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Resumo

Neutrinos solares sdo produzidos nos processos de fusdo termonuclear que
alimentam o Sol. Os primeiros experimentos para sua detec¢do indicavam um fluxo de
neutrinos solares menor do que o previsto pelos modelos padrdo solares, no que veio a ser
conhecido como o problema do neutrino solar (Solar Neutrino Problem — SNP).
Experimentos posteriores eventualmente estabeleceram o modelo de oscilacdo de sabor com
angulo de mistura grande e com a conversio de sabor ressonante de
Mikheyev-Smirnov-Wolfenstein (LMA-MSW, na sigla em inglés) como a solu¢do para o SNP.
A solucdo LMA-MSW estabelece, acima de qualquer duvida razoavel, a natureza massiva dos
neutrinos, o que torna possivel que os neutrinos decaiam em outras particulas. Neste trabalho,
investigamos o decaimento de neutrinos como um efeito secunddrio na propagacdo de
neutrinos solares a fim de extrair novos limites para o tempo de vida dos neutrinos usando os

dados experimentais mais recentes.



Abstract

Solar neutrinos are produced in the thermonuclear fusion processes that power the
Sun. Early experiments indicated a solar neutrino flux lower than the predicted by the Solar
Standard Models, which came to be known as the Solar Neutrino Problem (SNP). Later solar
neutrino experiments eventually established the Neutrino Flavor Oscillation model with Large
Mixing Angle and Mikheyev-Smirnov-Wolfenstein Resonant Flavor Conversion (LMA-MSW)
as the solution to the SNP. The LMA-MSW solution establishes beyond reasonable doubt the
massive nature of neutrinos, which makes it possible for neutrinos to decay into other particles.
In this work, we investigate neutrino decay as a sub-leading effect in the propagation of solar

neutrinos to extract new limits to neutrino lifetime using the most recent experimental data.
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Introduction

From the discovery of sunspots — which hinted at the possibility of an imperfect
sky — to the Solar Neutrino Problem — which led to the discovery of neutrino oscillations
and the massive nature of neutrinos —, the Sun has been a constant source of new phenomena
challenging the scientific knowledge of each generation. Moreover, the Sun has also been a
laboratory for testing new theories, such as the observation of solar eclipses in the early 20th
Century, which provided early evidence in favour of Einstein’s General Relativity. Similarly,
neutrinos have consistently confronted the status quo since they were proposed by Wolfgang
Pauli in 1930 [1] to explain the continuous energy spectrum of electrons produced in the beta
decay. The neutrino oscillation phenomenon, for example, is currently one of the most
significant deviations from the Standard Model, establishing neutrinos as massive particles.
Being massive, it becomes possible for neutrinos to decay into other particles.

In Chapter One, we present an introductory discussion on the properties of the Sun,
the models built from observational data and used to described its inner structure and energy
generation through thermonuclear fusion processes, and the consequent production of solar
neutrinos. In Chapter Two, neutrino oscillations are described, both in vacuum and in matter,
and applied in the propagation of solar neutrinos from production to detection. In Chapter
Three, neutrino decay models are presented and the formalism necessary to account for both
neutrino oscillations and decay as a secondary effect on the propagation of solar neutrinos
is discussed. In Chapter Four, we investigate the solar neutrino invisible decay, in which
daughter particles are not detectable/detected by an experiment. The formalism is presented
and its consequences to the solar neutrino flux are analysed. From this analysis, we extract new
lower limits to neutrino lifetime in this decay scenario. Finally, in Chapter Five, we investigate
the solar neutrino visible decay, in which at least one of the daughter particles is in principle
detectable, is discussed. The formalism is presented and its consequences to the solar neutrino
flux are analysed. From this analysis, we extract new lower limits to neutrino lifetime in this

decay scenario.
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Chapter 1
The Sun and Solar Neutrinos

The Sun is a Main Sequence star — in the Hertzsprung-Russell diagram' — of
spectral type G [2]. It has a radius of around 7 x 10° km and a mass of 2 x 103°kg, concentrating
about 99.9% of the total mass of the Solar System. The Sun rotates around the galactic center
at a 10kpc radius? and at speeds of approximately 250km s,

The Sun was formed from the gravitational collapse of a cloud of gas and dust
around 4.6 billion years ago. During the collapse, the gas in the cloud heats up until
temperature and pressure in its innermost region are enough to initiate thermonuclear fusion
reactions, transforming hydrogen into helium. The energy release allows the outwards pressure
of the hot gas to balance the inwards force of gravity. The gas reach hydrostatic equilibrium,
the collapse stops and the star is born.

In this Chapter, the properties of the Sun are discussed, alongside models
constructed from observational data and used to described its inner structure and energy
generation through thermonuclear fusion processes. The production of the so-called solar

neutrinos by such reactions is also discussed.

1.1 Solar Standard Models and Solar Structure

The Sun can be probed through a variety of methods, from the astronomical
observation of surface properties and phenomena to the measurement of its normal modes of
oscillation — known as helioseismology — some of which can provide information about
deep regions within the star.

Mathematical models of the Sun can be constructed from observational data to
describe the solar structure and evolution. A Standard Solar Model (SSM) is based on

observational parameters such as the solar age, mass, radius and surface luminosity (given in

I'The Hertzsprung-Russell diagram is a luminosity versus surface temperature diagram. In this diagram, most
stars fall under a narrow region called the Main Sequence [2]. The Main Sequence of this diagram is where a star
spends most of its lifetime while its main energy source is the fusion of hydrogen into helium.

20ne parsec (pc) is equivalent to 3.26 light-years or 3.09 x 10°km. It is defined as the distance for an
astrophysical object to have an annual parallax of one arcsecond.
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Table 1.1) as well as the cross sections governing the nuclear reaction rates. Other input

parameters are [3]:

e Chemical Abundance: The abundance of different chemical elements affects the energy
transport in the Sun and hence its temperature and density profiles. Since only the
surface chemical abundances are measurable, two assumptions are made regarding this
parameters: (a) the Sun is chemically homogeneous when it enter the Main Sequence
and (b) the current surface composition reflects the initial abundances of all elements up

to carbon.

e Radiative Opacities: Since the energy transport in the innermost regions of the Sun
happens mainly through radiation, the opacity of the solar matter to the propagation of
photons is an important input parameter which influences, for instance, the temperature
profile of the star. The radiative opacities are calculated both from (a) the assumed
chemical abundances in the solar matter and (b) from modeling the interactions between

atoms and radiation.

e Equation of State: The behavior of the solar matter and the relation between its pressure,
temperature, density, and other properties must take into account several effects including,

for example, (a) radiation pressure and (b) electron degeneracy.

Besides the input parameters, some other approximations and assumptions are made
in the SSMs:

e Hydrostatic Equilibrium: The Sun is assumed to be in hydrostatic equilibrium, that is, the

inwards force of gravity is balanced by the outwards pressure of the hot gas.

e Energy Generation: The main process responsible for the energy generation in the Sun

are thermonuclear fusion reactions.

e Energy Transport: Energy produced in the interior of the Sun is transported outwards

either by radiation or convection.

e Changes in Abundance: The chemical abundances in the Sun are supposed to change
only due to nuclear reactions in regions in which there are no convective movement of the

solar matter.

The SSM is finally obtained after simulating the solar environment and evolution
using the inputs and assumptions above. The final product are the physical quantities that
define the model [3]: (a) temperature, (b) density, (c) pressure and (d) the integrated luminosity
of the Sun. The profile for the first three is shown in Figure 1.1. Additionally, the SSM also

provides the spectra of acoustic oscillations of the surface of the Sun — which can be verified
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Table 1.1: Solar parameters [4], some of which are input parameters used in the SSM while others result
from the BSO5(OP) [5] SSM.

Parameter Value Unit

Age 4.57 % 10° years
Mass 1.988 x 1030 kg
Equatorial Radius  6.957 x 108 m
Surface Luminosity 3.828 x 10%® W
Surface Effective Temperature 5772 K
Core Density p.  152.9 g-cm™>
Core Temperature 7,  1.567 x 10’ K

Core Pressure P 2.357 x 10'7 dyn-cm™2

10°¢
107'E
102¢

103

Solar Parameter

10-4E

10-5¢

107°

r/Rg

Figure 1.1: Physical quantities — temperature, density, and pressure — of the Sun which are results
from the BSO5(OP) [5] SSM. p., T. and P, are the values of these quantities in the solar core and are
given in Table 1.1.
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by helioseismological studies — and the fluxes of neutrinos produced in the fusion reactions,
which can me measured in solar neutrino experiments.

From astronomical and helioseismological data, as well from the SSM simulations,
the structure of the Sun can be divided in a variety of regions, among which the following can
be highlighted:

e Core (0 <r <0.25R:): The innermost region of the Sun and where the thermonuclear
fusion reactions take place. At its centre, temperature and density reaches around

1.6 x 10’ K and 150g - cm ™3 respectively.

e Radiative Zone (0.25R; < r < 0.7Rz): In this region the energy produced in the core
is transported to the outer regions in the form of radiation diffusion, with photons being

continuously absorbed and re-emitted by atoms in the medium.

e Convective Zone (0.7Rs < r < Rw): In this region the energy is transported to the solar

surface in the form of heat by convection of the hot gas.

e Photosphere: The region where the visible light observed from the Sun is produced. This
region thickness is of the order of 10*km, and it has an effective temperature3 of around
6 x 10°K and a density of 2 x 10~*kg-m—3 [6].

Above the Photosphere, the Chromosphere extends to a few thousand kilometers,
and the Corona extends up to 2 solar radii above the solar surface. Both regions are less dense
but hotter than the Photosphere below. The heating of those regions are supposed to be due to
variable magnetic fields originated in the photosphere which transport and accelerate particles

to the upper regions [2].

1.2 Fusion Processes and Neutrino Fluxes

The Sun is powered by the energy released by thermonuclear fusion reactions of
light elements that happen in its core. The energy release comes from the difference in mass
between the reacting and product nuclei, since the total mass of a nucleus is less than the sum

of the masses of its constituents [7]:
m(A,Z) =Zmy+ (A—Z)m,—B(A,Z), (1.1)

where Z is the atomic number, A is the atomic mass, B is the binding energy of the nucleus, m,,

and m,, are the masses of protons and neutrons respectively. The overall result of the nuclear

3Effective temperature is the temperature a black body of the same size would have to be to emit the same
luminosity as the Sun.
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fusion processes in the Sun is the reaction 4p — “He +2e™ + 2 v, + ¥ and the energy released
0 = 4myp — 2me — may, ~ 26 MeV (1.2)

is carried out by photons and in a small part by neutrinos, which are also a by-product of the
nuclear fusion reactions. There are two main sets of reactions that happen in Main Sequence
Stars, such as the Sun: the Proton-Proton (pp) chain and the Carbon-Nitrogen-Oxygen (CNO)
cycle.

The complete set of reactions of the pp chain is depicted in Figure 1.2. The main

reaction branch of the pp chain is

p—|—p—>2H+e++ve
U
2 3
H+p—-"He+7y

U
3He + *He — 4He+2p.

The energy release rate in this process is roughly Qpp o< T*, defined by the time-scale of the first
and slowest reaction of the chain which is almost 100 years [8].

The CNO cycle also transforms four hydrogen atoms into one helium atom,
releasing energy in the form of photons and neutrinos, using the '>C atom as a catalyst of the
process. The complete set of reactions of the CNO cycle is pictured in Figure 1.3. The three

neutrino producing reactions are

BN BC+et +ve,
50— 15N—i—e*—l—ve and

T 5 Vo tet +v,.

The energy release rate in the CNO cycle is Qcno o T'° [8]. Although the energy release rate
in the CNO cycle is higher, it is not the main process happening inside the Sun. The dominant
process is dependent on the temperature in the core of the star and hence on its mass. In more
massive stars, with hotter cores, the electrons have higher kinetic energy which enables them to
win over the coulombian repulsion from heavier nuclei. As such, in less massive stars such as

the Sun, the dominant process is the pp chain.
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*He + *He — “He + 2p

‘He + “He — Be +y

He+p—‘He+e + v,
[hep]

Li+p— 2%He

B—2'He+e + v,
[*B]

Figure 1.2: Set of reactions of the pp chain of stellar thermonuclear fusion reactions. Neutrino producing
reactions are labeled In this process, the pp, hep and ®B neutrinos that are emitted in continuous spectra
while the pep and "Be neutrinos are emitted in monochromatic spectra. Neutrino fluxes are plotted in
Figure 1.4 for the BSO5(OP) [5] SSM.

—

BN +p — 2C + ‘He
12C-i—p—»BN-i-y

BN — BC+e + v,

[13N]
|

13C+p—>14N+y —

99.9% B5O— N +e + v,

[ISO]

0.1%

14N+p—>150+y

15N+p—»160+y
|
O+p— "F+y

|

g — 0 + ¢ + V,

[17F]
|

——— "0 +p— "N+ He

Figure 1.3: Set of reactions of the CNO cycle of stellar thermonuclear fusion reactions. Neutrino
producing reactions are labeled All neutrinos fluxes in this process — *N, 1’0, '"F — are produced
in continuous spectra. Neutrino fluxes are plotted in Figure 1.4 for the BSO5(OP) [5] SSM.
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Electron neutrinos are a by-product of the thermonuclear fusion reactions that power
the Sun as it can be seen in Figures 1.2 and 1.3. Such neutrinos are produced in very particular
spectra, both continuous and monochromatic, and are named after the reaction in which they are
produced. In the pp chain, the pp, hep and ®B neutrinos are emitted in continuous spectra while
the pep and 'Be are monochromatic. In the CNO cycle, all neutrinos fluxes — called *N, 150,
7F — are produced in continuous spectra. All fluxes are shown in Figure 1.4. Table 1.2 shows
the neutrino producing reactions from the pp chain and CNO cycle, the produced neutrinos’
average and maximum energies as well as the fluxes calculated in the BSO5(OP) SSM. Due
to the temperature dependency of each reaction, different fractions of each neutrino flux are
produced at a different depths within the solar core, as shown in Figure 1.5.

The neutrinos produced in the solar core propagate outwards, leaving the Sun and
traveling through the interplanetary media until they reach Earth where they can be detected.
Photons are continually scattered in electromagnetic processes in the solar medium,
consequently losing the information of their initial state and taking upwards of 10° years to
reach the surface of the Sun [9]. Neutrinos, on the other hand, do the same in around 2 s due to
their low interaction cross sections with the solar matter, bringing information directly from
the inner regions of the Sun. As such, solar neutrinos were historically regarded as a potential
evidence for the solar fusion reactions, driving the interest in their detection, which was finally
achieved in the 1970s with the results from the Homestake [10] experiment. However, as it
will be discussed in the Chapter 2, the detection of solar neutrinos brought to light several new

questions to the understanding of the Sun and of neutrinos themselves.

Table 1.2: Reactions from the pp chain and CNO cycle that produce the solar neutrino fluxes, including
the neutrino’s average and maximum energies [7] as well as the fluxes reported by the BSO5(OP) [5]
SSM.

Average Maximum Predicted
Neutrino Energy Neutrino Energy Neutrino Flux

Reaction MeV] [MeV] [em=2.s71]

pp p+p— *H+4et+v 0.2668 0.423 5.99 x 10'°
pep p+e +p— *H+ve 1.445 1.445 1.42 % 108
hep 3He-+p— *He+et +ve 9.628 18.778 7.93 x 103
Be e +7'Be— 'Li+v.  0.3855(0.8631) 0.3855(0.8631)  4.84 x 10°
5B 8B 2%He+eT + v, 6.735 ~ 15 5.69 x 10°
BN BN BCHet+v, 0.7063 1.1982 3.07 x 108
B0 BOo— BN+4et+v, 0.9964 1.7317 2.33x 108

g Tf 5 0 4et +v, 0.9977 1.7364 5.84 x 10°
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Figure 1.4: Energy spectra of solar neutrinos produced in the pp chain (left) and in the CNO cycle (right)
for the BSO5(OP) [5] SSM.
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Figure 1.5: Distributions for the fraction of each neutrino flux produced at a given radius in the pp
chain (left) and in the CNO cycle (right) for the BSO5(OP) [5] SSM. Remarkably, the '3N profile has
two peaks: the first for where the reactions are approximately in steady state and the second for residual
12C 4+ p =13 N+ y at radii where the temperature is too low for the subsequent reactions [11].



26

Chapter 2
Solar Neutrino Oscillations

As seen in Chapter 1, solar neutrinos are produced in the thermonuclear fusion
processes that power the Sun. In such reactions, four protons are converted into Helium through
several intermediate steps, some of which generate neutrinos in very particular spectra — both
continuous and monochromatic. The early experiments detecting these neutrinos indicated a
lower flux than the predicted by the SSMs. This deficit became known as the Solar Neutrino
Problem (SNP).

The solution to the SNP was sought in both solar and particle physics, leading to
several models aiming to accurately describe the available data. Over the years, results from
neutrino experiments eventually established the Neutrino Flavor Oscillation model with Large
Mixing Angle and Mikheyev-Smirnov-Wolfenstein Resonant Flavor Conversion (LMA-MSW)
as the solution to the SNP.

In this Chapter, an overview of the experiments designed for the detection of solar
neutrinos is presented, the neutrino oscillation phenomenon is described, both in vacuum and

in matter, and it is applied in the propagation of solar neutrinos from production to detection.

2.1 Neutrino Experiments and the Solar Neutrino Problem

The Homestake [10] chlorine neutrino experiment was the first to detect solar
neutrinos and also the first to hint at the SNP. This experiment was proposed and built in the
1960s and early results [12] already indicated a neutrino flux of about one-third the predicted
by SSMs. The Homestake detection signature was based on the inverse 8 decay reaction
v, +37Cl — 37 Ar+e~, which has a threshold of 0.814MeV. Because of that, the experiment
was sensitive to the higher energy 'Be line, the pep line, and the 3B spectrum, which was the
main contribution to the detected flux. In this kind of experiment, the solar neutrino flux is
measured by extracting and counting the Argon atoms that are produced in the reaction. The

average solar neutrino rate measured by Homestake between March 1970 and February 1994
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was [10]
RS =2.56+0.16 (stat.) £0.16 (syst.) SNU! | Q.1)

whereas the predicted rate for Homestake at that time, by Bahcall and Pinsonneault [10, 13],
was Ryi¢) = 9.31“}:2 SNU.

The same principle of the Homestake experiment was applied in other experiments
but using the the reaction v, +7'Ga — ""Ge +e~. Such is the case of GALLEX [14] and its
successor GNO [15], and SAGE [16] experiments. The 0.233MeV threshold for the reaction
makes these experiments sensitive to all of the solar neutrino spectra. The average solar neutrino
rate measured by GALLEX and GNO between May 1991 and April 2003 was [15]

RGE = 69.3+4.1(stat.) £3.6 (syst.) SNU, (2.2)

while for the SAGE experiment, the average solar neutrino rate between January 1990 and
December 2007 was [16]

RSE = 65.473:0 (stat.) 3-8 (syst.) SNU, (2.3)

whereas the predicted rate for the Gallium experiments would be [7] R71g, = 118.88SNU in
the BSBO5(AGS05) SSM [11].

Another class of experiments are the Water Cherenkov detectors. In this kind of
experiment, neutrinos are detected through the measurement of Cherenkov light emitted by
electrons traversing a medium with speeds above the local speed of light. These electrons are
either elastically scattered (v+e~ — v+e ) or inelastically produced (v+X — Y +¢7) by the
incoming neutrinos. Due to the characteristics of the Cherenkov light, this kind of experiment
is sensitive to both direction and energy of the incoming neutrinos.

The Kamioka Nucleon Decay Experiment — Kamiokande — experiment is a water
Cherenkov detector that was first designed for the detection of proton decay (Kamiokande-
I) [17] and started operating in 1983. Later, in 1986, it was upgraded and optimized to observe
8B solar neutrinos (Kamiokande-II) [18, 19], operating from January, 1987, to April, 1990. The
last phase (Kamiokande-III) operated from December 1990 and February 1995. The average

flux of 8B neutrinos measured in phases II and IIT are [20]
OB = [2.80-£0.19 (syst.) £ 0.33 (stat.)] x 105cm™2-s~!, (2.4)

with the corresponding number of 390f§§ neutrino events, which is about half the expected at
the time, by Bahcall and Pinsonneault [20,21], at 785 neutrino events.

The Super-Kamiokande (SK) experiment is a water Cherenkov detector built as a
successor to the the Kamiokande experiment. The SK experiment started operating in April

'A Solar Neutrino Unit (1 SNU) corresponds to 1073 events per target atom per second.
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1996, divided in four phases. SK-I [22] collected data from April 1996 to July 2001. SK-
II [23] ran from December 2002 to October 2005. Next, SK-III [24] ran from October 2006 to
August 2008. Finally, SK-IV [25] started collecting data in September 2008 and ran until May
2018 [26]. The measured flux combining all phases, up to February 2014, was

DX = [2.345+0.014 (syst.) £0.036(stat.)] x 10°cm -5~ (2.5)

Refurbishment work started in June 2018 for the addition of Gadolinium (Gd) into the detector
to improve neutrino detection [27]. On January 2019, data for this fifth phase (SK-V) started
being collected [26].

Another experiment in this category is the Sudbury Neutrino Observatory (SNO)
experiment. SNO is a heavy-water (D,0O) Cherenkov detector also designed to measure the 5B

solar neutrinos through three different methods:

(i) the elastic scattering Vo + e~ — Vo +¢e  as used in the regular water Cherenkov

experiments, where v, represents any neutrino flavor;

(i1) the charged current reaction vV, +D — p+p-+e~, which is used to measure the energy

spectrum of electron neutrinos by measuring the kinetic energy of the product electrons;

(iii) and the neutral current reaction vy +D — p+n+ vy, which measures the energy spectrum

of neutrinos from the detection of the product neutrons.

This last reaction is essential for verifying the neutrino oscillation solution to the SNP because
it is equally sensitive to all active neutrino flavors. As such, three different phases were planned
for the SNO experiment, based on ways of improving the detection of the neutrons from these
NC reactions in (iii).

The first phase [28] was based on the capture of the neutrons by the deuterium
n+D — 3He+ 7y and which operated from November 1999, to May 2001. The second
phase [29] was based on the neutron captured on chlorine atoms from NaCl added to the heavy
water tank, which led to a statistical improvement to the measurement of NC reactions. This
phase ran from July 2001, and August 2003. Finally, the third phase [30, 31] consisted in the
inclusion in the heavy water tank of a grid of proportional *He counters, which also measured
the neutron capture on helium. This last phase operated between November 2004 and

November 2006. The results from this latter phase for each detection method are

D6 = (177799 (syst.) 934 (stat.)] x 100em =257, (2.6)

CDZBN’SC =[1.67 fg:gg (syst.) fg:gi (stat.)] x 10cm™2-s7, 2.7)
8

DC =[5.547930 (syst.) 1033 (stat.)] x 10°cm™2 571, (2.8)
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From the combined analysis of the three phases [32] the flux of solar neutrinos of all flavors is
Do = [5.25 01 (syst.) £0.16 (stat.)] x 10°cm™2 571, (2.9)

which is compatible with SSM predictions. These results demonstrated that neutrinos indeed
undergo flavor change between production and detection. As recognition for their discoveries,
the SK and SNO Collaborations were awarded the 2015 Nobel Prize in Physics in the name of
Takaaki Kajita (SK) and Arthur B. McDonald (SNO) [33].

Another class of neutrino experiments are the liquid scintillator experiments. In
such experiments, a neutrino incident on the detector may elastically scatter off an electron in
the medium. The charged particle traverse the matter exciting atoms and molecules on their
path. Upon de-excitation, the atoms emit electromagnetic radiation. If not reabsorbed by the
material, the radiation can be detected and provide information on the charged particle and,
consequently, on the neutrino. This method allows the detection of low energy solar neutrinos
similarly to the radiochemical methods while also allowing for spectral measurements and real-
time detection which is possible with Water Cherenkov experiments [34].

One such experiment is Borexino [35], which started collecting data in May 2007
with the main goal of measuring the "Be solar neutrino line. By the end of its first phase [36], the
experiment managed not only that [37], but also directly measured the pp [38] and pep [39,40]
neutrinos. Most recently, the collaboration reported the detection of neutrinos from the CNO
cycle [41].

2.2 Neutrino Oscillations

During the investigation into the SNP, several models were created in both solar and
particle physics with the objective to accurately describe the available data. Since the depletion
of the neutrino flux was inconsistent across experiments, unknown errors could be affecting
their results. Additionally, the understanding of the solar structure and neutrino production
could be incomplete, demanding the modification of the solar models.

The phenomenon of neutrino oscillations was first proposed by Bruno
Pontecorvo [42—-44] in 1957, in analogy to the oscillations in the KYKO system [45-48],
originally describing the oscillation between the electron neutrino - the only known neutrino
flavour at the time - and the corresponding antineutrino. In 1962, with the discovery of the
muon neutrino, Ziro Maki, Masami Nakagawa and Shoichi Sakata extended the oscillation
model to two active neutrino flavours [49]. The standard neutrino oscillation theory was

developed in the following years [50,51].
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2.2.1 Neutrino Oscillations in Vacuum

A neutrino of flavour vy, is, by definition, the neutrino produced in charged current
weak interactions, either on the interaction of a lepton /4, or alongside an antilepton /. Charged
leptons are distinguished through their masses. However, since neutrinos are relativistic, they
are distinguished through the detection of the associated charged lepton.

Thus, if neutrinos are massive and there are mass eigenstates vy, V;, V3... which are
non-degenerate — that is, m| # my # m3 # ... — it is possible to write a flavour eigenstate Vv

as a mixture, a linear combination of mass eigenstates [7]:
Vo) =Y Usi | Vi) - (2.10)
k

From the precise measurement of the so-called invisible decay width of the Z boson,
the number of neutrino flavors lighter than m /2 participating in weak interactions is restricted
to three [52]. By taking into account only these three species — denoted V., v, and v; — the
coefficients U, in Equation (2.10) are the elements of a 3 x 3 matrix, called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix, which can be parametrized by three mixing angles
and CP-violating phases, one for Dirac neutrinos and three for Majorana neutrinos. The PMNS

mixing matrix U can be written as

U=R3R;3R12Dnm, (2.11)
where the matrices Rj; are given by
cr2 s;p O C13 0 S13e_i6 1 0 0
Ria=| —sp ¢ 0|, Rz= o 1 0 » Rz= [0 3 s3 [,
0 0 1 —S13€i6 0 C13 0 —38523 (€23

with s;; =sin6;; and ¢;; = cos 6;;, where 6;; are mixing angles and 0 is the CP violation phase,

also called Dirac phase. Additionally, the matrix Dy is given by

em 0 0
Dy = 0 M 0 ,
0 0 1

where 11,1, are called the Majorana phases and they do not contribute to neutrino oscillations
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— see Equation (2.28). Hence, neglecting the Majorana phases, Equation (2.11) becomes

—is
c12€13 512€13 s;ze!
U= | —spcp3—crasssize’®  ciacos —spasassize’®  suerz | - (2.12)
i 5
§12823 — C1223513€'°  —C128523 — S12023513€'C  €23C13

The mass eigenstates in Equation (2.10) are the eigenstates of the Hamiltonian:

|\ Vi) =Ex|vi), withEp=\/|p]>+m?. (2.13)

And the evolution of the eigenstates is obtained from Schrédinger’s equation as
|vi(t)) = e B | w) (2.14)

Thus
Va(t)) =Y Uil V(1)) = Y Uge ™ [ i) . (2.15)
k k

From the unitarity of the mixing matrix U, one obtains the inverse transformation to
Equation (2.10):
Vi) =Y Ugi|vg), (2.16)
B

from which one can write:
va(t)) =YY Use U | v ), (2.17)
B k

that is, a neutrino produced in a flavour eigenstate | v, ), since it is a linear combination of mass
eigenstates, is described as a superposition of flavour eigenstates at a time ¢ after its production.

The transition amplitude between states is given by
Avgvg = (Vg | Va(t)) = Y UnUpre ™. (2.18)
k

Thus, the probability that a neutrino produced in a flavour eigenstate v, be detected in a flavor

eigenstate Vg, ata time ¢ after its production, is
Pyysvg (1) = |Avy vy P = Y Y U UpiUo U je " EED (2.19)
j ok

Since neutrinos are ultra-relativistic, one can make the approximation

- 2 2 1/2 2
Ek:<|pk| —I—mk) ~E+ ok (2.20)
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where | pr| = E is the neutrino energy neglecting the mass contribution [7]. Hence
2
Lo 5 Amg
Ex—Ej~ 5 (my —m3) = TR (2.21)

where Am,% ; is called the mass-squared difference between mass eigenstates k and j. In addition,
if L is the distance traversed by the neutrinos between production and detection, one can write
L ~t. Thus

A 2
PVa—)Vﬁ (L7 E Z U(XkUﬁkUOCJUﬁJ eXp ( 2E]L> (222)

Equation (2.22) can be rewritten as

Pyy vy (L,E) Z Uak|*|Upi|* +2Re

L
Y ) UaUpiUa, U exp( 2mﬁ>] . (2.23)

k j<k

where ng.c =4nE /Am,% ; is the distance at which the phase generated by the mass-squared
difference Ami j becomes equal to 27.

The same procedure can be followed for antineutrinos starting with

Vo) =Y Uak| Vi), (2.24)

for which it is found that

Py (L, E) Z|Uak| |Upi|* +2Re

. L
Z Z UakUﬁkUaJUﬁJ exp <—27rzL2§c>] . (2.25)
J

k j<k

From Equations (2.13) and (2.20), we consider the evolution of two mass
eigenstates vy and v, [53]:

d Vi H \% E;y O Vi [E o 1 M} Vi (2 26)
l— pr— = o 9 .
dx Vo V 0 E \%) 2E \%)

with M = diag(m?,m3) = m?I+ diag(0,Am3,). The quantities ET and m31 result in overall

—

\S)

phases which are not observable and can be rotated out by a change of base, resulting in
i— = —Mwy. (2.27)

Now, multiplying both sides by U and using UTU = 1, it is finally obtained that

dVg 1
7 — MU’ 2.28
ldx 2EU U VF; ( )
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from which

1
Hy, = EUMUT, (2.29)

is identified as the Hamiltonian governing the evolution of neutrinos in the flavor basis and the
consequent flavor oscillations in vacuum. For antineutrinos, the Hamiltonian is obtained by

complex conjugation:
1

Hype = E(UMUT)* : (2.30)
In the absence of CP violation, the vacuum Hamiltonian for neutrinos and antineutrinos are the

same. For three neutrino flavors, the mass-squared difference matrix M is written as
T 2 2
M—dlag(o,Ale,Am3l). (231)

As it can been seen, neutrino oscillations are not sensitive to the absolute scale of neutrino
masses, but only to the squared-mass differences such as Am%1 and Am%1 which have been

measured by a variety of neutrino oscillation experiments.

2.2.2 Neutrino Oscillations in Matter

When propagating in matter, neutrinos are subject to an effective potential due to
weak charged (CC) and neutral current (NC) coherent forward elastic scatterings with particles
in the medium, equivalent to an index of refraction which modifies their mixing [7].

For an electron neutrino propagating in a medium subject to coherent forward elastic

CC scatterings, the potential V¢ is given by [7]
Vee = V2GEN,, (2.32)

where Gr is the Fermi constant and /, is the electron number density.

In astrophysical environments with low temperature and density, such as the Sun
and the Earth, matter is composed of neutrons, protons, and electrons. Electrical neutrality
implies an equal number density of protons and electrons, and, consequently, the NC potentials
os protons and electrons cancel each other. Hence, only neutrons contribute to the potential V¢
which is given by [7]

Ve = —%ﬁ GpNy, (2.33)

where N, is the neutron number density in the medium.
When taking into account this so-called matter effect to the neutrino oscillations,

the oscillation Hamiltonian for three neutrino flavors is modified by
V = diag(Vce + Vnes Ve, We) - (2.34)

The term Vyc generates a phase common to all flavours which can be rotated out by a phase
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shift and hence
V = diag(Vcc, 0, 0) . (2.35)

The Hamiltonian for neutrino oscillations in matter is finally given on the flavour basis as

1

MU’ . 2.
2EU U'+V (2.36)

Hosc -

In two neutrino families and for a constant matter potential, the evolution of the flavour

eigenstates can be written from Equation (2.36):

d V, 1 —Am?*sin® 0 +2EVee  Am?sin 6 cos 6 | (2.37)
l— = -_— 9 .
dx Vi 2E Am?sin  cos 6 Am?cos® 6 Vi

which can be rewritten as

d [ Ve 1 [ —Am?cos260 +2EVcc Am?sin26 Ve 2.38)
I— == :
dx \ v, 4E Am?sin26 Am? c0s260 —2EVcc Vu

The diagonalization of the Hamiltonian above lead to an effective Hamiltonian in the mass basis

given by
L ..
Hy = —diag (—Am3y, Am3y) (2.39)
where:
2 2 2 2 211/2
My = | (AP c0s26 —2EVcc) + (Am?sin26)| (2.40)

is the effective mass-squared difference, and the effective mixing matrix in matter:

coS sin

Um = Om O , (2.41)
—sinBy; cos Oy
with ) 5
A 20 —2EV, A in26
cosOy = o eos 5 € and sin By = %, (2.42)
Amyy Amiy,
and hence 0
t

tan26y; — an (2.43)

| 2EVce '
Am?cos26
From Equation (2.43), it can be seen that there is a resonance for which the mixing angle
becomes maximal (6y; = 7/4) when Voc = Am?cos260/(4E), that is, for

_ Am?cos26

= 2.44
SVAEGE (2.44)
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This phenomenon is called the Mikheyev-Smirnov-Wolfenstein (MSW) effect [54-56]. For the
most general case of a non-monochromatic neutrino spectrum and a continuously varying matter
density (and for a given value of mass-squared difference), there will be sets of continuous
values of neutrino energies and matter densities for which the resonance condition is satisfied.
In such environments, there might exist transition between the effective mass eigenstates. This

effect is measured, in two neutrino families, by an adiabaticity parameter defined as

_ o (amy)?
~ sin26y|dVee/dx|

Y (2.45)
If Y>> 1 throughout the neutrino trajectory, the evolution is adiabatic, that is, transitions between
effective mass eigenstates are negligible. In the LMA parameter region, for the Sun and other
environments with smoothly varying densities, neutrino evolution is adiabatic and the survival

probability can be written as [7]:
Pro = (1405269 cos 26 2.46
ee—§<+cos h COS ) (2.46)
where 91540 ) is the effective mixing angle at the point neutrino production and given by

Equation (2.43) and 0 is the mixing angle at the point of detection, assumed here to be in

vacuuim.

2.3 Oscillation Probabilities in the Sun and on Earth

Electron neutrinos are produced in the solar core from nuclear fusion reactions.
They are produced in effective mass eigenstates governed by the matter potential at their point
of production, and propagate outwards through the solar matter undergoing adiabatic
transitions. Next, they propagate in interplanetary medium and are detected on Earth, either
promptly "during the day" or after traversing a segment of the Earth’s mantle and core "during
the night" being subject to matter effects. The evolution of neutrino states are schematically
represented in Figure 2.1. The survival and transition probabilities for solar neutrinos are
discussed in this section.

The transition amplitude Ay, v, = A.q for an electron neutrino produced in the Sun
to be detected on Earth as a neutrino of flavor @ can be written as

Acw = Y AJATCAT, (2.47)
i

where Ag is the transition amplitude of an electron neutrino produced in the solar core to be in a
v; state in the solar surface, A} is the propagation amplitude between Sun and Earth surfaces,
and Ag is the transition amplitude of a v; to be in a V, state upon detection on Earth.

From Equations (2.14) and (2.20), the vacuum propagation amplitude of a i mass
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eigenstate is given as
)
AT = exp (—iExL) = exp (—iEt)exp (_IEL) (2.48)

where L is the distance from the surface of the Sun to the surface of the Earth.

2 which, from

The transition probability P(V, — Vo) = Poq is given as P,o, = |A
Equation (2.47), is given in the context of two neutrino families as

A 2
Poo = |AS P |A, 1P + A5 A5, |* + Re {AEIA%AZEDA*@ exp( 2EZlL)] (2.49)

In the LMA-MSW parameter region, the oscillation length l,sc = 47E/ Am%1 is
much shorter than the propagation length L and the phase in Equation (2.49) oscillates very
rapidly. As such, the integration over finite neutrino energy bins during detection [57] leads to
the averaging of oscillations equivalent to the an incoherent mixture of v; and v, eigenstates.
Even for a fixed neutrino energy, the large size of the production region when compared to the
oscillation length and the lack of knowledge about the neutrino production point leads to the
averaging of oscillations [57]. Thus, one can simply write the incoherent sum of probabilities:

Poq = P Py, + P35 Ps,

2000

(2.50)

where P = |AS? and P, = |A7|* from Equation (2.47), with P the probability of the
produced Vv, be found as a v; at the surface of the Sun, Pi% the probability of a v; be detected as
a Vg on Earth. Unitarity implies that ZPS =1 and Zﬂ% =1.

i o

2.3.1 Oscillations in Three Neutrino Families
In the context of three neutrino families, the survival and conversion probabilities
can be written, as in the previous case averaging over fast oscillations, as

Poy =) PPy (2.51)

et i
i

Due to the nature of the interactions of each neutrino flavor in matter, neutrino
experiments can usually only differentiate between electronic and non-electronic flavors.
Hence, it is useful to simplify the expression above as follows. The evolution equation for the

flavor states in three families is given as

dv 1
= s (oMUt V] v, 2.52
" = * 2.52)
where v = (ve, Vi, VT) is a column matrix of the neutrino flavor states, U is the PMNS mixing

matrix, M? is the mass-squared difference matrix and V is the matrix describing matter effects.



37

Production as
effective mass
eigenstates

Adiabatic evolution
of the effective mass
eigenstates upon
propagation in the Sun

Propagation from
the Sun to the Earth
as an incoherent sum
of mass eigenstates
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Figure 2.1: Schematic representation of the propagation of solar neutrinos from production to detection.
Electron neutrinos are produced in the solar core from nuclear fusion reactions. They are produced
in effective mass eigenstates governed by the matter potential at their point of production, and
propagate outwards through the solar matter undergoing adiabatic transitions. Next, they propagate in
interplanetary medium and are detected on Earth, either promptly "during the day" or after traversing a
segment of the Earth’s mantle and core "during the night" being subject to matter effects. Figure based
on figures presented in Reference [58].
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Now, a rotation in the basis can be made by multiplying both sides by RI3R§3 on
the left, and using the relation R23R13RJ{3R§3 =1I

dv' 1 ¥ + ot
lE = ﬁ R]ZMR12 +R13R23VR23R13] vlv (253)

where the primed states are defined as

/

V, = C13Ve — 513523V — S13€23Vr (2.54)
/

Vu = C23Vy —823Vr, (2.55)
/

Vi = S13Ve — €13523Vy — €13€23 Ve, (2.56)

and the evolution equations become

v | Am%ls%z + 2EVCCc%3 Am%lsmclz 2EVecesi3cs
.av
“dt T 2E A3y 12012 Am3 e, 0 v (2.57)

2EVcesi3ci3 0 Am%l +2EVCCS%3

Now, for solar neutrino energies, it holds that ]Am%1| >> 2EV(csy3c13, for values of the matter
potential V¢ both in the Sun and on Earth. In other words, matter effects on the evolution of
the v, eigenstate can be neglected and the evolution of this third family in the primed basis is
decoupled, as represented in Figure 2.1.

Thus, let S’ be the time-dependent matrix describing the evolution of the primed

states such that

ve(?) See Sew 0 v.(0)
Vi) | =1 She Shy O AONE (2.58)
vi(t) 0 0 S v:(0)

which we can transform back into the unprimed basis by another rotation:

See Sey O
S=RyRp| 8, 8, 0 |RLR}. (2.59)
0 0 5.

Then, the survival and transition probabilities for an electron neutrino is then given by

Pee = |{Ve(t)| S Ve(0)) * = [Seel* (2.60)
Poy + Por = [(Vu (1) S [Ve(0)) P+ | (ve(1) | S [Ve (0) [P = [Seul” +[Secl*.  (2.61)
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From Equation (2.59):
_ 2 2 o
See = C13See+513511, (262)
Sep = —513523€13Spe + €13¢2380y, + 513523¢138%¢ (2.63)
Ser = —C13¢235138¢, — €135238,y + €13€2351357 ¢, (2.64)
and hence
Poe = ch|SL, 1P+ c13s13(S 8L, + SLSE ) + 55 S0 2 (2.65)
ee 131P¢e 13513\PeeV 17 ee” 1T 131°P77l - .

Since the evolution of the V. state is decoupled, |S%..|> = 1. Also, by the same reasoning from
Equation (2.50), we neglect the interference effects in the second term of the equation above.

Hence, the survival and transition probabilities become

P =cl3 P, + 513, (2.66)

Py () = 13513 P + 13 Py + 13573 - (2.67)

On both, the primed probabilities are the probabilities for two neutrino families as shown on
Equation (2.50). Finally, from Equations (2.66) and (2.67), the sum of probabilities over
detected flavor is ZPea = 1, and the probability is conserved.

o

2.3.2 Neutrino Oscillations in the Sun

Due to the adiabatic evolution of neutrino flavor eigenstates in the Sun, survival
and transition probabilities depend only on the effective mixing angle at the point neutrino
production and detection. The effective mixing angles are calculated from Equation (2.42).
They are governed by the solar matter potential which depends on the electron number density
at the point of production. The electron number density from the BSOS(OP) [5] SSM is shown
in Figure 2.2.

In two neutrino families, the probability of the produced v, be found as a v; at the
2, where Uy, is defined in Equation (2.41), and

surface of the Sun, P/, is given by P; = |(Un),;
hence
P! = cos® 915,?) and PS5 = sin® 915,?) . (2.68)

(0)

where GA,? is the effective mixing angle at the point neutrino production.

As seen in Figure 1.5, due to the temperature dependency of the reactions in each
neutrino production channel, fractions of each solar neutrino flux are produced at different
regions within the Sun. Hence, each fraction is subject to different matter potentials and are
produced with different effective mixing angles. However, since the neutrino oscillation length

is much smaller than both the production region and total propagation lengths, it is possible
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Figure 2.2: Electron (left) and sterile scatterer (right) number density from the BSO5(OP) [5] SSM.
Such number densities can be approximated by the exponential functions: N;(r) = N;(0) exp(—r/rp)
with iy = R./10.54, N,(0) = 245Na/cm’ and N;(0) = 223Nx/cm?, where R is the Solar
radius. Tables for the number densities as functions of the solar radius can be found at the website
http://www.sns.ias.edu/ jnb/
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Figure 2.3: Probability for a 8B v, produced in the solar core, subject to matter potential corresponding
to the average potential in the production region, to be found in the solar surface as v; and v, as described
by Equation (2.68). In the LMA-MSW solution, a 10MeV v, will be produced almost as a pure v, and,
due to the adiabatic crossing of the resonance region, it will still reach the surface as v,. Best-fit values
for the global fit neutrino oscillation parameters [59] as shown on Table 2.1 are used.
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to average over the production region by assuming all neutrinos are produced subject to the
average matter potential in the production region of each channel.

Figure 2.3 shows the probabilities PS and PS for 8B neutrinos subject to potential
corresponding to the average potential in the production region of this channel. As it can be
seen, In the LMA-MSW solution, a 10MeV v, will be produced almost as a pure v, and, due

to the adiabatic crossing of the resonance region, it will still reach the surface as v;.

2.3.3 Neutrino Regeneration on Earth

Solar neutrinos can be detected on Earth either promptly "during the day" or after
traversing a segment of the Earth’s mantle and core "during the night" being subject to matter
effects.

During the day, arriving neutrinos cross a negligible amount of matter. Their

propagation and detection on Earth can be approximated as happening in the vacuum. As such:

PP =cos*0, and Py =sin’0,. (2.69)

During the night, however, arriving neutrinos may cross large slices of the Earth’s matter and
core. This may cause an asymmetry between the neutrino flux arriving during day and night.

For two neutrino families, the day survival probability is given by
P = Piicty+Pisis, (2.70)
and night survival probability is written as

P =P3PD+ PSP (2.71)

e

Since P} + P = 1 and P + P} = 1, the Equations (2.70) and (2.71) can be rewritten as

e
D 2 2 2 2
Pee PeGI> ( 12 12) 12> (27 )

and
PN =P5+ (1-2P5) P. (2.73)

Hence, by isolating PS in Equation (2.72) and replacing in Equation (2.71):
(ch—sTa) Pe=FPee —sta+ Py, (1-2F2) . (2.74)

and the transition probability is given by Py = 1 — Pe.

Now, for three neutrino families, the survival probabilities are given by

P2 =513+ (P ¢ty + P sty) iz (2.75)
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Figure 2.4: Earth’s density (upper solid line) and electron number density (lower solid line) profiles as a
function of radius r. Earth’s density profile p is given in Reference [60]. Electron number density [7] is
given as N, = Na(p/g)(Z/A) with (Z/A) = 0.475(0.495) in the core (mantle) for r < (>) 3480km.
The dotted line is a step approximation to the density profile with p = 11.5(4.5)g-cm ™ in the core
(mantle).
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Figure 2.5: Day and Night (SNO latitude) probabilities for v; and Vv, to be detected on Earth as a v,.
Solar neutrinos will cross either only Earth’s atmosphere (during the day) or Earth’s interior (during the
night). Thus, due to Earth’s matter potential, there may be a day-night asymmetry in the solar neutrino
fluxes. Best-fit values for the global fit neutrino oscillation parameters [59] as shown on Table 2.1 are
used.
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and
N 4 4
P =si3+ (P PL+P5PY) 3. (2.76)

e

By writing P, = (P..—s};) /c]; and using Equation (2.74):
(clr—sta) Poe = Peo— st P/ + Py, (P = 2P) . 2.77)

where P/ = c‘l‘3 + 2s‘1‘3, and the transition probability is given by Py 1 7) = 1 — Fe.

From Equations (2.74) and (2.77), it can be seen that the net effect of Earth’s matter
potential will depend on the values of the day probability and 6, mixing angle. If the day
probability is small and cos? 6 < sin’ 6, the night probability is greater than the day probability,

that is, there is a regeneration of the electron neutrino flux, as shown in Figure 2.4.

2.4 Neutrino Oscillation Parameters

Over the years, results from solar neutrino experiments eventually established the
Neutrino Flavor  Oscillation model with Large Mixing Angle and
Mikheyev-Smirnov-Wolfenstein Resonant Flavor Conversion (LMA-MSW) as the best
solution to the SNP. In combination with the measurement of the other oscillation parameters
by experiments designed for atmospheric [61], reactor [62] and long-baseline [63] neutrinos
established the scenario of three massive light neutrinos that mix [64]. A global fit to neutrino

oscillation parameters [59] is shown on Table 2.1.

Table 2.1: Three-flavor oscillation parameters from Reference [59] fit to global data, including SK
atmospheric data. In the Normal Hierarchy Am%l = Am%1 > 0 and in the Inverted Hierarchy
Am%l = Am%2 < 0.

Parameter Normal Hierarchy Inverted Hierarchy
Best-fit £1o0 30 Range Best-fit £10 30 Range
sin?@,  0.31079983 0.275 — 0.350 0.31079:513 0.275 — 0.350
sin 623 0.563 10058 0.433 — 0.609 0.5651000) 0.436 — 0.610

sin? @3 0.0223775.9006%  0.02044 — 0.02435  0.022591000092  0.02064 — 0.02457

Scp/° 221739 144 — 357 282173 205 — 348
A 2
L 7391020 6.79 — 8.01 7.39+021 6.79 — 8.01
107eV
Am%l

0.029 0.030
TR +2.52810020 10436+ 42.618  —2.5101090 2,601 — —2.419
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As seen in Section 2.2.1, neutrino oscillations are sensitive only to the
squared-mass differences, and not to the mass eigenstates’ absolute masses [7]. Oscillation

experiments show that neutrino oscillations are governed by at least two independent

2

mass-squared differences denoted Amgo1 and Am,,,

respectively defining the dominant

oscillation lengths for solar and atmospheric neutrinos, with Amgol << Am2,,. Additionally,
2

o1 > 0 while the sign of Am2,. is currently unknown.

matter effects in the Sun implies that Am
Am2,, is measured from neutrino oscillations in vacuum which is sensitive only to the absolute
value of the mass-squared difference. In the context of three-neutrino families, there are two

independent mass-squared differences, since:
Am3, + Am3; = Am3, . (2.78)

As such, there are two possible solutions for the absolute scale of neutrino masses.

In the so-called "normal" ordering or hierarchy (NH), the smallest mass-squared
difference measured by neutrino experiments is chosen to correspond to the mass-squared
difference between the two lightest mass eigenstates — arbitrarily labeled v; and v;, whereas

the heaviest mass eigenstate is labeled v3 — and as such [65]:
Am3; < (Am3; ~ Am3, > 0) . (2.79)

On the other hand, in the "inverted" ordering or hierarchy (IH), the smallest mass-
squared difference measured by neutrino experiments is chosen to correspond to the mass-

squared difference between the two heaviest mass eigenstates — labeled v, and vy, whereas the

Normal Hierarchy Inverted Hierarchy 5
na AM
I V3 V; I | )
A’/nsol
V) NN |1
Ama%tm :
2
V2 AWZatm
2
A’/nsol
I V| V; I

0 1o
00

Figure 2.6: Schematic representation of both neutrino mass orderings allowed by the mass-squared
differences Amgo1 and Am2,,. The size of colored bars represent the probability of finding a v, neutrino
in the mass eigenstate v;. Best-fit values for the global fit neutrino oscillation parameters [59] as shown

on Table 2.1 are used.
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lightest mass eigenstate is labeled v3 — which implies [65]:
Am3; < — (Am3, = Am3, < 0) . (2.80)

Figure 2.6 shows a schematic representation of both neutrino mass orderings
allowed by the mass-squared differences Amf01 and Am2,,,. In Figure 2.6, the size of colored
bars represent the probability of finding a v, neutrino in the mass eigenstate v;. Best-fit values

for the global fit neutrino oscillation parameters [59] as shown on Table 2.1 are used.
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Chapter 3
Neutrino Decay

Besides neutrino flavour oscillations, presented in Chapter 2, many other models
were proposed over the years as solutions to the Solar Neutrino Problem: (i) active neutrino
states could be mixed with sterile neutrino states, with parameter values as to reduce the flux of
electron neutrinos produced in the Sun [66]; (i1) particles not directly linked to the neutrinos
could change their production in the Sun by modifying the thermal transport in the solar
core [67]; (ii1) neutrinos could be subject to flavour non-diagonal interactions with matter such
as Vg +N — vg + X, which would modify the detected neutrino flux [68]; (iv) if neutrinos are
massive, they are allowed to decay modifying the solar neutrino fluxes between production and
detection [69]; massive neutrinos might have a magnetic dipole moment through which they
interact with magnetic fields in the Sun and change into other helicities and flavours [70];
among others.

The neutrino oscillation phenomenon currently establishes the massive nature of
neutrinos beyond reasonable doubt. As such, it is possible for neutrinos to decay into other
particles. Hence, neutrino decay has been studied in a variety of circumstances, including:
nucleonsynthesis in the early universe and the formation of structures [71, 72], high energy
astrophysical phenomena such as Gamma Ray Bursts and Active Galactic Nuclei [73-78],
Supernova explosions [79-85], and in the Sun [86-100].

In the latter case, although ruled out as a leading process in the SNP, it is still
possible to investigate neutrino decay as sub-leading effects in the propagation of solar neutrinos

to extract new limits to neutrino lifetime using the most recent experimental data.

3.1 Neutrino Decay Model

If neutrinos are massive, and the masses are non-degenerate, it is possible for a
heavier neutrino to decay into a lighter neutrino with the emission of a photon, v — v/ 4+, in
what is called a radiative neutrino decay (see Reference [101] and references therein). Such

decays are constrained using the cosmic microwave background spectral data and lower bounds
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to the lifetime are obtained [102] as T > 10!°s, which is too constrained to be of interest here.

On the other hand, non-radiative neutrino decays [86],1i.e., v — V' + X, which arise
from new, non-standard physics, can also be studied. Such decays can be separated into two
types: visible and invisible. Invisible decays [80, 82, 85,92, 103—106] are those in which the
products are invisible states, that is, states that either are in principle not detectable or will not
be detected by the experiment in question such as the decay into sterile neutrinos plus scalar
particles. On the other hand, visible decays [83, 84, 107—111] are those in which the products
are visible states, that is, at least one of the daughter particles is in principle detectable, e.g., the
decay of a mass eigenstate into at least one lighter active mass-eigenstate.

From the analysis of different neutrino experimental data, its is possible to extract
bounds to the lifetime of each neutrino species in a variety of phenomena. For example, from
the detection of neutrinos from Supernova 1987A, a bound to v lifetime can be set [79] at
T /m; > 10°s-eV~L

From solar neutrino data, the current bound to v, lifetime for invisible decays was
obtained by the SNO collaboration [112] in an analysis including all three phases of ®B solar
neutrino data, combined with data from other solar neutrino experiments, resulting in 7, / mp >
1.02x 103s-eV~!, at 99% C.L.. On the other hand, in the context of visible decays [103]
of solar neutrinos, the bound to v, lifetime was 7, /my > 1.1 x 1073 (6.7 x 1072)s-eV~! at
90% C.L. corresponding to the hierarchical (quasi-degenerate) scenario for neutrino masses.

Limits to neutrino lifetime can also be investigated for high energy neutrinos [113,
114]. For example, the first detection of a Glashow resonance candidate in IceCube, originated
from high-energy cosmic neutrinos, was used [114] to place new lower limits on the lifetimes
71 /my; > 2.91x1073s-eV~land 1p/my > 1.26 x 107 3s-eV ! at 90% C.L..

The lifetime of the v; eigenstate in the context of invisible decays, from the
combined accelerator and atmospheric neutrino data, is 73/m3 > 2.9 x 10710s.ev—1 at
90% C.L. [111]. Similarly, an analysis of the long-baseline experiments MINOS and T2K
gives a combined limit of 73/m3 > 2.8 x 1072s-eV~! at 90% C.L. [115]. For visible
decays, from the analysis of data from the reactor experiments KamLAND and JUNO
(simulated) [116], the limit was obtained at 73/m3 > 1.0 x 107 1%s.eV~! at 90% C.L. for the
normal hierarchy.

Albeit necessary for decay, there is still no consensus regarding the mechanism
for generating neutrino masses. One of the possibilities is that neutrino mass arise from a new
coupling to a scalar singlet know as Majoron [117-119]. As a consequence, the coupling makes
it possible for a neutrino to decay into a lighter neutrino alongside the emission of a Majoron
— V; — V; +X. Hence, for an interaction Lagrangian with Yukawa scalar and pseudoscalar

couplings, this process is described by [120]

Lt = ZZ(gs)ij\_/jViX +i(gp)ij\_/j'}’5ViX+h.C., 3.1
i
i#]
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where i, j = 1,2,3 are respectively mother and daughter mass eigenstates, while (g);; and
(gp)ij are respectively the scalar and pseudo-scalar coupling constants. The decay width I will

be given b
: ’ d’p; 1 &’px 1
(2m)3 E; (2m)3 Ex’

1
dU = — |.#|* 27)*6W (p; —p, — px) (3.2)

2E;

where p; = (E;, pi), pj = (Ej, Pj), px = (Ex, Px) are respectively v;, v; and X four-momenta,
with E} = |Bi|*+m}, E} = |B;|*+m5 and Eg = |px|*+m%. In the neutrino decay analysis
present in this thesis, we suppose a massless Majoron, that is, mx = 0.

The amplitudes .# for each decay process are obtained from the adequate Feynman

diagrams and are given in the Laboratory frame by

’/// (v{ - v;))z - <g;)"2f (A+2)+ (g’;)"z" (A-2), (3.3)
‘/// (v{ — vj-’) )2 = —(gs)’zj:(gp)’zj ()%j-FXij —A) ) (3.4)

where r, ' denote helicity states.

In this work, neutrinos are assumed to be Majorana particles, that is, neutrinos
and antineutrinos are identical and can only be distinguished by their, respectively, left and
right-handed helicities. Weak interactions couple to chiral left-handed neutrinos and chiral
right-handed antineutrinos, which, for relativistic neutrinos are approximated as equal to left
and right helicity states up to terms of order m/E. Hence, both left-handed and right-handed
Majorana neutrinos are detectable.

On the other hand, in the case neutrinos and antineutrinos are Dirac particles, the
decay products of the respective helicity-flipping channels do not participate in weak
interactions and, consequently, are not observable.

Hence, .# (v — v} ) describes helicity-conserving decays, such as v; = v; + X,
while .Z(v] — v}l) describes helicity-violating decays, such as v;— V;+X. In the
expressions below, we write .# (V] — v}) = A}

i7» where s can denote either of the helicity
states. Additionally

1 E; Ej . m;
A=—"yx =L withxj="2>1. 3.5
B VE Wy G

Hence, the differential decay width is given by

Ui mm; m? 2
J ) i s
— = 1— =% ) .Z47|", 3.6
dE; 4mE? ( E}) -5 G0

with the kinematics condition

L . . L 1/2
Ei—E;=|p;—pj| = (|B:|* +15;* — 2|pil|B;| cos 8) '~ (3.7)
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which leads to the condition on the angle between in and out states

2E;E;: — (m? + m> 2EE; — (m? 4+ m?
Y e p— q( ! f): iEj = (mi +mj) (3.8)

5. /2
2|pil| Pl 2(Ei2—ml-2)1/2 <E?_m3)

which implies the bound to the energy of the outgoing particle

For ultra-relativistic neutrinos, the bounds become

E;
;<E <E, (3.10)

and the differential decay width reduces to

rs
Ty mm;

— P 47rE2’ : (3.11)
which yield the partial decay widths
pro_ 1N 2 [ Xij 2 2
- 24~y - 5oy
7= o [0 (3 v 3 )
2 2 1
+ (8p)7) ( y At Mt 2_3>] ’ o
Xij i
l_] ij
l—‘rr,— mim; 2_|_( )2] ﬂ_il .._L (3.13)
ij — 167'[El [(gs)lj gp ij D) Xij nXl_] 2x13] . .

Now, for notation convenience, we write the decay widths as functions of g% = ; (85)% + (8p)%

ij
and hl-zj = (g5)7 — (gp)? - The differential decay widths are rewritten as

ij

dr’; m;m; 1 E; E;
J ey 2
= 4 +2h%| | 3.14
dE;  167E? {g ( i E; ”E) } 3.14)
dr,-”/ mim; 5 |1 1 E; E;

= - 3.15
dE; 167rE2g” L, T <x,,EjJr ”E)] (3.15)

Additionally, since mym; = m?(x;;)~!, we also write for convenience &; = (x;;)~! and the
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expressions further simplify to

arir m? E;
L= —L5 g 85— ) +28;h7; 3.16
dE; ~ 167E} [g’f (E O >+ i lf] ’ (3.16)
arr’ 2 E: E,
J i 2 J 2 !
= 1=+ 1-— 3.17
dE; ~ 167E? g’-’{ E ’J( E])] ’ G.17)
and similarly, the partial decay widths become
2
_my 2 4 2 2
I = mz g7 (1+4871n8;—53)] - (3.19)
Yo 32mE; o

Finally, the total decay width I'} for an mass eigenstate i of helicity r is related to

its decay rate @ and its rest-frame lifetime 7; by
=Y o =E Zr,k =ET7. (3.20)

In the following sections, we shall only consider the decay of a single heavier mass
eigenstate V; into neutrinos and antineutrinos of a lighter mass eigenstate, V; and V.

Hence, the notation in Equations (3.16) and (3.17) above can be simplified to

dri’ m2 E. E:

L= 1 g2 2L 48222 ) +26R% 3.21
dE; ~ 167E? [g (E,- - E,-) * ] ’ 3-21)
ar 2 E E

J i 2 J 2 l

= - 482 (1-2)], 3.22
dE; ~ 16nE? ® { E; ( E,)] (3:22)

and from Equations (3.18) and (3.19)

2

= e 82 (1-487 I8 — 5%) + 4175 (1-67)] (3.23)
2

Ff}j = 3Z;E~ [gz (1 +462ln6—54)} . (3.24)

Finally, from Equation (3.20), the total decay width is written as I'; =I'/; + F" As such

m2

r_ i 2(1_ s4 2 2
I} = {6nE, (g (1-8%)+2n°8 (1-6%)] . (3.25)

Now, notice that in general the decay widths, and consequently the decay rates,
depend on the interaction coupling constants and neutrino masses, which are unknown

parameters. Hence, it would be useful to reduce the number of such unknown
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parameters [121]. From Equations (3.20) and (3.25), it is possible to write

o = 2 (1-8) [(148)7 8 +(1- 6] (3.26)
‘16w * P .

Solving Equation (3.26) for each coupling constants and substituting one at a time in

Equations (3.21) and (3.22), the differential decay widths become

arr o o m; g, Ej E
J i i s(p) 2 J 2=
S e § W e (1482 -2 - 822 327
daE; ~ B2 E}fz<fljF snar )\ 1T T E T, ) 27
dry” of m; g E; E;

L i s(p) 2 J 2 L
—J— k W e (14822522 3.28
dE; E}f2<ﬁqE swar )\ 1T T E T ) (3.28)

1 1
with f = — -, f = ——and f- = 20, and where the upper (lower) sign
corresponds to g (gp). As such, since § =mj/m; = (/1 — Aml-zj /m2, by fixing the value of one
coupling constant, the differential decay widths are completely determined by the decay rate o;

and the neutrino mass m;.
Finally, we can divide the differential decay widths above by the total decay width

I'’, which, from Equation (3.20), is also written I'; = o /E;. Hence, we obtain a weighted

differential decay width

AT’ m; g - :
Wrr o 1 12 _ﬁ_é<f1:FTa(p)f3> (1—*—52_&_525) , (329)

VT YV dE; E E : E; E;

| drgl f mizgz(p) E; E;
o — J2 P 146221522 3.30
Wl] l—\{ dEj Ei fl :F Sn_al f3 + El' Ej 9 ( )

which appears in the discussion in the next sections.
Now, we explicitly present three cases for the weighted differential decay widths

originating from:
e a scalar interaction (g, = 0),
e a pseudo-scalar interaction (g; = 0), and
e an interaction with g? = g?,, which we call a democratic interaction.

First, for the scalar interaction, Equations (3.29) and (3.30) become

11 1 1 E; E;
Wit = —— —1+82-=L-8221 ), 3.31
I (1-62)E; (1_32>(1+5)2Ei< E; E; 3D

, 1 1 E; E;
Wit = —(1+86>-=L-82"). 3.32
f 0—5%U+5f5< Ei E .
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Next, for the pseudo-scalar interaction, Equations (3.29) and (3.30) become

1 1 1 1 E; E;
YIS =8 E  (1-8)(1-5)E (1 PO (SZE_;) ’ o
Wy = — 2i<1+52—ﬂ—525{). (334
(1-82)(1—-8) Ei E; E;
Finally, for the democratic interaction, from Equation (3.26):
m? m?
of =g (1=8Y) & =5 (1-6%) . (3.35)

for which the weighted differential decay rates given in Equations (3.29) and (3.30) become

11 1 1 E; E.

o L 1 s E sk |

M=) E (1—64)Ei( ot 0 Ej), (3.36)
rr/_ 1 i 2_&_ ZE

Vil T 1= E (1+6 E; 0 Ej) ' (3.37)

From Equations (3.31) — (3.37), for some combinations of E;, E; and 0, wl’j

null. For the chirality changing decay, for all three cases defined above, w! Jf/ =0for E; = E;

may be

and E; = E;/ 82 which corresponds to the integration limits on Equation (3.10). On the other
hand, the chirality conserving w;; = 0 is null only for the pseudo-scalar decay with E; = E; /6.
These behaviors are shown in Figure 3.1 for 6 = 0.05 and 6 = 0.95.

Notice that, by integrating the equations above within the limits defined in
Equation (3.10), one obtains the branching fraction Br{j for each decay channel, shown in

Figure 3.2. First, for the scalar interaction:

. 1+ 62 26%1né 28

B S er T (T4 oR(1-07) (1482 (-38)
o 1482 28%Ind

B = arer T e (1-8Y) (3-39)

Next, for the pseudo-scalar interaction:

. 1+ 682 28%1n6 28

B =i —sy T izer(i-9) Tu=sp (5.40)
o 1482 28%1n6
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Finally, for the democratic interaction:

1 28%Iné

Brjj =3 189" (3.42)
o 1 28%Iné

Brjj =+ 189 (3.43)

As it can be seen from Figures 3.1 and 3.2, as § — 0, that is, if neutrino masses
are hierarchical with m; >> m; or m; = 0, the decays become independent of the coupling
constants. In addition, chirality conserving and changing decays become equally probable.
On the other hand, as 6 — 1, that is, if the neutrino masses are quasi-degenerate with m; ~
m;, the chirality changing decays become suppressed, except for the case of the pseudo-scalar

interaction. To understand this behavior as m; ~ m;, we take Equations (3.23) and (3.24) and

3
1 Am?,
ggf, <m—2’f> , (3.44)

2 2
' = —— 2 2y —X . 3.45
Yo 327E; (gs +g”> 3 < m? (3.45)

i

expand O keeping the lowest order in Amizj / ml2

2 Am?,

m

T == (8¢ | =57 | +
327'L'El' m;

1

As demonstrated by Equations (3.44) and (3.44), the decay is in general
dominated by chirality-conserving fraction due to the order of dependency on Amizj /mlz,
explaining the behavior of scalar and democratic interactions. However, for the case of a
pseudo-scalar interaction, even though the decay is highly suppressed, the chirality-conserving
and chirality-changing fractions are of comparable orders. In this context, we can approximate
the branching fractions defined in Equations (3.38) — (3.43) keeping the lowest order terms in

Amlzj /m?. First, for the scalar interaction:

rr 1 Amizi ’ rr’ 1 Amlzj ’
Next, for the pseudo-scalar interaction:
2 2
11 [ Am ;21 [Am
Brl = -+ — | —¢ d Bril =2 — — < 3.47
=37 120 ( 2 ) WP T3 0 ( m? G4D

Finally, for the democratic interaction:

2 2
Brg =1- 7 ( 2”) and Brf; =1z (—zlj) . (3.43)

m;
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Figure 3.1: Normalized differential decay widths for the decay of a 10MeV neutrino or antineutrino
for both chirality conserving (blue curves) and changing (red curves) decays as functions of the ratio
between daughter and mother neutrino energies E;/E;, for scalar (continuous curves), pseudo-scalar
(dotted curves), and democratic (dashed curves) interactions, as defined in Equations (3.31) — (3.37).

Left: 6 = 0.05. Right: 6 = 0.95.
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Figure 3.2: Decay branching fractions for both chirality conserving (blue curves) and changing (red
curves) decays, for scalar (continuous curves), pseudo-scalar (dotted curves), and democratic (dashed
curves) interactions, as defined in Equations (3.31) — (3.37). Left: Branching fractions are plotted as
functions & = m;/m;. Right: A decay vj — v; is assumed and the branching fractions are plotted as a

function of my, with vertical dotted black line representing & = 0 or correspondingly n; = 4 /Am%l.
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The consequences of such hierarchical and quasi-degenerate decay scenarios are

discussed in later sections included into the effect of neutrino oscillations.

3.2 Neutrino Oscillations with Decay

A model independent combined formalism for obtaining survival and transition
probabilities including both neutrino oscillations and decay is presented by Reference [120]
and summarized below. For this combined treatment, it is first necessary to introduce three
operators — for propagation, appearance and disappearance — in terms of creation and
annihilation operators usually noted 4" and 4.

The Propagation Operator describes the propagation of states of energy E; for a

distance / along a baseline L. The operator is defined as
=Y exp(—iEl) (a}) a]. (3.49)
i

The Disappearance Operator describes the amplitude of undecayed mass eigenstates
of energy E; and chirality r to remain undecayed after propagating a distance / along a baseline

L. The operator is defined as

Zexp ( ) (ap)ta;. (3.50)

The Appearance Operator describes the destruction of states i with energy E; and
chirality r, and creation of states j with chirality s between a distance [ and / +dI[ along a

baseline L. The operator is defined as

ri 1/2
ZZ( nu) exp(i€) (@) 'ar. 3.51)
i#]

In the expressions above, Oc{js is the decay rate for the i — j decay channel as defined previously,
& is arandom phase that accounts for the phase shift caused by additional not measured particles

produced in the decay, and nl-rjs describes the fraction of decay products that arrive at the detector

l L D max
n” l-*rs /mm /cos@

where the integration limits correspond to the energy range covered by the detector and the

given by
d l_‘r S

dcosOdE ——Y__(E,E})|dEjdcos® (3.52)

decay angle within which the decay products can reach the detector.
The Sun is a radially symmetric neutrino source and the neutrino production area in
the core is observed from Earth within a small angle 6y,, ~ 1073. Consequently, if the decay

angle is smaller than the observation angle, the daughter neutrino can reach the detector. From
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Equation (3.8), it can be seen that, for ultra-relativistic neutrinos, the decay is forwardly peaked.
As such, it is reasonable to suppose that every neutrino within the energy range of interest reach
the detector. Hence, nirjs can be approximated as independent of distance / along a baseline L,
as well as the detector area perpendicular to the beam direction D. In this context:

dnirs B 1 dr’s

YJ(E; E; 3.53
dE; F“dE (Ei, Ej), (3.53)

equals the normalized energy distribution of the decay products, describing the fraction of
daughter neutrinos that reach the detector with energy between E; and E; + dE; after being
produced from the decay of a neutrino of energy E;.

With the operators defined above, one can now calculate the transition probabilities
between neutrino eigenstates i and j for a variety of situations. A simple case is the survival

probability upon decay neglecting propagation effects:

v|[2exp( o) @ ]|v>

poury — Prr_exp< 2‘1 > (3.55)

i

2

P =1vil2-(L)|vi) (3.54)

Y

which wields

On the other hand, the appearance probability for a stable mass eigenstate V;
produced from the decay of a unstable mass eigenstate v; on its propagation in a given baseline

L is given by

L
B?=/dl\<v;\@+@-|vf>\2,

_ /dl ,}[ ( nmn)l/zwzﬁa;][;exp(—jg’i)mzﬁaz]wn

Hence

2 (3.56)

L
L] alrl rs ars rL
Prs / <_nz])exp (_ E: ) :nl] (ar> (1—exp( E: )) . (357)
0

where it was supposed that 1);7 is a constant in /. If v/ — V7 is the only possible decay channel
and we suppose for the moment nl-’js = 1, that is, every daughter neutrino can reach the detector,

it follows that the appearance/conversion probability is

oL
PO = P{js =1—exp (— lij ) . (3.58)
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Now, consider the general transition probability, now including propagation,
between neutrino eigenstates ¢ and j with »n intermediate decays —
Vi — v,gl) — .= vl(”_l) — Vj — denoted Pl.(;). For n = 0, the transition probability is given
by

D= (vi|ewz-(L)|vi) P (3.59)

Pi(;)) describes only the disappearance of the initial particle and there is not the appearance of

(0)

new particles, that is, there are no decay products to be detected. As such, P, ; can be identified

as the transition probability for invisible decays, that is, Pl(] ) P”“’.
Now, considering the transition between flavor eigenstates Vo and vg along a

baseline L, the survival and transition probabilities are given by

s =1 V3

which, from Equation (2.10), the probability becomes

(L)Z-(L)|vy) |?, (3.60)

2
= 1LY (Ua) (Up;) (vil 6wz v) (3.61)
J
From Equations (3.49) and (3.50), the probability is given by
. * rl
wp = |2 (U&i> (U5i> exp ( i~ 7 ) (3.62)
1

From Equation (2.20) E; ~ E +m3 /2E, where E = | p| is the neutrino energy neglecting the

mass contribution [7]. Similarly, we can also approximate:

. -1/2 1 m? 1
:(|pk|2+m,%) z—(l——k)% . (3.63)

E, E

As such, the exponent in Equation (3.62) can be written as

Al) = il — 5 i ol ol e (3.64)
)= —thd =g~ e = ke~ el T g '

The first term does not contribute to the probability upon expansion of the modulus in

Equation (3.62), hence we can write

NCANCAEISEY

1

2
nv __

af —

(3.65)
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For n > 0, on the other hand, the transition probabilities are given by

L L
”>:/d11... / dl,
0 I,—1

n

with [ = Z l;. In general, if the decay mean free path is of the same order of magnitude as
i=1

the baseline L, one can consider only one appearance step and neglect n > 1 and the only

2
. (3.66)

(vi|EL-D2_(L-1) [H% <->]\v:>

decay of interest is v; — V;. If the decay mean free path is much shorter than the baseline L,
more intermediate decays may need to be taken into account, e.g., V; — V¢ — V;, as eventually
allowed by decay model under scrutiny.

Since we assume that only one neutrino mass eigenstate is unstable (see
Section 3.1), only one intermediate decay is possible, that is, n < 1, and we don’t need to make
assumptions regarding the decay mean free path at the moment. Hence, the transition and

survival probabilities for visible decays can be approximated as

P = P( ) 4 p) (3.67)

ij
with:
L
- /dl (V| EL—D)D (L—1)2:(L,L)ED D) V) (3.68)
0

As before, the transition between flavor eigenstates v and vg along a baseline L, the appearance

term is given by

L 2
- /dl Yy (Ug”.) (U,gj) (V] EL-DD-(L-1)P:(L,L)EDD-(1) V)| , (3.69)
0 LJ
which, from Equations (3.49), (3.50), (3.51), and (3.64) becomes
L rs 1/2 ~2 ~2 2
* (04 ms
wi) (Ug Z prs _ _
0 I, J3i#]

Next, to account for the energy shift in the neutrino spectrum due to visible decay,

the probabilities are written as

dP’ N ?
5|3 0 () (1)t 595
L rs rs\ 1/2 ~2 ~2 2 (371)
A\ (s ) (% 4 Py
+fatl ¥ (o) () (E—adgﬁ) exp —2Eal—E<L—l>]
0 lvj’l#.]
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Finally, the neutrino flux arriving at the detector, either in invisible or visible decays,

is given by
dP’’

03(Ey) = [ dEa ¢&<Ea>f°;f<Ea,Eﬁ), (372)

that is, since a mother neutrino of energy Ey, may decay producing a daughter neutrino of energy
Epg, the daughter neutrino flux arriving at the detector is in general not equal the mother neutrino
flux.

In the following sections, the consequences of this formalism will be examined in

the context of solar neutrinos for both invisible and visible decays.
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Chapter 4
Invisible Decay of Solar Neutrinos

As stated in Chapter 3, invisible decays [80, 82, 85,92, 103—106] are those in which
the products are invisible states, that is, states that either are in principle not detectable or will
not be detected by the experiment in question such as the decay into sterile neutrinos plus scalar
particles.

Our results presented in this Section were published [122] at Physics Letters B,
volume 761, October 10, 2016, pages 70-73 included in Appendix B. Additionally, this work
was presented by O. L. G. Peres at the 38" International Conference on High Energy Physics
(ICHEP 2016) and published [123] as a contribution to the conference proceedings at
Proceedings of Science, volume 282, April 19t 2017, page 464.

4.1 Formalism

As shown in Figure 4.1, established limits before this work (see Section 3.1) on the
neutrino lifetime imply that neutrinos do not substantially decay either inside the Sun or Earth.
As such, we can take into consideration that neutrino decay only in vacuum on their way from

Sun to Earth, and Equation (3.65) can be rewritten as

L a’L
ACAD _ iz _Yi
Z eiip exp( i 2E, exp 2E,

i

2
, 4.1

invis __

e —

where AS is the transition amplitude of an electron neutrino produced in the solar core to be in

% is the transition amplitude of a v; to be in a vg state upon

a v; state in the solar surface, and Al

detection on Earth. In addition, by expanding the expression above and neglecting interference
terms, as done in Chapter 2, it is possible to rewrite it as the incoherent sum of probabilities:

invis __ ® psurv p@d
e _ZpeiPi P

iB ) (42)

i
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where P® ‘AG is the probability of the produced v, be found as a v; at the surface of the
Sun, P69 |A ‘ is the probability of a v; be detected as a vg on Earth, and P™™ is the decay

surV1val probablhty of an eigenstate i upon propagating the Sun-Earth distance
ol
P =P =exp <——’L) ) 4.3)
Eq

as given by Equation (3.55) and shown in Figure 4.1.

As previously seen in Figure 2.3, in the LMA-MSW solution, a 10MeV v, will be
produced almost as a pure v, and, due to the adiabatic crossing of the resonance region, it will
still reach the solar surface as v;. As such, the most interesting scenario for the invisible decay
of solar neutrinos is to assume the mass eigenstate v, is unstable and decays into invisible

states. Hence, the survival and transition probabilities for two neutrino families is given by

P, =P5PL+P5P" Py, (4.4)
Py =P P, +PyP" Py, (4.5)

Figure 4.2 shows the day survival probability as defined in Equation (4.4)for electron neutrinos
produced in the Sun and detected on Earth for different values of 7,/my with the Earth-Sun
distance set to 1 A.U.

In the context of neutrino invisible decay it is also useful to separate the neutrino
fluxes for three neutrino families into electronic and non-electronic flavors. Following the

discussion presented in Section 2.3.1, we can approximate the probabilities as
P =3Py +513, (4.6)
for the electron neutrino survival probability, and
Pu(use) = €13 Py + 513613 Pre +573¢T5 - 4.7)

for the transition probability. On both survival and transition probabilities, the primed
probabilities are the two-family probabilities on Equations (4.4) and (4.5).
Due to decay, either in two or three neutrino families, it no longer holds that the

sum of probabilities is equal to unity, that is

Y Ppg=1-cP; (1-PA"). (4.8)
B=e,u,t
This non-unitary evolution is discussed in more detail in Reference [124].
Another consequence of this scenario is that, for appreciable values of 1,/my, the
solar neutrino data can be explained by a combination of standard three neutrino MSW

oscillation and decay, leading to a degenerescence between neutrino parameters, specially
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Figure 4.1: Survival Probability P’*" = P/" as a function of the neutrino energy E, as given by
Equation (3.55), for selected values of the lifetime 7;/m;, for propagation over the solar radius distance.
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Figure 4.2: Day Survival Probabilities for electron neutrinos produced in the Sun and detected on Earth
for different values of 7, /my with the Earth-Sun distance set to 1 A.U.. Best-fit values for the global fit
neutrino oscillation parameters [59] as shown on Table 2.1 are used.
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Am%1 and 7, /my [99]. As such, solar neutrino data can be used to set lower limits to 7, /m;.

4.2 Solar Neutrino Analysis with Decay

For the invisible decay analysis, the author of this thesis modified a code written in
Fortran and used for solar neutrino analysis (e.g. in References [125-127]) to account for solar
neutrino decay.

In this code, the neutrino survival probabilities as shown in Equations (4.6) and (4.7)
are numerically calculated under the assumption of adiabatic evolution inside the Sun. Next, the
expected event rate is computed for each relevant experiment and compared to their data. The
data included in the analysis are the Homestake total rate [10], GALLEX and GNO combined
total rate [128], SAGE total rate [16], SuperKamiokande I full energy and zenith spectrum [22],
SNO combined analysis [32] and Borexino 192-day low-energy data [37].

Finally, the x? statistical analysis was performed using a x> function built from the
relevant parameters

X2 = x2(tan® By, Am3, ,sin® 013, 7y /m3) (4.9)

and the allowed regions are shown in Figure 4.3.

Complementary information can be added from the reactor experiments KamLAND
(KL) [62] and Daya Bay (DB) [129], since these experiments give precise constraints on Am%]
and sin® 013 from their detection of V, oscillations. For the currently allowed values of 7, /ms,
Py ~ 1 for the typical baselines of L/E, ~ 10719s.eV—!and ~ 107 125-eV~! of KamLAND
and Daya Bay respectively. In this case, the relevant neutrino probability is the standard three
neutrino expression:

P(Ve = Vo) = 1 — 38T sin’ Mgy — ST sin” Am (4.10)

eer

where §;; = sin26;;, A;; = Amizj /4Ey, and Amizj = ml2 — m?2, and an effective mass square

difference is defined as sin® Am2, = 1, sin® Ay + 52, sin? Azy. Hence, decay can be neglected
in the context of these experiments and their standard neutrino analysis for three neutrinos can

also be used for decay scenario. In other words:

2 _ A2
Xdecay; KL /DB = Xno decay; KL /DB » (411)

and their data can be included as reported in the analysis.

For the KamLLAND experiment, a XI%L function for the standard three neutrino
scenario used in Reference [62] is available in table format as a function of tan? 6, Am%1 and
sin” 8;3. For the Daya Bay experiment, the x]%B function is available in table format provided

in the supplementary material from Reference [129] as a function of Am2, and sin?(26)3). The
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Figure 4.3: Left: Allowed parameter regions for the standard oscillation parameters (Am%l, 01, and 613)

without decay. Right: Allowed parameter regions for the standard oscillation parameters (Am%l, 6, and
0,3) including decay. The hollow curves represent the analysis with only solar neutrino data and the filled
curves represent the combined analysis of solar, KamLLAND and Daya Bay data. The dotted, dashed and
continuous line represent respectively 90% C.L., 99% C.L. and 99.9% C.L.. Plots (1a) through (3b) were

made for this thesis.
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Figure 4.4: Allowed parameter regions for the standard oscillation parameters (Am%l, 0, and 0;3) and
the decay parameter 7, /m;. The hollow curves represent the analysis with only solar neutrino data and
the filled curves represent the combined analysis of solar, KamLAND and Daya Bay data. The dotted,
dashed and continuous line represent respectively 90% C.L., 99% C.L. and 99.9% C.L.. Plots (a) and (b)
were made for this thesis, plot (c) was published alongside our results in [122].
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combined x? function for solar, KamLAND and Daya Bay data is written as

x° = 25 (tan® 12, Amay, sin’ 013, 72 /ma ) + (4.12)
+ kL (tan2 012, Am3, , sin’ 613) + 135 (Amgev sin? 013) |

where Amge was defined before and over which we can promptly marginalize the ¥2. From
Equation (4.12), we find the allowed regions for independent parameters tan? 6;,, sin? 0:3,
Am%l, and T, /my as shown in Figures 4.3 and 4.4.

By marginalizing over the first two, we obtain the allowed region for the mass
squared difference Am%1 and the decay parameter 7,/my as shown in Figure 4.4, where the
hollow (filled) regions show the results for the solar neutrino (combined) analysis.

The degenerescence between Am%1 and T, /my is evident in the hollow regions of
Figure 4.4, where higher values for Am%1 are allowed alongside lower values for 7,/m, and
lower values for Am%1 are allowed alongside higher values for 1, /m;.

High values of Am%1 are ruled out in the standard neutrino scenario because it leads
to spectral distortions that are disfavored by the solar neutrino data. On the other hand, high
values of Am%1 could become a viable solution at the cost of having lower values of 7, /m.
The inclusion of KamLLAND and Daya Bay data break this degenerescence due to their precise
independent measurement of Am%1 and sin’ 03 respectively. Thus, from the complementary

data, it is possible to precisely isolate the contribution of the decay parameter 7,/m;. The

\ ' ‘ '
B N U 99.9% C.L. ]
10.+ -
i L N Solar
I ‘\‘ —— Solar + KL + DB
S S W W 99% C.L. 1
5 |
5.1 \ _
. 90% C.L.
0. L L .~-..—.-...|
1074 103 1072

T [ my [s- CV_I]

Figure 4.5: A%Z for v, lifetime 7,/m,. The dashed (continuous) curve shows the solar (combined)
neutrino data analysis. Plot published alongside our results in [122].
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complete marginalization over the standard parameters results in the curve shown in Figure 4.5

of sz as a function of 7, /m;. From it, we can extract a lower limit to the v, eigenstate lifetime

T /my>77%x10*s-eV~', at99% C.L., (4.13)

which corresponds to an upper bound to the decay parameter o < 8.5 x 10~ 13 eV?2,

4.3 Seasonal Effect due to Decay

One interesting consequence of the decay scenario that had not been previously
discussed in the literature is the effect of neutrino decay in the seasonal variation of solar

neutrino flux. In the absence of decay, the neutrino flux arriving on Earth is given by

©
(&) — ¢V
Vo 4mr?’

¢

(4.14)

where r = r(¢) is the time-dependent Earth-Sun distance. The ratio between maximum (at

perihelion) and minimum (at aphelion) fluxes is

(4.15)

where €y = 0.0167 is the eccentricity of Earth’s orbit.
The inclusion of decay modifies the ratio between maximum and minimum neutrino
fluxes and, consequently, also the measured eccentricity € as given by
N(rper) _ (1+€)°

R=Ry Niren) = (=22 (4.16)

where rapn (per) 18 the aphelion (perihelion) distance and N is the number of events calculated
from the convolution of the adequate probabilities and cross sections for each experiment.

From Equations (4.6) and (4.7), it follows that N(rper) > N(raph) holds also for the
decay scenario due to P,, dependence on the orbital distance. This implies that R > Ry for all
energies and thus, for any neutrino decay scenario, an enhancement in the seasonal variation
of the solar neutrino flux would be expected. The measurement of an eccentricity € > & is a
hint in the direction of the neutrino decay scenario. In fact, some experiments have measured
Earth’s orbital eccentricity to be different than the standard value albeit still compatible with &
as shown in Table 4.1.

Figure 4.6 shows the dependence of the neutrino eccentricity € with the neutrino
lifetime 7, /m; as it would be measured by SuperKamiokande (SK), SNO and Borexino (BOR)
experiments. As it can be seen, the higher energy ®B solar neutrinos (measured by SK and

SNO) would have a greater seasonal variation due to decay than the lower energy 'Be solar
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Table 4.1: Experimental best-fit values and errors for Earth’s orbital eccentricity € for different solar
neutrino experiments. We also show the ratio between the fitted values and Earth’s eccentricity &.

Experiment Eexp L Opxp (8exp + Gexp) /€

Borexino [36] 0.0398 £0.0102 2.384+0.61
SuperKamiokande-1 [130] 0.0252+0.0072 1.51+0.43
SNO Phase I [131] 0.0143 +0.0086 0.86+0.51
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Figure 4.6: Left: Experimental values for £/g. Black lines are the best-fit values and darker (lighter)
shades are the 10 (20) ranges as shown in Table 4.1. Right: Dependence of the orbital eccentricity &€
with the neutrino lifetime 7,/my as it would be measured by different experiments — the "Be line in
Borexino (BOR), and the 8B spectrum in SuperKamiokande (SK) and SNO. Plots published alongside
our results in [122].

neutrinos (measured by Borexino).

Due to the MSW effect, the v, content in the neutrino flux leaving the Sun is
energy dependent. At higher energies, there are more v, neutrinos available for decay during
the propagation to Earth. On the other hand, for lower energy neutrinos, there are fewer v,
leaving the sun and thus fewer v, available for decay. For this reason, the seasonal variation
for higher energy neutrinos would be bigger than for lower energy neutrinos and,
consequently, also the measured eccentricity. From Figure 4.6, it can be seen that due to the
decay survival probability in Equation (3.2), the lower (higher) the energy of the neutrinos, the

bigger (smaller) is the lifetime for which the enhancement in the eccentricity is maximum.
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We can now include the eccentricity data in the analysis as a penalty function added

to the x> for each experiment:

2
2 (Eexp — €)
Xseasonal — Excixp)z . “4.17)
The marginalization of the combined Ax? results in a slightly lower value
T /my>72x10"%s-eV™!, at99% C.L. (4.18)

for the decay parameter due to the fact that the current eccentricity measurements and errors will
favor lower, already excluded, lifetimes, for which the enhancement in the seasonal variation

(and hence the measured eccentricity) is higher.

4.4 Results

Our result for v, neutrino lifetime at 7, /my > 7.2 X 10_4s-eV_1, at 99% C.L.
can be compared to previous results available. Our result is almost one order higher than the
previously established bound in Reference [99] at 1o /my > 8.7 X 109s-eV~! at 99% C.L.
and it is similar to but more constrained than the bound reported in Reference [132].

Our results were published [122] at Physics Letters B, volume 761, October 10th,
2016, pages 70-73 included in Appendix B. Additionally, this work was presented by O. L. G.
Peres at the 38" International Conference on High Energy Physics (ICHEP 2016) and
published [123] at Proceedings of Science, volume 282, April 191, 2017, page 464.

Later, the SNO collaboration performed a new analysis [112] including all three
phases of 8B solar neutrino data taken by the Sudbury Neutrino Observatory (SNO) which,
combined with data from other solar neutrino experiments, resulted in an improved limit for v,
neutrino lifetime at 7, /my > 1.02 x 103s-eV~!, at 99% C.L.. Table 4.2 compares our result

to the lower limits to 7, /my presented in the literature.

Table 4.2: Lower limits to 72 /m; [s- eV~1]in the literature compared to our results.

Analysis To/my [s-eV™!]
Bandyopadhyay et al. [99] 8.7 x 1072at 99% C.L.
Berryman et al. [132] 7.1 x 10~*at 26 C.L.
Picoreti et al. (this work) [122] 7.2x10"*at 99% C.L.

Aharmim ez al. (SNO Collaboration) [112] 1.02 x 1073 at 99% C.L.
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Chapter 5
Visible Decay of Solar Neutrinos

As stated in Chapter 3, visible decays [83, 84, 107-111] are those in which the
products are visible states, that is, at least one of the daughter particles is in principle detectable,
e.g., the decay of a mass eigenstate into at least one lighter active mass-eigenstate. For the
analysis of this decay scenario, one is also interested in the daughter particle and how it affects
the final neutrino fluxes.

The work described in this Section is original, not yet submitted to publication. This
is the first time that an analysis is made in visible decay scenario properly including a neutrino

decay model.

5.1 Formalism

In the context of three neutrino families, the set of decay channels available for each
neutrino mass eigenstate is schematically shown in Figure 5.1 for both mass hierarchies.

As discussed before, from Figure 2.3, in the LMA-MSW solution, a 10MeV v, will
be produced almost as a pure Vv, and, due to the adiabatic crossing of the resonance region,
it will still reach the solar surface as v,. Hence, due to the smallness of v3 content in the
electron neutrino (see Section 2.3.1 and Figure 2.6) and to the smallness of v; content in the
solar electron neutrinos in energy range under consideration, the most interesting scenario for
the visible decay of solar neutrinos is to assume the mass eigenstate v, is unstable decaying into

lighter neutrinos. From Figure 5.1, the possible decay channels for v, are
e Vv, — Vi /V] in the normal hierarchy, and
e v, — vi/V; and v, — v3/V3 in the inverted hierarchy.

Each of the decay channels above available for the v, eigenstate will be analyzed
in the context of solar neutrino decay so that lifetime limits to v, can be extracted for each mass

hierarchy.
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Figure 5.1: Schematics of the possible neutrino decay channels in the context of three neutrino families
and for both the normal and inverted hierarchies. Highlighted arrows show the decay channels available
for the v, eigenstate which are investigated in the following sections in the context of solar neutrino
decay so that lifetime limits to v, can be extracted for each mass hierarchy.

For solar neutrinos, by the same considerations made for the invisible decay

scenario, Equation (3.71) can be rewritten as

2
dP’s ~21
of ms;
l
5.1)
L 1/2 - =2 2 (
o dn’? 2 m=
di ACADs (2L L S By — -
+ l,z,‘;é, eilip <Ea diEs) | aE, 3, L]
which, using Equation (3.53), becomes
AP |5 o ges ()|

2 (5.2)

7 drsy 12
OY® ij
+ [ dl E AeiAjﬁs (d [3> exp

i, j3i#j

The first term is treated in Chapter 4. Now, we focus on the second term integrand:

2
dP dr 12 w2
i Z ADADS (—”) exp | — == | (L-1) (5.3)
di |, &P\ dEg 2E,  2Ejg

Consider that only one single mass eigenstate v; is unstable, with allowed decay
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channels into v; and V;. As such, the expression above becomes

2
dP drs\ 12 m m?
- = AQA@‘(—”) exp | —i——1 — ——]—i—L(L—1 , (5.4)
dl ‘ «"p \ dEj BT TR TACEL
from which it follows that
dP 2 s arizN
= Jal Wil (dE ) =Ry (dElJ e )
B B
Consequently:
[ dp I
/ di—r =P (1= e i) (r iE; ) P = PP WP (5.6)
where PO =1 — PP"" is as defined in Equation (3.58). Hence:
dPrS‘
dE ZPQPS‘“VP® 8 (Eq —Ep) 8+ P PF™™WiiPg' (5.7)
o
Finally, the neutrino flux of each flavor arriving at the detector is given by
05 (Ep) = 05 ™" (Ep) 8y + / dEq 95 (Ea )P, PP WiiPg', (5.8)

with integration limits [Eﬁ,Eﬁ / 52} as obtained from Equation (3.6). As before, P® |A | is
the probability of the produced v, be found as a v; at the surface of the Sun, P, ‘A |

the probability of a v; be detected as a vg on Earth, and Py is the transition probablhty of an
eigenstate i into an eigenstate j upon propagating the Sun-Earth distance L as given in
Equation (3.58). Additionally, the weighted differential decay width erjs 1s given in
Equations (3.29) and (3.30) for a generic interaction and in Equations (3.31) — (3.37) for three
particular cases for the coupling constants. In later sections, the probabilities Pl%s are assumed

as the day probabilities, that is

P2 =cos’ 6y, PIGZ = sin? )5, Pf'i_ —=cos’ 0y, and PIGZ —sin? 6y, (5.9)

5.2 Neutrino Mass Hierarchies and Decay Channels

As presented in Section 3.1, the weighted differential decay width w ¥ depend on
the quantity 6 = m;/m;. In the absence of any other information regarding the absolute values

of neutrinos masses, there are two possible simplified scenarios:

e cither m; = 0 or m; >> m;, that is, the neutrino masses are hierarchical and 0 —0;
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e m; ~ mj, that is, the neutrino masses are quasi-degenerate and 6 — 1.

In the hierarchical scenario, as discussed before, the decay become independent of
the coupling constants. As such, from Equations (3.31) - (3.37), we are left with the weighted
differential decay width:

1 /E
—(ZE for v, — v;
Eq \ Eq J

Wi = ) (5.10)

1y 1 E

—( ——B) fOI‘V,'—>\_/j
Eq Eq

On the other hand, in the quasi-degenerate scenario, according to Equation (3.10),

as 6 — 1, Eg ~ Eq. In other words, the energy shift upon decay is very small and the daughter

neutrino is detected with approximately the same energy bin as the parent neutrino would have

been detected. Hence, in this scenario, we can approximate nl-’js as

ani _
dEy 8 (Ea —Ep) . (5.11)

By replacing Equation (5.11) in Equation (5.1) it becomes

2
dP@rE)’ O pDs mizl
Ty = Y AGAG exp “3E. 8 (Eq —Ep) &5+
l
L ) B ) (5.12)
+/dl Y ASA% (TE)'? gy 5 (Eq —Ep)
b g Y TP 2 25 ©

As before, considering that only one single mass eigenstate V; is unstable, with allowed decay

channels into v; and V;, the second term integrand becomes

dP

o= PP Te il (5.13)
and consequently:
[ dP L
fagy =i =) () i = pimmre G.14)
0

Hence, the neutrino flux of each flavor arriving at the detector is given by

05 (Eg) = 05" (Ep) 8y + / dEq 93 (Ea) P P BrE PP S (Eo — Ep) | (5.15)
and thus
05(Ep) = 95 """ (Ep) Ors + 0g(Ep) P, PT"Brjj P’ (5.16)
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where, as before, Pe®k is the probability of the produced v, be found as a v;, at the surface of the

@
Sun, Pkﬁ

probability of an eigenstate i into an eigenstate j upon propagating the Sun-Earth distance L.

is the probability of a Vi be detected as a vg on Earth, and P7°" is the transition

Finally, the branching fractions Br{; are given in Equations (3.46) — (3.48) for the three
particular cases for the coupling constants in the quasi-degenerate scenario. As it can be seen
from Equations (3.46) — (3.48), in the quasi-degenerate scenario, as 6 — 1, only the pure

pseudo-scalar case will produce non-vanishing antineutrino fluxes.

Now, for analysing the more general case of 0 < § < 1, it is necessary to take into
account the best currently available information on the neutrino masses, which is limited to the

mass-squared differences and to constraints to the sum of neutrino masses:
Zmi:ml—i—mz +ms. (5.17)

The sum of neutrino masses can be written as a function of the lightest mass eigenstate and the

mass-squared differences. As such, for the normal hierarchy (NH):

(Zmi)NH:m1+\/m%+Am%1+\/m%—l—Am%I, (5.18)

and for the inverted hierarchy (IH):

(Rom)™ = = (B3, B3, ) -+ 3 — Ay 4. (5.19)

Neutrino oscillations imply that neutrino masses are non-degenerate and at least two
of the mass eigenstates are massive. Hence, by supposing that the lightest mass eigenstate’s
mass in each hierarchy is null, it is possible to obtain a lower bound to the sum of neutrino

masses. As such, for the normal hierarchy (NH):

(X mi)ae > \JAm3, +\/Am3, ~0.06eV, (5.20)

and for the inverted hierarchy (IH):

(L) =/~ Amd, — Amd, 4/ —Am3, ~0.1eV, (5.21)
with the mass-squared differences taken at their best-fit values [59], as shown on Table 2.1.

On the other hand, upper bounds to the sum of neutrino masses can be obtained
from the analysis of cosmological data. Massive neutrinos thermally produced during the Big
Bang — forming today the so-called cosmological neutrino background (CvB) — are expected
to impact the anisotropies in the cosmological microwave background (CMB) and large-scale
structure formation [133]. Consequently, the 2018 results from the Planck Collaboration [134]
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set a cosmological upper bound to the sum of neutrino masses at
(Y mi),, <0.12eV, at95%C.L.. (5.22)

It has been recently argued [135, 136] that this cosmological upper bound may be
relaxed if neutrinos are unstable. However, to avoid conflict with well know cosmological
parameters, the neutrino lifetime must be such that CvB neutrinos decay well after they become
already non-relativistic. This requires lifetimes much larger than the current limits established
from neutrino experiments. As such, we take the upper bound in Equation (5.22) as reported.

Now, using the upper and lower limits to the sum of neutrino masses and the mass-
squared differences at their best-fit values [59], it is possible to calculate upper and lower limits
to & for each decay channel and each mass hierarchy under analysis.

First, consider the decay channel v, — v;/V; in the normal hierarchy, for which
521\?[ = my /my. In this hierarchy, since v; is the lightest mass eigenstate, assuming m; = 0 leads
to the lower limit 5§H > 0. On the other hand, the upper limit to 5§H is obtained by solving the
system:

my+my+m3 = (Zmi)max
m% — m% = Am%l (5.23)
m3 —mi = Am3,
for my, my and m3, with the mass-squared differences taken at their best-fit values [59], from
which we obtain an upper limit 521\{}[ < 0.96. Hence, for the decay channel v, — v;/V; in the
normal hierarchy:
0 < 8NH <0.96. (5.24)

For comparison, Planck’s previous upper bound [137] at ) m; < 0.23eV (at 95% C.L.) implies
that 0 =~ 0.99. Hence, as the limit on the sum of neutrino masses gets tighter, d ~ 1 becomes
prohibited, and lower values of delta are favored.

Next, consider the decay channel v, — v;/V; in the inverted hierarchy, for which

52111'1 = m1/my. In this decay channel, both m; and m, mass eigenstates are massive, but with a

small mass squared difference. By making m3 = 0, we have that m; = \/ —Am%2 — Am%] and
my = /—Am2,. Hence, the lower limit to 831 is

Am3, + Am3
glit > |22 T M1 ogs (5.25)
Am3,

with the mass-squared differences taken at their best-fit values [59]. On the other hand, the
upper limit to 5%{1 is obtained by solving a system similar to Equation (5.23), with the adequate

substitutions for the mass-squared differences, from which we obtain an upper limit
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521? < 0.987. Hence, for the decay channel v, — v;/V; in the inverted hierarchy:

0.985 < &) <0.987. (5.26)

Finally, consider the decay channel v, — v3/V3 in the inverted hierarchy, for which
521? = m3/my. In this hierarchy, since vz is the lightest mass eigenstate, assuming m3 = 0
leads to the lower limit 6%1 > 0. On the other hand, the upper limit to 82113{ is obtained by
solving a system similar to Equation (5.23), with the adequate substitutions for the mass-squared
differences, from which we obtain an upper limit 5%1 < 0.3. Hence, for the decay channel

v, — v3/ V3 in the inverted hierarchy:

0< 85 <03. (5.27)

The range of allowed values of & for each decay channel and each mass hierarchy

will help us determine the lower limits to neutrino lifetime in the following sections.

5.3 Neutrino Fluxes Produced on Decay in Three Neutrino

Families

In the context of neutrino visible decay it is also useful to separate the neutrino and
antineutrino fluxes for three neutrino families into electronic and non-electronic flavors.

First, we can write the evolution equation for the flavor states in a general form:

o ( : ) = [U(M*-D) U +V] ( : ) , (5.28)

where each of the underlined matrices are given by A = diag (A, Ay) except for D. As before,
U is the PMNS mixing matrix, M? is the mass-squared difference matrix and V is the matrix
describing matter effects.

The matrix D describes the coupling between neutrinos and antineutrinos due to

D" Dr’r
D= YA (5.29)
D" D"

decay, and is given in general as
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where each submatrix D" describes v — v* and are given in three neutrino families as

diy dy d3
D =| a5 dp 4 |, (5.30)

rs rs rs
dl 3 d23 d33

where each element D’; = d;; describes v/ — V. Hence, elements d; describe the survival
of v} neutrino mass eigenstates, while all other elements describe conversions between mass
eigenstates. Additionally, in the decay model under consideration, transitions v; — v/ " are not
allowed and the matrices D”” and D' diagonal elements are null, while elements d{; are null if
m; < m;.

As before, a rotation in the basis can be made by multiplying both sides by 313353
on the left, and using the relation 323313313353 = I in Equation (5.28). Hence, it can be

rewritten as

.d v/ ) v/
i < o ) = [Blz (MZ_ZD) BIZ +BI3B§3XEZ3BB} ( o ) . (5.31)

Now, it is necessary evaluate how each mass hierarchy, and consequently how each decay

channel, affects the evolution of neutrino states.

5.3.1 Normal Hierarchy

First, we consider the decay channel v,/V, — v;/V; in the normal hierarchy. As

such, the elements of matrix D are given by

0 dy O 0 dyy O
D"Y=|04do 0|, D=0 0 0 |, (5.32)
0 0 0 0 0 0

and similarly for DYV and D"V. As such, from Equation (5.31), the rotated matrix
D/ = 312 DBL becomes

dye dy, 0 | dz, d;-w 0
/ ! 7] /
de” duu O:deu dﬁ” 0
. 0O 0 0,0 0 O
= —--coao o (5.33)
dy,; dué O;de-é dﬁe_ 0
/ ! o /
de” dﬂﬁ O:de_ﬂ dﬁﬁ 0
0
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where the diagonal submatrices’ elements contain terms describing mass-eigenstates’ survival
and the conversion, while the antidiagonal submatrices’ elements only contain terms describing
mass-eigenstates’ conversion.

Hence, from Equation (5.31), the time-dependent matrix S’ describing the evolution

of the primed states, under the same assumptions used for Equation (2.58), is given by

Ve(t) See Spe 0 | Sz Spe O ve(0)
vy, (1) Sew Syu 0 3 Seu Spy O v;,(0)
VL(t o o ¢ 0O 0 O vL(0
i R S o | 5
e(t) Seé S/.Le 0 : Séé e 0 e(o)
— | —
u(?) Sew Sun O Sep Sua O 1(0)
V(1) 0O 0 0 | 0 0 S v.(0)
which we can transform back into the unprimed basis by the transformation:
S=Ry;R;38'R},R],. (5.35)
The survival and transition probabilities into neutrinos are
Fee = ’<Ve(t)|S’Ve(O)>|2 = |See|27 (5.36)
Poy 4 Per = [(vi (1) [S [Ve(0)) [* + [z (1) [ S [Ve (0))* = [Sen|* + [Sezl?, (5.37)
while the transition probabilities into antineutrinos are given by
Pz = [(Ve(1)[S|Ve(0)) > = |See|?, (5.38)
Pegi + Por = [(Vu (1) S [Ve(0)) [* + [(V() | S[Ve (0)) > = [Se|* +[Sez|* (5.39)
From Equation (5.35), we have:
See = 1380, + 51387, (5.40)
Sen = —C1351352380, + 01302352” + ¢1351382387 7, (5.41)
Set = —C13€235138g, — €135238¢y + €13513¢2357%¢ (5.42)
See = 13805, (5.43)
Seni = —€13513523805 + CI3C23S£3,1 : (5.44)
Set = —C13513€238¢; — €135238,; - (5.45)

Once more neglecting the interference effects in Equations (5.36) to (5.39), and making
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|S”.|> = 1, the survival and transition probabilities become

Pee = cf3 Pop 513, (5.46)
Pe(pt1) —613Pu+sl3013p +S%3C%3a (5.47)
Pez = ci3 Plg, (5.48)
Puain) = ci3Pog +513¢13 Ple, (5.49)

where the primed probabilities are the survival and transition probabilities for two neutrino
families. Now, to account for the energy shift in the neutrino spectrum due to visible decay, the

probabilities are written as

dP,e 4 AP, 4

dEg e dEg 10 (Ea—Ep) , >-50)
Mo o e e sy), 6
% _ 4 ZJZI;’ﬁ (5.52)
di;%—i:) = i3 flifg +513¢13 Z; (535)

where the primed probabilities are the survival and transition probabilities for two neutrino
families as defined on Equation (5.7). Hence, the solar neutrino and antineutrino fluxes arriving

in the detector are finally given by Equation (3.72):

d a
@p(Ep) = [ dEad? Ea) GE2 (Ea ). 372)

which finally yields the three-family neutrino fluxes in the visible decay scenario for the decay

channel v, /v, — v;/V; in the normal hierarchy as

D, =3 0 + 51300, (5.54)
D (0) = T3 P + 57313 O + S13¢T3 0 (5.55)
®; = ct; ¢z, (5.56)
D7) = ¢13 P +513¢13 0o (5.57)

where ¢., ¢z, ¢y, and @y are the two-family oscillated neutrino fluxes modified by the visible

decay as given by Equation (5.8), while ¢? is the unoscillated neutrino flux.
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5.3.2 Inverted Hierarchy

The evolution of neutrinos and antineutrinos in the inverted hierarchy for the decay
channel Vv,/V; — v;/V; is the same as in the normal hierarchy. Hence,
Equations (5.54) to (5.57) obtained above are also valid for this case.

Now, for the decay channel v, /v, — v3/Vs, the elements of matrix D are given by

0 0 0 0 0 0
D"Y=|04dn 0|, D=0 0 0 |, (5.58)
0 d3 O 0 dp; O

and similarly for D" and D"V. As such, from Equation (5.31), the rotated matrix
D, = BIZ DBE becomes

dy dfy 010 0 0
dy, i, 03 0 0 0
D = ,Eléf,fiéf,,QLfléf,fiéT,,q, , (5.59)
0 0 0'dy dy O
0 0 0,dy dp O
die diy 0 dy dyz 0

where, once more, the diagonal submatrices’ elements contain terms describing
mass-eigenstates’ survival and conversion, while the antidiagonal submatrices’ elements only
contain terms describing mass-eigenstates’ conversion. In this case, however, the elements
d' .., highlighted above in gray, contain only terms describing mass-eigenstates’ conversion
upon decay, while the other elements contain only terms describing mass-eigenstates’ survival.

As such, from Equation (5.31), the time dependent matrix S’ describing the
evolution of the primed states, under the same assumptions used for Equation (2.58), is given
by

V(1) Ske Sie 070 0 0 v/(0)

vy, (1) Sey Sypy 0,0 0 0 v;,(0)

Vi) | | Ser_ S St St Spe O || ve(O) (5.60
V(1) 0 0 0 'Sy Si 0 v0) | '
V(1) 0 0 0 isgu Sig O v,,(0)

v2(t) See Suz 0 18 Spr Sw )\ Vl0)

where the elements Ser and S/ 1u7» highlighted above in gray, are the amplitudes for production
of the eigenstate v, = v§ upon decay, while the other elements are the amplitudes for the
two-flavor oscillation and survival from decay, i.e., the invisible decay amplitudes. S’ is again

transformed back into the unprimed basis by the transformation in Equation (5.35), from which
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we have:
See = C13She +513¢13807 + 51357+ (5.61)
Seu = —C1351352380, + C13C23S:g/_1 + c%3s23S'eT + 135135235, (5.62)
Ser = —C13813235}, — 135230, + €13€2380; + 135132357, (5.63)
Sez = €1351350z (5.64)
Se = 1352350z, (5.65)
Sez = c13¢235) 5. (5.66)

The survival and transition probabilities into neutrinos are given as in
Equations (5.36) to (5.39):

P, —C13P/ +S?3+C%3S%3Pe3, (567)

Puusr) = €138T3 Pre + €13 Py + 3513 + ¢ Pos (5.68)

Peg: CI3S13P637 (569)

Pt = €i3Pes (5.70)

where P,; = |S,.|> and P,5 = |S.+|* are the probabilities for the production of v3 and V3 upon

the decay of the v, mass-eigenstate content in the V, solar neutrinos. The primed probabilities
are the survival and transition probabilities for the invisible decay of the v, in two neutrino
families, following the discussion above regarding the amplitudes, and are given in

Equations (4.4) and (4.5), Consequently:.

Pee = Pig' +ciast3 Pes (5.71)
Pe(ure) =Pl o) HclsPea (5.72)
P = c13s13P (5.73)
Pyaiz) = c13Ps. (5.74)

Now, to account for the energy shift in the neutrino spectrum due to visible decay, the

probabilities are written as

dP,. dP.

2 2 3
dEB P1HV6 ( El}) ‘|‘C13S13 E s (575)
dPe(.u“'T) inv dP3
R~ 08 (Ea—Eg) +cfs dEeﬁ (5.76)
AP 5 , dPl
dE, 13’ B2 dEg’ (5.77)
dPe(ﬁ'H:) 4 dPé3 (578)

dElg N C13dEﬁ
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where PV and P;‘(l;i L) Are the three-family survival and transition probabilities in the invisible

decay scenario as given by Equations (4.6) and (4.7), and a’P(;3 /dE B from Equation (5.7) as

dP.,

where PS is the probability of the produced v, be found as a v, at the surface of the Sun, P»3 is
the transition probability of the eigenstate Vv, into an eigenstate V3 upon propagating the
Sun-Earth distance L, and wj; is the weighted differential decay width given in
Equations (3.29) and (3.30). Hence, the solar neutrino and antineutrino fluxes arriving in the

detector are finally given by Equation (3.72):

dP,

which finally yields the three-family neutrino fluxes in the visible decay scenario for the decay

channel v, /v, — v3/V3 in the inverted hierarchy as

D, = DI + 13513 05, (5.80)
Dy 10) = Py 3 3, (5.81)
P = {3513 93, (5.82)
P(piz) =393, (5.83)

where " and ¢}

( ”V 4 are the three-family invisible decay fluxes and ¢; and ¢5 are given by

03(Eg) = [ dEa 0 P;Pyywss. (584)

Figures 5.2 — 5.5 show neutrino and antineutrino fluxes produced in the visible
decay of the 8B solar neutrinos for selected values of T, /my and &, and for each case of the
coupling constants, in the context of three neutrino families.

Figure 5.2 accounts for the hierarchical mass scenario, that is, 6 = 0, for the decay
channel v, — v;/V; (in both normal and inverted hierarchy) and for the decay channel v, —
v3/V3 (in the inverted hierarchy).

Figures 5.3 — 5.5 accounts for values of 6 close to the upper limit allowed in each
decay channel and mass hierarchy, as discussed in Section 5.2. Figures 5.3 and 5.4 show the
results for the decay channel v, — v;/V; (in both normal and inverted hierarchy). Figure 5.5
shows the results for the decay channel v, — v3/V3 (in the inverted hierarchy).

As it can be seen in Figures 5.2 and 5.5, for small values of &, daughter neutrinos
can be produced in a much lower energy than their mother particle, which, combined with the

overall suppression of decay at higher energies, causes very few antineutrinos to be produced at
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higher energies.

On the other hand, as it can be seen in Figures 5.3 and 5.4, for § ~ 1, daughter
neutrinos are produced at roughly the same energy as their mother particle. As such, neutrino
and antineutrino fluxes follow a similar shape. For increasing values of 8, the behavior of the
antineutrino fluxes depends on the dominant coupling constant, as discussed in Section 3.1.

At any case, increasing the neutrino lifetime leads to the smaller antineutrino
production. [In the next sections, these theoretical antineutrino fluxes obtained above are
compared to experimental upper limits to antineutrinos of solar origin in order to set limits to

the neutrino lifetime.

Hierarchical mass scenario, v, — V| /V;, normal and inverted hierarchies

dN/dE, [MeV™]

5=0
To/my = 107* s/eV v, To/my = 1073 s/eV To/my = 1072 s/eV
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Figure 5.2: Expected normalized neutrino and antineutrino energy spectra resultant from the visible
decay of the 8B solar neutrinos in the hierarchical mass scenario, for the decay channel v, — v;/V; in
both normal and inverted hierarchies and v, — v3/V3 in the inverted hierarchy for different values of
the neutrino lifetime 7, /my, in the context of three neutrino families. Blue and red curves represent v,
and v, ¢ neutrinos respectively, while solid lines neutrinos and dotted lines represent antineutrinos. The
black dotted line represents the unoscillated 8B neutrino flux. Best-fit values for the global fit neutrino
oscillation parameters [59] as shown on Table 2.1 are used.
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(b) Democratic case, Vo — V;/V}, normal and inverted hierarchies
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Figure 5.3: Expected normalized neutrino and antineutrino energy spectra resultant from the visible
decay of the ®B neutrinos produced in the Sun, for the decay channel v, — v;/¥; in both normal

and inverted hierarchy, for 7, /my, =

1x107%s-eV~! and § = 0.960 (left), 0.990 (center) and 0.999

(right), for each of the coupling constant cases, in the context of three neutrino families. Blue and red
curves represent V, and vV, ; neutrinos respectively, while solid lines neutrinos and dotted lines represent
antineutrinos. The black dotted line represents the unoscillated ®B neutrino flux. Best-fit values for the
global fit neutrino oscillation parameters [59] as shown on Table 2.1 are used.
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Figure 5.4: Expected normalized neutrino and antineutrino energy spectra resultant from the visible
decay of the 8B neutrinos produced in the Sun, for the decay channel v, — v;/¥; in both normal and
inverted hierarchy, for § = 0.96 and 7,/my = 1x107*s-eV~! (left), 1 x 1073s-eV~! (center) and
1 x 1072s-eV~! (right), for each of the coupling constant cases, in the context of three neutrino families.
Blue and red curves represent vV, and v, ¢ neutrinos respectively, while solid lines neutrinos and dotted
lines represent antineutrinos. The black dotted line represents the unoscillated 3B neutrino flux. Best-fit
values for the global fit neutrino oscillation parameters [59] as shown on Table 2.1 are used.



86

(a) Scalar case, v, — Vv3/ V3, inverted hierarchy
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(b) Democratic case, Vo — v3/V3, inverted hierarchy

5

)
2

=
m
=
—
Z
=

60=03
To/my = 1074 s/eV
T
>
©
=)
o
o
-
Z
=
6=03 3
To/my = 1074 s/eV y, To/my = 1073 s/eV A . To/my = 1072 s/eV
1079 L L KR L L “') L L Sy L
5. 10. 15. 5. 10. 15. 5. 10. 15.
E, [MeV] E, [MeV] E, [MeV]

Figure 5.5: Expected normalized neutrino and antineutrino energy spectra resultant from the
visible decay of the ®B neutrinos produced in the Sun, for the decay channel v, — v3/¥3 in the
inverted hierarchy, for § = 0.3 and 7o/my = 1x107*s-eV~! (left), 1 x 1073s-eV~! (center) and
1 x 1072s-eV~! (right), for each of the coupling constant cases, in the context of three neutrino families.
Blue and red curves represent V, and v, ¢ neutrinos respectively, while solid lines neutrinos and dotted
lines represent antineutrinos. The black dotted line represents the unoscillated 3B neutrino flux. Best-fit
values for the global fit neutrino oscillation parameters [59] as shown on Table 2.1 are used.
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5.4 Experimental Limits to Solar Antineutrinos

Solar neutrino experiments can probe and set upper limits to antineutrinos
originating in the Sun.

In water Cherenkov experiments neutrinos are detected through the Cherenkov
light emitted by elastically scattered electrons (V+4+e~ — V+4e ). Similarly, liquid
scintillation experiments also detect neutrinos through elastically scattered electrons. However,
these electrons excite atoms and molecules on their path, which produce radiation upon
de-excitation providing the signal for measuring the neutrino’s energy and direction.

In either case, antineutrinos may also be detected by the Inverse Beta Decay (IBD)
process (V, + p — e* +n). The positron in this reaction deposits its energy in the medium and
is promptly annihilated into two photons, while the neutron is captured by a proton in the
medium producing a delayed 2.2MeV photon. The detection of both signals in a delayed
coincidence is the signal for this antineutrino interaction [103, 138—141]. As such, other
antineutrino sources are backgrounds for this reaction, such as antineutrinos produced by the
decay of Earth’s radioactive isotopes, part of the so-called geo-neutrinos, up to 3.26 MeV;
antineutrinos produced by the decay of radioactive isotopes used in nuclear reactors, up to
~ 10MeV; and atmospheric neutrinos, for energies above 10 MeV. Another important
background source are cosmic-ray muons, which produce neutrons or radioactive isotopes by
spallation in the detector volume mimicking the signals of interest.

The SuperKamiokande (SK) experiment analyzed 1496 days of data from its first
phase and reported [138] no excess of events corresponding to electron antineutrinos. With that,
it was possible to set an upper limit to the flux of electron antineutrinos coming from the Sun
at 90% C.L. at 0.8% of the SSM neutrino flux for the energy range 8 — 20MeV. Additionally,
the collaboration reported model-independent limits for the energy range 10 — 17MeV shown
in Figure 5.6.

Next, the KamLAND experiment [103] reported an upper limit of
Qy, < 3.7x 10>cm=2-s~! at 90% C.L. for antineutrinos originating in the conversion of 3B
solar neutrinos, in the 8.3 — 14.8MeV energy range, and based on data a 0.28 kton-year
exposure of the detector which found no candidate events.

Meanwhile, the Borexino [140] experiment has also analyzed 736 days of data
looking for antineutrinos of solar origin and set an upper limit of Qy, < 760cm=2-s~! (at
90% C.L.) for Ey, > 1.8MeV. In addition, model-independent limits were provided for the
energy range 1.8 — 17.8 MeV, as shown in Figure 5.6.

Later, the KamLAND collaboration reported [139], for a 4.53 kton-year exposure,
an upper limit on the probability of 8B solar neutrinos converting into v, at Py, .y, = 5.3 x 107>
at 90% CL. Assuming an unoscillated ®B neutrino flux of Qs = 5.94 x 10°cm=2-s7!, the
collaboration reports an upper limit to solar electron antineutrino flux at Qy, < 93 ecm 257!

at 90% C.L., for energies above the experiment’s energy threshold E,, > 8.3MeV. For this
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analysis, the collaboration also provides the model-independent limits for the energy range
8.3 — 18.3MeV shown in Figure 5.6.

Recently, another report from the SK collaboration [142] using 960 days of data
from SK-IV placed an upper limit for antineutrinos coming from the Sun at 0.042% at 90% C.L.
of the SSM neutrino flux for Ey, > 13.3MeV, which is 20 times more stringent than their
previous SK result, but less stringent than the KamLAND limit [139] because of the higher
neutrino energy threshold. Model-independent limits are also provided for the energy range
13.3 — 17.3MeV and shown in Figure 5.6.

Finally, the most recent Borexino collaboration report [141] set new limits for solar
electron antineutrinos at Qy, < 138 cm~2-s~! at 90% C.L. for the energy range > 7.8 MeV.
This energy range corresponds to 36% of the ®B neutrino flux. As such, a limit for the energy
range > 1.8MeV is reported at Qy, < 384cm~2-s7! at 90% C.L., again assuming an
undistorted 3B neutrinos energy spectrum. The collaboration also reports model-independent
limits for the energy range 1.8 — 16.8 MeV as shown in Figure 5.6.

The reported experimental limits to the solar electron antineutrino flux are
summarized at Table 5.1. For comparison, we also include an early limit reported by the SNO
collaboration [104] looked into positrons produced by the charged current interaction of
antineutrinos with deuterium, which also produces two neutrons in coincidence. Two
candidate events were found and, supposing that both are of solar origin, the collaboration
could set an upper limit of Qy, < 3.4 x 10*cm™2-s~! at 90% C.L. in the energy range
4.0-14.8MeV.

Table 5.1: Experimental limits at 90% C.L. to electron antineutrino fluxes of solar origin as reported
by different experiments, as described in the text. Included in this table are upper limits to the
neutrino lifetime also investigated in some of the references. *Regarding the reported lifetime, top value
corresponds to hierarchical scenario and bottom value corresponds to the quasi-degenerate scenario.

Total Energy Report
Experiment Ref. 0y,(®B) Range Lifetime
[cm=2-s71] MeV] [s-eV1]

SuperKamiokande, 2002 [138] < 4.0x10* 8-20 —

-5
*SNO, 2004 [104] <34x10* 4-14.8 >>j-“(‘)>; 11%_3
*KamLAND, 2003  [103] < 370 83148 >L1x107
>6.7x 10
Borexino, 2010 [140] < 760 > 1.8 _
KamLAND, 2011 [139] <93 > 8.3 _

SuperKamiokande, 2013 [142] < 2.1X 103 > 13.3 —
Borexino, 2019 [141] < 138 > 7.8 —
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Figure 5.6: Model-independent upper limits to electron antineutrino fluxes reported by the
Borexino [140, 141], SuperKamiokande [138, 142] and KamLAND [139] experiments. Figure made
for this thesis based on plot by Reference [141].

By comparing the aforementioned solar electron antineutrino experimental limits
to the theoretical fluxes expected in the context of solar neutrino decays, it is possible to set
reliable limits to the neutrino lifetime in the context of each visible decay scenario as presented

in the following sections. This part is original and not yet published.

5.5 Model Dependent Analysis
The number of antineutrinos detected in a given experiment is defined as
N=T-n, e /dEVCID(EV)G(EV) , (5.85)

where T is the experiment’s data collection time, n, is the number of target protons in the
experiment’s fiducial volume, € is the detection efficiency, and o is the cross section for the

inverse beta decay reaction. Equation (5.85) can be rewritten as

</dEV (Ey)o Ev)
N=T-n,-¢ (/ ) (/dEv Ev>, (5.86)
dE,®(E,
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and hence
N=T-n,-€-6-Q, (5.87)

where G is defined as the averaged cross section weighted over the incident antineutrino flux in
the energy range of interest and Q is the total incident flux given in units of cm=2-s~!. Thus,
upon detection of events compatible with antineutrinos arriving from the Sun, the total incident

antineutrino flux Qexp can be calculated from the number of events Nexp, as
(5.88)

In the experimental results reported in Section 5.4, the limits to Qexp assume that
the solar antineutrino flux follows the unoscillated ®B neutrino flux modified by an energy-
independent transition probability, i.e., they assume a model for the incoming antineutrino flux
such that
F(Ey) = ady (Ey), (5.89)

e

where ¢? is the unoscillated 3B solar neutrino flux and a is the energy-independent transition

probability. Consequently, the averaged cross section weighted over d)“awe is given by

( [ dEoL(E)o (Ev>>
(faroten)

Consequently, the total incident antineutrino flux Qgg{;e obtained and reported by the

(5.90)

Gnalve

experiments is given by
Nex
P

T ‘np-€- Onaive

Q5p° = (5.91)

However, as it is clear from Figures 5.2 — 5.5, the transition probabilities in the
decay scenario are not energy-independent. As such, antineutrinos fluxes produced on decay
may be very different from the original unoscillated ®B solar neutrino flux ¢2.

Now, let Q) de¢2¥ pe the theoretical total antineutrino flux expected from the decay of

solar neutrinos, such that
decay /dEv decay ) (592)

where CIDC-lecay is the antineutrino flux produced in the decay of 8B solar neutrinos, as given in
Equations (5.8), (5.56) and (5.82). The averaged cross section 9% weighted over CIDdecay

( BT E)o (Ev>)

( [ dEoie (Ev>>

6decay = ) (5.93)
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C . . _ d -
which is in general different from 6,,v.. Hence, before we can compare Qﬂf Y to ng(‘;)ve, the

reported experimental limits must be rescaled taking into account the energy-dependent

transition probabilities of the decay scenarios. Since NS,?;"‘Y = Né‘fri,ve, that is, the number of

events detected by the experiment must be the same across models, and supposing the

detection efficiency € is independent of the shape of the incident flux, we can estimate the

. .
rescaled experimental flux limit Qgyp~ as

deca Onaive i
Oexp” = = Ooxp 5 (5.94)
Odecay

where Gpive 1S Weighted over the unoscillated 8B solar neutrino spectrum ¢£ and Ggecay 18

weighted over the antineutrino fluxes produced in the decay of 8B solar neutrinos ®3.
Finally, by enforcing Q?he “Y Jess or equal to the rescaled experimental Qfxa, that is
decay decay
On =~ <Oexp (5.95)

in the adequate energy range, we can extract lower limits to the neutrino lifetime in the context
of different neutrino visible decay scenarios.

In the following sections, we calculate the antineutrino fluxes produced on decay

g‘“ay as given by Equations (5.8), (5.56) and (5.82). Next, we calculate Qﬁfcay as defined
in Equation (5.92) and compare it to Qgigay as discussed above. For calculating @glecay,

we assume the unoscillated total 8B solar neutrino flux at production to be the best-fit value
determined by Reference [143], from a global analysis of the solar and terrestrial neutrino data
in the framework of three-neutrino mixing, given by

(140.025)

6. —2 —1
(1_0_017)><10 cm “-s (5.96)

Qsp =5.16

which is consistent with both high and low metallicity solar standard models [144].

5.5.1 Antineutrino Inverse Beta Decay Cross Section

The cross section for the inverse beta decay of antineutrinos (V, + p — et +n) is
calculated in Reference [145]. The differential cross section at tree-level in the weak interaction,

averaged over initial polarization and summed over final polarizations, is given by

dO GF 2 ‘% ’
=mp cos 90( 2)2, (5.97)

where Gr is the Fermi coupling constant, 6, is the Cabbibo angle and .# is the matrix element

of the interaction, given by

|2 = A(t) — (s—u)B(t) + (s — u)>C(1), (5.98)
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with the Mandelstam variables s, u and ¢ given in the rest frame of the target proton as

s =2myE, +m12, , (5.99)
s—u=2m,(Ey+E,)—mZ, (5.100)
t =my, —my—2m, (Ey —E,), (5.101)

where m,, my,, m,, are the masses of protons, neutrons, and electrons respectively. From the
expansion of |.#/?| in powers of € = E\, /m,,, the expressions for A(t), B(t) and C(t) up to second

order in € (which is accurate enough up to supernova neutrino energies [145]) are given by

Am M (ff — g0)(t —my) = MPN*(fF + g7) = 2m;MAg (fi + f2), (5.102)
B%l‘gl(fl—l—fz), (5103)
C~ (ff+gi) /4, (5.104)

where M = (m,+my,)/2 and A = m, —m,,. In this order of the expansion, the adimensional
form factors f;,g; are constants approximated as f; =~ 1, f» ~ & and g ~ A, where
A = ga/gv = —1.270 £ 0.003 is the ratio of the axial vector to the vector coupling
constant and § = K, — kK, = 3.706, which is the difference between the anomalous magnetic
moments of proton and neutron. The threshold energy Ey,, for this reaction is

my, +m 2—m2
(1 1) P ~1.806MeV, (5.105)

Ea. =
thr 2mp

and the allowed values of E, for a given value of E are between the limits:

1 1
Emasgmin = By — 5.— (i} —m} —m?) — —EM (EEM + p§M> , (5.106)
p p
where the center-of-mass quantities ESM, ESM and pS™ are given as
CM 1 2
EV = z—ﬁ(s—mp), (5107)
1
EM = Z—ﬁ(s—m,%—i—mg), (5.108)
1

Finally, the total cross section is obtained with the integration:

Ewae  do(Ey,E
o(Ey) = O(Ey — Eqy) / dEe% )
e

min

(5.110)
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5.5.2 Model Dependent Analysis in the Normal Hierarchy

First, we investigate how upper limits to the total incident solar electron antineutrino
fluxes defined for different energy ranges affect the bound we obtain for the neutrino lifetime.
In this analysis, we focus on the decay channel v, — v;/V; in the normal hierarchy. However,
the general conclusions also apply to the other decay channels in the inverted hierarchy.

Here, we use the upper limits reported by the Borexino [141] collaboration,
henceforward referenced simply as Borexino in text and as "BOR" in equations. Recalling

Section 5.4, Borexino reports the upper limit
0F8: < 138ecm 257!, at90% C.L., for Ey, > 7.8MeV, (5.111)

which covers the energy range corresponding to 36% of the ®B neutrino flux. As such, by
extending Q7B'8R to the whole energy spectrum covered by the experiment, > 1.8 MeV, another

limit is reported at
Opor < 384cm %-s7' at90% C.L., for Ey, > 1.8MeV. (5.112)

Below, we compare the bounds obtained for the neutrino lifetime for both solar electron
antineutrino fluxes presented above.

Figure 5.7 shows the lower limits obtained to 7, /m; as a function of & = m;/my
for each of the coupling constant cases in the context of the model-dependent 90% C.L. upper

limits to antineutrino fluxes QllggR and Q7B'8R defined above.

As expected from Figure 3.2, at 6 = 0, corresponding to the hierarchical scenario
of neutrino masses, the different coupling constants cases reduce to one single bound to the

neutrino lifetime as seen in Figure 5.7:

NH
<2) >6.6x103s-eV™!  at90% C.L., for Q53x, (5.113)
ma /1
NH
(2) >2.6x102%s-eV™!,  at90% C.L., for Qpor - (5.114)
mz /21

As it can be seen, there is a substantial difference between the lifetime obtained for Qllg'gR and
Q7B.C8)R' This is explained by the fact that, in the hierarchical scenario, daughter neutrinos can
be produced in a much lower energy than their mother particle, as it can be seen in Figure 5.2.
As such, limits to antineutrino fluxes covering lower energies will produce stronger bounds to
neutrino lifetime than equivalent limits covering only higher energies.

On the other hand, as 8 grows, the different cases for the coupling constants diverge

into separate limits, with the stronger limit always set by the purely pseudoscalar case. For
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Figure 5.7: Lower limits to 7, /m; at 90% C.L. on the decay channel v, — v;/V; in the normal hierarchy
as a function of & = m; /my for each of the coupling constant cases in the context of the model-dependent
90% C.L. upper limits to antineutrino fluxes reported by Borexino, QggR and Q7B'8R. Curves correspond
to ngcay = QSEE,”. Best-fit values for the global fit neutrino oscillation parameters [59] as shown on
Table 2.1 are used. This plot is an original work made for this thesis.

instance, for 6 = 0.96:

NH
(2) >23%10 's-eV™!, at90% C.L., for 0L, . (5.115)
m /> 41
NH
5z 1. oyl 1.8
>27x10's-eV™!, at90% C.L., for O3y . (5.116)
ma /> 1

As it can be seen, there is much a smaller difference between the lifetime obtained for Q]13'8R and
Q173'(8)R- This is explained by the fact that, for higher values of 0, daughter neutrinos are produced
at roughly the same energy as their mother particle, as it can be seen in Figures 5.3 and 5.4. As
such, the energy range covered by the antineutrino flux limits will have a much smaller influence
on the bounds to neutrino lifetime.

Although QL8 yields stronger limits to 7, /m, than Q%8 ., since QL8 is obtained
by extending Q]73'§)R to the whole energy spectrum covered by the experiment, we consider
Q7B'§)R to be the more adequate value to be taken and further compared to other experimental

limits to the total incident solar electron antineutrino fluxes. This choice is further justified by
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comparing the model dependent analysis below with the model independent analysis presented
in Section 5.6.

Now, we analyze to bound to neutrino lifetime obtained from the upper limit at
90% C.L. to the total incident solar electron antineutrino fluxes as reported by the
KamLAND [139] collaboration, henceforward referenced simply as KamLAND in text and as
"KL" in equations.

Recalling Section 5.4, KamLAND sets the upper limit on the probability of B
solar neutrinos converting into V. at Py,y, = 5.3 X 107> at 90% CL. The collaboration
assumes an unoscillated B neutrino flux of Qsy = 5.94x 10cm=2-s7!, and reports
Oy, < 93 cm~2-s~! at 90% C.L. to the upper limit to solar electron antineutrino flux for
energies above the experiment’s energy threshold E,, > 8.3MeV. However, for our choice of
Qsg =5.16 X 10°cm=2-s!in Equation (5.96), the limit is recalculated to:

082 < 8lem 2-s7', at90% C.L., for E,, > 8.3MeV, (5.117)

which we use in the analysis below. For comparison, we use Q7B'8R, discussed previously, which
covers an energy range similar to Q%E.

Figure 5.8 shows the lower limits obtained to 7,/m; as a function of & for each
of the coupling constant cases in the context of the model-dependent 90% C.L. upper limits
Q173'(8)R and QgK'ﬁ. For comparison, we also present the invisible decay limit 1.92 x 107 3s-eV~!
at 90% C.L. as reported by the SNO Collaboration [112]. In Table 5.2 lower limits to 1, /m, are
shown for selected values of 3.

As before, at 6 = 0 the different coupling constants cases reduce to one single

lifetime limit for each of the antineutrino flux experimental limits:

NH
<2> >6.6x107s-eV™! at90% C.L., for QFSy, (5.118)
ma /o 1
NH
T
(—2> >75x10%s-eV™!, at90% C.L., for 0% . (5.119)
mz /o1

For higher values of J, the strongest lifetime limit is as expected set by the purely pseudoscalar
case. Again, for 6 = 0.96:

NH
(2) >23x 107 's-eV™!  at90% C.L., for Q53x, (5.120)
ma /> 41
NH
(2) >3.1x107's-ev™!, at90% C.L., for O%;. (5.121)
ma /> 41

As it can be seen, for either value of 9, the stronger is upper limit to the total incident solar
electron antineutrino flux in a given energy range, the stronger is the bound obtained for the

neutrino lifetime.
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Figure 5.8: Lower limits to 7,/my at 90% C.L. as function of & = m;/m;, for each of the coupling
constant cases in the context of the model-dependent 90% C.L. upper limits to antineutrino fluxes
reported by Borexino and KamLAND. Top: decay channel v, — v;/V; in the normal and inverted
hierarchies. Bottom: decay channel v, — v3/V3 in inverted hierarchy. In both plots, the dotted black line
represents the 90% C.L. lower limit to 7, /my in the context of invisible decays as reported by the SNO
Collaboration [112]. Curves correspond to Q?lf Ay = Qgi’lc,ay. Best-fit values for the global fit neutrino

oscillation parameters [59] as shown on Table 2.1 are used.
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Table 5.2: Selected lower limit values to 7, /m; [s-eV '] at 90% C.L. for different values of § = m; /m;
for each of the coupling constant cases in the context of the model-dependent 90% C.L. upper limits to
antineutrino fluxes reported by Borexino and KamLAND. Highlighted lifetimes are discussed in the text.

(a) v — v1 /vy, normal and inverted hierarchies

Borexino KamLAND
Scalar Democratic  Pseudoscalar Scalar Democratic  Pseudoscalar
Coupling Coupling Coupling Coupling Coupling Coupling
0 6.6x1073 66x107° 6.6x1073 75x1073 75x107°  7.5x1073
03 38x1072 59x103  13x1072 44x103 68x1073 15x1072
07 18x1073 34x103 57x102 21x1073 41x1073  6.7x1072
09 44x107% 9.1x1073 1.7x107! 59x107* 12x107° 22x107!
096 6.6x107° 1.6x107% 23x107" 1.1x107* 23x107% 3.1x107!
099 <1078 <1078 2.6 x 107! <1078 <1078 3.5x 107!
(b) vo — v3/ V3, inverted hierarchy
Borexino KamLAND
Scalar Democratic  Pseudoscalar Scalar Democratic  Pseudoscalar
Coupling Coupling Coupling Coupling Coupling Coupling
0 19x107* 19x107* 19x107* 23x107* 23x107% 23x1074
03 1.0x107% 1.7x107* 41x10% 12x107* 2.0x107* 4.8x107*
0.7 3.1x107 9.0x107° 19x1073 44x107 1.1x107* 22x1073
09 <1078 <1078 56x1073 <1078 <1078 7.3%x1073
096 <1078 <1078 7.5%x 1073 <1078 <1078 1.0x 1072
099 <1078 <1078 8.5x 1073 <1078 <1078 1.2x 1072
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5.5.3 Model Dependent Analysis in the Inverted Hierarchy

Figure 5.8 shows the lower limits obtained to 7, /m as a function of 6 for each of the
coupling constant cases in the context of the model-dependent 90% C.L. upper limits Q7B'8R and
Q%ﬁ. For comparison, we also present the invisible decay limit 7, /my > 1.92 x 107 3s-eV~!
at 90% C.L. as reported by the SNO Collaboration [112]. In Table 5.2 lower limits to T, /my are
shown for selected values of d.

For the decay channel v, — v;/V| in the inverted hierarchy, the electron
antineutrino flux follows the same expression as in the normal hierarchy, as discussed in
Section 5.3. The difference comes from allowed values of §, as discussed in Section 5.2,
which is 0.985 < 6 < 0.987. In this range, only the pseudoscalar case leads to a stronger lower

limit to 7, /m; lifetime when compared to the invisible decay limit. For § = 0.987, this limit is

IH
<2> >2.5x107!'s-eV™! at90% C.L., for QFS:, (5.122)
ma /o1
IH
T
(—2> >35x10"'s-eV™', at90% C.L., for 0. (5.123)
ma /o 1

On the other hand, for the decay channel v, — v3/Vs, the limits to 7,/m; are
substantially weaker than the limits obtained for the decay channel v, — v;/V; in either
hierarchy. Additionally, since the allowed values for & in this case are 0 < 6 < 0.3, all
obtained limits are also weaker than the invisible decay limit. For comparison, the

pseudoscalar case provides the strongest limit, which, for 6 = 0.3, is

IH
<2> >4.1x107*s-eV™!  at90% C.L., for Q53x, (5.124)
mz /243
IH
<3> >4.8x107*s-eV™!, at90% C.L., for Q%; . (5.125)
mz/ 2.3

5.6 Model Independent Analysis

In addition to the previous analysis, it is possible to compare the theoretical fluxes
expected in the context of solar neutrino decay to the model-independent limits reported by
Borexino and KamLLAND, shown in Figure 5.6. The bin-per-bin analysis is performed using
the xz function defined in [139]:

2
2 Vi
=) ——F—, (5.126)
L MV v
where v; is the expected antineutrino flux for each bin, u; is the experiment’s upper limit for
each bin, and v/2.71 is the conversion factor of limits from 90% C.L. to 1o C.L., corresponding

0 AXdowcL./ Ml
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Figure 5.9: Lower limits to 7, /my as function of 8 = m; /my for each of the coupling constant cases in
the context of the model-independent 90% C.L. upper limits to antineutrino fluxes reported by Borexino
and KamLAND. Top: decay channel v, — v;/V; in the normal and inverted hierarchies. Bottom: decay
channel v, — v3/V; in inverted hierarchy. Curves correspond to Ax? = 2.71, or 90% C.L.. In both
plots, the dotted black line represents the 90% C.L. lower limit to 7,/m; in the context of invisible
decays as reported by the SNO Collaboration [112]. Best-fit values for the global fit neutrino oscillation
parameters [59] as shown on Table 2.1 are used. These plots are original works made for this thesis.
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Table 5.3: Selected lower limit values to 7, /m; [s-eV '] at 90% C.L. for different values of § = m; /m;
for each of the coupling constant cases in the context of the model-independent 90% C.L. upper limits to
antineutrino fluxes reported by Borexino and KamLAND.

(a) v — v /vy, normal and inverted hierarchies

Borexino KamLAND
Scalar Democratic Pseudoscalar Scalar Democratic  Pseudoscalar
Coupling  Coupling Coupling Coupling Coupling Coupling
0 89x103 89x103 89x103 87x103 87x1073 8.7x 1073
03 50x103 78x10% 1.7x102 50x103 78x103 1.7 x 1072
07 17x1073 34x103 56x102 23x1073 46x103 7.6x1072
09 28x107% 58x10% 1.1x10°! 57x107% 1.2x1073 22x107!
096 1.0x107> 78x10° 13x10°" 93x10° 2.1x107% 29x10°!
099 <1078 <108 1.4x107! <108 <1078 3.3x 107!
(b) vo — v3/ V3, inverted hierarchy
Borexino KamLAND
Scalar Democratic  Pseudoscalar Scalar Democratic  Pseudoscalar
Coupling Coupling Coupling Coupling Coupling Coupling
0 27x107% 27x107% 27x107% 27x107% 27x107% 27x107*
03 14x107% 23x10°* 55x107%  14x107% 24x107* 56x107%
07 19x10° 8.1x1073 1.8x1073 52x10° 13x10% 25x1073
0.9 <108 <108 3.6x 1073 <1078 <1078 7.1%x1073
096 <1078 <108 43%x1073 <1078 <1078 9.5%x 1073
099 <108 <108 4.8x1073 <1078 <1078 1.1x1072
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Figure 5.9 shows the lower limits obtained to 7, /m; as a function of § for each of
the coupling constant cases in the context of the model-independent 90% C.L. upper limits
reported by Borexino and KamLAND. Again, we present the invisible decay limit
T/my > 1.92x1073s-eV~! at 90% C.L. as reported by the SNO Collaboration [112] for
comparison. In Table 5.3 lower limits to 7,/my are shown for selected values of 0. In
Figure 5.9, the labels Q173'(8)R and Q%ﬁ are used to denote the model-independent limits only as
means to facilitate the comparison between model -dependent and -independent analyses.

As it can be seen in Figure 5.10, the results are fairly similar to those obtained
for the model-dependent limits, qualitatively and quantitatively, for both decay channels and
hierarchies. In general, for small values of & the model-independent analysis leads to better

limits to the lifetime, while for large values of & the model-dependent analysis leads to better
limits to the lifetime.
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Figure 5.10: Comparison between model-dependent and -independent lower limits to T, /m; in the scalar
and pseudo-scalar cases as a function of § = m;/my. Top: v, — v;/V;. Bottom: v, — v3/V3. Best-fit
values for the global fit neutrino oscillation parameters [59] as shown on Table 2.1 are used. These plots
are original works made for this thesis.
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5.7 Comparison to Current Lifetime Limits

As shown in Table 5.1, the latest limits to the 7, /m; lifetime in the context of the

visible decay of solar neutrinos are reported by the KamLAND collaboration [103]:

(2) >1.1x103s-eV~", at90%C.L, (5.127)
m J kL

in the hierarchical scenario (6 = 0), and

(2) >6.7x107%s-eV~', at90% C.L., (5.128)
m2/ kL
in the quasi-degenerate scenario (§ — 1), for the decay channel v, — v;/V| in the normal
hierarchy.

Among the results presented in the previous sections, we conservatively choose
the model-dependent analysis results to the 7, /my lifetime, which are overall slightly weaker
than the model-independent results. However, we choose the results obtained from KamLAND

stronger antineutrino flux limit Q%ﬁ. As such, we have:

NH
(3> >75%x103s-eV™!, at90% C.L., for § =0, (5.129)
m2 /o 1

in any coupling constant case, and

<2>NH >3.1x10"'s-eVv™!, at90% C.L., for § = 0.96, (5.130)
m2/ 21
in the pseudoscalar case. As it can be seen, our analysis represent a fivefold improvement
upon the previously reported limit due to the use of most recent KamLLAND [139] results. Our
analysis for the visible decay also presents stronger limits to the T, /m; lifetime than the invisible
decay limit 7, /my > 1.92 x 1073s-eV~! at 90% C.L..

Additionally, we have investigated limits to the 7,/my lifetime in the inverted
hierarchy for both decay channels v, — v;/V; and v, — Vv3/Vv3, which have not been
previously discussed in the literature. For the decay channel v, — v;/V; in the inverted

hierarchy, since the allowed values for 0 are very constrained, a slightly stronger limit is set at

IH
<3> >35x10"'s-eV™!, at90% C.L., for § = 0.987, (5.131)
mz )21

in the pseudoscalar case. Finally, for the decay channel v, — v3/V3, as discussed before, the
limits to 7,/m; are substantially weaker than those in the decay channel v, — v;/V; in either
hierarchy, and, for all allowed values of &, those limits are also weaker than the invisible decay

limit.



103

Conclusion

Solar neutrinos are produced in the thermonuclear fusion processes that power the
Sun. Early experiments detected a solar neutrino flux lower than the predicted by the Solar
Standard Models, a deficit known as the Solar Neutrino Problem (SNP). Over the years, results
from neutrino experiments eventually established the Neutrino Flavor Oscillation model with
Large Mixing Angle and Mikheyev-Smirnov-Wolfenstein Resonant Flavor Conversion (LMA-
MSW) as the best solution to the SNP, establishing beyond reasonable doubt the massive nature
of neutrinos. Being massive, it is possible for neutrinos to decay into other particles. Hence,
although previously ruled out as a leading process in the SNP, we analysed neutrino decay as a
sub-leading effect in the propagation of solar neutrinos to extract new limits to neutrino lifetime
in a range of decay scenarios using the most recent experimental data.

From the combined analysis of data of solar neutrino experiments and KamLAND
and Daya Bay data, we have obtained [122] a new upper bound to the v, eigenstate lifetime
T my > 712X 10%s-eV~! at 99% C.L. in the context of the invisible decay scenario,
improving in almost one order the previous established bound [99]. We have also shown how
decay can enhance the seasonal variation of solar neutrino fluxes and how it affects the
measurement of Earth’s orbital eccentricity using neutrinos.

Additionally, from the most recent limits on antineutrinos fluxes originating in the
Sun, we obtained new limits to v, eigenstate lifetime 7, /m; in the context of neutrino visible
decays. As such, we set the limits at 7, /m, > 7.5 X 10 3s-eV-1at90% C.L., for § = 0
corresponding to the hierarchical scenario of neutrino masses; and at
T/my > 3.1x107's-eV~! at 90% C.L., for § = 0.96 corresponding to the current
cosmological limit to the sum of neutrino masses. Our limits are an improvement upon
previous limits in the context of visible [103] and invisible decays [112]. This is an original

result and not yet published.
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Appendix A

Unfinished Work

Besides solar neutrino decay, three other phenomena were studied: 1) the interaction
of neutrinos with solar magnetic fields through a hypothetical non-zero transition magnetic
moment as a secondary effect on solar neutrino propagation; ii) the production of neutrinos
from the annihilation of dark matter inside the Sun and their oscillation into a sterile flavor;
and iii) neutrino production by cosmic rays interacting in the solar matter as background for

detecting neutrinos from dark matter annihilations.

A.1 Solar Neutrino Spin-Flavor Precession

The massive nature of neutrinos also opens a door for these particles to have non-
zero electric and/or magnetic moments. The consequences of a hypothetical neutrino magnetic
moment have been investigated for a variety of astrophysical phenomena: in the formation
of stars in globular clusters [146], in dense astrophysical environments [147] such as type-II
supernovae [148,149], in the luminosity and pulsation of white dwarf stars [150,151], and even
in ultra-high energy neutrino source such as gamma-ray bursts (GRB) and active galactic nuclei
(AGN) [152].

In fact, shortly after the publication of the first Homestake results [12], one of the
first models proposed to explain the SNP relied on the coupling of the neutrino magnetic
moment to solar magnetic fields [70]. In this model, the interaction with the magnetic fields
would lead to the spin-precession of left-handed neutrinos into right-handed neutrinos.
Right-handed neutrinos do not participate in weak interactions and hence would not be
detected if neutrinos were Dirac particles [153—155]. On the other hand [156], if neutrinos
were Majorana particles, transition between neutrinos of a given family into antineutrinos of
the other families — e.g., Vv, — V,/V; — would also be possible. Soon it would be
noted [157-160] that the combined effect of interactions with matter and magnetic fields
would give rise to resonant transitions, similarly to the MSW effect, later called the Resonant

Spin-Flavor Precession.
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The interaction of neutrinos with the solar magnetic field can, in principle, happen
both in the radiative zone [161-163] and in the convective zone [164—-166]. The radiative zone
lacks internal motions that would give rise to large scale magnetic fields, which, if present, are
supposed to be smooth and frozen into the stationary plasma [167]. In the convective zone, on
the other hand, the convective movement of the solar plasma give rise to turbulent magnetic
fields, which, in turn, cause the plethora of phenomena in the surface of the Sun, such as
sunspots. While the mean magnetic field over the solar disc is of the order of 1G, it can be
three orders of magnitude higher in the sunspots. Magnetohydrodynamics models explains
these magnetic fields as being produced by a dynamo mechanism at the bottom of the
convective zone. [168—171].

Even though this phenomenon is currently ruled-out as a primary effect, the spin-
flavor precession can still be investigated as a non-leading effect on the propagation of solar
neutrinos. Since this phenomenon would lead to the production of antineutrinos, its possible
to set upper limits to the neutrino magnetic moment by comparing the expected fluxes to solar

electron antineutrino flux limits.

A.2 Neutrinos from Dark Matter Annihilation

Dark matter, a cold non-barionic kind of matter, is an essential ingredient in the
current cosmological standard model. The existence of this exotic kind of matter was first
evidenced at the measurement of the anomalous rotation curves of galaxies [172-174]. As new
phenomena, such as gravitational lensing [175, 176] and others were discovered, the
gravitational and cosmological data in favour dark matter became overwhelming. However,
such data do not provide information on the nature and properties of the particles that
constitute dark matter. Over the years, several models have been proposed as candidates for
dark matter, such as weakly interacting massive particles (WIMPs), axions [177] and sterile
neutrinos [178], among others [179].

WIMPs are supposed to have masses along the GeV to TeV range and tree-level
interactions with W+ and Z, bosons and are found in a variety of particle physics models, such
as Supersymmetry [180]. WIMPs are one of the most studied candidates for a Dark Matter
particles because of the so-called “WIMP Miracle": during the evolution of the early Universe,
stable WIMPS are naturally produced with the appropriate relic density to account for the
gravitational effect of dark matter, while also providing a solution to the Gauge Hierarchy
Problem, the discrepancy between the Higgs boson mass and the Planck mass scale [181, 182].

WIMPS, for their weakly interacting nature, provide several opportunities for their
detection. Besides the production expected in particle colliders [183], there are two other
possible methods for their detection in astrophysical environments. While orbiting around the
Milky Way, Sun and Earth are constantly moving through the galactic dark matter halo. Dark

matter particles have a small probability of weakly interacting with ordinary matter. Hence, the
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elastic scattering of nuclei by dark matter particles can be used as a probe and constrain their
properties such as their mass and interaction cross-sections. This is called a direct detection
and several experiments have been design for this purpose such as CDMS [184-187],
XENON [188-192] and others.

On the other hand, the indirect detection of dark matter particles relies on the
detection of ordinary matter produced by the annihilation of dark matter particles, including
photons, neutrinos, and charged particles. For the annihilation to occur, it is necessary that the
DM particles accumulate in high density regions. For example, dark matter particles traversing
the Sun will eventually interact with ordinary matter, losing enough energy to be
gravitationally trapped. As the dark matter density rises in the core, annihilation rate also rises.
Annihilation products are mostly all absorbed except for neutrinos that can propagate outwards
and be detected on Earth. As such, neutrinos are a particularly interesting probe for the indirect
detection of dark matter.

Neutrinos can be generated in a variety of DM annihilation channels depending on
the WIMP model. Heavy quarks, tau leptons, gauge bosons, Higgs bosons generate neutrinos
in a continuous spectrum upon decay, whereas direct DM annihilation into neutrinos is also
possible and generate monochromatic spectra [193]. Once they are produced in the annihilation
of DM particles, they propagate outwards through the solar matter and interplanetary space
before arriving on Earth, where they could be detected.

As such, the detection of such neutrinos could provide information on the specifics
of the DM model, e.g., the particle’s mass or their annihilation cross-section, or their non-
detection could be a problem for WIMP models. However, these DM neutrinos could also, in
principle, not be detected because they oscillate into sterile species.

Preliminary results from this work were presented at the 33™ Brazilian National
Meeting on Particles and Fields (XXXIII Encontro Nacional de Fisica de Particulas e Campos),
August 270315, 2012.

A.3 Solar Atmosphere Neutrinos

Cosmic Rays (CR) are charged particles — mainly protons — produced and
accelerated in astrophysical phenomena [194]. Most of these particles have their origin in the
Milky Way and are accelerated by shock waves produced by the expansion of supernova
remnants [195], propagating during millions of years in the interstellar medium under
influence of the galactic magnetic fields [196] before escaping the Galaxy. The incidence of
this particles in the solar system is approximately isotropic and, at low energies, are modulated
by the solar activity [197] due to their interaction with the solar winds and magnetic fields.

The measurement of the spectrum of cosmic rays incident upon Earth’s upper
atmosphere is possible by direct methods up energies of the order of TeV [198,199]. At higher

energies, the lower CR flux requires the spectrum to be inferred by the measurement of the
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so-called air-showers — cascades of particles produced in the CR interaction with the atoms in
the atmosphere — by ground experiments [200,201]. Atmospheric neutrinos [] are produced
in these cosmic ray interactions from weakly decaying mesons.

Similarly, the incidence of cosmic rays in the Sun and their interaction with the solar
matter will also produce neutrinos [202-207], often called Solar Atmosphere Neutrinos (SAV).
These high energy neutrinos are considered to be a fixed background for the indirect detection
of dark matter, setting a “Sensitivity Floor" [208-211] for neutrino telescopes.

We aimed at finding an semi-analytical approximation for the transport of CR
particles in the solar matter analogous to the typical analytical approximation describing the
CR transport on Earth’s atmosphere and the production of atmospheric neutrinos [194,212].

Preliminary results from this work were presented at the 35" Brazilian National
Meeting on Particles and Fields (XXXV Encontro Nacional de Fisica de Particulas e Campos),
August 15119t 2014, This work was idealized and partially performed under supervision of
Dr. Julia Tjus during the sandwich PhD period at Ruhr-Universitit Bochum, Germany.
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Appendix B

Published Work

The results presented in Chapter 4 were published [122] and included in the
following pages.
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Abstract

We consider the possibility of solar neutrino decay as a sub-leading effect on their
propagation between production and detection. Using current oscillation data, we
set a new lower bound to the Vv,  neutrino lifetime at
Ty /my > 7.2 X 10~%s-eV~! at 99% C.L.. Also, we show how seasonal variations
in the solar neutrino data can give interesting additional information about

neutrino lifetime.
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1. Introduction

Beyond any reasonable doubt, it is now established that neu-
trinos have non-zero, non-degenerate masses. Thus, it would be
possible — if not mandatory — for them to decay into other parti-
cles.

Although neutrino decay is now ruled out as a leading pro-
cess [1] in the so-called Solar Neutrino Problem (SNP) — the differ-
ence between the expected solar neutrino flux produced in nuclear
fusion processes in the Sun and the detected flux on Earth — one
can investigate this phenomenon as a sub-leading effect in the
propagation of solar neutrinos and set limits to their lifetime using
the most recent experimental data.

Solar neutrinos are produced in the nuclear fusion processes
that power the Sun. In such processes, Hydrogen nuclei are con-
verted into Helium through several intermediate reactions, some
of which produce neutrinos in very particular spectra — both con-
tinuous and monochromatic.

Over the years, several experiments were developed for the
detection of solar neutrinos at different energy ranges. From the
pioneer Homestake [2] chlorine experiment — which first hinted at
the SNP — through the gallium experiments GALLEX [3], SAGE [4]
and GNO [5] to the water Cherenkov detectors Kamiokande, Su-
perKamiokande [6] and SNO [7]. Most recently, the Borexino [8]
experiment measured the so called 7Be neutrino line.

The LMA-MSW solution — Large Mixing Angle flavor oscillation
with Mikheyev-Smirnov-Wolfenstein (MSW) resonant flavor con-
version — established the scenario of three massive light neutrinos
that mix [9] in combination with the measurement of the other

* Corresponding author.
E-mail address: picoreti@ifi.unicamp.br (R. Picoreti).

http://dx.doi.org/10.1016/j.physletb.2016.08.007

oscillation parameters by experiments designed for atmospheric,
reactor and long-baseline neutrinos. With such precise measure-
ments of the standard oscillation parameters, it is possible to in-
vestigate new phenomena such as the neutrino decay scenario:
V> v+ X

For solar neutrinos, the decay of the mass-eigenstate v; into the
lighter state vy is disfavored by the data and the current bound
to v lifetime for invisible non-radiative decays [1] is tp/my >
8.7x 107 s.eV~! at 99% CL. Most recently, Ref. [10] argues for
T /my>71x10"%s.ev™! at 20.

Similarly, from the combined accelerator and atmospheric neu-
trino data the lifetime of the v; eigenstate is 73/m3 > 2.9 x
10705 ev-—! at 90% CL. [11] and an analysis of the long-
baseline experiments MINOS and T2K gives a combined limit of
73/m3 >2.8 x 10712 5. eV~! at 90% C.L. [12].

In this work, we consider the decay scenario in which all the fi-
nal products are invisible. We combine the available solar neutrino
data with KamLAND [13] and Daya Bay [14] data. For both exper-
iments the effect of neutrino decay is minimum, allowing us to
constrain the standard neutrino mixing parameters independently
of the decay parameter 1/m; and leading us to obtain a robust
bound on v, lifetime. Additionally, we show how seasonal varia-
tions in the solar neutrino data, which are enhanced by neutrino
decay, can give some interesting information about neutrino life-
time.

2. Formalism

After production in the solar core, neutrinos propagate out-
wards undergoing flavor oscillation and resonant flavor transition
due to the solar matter potential. After emerging from the Sun,
they travel across the interplanetary medium until they reach the
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Earth’s surface where they can be detected either promptly or af-
ter traversing Earth’s matter — on which they may also be subject
to matter effects.

The transition amplitude for an electron neutrino produced in

the Sun to be detected on Earth as a neutrino of flavor «, ve — Vg,
for the standard case of neutrino oscillations with MSW effect, can
be written as [15]
Aea =Y A AFCAD (1)
where Ag is the transition amplitude of an electron neutrino pro-
duced in the solar core to be in a v; mass-eigenstate in the solar
surface, A}’ is the transition amplitude for the propagation be-
tween Sun and Earth surfaces, and Al% is the transition amplitude
of a v; to be in a v, state upon detection on Earth.

The transition probability is given as P(Ve — Vy) = |Aeq|?. In
the LMA parameter region one can neglect coherence effects [16]
and simply write the incoherent sum of probabilities:

P(Ve—>va)=ZPE?P$, (2)
i

where PO = |AQ|? is the probability of the produced v, to be
found as a v; at the surface of the Sun, and PP =|AZ|? is the
probability of a v; to be detected as a v, on Earth.

Considering the current limits to their lifetime, neutrinos do not
decay inside the Sun and it is sufficient to consider their decay on
their way to Earth. The survival probability for the invisible decay
of a neutrino mass-eigenstate i, with energy E,, after propagating
a distance L, is

P =exp [— (ﬂ) L] , with aj = mi , (3)
Ey Ti
where m; is the eigenstate mass, 7; is the eigenstate lifetime and
L is the Sun-Earth distance.
For the assumption that only the v, mass-eigenstate is unsta-
ble, the electron neutrino survival probability including decay and
oscillation for three neutrino families is

P(ve = ve) =cf I:Pe? P + P (P3M) Pzeg:| +s%s, (4)
where s;; = sin6;; and c;j = cos6;; and P is given in Eq. (3)
and P2 and P® are the probabilities in Eq. (2). One interesting
consequence of this scenario is that the sum over all probabilities
is not equal to 1, as explicitly we have

> Pe—ve)=1-ci3P3 (1-P5"™). (5)

a=e, iU, T

This non-unitary evolution was discussed in Ref. [17].

Another important consequence is that, for appreciable values
of 1p/mj, the solar neutrino data can be explained by a combina-
tion of standard three neutrino MSW oscillation and decay, which
leads to a degenerescence between neutrino parameters, specially
Am3, and 73/m; [1].

3. Analysis and results

For the analysis of vy decay over the Earth-Sun distance and
how it affects the expected rate for each solar neutrino exper-
iment, we calculate the neutrino survival probabilities as shown
in Eq. (4) and Eq. (5), numerically, under the assumption of adia-
batic evolution inside the Sun [18]. Then, we compute the expected
event rate for each relevant experiment and compare it to their
data.

We include Homestake total rate [2], GALLEX and GNO com-
bined total rate [19], SAGE total rate [4], SuperKamiokande I
full energy and zenith spectrum [20], SNO combined analy-
sis [7] and Borexino 192-day low-energy data [21]. Then, we
build a x? function as a function of the relevant parameters
x3& = x3(tan? 612, Am3,, sin® 613, T2/ma).

We can add complementary information from the reactor ex-
periments KamLAND [13] and Daya Bay [14] and their detection of
Ve oscillations. One important point that led us toward this anal-
ysis is the fact that these experiments give precise constraints on
Am%1 and sin? 6;3. KamLAND and Daya Bay have typical baselines
of L/E, ~1071 s eV~! and ~10'% s.eV~! respectively. For the
currently allowed values of 7p/my, one has that Pf””’ ~ 1, which
implies that, in the context of these experiments, decay can be ne-
glected and the relevant neutrino probability is the standard three
neutrino expression

P(Pe — Do) = 1 — ¢}352, sin® Ay — S25sin® Am2,, (6)

where Sj; = sin26;, Ajj = Amizj/élEV and Am,.zj =m? - m?, and
we define an effective mass square difference sin? Am?, =
c2,sin Asq + 53, sin? As).

This implies that the standard neutrino analysis for three neu-
trinos of KamLAND and Daya Bay experiments can also be used for
decay scenario. In other words, we can identify Xgmy = leo decay
in our analysis for both experiments.

For the KamLAND experiment, a XI%L function for the standard
three neutrino scenario used in Ref. [13] is available in table for-
mat as a function of tan? 6, Am%l and sin? 6;3. For the Daya Bay
experiment, the XéB function is available in table format provided
in the supplementary material from Ref. [14] as a function of Am2,
and sin? 013.

Then, we write the combined x? function for solar, KamLAND
and Daya Bay data as

X2 = )(é(tan2 612, Am%l, sin? 613, T2/m2) +
+ X (tan® 612, Am3,  sin® 013) +

+ x2g(Am2,, sin613) (7)
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Fig. 1. Allowed regions for the decay parameter 7;/m; and the mass squared differ-
ence Am%l. The hollow curves represent the analysis with only solar neutrino data
and the filled curves represent the combined analysis of solar, KamLAND and Daya
Bay data. The dotted, dashed and continuous lines represent respectively 90% C.L.,
99% C.L. and 99.9% C.L.
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\ Table 1
\ Experimental best-fit values and errors for Earth’s orbital eccentricity € for different
\\ 99.9% C.L. solar neutrino experiments. We also show the ratio between the fitted values and
\ Earth’s eccentricity €.
10. \ -
\ - —— Solar Experiment €exp & Oexp (€exp £ Texp) /€0
\ —— Solar + KL + DB Borexino (8] 0.0398 +0.0102 2.38+0.61
\\ SK-I [22] 0.0252 £+ 0.0072 1.51+0.43
\ SNO Phase I [23] 0.0143 £+ 0.0086 0.86 +0.51
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Fig. 2. Ax?2 for v, lifetime 7,/m;. The dashed (continuous) curve shows the solar % p 12
(combined) neutrino data analysis. w Lo
o
. L1 1
where Amge was defined before and over which we can promptly
S . X
marginalize the x2. From Eq. (7), we find the allowed regions for 05 ® F
independent parameters tan® ¢z, sin®6y3, Am3;, and T2/m;. By L- [0 o e 02
marginalizing over the first two, we obtain the allowed region for 0/ m (s . evY
the mass squared difference Am%1 and the decay parameter 7,/m; 0

as shown in Fig. 1, where the hollow (filled) regions show the re-
sults for the solar neutrino (combined) analysis.

The degenerescence between Am§1 and 1, /m; is evident in the
hollow regions of Fig. 1, where higher values for Am% are allowed
alongside lower values for t2/my and lower values for Am%1 are
allowed alongside higher values for 7, /ms.

High values of Am%1 are ruled out in the standard neutrino
scenario because it leads to spectral distortions that are disfavored
by the solar neutrino data. On the other hand, high values of Am%]
could become a viable solution at the cost of having lower values
of 75/mj;. The inclusion of KamLAND and Daya Bay data breaks this
degenerescence due to their precise independent measurement of
Am%1 and sin? 613 respectively.

We can now precisely isolate the contribution of the decay pa-
rameter 7,/my. The complete marginalization over the standard
parameters results in the curve shown in Fig. 2 of Ax? as a func-
tion of 7/my. From it, we can extract a lower limit to the v,
eigenstate lifetime

T /my>7.7%x10"%s.evV™!, at99% C.L., (8)

which corresponds to an upper bound to the decay parameter a; <
8.5x 10713 eV2.

4. Seasonal effect

One interesting consequence of the decay scenario that has
not been discussed recently is its effect in the seasonal varia-
tion of solar neutrino flux. In the absence of decay, the neu-
trino flux arriving on Earth is given by ¢& =¢9/(47L’r2), where
r =r(t) is the time-dependent Earth-Sun distance. The ratio be-
tween maximum (at perihelion) and minimum (at aphelion) fluxes
is Ro = (14 €0)?/(1 — €9)?, where €p = 0.0167 is the eccentricity
of Earth’s orbit.

The inclusion of decay modifies the ratio between maximum
and minimum neutrino fluxes and hence also the measured eccen-
tricity € as given by

Fig. 3. Left: Experimental values for €/€p. Black lines are the best-fit values and
darker (lighter) shades are the 10 (20) ranges as shown in Table 1. Right: Depen-
dence of the orbital eccentricity € with the neutrino lifetime 7,/m; as it would be
measured by different experiments — the 7Be line in Borexino (BOR), and the 8B
spectrum in Super-Kamiokande (SK) and SNO.

N(rper) (1 +€)?
"Nirpn) (1 —e)?°

where raph (Iper) is the aphelion (perihelion) distance and N is the
number of events calculated from the convolution of the adequate
probabilities and cross sections for each experiment.

From Eq. (4) and Eq. (5), we know that N(rper) > N(rapn) holds
also for the decay scenario due to P;"" dependence on the orbital
distance. This implies that R > Ry for all energies and thus, for any
neutrino decay scenario, an enhancement in the seasonal variation
of the solar neutrino flux would be expected.

Thus, the measurement of an eccentricity € > €p is a hint in the
direction of the neutrino decay scenario. In fact, some experiments
have measured Earth’s orbital eccentricity to be different than the
standard value albeit still compatible with € as shown in Table 1.

Fig. 3 shows the dependence of the neutrino eccentricity €
with the neutrino lifetime 7,/m; as it would be measured by Su-
perKamiokande (SK), SNO and Borexino (BOR) experiments. As it
can be seen, the higher energy 8B solar neutrinos (measured by
SK and SNO) would have a greater seasonal variation due to decay
than the lower energy ’Be solar neutrinos (measured by Borexino).

Due to the MSW effect, the v, content in the neutrino flux
leaving the Sun is energy dependent. At higher energies, there are
more vy neutrinos available for decay during the propagation to
Earth. On the other hand, for lower energy neutrinos, there are
fewer v, leaving the sun and thus fewer v, available for decay.
For this reason, the seasonal variation for higher energy neutri-
nos would be bigger than for lower energy neutrinos and, con-
sequently, also the measured eccentricity. Also from Fig. 3, it can
be seen that due to the decay survival probability in Eq. (3), the
lower (higher) the energy of the neutrinos, the bigger (smaller) is

9
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the lifetime for which the enhancement in the eccentricity is max-
imum.

We can now include the eccentricity data in the analysis
as a penalty function added to the x? for each experiment:
X asonal = (€exp — €)?/(Oexp)?. The marginalization of the com-
bined A x? results in a slightly lower value

T /my>72x10"%s.eV™!, at99% C.L (10)

for the decay parameter. This is due to the fact that the seasonal
variation data favor non-zero values for the lifetime while the solar
data analysis favors a no-decay scenario. The combination of both
samples results in the lower value for the neutrino lifetime.

5. Conclusion

We know that neutrinos oscillate with non-zero mass differ-
ences and mixing angles. Can neutrinos decay? The answer is neg-
ative from the combined analysis of data of solar neutrino exper-
iments and KamLAND and Daya Bay data. From our analysis, we
have obtained a new upper bound to the v, eigenstate lifetime
Ty /my >7.2x% 10~*s.ev~! at 99% C.L. which is almost one or-
der higher than the previous established bound [1] at tp/my >
8.7 x 1073 s.eV~! at 99% C.L. Also, for comparison with Ref. [10],
our result at 20 is T3 /mz > 1.1 x 1073 s.eV~! which is a similar
but more constrained result.

Also, we have shown how decay can enhance the seasonal vari-
ation of solar neutrino fluxes and how it affects the measurement
of Earth’s orbital eccentricity. Current data is not good enough
to improve the constraints to neutrino lifetime. Although future
experiments could certainly improve on the measurement of so-
lar neutrino fluxes and thus better constrain neutrino lifetime,
the analysis of existing data from later phases of, e.g., Super-
Kamiokande and SNO for its seasonal variation could, in principle,
already improve such constraints. We urge those experimental col-
laborations [22,23] to redo their analysis with more of the available
data.
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