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Introduction

Neutrinos are historically known for being elusive particles. Almost thirty years passed since
they were proposed by Pauli in order to be consistent with the observed electron spectrum
in $-decay process, to their discovery by Cowan and Reines in the late fifties. Aside of that,
neutrinos do not conserve flavor when traveling, which kept busy the neutrino community for
almost forty years until it was realized that neutrinos do oscillate. The difficulty comes from
the fact that one needs a compromise between the traveled distance and the neutrino energy to
be sensitive to neutrino oscillations. However, thanks to the technical improvements, neutrinos
are now less elusive. In fact, with the current facilities, we are able to detect neutrinos from
several sources, from extraterrestrial origin like the Sun or supernova explosions, as well as
from the cosmic protons that collide with the atmosphere. In addition to natural, we also have
artificial neutrino sources like reactors and accelerators. Even though the relic neutrinos from
the Big Bang have not been directly detected so far, they constitute another background of
neutrinos filling the universe. Thus, the neutrino spectrum spans several orders of magnitude
in neutrino energy, from eV to PeV.

When the experimental search for neutrinos started in the sixties with the radiochemical ex-
periments, almost all the attention and dedication was directed to the solar neutrino deficit.
Later on, with Kamiokande at the scene, atmospheric neutrino observations showed that there
was a deficit in the expected number of muon neutrinos. The development of new detector

technologies such as water Cherenkov detectors was needed to provide real time information.



Only thanks to the reactor experiment KamLAND, the oscillation neutrino pattern started to be
unveiled. Another crucial experimental facility was the Sudbury Neutrino Observatory (SNO),
sensitive not only to electron neutrinos, as the other solar experiments, but also to the other
neutrino flavors through its neutral current (NC) interaction detection process. This new de-
tection technique established the electron neutrino flavor transition to muon and tau neutrinos.
Together with the results from Super-Kamiokande (SK) on the zenith dependence of the at-
mospheric neutrino flux, all the mentioned facilities favor the neutrino oscillation mechanism
as the explanation for the neutrino flavor change in solar and atmospheric neutrinos. Roughly

this was the situation in 2002.

The neutrino oscillation mechanism is based on the idea that flavor neutrino states are a
linear combination of mass eigenstates. A given neutrino flavor state, created in a weak process
together with a charged lepton with the same flavor, after traveling a long enough distance,
can be detected as a different flavor state. Notice that what is indeed detected is the charged
lepton created together with the neutrino. Thanks to the measurement of the Z boson decay
width by the electron-positron collider LEP, we know the number of active neutrinos is equal
to three, which is the number of flavors in the Standar Model (SM). In the three neutrino
framework, the oscillation mechanism relies on six parameters: three mixing angles, two mass
squared splittings (defining the solar and atmospheric scales) and a CP violating phase. In
order to gain information about those parameters, different neutrino experiments have been
designed. In general, neutrino experiments can be classified, according to the neutrino os-
cillation channel explored, in two types: appearance and disappearance experiments. In an
appearance experiment neutrinos are detected with a different flavor with respect to the one
present in the initial neutrino beam. On the other side, a disappearance experiment tests the
survival probability, i.e how many neutrinos of a given flavor have disappeared when travel-
ing. Current accelerator neutrino experiments are based on muon neutrino and antineutrino
beams since a tau beam is experimentally challenging due to the tau decays. Therefore, five
oscillation channels can be studied: electron appearance and muon disappearance, running in
neutrino and antineutrino modes and also the tau disappearance channel. Accelerator based
neutrino experiments are sensitive to the atmospheric mass splitting and mixing angle through
the muon disappearance channel, thus they are complementary to the atmospheric neutrino

experiments. The other channels one can study at neutrino oscillation experiments are electron



neutrino disappearance from solar neutrinos and antineutrino disappearance from reactors.

Currently, with the design of artificial sources of neutrinos, mainly reactors and accelera-
tors, the attention has moved from the sky to the Earth. As expected, since 2002 neutrino
oscillation parameters have been determined more precisely. In particular, the atmospheric
mass splitting and very recently the corresponding mixing angle are better determined from
the muon disappearance channel at the accelerator experiments MINOS and T2K, respectively.
However, the breakthrough in the neutrino field came from the measurement of the last mixing
angle by the observation of electron antineutrino disappearance at the Daya Bay, RENO and
Double Chooz reactor neutrino experiments in 2012. Likewise, the mentioned accelerator
experiments MINOS and T2K, are sensitive to the reactor mixing angle through the electron

appearance channel, also sensitive to the Dirac CP phase.

Neutrino oscillations are the leading mechanism that explains the neutrino flavor conversion
from all the detected sources. Thus, neutrinos have provided the first experimental evidence
for flavor violation in the leptonic sector. In addition, the striking implication from neutrino
oscillations is that neutrinos are massive. Using the particle content of the SM, Weinberg
showed that it is possible to construct an dimension five effective operator, suppressed by a
large scale, that will provide the masses to the neutrinos. However, the origin of this operator
has not been understood yet. Since neutrinos do not carry electric charge, a right-handed
Majorana mass term is allowed in the Lagrangian of the theory implying a violation of the
lepton number by two units. In the SM however, lepton or family number are accidental
symmetries and therefore, without the presence of a right-handed neutrino, the neutrinos are
massless. Nevertheless there is no fundamental reason why lepton number conservation should
be imposed. Consequently, it is expected that a general theory for massive neutrinos includes
both Dirac and Majorana mass terms.

Realizations of the Weinberg operator have their origin in seminal works done in the late sev-
enties and eighties, in particular guided by grand unified theories (GUT), motivated by the
idea that the scale that suppresses the neutrino masses is close to the GUT scale. In fact,
the Kamiokande experiment was originally designed to observe proton decay, in order to test
GUT theories. However, having such a big scale, GUT theories can not be probed directly and
thus they are not as interesting for neutrino mass generation as a low-scale realization of the

Weinberg operator. For instance, in the context of the inverse or linear see-saw mechanism,



the active neutrinos are massless when lepton number conservation is imposed. Once one
allows for lepton number violation, active neutrinos become massive and in this case the mass
is naturally small since the lepton symmetry is recovered in the massless limit, and without
the necessity of any large scale. This point is phenomenologically attractive because those

scenarios may be probed at the LHC accelerator.

On the other side, lepton flavor violation (LFV) has not been observed in the charged
lepton sector so far. However, many extensions of the SM predict an enhancement of LFV in
charged leptons that can be as large as the experimental bounds. In particular, LFV may be
enhanced by the inclusion of massive neutrinos. Among the charged LFV processes, leptonic
tau and muon decays as well as muon conversion in nuclei provide the strongest constraints.
From the experimental side, current facilities like MEG at PSI have improved the limit on the
radiative muon decay branching ratio in one order of magnitude with respect to their previous
measurement and now the limit is 5.7 x 107'3, currently the strongest limit for LFV compared
with the other mentioned processes. Future sensitivities for the muon to electron conversion
in nuclei, in particular from the PRISM group, will improve up to five orders of magnitude the
current limits, of the order of ~ 1072, Thus, with current and future sensitivities, charged
LFV processes are a powerful tool to exclude or constrain some degrees of freedom in models

with a significant contribution to LFV.

Low-scale see-saw models are phenomenologically attractive since they can be tested by
low energy observables from neutrino oscillations as well as from the charged LFV. Also, the
new energy scale can be at the energy frontier and therefore it can be tested at the LHC.
Finally, since these models predict more than three mass eigenstates for the neutrinos, the
lepton mixing matrix is rectangular with three rows and more than three columns due to the
extra singlet states. However, only the light part, the effective three by three part of the lepton
mixing matrix, is observable through neutrino oscillations. Therefore, the three by three part
of the lepton mixing matrix is no longer unitary. In the type-l see-saw the lack of unitarity is
inversely proportional to the scale that suppresses the neutrino masses, and therefore negligi-
ble. Differently, in the low scale see-saw schemes, heavy neutrinos can be at ~ TeV, while
neutrino masses are naturally small, producing a unitarity deviation at the percent level that

might be seen in oscillation experiments as a zero distance effect.



As it has been discussed, extensions of the SM are needed in order to provide neutrino
masses and also other observations such as the baryon asymmetry of the universe and the
existence of dark matter (DM). Related to neutrinos, we have roughly described the type-I
see-saw and the low-scale see-saw just in the previous paragraph, and we have also mentioned
that they can have an origin from GUT inspired models. It is expected that in a particu-
lar model beyond the SM, additional neutrino interactions might appear. In order to study
those new neutrino interactions in a model-independent way one can use an effective approach
parametrizing the extra contribution as general coefficients, as if we had integrated out the
heavy field contributions. The standard approach to the phenomenological study of the neu-
trino non-standard interactions (NSI) consists in parametrizing their strength with respect to
the SM effective neutrino interactions, proportional to the Fermi constant. Thus, one may
keep the Lorentz structure of the SM with generic dimensionless couplings. We should distin-
guish between two kinds of NSI: neutral current (NC), which is mostly relevant for neutrino
propagation in matter (although it may also affect detection as well), and charged current
(CC) NSI that may affect neutrino production and/or detection. There exist many works in
the literature constraining NC NSI using oscillation neutrino experiments as well as neutrino
elastic scattering data. However, few works are dedicated to constrain the CC NSI and since
we are entering in a precision era for the determination of the oscillation neutrino parameters,

it is worthy to test the possible impact of CC NSI at current oscillation experiments.

In order to develop the main ideas commented above, the outline of this thesis is the
following: in the first chapter we introduce the neutrino oscillation mechanism in general.
Then, we focus on the three neutrino framework introducing the parameters involved in the
process and how they are determined using the data sets from different sources. Individual
reactor and accelerator neutrino experiments are also discussed. We conclude with the results
of global fit analysis where we determine the impact of the new data upon all the neutrino

oscillation parameters.
Before 2012, the lepton mixing matrix was compatible with particular structure with two

large mixing angles, solar and atmospheric, while the reactor mixing angle compatible with

zero. This pattern might result from the imposition of a discrete flavor symmetry. Particularly,



the so called tri-bimaximal mixing was a suggestive way to explain the leptonic mixing that can
be realized by the A, group. However, after the determination of a non zero reactor mixing
angle, the tri-bimaximal ansatz is excluded. In the second chapter, we modify the model by
Babu, Ma and Valle, which is an A, based model, in order to predict a leptonic mixing matrix
compatible with current neutrino phenomenology.

Then we move to the study of the low scale seesaw mechanism from a phenomenological
point of view. In the third chapter, from a bottom—up approach, we introduce the basic
ingredients to obtain inverse and linear seesaw type | realizations by adding extra singlets in
the SM. Since those models predict an enhancement of the LFV and large NSI effects that will
manifest as a unitarity deviation, we list the current observable limits and we introduce the
corresponding theoretical value for radiative charged LFV process branching ratio. Finally, we
constrain the amount of NSI using the complementarity between the low energy observables,
neutrino oscillations, and the current bounds on radiative charged LFV processes.

Using as a motivation of the NSI prediction the models discussed in chapter 3, in the last
chapter we adopt a model independent approach to develop the basic formalism to introduce
the NSI. Then, we focus on the CC NSI and we study its effects on the determination of the

reactor mixing angle using the Daya Bay data.



Resumen de la tesis

Transiciones de sabor han sido observadas en diferentes fuentes de neutrinos. Histéricamente,
una cantidad menor de neutrinos solares y atmosféricos fue medida en comparacién con lo
esperado seglin los modelos tedricos. En el 2002, el mecanismo de oscilacién explicé con éxito
el déficit tanto de los neutrinos solares como de los neutrinos atmosféricos. Actualmente, las
transiciones de sabor en neutrinos producidos en diversas fuentes como el Sol, la atmdsfera
terrestre, aceleradores y reactores son correctamente descritas dentro del marco de oscilacién
de tres neutrinos. Desde el punto de vista tedrico, la importancia de la oscilacién de neutrinos
radica en la existencia de neutrinos masivos no considerada en primera instancia en el modelo
estandar de particulas (SM). Por lo tanto la oscilacién de neutrinos es una de la evidencias

experimentales de fisica mds alla del SM.

El mecanismo de oscilacién, puede ser descrito por seis parametros: tres angulos de mez-
cla, una fase de violacion CP y dos escalas de masa definidas por la diferencia de masas de
neutrinos al cuadrado. Uno de los objetivos de esta tesis es determinar los valores de los
seis pardmetros en mencién, usando la informacién disponible de los eventos de neutrinos de
las diferentes fuentes reportados por las colaboraciones experimentales. A lo largo del primer
capitulo de la tesis explicamos en qué consiste el mecanismo de oscilacién, las relaciones
funcionales entre los parametros de oscilacién y cémo obtener los valores de los parametros
dando ejemplos del andlisis de datos experimentales en ciertos canales de oscilacién. Final-

mente, mostramos los valores de los seis parametros de oscilacién como resultado del analisis



global de los experimentos de neutrinos.

El sector lepténico del SM por lo tanto, debe ser extendido para incluir neutrinos masivos,
lo cual lleva a una mayor brecha entre las masas de las particulas de las diferentes familias
del SM. Adicionalmente, dos de los angulos de mezcla, atmosférico y solar, son mucho mas
grandes que el angulo de Cabbibo (que caracteriza la mezcla en el sector de quarks). En
particular, el angulo de mezcla atmosférico es compatible con el valor médximo de mezcla. Si
asumimos que el dngulo de mezcla medido recientemente en experimentos de reactor es cero,
como era el caso antes de 2012, podriamos asumir que la estructura de la mezcla de neutrinos
tiene un patrén que puede ser consecuencia de imponer una simetria de sabor. Este ha sido el
punto de partida hacia una formulaciéon basada en simetrias de sabor para explicar el patrén
de mezcla en el sector leptdnico, en algunos casos incluyendo también el sector de quarks. Sin
embargo, el valor del angulo de mezcla de reactores no es compatible con cero lo cual no es
simple de obtener a través de simetrias de sabor. En particular, la estructura conocida como
tri-bi-maximal, la cual es obtenida en modelos con la simetria de sabor Ay, estd excluida. En
el segundo capitulo de esta tesis mostramos cémo a partir de un modelo basado en la simetria
de sabor A, conseguimos explicar la matriz de mezcla actual en el sector leptdnico a través

de correcciones al sector cargado.

Esta claro que debemos incluir neutrinos masivos en el SM. Sabemos que las masas de los
neutrinos pueden ser generadas efectivamente a través de un operador de dimensién cinco pero,
sin embargo, no sabemos la naturaleza de dicho operador. Varias formas de generar el operador
de dimensidn cinco son posibles, algunas implicando una alta escala (del orden de la escala
GUT) mientras que otras realizaciones pueden estar a una baja escala (del orden del TeV).
Asi, los esquemas de baja escala, como el seesaw inverso y lineal, son fenomenolégicamente
interesantes porque no solo explican la pequenez de la masa del neutrino sino que también
contribuyen a procesos que violan el sabor lepténico (LFV), saturando los limites actuales.
Como la escala seesaw es baja en estos modelos, la matriz leptdnica de mezcla efectiva no es
unitaria lo que produce efectos no estandar (no incluida en el capitulo 1) en la propagacién
de los neutrinos. En el capitulo 3 estudiamos la desviacién de la unitariedad de la matriz
de mezcla de los neutrinos usando los limites de procesos que violan el sabor lepténico con
leptones cargados. Encontramos que la desviacién de la unitariedad, en estos modelos, pude

ser hasta del uno por ciento.



Motivados por los efectos no estandar en los modelos de baja escala, como los seesaw tipo
inverso y lineal, en el dltimo capitulo estudiamos, de una manera independiente del modelo, las
llamadas interacciones no estandar de los neutrinos (NSI). Tras introducir la parametrizacién
de las NSI como operadores de cuatro fermiones con acoplamientos generales proporcionales a
la constante de Fermi, determinamos los parametros especificos que afectan la produccién y la
deteccidn de neutrinos generados en reactores. Notamos que las NSI afectan la determinacidn
del angulo de mezcla 0,3 dependiendo también de los valores de las fases no estandar y de
la fase de violacion CP. Acotamos los acoplamientos adimensionales de las NSI usando los
datos de la colaboracién Daya Bay, que son los datos que han determinado mejor el angulo de
mezcla 613. Encontramos que los limites dependen de los valores de las las fases no estandar
y especialmente del tratamiento del error en la determinacién de la normalizacién del flujo de

antineutrinos que viene de los reactores.
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CHAPTER 1

Neutrino oscillations

Neutrino flavor transitions have been observed from different neutrino sources. Historically,
less solar and atmospheric neutrinos were measured compared to the theoretical expectations.
In the case of the solar neutrino deficit, the SNO measurement of the NC and CC solar neutrino
interactions established the electron neutrino flavor conversion into muon or tau neutrinos. In
the case of atmospheric neutrinos, the SK measurements showed a zenith angle dependence of
the muon neutrino fluxes implying a different number of muon neutrinos observed depending
on their arrival direction. The neutrino oscillation mechanism explained the neutrino deficit
of both solar and atmospheric neutrinos. Currently, the three neutrino oscillation mechanism
successfully explains neutrino flavor transitions in solar, atmospheric, reactor and accelerator
experiments. From the theoretical point of view, the importance of neutrino oscillations is that
they imply the existence of neutrino masses, not included the SM. Therefore, they are one of
the strongest experimental evidences for physics Beyond the SM (BSM).

Neutrino oscillations are probed at different experiments and the relevant parameters have
been measured with good precision thanks to the interplay between different sets of neutrino
experiments. The goal of this chapter is to establish the six oscillation parameters (three
mixing angles, a Dirac CP phase and two mass splittings) from the neutrino experiments. We

specifically show the parameters involved and the statistical analysis in the particular cases of
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12 Neutrino and antineutrino oscillation formalism

T2K and Daya Bay.

In what follows we describe the basics of the neutrino oscillation mechanism in sections 1.1
to 1.3. Then, we review the main aspects of solar and atmospheric neutrino experiments in
section 1.4. The main part of this chapter is devoted to the phenomenological study of reactor
and accelerator neutrino experiments with the specific examples of the experiments Daya Bay
and T2K in section 1.5 and 1.6, respectively. Finally, we describe the main work that comes

out from this phenomenological study, the global fit analysis [1, 2].

1.1 Neutrino and antineutrino oscillation formalism

A neutrino of defined flavor « created in a charged current process at time t = 0, is represented
by a quantum state |v,). Since flavor eigenstates are superpositions of mass eigenstates, it
is possible to define the flavor eigenstates in terms of mass eigenstates through the following

transformation:

va) = 37 Vi), (L1)

where latin indices represent the neutrino mass eigenstates and V' is the mixing matrix. Notice
that the number of mass eigenstates has not been specified yet.
Massive neutrinos propagate in vacuum (and in matter). Their propagation is represented in

the quantum mechanical description by [3]:
Ve (2)) = exp <—z’P0t P g:«’) Iva), (1.2)

where P" is the energy-momentum operator. Now we can calculate the conversion probability
from one defined flavor state |, ) to another |v3) in a simple way. First, we define the transition

amplitude as:

Aaersa) = (v exp (<iPPa,)|va) (13)

In the plane wave approximation, the mass states |v) are eigenstates of the energy-momentum

operator with the energy eigenvalues:

Py = Ep = \/mi + |pi]? (1.4)
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where pj, is the neutrino momentum. The transition amplitude in Eq. (1.3) can then be written

as:

a_>5 Z keXp —i Byt +ipy f)V/jk . (15)

One can assume all massive neutrino momenta pj, are aligned along ' and then, the propagation
process occurs in one dimension. Within this approximation, the phase in the transition

amplitude in Eq. (1.5) is given by:

where we have |7| = L

Finally, in order to obtain the transition probability, an additional assumption is made:

e Neutrinos are ultra-relativistic particles, therefore p, > m; and we can consider L ~ t.

The phase in Eq. (1.6) can now be written as:

m? m?
Byt + L= —(By—pp)L = ——% [~ kg 1.7
w4 Dr (Ex — p) Fit e 5F (1.7)

where E is the neutrino energy neglecting mass contributions [3].

Notice that to obtain the final expression in Eq. (1.7) we have not made any assumption neither
on the values of the neutrino energies nor on the neutrino momentum p;. In principle energies
and momentum have different values for each of the massive neutrinos considered. However,
in order to properly include the neutrino momentum distribution in the neutrino propagation,
a wave-packet treatment should be used. Here we used the plane wave treatment since for
the neutrino experiments we consider it is equivalent to the wave-packet treatment. We refer
the interested reader to the books in Refs [3] and [4] and the references therein.

The probability expression is obtained from the transition amplitude in Eq. (1.5) with the

phase given in Eq. (1.7):

Voz‘)V/B Z ng Vak VBk’ exXp (—Z T L)

, Am
— § : J jk

with the definition of the squared mass difference:

2 _ 2 2
Amjy, = m; —my
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and the two products of the mixing matrix expressed as:

Y, = ViV, (1.9)

J

Here the conjugation of the V' matrix will be tagged to the « index in Y. Therefore a flip in
the flavor index is equivalent to conjugate Y.

Some general remarks about Eq. (1.8) can be done at this point:

e A non-zero neutrino mass is required in order to have neutrino oscillations. The mixing

in the lepton sector then will appear.

e In the three neutrino framework, the dependence with the mass squared difference im-
plies at least two different massive neutrinos since there are two different mass squared
splittings, the atmospheric and the solar and the absolute mass scale has not been

determined. Thus, one of the three massive neutrinos can remain massless.

e A rephasing in the V' matrix columns does not change the probability. This fact will

have phenomenological consequences when we will discuss Dirac and Majorana phases.

The neutrino oscillation probability in Eq. (1.8) can be expressed in terms of the real and

imaginary parts of quartic products of V' (two products of Y'), subdividing the sum in three

parts:
_— _— CAm2,
Py (L) = ZYéﬁYiﬁ + Z Y;BYC?B exp (—z 2E{ L)
J j>k
, CAm2,
+‘§£:<ng}{igexp (Z QEfJIZ)
k>j
S vy 42 R {ygﬁy;; exp (_Z i L) }
J i>k
- Z Yo{ﬂYczﬁ +2 Z %{Yiﬁyfﬁ} COS ( 227 )
J i>k
- Am?2 L
2 S{Y? Y%w : jk
+ Z\S{ B aﬁ} sin ( SE )
>k
RV j , Am?2 L
— * kx kx . 9 k
J >k j>k

. Am?2, L
2N QLY YR k7
+ Z\s{ asYos } sm( 55 )

j>k
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Finally, we obtain:

, A Am?, L
Pyposy = 3 YIYE — 4> R{YI,VI5} sin’ ( . ]”5’“ )
ik i>k
! | ! Am L (1.10)
+ QZQ{Yiﬁng} sin ( 25 ) .

>k

The general probability expression in Eq. (1.10) has been calculated without any assumption

about the mixing matrix V', which can be in general non unitary.

Anti-neutrino oscillations

In analogy with the neutrino state definition in Eq. (1.1), we can define the anti-neutrino states

in terms of flavor eigenstates as:
Va) = Varl i), (1.11)
k

and we end up with the same relations we have for neutrinos in Eq. (1.8) and Eq. (1.10) with

a re-definition of the coefficient Y(fﬁ:
Y, =V, Vi (1.12)

Coefficients in Eq. (1.12) are not independent of the coefficients for neutrinos in Eq. (1.9),

they are related by:

Yl = (V)" where (YZ,) =Vi. (1.13)

We can write the anti-neutrino oscillation probability in terms of neutrino coefficients using
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the first equality in Eq. (1.13):

Py = S V075 — 43 (7,75 sin (20l
Ua—Dg —Z aftap — Z { of aﬁ} Sin 1E
7,k

>k
- _ (Am? L
>k
. , Am?, L
¥y k *yk : 2 k
= VIYE -4 R{YZYE} sin (ﬁ)
j K >k
’ ’ Am L (1.14)
+2 Z %{Yangﬁ} sin (ﬁ)
>k
, , Am?, L
_ Ekx kx .92 ik
= VIV -4y R{Y, Y} sin (T)
j.k >k
. Am?, L
- 22 %{YéﬁYfg} sin (Q—JEIT> ,
>k

where in the last line we have kept the order between the flavor indexes. In this case, we
can calculate the anti-neutrino probability from the expression for neutrinos in Eq. (1.10) just
flipping the sign in the imaginary part. We have found a relation between neutrino and anti-
neutrino oscillation probabilities. This relation can be understood as a C'P transformation
because it relates properties of neutrinos (particles) with their antiparticles. Formally, it is
equivalent to:
_ _¢cp
Vo = Vg = Vq — V3
On the other side, a time reversal transformation T  consists of the interchange of initial
and final (anti) neutrino states:
_ _ T _ _
Vo =7 Vg <= Vg — Uy
T
Vo = Vg = Vg — Vq
Finally, if we apply both transformations C'P and 7' transformations to the (anti) neutrino

probabilities we find, assuming C'PT conservation:

Pl_/a—)ﬁﬁ - Pl/ﬁ—n/aa (115)

which is expected from Eq. (1.13) since the antineutrino coefficients are related to ones for
neutrinos through a conjugation and finally the conjugation is equivalent to the a-3 inter-
change.

We summarize this section with some remarks:



Three neutrino framework in vacuum 17

1.2

It is well known that C'PT is conserved in field theories in which the Standard Model
of particle physics is based on. Therefore, the relation in Eq. (1.15) is a consequence of

C' PT conservation.

If C'PT is conserved, a violation of C'P implies a violation of T'. Additionally, from
Eq. (1.15) neutrinos and antineutrinos must be sensitive to the same oscillation param-
eters. Later we will see this is the case for accelerator neutrino experiments that run

independently in both modes, neutrino and antineutrino.

Neutrinos can probe whether C'P is conserved or not. Following the last lines of
Egs. (1.14) and Eq. (1.10) we see that the effect of the C'P transformation is en-
coded in the imaginary products of the mixing matrix V. Later, in specific framework,

we will see that is the case, and the effect can be parametrized as a C'P phase(s).

Three neutrino framework in vacuum

Here we will introduce the standard oscillation mechanism for three generations of neutrinos.

This corresponds to the number of active neutrinos in the SM after the measurement of the

invisible Z-boson decay width [5]. Within this framework in vacuum it is possible to calculate

all neutrino conversion probabilities in an exact way. All that we need are the expressions we

have developed in the last two sections.

To this purpose, we should explicitly provide a parametrization for the lepton mixing matrix

V. A general parametrization is given in Ref. [6] for any number of flavor states. In general

the lepton mixing matrix is not unitary, but here we will assume there are no extra fermion

states. In this case, V' is unitary. We can write V' as a product of three complex rotations:

V' = was(bas; P23)wi3(013; P13)wi2(bh2; P12)

or, explicitly:

1 0 0 C13 0 €_i¢13513 C12 €_i¢12812 0
0 C23 e 123 S93 0 1 0 —6i¢12512 C12 0
0 —6Z¢23 593 C23 —€i¢13813 0 C13 0 0 1
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Before going ahead we want to check the rephase-invariant property of the lepton mixing
matrix V. Even if V' in Eq. (1.16) has been written in terms of all physical phases ¢;;, only
one combination of them is rephase-invariant and can not be factorized as a diagonal matrix.
Therefore, this combination will appear in the neutrino probabilities and it could be observed
in neutrino oscillation experiments. In order to find the conditions to obtain the same mixing

matrix V' after the rephasing by P matrix, the phase shift can be written as:
PV P = P~ wy3(0a3; ¢o3) P P~ wiz(b13; 13) P P~ win(b12; ¢12) P,

Where P = diag (e’ ¢"?,¢"). The left product by P~ redefines the w;; rows while the right
side product by P modifies the columns; therefore only the w;; off-diagonal elements will be
modified by the rephasing. For simplicity we can modify just the w;; elements for j > i. To see
how to absorb the P phases ¢!(Pi=7i) in the off-diagonal w;; entries, for j > 4, w;; = s;; e~ (19i3),

one should redefine ¢;; = gzﬁgj + pj — p; what results in the following expression for P~V P:
P7HV P = was(Bs; ¢y + 7 — B)wns(bs; ¢z — 7 — a)wna(br2; ¢ + 5 — ),

where it is possible to find one combination that does not depend on the P matrix elements

[6-8]:

I = ¢,13 - Cbllz - Cb,23 = Q13 — P12 — Pa3. (1.17)

The invariant I implies that we can not redefine the three physical phases in order to obtain a
unitary real matrix times a diagonal matrix of phases. With three active neutrinos and three
mass eigenstates we have one invariant phase that can be observed in neutrino oscillations.
In other words we can not solve ¢;; in terms of p;;. In the standard parametrization [5], the
phase invariant is assigned to the matrix rotation w3 and the other two phases are factorized
out as a diagonal matrix of phases. This assignment is clearly a convention since the order
in the product of the rotations is not fixed and then, we can assign the invariant to any of
the w;;. Additionally, we can factorize out as a diagonal matrix of phases only two phases. In

Ref. [5], the authors have defined oz = 0, then the mixing matrix can also be written as:

VPDG = (,UQ3<023; O)w13(013; 5)&)12(012; O) dlag (1, Biﬂ, 6i7> . (118)
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Here we can map the PDG parametrization to the ‘symmetric’ parametrization in Eq. (1.16)

through the following rephasing relations:

0 =1= 13— Q12 — Pz,

B = ¢ra,

Y = P12 + Pa3.
As we already mentioned, from Eq. (1.8) the neutrino oscillation probabilities are given by
quartic products of the lepton mixing matrix in such a way that they are invariant after row
or column rephasing. Therefore, the phases 5 and « in Eq. (1.18) can not be observed in
neutrino oscillations, unlike what happens with the invariant phase §. In this case, keeping only
the invariant phase, the PDG parametrization is convenient for studying neutrino oscillations.
Unless explicitly quoted we will use the following parametrization for the neutrino mixing

matrix;
V' = wo3(f23; 0)wi3(013; 0)wi2(b12; 0)

= Ro3(6a3)w13(013; 0) Ri2(612).

(1.19)

Here R;; correspond to real rotations. After evaluating the products in Eq. (1.19) we get:

0

C12C13 S12€C13 S13€
V= —512C23 — C12513523€" C12C23 — S12513523€" C13523 : (1-20)
6 6
512523 — C12513C23€ —C12523 — 512513C23€ C13C23

To close the discussion about the C'P phase that we have explained as the rephasing invariant,
let us introduce another way to see the same quantity. An appropriate way to quantify the

amount of C'P violation is the Jarlskog invariant, defined as:

Jop = S{Y,.Y. 5} = ViVaVisVi (1.21)

pe” pe

that except for a sign, is equal to the imaginary term in Eq. (1.10).

Mass hierarchy

As we have mentioned before, neutrino oscillations are sensitive to the squared mass differences
but not to the absolute neutrino mass scale. Given that the Sun produces electron neutrinos

and not antineutrinos and as we will see later, from the observation of matter effects in solar
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neutrino oscillations, we know Am%l > (. On the other hand, the non-observation of matter
effects associated to atmospheric or accelerator neutrinos so far leaves the sign of the second
mass splitting Am3, undetermined. Therefore, with three massive neutrinos and Am3; > 0,

two orderings are possible: normal and inverted.

The normal hierarchy (NH) scheme is defined by the relation m; < ms < ms. Then, the

absolute neutrino masses can be written as:
myp = my,
_ 2 2

ms = \/mi + Am3,

i

where mg defines the absolute neutrino mass scale.

The inverted hierarchy (IH) scheme is defined by the relation m3 < m; < msy. Analogous

relations for the absolute neutrino masses for the IH case are given by the following expressions:

my = \/ m% + |Am§1|7

ma = \/mg + Am§1 + |Am§1|, (1.23)

ms = My

Since the neutrino mass hierarchy is still unknown, all our results will be given in terms of each
mass ordering.

Constraints on the absolute mass scale can be obtained by measuring the spectrum of
electrons near the end point of the single 5 decay spectrum. The following combination of

neutrino parameters is constrained from the measurements:
mi =Y mi|Var|* . (1.24)
k

The most stringent upper bounds on m g were obtained in the Troitzk and Mainz experiments

[5]:
mg < 2.05eV  (95% C.L) .

From the non-observation of the neutrinoless double beta decay process (0v/3f3) it is also

possible to constrain the absolute neutrino mass scale, but with a different combination of
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parameters:

mes = Y |mp Vil .
k

This quantity is sensitive to the CP violating phases. This process is of particular interest
since the observation of a Ov 3 event will imply that neutrinos are Majorana particles. The
most stringent upper bound on mgs comes from 3¢Xe half-life bound obtained at the EX0

experiment: Tlo/yfﬁ > 1.6 x 10? years [9]:

mes < (0.2—04) eV (90% C.L) ,

where the range comes from uncertainties in the nuclear matrix elements.

Finally, the sum of the three neutrino masses is constrained by cosmological data. The

current bound reported by the Planck collaboration is [10]:
3
> m; < (0.23—1.08)eV, (1.25)

at 95% of C.L, where the range of values relies on the data set used in the bound derivation.

1.3 Neutrino oscillations with matter effects

Neutrino propagation in matter differs from vacuum propagation due to neutrino interactions
with fermions in the medium. Neutrinos suffer forward scattering while traveling in matter.
Even though neutrinos interact weakly, and therefore the neutrino cross section is small, neutri-
nos can ‘feel’ the matter potential of the medium depending on the density of fermions in the
medium. The neutrino interactions with matter can be encoded as an effective matter poten-
tial, as we will show later. Under some special conditions, flavor conversion of (anti)neutrinos
propagating in matter can be enhanced by the medium. This effect was first used to explain
the deficit of solar neutrinos due to their resonant matter interaction inside the Sun, or MSW,
effect that we will introduce later. The resonance condition depends not only on the fermion
density but also on the neutrino energy. Thus, atmospheric neutrinos (more energetic than
solar) are expected to be modified by Earth matter effects (less dense than the Sun). Even
in the case where the resonance condition in not fulfilled, interaction with matter will affect

neutrino propagation if neutrinos propagate long enough inside the medium.
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1.3.1 Effective potential

Assuming an effective interaction of neutrinos with electrons in the medium (four fermion or

Fermi interaction), its charged current (CC) part can be written as:

G Gr._ >
Hefr = TZ(Jw)LJ% = 7;[%7’ (1= )elleru,(1 —°)ve]

where G is the Fermi constant. After a Fierz transformation we get:

HEG (x) = (jg[ue@wa @)l — A)e()] (1.26)

A general form of the effective Hamiltonian in Eq. (1.26) is given by:

Gr _ L B
Heff \/gy,yl (1 - 75)1/6’)/“(9\/ + 9A75)e ) (1.27)

where gy, and g4 are the vector an axial-vector coupling constants of the SM, respectively.
The effect of the interaction of neutrinos with the medium can be parametrized as an effective

potential:
= (V|H, ff\‘1’> (1.28)

where U is the wave function of the system neutrino-medium. The medium may consist of
normal matter: electrons and nucleons (fermions of the first generation of the SM) or in the
case of the interstellar medium, (anti)fermions and electromagnetic fields. With the definition
in Eq. (1.28), and considering the propagation of ultra-relativistic neutrinos with helicity —1

in a medium with free electrons, the potential is in general given by [11]:

VY(p.) = V2GE gy Je(Pe) (1 — P ku) )

(2m)3 E.
fOe ) | @ X o RE )]
e7pe Pe = Ae Mme o v Pe = Ae)\Pe = Ru
V ( e;pe) \/_GFgA ( 7_‘_)3 E _E(ky')\e)_ Ee(Ee+me) )

where El, = p,/|py|, with p, being the neutrino momentum and E. the electron energy. The
electron distribution function f(Xe,ﬁe) depends on the electron vector polarization Xe and the
electron momentum p.. First and second lines in Eq. (1.29) correspond to the vector and
axial-vector interaction contributions, respectively.

Depending on the medium properties, a simple expression for the matter potential can be
obtained. For the specific case of the Sun and the Earth, the medium can be considered as

isotropic and unpolarized, therefore we have:
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e For isotropic medium the average over jj, cancels out the second term in Eq. (1.29) for
VY ().
e For unpolarized medium Xe = 0 and therefore V4 vanishes.

These two assumptions imply that only the first term from the vectorial part in Eq. (1.29)

contributes to the effective neutrino potential:
VOl () = V2Gp gyne(z), (1.30)
where n.(z) is the number of electrons in the medium:
d3pe \
e — SR} >\e7 _‘e . 1.31
ne=X [ o S0 ) (131
X

Neutrinos also interact via Neutral Current (NC) process with the fermions in the medium.

The effective NC Hamiltonian is given by:

NC __ GF . [
Hef? - \/iUZ)L]Z (1 32)
GF _ 5 r ) 5 .
=75, P (=) )] ; Ty (of +g57) F@)] -

All the active neutrinos interact with the fermions in the medium through the effective potential

Vnc which, under the same assumptions of isotropy and polarization, is given by:
Vive(z) = V2Gr Y gl Ny(x). (1.33)
f

If the medium is neutral, only the neutrons in the medium contribute to V¢ in Eq. (1.33) as a
consequence of gf, = —g;,. Now we can explicitly write the total effective potential summing

up the CC and the NC contributions as:
1
Vo = Veobae + Ve = V2Gr <N66ae — §Nn) : (1.34)

where we used the SM values for the vectorial couplings.

Because all the active neutrinos feel the NC interaction with the same strength, the effective
potential coming from the NC effective interaction can be extracted from the Hamiltonian as
a rephasing of the neutrino wave function. If there are extra fermions that do not interact
with the SM via CC and NC (for example sterile neutrinos), after the rephasing a (—Vx¢)
potential will appear in the corresponding entries in the Hamiltonian. For active neutrinos,

however, only the CC contribution to the potential will affect neutrino propagation in matter.
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1.3.2 Hamiltonian in matter

From the effective potential in Eq. (1.34) we can write the total Hamiltonian as the vacuum

part Hg plus the interaction contribution H;:

H=Ho+H;= % V diag{0, Am3,, Am3,, ... } VI +diag{Voc + Vae, Ve, Ve, 0, ...
(1.35)

which is all that we need to study the neutrino propagation in matter for media like the Sun

or the Earth.

Along this work we will consider only three active neutrinos, thus the Hamiltonian in matter

is given by:

1
H = 5B V diag{0, Am3,, Am3, } V1 + diag{Vee, 0,0, } . (1.36)

The Hamiltonian in Eq. (1.36) is written in the interaction basis and, after its diagonalization,
neutrino oscillation probabilities can be computed using the expression for the amplitude in
Eq. (1.5). Formally we have found the probability expression in matter, but it implies the
diagonalization of Eq. (1.36) which is not always possible in an exact way. In particular, we
should remember that the potential Vi is proportional to the density of electrons in the
medium, n., and it may have a functional dependence with the distance. For instance, in the
case of the Sun, the density is nearly a decreasing exponential function of the radius.

In order to develop some concepts and has a theoretical approach to the neutrino propagation
in matter, the case of the two neutrinos will be introduced. The two neutrino framework in
matter is not only a pure academic case but it can be used to describe how neutrinos propagate

in the Sun when oscillations are driven mainly by the mass squared splitting Am3,;.

1.3.3 Two neutrino framework

In order to discuss some neutrino oscillation properties in matter it is useful to rewrite the
Hamiltonian in Eq. (1.36) for the two neutrino case where only one mass splitting appears.

Keeping all the terms in Eq (1.36) for the two neutrino case we have:

2y 1 Am%l/QE + Vee 0
2 0 Am%1/2E + VCC
1 [ — A;nEgl cos 20 + Voo A;Egl sin 20
+ 5 Am3, - 20 Am3, 20 V.
55 Sl 5 COS — Vco
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Absorbing the first line as a global phase in the neutrino wave function, we have:

2 L[ % cos 20+ VIGrn,(a) S #in 20 (1.37)
=2 Am gin 20 S cos20 = V2G | |
L SF Fne(x)

where for simplicity we have dropped out the 21 subindex. Also, the matter potential has been
written explicitly. Even if Eq. (1.37) looks simple, still some specification (and approximations)
on the matter density profile n.(z) should be made in order to understand the physical con-
sequences of the matter potential in the neutrino propagation. The eigenvalues of Eq. (1.37)

are easily calculable as:

2
A= j:\/[AmQ cos (20) — 2v2E Gpn.(z)| + [Am?sin (20)]°.
The neutrino mixing angle in matter can be obtained from the diagonalization condition:
1
Ul HUy = 5diag(\_/2E, A, /2E) . (1.38)

solving one of the off-diagonal entries, and it is given by:
_ Am?sin (20) Am? sin (20)

A B \/[Am2 cos (20) — 2v2E Gp ne(x)}2 + [Am2 sin (26)]” |
(1.39)

sin (20, ()]

Finally, to see the complexity and phenomenological richness implied by the Hamiltonian in
Eq. (1.37) it is enough to write the expression that defines the neutrino propagation in the
mass basis [3]:

d

i [Un®(@)] = Hr [Un®(2)]
Unii-Lo(a) + i {iUM] ®(z) = Uy (UT ’HUM> ()
dx dx M
i%@(x) - %diag{—|)\|/2E, IN/2E} ®(z) — iU, [d%UM] (),

where Uy, depends on the mixing angles in matter as it appears in Eq. (1.39). Specifically we

have:
I\ o df
d 1 —m  —125M
—®(z) = - 2B w1 () . 1.40
FORE ] IV L (1.40)
dx 2F

Then, one sees that the Hamiltonian is not diagonal if the matter potential varies with the

distance. When the off-diagonal entries are important, and under some conditions, additional
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transitions can occur when neutrinos are crossing the resonance region. At this point it is
useful to define a parameter that will help us to identify when this level crossing probabilities
have to be taken into account. The adiabatic parameter is defined as the diagonal over the

off-diagonal entry in the Hamiltonian in the mass basis in Eq. (1.40):

)]
4F |d6]y[/dl‘”

and it allows us to introduce two different regimes. In the adiabatic regime, characterized by

v = (1.41)

v > 1, the off-diagonal entries can be neglected. The mixing angle variation |df,/dx|, due
to a smooth change in the matter potential, is in this case less important than the magnitude
of the wave vector in matter |\(z)|/4E. In the non-adiabatic regimen, as we will explain later,
additional transitions between neutrino mass eigenstates during the resonance can occur.

To solve the amplitude in Eq. (1.40), an initial condition is needed. Assuming that at x = 0
only electron neutrinos are produced, which is the case of solar neutrinos, then the probability

to detect an arbitrary state is given by:
Aca = <V£| exp (—Z/HJJ)‘I/Q )

where the indices ¢ and f indicate mixing angles in matter for initial (production point z;)
and final states (detection point xf), respectively. After a straightforward calculation, the
transition probability in the adiabatic regime is expressed as:

P(’Y>>1)(x) = ’Aea‘Q

) i 1.42)
T U NONR
=573 cos(2607,) cos(291{4) ~3 sin(26),) sm(26£4) COS [/0 dy 5E |

The simplest case of constant matter potential is included in Eq.(1.42) as a limiting case. For

constant matter potential, 6%, = «9{4 = 6y, the transition probability is given by:
a - o (1A
pMa (r) = sin® (20y) sin® (Ex :

which, after averaging over the distance, can be written as:
Mat (Am?)*(P)%,, )
<Pl/e—>l/a>x -

Ve—rVq

[Am? cos (26) — QﬁEGFne(x)}Q + [Am? sin (29)}27
where Eq. (1.39) has also been used. The average probability in constant matter in Eq. (1.43),

(1.43)

in terms of the vacuum probability PV, explicitly shows the resonance enhancement of neu-
trinos when they propagate in matter. This effect is known as MSW effect due to Wolfen-

stein [12], Mikheyev and Smirnov [13, 14] who first discussed it. This effect is relevant when
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neutrinos pass through the resonance region. In this region, when the resonance condition:

i Am?cos 26
ng, = ————. (1.44)
22 EGp
is fulfilled, the mixing angle in matter is maximal (complete v, conversion into v, ) even though
the mixing angle in vacuum is small.
In the case of the Sun, the matter potential is approximately exponentially decaying with

the distance from a dense region in the center to the surface. We can estimate the survival

probability (disappearance of electron neutrinos) using Eq. (1.42) as:

PO gy =1 — PO (), (1.45)

Ve—rVe Ve—rVq

Given the large distance between neutrino production and detection, last oscillatory term
averages to zero:

(PO>D (1)), = % + 1COS(29§\4) cos(26), (1.46)

Ve—rVe 2

where the mixing angle 0& = 60 is the vacuum mixing angle for neutrinos that are out of
the Sun. The probability expression in Eq. (1.46) depends on the matter potential at the
production point through 6%,.

When the resonance region is long enough, additional transitions between mass eigenstates in
matter can occur. These non-adiabatic transitions modify the survival probability in Eq. (1.46).
First, we can estimate the change of the electron density during the resonance, dn., assuming
the condition in Eq. (1.44) is satisfied within the half-width Am? sin 26 as [15]:

Am?sin (20)
one 8 ———=———
2V2Gp E

which allows us to estimate the resonance range, iz, using én. = |dn./dzx|rdx:

S Am?sin (20) B sin (26)
" |dne/de|g2V2Gr E - cos (20)|dlogn./dx|r’

(1.47)

Finally, when dx in Eq. (1.47) is comparable to the oscillation distance, there is a non-zero
transition probability between mass eigenstates (level crossing transitions). The expression
that takes into account non-adiabatic level crossing transitions during the resonance is the

Parke formula [16]:

(P50 = 5+ (5 - ) cost2t cos(z9), (148)
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where P, is the level crossing (transition between adiabatic states) probability. In the linear
expansion of the potential around the resonance point, P. can be calculated using the Landau
and Zenner formalism [16], and can be written as a function of the adiabatic parameter in the

resonance Yg:
P.=exp|—(m7vr)/2|.

We note that the probability in Eq. (1.46) is recovered from Eq. (1.48) for the case of no level

crossing transitions, i.e, P, = 0.

1.3.4 Three neutrino framework

As mentioned before, it is not always possible to analytically diagonalize the Hamiltonian in
Eq. (1.36). Only in the case of constant matter potential it is possible to approximately
calculate the oscillation probabilities. This result is useful for neutrinos propagating through
the Earth because in some approximation the Earth matter profile can be considered as two
slabs of constant density: the mantle and the crust (the core density can not be considered as
constant). When the neutrino propagation longitude (baseline) is short enough to cross only
the crust, the matter potential can be considered as constant.

Here we present the main results for the oscillation probability functions for the muon appear-
ance and electron disappearance channels. We refer to the interested reader to Ref. [17] for the
results for other channels as well as for the detailed technique used to determine these proba-
bilities. The calculation is based on the expansion of the Hamiltonian in matter in Eq. (1.36)
around small parameters until some order and its subsequent diagonalization. Here we quote

some of the results for the expansion until second order in the small parameters:

_ Am3,
- Am3, (1.49)

S13 = sin 913 .

Later we will see why the parameters in Eq. (1.49) are considered as small quantities.
For later reference, we are particularly interested in the conversion probability for the channel
v, — V. and the survival one for the channel v, — v,,. These specific channels correspond to

the ones explored at current accelerator based experiments. The expression for v, appearance
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channel can be obtained from [18]:

sin® (AA sin? [(A — 1)A
P, ~ a? sin (2912) 033# +4 S13 S 33 [( 2) ]
4 (A=1) (1.50)
+ 2 a 513 sin (2612) sin (2623) cos(A — dcp) o E:;lA) o [(;14__11)& :
for the v, disappearance channel we have:
P, ~ 1 —sin®(2043) sin® A + a ¢}, sin?(263) A sin(2A)
AA
— a? sin(2013) 34 Sm/<1—2) — o ], sin?(2093) A? cos(2A)
1 in(AA A
+ — a? sin?(26y3) sin?(20,3) | sin A sin(A4) cos[(A — 1)A] — — sin(2A)
2A A 2
422 sin?[(A — 1)A]
513 S23 (A o 1)2 (1 51)
2 _ , sin[(A—-1)A] A, . '
~ 11 575 sin?(2053) (smA cos(AA) % - EA sm(2A))
— 2 513 8in(2613) sin(2603) cos dcp cos A sin(A4) sin|(A — 1)A]
A A—-1
A 751 sin(26012) sin(26a3) cos(2643) cosdcp sin A
( sin A — sin(AA) cos[(A — 1)A]) ,
A
where we have defined:
_ Am3 L
T 4E
2BV VL (1.52)
Am31 T 2A

To close this subsection we want to make a comment, on the limit for neutrino oscillations in
vacuum and on the validity of the approximations considered. The equivalent expressions in
vacuum can be obtained from Eq. (1.50) and Eq. (1.51) in the limit V' — 0. The authors in
Ref. [17] stressed on this point because the eigenvalues are not finite in this limit, although the
combination in the amplitude that produces the probabilities ends in well behaved expressions
in the vacuum limit. The accuracy of the expressions is also discussed on the original reference
comparing with the numerical exact solution of the Hamiltonian. Basically, since we are working
in the limit when a < 1 this is also valid for:

Ami L Am3 L
4FE 4E 7

which implies that oscillations driven by Am3, should not be relevant.
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Figure 1.1: Calculated neutrino fluxes from BPS08 standard solar model (SSM). Figure taken

from http://www.mpa-garching.mpg.de/~aldos/.

1.4 Solar and atmospheric neutrinos

1.4.1 Solar neutrinos

Neutrinos coming from the Sun are generated as a product of several thermonuclear processes
mainly through the proton-proton (pp) chain and the CNO cycle. In terms of the source
reaction, the pp chain processes are: pp, pep, hep, "Be and B while in the CNO cycle the
three relevant processes are known as: *N, 0 and '"F. For a better understanding of the
sources and number of neutrinos generated in the Sun, Fig. 1.1 shows the predicted neutrino
fluxes from the processes we have mentioned so far. The final result is the fusion of four

protons into one nucleus of He:
4p —* He + 2e™ + 2u, + v

releasing an energy of ) = 4m, — map — 2m,. ~ 26 MeV, mainly radiated through photons
and a small fraction by neutrinos (E»,. ) = 0.59 MeV [19].

Historically, the interest to detect solar neutrinos started in the sixties with experiments using
specific chemical reactions known as radiochemical neutrino experiments. Another kind of

neutrino detector technology is based on the detection of the Cherenkov light emitted by a
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Experiment Detection process E-Threshold. Sensitivity to
Homestake (Chlorine) v, +37 Cl =37 Ar + e~ (CQC) 814 keV all but pp and one “Be line
GALLEX, GNO ve +™ Ga =™ Ge + e~ (CC) 233 keV all
SAGE ve +7 Ga =" Ge 4 e (CCQ) 233 keV all
(Super)Kamiokande Ve+e~ = v.+e (ES) (3.5) 5.0 MeV 8B+hep
ve+d = p+p+e (CC) 5 MeV 8B+hep
SNO Ve +d = p+n+v, (NC) 5 MeV 8B+hep
vy +e” — vy +e (ES) 5 MeV 8B-+hep
Borexino Ve+e  — v, +e (ES) 250 keV "Be and pep
3 MeV 8B

Table 1.1: Solar neutrino experiments with the corresponding detection process, detection

energy threshold and the part of neutrino flux they can observe.

charged particle traveling faster than light in a medium, which gave origin to the Cherenkov
neutrino experiments. The leaders of the two pioneer neutrino experiments using these tech-
niques, Raymond Davis and Masatoshi Koshiba were awarded with the 2002 Nobel Prize in
Physics.

The energy threshold of a given detection process defines the portion of solar neutrino fluxes
that can be observed. Table 1.1 provides a list of all solar neutrino experiments together
with the detection process used, the corresponding energy threshold and the respective flux
that can be detected. Cherenkov experiments such as Super Kamiokande (SK) and SNO
are real-time experiments, meaning that they can determine the neutrino energy, direction and
detection time event by event. This allows a more complete evidence about the origin and time
variation of neutrino events, such as the day and night variation in the solar neutrino fluxes.
They provide spectral and zenith angle information, richer than the total rate given by the
radiochemical experiments. Up to date SK and SNO have reported several results in different
phases. In particular the three phases of SNO, according to the detection techniques used for
NC events, are known as: heavy water, salt and 3He, respectively. Since we cannot describe
all experiments and measurements exhaustively, here we will describe just the results from the
391 live days salt phase of the SNO experiment [20] that allow us to determine the neutrino

flavor conversion. For a general review of solar neutrino experiments and measurements see
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Refs. [5, 19] and references therein. The SNO measured fluxes, in units of 10% cm™2s7?, are [20]
dec = 1.6870 50 (stat) 0o (syst) |
des = 2.3570 3 (stat) T2 (syst) | (1.53)
dne = 4.9470 3] (stat) T3 (syst)

and the ratios of the CC flux to NC and ES respectively are

PeC _ 0,340+ 0.023 (stat) T005; (syst) ,
ONC '
6 (1.54)
€€ = 0.712 4 0.075 (stat) F09% (syst).
®ES
Taking into account the processes in table 1.1, the neutrino flavor content detected at SNO is
given by:
bcc = Pe
¢ES = ¢e + r(b,uﬂ— ) (155)
¢NC = ¢e + ¢,u,‘r 5

where 7 is the ES cross section rate 0, /0. = 0.1553 [19, 20]. From the first and last relation

in Eq. (1.55) the flux ¢, , is determined to be [20]:
qbz'f = 3.26 £ 0.25 (stat) 7032 (syst) , (1.56)

which in the SSM is expected to be equal to zero (only electron neutrinos are produced in the
Sun), implying the evidence of a neutrino flavor transition. The plot in Fig. 1.2 represents the
measured fluxes in Eq. (1.53) as a function of the flavor content in Eq. (1.55). The measure-
ment of the NC flux, that is equally sensitive to all active neutrinos, allowed SNO to determine
the electron neutrino deficit through the ratio ®cc/®nc in Eq. (1.54) independently of the
SSM. The dashed lines in Fig. 1.2 also show the prediction for total neutrino flux from the SSM
and we see it is compatible with the ¢, . measurement implying that the SSM prediction for
the ¢, in the production is correct. However, in the detection, the electron neutrinos appeared
redistributed in the three flavors as indicated by the first relation in Eq. (1.54).

Nowadays we know neutrino oscillation is the dominant mechanism to explain the flavor con-
version of solar neutrinos. In this context, when solar neutrinos arrive at the Earth, before

being detected, they can additionally interact with the terrestrial matter in a resonant way, as
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Figure 1.2: SNO measured fluxes for each of the processes CC, NC and ES, represented
as bands. Dashed lines represent the SSM [21] expectation. The point corresponds to the

observed value (¢, ¢,,). Figure taken from [20].

explained in Sec. 1.3.3. This effect is called v, regeneration inside the Earth. If it is the case,
this effect can be noticed by a difference between the neutrino fluxes measured in the night
compared to the ones measured during the day, due to the Earth matter effect. The day-night

asymmetry (A) is defined as:

A=2(én — ép)/(én + ép) , (1.57)

where the day and night fluxes ¢p and ¢ are measured for each reaction. This is one of the
advantages of real-time experiments. The last experimental value for the asymmetry has been

measured by the SK collaboration [22]:
A = —3.2+ 1.1(stat.) £ 0.5(sys.),

showing a 2.7¢0 deviation from zero. This result implies a regeneration of electron neutrinos
as a result of interactions between neutrinos and terrestrial matter.

Going back to SNO results, assuming neutrino oscillations, the allowed region for the mixing
angle and the solar splitting, are determined from the fit to the observables: CC spectra,
NC and ES integrated fluxes, separately for day and night allowing to include the day-night

asymmetry information [20]. The parameter region allowed only by SNO data spans three orders
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Figure 1.3: Allowed region of oscillation parameters from the SNO collaboration in the two

neutrino framework, see the original Ref. [23] for details of the analysis.
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of magnitude in the solar mass splitting, as it is shown in Fig. 1.3. After the combination with
other solar neutrino experiments, and specially with the KamLAND reactor experiment, the solar

neutrino parameters are well determined and the unique valid solution is the region known as

Large Mixing Angle (LMA).

1.4.2 Atmospheric neutrinos

When cosmic rays interact in the Earth atmosphere, mesons are produced, mainly pions and
some kaons, which will decay into neutrinos. Atmospheric neutrinos are then mainly produced

by the chain:

mH () =T () + vu(7)
e (1.58)
W) = et () ) + 7l
If all the muons decay, we can expect twice more muon neutrinos plus antineutrinos than

electron neutrinos plus antineutrinos. In terms of flux it means:
OV + V) = 20(Ve + Te). (1.59)

The flux from the muons that do not decay (for energies above a few GeV neutrino energy),
before reaching the Earth surface, can also be estimated and the rate ¢(v, + 7,,)/d(ve + 7e)
can be calculated accurately [24], however, Eq. (1.59) in not valid in this case.
Another relation between the neutrino fluxes is provided by the decay chain in Eq. (1.58), in
particular:

(V) = ¢(Vy),
and also the same relation is expected for electron neutrinos, due to correlations between
pt/u~ that can also be measured. The key point is that ratios of neutrino fluxes can be
calculated within some accuracy depending on the energy range. In the energy region below
10 GeV, muon neutrinos are produced by pion decays and their ratio of fluxes from Eq. (1.59)
has an uncertainty of less than 4% [24]. The comparison between different flux calculations is
shown in Fig. 1.4,
Assuming the cosmic ray flux is isotropic and the Earth is spherically symmetric, it is expected

that, without oscillations, the neutrino fluxes are approximately up-down symmetric [24]:

¢u, (E,cos0) = ¢, (E, —cosO) , (1.60)
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Figure 1.4: Calculated neutrino flux rates. Comparison between different flux calculations

[25].

where O is the zenith angle of the neutrino direction. This relation however, is not exact due
to geo-magnetic effects that affect low energy neutrinos (£, < 1GeV) [24]. In Fig. 1.5 it
is shown the zenith angle dependence of the atmospheric neutrino flux for different neutrino
energies. We can see the up-down symmetry is fulfilled for neutrino energies above 1 GeV.
Historically, the Kamiokande experiment played a big role in the understanding of the at-
mospheric neutrino deficit discussed below (see Fig. 1.6). It measured atmospheric neutrinos
through the light ring produced by the Cherenkov radiation of the charged particle in the water
detector, to tag the charged leptons generated in the neutrino interaction with the nucleons
in the detector. In the late eighties the Kamiokande collaboration found a deficit of muon
neutrinos while a compatible number of electron neutrinos, compared to the theoretical ex-
pectations. Without any confirmation from other experiments, the absence of neutrinos was
known as the atmospheric neutrino problem.
Concerning the flux property described in Eq. (1.60) and Fig. 1.5, also non conclusive studies
of the up-down symmetry were carried out in the nineties due to the few statistics.

An experimental upgrade of Kamiokande, increasing the detector size from 3 kton to 50 kton,
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Figure 1.5: Zenith angle dependence of the atmospheric neutrino fluxes averaged over all

azimuthal angles calculated for the Kamioka site [25].

gave birth to SK, still running. Because atmospheric neutrino spectrum spans five decades in

energy, the observed atmospheric neutrinos in SK are classified as [26]:

e Fully/partially contained: At low energies (100 MeV — 10 GeV) neutrinos interact
via Charged Current (CC) with the inner detector (ID) nucleons. These interactions are
fully-contained (FC) or partially contained (PC) if the muon deposits all the energy in

the ID or if the muon deposits the energy in the Outer Detector (or Veto), respectively.

e Upward going/stopping: More energetic muons (E > 2GeV) interact via CC with
the rock surrounding the detector. Muons traveling in the upward direction (cosf < 0)
are a clear signal of v,'s. If the muons (cross) stop in the detector those events are

classified as (upward through-going) upward stopping events.

Back into the discussion of the muon neutrino deficit, a sample of the latest results of atmo-
spheric neutrino events is shown in Fig. 1.6. When comparing with what is expected from
Eq. (1.59) and Eq. (1.60), it is clear that muon neutrinos are disappearing. The disappearance
effect strongly depends on the zenith angle and it is more evident for the upward going neu-
trinos (cos © < 0), since it is correlated with the neutrino flight distance. Data show a zenith
asymmetry contrary to the theoretical expectations without oscillations in the gray dashed line

in Fig. 1.6. Also in the left panel of Fig. 1.6 the electron neutrino events are shown. These
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Figure 1.7: Allowed parameter region from the analysis of SK data. Other experiments are
included for comparison. Left(Right) panel corresponds to the NH (IH). Figure taken from
Ref. [27].

events, however, are symmetric and compatible with the theoretical expectations. Thus, we
can conclude that the muon neutrinos are not converting into electron neutrinos.

Neutrino oscillations successfully explain the muon neutrino deficit. The dependence with
the zenith angle is related with the neutrino baseline: downward going muon neutrinos travel
~ 20 km while upward going muon neutrinos travel ~ 13000 km (nearly the Earth diameter).
In order to estimate the neutrino oscillation parameters from the current data, many exper-
imental details have to be taken into account, as for instance, systematic errors. There are
several sources of systematic errors. Just to mention a few: the uncertainty on the flux de-
termination, at least 5% error in the low energy part as deviation among several calculations.
Detector systematic errors include the interaction model as well. Due to the wide energy
range, several non-quasielastic processes contribute to the number of events but their cross
sections are known only in an approximate way. Another set of systematic uncertainties comes
from the event reconstruction and event selection. For a detailed description see Ref. [27].
After the inclusion of the systematic errors and fitting the latest data [27] to the model with
oscillations, Fig. 1.7 shows the allowed region in the Am2, — sin® 26 plane. Finally, to show
that neutrino oscillations v, — v indeed describe the data, SK has measured the neutrino os-
cillation pattern. In Fig. 1.8 the ratio of the observed over expected events without oscillations

as a function of the neutrino baseline and energy, L/FE, is shown. Thanks to the observation
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of the oscillation dip, the measurement of the oscillation parameters is accurate, especially for

the mass splitting Am2, [24].

1.5 Reactor experiments

1.5.1 Reactor event calculation

Reactor antineutrinos are produced by the fission of the isotopes 23°U, 23°Pu, 24!Pu and 238U.
Each fissile isotope contributes to the total reactor neutrino flux and fuel content with a certain
fission fraction f; that can be calculated through a detailed simulation of the core evolution.
Reactor antineutrinos are detected via inverse $-decay process (IBD), 7. +p — et +n. The
experimental technique used is a delay coincidence between two signals: one coming from
the positron annihilation (prompt signal) and other coming from the neutron capture in the
innermost part of the antineutrino detector (AD), containing gadolinium-doped liquid scintil-
lator. The light created is collected by the photo-multipliers (PMTs) located in the outermost

mineral oil-region. The anti-neutrino energy E is reconstructed from the positron prompt
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energy Epompt following the relation: Ey = Epompt + E, + 0.78 MeV, where the E,, is the
average neutron recoil energy.

For a general reactor experiment, with arbitrary number of detectors and reactors, the ex-
pected number of IBD events at the d-th detector coming from a given reactor r-th, without

oscillations, can be estimated from:

N, P %
N, P th / dE ®.(E E 1.61
s Y L L L

where N, is the number of protons in the target volume, P}, is the reactor thermal power,
eq denotes the efficiency of the detector and (E}) is the energy release per fission for a given
isotope k, taken from Ref. [29]. L, is the distance from reactor r-th to detector d-th. For the
antineutrino flux prediction @ (E) the more recent parametrizations available in the literature
are in Ref. [30] and Ref. [31]. We used the second one as well as the new normalization for
reactor antineutrino fluxes updated in Ref. [32]. The inverse beta decay cross section oigp(FE,)
is taken from Ref. [33]. To account for the deficit of antineutrinos at the far detector and
the distortion of the reactor 7, spectrum, the oscillation probability P(E,, L,4) is included in
the theoretical estimate of the number of events. In order to minimize the dependence upon
the predicted normalization of the antineutrino spectrum, we take the ratio of far oscillating

events T, over the total far expected events ) . N,;. Thus, we have:

Tra  a>ntify dE, ®u(E,)018p(E,)P(E,, La)

2N ” Soufe [y dE, ®4(E,) orpp(E,) wi(P(By, Lra)) ,  (1.62)

where w? is the fraction of IBD contribution of the r-th reactor to the d-th AD determined
from the baselines and reactor thermal powers:

d _ w?“/L%d
X we /L

w

with w, = P}/ > P}, . (1.63)

Finally, we can estimate the observed number of events in the d-th detector from the expected

events using Eq. (1.62) in a straightforward way [34]:
Ty= Ny Y wP(E,, L)) - (1.64)

This way, our statistical analysis is free of correlations among the different reactor data samples,

since the relative measurements do not rely on reactor flux predictions.
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1.5.2 Daya Bay as an example

Daya Bay is a reactor neutrino experiment with six ADs, arranged in three experimental halls
(EHs). Two ADs are located in EH1, one in EH2 and three in EH3. EH1 and EH2 are
considered as near halls while EH3 is the far hall. Electron antineutrinos are generated in six
reactor cores, distributed in pairs, with equal thermal power (P}, = 2.9 GW},) and detected
in the EHs. The effective baselines are 512m and 561 m for the near halls and 1579 m
for the far one [35]. At those distances (~ km), Daya Bay is sensitive to the first dip in
the 7, disappearance probability. With this near-far technology Daya Bay has minimized the
systematic errors coming from the ADs providing the most precise determination of the reactor
mixing angle so far.

In their last article in Ref. [35], Daya Bay analyzed 217 days of data represented by the
observed rates and energy spectra in each AD. Compared to the previous analysis in Ref. [36],
there has been an improvement in the statistical errors (due to the increase of data) but not
in the systematical uncertainties (already very good in their first analysis). The new analysis is
independent of the previous one and the data set used in the determination of the oscillation
parameters now includes the spectral information. Basically, three analyses were done: rate
only, spectral only and the combination.

We will follow the analysis of the previous Daya Bay paper in Ref. [36] with the latest data

in Ref. [35]. Our analysis is based on nuisance-parameter x?, with the definition:

(Mg — Ty (1+a+ 3, wlo, + &) +Bd]2

Xw
I
NE

T Mg+ By
6 2 6 2 2
a; 4 B
Py (S b (1.65)
=1 97 4= \% 9B

where T} is the theoretical prediction for the expected events in Eq. (1.64) and M, are the
measured events at the d-th AD with its backgrounds (B,) subtracted. The pull parameters,
used to include the systematical errors in the analysis, are given by the set (o, &y, Bq) rep-
resenting the reactor, detector and background uncertainties with their corresponding set of
errors (0,,04,0p). Uncertainties in the reactor related quantities are included in o, (0.8%)
while the uncorrelated combined uncertainties in the ADs are included in o4 (0.2%). op is
the quadratic sum of the background uncertainties taken from Ref. [36]. Finally, the absolute

normalization factor a is left free to be fitted by the data.
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Figure 1.9: Daya Bay allowed regions at 90% of C.L from the rate-only analysis. Not shown

parameters are kept fixed to their best fit values from [1]. We have constrained the atmospheric

splitting to be within its 1o error, obtaining a best fit value of sin?#;3 = 0.0226. A ‘free’

variation of the atmospheric splitting is shown in blue (dot dashed line).

Using the x? in Eq. (1.65), we obtained the allowed parameter region in Fig. 1.9. The Daya
Bay collaboration has performed an spectral data analysis determining the atmospheric mass
splitting [35], which is compatible with the MINOS result. In Fig. 1.9 we constrained the at-
mospheric splitting to be within the 1o error §(Am2,) = 0.075 x 1073 eV? obtaining a best
fit value of sin® 63 = 0.0226. A ‘free’ variation of the atmospheric mass splitting produces
a value sin? ;3 = 0.0227, showing the stability over the mass splitting variation. Fixing all
neutrino oscillation parameters to their best fit values in Ref. [1], we found the best fit value

for the reactor mixing angle in this rate-only analysis:

sin? A5 = 0.022670:9041 (1.66)

1.6 Accelerator experiments

All neutrino experiments can be considered as a three stage process: production, propagation
and detection. Neutrino production in these experiments consists of an accelerator complex
that provides the neutrinos as decay products of pions and kaons generated from the collision

of high-energy protons on a nucleus target. In the first beam line, where pions and kaons are
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produced, magnetic horns are used to focus the beam. In the second phase, pions and kaons
decay in a volume sometimes filled with gas. Finally, hadrons are stopped or absorbed leaving
only neutrinos and sometimes muons that are monitored. A muon (anti) neutrino beam is
selected by focusing (negative) positive pions and kaons.

At this point, neutrinos are produced in the same way as atmospheric neutrinos, with the
advantage that the neutrino spectrum can be controlled by varying the distance between the
target and the focusing horns. Before finishing the production stage, in the near detector
complex the neutrino beam is characterized. At this phase various measurements are done in
order to fit several parameters related to the neutrino flux and cross section. Together with
external measurements in the case of the cross section, systematic errors in the far detector
measurements will be reduced by the use of the near detector information.

In the second stage, neutrinos propagate several hundreds of kilometers from the source to
the far detector. Given the distance traveled by the neutrino, neutrino interactions with the
Earth matter should be taken into account. A good approximation, the matter potential can
be considered constant with the electron density in the Earth crust.

In the last stage, neutrinos are detected in the far detector (FD). The far detector is composed
of at least an inner (ID) and an outer detector (OD), which is helpful to reject background
events. The neutrino flux is measured in the far detector in order to quantify spectral differ-
ences in the FD due to neutrino flavor transformation compared with the expected spectrum
via Montecarlo (MC) simulation of the experiment tuned with the near detector information
and calibration measurements. When the FD is not a copy of the near detector, new systematic
errors will appear that will not totally cancel with the use of the near detector information.
As we mentioned before, the analysis of this kind of experiments consists of a comparison
between the far spectrum measurements and the expected spectrum by MC simulation. In
order to reconcile the data with the expectations in the FD, the flavor transitions are explained
by neutrino oscillations and the parameters in the oscillation mechanism are constrained by the
data. Due to the energies involved, in the range of few GeV, and for baselines of a hundred
kilometers, accelerator neutrino experiments are sensitive to the atmospheric neutrino oscil-
lation parameters. In fact, accelerator-based neutrino neutrino experiments were designed to
be complementary to the atmospheric experiments. Currently, the atmospheric mass splitting

and mixing angle are well measured by MINOS and T2K, respectively. Accelerator-based exper-
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T2K MINOS v(77)-mode
Beam source J-PARC FERMILAB
POT 6.57 x 1020 10.6 x 10%°(3.3 x 10%°)
ND technology Grid detector+magnetized+TPC+Ecal  Magnetized tracker calorimeters
Peak energy 0.6 GeV 3 GeV
FD location Kamioka Soudan Mine (Minessota)
Baseline 295 km 735 km

FD technology

water Cherenkov

Magnetized tracker calorimeters

Fiducial Volume 22.5 ktons 3.8 ktons
Events v, app. 28 152(20)
MC Expected 21.6 33.7+1.9(3.9 +0.2)

With osc.

sin? 2013 = 0.1, §cp = 0 and fo3 = 7/4

best fit value

sin® 2645

25in?(26;3) sin?(fa3)

NH [IH] 0.14073:93810.17015-935 0.05170535[0.093 10035
Events v, disapp. 120 2579(312)
MC Expected 446.0 £ 22.5(sys.) 3201(363)

No osc.

best fit value

NH [IH]

sin2 923

0.51419:555[0.511 + 0.055]

sin20 ‘2v'

0.95075-032(0.9719:93)

best fit value

NH [IH]

AmZ,[Am3;]x1073 eV?
2.51 £0.10[2.48 £ 0.10]

|Am?| ‘2’

2417535 (2.5015:35)

Table 1.2: Comparison of the general aspects of T2K [37, 38] and MINOS [39, 40].

iments are not only expected to be complementary to atmospheric experiments but also to

provide information about the unknown C'P phase and the neutrino mass hierarchy.

angle.

In order to introduce the details on the current accelerator neutrino experiments, in table 1.2

we present some generalities about T2K and MINOS.

1.6.1 T2K as an example

Before the measurement of the reactor mixing angle, the first indication for a non-zero 6,3 was
provided by T2K. This experiment is sensitive not only to the reactor mixing angle but also to

the CP phase dcp through the v, appearance channel. The other channel, v, disappearance,



46 Accelerator experiments

V) L e I
c o[ —+— Data ]
% 8 L Best fit -
o - 777777 Background component:
B 6 Fit region < 1250 MeV ]
© i <— ]
g aF ! -
o 1
5L 4
o i
E 0 = e 54
2 0 500 1000 1500 >2000

Reconstructed neutrino energy (MeV)

Figure 1.10: Energy spectrum for v, events in T2K. Best fit histogram for sin? 26,3 = 0.144
and NH [37].

as we said before, is sensitive to the atmospheric parameters. Here as an example we will show
how to fit the last T2K results for the v, appearance [37].

The neutrino energy, reconstructed from the observed electron energy, for the v, events (or the
event spectrum) is shown in Fig. 1.10. We calibrate our simulation to the best fit histogram
and finally we fit the data allowing a variation of the relevant neutrino oscillation parameters.
In order to include information about the systematic errors, we use the pull method and the

following definition of the y? function:

Nbins

X2(X) = mingyy {Z 2 [Oi — Ty(1 +a) + O;log ﬁ} + (01)2} . (1.67)

i=1
where O; and T} are the measured and the theoretical expected events for the i-th bin, re-
spectively. The parameter a accounts for the systematic error in the flux normalization and
also other systematic errors that affect the global normalization in the event calculation. After
the minimization over the nuisance parameters (in our case only the a parameter) we end up
with a x? function that depends on the vector of the oscillation parameters X. In order to
calculate the theoretical events T; we need additional information from table 1.2 as well as the
flux, cross section and probability expression for the channel of interest. We take the fluxes
from the T2K collaboration paper [38] and use the GLoBES package [41, 42] with its cross

section values for the simulation. The probability expression encoded in GLoBES is the exact
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Figure 1.11: Allowed parameter region for the shown oscillation parameters. Not shown

oscillation parameters have been fixed to their best fit values from [1].

numerical version of Eq. (1.50), which is calculated for oscillations in constant matter with a
density value of 2.6 g/cm®. Using the value for the normalization error o, = 8.8% [37] and
minimizing the x? function in Eq. (1.67), we can estimate the allowed parameter region as it
is shown in Fig. 1.11. All not shown parameters are fixed to their best fit values from Ref. [1].
We find a best fit point (bfp) sin?(26;3) = 0.113 for NH and dcp = 0. The value reported by
the T2K collaboration is sin®(263) = 0.144 [37].

We make a final comment about the detector energy resolution function. A common way to
include the smearing due to the difference between the true energy E’ and the neutrino recon-
structed energy is assuming a Gaussian distribution function centered in the true energy with
a standard deviation that is a function of the reconstructed energy. The standard deviation,

in GLoBES, is parametrized as:
o(E)=aE+BVE+~, (1.68)

where the coefficients «, § and ~ are measured by the experimental collaboration as an en-
ergy calibration error. Unfortunately, sometimes the experimental collaboration does not make

public the values for the coefficients in Eq. (1.68), as it is the case for T2K. We then use one ob-
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servable, for instance the total expected events with no oscillations (or a MC expectation with
a given set of parameters), to fit the coefficients. At the end we have to agree not only in that

number but also in the spectral shape. In Fig. 1.11 we have used («, ,7) = (0.20,0.10, 0.05).

1.7 Global analysis

Updated solar neutrino analysis

As in our previous global fit to neutrino oscillations [1], here we consider the most recent results
from the solar experiments Homestake [43], Gallex/GNO [44], SAGE [45], Borexino [46],
SNO [23, 47] and the first three solar phases of Super-Kamiokande [48-50]. Here we have
included the revised results from the third solar phase of Super-Kamiokande, published in
December 2012 in the arXiv version of Ref. [50]. This revision corrects the estimated systematic
error on the total flux observed in Super-Kamiokande as well as the total ®B flux calculation.
We find that the changes are very small and their impact on the determination of solar
oscillation parameters is hardly noticeable. We also include the results from the fourth solar
phase of Super-Kamiokande, SK-IV [51]. This data release corresponds to 1306.3 live-days
and is presented in the form of 23 day and night energy bins. Thanks to several improvements
in the hardware and software of Super-Kamiokande, an improved systematic uncertainty as
well as a very low energy threshold of 3.5 MeV have been achieved. As we will discuss later,
these new data consolidate the previous Super-Kamiokande solar data releases, with a minor
impact in the global fit to neutrino oscillations. More detailed information on our simulation

and analysis of solar neutrino data can be found in Refs. [1, 52, 53].

New reactor data

For the statistical analysis of reactor data we follow the same strategy explained in section 1.5.1.
We define a x? that compares the observed and measured event rates at each anti-neutrino
detector. Several pull parameters are introduced in order to account for the different system-
atical errors associated to the reactor, detector and background uncertainties. An absolute

normalization factor is left free in the fit, to be determined from the experimental data. This
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technique is also used in the official analyses performed by the Daya Bay and RENO Collabo-
rations [36, 54]. For the analysis of reactor data we take into account the total rate analysis
of the latest Double Chooz data in Ref.[55], already discussed in our previous fit, as well as

the new reactor data released by Daya Bay and RENO and described below.

RENO

The Reactor Experiment for Neutrino Oscillations (RENO) is a short-baseline reactor neutrino
oscillation experiment located in South Korea. RENO consists of six reactor cores with maximum
powers ranging from 2.66 GW,, to 2.8 GWy, and two identical anti-neutrino detectors located
at 294 and 1383 m from the center of the reactor array. With both near and far detectors,
RENO provided an important confirmation of the first Daya Bay measurement of 63 [54].
We use their updated results presented at the TAUP 2013 conference [56], consisting of 403
days of data-taking, with improved systematic uncertainties, background estimates and energy

calibration.

New long—baseline neutrino data

Over the last two years new data on v, disappearance and v, appearance have been released
by the long-baseline accelerator experiments MINOS and T2K. Below we summarize the most
recent data from both experiments included in our global fit. As in our previous analysis, we
use the GLoBES software package [42] for the simulation and statistical analysis of accelerator
neutrino oscillation data from MINOS and T2K. The expected event numbers for a given channel
in a particular detector are determined using the full three-neutrino survival probability with
the relevant matter effects. As we will see, these data will play an important role in the global
fit, since they provide key contributions to the determination of the atmospheric oscillation

parameters and the CP violation phase. We now discuss them separately.

Disappearance channel in MINOS

The latest measurements of the v, disappearance channel in MINOS have been published in
Ref. [39]. These results come from the full MINOS data set, collected over a period of nine years

and correspond to exposures of 10.71 x 10?° protons on target (POT) in the v,-dominated
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beam and 3.36 x 10% POT in the ,-enhanced beam. One of the key features of these data
sample is the preference for a non-maximal value of the atmospheric mixing angle 623. In fact,

from the official MINOS analysis, one obtains that maximal mixing is disfavored at the 86%

C.L.

Appearance channel in MINOS

The most recent results for the searches of v, appearance in MINOS have been reported in
Ref. [40]. These data correspond to exposures of 10.6 x 10?° POT in the neutrino channel
and 3.3 x 10%° POT in the anti-neutrino channel. The neutrino sample is the same as in the
preliminary results presented in the Neutrino 2012 conference, used in our previous analysis.
However, there are some differences in the reconstructed energy distributions. We are now

using the full update from Ref. [40].

Disappearance channel in T2K

The latest results for the v, disappearance channel in T2K have been collected from January
2010 to May 2013, during the four runs of the experiment and correspond to a total exposure
of 6.57 x 10%° POT [57]. In comparison with the previous T2K results in Ref. [58], sensitivities
have been improved thanks to new event selection and reconstruction techniques, as well as
higher statistics at the near off-axis detector. A total number of 120 muon neutrino event
candidates have been observed at the far detector while 446.0422.5(sys.) events were expected
in absence of oscillations. As we will see in the next section, the T2K disappearance data
now provides the most precise measurement of the atmospheric mixing angle 653 with better
sensitivity than all other experiments. Moreover, in contrast to the MINOS v, disappearance
data, they prefer a best fit 6,3 value very close to maximal. This point will be crucial for the

03 octant (in)determination from the global neutrino oscillation analysis.

Appearance channel in T2K

As for the disappearance channel, the latest available T2K appearance data correspond to a
total exposure of 6.57 x 10%° POT, collected from run 1 to run 4 in the experiment [37]. A

total of 4.92 4 0.55 background events were expected in the absence of oscillations, while a
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sample of 28 electron neutrino events have been detected. The observed event distribution is

consistent with an appearance signal at 7.3 0.

1.8 Results

In addition to the solar, reactor and long-baseline accelerator neutrino data described in the
previous section, in our global fit to neutrino oscillations we also include the last results from
the KamLAND reactor experiment presented in Ref. [59] as well as the atmospheric neutrino

analysis provided by the Super-Kamiokande Collaboration in Ref. [60].

1.8.1 The role of long—baseline neutrino data in atmospheric param-

eter determination

Long-baseline neutrino data have by now achieved very good precision. In fact, the determina-
tion of the atmospheric oscillation parameters has become fully dominated by the combination
of T2K and MINOS data. This can be appreciated from Fig. 1.12, where one sees how the
latest T2K data places the best constraint on the atmospheric angle f53, while MINOS still pro-
vides the best determination for the atmospheric mass splitting AmZ,. Atmospheric neutrino
data from Super-Kamiokande are in full agreement with the parameter regions determined by
long-baseline results, though with less sensitivity. In this figure we confirm the result obtained
by the experimental collaborations about the maximality of the atmospheric angle. MINOS
data have a mild preference for non maximal 63, although 6535 = 7 /4 is inside the 90% CL
region for 2 d.o.f. The absolute best fit point from the analysis of MINOS lies in the first
octant, a3 < /4, although values in the second octant are allowed with very small A2
Concerning T2K data, one sees that both for normal (left panel) and inverted mass hierarchy
(right panel) the best fit value is very close to maximal: sin®fy3 = 0.52 in both cases, max-
imal mixing being allowed with very small Ax? with respect to the absolute minimum: 0.03
(0.02) for normal (inverted) mass ordering. The global fit preference for values of 6,3 in the

second octant emerges after the combination with reactor data, as we will discuss in the next
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Figure 1.12: 90 and 99% C.L. regions in the sin” 3 - Am2, plane from separate analysis of
MINOS (black lines), T2K (blue lines) and from the global analysis of all data samples (colored

regions). The left (right) panel corresponds to normal (inverted) mass ordering.

subsection. We find the best fit points:

sin?fos = 0.56710%52  Am2, = (2.48M0%%) x 107%eV? (normal hierarchy) ,(1.69)

sin? oy = 0.573105%5  Am2, = (2.38700%) x 107%eV? (inverted hierarchy) (1.70)

Note that for normal hierarchy a local minimum appears in the first octant (sin® fy3 = 0.467)
with Ay? = 0.28 with respect to the global minimum. For the case of inverted hierarchy,
solutions with sin?fy; < 0.5 appear only with Ayx? > 1.7. Comparing with our previous
global fit, we see that best fit values for the atmospheric mixing angle are slightly shifted
towards maximal values thanks to the latest T2K data. Likewise, Am3, values are also shifted
towards lower values due to T2K data, which now prefer smaller values of the atmospheric

mass splitting.

1.8.2 The 655 octant and the CP violation phase J

In this section we will discuss the complementarity between long—baseline accelerator and
reactor neutrino data in the determination of the f,3 octant as well as the CP phase §. We

will quantify the new sensitivity to the CP violation phase d as well as the octant of the
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Figure 1.13: Upper panels: contour regions with Ax? = 1, 4, 9 in the sin®#fs3 - sin® 3
plane from the analysis of long—baseline (MINOS and T2K) + solar + KamLAND data (left panel),
long-baseline + solar + KamLAND + new Double Chooz, Daya Bay and RENO reactor data

(middle panel) and the global combination (right panel) for normal hierarchy. Lower panels,

the same but for inverted neutrino mass hierarchy.

atmospheric mixing angle #53. This emerges by combining the latest accelerator with the

latest reactor data.

We start by discussing the effect of the different data samples upon the possible preference
for a given octant of 3. Our results are shown in Fig. 1.13. There we display the allowed
regions at Ax? =1, 4, 9 in the sin” o3 - sin? f;3 plane for normal (upper panels) and inverted
(lower panels) neutrino mass hierarchy. In order to appreciate the effect of the individual
data sample combinations on the parameter determinations we have prepared three different

panels in this plane. The left panel is obtained by the combination of the long-baseline
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data from MINOS and T2K and the results of all solar neutrino experiments plus KamLAND. The
accelerator MINOS and T2K data already produce a rather restricted allowed region in parameter
space, showing an anti-correlation between 3 and 613 coming essentially from the oscillation
probability in the v, appearance channel. In this panel solar and KamLAND impose only minor
constraints on the reactor mixing angle #13. In the middle panel of Fig. 1.13, the data samples
from Double Chooz, Daya Bay and RENO have been included in the analysis. Here one can
see how the very precise determination of 63 at reactor experiments, particularly Daya Bay,
considerably reduces the allowed region. On the other hand, the Daya Bay preference for
values of sin® 6,5 around 0.023-0.024 moves the best fit value of 5 to the second octant.
This effect is particularly important for the case of inverted hierarchy, because of the slightly
larger values of 03 preferred for 0,3 < m/4. As a result, the first octant region is more
strongly disfavored so that values of sin? 3 < 7/4 are allowed only with Ax? > 1.5. Finally,
the right-most panel shows the allowed regions after the inclusion of the Super-Kamiokande
atmospheric data [60]. One can see that there is basically no change between middle and
right panel. This follows from the fact that the analysis of atmospheric data we adopt does
not show a particular preference for any octant of 53, both of which are allowed at 1o. This
behavior is also confirmed in the preliminary versions of updated Super-Kamiokande analysis

in Refs. [61, 62].

Now we turn to the discussion of the sensitivity to the CP violation phase, §. Our previous
global analysis in Ref. [1] showed essentially no dependence on this phase. However the new
results on v, appearance at long-baseline experiments in combination with the very precise
measurement of 3 at reactor experiments provides, for the first time, a substantial sensitivity
to the CP phase §. This new effect is illustrated in Fig. 1.14. Here, left panels show the
allowed regions with Ax? = 1, 4, 9 in the sin® #;3-0 plane from the analysis of long-baseline
accelerator data from MINOS and T2K, in both appearance as well as disappearance channels.
This is indicated by three different line styles used in the left panels. On the other hand,
the colored regions correspond to the results obtained from the global oscillation analysis. As
expected the combination with reactor data results in narrower regions for 6;3. One can also
notice that there is a mismatch between the region of 6,3 preferred by accelerator data for
values of the CP phase ¢ around 0.57 and the measured value of this mixing angle at reactor

experiments such as Daya Bay, which dominates the best fit determination. As a result of



Results 55

2 C T 7T T T T T T T T T —
: /
L ! ; | |
B i i i i
L ] | - -
1.5~ v \ — |
L . N i i
- A N i i
* b R NI A -
2o} E SN _,/: \\l E E global E
sk EN :
0 C 1 | |// 1 / C 1 | 1 1 1 1 ]
0 0.04 0.06 0 5 10
.2 2
sin @, Ay
2 T 1 L L T T I T T T —
- S ] .
1.5 - A // // ] _
- i 1 i A i
2 - ~= Y i - i
=~ 1— ’ \\ ] — —]
o C AN C global ]
05 4 F -
0 I 1'/A/| x\i'/:“\: L L /. | | | ! ! ! T
0 0.02 0.04 0.06 0 5 10
.2 2
sin @, Ay

Figure 1.14: Left panels: contour regions with Ax? = 1, 4, 9 in the 0;3-0 plane from the
analysis of LBL data alone (lines) and from the combined global analysis (colored regions).
Right panels: Ax? as a function of the CP-violating phase & from the analysis of LBL data
(dashed line) as well as from the global analysis (solid line). Upper (lower) figures correspond

to NH (IH).

this mismatch one obtains in the global analysis a significant rejection for values of § phase
around 0.57. This can be seen in the right panels of Fig. 1.14. Here one notices that for
normal hierarchy values of § ~ 7/2 are disfavored with Ax? = 3.4 (1.80), while for inverted
hierarchy they are disfavored with Ax? = 6.2 (2.50). In both cases the preferred § value is

located close to 1.57. The best fit points and 1o errors on § are given by:

(1.34795)7  (normal hierarchy) , (1.71)

o
o

(1481037 (inverted hierarchy) . (1.72)

Comparing now with other global neutrino oscillation analyses in the literature we find



56 Results

that our results on the CP phase qualitatively agree with the ones in the updated version of
[63] available in [64]. The agreement holds for their global analysis without atmospheric data.
Note, however, that these authors have also included the effect of the ¢ in the atmospheric
data sample, not included in the official Super-Kamiokande analysis we adopt here. As a
result, their global fit results show a somewhat stronger rejection against § ~ /2 than we
find, as expected. Turning now to the results of the analysis given in Ref. [65] we find, in

contrast, that their agreement with our results is worse.

1.8.3 Summary of global fit

In this section we summarize the results obtained in our global analysis to neutrino oscillations.
In Fig. 1.15 we present the Ax? profiles as a function of all neutrino oscillation parameters.
In the panels with two lines, the solid one corresponds to normal hierarchy while the dashed
one gives the result for inverted mass hierarchy. Best fit values as well as 1, 2 and 30 allowed
ranges for all the neutrino oscillation parameters are reported in Table 1.3.

First we note that solar neutrino parameter determination is basically unchanged with
respect to our previous global fit in [1]. We find that the inclusion of the new SK-IV solar data
sample leads only to minor modifications in the sin® #;, and Am2, best fit values. As we already
discussed in the previous section, the atmospheric neutrino parameters are now determined
mainly by the new long-baseline data. With the new T2K data, the preferred value for the mass
splitting Am2, is now somewhat smaller, while the best fit value for the atmospheric angle 63
has been shifted towards values closer to maximal. The status of maximal 653 mixing angles
has also been improved thanks to the latest T2K disappearance data. Regarding the reactor
mixing angle sin?f,3, the more precise reactor data from Daya Bay and RENO have reduced
the allowed 1o range from ~11% to ~8%. The preferred value of 6,3 has also been shifted
to somewhat smaller values. Finally, thanks to the combination of the latest accelerator and
reactor neutrino data, we have obtained an enhanced sensitivity to the CP violation phase. We
find preferred values for ¢ around 1.57 for both mass hierarchies. On the other hand, values

close to 0.57 are disfavored at 1.80 (2.5¢0) for normal (inverted) mass ordering.
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parameter best fit lo range 20 range 30 range
Am3, [10-%eV?] 7.60 7.42-7.79 7.26-7.99 7.11-8.18
|Am2, | [10~3eV?] (NH) 2.48 2.41-2.53 2.35-2.59 2.30-2.65
|AmZ,| [1073eV?] (IH) 2.38 2.32-2.43 2.26-2.48 2.20-2.54
sin?015/107* 3.23 3.07-3.39 2.92-3.57 2.78-3.75
sin” 63/107* (NH) 5.67 (4.67)' 4.39-5.99 4.13-6.23 3.92 - 6.43
sin p3/107! (IH) 5.73 5.30-5.98 4.32-6.21 4.03-6.40
sin?0;3/10~2 (NH) 2.34 2.14-2.54 1.95-2.74 1.77-2.94
sin?013/1072 (IH) 2.40 2.21-2.59 2.02-2.78 1.83-2.97
d/m (NH) 1.34 0.96-1.98 0.0-2.0 0.0-2.0
d/m (IH) 1.48 1.16-1.82 0.0-0.14 & 0.81-2.0 0.0-2.0

Table 1.3: Neutrino oscillation parameters summary. For Amgl, sin? O3, sin® @13, and § the

upper (lower) row corresponds to normal (inverted) neutrino mass hierarchy.

1This is a local minimum in the first octant of A3 with Ax? = 0.28 with respect to the global minimum



CHAPTER 2

Neutrino mass model with a flavor symmetry

The large mass difference between the SM particles that belong to different families and the
number of families itself are not explained in the SM. After the confirmation of the neutrino
oscillation mechanism as the explanation for the flavor neutrino transitions, the lepton sector
has to be enlarged with neutrino masses and mixing angles in analogy to with the sector of
quarks. However, explaining both sectors with a common origin from a unified theory of flavor

is challenging due to the different mixing pattern observed for quarks and leptons.

In the case of the lepton sector, two of the mixing angles, atmospheric and solar, are
‘large’ (compared with the Cabbibo angle) with the former one being compatible with maximal
mixing. Assuming the reactor mixing angle is compatible with zero, as it was the case before
2012, and also assuming the mixing pattern is not accidental, one can expect the lepton
mixing might come as a consequence of a given flavor symmetry. This has motivated a strong
effort towards the formulation of symmetry-based approaches to address the flavor problem, in
terms of an underlying flavor symmetry of leptons and/or quarks, separately or jointly. Indeed,
these earlier observations were successfully accounted for in terms of an underlying A, flavor
symmetry [66, 67].

However, as explained in chapter 1, accelerator and especially reactor data excluded a zero
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value for the reactor mixing angle. These results open the possibility to explore leptonic CP
violation [7, 68] which is one of the ingredients required to explain the baryonic asymmetry in
the universe through the leptogenesis mechanism. This finding provides a challenge for many
Ay-based schemes [66, 67], specially those leading to the so—called tri-bimaximal (TBM)
mixing ansatz proposed by Harrison, Perkins and Scott [69]. This scheme is now ruled out
mainly by the Daya Bay measurement of the reactor mixing angle.

In this chapter we focus on the model proposed by Babu, Ma and Valle [66], studied in
detail in Ref. [70]. We present a simple extension of this model that introduces an extra scalar
singlet flavon field ¢ transforming as a 1’ of A4 to the Yukawa sector of the model. We show
explicitly how this breaks the remnant symmetry present in the charged-lepton sector, so as to
induce a nonzero 63 value, hence making the model fully realistic and opening the possibility
of CP violation in neutrino oscillations. Both ;5 and the CP-violating invariant Jop correlate
with the new term added to the model superpotential.

This chapter is based on the work done in Ref. [71], an is organized as follows: in section 2.1
we review the basic A, group properties. Then we introduce a non supersymmetric model in
section 2.2 that will help us to introduce the model proposed by Babu, Ma and Valle [66]
(BMV) in section 2.3. After that, we present a simple extension of the BMV model in
section 2.4 that successfully accommodates the current neutrino mixing angles. We close with
an analytical discussion of the results, in a specific limit where the neutrino mixing angles can

be solved perturbatively, in section 2.5.

2.1 The A, group

In this section we introduce the non-abelian discrete group A4, following the appendix of
Ref [72]. All finite groups are completely characterized by means of a set of elements called
generators of the group and a set of relations, so that all the elements of the group are
given as products of the generators. The group A, consists of the even permutations of four
objects and contains 4!/2 = 12 elements. The generators are S and T with the relations

S%? =1T3 = (ST)? =Z, and then, the elements of the group are:

1,8, T,ST, TS, T2, ST, STS, TST, T*S, TST?, T2ST .
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Cy={I} | Co={T} | C3 ={T?} | Cs = {S}
1 1 1 1 1
i 1 w w? 1
1”7 1 w? w 1
3 3 —1

Table 2.1: Character table of A, where C; are the different classes and w? = 1.

Ay has four irreducible representations (see table 2.1), three singlets 1, 1’ and 1” and one

triplet. One of the main features of A, is that it is the smallest discrete group with a triplet

representation.

The one-dimensional unitary representations are obtained by:

1 S=1T=1

" S=1T=w

1" S=1 T=uw?

where w3 = 1. The product rules for the singlets are:

Ix1l=1x1"=1
'x1=1"

1// X 1// — 1/

In the basis where S is real and diagonal, the group generators can be expressed as:

1 0 0 010
S=10 -1 0 ;. T'=100 1 |:;
0 0 -1 100

one has the following triplet multiplication rules,

ab 1 = a1b1 + CLng + CL3b3 )
ab

= aiby + washy + wrazbs;

ab 3, =

(ab)

(ab)

(ab)1r = a1by + w?asby + wasbs ;
(ab) (agbs, agby, a1by);

(ab)

ab 32 = (a3bz,alb3,azb1),

(2.1)

(2.2)

(2.3)
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(Vz'ali)L Lr | lr | l3r | N; d; = ( ;r>¢?) n= (77+>770)
Ay 3 1 1 | 1” 3 3 1
LN 1 1 1 1 0 0 -1

Table 2.2: Flavor assignments of the particle content of the model. The second row labeled

as LN corresponds to the lepton number.

where a = (CLl,CLQ,CL3) and b = (bl,bg,bg).

The decomposition property of the product is given by:

3x3=1+1+1"+3+3. (2.5)

The relations in Egs. (2.2) and (2.4) are often used to write the A, invariants terms in the

Lagrangian in matrix form in a specific basis.

2.2 A model with degenerate neutrino masses

As starting point we will review a previous A, model without supersymmetry, from Ref [73],
with the particle content in table 2.2.

The SM leptons, SU(2) singlets and doublets, have been assigned to the three A, singlets
and triplet representations. As we will see later on, this will provide a particular structure
for the charged leptons. From table 2.2 we can see that, in addition to the SM leptons,
three right-handed singlet fermions N;r and four Higgs doublets, ®; and 7, were added, with
1=1,2,3.

With the field assignments in table 2.2, the Lagrangian with the invariant terms is given

by [73]:
%MNZ?R + FNir(virn® — Lizn™) + hie(vi, 1) L@y + hec., (2.6)
where the first term is a Majorana fermion mass while the second one, after ) takes a vev, is
a Dirac neutrino mass term. The third term in Eq. (2.6), after Higgs vevs, will produce the

charged lepton masses.
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The structure for the charged-lepton mass matrix is dictated by the A4 symmetry due to
the assignment in table 2.2, which then will fix the structure of the diagonalization matrix
and finally the neutrino mixing matrix structure. In order to elucidate these structures, first
for charged leptons, we notice that the right-handed leptons are singlets of A4. Then from
Eq. (2.2), in order to have an invariant term under Ay, the product of triplet should produce
the corresponding singlet using Eq. (2.4). The charged-lepton mass term can be written

symbolically as:
hy(3x3), x1+hy(3x3), x1' +hs(3x3),, x1"

Since in the triplet products in Eq. (2.4) are not mixing terms of the form a;b; = 0, then

it is useful to define the following diagonal matrices [73]:

1 0 O 1 0 O 1 0 0
hisk=h1 |0 1 01|, hiw=ha| 0 w 0 |, hisek=hs| 0 w2 0. (27)
0 0 1 0 0 w? 0 0 w

We can rearrange the charged lepton mass matrix as :

Lir (hiso)lir = Lin (hiiv) g = Lz (Ml>ij lir (2.8)
where (@) = vi. Finally, the charged-lepton mass matrix is given by:

hyvy hovy havy
Ml = hl’UQ hngg h3w2U2 . (29)

h1U3 h2w2v3 ]’L3(,UU3

The minimization of the Higgs potential requires the condition:
V] =V =7V3 = V.
The charged lepton mass matrix in Eq. (2.9) can be written as:
M, = Uy - diag{V/3hv}, (2.10)

and the matrices that diagonalize the charged-lepton matrix Uz M, Ugr = diag{m;} are, by

inspection, given by:
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1 1 1 1 0 0
1
UL:% 1 w w? |, Ur=10 1 0. (2.11)
1 W w 0 0 1

We can then rotate the left-handed fields in the Lagrangian in Eq. (2.6) by Uy, leading to
the basis were charged-leptons are diagonal, and where the Majorana mass matrix in the basis

(v, N) is then given by [73]:

0 Ul fu
M) = wfu ) (2.12)
Uifu M
Finally, from block diagonalization, the effective 3 x 3 mass matrix for neutrinos has the form

[73]:

2,,2 2,,2 1 O 0
MVZ%UEUL:% 00 1]-: (2.13)
01 0

This matrix has degenerate eigenvalues, and therefore it does not properly describe the current
neutrino phenomenology, where we have two squared mass differences, solar and atmospheric.
In addition, the matrix has a yu — 7 symmetry what will produce a zero value for the reactor

mixing angle, in disagreement with current data.

In the next section we will introduce a model that preserves some features of the model
explained in this section, but solves the problem of the degenerate neutrino masses. Finally

we will confront the second problem of generating a non-zero reactor mixing angle.

2.3 Babu Ma and Valle (BMV) Model

The BMV model [66] is the improved version of the model described in section 2.2. The main

changes with respect to the previous model are the following:
e A, is broken at very high scale.

e Supersymmetry is added with explicit soft-breaking terms which also break A,. At the

electroweak scale the model is then a specific version of the Minimal Supersymmetric

SM (MSSM).
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A T ~C AC AC ~C AC AC ~C AC AC i

Q | L | ag,ds,éf | us,ds,e5 | ug,ds, e5 | ¢12
A4 3 3 1 1/ 1// 1
Zs| 111 w? w? w? 1

Table 2.3: Flavor assignments of the MSSM fields, with w = exp i27/3.

U|U|D|D|E|E°|Ne|x
A 313133 |3[3|3]3
Zy|1| 111|111 |w

Table 2.4: Mirror quark, lepton and Higgs superfield assignments, with w = expi2m/3.

The particle content of the model is collected in Tables 2.3 and 2.4. The model implements

an A, flavor symmetry within a supersymmetric context. The usual quark CAQZ = (1, ciz) lepton

~

L; = (¥, €é;), and Higgs ¢; fields transform under A, as given in table 2.3. In addition, the
heavy quark, lepton, and Higgs superfields indicated in table 2.4 are added. These are all
SU(2) singlets. The superpotential of the BMV model is then given by:

W = MyU;Uf + fuQiUf b2 + his Ui X
+ MpD;D{ + f4Qi Do + hi Didsx
+ MpEES + foLiEfy + h$ Bié (2.14)
- %MNNfo + fNLiNEd2 + pdr oo

| N
+ 5 MXiXi + hnXaXexs
The scalar potential involving ; is given by:
V = [Myx1 + hyxaxs|? + [Myxs + hyxsxa” + [Myxs + hyaxal, (2.15)
which has the supersymmetric solution (V' = 0)

(x1) = (x2) = (xa) = u . (2.16)

We assume that the A, flavor symmetry is broken softly at some high scale [66].
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The Dirac mass matrix linking (e;, E;) to (ef, Ef) can be written as:

0 0 0 fevr 0O 0
0 0 0 0 fer O
0 0 0 0 0  feu 0 X/
Mg = = : (2.17)
hiuw  h§u hiw Mg 0 0 X, Y1

h¢uw hSuw hfuw? 0 Mg 0

h¢u h§uw? hfuw 0 0 Mg

where v; = (¢?) !, with similar forms also for the corresponding quark mass matrices. Notice
that the structure of the lower left block of matrix in Eq. (2.17) is the same that the one for
the charged leptons in the non supersymmetric model (see Eq. (2.10)).

In order to find the charged-lepton left mixing matrix we have to diagonalize the following

matrix:
_XI XDt XLyt
MeE(MeE)T: 1( 1) 1( )
Y! (X{)T Xo Xy +Y! (YI)T
- (2.18)
| (fem)? T Mg fevi 1
Mg foon I U, (diag{3(h{u)*})US + ME I

Using the procedure described in the appendix C, one finds (using Eq. (C.10)) the reduced

3 x 3 Dirac mass matrix for the charged leptons is diagonalized by the magic matrix U,:

1 1 1
1
Uw:ﬁ 1 w W?|, (2.19)
1 w? w

which is exactly the Uy, matrix in Eq. (2.11). For future reference, the S matrix is given by:

iS~ XY (XT(XDT = Xy X, = YT (v

(2.20)
=U, diag{_ME fevl[(fevl>2 - 3(hfu)2 - MLQT]_I} Ujj :
For fou; < h; u < Mg the charged lepton masses are given by:
2,2 RE 24,2
~ 2 ~ Sfevl 7 U (221)

T M T+ 3(heu)2 MG

THere ¢1,2 are the usual two Higgs fields of supersymmetry.
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Turning to the neutral sector, the Majorana mass matrix in the basis (v;, Nf) and in the

basis where charged leptons are diagonal, is given by:

0 v9 Uy,
MVN = fN ’ ) (222)

fvoa UL My

where vy = (#9). Hence, the reduced light neutrino mass matrix after the seesaw becomes:

1 00
_f]%fvg Trr _ 0
M, = U,U,=mg |0 0 1| =moA"”, (2.23)
My
010

leading to degenerate neutrino masses at this stage, as it was the case in the non-supersymmet-
ric model (see Eq. (2.13)). However, because the BMV model is supersymmetric, Eq. (2.23)
is corrected by the wave function renormalizations of v;, as well as the corresponding vertex

renormalizations [66].

The structure of the one-loop corrections to the Majorana neutrino mass matrix can be
written as [70]:

A=X05+ (5T, (2.24)

where the matrix with the one-loop corrections 4 is a general hermitian matrix.

Given the structure of the );; elements at high scale (Eq. (2.23)), their expressions at low

scale is fixed to first order as:

1+ 2686 6eu + 637’ 56/1, + 667’
)\ = 5eu + 5@7 25;” 1 + 6uu + 57'7' ) (225)
Oepp 4 Oer 1+ 8+ 0,7 26,7

where all parameters are assumed to be real [66]. Rewriting Eq. (2.23) with 6 = d,,, + 6,7 —
20,7, 0 = 20,7, 0' = 0¢e — Opu/2 — 0+7/2 and §" = b, + der One has

1+ 69+ 20 + 20 0" 0"
5" 5 148+ (2.26)
o 1+60+0 0
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so that the eigenvectors and eigenvalues can be determined exactly. The effective neutrino
mixing matrix is given by
cosf —sinf 0
Uy(0) = |sinf/v/2 cos/vV2 —1//2], (2.27)
sinf/v2 cosf/vV/2 1/v2

while the three light neutrino mass eigenvalues are:

A =140 +20+0 —V52+25"2,

Ay =140 +26+0 + V52 +25"2 (2.28)

A3 =—1—-14,
so that one finds the BMV model predictions for the neutrino mixing angles, given by:

5//2
32 4§12 — (ym ’

sin2 013 =0 ,

tan2 612 =

(2.29)

tan® 6y = 1 = maximal .
For the remaining oscillation parameters, namely the mass squared differences, assuming

0',8" <« 4, one has

Am3, ~ 4V 52 + 25"2m?
(2.30)

Am3, ~ Am3, ~ 46 m] .
One sees that the mixing matrix in the neutrino sector in Eq. (2.29) has just one free parameter,
#, which corresponds to the unpredicted solar mixing angle, 615. The plot in Fig. 2.1 shows
the solar mixing angle as a function of the loop corrections given by Eq. (2.29). The measured

range for the solar mixing angle constrains the rate 6"/’

We now assume that radiative corrections lift the neutrino mass degeneracy, as required by
the solar neutrino oscillation data. Using the solar angle in Eq. (2.29) and the squared mass
differences in Eq. (2.30), one can estimate the size of some of the wave function and vertex

corrections required in order to fit the observed oscillation parameters. One finds the following

relations

i _ 5Am%l 1
Am2, \ 2 sin?0 — 1

7 ) ~ 92.96 &,
10”| 1 1 2

=4 =z|l=—] —1| =183
|07 2 [\ 2sin?0 —1 ’

(2.31)
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1.0

0.8

5 /6

Figure 2.1: Solar mixing angle in the BMV model from Eq. (2.29). The horizontal band

represents the solar mixing angle range at 30 of C.L.

where £ = 1(—1) corresponds to the case of §' > 0(¢’ < 0). In order to fit the neutrino
oscillation data, the threshold parameter ¢’ must be of the same order as ¢’ and also ¢, §"/ < 4.
With ¢’ < 0 and |§”/d’| = 1.8, the predicted neutrino mixing pattern is indeed consistent with

the oscillation data before the latest T2K, Daya Bay and RENO results for 6;3.

2.4 Modifying the BMV model

The main goal of this work is to accommodate the current neutrino data [1] within a minimally
extended Ay-based BMV scenario. In general, the effective mixing in the leptonic sector is
given by:

K =U,(0), (2.32)

where we have gone to the basis where the charged leptons are diagonal, by rotating with the
magic matrix U,. The idea is now to generate modifications of the mixing in the leptonic

sector, U/ = U, Us, in such a way that the modified lepton mixing matrix is given by
K' =UlU,0). (2.33)

Here Us denotes a correction which may yield a nonvanishing 615 while keeping good predictions

for the other neutrino oscillation parameters, in particular, the atmospheric mixing angle 5.
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2.4.1 Charged lepton corrections to lepton mixing

As a first attempt we relax the condition we used to obtain the charged-lepton masses in
Eq. (2.21), by allowing the scale Mg (see Eq. (2.17)) to lie at the TeV scale 2. This results in
unitarity violation corrections to the lepton mixing matrix. With My in Eq. (2.17) at the TeV
scale, one must take into account not only the first order terms in the block diagonalization
of the charged lepton mass matrix as in Eq. (2.21) but also the next-to-leading (NLO) order
effects.
In order to calculate the NLO terms, one expands the exponential, as in Eq. (C.5) in the
appendix, in a power series in S. The NLO terms are combinations of the identity and
products of S ST and S (see appendix C). Given the structure of the S matrix in Eq. (2.20) it
is clear that even if we go to higher orders in the expansion, the effective charged lepton mass
will always be diagonalized by the magic matrix U,. In other words: Us = 1.

The origin of the structure of the S matrix in Eq. (2.20) comes from the fact that in the
BMV model, the matrices in the upper right corner and the lower right corner in Eq. (2.17)

are proportional to the identity:

1 1

~ -XI(yhHt (—Xz X, —Y! (YI)T)_ g
(2.34)

P8~ — X1y (XI(XD)T = Xy Xy — YT (YD)

as defined with the superindex in Eq. (2.17). In particular, in the perturbative regime, the
charged-lepton mixing matrix conserves its structure because the Y/ ~ I. This fact suggests
that an additional term in the superpotential in Eq. (2.14) proportional to EiEf might modify
the charged-lepton mixing matrix. The net effect is that, even allowing for unitarity violation
in the charged sector, the structure of the lepton mixing matrix is unchanged. Somehow, a

remnant symmetry of A, leads to 63 = 0.

2.4.2 Minimal flavon extension of the original A, model

In order to break the unwanted remnant symmetry present in the charged-lepton sector of
the model, we now add a scalar singlet flavon field { to the superpotential in Eq. (2.14).

The flavon scalar field ¢ transforms as 1’ under the A, flavor symmetry, leading to a new

2This would lead to the existence of flavor-changing neutral currents at the tree level. These would induce

sizeable lepton flavor violating processes.
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superpotential term of the form:

C(EE)w (2.35)

where we will parametrize the flavon scale as (() = 8 Mg. This results in a new mass matrix

for the lower right corner of Eq. (2.17) that now has the structure:
Y! = Yp = Mg x I + BMg x diag{1,w,w?}, (2.36)

modifying the S matrix in Eq. (2.34). The corresponding charged lepton matrix in Eq. (2.18)

is now given by

2 T
M.p(M.g)! = Uew)™] Jeor ¥ , (2.37)

fonr Yp Uy (Diag{3(h¢u)*))U} + YpY})
where Y}, is no longer diagonalized by the magic matrix. This changes the structure of the S

matrix in Eq. (2.20) and breaks the unwanted remnant symmetry which leads to 613 = 0. As

a consequence, one obtains a corrected matrix US that leads to a Us matrix of the form
U, =U,Us, (2.38)

from which the effective lepton mixing matrix in Eq. (2.32) can be calculated. The modified
lepton mixing K’ is a complex non-unitary 3x3 matrix from which one must extract the three
angles and three CP phases that characterize the simplest neutrino mixing parameter set.
One finds that, indeed, the proposed flavon extension of the original A4 model scheme can
engender a nonzero value for the reactor mixing angle, as required by the recent neutrino

oscillation data.

2.4.3 Neutrino predictions

Using the modifications to the BMV model explained above (e.g. Eq. (2.37)), we have obtained
quantitative results by the numerical diagonalization of the charged-lepton mixing matrix in
Eq. (2.17) with the modification in Eq. (2.37). The three mixing angles are obtained directly
as:

tan 12 = [K7 ,(0)[/1K7,(0)],

sin 913 = |Ki’3(9)|, (239)

tan Ops = | K5 5(60)|/1K53(0)],
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Figure 2.2: (Left) Correlation between the reactor angle sin”#;3 and the magnitude of the
flavon coupling parameter |3|. (Right) Correlation between atmospheric and reactor angles for
different 3 parameter choices. The broad vertical (horizontal) bands are the current allowed
values for sin?#;3 (sin?fy3) at 30. In both panels the flavon phase ¢s has been varied
continuously in the range —7/2 < ¢g < 7/2. All points in the “triangle” are allowed by the
solar mixing angle 015 at 30 range, but only the green (dark) points are consistent with 6,3
as well. Finally the two thin horizontal bands correspond to the 1o preferred regions in the

global oscillation fit of Ref. [1].

where the 6 parameter has been varied randomly in the range 0 < sin?f# < 1. The scales
f.v1 and Mg have also been varied randomly in the range 1 < f.v; < 10% GeV and 10* <
Mg < 10° GeV, leading to the results presented in Fig. 2.2. As we will see, for such values,

the mixing matrix K’ is well described by a unitary approximation.

As one can see from the left plot of Fig. 2.2, in order to generate a non vanishing reactor
angle 03, the magnitude of the flavon coupling || must be nonzero. In principle this result
is independent of the phase ¢g. On the other hand, from the right panel of Fig. 2.2, one sees
how the new coupling engenders not only a nonzero 6,3 value, but also a restricted range for
the atmospheric angle 6,3. If one takes at face value the hints for non-maximal 03 at 1o
which follow from global oscillation fits [1] then one finds that the allowed regions for fa3 in
each octant would be very narrow indeed. However, currently maximal atmospheric mixing

remains perfectly consistent [38]. As one sees in Fig. 2.3, for maximal atmospheric mixing,
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Figure 2.3: Correlation between the magnitude of the CP violation invariant Jop and the
two mixing angles, 613 and 63, in left and right panels, respectively. Discrete set of phase
values have been used in the range —m/2 < ¢ < 7/2 in steps of /6. Random points in pink
are compatible with the current 30 range of the solar angle 615, but only the green points are

compatible with the 6,35 and 53 range at 3 0.

the flavon phase must have a non zero value, as seen in the right panel of Fig. 2.3. Note that
the allowed region is modulated by the value of the 3 phase, ¢3. In other words, as one varies
the value of the phase in —7/2 < ¢3 < 7/2, one sweeps the triangle—shaped region indicated
in the right panel of Fig. 2.2. One finds a linear correlation between the “opening angle” of the
triangle and the magnitude of the continuous phase angle ¢3. Intermediate ¢3 values cover
the indicated shaded sub-region of the vertical strip. While all current neutrino mixing angles,
including the reactor angle #;3, are consistent with a real flavon coupling, allowing the latter
to be complex results in a determination of the octant for #53 as shown in the right panel
of Fig. 2.3. A measurement of the CP violating phase would imply a determination of the
octant, or vice versa. Again, continuous phase values in between the extremes lead to the
half-moon-like region indicated in the right panel in Fig. 2.3.

In other to further clarify the issue of leptonic CP violation within this model, we now turn
to the Dirac phase dcp associated to CP violation in neutrino oscillations. Rather than trying

to extract this phase directly, we have calculated the associated Jarlskog parameter Jop

Jop = T{K} | K 3K K, }, (2.40)



74 Analytical understanding

which is invariant under any conceivable phase redefinitions. Our numerical result is shown in
Fig. 2.3, in which we have evaluated Eq. (2.40) for discrete values of the phase in —7/2 <
¢p < m/2 in steps of /6. One can see that, for |3| > 0, the invariant Jeop is non zero
in correlation with the non zero value of the phase ¢3. By allowing the flavon coupling 3
to be complex one not only introduces CP violation in neutrino oscillations, but also selects
the allowed octant of the atmospheric mixing angle 53 in correspondence with the assumed
values of the phase ¢g, which is clearly seen from right panel of Fig. 2.3. This constitutes
an important prediction of the model which may be tested in the future neutrino oscillation
experiments. In contrast, the Majorana phases can hardly be probed within this model since
the mass spectrum is almost degenerate, so that there can never be an important destructive
interference between different Ov53 amplitudes. As a result, the O35 decay rate is expected

to be large and should be probed in current and future experiments.

2.5 Analytical understanding

In order to gain a better understanding of the proposed scheme, we now turn to an analytic
approach. We have fixed the My scale to be 10 times bigger than the TeV scale and we
have obtained the correlations already displayed in Fig. 2.2. The result in the left panel
suggests a simple theoretical relation. Indeed, assuming K’ to be nearly unitary, we are within
a perturbative limit where we can solve the problem analytically, by diagonalizing the effective
charged lepton mass matrix at the leading order and keeping only the terms until second order

in |3]. This way we find a simple approximate result for the reactor angle given as

in? Oy — [ g2 2R HE + 2001 — 20 B+ 1 b — 203 (3 — ) (b} — ) cos 2
K 2172 — 13)(h2 — IR

(2.41)
in terms of the Yukawa parameters h; that determine the charged lepton masses through
Eq. (2.21). In this way one can explain analytically the right panel of Fig. 2.2 and conclude

that sin ;3 can be non vanishing even if the value of the 3 phase is zero. In a completely
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Figure 2.4: Numerical predictions for the reactor and atmospheric mixing parameters 63
and 63 in terms of 3 and its phase ¢p varied in steps of 7/6. Approximate results are also
given. Numerical results are in pink while analytical ones are in black. There is rather good
agreement within the currently allowed 30 range of the neutrino mixing angles: 615, 13 and 023
indicated by the blue bands. Notice that the negative values of the flavon phase corresponds

to the same correlation, which is more clear from Eqs. (2.41),(2.42).

analogous procedure, we have also obtained an approximate relation for the atmospheric angle:

1 h2
sin? foz = — + |5‘

s Ccos ¢

2 (= h8+2h6h2+h4h4)( h2)+2h2(h2h6 b hd)
o (7~ R ~ T3 — 3) (242)
+|B|22h§(h2 h3)(hi )[h2(h2+h2)—2h2h2]cos2¢ﬁ
102 —2) (8 — PR B)

Numerically we have checked that the expansions in || leading to the expressions in Eq. (2.41)
and Eq. (2.42) reproduce very well the numerical results for the correlations such as, for in-
stance, those given by the curve in the left panel of Fig. 2.2 within the current allowed range
indicated by global neutrino oscillation fits and summarized by the blue bands displayed in
Fig. 2.4. As we have already noted, for special values of ¢ the octant of 03 gets determined

as shown in Fig. 2.2 and Fig. 2.4.

Before concluding let us make one last comment on the size of the corrections in the

neutrino sector. Within the revamped BMV model we have now introduced, the mixing
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predictions have been recalculated while the squared mass splittings are given by Eq. (2.30).
As we have already mentioned, the free parameter # in the mixing corresponds to the solar
angle 0,5 for a given value of the underlying radiative corrections. In the modified BMV
model, the correspondence between the free parameter and the solar angle, as a function of
the radiative corrections from the soft symmetry breaking sector, is no longer the same as in
the original flavon-less BMV model in Eq. (2.29). In any case, we can use the freedom in the

radiative corrections to fit the solar mixing angle value within the current allowed range.



CHAPTER 3

Neutrino mass and low energy observables

One of the biggest challenges in particle physics is to unravel the nature of the dimension five
operator [74]:

Odim=s5 = %LLHH, (3.1)
which is responsible for generating the observed pattern of neutrino masses. Within the see-
saw mechanism [75-78] this operator arises from the tree-level exchange of heavy messenger
particles. For example, in the so-called type-l see-saw these messengers are three SU(3), ®
SU(2)r, ® U(1)y singlet right-handed neutrinos, which must be heavy in order to account
for the observed smallness of neutrino masses. Since singlets carry no gauge-anomaly, their
number is theoretically unrestricted. The inverse [79] and the linear [80] see-saw schemes are
both capable of realize the type-I see-saw mechanism at the TeV scale and, as a result, these

schemes open the possibility for novel phenomena such as
1. lepton flavor and/or CP violating processes unsuppressed by neutrino masses [81-84],

2. effectively non-unitary lepton mixing matrix [85—-87] leading to non-standard effects in

neutrino propagation [88-90].

7
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Both features arise from the non-trivial structure of the electroweak currents in see-saw
schemes * [6, 92]. While their expected magnitude is negligible within the standard type-l
see-saw, it can be sizeable in low-scale see-saw mechanisms.

In this chapter we analyze quantitatively the interplay between these two classes of pro-
cesses. More precisely, we define reference parameters describing the typical magnitude of
non-standard neutrino propagation effects and compare them with the constraints which arise
from the searches for lepton flavor violating (LFV) processes [93-95]. For definiteness we fo-
cus on two simple realizations of the low-scale see-saw, namely the inverse and linear see-saw
schemes. Non-unitarity effects may also arise from the charged lepton sector [96], leading also
to lepton flavor violation. We find that unitarity violation effects in neutrino propagation at
the percent level are consistent with the current bounds from lepton flavor violation searches.
Therefore, their search at upcoming neutrino oscillation facilities [97] opens a window of op-
portunity to probe for new effects beyond the standard model.

This chapter is based on Ref. [98], and it is organized as follows: first we introduce some
basic concepts in section 3.1, then we review the type-l see-saw mechanism in section 3.2.1.
The low-scale inverse and linear see-saw realizations are introduced in section 3.3. General
expressions for the lepton mixing unitarity violating parameters in the context of the inverse
and linear see-saw schemes are defined in section 3.4. The link with the analytical expressions
relating LFV decay branching ratios with the non-standard pieces of the general see-saw lepton
mixing matrix is given in section 3.5. In section 3.6 we describe the parameters used in our
numerical analysis, and finally in section 3.7 we present our numerical results, both for normal

and inverse neutrino mass hierarchies.

3.1 Preliminaries

Based on the property that the Lorentz group, SO(3,1), is locally isomorphic to SU(2) x
SU(2), each representation of SU(2) can be labeled by ‘spin’. Thus, the Lorentz group can be
labeled by (a,b), where a,b=1/2,1,3/2,... [99, 100]. The simplest fermion representation,

(1/2,0) corresponds to a Weyl spinor x. We can construct a Lorentz invariant mass term for

1They are generic in electroweak gauge models that mix fermions of different isospin in the weak cur-

rents [91].
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the Weyl spinor:

1
L= 5M(XT ioy X + h.c.) (3.2)

with the Pauli matrices 0;. To show the invariance of the mass term in Eq. (3.2), we apply a

0

Lorentz transformation 7 = e 27 over the spinor y and recalculate the mass term:

xFiogx = X T ioa Tx ,
Expanding the indexes in the last expression we can show that:
Tlioy T =ioy

where det7 = 1 has been used. Therefore, the mass term in Eq. (3.2) is Lorentz invariant.
Finally, we want to apply a unitary transformation U over the Weyl spinor. This transformation
represents another symmetry different from Lorentz, under which the mass term in Eq. (3.2)
will transform as:

Y ioy x = XU ioy Ux = xTioa UTUx . (3.3)
This term is invariant provided that U7U = 1, which implies that U is real. Then we have
shown that x cannot carry a global or local U(1) charge (it cannot transform under a complex
or pseudoreal representation [99, 100]). Therefore, the x spinor can not represent an electri-
cally charged fermion. In the case of neutrinos, the Majorana mass term in Eq. (3.2) is allowed

but it necessarily violates lepton number.

In the case of the Dirac mass term:

L=—myn), (3.4)

where ) corresponds to the Dirac spinor, we can write the four-component Dirac spinor in

terms of two Weyl spinors x, ¢ as [6]:

o= * 1. (3.5)

109"
Defining the Dirac gamma matrices in the Weyl basis:

01 A 0 o -1 0
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we can write the Dirac mass term as:
L= m(ﬁT iUQX_XT i09 E"), (3.7)

where the definition 1) = ¥7° was used.

Using a single Weyl spinor, we can write the Majorana four-component spinor as:

Yu = X , (3.8)
X

implying somehow that Weyl spinors are the most economical way to describe the neutrino

masses.

The charged conjugation operator in the Weyl representation of the Dirac matrices is given
by:
C = , (3.9)
0 7:0'2

what allows us to define the conjugate Dirac spinor as:

Y° = Cyly* = : : (3.10)

*

€X

Comparing the right hand side of Eq. (3.10) with Eq. (3.5) we can notice that the charged
conjugation operator interchanges the two Weyl components. In the case of the Majorana
four-component spinor in Eq. (3.8) we can notice that ¢, = vy, what is known as the
Majorana condition [100].

For future reference, it is useful to write the Majorana mass term in Eq. (3.2) in terms of
the usual Dirac spinor ¢. To obtain the two separate Weyl spinor components we can use the

chiral projection operators Pr, p = (1 F +°)/2 such that:

Prp =+ = i; . (3.11)

Thus we can finally write:

L= —%mw{cm + h.c.). (3.12)
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It is also useful to write the Dirac Lagrangian for a free-particle:
L = (iv"0, —m), (3.13)

using the two component spinors. Because the mass term was already introduced in Eq. (3.7),

we can write the kinetic part as:
1ot0 0 X (1o2o) 0 0
(o) | ™" o —emim) [T " .
0 00, 0 0  i0"0,] \io£*
= x"ic"9,x — €' (ion)(i0") (i02) D"
= x"ic"0,x + 1ig"0,¢ .

Here we used the Peskin notation: ¢ = (1,5), " = (1,—3&). In the last expression, the
properties of the o; matrices and some spinor algebra [101] were used. Finally, the Dirac

free-particle Lagrangian in two component notation is given by:
L = x'i"0,x + £1ic"0,& — m(x'ioat* +h.c). (3.14)
After a unitary change of variables [6]:

X = ——=(p2 +ip1),

H<||H
(\&}

E=—=(p2—ip1),

N

the Dirac Lagrangian gets separated in two pieces:

L= 22: [plic’r“@upa — (%pfi@pa + h.c)] : (3.15)

what allow us to identify a Dirac particle as a sum of two Majorana particles with the same

mass.

3.2 Neutrino mass in the Electroweak theory

In order to generate neutrino masses, a summary of possible modifications of the SM are

[6, 102]:

e Higgs sector extension.
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e lepton sector extension.

e both Higgs and lepton sector extensions.

Nowadays, extensions with singlet fermions under the SM gauge group are known as type-I
see-saw, while extensions with a Higgs triplet are known as type-ll see-saw. Another popular

extension with lepton triplets is possible and it is known as type-lll see-saw [103] (see below).

Here we will mainly focus on the popular type-l see-saw and, as mentioned before we are
mainly interested in the low-scale see-saw mechanism as a generalization of this scheme. This
will require a SM extension adding extra singlet fermions. With the addition of SU(2)-singlet
left-handed 2 spinor fields pr, with hypercharge Y = 0, it is possible to write a Majorana mass

term as:

- thllb pLa C ps+he. (3.16)

a,b
Together with the component of the SM field [, a Dirac mass term can be written through

the Yukawa term [6]:

Z.&abl_a i02¢*0 ﬁzb + h.c. (317)
a,b

Here, ¢ corresponds to the SM Higgs field. A general theory of massive neutrinos should
consider the presence of both terms in Eq. (3.16) and Eq. (3.17). In this case the resulting
neutrino mass matrix in general is a N x N matrix with N > 3. In the next sections we

analyze the structure of this matrix in the high and low-scale type-l see-saw schemes.

In the case of the type-ll see-saw, it is necessary to add a complex Higgs triplet A with

hypercharge Y = 2. The triplet can be written as:

hH) oK)
h = v2 , (3.18)
V2h® ()

and the Yukawa terms in the weak Lagrangian are given by [6]:

1
_§Zgabl30i02hlb+h.c, (3.19)
a,b

%It is equivalent to add new right handed singlet neutrinos that will generate a Dirac mass term as the
other fermions of the SM and also a Majorana mass term —M/2(y»5Cr) that is exactly the one in Eq. (3.2)

but with the & Weyl spinor.
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where [ corresponds to the SM lepton doublet. After the triplet gets a vev, it will generate
a Majorana mass term of the same kind as in Eq. (3.12). The new triplet & will modify the
SM gauge boson masses and therefore the p parameter. Some conditions should be fulfilled
by the Higgs triplet, in particular:

(@0

RLON —

(3.20)

that comes from the minimization of the scalar potential [104]. Thus, neutrino masses are
proportional to the Higgs triplet vev (h(”’)) and are small if the Higgs triplet mass is high

enough, which implies a new large scale in the scalar sector [104].

Finally, in the type-lll see-saw a SU(2) triplet fermion T with hypercharge ¥ = 0 is

introduced. We can write the Yukawa interaction as [105]:
AL(Tp) = yp 1T Coy G - Tpdp+ MyTw C T, (3.21)

where the first term is a Dirac mass term, equivalent to the one in Eq. (3.17). For simplicity,
Eq. (3.21) has neither family indexes nor index counting the number of triplets [105]. After

the Electroweak Symmetry Breaking (EWSB) the neutrino masses are given by:
1
m, ~ —yh——yrv°. (3.22)

As we will see for the type-l see-saw case, here the neutrino masses are also small due to the

large M.

Along this chapter we will focus on the Type-| see-saw and its generalized low scale versions

such as the inverse [79] and linear see-saw [80, 106].

3.2.1 The standard type-l see-saw

In general see-saw schemes the neutrino mass matrix M, can be decomposed in sub-blocks
involving the standard as well as singlet neutrinos as follows [6]:
M, Mp

M, = , (3.23)
ML M,
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in the basis v, v°, where the blocks M, = M}, and M, = Mp are symmetric matrices. The
M block corresponds to the Majorana mass from the Yukawa term in the Lagrangian that
describes the Higgs triplet interaction with the SM neutrinos in Eq. (3.19). The M, block
corresponds to the Majorana mass in Eq. (3.16) while the M block is the Dirac mass from

the usual Yukawa interaction between the SM Higgs and the extra states in Eq. (3.17).

Though the number of singlets is arbitrary, here we take an equal number of SU(2) doublets
and singlets, and consider the simplest type-| see-saw, where no Higgs triplet is present, so the
upper left sub-matrix is M; = 0 in Eq. (3.23) [6] . Neutrino masses arise by diagonalizing
the matrix of Eq. (3.23),

diag{m;} = U" M, U = real, diagonal , (3.24)

through the transformation U connecting the weak states to the light and heavy mass eigen-
states. We adopt a polar decomposition for U as it is shown in appendix C. In the diagonal-
ization of the neutrino mass matrix in Eq. (3.23) we find that the S matrix in Eq. (C.7) is
given by:

iS* = —Mp Mz (3.25)

so that, we determine U in Eq. (C.4) as:

T —LInr (Mt Mzt Vi M5 (M) LV
~My' MEV; (1 = 3My" ME M, (Mp)™) Vs
(3.26)
leading to the effective light neutrino mass matrix in Eq. (C.9), here given by:
m, ~ —MpMz' M} . (3.27)

This is the so called type-l see-saw mechanism. The smallness of neutrino masses follows

naturally from the heaviness of the SU(2), singlet neutrino states v.

3.3 Low scale see-saw mechanism

Most see-saw descriptions assume equal number of doublets and singlets, n = m = 3. How-

ever, since singlets carry no gauge-anomaly, their number is arbitrary [6, 92]. In this chapter

3In this case light neutrinos get mass only as a result of the exchange of heavy gauge singlet fermions.
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we will consider not only the case (n,m) = (3,3) just described, but also the inverse and

linear see-saw schemes, which belong to the (3,6) class, see below.

3.3.1 Lepton number conserving case

In order to present the link between neutrino masses and the lepton number symmetry, we
will introduce a toy model without reference to any gauge group [107]. It introduces three
left-handed neutral fermions v, Ny, S, (with their right handed antiparticles) and two scalars

¢ and . The Yukawa couplings are given by:
L= aﬁLNR¢+bNRSLX+h.C. (3.28)

Assuming that one of the three global U(1) symmetries, corresponding to the lepton number,

is unbroken after the two scalars develop a vev, the mass matrix can be written as [107]:

0 af{$) 0
a(@) 0 b(x) |- (3:29)
0 bo{x) 0

in the Majorana form. After the matrix diagonalization we get:

m1:0

(3.30)
Moz = £4/02(x)2 + a(¢)? .

In the left-right symmetric model SU(2);, x SU(2)r x U(1)p_r, we can identify (x) with the
breaking scale of SU(2)g, which is typically assumed to be (x) > (¢). In this toy model,
from Eq. (3.30), we have found that the left-handed neutrino is massless and we have two
Majorana states with a degenerate mass corresponding to one Dirac neutrino. Neutrinos are
massless because we have imposed the conservation of lepton number.

The scheme shown here can be realized within a SO(10) framework [107]. From the phe-
nomenological point view, for the neutrino masses we just need to replace a(¢) by mp and
b(x) by M, representing mass matrices where the equivalent of Eq. (3.30) is given by:

mp =20

(3.31)

Mgy = & {% (MY~ TT] 41 (M + MT)} |
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Here we have three massless Weyl neutrinos while the other six neutral two component leptons
combine exactly into three heavy Dirac fermions [108]. The T.T notation in Eq. (3.31) means
transposed term. An interesting feature of this scheme is that neutrino masses are zero due to
a symmetry. In what follows we will exploit further this idea but within realistic models. We
will produce viable low—scale alternatives to the usual type—| see-saw mechanism by breaking

the lepton number symmetry conserved in the example above.

3.3.2 Inverse see-saw mechanism

As an alternative to the simplest SU(3). ® SU(2), ® U(1)y type-l see-saw model, it has long
been proposed extending the see-saw lepton content from (3,3) to (3,6), by adding three
extra SU(2) singlets [79] #, S;, charged under the U(1), global lepton number in the same
way as the doublet neutrinos v;, i.e. L = +1. After EWSB one gets the following neutrino

mass matrix

0 Mp O
M,=1 M) o M |, (3.32)
0 MT pu

in the basis (v, v°, S), where the three vf have L = —1. Note that U(1), is broken only by
the nonzero 4;;5;S; mass terms. Generalizing the perturbative expansion method in Ref. [92],
already used in section 3.2.1, one finds that the mass matrix in Eq. (3.32) can be block

diagonalized as

U - M, -U = block diag (3.33)

4For simplicity we add the isosinglet pairs sequentially, though two pairs would suffice to account for

neutrino oscillations.
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with
I 0 0 I-1s8f 0o S
~ 1 1
Ur |0 F5T -1 | x 0 I 0
0 &I I iS] 0 I-1s7s
I-1s,80 S 0
X iSt  I-185s, 0 |, (3.34)
0 0 I
I iSy S

~id (s}si) L1 L1 [0,

1 T T 1 1

Q

where S7 and S, are 3 X 3 matrices. In the limit 4 — 0 we have S; = Sy = 5 with

iS* = —%m[) (MT) ™ ~e (3.35)

With this diagonalization matrix the light neutrino mass obtained from type-l see-saw is
m, ~ MpM™ " uM~MP. (3.36)

Note that, in the limit ;4 — 0, the lepton number symmetry is recovered, making the three
light neutrinos strictly massless. Thus, the smallness of neutrino masses follows in a natural
way, in the 't Hooft sense [109], as it is protected by U(1),. For completeness, the heavy

masses are given by:

Mg = %u + {% [mpmp, (MY ™'+ T.T] + % (M + MT)} : (3.37)

where we have neglected terms proportional to m,. Notice that we recover the expression
in Eq. (3.31) when  — 0. One sees also that U/ consists of a maximal block rotation,
corresponding to the Dirac nature of the three heavy leptons made-up of v and S in the limit
as it — 0, and two rotations similar to Eq. (C.4) for the minimal type-I see-saw case considered
in the previous section. Note also that the idea behind the so-called inverse see-saw model
can also be realized for other extended gauge groups see for instance Refs. [106, 107, 110].

Moreover, in specific models, the smallness of 1 may be dynamically generated [111].
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3.3.3 Linear see-saw mechanism

An alternative see-saw scheme that can also be realized at low-scale is called linear see-saw,
and it has been suggested as arising from a particular SO(10) unified model [80] (for other
possible constructions see [106, 112]). Once the extended gauge structure breaks down to the

standard SU(3). ® SU(2)r ® U(1)y one gets a mass matrix of the type

0 Mp M
M,=| M5 o M |, (3.38)
MI MT 0

in the same basis (v, v, S) used in Sec. 3.3.2. Although theoretical consistency of the model
requires extra ingredients, such as Higgs scalars to generate the M and M = Mgy entries,
here we consider just the simplest phenomenological scheme defined by the effective mass
matrix in Eq. (3.38), as it suffices to describe the processes we are interested in.

The block-diagonalization proceeds in a similar way as to the inverse see-saw case, in fact,
for sufficiently small values of My M~!, the relations in Eq. (3.34) and Eq. (3.35) are the

same in both schemes. One finds that the effective light neutrino mass is now given by
m, ~ Mp(MpM1)T + (MMM, (3.39)

One sees that, in contrast to the “usual” see-saw relations for the effective light neutrino mass,
Egs. (3.27) and (3.36), the previous expression is linear in the Dirac neutrino Yukawa couplings,
hence the name linear see-saw. Notice also that lepton number, defined as in the previous
model, is broken only by the terms My v .S. As a result one sees that, in the limit My — 0,
the lepton number symmetry is recovered, making the three light neutrinos strictly massless.
Again, as in the previous case, the smallness of neutrino masses follows in a natural way [109],

as it is protected by U(1).

3.4 Unitarity deviation of the lepton mixing matrix

The effective lepton mixing matrix K, characterizing the charged current weak interaction of
mass-eigenstate neutrinos in any type of see-saw model has been fully characterized in Ref. [6].

It can be expressed in rectangular form as:

Lo @%Wyibea%uaL Yhe. (3.40)
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where
Ko =Y _ QUca- (3.41)
c=1

Here, ) is the 3 by 3 unitary matrix that diagonalizes the charged-lepton mass matrix, while
U is the unitary matrix that diagonalizes the (higher-dimensional) neutrino mass matrix char-

acterizing the type-l see-saw mechanism of interest. We may write the K matrix as follows
K= (K., Kg), (3.42)

where K is a 3 by 3 matrix and Ky is a 3 by 6 matrix. While the rows of the K matrix
are unit vectors, since K - KT = I, the blocks K; and Ky are not unitary. For our purposes
we can take the charged lepton mass matrix in its diagonal form ° so that Q2 — 1. From Eq.

(3.26) we obtain:

1
i = (1= JM500) 7 00 ME) Vi,
(3.43)
Ky = (Mj(M*)™") Va.

In order to establish a simple comparison with recent literature we parametrize the deviation

from unitarity as [114]
Kr=(1-nV. (3.44)
Then for the simplest high-scale type-| see-saw, the deviation from unitarity characterizing the

mixing of light neutrinos, is given by:

1 1

n ~ §€*eT 2 5M;_g(M*)—l(M)—lMg. (3.45)

Barring ad hoc fine-tuning, it follows that for this case one expects negligible deviation from
unitarity, namely € ~ 107!° and so n ~ 1072,

From now on we will focus on the low-scale type-l see-saw schemes discussed in Secs 3.3.2

and 3.3.3, inverse and linear see-saw, respectively. Generalizing the above discussion to these

cases one finds

Ky = |1 5 (Mp((MT)) (M) ME) | Vi (3.46)

Hence the parameters characterizing the deviation from unitarity, analogous to Eq. (3.45) are
given by ©,

W o (M (7)) (M) M), (3.47)

5This may be automatic in the presence of suitable discrete flavor symmetries as in [113].
5For a recent study of unitarity violation in see-saw schemes see, for instance, Ref. [114].
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mode upper limit (90% C.L.) year Exp./Lab. Ref.
pt — ety 5.7 x 10713 2013 MEG / PSI [116]
pt —etete 1.0 x 1072 1988 SINDRUM 1| / PSI [117]
pw- Ti— e Ti 6.1 x 10713 1998 SINDRUM 11 / PSI [118]
1~ Au— e~ Au 7x 10713 2006 SINDRUM 11 / PSI [119]
T — ey 3.3x 1078 2009 BABAR/SLAC [120]
T — Wy 4.4 x 1078 2009 BABAR/SLAC [120]
T — 3e 2.7x 1078 2010 BELLE/KEK [121]
T — 3 2.1x10°8 2010 BELLE/KEK [121]

Table 3.1: Present limits on rare 1 and 7 decays. Summary from Ref. [115] and [122].

which holds for both the type-l inverse and linear see-saw mechanisms. These parameters
characterize the corresponding unitarity deviations in the light-active 3 x 3 sub-block of the

lepton mixing matrix.

3.5 Lepton flavor violation

LFV has already been observed in neutrino oscillations but not in any process involving charged
leptons so far. In the SM, family flavor is conserved, and therefore an observation of any
charged LFV process will be a discovery of new physics. The models we consider in this thesis
extend the SM predicting an important enhancement of LFV process and in many cases as
large as the current experimental bounds. There has been an experimental effort in measuring
these LFV processes, leading to a reduction of the allowed parameter space in many models.
The observation of charged LFV processes might also help to discriminate between several

extensions of the SM [115].

Charged LFV transitions between e, i, and 7, can be observed in purely leptonic pro-
cesses, in nuclei transition processes and in the case of the 7 also in semileptonic processes.
As shown in table 3.1, charged LFV processes involving muons have the highest experimental

sensitivities, although 7 decay starts to become competitive as well [115]. From table 3.1
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we can see that the most restrictive processes are the ones from muon decay. Theoretical
calculations of these process are in general model dependent. In type-l see-saw models, the
li — l;y process is radiatively induced by neutrino interchange as shown in Fig. 3.1. In the
case of ;1 — e conversion in nuclei, several diagrams contribute to the process and they can be
classified by photonic and non-photonic. In the context of the inverse see-saw model, LFV pro-
cesses get contributions from penguin photon, Z-exchange and box diagrams [123]. Recently
in the context of the type-l see-saw, i — e conversion has been reviewed [124]. Depending
on the model, the ;1 — 3e process receives contributions only from tree level or from several
penguin contributions from the photon, Z, Higgs bosons and box diagrams. For instance, in
the context of a variation of the type-lll see-saw, a variation of the inverse see-saw model has
been implemented in such a way that the LFV process 1 — 3e occurs at tree level [96]. In
the context of supersymmetry with right-handed neutrinos, the charged LFV processes already

mentioned, have been studied in the seminal paper Ref. [125].

The fact that neutral current couplings of charged leptons are flavor diagonal implies that
the decay processes I; — [;l;l, are suppressed by a factor of aggpp with respect to the
radiative processes, hence they are less restrictive. In the case of the y — e conversion in
nuclei, explicit calculations [123] indicate that, given the nuclear form factors, current p — e
conversion sensitivities are effectively lower than those of the 1 — ey decay. However the
upcoming generation of nuclear conversion experiments aims at a substantial improvement. In

this study of the low scale see-saw we will focus on the radiative leptonic decays.

3.5.1 Radiative leptonic decays

We now turn to the lepton flavor violating processes that would be induced at one loop in
type-| see-saw models, as a result of the mixing of SU(2) doublet neutrinos with singlet neutral
heavy leptons. The latter breaks the Glashow-llliopoulos-Maiani cancellation mechanism [126],
enhancing the rates for the loop-induced lepton flavor violating process illustrated in Fig. 3.1.
The l; — ;v decay process is induced through the exchange of the nine neutral leptons coupled
to the charged leptons in the charged current, namely the three light neutrinos as well as the

six sub-dominantly coupled heavy states [81, 127-130]. The resulting decay branching ratio is
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Figure 3.1: Feynman diagram for . — e~y decay in see-saw models.

given by
oy, mp o1
Br(l; = lyy) = -0 1 |GW 2 3.48
T( j’)/) 25677'2 M[Z/l[/ Fli z]‘ ) ( )
where we use the explicit analytic form of the loop-functions [129],
GV =3 KK .GV <m> ,
7o ks My (3.49)

G (x) = ﬁ(m — 43z + 7872 — 492° + 1823 Inx + 42*)

and it is presented in Fig. 3.2 for the inverse and linear see-saw. The difference between the
two models follows from the different dependence with the lepton number violating parameters
that characterize these two low-energy type-| see-saw realizations. One sees that the branching
ratios may easily exceed the current limits. This reflects an important feature of low-scale see-
saw models, namely, that lepton flavor violation as well as leptonic CP violation proceed even
in the limit of massless neutrinos [81-84] . Unsuppressed by the smallness of neutrino mass,
the expected rates are sizeable. The corresponding radiative LFV decays 7 — ey and 7 — uy

are not as constraining as p — e7.

3.6 Numerical analysis

In order to perform our numerical calculations it is convenient to generalize the Casas-lbarra
parametrization [131] to the inverse and linear type-l see-saw schemes. For simplicity we will

assume real lepton Yukawa couplings and mass entries.
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Figure 3.2: Br(u — e) versus the lepton number violation scale: v, for the inverse see-saw
(left panel), and vy, for the linear see-saw (right panel). In both cases one assumes normal
hierarchy and the parameters are varied as explained in Sec. 3.6. The red (dark) points are
excluded by the current limit from MEGA collaboration [116] while the green (light) points

are compatible with MEGA limit.

3.6.1 Inverse type-l Seesaw

First note that one has always the freedom to go to the basis where the 3 x 3 gauge-singlet
block M is taken diagonal. For real mp matrix elements, we have in total 18 parameters, nine
characterizing mp, three characterizing M, plus six from the p matrix.

The Dirac neutrino mass matrix may be rewritten as

mp = Vi diag(y/ri;) R" (i)™ diag(M]) (3.50)

where V] is (approximately) the mixing matrix determined in oscillation experiments [52] and
m; are the three light neutrino masses. On the other hand, the arbitrary real orthogonal 3 x 3
matrix R and the arbitrary 3 x 3 real matrix M are parameters characterizing the model. This
parametrization for the inverse type-l see-saw is similar to the one given in Ref. [128]. In
order to further reduce the number of degrees of freedom, we will make the “minimal flavor

7

violation hypothesis” * which consists in assuming that flavor is violated only in the “standard”

"This simplifying assumption suffices to illustrate the points made in this chapter. For alternative minimal

flavor violation definitions see Refs. [132-134].
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Dirac Yukawa coupling. Under this simplification the 3 x 3 matrix © must be also diagonal,
reducing the parameter count from a total of 18 down to 15. These include the three light
neutrino masses, and the three neutrino mixing angles contained in V;, together with the nine
model-defining parameters, that may be taken as three parameters from the R matrix, three
from the p matrix, plus three parameters characterizing M.

We have performed a random scan over the 3o allowed region for the lightest mass and
oscillation parameters, the three angles and the three masses in Vi and m;, respectively. For
the scan over oscillation parameters we have used the determinations given in [2], and for the
lightest mass parameter we took the cosmological bound on the sum of the neutrino masses
from [10]. We parametrize the real orthogonal matrix R as a product of three rotations,
marginalizing over the three angles from 0 — 27 values. We have also fixed the upper value of
the Dirac mass matrix to (mp);; < 175 GeV to be consistent with perturbativity of the theory.
The remaining six free parameters, from p and M matrices, are scanned as a perturbation

from the identity matrix in the following way:

i = v (1 +¢€i)
' (3.51)
where |g| ~ 5 x 107!, The parameter vy, setting the M-scale was fixed to 1 TeV, while the

v, scale was scanned in the range (0.1 — 10) eV. The two scales v, )s are consistent with the

observed neutrino masses.

3.6.2 Linear type-l Seesaw

Similarly, for the linear see-saw case we can parametrize the Dirac neutrino mass matrix as

follows,
mp = Vidiag{y/m;} A"diag{/m;} Vi’ (MF) ™" M”, (3.52)

where A has the following general form:

% a b
—a % c |, (3.53)
b —c 1

with a, b, ¢ real numbers. In this case M and M = Mp are general real matrices. One can

always go to a basis where one of them is diagonal, for example M, reducing the total number
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of model parameters to 21. In order to further reduce the number of degrees of freedom, we
make a similar “minimal flavor violation hypothesis” to this scheme too, namely, we choose the
M matrix also to be diagonal, reducing from 21 to 15 parameters. The most general Dirac
mass matrix is parametrized as in Eq. (3.52). Hence we have a model with 15 parameters that
may be taken as three parameters from the A matrix, three from the M matrix, and three
from the matrix M, in addition to the three light neutrino masses and three mixing angles. As
for the inverse type-l see-saw case, we do the scan over the light neutrino mass and oscillation
parameters and the 9 additional free parameters. The main difference in this case with respect
to the inverse, is in the structure of the A matrix in Eq. (3.53). We scan over the A matrix
parameters in the form:

Aij €e(0—1072) . (3.54)

Now we define My;; in analogy to M;; in Eq. (3.51) and we vary vy, in the range (0.01—10) eV.

3.7 Numerical results

Low-scale see-saw schemes lead to sizeable rates for lepton flavor violating processes as well
as to non-standard effects in neutrino propagation associated to non-unitary lepton mixing
matrix. In this section we will quantify the interplay between these, more precisely, between
the branching ratio of Eq. (3.48) in the low-scale type-| see-saw schemes considered here and
the magnitude of the unitarity deviation defined in Eq. (3.45), taking into account Egs. (3.50)
and (3.52) and the requirement of acceptable light neutrino masses. For definiteness we
assume leptonic CP conservation so that all lepton Yukawa couplings and mass entries are
real.

We have computed the branching ratio (Br) for the charged lepton flavor violating radiative
processes using Eq. (3.48), accurate to order O(e?) in the neutrino diagonalizing matrix, and we
have displayed the degree of correlation of these observables with the corresponding unitarity
violating parameters |7;;|. In Fig. 3.3 we show the results for the inverse type-| see-saw scheme
for NH and IH for the process 1 — e7, respectively. As explained in the previous section,
points result from a scan over the light neutrino mass and mixing parameters at 3o, together
with the scan over the 9 free model parameters defined above.

In Fig. 3.4 we show the corresponding results for the 7 — e~y branching ratio in the inverse
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type-l see-saw scheme for NH and IH, respectively. In Fig. 3.5 we show the corresponding
results for the process 7 — py within the inverse type-l see-saw, for NH and IH neutrino
spectra, respectively.

Now we turn to the linear type-l see-saw scheme. In Fig. 3.6 we show our results for the
branching ratio for the process 1t — ey in the linear see-saw for NH and IH, respectively. The
points are obtained through a scan over the neutrino oscillation parameters, as well as the free
model parameters, as already described.

In Fig. 3.7 we show our results for the 7 — ey branching ratio, for the NH and IH case,
respectively. Finally, in Fig. 3.8 we present the corresponding results for the 7 — py process.

These results are summarized in table 3.2. One sees that the magnitude of the non-
unitarity effects in the lepton mixing matrix can reach up to the percent level without any
conflict with the constraints that follow from lepton flavor violation searches in the laboratory.
Given the large - TeV scale - assumed masses of the singlet “right-handed” neutrinos, there are
no direct search constraints [108, 135, 136] on heavy active mixing that can be translated as
a constraints in 7 matrix through the row unitarity of the K matrix. The main factor limiting
the magnitude of non-unitarity effects then comes from the weak universality constraints. As
expected, there is stronger degree of correlation between p1 — ey and 715 than other n's, or
between 7 — ey and 1,3 than others, etc. As a result, in these cases one obtains the strongest

restriction on unitarity violation.

Before closing let us comment on the robustness of our results with respect to the assump-
tions made in Sec. 3.6. As far as the regions obtained in Figs. (3.3)-(3.8) are concerned, we
can state that they remain “allowed” once one departs from our simplifying assumptions. As
expected, we have verified that the regions obtained away from the simplifying assumptions
may allow for somewhat larger values of the LFV parameters n affecting neutrino propaga-
tion. However, on account of weak universality constraints, we prefer to stick to the more

conservative values we have presented in Table 3.2.
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Process w—>ey T — ey T — Wy
Hierarchy NH IH NH IH NH IH
Inf] < | 144 x 1073 1.20x 1073 | 220 x 1072 237 x 1072 | 2.20 x 1072 2.37 x 1072
Infs] < | 113 x 1072 1.23x 1072 | 1.02x 1072 1.02x 1072 | 2.18 x 1072 2.19 x 1072
sl < | 2.02x1072 149x1072 | 483x 1072 3.71x 1072 | 1.17x 1072 1.18 x 1072
Infy| < 1 9.52x107% 727 x107* | 428 x 1072 420 x 1072 | 3.86 x 1072 3.88 x 1072
Infs] < | 317 x 1072 284 x1072 | 1.05x 1072 1.07x 1072 | 4.74 x 1072 4.28 x 1072
k] < | 210 x 1072 2,79 x 1072 | 3.90 x 1072 4.00 x 1072 | 1.14 x 1072 1.11 x 1072
Table 3.2: Limits on unitarity violation parameters from lepton flavor violation searches.

The numbers given in parenthesis correspond to the improvement obtained with the recent

MEG limit on g — e7y. Other entries in the table are unchanged. These limits express the

correlation between lepton non-unitarity and LFV that holds in low-scale see-saw schemes

under a “minimal flavor violation hypothesis” defined in the text.
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Figure 3.3: Branching ratios for the process ;1 — e in type-l inverse see-saw scheme with NH
and IH. We scan over the light neutrino mass and mixing parameters at 3 o, and over the model
parameters, fixing vy, at 1 TeV and varying the v, scale from 1 x 1071% GeV to 1 x 10~® GeV.
The red (dark) points are excluded by the current limit from MEGA collaboration [116] while

the green (light) points are compatible with MEGA limit.
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Figure 3.4: 7 — e branching ratio in the inverse type-l see-saw with NH and IH. The scan

is performed as in Fig. 3.3 and the indicated limit is from the PDG [5].
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Figure 3.5: 7 — pu~y branching ratio in the inverse type-l see-saw with NH and IH. The scan

is performed as in Fig. 3.3 and the indicated limit is from the PDG [5].
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Figure 3.6: Branching for the process ;1 — e in type-l linear see-saw with NH and IH. We
scan over the parameters as in Fig. 3.3. The red (dark) points are excluded by the current
limit from MEGA collaboration [116] while the green (light) points are compatible with MEGA

limit.
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Figure 3.7: 7 — ey branching ratio, in Linear type-l see-saw for NH and IH. Parameters

scanned as in Fig. 3.3 and the indicated limit is from the PDG [5].
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Figure 3.8: 7 — v branching ratio, in Linear type-l see-saw for NH and IH. Parameters

scanned as in Fig. 3.3 and the indicated limit is from the PDG [5].



104 Numerical results




CHAPTER 4

Non-Standard Interactions at Daya Bay

Neutrino oscillation data imply the presence of at least two massive neutrinos to explain the
current values for the atmospheric and solar mass splittings [1]. From the theoretical point
of view, one appealing mechanism to explain the smallness of neutrino masses is the type-I
see-saw. Other realizations of the dimension five operator can produce values for the neutrino
masses consistent with the neutrino phenomenology, namely low scale realizations [79, 106].
New neutrino interactions (NSI) are expected in such SM extensions. The exchange of new

heavy particles could leave a low energy ‘fingerprint’ in the form of NSI.

These new interactions have been studied in the literature in connection with solar and
atmospheric neutrino oscillation. In fact, before the confirmation for the LMA solution for the
solar neutrino problem by SNO and Kamland, NC NSI were suggested as a possible explanation
of the deficit of electron neutrinos coming from the Sun due to an MSW-like effect with

massless neutrinos [88, 137, 138].

In order to study the phenomenological impact of NSI on the neutrino oscillation phe-
nomenology, we consider an effective formalism approach to parametrize the new neutrino

interactions.

105
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V{l l()é V(Y V(Jé

f fr f

Figure 4.1: Effective four fermion interactions in the SM. Left diagram for the CC neutrino
interaction with fermions f. Right diagram for the NC interaction with fermions f. Notice

that the flavor is the same for both interactions.

NSI parametrization

Four—fermion neutrino interactions in the SM are given by the following Lagrangians:

Gr
Loo = 7 (a7 (1 = )] [f7(1 —2°)f] a

ENCZE[Va’Y(l_ ) ][f’Yp(l_ )f],

where the first line accounts for the Charged Current (CC) interaction, while the second one
refers to the Neutral Current (NC) interaction. As we can see from Fig. 4.1, the NC interaction
is flavor diagonal and involves two neutrino fields.

We can generalize the SM Lagrangian in Eq. (4.1) by including new couplings that allow
for a large number of interactions, for instance flavor changing interactions in the NC part.
The following Lagrangian is a generalization of the SM effective Lagrangian where the strength
of the new physics is given by the Fermi constant G’ times the new dimensionaless couplings
e [139]:

s = 9r ZﬁD)”'ViA[ 757" (L =) a] [/7(1 £7°)/]
ff’
Z”’””ﬂ oy’ (1 =7 ][ fro(1 £4°) ] + hec.,

(4.2)

Notice that in Eq. (4.2) we keep the vector and axial Lorentz structure of the SM. In

the NSI Lagrangian in Eq. (4.2) we have parametrized the CC part, in the first line, with the
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superscripts ‘S" and ‘D’ corresponding to source and detection, respectively, indicating the NSI
origin. In the second line, corresponding to the NC part, we have used the superscript ‘m’

that refers to neutrino propagation in matter.

The Lagrangian in Eq. (4.2) has been the starting point for many phenomenological studies.

In particular, several constraints for the NC NSI-like have been studied in Refs. [140-145].

4.1 NSI at reactor experiments

NSI effects may appear at three different stages in a given neutrino experiment, namely neutrino
production, neutrino detection and neutrino propagation from the source to the detector.
In a short—baseline reactor experiment, such as Daya Bay, the NSI effects on the neutrino
propagation in matter will be negligible since it happens mainly in vacuum. Therefore, we
focus on the NSI effect in the production and detection of reactor antineutrinos.

ud

ea’

The NSI couplings relevant for short-baseline reactor neutrino experiments are €%, since
they may have an effect over the production and detection processes of reactor neutrinos,
occurring through beta and inverse-beta decays. Therefore, neglecting the effect in neutrino

propagation, the general Lagrangian in Eq. (4.2) for NSI at 1 km baseline reactors is given by:

Gr ~S(D),f,f'\VEA [ 7
Lyis= 7 Z%é W (767" (1 = )] [Fr (1 £4°) f] - (4.3)
f?f/
In order to simplify the notation, will be use the definition gfb()D) = éfng)’“’d’ViA all along this

chapter.

Definition of the neutrino states

Due to NSI at the neutrino source, in the production of a neutrino state |v,) in a CC weak
process, a ‘new’ state |v,) can appear together with the SM lepton [,. In this example, one

can consider the flavor state |v,) has an ‘extra’ flavor component that we will incorporate into
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the neutrino flavor states, as follows !

Vo) = va) + 2537’Vv>
v

(Val = (sl + Y enslvml
U

Thus, there is a probability to detect a flavor conversion at zero distance, as we will discuss

(4.4)

later on, which comes from the fact that the new flavor basis, defined by Eq. (4.4) is no longer
complete [88]. For the SM flavor states we still have the usual relation for the neutrino mixing

in terms of mass eigenstates:
|Ve) = Z celve) - (4.5)
Analogous relations for antineutrinos can be establlshed from the transposed conjugation of

Eq. (4.4):
72) = 17a) + ) _eilpy)
Y
(T4l = (s + ) _eln(m,
n

Here again, the usual relation for the SM flavor states in terms of mass eigenstates is the

(4.6)

adjoint version of Eq. (4.5) :

= Unkl?). (4.7)

Effective anti-neutrino survival probability

The anti-neutrino transition probability from flavor a to  after traveling a distance L from

the source to the detector is defined as:

Poson = [(Zhlexp (=i H L) |73)|*. (4.8)

Vo

After computing the amplitude and writing the transition probability in the usual real and

imaginary parts of the mixing matrix products, one gets:

| Am2 L
Py _Zygﬁng — 4 R{YZ Y sin® (%)
>k
4.9
2 TV v Amj, L )
s\ g

J>k

INotice that this is an effective definition of the neutrino flavor states in presence of NSI since they are not

normalized states. For more details check the appendix B.3
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where Yofﬁ is defined as:
* s* _dx *
Yﬁ_UﬁjUa]—l—Zs Uﬁwa"‘ZE 5UpiUaj +Z‘€av Enp . (4.10)

To get the antineutrino survival probability one needs to expand the general transition proba-

bility and replace o and [ by e. This probability may be decomposed in the following terms:

Pﬂg—mg = PuSe]\—/{ue + Pn'\éil osc + Po'\sl,c?latm + Postlsolar
Am2, L Am2, L\? Am2, L
b0t et esn (S20) 2 (ShaE) 4 (S52E) | Gy
where the SM survival probability is given by:
Pli]\il/c =1- Sil’l2<2¢913) (C%Q SiIl2 A31 + 5%2 sin2 Agg) - Cils Sin2(2012) Sil’l2 Agl s (412)

with s;; = sin6;;, ¢;; = cosb;; and A;; = Am? L/4E The NSI part of the survival probability
is given by 2:

Proose = 2 (lecclcos g, + [el| cos 82,) + |eel® + el + 2leelel] cos(of, — ¢7.)  (4.13)

€e

+ 2lecellec] cos(¢g. + @) + 2let,llehel cos(0, + de) + 2let.[ler| cos(e2, + 67)

Prdm = 2{s13503 [|e},]sin(6 — ¢F,) — |ef| sin(6 + ¢ih,)]
+  s13C03 [|e2,]sin(0 — ¢2,) — |l | sin(6 + ¢, )]
— smcay (|2, |evel sin(0F, + o7 + |ellepiel sin(62, + @)
— chglel |lerel sin(@2, + o) — shslelllene] sin(¢3, + @)} sin (2431)
— 4 {s13503 [|€2”] cos(d — ¢3,) + |5de| cos(6 + qbde)]
+ s13003 (|5, cos(0 — ¢5,) + |eL.| cos(6 + ¢2,)]
+ sageas [[e2, €| cos(3, + &%) + [eX, |lefie| cos(¢3, + ¢ )]

+ 023|€ ||€ | COS( 27' + gbﬁe) + S§3|€gu||€fw| COS( z,u, + ¢Ze)} Sin2 (A31) (414)

PN e = 25in201500; {—cos(|el,| sings, + |ef, | sin )

4+ s3(|ed | sin g+ |2 | sin ¢? Ot - (4.15)

2| inear coefficients at order ¢ in Eqs. (4.13, 4.14, 4.15) are the same as in reference [139] and there is a

nice agreement between both probabilities.
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We have split the NSI terms, as given in Eq. (4.11), in ‘oscillating’ PN>! and ‘non-oscillating’

osc
PNS! . terms where the former terms depends on the oscillating phase A;; while the latter
are not. In the limit L — 0, the ‘non-oscillating’ term is the only NSI term that contributes
to the total probability in Eq. (4.11). It is worth noticing that since the ‘non-oscillating’
term in Eq. (4.13) might produce positive non-zero values for a given combination of the NSI
parameters, the total probability in Eq. (4.11) can be bigger than one. When the states are
properly normalized, the probability is less or equal to one. However, the normalization of the

states cancels out in the calculation of the number of events and therefore we do not consider

it here.

4.2 Specific settings

The coefficients representing the NSI couplings in Eq. (4.11) for detection (d) and production
(s) are general Hermitian matrices ¢, that can be independent. Antineutrinos in reactors are
produced by beta decay processes and detected via the inverse process. In this case one would

expect the two matrices will satisfy €5, = 4.

We define this as case I. Other possibilities
can also be phenomenologically rich although less motivated physically unless we want to
study some departures from the CPT theorem [146]. For instance we can have an asymmetry
between the detection and production processes, for example with only NSI at source or we can
have the same NSI strength at the source and detector with different phases. The probability

expressions for both cases were developed and we show them for completeness in appendices

B.1 and B.2, respectively.

d*

. s
Case l: €/, =%

In this case we parametrize the NSI couplings in polar form, magnitude and phase, related by

the expressions:

e, = leale®™ and &l = e le7i? . (4.16)

ae
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With these assumptions, Eq. (4.11) takes a simple form:

Pﬁg—mg ~ 1-— SiIl2 2‘913 (C%Q SiIl2 Agl + 8%2 sin2 Agg) - 64113 SiIl2 2012 sin2 Agl

TV
Standard Model terms

+ 4lecfcospe + 4lec|® + 2lec|? cos 20 + 2]eu|? + 2le- |

non—oscillatggy NSI terms
— Ashsleul? + cBsler]? + 2803c03]e,] 65| cOS(0, — @1 )} sin® Aglj
oscillator;rl\TSI terms

- 31{2313[323]%] cos (6 — ¢,,) + cagles| cos(d — ¢,)]} sin® Ag;. (4.17)

TV
oscillatory NSI terms

We fix the atmospheric mass splitting Am2, as an external measurement and neglecting
the solar contribution: Am2, — 0, the NSI effect in Eq. (4.17) can be interpreted as a shift

in the total event normalization and in the reactor mixing angle [146] given by:

1 — 1+ 4e.| cos de + 4lec]? + 2|ec]? cos 2¢, + 2|e,] + 2|e,|?
si3 = 873 + syslenl” + Bgler|” + 2sascaslenller] cos(g, — ¢r) (4.18)

+ 2513 [323|5u| cos(d — ¢u) + C23|57| cos(d — 9257)] .

In addition to the usual oscillation parameters here we have six new degrees of freedom, one
magnitude and one phase for each neutrino family. In order to systematically extract some
information on the NSI parameters, in our analysis we will consider three main cases: i) NSI
only with v, ii) NSI only with v, or v, (equivalent for maximal atmospheric mixing) and i)
NSI with all neutrino flavors, with flavor-independent couplings, i.e. ¢, = ¢, = &, (flavor
universal case). Therefore, in each case we will have two NSI parameters, one absolute value
plus one phase, together with the SM oscillation ones, which are mainly the atmospheric mass

splitting, the reactor mixing angle and the Dirac CP phase.

Before statistical analysis of the Daya Bay data, we will study the impact of the NSI at
the probability level in the next section. This will be very useful in order to discover some
correlations between parameters. In all the plots in this section, wherever the values for the
standard oscillation parameters were fixed, we use sin? ;3 = 0.023 (Daya Bay best fit value),
maximal mixing for the atmospheric angle 6,3 = 7/4 and the best fit values from Ref. [1] for

the solar oscillation parameters.
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4.3 NSI effect on the oscillation probability

As mentioned before, we will study the effect separating the parameter region in three parts:

e Only the electron flavor contributes: €. # 0 and €, - = 0. In this case, Eq. (4.17) takes

the form:

Phste o~ PIM 1 4le,|cospe + 4leo|* + 2|ee|* cos 26, | (4.19)

D5 —id Ve—Te

where we see that only the NSI ‘non-oscillating’ term contributes to the probability.

e Only the muon(or tau) flavor contributes: ¢, - # 0 and . = 0. In this case, Eq. (4.17)

is reduced to:

P~ PIM L 9le 12— 4] s2s]e ) + 2513503]e,] cos(8 — ¢,) }sin® Agy . (4.20)

17‘3*)172} Ve—rle
Here unlike in the electron case the NSI contribute with an extra oscillating term.
e Flavor Universal (FU) couplings: €. = ¢, = €. In this case, Eq. (4.17) is given by:

phste, ~ pSM_ 4 4le|cosg + 2|e|? (4 + cos 2¢)

(4.21)
— 4{|e|?® + 2s93c93)e|? + 2513]€| cos(0 — @) (523 + 23) } sin® Ay .

This case is phenomenologically interesting because the NSI contributes with an oscil-

latory term and also with a ‘non-oscillatory’ term, which comes from the electron NSI

coupling contribution.

4.3.1 Effective probability in presence of NSI

In the left (right) panel of Fig. 4.2 we have plotted the probability in Eq. (4.19) (Eq. (4.20)),
which corresponds to the electron (muon/tau) case. In both cases we see that the NSI contri-
bution produces a shift in the minimum of the SM probability case (full line). This shift can
be constrained if the reactor angle is well measured. On the other hand, the NSI does not
produce any horizontal shift, showing that the new interactions do not induce a change in the
energy of the survival probability. Therefore, a rate analysis might be enough to constrain the

presence of NSI at reactors.
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Figure 4.2: Effective v, — U, survival probability as a function of neutrino energy in the
presence of NSI. Left panel shows the impact of |e.| and ¢.. Right panel shows the same for
leul, ¢, and & = 0. In both the panels, the solid black lines correspond to the probability

without new physics involved (SM case).

The effect of the ‘non-oscillatory’ NSI term is also visible in both panels of Fig. 4.2. Notice
that, for some values of the NSI couplings, the effective probability is bigger than one, as it
was commented before. The effect is more prominent for the electron case in the left panel
than for the muon in the right panel. The origin of this difference is that ‘non-oscillatory’
contribution for the electron case is of first order in € while for the muon/tau the NSI effect
comes at second order in the NSI coupling, as it can be seen in Eqgs. 4.19 and 4.20, respectively.
Finally, it is clear from both panels of Fig. 4.2 that there is an important effect of the new

phases affecting the size of the shift in the reactor angle 5.

The plot in Fig. 4.3 exhibits some features already commented before for the electron and
muon/tau case. This case correspond to the FU case where all the NSI couplings contribute
with the same strength to the probability in Eq. (4.21). The difference with the other cases is
the functional dependence with the Dirac and the new NSI phase. The new phase ¢ is present
in both terms, oscillatory and ‘non-oscillatory’ while the Dirac phase is only present in the
oscillatory term. For the electron case the Dirac phase is not present while for the muon/tau
case it is possible to redefine the phases as ¢ = § — ¢. In the FU case in Eq. (4.21) however,

both phases contribute independently. Therefore, the FU case has more free parameters than
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Figure 4.3: Effective neutrino survival probability as a function of neutrino energy for the fla-
vor universal case. The region in red shows the combined effect of the new physics parameters

le| and ¢, while the extended probability band after the variation of the § phase as is shown

in gray.

the other two cases. The effect of a variation in the Dirac phase in the range [—m, 7] is shown

as the gray band in Fig. 4.3.

4.3.2 Correlations between NSI parameters and 03

Based on the probability plots showed in the last section, now we fix the energy to an average
value, which is close to a total rate analysis, in order to further explore the correlations between
parameters due to the NSI contribution to the probabilities.

We have first defined a standard probability value corresponding to the SM case with
E; = 4MeV and L = 1579 m. We then consider the NSI probability in Eq. (4.19) to Eq. (4.21)
and calculate the iso-contours in the (sin® 3, ) plane corresponding to this particular value
of the probability. These plots are very useful to see the correlations between sin? 6,3 and the
non-standard parameters. To illustrate the results in the plots of Fig. 4.4 and Fig. 4.5, it is
useful to consider the shift in the 65 induced by NSI at first order in ¢ for each case, as follows

from Eq. (4.19) to Eq. (4.21) and given by:
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Figure 4.4: lso-probability contours varying ¢. (left panel) and ¢, , (right panel) for different

values of ¢, and (¢, . — J) in degrees, respectively.

e electron flavor case

82, A sty — Lirj;—ii (4.22)
e muon/tau flavor case
S 2513523]€4,r| €cOS (6 — Ppr) - (4.23)
e flavor universal (FU) case
5§15 ~ 57 elcosg + 4513893]€| cos (0 — @) . (4.24)

137 2 A
sin? Agy

For the electron case in the left panel of Fig. 4.4 we find correlations (anti-correlations)
between the NSI magnitude and the reactor mixing depending if the cosine of the new phase
value is positive (negative). This behavior is clear from the shift function in Eq. (4.22). The
opposite behavior is shown in the right panel of the same figure. Notice the relative sign in the
NSI term in Eq. (4.23) with respect to the equivalent equation for the electron case. Finally,
we can see that the muon case allows large values of the NSI couplings compared with the

electron case, for the given set of standard oscillation parameters.

The flavor universal case is explored in Fig. 4.5 and can be described with the expression in

Eq. (4.24). As we mentioned before, in this case the two phases, 0 and ¢, affect the standard
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Figure 4.5: Iso-probability plot for the flavor universal case varying ¢ phase with ¢, = 0

(left panel) and varying ¢, with § = 0 (right panel).

probability in a different way because both enter independently in the probability expression.
The effect of the Dirac (new NSI) phase is shown in the left (right) panel. In the left panel,
independently of the Dirac phase value, we obtain only positive correlations between the two

parameters, implying the relation:

ﬁ > 4513593 COSO . (4.25)
Since there is no dependence on the NSI parameters, this relation is satisfied in all cases
for the given parameters, at least at first order in €. Furthermore, this result is compatible
with the difference in tilts between iso—probability contours for the electron and the muon
case in Fig. 4.4. In the case of the right panel in Fig. 4.5, when § = 0, we have correlation

(anti-correlations) when the cosine of the new phase is positive (negative), what is clear from

Egs. 4.24 and 4.25.

In summary, we have obtained correlations between the reactor angle and the NSI couplings
in those cases where the ‘non-oscillating’ NSI term dominates, while anti-correlations were
obtained when the NSI oscillating term contributes to the total probability. Those terms were
defined in the general probability in Eq. (4.17). Notice that in the flavor universal case, which
receives both contributions, we always obtain correlations no matter the Dirac phase value, as

shown in the left panel of Fig. 4.5. On the other side, when varying the new phase, we have
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both behaviors, correlations and anti-correlations (see right panel of Fig. 4.5). This shows that
the results depend strongly on the new phase values, as it will be reflected in the analysis of

Daya Bay data.

4.4 Bounds on NSI from Daya Bay data

In this section we use the Daya Bay experiment data as explained in section 1.5.2 to test the
sensitivity to NSI at reactors. Initially we will use the x? function defined in Eq. (1.65), fixing
the total normalization uncertainty a to zero. In this approximation, we are then assuming
the reactor fluxes are known with infinite precision. Later in section 4.5 we will allow for a
constrained flux normalization, leading the a parameter to vary freely.

In all our calculation, we have assumed maximal 2-3 mixing. We have initially marginalized
over the atmospheric splitting by adding a penalty to the x? function accounting for the current
relative error on this parameter: Am3,/6 (Am3,) = 3% where § (Am2,) is the 1o error in the
determination of Am3,. We applied this analysis to the simplest case with the Dirac and new
phase fixed to zero. Since the atmospheric splitting showed no impact on the analysis, along
this chapter we have fixed its value to the best fit point in Ref. [1].

In this section we will present the bounds on the NSI couplings we have obtained using
current Daya Bay reactor data Ref. [35]. For definiteness, we will start considering only
the couplings relative to electron neutrinos: (|e.|,®.), fixing all the other NSI parameters to
zero. Next we will do the same for (|e,|,¢,) and (|e;|.¢;), equivalent for a maximal fs3.
Finally, we will consider the possibility of having all NSI couplings simultaneously with the
same magnitude: ¢, = ¢, = ;. In all cases we will discuss the bounds arising from Daya
Bay data in comparison with existing bounds. We will also consider the robustness of the
013 measurement by Daya Bay in the presence of NSI. Finally we will discuss how the results
obtained in our analysis are strongly correlated with the treatment of the total normalization

of reactor neutrino events in the statistical analysis of Daya Bay data.

4.4.1 Constraints on electron-NSI couplings

Here we present the constraints on the electron NSI couplings allowed by Daya Bay data. We

compare our limits with the existing values in the literature.



118 Bounds on NSI from Daya Bay data

0.006 0.14 .
_l TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTT |_ :l TTT I TTTT I TTTT TTITT I’( TTT I |’| TT TTTT I TTT |:
0.005 |— Cp _ 012 — CP ‘ - -
r = ] r = { ]
C @.=0 ] b @=free ‘ E
0.004 |— — o ]
S E 1 — oo : .
Oios L ] ) C X ;
w _ 1 W r . E
—_— . 1 = oo0s |- —
0.002 |- — » ) E
o 7 004 .
C . r | .
0001 |- — F E
_ ] 002 - -
_ / ] L B
C ! ' ] E ' ' ]
0 111 I 111 I 111 I 10 1 ||1 111 Ill 1 171 I 111 I 111 0 _| 11 I 111 I [N |‘ I 111 I 11 |JJ| 111 111 |_
0 0005 001 0015 002 0025 003 0035 004 0 0005 001 0015 002 0025 003 0035 004
in” 0 in” 0

Figure 4.6: Allowed region in the sin#;3 - |.| plane. Left panel is obtained with ¢, = 0,
while in the right panel ¢. is marginalized, varying freely between -7 and w. The regions

correspond to 68% (black dashed line), 90% (green line) and 99% C.L. (red line) for 2 d.o.f.

As discussed before, in this case the value of the phase ¢ is irrelevant since it does not
enter in the probability expression. Then, we have three free parameters, the NSI magnitude
lee| and phase ¢, and the reactor mixing angle 63.

In the left panel of Fig. 4.6 we can see how current Daya Bay data constrain very strongly

the magnitude of the NSI coupling &.:
lee] <24 %107 (90%C.L. for1d.of), (4.26)
improving the current bound [147]:

|euV] < 0.041  (90% C.L.) (4.27)

ex

in one order of magnitude.

However, as it can be seen in the right panel of Fig. 4.6, this strong bound disappears
once the phase ¢, is allowed to vary freely. This happens because for ¢, = 7/2 and 37/2,
the linear term in £, in the neutrino survival probability cancels out (see Eq. (4.19)). In this
case, the sensitivity to || is drastically reduced and therefore no bound can be obtained from
reactor data.

The presence of this NSI coupling results in a slightly wider allowed range for the reactor
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Figure 4.7: Allowed region in the sin? 6,3 - le| plane, with x=p, 7. Left panel is obtained switching the
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mixing angle:

0.019 < sin*#3 < 0.027  (90%C.L. for 1d.o.f), (4.28)

that is the same for both panels in Fig. 4.6. This range has to be compared with the allowed

range in absence of NSI:
0.019 < sin?#;3 < 0.026  (90%C.L. for 1d.o.f) . (4.29)

From the left panel in Fig. 4.6, we can confirm the behaviors shown by the iso-probability curves
in section 4.3.2. The larger inner band on 6,3 appears because the presence of a non-zero ¢,

term has to be compensated with a larger value of 6;3.

With respect to the iso-probabilities in Fig. 4.4, in the right panel of Fig. 4.6 we find
neither correlations nor anti-correlations when the new phase is varying. This is because in the
x? marginalization, the phase takes values to reduce the NSI contribution given only by the

‘non-oscillatory’ term.
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4.4.2 Constraints on muon/tau-NSI couplings

Here we present the constraints on the muon/tau NSI couplings allowed by Daya Bay data.
We compare our limits with the existing values in the literature.

In this case the phases  and ¢, do not appear separately in the expression of the survival
probability in Eq. (4.20). Therefore, it is enough to consider the variation of the effective
phase (6 - ¢,).

After applying the same procedure as as for the electron case, here we get the bound on

the muon/tau NSI coupling fixing the phases to zero:
leur| <T.0x 1072 (90%C.L. for1d.of). (4.30)
In this case reactor data do not improve present constraints on the NSI couplings [147]:

|evE| < 0.026, || < 0.037  (90% C.L.) (4.31)

e ep

However, either here as well as in the derivation of the existing bounds in Ref [148] some
assumptions have been done and then they can be regarded as complementary bounds coming
from different data sets.

From the left panel in figure 4.7, we can confirm the behaviors shown by the iso-probability
curves in section 4.3.2. The presence of a non-zero €, term requires smaller values of 0,3
(anti-correlations). The results in the right panel are also in agreement with the iso-probability
contours in the right panel of Fig. 4.4 where, due to the variation of the Dirac phase, we
find correlations and anti-correlations. From Eq. (4.20) we notice that there is a contribution
coming from the ‘non-oscillatory’ term that can not be canceled out with any value of the
phase since it does not depend on the phases. Therefore, we also expect the shown correlations
between the reactor angle and the NSI couplings that are usual when the ‘non-oscillatory’ term
is important. Notice that, differently to the electron case, here the variation of the phase ¢
does not spoil the NSI constraint but instead it requires a larger range for the reactor angle,

as shown in table 4.1.

4.4.3 Constraints for the universal-NSI case

As mentioned in section 4.3.2, in the flavor universal case there is one extra free parameter

with respect to the electron and muon/tau case, Since in this case the NSI and the Dirac
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Figure 4.8: Allowed region in the sin?f,3 - || plane for different assumptions concerning
the phases § and ¢. Upper-left panel is obtained switching all phases to zero, whereas in the
upper-right panel ¢ = 0 and 9 is left free. In the lower-left panel § is taken equal to zero while
¢ has been marginalized. Finally, in the lower-right panel the two phases have been allowed

to vary between -7 and 7. The convention for the lines is the same as in Fig. 4.6

phases are independent. The plots in Fig. 4.8 show the effect of the phases. In the upper
left panel we show the real case, which is strongly constrained, as in the case of varying the
Dirac phase in the upper right panel. However, when allowing for a variation of the new phase
(fixing the Dirac phase to zero), we found a less constrained region in the lower left panel.

Finally, when varying both phases, all the parameter region is allowed, and we can not find
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any constraint on the NSI coupling.

The upper left panel of Fig. 4.8 is equivalent to the electron case in the left panel of Fig. 4.6,
as it should be, because there the NSI effect comes from the ‘non-oscillatory’ term present in
the electron case (see Eq. (4.19)). In the case of the upper right panel, it corresponds to the
expected case in the iso-probability plot in the left panel of Fig. 4.5. As commented before, we
have only correlations because the main contribution comes from the ‘non-oscillatory’ term;
were the relation in Eq. (4.25) is still valid even in the rate analysis. noticed that here it is
even more evident than in the right panel of Fig. 4.7, the variation of the Dirac phase does

not spoil the constraint on the NSI coupling.

Keeping in mind that in the flavor universal case the NSI couplings contribute with both
terms, oscillatory and ‘non-oscillatory’, the lower right panel of Fig. 4.8 is not intuitively
expected. However, here we have enough freedom in the new phase ¢ to almost cancel out
the ‘non-oscillatory’ term, explaining the anti-correlations between ;3 and ¢ observed here.
This behavior is confirmed at the probability level in the right panel of Fig. 4.5 for the value
¢ = 108° in the black curve.

In the table 4.1 we summarize the bounds on the NSI parameters for the three cases:
electron, muon/tau and flavor universal, discussed along this section. Also, we quoted the
reactor mixing angle variation due the NSI coupling values allowed by the Daya Bay data.
Before closing this section, we want to stress on the assumptions we have made so far regarding
the Daya Bay analysis of data. In particular, we have dropped out the pull parameter that
accounts for the free normalization variation in the standard Daya Bay analysis. However,
this assumption ignores all the possible sources of systematical errors that contribute to the
total normalization uncertainty in the event calculation, mainly the total normalization or the

reactor flux.

Reactor neutrino fluxes were recently recalculated [30, 31], obtaining an increase in the
average neutrino flux of about 3 percent compared to previous calculations [149]. Considering
the new predicted fluxes, there is a discrepancy between the events observed over expected in
very short baseline reactors when the rate is calculated with the new flux. This discrepancy is
known as the reactor neutrino anomaly [149]. However, large uncertainties in the conversion
from the fission beta spectra to the anti-neutrino neutrino spectra that lead to the reactor

anomaly might affect the accuracy to infer the anomaly [150]. As a result, the precision int the
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phases sin? 0,5 €

electron-type NSI coupling
0=¢.=0 0.019 < sin? 13 < 0.027 | |e.| < 0.0024
§=0, ¢ free | 0.019 < sin?6f;3 < 0.027 | |e.| unbound

muon-tau type NSI couplings

§=¢,,=0 |0.011 <sin?63 <0.026 | |e,.| < 0.070
(6 — @) free | 0.011 < sin® 63 < 0.045 | |e,..-| < 0.069

universal NSI couplings

§=¢a=0 0.019 < sin? 6,3 < 0.026 | || < 0.0024

§ free, ¢, =0 | 0.019 < sin? 613 < 0.028 | |e] < 0.0023

§ =0, ¢ free sin? 013 < 0.026 le] <0.116

d and ¢, free sin 013 unbound le| unbound

Table 4.1: 90% C.L. bounds (1 d.o.f) on sin® ;3 and the NSI couplings from Daya Bay data

taking fixed normalization in the statistical analysis (a = 0.)

anti-neutrino flux determination can not be better than 4%. The uncertainties in the absolute
normalization in reactor fluxes are then larger than 4% [149]. We will evaluate the impact of
having a total normalization error in the reactor fluxes in the constraints we have found for

the NSI.

4.5 Bounds on NSI from Daya Bay data with free nor-

malization

Up to here we have considered fixed normalization in the statistical analysis of Daya Bay reac-
tor data. However, most of the current analysis of reactor data consider a free-normalization
factor that may account for the uncertainties in the total event number normalization coming
from the reactor neutrino flux prediction, the detection cross section and other systematical

errors that contribute to the total event normalization errors.
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Figure 4.9: Same as Fig. 4.6, Fig. 4.7 and Fig. 4.8 for the three different cases analyzed in the

previous section with all phases equal to zero, and 5% uncertainty in the total normalization.

Here we used the following version of the x? function:

s Z (Mg — Ty (14 a+ Y, wio, + &) +5d}2
X Mg+ By

6 6 2 2 2
Q £ B3 a
- — + 2L+ )+ [ —
Suey (B k) ()
where, differently to the free normalization analysis shown in section 1.5.2 we have added a
penalty in the x? in order to account for the already mentioned uncertainty in the absolute
normalization that we will conservatively assume of the order of 5%.

In order to see how the constraints we have found in the last section change when we
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Case sin® 05 €

§=¢.=0 |0.019 <sin®63 < 0.028 | |e.| < 0.022
§=¢ur=0 sin® 013 < 0.027 le,r] < 0.198
§=0¢o =0 |0.015 <sin*13 <0.027 | |g] < 0.022

Table 4.2: 90% C.L. bounds (1 d.o.f) on sin®6;3 and the NSI couplings from Daya Bay

data assuming a 5% error in the normalization pull in the statistical analysis.

include the error in the absolute normalization, we repeated the data analysis for the three
considered cases with the phases set to zero, because these are the cases that produced the
tightest bounds. In Fig. 4.9 we show the three cases: electron, muon/tau and flavor universal
in the left, middle and right panels. We can see that the bounds are approximately one order
of magnitude less restrictive than the ones in the last section, comparing the bounds in table
4.2 with the ones in table 4.1. In summary, the constraints we have found so far highly depend
on the systematic errors over the total normalization, mainly the uncertainty on the total
normalization of the reactor neutrino fluxes. A better determination of this normalization will
improve the constraints quoted in table 4.2. Still, with the current data and 5% estimated
systematic error in the total normalization, we have found that the constraints for the case
of electron and FU are at the percent level, competitive with the constraints found in the

literature using other data sets [148].
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Conclusions

In the first part of the thesis, we have simulated individual short-baseline reactor and long-
baseline accelerator experiments in the context of the three neutrino oscillation framework.
Here we have updated the global fit of neutrino oscillations given in Ref. [1] by including the
recent measurements performed over the last two years. These include the updated measure-
ments of reactor anti-neutrino disappearance reported by Daya Bay and RENO, together with
the latest long—baseline appearance and disappearance data from T2K and MINQOS. In addi-
tion, we have also included the revised data form the third solar phase of Super-Kamiokande,
(SK-111), as well as new solar results from the fourth phase of Super-Kamiokande, (SK-1V). We
find that for normal mass ordering the global best fit value of the atmospheric angle 6,3 is con-
sistent with maximal mixing at 1o, while for the inverted spectrum maximal mixing appears at
1.30. We note that the T2K disappearance data now provide the most sensitive measurement
of the atmospheric mixing angle 653. Needless to say, the determination of a sizeable 6,3 value
is crucial towards a new era of CP violation searches in neutrino oscillations [7, 97] and it
will also help determining the neutrino mass hierarchy. We also determined the impact of the
new data upon all the other neutrino oscillation parameters, with emphasis on the increasing
sensitivity to the CP violation phase §. The latter follows from the complementarity between

accelerator and reactor data and leads to preferred values of the CP phase around 1.57.

In the second chapter, we have proposed a minimal extension of the simplest A, flavor

model originally presented by Babu, Ma and Valle. Our modified model can induce a nonzero
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013 value, as required by recent neutrino oscillation data coming from reactors and accelerators.
We have shown how the predicted correlation between the atmospheric mixing angle #53 and
the magnitude of 63 lead to an allowed region that is substantially smaller than indicated by
model-independent neutrino oscillation global fits. Moreover, our proposed scheme establishes
a correlation between CP violation in neutrino oscillations and the octant of the atmospheric
mixing parameter 63. In particular one finds that, for maximal atmospheric mixing as well as for
f23 in the first octant, one necessarily gets CP violation. Currently we find that both cases are
consistent at the 1o level with the global neutrino oscillation analysis of Ref. [1]. We also stress
that ours is a quasi-degenerate neutrino scenario. Recent restrictions on the absolute neutrino
mass from cosmological measurements, in particular from the Planck collaboration [10] indicate
values for the parameter § characterizing slepton radiative corrections for which lepton flavour
violation induced by supersymmetric particle exchanges is expected to lie at the limits. That

would provide another complementary way to probe this model.

The physics responsible for neutrino masses could lie at the TeV scale. In this case it is
very unlikely that neutrino masses are not accompanied by non-standard neutrino interactions
that could reveal novel features in neutrino propagation, production and detection. Similarly,
lepton flavor violation can also take place in processes involving the charged leptons. Within
low-scale seesaw scenarios, such as the inverse and linear type-l seesaw, we have found that
non-unitarity in the lepton mixing matrix up to the percent level in some cases, is consistent
with the constraints that follow from lepton flavor violation searches in the laboratory. This
conclusion holds even within the simple “minimal flavor violation” assumptions we have made.
As a result, the upcoming long—baseline neutrino experiments [97] do provide an important
window of opportunity to perform complementary tests of lepton flavor violation in neutrino

propagation and to probe the mass scale characterizing the seesaw mechanism.

Finally, in the last chapter, CC-like NSI have been introduced for the case of antineutrino
production and detection through normal and inverse 3-decay. We used the Daya Bay reactor
data to constrain the NSI couplings affecting neutrino detection and production, as well as the
deviations in 63 determination induced by the presence of NSI. We found that, for the case
of non-standard v, couplings, the bounds we obtain are stronger than previous ones in the

literature. For the v, . NSI couplings, though, our limits are of the same order as the current
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bounds. In all cases, however, we noticed that the presence of the new NSI phases may
relax our constraints dramatically. We also showed that the constraints on the NSI couplings
strongly depend on the assumptions about the absolute normalization uncertainty adopted in
the statistical analysis of data. For a conservative error of 5%, the bounds could relax up to
an order of magnitude for the most constrained cases. In this case, we found that the allowed

magnitude of the NSI couplings can be as large as ~ 1072,
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APPENDIX A

(1t — ey Branching ratio

Here we derive in detail the expression for the loop form factor that enters in the u — ey
branching ratio.

Assuming that the half-width of the generic process I; — 17 is given by [127]:

3 9 5
Qyy Sy My,

I'il;, — L) = G2 Al
( ]7) 2567T2 M{/l[/ 1) | ) ( )
then, we just rewrite the pre-factor:
adysty 1 oSt 1 1 1

25672 My, (s3,)3256m2 Mg, (s3,)% 25672 M,
a? 2\? 1
_ > (9) =
46472 <e2) M,

where we have used e = g sy. Now we used the known relation between the W boson mass

and the Fermi constant Gf:

Gr _ o
V2 8Mj
and we get:
adyst, 1 o (1)\°GL o 1 \°G:2 o G
256m2 My, 4r2\e2) 2 4m2 \4ra) 2 2-43.7 @3
_3aGemy, 1 _ 3al(u— am)
2 3-43 m5 27 m;, '
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Together with Eq. (A.1) we can write:

Mp—ey) 3a
Until now we have just rewritten Eq. (A.1) for comparison with other results from the literature.
In order to determine the loop form factor encoded in G, we follow the Cheng and Li solution

[151] for the branching ratio:

2
['(p — ey) 3a m?
T(:u — 67) F(M N 6Vﬁ> 3271 ; UerH g M{%V ( 3)
where the form factor g(z) is given by:
1
(1-a)
= doo ———— 2(1 — a)(2 — 1
o) = [ do s — )2 —a) +a(1 +a)] "
] :
— m(lo — 43z + 787 — 492° + 182° Inx + 4a™) .

Note that the sign in front of the logarithmic term was incorrectly written in [151] as mentioned

by the authors in a later work [129]. Finally, comparing Eq. (A.2) with Eq. (A.3) we find:

2

G21 = Z UeiUlﬂ 59 MI%V = Z UeiUHiG’y MI%V )

which allow us to define a form factor according to Eq. (A.2):

1

Gy () = 12(1 — 2)

(10 — 43z + 782* — 492° + 182° Inz + 42?). (A.5)

The same form factor G¥'(z) in Eq. (A.5) was found as a limiting case in a more general
study of the process f; — foy by Lavoura [130]. We refer the reader to the right-hand-side
of Eq. (68) in the published version of this article. Still there might exist an ambiguity with
a global constant when computing the branching ratio, but this constant can be verified from

the result for SM neutrinos in Eq. (A.7).

A.1 Limiting cases

Comparing the neutrino masses with the W boson mass we can define three regimes:

e Low mass limit m; < My, . In this case the form factor is approximately given by

G, (z) ~

o
|

(A.6)

A~ 8
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and in the case of the unitary mixing, the branching ratio is given by Eq. (A.2):

o () -3 £ (3

which is a well known result [152, 153]. With only active neutrinos the branching ratio is

2

Br(p — ey) (A7)

327r

suppressed by the neutrino masses. In this case Br(u — ey) < 107%° [102]. However,
in general the mixing is non unitary so the finite term in the form factor will contribute
to the branching ratio as much as the extra heavy neutrinos. In this case it is expected

a large lepton flavor violation that will saturate the current bound.

Intermediate limit: m; ~ My, the form factor is given by:

G (2) ~ T 300

A.
24 * 40 (A8)

Large mass limit: m; > Myy. In this case the form factor is approximately given by:

1 3l
(o)~ L 4 3log(w)

3 o (A.9)

and the branching ratio is given by Eq. (A.2):
3 1 3log(e)\|
a . og(x
B N — KKyl -+ ————
T(ILL — 67) 27T Z el T | (3 + 2x )‘
~on - sz 08 My,

This limit is interesting for heavy neutrinos, because it allows us to estimate a constraint

2

on the active-heavy mixing. Assuming that for all neutrinos m; > My, then we have:
2K
i

where we have used the latest limit for Br(u — ey) < 5.7 x 107!3 from the MEG

2
K| ~ \/33 "Br(u— ey) <4x 1075, (A.10)

collaboration [116].

Note that the limit in Eq. (A.10) is just an estimation and, lower limits can be found in

low scale seesaw models as shown in section 3.7.
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APPENDIX B

Neutrino oscillation probabilities in presence of NSI for other

relevant cases

In this appendix we derive other probability expressions not considered in chapter 4. Two
additional cases are considered. The first one with only NSI at source and the second case

considering the same NSI strength at the source and detector with different phases.

B.1 Case 2 : non-standard interaction at production only
In this case, the effect of NSI is only considered at production what implies:

el =0 and &, = |eyle™ (B.1)

Pps pa = Pf:gg‘]\if/g + leel® + 2|ee] cos ¢e
—+ 2513 [823|€“| SiIl((5 — ¢H) + 023|€7—‘ Sil’l((; — ¢T)] SiIl (2A31)
— 4513 [s23]€,] cOS(0 — @) + casler| cos(d — ¢-)] sin? (Asy)

+  sin 26015 [—cosle,| sin ¢, + sosler|sin @7 sin (2A9:) (B.2)
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B.2 Case 3: Same-size production and detector effect
with different phases

In this case, we consider the same NSI strength at the source and detector with different

phases, what implies:

£, = |5a\ei¢3 and Eie = ]6a|ei¢g (B.3)
Ppaypr ~ PpM, + Pole + PRSI + PR, (B.4)
with:
Prowe = 2{]ec| (cos ¢ 4 cos ¢7) + |ec|? [1 + cos(¢? — ¢7) + cos(¢? + ¢7)]
+ Jeul?cos(¢, + o) + le-|* cos(¢? + ¢%) } (B.5)

P = 2{susule, [sin(0 —¢}) —sin(d + ¢5)] + sizealer| [sin(d — ¢3) — sin(d + ¢7)]
— saalenl®sin(ef, + ) — chale-[* sin(63 + ¢7)
— cossaglenller| [sin(¢y + o) + sin(, + ¢F)] } sin (2431)

— 4 {s13803]e,] [cos(8 — @) + cos(6 + ¢)] + cassisler| [cos(d — @) 4 cos(0 + ¢F)]

+

saalenl” cos(@7, + ) + c3gle- | cos(¢3 + ¢F)
Cassas|en||e-] [cos(@2 + %) + cos(, + ¢F)] } sin® (Agy) (B.6)
Po'\s"f_';(')'gr = sin 260; [—023|8“|(Sin ¢;, + sin gbi) + So3le,|(sin @2 + sin gzﬁf)] sin (2A91) (B.7)

+

B.3 Neutrino states with normalization

The new neutrino favor states, in presence of NSI are normalized as:

1
|ij> = Ns <|V06> + Z€ZV|VV>> ’
! (B.8)
1
= g (0 + St
B n
where the normalization factors are given by:
Ny = Jla ey renl,, .
(B.9)

N = I+ )1 +e9)]y,
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To see the normalization effect in the probability, we can compute the oscillation probability

at zero distance:

2
bap+eig+eds+ > &8 el
—0) — dy, s\|2 _ |TeB af ap Y Zay=yB
Pygﬁug(L_O) - ‘<y,8‘yo¢>’ - NéNg (B]'O)
For the case | where €} = €% = |e4,|exp (ia,) we find the oscillation amplitude is given
by:
dap + 2R (|eas| expigas) + Z'y |€ar e8| XD [i(Pay — D5y)]
A,p(L =0)

\/1 + 2R (|eaal €xPidaa) + D2, |5M|2\/1 + 2R (|eps| expidps) + >, lepy[?

£0.
(B.11)

In the case o« = [ = e, the probability is exactly one, which is the effect of normalizing the
states in Eq. (B.8).

Finally, we will explain what happens with the normalization terms in Eq. (B.9) that are in
the denominator of the probabilities. When dealing with a non-orthonormal neutrino basis, the
normalization of neutrino states affects non only the neutrino survival probability but also the
calculation of the neutrino fluxes and cross sections. In Ref. [154] it has been shown that when
computing the event number, in a convolution of cross section, reactor flux and oscillation
probability, the normalization factors in Eq. (B.9) and in the denominator of Eq. (B.10) cancel
out. Therefore, in our case one can make use of an effective survival probability given in
Eq. (4.17). This effective probability may take values larger than 1 even though the ‘true’
probability has been properly normalized. This however, does not affect our simulation since

the effect of normalization is cancelled with the neutrino fluxes and cross sections factors.
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APPENDIX C

Matrix block diagonalization

We want to diagonalize a general Hermitian matrix of the form

Zy Zy
Z = , (C.1)
AR
where Z; and Z3 are hermitian matrices. This hermitian matrix can be approximately block

diagonalized using the method of Ref [155]. To this end we introduce the matrices

- 0 S Vi 0
U=e"V, H= , V= , (C.2)
ST 0 0 W
We then require that
mq 0
U'ZU = : (C.3)
0 mo

where m; 5 are real and diagonal.

We can explicitly expand U in terms of S:

(I—-358T+..)Vi  i(S—3555+...)V, U Uy
i(ST—251SST+.. )V (I—-3STS+...) W, U. Uy

U:

Il
—

O

>~
N
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In general, replacing U from Eq. (C.4) in the diagonalization condition in Eq. (C.3),
produces the following system of equations:
my = Ul Z,U, + Ul Z3U, + Ul 22U + Ul Z3 U = Ul 20U, + (U} ZoU, + h.c) + UIM U |
0= Ul 21Uy + Ul ZYUy + Ul ZoUy + Ul Z3 Uy = Ul 2,Uy + U ZoUyg + Ul Z5 Uy + O(S?)
my = U} 21Uy + USZ3Uy + U 29Uy + Ul Z3 Uy = U 20Uy + (U] ZoUyg + hc) + UL Z3 Uy

(C.5)

which are exact relations for m; and msy. To determine S, from the requirement that the
off-diagonal sub-blocks vanish (second equation of the system in Eq. (C.5)), it is enough to

take the approximations until second order in S in Eq. (C.4). The result is:

assuming [Z1,S] = 0 or [Z3,5] = 0, we find:
1S ~ —ZQ(Zl - Zg>_1, ZST = (Z1 - Zg)_lz;r (C?)

where we have used the fact that Z; 3 are hermitian matrices. Replacing Eq. (C.7) in the first

relation in Eq. (C.5), we get for the 3 x 3 block:
my = V| 2y + 225( 2y — Z3) V2 + Zo(Zy — Z3) Zs(Zy — Z3) T Z5| Wy (C.8)

Notice that this formula reduces in the limit where Z; = 0 to the usual seesaw formula (for
neutrinos the matrix is symmetric and one should replace the hermitian conjugate with the
transpose operation),

mi &V [—ZQZglzg] W, (C.9)

with Z3 = Mg and Z5 = Mp.
We finally define

mSt, ~ Zy 4 225(Zy — Z3) V28 + Zo(Zy — Z3) 1 Z5(Zy — Z3) 1 Z) (C.10)
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