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1. Introduction

For decades, the Standard Model (SM) of particle physics has provided a great understanding
of the behaviour of elementary particles and their interactions. However, albeit successful in
describing a plethora of elementary processes, it is clear from several observational facts that the
SM cannot be the ultimate theory of particle physics. The first and more solid evidence so far
is the observation of nonzero neutrino masses, which can not be accommodated within the SM.
Thus, neutrino physics offers an important pathway to exploring different options to beyond the
SM physics, while also having important connections to different phenomena in cosmology and
astrophysics.

Neutrinos are elementary spin one-half particles, with no electric charge. Similarly to the
quarks and the charged leptons, neutrinos come in three different flavours or families. Although
initially considered massless, neutrinos actually do have a nonzero, albeit very small mass in
comparison to other observed elementary particles.

Despite being very difficult to observe, neutrinos are in fact all around us. Every second, we
are traversed by several hundred billions (10'?) of neutrinos arriving from the Sun and thousands of
millions of neutrinos produced by Earth’s radioactivity and by nuclear power plants. In addition to
being immersed in such enormous flux of neutrinos, our body also emits 400 neutrinos per second
through the radioactive decay of “°K. On a larger scale, the Universe is permeated by the cosmic
neutrino background, a relic of the Big Bang, consisting of ~ 300 neutrinos per cubic centimeter.

The abundance of neutrinos, however, is not the main reason to study these elusive particles.
Actually, neutrino physics offers an indirect probe to otherwise observationally inaccessible phe-
nomena such as supernova explosions or nuclear processes in the core of the Sun. On a cosmological
scale, neutrinos can be used to study the evolution of the Universe through their imprint on Big
Bang nucleosynthesis and structure formation. Moreover, in the realm of particle physics, neutrinos
could also be the key ingredient to solving the matter-antimatter problem via the leptogenesis mech-
anism or provide a viable candidate to (part of the) dark matter. Finally, as already commented,
the observation of non-zero neutrino masses provides the first evidence for the existence of physics
beyond the SM.

These lecture notes on neutrino physics are organized as follows. After a short introduction,
Section 2 provides a summary of the historical development of neutrino physics. In Section 3,
neutrino interactions and masses in the context of the Standard Model are discussed. Next, Section
4 addresses the issue of the neutrino mass models beyond the Standard Model, discussing also the
difference between Majorana and Dirac particles and presenting the current experimental constraints
on the absolute mass scale. Section 5 outlines the basics of neutrino oscillations, summarizing the
historical context as well as the formalism of neutrino oscillations in vacuum and in matter. In
Section 6, the experimental results from neutrino oscillations are presented, including a discussion
on the existing data and the current status of the determination of the parameters describing the
phenomenon. The experimental status of searches for additional light (sterile) neutrinos is addressed
in Section 7, whereas other Beyond the Standard Model scenarios which impact the neutrino sector,
such as non-standard interactions, non-unitarity of the 3 neutrino mixing matrix and CPT and
Lorentz invariance violation, are covered in Section 8. Finally, Section 9 summarises the topics
covered in these lecture notes.
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2. Historical introduction to neutrino physics

Here we summarize the most relevant facts that laid the foundations of neutrino physics. These
include its postulation, the detection of the three neutrino flavors, and the discovery of parity
violation in weak interactions, a fundamental key to understanding neutrino physics.

2.1 The discovery of neutrinos

The neutrino as an elementary particle was first proposed by Wolfgang Pauli in 1930 to explain
the continuous energy spectrum of the electrons emitted at nuclear beta decays. Since their energy
was not necessarily given by the difference of energies between the parent and daughter nuclei,
the presence of another particle was needed to conserve energy. From the conservation of angular
momentum, Pauli inferred that the spin of this new particle had to be 1/2. This idea was then taken
up by Enrico Fermi, who built the effective theory of weak interactions. This theory explained the
neutron decay (and any nuclear beta decay) as resulting from its weak interaction with protons,
electrons and antineutrinos, and controlled by a parameter G r now known as the Fermi constant.
Using the Fermi model, the beta decay can thus be schematically written as

n—p+e +V,. (D)

It was also Fermi who dubbed the new hypothetical particle the neutrino.
After the introduction of the Fermi theory of weak introductions, Hans Bethe and Rudolf Peierls
used it to calculate the cross sections of processes involving neutrinos, such as:

V+p —on+et. )

Assuming an initial neutrino energy of 2 MeV, they obtained a cross section of ~ 10~*¢m? [1].
Comparing this result with the cross section of a typical electromagnetic process, 0, ~ 1075 cem?,
it was evident that neutrino interactions with matter were extremely weak. We can further emphasize
this fact by estimating the mean free path of neutrinos in water and lead, whose values are 1,, =
1.7%107m =151y and A; = 1.5x10'%m = 1.5 ly, respectively. This result naturally led to question
whether detecting neutrinos was experimentally feasible at all. Actually, this is exactly what Pauli

was worried about after his famous proposal in 1930, when he claimed [2]:
I have done a terrible thing, I have postulated a particle that cannot be detected.

Likewise, Bethe and Peierls concluded from their calculation that "there is no practically possible
way of observing the neutrino" [1]. However, nowadays we know that neutrinos have been exper-
imentally observed according to the predictions of the SM, meaning that there must be a way of
overcoming the elusive nature of these particles. In order to understand how this can be done, we
can perform a very simple estimate for the number of neutrino events (N) expected in a particular
detector in a given amount of time At,

N = ¢gonVAt. 3)

Here ¢ is the incoming flux of neutrinos, o is the cross section of the interaction between the
neutrinos and the target nuclei, # is the density of of the target nuclei per cubic meter and V is the
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volume of the detector. From Eq. (3), it can be seen that if the flux of the incoming neutrinos and
the volume of the detector are large enough, it is definitely possible to detect some neutrino events
in a reasonable timeframe. For example, for a flux of ¢ = 10'%/(cm?s) and for a detector of mass
m = 1000 kg a few events per day can be observed. A flux of this order of magnitude is definitely
realistic given the flux of neutrinos from the sun, ¢ = 7 x 10'%/(cm?s) or from nuclear reactors,
¢ = 10%v/(cm?s).

Indeed, it was precisely the large flux from the nuclear reactors that was used by Fred Reines
and Clyde Cowan in 1956 to make the first detection of electron neutrinos. Although their initial
plan was to install a detector underneath a nuclear bomb, this idea was abandoned as the necessary
experimental setup was considered to be too unstable. Instead, 2 tanks of 200 litres of water and 40
kg of CdCl, were set up near the Savannah river reactor in the USA. The antineutrinos produced at
the nuclear reactor interacted with protons from the water tanks producing neutrons and positrons
through the inverse -decay

Ve+tp > n+e’. 4

The positrons then annihilated with the electrons from the detector producing two photons while
the neutrons were absorbed by Cadmium, which emitted another photon after de-excitation. The
photons were then observed by three scintillator layers with photomultiplier tubes. The coincident
three-photon signal was then used to confirm that the antineutrino-proton interaction had happened.
It is important to emphasize that using the three-photon coincidence signal was crucial to reduce the
background events and finally confirm the existence of the, until then, hypothetical neutrinos [3].
The discovery of the electron neutrino at the Cowan-Reines experiment in 1956 received the Nobel
Prize in Physics in 1995, awarded only to F. Reines since C. Cowan had passed away in 1974.

After the observation of the electron neutrino, Bruno Pontecorvo and, independently, Melvin
Schwartz suggested in 1959 that perhaps there was also a second neutrino associated with the
muon [4, 5], discovered at cosmic rays in 1936. In order to test this hypothesis, they proposed that
muon neutrinos, presumably produced at particle accelerators, might be indirectly detected after
interacting with neutrons according to the following process:

n+v, — p+u. &)

If such neutrinos were actually different from the ones discovered by Reines and Cowan, a muon,
instead of an electron, would be detected in the final state.

This idea was put into practice in 1962 by Melvin Schwartz together with Leon Lederman
and Jack Steinberger at Brookhaven National Laboratory, in the USA. They collided an acceler-
ated proton beam into a target, producing m-mesons. These pions decayed into muons and muon
neutrinos. The muons were stopped by a 13 m steel shield, while the muon neutrinos, due to their
very weak interactions with matter, passed through it. Then, a very small fraction of the muon
neutrinos interacted with the neutrons in the detector, producing protons and muons, as in Eq. (5).
The detection of the resulting muons in a spark chamber led to the first detection of the muon
neutrino [6], and Lederman, Schwartz and Steinberger won the Nobel prize in Physics in 1988 for
this discovery.
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Later on, in 1978, imbalances in energy in the decay of the third generation lepton, the 7,
suggested that there may also be a third generation neutrino, the tau neutrino, v,. This belief was
also enforced by the Z-boson invisible decay width measurements at LEP in 1988. In particular,
using the invisible decay width, defined by

liny =Tz = Thaa — 3Flep (6)

where ['z denotes the total decay width of the Z boson, [',g the width of the Z decay into hadronic
states and Il the decay of Z into the charged leptons. An estimate for the number of light neutrino
generations was obtained as [7]

I_‘inv

Ny=— v
Y Tsm(Z - vivi)

=2.9840 + 0.0082. @)
The definitive confirmation of the existence of three generations of neutrinos in Nature arrived in
2000 when the Donut collaboration observed a tau-lepton in the decay of the D-meson resulting
from a 800 GeV proton beam [8].

2.2 Parity violation in weak interactions

Going slightly back in time, there is another interesting phenomenon related to neutrinos that
is worth addressing. In the 1950s, particle physicists were very confused by the so-called 6 — 7
puzzle.These apparently distinct mesons had very similar properties but different decay channels:

0t >t +1° ¥

ottt e, 9)

Since both of these mesons as well as the resulting pions were all pseudo-scalar particles, assuming
parity conservation it seemed that 6 would have even parity, while 7 would be odd under parity.
However, as stated before, all the other properties of these two particles were the same. Unwilling
to accept this mysterious coincidence, in 1956, Tsung-Dao Lee and Chen-Ning Yang proposed that
perhaps 7 and 6 were in fact the same particle and, consequently, parity would be manifestly violated
in the decay of this meson [9]. To check their hypothesis, Chien-Shiung Wu designed an experiment
in 1957 to check if actually parity was violated in the weak interactions. The experiment involved
%0Co nuclei cooled to a very low temperature, with their spins aligned to an external magnetic field.
Since ®*Co nuclei are radioactively unstable, they quickly decayed through S-decay to ®'Ni followed
by the electromagnetic emission of photons through the de-excitation of the resulting °°Ni nuclei.
The combined process of the radioactive decay and the emission of y-rays can schematically be
written as:

0co - ONi*+e +7, > ONi+e +7,+2y. (10)

The y-rays were useful as a test probe since, as parity is conserved in the electromagnetic interac-
tions, in ideal experimental conditions, they would be emitted isotropically. Consequently, these
photons could be used to infer any anisotropy of the emitted electrons as well as to check how
well the %°Co nuclei were aligned with the magnetic field. As a result of the experiment, it was
found that electrons were always emitted in a direction opposite to the spin of the nuclei, showing
that parity is maximally violated in weak interactions [10]. A detailed look at the conservation
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of linear and angular momentum in the process in Eq. (10) indicates that the origin of parity vio-
lation lies in the fact that only antineutrinos emitted parallel to their spin (what we later will call
right-handed antineutrinos) participate in weak interactions. As a consequence of this experimental
result, Lee and Yang were awarded the Nobel prize in Physics in 1957 for their proposal of the
violation of parity in the weak interactions and Wu received the first Wolf prize in 1978. Later on,
in 1958, the experiment conducted by Goldhaber and collaborators further confirmed that indeed
only left-handed neutrinos (and right-handed antineutrinos) participate in the weak interactions [11].

In the previous paragraphs we have mentioned the idea of right and left-handed particles. In
order to be more clear about this, it is necessary to understand the terms helicity and chirality. The
helicity operator H for a particle is defined by the projection of the particles’ spin to its momentum

- -

A=2P 4y, (11)
|5 pl
Helicity can be directly measured in an experiment, as discussed above concerning the Wu exper-
iment. However, it is a Lorentz invariant quantity only for massless particles, since for a massive
particle it is always possible to boost to a new frame where the particle has an opposite momentum
and thus opposite helicity. For a massless particle, this is not possible since in that case the particle
already moves at the maximum possible speed, the speed of light. The chirality of a fermion field
is a Lorentz-invariant quantity related to behaviour of the field under Lorentz transformations. It
can be thought of as an asymmetry property, since chiral objects are not identical to their mirror
image. The chiral components of the fermion field ¢, 1, and g, can be projected out by using the

projection operator

1F
275 —  Yrr=PLRY. (12)

Chirality is not a directly measurable quantity and, therefore, it can be useful to relate it to helicity,

Prr=

which can actually be measured. However, one should be careful with the relation between the two
magnitudes, since they are exactly equivalent only for massless particles. In general, for massive
particles, a chiral state contains a mixture of the two (positive and negative) helicity states. An
intermediate scenario is realized by ultrarelativistic particles, since in this case the left-handed
chiral projection is dominated by the negative helicity state and the right-handed chiral projection
is dominated by the positive helicity state. This is why for neutrinos, that have only a very small
mass, one can talk about the observation of left and right handed neutrinos (at Wu or Goldhaber
experiments) even though what is actually measured is the helicity.

3. Neutrinos in the Standard Model

The Standard Model of particle physics is a gauge field theory based on the symmetry group
SU@B)ec xSU(2)L xU(1)y, where C stands for color, L for left-handedness and Y for hypercharge.
Thus, neutrinos are part, together with the associated charged leptons, of the lepton doublets

Lia =( j_“ ) . (13)
@ /L

Here, L refers to the left-handed component of the field, ¥ ;, = Py, and @ denotes the flavor of the
lepton doublet, @ = e, u, 7
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3.1 Neutrino interactions in the Standard Model

In the SM, neutrinos can interact with their corresponding charged leptons through the weak
charged current (CC) interaction and among themselves through the weak neutral current (NC)
interaction. The former one can be written down using the following Lagrangian,

8 _
Lcec=—-——= Vay*lort W, + h.c. (14)
Vi 2 ’

where, as before, @ denotes the different families of neutrinos and the associated charged leptons,
a = e, u, 7. Thus, neutrinos and charged leptons can be produced by the decay of the W boson as
follows

W™ =1, +V, (15)

WH S It +v,. (16)
Notice that the discoveries of the three neutrino species described in the previous section took place
through CC weak interaction processes, involving neutrinos and charged leptons.

The NC interaction, instead, involves only neutrinos and it is mediated by the Z boson. The
corresponding lagrangian is given by

8 = u 0
= Z,. 17
Lyc 3 cos by Ea VaLY VaLZ, 17

where g (appearing in Eq. (14) too) is the coupling constant associated to SU(2) and Oy is the
electroweak mixing angle, also known as Weinberg angle. Neutrinos can then also be produced by
the decay of the Z boson as follows:

A (18)

Note that the existence of weak neutral currents, predicted in the mid 1960s by the consistency
of the electroweak theory [12, 13], was not confirmed until 1973 when a process of the type
vy + N — v, +hadrons was first observed at the CERN Gargamelle bubble chamber [14].

These interactions conserve the total lepton number, L, defined as
LU)=L(v)=-L(I*)=-L(v)=1. (19)

For a long time it was thought that the individual lepton family numbers L., L,, and L, were also
conserved, but this assumption was refuted by the discovery of neutrino oscillations in 1998.

3.2 Neutrino masses in the Standard Model

In the context of the SM, fermion masses are introduced in the Lagrangian with terms of
the form myy. Decomposing the fields into their chiral (left-handed and right-handed) states,
Y =y + YR, and considering the definition of the projector operators in Eq. (12), one has

myy =mWp +Yr) (WL +YR) = my YR +my gy . (20)

Hence, the mass term for fermions involves both left and right-handed chiral states. However, in the
SM the former transform as doublets under SU(2);,, while the latter are singlets under this group.
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In consequence, the mass term as given above one cannot be directly written down , since it would
break gauge invariance. Instead, one has to consider the Higgs mechanism, whereby the coupling
between the fermions and a scalar ¢, the Higgs doublet is introduced

Lyukawa = YU $YR + h.c. 1)

Then, after the neutral component of the Higgs doublet is assigned a non-zero vacuum expectation
value, the SU(2), symmetry is spontaneously broken, generating a mass term for the fermions.
And this is how the Higgs mechanism accounts for the masses of all fermions in the SM with the
exception of neutrinos. The reason why the Higgs mechanism cannot be used to accommodate
neutrino masses within the SM is simply because it does not contain right-handed neutrino fields,
a necessary ingredient to build the mass term in Eq. (21). Consequently, neutrinos are strictly
massless in the SM and therefore new physics beyond the SM needs to be sought to explain neutrino
masses.

4. Neutrino masses beyond the Standard Model

As we will see in the next section, the existence of neutrino oscillations imply that neutrinos
are massive. Here we will summarize some extensions of the SM providing possible explanations
for the origin of neutrino masses. This will also include a brief discussion on the Dirac or Majorana
nature of neutrinos, a key issue in the construction of neutrino mass models.

4.1 The nature of neutrinos: Dirac or Majorana?

From the previous discussion, we can see that, in order to describe the observed non-zero
neutrino masses, one needs to introduce new chiral states, namely a right-handed state for the
neutrino and a left-handed state for the antineutrino, since the SM only contains left-handed states
for the former and right-handed states for the latter. Here we should point out that the neutrino case
may be qualitatively different from the charged lepton case. In effect, although in the case of charged
leptons there is no possible connection between the chiral states of a particle and its antiparticle,
the null electric charge of neutrinos allows the identification of neutrino and antineutrino chiral
states. Let us explain this point in more detail. As mentioned before, for massive particles, it
is always possible to perform a Lorentz boost to a frame in which the left-handed state becomes
the right handed state !. Nevertheless, since the Lorentz boost cannot flip the electric charge of a
particle, applying the boost to a left-handed electron estate e; will result in a right-handed electron
state eg but never in a positron right-handed state ez. In the case of neutrinos, however, the two
possibilities can occur. In the first case, the left-handed neutrino state v; will result in a (new)
right-handed neutrino state Ng but, in addition, it would also be possible identifying the boosted
state with the existing right-handed antineutrino state vz. In other words, a neutrino can also be its
own antiparticle. These two options essentially define the Dirac (first case) and Majorana (second
option) nature of neutrinos, which has profound implications for the building of neutrino mass
terms.

10ne should note that for the massive case the left and right-handed chirality states do not exactly coincide with the
helicity states but, given that this difference is suppressed for very light particles, we can still talk about the handedness
of the helicity eigenstates.
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In the Dirac case, one can extend the SM with the new field Nr and thus write down the mass
term as

-Lp=mp (ﬁNR + N_RVL) . (22)

This term is invariant under a U(1) transformation, and therefore the electric charge and the baryon
and lepton number are all conserved in the theory.

The second possibility is to use Majorana fermions. In that case, the new neutrino chiral state
Vg 1s obtained from the SM field as

VR vf =Cvl, C=iy}". 23)

The fermion field can then be decomposed as
v=vL+v$. (24)

And therefore
vE = (vp+vR)  =vE vy =y (25)

what explains why it is often said that a Majorana neutrino is its own antiparticle. The Majorana
mass term is then built as :

-Ly = Em (vaL +ﬁvf) (26)
Unlike the Dirac mass term, note that this mass term is not invariant under U(1) transformations.
Hence, Majorana mass for neutrinos breaks the lepton number by two units. Moreover, this mass
term is not SU(2) . invariant either, and then it cannot be directly added to the SM Lagrangian. One
option to generate this term is given by the dimension-5 Weinberg operator [15] which is, however,
non-renormalizable and will not be covered in these lectures. Other possible extensions of the SM

allowing for non-zero neutrino masses will be discussed below.

4.2 Neutrino mass models

If one wishes to generate the neutrino masses in the same way as for the other fermions in the SM,
it is possible to add a new field Ng to the SM, usually called the "sterile neutrino field". The reason
for calling it "sterile" is that Ng is a singlet under the SM gauge group SU(3)¢c X SU(2), X U(1)y.
In that case, a Dirac mass term appears in the Lagrangian in the following way:

_LD =mpVvv =mp (E‘FN_R) (VL+NR)=mD (ENR +N_RVL) . (27)

In order to get an estimate for the size of the neutrino mass mp that should be then generated by
spontaneous symmetry breaking, we note that from neutrino oscillation data one has

my = \JAm3, =0.05¢V . (28)
For the SM-like Higgs mechanism scenario, we can write down the Yukawa coupling

¢0

Lyiawa =Yy (72 Lo ( 5| N e 29)
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Then, after the electroweak symmetry is spontaneously broken and the Higgs field gets a non-zero
vacuum expectation value, we have that

OF \%((v)) - m=hos (30)
Then, to reproduce the observed order of magnitude of neutrino masses, the Yukawa coupling Y,
should be of the order of 1073, Compared to the Yukawa coupling for the charged leptons that are
in the same doublet as the neutrinos (e.g for electron Y, ~ 107>), we note that the Yukawa coupling
for the neutrino should be at least 8 orders of magnitude smaller than for the electron. This huge
hierarchy between the dimensionless couplings for two fermions in the same doublet indicates a
high degree of fine tuning and hence it is undesired on naturalness grounds. Hence, alternative
mechanisms responsible for the nonzero neutrino masses are called for.

This issue is naturally addressed by the seesaw mechanism, the most popular class of models
among the different neutrino mass generation models. The seesaw mechanism uses two different
Majorana fermions v = vp + vf, where vy, is a SU(2),, doublet and N = Ny + Ng, where Ng is a
SM singlet. With these ingredients, the general mass term in the Lagrangian can be written as

 —= [ 0 mp v€
(vL Ng) (mD MR) (N;)+h.c. 31)

Note that the Majorana mass term for Ng, Mg, can be written since it is a SU(2),, singlet, while

L=Lp+Ly=

| =

for the SU(2)r, doublet v, the Majorana mass term cannot be added due to gauge invariance. The
mass matrix given above can be easily diagonalized by a unitary transformation, after which one
obtains two different mass eigenstates M; and M, corresponding to the physical neutrino masses.
If Mg >> mp, the mass eigenstates can be approximated by

m2

MI:M—i, M, ~ Mg (32)
It then follows immediately that M| << M, since M| is suppressed by the heavy mass scale Mg.
If one chooses Mg ~ 10'* TeV, SM neutrino masses of the order 1 eV can be generated while the
heavy neutrino mass scale is much above the limit of our current experimental capabilities. Note
also that since the seesaw models necessarily make use of Majorana leptons that violate the lepton
number by two units, one can use these models to also explain the baryon asymmetry of the universe
through the leptogenesis mechanism [16]. In particular, one could use the CP violation in the decay
of the heavy sterile neutrino

(N —>I[+H)#T(N > [+H). (33)

to explain the matter-antimatter asymmetry.

The seesaw model used above is the simplest example of the many possible ways of constructing
such models. It is usually called Type-I seesaw model. For that scenario, if one takes into account
all three generations of neutrinos the neutrino mass term can be written as [17-20]

1 2
m,, :YIY\;M—NYNV . (34)

10
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In a slightly more complicated realization of the seesaw model (known as Type-II), it is also possible
to replace the singlet Ng with a scalar triplet A. In that case, the resulting mass matrix is given
by [21-25]
HA 2
m, =Y, A=V (35)
My
Finally, instead of using scalar triplet, one can also use a fermion triplet. In this case, the model is

known as seesaw Type-III and the mass matrix can be written as [26]
1 | 2
m, = YZ M—ZYZV . (36)

Note that in each of these cases (seesaw Type-I, II and III) the light neutrino masses originate from
the suppression of the mass of the heavy mediator. Crucially, all of these models require a mediator
with mass that is certainly outside the reach of current experiments.

To find a more testable model, one could consider a slightly different construction, known as
the inverse seesaw model. In that case, one introduces two SU(2), singlet Majorana fermions Ng
and S. The mass matrix that is then generated is given by [27]

0 mp 0
M,=|ml 0 M|, 37
0 M' u

and after block diagonalization the mass matrix for the light neutrino masses can be written as
m, =mp(M")tuM' MY . (38)

In particular, this matrix can have the required sub-eV neutrino masses for u ~ 1 keV and M ~ 10°
GeV, i.e. for values that are indeed accessible for the present colliders.

Alternatively, one can also explain the very small mass of the neutrinos using radiative models.
In this case, the tiny magnitude of the masses is explained by introducing new scalars in addition
to the particle content of the SM. These new scalars will then be used to generate the neutrino
masses through loop diagrams, whereby the loop suppression facilitates explaining the smallness
of the neutrino masses. Two well-known examples of the radiative neutrino masses are the Zee
model [28], which adds a singlet scalar and an extra Higgs doublet and the Zee-Babu model [29, 30],
which adds two singlet scalars.

4.3 The flavour hierarchy problem

The seesaw model that was introduced above is very successful in explaining the smallness
of the neutrino masses. However, despite its success in describing the absolute scale of neutrino
masses, it still lacks an explanation for another phenomenological problem of the SM, known as the
flavour hierarchy problem. Indeed, the seesaw mechanism can not explain the hierarchical pattern
which emerges when measuring the fermion masses, both for quarks (m,,, mg « m¢, mg, « my, mp)
as well as for leptons (m, « m, < m,). Moreover, if one compares the mixing of leptons, given by
the Pontecorvo—Maki—Nakagawa—Sakata (PMNS) matrix to the mixing of quarks, described by the

11
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Cabibbo-Kobayashi-Maskawa (CKM) matrix, it is evident that, while the mixing of quarks is quite
hierarchical (812 = 13°, 813 = 0.2°, 6>3 = 2.4°), the leptonic mixing, instead, is almost maximal
(812 = 34°, 613 = 9°, >3 =~ 49°). Some attempts to explain these features involve extending the
symmetry group of the SM by choosing a suitable representation for the leptons under new flavour
symmetry groups. More details in this direction can be found in Refs. [31, 32].

4.4 The absolute scale of neutrino masses

Even though the size of neutrino masses is still an open question in theoretical physics, it turns
out that constraints on its absolute scale can still be imposed using cosmological and laboratory
measurements. In particular, the anisotropies of the CMB spectrum as well as the physics behind
large structure formation impose bounds on the sum of neutrino masses. Combining the ACDM
model with experimental data from WMAP, PLANCK, HST and LSS, the following bound can be
obtained [33]

Z my, <0.14-0.72eV  (95%C.L.) (39)
4

In addition to constraining the sum of the neutrino masses, there are also experiments, trying to
measure the neutrino masses separately.? For the electron neutrino, most recent measurements of
the endpoint of the 8-decay spectrum for the tritium decay,

H - 3He+e + Ve, (40)

at the KATRIN experiment have reported the following upper bound on the electron neutrino
mass [34]
my,, <09eV (90%C.L.). 41

The estimated final sensitivity for the KATRIN experiment is,
m,, <0.2eV (90%C.L.). (42)

whereas the final discovery potential of KATRIN within 5o is limited to neutrino masses above 0.35
eV. Kinematical measurements have also been performed using muon and tau neutrinos. However,
the limits obtained in those cases are not competitive with the constraint reported for electron
neutrinos by KATRIN.

Another interesting phenomenon that can shed light on neutrino physics is the neutrinoless
double S-decay. In order to understand this process, we recall that within the SM it is possible
that two neutrons simultaneously turn into two protons, whilst two electrons and two neutrinos
are also emitted. This is a very rare process with a lifetime of 10%!' years, so it is very hard to
observe. However, if neutrinos are Majorana fermions, it is also possible that the double 8 decay
occurs without the emission of neutrinos, thus violating lepton number by two units. Since this
process (if it exists) has a very long lifetime (¢1/> = 10%6 — 10?7 years), it has not been observed yet.
Nevertheless, an observation of the neutrinoless double beta decay would be a clear evidence that
neutrinos are indeed Majorana fermions. The rate of such process is given by

Tovpp = GO |M[* (mgp)”, (43)

2 It is important to note that these experiments deal with flavour eigenstates, i.e. states with diagonal interaction with
the W boson and, as such, these can not rigorously be viewed as states with definite mass.
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where G°” and M®” are the phase space factor and the nuclear matrix element for the decay,
while <mﬁﬁ> is the effective neutrino mass, depending of the absolute scale of neutrino masses
and the elements of the neutrino mixing matrix, including the Majorana phases. For a potential
observation, a good separation between the double beta decay spectrum and the neutrinoless double
beta decay spectrum is required as well as low background at the neutrinoless double beta decay
peak region. If neutrinos are indeed Majorana fermions, various bounds on the mass scale already
exist from experiments such as CUORE, EX0O-200, GERDA II, KamLAND-ZEN. Moreover, there
is an exciting prospect of 30~ discovery for neutrino mass above 20 meV, assuming the neutrino
mass spectrum follows the inverted ordering [33].

5. Neutrino oscillations: history and formalism

In this section we will focus on the historical context which lead to the discovery of neutrino
oscillations as well as on the description of the basic formalism describing neutrino mixing and
neutrino oscillations in vacuum and in matter.

5.1 Historical perspective

The idea of neutrino oscillations was first proposed by Bruno Pontecorvo, who in 1957 sug-
gested the possibility of oscillations between electron neutrino and its antineutrino [35, 36]. Five
years later, after the discovery of the muon neutrino, Maki, Nakagawa and Sakata proposed a model
with a mixing between the neutrino mass eigenstates vy, v, and the flavour eigenstates v, v, [37]:

V1 = Ve COSO + Vv, Sind (44)

V2 = =V, 8ind + v, cosd. 45)

Then, due to the presence of the mixing parameter ¢, the oscillation phenomenon could happen
between the two known flavour eigenstates instead. This was followed up by an explicit calculation
of neutrino oscillation probability in vacuum by Pontecorvo and Gribov [38].

Experimentally, the first indication of neutrino oscillations was obtained at the Homestake
experiment conducted by Raymond Davis [39]. In this experiment, a large tank was filled with
liquid containing 37C1. Then, once the solar neutrinos (of v, flavour) reached the tank, the electron
neutrino capture process transformed the 3’Cl nuclei into unstable 3’ Ar nuclei

Ve+ 2'Cl - YAr+e. (46)

Then, counting the radioactive decays of the resulting >’ Ar nuclei, one could estimate the amount of
neutrinos hitting the detector. The results from the experiment were then compared to the Standard
Solar Model (SSM), finding that only about one third of the neutrinos expected on the basis of
the SSM were actually reaching the detector. Consequently, either the model of the Sun had to be
wrong or the experiment had to have been conducted wrong. This discrepancy was also observed
by other more modern radiochemical experiments using Gallium (Gallex, GNO, SAGE) and water
(Kamiokande, Super-Kamiokande) as target material, although in those cases the reported deficit
of solar neutrinos was slightly different: 50% and 40%, respectively. Using all of those results and
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keeping the success of the Standard Model of the Sun in mind, it was clear that some new behaviour
of the neutrinos themselves had to be at play. For his contributions in paving the way to this result,
Davis received the Nobel Prize in Physics in 2002.

In addition to the solar neutrino problem, there was another anomalous result related to the
so-called atmospheric neutrinos. Atmospheric neutrinos are produced when cosmic rays interact
with the nuclei present at the Earth atmosphere. Those interactions produce pions and kaons that
successively decay into muons, electrons and neutrinos:

Ao AT, 47)
U o e +vetvy, 48)
- ut+vy, (49)
W= e +ve+v,. (50)

Then, one expects the ratio of muon-neutrinos and electron-neutrinos reaching the Earth to be
N Vi +N Vi

R = — T ~
#le =N, + Ny,

(5D

However, again, the experimental results by different collaborations turned out to be significantly
different from this expectation, since fewer muon neutrinos than expected were measured. The first
indication of the deficit in the number of observed the v, was found by the IMB experiment [40].
In 1994, the Kamiokande experiment found that, in addition, this deficit had a dependence on the
angle from which the neutrino arrives from [41]. Then, it did not take long for people to realize
that the angular dependence is actually a manifestation of the dependence on the distance travelled
by the neutrino, since the neutrinos arriving close to overhead had to only traverse the atmosphere
while the ones arriving below to the detector had to also pass through the Earth. Finally, in
1998 the discovery of the atmospheric neutrino oscillations (v, — v;) in Super-Kamiokande was
made [42, 43], marking the first time clear evidence of neutrino masses had been found.

Besides these important milestones for the understanding of the neutrino oscillations, a few
other important dates should also be remembered. Some of these results will be discussed in more
detail in the next chapter.

* In 1987 cosmic neutrinos were detected from Supernova 1987A in Kamiokande [44], IMB
and Baksan, providing an important handle on neutrino astrophysics and resulting in a Nobel
prize in Physics in 2002 for Masatoshi Koshiba.

* In 2001, the Sudbury Neutrino Observatory (SNO) confirmed a change of flavour in the solar
electron-neutrino flux [45].

* In 2002, the KamLAND reactor experiment confirmed that the observed change in flavour
occurring for the solar neutrinos was caused by neutrino oscillations [46].

* Between 2011 and 2012, neutrino oscillations were also directly observed in solar, atmo-
spheric, reactor and accelerator physics resulting in the Nobel prize in Physics in 2015 for
Takaaki Kajita and Arthur McDonald.
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5.2 Neutrino oscillations in vacuum

In analogy with quarks, the neutrino mixing is described by the 3x3 unitary matrix known as
the Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS). This matrix originates from the fact that
the mass eigenstates (v, 1) do not match with the flavour eigenstates (v, ), but the latter are related
to the former via

Var = Y UakVkL (52)
k

where v, denotes the flavour eigenstates and vy, the mass eigenstates. Then, the CC weak leptonic
current describing the interaction between flavor neutrinos v, and the corresponding charged leptons
[, becomes

JSET =2 Tarypvar =2 ) ) TarYpUak Vi » >3)
P a k

where the PMINS matrix is given by the rotation matrices between the mass and flavour eigenstates
of the charged leptons (U;) and neutrinos (U, ) as follows

U=U,U,. (54)

An important characteristic of the PMINS matrix is the number of free parameters that it entails. As
a complex N x N matrix, it contains a total of 2N? free parameters, of which N can be removed
using the condition of unitarity. Then, one is left with N real parameters, which can be classified
as N(N — 1)/2 mixing angles and N(N + 1)/2 phases, of which not all are physical, however. In
particular, note that for the Dirac fields, one can simply perform N phase transformations for the
charged lepton fields and (N — 1) for the neutrino fields to absorb (2N — 1) phases from the PMNS
matrix. Quantitatively, redefining

lg = €%, vi — ey, (55)
the CC leptonic current becomes
:CCT 2N [ e i Ba=d1)y, 17 . pi(Pr—¢1) 36
Jo - Z al€ YoUak€ VkL- (56)
a,k

The reason why one can only remove (2N — 1) phases instead of 2N phases is the overall global
symmetry associated with the lepton number conservation. Thus, in the end, one is left with
N(N —1)/2 mixing angles and (N — 1)(N — 2)/2 physical phases.

It is important to emphasize that the phase transformation removing (2N — 1) phases from the
PMNS is an artefact of the Dirac neutrino scenario. If neutrinos are Majorana fermions instead, the
situation will be different, since the Majorana mass terms are not invariant under the global U(1)
phase transitions. This is easiest to see considering the effect of the global phase transition

Vi — Py, (57)
on the neutrino field bilinear:

Vi Clvir — ey, Clvyyp . (58)
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Thus, the Majorana neutrino fields can not absorb any phase from the PMNS matrix and only N
phases can be rotated away by redefining the charged lepton fields

Jsh =2 Z lore™ *ypUakvir » (59)
a,k

leaving us with N(N — 1)/2 physical phases for Majorana neutrinos, of which (N — 1)(N —2)/2
are Dirac phases and (N — 1) are Majorana phases. It is also important to note that only the Dirac
phases play a role in neutrino oscillations, since Majorana phases only appear in processes where
lepton number violation is explicit. Majorana phases are therefore important for the neutrinoless
double beta decay.

For two generations, the parametrisation of the mixing matrix depends on one angle only
(together with the Majorana phase for Majorana neutrinos, that is not however important for neutrino
oscillations) and thus can simply be written as

U:(co.sé) sin@). (60)
—sinf cosf

For three-neutrino generations, the mixing matrix can be described by 3 angles and 1 Dirac (+2
Majorana) CP-violating phase

1 0 0 C13 0 S13€_i(S cio sipp O
U=1|0 c23 523 0 1 0 =512 C12 0 , (61)
0 —S523 €23 —S13€i6 0 C13 0 0 1

where we have divided the PMNS matrix into three contributions each of them responsible for
neutrino oscillations in a given sector. The first matrix is used to describe the atmospheric neutrino
anomaly and neutrino disappearance at long-baseline experiments, the second one governs the
oscillations observed at short-baseline reactor and neutrino appearance long-baseline accelerator
experiments and the third one explains the solar neutrino anomaly and the flavour oscillations at
long-baseline reactor experiments, such as KamLAND.

Having parametrised neutrino mixing, we now need to understand how one can derive the
probablity for neutrino oscillations. To do this, we first recall that the flavour eigenstates of
neutrinos are admixtures of the mass eigenstates

[Ver) = Z U, VL) - (62)
k
Then, we consider the time evolution of the neutrino states as given by the Schrodinger equation
Ly =HW) (©3)
—i—|v)=H|v) .
dt

In the mass eigenstate basis the Hamiltonian is diagonal and, therefore, the time evolution of mass
eigenstates is simply given by
lvi) = e it |y;) . (64)
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In order to further simplify the calculation, one can use the equal momentum approximation,
meaning that the momentum of all flavours of neutrinos is assumed to be the same 3. Then, we have

m> m>2 m>
1/p +m —; 1+——+ 2p+ﬁ, (65)

where we used the fact that m;/p << 1 for relativistic neutrinos and that p =~ E for the same
reason. From (65) we see that the energy eigenvalues of the neutrino flavour eigenstates are solely
determined by the eigenvalues of the mass matrix. Moreover, for relativistic neutrinos, the time
scale is determined by the distance that the neutrinos have travelled (since v =~ ¢ for relativistic
particles) and thus, we can write
m2L m2L

|vj> — emiPLyinE !vj> — eI E |vj> . (66)
Note that the phase e ~'” has been removed at the last step because it is common for all the neutrino
states v; and, therefore, does not affect the oscillation probability. Having determined the time
evolution of the neutrino mass eigenstates, we proceed now to the calculation of the amplitude for
the oscillation between the flavour eigenstates v, and vg

A(va = vp) = (vpO]ra(0)) = X" (va|v; () (v;(D)]v;(0)) (v;(O)|va) . (67)
J

where we have used the completeness relation twice. Note that three different stages of the neutrino
evolution can be identified in the expression above. The first term from the left corresponds to
projecting the final energy eigenstate to the flavour eigenstate. The second one corresponds to the
propagation of the initial energy eigenstate and the third one corresponds to projecting the initial
neutrino energy eigenstate onto the flavour eigenstate. Writing the flavour eigenstates in terms of
the energy eigenstates, it is then easy to see, that the amplitude becomes

mz.L
A(va = vp) = Y Ugje UL, (68)
7
The neutrino oscillation probability is then given by the square modulus of this amplitude:
m2L 2
i
P(Va—>vlg)= ZUﬁje_lTUfyj 5 (69)
J

which, after some simplification, can be written as

* * -2 AleJL
P(va = vp) = 6ap—4 | Re (Ut gUa;UpiUp; ) sin -
i>)
70
Am?.L 70

* * : J
23 I (UsUajUpiUp ) sin —

i>j

3In principle energies and momentum have different values for each of the massive neutrinos considered. An accurate
derivation should then consider the neutrino momentum distribution in the neutrino propagation, following a wave-packet
treatment. However, since the final result is equivalent, here we have chosen to present a simplified derivation. We refer
the interested reader to Ref. [47] for more details on the wave-packet treatment derivation of the neutrino oscillation
probability.
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wherein, Am?j = Am% — m? A few comments about Eq. (70) are in order.
1. It clearly satisfies conservation of probability: >z P(ve — vg) = 1.
2. It can also be used for antineutrinos, provided one substitutes U by U™.

3. Neutrino oscillations violate flavour lepton number conservation but conserve total lepton
number.

4. The phases in the mixing matrix induce CP-violation:

P(vy — V,B) +#P(vy — 17/;) . 71

5. Neutrino oscillations are not sensitive to the absolute neutrino mass scale but depend only on
the difference of the squared masses Am% i

6. Neutrino oscillations are not sensitive to the Majorana phases.

We have seen that neutrino oscillations are sensitive to the squared differences of neutrino
masses, Am?j. As we will see in the next section, the results of solar experiments and KamLAND
provide a precise measurement of Am%l. Moreover, the observation of the MSW resonance in
solar neutrinos (to be discussed later) has also established its sign, that turns out to be positive.
This means that the mass eigenstate v, defined as the state that contains the biggest fraction of v,
flavour eigenstate, is lighter than v,, the state with the second largest fraction of v,. On the other
hand, atmospheric, long-baseline accelerator and short-baseline reactor experiments determine with
good precision the absolute value of the mass splitting Am%3 that results to be much larger than
the previous one. However the sign of Am%3 is still undetermined. Thus, the mass eigenstate v3
defined as the state that contains the least amount of electron neutrino, can be much heavier than
the v1, v, pair, or much lighter. These two options for the ordering of the neutrino mass spectrum
are known as normal ordering and inverted ordering, respectively, see Fig. 1. Current data seem to
favor normal ordering, but results are still far from conclusive, so in order to confirm which of these
options is realized in Nature, it will be necessary to collect more oscillation data from atmospheric,
accelerator and reactor experiments.

Even though we know there are three neutrino families, the existing hierarchy between the
measured values of the mass splittings: Am%2 ~7.5x%x107(eV)? and |Am%3| ~2.5x%x1073(eV)?,
as well as the main role played by some of the mixing angles at specific oscillation channels, allows
the analysis of experimental neutrino data under the assumption of flavor oscillations between two
families. It is important to keep in mind, however, that although this a good approximation, for
precision studies one has to consider the presence of all three flavours to perform global analyses
of data. Nevertheless, in these notes we present the two-flavour approximation to highlight some
important features of neutrino oscillations. Using the neutrino mixing matrix for two generations

U= co§0 sin 6 , 72)
—sinfd cosd
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Figure 1: Possible orderings of the neutrino mass spectrum depending on the sign of the atmospheric mass
splitting Am%l: normal ordering (NO, left) for Am%1 > 0 and inverted ordering (10, right), for Am%1 < 0.

the equation for the neutrino oscillation probability, Eq. (70), for two flavours becomes (for @ # 5)

_ « « _iﬂz_ ) ) Am%]L
P(va = vp) = {UatUpy + UaaUppe™ 2% | = sin® 20sin” [ — (73)

This expression can be understood as an oscillation with amplitude sin? 26 and phase ¢, given by

Am? L Am? [eV?]L[km
¢ = 217 _ 1.27 21[ 1L [km] . (74)
AE E[GeV]

Depending on the distance travelled by neutrinos, L, their energy, E, and the squared mass splitting
between the different mass eigenstates, Am%l, one can distinguish three different regimes for the
oscillation phase.

¢ For short distances, ¢ << 1, and oscillations cannot develop, so P,g = 0.
 For long distances, ¢ ~ 1, and oscillations are observable.

* For very long distances, ¢ >> 1, and oscillations are averaged out so that P,g ~ sin? 26.

5.3 Matter effects for neutrino oscillations

So far we have considered only neutrino oscillations in vacuum. However, neutrino oscillations
can be significantly altered in the presence of matter. In particular, when neutrinos pass through
matter, the interactions with particles in the medium induce an effective potential for neutrinos.
Since neutrinos interact weakly with the SM particles one could expect this effect to be very small.
However, in his paper in 1978, Lincoln Wolfenstein showed that the coherent forward scattering
amplitude of neutrinos with particles a medium leads to a refraction index for neutrinos that has to be
taken into account in their evolution [48]. As aresult of this, the mixing between the neutrino flavour
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and mass eigenstates in vacuum will be modified, altering the neutrino oscillation probability with
respect to vacuum oscillations. Neutrino interactions with matter are mediated by the gauge bosons
of the electroweak sector. To that end, one can distinguish between the neutral current (mediated
by the Z boson) and the charged current (mediated by the W boson). To describe these effects
we employ an effective field theory formalism and assume that the medium consists of electrons,
protons and neutrons. Then, the effective four fermion interaction Hamiltonian can be written as

Gr . e ,
H)* = @van(l ~¥5)Va Z Frugl? -2 ys)f, (75)
J

where G denotes the Fermi constant, and g¥»4 denote the vector and axial couplings, f denotes
either the electron, neutron or proton. For the medium that induces the effective potential for
neutrinos we make three assumptions:

¢ We assume that the medium is non-relativistic, so that
_ 1
(Fruf)=3Nrbuo- (76)
* We assume that the medium is unpolarised:
(fysy"f)=0. (77
¢ And we assume that the medium is neutral:
Ne=N,, (78)

where N.(N,,) denotes the number of electrons (protons).

Then, integrating over the f-variables we obtain the matter induced current for the flavour a (last
term in Eq. (75))

1
Jhater = = [Ne (837 +8y7) + Nugy"'| (79)

matter 2

Using the values of the neutrino couplings to electrons, protons and neutrons given in Table 1, we
find

1 1 1
‘Illlll;ter = (Ne - ENVL’_ENH’_ENn)’ (80)
from which we can derive the effective potential:
. 1 1 1

Vinatier = V2Gpdiag(Ne = 5N, =5 Ny =5 N) @1

gv e p n

Ve 2sin? Oy + % —2sin? Oy + % —%

Vs Ve | 2sin? 0w — 1 | 2sin?0y +1 | -1

Table 1: Vectorial couplings of neutrinos to electrons, protons and neutrons.
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Note that the three neutrino flavours contain the same interaction with the neutron (through the
neutral current) and so the neutral current term can be removed from the effective potential by a
rephasing of the fields. Then, only the diagonal term for the first generation remains non-zero,
showing that the matter effects are important only for v, since this is the only flavour that also
has charged current interaction, provided that the only particles present are electrons, protons and
neutrons. However, this situation would be different in the presence of sterile neutrinos. In that
case, since sterile neutrinos do not interact with the weak currents, the neutral current contribution
could not be ignored by a simple rephasing. Finally, we note that for antineutrinos, the effective
potential changes sign.

Our task now is to quantify the difference that arises in the oscillation probability due to the
matter effects. To start, note that the Hamiltonian in vacuum in the flavour basis (H ) can be simply
deduced from the Hamiltonian in the basis of mass eigenstates (H,,) by a similarity transformation:

Am? [—cos26 sin26
¢ — UH,,U" = — . 82
f " 4E | sin26  cos 29) (82)
Then, the effective Hamiltonian in matter can be written as
Am? Am? -
f _ _ | —ZEg cos 20+ Vee ZE S 20
Hinaer = varac * Verr = ( ﬁ—’;z sin 20 ﬁ—"g cos20)’ 83)
where the effective potential induced by the charged current is given by
Vee = V2GEN, . (84)

Diagonalizing (83) we can identify the mixing angle and mass splitting in matter and thus write, in
analogy to (82),

(85)

matt _ AM? [—cos20y sin26y
f 4E \ sin20y cos26y ]’

where now AM? denotes the splitting between the mass eigenstates in matter (that do not coincide
with those in the vacuum) and 8y, denotes the mixing angle in matter. In general, the density of
electrons N, (x) might not be uniform throughout space and so 6,; and AM? should be calculated
for each point in space (or equivalently separately for each point in time). However, in some cases,
the computational load can be eased by using analytical approximations.

A good example of a useful approximation is the uniform density approximation. In this case,
N, is taken to be constant throughout space. 4. Then, 83, and AM? are constant as well and need to
be calculated only once. Thus, we can use the expression for the oscillation probability in vacuum,
Eq. (70), replacing the vacuum parameters with the matter parameters:

2
AM L) ’ (86)

P(vog = vg) = sin® 26 sin® (

4Such an approximation could be used for instance for neutrinos traversing the Earth crust.
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Figure 2: Effective mixing angle in matter 6, as a function of the parameter A for neutrinos (red line) and
antineutrinos (blue line).

where the matter parameters can be written in terms of the vacuum parameters as follows

)
.9 sin” 26
sin“ 20, = , 87
M in2 20 + (cos20 — A)?2 67
AM? = Amz\/sin2 20 + (cos 26 — A)?, (88)
with DEV
==, 89
A2 (89)

Note that for A = cos 26, the probability gets a resonant enhancement, known as the MSW effect,
after Wolfenstein, Mikheyev, Smirnov [48, 49]. The evolution of the mixing angle in matter, 6,,,
as a function of A is explicitly displayed for neutrinos and antineutrinos on Fig. 2, where three
pertinent regions can be distinguished.

* For A < cos 26, matter effects are very small and vacuum oscillations dominate (6,7 = 6).
* For A > cos 20, matter effects dominate and oscillations are suppressed (s ~ 7/2).

* For A = cos 26, the resonance takes place (only for neutrinos) and the mixing in matter is
maximal, 8 ~ /4, regardless of the value of neutrino mixing in vacuum.

Due to the sign difference for the effective potential of neutrinos and antineutrinos with matter, the
resonance condition is satisfied for neutrinos for Am? > 0 and for antineutrinos for Am? < 0. As
an example, we know that the Sun predominantly produces electron neutrinos. Then, the fact that
we see a MSW resonance in the oscillation of the solar neutrinos fixes Am%1 > 0.
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Of course, the density of electrons may not be constant in the medium that the neutrinos have
to pass through and so often one may want to go beyond the constant matter approximation. In that
case, N, varies with time and thus the diagonalization of Hy, has to be performed at every instant
to obtain 0y (¢) and AM(1)?. To describe the evolution of the instantaneous flavour eigenstate in
matter, we may then write

d d d d
i—vy=i— U@y )V =i—=U 0p) v+ U(0p)i—V", 90
5ve dt[(M)l] dt(M), (M)dt, (90)
where v{" denotes the instantaneous mass eigenstate in matter. On the other hand, using the
Schrodinger equation, we obtain

.d )
i Ve =Hfvo = U(0s1)Haiag (AMP)U(001) v = U(Op1) Haiag (AM*)VY" 1)
from which it follows that
d m _AM? _~0' m
i\ = T 92)
dt \v; Om g )\

Consequently, we see that during their evolution the mass eigenstates get mixed by the off-diagonal
terms. However, if

f9M| << —, (93)

the effect of the off-diagonal terms can be considered small and, in that case, there is no mixing
between the two mass eigenstates during their evolution. This is known as the adiabatic approx-
imation. The adiabaticity condition can be parametrized by the so-called adiabaticity parameter,

defined as

20 sin 20Am?/2E | .

-1 M

= = Vi << 1. 94
Y T Am2E T (AMZ)2E) [Vecl 4

For instance, the typical value of y~! inside the Sun is

O Am? MeV

- e 95
10-%V? E )

Y

so that the adiabatic approximation can be applied inside the Sun for neutrino energies up to 10 GeV.

As an example, let us consider the electron neutrinos born at the center of the Sun. Initially,
the electron neutrino can be written as a superposition of the mass eigenstates (in the two neutrino
approximation)

|ve) = cos Oy |v{">+sin0M |v§”> . (96)

For the solar neutrino experiments that were discussed above, the principal question is what fraction
of neutrinos from the Sun actually reach the Earth. To calculate this fraction, we need to add the
projection probabilities to both available mass eigenstates. Thus, assuming adiabatic evolution, we
have

P(ve = v,) = PPodplet 4 pProdpdet, 97)
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Figure 3: Electron neutrino survival probability as a function of the neutrino energy. The limiting cases
corresponding to vacuum oscillations and strong matter effects are displayed for illustration.

where PErIOd represents the squared projection of the initially produced electron neutrino on the first
eigenstate, P‘lizt represents the squared projection of first mass eigenstate onto the finally detected
electron neutrino, and so on. The projections needed are given by

Pzrl(’d = cos” Oy, P =cos’ 6, (98)

PP = sin? 6y P = sin? 6. (99)
Thus, the fraction of the electron neutrinos produced in the Sun reaching the Earth is given by
P.. = cos? Opm cos? @ + sin’ Opm sin? 6. (100)

In the center of the Sun, we have

A

—5ay2
_2EV _ (E)(8><10 eV)’ aon)

T Am2 MeV Am?

and the MSW resonance occurs for A = cos26 = 0.4, meaning that E.s ~ 2 MeV. For lower
energies, the vacuum oscillation dominates, and we have

1
Pee=1-3 sin® @, (102)
while for higher energies, we have a strong matter effect and
P, = sin? 6. (103)

For further illustration, the averaged electron neutrino survival probability (P..) as a function
of the neutrino energy E is displayed on Fig. 3.

So far, we have exemplified the matter effects inside the Sun. The next natural question that
can be asked is if similar effects can also be observed within the Earth. Indeed, it turns out that
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Figure 4: Day-night asymmetry in the solar neutrino flux expected at a terrestrial experiment as a function
of the solar mixing parameters.

neutrinos observed during the night are also affected by Earth matter effects. To parameterise this,
one can add to the probability during the day (sin? ) the so called regeneration term ( Jreg):

PS = sin? 0+ freg s (104)
where
AEV, L
feg = =S5 sin’ O sin’ (2 ) . (105)
0sc
And so, it follows from Eq. (104) that
phght _ pday _ 0520 106
ee —Lee COs Mﬁ’eg9 ( )

yielding the so-called day night asymmetry:

Py —Pp

A =2 .
bN Py + Pp

(107)
For the actual solar neutrino parameters fre, ~ 1% and the representative contours are shown on
Fig. 4.

In addition to the effect on the solar neutrino propagation, one can also consider how the
interaction with matter can alter the oscillation of atmospheric neutrinos. The main oscillation
channel for atmospheric neutrinos is v, — v, which is not sensitive to matter effects. Nevertheless,
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Figure 5: Muon neutrino survival probability as a function of the neutrino energy E and the cosine of the
zenith angle cos 6, for normal ordering (left panel) and inverted ordering (right panel). Figure adapted from
[50].

for the subdominant oscillation channel v;, — v,, the MSW resonance can in principle be observed.
The matter mixing angle in this case is given by

26 ﬁ_'g sin 26 (108)
tan = S
" ﬁ—’gzcos 20 F \/§GFNZ

with the minus sign for neutrinos and the plus sign for antineutrinos. As it can be seen from the
previous expression, matter effects are sensitive to the mass ordering and thus, in principle, can
be used to determine the ordering of the neutrino mass spectrum. In particular, for neutrinos with
energies in the 3-8 GeV region, the MSW resonance occurs for the normal ordering while for
antineutrinos the resonance occurs for the inverted hierarchy as shown in Fig. 5. However, matter
effects in atmospheric neutrinos are harder to observe, since they are proportional to the reactor
angle, 013, the smallest of all neutrino mixing angles.

6. Three-neutrino oscillations: experimental results

6.1 Three neutrino oscillations

The oscillation probability for three neutrinos is given by

P(va = V) =0ap =4 Re (UsUa UpiUp; ) sin®

(>

Am%L)

Am; L
2E

) (109)

+2 3" m (Ug,UajUpiU, ) sin
i>j
which depends on the three mixing angles (615, 613 and 6,3) and the CP phase (6¢ p) in the mixing
matrix, and the two mass splittings (Am%l and Am%l). The three mixing angles, the solar mass
splitting and the absolute value of the atmospheric one are currently well-measured. However there
are still some unknown quantities:
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* The sign of the atmospheric mass splitting, sign(Amgl), that is, whether m is the lightest
neutrino. As discussed in the previous section, we refer to the scenario where Am%1 >0 as
normal ordering, whereas the one with Am% ; < 01is the so-called inverted ordering.

* The octant of 6»3. The mixing angle 6,3 is known to be close to 45°. It is left to determine
whether it is slightly above or below that value. This is relevant for neutrino mass models.

* The CP phase, 5cp. There are some indications that CP violation might be maximal but this
fact has still to be confirmed.

From experimental data, we know there is a hierarchical relation,
|Am3,| > Am3, and 013 << 1. (110)

This means that three-flavour effects are suppressed and that, in many cases, the dominant oscilla-
tions are well-described by effective two-flavour oscillations,

Am*L
P(va — vp) = sin? 20 sin? [ —— | . (111)
4F
For instance, solar neutrino experiments and KamLAND data can be well described considering
only Am% , and 612. However, a precision measurement of the oscillation parameters requires a full

three-neutrino analysis.

6.1.1 Experimental data and methodology

Flavour oscillations have been observed in a large variety of experiments using four different
neutrino sources:

* Solar neutrinos have been studied in radiochemical experiments using Chlorine (Homes-
take) [51] or Gallium (Gallex/GNO, SAGE) [52, 53], in the liquid scintillator experiment
Borexino [54, 55], in SNO using heavy water [56] and in the water cherenkov detector
Super-Kamiokande [57-60].

* Among the experiments studying reactor neutrinos one finds KamLAND [61], Double
Chooz [62, 63], RENO [64, 65] and Daya Bay [66].

* Concerning atmospheric neutrinos, they have been observed in Super-Kamiokande [67, 68],
IceCube DeepCore [69, 70], ANTARES [71] and KM3NET/ORCA [72].

* Regarding accelerator neutrinos, they were studied in K2K [73] and MINOS [74], and
currently in T2K [75] and NOvA [76].

In order to analyse this data, first one needs to calculate the oscillation probabilities taking into
account to which channel the experiment is sensitive and if oscillations happen in vacuum or in a
certain medium. In order to obtain the expected neutrino signal, one also needs to do a detailed
simulation of the experiment, including the size of the detector, its location and efficiency, and
many other relevant information. Finally, one needs to compare it with the observed data in the real
experiment and perform a statistical analysis in order to obtain the allowed regions in the parameter
space.
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Figure 6: Solar neutrino flux predicted, according to [77-81] as a function of the neutrino energy. The
energy range covered by solar neutrinos using Gallium, Chlorine and water is also indicated.

6.2 The solar neutrino sector: (Am%l, sin? 012)

Solar neutrinos are produced in nuclear reactions in the core of the Sun, in the pp and the CNO
cycle. We normally refer to the neutrinos produced in each reaction with a different name. For
instance, the neutrinos produced in the process p + p — d + e* + v are called pp neutrinos. They
are the more abundant and also the least energetic ones. Since each process is different, neutrinos
are produced with different fluxes and different energy spectra. The Standard Solar Model gives a
prediction of the flux of each type of neutrinos that we expect on Earth. The prediction from the
Standard Solar Model GS98, as from [77],is shown as an example in Figure 6.

Itis important to revisit the solar neutrino problem, considering now why the deficit of neutrinos
is different for detectors using Chlorine (~30 %), Gallium (~50%) and water (~40%). One of the
reasons is that the experiments see different neutrino flavours. Radiochemical experiments are
only sensitive to electron neutrinos, while in Super-Kamiokande the detection process is elastic
scattering (ES), v + ¢~ — v4 + e~ , which is sensitive to all flavours. The second reason is
the energy sensitivity of the different experiments. Using Chlorine one can measure neutrinos
with E > 0.814 MeV, with Gallium the threshold is E > 0.233 MeV (the only one sensitive to
pp neutrinos) while Super-Kamiokande was at first only sensitive to energy above E > 5 MeV.
As a consequence, they were observing different neutrino flavour compositions and from different
neutrino chains, as shown in Fig. 6. In the third place, one has to account for the energy dependence
of the oscillation probability, previously displayed at Fig. 3. Thus, the electron neutrino survival
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probability is larger for low energy neutrinos due to the absence of matter effects

1
Peezl—isnﬂze for E <1MeV, (112)
and smaller for large energy neutrinos as a consequence of matter effects
Peo=sin’6  for E 2 10MeV. (113)

Gallium experiments were sensitive to low energy neutrinos, mainly from the pp chain, where
Poe > 0.5. On the contrary, for the larger energy neutrinos measured with Chlorine and in
Super-Kamiokande, the oscillation probability is sin> @ ~ 0.3, and that is why a stronger deficit is
expected.

One of the experiments that solved the puzzle was the Sudbury Neutrino Observatory (SNO),
using heavy water. In addition to measuring elastic scattering (ES), like Super-Kamiokande, and
the CC process v. +d — p+ p+e~, SNO could also measure the NC process vy, +d — p+n+v,.
In SNO, the ratio between the flux measured using CC and NC processes allowed to determine the
flux of solar neutrinos in the form of v.. Besides that, the total flux of neutrinos of all flavours was
determined through the NC process assuming ¢3N O ~ ¢855M . The result obtained was [82]

NC
¢SNO
5 =0.301+0.033, (114)
NC

meaning that only 30% of the produced solar neutrinos were detected as v,, and the remaining flux
was in the form of v,, and v.. This was the experiment that show that there was a change of flavour
in solar neutrinos and that there was not a deficit of solar neutrinos.

At that point, we knew there was a flavour conversion of v, into the other flavours but we didn’t
know which was the conversion mechanism. The KamLAND experiment was design to study
this conversion mechanism. It was a reactor experiment observing electron antineutrinos from 55
commercial nuclear power reactors via inverse beta decay (v.+p — n+e*). The detector was located
at an average distance of 180 km from the reactors, which made it sensitive to oscillations with the
mass splitting Am?> ~ 1072eV?. If indeed neutrino oscillations were the responsible mechanism for
the flavour conversion of solar neutrinos, a deficit of v, should also be observed in KamLAND 5.
In 2002, KamLLAND presented the first evidence for electron antineutrino disappearance [46],
confirming solar neutrino oscillations. Further confirmation came with the results of the spectral
distortion in 2004 [85], which clearly showed an oscillation. In 2008, an even clearer measurement
of a full 1-oscillation period allowed to determine Am%1 with great accuracy [86].

The current status of the solar neutrino sector is shown in Fig. 7. One can see how solar
data and KamLAND are complementary. The measurement of 6}, is dominated by solar neutrino
data, whereas KamLLAND provides a better measurement of Am%l. Notice there is a 20~ mismatch
between the best fit point for solar and KamLAND data. Recent results from Super Kamiokande
show that the tension is now alleviated although there is still room for a new physics mechanism
responsible for this difference.

5This statement assumes CPT conservation. For a CPT-violating analysis of neutrino oscillation data see Refs. [83, 84]
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Figure 7: Current status of the solar neutrino sector. Contours correspond to 90 and 99% C.L. (2 d.o.f.).
Figure taken from [87] and reproduced with the authorisation of the authors.

6.3 The atmospheric neutrino sector: (Am%l ,sin? 023)

In 1998, the first evidence for v, oscillations was found in Super-Kamiokande from the
observation of fewer v, in comparison with the expected signal [43]. The deficit showed a
dependence on the zenith angle, and consequently, with the distance travelled by neutrinos. This
was a clear indication that the deficit was a consequence of neutrino oscillations, since the survival
probability for atmospheric v, is approximately given by

(115)

v

P 1 — sin? 263 si Am3, L
up = 1 —sin” 203 sin 1E .

With more precise data, in 2004, Super-Kamiokande observed the L/E oscillation pattern that finally
confirmed oscillations as the mechanism responsible for the deficit and ruled out other explanations,
including decoherence and neutrino decays [88].

In order to constrain the values of the oscillation parameters in the atmospheric neutrino sector,
we can use neutrino telescopes, which also observe atmospheric neutrinos. IceCube DeepCore, i.e.
an inner and more densely instrumented region of the IceCube detector, is sensitive to neutrinos
with energies between 6 and 56 GeV. In the Mediterranean See, ANTARES also measures neutrinos
with energies above 20 GeV.

On the other hand, to check the same oscillation channel that gives rise to the deficit of
atmospheric neutrinos, a series of long-baseline (LBL) accelerator experiments were designed
(MINOS, T2K and NOvA). Their goal was to check the atmospheric anomaly with an artificial

source.
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Figure 8: Allowed regions for the atmospheric neutrino oscillations parameters from atmospheric (upper
panels) and accelerator data (lower panels) for normal ordering (left) and inverted ordering (right). Contours
correspond to 90 and 99% C.L. (2 d.o.f.) [87].

Similarly to the previous case, one can perform a combined analysis of the data from the exper-
iments mentioned above in order to have a more precise measurement of the oscillation parameters.
Figure 8 shows the current determination of the oscillation parameters in the atmospheric sector
from atmospheric and long-baseline accelerator data.

6.4 The reactor sector: (Am3,, sin” 63)

After the results of CHOOZ [89], which did not find any evidence of electron antineutrino
disappearance using a reactor source, a new generation of short-baseline reactor experiments using
more powerful reactors and detectors with a larger volumes was designed in order to measure
whether 613 was non-zero. They consisted of between 2 and 8 detectors placed at distances between
100 m and 1 km from the reactors. The closest detector was intended to measure the unoscillated
flux of electron antineutrinos. The second set of detectors was placed at distances of about 1 km to
observe oscillations that manifest as a deficit of v,.s. If all detectors are equal or very similar, the
systematics in the flux prediction almost cancel out and the ratio between the number of events in
the near and far detector gives essentially a measurement of the oscillation probability,

om2,L
Poo = 1 — sin® 26,3 sin? (’Z—E) . (116)
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Figure 9: Current status of the reactor neutrino sector for normal ordering (left) and inverted ordering (right).
Contours correspond to 90 and 99% C.L. (2 d.o.f.) [87].

There are three experiments of this type, Daya Bay, RENO and Double CHOOZ. The combination
of these three experiments gives a precise determination of the oscillation parameters sin® 63 and
|Am§l |, although the precision is dominated by Daya Bay [87], as seen in Fig. 9.

6.5 Global fit to oscillation data

Combining and exploiting the complementarity between all the data samples, we manage to
put better constraints in the values of the oscillation parameters, summarised in Table 2. The three
mixing angles and the mass-splittings have been determined with a precision around 5% or even
smaller, although at it was mentioned before, the sing of Am% , and the octant of 03 are still unclear.
The worst measured parameter is d¢ p, with a precision that ranges from 10% to 20% depending on
the mass ordering. See [87, 90, 91] for more details on the current status of the determination of

the oscillation parameters.

6.5.1 The CP phase

Among the six parameters involved in the three-neutrino oscillation picture, the worst measured
parameter is the CP phase since its effects can only be observed in the appearance channel of an
experiment. Both Super-Kamiokande atmospheric and accelerator experiments T2K and NOvA
are sensitive to the appearance of v, (and v,) in the v, (v,) initial flux. A value of 6cp different
from zero and 7 would lead to an asymmetry between the appearance of electron neutrinos and
antineutrinos. From the difference in the oscillation probabilities P(v, — v.) and P(V, — V),
one can access the value of 6. From Super-K atmospheric analysis [67, 68], there is a preference
for maximal CP violation with § = 37/2 for the best fit in NO. T2K [75] also shows a preference for
that same value. Recent results from NOvVA [76] show an agreement for maximal CP violation in
inverted ordering but a preference for 6cp =~ 7 is found for NO. This results in a tension between
NOvVA and T2K for NO, which makes it difficult to determine the value of §. Therefore, more
experimental data will be necessary to shed light on this matter.
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parameter best fit + 1o 20 range 30 range
Am3 [1075eV?] 7.50%022 7.12-7.93 6.94-8.14
|Am3,|[107%eV2] (NO) | 2.55*002 2.49-2.60 2.47-2.63
|Am3,|[107%eV2] (10) | 2.45700% 2.39-2.50 2.37-2.53
sin® @1,/107! 3.18+0.16  2.86-3.52 2.71-3.69
sin?03/10" (NO) | 5.74+0.14  5.41-5.99 4.34-6.10
sin? 23/107! (10) 5.78*0-19 5.41-5.98 4.33-6.08
sin? 013/1072 (NO) | 2.200*399  2.069-2.337  2.000-2.405 d
sin?013/1072 (10) | 2.225"090  2.086-2.356  2.018-2.424
§/m (NO) 1087013 0.84-1.42 0.71-1.99
§/m (10) 1.58%012 1.26-1.85 1.11-1.96

Table 2: Neutrino oscillation parameters summary determined from the global analysis in [87]. The intervals
quoted for inverted ordering refer to the local minimum for this neutrino mass ordering. See also [90, 91]
for similar analyses.

7. Neutrino oscillations beyond three-neutrino flavour oscillations

According to the measurement of the invisible decay of the Z boson at LEP, there are only three
light active neutrinos. However, there are some experimental hints pointing towards the existence
of a fourth sterile neutrino.

The first one is a historical signal at the LSND experiment in the channel of electron neutrino
appearance (v, — V) ataratio L/E ~ 1 eV? [92]. Given the values of Am%1 and Am%1 measured,
such a large mass splitting can not be accommodated within the three-neutrino picture. Thus,
one needs an additional sterile neutrino to explain the observed signal. Later on, the MiniBooNE
experiment was built to test the LSND anomaly, searching for v, — v, and v, — v, at a similar
L/E ratio. MiniBooNE also reported anomalous results and could not reject the sterile neutrino
hypothesis, meaning that the signal could also be explained with a sterile neutrino with Am?H ~1
eV2 [93].

Besides MiniBooNE and LSND, there is also the so-called reactor antineutrino anomaly. In
very short baseline reactor experiments, a neutrino deficit was found after reevaluating the theoreti-
cal predictions for the reactor v, fluxes. This result could also be interpreted as the disappearance of
reactor antineutrinos due to flavour oscillations with a mass splitting Amf1 ~ 1 eV?2[94, 95]. Finally,
there is an anomalous result reported after the calibration of Gallium solar neutrino experiments
with radioactive sources. During the calibration, a deficit of v, was observed, compared to the
predictions. This deficit, known as the Gallium anomaly, which happened over distances of 1 m,
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can also be explained with a sterile neutrino with a mass splitting of the same order of magnitude
[52, 96, 97]. Such deficit was recently confirmed by the BEST experiment [98].

Hence, there are four experimental hints that could be interpreted as the existence of a fourth
sterile neutrino. A sterile neutrino is nothing but a fermion singlet of the Standard Model. It has
no interactions, except maybe with the Higgs boson (in order to have a mass), with active neutrinos
or some additional interactions beyond the SM. The motivation for sterile neutrinos is quite wide.
Sterile neutrinos with masses of order of the eV could explain the experimental anomalies presented
above. Much heavier sterile neutrinos (TeV - Mpjanck) could be responsible for the smallness of the
active neutrino masses (for instance, in the seesaw mechanism) and may provide an explanation for
the baryon asymmetry of the Universe, generated via leptogenesis. In addition, they could also be
part of the dark matter of the Universe. From these point on, we will focus on light sterile neutrinos
and their relation with the experimental anomalies.

It is possible to perform a combined analysis of all the neutrino oscillation data considering
three active neutrinos and a sterile one. This is often referred as the 3+1 framework or neutrino
scheme. Although there are some hints that support the existence of a sterile neutrino, some
other experiments have not seen any sign of them, even in the same region of the parameter
space. For instance, many disappearance experiments (CDHS, MINOS/MINOS+[99, 100], IceCube
[101, 102], Super-Kamiokande) do not see any signal. Hence, there is a strong tension between
the appearance experiments (LSND and MiniBooNE) and the ones looking at the disappearance
channels. As a result, the quality of the combined fit is very bad [103, 104]. Currently, the
MicroBooNE experiment is taking and analysing data in order to confirm or reject the results from
MiniBooNE and LSND. In the light of the latest results presented, no conclusion can be drawn.

The tension between oscillation experiments is not the only one. In cosmology, neutrinos
with masses of the order of 1 eV would contribute to the sum of neutrino masses >, m, and to the
effective number of relativistic species (N.g), as measured from CMB and structure formation. It is
possible to accommodate a light sterile neutrino in the picture as long as the mixing between active
and sterile neutrinos is small. However, for the mass and mixing required in order to explain the
experimental anomalies, the sterile neutrino would be fully thermalised in the early universe [105].

In that case, Neg ~ 4 and the sum of neutrino masses would be ) m, = 0.05eV + , /Am?“ > leV.
Current constraints from cosmology limit the sum of neutrino masses to ), m, < 0.12 — 0.60
eV [106], depending on the datasets included and some of the underlying assumptions. On the
other hand, according to Planck data, N = 2.99 + 0.17 [106]. Hence, some model building would
be required in order to accommodate eV-sterile neutrinos with the cosmological observations.

8. Neutrino physics beyond the Standard Model

Neutrino results suggest the presence of Beyond the Standard Model (BSM) physics, since one
needs to explain

 Light neutrino masses. To do that, one needs to introduce a mass generation mechanism.

* The large neutrino mixing, compared to the quark sector. This is known as the flavour
problem.
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* The short-baseline anomalies that lead to the proposal of eV-sterile neutrinos.

Many BSM physics scenarios have been addressed in the literature, among which one finds
neutrino non-standard interactions (NSI) with matter, exotic electromagnetic neutrino properties,
the presence of light sterile neutrinos, the mixing with heavy sterile neutrinos leading to non-unitary
three neutrino mixing and Lorentz and CPT invariance violation.

8.1 Neutrino non-standard interactions

Neutrino non-standard interactions appear in models of neutrino masses. Such interactions
can be classified into neutral current NSI and charged-current NSI, and can lead, for instance, to
flavour-changing neutral current processes or to the breaking of the lepton flavour universality of
the SM interactions. If one allows for the presence of NSI in the analysis of neutrino oscillation
data, the precision with which the parameters are measured becomes much worse. This is due
to the fact that there can be degeneracies between the oscillation parameters and the couplings
responsible for these new interactions. Besides that, NSI would also affect the sensitivity reach of
future experiments. As an example, in the case of solar neutrinos, if one allows for non-zero NSI,
it is possible to find two solutions for the mixing angle 6,: one with 61, < 7/4 (the standard one)
and another with 615 > x/4 [107]. In the case of the future DUNE experiment, its sensitivity to
the atmospheric mixing angle 6,3 would also worsen if a non-zero NSI were allowed in the analysis
[108]. For a recent review on neutrino non-standard interactions, see [109].

8.2 Non-unitary three neutrino mixing

Many models of neutrino masses introduce heavy states that mix with the light active neutrinos.
Then, one would have a dimension N unitary mixing matrix, whereas the 3 X 3 mixing matrix
accessible at low-energy experiments would not be unitary any more. In that case, one can
parametrise the 3 X 3 non-unitary mixing matrix as follows [110],

11 0 0
N=|ay an 0 U, (117)

@31 @32 @33

where U3 is the standard PMNS neutrino mixing matrix. In this case, we need 9 additional
parameters (3 real diagonal parameters a;; plus 3 complex non-diagonal parameters a; ;) to describe
the light neutrino mixing and, as it has been shown, the sensitivity of future experiments might be
compromised. For instance, the measurement of the CP phase in DUNE could be expoiled in this
scenario [111].

8.3 Lorentz and CPT invariance violation

Lorentz and CPT symmetries are the basis for local relativistic quantum field theories. Moti-
vated by current and future high-precision experiments, one may try to probe such symmetries. In
fact, the observation of CPT or Lorentz invariance violation would be a sign of new physics, for
instance Quantum Gravity or String Theories.
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The Standard Model Extension (SME) [112—114] is an extension of the Standard Model La-
grangian which allows for CPT and Lorentz invariance violation while preserving all the remaining
symmetries of the Standard Model and ensuring that the Lagrangian still transforms as a scalar. In
this framework, the neutrino sector is described by

L:%:ﬁ(iy“@(,+M+Q)w, (118)

where Q contains all the Lorentz violating operators.
The Lorentz invariance violating (LIV) term of the Lagrangian can be parametrised as [115,
116],

1 - - - -
Ly = ) a’;ﬁ%l’)’m” + biﬁd/a)’S)’y‘rl/ﬁ + Cﬁ,};‘/’)’yavw + dg;glr//aVSY,uavl//ﬁ +h.c. (119)

and the observable effect on the left-handed neutrinos is controlled by
(aL)gﬁ: (a+b)f;ﬁ and (cL)'Zﬂ: (c+d)gﬁ. (120)

This scenario has been explored in the context of many neutrino oscillation experiments like
MINOS [117], IceCube [118] or SNO [119]. The effective neutrino Hamiltonian in this scenario
is given by H = Hy,c + Hpat + Hr1v, Where Hy, is the Hamiltonian in vacuum, Hyy, is the term
accounting for neutrino interactions with matter, and Hyyy encodes the possible isotropic Lorentz
invariance violation and is of the form

Qee Aey der 4 Cee Ceu Cer

— * - *
Huwv =|ag, auu aur 3E Cou Cup Cpur|> (121)
* * * *
Aer ay‘r arr Cer c,u‘r Crr

where we have adopted the short-hand notation a,g = (a L)?rﬁ and cop = (c L)gﬁ. The coeflicients
¢ o have been strongly constrained with atmospheric data, whereas the constraints in the CPT-odd
part of the Hamiltonian, given by the coefficients a,g, will be improved by DUNE thanks to the
modification of the electron neutrino appearance probability in the presence of LIV [120].

Regarding the CPT symmetry, it is currently presented as an exact symmetry in nature. How-
ever, from a historical point of view, parity and CP were also considered exact symmetries of nature
in the past, until experimental evidence proved that they were not. If CPT were not conserved, then
P(vq — vg) # P(vg — V). Then, flavour oscillations can be used to constrain CPT violation in
the neutrino sector.

One way to test CPT invariance is to assume that neutrinos and antineutrinos are ruled by
different sets of oscillation parameters. For instance, T2K performed a separate analysis for
neutrinos and antineutrinos and found different best fit values for the neutrino (6,3, Am§2) and
antineutrino parameters (6,3, Arﬁ%z), although the results were consistent with CPT conservation
[121]. From global analyses of oscillation data, the bounds read [83]

|Am3, — Am3 | <4.7x 107 eVZ  |sin? ), —sin® 15| < 0.14
|Am3, — Am3 | <3.7x 107 eV?  |sin® 613 — sin® §13] < 0.03
| sin? 035 — sin® fx3] < 0.32 .
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DUNE is expected to improve some of these bounds, in particular, the limits on |Am§1 - An‘1§1| by
one order of magnitude [83].

It is also important to point out that, if CPT is violated but one performs a combined analysis
of neutrino and antineutrino data, one can obtain imposter solutions. A combined fit would still
give a best fit value that could explain relatively well neutrino and antineutrino data. However, this
best fit would not be true value of the oscillation parameters. Moreover, one could even exclude
with significance the true values of the parameters [83]. This is why, even if it is well justified
to performed global analysis assuming CPT conservation, one should keep in mind that if CPT is
violated, their results would have to be revisited.

9. Summary

In these lectures, we have covered the main aspects of neutrino phenomenology . Neutrinos
play an important role in many physical and astrophysical scenarios and this is why it is important
to study neutrino properties. Important discoveries in neutrino physics along the last centuries have
provided the first evidence for physics beyond the Standard Model: neutrino masses. Extensions of
the Standard Model are needed to explain the smallness of neutrino masses and also to understand
the flavour structure and the differences in mixing between neutrinos and quarks.

Regarding the absolute neutrino mass scale, there are some bounds from cosmological and
laboratory experiments pointing towards the fact that the fact the lightest neutrino mass is below
the electronvolt. More information on neutrino masses can be obtained from the study of neutrino
oscillations. Flavour oscillations are a well-established phenomenon which has been observed in
several experiments, with natural (from the Sun and the atmosphere) and artificial sources (reactor
and accelerators). Combining the available experimental data, most of the oscillation parameters
have been measured quite accurately (with a precision < 5 % ), except for the CP -violating phase.
With respect to the unknowns in the three-neutrino oscillation picture, there are indications pointing
towards normal ordering and maximal CP violation but those still need to be confirmed by current
and future experiments.

Several anomalous results seem to indicate the existence of light sterile neutrinos, with a mass
splitting AmézH ~ 1 eV. However, these hints are in conflict with other data. For instance, LSND
and MiniBooNE disagree with negative signals in v, disappearance searches. Also, there is no
consistent picture of eV-sterile neutrinos and cosmology, since such a sterile neutrino is in serious
tension with current data.

That is not the only beyond the standard model scenario that has been studied in the literature.
There are many others, such as the presence of non-standard neutrino interactions or the non-
unitarity of the three neutrino mixing matrix, which may affect considerably the precision of future
experiments.

Finally, some scenarios motivated by quantum gravity phenomenology have been reviewed,
for instance, the violation of Lorentz and CPT invariance.
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