

– From a theoretical point of view, the incorporation of ν2 decay into
the study of the energy spectrum of CCSN neutrinos can alter the
probability of observing the so-called Earth matter effects. However a
clear identification of such effects by the next generation of detectors
such as JUNO, Hyper-K and DUNE would only take place for decay
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rates of ν2 greater than ∼ 70%, as observed in Fig. 6.2 which shows d′

as a function of r2. This is basically due to the presence of double-peak
structures in the power spectrum which suppress the intensity of the
peaks due to the partial destructive interference presented among the
different components of the power spectrum, similar to what happen in
the case without decay effect as discussed in Ref. [60].

– As already mentioned in previous works [57, 203], the capability of a
detector to identify the Earth matter effects by detecting the modulations
in the energy spectrum of the neutrinos that reach the detector depends
mainly on the number of detected events and the energy resolution of
the detector, therefore, according to the results observed in Figs. 6.3
and 6.4 we can conclude that there is a greater possibility of clearly
and unambiguously identifying the presence of the Earth matter effects
for CCSNe at distances < 10 kpc. In the case of neutrinos coming from
core-collapse supernovae in our galaxy or from any of its satellite galaxies
(e.g., the Large Magellanic Cloud), the number of observed events will
be considerably reduced due to the much longer distances they have to
travel to reach the Earth, typically ∼ O(10) kpc.

– JUNO and Hyper-K present a higher probability of detection of the
effects under consideration if the neutrino mass ordering is inverted while
DUNE has approximately equal possibilities in both orderings.

– In the standard scenario (no neutrino decay) the observation of the
effects due to the Earth matter are restricted only to the anti-neutrino
channel if the mass ordering is normal and to the neutrino channel if
the ordering is inverted. The addition of ν2 decay to this work evidenced
the possibility of observing Earth matter effects for both mass orderings
in both detection channels, νe and ν̄e. Therefore, if Earth matter effects
are observed, in the next CCSN, in both channels (neutrino and anti-
neutrino) at the same time, we can consider this evidence as an indication
of the presence of neutrino decay.

– Another fact that could be considered as evidence of CCSN neutrino
decay would be the Earth matter effects observation in the νe channel
and the simultaneously disappearance of the neutronization peak from
the CCSN neutrino burst.

– In the case of CCSN neutrinos, the trajectories that these follow inside
the Earth to reach the detector can generally be classified into two: 1)
paths that only cross the mantle. In this case, the shorter the path length,
the greater the chance of observing Earth matter effects. For example,
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small baselines such as L = 4000 km present a greater opportunity to
identify the modulations compared to the case of longer baselines such
as L = 8000 km. Indeed, the dependence on energy presented by the
regeneration factors for baselines with L ∼ 4000 km is slower compared
to that exhibited by the regeneration factors with the longer baseline.
In the first case, it will be easier to detect such modulations with the
expected energy resolutions for the future detectors under consideration.
2) paths that cross both the mantle and the core of the Earth. In this
case, contemplating the possibility of 100% of ν2 decay, JUNO’s energy
resolution will allow it to observe the three peaks that occur in the power
spectrum, which will increase the chance of observing the Earth matter
effects.

– Finally we can conclude that in the case of a typical CCSN at our galaxy
(10.7± 4.5 kpc [58]), the presence of 100% of ν2 decay can enhance the
probability of observation of the Earth matter effects, see for example
the probability for model D in Figs. 6.3 and 6.4. However, this result is
model dependent and given the small number of events detected from the
supernova SN 1987A, we are currently at the mercy of the advances in
numerical simulation which at the time indicate that during the cooling
phase there is a tendency towards the equalization of the fluxes and the
proximity of the average values of the energies under consideration, 〈Eν̄e〉
and 〈Eνx〉.
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A
CCSN neutrino spectra in presence of neutrino decay

As discussed in Section 4, the expected CCSN neutrino spectra in
the presence of neutrino decay can be explicitly written in terms of the
decay parameter, the time-integrated primary spectra and the mixing pa-
rameters. Here, we explicitly show all the calculations necessary to reach
Eqs. (4-28a), (4-28b), (4-29a) and (4-29b).

We start with the calculation of Fνe and Fν̄e for the case of normal mass
ordering. For this purpose we rewrite the total fluxes of the neutrino mass
eigenstates at the surface of the star in the following compact form:

Fνi = ai F
0
νe + (1− ai)F 0

νx , (A-1a)

Fν̄i = āi F
0
ν̄e + (1− āi)F 0

ν̄x , (A-1b)

with a1 = a2 = 0 and a3 = 1 for the calculation of Fνe and ā1 = 1 and ā2 = 0
for the calculation of Fν̄e . These values for ai and āi are obtained from the
analysis of the crossing probabilities PH and PL in Fig. 3.2.

With this information we can find Fνe by slightly modifying Eq. (3-52)
to include the effect of the decay of the mass eigenstates, this is:

Fνe =
3∑
i=1
|Ue i|2 (1− ri)Fνi ,

= |Ue 1|2 (1− r1)Fν1 + |Ue 2|2 (1− r2)Fν2 + |Ue 3|2 (1− r3)Fν3 ,

= c2
12 c

2
13 (1− r1)F 0

νx + s2
12 c

2
13 (1− r2)F 0

νx + s2
13 (1− r3)F 0

νe ,

= s2
13 (1− r3)F 0

νe + (c2
12 c

2
13 − r1 c

2
12 c

2
13 + s2

12 c
2
13 − r2 s

2
12 c

2
13)F 0

νx ,

= s2
13 (1− r3)F 0

νe + (c2
13 − r1 c

2
12 c

2
13 − r2 s

2
12 c

2
13)F 0

νx ,

(A-2)

which under the approximation θ13 = 0 results in

Fνe ≈ (1− r1 c
2
12 − r2 s

2
12)F 0

νx . (A-3)

For the case of Fν̄e we have a similar analysis:
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Appendix A. CCSN neutrino spectra in presence of neutrino decay 126

Fν̄e =
3∑
i=1
|Ue i|2 (1− ri)Fν̄i ,

≈ |Ue 1|2 (1− r1)Fν̄1 + |Ue 2|2 (1− r2)Fν̄2 ,

≈ c2
12 c

2
13 (1− r1)F 0

ν̄e + s2
12 c

2
13 (1− r2)F 0

ν̄x ,

≈ c2
12 (1− r1)F 0

ν̄e + s2
12 (1− r2)F 0

ν̄x ,

(A-4)

where we have ignore the term |Ue 3|2 (1 − r3)Fν̄3 because the small mixing
angle θe3 is further suppressed in the stelar medium, so the ν̄e → ν̄3 transitions
are negligible.

Now we present the calculation of Fνe and Fν̄e for the case of inverted
mass ordering. Here a1 = 0 and a2 = a3 = 1 for the calculation of Fνe and
ā1 = ā2 = 0 for the calculation of Fν̄e . Therefore,

Fνe =
3∑
i=1
|Ue i|2 (1− ri)Fνi ,

≈ |Ue 1|2 (1− r1)Fν1 + |Ue 2|2 (1− r2)Fν2 ,

≈ c2
12 c

2
13 (1− r1)F 0

νx + s2
12 c

2
13 (1− r2)F 0

νe ,

≈ s2
12 (1− r2)F 0

νe + c2
12 (1− r1)F 0

νx ,

(A-5)

and
Fν̄e =

3∑
i=1
|Ue i|2 (1− ri)Fν̄i ,

≈ |Ue 1|2 (1− r1)Fν̄1 + |Ue 2|2 (1− r2)Fν̄2 ,

≈ c2
12 c

2
13 (1− r1)F 0

ν̄x + s2
12 c

2
13 (1− r2)F 0

ν̄x ,

≈ [c2
12 (1− r1) + s2

12 (1− r2)]F 0
ν̄x ,

≈ [1− r1 c
2
12 − r2 s

2
12]F 0

ν̄x .

(A-6)
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